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Preface

The analysis of ribosomal sequences of parasitic life agents has shown the extreme
differentiation of the groups to which they belong, with distances magnitudes greater
than those observed between mammals and fish. Hence there is a need for continuous
research of the different aspects that determine parasitic life. These include microbial 
and parasite biology, ecophysiology, genetics, and molecular biology. In addition, 
knowledge of the pathogenesis, epidemiology, symptomatology, immune reaction, 
diagnosis, treatment, and prevention of parasitic diseases is of the utmost importance. 

It is absolutely clear that systematic research is the only way to unveil the intricate
mechanisms involved in parasitic associations. For example, with description of the
direct dependence of the parasite on the genetic expressions of the hosts, with the
adaptive convergences among which include the successful evasion of the immune
system (to the point of not being considered strange), and with the chemical dialogue, 
so to speak, that occurs between molecules, specifically, in the molecular exchange. 
Likewise, research has shown parasitism as the basic mechanism that allowed the
differentiation of eukaryotes.

It should be understood that variability as a result of genetic and phenotypic adaptation
is key in parasitism in order to maintain the species, which ranges from microscopic
to macroscopic organisms, with multiple forms of reproduction. The study of the
antagonistic association that defines parasitism is fascinating and essential, particularly
the physiological aspects, biochemical interdependence, and loss or mutual acquisition
of genetic information.

In this sense, this book brings together in three sections current information in the fields
of microbiology and parasitology. The first section covers aspects of cytokines and
receptors on parasites and microbes. In the second section we dive into the study of the
biology of parasites and microbes. Finally, in the third section we discuss the state of the
art of parasitic diseases. I would like to acknowledge the extraordinary investigative work
carried out by the chapter authors as well as their great commitment to enriching world
knowledge on such an interesting subject. Finally, I express my sincere thanks to the
IntechOpen publishing team for their advice in all stages of the construction of this book.

Gilberto Bastidas
Department of Public Health and Center for Medical 

and Biotechnological Research,
Faculty of Health Sciences,

University of Carabobo,
Venezuela

Asghar Ali Kamboh
Sindh Agriculture University,

Pakistan
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Chapter 1

Role of the Cytoskeletal
Actomyosin Complex in the
Motility of Cyanobacteria and
Fungal Spores
Elena Sánchez-Elordi, Eva María Díaz, Carlos Vicente
and María Estrella Legaz

Abstract

This study demonstrates the involvement of the cytoskeleton in the movement
of cyanobacteria and fungal spores to their hosts to establish a state of symbiosis or
pathogenicity. The term symbiosis sensu lato is referred not only to commensalism
and mutualism but also to the parasitic aberrations. The establishment of associa-
tion implies that the endohabitant can move on a wet surface until finding an
entry point in the exohabitant surface. In aqueous media, the exohabitant secretes
glycoproteins that form a chemoattraction gradient for the invading cells. In
lichens, the gradient consists of fungal lectins whose function is to recognize a
compatible green alga or cyanobacterium. In the case of pathogens, the secreted
proteins usually are a mixture that includes false quorum and chemoattractant
signals, and cell wall digestive enzymes. The results indicate that fungal lectins
and defense proteins bind to specific cell wall receptors for signaling the activation
of cytoskeleton, causing successive cycles of cell contraction-relaxation that
permits the migration of the endohabitant. In this study, different biochemical
and microscopy techniques have been used. The mechanisms through which the
cytoskeleton carries out these cycles of cell contractionrelaxation are described,
being this a remarkable advance compared to previous results.

Keywords: actin, chemotaxis, cytoskeleton, lichens, motility, myosin, Nostoc,
pathogens, Sporisorium

1. Introduction

The main interactions between plants include epiphytism, mutualism, com-
mensalism, and parasitism, although the frontier between these types of association
can be confusing [1]. For example, most epiphytes do not negatively influence their
phytophores since they absorb water and nutrients directly from the atmosphere
[2]. It is the case of many bromeliads or the crassulaceae Aeonium arboreum,
growing on the Phoenix dactylifera stipe without damaging it (Figure 1A), although
in some cases, drift toward parasitism is evident, as has been demonstrated by
Montaña et al. [3] for epiphytic Bromeliads growing upon Cercidium praecox. Many

3



Chapter 1

Role of the Cytoskeletal
Actomyosin Complex in the
Motility of Cyanobacteria and
Fungal Spores
Elena Sánchez-Elordi, Eva María Díaz, Carlos Vicente
and María Estrella Legaz

Abstract

This study demonstrates the involvement of the cytoskeleton in the movement
of cyanobacteria and fungal spores to their hosts to establish a state of symbiosis or
pathogenicity. The term symbiosis sensu lato is referred not only to commensalism
and mutualism but also to the parasitic aberrations. The establishment of associa-
tion implies that the endohabitant can move on a wet surface until finding an
entry point in the exohabitant surface. In aqueous media, the exohabitant secretes
glycoproteins that form a chemoattraction gradient for the invading cells. In
lichens, the gradient consists of fungal lectins whose function is to recognize a
compatible green alga or cyanobacterium. In the case of pathogens, the secreted
proteins usually are a mixture that includes false quorum and chemoattractant
signals, and cell wall digestive enzymes. The results indicate that fungal lectins
and defense proteins bind to specific cell wall receptors for signaling the activation
of cytoskeleton, causing successive cycles of cell contraction-relaxation that
permits the migration of the endohabitant. In this study, different biochemical
and microscopy techniques have been used. The mechanisms through which the
cytoskeleton carries out these cycles of cell contractionrelaxation are described,
being this a remarkable advance compared to previous results.

Keywords: actin, chemotaxis, cytoskeleton, lichens, motility, myosin, Nostoc,
pathogens, Sporisorium

1. Introduction

The main interactions between plants include epiphytism, mutualism, com-
mensalism, and parasitism, although the frontier between these types of association
can be confusing [1]. For example, most epiphytes do not negatively influence their
phytophores since they absorb water and nutrients directly from the atmosphere
[2]. It is the case of many bromeliads or the crassulaceae Aeonium arboreum,
growing on the Phoenix dactylifera stipe without damaging it (Figure 1A), although
in some cases, drift toward parasitism is evident, as has been demonstrated by
Montaña et al. [3] for epiphytic Bromeliads growing upon Cercidium praecox. Many

3



lichens are also epiphytic, although they can behave as hemiparasitic if the
phytophore is vitally weakened by environmental circumstances, such as drought
or severe air pollution (Figure 1B). Examples include Evernia prunastri growing on
Quercus rotundifolia [4] or on Betula pendula [5]. In other cases, nonlichenized fungi
are decidedly parasites (Figure 1C).

In this respect, lichens, traditionally considered as an example of mutual symbi-
osis, exhibit a characteristic that can lead to a decided parasitism: the specificity
between symbionts. The fungus selectively chooses individuals from an algal spe-
cies from its surroundings to form the thallus, while those from other different
species will be rejected. This implies that a fungus susceptible to lichenization is able
to discriminate between compatible or incompatible algae: the former will form the
association while the latter will be eliminated [6]. The argument can be further
complicated: if the algae that make up the association split up inside an established
thallus, the newly hatched algae may not be recognized as compatible and should
therefore be removed (Figure 1D), unless they are able to set up the appropriate
recognition systems in time.

Figure 1.
(A) Aeonium arboreum, a crassulacean species epiphytically growing on the stipe of Phoenix canariensis. (B)
Hemiparasitic action of a dense population of epiphytic lichens that defoliated branches of their oak substrate.
(C) Red spots on the leaves of Vitis vinifera, symptoms of the disease called tinder. The causal agents are fungi
from Stereum hirsutum and Phellinus igniarius species. (D) Parasitic drift of Xanthoria parietina mycobiont
on its phycobiont, Trebouxia, devoid of the receptor for recognition lectin.
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Lichen thalli can be reproduced by propagules containing some compatible algal
cells surrounded by fungal hyphae. But there is also the possibility that a free-living
fungus may find compatible algal cells in its environment. These algae, living in an
aqueous film that covers the substrate (soil, rock, tree trunk), can move toward the
fungal mass that would envelop them after being recognized. A similar situation is
established when a single-cell organism (bacteria, fungal spore) is deposited on the
wet surface of a plant, and the higher organism must discriminate whether it is an
epiphytic, potential endosymbiont, or decidedly pathogenic microorganism. In the
latter two cases, the cells must move in the water film until a suitable point of
penetration is found.

Therefore, two main problems arise to explain the mechanisms used to establish
this type of interspecific relationship: how unicellular organisms, potential
endobionts, move toward the points of contact or entry and how they are recog-
nized by the potential exohabitant when it reaches this position.

Lichens generally secrete glycoproteins to the environment depending on the
availability of water [7]. Since most of these glycoproteins were enzymes, it was
long time assumed that secretion was a function of the chemical composition of the
substrate. This secretion might be taken as a kind of exocellular digestion of the
compounds in the medium in order to be internalized into the thallus as simpler
structures. However, using the lichen Xanthoria parietina growing on different
substrates, rock or tree branches, it was found that the composition of the substrate
did not influence the secretion of particular enzymes, which resulted in an exclusive
function of the water availability and the degree of hydration of the thalli [8].

The aim of this study is to investigate the mechanism by which both prokaryotic
and eukaryotic cells that do not have motile organs can move in liquid media thanks
to the properties of their actomyosin cytoskeleton.

2. Secreted proteins

In the early stages of the establishment of lichen symbiosis, parasitic attack of
the mycobiont (the fungal partner) against a variable number of photobiont cells
(algae or cyanobacteria) can occur, which can be attenuated, according to
Ahmadjian [9], by subjecting the neo-association to conditions of deprivation of
organic nutrients. In this way, the fungus must keep a vital and active population of
green cells, on whose photosynthetic products it depends to maintain its
chemoorganic metabolism. This parasitic attack is carried out by invasion of the
photosynthetic cells by fungal haustoria or by secretion of proteins that cause
changes in genetic expression, structure disorganization, and cell death. These
actions require proteins such as arginine methyltransferase, arginase, dioxygenases,
or chitinases, according to Joneson et al. [10], secreted by the fungus Cladonia grayi
in contact with the single-celled green alga Asterochloris sp. The appearance of
chitinase as a secreted protein during the first stages of recognition has been
explained as a defensive reaction of the algal partner against the fungus that
attempts parasitism, which means that for the association to be successful, the
secretion and production of this enzyme must be avoided [11].

In the case of fungal recognition of an algae considered genetically incompatible,
the contact ends with the disorganization of the photosynthetic apparatus and the
enzymatic rupture of the cell wall, with the loss of protoplast and death of the cell
[12]. When the fungal-secreted arginase does not find a specific receptor in the algal
cell wall, the enzyme penetrates the cell wall and activates its own β-1,4-glucanase
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Figure 1.
(A) Aeonium arboreum, a crassulacean species epiphytically growing on the stipe of Phoenix canariensis. (B)
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on its phycobiont, Trebouxia, devoid of the receptor for recognition lectin.
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up to 10 times above its normal physiological level, causing total digestion of
specific areas of the cell wall. Such a drastic response contradicts the assertion of
Wang et al. [13] when they state that Endocarpon pusillummycobiont interacts with
their photobiont, Diplosphaera chodatii, by means of secreted small proteins much
weaker than those that produce pathogenic fungi.

Another model of interaction between individuals, studied in our laboratory, is
the pathosystem Saccharum officinarum-Sporisorium scitamineum. Plant invasion by
the pathogen causes the production of at least 5–6 defense proteins, among which a
dirigent protein [14], secreted arginase, β-1,3- and β-1,4-glucanases, chitinase as
well as a sixth protein that acts as a positive chemotactic factor have been identified
[15]. The actions that these secreted proteins carry out on the spores of the pathogen
are varied. On one hand, arginase secreted by the plant causes a false quorum effect
on the fungal teliospore population. The quorum effect exists by itself. The telio-
spores themselves secrete authentic quorum signals to increase the population of
cells at the points of invasion in such a way as to ensure the survival of a sufficient
number of them in the event that the plant emits effective defense factors. The false
quorum signal causes the teliospores to form large aggregates over which the
hydrolytic enzymes of the plant, chitinase, and glucanases would act [16].

Therefore, the behavior of the former inhabitant against a process of recognition
of compatibility in the symbiosis or defense against a pathogen presents molecular
similarities, but a very different characteristic in each case. For lichens, the
mycobiont secretes a protein (a lectin) able to discriminate between compatible and

Figure 2.
(A) Trebouxia cells isolated from X. parietina after the binding of the fluorescent lectin isolated from the
compatible mycobiont. Fluorescence is superficially located on the algal cell wall. (B) The same algal cells
lacking the specific lectin receptor. (C) Transmission electron micrograph of Trebouxia cells corresponding to
(A). The integrity of the cells permits to distinguish the intact cell wall (CW), the chloroplast (CH) showing the
complex lamellae system, the pyrenoid (PY), and one plastoglobuli (PG). (D) Transmission electron
micrograph of Trebouxia cells corresponding to (B). The chloroplast has been disorganized, pyrenoid
disappears, and the cell wall shows zones partially digested (black arrows).
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incompatible algae [17]. Only in the latter case, the secreted protein behaves as an
aggressive factor (Figure 2). In the case of host-pathogen interactions, the proteins
secreted by the host are always defense proteins (Figure 3). To carry out these
actions, the potential endohabitant, symbiont or pathogen, must possess receptors
for the secreted proteins that transmit the signal of compatibility or resistance to the
cell machinery when they receive the recognition protein.

3. Receptors

The nature of these receptors, both in lichen photobionts as well as in some
sugarcane pathogens, has been investigated in our laboratory. The occurrence of a
glycosylated urease located in the phycobiont cell wall of X. parietina has been
identified as an arginase-lectin receptor [18]. This identity has also been extended to
other lichen species, such as E. prunastri [6], Leptogium corniculatum [19], and
Peltigera canina [20]. X. parietina and E. prunastri contain a green algae from the
Trebouxia genus as chlorobiont, while L. corniculatum and P. canina are associated
with Nostoc sp. (a cyanobacterium). Recently isolated photobionts from thalli of
these four lichen species contained an active urease associated with the cell wall.
However, this activity was completely inhibited when cell wall fractions isolated
from phycobiont or cyanobiont cells were incubated for 2 h at 37°C with the
corresponding, previously purified lectin. In addition, hydrolysis of the galactoside
moiety of urease in intact algae with α-1,4-galactosidase releases high amounts of D-
galactose and impedes the binding of the lectin to the algal cell wall. However, the
use of β-1,4-galactosidase releases low amounts of D-β-galactose from the algal cell
wall and does not change the pattern of binding of the lectin to its ligand [21]. The
production of glycosylated urease is restricted to the season in which algal cells

Figure 3.
Defense proteins produced by sugarcane cells are synthesized in the endoplasmic reticulum, glycosylated in the
Golgi cisternae, and internalized in the trans-Golgi network (TGN) vesicles to be transported to periplasmic
space, crossing the cell membrane, to deposit them on the inner surface of the cell wall or to be secreted outside
the cells.
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divide, and this assures the recognition of new phycobiont produced after cell
division by its fungal partner [22]. This should be interpreted as meaning that the
polypeptide sequence of arginase (the lectin produced by the mycobiont) possesses
an amino acid domain capable of stereochemically recognizing the remains of D-β-
galactose in β-1,3 bonds of the glycosylated, algal urease.

This mode of binding a lectin to the polysaccharide moiety of its ligand by an
affinity reaction equals, at the level of action mechanism, the secreted lichen argi-
nases with other, well-known lectins from higher plants, such as concanavalin A
(ConA) from Canavalia ensiformis, and ricin A (RCA) from Ricinus communis.
Studies carried out by using α-methyl-mannose as a ligand suggest that the sugar
forms seven hydrogen bonds with the peptide of ConA, four with –NH groups of
Lys99, Tyr100, Arg228 and Lys229, and three with amino acids interacting with Ca2+,
Asn 14 and Asp208 [23]. On the other hand, Fontaniella et al. [24] showed that a
commercial ConA was able to develop arginase activity that increased more than 40
times in the presence of 1.7 mMMn2+. Another similarity between ConA and fungal
arginases lies in the fact that their activity as enzymes requires Mn2+, while their
activity as lectin is dependent on Ca2+ and both cations, at the level of biological
activity, are mutually excluding. The comparison between crystalline structures of
ConA-containing or not Ca2+ suggests that the cation pulls from Tyr12, Asp208, and
Arg228 to conform the site to bind the specific sugar [25]. It is probable that the
binding of Ca2+ to the specific domain for the cation changes the tertiary structure of
the domain defined as site for the sugar binding and, for the same reason, the
structure of the catalytic site for arginine. The ability to bind both cations together in
order to develop their binding capacity to specific galactose ligands has been demon-
strated for other lectins, such as that purified and crystallized from Spatholobus
parviflorus [26].

According to this, Marx and Peveling [27] found that many cultured
phycobionts isolated from several lichen species bind to commercial lectins, includ-
ing Con A and RCA. In addition, Fontaniella et al. [24] found that ConA is able to
bind to the cell wall of algal cells recently isolated from E. prunastri and X. parietina
thalli. This binding involves a ligand, probably a glycoprotein containing mannose,
which has been isolated by affinity chromatography. Analysis by SDS-PAGE of the
purified ligand revealed that it is a dimeric protein composed by two monomers of
54 and 48 kDa. This ligand shows to be different from the receptor for natural
lichen lectins, previously identified as a polygalactosylated urease.

The binding of sugarcane glycoproteins to their cell wall ligands in the bacterial
endophyte Gluconacetobacter diazotrophicus [28] and in the bacterial pathogen
Xanthomonas albilineans [29] results in cell recruitment (Figure 4) rather than a
defense mechanism. Similar results on cytoagglutination were obtained using
Herbaspirillum rubrisubalbicans treated with sugarcane glycoproteins of

Figure 4.
Effect of secreted sugarcane glycoproteins on the cytoagglutination of Xanthomonas albilineans. (A) Bacterial
cells immediately after the contact with plant defense glycoproteins and (B) 3 h after the contact.
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mid- (MMMG) and high molecular mass (HMMG). MMMG were preferentially
desorbed from the bacterial cell wall with sucrose and galactitol, whereas HMMG
were mainly desorbed with glucose and mannose [30]. This would indicate that,
against this bacterium, MMMG behaves as signal molecules that bind to their
receptor, or receptors, using their polysaccharide moiety, whereas, on the contrary,
HMMG would use their peptide moiety for binding to different receptors, similar to
the action mode of the lectin ConA [24], from Canavalia ensiformis.

Surprisingly, receptors for both HMMG and MMMG do not behave as the
typical adhesion receptors containing polysaccharides that bind by affinity to a
specific peptide domain in the signaling molecule, the recognition of which implies
the binding of this to selected carbohydrate moieties in their ligands [31]. In this
case, the carbohydrate moiety of the signal molecule seems to be used to recognize a
particular amino acid domain on the ligand (receptor) in an inverse way to that
described for plant lectins and animal selectins. This fact suggests that HMMG and
MMMG, with independence of their possible enzymatic activities [32], behave as
true protein of resistance (PR), according to Su et al. [33], that would require
ligands similar to toll-like receptors (TLRs), studied in animals [34].

The cytoagglutinating effect of sugarcane glycoproteins on smut teliospores was
clearly reduced using invertase-digested glycoproteins. This suggested that the
hydrolyzed glycidic moiety, which contains fructose residues polymerized as β-D-
fructofuranosyl-1,2-β-D-fructose, could be involved in the process of binding since
the extensive hydrolysis of β-(1 ! 2) bonds impeded cell adhesion. To obtain
experimental evidence of the presence of such cell-wall receptor, or receptors,
glycoproteins were isolated from the cell wall of the fungal pathogen. These glyco-
proteins were separated by affinity chromatography through activated agarose
columns to which sugarcane glycoproteins from different cultivars had been previ-
ously bound. Fungal cell-wall receptors retained by sugarcane glycoproteins were
then recovered, desorbed by certain monosaccharides used as eluents [35]. Sugar-
cane HMMG and MMMG fractions exhibited a high affinity for N-acetyl-D-
glucosamine, component of the cell wall of filamentous fungi. Interestingly, this
binding mechanism differed, for example, from that described by Blanco et al. [27]
for the cell wall receptors of G. diazotrophicus. In this case, glycoproteins bound
through a domain β-(1! 2)-fructofuranosyl fructose from its glycidic moiety to the
bacterial cell wall receptors, which exhibited a binding site for this saccharide
residue. Therefore, in the cases that HMMG or MMMG bound to their ligands using
their polysaccharide moiety, either to bacterial cells or to fungal teliospores, they
did not behave as lectins but as recognition factors using monosaccharide units or
glycosidic bonds to bind to a particular domain of their ligands [36]. In addition,
and as previously explained, HMMG and MMMG fractions behaved differently in
their binding mechanisms to cell walls of H. rubrisubalbicans. These differences in
the recognition mechanism could be interpreted as a discrimination factors between
pathogens and endosymbionts.

4. Cytoskeleton as the main responsible for displacement of Nostoc
and Sporisorium scitamineum cells

Directed cell migration is a physical process that involves dramatic modifica-
tions in cell shape and, generally, adhesion to the extracellular matrix [37].
Chemoattractive displacement is typically linked to the reorganization of actin
filaments in cells, since polarization is the triggering event of cell migration [38]. A
ligand on cell surface must activate a signaling pathway that leads to contraction/
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relaxation of the cytoskeleton. Then, cell polarizes and as a consequence, it moves to
the chemoattractant source.

Moreover, many intracellular signaling molecules are involved in cell motility,
such as MAPK cascades, lipid kinases, phospholipases, Ser/Thr and Tyr kinases, and
scaffold proteins. Specially, GTP molecules play an essential role in both signal
transduction and actin organization through Rho GTPases, which appear as the
most important components of signaling cascade related to cell migration [38, 39].

Cell migration is the core to modern cell biology. However, progress has been
hindered by experimental limitations and the complexity of the process. This has
led to the popularity of Dictyostelium discoideum, with its experimentally friendly
lifestyle and small, haploid genome, as a tool to dissect the pathways involved in
migration. Dictyostelium has the potential to unlock many fundamental questions in
the cell motility field [37]. Here, the involvement of the cytoskeleton in movement
is analyzed in two very different systems, such as the compatible association
fungus-alga in the lichen Peltigera canina and the plant-pathogen interaction
between Sporisorium scitamineum and sugarcane plants.

4.1 Cytoskeleton reorganization in Nostoc cells in response to the binding
of a fungal lectin

For symbiotic interaction, germinating hyphae of the mycobiont needs to meet a
compatible photobiont cell, to recognize it, and to make contact [40]. When an
isolated fungus and an isolated alga associate, the photobiont migrates toward its
potential compatible partner, which implies that the cyanobiont would develop
organelles to move toward the fungus. Displacement is particularly relevant in
cyanolichens, in which the cyanobiont forms filaments inside the thallus, a segment
of which can break off and migrate toward other locations [19]. The recognition
process continues during thallus growth, since it is necessary that new generations
of photobiont cells become involved in the association [9].

Lectins found in both prokaryotic and eukaryotic cells play an important role in
cell interaction processes. Synthesis of fungal lectins with arginase activity and the
occurrence of an algal receptor showing urease activity are absolutely required in
the formation of lichen associations [41]. Urease on the algae cell wall acts as a
ligand for fungal arginase, fixing it on the cell wall and preventing it to penetrate
the cell [20]. So, lectins with arginase activity participate as recognizing proteins of
compatible alga binding to a specific receptor on the cell wall. However, they
penetrate and cause destruction of algae cells if the specific receptor does not exist
[41]. This is the case of noncompatible interaction, as it is shown in Figure 5.

The search for the chemoattractant attracting photobiont cells leads to the dis-
covery of the attractant properties of fungus lectin. In particular, chemotaxis of
Nostoc cells from P. canina toward the lectin isolated from the same lichen species
has been amply studied [42]. Many multicellular filamentous cyanobacteria move
on solid surfaces by gliding, in absence of pili or fimbriae. It is the case of filaments
and hormogonia of Nostoc [43]. This mechanism, which occurs in a parallel direc-
tion to the cell long axis, is associated with the production of polysaccharide slime
and the attachment of the cell to a surface is needed. On the other hand, blebbing
and the release of small vesicles by the cyanobacterial outer membrane have been
observed in distantly related symbiotic and nonsymbiotic cyanobacteria such as
Nostoc, the cyanobiont of Peltigera spp. [44]. Blebs are spherical membrane pro-
trusions produced by contractions of the actomyosin cortex often considered to be a
hallmark of apoptosis. However, blebs are also frequently observed during cytoki-
nesis and migration in three-dimensional cultures and in vivo conditions [45].
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However, neither gliding nor blebbing can explain the invaginations observed
by electron microscopy in one of the poles of Nostoc cells during the displacement
[42], as can be seen in Figure 6. That is why the cytoskeleton has been revealed as
responsible of migration of photobionts toward the fungus during a compatible
interaction.

Some bacterial actin-like proteins or MreB have been already described in
free-living cyanobacteria [46–47] but, contrary to that expected, chemotaxis
assays of Nostoc displacement in presence of S-(3,4-dichlorobenzyl) isothiourea
(A22), an inhibitor of MreB functionality, did not prevent the movement of cells
toward the source of the lectin. Conversely, when Nostoc cells were incubated with
the actin inhibitor phalloidin during chemoattraction assays, the drug inhibited
chemotaxis by 50%. Also latrunculin A, which blocks actin polymerization,
impedes Nostoc migration. The occurrence of F-actin fibers in Nostoc have also
been found by immunocytochemical techniques associated with transmission
electron microscopy.

Interestingly, when phalloidin was combined with blebbistatin, an eukaryotic
myosin II inhibitor, the negative effect on displacement increases (78%), suggesting
that blebbistatin may target a molecular target related to chemotaxis in
cyanobacteria [42].

This means that, in the presence of compatible fungus, the binding of the lectin
to its specific cell wall receptor would activate the signaling pathway that involves
cytoskeleton reorganization. It must take place probably by means of GTPase
activity, since the inhibition of chemotaxis produced by the combined action of
phalloidin and blebbistatin is largely reversed by GTP and its analogs, GTP(γ)S and

Figure 5.
On the right, recognition of fungus cyanobiont that leads to the cytoskeleton reorganization in Nostoc cells after
the lectin produced by compatible exosymbiont binds to a specific receptor in cell wall. In compatible
interactions, integrity of photosynthetic apparatus is maintained. On the left, non-compatible symbiotic
interaction. In this case, there is no ligand-receptor specificity. Internalized fungal arginase increases putrescine
cytoplasmic levels, which activates glucanase that breaks down the cell wall. In noncompatible interaction, a
disorganization of photosynthetic apparatus occurs. Representing: , the fungal lectin; , compatible

exosymbiont; , noncompatible exosymbiont; , the specific receptor in Nostoc cell; , unspecific

receptor in Nostoc cell; , the signal transducing proteins; , organized photosynthetic apparatus; ,

disorganized photosynthetic apparatus; , the F-actin; , the anchorage proteins; , the
cyanobiont cell wall; and , the plasmatic membrane of cyanobiont.
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However, neither gliding nor blebbing can explain the invaginations observed
by electron microscopy in one of the poles of Nostoc cells during the displacement
[42], as can be seen in Figure 6. That is why the cytoskeleton has been revealed as
responsible of migration of photobionts toward the fungus during a compatible
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assays of Nostoc displacement in presence of S-(3,4-dichlorobenzyl) isothiourea
(A22), an inhibitor of MreB functionality, did not prevent the movement of cells
toward the source of the lectin. Conversely, when Nostoc cells were incubated with
the actin inhibitor phalloidin during chemoattraction assays, the drug inhibited
chemotaxis by 50%. Also latrunculin A, which blocks actin polymerization,
impedes Nostoc migration. The occurrence of F-actin fibers in Nostoc have also
been found by immunocytochemical techniques associated with transmission
electron microscopy.

Interestingly, when phalloidin was combined with blebbistatin, an eukaryotic
myosin II inhibitor, the negative effect on displacement increases (78%), suggesting
that blebbistatin may target a molecular target related to chemotaxis in
cyanobacteria [42].

This means that, in the presence of compatible fungus, the binding of the lectin
to its specific cell wall receptor would activate the signaling pathway that involves
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activity, since the inhibition of chemotaxis produced by the combined action of
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GDP(β)S, as well as by cyclic AMP [48]. On the contrary, when it is a
noncompatible interaction, lectin penetrates into the cell, promoting putrescine
synthesis. The diamine, which causes disorganization of photosynthetic apparatus,
activates glucanase that breaks down the cell wall. Compatible and noncompatible
interaction effect on cytoskeleton organization is schematized in Figure 5.

The absence of superficial elements (fimbriae, pili, or flagellum), related to cell
movement, and the appearance of invaginated cells during or after movement,
verified by scanning electron microscopy, support the hypothesis that the motility
of lichen cyanobionts could be achieved by contraction-relaxation episodes of the
cytoskeleton induced by fungal lectin [42]. However, other issues raised included
(1) how cytoskeleton is reorganized during migration, (2) how is the mechanism of
force generation of movement for cyanobacteria from P. canina, and (3) how it can
be related to the invaginations previously observed by electron microscopy. The
answers to all of these questions have led to elaborate a proposal of migration
mechanism in cyanobacteria.

Figure 6 represents F-actin contraction/relaxing cycles in the Nostoc photobiont
cells during migration following the lectin gradient. Firstly, binding of arginase
molecules to cell wall receptors induces F-actin contraction by means of the activa-
tion of a signaling cascade where GTPases must play a main role. At the same time,
contraction of filaments must be responsible for invagination appearance in one of
the poles of the cell, which is followed by the actin depolarization at the opposite
pole. This fact releases the tension from the actin-like cable bound to the mem-
brane, and, finally, induces recovery of the spherical cell shape and movement of
the cell [42].

Figure 6.
Scheme of movement of Nostoc cells during symbiotic interaction that explains how motility of lichen
cyanobionts is due to contraction-relaxation episodes of the cytoskeleton. (1) Chemoattractant lectins released by
fungus bind to specific receptors in photobiont cell walls. As a result, the transduction signal that implies
cytoskeleton reorganization is activated. (2) Polar cell invaginations are produced by interaction of an ATPase
with contractile ability, sensitive to blebbistatin, with F-actin cytoskeleton. (3) After this, depolymerization of
F-actin is achieved at the opposite pole, repolymerization of which produces the cell advancement. Representing:

, the fungal lectin; , the specific receptor in Nostoc cell; , the signal transducing proteins; , the actin

monomeres; , the F-actin; , the contractile protein; , the anchorage proteins; , the
cell wall; and , the plasmatic membrane. Ferritin-labelled F-actin can be seen in micrographs obtained by
transmission electron microscopy (TEM).
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4.2 Cytoskeleton reorganization in S. scitamineum cells in response to the
binding of sugarcane glycoproteins

In the early stages of smut disease, spore germination occurs on the internode
surface of host stalks, followed by the formation of appressoria, mainly on the inner
scale of young buds and on the bases of emerging leaves [49]. Penetration into the
plant meristem takes place between 6 and 36 h after fungal cells are deposited on
the surface [50]. Since the pathogens normally use the opened stomata of sugarcane
leaves to penetrate, it is easy to think that the teliospores deposited at random on
the surface of a leaf, far from stomata, should develop a mechanism of displacement
toward the way of entry [51]. For this rationale, it is important to demonstrate the
existence of these mechanisms and to study how they can be carried out.

Cytoskeleton reorganization in response to the binding of glycoproteins also
occurs during Sporisorium scitamineum-sugarcane recognition. Moreover, displace-
ment after recognition also results in cytoagglutination of smut teliospores in the
same way that activation and chemotaxis of lichen photobionts induced by fungal
lectins cause cell aggregation [15]. Interestingly, if glycoproteins are produced by
sugarcane-resistant varieties, chemotaxis initially directed to plant invasion results
in a “suicide” mechanism.

It has been proposed that at least three classes of glycoproteins exist in the
mixture of sugarcane defensive glycoproteins produced by resistant cultivars: (i) a
chemotactic glycoprotein, yet uncharacterized; (ii) a cytoagglutinating factor
endowed with arginase activity, which also inhibits germination; and (iii) enzy-
matic proteins that mediate the breakdown of the teliospore cell wall. It has been
demonstrated that agglutination of a lot of smut cells in a small region in contact
with sugarcane glycoproteins confers resistance, since degradative activity also
contained in these glycoproteins (β-1,3-, β-1,4-glucanase, and chitinase) can hydro-
lyze cell wall of many teliospores at the same time [15]. In this context, it must be
pointed out that defensive agglutination depends necessarily on early
chemoattraction of cells. For this reason, it is very interesting to go into some depth
about how the teliospores movement is stimulated by sugarcane signals. Currently,
it has been found that the early chemoattractive effect is fully relevant to trigger a
successful defensive response [52]. Lower levels of chemoattractant power
exhibited by glycoproteins released by nonresistant cultivars have been directly
related to the minor capacity of these plants to defend themselves.

Brand and Gow [53] summarize the knowledge on spore movement in plant-
pathogen interactions. The two most frequently proposed mechanisms are
submicroscopical contractions of helically arranged fibrils within the cell walls and
the occurrence of motile appendages in zoospores. Other species of pathogenic
fungi produce spores that are capable of gliding in the same way that it occurs for
many species of cyanobacteria. Gliding is a form of cell movement that differs from
crawling or swimming in which it does not rely on any obvious external organ or
change in cell shape and it occurs only in the presence of a substrate [54].

Light and electron microscopy images showed the absence of motile external
structures in smut teliospores. However, in the same way that it occurs for Nostoc,
the invaginations observed during the cellular displacement suggested that cyto-
skeleton could be the responsible of spore displacement after the contact with
sugarcane glycoproteins. Indeed, chemotactic movement of teliospores was strongly
inhibited by phalloidin, latrunculin A, and blebbistatin, and the presence of actin
and myosin in S. scitamineum teliospores has been revealed by immunohistochemi-
cal techniques [52].

Teliospores do not need to develop lamellipodia in the direction of movement
because they do not “crawl” on a substrate, but “swim” in solution because of the
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GDP(β)S, as well as by cyclic AMP [48]. On the contrary, when it is a
noncompatible interaction, lectin penetrates into the cell, promoting putrescine
synthesis. The diamine, which causes disorganization of photosynthetic apparatus,
activates glucanase that breaks down the cell wall. Compatible and noncompatible
interaction effect on cytoskeleton organization is schematized in Figure 5.

The absence of superficial elements (fimbriae, pili, or flagellum), related to cell
movement, and the appearance of invaginated cells during or after movement,
verified by scanning electron microscopy, support the hypothesis that the motility
of lichen cyanobionts could be achieved by contraction-relaxation episodes of the
cytoskeleton induced by fungal lectin [42]. However, other issues raised included
(1) how cytoskeleton is reorganized during migration, (2) how is the mechanism of
force generation of movement for cyanobacteria from P. canina, and (3) how it can
be related to the invaginations previously observed by electron microscopy. The
answers to all of these questions have led to elaborate a proposal of migration
mechanism in cyanobacteria.

Figure 6 represents F-actin contraction/relaxing cycles in the Nostoc photobiont
cells during migration following the lectin gradient. Firstly, binding of arginase
molecules to cell wall receptors induces F-actin contraction by means of the activa-
tion of a signaling cascade where GTPases must play a main role. At the same time,
contraction of filaments must be responsible for invagination appearance in one of
the poles of the cell, which is followed by the actin depolarization at the opposite
pole. This fact releases the tension from the actin-like cable bound to the mem-
brane, and, finally, induces recovery of the spherical cell shape and movement of
the cell [42].
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Scheme of movement of Nostoc cells during symbiotic interaction that explains how motility of lichen
cyanobionts is due to contraction-relaxation episodes of the cytoskeleton. (1) Chemoattractant lectins released by
fungus bind to specific receptors in photobiont cell walls. As a result, the transduction signal that implies
cytoskeleton reorganization is activated. (2) Polar cell invaginations are produced by interaction of an ATPase
with contractile ability, sensitive to blebbistatin, with F-actin cytoskeleton. (3) After this, depolymerization of
F-actin is achieved at the opposite pole, repolymerization of which produces the cell advancement. Representing:

, the fungal lectin; , the specific receptor in Nostoc cell; , the signal transducing proteins; , the actin

monomeres; , the F-actin; , the contractile protein; , the anchorage proteins; , the
cell wall; and , the plasmatic membrane. Ferritin-labelled F-actin can be seen in micrographs obtained by
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the occurrence of motile appendages in zoospores. Other species of pathogenic
fungi produce spores that are capable of gliding in the same way that it occurs for
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rigidity of the cell wall. Therefore, invagination at the opposite pole would be the
only mechanical requirement for cell motion [52]. Again as in Nostoc migration, a
movement model has been proposed for smut teliospores displacement, which is
schemed in Figure 7. Firstly, glycoprotein binding to its ligand on cell wall gener-
ates a signaling cascade that will trigger cytoskeletal remodeling (1). Translocation
of actin filaments has been described as a consequence of the interaction of con-
tractile myosin activity with F-actin cytoskeleton. It leads to an increase in the cell
volume at the front of advance and the retraction of the opposite pole. At this pole,
filaments must be anchored to cell membrane, since invaginations are observed (2).
Finally, depolymerization of F-actin is achieved at the opposite pole, the
repolymerization of which leads to cell advancement (3) [30, 52].

Also in the case of S. scitamineum cells, GTPases seem to be relevant in the
activation of the movement. GTP causes an enhancement of the inhibition exerted
by blebbistatin during migration. However, a large reversion is achieved by addi-
tion of GTPγS, the poorly hydrolysable GTP analogue [30, 55] or GDPβS, a deacti-
vator of Rho [56] GTPases, and a total reversion of inhibition can be observed by
combining GTP and GTPγS. GTP slightly reverts latrunculin A effect probably at
the Rho pathway. However, when GTP analogues, GTPγS and GDPβS are added to
the incubation media in the presence of latrunculin A, no reversion of the
chemostatic inhibition is observed. These results indicate that GTPγS behaves as a
strong activator of the small Rho-GTPase and its downstream pathways, which
results in its final switch-off. Conversely, GDPβS blocks this signaling cascade,
likely by inhibiting GTP exchange on Rho. These results, that are not a priori easy

Figure 7.
Scheme of movement of S. scitamineum cells during sugarcane-pathogen interaction that explain how motility
of teliospores is due to contraction-relaxation episodes of the cytoskeleton. (1) chemoattractant glycoprotein
released by sugarcane plants binds to specific receptors in fungal cell walls. As a result, the transduction signal
that implies cytoskeleton reorganization is activated. (2) Polar cell invaginations are produced by interaction of
myosin II with F-actin cytoskeleton. The translation of the actin filaments into the interior of the cell must begin
at its less end, located in the equatorial plane of teliospore. This permits an increase of the cell volume in the
front of advance and the retraction of the opposite pole, which produces cell invagination. (3) Repolymerization
of F-actin in the front of cell produces the cell advancement. Representing: , the glycoproteins; , the receptor

in fungal cell; , the signal transducing proteins; , the actin monomeres; , the F-actin; ,
the myosin; , the anchorage proteins; , the cell wall; , the plasmatic membrane; and the direction of
retrograde flow. F-actin specific labeled ferritin can be seen in micrographs obtained by transmission electron
microscopy (TEM).
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to understand, manifest that GTPases should participate in a meticulous regulation
of actin organization.

Moreover, microtubules seem to be also involved in migration mechanism since
nocodazole inhibits chemotactic displacement. Interestingly, assays revealed that
the negative effect that this drug exerts on chemoattraction is related to a blockage
of actin polarization. This demonstrates that actin and microtubules interact, par-
ticipating together in the establishment of cellular polarity during migration
(Figure 8). Microtubules-actin interactions regulate important processes in which
dynamic cellular asymmetries need to be established such as cell motility, neuronal
pathfinding, cellular wound healing, cell division, and cortical flow [57]. The pres-
ence of tubulin has also been demonstrated by immunohistochemical techniques in
S. scitamineum cells [58].

It is obvious that cytoskeleton reorganization in fungal cells is also involved in
germination, in addition to chemotaxis. This is because hyphae of filamentous fungi
are very polarized cells and a continuous migration of vesicles from the teliospore
cytoplasm through the hyphal cell body to the growing hyphal tip is necessary for
organism development [59, 60]. It is clear that cytoskeleton plays a crucial role in
polarity establishment in fungal cells during germination: microtubules support
nuclei division and long-distance-transport functions in filamentous fungi, whereas
actin microfilaments are required for localized targeting events [61]. Microtubule
organization in S. scitamineum teliospores seems to be crucial for a successful ger-
mination [58]. S. scitamineum secretes its own arginase, which activates a signal
transduction cascade that accelerates teliospore germination when it binds to its cell
wall. Moreover, it has been recently suggested that microtubule stabilization during
germination of smut teliospores could be triggered by the production of moderate
levels of spermidine. In vitro microtubule polymerization assays in the presence of
spermidine indicate that this polyamine interacts positively with cytoskeleton,
probably by means of the positive charges of the molecule. Thus, polyamines are
able to bind strongly to existing negative charges in different cellular components,
such as nucleic acids, proteins, and phospholipids [62]. Spermidine could act in this
way interacting and stabilizing the cytoskeleton.

So, polarization of cytoskeleton occurs during both teliospore movement and
germination. Herein lies one of the most surprising discover about S. scitamineum-
sugarcane interaction: glycoproteins from resistant to smut plants stimulate the

Figure 8.
Micrographs obtained by fluorescence optical microscope that show F-actin distribution in S. scitamineum cells
in the absence (on the left) or in the presence (on the right) of nocodazole (Noc) 0.5 μg.mL-1, an inhibitor of
microtubule polymerization. F-actin was detected using phalloidin labeled with fluorescein isothiocyanate
(FITC). Red arrows indicate polarized cell. In the middle, percentage of cells with an asymmetric distribution
of F-actin in the absence (control) or in the presence of Noc 0.5 μg.mL-1.
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rigidity of the cell wall. Therefore, invagination at the opposite pole would be the
only mechanical requirement for cell motion [52]. Again as in Nostoc migration, a
movement model has been proposed for smut teliospores displacement, which is
schemed in Figure 7. Firstly, glycoprotein binding to its ligand on cell wall gener-
ates a signaling cascade that will trigger cytoskeletal remodeling (1). Translocation
of actin filaments has been described as a consequence of the interaction of con-
tractile myosin activity with F-actin cytoskeleton. It leads to an increase in the cell
volume at the front of advance and the retraction of the opposite pole. At this pole,
filaments must be anchored to cell membrane, since invaginations are observed (2).
Finally, depolymerization of F-actin is achieved at the opposite pole, the
repolymerization of which leads to cell advancement (3) [30, 52].

Also in the case of S. scitamineum cells, GTPases seem to be relevant in the
activation of the movement. GTP causes an enhancement of the inhibition exerted
by blebbistatin during migration. However, a large reversion is achieved by addi-
tion of GTPγS, the poorly hydrolysable GTP analogue [30, 55] or GDPβS, a deacti-
vator of Rho [56] GTPases, and a total reversion of inhibition can be observed by
combining GTP and GTPγS. GTP slightly reverts latrunculin A effect probably at
the Rho pathway. However, when GTP analogues, GTPγS and GDPβS are added to
the incubation media in the presence of latrunculin A, no reversion of the
chemostatic inhibition is observed. These results indicate that GTPγS behaves as a
strong activator of the small Rho-GTPase and its downstream pathways, which
results in its final switch-off. Conversely, GDPβS blocks this signaling cascade,
likely by inhibiting GTP exchange on Rho. These results, that are not a priori easy

Figure 7.
Scheme of movement of S. scitamineum cells during sugarcane-pathogen interaction that explain how motility
of teliospores is due to contraction-relaxation episodes of the cytoskeleton. (1) chemoattractant glycoprotein
released by sugarcane plants binds to specific receptors in fungal cell walls. As a result, the transduction signal
that implies cytoskeleton reorganization is activated. (2) Polar cell invaginations are produced by interaction of
myosin II with F-actin cytoskeleton. The translation of the actin filaments into the interior of the cell must begin
at its less end, located in the equatorial plane of teliospore. This permits an increase of the cell volume in the
front of advance and the retraction of the opposite pole, which produces cell invagination. (3) Repolymerization
of F-actin in the front of cell produces the cell advancement. Representing: , the glycoproteins; , the receptor

in fungal cell; , the signal transducing proteins; , the actin monomeres; , the F-actin; ,
the myosin; , the anchorage proteins; , the cell wall; , the plasmatic membrane; and the direction of
retrograde flow. F-actin specific labeled ferritin can be seen in micrographs obtained by transmission electron
microscopy (TEM).
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to understand, manifest that GTPases should participate in a meticulous regulation
of actin organization.

Moreover, microtubules seem to be also involved in migration mechanism since
nocodazole inhibits chemotactic displacement. Interestingly, assays revealed that
the negative effect that this drug exerts on chemoattraction is related to a blockage
of actin polarization. This demonstrates that actin and microtubules interact, par-
ticipating together in the establishment of cellular polarity during migration
(Figure 8). Microtubules-actin interactions regulate important processes in which
dynamic cellular asymmetries need to be established such as cell motility, neuronal
pathfinding, cellular wound healing, cell division, and cortical flow [57]. The pres-
ence of tubulin has also been demonstrated by immunohistochemical techniques in
S. scitamineum cells [58].

It is obvious that cytoskeleton reorganization in fungal cells is also involved in
germination, in addition to chemotaxis. This is because hyphae of filamentous fungi
are very polarized cells and a continuous migration of vesicles from the teliospore
cytoplasm through the hyphal cell body to the growing hyphal tip is necessary for
organism development [59, 60]. It is clear that cytoskeleton plays a crucial role in
polarity establishment in fungal cells during germination: microtubules support
nuclei division and long-distance-transport functions in filamentous fungi, whereas
actin microfilaments are required for localized targeting events [61]. Microtubule
organization in S. scitamineum teliospores seems to be crucial for a successful ger-
mination [58]. S. scitamineum secretes its own arginase, which activates a signal
transduction cascade that accelerates teliospore germination when it binds to its cell
wall. Moreover, it has been recently suggested that microtubule stabilization during
germination of smut teliospores could be triggered by the production of moderate
levels of spermidine. In vitro microtubule polymerization assays in the presence of
spermidine indicate that this polyamine interacts positively with cytoskeleton,
probably by means of the positive charges of the molecule. Thus, polyamines are
able to bind strongly to existing negative charges in different cellular components,
such as nucleic acids, proteins, and phospholipids [62]. Spermidine could act in this
way interacting and stabilizing the cytoskeleton.

So, polarization of cytoskeleton occurs during both teliospore movement and
germination. Herein lies one of the most surprising discover about S. scitamineum-
sugarcane interaction: glycoproteins from resistant to smut plants stimulate the

Figure 8.
Micrographs obtained by fluorescence optical microscope that show F-actin distribution in S. scitamineum cells
in the absence (on the left) or in the presence (on the right) of nocodazole (Noc) 0.5 μg.mL-1, an inhibitor of
microtubule polymerization. F-actin was detected using phalloidin labeled with fluorescein isothiocyanate
(FITC). Red arrows indicate polarized cell. In the middle, percentage of cells with an asymmetric distribution
of F-actin in the absence (control) or in the presence of Noc 0.5 μg.mL-1.
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organization of the actin cytoskeleton to induce the movement of the teliospores
toward the cytoagglutination points but stimulate its depolymerization for avoiding
germination. Thus, after displacement as a consequence of cytoskeleton reorgani-
zation, the result is agglutinated cells without germinative capacity. Teliospore
agglutination without germination triggered by sugarcane arginase becomes the
result of a false quorum signal that prevents teliospore infection.

5. Conclusions

Cytoskeleton reorganization is the trigger of displacement of Nostoc and
Sporisorium scitamineum cells during exohabitant/endohabitant recognition. On one
hand, movement of S. scitamineum teliospores occurs by means of continuous
episodes of polymerization and depolymerization of the actin cytoskeleton, in col-
laboration with myosin. Fungal cells displace toward defensive sugarcane glycopro-
teins as part of a “suicidal behavior,” since displacement finally results in
cytoagglutination and cell death [15]. Chemotactic movement of teliospores was
strongly inhibited by phalloidin and latrunculin A, which are involved in F-actin
polymerization and depolymerization cycles, and by blebbistatin, which avoids the
functionality of a contractile protein similar to a myosin II, responsible for the
contraction-relaxation of the cytoskeleton. Migration of smut teliospores has been
described as consistent with a jellyfish-like “swimming” mechanism.

On the other hand, interesting results presented by Díaz et al. [41] suggest a
cytoskeletal-driven mode of cyanobacteria chemotaxis similar to those of eukary-
otic cells responding to a chemoattractant gradient. It has been concluded that
Nostoc chemotaxis toward arginase requires actin and myosin II-like proteins. Dis-
placement implies a rearrangement of the cytoskeleton causing cell polarity, which
is, in turn, inhibited by phalloidin and latrunculin A, as revealed by confocal
microscopy.

F-actin reorganization in response to extracellular chemotactic signaling has
been amply studied. Migration is typically linked to the formation of external
structures that promote movement. However, similar results in such different sys-
tems (lichen and plant pathogen) indicate that this mechanism of cytoskeletal
reorganization, which induces cell chemotaxis in absence of lamellipodia/filopodia
formation, is conserved in different organisms for recognition between species.
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Hemorheological Evaluation 
and Cytokine Production in 
Dogs Naturally Infected with 
Anaplasmataceae
Saulo Pereira Cardoso, Giane Regina Paludo,  
José Nivaldo da Silva, Adenilda Honório-França  
and Eduardo Luzia França

Abstract

In this chapter, we describe that naturally infected dogs with Anaplasmataceae 
show altered rhreological parameters. Also, we have showed that lower viscosity 
correlated with the lower erythrocyte number and release of IFN-γ. The rheom-
etry of the fresh blood samples was measured by using the Modular Compact 
Rheometer—MCR 102 (Anton Paar® GmbH, Ostfildern, Germany), and the 
graphs were obtained using Rheoplus software. Blood count data were obtained 
by analysis in a private laboratory. Diagnostic confirmation was obtained by 
molecular PCR technique that was used to determine the groups of not infected 
and infected by Anaplasmataceae. Serum cytokines were dosed by flow cytom-
etry (FACScalibur BD®) using BD® Biosciences Cytometric Bead Array (CBA) 
Human Th1/Th2/Th17 Cytokine kits. The results showed a correlation between 
blood viscosity (p < 0.05, r = 0.73) and shear rate (p < 0.05; r = −0.676) with 
IFN-γ in the group of infected dogs that presented anemia, as well as correlations 
of shear rate with erythrocytes (p < 0.05; r = −0.88). Thus, IFN-γ appears to play 
an important role in the immunomodulation of the rheological behavior of natu-
rally infected dogs to Anaplasmataceae. The alterations in cytokines profile and 
their relationship with blood viscosity and hematological parameters was related 
in this study the first time of dogs naturally infected with Anaplasmataceae.

Keywords: Anaplasmataceae, rheology, immunomodulation, cytokines, dogs

1. Introduction

In the environment, animals can naturally suffer from co-infections with 
more than one pathogen, primarily high-incidence diseases such as invertebrate 
vector-borne hemoparasites, which multiply in short cycles. The diseases caused by 
microorganisms of the Anaplasmataceae family, transmitted by the Rhipicephalus 
sanguineus ectoparasite vector, such as Ehrlichia canis and Anaplasma platys [1] are 
highly prevalent in Brazil and worldwide [2, 3].
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E. canis is a causative bacterium of Canine Monocytic Ehrlichiosis (CME) that 
infects mononuclear cells, mainly found in monocytes, where they develop and rep-
licate using the cellular apparatus, and subsequently spread and infect new cells [4]. 
The A. platys only infects platelets leading to transient thrombocytopenia [5] without 
developing severe dog disease, known as Canine Cyclic Thrombocytopenia [6].

Infectious diseases may alter the hematological parameters of the affected indi-
viduals and, consequently, there is alteration of hemorheological behavior [7–9]. 
In addition, immunological factors are also responsible for the change in blood 
viscosity. On the other hand, cytokines may play an important role in the immuno-
modulation of hemorheological behavior. Cytokine IL-17 has immunomodulatory 
effect on blood viscosity of human patients infected with Plasmodium vivax, such 
response may be important for maintaining erythrocyte integrity [7].

The therapeutic use of cytokines may help in the treatment of individuals with 
changes in blood viscosity [7]. In addition, it can modulate Th1 type responses [10, 11].

Studies on the hemorheological behavior of dogs with infectious diseases, as well 
as the immunomodulation of this process help to understand the immunophysio-
pathological mechanisms [7, 9].

This chapter deals with cytokines involved in the immunomodulation of hema-
tological and rheological parameters of the blood of dogs naturally infected by 
bacteria from Anaplasmataceae family.

1.1 Etiology, occurrence, and distribution

The microorganisms of the Anaplasmataceae family belong to the order 
Alphaproteobacteria and to the class Rickettisiales. They are gram negative, 
intracellular-obligatory [12]. They have coccoid or rod shapes, varying in size 
from 0.2 to 0.5 micrometers (μm) in diameter and 0.8–2.0 μm in length. They are 
found forming colonies within intracytoplasmic vacuoles. These colonies are sur-
rounded by a membrane that delimits them, being this colony-vacuole set called 
morula [13].

The Rickettsiales class microorganisms have an infective form, the dense nucleus 
cell. After infection, it develops the vegetative form, the reticulated cell, which mul-
tiplies by binary fission. In the process of infection, they are phagocytized by the 
host cell and remain inside vacuoles or phagosomes, where fusion with lysosomes 
does not occur, and develop there and form the morula. After vegetative forms 
mature, they can become infectious forms and be released from the cytoplasm by 
exocytosis or lysis of host cells, thereby infecting new cells [4].

The Anaplasmataceae family comprises the following species reported as infec-
tious agents of dogs: E. canis, E. ewingii, E. chaffeensis, A. phagocytophilum, A. platys, 
and Nanophyetus helminthoeca [14, 15]. There are also reports of E. risticii infection 
[16]. However, to date in the Brazilian territory, the clinically important species for 
pets that cause hematological disorders in dogs are E. canis and A. platys [17, 18].  
E. canis has mononuclear cell tropism, mainly monocytes, whereas A. platys infects 
platelets [19]. E. ewingii infections in dogs can also cause hematological changes and 
other signs of hemoparasitosis [2].

Prevalence studies of Anaplasmataceae show that these infectious agents are 
widely distributed in tropical and subtropical countries [20]. Dogs with suspected 
CME have high rates of positivity for Anaplasmataceae infections [1, 21], whereas in 
domestic cats, this rate is low [22].

Most studies involving the Anaplasmataceae family aim not only to identify the 
taxonomic family of agents, but also to try to identify genus and species. Thus, the 
epidemiology of E. canis and A. platys, which are the main species of this family that 
affect dogs in Brazil, will be presented below.
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1.1.1 Ehrlichia canis

In the year 1935, researchers first detected a rickettsial microorganism parasit-
izing dog mononuclear cells [23]. Only in 1945 did Mashkovsky reclassify this agent 
as E. canis [24]. However, it has become known worldwide as a causative agent of 
CME in an outbreak of infection with a high mortality rate in German shepherd 
dogs used by the US military during the Vietnam War [25]. In Brazil, it had its first 
report in dogs in the 1970s [26].

Dogs infected with E. canis develop CME, a worldwide disease found in different 
continents: South America, Central America, Europe, Asia, Oceania [27], North 
America [28], and Africa [29]. They are in the tropical and subtropical regions of 
these continents where there is the ectoparasite vector R. sanguineus and the highest 
prevalence rates of CME [27, 30].

The genus Ehrlichia is widely distributed in Brazil [17], being positive for 20% 
of dogs seen in the country [31]. In 1996, in Venezuela, the first report of chronic 
E. canis infection in humans occurred [32]. There are also reports in humans in 
the United States causing a chronic disease that can be fatal [33, 34]. Clinical signs 
are variables such as fever, weakness, muscle and bone pain, headache, nausea, 
vomiting, abdominal pain, arthralgia, and rash. Hematological parameters present 
anemia, thrombocytopenia, and leukopenia [32]. Thus, E. canis infection can also 
be treated as a public health issue and not just veterinary [27, 35].

1.1.2 Anaplasma platys

A. platys is the causative agent of Canine Cyclic Thrombocytopenia (CRT), 
which colonizes and replicates in dog platelets. Its first description was in the 1970s, 
Florida-USA, as a Rickettsia-like organism capable of infecting dog platelets [6]. 
In addition to reporting the visualization of this agent in blood smears, Harvey 
et al. [6] reproduced the infection experimentally in other dogs. No animal showed 
macroscopic alteration, the only alteration being a transient thrombocytopenia, 
without causing evident hemorrhages in the infected ones [6].

In different countries in Europe, the prevalence of this agent can range from 0.4 
to 70.5% according to molecular research using blood samples from dogs, age, ani-
mal breed or gender does not appear to influence the development of CRT [36, 37].

In Brazil, the prevalence of A. platys infection in dogs varies in different regions, 
being higher in the northeast [1, 2, 22, 38–40].

Molecular studies have also detected A. platys in humans in the United States 
and Venezuela, indicating potential risk of zoonosis [41, 42].

1.1.3 Coinfecção por E. canis e A. platys

E. canis and A. platys coinfection using molecular detection in dogs are reported 
in Brazil [43], with prevalence ranging from 5.5 to 53.3% [1, 44, 45].

In other countries, co-infections with these bacteria also occur in dogs. In the 
USA, they found a 5% prevalence in dogs with a history of tick exposure [46]. This 
same rate was found by Yabsley et al. [47, 48] in blood samples from dogs from 
Granada, Spain.

1.2 Transmission

The microorganisms of the Anaplasmataceae family are transmitted to their 
hosts mainly by vectors that inoculate them in susceptible animals. The increase in 
the number of cases of infections in dogs by these bacteria in a given region is linked 
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licate using the cellular apparatus, and subsequently spread and infect new cells [4]. 
The A. platys only infects platelets leading to transient thrombocytopenia [5] without 
developing severe dog disease, known as Canine Cyclic Thrombocytopenia [6].

Infectious diseases may alter the hematological parameters of the affected indi-
viduals and, consequently, there is alteration of hemorheological behavior [7–9]. 
In addition, immunological factors are also responsible for the change in blood 
viscosity. On the other hand, cytokines may play an important role in the immuno-
modulation of hemorheological behavior. Cytokine IL-17 has immunomodulatory 
effect on blood viscosity of human patients infected with Plasmodium vivax, such 
response may be important for maintaining erythrocyte integrity [7].

The therapeutic use of cytokines may help in the treatment of individuals with 
changes in blood viscosity [7]. In addition, it can modulate Th1 type responses [10, 11].

Studies on the hemorheological behavior of dogs with infectious diseases, as well 
as the immunomodulation of this process help to understand the immunophysio-
pathological mechanisms [7, 9].

This chapter deals with cytokines involved in the immunomodulation of hema-
tological and rheological parameters of the blood of dogs naturally infected by 
bacteria from Anaplasmataceae family.

1.1 Etiology, occurrence, and distribution

The microorganisms of the Anaplasmataceae family belong to the order 
Alphaproteobacteria and to the class Rickettisiales. They are gram negative, 
intracellular-obligatory [12]. They have coccoid or rod shapes, varying in size 
from 0.2 to 0.5 micrometers (μm) in diameter and 0.8–2.0 μm in length. They are 
found forming colonies within intracytoplasmic vacuoles. These colonies are sur-
rounded by a membrane that delimits them, being this colony-vacuole set called 
morula [13].

The Rickettsiales class microorganisms have an infective form, the dense nucleus 
cell. After infection, it develops the vegetative form, the reticulated cell, which mul-
tiplies by binary fission. In the process of infection, they are phagocytized by the 
host cell and remain inside vacuoles or phagosomes, where fusion with lysosomes 
does not occur, and develop there and form the morula. After vegetative forms 
mature, they can become infectious forms and be released from the cytoplasm by 
exocytosis or lysis of host cells, thereby infecting new cells [4].

The Anaplasmataceae family comprises the following species reported as infec-
tious agents of dogs: E. canis, E. ewingii, E. chaffeensis, A. phagocytophilum, A. platys, 
and Nanophyetus helminthoeca [14, 15]. There are also reports of E. risticii infection 
[16]. However, to date in the Brazilian territory, the clinically important species for 
pets that cause hematological disorders in dogs are E. canis and A. platys [17, 18].  
E. canis has mononuclear cell tropism, mainly monocytes, whereas A. platys infects 
platelets [19]. E. ewingii infections in dogs can also cause hematological changes and 
other signs of hemoparasitosis [2].

Prevalence studies of Anaplasmataceae show that these infectious agents are 
widely distributed in tropical and subtropical countries [20]. Dogs with suspected 
CME have high rates of positivity for Anaplasmataceae infections [1, 21], whereas in 
domestic cats, this rate is low [22].

Most studies involving the Anaplasmataceae family aim not only to identify the 
taxonomic family of agents, but also to try to identify genus and species. Thus, the 
epidemiology of E. canis and A. platys, which are the main species of this family that 
affect dogs in Brazil, will be presented below.
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1.1.1 Ehrlichia canis

In the year 1935, researchers first detected a rickettsial microorganism parasit-
izing dog mononuclear cells [23]. Only in 1945 did Mashkovsky reclassify this agent 
as E. canis [24]. However, it has become known worldwide as a causative agent of 
CME in an outbreak of infection with a high mortality rate in German shepherd 
dogs used by the US military during the Vietnam War [25]. In Brazil, it had its first 
report in dogs in the 1970s [26].

Dogs infected with E. canis develop CME, a worldwide disease found in different 
continents: South America, Central America, Europe, Asia, Oceania [27], North 
America [28], and Africa [29]. They are in the tropical and subtropical regions of 
these continents where there is the ectoparasite vector R. sanguineus and the highest 
prevalence rates of CME [27, 30].

The genus Ehrlichia is widely distributed in Brazil [17], being positive for 20% 
of dogs seen in the country [31]. In 1996, in Venezuela, the first report of chronic 
E. canis infection in humans occurred [32]. There are also reports in humans in 
the United States causing a chronic disease that can be fatal [33, 34]. Clinical signs 
are variables such as fever, weakness, muscle and bone pain, headache, nausea, 
vomiting, abdominal pain, arthralgia, and rash. Hematological parameters present 
anemia, thrombocytopenia, and leukopenia [32]. Thus, E. canis infection can also 
be treated as a public health issue and not just veterinary [27, 35].

1.1.2 Anaplasma platys

A. platys is the causative agent of Canine Cyclic Thrombocytopenia (CRT), 
which colonizes and replicates in dog platelets. Its first description was in the 1970s, 
Florida-USA, as a Rickettsia-like organism capable of infecting dog platelets [6]. 
In addition to reporting the visualization of this agent in blood smears, Harvey 
et al. [6] reproduced the infection experimentally in other dogs. No animal showed 
macroscopic alteration, the only alteration being a transient thrombocytopenia, 
without causing evident hemorrhages in the infected ones [6].

In different countries in Europe, the prevalence of this agent can range from 0.4 
to 70.5% according to molecular research using blood samples from dogs, age, ani-
mal breed or gender does not appear to influence the development of CRT [36, 37].

In Brazil, the prevalence of A. platys infection in dogs varies in different regions, 
being higher in the northeast [1, 2, 22, 38–40].

Molecular studies have also detected A. platys in humans in the United States 
and Venezuela, indicating potential risk of zoonosis [41, 42].

1.1.3 Coinfecção por E. canis e A. platys

E. canis and A. platys coinfection using molecular detection in dogs are reported 
in Brazil [43], with prevalence ranging from 5.5 to 53.3% [1, 44, 45].

In other countries, co-infections with these bacteria also occur in dogs. In the 
USA, they found a 5% prevalence in dogs with a history of tick exposure [46]. This 
same rate was found by Yabsley et al. [47, 48] in blood samples from dogs from 
Granada, Spain.

1.2 Transmission

The microorganisms of the Anaplasmataceae family are transmitted to their 
hosts mainly by vectors that inoculate them in susceptible animals. The increase in 
the number of cases of infections in dogs by these bacteria in a given region is linked 
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to the presence of the transmitting vector in the environment and its behavior of 
feeding on mammalian blood, with a preference for canids. Infection occurs at the 
moment when the tick R. sanguineus performs hematophagy and ends up injecting 
saliva contaminated with Anaplasmataceae at the bite site [47, 48].

Both larvae and nymphs, as well as adult forms of the R. sanguineus tick infected 
by E. canis, are capable of transmitting it to the host [47, 48]. There is no transovar-
ian transmission from adult ticks to their larval forms in the reproduction process of 
R. sanguineus [27]. Ticks only become infected when they feed on infected animals 
that are in the bacteremia phase of the disease [49]. Although vector transmission 
of E. canis is the main mode of infection, it can also occur in cases of blood transfu-
sion from an infected to an uninfected host [50, 51].

Regarding A. platys transmission, it is not clear how it occurs. It is suspected to 
be similar to E. canis by ticks, but the process has not yet been confirmed experi-
mentally [52, 53]. Some more recent studies point to possible vertical transmission 
from mother to pups, but the transmission process has not been confirmed [53, 54].

The R. sanguineus ectoparasite (Acari: Ixodida), known as the brown dog tick, is 
the main vector of E. canis [55]. It is also believed to serve as a vector for A. platys, 
although the infection has not been reproduced in the laboratory so far. One of 
the main evidence of this possibility is the discovery of A. platys DNA in female R. 
sanguineus using molecular technique [44, 56]. This tick has a cosmopolitan dis-
tribution in tropical regions and, taking advantage of global warming, proliferates 
in regions of temperate climate, but under conditions of shelter that provides its 
development [47, 48].

Once infected with E. canis, this vector becomes a source of lifelong infection. 
Thus, a larva may remain infected even after undergoing changes in its life cycle, 
maintaining trans-state transmission [57]. E. canis colonizes oral salivary gland cells 
and is also found in vector cells, called hemocytes, and tick intestinal cells [58].

Other ticks like Ixodes spp. and Dermacentor ssp. are also capable of transmit-
ting the Anaplasmataceae family pathogens to susceptible hosts at the time of the 
bite [59, 60].

1.3  Immunological response and mechanisms of immune evasion of 
microorganisms from Anaplasmataceae family

Host resistance to the Anaplasma genus is linked to IFN-γ production [61]. This 
protective effect is potentiated by TNF-α [62]. On the other hand, there is a descrip-
tion that TNF-α may favor the aggravation of the clinical condition of dogs, as 
observed in cases of distemper [63].

The process of immune response to members of the Anaplasmataceae family 
can lead to tissue damage in the liver of the infected host regardless of the bacterial 
load in their body, due to a simple induction of proinflammatory mechanisms that 
induce a cellular response that develops such damage. These lesions are generally 
more severe than those directly induced by the infectious agent itself, as observed in 
a study with experimental A. phagocytophilum infection in mice [64].

Ehrlichia-infected monocytes have a slower response to LPS when compared 
to uninfected monocytes, as this pathogen inhibits activation of the nuclear fac-
tor kappa beta (NF-κβ) transcription factor. This infection also disrupts toll-like 
receptor expression (TLR 2 and 4) and inhibits other signaling pathways that rely 
on monocyte activation receptors [65]. In addition, infection induces inhibition of 
gene transcription for IL-12, IL-15, and IL-18 production [66].

In persistent Ehrlichia infections, it has been experimentally demonstrated in 
mice that the host maintains its survival when there is increased IFN-γ production 
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by CD4 + and CD8 + T lymphocytes, low concentration of TNF-α and antibody 
production to Ehrlichia, mainly IgG2 [67].

The survival of the genus Ehrlichia in monocytes depends on the mechanisms 
that this bacterium uses to block the fusion of phagosomes with lysosomes, inhibit-
ing cell apoptosis to utilize its nutrients and energy longer [68].

Susceptibility to the development of CME has immunomodulatory mecha-
nisms involved in the process. Experimental infections in mice with E. muris, 
intracellular mononuclear leukocyte parasite demonstrated high concentration 
CD8 + T production of TNF-α as well as systemic inflammatory response mediated 
by this cytokine and inhibition of Th1 profile T CD4 proliferation [67].

Regarding E. canis, NK cells play their role in the immune response, but 
are not primordial in the host resistance process [69]. Although some animals 
with CME have bone marrow cell depletion in the chronic phase, subclinical 
neutropenia and transient lymphopenia in the acute phase, it was found in an 
experimental study that in the acute and subacute phases of the disease, E. canis 
was not able to induce immunosuppression in young dogs, up to 1 year old on 
average [69].

One study showed that dogs experimentally infected with E. canis had elevated 
TNF-α production by splenocytes and leukocytes during acute CME, followed by 
high levels of IL-10 for both cell lines and, finally, only the leukocytes showed IFN-γ 
production in small scale [70]. TNF-α production at high levels in the experimental 
infection with E. canis was also verified by Rikihisa and Tajima [5]. Since in natu-
rally infected dogs, Lima et al. [71] found elevated levels of TNF-α and IL-10, but 
the analysis found no difference between the means of groups infected and unin-
fected for both cytokines.

Studies report that specific immune response to A. platys is innovative. Research 
involving Anaplasma genus and its immune response mostly describe the species  
A. phagocytophilum, which infects granulocytes of different animal species [72], or 
A. marginale which infect red blood cells and bovine monocytes [73].

The control of infection by A. phagocytophilum in humans and other animals, 
including the dog, is dependent on the IFN-γ production and macrophage activa-
tion, which leads to the control of a recent bacteremia [74]. This occurs in an 
initial immune response, with the role of NK cells to produce IFN-γ, but that is not 
important for eliminating the infectious agent.

Contrary to expectation, the immune response to A. phagocytophilum is not 
dependent Th1 cytokines such as IL-12 and IFN-γ, but CD4 + effector T cells are 
also strictly necessary for the eradication of the pathogen [75].

A. marginale infections induce CD4 T cell proliferation as well as a humoral 
response with high levels of IgG1 and IgG2. This bacterium has great ability to 
generate variant forms by converting gene segments, which allows an escape from 
the immune response [76].

Intracellular organisms have different mechanisms of escape from the immune 
response to maintain their survival and multiply. Some may induce non-fusion 
of phagosome with lysosome, while others escape from phagosome to cytosol. 
By using their structural apparatus to disrupt the phagosome environment and 
inhibit its fusion to lysosomes, these pathogens gain time to take on a more 
resistant form to the acid and proteolytic environment and perpetuate within the 
infected cell [77].

In many cases, these infectious agents may induce a Th2-type cellular response. 
IL-10 secretion by Th2 inhibits Th1 response and macrophage activation by the 
classical pathway [78]. Intracellular organisms may also inhibit IL-12 production by 
infected macrophages [79].
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1.4 Pathophysiology of CME and CRT and clinical signs

E. canis uses different strategies from other traditional intracellular bacteria 
in the process of infection because is a bacterium with deficiency of structural 
membrane components such as peptidioglicanos and LPS. Its genome has genes 
that encode proteins responsible for evasion to the immune system and for play-
ing an important role in parasite-host interaction. Surface proteins present in the 
genus Ehrlichia with repeats of serine and threonine components are responsible 
for membrane attack and host cell entry [80]. Twelve tandem repeating proteins, 
three specific for E. canis, were identified, demonstrating a variability of membrane 
protein repertoire, which facilitates escape to the immune system [81].

The manifestations and clinical signs in positive dogs can variable and are 
observed in the different phases of the CME. The acute phase occurs after an incu-
bation period ranging from 8 to 20 days [82]. The subclinical course of infection, 
which occurs when no clinical signs of the disease are observed, may develop after 
an acute course of course in dogs that have not cleared the agent. And finally, there 
is the chronic course phase with signs of severe disease [83].

Significant low platelet count in CME is the main sign observed in the hemato-
logical parameters of dogs [84]. Such a fall is linked to different factors: excessive 
platelet consumption due to endothelial lesions, destruction by immunological 
action, and an increased splenic sequestration of these platelets [85]. It has been 
reported that there is a platelet migration inhibiting factor that favors splenic 
sequestration [86].

In CRT, the mechanism of platelet reduction occurs by phagocytosis of these 
blood components that have been damaged by the bacteria or destroyed in an 
immunomediated manner [6]. In addition, it has been shown that A. platys infec-
tion can occur in platelet-generating myeloid precursors, such as promegakaryo-
cytes and megakaryocytes [87].

1.4.1 Fase aguda da CME

During the acute phase of CME, there is an elevation of inflammatory cytokines 
linked to the immune response, such as TNF-α, IL-10, and IFN-γ [70]. However, 
Lima et al. [71] reported in their work that TNF-α and IL-10 are not associated 
with early-stage clinical signs of CME. Some dogs may present in the acute phase 
thrombocytopenia and anemia; however, thrombocytopenia is also detected in dogs 
in the subclinical phase when the animal is not treated [84], and leukopenia may 
also occur [88]. In the acute phase, there are the appearances of several nonspecific 
clinical signs such as anorexia, fever, weight loss, lymphadenomegaly, splenomeg-
aly, and apathy, also occurring vasculitis [83].

In the study by Sousa et al. [89], dogs with E. canis infection showed nonspecific 
clinical signs, such as apathy, anorexia, fever, and mucosal pallor. They also pre-
sented ophthalmic disorders, tendencies to hemorrhage and splenomegaly. Other 
studies reported diarrhea, emesis, hematemesis, abdominal pain, dilation of the 
abdomen, difficulty in walking [90].

Ophthalmologic lesions can occur at any stage of CME and include anterior 
uveitis, retinal or subretinal hemorrhage with detachment, chorioretinitis, and 
blindness [91].

Clinical and laboratory findings consist of an increase or decrease in the number 
of leukocytes (neutrophils and lymphocytes) and platelets and predominantly 
anemia [89]. It also presents anemia as the most frequent hematological disorder, 
followed by thrombocytopenia [90].

29

Hemorheological Evaluation and Cytokine Production in Dogs Naturally Infected…
DOI: http://dx.doi.org/10.5772/intechopen.91191

1.4.2 Subclinical phase of CME

The chronic course can last up to 5 years, in a subclinical state, until the serious 
disease develops. In the subclinical phase, there is thrombocytopenia [88], high 
antibody production, mainly due to hypergammaglobulinemia, but with hypoalbu-
minemia [88, 92].

1.4.3 Chronic phase of CME

In the severe phase, weight loss, wasting, lymphadenopathy, fevers, hemor-
rhages, non-regenerative anemia, thrombocytopenia, spinal cord pancytopenia, 
and death are observed [88, 93, 94]. Hyperglobulinemia is also observed and may 
favor the development of blood hyperviscosity [95]. Animals die due to bleeding or 
septicemia caused by E. canis [88].

1.4.4 Acute phase of TRC

TRC caused by A. platys has an acute and cyclic phase following an incubation 
period of 1–2 weeks, with a parasitemia occurring every 10 to 14 days causing a 
transient thrombocytopenia accompanied by fever [96]. One study has shown that 
experimental A. platys infection has developed lymph node enlargement in dogs 
[96]. However, many dogs present asymptomatic TRC [97].

In Europe and the Middle East, there are descriptions of A. platys strains that are 
more virulent and cause disease with clinical signs similar to dogs with CME [98, 99]. 
Thus, dogs with infection with virulent A. platys strains may show clinical signs of 
abdominal pain, splenomegaly, high fever, thrombocytopenia, hypoproteinemia, large 
platelets, monocytosis, and low hematocrit [88, 100]. Another study found dogs natu-
rally infected with A. platys with acute clinical signs of anorexia, depression, weight 
loss, transient epistaxis, pale mucosae, severe thrombocytopenia, anemia, leukopenia, 
and hyperproteinemia [98].

1.4.5 Chronic phase of TRC

In Brazil, TRC does not develop severe clinical signs in dogs, only a decrease in 
platelet counts in general. Dogs that have A. platys infection have cyclic thrombocy-
topenia, but do not have bleeding episodes as in dogs with CME [101].

The chronic phase demonstrates an adaptation of the infected animal’s organ-
ism to infection. At this stage, infected dogs have a cyclic period of low parasitemia 
accompanied by moderate thrombocytopenia [102].

2. Diagnostic methods

2.1 Parasitological diagnosis

Pathogen identification can be done using blood smears. In the acute phase 
of the disease, E. canis morulae can be observed inside mononuclear cells or, in 
the case of A. platys, on platelets. However, these agents may not be found in 
many of these cases, as they are more commonly found in dogs sick in the febrile 
phase [103].

Direct visualization of the agent in mononuclear cells, especially lymphocytes, 
seen in blood smears is known to be a definitive diagnosis of CME, as visualization 
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also occur [88]. In the acute phase, there are the appearances of several nonspecific 
clinical signs such as anorexia, fever, weight loss, lymphadenomegaly, splenomeg-
aly, and apathy, also occurring vasculitis [83].

In the study by Sousa et al. [89], dogs with E. canis infection showed nonspecific 
clinical signs, such as apathy, anorexia, fever, and mucosal pallor. They also pre-
sented ophthalmic disorders, tendencies to hemorrhage and splenomegaly. Other 
studies reported diarrhea, emesis, hematemesis, abdominal pain, dilation of the 
abdomen, difficulty in walking [90].

Ophthalmologic lesions can occur at any stage of CME and include anterior 
uveitis, retinal or subretinal hemorrhage with detachment, chorioretinitis, and 
blindness [91].

Clinical and laboratory findings consist of an increase or decrease in the number 
of leukocytes (neutrophils and lymphocytes) and platelets and predominantly 
anemia [89]. It also presents anemia as the most frequent hematological disorder, 
followed by thrombocytopenia [90].
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1.4.2 Subclinical phase of CME

The chronic course can last up to 5 years, in a subclinical state, until the serious 
disease develops. In the subclinical phase, there is thrombocytopenia [88], high 
antibody production, mainly due to hypergammaglobulinemia, but with hypoalbu-
minemia [88, 92].

1.4.3 Chronic phase of CME

In the severe phase, weight loss, wasting, lymphadenopathy, fevers, hemor-
rhages, non-regenerative anemia, thrombocytopenia, spinal cord pancytopenia, 
and death are observed [88, 93, 94]. Hyperglobulinemia is also observed and may 
favor the development of blood hyperviscosity [95]. Animals die due to bleeding or 
septicemia caused by E. canis [88].

1.4.4 Acute phase of TRC

TRC caused by A. platys has an acute and cyclic phase following an incubation 
period of 1–2 weeks, with a parasitemia occurring every 10 to 14 days causing a 
transient thrombocytopenia accompanied by fever [96]. One study has shown that 
experimental A. platys infection has developed lymph node enlargement in dogs 
[96]. However, many dogs present asymptomatic TRC [97].

In Europe and the Middle East, there are descriptions of A. platys strains that are 
more virulent and cause disease with clinical signs similar to dogs with CME [98, 99]. 
Thus, dogs with infection with virulent A. platys strains may show clinical signs of 
abdominal pain, splenomegaly, high fever, thrombocytopenia, hypoproteinemia, large 
platelets, monocytosis, and low hematocrit [88, 100]. Another study found dogs natu-
rally infected with A. platys with acute clinical signs of anorexia, depression, weight 
loss, transient epistaxis, pale mucosae, severe thrombocytopenia, anemia, leukopenia, 
and hyperproteinemia [98].

1.4.5 Chronic phase of TRC

In Brazil, TRC does not develop severe clinical signs in dogs, only a decrease in 
platelet counts in general. Dogs that have A. platys infection have cyclic thrombocy-
topenia, but do not have bleeding episodes as in dogs with CME [101].

The chronic phase demonstrates an adaptation of the infected animal’s organ-
ism to infection. At this stage, infected dogs have a cyclic period of low parasitemia 
accompanied by moderate thrombocytopenia [102].

2. Diagnostic methods

2.1 Parasitological diagnosis

Pathogen identification can be done using blood smears. In the acute phase 
of the disease, E. canis morulae can be observed inside mononuclear cells or, in 
the case of A. platys, on platelets. However, these agents may not be found in 
many of these cases, as they are more commonly found in dogs sick in the febrile 
phase [103].

Direct visualization of the agent in mononuclear cells, especially lymphocytes, 
seen in blood smears is known to be a definitive diagnosis of CME, as visualization 



Parasitology and Microbiology Research

30

of morulae with correct morphological characterization is considered a pathogno-
monic sign of the disease [103]. However, there are other agents that infect mono-
nuclear cells, and differential diagnosis should be made correctly in order to avoid 
false-negative diagnosis [104].

2.2 Serologic diagnosis

For the detection of CME, there are several diagnostic methods. At the veteri-
nary clinic, a rapid test with only one drop of blood is routinely performed based on 
the serum evaluation of anti-Ehrlichia antibodies [88]. Similarly, there are kits for 
detection of A. platys and A. phagocytophilum [105].

Indirect immunofluorescence a serological test used more in research, marks the 
specific target with antibodies to be viewed and can be used as a definitive diagnosis 
[55, 106].

2.3 Culture and isolation

Members of the Rickettsialles family, such as Ehrlichia, can be cultured in 
cultured cells under controlled conditions, but proliferation time is prolonged. This, 
in addition to the fact that many techniques depend on purification of the agent 
relative to the host cell component of the culture, makes the process even more 
difficult and time consuming [107].

2.4 Molecular diagnosis

The definitive diagnosis can also be performed by molecular examinations 
by detecting genetic material from microorganisms in the samples [108, 109] 
and specificity [110]. Over the years, it has become an increasingly modern and 
improved technique for pathogen identification and safe against possible contami-
nation, such as quantitative PCR (qPCR) [111].

2.5 Clinical and laboratory diagnosis

The presumptive clinical diagnosis of CME made by the professional in the vet-
erinary office can be performed by observing clinical signs; however, there is a high 
chance of giving a different result than the real one, since CME has a multisystemic 
character and nonspecific clinical signs, thus requiring other tools [35].

In clinical and laboratory analyzes, thrombocytopenia presented by dogs with 
clinical signs suggestive of CME helps to rule out other diseases, being this param-
eter used in routine veterinary clinics as a strong suspicion of being positive for E. 
canis [112]. Other signs such as anemia, leukocytosis, and leukopenia are observed 
in dogs with CME, which helps in the diagnosis [89]. Observation of isolated 
thrombocytopenia without other clinical signs are suggestive of CRT [6].

2.6 Differential diagnosis

The clinical and laboratory signs presented observed in CME and CRT can 
be observed in other diseases caused by other infectious agents, especially those 
transmitted by ticks. Infections such as hepatozonosis, babesiosis, and distemper 
may present similar clinical signs and should be considered in the differential 
diagnosis [113]. Another disease to be considered is canine visceral leishmaniasis 
(CVL) in cases of thrombocytopenia, anemia, medular aplasia, and hemorrhages 
[114], especially in regions endemic for CVL [113].
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2.7 Hemorheological diagnosis

Animals infected with hematozoa, including Anaplasmataceae, may present 
changes in hematological parameters [89]. However, hematozoa can also lead 
to alteration of the rheological behavior of the blood, as a work that demonstrated 
alteration of blood viscosity of humans infected with Plasmodium ssp. [7], and 
another that demonstrated changes in blood viscosity of dogs infected with 
Leishmania ssp. [9].

Rheometry is an auxiliary tool that allows the measurement of the fluid viscosity 
curve, as well as the blood, and can be used to monitor these altered parameters in 
dogs with hematological and rheological disorders, thus serving as an ally in the 
therapeutic monitoring of sick dogs. Such a tool has been used experimentally to 
measure blood viscosity in both Plasmodium ssp. infected humans [7], as in dogs 
infected with Leishmania ssp. [9].

2.8 Rheology

Rheometric blood analysis or hemoremometry is a technique for measuring 
blood viscosity that helps in understanding the pathogenesis of diseases affecting 
the blood [9]. Blood functions as a viscous fluid, with different viscosities depend-
ing on the amount of cells, platelets, and other blood solutes [114, 115], so if a 
disease alters the amount of cells, the deformability erythrocyte or serum compo-
nents, the viscosity also changes.

Rheometry allows the measurement of blood viscosity using the rheometer, a 
device that measures the ability of a liquid to flow based on its resistance to dissipa-
tion when pressure is applied to it [116]. To understand how immunomodulation of 
blood rheological behavior occurs in metabolic or infectious diseases, the change in 
blood viscosity can be compared between sick and healthy, and these data correlate 
with cytokine profile for investigation of the immunophysiopathological process, as 
demonstrated by França et al. [8] and Scherer et al. [7].

This branch of science allows an understanding of how hemorheological 
behavior is influenced by cellular components and blood plasma on blood viscos-
ity, peripheral resistance, circulating volume, and blood pressure. The capacity of 
erythrocyte deformation is influenced by blood pressure, and this phenomenon is 
important for maintaining macro tantone blood flow as well as microcirculation 
[114]. Blood viscosity is also influenced by blood cell count. Patients with anemia 
demonstrate decreased blood viscosity [117].

The increased amount of leukocytes and platelets disturbs the normal flow of 
erythrocytes, especially in microcirculation. Another phenomenon that impairs this 
flow is when the erythrocytes lose their capacity for deformation, or when the pres-
sure of the blood vessels is increased, making it difficult to pass, such as diabetes 
mellitus, changes in the physical characteristics of erythrocytes are observed [114].

Viscosity and blood flow become compromised to cellular and plasma changes 
that occur in various diseases. Metabolic diseases such as diabetes mellitus lead 
to erythrocyte changes [118], in addition to other factors such as increased serum 
osmolarity [119] and endothelial lesions lead to blood hyperviscosity syndrome 
[120]. In infectious diseases, such as those caused by obligate intracellular para-
sites, increased blood viscosity occurs, as observed in dogs with Canine Visceral 
Leishmaniasis [9] and in humans with malaria [7].

This technique has been used in research to help understand diseases by blood 
parasites such as Plasmodium spp., causative agent of malaria. Infected individuals 
showed elevated blood viscosity and high levels of IFN-γ and IL-17, as well as low 
TGF-β concentration compared to uninfected ones [7]. In addition to infectious 
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of morulae with correct morphological characterization is considered a pathogno-
monic sign of the disease [103]. However, there are other agents that infect mono-
nuclear cells, and differential diagnosis should be made correctly in order to avoid 
false-negative diagnosis [104].

2.2 Serologic diagnosis

For the detection of CME, there are several diagnostic methods. At the veteri-
nary clinic, a rapid test with only one drop of blood is routinely performed based on 
the serum evaluation of anti-Ehrlichia antibodies [88]. Similarly, there are kits for 
detection of A. platys and A. phagocytophilum [105].

Indirect immunofluorescence a serological test used more in research, marks the 
specific target with antibodies to be viewed and can be used as a definitive diagnosis 
[55, 106].

2.3 Culture and isolation

Members of the Rickettsialles family, such as Ehrlichia, can be cultured in 
cultured cells under controlled conditions, but proliferation time is prolonged. This, 
in addition to the fact that many techniques depend on purification of the agent 
relative to the host cell component of the culture, makes the process even more 
difficult and time consuming [107].

2.4 Molecular diagnosis

The definitive diagnosis can also be performed by molecular examinations 
by detecting genetic material from microorganisms in the samples [108, 109] 
and specificity [110]. Over the years, it has become an increasingly modern and 
improved technique for pathogen identification and safe against possible contami-
nation, such as quantitative PCR (qPCR) [111].

2.5 Clinical and laboratory diagnosis

The presumptive clinical diagnosis of CME made by the professional in the vet-
erinary office can be performed by observing clinical signs; however, there is a high 
chance of giving a different result than the real one, since CME has a multisystemic 
character and nonspecific clinical signs, thus requiring other tools [35].

In clinical and laboratory analyzes, thrombocytopenia presented by dogs with 
clinical signs suggestive of CME helps to rule out other diseases, being this param-
eter used in routine veterinary clinics as a strong suspicion of being positive for E. 
canis [112]. Other signs such as anemia, leukocytosis, and leukopenia are observed 
in dogs with CME, which helps in the diagnosis [89]. Observation of isolated 
thrombocytopenia without other clinical signs are suggestive of CRT [6].

2.6 Differential diagnosis

The clinical and laboratory signs presented observed in CME and CRT can 
be observed in other diseases caused by other infectious agents, especially those 
transmitted by ticks. Infections such as hepatozonosis, babesiosis, and distemper 
may present similar clinical signs and should be considered in the differential 
diagnosis [113]. Another disease to be considered is canine visceral leishmaniasis 
(CVL) in cases of thrombocytopenia, anemia, medular aplasia, and hemorrhages 
[114], especially in regions endemic for CVL [113].
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2.7 Hemorheological diagnosis

Animals infected with hematozoa, including Anaplasmataceae, may present 
changes in hematological parameters [89]. However, hematozoa can also lead 
to alteration of the rheological behavior of the blood, as a work that demonstrated 
alteration of blood viscosity of humans infected with Plasmodium ssp. [7], and 
another that demonstrated changes in blood viscosity of dogs infected with 
Leishmania ssp. [9].

Rheometry is an auxiliary tool that allows the measurement of the fluid viscosity 
curve, as well as the blood, and can be used to monitor these altered parameters in 
dogs with hematological and rheological disorders, thus serving as an ally in the 
therapeutic monitoring of sick dogs. Such a tool has been used experimentally to 
measure blood viscosity in both Plasmodium ssp. infected humans [7], as in dogs 
infected with Leishmania ssp. [9].

2.8 Rheology

Rheometric blood analysis or hemoremometry is a technique for measuring 
blood viscosity that helps in understanding the pathogenesis of diseases affecting 
the blood [9]. Blood functions as a viscous fluid, with different viscosities depend-
ing on the amount of cells, platelets, and other blood solutes [114, 115], so if a 
disease alters the amount of cells, the deformability erythrocyte or serum compo-
nents, the viscosity also changes.

Rheometry allows the measurement of blood viscosity using the rheometer, a 
device that measures the ability of a liquid to flow based on its resistance to dissipa-
tion when pressure is applied to it [116]. To understand how immunomodulation of 
blood rheological behavior occurs in metabolic or infectious diseases, the change in 
blood viscosity can be compared between sick and healthy, and these data correlate 
with cytokine profile for investigation of the immunophysiopathological process, as 
demonstrated by França et al. [8] and Scherer et al. [7].

This branch of science allows an understanding of how hemorheological 
behavior is influenced by cellular components and blood plasma on blood viscos-
ity, peripheral resistance, circulating volume, and blood pressure. The capacity of 
erythrocyte deformation is influenced by blood pressure, and this phenomenon is 
important for maintaining macro tantone blood flow as well as microcirculation 
[114]. Blood viscosity is also influenced by blood cell count. Patients with anemia 
demonstrate decreased blood viscosity [117].

The increased amount of leukocytes and platelets disturbs the normal flow of 
erythrocytes, especially in microcirculation. Another phenomenon that impairs this 
flow is when the erythrocytes lose their capacity for deformation, or when the pres-
sure of the blood vessels is increased, making it difficult to pass, such as diabetes 
mellitus, changes in the physical characteristics of erythrocytes are observed [114].

Viscosity and blood flow become compromised to cellular and plasma changes 
that occur in various diseases. Metabolic diseases such as diabetes mellitus lead 
to erythrocyte changes [118], in addition to other factors such as increased serum 
osmolarity [119] and endothelial lesions lead to blood hyperviscosity syndrome 
[120]. In infectious diseases, such as those caused by obligate intracellular para-
sites, increased blood viscosity occurs, as observed in dogs with Canine Visceral 
Leishmaniasis [9] and in humans with malaria [7].

This technique has been used in research to help understand diseases by blood 
parasites such as Plasmodium spp., causative agent of malaria. Infected individuals 
showed elevated blood viscosity and high levels of IFN-γ and IL-17, as well as low 
TGF-β concentration compared to uninfected ones [7]. In addition to infectious 
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diseases, metabolic diseases such as diabetes melittus lead to changes in blood vis-
cosity [8]. Thus, blood viscosity may also be influenced by the action of substances 
present in serum such as cytokines.

Rheometry, considered as a low-cost auxiliary technique, can be used as a tool 
for monitoring the hematological condition and haemorrheological behavior of 
animals infected with infectious diseases, as shown in a study that evaluated dogs 
naturally infected with Leishmania sp. [9].

3. Metodology aspects, results, and discussion

The procedures were previously approved by the Animal Use Ethics Committee-
CEUA/UFMT, Brazil, and collection of clinical samples was authorized by the dog 
owners by signing the informed consent form.

Blood samples were collected from 72 dogs, regardless of males and females, 
of different ages and breeds, during the 19 months in Barra do Garças—MT 
(52.2599 15° 53′ 35 South, 52° 15′ 36″ Oeste), Midwest region of Brazil to analyze 
the rhreometry parameters and cytokines concentrations. Diagnostic confirmation 
was obtained by molecular Polymerase Chain Reaction (PCR) technique that was 
used to determine the groups of not infected and infected by Anaplasmataceae. 
The rheometry of the fresh blood samples was measured by using the Modular 
Compact Rheometer—MCR 102 (Anton Paar® GmbH, Ostfildern, Germany), and 
the graphs were obtained using Rheoplus software. Blood count data were obtained 
by analysis in a private laboratory. Serum cytokines were dosed by flow cytometry 
(FACScalibur BD®) using BD® Biosciences Cytometric Bead Array (CBA) kits.

For the statistical analysis of the concentration of cytokines, rheological and 
hematological parameters used the Student t test. For the correlation analyses, the 
Pearson correlation test was used. Data were expressed as mean ± standard error. 
Values less than 0.05 (p < 0.05) were considered significant.

Thus, serological screening was initially performed to check for natural infec-
tion using the SNAP 4DX Plus of IDEXX ELISA test for detection of both Ehrlichia 
ssp. and Anaplasma spp. High rates of infection (75%) with Anaplasmataceae were 
observed (Table 1). Interestingly, studies on dogs with suspected infection also had 
high rates of infection with these bacteria [21].

Seroprevalence of 51% (29/57) for Ehrlichia spp. was higher in dogs evaluated 
when compared with other studies [1, 21, 55]. In the literature, there are data on 
seroprevalence of A. platys in Brazil and worldwide [2, 3]. In this work, the preva-
lence of Anaplasma spp. was 25%, whereas in other studies in Brazil and Asia were 
showed lower prevalence [2, 3].

Diagnostic confirmation was performed by PCR molecular examination using 
the primer oligonucleotides shown in Table 2. The results showed a prevalence 
of 52% of Anaplasmataceae infection, which is slightly lower compared to other 
similar work also developed in Mato Grosso [1]. Such high rates are also found in a 

Negative Anaplasmataceae Ehrlichia 
spp.

Anaplasma 
spp.

Ehrlichia + 
 Anaplasma

Total

Number 14 43 29 14 12 57

Prevalence (%) 25 75 51 25 21

Table 1. 
Detection of specific antibody for Anaplasmataceae family (Ehrlichia ssp. and Anaplasma spp.) using SNAP 
4DX Plus of IDEXX ELISA test in dogs from the city of Barra do Garças—MT.
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seroprevalence study in northeastern Brazil that shows to be greater than 50% in 
the Alagoas state [17].

In contrast, in the amplification of the E. canis and A. platys DNA gene16S, there 
were prevalences of 28 and 32%, respectively. Regarding E. canis, other authors 
found a prevalence of 38.4–59% [1, 21]. Studies with A. platys using molecular tech-
niques in Mato Grosso revealed 26.2% [1]. However, higher prevalence of infection 
has been reported in other regions of Brazil [11, 123].

Coinfection by A. platys and E. canis are also commonly found in dogs in areas 
containing the R. sanguineus vector [34]. In the animals evaluated in this study, it 
was observed a prevalence of 20% of coinfection (Table 3).

Table 4 presents the results of the mean values of erythrogram, leukogram, 
platelet, and total protein parameters that were analyzed in the samples of negative 
dogs positive for Anaplasmataceae. Blood count showed a significant difference 
between mean erythrocyte values (p = 0.03) in the group of animals infected with 
Anaplasmataceae, suggesting a mild to severe anemia in these animals. Reduction 
in erythrocyte count showed a strong positive correlation (p = 0.013; r = 0.7) with 
blood viscosity, but was more evident in a negative erythrocyte correlation with 
shear rate in this same group (p = 0.0001; r = −0.88).

Dogs naturally infected by Anaplasmataceae showed changes in blood viscosity 
compared to uninfected dogs (Table 5). Viscosity values were inversely propor-
tional to shear rate in both groups studied (Figure 1). Also, there were differences 
in shear rate (p = 0.008). Previous work on dogs infected with Leishmania also 
showed changes in blood viscosity [9]. Blood flow curves and their respective hys-
teresis areas in infected animals revealed lower shear rates compared to uninfected 
animals (Figure 2).

The mean viscosity and shear rate values in both groups revealed significant 
differences for both parameters (Table 5). There were differences in shear rate 
(p = 0.008) and also in viscosity (p < 0.0001). There was no difference in the 
averages analyzed between the groups regarding the leukocyte, platelet, and total 
protein concentrations.

The serum profile of inflammatory, anti-inflammatory, and regulatory cyto-
kines, IL-2, IL-4, IL-6, IL-10, TNF-α, IFN-γ, IL-17A were evaluated according to 
Scherer et al. [7] and Silva et al. [9]. Among the cytokines, the only one that showed 
difference between the infected and uninfected groups was IL-10 (Table 6). The 
serum concentration of this interleukin was lower in the infected group when 
compared to dogs Anaplasmataceae negative.

The hemogram, rheometry, and serum cytokines parameters were correlated 
using Pearson’s correlation test (Figure 3). There was an inversely proportional 
correlation between viscosity and shear rate, shear rate and erythrocytes, and shear 

Identification Sequence 5′-3′ Author Primer

Anaplasmataceae GGTACCYACAGAAGAAGTCC Inokuma et al. [121] EHR16sd

TAGCACTCATCGTTTACAGC Inokuma et al. [121] EHR16sr

E. canis CAATTATTTATAGCCTCTGGCTATAGGA Murphy et al. [122] ECAN5

TATAGGTACCGTCATTATCTTCCCTAT Murphy et al. [122] HE3

A. platys GATTTTTGTCGTAGCTTGCTATG Lima et al. [22] PLATYS

TAGCACTCATCGTTTACAGC Lima et al. [22] EHR16sr

Table 2. 
Primers used in the PCR tests of the present study.
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diseases, metabolic diseases such as diabetes melittus lead to changes in blood vis-
cosity [8]. Thus, blood viscosity may also be influenced by the action of substances 
present in serum such as cytokines.

Rheometry, considered as a low-cost auxiliary technique, can be used as a tool 
for monitoring the hematological condition and haemorrheological behavior of 
animals infected with infectious diseases, as shown in a study that evaluated dogs 
naturally infected with Leishmania sp. [9].

3. Metodology aspects, results, and discussion

The procedures were previously approved by the Animal Use Ethics Committee-
CEUA/UFMT, Brazil, and collection of clinical samples was authorized by the dog 
owners by signing the informed consent form.

Blood samples were collected from 72 dogs, regardless of males and females, 
of different ages and breeds, during the 19 months in Barra do Garças—MT 
(52.2599 15° 53′ 35 South, 52° 15′ 36″ Oeste), Midwest region of Brazil to analyze 
the rhreometry parameters and cytokines concentrations. Diagnostic confirmation 
was obtained by molecular Polymerase Chain Reaction (PCR) technique that was 
used to determine the groups of not infected and infected by Anaplasmataceae. 
The rheometry of the fresh blood samples was measured by using the Modular 
Compact Rheometer—MCR 102 (Anton Paar® GmbH, Ostfildern, Germany), and 
the graphs were obtained using Rheoplus software. Blood count data were obtained 
by analysis in a private laboratory. Serum cytokines were dosed by flow cytometry 
(FACScalibur BD®) using BD® Biosciences Cytometric Bead Array (CBA) kits.

For the statistical analysis of the concentration of cytokines, rheological and 
hematological parameters used the Student t test. For the correlation analyses, the 
Pearson correlation test was used. Data were expressed as mean ± standard error. 
Values less than 0.05 (p < 0.05) were considered significant.

Thus, serological screening was initially performed to check for natural infec-
tion using the SNAP 4DX Plus of IDEXX ELISA test for detection of both Ehrlichia 
ssp. and Anaplasma spp. High rates of infection (75%) with Anaplasmataceae were 
observed (Table 1). Interestingly, studies on dogs with suspected infection also had 
high rates of infection with these bacteria [21].

Seroprevalence of 51% (29/57) for Ehrlichia spp. was higher in dogs evaluated 
when compared with other studies [1, 21, 55]. In the literature, there are data on 
seroprevalence of A. platys in Brazil and worldwide [2, 3]. In this work, the preva-
lence of Anaplasma spp. was 25%, whereas in other studies in Brazil and Asia were 
showed lower prevalence [2, 3].

Diagnostic confirmation was performed by PCR molecular examination using 
the primer oligonucleotides shown in Table 2. The results showed a prevalence 
of 52% of Anaplasmataceae infection, which is slightly lower compared to other 
similar work also developed in Mato Grosso [1]. Such high rates are also found in a 

Negative Anaplasmataceae Ehrlichia 
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Total
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Prevalence (%) 25 75 51 25 21
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Detection of specific antibody for Anaplasmataceae family (Ehrlichia ssp. and Anaplasma spp.) using SNAP 
4DX Plus of IDEXX ELISA test in dogs from the city of Barra do Garças—MT.

33

Hemorheological Evaluation and Cytokine Production in Dogs Naturally Infected…
DOI: http://dx.doi.org/10.5772/intechopen.91191

seroprevalence study in northeastern Brazil that shows to be greater than 50% in 
the Alagoas state [17].

In contrast, in the amplification of the E. canis and A. platys DNA gene16S, there 
were prevalences of 28 and 32%, respectively. Regarding E. canis, other authors 
found a prevalence of 38.4–59% [1, 21]. Studies with A. platys using molecular tech-
niques in Mato Grosso revealed 26.2% [1]. However, higher prevalence of infection 
has been reported in other regions of Brazil [11, 123].

Coinfection by A. platys and E. canis are also commonly found in dogs in areas 
containing the R. sanguineus vector [34]. In the animals evaluated in this study, it 
was observed a prevalence of 20% of coinfection (Table 3).

Table 4 presents the results of the mean values of erythrogram, leukogram, 
platelet, and total protein parameters that were analyzed in the samples of negative 
dogs positive for Anaplasmataceae. Blood count showed a significant difference 
between mean erythrocyte values (p = 0.03) in the group of animals infected with 
Anaplasmataceae, suggesting a mild to severe anemia in these animals. Reduction 
in erythrocyte count showed a strong positive correlation (p = 0.013; r = 0.7) with 
blood viscosity, but was more evident in a negative erythrocyte correlation with 
shear rate in this same group (p = 0.0001; r = −0.88).

Dogs naturally infected by Anaplasmataceae showed changes in blood viscosity 
compared to uninfected dogs (Table 5). Viscosity values were inversely propor-
tional to shear rate in both groups studied (Figure 1). Also, there were differences 
in shear rate (p = 0.008). Previous work on dogs infected with Leishmania also 
showed changes in blood viscosity [9]. Blood flow curves and their respective hys-
teresis areas in infected animals revealed lower shear rates compared to uninfected 
animals (Figure 2).

The mean viscosity and shear rate values in both groups revealed significant 
differences for both parameters (Table 5). There were differences in shear rate 
(p = 0.008) and also in viscosity (p < 0.0001). There was no difference in the 
averages analyzed between the groups regarding the leukocyte, platelet, and total 
protein concentrations.

The serum profile of inflammatory, anti-inflammatory, and regulatory cyto-
kines, IL-2, IL-4, IL-6, IL-10, TNF-α, IFN-γ, IL-17A were evaluated according to 
Scherer et al. [7] and Silva et al. [9]. Among the cytokines, the only one that showed 
difference between the infected and uninfected groups was IL-10 (Table 6). The 
serum concentration of this interleukin was lower in the infected group when 
compared to dogs Anaplasmataceae negative.

The hemogram, rheometry, and serum cytokines parameters were correlated 
using Pearson’s correlation test (Figure 3). There was an inversely proportional 
correlation between viscosity and shear rate, shear rate and erythrocytes, and shear 
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TAGCACTCATCGTTTACAGC Inokuma et al. [121] EHR16sr

E. canis CAATTATTTATAGCCTCTGGCTATAGGA Murphy et al. [122] ECAN5

TATAGGTACCGTCATTATCTTCCCTAT Murphy et al. [122] HE3
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Table 2. 
Primers used in the PCR tests of the present study.
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rate and IFN-γ. We also observed directly proportional correlations between eryth-
rocytes and blood viscosity, IFN-γ and blood viscosity, and IFN-γ and erythrocytes.

Dogs naturally infected by Leishmania have altered blood viscosity related to 
decreased erythrocytes [9]. In this study, there was a negative correlation between 
shear rate and hematocrit (p = 0.0004; r = −0.85).

The explanation for the occurrence of hemorheological alterations observed 
in dogs infected by Anaplasmataceae in this study may be related to alteration of 
erythrocyte morphology which, in turn, leads to alteration of blood viscosity as a 
systemic disease. Diseases caused by infectious agents that parasitize erythrocytes 
or monocytes lead to changes in the rheological properties of blood [7, 9, 124].

Infectious agents of the Anaplasmataceae family cause diseases with systemic 
manifestations in dogs, with morphological changes in erythrocytes and anemia in 
dogs with CME are common [21].

Morphological changes in leukocytes, platelets, and erythrocytes have also been 
described in cattle infected with a variety of agents including Anaplasmataceae 
bacteria, protozoa, and filaroid parasites [125]. Dogs with different types of anemia 
also have morphological changes, including anemia secondary to systemic inflam-
matory disease [126].

Dogs infected with Leishmania showed no correlation between blood viscosity 
or shear rate and leukocyte, platelet, total protein and globulin parameters [9]. In 
this study, dogs naturally infected by bacteria of the Anaplasmataceae showed no 

Negative Anaplasmataceae Statistical

Erythrocytes (tera/L) 7.5 ± 1.09 5.76 ± 1.91 p < 0.05

Hemoglobin (g/dL) 17.18 ± 2.46 13.09 ± 4.19 p < 0.05

Hematocrit (%) 50.3 ± 6.77 38.4 ± 12.7 p < 0.05

Leukocytes(1/μL) 10.92 ± 2.40 11.81 ± 5.29 p > 0.05

Neutrophils (1/μL) 6.57 ± 1.87 8.02 ± 3.98 p > 0.05

lymphocytes (1/μL) 2.87 ± 0.98 2.5 ± 1.7 p > 0.05

Monocytes (1/μL) 0.42 ± 0.25 0.4 ± 0.24 p > 0.05

Platelets (1/μL) 177.16 ± 81.74 191.58 ± 103.56 p > 0.05

Total Protein (g/dL) 6.83 ± 0.86 6.15 ± 1.2 p > 0.05

Table 4. 
Hemogram and total protein values of dogs negative and positive for Anaplasmataceae bacteria.

Negative Anaplasmataceae E. canis A. platys E. canis + A. platys

Number 12 13 7 8 5

Prevalence (%) 48 52 28 32 20

Table 3. 
Results of PCR tests for detection of Anaplasmataceae, E. canis and A. platys bacteria.

Negative Anaplasmataceae Stastitical

Viscosity (Pa/s) 7.44 ± 5.8 × 10−3 5.5 ± 5.67 × 10−3 p < 0.05

Share rate (1/s) 405.68 ± 51.09 592.56 ± 223.24 p < 0.05

Table 5. 
Mean and standard deviation of the rheology of healthy dogs and dogs naturally infected by bacteria of the 
Anaplasmataceae.
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correlation between viscosity and leukocytes, platelets and interleukins (IL-2, IL-4, 
IL-6, IL-10, TNF-α, and IL-17a).

The cytokine TNF-α may aggravate the clinical signs in animals infected by 
Anaplasmataceae [63], but in this study no correlations of this cytokine with altera-
tion of viscosity, anemia or leukocytes were found. The data presented corroborate 
the one presented by Lima et al. [71] who found no correlation of anemia with 
TNF-α and IL-10 in dogs naturally infected with E. canis.

Total proteins were strongly correlated with blood viscosity in relation to the 
group of animals infected by Anaplasmataceae bacteria (p = 0.0007; r = 0.84). 
Studies by Silva et al. [9] found no correlation between these parameters in 

Figure 1. 
Viscosity curves of dog whole blood infected or not by bacteria of Anaplasmataceae.

Figure 2. 
Histerese area of flow curve of dog whole blood infected or not by bacteria of Anaplasmataceae.
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Cytokines Anaplasmataceae (−) Anaplasmataceae (+)

IL-2 67.1 ± 10.6 73.0 ± 14.7

IL-4 31.2 ± 9.9 34.5 ± 4.9

IL-6 31.3 ± 11.6 32.0 ± 3.8

IL-10 32.7 ± 8.2 37.1 ± 3.7*

IL-17 371.7 ± 224.2 502.1 ± 379.1

TNF-α 533.8 ± 260.4 319.6 ± 245.4

IFN-γ 253.8 ± 172.5 256.2 ± 156.4

The results were expressed in mean and standard error.
*P < 0.05.

Table 6. 
Cytokine concentrations in dogs non-infected and dogs with Anaplasmataceae.

Figure 3. 
Correlation between viscosity with erythrocytes, shear rates and IFN-γ; erythrocytes with shear rates and IFN-γ; 
and IFN-γ with shear rates of dogs infected with Anaplasmataceae.
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Leishmania-positive dog samples, nor even a correlation between viscosity and 
immunoglobulins. However, it has been reported that fibrinogen binding may occur 
in erythrocytes due to increased serum fibrinogen concentration [127].

Interestingly, in this work, the serum IFN-γ concentration was promising. 
Regarding the group of animals infected by bacteria of the Anaplasmataceae 
family, this interleukin showed a strong positive correlation with blood viscosity 
(p = 0.007; r = 0.73), negative correlation with shear rate (p = 0.016; r = −0.68), 
which may indicate a modulation of hemorheological behavior, mainly a decrease in 
blood viscosity and, consequently, an increase in shear rate in animals infected by 
bacteria of the Anaplasmataceae family.

Cytokine immunomodulation is also reported in other mandatory intracellular 
parasite infections. Studies by Scherer et al. [7] demonstrated that in P. vivax-
infected patients, IL-17a was the cytokine responsible for decreasing blood viscos-
ity, which probably decreased erythrocyte rupture, as these cells demonstrated easy 
osmotic shock due to infection.

The possible correlation of IFN-γ with erythrocytes (p = 0.04; r = 0.6) in rela-
tion to the group of infected animals allows us to infer that IFN-γ was able to patho-
logically immunomodulate, aggravating the anemic condition in dogs. Martin et al. 
[61] described that IFN-γ is linked to the survival of the Anaplasmataceae infected 
patient, and this cytokine may have its effect increased in the presence of TNF-α 
[62]. No correlations were found between IFN-γ and TNF-α, even though there were 
serum concentrations of both cytokines in the blood of animals infected by bacteria 
from Anaplasmataceae family. Perhaps, TNF-α may influence the effect of IFN-γ on 
disease stage differences caused by Anaplasmataceae family bacteria in dogs.

Although IFN-γ is important in controlling infection with a Th1-type immune 
response [75], it can also be detrimental to erythrocytes in animals infected with 
Anaplasmataceae as it may lead to a severe decrease in cell count, if not immuno-
regulated by another cytokine.

Serum IL-10 levels showed a difference between the studied groups 
[Table 6], being relevant the increase of its concentration in dogs infected by 
Anaplasmataceae bacteria. Studies by Faria et al. [70] demonstrated that experi-
mentally infected E. canis infected lymphocytes and splenocytes have high IL-10 
and low IFN-γ production, indicating modulation to a Th2-like profile, as IL-10 
negatively modulates IFN-γ production.

The use of IL-12 [11] and continuous use of IFN-γ [10] assist in the treatment of 
Leishmania infected animals, as the Th1 response profile is effective in eliminating 
the parasite. Experimental controlled use of anti-IL-10 antibodies also demon-
strated improvement in Leishmania positive animals [128]. Thus, dogs undergoing 
treatment with Anaplasmataceae are likely to have a better chance of eliminating 
the agent using IFN-γ at controlled doses. In the case of dogs with anemia, perhaps 
the regulated use of IL-10 may immunomodulate the response and prevent the 
deleterious action of IFN-γ on erythrocytes.

4. Conclusion

Dogs naturally infected by Anaplasmataceae have serum concentration of dif-
ferent cytokines, but IFN-γ seems to be responsible for decreasing blood viscosity in 
these animals and causing disturbances in erythrocytes that are harmful. However, 
IFN-γ is also important in eliminating Anaplasmataceae by regulating the prolifera-
tion of these bacteria in infected dogs.

Alteration of blood rheology in dogs naturally infected with Anaplasmataceae 
probably occurs due to the systemic character of the infection that leads to eryth-
rocyte alterations, which in turn disrupt the normal blood flow in these animals. 
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Thus, cytokine modulation reflects the hemorheological profile of infected animals 
and mainly the viscosity and shear rates.

It is not known which proteins could be involved in this process of viscosity 
alteration in dogs infected by bacteria of the Anaplasmataceae family. Thus, further 
studies are needed to understand which proteins are related to the decrease in 
viscosity in these animals.

It is proposed that the determination of blood rheological parameters as well 
as their therapeutic accompaniment may be important for dogs naturally infected 
with Anaplasmataceae. Controlled use of IFN-γ may be a tool to aid treatment, but 
anemia rates should be considered. In addition, infected dogs with moderate to 
severe anemia rates could benefit from IL-10 treatment.
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Abstract

Malaria driven pathophysiology inimically conjoined to systemic inflam-
mation response cascade in a vicious feed-forward cycle destined to a terrible 
debilitation or demise of the host. The Plasmodium parasite initiates physiologi-
cal changes when it is transmitted into the human host by intermediate host and 
vector. Sporozoites injection elicits immunological and inflammatory response 
suppression facilitating movement into the blood stream undetected, destined 
to hepatocyte. Subsequently, hepatocyte invasion culminates in intracellular 
growth and conversion of the parasites rapturing hepatocytes releasing merozo-
ites into the extrahepatic circulation. Inflammatory and immunological response 
initiation results in overt malarial disease symptoms. Initially, inflammatory 
response alleviates and curtails infection. Activation of leukocytes, lympho-
cytes, monocytes, and phagocytes secretes inflammatory mediators, chemo-
kines, cytokines cytoadhering molecules which accelerate infection patency. 
Hormonal processes influence disease tolerance without necessarily interfering 
with parasitemia. Current treatment is anti-parasitic. Phytotherapeutic interven-
tion in malaria is anti-parasitic and anti-disease effects that terminate the vicious 
cycle and alleviating disease. The phytochemicals, in malarial experimental and 
clinical work, include asiatic acid, maslinic acid, oleanolic acid, and inflam-
matory and immunological aberrations evolving in malaria and the effects of 
phytochemical therapeutics in the alleviation of the disease to enable leverage 
of future treatment regimens through harnessing existing plants materials is 
explored.

Keywords: malaria inflammation, phytochemicals, Asiatic acid, Maslinic acid, 
Oleanolic acid, anti-parasitic, anti-disease, Plasmodium falciparum, Plasmodium 
berghei, pathophysiology
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1. Introduction

Malaria and inflammation seem to be intricately connected with the 
Plasmodium parasite having evolved mechanisms to evade its initiation before 
the parasite has set a strong and indelible foot print in either the intermediate 
(mosquito) or definitive (animal or human) hosts. Pathogen-driven tissue dam-
age complements inflammatory response building a debilitating state against host 
fitness and survival [1, 2].

The disease is premised upon an immunological disease and a systematic inflam-
matory syndrome with a strong cachectic constituent driven by an endogenous 
cytokine milieu in the form of the pyrogens tumor necrosis factor alfa (TNF-α) and 
interleukin-1 (IL-1) [3, 4]. Eliciting and chaperoning this immunological-inflam-
matory response to malarial infection are the glycolipid glycosylphosphatidylino-
sitol (GPI) moieties which are covalently connected to the antigens on the exterior 
topological aspect of malaria parasites or free in circulation. Whether linked to the 
parasite related proteins or free, GPI induce elevated levels of TNF-α and IL-1 from 
macrophages resulting in pyrexia, cachexia and, through their insulin memetic 
effect, regulate glucose homeostasis in adipocytes with profound hypoglycemia 
initiation [5]. In attends to these GPI-induced cytokine inflammatory effects and 
other malaria parasites by products like hemozoin, are the common malarial syn-
dromes of severe malaria anemia (SMA), hypertriacylglycerolemia, hypotension, 
pulmonary vasculature hyperneutrophilia and acute respiratory distress syndrome 
(ARDS), diffuse intravascular coagulation, upregulated expression of endothelial 
cell and vascular cell intercell adhesion molecule 1 (ICAM1 and VCAM 1) [6, 7]. 
Mature parasites tend to recognize these molecules leading to their sequestration in 
cerebral malaria (CM) [8].

In a bid to neutralize the disease sequelae and induce disease tolerance (anti-dis-
ease effects), albeit without reduction in parasitemia (anti-infection effects) are the 
adrenal glands hormones which mediate immunological-inflammatory responses 
but do not affect the pathogen load [9]. Other hormones play a critical role in the 
amelioration of malarial inflammation.

Investigations and diagnosis of malarial-related inflammation and immuno-
logical aberrations have been vast owing to the importance of the tropical and 
subtropical disease. However, a lull in research has been experienced in the past 
making malaria one of the forgotten diseases. Interest has resurged in both disease 
investigations and management.

Malarial inflammatory response yields itself into the pathophysiology of 
malaria intimating that management needs to be directed at both the parasite and 
the disease, antiparasitic and anti-disease, respectively. The animal host develops 
disease tolerance through immunological and inflammatory response to a limited 
extent depending on the rate and duration of exposure to potent infection transmit-
ting mosquito bites. Management of the disease with antiparasitic regimens alone 
or anti-disease management alone does not result in a radical cure but provides 
opportunity for future parasite recrudesces and drug resistance.

Phytotherapeutics and their derivatives have been administered in both 
experimental research and clinical practices with astonishing results. The drug 
artemisinin (extract from Chinese artemisinin annua herb) and its derivatives 
provide current mainstay of malaria treatment such that any meaningful parasite 
resistance to the drug will thrust the world into an era without effective malaria 
treatment. Anti-inflammatory activities have been reported for the drug. However, 
the proposed mode of action of the drug has been through a pro-oxidant capacity 
driven the endoperoxidase activity of the molecule which eventually is a compelling 
proinflammatory oriented outcome that rapidly kills the parasites. This process 
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leaves behind an oxidative environment with possible fatal hemolytic episodes 
occurring days after successful treatment of the disease in what has been termed 
post artemisinin administration hemolytic diseases. Alternative and safer treatment 
regimens are urgently required.

Experimental phytotherapeutics administration in murine malaria, the likes 
of triterpenes Asiatic acid (AA), Maslinic acid (MA) [10] and Oleanolic acid 
(OA) have shown potential antiparasitic and anti-disease facultative propensities. 
Salvaging of inflammation-driven glucose homeostasis, acute renal injury (ARI), 
hyperlipidemias, hyperparasitemia, hyperinsulinemia, cerebral malaria, weight loss 
and reduced feeding disease patterns have been reported. Triterpenes have pleiotro-
pic characteristics with both antioxidant and pro-oxidant properties dependent on 
the environmental homeostasis. A plethora of challenge bedevil malaria manage-
ment. There is antimalaria multidrug resistance, high cost of antimalarials, poverty 
amongst those most affected by malaria, lack of 100% effectiveness of current anti-
malaria drugs, no efficacious vaccine against malaria in place yet and adverse drug 
related post treatment side effects are common constraints in malaria management. 
Therefore, it is imperative that alternative drugs, as suggested here, be explored or 
leads compounds with antimalarial disease alleviation properties be reported for 
either more work to be done or be implemented in human trials.

2. Malarial cycle and potential interventional areas

2.1 Parasitemia drives malarial inflammatory response

Malaria is a highly inflammatory condition characterized by acute periods of fever, 
headache and nausea which correspond to the release of merozoites into the blood 
stream as the erythrocytes rapture. Excessive erythrocyte rupture leads to anemia and 
high parasitemia. Molecules from the parasite and ruptured RBCs trigger host inflam-
matory responses [11]. The erythrocyte stage is characterized by up-regulation of 
inflammation-driving cytokines such as IL-1b, IL-6, IFN-g, TNF-a and IL-12 [12, 13], 
which may lead to excessive inflammation if not curtailed [14]. Some parasite molecules 
that have been associated with host inflammatory responses include glycosylphosphati-
dylinositol (GPI) anchors, hemozoin, uric acid and parasite DNA [5, 15–17].

In vitro studies showed induction of nitric oxide, TNF and IL-1β by parasite 
GPI-anchors while synthetic and purified [19] Plasmodium GPI had immunogenic 
properties in vivo. Plasmodium species produce hemozoin as they detoxify heme in 
pRBCs. The hemozoin induce IL-1β production by immune cells such as monocytes 
and macrophages once released into circulation during pRBCs lysis [20]. Hemozoin 
has been demonstrated to activate the inflammasome protein complex [21, 22] and 
injection of parasite-derived hemozoin in disease-free mice induce transcription of 
inflammatory genes [23]. Parasite DNA has also been shown to induce cytokine and 
chemokine responses by human plasmacytoid dendritic cells by the activating the 
TLR9-MyD88 signaling pathway [24].

Parasite DNA is also detected by several cytosolic DNA sensors in the cytoplasma 
upon release of phagolysosomal contents [25]. Uric acid derived from the parasite and 
from the rupture of infected pRBCs has also been reported to induce strong inflam-
matory responses in patients [11]. In vitro studies show that uric acid derived from 
the parasite promotes secretion of pro-inflammatory cytokines that include TNF, 
IL-1β and IL-6 by [26]. The uric acid levels are specifically elevated in periods cor-
relating with parasitemia [27, 28]. Overall, the role of parasitemia and components of 
the parasite in pathological inflammation response is an on-going concern poised for 
novel target development for diagnosis and anti-inflammatory antimalarials.
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2.2 Inflammatory cytokines in severe malaria

P. falciparum infection is associated with the release of proinflammatory cytokines 
which are crucial in mediating the control of parasite growth and sickness behaviors in 
the host e.g., lethargy, fever, anorexia, pain [7, 29, 30]. The excessive production of these 
mediators is implicated in host-harming effects associated with infection. However, the 
inflammatory response is a highly regulated response regulated, in part, by the produc-
tion of cytokines. Apparently, malaria disease outcome depends on the delicate balance 
between proinflammatory and anti-inflammatory cytokines. Development of severe 
forms of the disease and death depends on the rapture of this balance [31–33].

During malarial infection, the recognition of different pathogen related mol-
ecules expressed by the parasite or released by the host stimulate the immune 
system and cytokine production. A glycolipid toxin of P. falciparum, glycosylphos-
phatidylinositol (GPI), is a potent pathogen associated molecular pattern (PAMP) 
expressed on the parasite whose interaction with the host immune system induces 
the expression of genes encoding pro- and anti-inflammatory cytokines including 
TNF-α, IL-1, IL-6, IL-12, IL4, IL10 and the enzyme inducible nitric oxide synthase 
(iNOS) [5, 34]. GPI interacts with toll like receptor (TLR)1/TLR2 and TLR2/
TLR6 dimers, and possibly C-type lectins on dendritic cells and macrophages to 
produce proinflammatory cytokines. Hemozoin, a PAMP and detoxification crystal 
from hemoglobin binds to TLR9 and mediates the production of proinflammatory 
cytokines in dendritic cells and macrophages [35, 36].

Pure hemozoin is not a ligand for TLRs but acts a carrier molecule for malarial DNA 
which has the immunostimulatory effects [37–39]. The P. falciparum genome contains 
CpG motifs which act through the MYD-88-NFkβ to induce cytokine production. P. 
falciparum DNA also contains the highest AT content and the AT motifs induce the 
production of interferons [16]. Other proteins, sugars, RNA motifs and other phos-
phorylated non-peptidic antigens are known to be PAMPs with cytokine induction 
potential [7, 36, 40]. In addition to parasite expressed proinflammatory molecules, 
several host-derived molecules, commonly known as damage associated molecular 
patterns (DAMPs), are also involved in evoking the inflammatory response and 
cytokine release in severe malaria. These include nucleic acids and urate crystals, heme 
and microvesicles derived from platelets, endothelial cells and leukocytes [11, 41–43].

2.2.1 Tumor necrosis factor-α (TNF-α)

TNF-α is involved in the pathogenesis of malaria associated with disease severity 
and death. TNF-α is dramatically increased with up to two- and ten-fold concen-
trations in cerebral malaria (CM) and in fatal cases, respectively [44, 45]. TNF-α 
concentrations are associated with parasite clearance and blocking TNF-α function 
increases the risk of hyperparasitemia [46]. The administration of recombinant 
TNF also induce clinical manifestations characteristic of malarial pathology includ-
ing fever, anemia and hypotension [47, 48].

The susceptibility of an individual to cerebral malaria is linked to the presence 
of a genetic variant of the gene that encodes the TNF promoter [49]. TNF-α exacer-
bates sequestration in cerebral blood vessels in the brain by increasing the expres-
sion adhesion molecules e.g., ICAM-1 in the endothelial cells [50]. However, there is 
contrary knowledge on the role of TNF-α in the pathogenesis of severe and cerebral 
malaria [51–53]. Blocking TNF-α using anti-TNF antibodies does not seem to reduce 
mortality in CM [54] although it successfully stops fever suggesting that the full 
biological effects of TNF may be a concerted effort with a complex network of other 
cytokines. TNF-α is produced quite early during infection and has a short half-
life, hence the timing of TNF-α neutralization in inflammation has to be carefully 
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considered. Blocking TNF-α when patients are already severely ill may be too late as 
an intervention to show anti-inflammatory efficacy of this process.

2.2.2 Lymphotoxin-α

Other cytokines demonstrate similar proinflammatory activity as TNF-α. 
Lymphotoxin-α (previously known as TNF-β) is a proinflammatory cytokine 
produced by lymphocytes which shares the same receptors with TNF and exhib-
its similar biological effects as TNF-α. Like TNF-α, lymphotoxin acts in synergy 
with IL-1 to increase the production of IL-6 and induce hypoglycemia; both are 
which are prominent clinical features in severe malaria [55]. Lymphotoxin also 
mediates the cell-mediated killing of P. falciparum parasites in infected erythro-
cytes [56].

2.2.3 Interferon γ

Another prominent proinflammatory cytokine in malarial pathology is IFNγ. 
IFNγ is produced by both CD4+ and CD8+ T lymphocytes during malarial infec-
tion. IFNγ activates macrophages and monocytes to produce other proinflamma-
tory molecules including TNF, IL-1, IL-6, TGF-β and NO intermediates which help 
to kill the malarial parasite. As a result of its ability to induce TNF production, IFNγ 
has been implicated in the pathogenesis of cerebral malaria and blockage of IFNγ 
action was reported to prevent against cerebral malaria in murine models [57]. 
Additionally, IFNγ knockout mice showed resistance against cerebral malaria but 
were still susceptible to severe malaria and death. The release of IFNγ is controlled 
by IL-12 [58] and its relevance in severe disease may depend on the levels, timing 
and balance with other cytokines.

2.2.4 Interlukin-1

Interleukin-1 is a proinflammatory cytokine produced by macrophages, 
natural killer cells, B cells, dendritic cells and other immune cells. Serum concen-
trations of IL-1 correlate strongly with severity of disease with higher IL-1 levels 
observed in patients with CM and greater than in those in severe malarial anemia 
[59]. IL-1 has synergistic interactions with TNF-α and increases the expression 
of the adhesion molecule ICAM-1 in cerebral vasculature thus exacerbating 
sequestration.

2.2.5 Interleukin-6

IL-6 is proinflammatory cytokine released by monocytes/macrophages and Th2 
cells. Serum concentrations of IL-6 vary with severity of disease with higher levels 
in CM than in severe and in uncomplicated cases [59]. IL-6 mediates TNF-α func-
tions in severe malaria.

2.2.6 Interleukin-10

While proinflammatory cytokines play a critical role in the host immune defense 
against the malaria parasite, poorly regulated release of these chemical molecules 
results in the immunopathological response characteristic of severe malaria. 
Proinflammatory cytokines release is closely regulated by anti-inflammatory 
cytokines. IL-10 inhibits the release of Th1 type of cytokines but not Th2 showing 
its negative correlation with TNF-α, IL-1β and IL-8 [60].



Parasitology and Microbiology Research

52

2.2 Inflammatory cytokines in severe malaria

P. falciparum infection is associated with the release of proinflammatory cytokines 
which are crucial in mediating the control of parasite growth and sickness behaviors in 
the host e.g., lethargy, fever, anorexia, pain [7, 29, 30]. The excessive production of these 
mediators is implicated in host-harming effects associated with infection. However, the 
inflammatory response is a highly regulated response regulated, in part, by the produc-
tion of cytokines. Apparently, malaria disease outcome depends on the delicate balance 
between proinflammatory and anti-inflammatory cytokines. Development of severe 
forms of the disease and death depends on the rapture of this balance [31–33].
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considered. Blocking TNF-α when patients are already severely ill may be too late as 
an intervention to show anti-inflammatory efficacy of this process.

2.2.2 Lymphotoxin-α

Other cytokines demonstrate similar proinflammatory activity as TNF-α. 
Lymphotoxin-α (previously known as TNF-β) is a proinflammatory cytokine 
produced by lymphocytes which shares the same receptors with TNF and exhib-
its similar biological effects as TNF-α. Like TNF-α, lymphotoxin acts in synergy 
with IL-1 to increase the production of IL-6 and induce hypoglycemia; both are 
which are prominent clinical features in severe malaria [55]. Lymphotoxin also 
mediates the cell-mediated killing of P. falciparum parasites in infected erythro-
cytes [56].

2.2.3 Interferon γ

Another prominent proinflammatory cytokine in malarial pathology is IFNγ. 
IFNγ is produced by both CD4+ and CD8+ T lymphocytes during malarial infec-
tion. IFNγ activates macrophages and monocytes to produce other proinflamma-
tory molecules including TNF, IL-1, IL-6, TGF-β and NO intermediates which help 
to kill the malarial parasite. As a result of its ability to induce TNF production, IFNγ 
has been implicated in the pathogenesis of cerebral malaria and blockage of IFNγ 
action was reported to prevent against cerebral malaria in murine models [57]. 
Additionally, IFNγ knockout mice showed resistance against cerebral malaria but 
were still susceptible to severe malaria and death. The release of IFNγ is controlled 
by IL-12 [58] and its relevance in severe disease may depend on the levels, timing 
and balance with other cytokines.

2.2.4 Interlukin-1

Interleukin-1 is a proinflammatory cytokine produced by macrophages, 
natural killer cells, B cells, dendritic cells and other immune cells. Serum concen-
trations of IL-1 correlate strongly with severity of disease with higher IL-1 levels 
observed in patients with CM and greater than in those in severe malarial anemia 
[59]. IL-1 has synergistic interactions with TNF-α and increases the expression 
of the adhesion molecule ICAM-1 in cerebral vasculature thus exacerbating 
sequestration.

2.2.5 Interleukin-6

IL-6 is proinflammatory cytokine released by monocytes/macrophages and Th2 
cells. Serum concentrations of IL-6 vary with severity of disease with higher levels 
in CM than in severe and in uncomplicated cases [59]. IL-6 mediates TNF-α func-
tions in severe malaria.

2.2.6 Interleukin-10

While proinflammatory cytokines play a critical role in the host immune defense 
against the malaria parasite, poorly regulated release of these chemical molecules 
results in the immunopathological response characteristic of severe malaria. 
Proinflammatory cytokines release is closely regulated by anti-inflammatory 
cytokines. IL-10 inhibits the release of Th1 type of cytokines but not Th2 showing 
its negative correlation with TNF-α, IL-1β and IL-8 [60].
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Progression of malaria from uncomplicated to more severe forms is the func-
tional balance of anti-inflammatory to proinflammatory cytokines than it is about 
individual cytokine levels. This explains why severe malaria does not occur in all 
cases where proinflammatory cytokine concentrations are very high. A downregu-
lation of IL-10 coupled to the upregulation of TNF is usually associated with severe 
and CM. Thus, it is important to consider the ratio of IL-10 to TNF-α [61, 62].

2.2.7 Transforming growth factor-β (TGF-β)

TGF-β is an anti-inflammatory cytokine that immune-regulates malaria. A 
TGF-β neutralizing antibody in malaria infected mice is associated with dramatic 
increases in TNF-α and IFN-γ concentrations. TGF-β also upregulates IL-10 pro-
duction while downregulating the expression of adhesion molecules, decreasing 
sequestration of pRBCs in severe malaria. Interestingly, at low concentrations 
TGF-β exhibits proinflammatory effects but has anti-inflammatory effects at high 
concentrations [63]. In malaria, the multifunctionality of TGF-β serves two impor-
tant functions; (1) enhancing Th1 mediated parasite control during early infection, 
and (2) regulating the inflammatory response in later phases to prevent immunopa-
thology [63].

3.  Inflammation-induced mitochondrial dysfunction and cellular energy 
depletion in malaria

Parasitized red blood cells (pRBC’s) agglutination to the endothelium causing 
blood vessels occlusion solely has been the ascribe process by which tissue hypoxia 
in malaria occurred. However, other mechanisms have since been elucidated as 
contributing to this phenomenon [64, 65]. Sepsis shares the same systemic pathol-
ogy and disease presentation of tissue underlying tissue hypoxia with malaria but 
does not experience RBC’s sequestration. Which may indicate other causes of the 
complication. In sepsis tissue oxygen tension is usually normal or elevated in the 
rat, patients or pigs [66]. This bring to the fore the aspect that poor oxygen utiliza-
tion, compared to supply, as the major cause of malaria-related hypoxia.

Excessive reactive oxygen species (ROS), nitric oxide (NO) and peroxynitrite 
(ONOO−), as seen in malaria, tend to cause mitochondria dysfunction. Pro-
inflammatory cytokines induce excessive inducible nitric oxide synthase (iNOS) 
expression by monocytes and macrophages tend to increase NO and subsequently 
oxidative stress (OS). Increase OS reversibly inhibits cytochrome oxidase and 
aconitase [67, 68] with concomitant energy reduction with respiration fatigue and 
tissue hypoxia. Together or as separate phenomena, reduction in energy utilization 
potential and oxygen transportation, play a crucial role in the generation of hypoxic 
conditions of malaria in an escalating feed-forward mechanism.

Another mechanism for hypoxia in malaria involves the nuclear enzyme poly 
(ADP-ribose) polymerase (PARP). PARP catalyzes transfer of ADP-ribose units 
from β-nicotinamide adenine dinucleotide (NAD+) to produce linear and branched 
polymers from a number of different proteins. The normal and malarial inflamma-
tion-driven DNA damages repair mechanism is the same mechanism that activates 
PARP. Activation of PARP invariably consumes NAD+ and conversely leads to the 
depletion of ATP. Intriguingly, breaks of DNA strands may be initiated by oxygen free 
radicals or their NO reaction products ONOO− as OS. ROS and DNA strands breaks 
reigns supreme in malaria inflammation with consequential depletion of NAD+ and 
decreased ATP generation without the critical NAD+ [69]. Aerobic respiration is thus 
invariably compromised with the possibility of bioenergetics failure through increased 
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glycolysis which generates insufficient energy and hyperlactemia. In malarial inflam-
mation, there is increased generation of ONOO− through induction of iNOS and 
subsequently NO, which activates over expression of PARP through increased DNA 
damage. Concomitantly, a vicious cycle of mitochondrial dysfunction leading to ATP 
rundown predisposes to polymyopathy, hypoglycemia, hyperlactemia. The facets have 
been hitherto mostly attributed to poor oxygen delivery in malaria [70].

The solution to energy regeneration may be through prevention of PARP-induced 
energy rundown and may comprise of (i) increasing supply of NAD+, (ii) PARP 
activation-inhibition, (iii) quenching the inflammatory drivers of PARP activation, 
i.e., NO and ONOO−, or stopping DNA damages by other means [71]. However, 
supplementation with NAD+ in sepsis or malaria is somewhat impractical; inhibition of 
PARP may have deadly effects if it was possible; elimination of DNA damage is impos-
sible. Quenching the pro-oxidant drivers of activation of PARP through DNA damage 
seem the most plausible method to protect against both the inflammasome and energy 
rundown. Indeed, certain agents have been reported to protect against free radical 
oxidation inhibiting PARP activation salvaging brain ischemia, splanchnic ischemia and 
reperfusion [72–74], lipopolysaccharide-induced toxicity, local inflammation and brain 
pathology in mice, multi-organ failure in rats and sepsis of the pigs [75, 76].

The other fascinating feature in PARP is that transcription factor NF-kβ is 
intricately connected the activation of the nuclear enzyme. Also, NFkβ is involved 
in DNA repair, immunological response and apoptosis placing it pivotally in the 
expression of genes essential to systemic inflammatory disease mainly, TNF-α and 
interleukin-1 (IL-1), IL-1β, IL-6, IAM-1, E-selectin and iNOS [77–82].

Essentially, PARP activation through ONOO− as a result of inflammation, con-
sumes NAD+ causing poor energy utilization and energy depletion [69]. Subsequent 
to inflammation-driven PARP activation through ONOO−, tissue hypoxia (from 
increased NAD+ consumption) sets in causing more inflammation-induced tissue 
damage, increased inflammatory cytokines synthesis and more ONOO− production 
[69]. Coma and death are inevitable from the vicious cycle of severe inflammation 
breeding more of itself leading to multi-organ failure, ultimately [70]. As a result, 
anti-inflammatory agents like Asiatic acid may have indispensable roles, through 
inhibition of NF-kβ, in the assuagement of malarial disease which essentially is 
underscored by inflammatory processes.

4. Malarial oxidative stress-driven inflammatory response

Reactive oxygen species have destructive effects through their ability to increase 
oxidative stress. Malaria disease is able to orchestrate multi-organ injury and 
disintegration through the ROS’s disparaging properties. Oxidative stress (OS) 
has a fundamental role in pRBC’s influence to disease manifestation comprising 
of pRBC’s vascular sequestration, AKI, CM, SMA and ARDS [83, 84]. The defense 
mechanism of ROS and reactive nitric oxide species (RNOS) against disease and 
their signal transduction capacities make them have a both beneficial and patho-
logical role in malaria necessitating regulation.

Plasmodium parasites have contracted capacities to mobilize amino acids and 
depend on hemoglobin (Hb) breakdown, a process with a high potential to gener-
ate ROS. Hb breakdown yields heme and globin (protein), with the former being a 
highly toxic compound which generates high OS activity at very low concentrations. 
Hb-free heme contains ferri/ferroprotoporphyrin IX (FP-IX) a very reactive iron-
containing compound which generates an OS environment. Detoxification of heme 
by the parasite to hemozoin (β-hematin) is necessary and critical [85, 86]. Failure 
to convert heme to its biocrystallization or biomineralization form will oxidize the 
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Progression of malaria from uncomplicated to more severe forms is the func-
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glycolysis which generates insufficient energy and hyperlactemia. In malarial inflam-
mation, there is increased generation of ONOO− through induction of iNOS and 
subsequently NO, which activates over expression of PARP through increased DNA 
damage. Concomitantly, a vicious cycle of mitochondrial dysfunction leading to ATP 
rundown predisposes to polymyopathy, hypoglycemia, hyperlactemia. The facets have 
been hitherto mostly attributed to poor oxygen delivery in malaria [70].
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activation-inhibition, (iii) quenching the inflammatory drivers of PARP activation, 
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PARP may have deadly effects if it was possible; elimination of DNA damage is impos-
sible. Quenching the pro-oxidant drivers of activation of PARP through DNA damage 
seem the most plausible method to protect against both the inflammasome and energy 
rundown. Indeed, certain agents have been reported to protect against free radical 
oxidation inhibiting PARP activation salvaging brain ischemia, splanchnic ischemia and 
reperfusion [72–74], lipopolysaccharide-induced toxicity, local inflammation and brain 
pathology in mice, multi-organ failure in rats and sepsis of the pigs [75, 76].

The other fascinating feature in PARP is that transcription factor NF-kβ is 
intricately connected the activation of the nuclear enzyme. Also, NFkβ is involved 
in DNA repair, immunological response and apoptosis placing it pivotally in the 
expression of genes essential to systemic inflammatory disease mainly, TNF-α and 
interleukin-1 (IL-1), IL-1β, IL-6, IAM-1, E-selectin and iNOS [77–82].

Essentially, PARP activation through ONOO− as a result of inflammation, con-
sumes NAD+ causing poor energy utilization and energy depletion [69]. Subsequent 
to inflammation-driven PARP activation through ONOO−, tissue hypoxia (from 
increased NAD+ consumption) sets in causing more inflammation-induced tissue 
damage, increased inflammatory cytokines synthesis and more ONOO− production 
[69]. Coma and death are inevitable from the vicious cycle of severe inflammation 
breeding more of itself leading to multi-organ failure, ultimately [70]. As a result, 
anti-inflammatory agents like Asiatic acid may have indispensable roles, through 
inhibition of NF-kβ, in the assuagement of malarial disease which essentially is 
underscored by inflammatory processes.

4. Malarial oxidative stress-driven inflammatory response

Reactive oxygen species have destructive effects through their ability to increase 
oxidative stress. Malaria disease is able to orchestrate multi-organ injury and 
disintegration through the ROS’s disparaging properties. Oxidative stress (OS) 
has a fundamental role in pRBC’s influence to disease manifestation comprising 
of pRBC’s vascular sequestration, AKI, CM, SMA and ARDS [83, 84]. The defense 
mechanism of ROS and reactive nitric oxide species (RNOS) against disease and 
their signal transduction capacities make them have a both beneficial and patho-
logical role in malaria necessitating regulation.

Plasmodium parasites have contracted capacities to mobilize amino acids and 
depend on hemoglobin (Hb) breakdown, a process with a high potential to gener-
ate ROS. Hb breakdown yields heme and globin (protein), with the former being a 
highly toxic compound which generates high OS activity at very low concentrations. 
Hb-free heme contains ferri/ferroprotoporphyrin IX (FP-IX) a very reactive iron-
containing compound which generates an OS environment. Detoxification of heme 
by the parasite to hemozoin (β-hematin) is necessary and critical [85, 86]. Failure 
to convert heme to its biocrystallization or biomineralization form will oxidize the 
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parasite food vacuole membranes destroying it in the process. Chloroquine and 
other 4-aminoquinolines use this principle to dislocate parasite proliferation by 
inhibiting heme biocrystallization in pRBC’s and increasing OS [85–89].

There is a high overall oxidative load that the host cell immune response to 
parasitemia likewise yields to the pRBC. Nevertheless, the parasite has developed 
mechanisms for amplified antioxidant capacity, which may only be overcome by an 
extremely oxidative agent [83, 90–93]. Agents that inhibit hemozoin creation from 
heme have since been rendered impotent through multidrug resistance (MDR) 
processes that extrude the drug from the food vacuole protecting the parasite from 
possible oxidative stress.

On the other hand, ROS may be deliberately generated and targeted at certain 
parasite enzymes and membranes, as what is witnessed in the use of endoperoxi-
dase antimalarials, with higher chances of faster parasitemia clearance although 
with higher tissue inflammation induction as well [94].

Antioxidants may have an anti-inflammatory effect in malaria where inflamma-
tion is generated from OS. However, OS is beneficial in malarial parasite eradication. 
Pleiotropic characteristics of triterpenes, antioxidant and pro-oxidant, seem to be 
very ideal properties for combating malaria. Indeed, it has since emerged that certain 
phytotherapeutics do eradicate parasitemia while ameliorating the pathophysiol-
ogy of malaria like inflammation [95] and severe malaria anemia [96]. Buttressing 
the antioxidant capacity of triterpene phytotherapeutics are findings that oral 
administration of Asiatic acid (20 mg/kg) in streptozotocin-induced diabetic rats 
up-regulated both enzymatic and non-enzymatic antioxidants with subsequent 
lipid peroxidation abating [97] and salvaged diabetic rats [98] where increased OS is 
common. Of note is that superoxide dismutase (SOD), catalase (CAT), glutathione 
peroxidase (GPx) and glutathione-S-transferase (GST), ascorbic acid and reduced 
glutathione (GSH) tend to be elevated in the phytochemical is administered animal 
experimental DM [97–99]. Moreover, severe malaria is accompanied by marked lipid 
peroxidation, prevention of which by triterpenes testifies their efficacy against OS 
driven inflammation in malaria and acute renal injury [100].

5.  Hormonal anti-inflammatory processes in malaria mediate glucose 
homeostasis

Complications of malaria including CM, SMA, placental malaria, hypoglycemia, 
ARDS are not efficaciously resolved despite the effective parasitemia inhibition by 
current antimalarial agents [9]. Parasite infection and/or exaggerated immune reac-
tion [101] contribute to malarial complications necessitating treatment emphasis on 
more than just pathogen clearance but extending it to host defense mechanism that 
do not interfere with parasitemia load. The malarial disease tolerance or anti-disease 
process has been linked to heme oxygenase [102] and to Fe3+ sequestration protein 
ferritin [103] and some novel phytotherapeutics [96]. Glucocorticoids (GC), cortisol 
in the human and corticosterone in rats and mineral corticoids (MC) are adrenal gland 
cortex products and the adrenaline-noradrenaline combination are from the adrenal 
medulla. Adrenal cortex responds to the circadian rhythm, when the hypothalamus-
pituitary–adrenal axis is activated, in stress/trauma situations, infection or systemic 
inflammation [104] by producing hormones to influence metabolism, immunity, bone 
remodeling, cardiovascular function, reproduction and cognitive processes [105].

GC’s have anti-inflammatory properties and differential effects on numerous 
leukocytes phenotypes [106, 107]. In response to GC’s, liver, muscle, adipose tissue 
increase gluconeogenesis, protein catabolism and lipolysis, respectively, to increase 
glucose directly or indirectly [108]. Upon human malarial (P. falciparum or P. vivax) 
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infection, GC’s (cortisol) are the only hormones of the adrenal gland [109]. Malaria 
infection and pregnancy-associated corticosterone concentration increases cause the 
loss malarial immunity and recrudescence [110–112] with adrenalectomy reducing 
survival in mice infected with P. berghei K173 parasite [113]. Infection of adrenal-
ectomized mice causes lethal hypoglycemia of insulin- and TNF-α-independent 
type with increased inflammation [9]. The phenotype is characterized by exhausted 
hepatic glycogen stores, no increase in glucogenesis and is rescued by dexametha-
sone administration. This shows that GC’s are essential for malarial disease tolerance 
through modulation of inflammatory mediators. Notably, raised cytokine concentra-
tion tend to be observed in both the circulation and the brain; adrenal hormones 
differentially disturb inflammation in the brain and circulation compared to liver 
and lungs. Together with inflammation, marked hypoglycemia sufficient to cause 
functional brain failure and coma, has been observed with rapid brain death [114]. 
Hypoglycemia is a major life threat in malaria and glycemia correlates with clinical 
scores negatively regular consistence. Moreover, plasma glucose concentrations 
negatively correlate with brain concentrations of mRNA’s encoding TNF-α, IL-1β, 
IL-6, CCL2 and iNOS, signifying the possible linkage between hypoglycemia and 
expression of these pro-inflammatory markers. Plasma concentrations of chemo-
kines, cytokines and with the exception of IL-4, tend to be negatively interrelated to 
plasma glucose concentration. Notwithstanding hypoglycemia, hyperlactemia in 
acidosis, resulting from increased glycolytic flux, may complicate malarial infection.

After malaria infection, hepatic gluconeogenic transcriptional response is dimin-
ished regardless of increases in GC concentration showing the importance of adrenal 
glands in maintaining blood glucose concentration in malaria. The classical glycemia-
regulating principles of adrenal corticosteroids includes transcriptional induction of 
gluconeogenic response in the liver and increase plasma free fat acids concentrations.

In the absence of adrenal hormones, like in adrenalectomy, malaria causes com-
plete exhaustion of hepatic glycogen stores. This creates irreversible severe hypogly-
cemia that may not be rescued by glucose supplementation by oral or intraperitoneal 
(i.p.) injection route in mice. Parasitemia remains unaffected by glucose supple-
mentation in such situations. Amazingly, even the neutralization of the most potent 
pro-inflammatory cytokine, TNF-α, does not seem to salvage from lethal hypoglyce-
mia in the absence of adrenal glands. Also, adrenal hormone absence in malaria affect 
glycemia independent of insulin secretion. Overall, malaria infection is moderated 
by adrenal hormones to alleviate hypoglycemia which cannot be reversed by glucose 
administration, insulin blocking with clonidine, neutralizing of TNF-α but is rescued 
by dexamethasone, a GC analog [9]. A similar effect has been shown when triterpene 
phytotherapeutics, potent anti-inflammatory capacity, are administered in murine 
malaria [115] also showing inflammation involvement in malarial lethality.

6. Inflammation and the pathogenesis of cerebral malaria

Cerebral malaria is the most severe neurological complication of malaria. It is a 
clinical syndrome characterized by coma and other acute and or chronic neurological 
disturbances. In children, coma may develop with seizures often following weakness 
and prostration. Other neurological symptoms include encephalitis, intracranial 
hypertension, retinal changes and brainstem signs (impaired pupillary reflexes, posture 
problems and abnormal eye movements) [116, 117]. In adults, patients develop fever 
and headaches and progressive delirium and coma but seizures and retinal abnormali-
ties are less common [116, 117]. Several neurological sequelae have been associated 
with cerebral malaria and these include; spasticity (hemiplegia, quadriparesis or 
quadriplegia), hypotonia, cranial nerve palsies, ataxia, visual disturbances, aphasias, 
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parasite food vacuole membranes destroying it in the process. Chloroquine and 
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cortex products and the adrenaline-noradrenaline combination are from the adrenal 
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pituitary–adrenal axis is activated, in stress/trauma situations, infection or systemic 
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remodeling, cardiovascular function, reproduction and cognitive processes [105].

GC’s have anti-inflammatory properties and differential effects on numerous 
leukocytes phenotypes [106, 107]. In response to GC’s, liver, muscle, adipose tissue 
increase gluconeogenesis, protein catabolism and lipolysis, respectively, to increase 
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sone administration. This shows that GC’s are essential for malarial disease tolerance 
through modulation of inflammatory mediators. Notably, raised cytokine concentra-
tion tend to be observed in both the circulation and the brain; adrenal hormones 
differentially disturb inflammation in the brain and circulation compared to liver 
and lungs. Together with inflammation, marked hypoglycemia sufficient to cause 
functional brain failure and coma, has been observed with rapid brain death [114]. 
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clinical syndrome characterized by coma and other acute and or chronic neurological 
disturbances. In children, coma may develop with seizures often following weakness 
and prostration. Other neurological symptoms include encephalitis, intracranial 
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neurocognitive deficits, epilepsy and some behavioral and neuropsychiatric distur-
bances. These sequelae may occur in the short-term and resolve, or may persist long 
term [117].

The pathogenesis of cerebral malaria has been be explained according to two 
theories: (1) the occlusion theory, or (2) the inflammation theory. The occlusion 
theory, supported by vast scientific evidence, suggests that brain injury and the 
resultant neurological disturbances are the result of increased sequestration of blood 
cells to the brain microvasculature which reduces perfusion and may cause ischemia 
and tissue injury. Increased sequestration of infected red blood cells, leukocytes 
and platelets is well known to occur in cerebral malaria [118–120] but the occlusion 
theory does not adequately explain how some fatal cases of cerebral malaria occur 
with little to no sequestration. Additionally, although P. vivax is not likely to seques-
ter in brain vasculature, there have been isolated cases of P. vivax infection-related 
cerebral malaria cases [121]. These gaps in our knowledge of the pathogenesis of 
cerebral malaria have led to an increased interest in other possible pathologic mecha-
nisms which may work independently or together with occlusion to cause cerebral 
malaria and related neurological disturbances. Stimulation of a local inflammatory 
response in the brain has been coined as an alternative or accompanying mechanism 
in the pathogenesis of cerebral malaria and is summarized in Figure 1.

The blood brain barrier (BBB) endothelium responds to PAMPs, DAMPs and 
peripheral cytokines and is now regarded as an integral part of the neurovascular 
unit. In response to these immunostimulatory molecules, endothelial cells produce 
proinflammatory cytokines and chemokines that mediate leukocyte recruit-
ment and thus trigger local inflammation [122, 123]. Leukocytes further release 
proinflammatory cytokines and thus set up a vicious inflammatory cycle which 
exacerbates local inflammation with the brain. As part of the BBB, the integrity 
of the endothelium is central to BBB function and brain protection. Inflammatory 
activation of the endothelium has been associated with increased BBB permeability 
through the induction of regulatory miRNAs that reorganize endothelial tight junc-
tions [124, 125]. This renders the BBB leaky and allows passage of substances into 
neural tissue, leading to neurotoxicity. Clinically the progression of cerebral malaria 
has been closely associated with changes in BBB function as evidenced by hemor-
rhages in cerebral malaria and loss of endothelial intercellular junctions in pediatric 
fatal cerebral malaria (Figure 2) [132].

Figure 1. 
Malaria Cycle and therapeutic possible cites [18].
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The production of proinflammatory cytokines in the brain could also be involved 
the development of encephalopathy. For example, TNF has been reported to regulate 
synaptic function and to cause glutamate neurotoxicity [127]; mechanisms which are 
closely linked to the development of seizures and neurocognitive deficits. IL-1 and 
TNF have also been shown to inhibit long term potentiation [128] and it is possible 
that high levels of these cytokines produced in severe malaria could be involved in 
the development of cognitive deficits associated with the disease.

7. Medicinal plants

Exposure to Plasmodium infection leads to elevation of pro-inflammatory mark-
ers such as TNF-α and interleukin-1 (IL-1) from macrophages and lymphocytes. 
Natural products have attracted interest due to their affordability to the general 
communities with low socio-economic status. Below is the description of the 
triterpenes that possess anti-inflammatory properties.

7.1 Synthetic oleanolic (SO) pentacyclic triterpenes derivatives

CDDO-EA (Figure 3) is a synthetic oleanolic derivative that has been shown to 
possess various biochemical activities which include efficacy against cerebral malaria 
(CM) [129]. The development of severe CM is associated with dysfunction of the 

Figure 2. 
Inflammatory events involved in the pathogenesis of cerebral malaria endothelial intercellular junctions in 
pediatric fatal cerebral malaria [126].
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immune system as shown by plasma levels of TNF-α and IFN-γ [59, 130]. A single 
injection dose of CCDO-EA (200 μmol/kg) lowered circulating levels of TNF-α and 
IFN-γ which improved mice survival and lowered inflammation [129]. Indeed, studies 
have indicated that the host’s response to malaria is excess production of pro-inflam-
matory molecules which are thought to be central causes of inflammation in malaria.

7.2 Ursolic acid

Ursolic acid (3-hydroxy-urs-12-ene-28-oic acid, Figure 4) is triterpene which 
is widely distributed on different medicinal plants. UA has been shown to exhibit 
a number of pharmacological activities which include, anti-microbial [132], 
anti-malarial [133] and potent anti-inflammatory properties [134]. Although 

Figure 3. 
Chemical structure of a synthetic oleanolae derivative [129].

Figure 4. 
2D chemical structure of ursolic acid [131].
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no research has been done on anti-inflammatory properties of this triterpene in 
malaria rats, several studies have evaluated anti-inflammatory properties on other 
experimental models in vivo and in vitro [134]. However, several studies have 
evaluated the anti-inflammatory properties of the compounds in in-vitro and 
in vivo. Tsai and Yin’s reports indicate that UA and oleanolic acid (OA) alleviate 
inflammation through reduction of IL-6 and TNF-α [135]. Additionally, studies 
also validate the anti-inflammatory potency of UA by reducing the production of 
IL-2 and through activation of T-helper cells [136]. Liu et al., have shown that UA 
suppressed T cell responses including NF-kB inhibition at 25 mM while Bharata 
et al. demonstrated the efficacy against a lowers dose of UA IS enough to lower 
immune cells such as T-cells, B-cell, and macrophage activation. Apart from this, 
Xu et al. have shown that anti-inflammatory effects of UA are mediated through.

7.3 Maslinic acid (MA) and oleanolic acid (OA)

Maslinic acid and oleanolic acid are two triterpenes widely abundant in olive 
trees and Syzygium spp. Among many pharmacological properties, these triter-
penes have demonstrated efficacy against malaria [133]. The triterpenoids are 
generally highly hydrophobic, which reduces their bioavailability and efficacy. 
Sibiya et al. showed that once off application of an-OA patch reduces parasit-
emia and TNF-α plasma levels [137]. Exposure of the host to malaria activates 
macrophages which in turn induces production of TNF-α and then the release 
of other cytokines such as IL-6 which initiate inflammation. Reports also indi-
cate the efficacy of another promising pentacyclic triterpene (maslinic acid) 
to alleviate malaria and inflammation in general. Extensive in vivo and in vitro 
studies indicate that MA reduces inflammation by reducing lipopolysaccharides 
(LPS)-induced production of nitric oxide (NO) and INOS gene expression [132] 
Márquez et al. also indicated that MA reduces the production of interleukin-6 
(IL-6) on peritoneal macrophages [132] (Figure 5).

7.4 Anti-inflammatory effects of Asiatic acid (AA) in malaria

Many parasitic and metabolic diseases are built upon inflammatory processes. 
Ample indications exist that phytopharmaceuticals may moderate innumerable 
inflammatory mediators, govern the production and action of second messengers, 
direct the expression of transcription factors and key pro-inflammatory mecha-
nisms [1, 2, 95, 115, 138–141]. The fundamental machinery of anti-inflammatory 
activity for AA in malarial may comprise: (i) anti-oxidative and radical scavenging; 

Figure 5. 
2D chemical structure of oleanolic acid (A) and maslinic acid (B) adapted from the PubMed database [134].
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(ii) inflammatory cellular components modulation (macrophages, lymphocytes 
neutrophils); (iii) modulation of expression and/or activity of pro-inflammatory 
enzymes such as phospholipase A2 (PLA2), cyclooxygenase (COX), lipooxygenase 
(LOX), iNOS and (iv) modulation of pro-inflammatory gene expression [138].

In malaria inflammation, the immune system-triggering-malaria-toxin is GPI 
which may be released pRBC rupture at erythrocytic schizogony [70]. GPI initiates 
TNF-α and lymphotoxin (formerly TNF-β) production [142], up-regulates ICAM-1 
and IVCAM-1 [5, 143].

Hemopoietic mediators of inflammation comprise Th1/M1 cytokines largely TNF-α, 
IL-1, IL-6, IL-18 and Th2/M2 cytokines IL-4 and IL-10. When produced excessively 
as in severe malaria, Th1 cytokines may lead to the generation of fever, hypoglycemia, 
bone marrow suppression, coagulopathies, hypergammaglobulinemia, hypotension and 
elevated acute phase reactants [55, 144]. The works by Clark and Chaudhri [144], show-
ing that TNF-α-induced dyserythropoiesis and erythrophagocytosis in malaria-infected 
animals, evidenced the association of SMA to inflammatory mediators and corroborated 
Peetre et al. who verified growth inhibition of culture hemopoietic cells [145].

Compounded, the anti-inflammatory outcome of AA may modify pro-
inflammatory apparatuses in malaria in the same way it does in other inflammatory 
diseases. Indeed, AA displays a dose-dependent (10 and 20 μsg/kg AA) selective 
induction of selective mitochondria-dependent apoptosis in activated Th1 cells. 
This averted concanavalin (Con-A)-induced murine fulminant hepatitis in a fashion 
that disrupted mitochondrial transmembrane potential, released cytochrome c, 
activated caspases and cleaved poly(ADP-ribose) polymerase [PARP] [146].

In malaria, hematological differential counts display exaggerated leukocytosis. 
As inflammatory response is similar regardless of cause, AA may modify Th1 over 
expression in malaria by eradicating activated cells. Moreover, in a mouse model for 
pain and inflammation, AA blocked the activation of NF-kβ [147], a major transcrip-
tion factor in the regulation of pro-inflammatory cells, cytokines and enzymes [148].

In unstimulated Th1 cells, NF-kβ subunit p65/p50, is sequestered in the cytoplasm 
bound to the inhibitory factor Ikβ-α. Proinflammatory signals in malaria comprising 
of GPI, cause the phosphorylation of Ikβ-α by Ikβ kinase (IKK) and its inactivation 
though the ubiquitin-mediated destruction. Liberated, NF-kβ translocate into the 
nucleus acting as pro-inflammatory mediator and transcription factor [70, 78, 148]. 
Eradication inflammatory responses is critical for overall health maintenance. AA 
may be able to inhibit GPI production or maintain inactivation of NF-kβ or both 
as this anti-inflammatory mechanism has been revealed in other diseases, and not 
malaria, when similar triterpenoid to AA, madecassoside (MA), was used [149–151].

By inhibiting activation of NF-kβ, AA may subsequently inhibit iNOS and 
COX-2 and reduce NO release. Moreover, AA (10 mg/kg) injected into Carrageenan-
induced paw edema inhibited expression of iNOS, COX-2 and NF-kβ in mice 
[147]. This may mean, in malaria, reduction in unrestrained vasodilation related 
to vascular permeability, pulmonary edema or renal dysfunction. Toxic oxidative 
activities causing tissue injury may likewise be ablated by a NO reduction and pos-
sibly superoxide [O2

•−] [151]. Certainly, AA has been predicted by a computational 
model AutoDock v.3.05 to bind iNOS. This binding inhibits iNOS’s strong affinity for 
arginine, exhibited as free energy binding (FEB) of −9.79 kcal.mol−1 [152–154].

Chemoattractant mediators hinging on NF-kβ activation may also be inhibited 
by AA resulting in abrogation of neutrophil-aggregation and inactivation of the 
linked oxidant and pro-inflammatory injury lytic enzymes [155]. Activation 
inhibition of peroxisome proliferator-activated gamma (PPAR-γ), which regulates 
inflammation through NF-kβ translocation, may be a route AA may confer anti-
inflammatory activity. A similar process has been confirmed with curcumin, a 
multi-faceted phytopharmaceutical [156]. The consequent action of this activation 
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will be up-regulation of CD36 in monocytes/macrophages for non-opsonic pRBC’s 
phagocytosis with parasite extrusion or destruction [157].

Credence of AA anti-inflammatory capacity in malarial pathophysiology has 
been shown. Indeed, the anti-inflammatory effect of AA has been reported in a 
murine malaria model where C-reactive protein was shown to be significantly 
reduced in infected transdermal AA administered animals as compared to infected 
chloroquine-treated animals and non-treated controls [95].

8. Conclusion

The strong connection between malaria pathophysiology and systemic inflam-
mation mobilizes various mediators, metabolic processes consummating in toxic 
cachexia, hypoglycemia, neuronal damage, coma and death. Numerous immuno-
logical and inflammatory response mediators drive the disease. Initial inflammatory 
response directed at alleviating and curtailing the infection through parasite killing 
turns around and aberrantly militates against the host. Hormonal involvement is 
crucial in maintain malaria tolerance by the host. The phytotherapeutics AA, Ma 
and OA intervention in malaria promises to engage the parasitic as well the inflam-
mation salvaging glucose homeostasis, neuronal death and other disease effects in 
malaria terminating the vicious cycle and alleviating the disease. Potential alterna-
tive treatment regimens for malaria are thus in the offing.

© 2019 The Author(s). Licensee IntechOpen. This chapter is distributed under the terms 
of the Creative Commons Attribution License (http://creativecommons.org/licenses/
by/3.0), which permits unrestricted use, distribution, and reproduction in any medium, 
provided the original work is properly cited. 
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•−] [151]. Certainly, AA has been predicted by a computational 
model AutoDock v.3.05 to bind iNOS. This binding inhibits iNOS’s strong affinity for 
arginine, exhibited as free energy binding (FEB) of −9.79 kcal.mol−1 [152–154].
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Abstract

Canine demodicosis is a common and often severe dermatopathy of dogs. 
It is caused mainly by Demodex canis, a parasitic mite of the skin of dogs of the 
genus Demodex, of the order Acarina and family Demodecidae. This study is aimed 
to review the clinical-pathological presentation of canine demodicosis and the 
cytokine-mediated immune response to the cutaneous density of the mite. Only 
dogs with a defective immune response will present the disease, whether localised 
or generalised. Microscopically, the dermal inflammatory response is similar among 
dogs. Localised and generalised demodicosis and pyoderma associated with a high 
cutaneous density of mites are factors associated with aggravation of lesions in 
both forms of disease presentation. In addition, the participation of cytokines has 
been investigated in the induction of the immune response in the different forms 
of the disease. Although different research groups have invested in studies aimed 
at elucidating the canine demodicosis pathogenesis, there is still insufficient data 
to understand the important role of the host immune system in triggering clinical 
signs and the reproductive management is still an effective preventive method for 
disease perpetuation.

Keywords: Demodex canis, parasite-host interaction, generalised demodicosis, 
localised demodicosis, dog

1. Introduction

Canine demodicosis is an inflammatory disease caused by a species of the genus 
Demodex frequently diagnosed in veterinary clinical routine [1–3] and is considered 
the most prevalent parasitic dermatopathy [4]. The genus Demodex belongs to the 
order Acarina, family Demodecidae, and Demodex canis is the species of great-
est occurrence in dogs [5]. This relationship is considered commensal. The mites 
embed themselves in hair follicles, sebaceous ducts, and sebaceous glands, where 
they feed on cells, sebaceous material and epidermal debris [4, 6].

The clinical presentation of demodicosis occurs according to the extent of the 
affected area and may manifest in localised or generalised forms. These forms also 
differ among themselves in terms of disease progression, prognosis and therapeutic 
measures adopted [7].
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Peri-folliculitis, mural folliculitis and furunculosis are histopathological findings 
observed, with demodicosis in both clinical forms of the disease due to the action of 
the mite inside the hair follicles [8]. However, the severity of the lesions may vary 
depending on the presence and extent of secondary bacterial infection, character-
ised by pyoderma [9, 10].

Until now, it has not been fully understood why D. canis, a mite that is proven 
to be present in the canine skin [6], triggers demodicosis. In addition, the fact that 
some dogs develop the most severe form of the disease while others limit themselves 
to localised lesions only is still being elucidated.

Several factors such as genetic, structural and biochemical alterations of the 
skin, immunological disorders, hormonal status, race, age, fur length, endoparasit-
ism, and debilitating disease have been considered as predisposing to the disease 
[11]. In addition, it is possible for mites to induce local immunosuppression, stimu-
lating the onset of their proliferation [12]. Despite the multifactorial nature, studies 
suggest the dysfunctions of patients with clinical disease may be directly associated 
with the pathogenesis of demodicosis [7, 13–15].

The number of parasites in dogs seems to be lower in relation to humans [16]. 
This is likely because they are distributed throughout the fur and not concentrated 
in certain areas, as in the human face [6, 17]. Regarding the clinical manifestations 
of canine demodicosis, the number of mites on the skin of dogs determines the 
occurrence of clinical signs, but does not define the severity of the lesions [16].

A number of studies involving the immunopathogenic mechanisms of demodicosis 
have been performed and although there is no evidence of any abnormalities related 
to nonspecific or humoral immunity, functional immunodeficiency was observed in T 
lymphocytes [7, 18]. Furthermore, the role of proinflammatory and immunosuppressive 
cytokines in modulating the immune response of demodicosis has been investigated 
and the results demonstrate the active participation of these proteins in recruitment and 
activation, as well as the suppression, of host immune system cells [11, 19–26].

This study reviews the morphophylogenetic characterisation of the Demodex canis 
mite, discusses the clinical and pathological features that appear in dogs with demodi-
cosis in order to understand the effects of the action of D. canis on the skin of dogs 
with localised and generalised demodicosis, as well as discusses the participation of the 
immune system, especially cytokine activity, in the development of clinical disease.

2. Methodological procedure

For understanding the main hypotheses related to the development of canine 
demodicosis, classical and modern data on the pathogenesis of the disease were 
gathered through systematic review. The articles were obtained from bibliographic 
databases. We were preferred to search for free terms, without the use of controlled 
vocabulary, to guarantee the recovery of most published works within the area of 
interest. Original articles related to mite Epidemiology, Morphology, Physiology 
and Pathogenesis; and Immunology, Clinical, Pathology and Genetics of sick dog 
were used to support this approach. Separate terms have been disregarded because 
they are not the purpose of the review. In addition, book chapters related to parasi-
tological dermatopathies were used.

3. Morphophylogenetic characterisation of Demodex canis

Demodex canis [27], genus Demodex, order Acarina, family Demodecidae, is 
a mite described as inhabiting commensal in hair follicles, sebaceous ducts and 
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sebaceous glands of dogs, found in small amounts in healthy animals [28, 29]. 
According to Scott et al. [7], the transmission of this mite occurs by direct contact 
of the mother with the neonates during the first 3 days of breast-feeding.

In its life cycle, the mite D. canis presents as an egg, larvae, protonymph, 
nymph, and adult (male and female), where all stages of the life cycle can be 
found in microscopic analysis of skin scalings [7, 28, 30]. The eggs in fusiform 
(length 81.5 ± 3.5 μm) hatch into small larvae (length 91 ± 5.9 μm) with three pairs 
of paws, next protonymphs (length of 130.7 ± 10.7 μm), then nymphs (length of 
201.2 ± 21.9 μm) [30] and finally evolve into adult mites with four pairs of legs, 
which commonly measure from 40 to 300 μm [7].

In general, Demodex mites are described as small, with elongated bodies, 
having four pairs of legs. The body is separated into three distinct tagma: the 
gnathosoma, the small anterior segment with a trapezoidal or rectangular shape, 
containing mouth parts; the podosoma, which contains reduced and slightly 
projected legs beyond the podosoma line; and the opisthosoma, the posterior 
segment, elongated and formed by cuticular striae [31] (Figure 1). The morpho-
biological characteristics of the adult mite D. canis are similar in several studies. 

Figure 1. 
Morphology of Demodex canis.
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Table 1 describes the biometric measurements of D. canis mite segments as 
described in the literature [30–34].

Although the D. canis mite is the most common species [7, 31, 35], two new 
species, D. injai [36] and D. sp. cornei [37–40], have also been documented causing 
dermatological alterations in dogs.

Rojas et al. [33], comparing the three species described in dogs, revealed inter-
related but distinct populations in which D. canis presented with elongated opist-
hosoma (ratio opisthosoma length/total length 0.59), and an absence of a band-like 
segmental plate between the fourth coxisternal plate and opisthosoma. D. injai 
presented opisthosoma comprising 70% of the total length (ratio 0.70) and D. sp. 
cornei presented with a segmental plate, nearly rectangular (ratio 0.47), between 
the fourth coxisternal plate and opisthosoma.

In addition to the morphobiometric characteristics, Rojas et al. [33], using 
molecular markers of mitochondrial DNA, 16S rDNA, and cytochrome oxidase 
I genes, suggested that these three species could be polymorphisms of the same 
species. However, Sastre et al. [41] in the sequencing analysis of 16S rDNA demon-
strated that D. canis and D. injai present a genetic distance of 23.3%, therefore are 
different species, while D. sp. cornei is likely a variant of D. canis.

Although D. canis is a common commensal mite, Fondati et al. [29] in a microscopic 
analysis of the presence of D. canis in healthy dogs, emphasised that the presence of 
D. canis in the skin should not be considered as normal. However, Ravera et al. [6] 
using real time PCR demonstrated that mite DNA was present in all examined dogs, 
regardless of age, sex, breed, coat or clinical status, albeit in smaller numbers in 
healthy dogs. Regardless, the positivity increased when a greater number of areas were 
analysed. A similar result was observed by Gasparetto et al. [16], detecting a higher 
number of mites in dogs with clinical demodicosis (6.2 × 104 copies/μl of the parasite in 
the generalised form and 1.2 × 104 copies/μl in the localised form) compared to healthy 
dogs, (8.7 × 102 copies/μl of the parasite) using the same technique.

4. Pathological clinical aspects of canine demodicosis

Clinical changes in demodicosis may be induced by the excessive proliferation 
of mites associated with weakness in the immune system, or induced by the mites 
themselves [14, 17, 42]. Variables such as breed, age, nutrition, oestrus, pregnancy, 
stress, endoparasitism and debilitating diseases are predisposing factors for the 
disease. Purebred dogs appear to be more predisposed. Based on the autosomal 
recessive inheritance hypothesis, this would lead to immune dysfunction [15, 43]. 

Table 1. 
Biometric means Demodex canis found in the literature.
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Bowden et al. [44] found that dogs of the American pit bull and West Highland 
White Terrier breeds and those with allergic diseases were more predisposed to 
demodicosis. Likewise, Gasparetto et al. [8] verified that dogs with a defined breed 
were the most affected.

Regarding classification, demodicosis can be divided according to age of onset of 
clinical signs (juvenile or adult), or the extent of lesions (localised or generalised), 
though there is no consensus on the criteria [15]. Kumari et al. [26] suggest clas-
sifying as generalised demodicosis when there are lesions on more than 50% of the 
body surface with the involvement of two or more limbs, and classifying as local-
ised demodicosis when there are alopecia, erythematous and desquamative lesions 
with hyperpigmentation on the face and one thoracic limb. Other authors have 
suggested that cases in which there are four or fewer lesions (with a diameter less 
than 2.5 cm), including a maximum of one focal lesion on any limb, be classified as 
localised demodicosis and cases with extensive multiple limb lesions, be classified 
as generalised demodicosis [44–46].

In a retrospective study investigating demodicosis in an US region, dogs with 
juvenile onset of lesions had a mean age of 7.6 months, having a predominance of 
the generalised form (74.2%). Dogs with adult onset (over 48 months) of demodi-
cosis were also more likely classified as generalised, with 87.1% of the cases [44]. 
In Brazil, a study involving 46 dogs, 24 males and 22 females showed generalised 
demodicosis (60.9%) was more common than localised (39.1%) with a mean age of 
onset of 23 months [8].

Dogs that develop lesions such as alopecia or erythema as juveniles, are not usu-
ally pruritic, have spontaneous remission of clinical signs, and progression to the 
generalised form is rare. Only in cases of external earwax associated with localised 
demodicosis, a rare form of the disease, will dogs require therapy [15].

Unlike the localised disease, the generalised form of demodicosis can reach 
serious proportions and clinical signs such as alopecia, desquamation and 
erythema (Figure 2) are particularly intense [8]. Secondary bacterial infec-
tion is often due to the proliferation of opportunistic microorganisms, mainly 
Staphylococcus pseudintermedius and Pseudomonas [47, 48], which progress from 
superficial folliculitis to severe cases of furunculosis and cellulitis [7, 10, 49]. 
Gasparetto et al. [8] observed pyoderma in 95.5% of dogs with generalised 
demodicosis and half presented with pruritus, indicating bacterial pyoderma 
and an immunological reaction against Demodex [9, 50]. In more severe cases, 
lymphadenopathy, fever, anorexia and lethargy associated with secondary bacte-
rial infection may occur [51, 52]. Pododemodicosis, which affects the interdigital, 
palmar and/or plantar regions, has a poor prognosis. It manifests with severe 
erythema, oedema and fistulous tracts that cause intense localised pain, requiring 
prolonged periods of treatment [10, 15, 49].

In histopathological examination, mites are frequently observed in hair follicles 
that induce folliculitis, peri-folliculitis and furunculosis, as well as sebaceous gland 
hyperplasia [53]. According to Gasparetto et al. [8], hyperkeratosis was the most 
frequent epidermal alteration with either form of demodicosis. Mild to moderate 
interstitial and perivascular exudate containing lymphocytes, plasma cells and 
macrophages. Dogs with generalised demodicosis and pyoderma had  lymphocytes, 
macrophages and plasma cells associated with the neutrophilic exudate. In chronic 
cases of generalised demodicosis, follicular hyperkeratosis predominates, and 
mononuclear inflammation of sudoriferous glands and sebaceous glands is 
 present [9, 10].

Peri-folliculitis occurs in the early stage of the inflammatory process evidenced 
by the presence of macrophages and lymphocytes around the hair [7]. This finding 
is apparent both in dogs with the localised disease and in those with more severe 
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Table 1 describes the biometric measurements of D. canis mite segments as 
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disease. Purebred dogs appear to be more predisposed. Based on the autosomal 
recessive inheritance hypothesis, this would lead to immune dysfunction [15, 43]. 

Table 1. 
Biometric means Demodex canis found in the literature.
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by the presence of macrophages and lymphocytes around the hair [7]. This finding 
is apparent both in dogs with the localised disease and in those with more severe 



Parasitology and Microbiology Research

80

clinical lesions [8]. As the disease progresses, mural folliculitis occurs due to the 
infiltration of lymphocytes and histiocytes into the follicular wall, causing injury to 
follicular keratinocytes. Hydropic degeneration, follicular keratinocyte apoptosis 
and follicular exocytosis occurs [9, 50]. Mural folliculitis, which has been reported 
most frequently in dogs with the localised disease [8], is observed to be a consistent 
and an important lesion pattern of active demodicosis. The histological lesion 
generated is often associated with diseases in which immune response is recognised 
as important in its pathogenesis [10, 50, 54, 55].

Finally, multiplication of Demodex in the interior of the hair follicles induces fol-
licle dilation causing rupture and releasing mites into the dermal interstitium [10]. 
The observation of mural folliculitis and multifocal pyogranulomatous furunculosis 
more frequently in dogs with localised demodicosis indicates that the histological 
stages of follicular inflammation may have similar severity in the different clinical 
forms of the disease [8].

5. Host-Parasite Interaction, Demodex canis versus dog

Because they are natural inhabitants of the skin of mammals, mites of the genus 
Demodex usually do not generate adverse reactions to the host due to the capacity of 
the animal’s immune system [6, 11, 17, 26, 56]. This is due to the recognition of mite 
chitin by host keratinocytes through their toll-like receptors (TLR), specifically TLR2, 
triggering an innate immune response. In addition, studies report that the immune 
systems of healthy dogs are especially effective at detecting the lipases and proteases 
secreted by Demodex mite, possibly stimulating the adaptive immune response, which 
is more specific and effective for the control of the Demodex mite [17, 57].

Figure 2. 
(A) Generalised demodicosis in dog with cutaneous hyperpigmentation, alopecia and desquamation.  
(B) Pyoderma and generalised demodicosis in facial region of dog. (C) Demodex in the interior of the hair 
follicles and folliculitis. H&E, 10×. (D) Furunculosis. H&E, 10×.
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The reason for the progressive evolution of the disease in some dogs has not been 
completely elucidated. The most accepted hypothesis is that immune system dys-
functions play an important role in the manifestation of clinical signs of the disease 
in its different forms [7, 11, 13–15]. The proposition that the host immune system is 
the main mediator in the overpopulation of Demodex is sustained by the occurrence 
of the disease in patients who have undergone prolonged treatments with immuno-
suppressive drugs, in addition to clinical signs in immunodeficient mice, as well as in 
people and animals with chronic degenerative diseases [17, 56, 57]. However, studies 
in dogs indicate that immunosuppression occurs at various times in the course of the 
disease and may be induced by the action of the mite itself on the hair follicles and/
or sebaceous glands and not as a primary trigger for parasitic proliferation [14, 17, 32, 
42, 57]. This explains why not all immunosuppressed dogs develop clinical demodi-
cosis and indicates that the manifestation of the disease may involve more than one 
factor.

Unlike humans, there is little evidence of humoral immune response being 
involved in canine demodicosis and although Ravera et al. [58] have shown the 
existence of immunoglobulin (Ig) G against D. canis with generalised juvenile 
demodicosis, the real meaning of this response remains unclear. On the other hand, 
dogs with generalised demodicosis tend to present functional immunodeficiency 
in T lymphocytes [7, 18]. Many of the studies indicate that the main mechanism of 
Demodex population control is cell mediated. When mite proliferation occurs, it is 
probable that there is impaired cellular immunity [7, 57].

This immune dysfunction is defined by the exhaustion of T cells. This type of 
depletion is not uniform and is generally characterised by high levels of suppressor 
cytokines such as interleukin (IL)-10 and transforming growth factor (TGF)-β, low 
production of stimulatory interleukins, such as IL-2 and IL-21 and a reduction in 
circulating CD4+ [17].

Higher serum levels of IL-10 were observed in dogs with relapsing demodi-
cosis, compared to healthy dogs and those with first manifestation. This change 
culminates in T cell suppression and antigen presentation ability by inhibiting the 
synthesis of cytokines and helper 1 T cells (Th1) [22].

Lemarié et al. [59] observed a reduction in the expression and in vitro pro-
duction of IL-2 resulting from a decrease in Th1 cell response and pointed to a 
functional irregularity of this class of lymphocytes, directly affecting the balance 
between Th1 and Th2 responses during the course of the disease. The establishment 
and perpetuation of demodicosis was attributed to suppression of the Th1 response 
to Th2, resulting in an inflammatory process capable of inducing tissue damage but 
not eliminating or containing the proliferation of the mite.

The decrease in transcription of cytokines TNF-α and IFN-γ, and the unprec-
edented increase in IL-5, as evidenced by Tani et al. [20], appears to be due to 
Th2 lymphocyte overexpression in the presence of Demodex [59]. In addition, 
Yarim et al. [23] and Tani et al. [20] demonstrated an increase in circulating 
TGF-β concentrations in dogs with generalised disease compared to healthy 
animals. Elevated TGF-β levels may compromise the regulation of various 
biological processes, such as tissue homeostasis, angiogenesis, and cell differen-
tiation, especially in cases of chronic disease, allowing the evolution of localised 
to generalised demodicosis [56].

Considering that most of these previously described changes were observed in 
dogs with generalised demodicosis, a recent study investigated the serum levels of 
a selection of proinflammatory cytokines in dogs with localised and generalised 
demodicosis in order to observe the levels of certain proteins. There was no differ-
ence in serum cytokine levels between groups of diseased animals, but IL-6 was 
significantly higher in dogs with localised disease than in healthy animals. Thus, 
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clinical lesions [8]. As the disease progresses, mural folliculitis occurs due to the 
infiltration of lymphocytes and histiocytes into the follicular wall, causing injury to 
follicular keratinocytes. Hydropic degeneration, follicular keratinocyte apoptosis 
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most frequently in dogs with the localised disease [8], is observed to be a consistent 
and an important lesion pattern of active demodicosis. The histological lesion 
generated is often associated with diseases in which immune response is recognised 
as important in its pathogenesis [10, 50, 54, 55].

Finally, multiplication of Demodex in the interior of the hair follicles induces fol-
licle dilation causing rupture and releasing mites into the dermal interstitium [10]. 
The observation of mural folliculitis and multifocal pyogranulomatous furunculosis 
more frequently in dogs with localised demodicosis indicates that the histological 
stages of follicular inflammation may have similar severity in the different clinical 
forms of the disease [8].

5. Host-Parasite Interaction, Demodex canis versus dog

Because they are natural inhabitants of the skin of mammals, mites of the genus 
Demodex usually do not generate adverse reactions to the host due to the capacity of 
the animal’s immune system [6, 11, 17, 26, 56]. This is due to the recognition of mite 
chitin by host keratinocytes through their toll-like receptors (TLR), specifically TLR2, 
triggering an innate immune response. In addition, studies report that the immune 
systems of healthy dogs are especially effective at detecting the lipases and proteases 
secreted by Demodex mite, possibly stimulating the adaptive immune response, which 
is more specific and effective for the control of the Demodex mite [17, 57].
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(A) Generalised demodicosis in dog with cutaneous hyperpigmentation, alopecia and desquamation.  
(B) Pyoderma and generalised demodicosis in facial region of dog. (C) Demodex in the interior of the hair 
follicles and folliculitis. H&E, 10×. (D) Furunculosis. H&E, 10×.
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of the disease in patients who have undergone prolonged treatments with immuno-
suppressive drugs, in addition to clinical signs in immunodeficient mice, as well as in 
people and animals with chronic degenerative diseases [17, 56, 57]. However, studies 
in dogs indicate that immunosuppression occurs at various times in the course of the 
disease and may be induced by the action of the mite itself on the hair follicles and/
or sebaceous glands and not as a primary trigger for parasitic proliferation [14, 17, 32, 
42, 57]. This explains why not all immunosuppressed dogs develop clinical demodi-
cosis and indicates that the manifestation of the disease may involve more than one 
factor.

Unlike humans, there is little evidence of humoral immune response being 
involved in canine demodicosis and although Ravera et al. [58] have shown the 
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demodicosis, the real meaning of this response remains unclear. On the other hand, 
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in T lymphocytes [7, 18]. Many of the studies indicate that the main mechanism of 
Demodex population control is cell mediated. When mite proliferation occurs, it is 
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synthesis of cytokines and helper 1 T cells (Th1) [22].
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functional irregularity of this class of lymphocytes, directly affecting the balance 
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to Th2, resulting in an inflammatory process capable of inducing tissue damage but 
not eliminating or containing the proliferation of the mite.

The decrease in transcription of cytokines TNF-α and IFN-γ, and the unprec-
edented increase in IL-5, as evidenced by Tani et al. [20], appears to be due to 
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TGF-β concentrations in dogs with generalised disease compared to healthy 
animals. Elevated TGF-β levels may compromise the regulation of various 
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tiation, especially in cases of chronic disease, allowing the evolution of localised 
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Considering that most of these previously described changes were observed in 
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demodicosis in order to observe the levels of certain proteins. There was no differ-
ence in serum cytokine levels between groups of diseased animals, but IL-6 was 
significantly higher in dogs with localised disease than in healthy animals. Thus, 
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characterising the nonspecific inflammatory reaction that occurs shortly after 
tissue injury precedes the acquired immune response in the acute phase of the 
disease [16].

Moreover, a modern approach supports the involvement of the cholinergic 
pathway in the immunopathogenesis of canine demodicosis. In addition to acting 
as a neurotransmitter, acetylcholine (Ach) plays an important role as a mediator 
in the inflammatory process by inhibiting the release of certain proinflammatory 
cytokines, without affecting the production of inhibitory cytokines such as IL-10. 
The increased activity of its indirect biomarker, acetylcholinesterase, in the serum 
of dogs with demodicosis, has established the overproduction of Ach in diseased 
dogs, resulting in immunosuppression [26, 56].

Finally, it is known that TLR receptors play an important role in the identifica-
tion and control of Demodex proliferation in the skin of healthy dogs [17]. However, 
in a recent study involving animals with demodicosis, important changes in the 
function of these receptors were detected. Kumari et al. [60] showed elevated 
expression of mononuclear type 2 TLRs (lymphocytes and monocytes), as well as a 
decrease in the expression of TLR types 4 and 6. These effects were directly attrib-
uted to the action of the mites, but it is not yet known how the mite stimulates or 
decreases the production of TLR receptors in the disease process [12, 60].

6. Conclusion

Although the D. canis mite is considered a commensal inhabitant of dog’s skin, 
demodicosis is one of the most frequent parasitic diseases in this species. Clinical 
signs such as alopecia, desquamation, erythema and crusting are common in dogs 
with localised and generalised demodicosis and may be aggravated by secondary 
bacterial infection. Pyoderma produces severe dermal microscopic inflammation; 
however, the histopathological findings of dogs with localised and generalised 
disease tend to be similar. In addition, the increase in the parasitic load of mites in 
the canine tegument induces the clinical disease, but does not define the severity of 
the lesions, indicating that the predisposing factor for the mite proliferation likely 
relates to the immunocompetence of the host.

Low production of stimulating cytokines and high levels of suppressor cytokines 
coupled with reduced numbers of CD4+ lymphocytes are invariably observed 
in dogs that develop clinical signs of demodicosis, indicating T-cell depletion. 
However, due to the multifactorial nature of the disease, immunological mecha-
nisms that allow the excessive growth of the parasites in the dog skin is still mis-
understood and this limitation in the understanding of the host-mite interaction 
makes that the impediment of diseased animals reproduction prevail as the main 
strategy of control until now.

Currently, research groups from different countries have suggested several 
mechanisms to understand the immunopathogenesis of demodicosis and although 
the various hypotheses raised are not yet enough to establish the determining cause 
of clinical disease development, observed together they allow for new hypotheses 
that may serve as starting points for subsequent studies in the area.
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Abstract

Malaria is one of the most deadly diseases infecting humans. Advances in 
elimination and vector control have reduced the global malaria burden in the past 
decade; however, the emerging threat of drug resistance and suboptimal vaccine 
efficacies threaten global eradication efforts. Unlocking novel drug and vaccine 
targets while simultaneously mitigating spread of resistant strains seems to be the 
need of the hour. Protein-protein interactions (PPIs), an integral part of host-
pathogen cross-talk and parasite survival, have only recently emerged as promis-
ing drug targets. Large PPI networks (interactome) are being developed to better 
our understanding of various parasite biochemical pathways. In this chapter, we 
throw light on several newly characterized protein-protein interactions between 
the host (humans) and parasite (plasmodium) in key processes such as hemoglo-
bin degradation, enzyme regulation, protein export, egress, invasion, and drug 
resistance and further discuss their viability for development as novel chemo-
therapeutic targets.

Keywords: malaria, proteases, drug resistance, protein-protein interactions, 
host-parasite interactions, interactome

1. Introduction

Malaria is one of the deadliest diseases to affect humans, with the latest WHO 
reports indicating ~445,000 deaths in 2017 alone [1]. More alarmingly, despite 
decades of advances in controlling the malaria epidemic, death rates caused by 
malaria seem to have plateaued in the past 3 years, indicating drug resistance and 
re-emergence. Drug resistance to the current frontline antimalarials have been 
confirmed by many recent studies and steadily observed over increasing geographic 
coverage [2]. Thus, it is of utmost importance to develop novel antimalarials, with 
different modes of action and distinct targets, if possible in conjunction, to check 
the onslaught of malaria. This chapter looks at such potential scope for antimalarial 
drug development: disruption of protein-protein interactions in the malaria parasite 
Plasmodium, crucial for survival and proliferation.
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2. PPIs: the basics

Protein-protein interactions (PPIs) constitute the fundamental backbone 
required for occurrence of any biological event. They are defined as the residue level 
interactions between either the same protein (dimers, trimers, or other multimers) 
or diverse proteins (protein complexes). These basic interactions are necessary for a 
myriad of functions such as kinase signaling, receptor binding, proteolytic diges-
tion, apoptosis regulation, and antigen-antibody interactions [3, 4]. Disruptions 
in the protein interaction networks (PINs) as a result of PPI inhibition have been 
shown to cause several diseases where either single or multiple biochemical path-
ways are affected [5]. Owing to their fundamental roles in almost every process 
imaginable, PPIs have emerged as attractive therapeutic targets in several diseases. 
Several forms of cancer were also shown to have dysregulated protein interaction 
networks (PINs) [6]. Similarly, PPI disruptions have been observed in several auto-
immune as well as parasitic diseases. Small peptides that infiltrate cellular defenses 
and specifically bind to target structures are already in development. Taken 
together, targeting PPIs though challenging can provide a novel understanding of 
biochemical processes as well as uncover new ways to combat diseases like malaria.

PPIs can be generally categorized into several groups depending on their func-
tion or the type of interactions. They include internal (hot-spots) or external 
(surface), obligate (permanent) or non-obligate (transient), stabilizing or destabi-
lizing, ability to induce conformational changes in either of the partner molecules, 
peptide-protein or peptide-peptide interactions, and contiguous or discontiguous 
epitope binding [7] (Figure 1).

Some types of PPIs such as membrane PPIs can be difficult to characterize. 
While dedicated techniques like the split-ubiquitin membrane yeast two-hybrid 
(MYTH) system were developed to specifically detect membrane protein interac-
tions [8], these techniques are still considered time-consuming and labor-intensive. 
Such bottlenecks make it hard to generate a complete picture of the membrane 
interactome. Even for reliable bioinformatic models for detection of membrane 

Figure 1. 
Categorization of PPIs based on types of interactions. (A) Internal, where the site of interaction lies buried 
inside such as “hot-spots”, (B) external, where proteins interact at the surface, (C) where a peptide could 
induce conformational changes upon binding, (D) interactions can be stabilized or dissociated based on the 
type of cofactor/compound binding, (E) whether the epitope binding is contiguous or not, and (F) if both 
interacting partners are peptides/small molecules.
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PPIs to be developed, there need to be large sets of positive, false-positive, as well 
as negative data to accurately train such models, which are currently unavailable for 
membrane PPIs [9]. Thus, decoding membrane PPIs even through bioinformatic 
approaches remains challenging.

3. PPIs in malaria

Malaria traditionally has been treated using inhibitors which target the broad 
spectrum proteasome offering several advantages as compared to specific protein 
inhibitors. Specific inhibitors had comparatively low efficacy in vivo. Also, inhibi-
tors targeting a specific protein/ligand could potentially inhibit parasite growth 
only in stages when the target proteins are expressed. Broad spectrum antimalarials, 
such as the current frontline drugs artemisinins (ARTs) and their combination ther-
apies (ACTs), target and break down various cellular pathways including but not 
limited to hemozoin formation, DNA repair, and mitochondria machinery, which 
make them highly potent within short exposure times [10, 11]. However, exposure 
to various cellular targets leads to the rapid development of drug resistance. While 
resistance to chloroquine worldwide was observed after ~40 years of continued 
use, resistance to ARTs was achieved in a relatively short span of a decade, from its 
inception in late 1990s to the first reported resistance in 2008 [12]. While this rapid 
emergence resistance was partially attributed to suboptimal drug regimens and 
poor administrative practices, the same could be attributed to earlier drugs as well. 
Thus, compounds that are specific/flexible to the target protein are the need of the 
hour. This section deals with and summarizes current knowledge about crucial PPIs 
in various biochemical pathways of the malaria parasite Plasmodium falciparum.

3.1 Hemoglobin hydrolysis

Hemoglobin hydrolysis is one of the most targeted pathways for treatment as it is 
fundamental for parasite survival and involves numerous proteins [13]. Majority of 
earlier and currently used drugs disrupt multiple protein interactions. Several stud-
ies have been conducted recently that target individual PPIs and design inhibitors 
based on those interactions. Our lab has previously identified a “hot-spot” region 
in falcipains, the principal hemoglobinases of P. falciparum [14]. Falcipains contain 
a pro and a mature domain, with the pro domain bound to and blocking access to 
the active site in the mature domain. The interactions between these two domains, 
termed “hot-spot” interactions, dissociate under acidic conditions and are essential 
for hemoglobinase activity. This specific hot-spot was identified at the interface 
of pro and mature domains in falcipain-2 (FP2) and falcipain-3 (FP3). The study 
further demonstrated that synthetic compounds, NA01 and NA03, specifically 
bound to this hot-spot region and stabilized these interactions. Thus, even in the 
presence of an acidic environment (pH - 5.5), pro-mature domains remained intact, 
rendering them inactive [15].

Falcipains, owing to their crucial role in Hb degradation, are considered as 
attractive chemotherapeutic targets. Several inhibitors were designed based on the 
interactions of the FP2 and the active site inhibitor E64. Molecular dynamics (MD) 
simulations indicated that two sets of residues, namely, recruiter groups A (rgA) 
and B (rgB) (rgA (D170, Q171, C168, G169, A151, and G230); rgB (K76, N77, and 
N81)) of FP2 are primarily involved in the initial binding with E64 about 80% and 
14% of the time, respectively, before finally proceeding to bind with the active site 
residues [16]. Efforts elsewhere have focused on selective inhibition of falcipains 
rather than indiscriminate inhibition including its human host cathepsin isoforms. 
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as negative data to accurately train such models, which are currently unavailable for 
membrane PPIs [9]. Thus, decoding membrane PPIs even through bioinformatic 
approaches remains challenging.

3. PPIs in malaria

Malaria traditionally has been treated using inhibitors which target the broad 
spectrum proteasome offering several advantages as compared to specific protein 
inhibitors. Specific inhibitors had comparatively low efficacy in vivo. Also, inhibi-
tors targeting a specific protein/ligand could potentially inhibit parasite growth 
only in stages when the target proteins are expressed. Broad spectrum antimalarials, 
such as the current frontline drugs artemisinins (ARTs) and their combination ther-
apies (ACTs), target and break down various cellular pathways including but not 
limited to hemozoin formation, DNA repair, and mitochondria machinery, which 
make them highly potent within short exposure times [10, 11]. However, exposure 
to various cellular targets leads to the rapid development of drug resistance. While 
resistance to chloroquine worldwide was observed after ~40 years of continued 
use, resistance to ARTs was achieved in a relatively short span of a decade, from its 
inception in late 1990s to the first reported resistance in 2008 [12]. While this rapid 
emergence resistance was partially attributed to suboptimal drug regimens and 
poor administrative practices, the same could be attributed to earlier drugs as well. 
Thus, compounds that are specific/flexible to the target protein are the need of the 
hour. This section deals with and summarizes current knowledge about crucial PPIs 
in various biochemical pathways of the malaria parasite Plasmodium falciparum.

3.1 Hemoglobin hydrolysis

Hemoglobin hydrolysis is one of the most targeted pathways for treatment as it is 
fundamental for parasite survival and involves numerous proteins [13]. Majority of 
earlier and currently used drugs disrupt multiple protein interactions. Several stud-
ies have been conducted recently that target individual PPIs and design inhibitors 
based on those interactions. Our lab has previously identified a “hot-spot” region 
in falcipains, the principal hemoglobinases of P. falciparum [14]. Falcipains contain 
a pro and a mature domain, with the pro domain bound to and blocking access to 
the active site in the mature domain. The interactions between these two domains, 
termed “hot-spot” interactions, dissociate under acidic conditions and are essential 
for hemoglobinase activity. This specific hot-spot was identified at the interface 
of pro and mature domains in falcipain-2 (FP2) and falcipain-3 (FP3). The study 
further demonstrated that synthetic compounds, NA01 and NA03, specifically 
bound to this hot-spot region and stabilized these interactions. Thus, even in the 
presence of an acidic environment (pH - 5.5), pro-mature domains remained intact, 
rendering them inactive [15].

Falcipains, owing to their crucial role in Hb degradation, are considered as 
attractive chemotherapeutic targets. Several inhibitors were designed based on the 
interactions of the FP2 and the active site inhibitor E64. Molecular dynamics (MD) 
simulations indicated that two sets of residues, namely, recruiter groups A (rgA) 
and B (rgB) (rgA (D170, Q171, C168, G169, A151, and G230); rgB (K76, N77, and 
N81)) of FP2 are primarily involved in the initial binding with E64 about 80% and 
14% of the time, respectively, before finally proceeding to bind with the active site 
residues [16]. Efforts elsewhere have focused on selective inhibition of falcipains 
rather than indiscriminate inhibition including its human host cathepsin isoforms. 
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While the S1 and S3 subsite residues have been conserved across Plasmodium and 
human cysteine proteases, the P2 residue in the S2 pocket in falcipains contained 
an acidic amino acid (Asp234 in FP2 and Glu243 in FP3) as compared to neutral 
residues in cathepsins (Leu209 in Cat-K, Ala215 in Cat-L, and Phe211 in Cat-S). 
A class of peptidomimetic amino-nitrile compounds known to inhibit cysteine 
proteases was further engineered to exploit the P2-region charge differences and 
inhibit falcipains specifically [17, 18].

Falcipains also contain a domain at their C-terminal called the hemoglobin 
binding domain (Hb domain), a β-hairpin loop which protrudes away from the 
active site. Deletion of this 14 amino acid domain ablated the ability of falcipains 
to degrade Hb, thus indicating a necessary role of this domain in Hb capture prior 
to degradation at the active site [19]. Our lab recently published another study that 
identified crucial protease-substrate PPIs within this domain. A functionally con-
served single amino acid position in both falcipains (Glu185 in FP2 and Asp194 in 
FP3) was found to be essential for Hb interactions, with activated falcipain mutants 
unable to degrade Hb even with accessibility to the active site. Molecular docking 
results indicated both the residues interacted with Hb-α as well as Hb-β subunits 
with interactions mediated primarily through this position (Figure 2). A specific 
inhibitor which could target this position could have potential applications in 
arresting the parasite hemoglobin degradome [20].

Hemoglobin degradation as a source for parasite growth was also shown to be 
dependent on the hemoglobin tetramer composition. Children (<5 years) have 
different Hb subunits (HbF, α2γ2) as compared to adults (HbA, α2β2), and malaria 
mortality rates have consistently indicated child mortality to be higher (61% of 

Figure 2. 
Interactions of falcipains (FP2, FP3) with Hb (α, β) chains. A residue level interaction map of the interactions 
between Hb-binding motif of FP2 (green) with Hb α chain (a; red) and Hb β chain (B; orange) of 
hemoglobin. Similarly, a view of interactions between C-terminus Hb-binding motif of FP3 (blue) with Hb α 
chain (C; red) and Hb β chain (D; orange). Bond lengths of interactions have been indicated in angstrom units 
(Å). Adapted and modified from [20].
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deaths in 2017) [20]. The essential amino acid isoleucine (I) was found to be a main 
differentiating factor as it is absent in both α and β chains but present in γ subunit 
and makes up to 99% of encoded proteins in P. falciparum proteome [21]. Thus, 
compounds that interfered with the isoleucine acquiring pathways, such as target-
ing the two P. falciparum isoleucyl tRNA synthetases (IRSs), have been described. 
The compound thiaisoleucine, where γ-methylene of isoleucine was substituted 
by a sulfur atom, was found to potently inhibit cytosolic IRS, while another com-
pound, mupirocin, a known inhibitor of methicillin-resistant S. aureus (MRSA) 
IRS, inhibited the apicoplast-localized IRS [22]. Of the 36 putative aminoacyl tRNA 
synthetases present in P. falciparum, nearly 5 have been targeted with potent inhibi-
tors, and more are being tested [23, 24].

3.2 Invasion/egress

Both invasion and egress are important events in the erythrocytic stage and are 
responsible for the malaria symptoms including chills and fever. The process of 
invasion requires a host of proteins to be secreted from its apical organelles includ-
ing rhoptry bodies and micronemes, among others, and is precisely coordinated. 
The parasite initially aligns the merozoite apical region toward the host erythrocyte 
and forms a tight junction at the apex, progressing as the moving junction (MJ) 
pushes the parasite into the erythrocyte, with the erythrocyte surface forming a 
ring around the engorged parasite, which would later become the parasitophorous 
vacuolar membrane (PVM) [25].

While the process of moving junction (MJ) formation and important play-
ers involved in the process were well elucidated in P. falciparum, the other major 
causative agent of malaria, P. vivax, remains poorly understood, partially owing to 
difficulties in culturing P. vivax in vitro. Recombinant P. vivax rhoptry neck protein 
2 (PvRON2), based on literature evidence of involvement of PfRON2 in MJ forma-
tion and invasion, showed that both rhoptry proteins PvRON2 and PvRON4 bound 
preferentially to CD71-labeled human reticulocytes rather than normocytes [26]. 
More importantly, the cysteine-rich C-terminal PvRON2 region strongly interacts 
with PvAMA1 domains II and III, similar to earlier reports of PfRON2-PfAMA1 
interactions [27].

The P. falciparum genome encodes 10 aspartic proteases termed plasmepsins, a 
few of which including PMIX and PMX have remained functionally uncharacter-
ized until recently. Conditional knockdown (KD) using TetR-aptamer regulators 
inserted at PMIX and PMX loci using CRISPR-Cas9 gene editing tools indicated a 
drastic decrease in parasite that could egress in PMIX-KD and role of PMX-KD in 
both invasion and egress. Further, PMX was found to be involved in the processing 
of a semi-proenzyme PfSUB1 to mature protein, a step crucial in both egress and 
invasion and also in the final processing step of a known egress protein, SERA5 
[28]. Another study was simultaneously published that attempted to inhibit the 
activity of both PfPMIX and PfPMX. A hydroxyl-ethyl-amine (HEA) scaffold-
based compound, 49c, was shown to potently inhibit both the proteases in vitro and 
in vivo at nanomolar concentrations and reiterated the role of these two proteases 
in egress and invasion [29]. MD simulations indicated that the flap tip and hinge 
regions present in both the plasmepsins were very well stabilized by the rigid 
structure of compound 49c, leading to higher-binding free energy as compared to 
control plasmepsin inhibitor pepstatin [30].

For a Plasmodium parasite to successfully invade different types of cells at 
different life stages, it must display multiple families of receptor molecules on its 
surface to perform various functions such as gliding and traversal between hepa-
tocyte cells or other motile functions. To successfully egress from erythrocytes, 
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the parasite expresses a merozoite-thrombospondin-related anonymous protein 
(MTRAP) which interacts with the tetrameric glycolytic enzyme, fructose-
1,6-bisphosphate aldolase, for powering the actomyosin motors required for 
movement [31]. However, continuous detachment and reattachment of these two 
enzymes are required for proper gliding motility. Therefore, compounds have 
been described that specifically stabilize MTRAP-aldolase interactions thereby 
rendering the parasite immotile. Of the 400 Medicines for Malaria Venture’s 
(MMV) Malaria Box inhibitor library, a single compound (C4) was found to 
significantly inhibit hepatocyte invasion and led to abnormal gliding movements 
in a dose-dependent manner. A structure of C4 bound to the TRAP-aldolase 
complex could provide better insight into the key interactions of the inhibitor and 
help design more potent compounds [31].

3.3 Protein export

The protein export element (PEXEL) comprising of the conserved sequence 
RxLxE/Q/D is found in the N-terminus of ~300 proteins bound for export in the 
Plasmodium proteome. The aspartic protease plasmepsin V (PMV) was shown 
to be the sole protease involved in the cleavage of the PEXEL domain at the ER, 
specifically cleaving after the leucine residue (RxL↓xE/D/Q ). The first, third, and 
fifth conserved positions were thoroughly probed for role in protease activity and 
showed that the first Arg and third Leu are essential for PMV recognition and cleav-
age, while the fifth E/Q/D position was shown not to be essential for cleavage but 
for trafficking out of PVM [32]. Owing to the importance of PMV, peptidomimetic 
compounds that resembled PEXEL were developed. While statin-based compounds 
were the traditional inhibitors of aspartic proteases, inhibitors based on HEA 
moiety were also shown to be strong inhibitors of aspartic proteases. A compound 
named LG20 consisted of PEXEL-like motif R-L-[L-HEA-A]-E-A, where the 
L-HEA-A mimics the aspartic protease transition state, while HEA motif is proteo-
lytically uncleavable by PMV. Overall, the compound successfully inhibited PMV 
activity with concentrations in the picomolar range [33].

PfEMP1 is one the most studied exported protein as it is one of the exported in 
abundant quantities to the outer surface and thus is an attractive target along with 
others such as circumsporozoite protein (CSP). Immunoprecipitation (IP) and 
mass spectrometry studies of a GFP-tagged minimal section of PfEMP1 (PfEMP1B) 
identified novel targets in different cellular components including parasitophorous 
vacuole (PV), Maurer’s clefts, the plasmodium translocon of exported proteins 
(PTEX) translocon, and a novel exported protein-interacting complex (EPIC). 
Several new interacting partners including parasitophorous vacuole protein-1 
(PV1), PV2, and exported protein-3 (EXP3) have been identified, all of whom 
localized to the newly described EPIC [34]. Finally, a comprehensive pathway of 
PfEMP1 export has been suggested, where PfEMP1 is initially translocated to the 
ER and then trafficked to PTEX machinery and out of PVM with the aid of EPIC, 
where finally it is received by host erythrocytic chaperonin complex, the TCP-1 ring 
complex (TRiC), and transported to erythrocyte surface [34].

IP assays coupled with truncated-construct interaction assays have helped 
identify few prominent PMV-partner PPIs. The P. falciparum ortholog of signal 
peptidase complex 25 (PfSPC25) was found to interact with PMV as well as 
PfSec61 and PfSec62 translocon. Together, the PfSPC25-PfSec61-PfSec62 inter-
actome along with PMV was found to regulate the entry of the effector cargo into 
the ER [35]. Apart from export, protein-protein interactions during autophagy, 
where different cellular components are engulfed and fused with vacuoles 
or lysozymes, can be considered as important PPI targets. The P. falciparum 

95

Protein-Protein Interactions in Malaria: Emerging Arena for Future Chemotherapeutics
DOI: http://dx.doi.org/10.5772/intechopen.89217

autophagy-related protein 8 (PfAtg8) upon activation binds to PfAtg3 through 
a thioester bond, and this complex promotes the membrane assembly for the 
formation of autophagosomes. Solved crystal structure of the PfAtg3-PfAtg8 
complex identified an additional region, called the A-loop, having very low 
sequence similarity to that of humans, thus providing a new avenue for drug 
development [36]. MD simulations revealed several crucial PPIs including 
H-bonds, van der Walls contacts, and other electrostatic interactions that are 
crucial for their interactions. Crucially, a peptidomimetic compound mimicking 
the PfAtg3 segment WLLP that interacts with PfAtg8 was identified to achieve 
maximum potency [37].

3.4 PPIs mediating drug resistance

The emerging threat of resistance to the current frontline drug artemisinin 
(ART), and its combination therapies (ACTs), is a cause of great concern. The 
mechanism of ART action, though generally agreed to generate free radical spe-
cies which disrupt several essential pathways in the parasite, is highly debated. 
Immunoprecipitation studies with chemically tagged ART analogue (AP1) revealed 
that ART interacts with over a dozen proteins and is predominantly activated by 
free heme rather than free ferrous ions. P. falciparum Kelch 13 (PfK13) was identi-
fied as a key marker of ART resistance in several studies, most notably by Ariey 
et al., 2008 [38]. The studies have identified residues in the six Kelch propeller 
domains that are responsible for crucial protein-protein interactions, with the 
mutants failing to interact with its substrates P. falciparum phosphatidylinositol-
3-phosphate (PfPI3P) [39]. PfPI3P has been shown to be involved in the unfolded 
protein response (UPR) pathway, thus helping the parasite cope with the free 
radical-induced stress (Figure 3). Localization studies indicated the PfK13 to 
co-localize with the P. falciparum erythrocyte membrane protein (PfEMP1) and 
majorly concentrated at various proteostasis system in the parasite including ER, 
cytoplasm, and the UPR. Specifically, PfK13 mutants were shown to elevate the 
PI3P-vesicle production and amplification, and their export throughout the parasite 
and into the infected erythrocyte [40].

Structural analysis and MD simulations of PfK13 indicated the presence of two 
evolutionarily highly conserved domains in the broad-complex, tramtrack, and 
bric à brac (BTB) domain and in the shallow binding pocket formed by the six 
propeller domain repeats. These domains displayed a different electrostatic surface 
potential unlike the rest of the bottom PfK13 face and are rich in highly conserved 
arginine and serine residues. While the BTB domain was shown to be involved in 
the recruitment of a scaffold protein Cullin, the propeller domain pocket binds to 
the substrate molecules for further ubiquitination. MD simulations showed that the 
validated PfK13 markers such as C580Y and R539T mutants induced a significant 
structural destabilization in the shallow pocket region as compared to wild type 
while maintaining the overall structural integrity. Specifically, the C580Y mutant 
disrupted a disulfide bridge (C532-C580) and additional H-bonds created with 
neighboring residues not present in wild type strains. In the case of R539T mutant, 
it was shown to have substantially less H-bond interactions along with a complete 
loss of a salt bridge interaction with E606 while also losing another inter-blade 
H-bond interaction [41]. Overall, these mutants lead to significantly diminished 
levels of functional protein which cause diminished substrate interaction, ulti-
mately promoting the PfPI3P-mediated unfolded protein response pathway. Our 
own group, through Co-IP and mass spectrometric studies, has identified several 
novel proteins including Trx-like mero protein (PF3D7_1104400), pyridoxal kinase 
(PF3D7_0616000), trafficking protein particle complex subunit 3 (TRAPP), and 
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novel proteins including Trx-like mero protein (PF3D7_1104400), pyridoxal kinase 
(PF3D7_0616000), trafficking protein particle complex subunit 3 (TRAPP), and 
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putative (PF3D7_0418500) that interact with PfK13 and could potentially have a 
role in stress-mediated response (Atul et al., 2019, unpublished).

4. PPI inhibition: peptidomimetics and design

While several strategies have been employed for PPI inhibition, bioinformat-
ics-based drug design has been at the forefront to design specific PPI inhibitors. 
Structure-based drug design, where the solved structure of an enzyme in com-
plex either with an inhibitor or a natural substrate was used to design inhibitors, 
was popularized in the 1990s. However, rational design for PPI inhibitors needs 
to overcome some common hurdles such as low proteolytic stability, analyzing 
extensive libraries of candidate molecules, and in some cases low ligand effi-
ciency when compared to standard active site inhibitors. Thus, several strategies 
are employed in modern drug synthesis to overcome these problems. Short 
linear peptides tend to have lower conformational stability; thus cyclization of 

Figure 3. 
Role of PfK13 in mediating ART resistance. In the presence of ART, wild PfK13 binds with PfPI3K, which 
results in PfPI3K ubiquitination and degradation, thus dysregulation of phosphoinositide signaling pathways 
ultimately leading to parasite death, while in ART-resistant strains, mutated PfK13 does not bind to PfPI3K 
initiating PI3P signaling thus promoting parasite survival. Adapted and modified from [39].
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the peptide is preferred which rigidifies the structure in an active configura-
tion. Certain modifications in the backbone of the peptide such as backbone 
extension, side-chain shifting to nitrogen atoms (peptoids), and altering the 
stereochemistry can also be applied. Peptoids can easily fold into helices or 
other structures as they consist of repeated nitrogen-substituted glycine units 
that give an added advantage of mimicking the peptide structure and function. 
Stereochemistry of a compound can be changed by using D-peptides instead of 
L-peptides as they are more susceptible to proteolytic degradation and are one 
of the most common strategies to develop potent bioactive compounds. Another 
modification involves using β-peptides; peptides with amino group bound at 
β-carbon instead of α-carbon for each amino acid, often called as foldamers, 
could confer additional proteolytic stability both in vitro and in vivo. A class of 
oligopeptides (<80 residues in length) called as miniproteins can also be utilized 
as they have a rigid, well-defined three-dimensional structure. The 19 kDa 
fragment of merozoite surface protein 1 (MSP1), the fragment that is finally 
displayed on the merozoite surface after several processing steps, was fused 
along with a glycosylphosphatidylinositol (GPI) tag used to create a miniprotein, 
which was successfully targeted by antibodies specific to the miniprotein and 
inhibited erythrocyte invasion [42]. Substantial effort has been made to develop 
rational strategies in designing PPI inhibitors for target proteins that have no 
well-defined binding site (so-called “hot-spot”) and, thus, have previously been 
considered undruggable (Figure 4).

Figure 4. 
Strategies for improving the potency of PPI inhibitors. Schematic showing the various ways peptides can be 
modified (highlighted in red) to achieve potency or improve bioavailability.
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Figure 5. 
Crucial interactions between falcipains and ICPs chagasin and falstatin. (A) Solved structure of FP2 and 
chagasin in that the ICP bound to the active site of falcipain and that (B) three loops BD, DE, and FG are 
involved in this interactions. (C, D) mutagenesis studies indicated that just the BC loop of falstatin was 
sufficient for inhibiting both FP2 (C) and FP3 (D), respectively. Adapted and modified from [44, 45].

As described in the earlier section, Villa et al. designed and synthesized peptidomi-
metics belonging to 1,2,3-triazoles, specifically 1,4-disubstituted 1,2,3-triazoles. These 
compounds mimicked the contacts made by PfAtg3 template structure containing the 
residues W-L-L-P, as this template was shown to have the majority of interactions with 
PfAtg8. Of the four compounds synthesized, compound 2 (C2) exhibited prominent 
inhibition (IC50–3.8 μM) in vitro, while C1 had better inhibitory effects in vivo [37].

Natural inhibitors of proteases are one of the best studies substrate groups in 
malaria as they are highly specific, stable, and reversible. Plasmodium spp. contain 
inhibitors of cysteine proteases (ICPs) and endogenous macromolecular inhibitors, 
which regulate the activity of cysteine proteases. Orthologs of ICPs are also observed 
in other apicomplexan groups such as Trypanosoma cruzi, whose ICP is called as cha-
gasin [43]. Chagasin was shown to potently bind to the active site of both falcipains, 
FP2 and FP3. More importantly, three loop regions termed BC-, DE-, and FG loops 
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were shown to be involved in active site inhibition (Figure 5A,B) [44]. However, 
further studies with the P. falciparum ICP, falstatin, indicated that unlike other ICPs, 
just the BC loop was sufficient for falcipain inhibition and that Asn289 of falstatin 
formed stabilizing hydrogen bonds and hydrophobic interactions (Figure 5C,D) [45].

5. Conclusion

Protein-protein interactions play roles of utmost importance in the growth and 
survival of any organism. Thus, focused targeting of such interactions specific to 
parasite can help produce robust and effective drugs. Recent research has indicated 
a renewed interest in targeting PPIs in the field of malaria. Various PPIs in pathways 
essential for parasite survival, erythrocyte invasion/egress, drug resistance, and 
others have been elucidated. These new classes of peptidomimetic compounds 
would form the future defense against an ever-increasing resistant parasite threat. 
Targeting PPIs offers several advantages over active site inhibition as ‘hot-spots’ are 
more flexible as compared to the active site and thus can be more selective in terms 
of drug interactions. In contrary to active site, the interactions at allosteric sites and 
exosites in an enzyme occur away from the active site; thus they tend to fall under 
less drug pressure and are less likely to develop resistance.
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Abstract

Visceral leishmaniasis (VL) is a zoonotic parasitic disease caused by Leishmania 
infantum (L. chagasi) that infects cells of the monocyte-phagocyte system. This work 
aims to describe the bone marrow parasitism in dogs naturally infected by L. chagasi, 
and to correlate with serum concentrations of cytokines and antibody level. It evalu-
ated 42 dogs, 21 uninfected and 21 infected by L. infantum, of both sexes and of dif-
ferent ages; dogs were classified into three clinical stages: stage I, mild disease; stage 
II, moderate disease; and stage III, severe disease. Parasitic index was determined by 
real-time polymerase chain reaction (PCR) and cytokine serum concentration by 
flow cytometry. The average parasitic index of infected dogs was 4.59 × 1010 copies/μl.  
IL-4 and TNF-α concentrations were higher in infected dogs than in the control 
group. Antibody levels were positively correlated with IL-4 expression. There was a 
significant positive correlation of IL-6 cytokine levels with the evolution of stages I 
and III. Antibody levels were positively correlated with IL-4 expression. There was a 
significant positive correlation of IL-6 cytokine levels with the evolution of stages I 
and III. However, this cytokine can be used as a marker to distinguish between differ-
ent clinical stages.

Keywords: Leishmania infantum, dogs, cytokines, parasitic index, cytometry

1. Introduction

Visceral leishmaniasis (VL) is a parasitic zoonotic disease caused by the 
protozoan Leishmania infantum (syn. L. chagasi), an intracellular parasite of the 
phagocytic mononuclear system [1, 2]. In Brazil, VL is transmitted by sandflies, 
Lutzomyia longipalpis [1, 3, 4].

In a global scenario, it is estimated that 300,000 new cases of VL occur with a 
rate of 20,000 deaths each year, with 94% new cases reported in Brazil, Ethiopia, 
India, Kenya, Somalia, South Sudan, and Sudan [5]. While in Latin America, LV 
spreads from Mexico to Argentina, with the largest number of cases concentrated 
in Brazil [6]. With the urbanization of VL in Brazil, annually, the country records 
approximately 3500 new cases, mainly in medium and large cities; probably, it is 
due to the disordered anthropic occupation of the geographic space [7].  
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Visceral leishmaniasis (VL) is a zoonotic parasitic disease caused by Leishmania 
infantum (L. chagasi) that infects cells of the monocyte-phagocyte system. This work 
aims to describe the bone marrow parasitism in dogs naturally infected by L. chagasi, 
and to correlate with serum concentrations of cytokines and antibody level. It evalu-
ated 42 dogs, 21 uninfected and 21 infected by L. infantum, of both sexes and of dif-
ferent ages; dogs were classified into three clinical stages: stage I, mild disease; stage 
II, moderate disease; and stage III, severe disease. Parasitic index was determined by 
real-time polymerase chain reaction (PCR) and cytokine serum concentration by 
flow cytometry. The average parasitic index of infected dogs was 4.59 × 1010 copies/μl.  
IL-4 and TNF-α concentrations were higher in infected dogs than in the control 
group. Antibody levels were positively correlated with IL-4 expression. There was a 
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and III. However, this cytokine can be used as a marker to distinguish between differ-
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1. Introduction

Visceral leishmaniasis (VL) is a parasitic zoonotic disease caused by the 
protozoan Leishmania infantum (syn. L. chagasi), an intracellular parasite of the 
phagocytic mononuclear system [1, 2]. In Brazil, VL is transmitted by sandflies, 
Lutzomyia longipalpis [1, 3, 4].

In a global scenario, it is estimated that 300,000 new cases of VL occur with a 
rate of 20,000 deaths each year, with 94% new cases reported in Brazil, Ethiopia, 
India, Kenya, Somalia, South Sudan, and Sudan [5]. While in Latin America, LV 
spreads from Mexico to Argentina, with the largest number of cases concentrated 
in Brazil [6]. With the urbanization of VL in Brazil, annually, the country records 
approximately 3500 new cases, mainly in medium and large cities; probably, it is 
due to the disordered anthropic occupation of the geographic space [7].  
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Despite scientific advances, cases of VL are expanding, which has a major impact on 
public health, as dogs are the main reservoirs in the urban environment and there-
fore play an important role in the transmission cycle [8, 9].

Canine visceral leishmaniasis (CVL) is characterized by a broad clinical spec-
trum, from mild and moderate to fatal clinical manifestations. Major clinical signs 
in dogs include hepatosplenomegaly, lymphadenopathy, exfoliative dermatitis, 
alopecia, onychogryphosis, keratoconjunctivitis, apathy, anorexia, and severe 
weight loss [10–13].

The clinical manifestation of CVL depends on the interaction of the parasite 
with the host immune response [2]. In susceptible dogs, clinicopathological abnor-
malities are preceded by an evident humoral response and depression of the cellular 
response, mediated by a non-protective Th2 immune response associated with 
cytokines IL-4, IL-5, IL-6, and IL-10 [14, 15]. Dogs that do not develop the disease 
have a protective cellular response (Th1) [16, 17], related to INF-γ, TNF-α, IL-2, 
and IL-12 cytokines.

Different procedures are used for the diagnosis of CVL [18]. The Brazilian 
Ministry of Health recommends serology in the investigation of canine disease by 
the Dual-Path Platform (DPP®) rapid method as a screening test and ELISA as 
confirmatory test [19]. Other tests are used to demonstrate infection, such as cytol-
ogy, histopathology [20], and real-time PCR (RT-PCR) [21].

Similarly, determination of parasitic index has become important for early 
detection, but also evaluation of treatment efficacy and monitoring of relapses 
[22]. Thus, the aim of this study was to associate parasitic index to serum cytokine 
concentration in dogs naturally infected by L. infantum at different clinical stages of 
infection.

2. Methodological aspects

The procedures were previously approved by the Ethics Committee on the Use of 
Animals (ECUA)/UFMT, Brazil (n° 23108.019567/14-1), and collection of clinical 
samples was authorized by the dog owners by signing the informed consent form.

2.1 Animals

This study was conducted over a 16-month period, evaluating 42 male and 
female dogs of different ages and breeds from Barra do Garças, Mato Grosso State, 
Brazil (latitude, −15.893; longitude, 52.2599; south,15° 53′ 35″; west 52° 15′ 36″). 
Dogs with canine visceral leishmaniasis (n = 21) were classified into clinical stages 
at diagnosis as described by Solano et al. [23] and confirmed using the Dual-Path 
Platform Rapid Test (RT DPP®) and polymerase chain reaction (PCR). A control 
group (n = 21) was also formed, comprising dogs with no clinical changes and nega-
tive results for RT DPP® and conventional PCR.

2.2 Blood and bone marrow sample

Blood samples (5 mL) were collected by cephalic or jugular venipuncture, placed 
in tubes without anticoagulant to obtain serum. Serum was obtained by centrifug-
ing the blood sample at 300× g for 5 minutes and was then transferred to 2 mL 
microtubes and stored at −80°C for cytokine dosing.

After dog restraint and local anesthesia with 2% lidocaine, bone marrow samples 
were obtained from the sternal manubrium, placed in microtubes with 0.5 mL 0.9% 
sterile NaCl solution, and stored at −20°C for subsequent molecular techniques.
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2.3 Immunochromatographic rapid test: RT DPP® kit

The immunochromatographic rapid test for detection of anti-Leishmania 
infantum antibodies (DPP®—Canine Visceral Leishmaniasis-Bio-Manguinhos/
FIOCRUZ, Rio de Janeiro, Brazil) that uses the recombinant protein K39 (rK39) 
as an antigen, a cloned 39 amino acid sequence of the specific L. infantum kinase 
region, was performed according to the manufacturer’s guidance.

2.4 DNA extraction, conventional PCR, and qPCR

DNA extraction from blood samples was performed by the phenol-chloroform 
method. The polymerase chain reaction assay was performed using the primers 
RV1 (sense) 5′-CTT TTC TGG TCC CGC GGG TAG G-3′ and RV2 (antisense) 
5′-CCA CCT GGC TAT TTT ACA CCA-3′ [24], which amplifies the DNA frag-
ment of a 145 bp region of conserved kDNA present in L. infantum. Amplification 
used 200 mM dNTP, 1 pM from each primer, a buffer solution (10 mM Tris–HCl 
and 50 mM KCl, pH 8.3), 2 mM MgCl2, 1.5 U Taq DNA polymerase, and 2 μl 
of the DNA sample in the final volume of 25 μl. Assays were performed for one 
cycle at 94°C for 4 minutes, followed by 30 cycles at 94°C for 30 seconds, 60°C 
for 30 seconds, and 72°C for 30 seconds, and final extension of one cycle at 72°C 
for 10 minutes. The amplification product was fractionated by 2.0% agarose gel 
electrophoresis, stained with red gel spot, and visualized on a transilluminator 
(UV, 300 nm).

Quantitative PCR (qPCR) was performed in triplicate using the StepOne™ 
Real-Time PCR System Sequence Detection System (Applied Biosystems) targeting 
RV1–5′-CTT TTC TGG TCC GGG TAG G-3′ primers and RV2–5′-CCA CCT GGC 
TAT TTT ACA CCA-3′ amplifying a 145 bp sequence of L. infantum-specific kDNA 
[24]. Reactions were prepared in a 25 μl final volume containing SYBR Green Master 
Mix, 0.3 μM of each primer, and 2 μl of target DNA. Amplification conditions 
included an initial incubation step at 94°C for 10 minutes, followed by 40 cycles of 
amplification, 94°C for 15 seconds, and 60°C for 60 seconds. The standard curve 
was established for each assay using known amounts of TOPO PCR 2.1 plasmid 
(Invitrogen Corp.) containing L. infantum kDNA gene. Serial (10×) dilutions of 
the recombinant plasmid containing 2.9×104–2.9×108 copies of the plasmid were 
performed and used on the standard curve.

2.5 Cytokine quantification by flow cytometry

Serum cytokine concentration (IL-2, IL-4, IL-6, IL-10, TNF-α, IFN-γ, and 
IL-17) was assessed using the Cytometric Bead Array (CBA) Kit (BD Bioscience, 
USA) and evaluated by a flow cytometer (FACSCalibur®, BD Bioscience, USA). 
The reading was done using the CellQuest. Data were analyzed in FCAP array 
software version 5.0.

2.6 Determination of serum immunoglobulins

Immunoglobulin concentrations (IgM and IgG) in the sera were determined by 
turbidimetric method. For 1:11 (v/v) IgM and 1:15 (v/v) IgG, antibody concentra-
tions were determined using IgM (Bioclin®, Brazil, Ref K063) and IgG (Bioclin®, 
Brazil, Ref K062) antiserum diluted with 1:12 (v/v). The calibration curve obtained 
from the Multical calibrator (Bioclin®, Brazil, Ref K064) was used to determine 
the standard curve for each immunoglobulin. Positive and negative serum samples, 
standards, and controls were placed in 500 μl buffer solution (0.15 mol/L sodium 
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Despite scientific advances, cases of VL are expanding, which has a major impact on 
public health, as dogs are the main reservoirs in the urban environment and there-
fore play an important role in the transmission cycle [8, 9].

Canine visceral leishmaniasis (CVL) is characterized by a broad clinical spec-
trum, from mild and moderate to fatal clinical manifestations. Major clinical signs 
in dogs include hepatosplenomegaly, lymphadenopathy, exfoliative dermatitis, 
alopecia, onychogryphosis, keratoconjunctivitis, apathy, anorexia, and severe 
weight loss [10–13].

The clinical manifestation of CVL depends on the interaction of the parasite 
with the host immune response [2]. In susceptible dogs, clinicopathological abnor-
malities are preceded by an evident humoral response and depression of the cellular 
response, mediated by a non-protective Th2 immune response associated with 
cytokines IL-4, IL-5, IL-6, and IL-10 [14, 15]. Dogs that do not develop the disease 
have a protective cellular response (Th1) [16, 17], related to INF-γ, TNF-α, IL-2, 
and IL-12 cytokines.

Different procedures are used for the diagnosis of CVL [18]. The Brazilian 
Ministry of Health recommends serology in the investigation of canine disease by 
the Dual-Path Platform (DPP®) rapid method as a screening test and ELISA as 
confirmatory test [19]. Other tests are used to demonstrate infection, such as cytol-
ogy, histopathology [20], and real-time PCR (RT-PCR) [21].

Similarly, determination of parasitic index has become important for early 
detection, but also evaluation of treatment efficacy and monitoring of relapses 
[22]. Thus, the aim of this study was to associate parasitic index to serum cytokine 
concentration in dogs naturally infected by L. infantum at different clinical stages of 
infection.

2. Methodological aspects

The procedures were previously approved by the Ethics Committee on the Use of 
Animals (ECUA)/UFMT, Brazil (n° 23108.019567/14-1), and collection of clinical 
samples was authorized by the dog owners by signing the informed consent form.

2.1 Animals

This study was conducted over a 16-month period, evaluating 42 male and 
female dogs of different ages and breeds from Barra do Garças, Mato Grosso State, 
Brazil (latitude, −15.893; longitude, 52.2599; south,15° 53′ 35″; west 52° 15′ 36″). 
Dogs with canine visceral leishmaniasis (n = 21) were classified into clinical stages 
at diagnosis as described by Solano et al. [23] and confirmed using the Dual-Path 
Platform Rapid Test (RT DPP®) and polymerase chain reaction (PCR). A control 
group (n = 21) was also formed, comprising dogs with no clinical changes and nega-
tive results for RT DPP® and conventional PCR.

2.2 Blood and bone marrow sample

Blood samples (5 mL) were collected by cephalic or jugular venipuncture, placed 
in tubes without anticoagulant to obtain serum. Serum was obtained by centrifug-
ing the blood sample at 300× g for 5 minutes and was then transferred to 2 mL 
microtubes and stored at −80°C for cytokine dosing.

After dog restraint and local anesthesia with 2% lidocaine, bone marrow samples 
were obtained from the sternal manubrium, placed in microtubes with 0.5 mL 0.9% 
sterile NaCl solution, and stored at −20°C for subsequent molecular techniques.
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was established for each assay using known amounts of TOPO PCR 2.1 plasmid 
(Invitrogen Corp.) containing L. infantum kDNA gene. Serial (10×) dilutions of 
the recombinant plasmid containing 2.9×104–2.9×108 copies of the plasmid were 
performed and used on the standard curve.

2.5 Cytokine quantification by flow cytometry

Serum cytokine concentration (IL-2, IL-4, IL-6, IL-10, TNF-α, IFN-γ, and 
IL-17) was assessed using the Cytometric Bead Array (CBA) Kit (BD Bioscience, 
USA) and evaluated by a flow cytometer (FACSCalibur®, BD Bioscience, USA). 
The reading was done using the CellQuest. Data were analyzed in FCAP array 
software version 5.0.

2.6 Determination of serum immunoglobulins

Immunoglobulin concentrations (IgM and IgG) in the sera were determined by 
turbidimetric method. For 1:11 (v/v) IgM and 1:15 (v/v) IgG, antibody concentra-
tions were determined using IgM (Bioclin®, Brazil, Ref K063) and IgG (Bioclin®, 
Brazil, Ref K062) antiserum diluted with 1:12 (v/v). The calibration curve obtained 
from the Multical calibrator (Bioclin®, Brazil, Ref K064) was used to determine 
the standard curve for each immunoglobulin. Positive and negative serum samples, 
standards, and controls were placed in 500 μl buffer solution (0.15 mol/L sodium 
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chloride, Tris 50 mmol/L, 6.0000 PEG 50 g/L, and sodium azide 15.38 nmol/L). The 
suspensions were mixed and incubated at 37°C for 10 minutes. Reactions were read 
on a spectrophotometer at 340 nm.

2.7 Statistical analysis

For the analysis of the concentration of cytokines and immunoglobulins (IgG 
and IgM), the Student t-test independent samples were used. For the quantification 
of parasitic index of the bone marrow and cytokines when compared by clini-
cal stage, Kruskal-Wallis analysis of variance was used. Parasite load correlation 
analysis of IgG in the presence of cytokines was also performed by calculating the 
Spearman correlation coefficient. Data were expressed as mean ± standard error. 
Values less than 0.05 (p < 0.05) were considered significant.

3. Results

Most of the 21 dogs in the control group were mongrel dog (15/71%), Labrador 
retriever (1/5%), dachshund (1/5%), pinscher (3/14%), and rottweiler (1/5%). Age 
ranged from 14 months to 8 years (average 3.4 years). Thirteen dogs were female 
(13/62%) and eight dogs were male (8/38%). Most of the 21 dogs with leishmaniasis 
were dogs from mongrel dog (12/57%), Labrador retriever (1/05%), American pit 
bull (1/05%), poodle (1/05%), and shih tzu (6/28%). Age ranged from 12 months 
to 11 years (mean 4.3 years). Six dogs were female (6/29%) and 15 dogs were male 
(15/72%).

At the time of clinical evaluation, all dogs diagnosed with VL had several 
clinicopathological findings typical of the disease. Clinical symptoms in seroposi-
tive animals (CVL) included lymphadenopathy (17/13%), skin ulcers (12/10%), 
onychogryphosis (11/09%), ear ulceration (11/09%), scaling (10/08%), weight 
loss (9/07%), dermatopathy (8/06%), ophthalmopathy (8/06%), muscle atrophy 
(4/03%), splenomegaly (7/06%), alopecia (6/05%), lethargy (5/04%), periocular 
alopecia (4/03%), skin nodules (3/02%), hepatomegaly (3/02%), cachexia (3/02%), 
and hyperkeratosis (2/01%).

Dogs were classified into three clinical stages: stage I, mild disease (n = 5/24%); 
stage II, moderate disease (n = 9/43%); and stage III, severe disease (n = 7/33%). 
Stage II dogs were not subclassified.

Leishmania infantum DNA was detected in all dogs of the group with CVL up to a 
concentration of 1 fg/μl. Real-time PCR of bone marrow samples was positive in all 
dogs in the CVL group (100%). There was no statistical difference in the distribu-
tion between clinical stages and parasitic index, as shown in Table 1.

The mean and standard error of concentrations (pg/ml) of IL-2, IL-4, IL-6, 
IL-10, TNF-α, IFN-γ, and IL-17 cytokines based on clinical staging in CVL-infected 
dogs are shown in Table 1. It was observed that IL-6 and TNF-α concentrations 
increased in serum of infected dogs with significant statistical difference between 
the clinical stages of CVL, although most infected dogs had moderate and severe 
clinical manifestations of the disease.

Among dogs with CVL and uninfected dogs, an increase of IL-4 and TNF-α 
concentrations in serum from dogs infected with CVL was observed. Similar serum 
concentrations of IL-2, IL-10, IL-17, and IFN-γ were observed between the groups 
studied (Table 2).

When comparing immunoglobulin means, IgG levels were elevated in the 
CVL group when compared to IgM levels. A significant difference (p = <0.0001) 
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was observed. Similarly, IgG concentration between the control and CVL 
groups was evaluated. IgG levels were found to be higher in serum from dogs 
with CVL (2300.75 ± 678.463) when compared to control group IgG concentra-
tions (636.94 ± 312.8 mg/dl), showing a significant difference between groups 
(p = <0.0001). Regarding the comparison of IgM concentration (mg/dl) in the CVL 
group (279.74 ± 37.755) compared to the control group (241.12 ± 59.835), there was 
no difference (Table 3).

Correlations of IL-6 and TNF-α concentrations were analyzed according to clini-
cal staging with parasitic index according to stage I, IL-6 (rs = 0.400, p = 0.5046) 
and TNF-α (rs = 0.700, p = 0.1881); stage II, IL-6 (rs = 0.7000, p = 0.1881) and 
TNF-α (rs = −0.1590, p = 0.6828); and stage III, IL-6 (rs = −0.3571, p = 0.4316) 
and TNF-α (rs = −0.4643, p = 0.2939). There was no correlation between the other 
parameters evaluated.

The correlation between the parasitic index of dogs with CVL in the presence 
of cytokine IL-4 and TNF-α in the blood of dogs infected with CVL presented the 
IL-4 (rs = 0.0240, p = 0.9176) and TNF-α (rs = 0.0825, p = 0.7221). No additional 
significant correlations were found. Antibody levels were positively correlated with 
IL-4 expression (rs = 0.5997, p = 0.0040) (Table 4).

Cytokines/parasitemia I II III p-Value

IL-2 6.62 ± 1.18 12.01 ± 7.99 15.09 ± 6.34 0.152

IL-4 10.50 ± 2.05 11.38 ± 3.81 9.90 ± 2.73 0.9044

IL-6 2.14 ± 0.57 2.72 ± 0.66 3.12 ± 0.50 0.0350

IL-10 2.47 ± 0.97 2.85 ± 0.96 2.39 ± 0.84 0.8973

IL-17 2.22 ± 0.22 12.38 ± 9.63 13.27 ± 7.51 0.4345

TNF-α 4.52 ± 2.12 4.65 ± 2.31 6.14 ± 1.43 0.0462

IFN 3.07 ± 0.99 28.19 ± 23.21 2.58 ± 0.28 0.4648

Parasite copy number (×107)/ml 4.96 ± 1.00 4.63 ± 1.37 4.55 ± 1.49 0.9467

The results were expressed in mean and standard error.

Table 1. 
Cytokine concentrations and parasite copy number (×107)/ml in dogs with visceral leishmaniasis in different 
clinical staging.

Cytokines Control CVL p-Value

IL-2 9.18 ± 6.14 11.75 ± 6.89 0.3199

IL-4 7.43 ± 2.50 12.56 ± 5.37 0.0469

IL-6 2.87 ± 0.95 2.71 ± 0.67 0.3326

IL-10 2.98 ± 1.39 2.62 ± 0.87 0.2807

IL-17 11.12 ± 12.12 11.63 ± 9.66 0.4570

TNF-α 2.80 ± 0.52 5.12 ± 2.33 0.0009

IFN 13.26 ± 16.88 16.15 ± 19.01 0.3589

The results were expressed in mean and standard error.

Table 2. 
Cytokine concentrations in dogs noninfected and dogs with canine visceral leishmaniasis.
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chloride, Tris 50 mmol/L, 6.0000 PEG 50 g/L, and sodium azide 15.38 nmol/L). The 
suspensions were mixed and incubated at 37°C for 10 minutes. Reactions were read 
on a spectrophotometer at 340 nm.
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For the analysis of the concentration of cytokines and immunoglobulins (IgG 
and IgM), the Student t-test independent samples were used. For the quantification 
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analysis of IgG in the presence of cytokines was also performed by calculating the 
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concentration of 1 fg/μl. Real-time PCR of bone marrow samples was positive in all 
dogs in the CVL group (100%). There was no statistical difference in the distribu-
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dogs are shown in Table 1. It was observed that IL-6 and TNF-α concentrations 
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the clinical stages of CVL, although most infected dogs had moderate and severe 
clinical manifestations of the disease.

Among dogs with CVL and uninfected dogs, an increase of IL-4 and TNF-α 
concentrations in serum from dogs infected with CVL was observed. Similar serum 
concentrations of IL-2, IL-10, IL-17, and IFN-γ were observed between the groups 
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When comparing immunoglobulin means, IgG levels were elevated in the 
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was observed. Similarly, IgG concentration between the control and CVL 
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with CVL (2300.75 ± 678.463) when compared to control group IgG concentra-
tions (636.94 ± 312.8 mg/dl), showing a significant difference between groups 
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no difference (Table 3).
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and TNF-α (rs = −0.4643, p = 0.2939). There was no correlation between the other 
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of cytokine IL-4 and TNF-α in the blood of dogs infected with CVL presented the 
IL-4 (rs = 0.0240, p = 0.9176) and TNF-α (rs = 0.0825, p = 0.7221). No additional 
significant correlations were found. Antibody levels were positively correlated with 
IL-4 expression (rs = 0.5997, p = 0.0040) (Table 4).
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Parasite copy number (×107)/ml 4.96 ± 1.00 4.63 ± 1.37 4.55 ± 1.49 0.9467
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In this study, as shown in Table 5, the correlation of the evolution of clinical 
signs between the stages presented below was analyzed. There was a significant 
positive correlation of IL-6 cytokine levels between stage I and stage III.

4. Discussion

In this study the most dogs in the control group and CVL were mixed breed. 
The clinical symptoms of seropositive dogs (CVL) included lymphadenopathy, skin 
ulcers, onychogryphosis, ear ulceration, scaling, weight loss, and others. Dogs were 
classified into three clinical stages: stage I, mild disease; stage II, moderate disease; 
and stage III, severe disease. There was no statistical difference in the distribution 
between clinical stages and parasitic index. IL-6 and TNF-α concentrations increased 
in serum from infected dogs with a statistically significant difference between the 
clinical stages of CVL. Between the dogs with CVL and the control group, there was 
a statistical difference in the serum concentrations of cytokines IL-4 and TNF-α. IgG 
levels were elevated in the CVL group when compared to IgM levels. Antibody levels 
were positively correlated with IL-4 expression (rs = 0.5997; p = 0.0040). There was 
a significant positive correlation of IL-6 cytokine levels between stage I and stage III.

The clinical signs of CVL are important for the diagnosis. In the present study, 
the most prevalent clinical signs were lymphadenopathy, skin ulcers, onychogry-
phosis, ear ulceration, and scaling. However, prevalence is highly variable across 

Group Control CVL p-Value

IgG 636.94 ± 255.52 2288.04 ± 610.08 <0.0001

IgM 241.12 ± 51.81 282.42 ± 33.99 0.0773

The results were expressed in mean and standard error.

Table 3. 
Immunoglobulin concentrations (IgG and IgM) in serum from dogs with canine visceral leishmaniasis.

IgG

Parameters rs p-Value

IL-4 0.5997 0.0040

TNF-α 0.4164 0.0603

Parasitic index −0.2243 0.3282

rs, correlation coefficient of Spearman.

Table 4. 
Correlation between IgG concentrations with IL-4 and TNF-α and parasitic index of dogs infected with CVL.

Stage I and II I and III II and III

rs p rs p rs p

IL-6 0.6031 0.0855 0.8469 0.0162 0.5630 0.1144

TNF-α 0.0350 0.9288 0.3784 0.4026 0.0168 0.9658

rs, correlation coefficient of Spearman.

Table 5. 
Correlation of IL-6 and TNF-α cytokine levels of dogs with canine visceral leishmaniasis by clinical staging of 
serum from dogs of the CVL group.
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studies, but generally these clinical signs are the most commonly reported in the 
literature. These results corroborate the findings of several authors [25, 26].

Regarding gender, there was a greater predominance of males in infected dogs 
and females in dogs in the control group. Regarding age, it did not present large 
variations. This fact seems to be associated with the higher risk of male exposure. 
However, the study shows no statistically significant differences for age and gender 
between healthy and sick dogs [27].

Bone marrow samples were taken from 21 dogs serologically positive for L. 
infantum. According to the clinical signs, dogs were classified as stages I, II, and 
III. Real-time PCR detected no parasite copies (×1010)/μl L. infantum DNA in all 
animals of the CVL group, distributed as follows: stage I mean (4.964), stage II 
average (4.63), and stage III (4.55). No statistically significant difference was found 
in the average amount of DNA copy number between the different clinical stages 
(p = 0.9467). In bone marrow samples from dogs that are cytologically positive, a 
high parasitic index is detected [21].

Previous studies report that quantitative PCR on bone marrow samples from 
positive dogs in conventional tests contained a higher number of Leishmania kDNA 
copies than peripheral blood, although no significant differences were detected 
between symptomatic and asymptomatic dogs in terms of parasite load [28]. This 
literary quote converges with the findings of this study.

PCR can be used for detection of Leishmania in naturally infected dog samples, 
and PCR-RFLP (restriction fragment length polymorphism) is sensitive for iden-
tification of Leishmania species [28]. In addition, qPCR is effective in quantifying 
Leishmania DNA loading in clinical samples [29]. The blood sample from dogs 
infected by L. infantum was found by real-time PCR to have a sensitivity of 100% 
and specificity of 96.4% [30].

Most cytokines remain partially conserved between species; in this sense, the 
amino acid sequence of humans and canine cytokines shows 49–96% homology, 
suggesting a high probability of cross-reactivity between monoclonal antibodies; 
thus antibodies against human cytokines may be recommended as immunological 
biomarkers under pathological conditions by flow cytometry in human [31] and 
dogs [32] as used in this study.

In the present work, the serum concentration of cytokines (IL-2, IL-4, IL-6, 
IL-10, TNF-α, IFN-γ, and IL-17) was compared between the control groups and the 
group with CVL. In addition, cytokine levels were compared within the CVL group 
with clinical staging I, II, and III. When comparing the groups, IL-4 and TNF-α 
were higher in infected dogs than in the control group, showing significant differ-
ence between IL-4 (p = 0.0469) and TNF-α (p = 0.0009) groups. In the group with 
CVL there were differences between stages I and III with significant differences 
only for cytokines IL-6 (p = 0.0350) and TNF-α (p = 0.0462).

Elevated levels of IL-6 were found in serum from dogs with active leishmaniasis 
compared to healthy dogs [33]. These results corroborate the findings of this study. 
However, other authors reported that IL-6 production did not vary significantly 
between the groups studied [34]. On the other hand were described in the literature 
that elevated levels of IL-6 in dogs without clinical signs or symptoms in CVL 
dogs [35], and also highlights that, among other factors, it may indicate a balance 
between the parasite elimination effort and the active disease. Increased IL-6 levels 
suggest a restricted ability to control infection [36]. Even in the absence of clinical 
signs or symptoms, the animals showed granulomas on histopathological evalua-
tion, suggesting chronicity and therefore a longtime course of infection [35]. Innate 
immune effector cells primarily neutrophils, monocytes, and macrophages produce 
and respond to IL-6, which may result in amplification of inflammation and a 
change from an acute inflammatory state to a chronic state [37].
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In this study, as shown in Table 5, the correlation of the evolution of clinical 
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Group Control CVL p-Value

IgG 636.94 ± 255.52 2288.04 ± 610.08 <0.0001

IgM 241.12 ± 51.81 282.42 ± 33.99 0.0773

The results were expressed in mean and standard error.

Table 3. 
Immunoglobulin concentrations (IgG and IgM) in serum from dogs with canine visceral leishmaniasis.

IgG

Parameters rs p-Value

IL-4 0.5997 0.0040

TNF-α 0.4164 0.0603

Parasitic index −0.2243 0.3282

rs, correlation coefficient of Spearman.

Table 4. 
Correlation between IgG concentrations with IL-4 and TNF-α and parasitic index of dogs infected with CVL.

Stage I and II I and III II and III

rs p rs p rs p

IL-6 0.6031 0.0855 0.8469 0.0162 0.5630 0.1144

TNF-α 0.0350 0.9288 0.3784 0.4026 0.0168 0.9658

rs, correlation coefficient of Spearman.

Table 5. 
Correlation of IL-6 and TNF-α cytokine levels of dogs with canine visceral leishmaniasis by clinical staging of 
serum from dogs of the CVL group.
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immune effector cells primarily neutrophils, monocytes, and macrophages produce 
and respond to IL-6, which may result in amplification of inflammation and a 
change from an acute inflammatory state to a chronic state [37].
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IL-6 expression increases in dogs with active visceral leishmaniasis and may be 
a useful marker for active disease [33, 35]. Increased IL-6 production is not directly 
related to anti-Leishmania antibody titers, suggesting that other cytokines may be 
involved with hypergammaglobulinemia [33].

As shown in this work, it was observed that there was correlation of IL-6 
expression between stages I and III of bone marrow aspirate of dogs infected with 
CVL. IL-6 production in dogs with active leishmaniasis appears to be associated 
with severe disease [33]. This statement converges with the findings in this study, as 
the dogs used in the control group were mostly stage II and III. IL-6 is essential for 
terminal B-cell differentiation and immunoglobulin production [38].

TNF-α concentration was higher in infected dogs than in the control group, 
as detected by de Lima et al. [33]. CVL susceptibility is closely associated with 
downregulation of key cytokines such as IFN-γ, TNF-α, and IL-17A, thus impairing 
iNOS activation and NO production and favoring parasite replication and disease 
development [39].

The increased activity of TNF-α in the liver of infected dogs compared to 
healthy canines has been reported [37, 40]. Higher TNF-α levels in infected dogs 
indicate that the presence of L. infantum induces an immune response with relevant 
TNF-α expression when the protozoan is present [40].

Studies suggest that decreased survival of L. infantum in canine macrophages 
is associated with increased TNF-α and IFN-γ production and decreased IL-10 
production [41].

In dogs naturally infected with L. infantum, increased hepatic TNF-α may be 
associated with increased parasite load on this organ [42]. The cytokines IL-2, IL-4, 
IL-10, IFN-γ, TNF-α, and IL-12 may be used as markers in epidemiological studies 
conducted in endemic areas to distinguish between different clinical forms of VL 
[15]. However, Lima et al. [33] indicate that TNF-α is not considered a good marker 
of active disease in dogs with VL.

A study has reported a significant relationship between bone marrow IL-4 
detection in naturally infected dogs with and without clinical signs and disease 
severity, suggesting that IL-4 production is associated with pathology [43]. 
Increased expression of IL-4 cytokine is associated with both severe clinical signs 
and a high parasitic index on skin lesions [44]. In bone marrow aspirates, IL-4 was 
elevated in naturally infected dogs with more severe symptoms [43].

The study points to evidence that IL-4 cytokine polymorphism may contribute 
to innate immunity to L. infantum infection [45].

Antibody levels were positively correlated with IL-4 expression (rs = 0.5997; 
p = 0.0040). IgG is also linked to chronic infection in patients with VL, where high 
levels of IgG are predictive of the disease. This finding is in line with the study by 
Lima et al. [33] suggesting that other cytokines, such as IL-10 or IL-4, may be asso-
ciated with hypergammaglobulinemia observed in dogs with CVL. Previous studies 
have detected increased serum IgG levels in symptomatic dogs compared with 
healthy dogs and are related to pathophysiological disorders and active disease [33].

Response to natural infection of L. infantum is linked to the presence of IgG [43] 
and Leishmania-specific IgM antibodies that can be detected in infected dogs [46]. 
Some studies have reported that increased total protein is frequent in dogs infected 
with visceral leishmaniasis due to increased antibody production [47, 48].

5. Conclusion

These results may contribute to a better understanding of the immune response 
in dogs infected with L. infantum. Antibody levels were positively correlated with 
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IL-4 expression. There was a significant positive correlation of IL-6 cytokine 
levels with the evolution of stages I and III. However, this cytokine can be used as a 
marker to distinguish between different clinical stages.
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Toxoplasma Immunomodulation 
Related to Neuropsychiatric 
Diseases
Mammari Nour and Halabi Mohamad Adnan

Abstract

Toxoplasma gondii (T. gondii) causes toxoplasmic encephalitis resulting from 
reactivation of latent toxoplasmosis. It is the most frequent clinical manifestation, 
characterized by multiple necrotizing brain lesions. Bradyzoite tissue cysts activate 
an immune response that has a major impact on controlling parasite persistence in 
the brain. The immune mechanisms stimulated in the brain cause a local inflam-
matory mediated by Th1 immune reaction cytokines. Several studies have linked 
this process to that active during different neuropsychiatric disorders, such as 
Schizophrenia. In addition to the immune reaction activated in the brain, this 
latter has the capacity to stimulate neurotransmitter production. T. gondii induces 
high concentrations of dopamine and tyrosine hydroxylase in the central nervous 
system and has also been shown to increase kynurenine/tryptophan ratio and 
elevated Kynurenic acid level, mainly in astrocyte cells. This imbalance plays a role 
in the pathophysiology of Schizophrenia. Results of different studies explain in this 
chapter support the idea that Toxoplasma is an etiological factor in Schizophrenia.

Keywords: Toxoplasma gondii, neuropsychiatric disorders, schizophrenia, immunity, 
neurotransmitter

1. Introduction

Toxoplasmosis is one of the most common parasitic zoonosis in the world. Its 
causative agent, Toxoplasma gondii, is an obligate intracellular protozoan, which 
has developed several potential pathways for the transmission between different 
host species. T. gondii is able to establish a persistent infection within the brain. 
In this case, the immunocompetent subject will harbor latent Toxoplasma cysts in 
his central nervous system (CNS). Chronic Toxoplasma infection is asymptomatic 
although studies suggest that it may be a factor associated with chronic neurologi-
cal conditions (Schizophrenia, Parkinson, bipolar diseases, etc.) [1, 2]. When the 
infection occurs in a pregnant woman, contamination of the fetus is possible with 
varying consequences depending on the stage of embryogenesis and the degree 
of maturity of the immune system. The neurological disorders (hydrocephalus, 
microcephaly, mental retardation, intracranial calcification) or ocular (retino-
choroiditis) of congenital toxoplasmosis reflect the neurological tropism of this 
parasite [3]. Similarly, during a progressive degradation of the immune system 
functions following infection with the human immunodeficiency virus (HIV) or 
immunosuppressive treatment, the brain is the preferred target for the reactivation 
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of latent Toxoplasma cysts [4, 5]. Parasite multiplication in the CNS induces a local 
inflammatory reaction resulting in brain damage and a strong synthesis of neu-
rotransmitters which are involved in necrotizing brain lesions and in neurological 
disorders. The relationship between T. gondii infection and the development of the 
bipolar disorder (BD) has long been investigated, Evidence studies suggest that this 
infection may be related to neuropsychiatric disorders, especially Schizophrenia. 
Immune response has a major role in the persistence of T. gondii cysts in the brain. 
The protective immune reaction against Toxoplasma is very complex. During pri-
mary infection, the components of the nonspecific immune response occur first. T. 
gondii tachyzoites reach the intestinal lumen, enter the intestinal cells, and multiply 
in the cells of the lamina propria [6]. At this stage, infected enterocytes activate 
an immune response to limit parasite multiplication [7]. This response mainly 
involves neutrophils, macrophages, monocytes and dendritic cells via the secretion 
of different chemoattractant proteins. Secondarily, cellular immune response is 
specifically activated against the parasite [8]. It is essentially an immune response 
Th1-type. This response is marked by interleukin (IL)-12 production by antigen 
presenting cells, and interferon-gamma (IFN-γ) production by CD4+ T cells, CD8+ 
T cells, and natural killer (NK) cells (Figure 1). The Th1-type reaction most often 
induces a local inflammatory reaction, hence the interest of activating a Th2-type 
immune reaction that inhibits the activation of the Th1 immune response. The Th2 
response is mediated primarily by two interleukins IL-4 and IL-10 [6] (Figure 1). 
This immune regulation seems to be of great interest in reducing the inflammatory 
reactions responsible for most lesions, but it makes the soil favorable to parasite 
multiplication. Despite the immune responses against T. gondii, this parasite has the 
ability to escape and spread via the bloodstream to infect different organs. In the 
central nervous system, tachyzoites have the ability to cross the blood-brain barrier 
(BBB), infect different types of nerve cells, and become encysted bradyzoites that 
persist throughout the life of the host. Several studies have shown in the mouse 
model the importance of IFN-γ in this control [9]. Among the parasitic factors, the 
genotype also has a role in the influence of the evolution of Toxoplasma infection. 
Type I strains are associated with high virulence in mice, whereas type II or III 
strains are considered avirulent for mice. Type I tachyzoites have the ability to cross 
epithelial barriers and reach immune-privileged sites more rapidly than type II 

Figure 1. 
Diagram showing the cerebral immune response during a cerebral toxoplasmosis infection in mice.
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strains [10]. In human, several studies have reported severe acquired toxoplasmosis 
due to atypical strains in immunocompetent individuals. An overrepresentation 
of other atypical strains has been observed in patients with ocular toxoplasmosis 
[11]. The influence of the parasite strain on the development of the infection or the 
cerebral pathology remains however unknown.

2. The cerebral anti-Toxoplasma immune reaction

2.1 The central nervous system immunity

The central nervous system is closely linked to the immune system at several levels. 
The cerebral parenchyma is separated from the periphery by the BBB, the integrity 
of which is maintained by tight endothelial junctions. This barrier under normal 
conditions prevents the entry of mediators such as activated leukocytes, antibodies, 
complement factors, and cytokines. The myeloid cell line plays a crucial role in the 
development of immune responses at the central level, it includes two main subtypes: 
microglial cells, distributed in the cerebral parenchyma; perivascular macrophages 
located in the capillaries of the basal lamina brain and the choroid plexus. In addi-
tion, astrocytes, oligodendrocytes, endothelial cells, and neurons are also involved 
in the immune response in the CNS. By modulating synaptogenesis, microglial cells 
are more particularly involved in the restoration of neuronal connectivity following 
inflammation. These cells release immune mediators, such as cytokines, that modulate 
synaptic transmission and alter the morphology of dendritic spines during the inflam-
matory process after injury. Thus, the expression and release of immune mediators 
in the cerebral parenchyma are closely related to the plastic morphophysiological 
changes in the dendritic spines of neurons. Based on these data, it has been proposed 
that these immune mediators are also involved in the learning and memory processes. 
Microvasculature is a key element of brain damage. Endothelial cells are an important 
source of immune mediators such as a nitric oxide (NO), which are involved in the 
process of immune cell adhesion [12, 13]. A recent study shows that T. gondii invasion 
of neural tissue is mediated by epidermal growth factor receptor (EGFR), enhancing 
invasion likely by promoting survival of the parasite within endothelial cells [14]. 
Damage to the BBB can lead to increased permeability, which facilitates leucocyte 
access to the brain parenchyma. The release of mediators of endogenous inflamma-
tion and neurotoxins and the promotion of phagocytosis of cellular debris [6, 14]. 
Excessively activated microglial cells can cause major histocompatibility complex 
class II (MHCII) expression. This molecule facilitates the involvement of these cells 
in immune responses. Activation of microglial cells strongly influences the profile of 
cytokines released by two distinct mechanisms: recognition receptors and activation 
of the immune response [13, 15]. Activation of monocytes and macrophages is an 
important part of the innate immune response; it induces the production of pro-
inflammatory cytokines and chemokines such as IL-8, monocyte chemoattractant pro-
tein1 (MCP-1), macrophage inflammatory proteins (MIP-1α and MIP-1β). Regulatory 
cytokines can also be activated within the CNS, such as IL-4 and IL-10 [8]. Expression 
of MHCII and adhesion molecules (CD11a, CD40, CD54, CD80, CD86) in activated 
microglial cells indicates that these cells can acquire antigen presenting activity and 
participate in the activation of T cells [16]. This suggests the existence of a network 
of complex interactions linking microglial cells, astrocytes and T cells; which creates 
a balance between the Th1/Th2 signals, which defines the immune response of the 
CNS. The role of astrocytes in the CNS is even more complex than that of microglial 
cells. Astrocytes are divided into two main subtypes: fibrous astrocytes located in the 
white matter; protoplasmic astrocytes located in the gray matter. These contribute to 
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of latent Toxoplasma cysts [4, 5]. Parasite multiplication in the CNS induces a local 
inflammatory reaction resulting in brain damage and a strong synthesis of neu-
rotransmitters which are involved in necrotizing brain lesions and in neurological 
disorders. The relationship between T. gondii infection and the development of the 
bipolar disorder (BD) has long been investigated, Evidence studies suggest that this 
infection may be related to neuropsychiatric disorders, especially Schizophrenia. 
Immune response has a major role in the persistence of T. gondii cysts in the brain. 
The protective immune reaction against Toxoplasma is very complex. During pri-
mary infection, the components of the nonspecific immune response occur first. T. 
gondii tachyzoites reach the intestinal lumen, enter the intestinal cells, and multiply 
in the cells of the lamina propria [6]. At this stage, infected enterocytes activate 
an immune response to limit parasite multiplication [7]. This response mainly 
involves neutrophils, macrophages, monocytes and dendritic cells via the secretion 
of different chemoattractant proteins. Secondarily, cellular immune response is 
specifically activated against the parasite [8]. It is essentially an immune response 
Th1-type. This response is marked by interleukin (IL)-12 production by antigen 
presenting cells, and interferon-gamma (IFN-γ) production by CD4+ T cells, CD8+ 
T cells, and natural killer (NK) cells (Figure 1). The Th1-type reaction most often 
induces a local inflammatory reaction, hence the interest of activating a Th2-type 
immune reaction that inhibits the activation of the Th1 immune response. The Th2 
response is mediated primarily by two interleukins IL-4 and IL-10 [6] (Figure 1). 
This immune regulation seems to be of great interest in reducing the inflammatory 
reactions responsible for most lesions, but it makes the soil favorable to parasite 
multiplication. Despite the immune responses against T. gondii, this parasite has the 
ability to escape and spread via the bloodstream to infect different organs. In the 
central nervous system, tachyzoites have the ability to cross the blood-brain barrier 
(BBB), infect different types of nerve cells, and become encysted bradyzoites that 
persist throughout the life of the host. Several studies have shown in the mouse 
model the importance of IFN-γ in this control [9]. Among the parasitic factors, the 
genotype also has a role in the influence of the evolution of Toxoplasma infection. 
Type I strains are associated with high virulence in mice, whereas type II or III 
strains are considered avirulent for mice. Type I tachyzoites have the ability to cross 
epithelial barriers and reach immune-privileged sites more rapidly than type II 

Figure 1. 
Diagram showing the cerebral immune response during a cerebral toxoplasmosis infection in mice.
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strains [10]. In human, several studies have reported severe acquired toxoplasmosis 
due to atypical strains in immunocompetent individuals. An overrepresentation 
of other atypical strains has been observed in patients with ocular toxoplasmosis 
[11]. The influence of the parasite strain on the development of the infection or the 
cerebral pathology remains however unknown.

2. The cerebral anti-Toxoplasma immune reaction

2.1 The central nervous system immunity

The central nervous system is closely linked to the immune system at several levels. 
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microglial cells, distributed in the cerebral parenchyma; perivascular macrophages 
located in the capillaries of the basal lamina brain and the choroid plexus. In addi-
tion, astrocytes, oligodendrocytes, endothelial cells, and neurons are also involved 
in the immune response in the CNS. By modulating synaptogenesis, microglial cells 
are more particularly involved in the restoration of neuronal connectivity following 
inflammation. These cells release immune mediators, such as cytokines, that modulate 
synaptic transmission and alter the morphology of dendritic spines during the inflam-
matory process after injury. Thus, the expression and release of immune mediators 
in the cerebral parenchyma are closely related to the plastic morphophysiological 
changes in the dendritic spines of neurons. Based on these data, it has been proposed 
that these immune mediators are also involved in the learning and memory processes. 
Microvasculature is a key element of brain damage. Endothelial cells are an important 
source of immune mediators such as a nitric oxide (NO), which are involved in the 
process of immune cell adhesion [12, 13]. A recent study shows that T. gondii invasion 
of neural tissue is mediated by epidermal growth factor receptor (EGFR), enhancing 
invasion likely by promoting survival of the parasite within endothelial cells [14]. 
Damage to the BBB can lead to increased permeability, which facilitates leucocyte 
access to the brain parenchyma. The release of mediators of endogenous inflamma-
tion and neurotoxins and the promotion of phagocytosis of cellular debris [6, 14]. 
Excessively activated microglial cells can cause major histocompatibility complex 
class II (MHCII) expression. This molecule facilitates the involvement of these cells 
in immune responses. Activation of microglial cells strongly influences the profile of 
cytokines released by two distinct mechanisms: recognition receptors and activation 
of the immune response [13, 15]. Activation of monocytes and macrophages is an 
important part of the innate immune response; it induces the production of pro-
inflammatory cytokines and chemokines such as IL-8, monocyte chemoattractant pro-
tein1 (MCP-1), macrophage inflammatory proteins (MIP-1α and MIP-1β). Regulatory 
cytokines can also be activated within the CNS, such as IL-4 and IL-10 [8]. Expression 
of MHCII and adhesion molecules (CD11a, CD40, CD54, CD80, CD86) in activated 
microglial cells indicates that these cells can acquire antigen presenting activity and 
participate in the activation of T cells [16]. This suggests the existence of a network 
of complex interactions linking microglial cells, astrocytes and T cells; which creates 
a balance between the Th1/Th2 signals, which defines the immune response of the 
CNS. The role of astrocytes in the CNS is even more complex than that of microglial 
cells. Astrocytes are divided into two main subtypes: fibrous astrocytes located in the 
white matter; protoplasmic astrocytes located in the gray matter. These contribute to 
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the formation of the BBB [6, 15]. Astrocytes also act as neuroprotectants by secreting 
neurotrophic and releasing potentially toxic pro-inflammatory molecules.

2.2 The mechanism of T. gondii invasion in the brain

In the brain, dendritic cells and monocytes are the most permissive cells for 
initial Toxoplasma infection [17]. These cell populations probably play an important 
role in the spread of the parasite, including in the brain. The CD11c+ CD11b− den-
dritic cells infected promote the diffusion of T. gondii of the lamina propria to the 
mesenteric lymph nodes. Monocytes CD11c+ CD11b− are the main cell population 
that contains tachyzoites in the blood [17]. T. gondii was detected in mononuclear 
cells + of infected mice 1 day after receiving an intravenous injection of CD11b+ 
cells [18, 19].

The transepithelial migration capacity of tachyzoites is implicated in the passage 
of the parasite across the BBB. This could be done through the interaction of the 
intercellular adhesion molecule 1 (ICAM-1) of the BBB cells with the parasite MIC2 
protein [20]. This interaction is important for transmigration of tachyzoites, as 
demonstrated in vitro in monolayers of several different cell lines [20] (Figure 1).

Macrophages are also responsible for the spread of T. gondii in the brain [21, 22]. 
The migration of infected macrophages into the CNS is mediated by the uPA/uPAR 
pathway and the expression of metalloproteinases 9 (MMP9) [23]. In the mouse 
brain during the acute phase of infection, T. gondii tachyzoites are able to infect all 
brain cells, mainly microglial cells, astrocytes and neurons. However, microglial 
cells tend to react against the parasite. These cells inhibit the growth of T. gondii and 
can, therefore, function as important inhibitors of T. gondii propagation in the CNS 
by mechanisms independent of NO and IFN-γ; but this does not prevent T. gondii 
from being able to encyst in these cells [15, 24]. Astrocytes and rat neurons are also 
suitable to host cells for the intracerebral proliferation of the PLK (type II) T. gondii 
strain [24]. These cells can harbor tachyzoites and cysts during the two respective 
phases of Toxoplasma infection [25]. Astrocytes also have the ability to control the 
proliferation of tachyzoites during the acute phase of infection for the local control 
of this opportunistic pathogen [26]. In neurons, the presence of tachyzoites or 
bradyzoites alters the functioning of infected neurons. These modifications will 
favor the persistence of the parasite [27, 28].

2.3 The regulation of the cerebral immune mechanism during T. gondii infection

After T. gondii has entered the CNS through the BBB, a cerebral immune 
response is triggered against the parasite. Experimental data on animal models 
show that the Th1-type immune response is activated against T. gondii to control 
the replication of the parasite in the brain. In the murine model, this immune 
response leads to the production of IFN-γ after infection with the ME49 (type II)  
strain [29–31]. This cytokine is the main mediator of parasite resistance in the 
murine model. IFN-γ produced by brain-resident cells is crucial for facilitating 
both the protective innate and T cell-mediated immune responses to control 
cerebral infection with T. gondii. Mice deficient for the IFN-γ receptor or those 
that are neutralized by an anti-IFN-γ antibody, are unable to control acute 
Toxoplasma infection [32]. During this host response, other cytokines and 
chemokines are produced. These may promote the infiltration of immune cells 
to the site of infection [33]. T cells and IFN-γ are essential for maintaining the 
latency of chronic infection in the brain and the prevention of reactivation of 
latent infection. The protective activity of T lymphocytes (CD4+, CD8+) results 
in the production of IFN-γ (Figure 1). The protective activity of these cells has 
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been demonstrated in a transfer of immune cells T, which conferred protection 
against the reactivation of cerebral toxoplasmosis in an IFN-γ deficient mouse 
[34]. However, the presence of TCD4 and TCD8 cells appears to be critical for 
the long-term maintenance of the latency of chronic Toxoplasma infection in 
the brain. In addition, mRNA encoding IFN-γ was also detected in the brains of 
T. gondii-infected and NK-cell deficient mice. This suggests that IFN-γ could be 
produced by non-T cells and non-NK cells. This production is important for the 
maintenance of chronic toxoplasmosis in the brains of mice [35]. Microglial cells 
and macrophages are identified as the major non-T and non-NK cells that express 
IFN-γ in the brains of T. gondii-infected mice [36]. Therefore, it is possible that 
the production of IFN-γ by these cells plays an important role in the prevention 
of cerebral toxoplasmosis. Microglial cells play an important role on the one hand 
in the innate defense system that limits parasite proliferation and on the other 
hand by regulating the production of chemokines that facilitate the accumula-
tion of T lymphocytes at the parasite multiplication site. Murine astrocytes 
have also been implicated in inhibiting the growth of type II T. gondii strain 
in vitro. Astrocytes infected with ME49 (type II) Toxoplasma strain, produce 
IL-1, IL-6 and Granulocyte-Macrophage Colony-Stimulating Factor (GM-CSF) 
[37]. During the innate immune response, dendritic cells, macrophages, and 
neutrophils produce IL-12 in response to T. gondii infection. This cytokine is 
essential for the production of IFN-γ. Neutralization of IL-12 with antibodies to 
this cytokine resulted in 100% mortality in mice infected with an avirulent strain 
of T. gondii, mortality was associated with decreased production of IFN-γ [38]. 
In addition, IL-12 is also important for maintaining IFN-γ production by T cells 
during chronic infection. The production of IL-12 is regulated by Lipoxin A4 
(LXA4), in order to avoid pathogenic inflammatory reactions in the brain during 
the chronic phase of T. gondii infection. This has been demonstrated by the high 
production of LXA4 in the serum of mice during chronic Toxoplasma infection 
5-Lipoxygenase (5-LO) is an essential enzyme in the production of LXA4, 5-LO 
deficient mice succumbed to infection during the chronic phase, thus presenting 
a cerebral inflammatory reaction [39]. LXA4 is important for the downregulation 
of pro-inflammatory responses during the chronic phase of T. gondii infection. 
Studies have shown that lipoxins activate two receptors (AhR and LXAR) in den-
dritic cells. This activation triggers the expression of the suppressor of cytokine 
signaling (SOCS)-2. SOCS-2 deficient mice succumb to chronic T. gondii infec-
tion. This is accompanied by a strong production of IL-12, IFN-γ, and reduction 
of cerebral cysts [40]. Although Th1 immune responses play a critical role in 
resistance to T. gondii infection, Th2-like immune responses are also implicated 
in protective immunity. IL-4 plays a major role in the development of the cellular 
immune response and in the differentiation of T cells into Th2 cells. During the 
chronic phase of Toxoplasma infection, IL-4 inhibits the production of pro-
inflammatory mediators to prevent the development of local inflammations, 
promoting the persistence of cysts in the brain. Mice deficient in IL-4 die during 
the late phase of infection [41]. In these mice, a histological study reveals local 
areas of acute inflammation associated with the multiplication of tachyzoites in 
the brain. These results indicate that IL-4 is protective against the development 
of toxoplasmic encephalitis by preventing the formation of cysts and the prolif-
eration of tachyzoites in the brain. The action of IL-4 during the chronic phase of 
infection is enhanced by the production of IL-10 by T cells [41]. IL-10 also exerts 
an immunomodulatory role in regulating the Th1-type inflammatory immune 
response [42]. Mice deficient in IL-10 and treated with sulfadiazine develop 
fatal inflammatory responses in the brain during the late stage of infection [43]. 
IL-10 is important for the survival of mice during the acute and chronic phases 
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the formation of the BBB [6, 15]. Astrocytes also act as neuroprotectants by secreting 
neurotrophic and releasing potentially toxic pro-inflammatory molecules.

2.2 The mechanism of T. gondii invasion in the brain

In the brain, dendritic cells and monocytes are the most permissive cells for 
initial Toxoplasma infection [17]. These cell populations probably play an important 
role in the spread of the parasite, including in the brain. The CD11c+ CD11b− den-
dritic cells infected promote the diffusion of T. gondii of the lamina propria to the 
mesenteric lymph nodes. Monocytes CD11c+ CD11b− are the main cell population 
that contains tachyzoites in the blood [17]. T. gondii was detected in mononuclear 
cells + of infected mice 1 day after receiving an intravenous injection of CD11b+ 
cells [18, 19].

The transepithelial migration capacity of tachyzoites is implicated in the passage 
of the parasite across the BBB. This could be done through the interaction of the 
intercellular adhesion molecule 1 (ICAM-1) of the BBB cells with the parasite MIC2 
protein [20]. This interaction is important for transmigration of tachyzoites, as 
demonstrated in vitro in monolayers of several different cell lines [20] (Figure 1).

Macrophages are also responsible for the spread of T. gondii in the brain [21, 22]. 
The migration of infected macrophages into the CNS is mediated by the uPA/uPAR 
pathway and the expression of metalloproteinases 9 (MMP9) [23]. In the mouse 
brain during the acute phase of infection, T. gondii tachyzoites are able to infect all 
brain cells, mainly microglial cells, astrocytes and neurons. However, microglial 
cells tend to react against the parasite. These cells inhibit the growth of T. gondii and 
can, therefore, function as important inhibitors of T. gondii propagation in the CNS 
by mechanisms independent of NO and IFN-γ; but this does not prevent T. gondii 
from being able to encyst in these cells [15, 24]. Astrocytes and rat neurons are also 
suitable to host cells for the intracerebral proliferation of the PLK (type II) T. gondii 
strain [24]. These cells can harbor tachyzoites and cysts during the two respective 
phases of Toxoplasma infection [25]. Astrocytes also have the ability to control the 
proliferation of tachyzoites during the acute phase of infection for the local control 
of this opportunistic pathogen [26]. In neurons, the presence of tachyzoites or 
bradyzoites alters the functioning of infected neurons. These modifications will 
favor the persistence of the parasite [27, 28].

2.3 The regulation of the cerebral immune mechanism during T. gondii infection

After T. gondii has entered the CNS through the BBB, a cerebral immune 
response is triggered against the parasite. Experimental data on animal models 
show that the Th1-type immune response is activated against T. gondii to control 
the replication of the parasite in the brain. In the murine model, this immune 
response leads to the production of IFN-γ after infection with the ME49 (type II)  
strain [29–31]. This cytokine is the main mediator of parasite resistance in the 
murine model. IFN-γ produced by brain-resident cells is crucial for facilitating 
both the protective innate and T cell-mediated immune responses to control 
cerebral infection with T. gondii. Mice deficient for the IFN-γ receptor or those 
that are neutralized by an anti-IFN-γ antibody, are unable to control acute 
Toxoplasma infection [32]. During this host response, other cytokines and 
chemokines are produced. These may promote the infiltration of immune cells 
to the site of infection [33]. T cells and IFN-γ are essential for maintaining the 
latency of chronic infection in the brain and the prevention of reactivation of 
latent infection. The protective activity of T lymphocytes (CD4+, CD8+) results 
in the production of IFN-γ (Figure 1). The protective activity of these cells has 
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been demonstrated in a transfer of immune cells T, which conferred protection 
against the reactivation of cerebral toxoplasmosis in an IFN-γ deficient mouse 
[34]. However, the presence of TCD4 and TCD8 cells appears to be critical for 
the long-term maintenance of the latency of chronic Toxoplasma infection in 
the brain. In addition, mRNA encoding IFN-γ was also detected in the brains of 
T. gondii-infected and NK-cell deficient mice. This suggests that IFN-γ could be 
produced by non-T cells and non-NK cells. This production is important for the 
maintenance of chronic toxoplasmosis in the brains of mice [35]. Microglial cells 
and macrophages are identified as the major non-T and non-NK cells that express 
IFN-γ in the brains of T. gondii-infected mice [36]. Therefore, it is possible that 
the production of IFN-γ by these cells plays an important role in the prevention 
of cerebral toxoplasmosis. Microglial cells play an important role on the one hand 
in the innate defense system that limits parasite proliferation and on the other 
hand by regulating the production of chemokines that facilitate the accumula-
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have also been implicated in inhibiting the growth of type II T. gondii strain 
in vitro. Astrocytes infected with ME49 (type II) Toxoplasma strain, produce 
IL-1, IL-6 and Granulocyte-Macrophage Colony-Stimulating Factor (GM-CSF) 
[37]. During the innate immune response, dendritic cells, macrophages, and 
neutrophils produce IL-12 in response to T. gondii infection. This cytokine is 
essential for the production of IFN-γ. Neutralization of IL-12 with antibodies to 
this cytokine resulted in 100% mortality in mice infected with an avirulent strain 
of T. gondii, mortality was associated with decreased production of IFN-γ [38]. 
In addition, IL-12 is also important for maintaining IFN-γ production by T cells 
during chronic infection. The production of IL-12 is regulated by Lipoxin A4 
(LXA4), in order to avoid pathogenic inflammatory reactions in the brain during 
the chronic phase of T. gondii infection. This has been demonstrated by the high 
production of LXA4 in the serum of mice during chronic Toxoplasma infection 
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deficient mice succumbed to infection during the chronic phase, thus presenting 
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of pro-inflammatory responses during the chronic phase of T. gondii infection. 
Studies have shown that lipoxins activate two receptors (AhR and LXAR) in den-
dritic cells. This activation triggers the expression of the suppressor of cytokine 
signaling (SOCS)-2. SOCS-2 deficient mice succumb to chronic T. gondii infec-
tion. This is accompanied by a strong production of IL-12, IFN-γ, and reduction 
of cerebral cysts [40]. Although Th1 immune responses play a critical role in 
resistance to T. gondii infection, Th2-like immune responses are also implicated 
in protective immunity. IL-4 plays a major role in the development of the cellular 
immune response and in the differentiation of T cells into Th2 cells. During the 
chronic phase of Toxoplasma infection, IL-4 inhibits the production of pro-
inflammatory mediators to prevent the development of local inflammations, 
promoting the persistence of cysts in the brain. Mice deficient in IL-4 die during 
the late phase of infection [41]. In these mice, a histological study reveals local 
areas of acute inflammation associated with the multiplication of tachyzoites in 
the brain. These results indicate that IL-4 is protective against the development 
of toxoplasmic encephalitis by preventing the formation of cysts and the prolif-
eration of tachyzoites in the brain. The action of IL-4 during the chronic phase of 
infection is enhanced by the production of IL-10 by T cells [41]. IL-10 also exerts 
an immunomodulatory role in regulating the Th1-type inflammatory immune 
response [42]. Mice deficient in IL-10 and treated with sulfadiazine develop 
fatal inflammatory responses in the brain during the late stage of infection [43]. 
IL-10 is important for the survival of mice during the acute and chronic phases 
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of infection. This is confirmed by the neutralization of this cytokine in T. gondii-
infected mice [44] and following vaccination of the mice with T. gondii antigens 
(E/SA) [45].

3. The role of T. gondii in the etiopathogenetic of psychiatric diseases

Any infectious agent can affect neurons and brain structures after activation of 
the proinflammatory immune response and neurotransmitters, thus causing psy-
chosis. Among the different infectious agents, T. gondii has received more attention 
for its location in the CNS. Many studies have suggested that toxoplasmosis is a risk 
factor for the development of behavioral changes and neuropsychiatric disorders 
such as depression, Schizophrenia, Alzheimer and Parkinson diseases. During 
an acute infection, the parasite is mainly present in peripheral tissues and blood, 
but also has access to the brain via immune circulating cells, as is explained in the 
part of Regulation of the cerebral immune mechanism during T. gondii infection. An 
early feature of T. gondii brain infection is the activation of glial cells, particularly 
astrocytes and microglia [24, 25, 46]. Toxoplasma cysts reside in the brain during 
latent infection. In individuals with acquired immune deficiencies, e.g., AIDS, or 
undergoing prolonged immunity, suppressive treatments, reactivation of the infec-
tion can lead to toxoplasmic encephalitis, also calling for cerebral toxoplasmosis. In 
recent years it has been shown that the latent toxoplasmosis, although often rejected 
as asymptomatic and clinically unimportant, can modify host behavior in human 
and rodents. This parasite has the capacity to be an etiological factor for some 
neuropsychiatric diseases [47].

A bunch of data hypothesizes that latent toxoplasmosis may be a risk factor for 
the depression. The low-grade inflammation caused by the chronic Toxoplasma 
infection it could be related to the development of behavioral symptoms, but the 
results have been varied multifactorial [48]. Regarding, the possible relation-
ship between Toxoplasma infection and depression, study shows that specific 
Toxoplasma IgG titer levels correlated positively with depression [49]. One study 
found that this infection affected susceptibility to depression and severity of 
depressive symptoms in pregnant women [50]. Another study showed that male 
subjects infected with Bartonella henselae displayed more severe depressive symp-
toms when co-infected with T. gondii [51] but Pearce and collaborators, Sutterland 
and collaborators concluded that there is not any relationship between T. gondii 
infection and depression [52, 53]. Psychiatric patients with primarily severe or very 
severe depression are displaying more severe symptoms when are infected with T. 
gondii. In this recent study, results suggest that Toxoplasma infection can be related 
to anxiety, burnout and potentially to the severity of depression [48]. The possible 
link between T. gondii infection and Parkinson diseases is controversial. Tissue cysts 
of T. gondii reside especially in the amygdala, olfactory bulbs, hippocampus, cortical 
regions, and hypothalamus and could actively inhibit neuronal function in chroni-
cally infected mice [54]. Tachyzoite infection of neurons resulted in a dysregulated 
Ca2+ influx upon stimulation with glutamate, the major excitatory amino acid in 
the CNS leading either too hyper- or hypo-responsive neurons. Other experiments 
indicate that tachyzoites deplete Ca2+ stores in the endoplasmic reticulum that may 
contribute to the altered behavior of the host [54]. In addition, alteration of neu-
rotransmitter pathways, degradation of dopamine-producing nerve cells and neuro-
genic inflammation induced by T. gondii infection are mentioned as etiology that 
could eventually lead to Parkinson disease [55]. Regarding the effect of Toxoplasma 
on the production of dopamine (DOPA) in the brain, studies have shown that this 
parasite-induced high concentrations of DOPA and tyrosine hydroxylase (TH) 
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in CNS [56]. Parkinson disease is associated with lower levels of DOPA. So, the 
association between Toxoplasma infection and neuropsychiatric disorders could be 
strongly related to Schizophrenia but not Parkinson’s disease [57]. Evidence suggests 
that T. gondii could be an etiological factor for Schizophrenia. Clinically, latent toxo-
plasmosis and Schizophrenia both induce similar alteration in brain morphology: 
gray matter atrophy, loss of brain parenchyma, ventricle system enlargement, CD4+ 
and CD8+ T cell influx, pro-inflammatory immune system infiltration, dendritic 
retraction in basolateral amygdala accompanied by reduced corticosterone secre-
tion, which may deal with T. gondii-induced behavioral change [47, 58, 59]. Indeed, 
the relationship between chronic or acute Toxoplasma infection and Schizophrenia 
seems to exist. Researches in this field are increasing to determine the existence of 
this association by epidemiological, medical and biological studies. The following 
section presents an overview of the explanations published.

3.1  The cerebral immune response activated during schizophrenia  
and T. gondii infection

In cerebral toxoplasmosis, the balance between host immunity and defense 
mechanisms in the event of parasite escape is the basis of asymptomatic infec-
tion. Inflammation and immune deregulation have consistently been observed 
in both Toxoplasma infection and Schizophrenia. In the acute phase of infection, 
Th1 proinflammatory reaction is promoted by cytokines released in CNS to 
control parasite multiplication, this reaction was controlled by activation of Th2 
immune reaction to minimize local cerebral inflammation. This immune response 
enhances the multiplication of parasite and promotes persistence of Toxoplasma 
tissue cysts in neuronal and glial cells. In Schizophrenia, an imbalance Th1 and 
Th2 reaction have shown with major activation of Th2 immune response and 
production of IL-6 and IL-10 [60]. IFN-γ, IL-12, TNF-α, IL-4 and IL-10, together 
with IL-1 and IL-1β, IL-2, IL-6, granulocytes (GM-CSF and GSF), IL-17 and IL-23 
are variably expressed by astrocytes, microglial cells, neuron, TCD4+ and TCD8+ 
cells [9, 13, 31, 41–43] (Figure 1). All these immune mediators have shown to be 
markers for acute exacerbations of Schizophrenia [60]. This immune system can 
influence mood and behavior through their ability to modulate neurotransmis-
sion; therefore, the idea that latent infection is clinically asymptomatic may be 
associated with neuropsychiatric disorders. Since tachyzoites induce inflamma-
tory tropism in host cells more than bradyzoites, the proliferation of tachyzoites 
in the brain after cyst rupture may be related to the onset of Schizophrenia and 
other mental illnesses [61]. In people with acute Schizophrenia, the display of 
symptoms has increased responses to cytokines. With regard to cytokine-induced 
effects, the role of IL-1β and IFN-γ in the activation of astrocytes have a major 
role. These immune proteins induce activation of astrocytes and microglia cells to 
inhibit tachyzoite replication by producing high levels of NO. In addition, experi-
mental studies in rodents have shown that TCD8+ cells play a central role in long-
term immunity to Toxoplasma. Depletion of CD8+ T cells may cause reactivation 
of latent disease in later phases of chronic toxoplasmosis. Interest in the potential 
correlation to this observation is the regulation of TCD8+ lymphocytes typically 
observed in schizophrenic patients [62]. After a short acute toxoplasmosis phase, 
the infection becomes latent and becomes encysted in the central nervous system 
and muscle tissue, probably throughout the life of the infected host. Evidence 
suggests that the parasite affects the synthesis of neurotransmitters, particularly 
DOPA, in infected individuals, which could lead to neurological and psychiatric 
disorders [63]. In addition to the studies that directly indicated the association 
between Toxoplasma infection and the increased incidence of Schizophrenia, 
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some indirect evidence also highlighted the role of T. gondii in the etiology of 
Schizophrenia. More knowledge about the pathogenesis of the disorder would 
lead to more effective prevention and treatment strategies.

3.2  The neurobiological studies related to T. gondii infection to schizophrenia 
disease

There are differences in T. gondii infection; the acute phase and the chronic and 
phase. Cerebral cysts are formed in the cerebral hemispheres, hippocampus, amyg-
dala, basal ganglia, cerebellum, cerebral cortex, brainstem, and olfactory bulb, and a 
variety of brain cells that may be infected, including neurons, microglia and mainly 
astrocytes [46] (Figure 1). Encysted T. gondii bradyzoites are capable of inhibiting 
apoptosis and modulates some signaling pathways such as nuclear factor (NF-𝜅𝜅B), 
mitogen-activated protein kinase (MAPKinase), phosphoinositide 3 kinase (PI3K)/
PKB/Akt and c-Jun N-terminal kinases (JNK); so that they can persist in host cells 
for long periods of time [64]. As cysts develop, the host cell degenerates and can 
break, releasing bradyzoites that can differentiate into tachyzoites, invade and kill 
surrounding cells, if uncontrolled by the immune system. Especially in immunocom-
promised patients, the infection is severe, sometimes with hydrocephalus, acute nec-
rotizing encephalitis, and glial nodules formation. Lesions in the brain can manifest 
as behavioral symptoms by interfering with brain function in the area surrounding 
the lesion via mass effects or paracrine secretions. This explains the observation of 
high-concentration tissue cysts in the amygdala and nucleus accumbens, containing 
dopamine in limbic regions of the brain known to be an important control of motiva-
tion, pleasure, dependence, reward, and fear [47]. Other effects are more intriguing; 
Alteration of the neurotransmitter involves the production of homologous proteins 
to aromatic amino acid TH and dopamine (DOPA) 2 receptor (D2R) compounds 
with an increase in DOPA synthesis, tryptophan (TRP) degradation and the decrease 
in serotonin synthesis [56, 65].

The most likely mechanism of action in Schizophrenia affects neurotrans-
mission in specific brain areas such as the thalamic-cortical limbic circuit of 
DOPA, 5-hydroxytryptamine (5-HT), gamma-aminobutyric acid (GABA), and 
glutamate. As a result, schizophrenic patients show abnormal levels of these 
neurotransmitters. Studies show an increase in DOPA release in the limbic system 
[47, 66]. In addition, T. gondii involves in the etiopathogenesis of Schizophrenia 
affecting neurotransmitters, especially DOPA [67]. The production T. gondii 
bradyzoites leads to induce liberation of TH, the enzyme that catalyzes the 
conversion of L-tyrosine (L-Tyr) to L-dihydroxyphenylalanine (L-DOPA) [68] 
and then L-DOPA is converted to DOPA by the enzyme DOPA decarboxylase. 
Dopamine is shown to be an essential product that stimulates proliferation and 
enhance infection and conversion of T. gondii in the brain [68]. After the synthe-
sis of DOPA, it is transformed into phenylalanine (Phe) and tyrosine (Tyr) via 
the activity of phenylalanine hydroxylase (PAH). the elevation of the Phe/Tyr 
ratio and the alteration of PAH activity is related to the activation of the Th1-type 
immune response, which is activated during T. gondii infection. The increase 
in DOPA production was originally thought to be a product of inflammation of 
brain tissue (Figure 2). Blood levels of Phe and Tyr were increased in T. gondii-
positive individuals with aggressive personality traits, and in particular those 
with overt history of aggression and suicidal behavior, so this mechanism could 
explain the link between Toxoplasmosis and Schizophrenia [69]. The increased 
concentration of DOPA in specific parts of the brain of patients is presumed to be 
responsible for the positive symptoms of this mental disorder. However, studies 
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have identified two genes for limiting the TH synthesis in the genome of T. gondii; 
these genes expressed in the brain are responsible for DOPA overproduction 
in T. gondii tissue cysts that is responsible for the positive symptoms of some 
Schizophrenia patients [70].

In addition to DOPA, studies have also evaluated alterations of the kynuren-
ine pathway (KYN) and involvement of TRP [71, 72]. In immunocompetent 
hosts, infection with T. gondii leads to the production of IFN-γ and production 
of indoleamine 2,3-dioxygenase (IDO), which converts the TRP to KYN and 
inhibits T. gondii growth. The metabolism of Tryptophan generates kynurenine 
and 3-hydroxykynurenine. The imbalance of these catabolites plays a role in the 
pathophysiology of Schizophrenia with positive and negative symptoms, which 
are reversible in response to antipsychotic treatment impact on such imbalance 
[71]. Additionally, alterations of the KYN pathway have also been shown with 
an increased KYN/TRP ratio and elevated kynurenic acid (KYNA) levels [73]. 
Activation of the KYN pathway following T. gondii infection may be part of a 
biological defense strategy against T. gondii infections. In the brain, this metabolism 
pathway takes place mainly in astrocytes that release newly produced KYNA into 
the extracellular environment, where it can influence surrounding neurons. KYNA 
synthesis is initiated also by tryptophan dioxygenase (TDO), this enzyme has 
shown that is elevated in the brains of Schizophrenia patients particularly in astro-
cytes and glial cells [74]. T. gondii infection in the CNS is accompanied, in response 
to parasite invasion or an inflammatory reaction, by strong activation of astrocytes 
and glial cells, resulting from high KYNA synthesis in these stimulated cells [75]. 
This reaction promotes high production of TDO or IDO in the brain and enhances 
proinflammatory cytokine expression in the site of T. gondii infection. These neuro-
biological data relating Toxoplasma infection to neuropsychiatric diseases.

Figure 2. 
Diagram showing the neurobiological pathway related to T. gondii infection to schizophrenia disease.
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4. Conclusion

The question that Toxoplasma infection could be the etiological cause psychologi-
cal diseases and behavioral disorders is still under study. Recent studies try to prove 
this relationship. Study of Lindgren and collaborators demonstrated a significant 
association between T. gondii seropositivity and psychotic symptoms [76]. Vlatkovic 
and collaborators find an increased prevalence of T. gondii infection in a patient with 
Schizophrenia [77]. So, increased risk of developing toxoplasmosis infection prior to 
the onset of Schizophrenia was reported in several epidemiological, neurobiological 
and parasitological studies. One day this association will be a new method of diagno-
sis, treatment, and prevention of development of Schizophrenia. Therefore, health 
education on personal and nutritional hygiene given to patients and healthy people, 
especially early age, can help reduce the risk of contact with infectious agents and 
subsequently could decrease the incidence of behavior disorders.
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Chapter 8

Sexual Processes in Microbial 
Eukaryotes
Harris Bernstein and Carol Bernstein

Abstract

Two principal ideas have been proposed to explain the primary adaptive 
function of the sexual process of meiosis: (1) meiosis, and particularly meiotic 
recombination, is a process for repairing DNA and (2) meiosis, by means of mei-
otic recombination, is a process for generating beneficial genetic variation among 
progeny. We review the sexual processes of a number of well-studied microbial 
eukaryotes: Saccharomyces cerevisiae, Saccharomyces paradoxus, Schizosaccharomyces 
pombe, Candida albicans, Ustilago maydis, Paramecium tetraurelia, Volvox carteri, 
Trypanosoma brucei, Neurospora crassa, and Amoebozoa. We indicate aspects of the 
sexual processes of these microbial eukaryotes, where they have been established, 
that support the idea that meiosis is primarily a process for repairing DNA. In addi-
tion, we review the likely origin of meiotic sex among the microbial eukaryotes. A 
prokaryotic archaeon is the likely ancestor of eukaryotes. Extant archaea are capable 
of a sexual process involving syngamy and recombinational repair of genome 
damage, suggesting that the precursor of eukaryotic meiotic sex may already have 
been present in the archaeal ancestor of eukaryotes. We believe that attainment of 
an understanding of the adaptive function of meiotic sex in microbial eukaryotes 
is of considerable importance since it will likely apply to meiotic sex in eukaryotes 
generally.

Keywords: meiosis, adaptive benefit, DNA repair, homologous recombination, 
genetic variation

1. Introduction

Different microbial eukaryotic species are capable of a variety of sexual processes. 
Basically, however, the different sexual processes have, as a central element, syngamy 
and meiosis. Syngamy is the fusion of two cells or two nuclei. Meiosis is ordinarily 
initiated in a diploid cell that contains a pair of homologs, which is two copies of each 
chromosome. In meiosis, generally, first the cell undergoes DNA replication, so each 
homolog now consists of two identical sister chromatids. Next, homologous chromo-
somes undergo intimate pairing with each other and exchange genetic information by 
homologous recombination. Recombination is succeeded by two cycles of cell division 
to yield four haploid daughter cells each having half the number of chromosomes as 
the original diploid cell. Some microbial eukaryotes, however, use a similar process, 
parasexual meiosis. This is where ploidy (the number of complete sets of chromo-
somes in a cell) is determined, both before and after homologous recombination, by 
processes other than those in standard meiosis. One of the microbial eukaryotes we 
discuss, below, Candida albicans, uses parasexual meiosis.
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There appears to be broad agreement among geneticists that the key to under-
standing why sex exists is to understand the adaptive benefit of meiotic homologous 
recombination, the molecular event that syngamy and meiosis seem designed to 
promote. The evidence reviewed here on microbial eukaryotes, we think, sup-
ports the general view that the meiotic recombination mechanism is maintained 
by natural selection at each generation because of the benefit of DNA repair [1]. 
Recombinational repair is especially beneficial as an adaptation for responding to 
stressful conditions, such as starvation or oxidative stress, that cause DNA damage.

Meiotic sex appears to be very widespread among microbial eukaryotes. In 
1999, Dacks and Roger [2] proposed, on the basis of phylogenetic evidence, that 
the common ancestor of all known eukaryotes was likely facultatively sexual. Since 
this proposal was presented, sex has been reported in several microbial eukaryotes 
that had previously been considered to be asexual. Examples of organisms recently 
recognized to be sexual are Giardia intestinalis (syn. G. lamblia) and Trichomonas 
vaginalis. These microbial eukaryotes were found to possess a core set of genes that 
function in meiosis, including genes that encode proteins that are specific to meiosis 
and act in homologous recombination [3, 4]. Both G. intestinalis and T. vaginalis are 
descended from ancient lineages that diverged from each other early in the evolu-
tion of eukaryotes, thus indicating that core genes necessary for meiosis, and hence 
sex, were likely present in an early ancestor of both species. Parasitic protozoans 
of the genus Leishmania are another example of eukaryotic microbes once consid-
ered to be asexual, but subsequently found upon further investigation, to have a 
sexual cycle [5]. Also, evidence for meiotic sex has recently been reported for the 
phylum Amoebozoa, another early diverging lineage in eukaryotic evolution (see 
Section 10). Fungi, a diverse group of eukaryotic microorganisms, also appear to 
be anciently sexual [6]. Recent findings on additional species, reviewed by Speijer 
et al. [7], also tend to substantiate the concept that sex is an ancient, ubiquitous 
and fundamental feature of eukaryotic life. Such varied reports have contributed to 
the current understanding that meiotic sex is likely a fundamental and primordial 
property of eukaryotes (e.g. [3, 4, 8]).

We describe here the typical stages of the sexual cycles of eukaryotic microbes, 
although the amount of time spent in each stage is variable among species. The 
stages are: (1) Haploid cells reproduce by mitosis (vegetative growth). (2) Haploid 
cell undergo cellular fusion (syngamy) to form a heterokaryon that may undergo 
further mitotic divisions (vegetative growth). (3) A diploid cell is formed when 
two haploid nuclei fuse. Diploid cells may also undergo additional mitotic divisions 
(vegetative growth). (4) The meiotic process is initiated in the nucleus of a diploid 
cell by undergoing a round of DNA replication without cell division, so that the 
nucleus has four copies of its genome. Conventionally, the nucleus at this stage is 
described as having two sets of homologous chromosomes where each chromo-
some is composed of two sister chromatids (a chromatid being equivalent to a 
long DNA molecule bound with appropriate histone proteins). (5) Homologous 
chromatids undergo intimate pairing (synapsis) including pairing of non-sister 
homologous chromatids. (6) Genetic information is exchanged between the paired 
homologous chromatids by a process of recombination. Recombination may involve 
breakage and exchange between paired chromatids, but in most cases information 
is exchanged without breakage and exchange by a process referred to as synthesis 
dependent strand annealing [9]. (7) Meiosis is completed by two successive cell 
divisions whereby a cell nucleus, starting with four copies of the genome, produces 
four cell nuclei each having a single copy of the genome. During the first meiotic 
division chromosome segregation occurs so that after completion of the division 
there is one set of chromosomes (each with two chromatids) in each cell nucleus. 
During the second meiotic division there is only one set of chromatids (each 
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chromatid, now renamed as a chromosome, in each cell nucleus). That is, haploidy 
is restored. In parasexual meiosis, control of ploidy both before and after homolo-
gous recombination may occur by processes other than those in “standard” meiosis 
(see Section 5). The life cycle may now be repeated starting at stage (1).

2. Saccharomyces cerevisiae and Saccharomyces paradoxus

The budding yeast S. cerevisiae (Figure 1A) is a microbial fungus in the Division 
Ascomycota. S. cerevisiae occurs in nature as haploid (n) or diploid (2n) cells 
(Figure 1B). Haploid vegetative cells can reproduce by mitosis under favorable con-
ditions. Diploid cells can also reproduce by mitosis when nutrients are abundant. 
However, when quiescent S. cerevisiae are starved, they accumulate DNA damages 
that include double-strand breaks and apurinic/apyrimidinic sites [10]. S. cerevisiae 
cells maintained in a non-replicating quiescent state undergo chronological aging 

Figure 1. 
(A) Budding yeast Saccharomyces cerevisiae [13] and (B) cycle of sexual and vegetative reproduction 
S. cerevisiae [14].
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during which they accumulate DNA double-strand breaks and their ability to repair 
such damages declines [11]. When starving (and accumulating DNA damages), 
haploid cells can mate to form diploid cells that can undergo meiosis to produce 
four haploid spores that are contained within a sac-like structure, the ascus (tetrad) 
[12] (Figure 1B). Such spores are resistant to stress, but under favorable conditions 
can germinate to produce haploid descendants by mitosis. When haploid cells of 
mating type MATa and MATalpha come into contact with each other they can fuse 
to form a diploid cell (syngamy) that may then either reproduce by mitosis or, 
if stressed, initiate another sexual cycle by undergoing meiosis. Recombination 
between homologous chromosomes is a central feature of meiosis and involves the 
systematic intimate pairing of homologous chromosomes. This process facilitates 
recombinational repair of DNA damages [9].

Increased sensitivity to killing by DNA damaging radiation or DNA damaging 
chemicals is a general characteristic of S. cerevisiae mutants that are defective in 
genes necessary for meiotic and mitotic recombination [15]. As an example, Rad52 
mutants of S. cerevisiae are deficient in meiotic and mitotic recombination and have 
increased susceptibility to killing by X-rays, methyl methanesulfonate and agents 
that introduce DNA crosslinks [15–17]. Homologous recombination is also neces-
sary for recovery from oxidative DNA damage [18]. Such results demonstrate that 
DNA damages caused by diverse agents can be removed by recombinational repair.

A major effect of X-irradiation is the introduction of double-strand breaks in 
DNA. S. cerevisiae diploid cells in mitotic G1 phase are unable to repair such lethal 
X-ray induced damages [19]. However, S. cerevisiae cells in the G1 phase of meiosis 
are more resistant to the lethal effect of X-rays than cells in the mitotic G1 phase 
[19]. This suggests that X-ray induced lethal DNA damages are more efficiently 
repaired when occurring in meiotic G1 compared to mitotic G1. The increased 
resistance of cells undergoing meiosis may be explained by the intimate pairing 
of homologous chromosomes during meiosis which facilitates the replacement of 
damaged sequence information in one homolog by intact information from the 
other homolog.

Another proposed benefit of meiotic recombination, aside from DNA repair, 
is the production of progeny of varied genetic constitution, as occurs in outcross 
matings between unrelated individuals.

A study of the ancestry of natural S. cerevisiae strains indicated that outcross-
ing to an unrelated strain occurs only about once every 50,000 cell divisions [20]. 
That is, in nature, S. cerevisiae outcrossing is rare and mating is ordinarily between 
closely related cells. In nature, matings of S. cerevisiae tend to be between close 
relatives for two reasons [20]. First, the products of individual meiotic events are 
contained within the sac-like ascus, and each ascus contains a tetrad of ascospores, 
two ascospores of each mating type. Cells of different mating type from the same 
ascus tend to mate with each other because of their proximity, and such matings 
are between closely related individuals, which may not yield much, if any, genetic 
variation among the progeny. The second reason that mating tends to occur 
between genetically close relatives is mating type switching. Here, a cell of one 
mating type, upon mitotic cell division, produces two cells, usually one of the same 
mating types as the original cell and, often, a second cell of the opposite mating 
type. These two cells are physically adjacent and can mate with each other. Thus, in 
nature, the sexual cycle of S. cerevisiae can provide the benefit of recombinational 
repair, but only infrequently provides genetic variation.

In natural populations of the species Saccharomyces paradoxus, a sister species 
of S. cerevisiae, the frequency of matings between meiotic products from the same 
tetrad is estimated to be about 94% [21]. Also about 5% of matings are between 
clone-mates after switching of mating type. Only 1% of matings appear to be 
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outcrossings. Outcrossing, in principal, may provide the adaptive benefit of gener-
ating beneficial genetic variants. Nevertheless, the low frequency of outcrossing in 
natural populations of S. cerevisiae and S. paradoxus indicates that the production of 
genetic variation is unlikely to be the principal selective force maintaining meiotic 
sex in these organisms. On the other hand, meiosis facilitates homologous recom-
binational repair of DNA damages and such repair is especially beneficial under 
stressful conditions that are likely to be common in nature. This proposed benefit 
is compatible with the hypothesis that, in general, the principal selective force 
maintaining meiotic sex is DNA repair [1, 22, 23].

3. Schizosaccharomyces pombe

S. pombe, also referred to as “fission yeast,” is a unicellular rod-shaped 
eukaryotic microorganism in the Division Ascomycota. It grows vegetatively 
primarily as a haploid organism. S. pombe is facultatively sexual, so that when 
nutrients are limiting cells of opposite mating type tend to undergo syngamy 
(union of gametes) to form diploid zygotes [24]. The zygote can then enter meio-
sis leading to the production of four haploid products (spores) initially enclosed 
in a sac called an ascus.

Several different types of experiments have shown that DNA damages induce 
the sexual cycle and meiotic recombination in S. pombe. First, exposure of S. 
pombe cells to hydrogen peroxide, a reactive chemical that causes oxidative DNA 
damage, was observed to lead to an increase in sexual reproduction associated 
with a 4- to 18-fold increase in the formation of meiotic spores [25]. Second, DNA 
damages, in which the base cytosine is deaminated to uracil, forming the inap-
propriate base pair dU:dG, stimulate meiotic recombination [26]. Third, faulty 
processing of DNA replication intermediates (referred to as Okazaki fragments) 
produces DNA damages, including single-strand breaks or gaps, that stimulate 
meiotic recombination [27].

The fission yeast S. pombe, like the budding yeast S. cerevisiae (see above), 
switches mating type during vegetative growth, though they each use different 
mechanisms [28]. This provides S. pombe with increased mating opportunities with 
close relatives. The decreased opportunity for outcrossing in S. pombe indicates that 
the production of genetic variation is unlikely to be the principal selective force 
maintaining meiotic sex in these organisms. Overall, the findings with S. pombe, 
like those with the other yeasts, S. cerevisiae and S. paradoxus, suggest that meiotic 
recombination is primarily an adaptation for repairing DNA damage.

4. Ustilago maydis

U. maydis is a fungus in the Division Basidiomycota. It is a plant pathogen that 
causes corn smut. U. maydis teliospores are thick-walled rounded melanized cells 
with diploid nuclei that are capable of tolerating extreme temperatures and desicca-
tion. Before teliospores mature in the infected corn plant, meiosis is initiated [29]. 
As teliospores germinate they complete meiosis to produce four haploid basidio-
spores [29].

Plants often defend themselves from pathogenic microbial invasion by releasing 
an oxidative burst that includes the production of reactive oxygen species [30].  
U. maydis can protect against the host oxidative attack by an oxidative stress response 
[30]. In protecting against oxidative DNA damage, U. maydis employs a recombi-
national DNA repair system that includes the Rad51 protein (related to mammalian 
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U. maydis is a fungus in the Division Basidiomycota. It is a plant pathogen that 
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national DNA repair system that includes the Rad51 protein (related to mammalian 



Parasitology and Microbiology Research

140

Rad51), a Rec2 protein (more distantly related to mammalian Rad51), and the Brh2 
protein [that is related to the mammalian Breast Cancer 2 (Brca2) protein)] [31]. 
When any of these proteins is inactive, U. maydis becomes more sensitive to DNA 
damaging agents, mitotic recombination is reduced, and there is failure to complete 
meiosis [31]. Recombinational repair occurring during meiosis as teliospores are 
formed by the pathogen likely contributes to the maintenance of its genome integ-
rity by removing DNA damages incurred during infection.

5. Candida albicans

Candida albicans, a type of diploid yeast in the Division Ascomycota, is the most 
commonly encountered fungal pathogen in humans. The human infection can-
didiasis, resulting from overgrowth of C. albicans, often occurs in immunocom-
promised patients [32]. C. albicans can be induced to undergo a parasexual cycle 
that involves mating of diploids (syngamy) to form a tetraploid that subsequently 
appears to undergo a form of meiosis, followed by chromosome loss leading to 
approximately diploid cells with high levels of aneuploidy and homozygosity [33]. 
The C. albicans genome contains many genes that are homologous to genes in other 
species that function in meiosis [34]. One such gene, Dmc1, encodes a protein 
that has a central role in homologous recombination and is only known to express 
during meiosis [35]. Under appropriate conditions, C. albicans is capable of same 
sex mating and can undergo extensive genetic recombination between homolo-
gous chromosomes [36]. The two successive cell divisions that ordinarily occur 
subsequent to meiotic recombination in other organisms appear to be absent in C. 
albicans meiosis. Instead a reduction from four copies of the genome (tetraploidy) 
to two copies (diploidy) occurs by random chromosome loss during the mitotic cell 
division subsequent to meiotic recombination [37]. Although C. albicans popula-
tions are largely clonal, parasexual recombination can facilitate the evolution of 
resistance to the antifungal agent fluconazole upon exposure to the agent over 
successive generations [38].

The parasexual cycle appears to occur with greater frequency under envi-
ronmental stress condition [33]. Glucose starvation and oxidative stress are 
environmental stresses that are commonly encountered by pathogenic C. albicans, 
and these stresses efficiently induce same-sex mating between cells from a single 
progenitor [39]. As suggested by Guan and collaborators [39], same sex mating in 
C. albicans may be an important mode of sexual reproduction that occurs often in 
nature. Oxidative stress, associated with an increase in reactive oxygen species, 
causes DNA damage and thus the induction of mating may reflect an adaptive DNA 
repair response.

Unlike C. albicans, several other Candida clade species have a sexual cycle that 
includes ordinary meiosis and formation of sexual spores [37]. It appears that C. 
albicans has retained meiotic homologous recombination, a principal feature of 
sexual reproduction that provides the adaptive benefit of DNA repair, while losing 
the ability to undergo successive cell divisions in an organized fashion to reduce 
ploidy.

6. Paramecium tetraurelia

P. tetraurelia is a unicellular eukaryotic ciliate in the Phylum Ciliophora 
(Figure 2). It has two diploid micronuclei and a polyploid macronucleus. The 

141

Sexual Processes in Microbial Eukaryotes
DOI: http://dx.doi.org/10.5772/intechopen.88469

Figure 2. 
Paramecium tetraurelia [41].

micronuclear chromosomal DNA contains the genetic information that is inherited 
from one generation to the next, whereas the macronucleus contains many chromo-
somal DNA copies that express cellular functions. P. tetraurelia is able to undergo 
both asexual and sexual reproduction. Asexual reproduction occurs by binary 
fission in which the micronuclei divide by mitosis and the macronucleus divides 
by amitotic division [40]. Sexual reproduction involves a meiotic process, either 
automixis or conjugation. Automixis is a kind of self-fertilization, whereas conjuga-
tion involves mating with another individual.

As P. tetraurelia undergoes asexual reproduction by binary fission over many 
successive generations, the vitality of the lineage declines (clonal aging) until the 
lineage reaches the end of its clonal lifespan at about 200 fissions [42]. However, 
if P. tetraurelia undergoes automixis or conjugation during clonal aging, vitality 
is restored. Several laboratories found that clonal aging is associated with a dra-
matic increase in DNA damage [42–44]. When clonally aged P. tetraurelia undergo 
automixis or conjugation, the micronuclei go through meiosis followed by pair-
wise nuclear fusion (syngamy) of haploid meiotic products either from the same 
individual (automixis) or from different individuals (conjugation) to form a new 
diploid micronucleus. Subsequent to the formation of a new diploid micronucleus, 
the old macronucleus disintegrates and the new micronucleus replicates to form 
a new macronucleus. The paramecia that undergo this process have their clonal 
lifespan restored and are rejuvenated. Clonal aging thus appears to be caused to a 
large extent by progressive accumulation of DNA damage and rejuvenation likely 
depends on the repair of such damages in the micronuclear DNA during meiosis 
followed by the reestablishment of macronuclear DNA by replication of the newly 
repaired micronuclear DNA.
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7. Volvox carteri

Volvox carteri is in the Phylum Chlorophyta. It is a facultatively sexual species of 
colonial green algae. The V. carteri life cycle can include both a sexual and asexual 
phase. Under natural conditions, V. carteri reproduces asexually in temporary 
ponds during the spring. However, before the ponds dry up in the summer heat, it 
becomes sexual forming male and female gametes which can then undergo fertiliza-
tion to form a desiccation resistant overwintering diploid zygospore. Germination 
of zygospores involves meiosis and takes place when environmental conditions 
become favorable, usually the next spring.

V. carteri can be induced by heat shock to undergo sexual reproduction [45]. 
Antioxidants can inhibit this induction, indicating that oxidative stress likely 
mediates the induction of sexual reproduction by heat shock [46]. Also implicat-
ing oxidative stress is the finding that an inhibitor of the mitochondrial electron 
transport chain, that causes an increase in reactive oxygen species, induces sex in V. 
carteri [47]. Thus the induction of facultative sex, even under natural conditions, 
may be due to oxidative stress, a condition that causes oxidative DNA damage [47].

8. Trypanosoma brucei

Human African trypanosomiasis (sleeping sickness) is caused by T. brucei 
infection (Figure 3). T. brucei undergoes meiosis within the salivary glands of its 
tsetse fly vector. Meiosis appears to be a normal part of the developmental cycle 
of T. brucei [49–51]. Three proteins that are only known to express during meiosis, 
Dmc1, Mad1 and Hop1, are found to be expressed in the nucleus of a small fraction 
of dividing epimastigote trypanosomes in the salivary glands and nowhere else 
[51, 52]. Haploid gametes produced by meiosis can subsequently undergo pairwise 
interaction leading to cell fusion [49].

Figure 3. 
Trypanosoma brucei [48].
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Tsetse flies are able to resist trypanosome infection by mounting immune defenses 
[50]. The flies’ defenses include the ability to produce increased levels of reactive oxy-
gen species (ROS) such as hydrogen peroxide [51, 53]. ROS can cause DNA damage, 
including double-strand breaks. T. brucei can carry out homologous recombinational 
repair of double-strand breaks [54]. Such a repair process is likely facilitated in T. 
brucei by homologous chromosome pairing during meiosis. This process may help 
protect T. brucei against the assault by ROS mounted by the tsetse fly host.

Trypanosomes are classified in the supergroup Excavata that are one of the earli-
est diverging eukaryotic lineages [55]. The discovery of a sexual stage in T. brucei 
supports the idea that meiotic sexual production is an ancestral characteristic of 
eukaryotes [49] (see Section 1).

9. Neurospora crassa

The Ascomycete Neurospora crassa grows vegetatively as a haploid filamentous 
fungus. Figure 4A illustrates a segment of haploid hyphae which form a mass of 

Figure 4. 
(A) Neurospora crassa hyphae [58], (B) Neurospora crassa life cycle. The haploid mycelium reproduces 
asexually by two processes: (1) simple proliferation of existing mycelium, and (2) formation of conidia (macro- 
and micro-) which can be dispersed and then germinate to produce new mycelium. In the sexual cycle, mating 
can only occur between individual strains of different mating type, A and a. Fertilization occurs by the passage 
of nuclei of conidia or mycelium of one mating type into the protoperithecia of the opposite mating type through 
the trichogyne. Fusion of the nuclei of opposite mating types occurs within the protoperithecium to form a zygote 
(2N) nucleus [59].
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thread-like filaments comprising the mycelium which is the vegetative part of the 
fungus. The life cycle of N. crassa is outlined in Figure 4B which indicates the struc-
tures and events of sexual reproduction. Like S. cerevisiae, N. crassa has two mating 
types. Sexual interaction in N. crassa can only occur between individuals of opposite 
mating type. The diploid stage is very brief, occurring just prior to entry into meiosis. 
However, the brief diploid stage of N. crassa involves considerable complexity. The 
haploid vegetative multicellular filamentous stage, although longer lasting and larger 
than the diploid stage, has a relatively simple modular structure. In natural popula-
tions, recessive mutations specifically affecting the diploid stage are quite frequent 
[56]. Such diplophase specific mutations, when homozygous, can cause barren 
fruiting bodies (perithecia) and failure to form asci. Homozygous mutations can also 
lead to an abnormal meiosis with faulty pachytene or diplotene stages, or defective 
chromosome pairing [57]. At least 435 genes were estimated to affect the diploid stage 
[56]. This is at least 4% of the total 9730 genes of N. crassa. Thus it appears that the 
requirement for union of opposite mating types provides the adaptive benefit, in the 
diploid stage, of allowing the masking of deleterious recessive mutations (comple-
mentation) while also promoting the recombinational repair benefits of meiosis.

Species of Neurospora, including N. crassa, have life cycles adapted to ecosystems 
arising as the result of fire [60]. Neurospora species are common primary colonizers 
of trees and shrubs that have been killed by fire in Western North America. Fire 
appears to provide heat and chemical byproducts necessary for germination of 
ascospores that have been produced by sexual reproduction. Also fire can create a 
sterile environment with an abundance of nutrients derived from dead plant tissues 
upon which Neurospora can grow. The distribution of Neurospora growing at natural 
sites suggests that initial colonization by heat resistant ascospores is followed by 
vegetative growth, the production of conidia and then the dispersal of the conidia.

10. Amoebozoa

The Amoebozoa, a phylum within the kingdom Protozoa, contains about 2400 
described species. Amoebozoan species include a variety of lineages of polymorphic 
amoeboid forms that until recently were considered to be asexual. A recent study, 
however revealed that amoebozoans representing all major subclades possess most 
of the genes that function specifically in meiosis, as well as many of the genes 
involved in meiotic recombinational repair [61]. It was concluded that Amoebozoa is 
ancestrally sexual. Since the Amoebozoa diverged in eukaryotic evolution before 720 
million years ago [62], these findings suggest that meiotic sex was present early in 
eukaryotic evolution.

Another analysis of the Amoebozoa also supported the probable occurrence of 
syngamy (cell fusion) and meiotic processes in all major amoebozoan lineages [63]. 
This study concluded that most amoebozoans are likely capable of a canonical mei-
otic process. As one example, wild populations of the social amoeba Dictyostelium 
discoideum undergo widespread mating and sexual reproduction including meiosis 
when food is scarce [64, 65]. The evidence for the occurrence of meiotic sex among 
the amoebozoa is consistent with the general idea (see Section 1) that meiotic sex is 
likely a primitive characteristic of eukaryotes.

11. Eukaryotic sexual processes likely arose in the archaea

From about 3.4 billion to 570 million years ago, microbes were the only forms of 
life. The last common ancestor of all eukaryotes arose before 1.5 billion years ago [66]. 
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The eukaryotic common ancestor is considered to have arisen when an anaerobic host 
archaeal cell acquired an internalized aerobic bacterium [67]. The internalized aerobe 
eventually evolved into the mitochondrion, providing the capability for respiration. 
The ancestral archaeal genome appears to have contributed more important genes 
to the eukaryotic nuclear genome (such as those genes involved in transcription, 
translation and replication) than the internalized aerobe [68]. Meiotic sex appears 
to be a primordial characteristic of eukaryotes (see Section 1). This suggests that 
sexual processes may already have been present in the archaeal microbe from which 
eukaryotes arose. Extant archaeal species such as Sulfolobus solfataricus and Sulfolobus 
acidocaldarius as well as several other archaeal species undergo interactions that have 
key features similar to sexual processes in microbial eukaryotes [69].

For instance, the hyperthermophilic archaeon S. solfataricus expresses the RadA 
protein, a homolog of the eukaryotic proteins Rad51 and Dmc1 that catalyze DNA 
pairing and strand exchange, central steps in recombinational repair during meiosis 
[70]. Exposure of S. solfataricus to DNA damaging UV irradiation or agents that 
cause DNA double-strand breaks induces pilus formation leading to cellular aggre-
gation [71]. UV-induced cellular aggregation mediates high frequency chromosomal 
marker exchange between cells [72]. The DNA damage inducible DNA transfer pro-
cess and subsequent homologous recombination were hypothesized to represent an 
important mechanism for providing increased repair of damaged DNA via homolo-
gous recombination in order to maintain genome integrity [71–73]. Van Wolferan 
and collaborators [74, 75] also obtained evidence with S. acidocaldarius that led 
them to propose that DNA transfer occurs in order to repair DNA damages by 
homologous recombination. Thus it appears likely that key elements of eukaryotic 
meiosis, namely the coming together and intimate alignment of chromosomes from 
different cells followed by repair of DNA damage by homologous recombination, 
already existed in the archaeal ancestors of eukaryotes. To some extent, these key 
elements are also present in many extant eubacteria, particularly in those species 
capable of natural genetic transformation [1]. This suggests that sexual processes 
were even present in a common ancestor of both eubacteria and archaea.

12. Conclusions

Meiotic sex appears to be a primordial characteristic of microbial eukaryotes and 
has likely provided a continuous adaptive benefit for as long as 1.5 billion years in 
diverse lineages of microbial eukaryotes. Since eukaryotes appear to have evolved 
from an archaeal ancestor, the adaptive function of sexual processes, even in 
archaeal species, is relevant to understanding sexual processes in microbial eukary-
otes. In the archaea, homologous recombinational repair of DNA damages appears 
to be the principal adaptive benefit of sexual processes. Conclusions bearing on the 
adaptive benefit of sexual processes (syngamy and meiosis) in microbial eukaryotes 
are summarized below.

The dikaryotic fungi (Ascomycetes and Basidiomycetes) include some of the most 
well-studied microbial eukaryotic species with respect to sexual reproduction. 
Wallen and Perlin [76] concluded in a 2018 review of the function and maintenance 
of sexual reproduction in the dikaryotic fungi that sexual reproduction, including 
its central feature of homologous recombination, evolved to repair DNA damages 
that arise particularly from environmental stresses. In the ascomycete yeast S. cere-
visiae, DNA repair by homologous recombination during mitosis is well established. 
Recombinational repair during meiosis is stimulated under starvation conditions 
and appears to be even more efficient than during mitosis. In natural populations of 
S. cerevisiae and S. paradoxus, the great majority of matings that occur are between 
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life. The last common ancestor of all eukaryotes arose before 1.5 billion years ago [66]. 
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The eukaryotic common ancestor is considered to have arisen when an anaerobic host 
archaeal cell acquired an internalized aerobic bacterium [67]. The internalized aerobe 
eventually evolved into the mitochondrion, providing the capability for respiration. 
The ancestral archaeal genome appears to have contributed more important genes 
to the eukaryotic nuclear genome (such as those genes involved in transcription, 
translation and replication) than the internalized aerobe [68]. Meiotic sex appears 
to be a primordial characteristic of eukaryotes (see Section 1). This suggests that 
sexual processes may already have been present in the archaeal microbe from which 
eukaryotes arose. Extant archaeal species such as Sulfolobus solfataricus and Sulfolobus 
acidocaldarius as well as several other archaeal species undergo interactions that have 
key features similar to sexual processes in microbial eukaryotes [69].

For instance, the hyperthermophilic archaeon S. solfataricus expresses the RadA 
protein, a homolog of the eukaryotic proteins Rad51 and Dmc1 that catalyze DNA 
pairing and strand exchange, central steps in recombinational repair during meiosis 
[70]. Exposure of S. solfataricus to DNA damaging UV irradiation or agents that 
cause DNA double-strand breaks induces pilus formation leading to cellular aggre-
gation [71]. UV-induced cellular aggregation mediates high frequency chromosomal 
marker exchange between cells [72]. The DNA damage inducible DNA transfer pro-
cess and subsequent homologous recombination were hypothesized to represent an 
important mechanism for providing increased repair of damaged DNA via homolo-
gous recombination in order to maintain genome integrity [71–73]. Van Wolferan 
and collaborators [74, 75] also obtained evidence with S. acidocaldarius that led 
them to propose that DNA transfer occurs in order to repair DNA damages by 
homologous recombination. Thus it appears likely that key elements of eukaryotic 
meiosis, namely the coming together and intimate alignment of chromosomes from 
different cells followed by repair of DNA damage by homologous recombination, 
already existed in the archaeal ancestors of eukaryotes. To some extent, these key 
elements are also present in many extant eubacteria, particularly in those species 
capable of natural genetic transformation [1]. This suggests that sexual processes 
were even present in a common ancestor of both eubacteria and archaea.

12. Conclusions

Meiotic sex appears to be a primordial characteristic of microbial eukaryotes and 
has likely provided a continuous adaptive benefit for as long as 1.5 billion years in 
diverse lineages of microbial eukaryotes. Since eukaryotes appear to have evolved 
from an archaeal ancestor, the adaptive function of sexual processes, even in 
archaeal species, is relevant to understanding sexual processes in microbial eukary-
otes. In the archaea, homologous recombinational repair of DNA damages appears 
to be the principal adaptive benefit of sexual processes. Conclusions bearing on the 
adaptive benefit of sexual processes (syngamy and meiosis) in microbial eukaryotes 
are summarized below.

The dikaryotic fungi (Ascomycetes and Basidiomycetes) include some of the most 
well-studied microbial eukaryotic species with respect to sexual reproduction. 
Wallen and Perlin [76] concluded in a 2018 review of the function and maintenance 
of sexual reproduction in the dikaryotic fungi that sexual reproduction, including 
its central feature of homologous recombination, evolved to repair DNA damages 
that arise particularly from environmental stresses. In the ascomycete yeast S. cere-
visiae, DNA repair by homologous recombination during mitosis is well established. 
Recombinational repair during meiosis is stimulated under starvation conditions 
and appears to be even more efficient than during mitosis. In natural populations of 
S. cerevisiae and S. paradoxus, the great majority of matings that occur are between 
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closely genetically related individuals. Thus sex in these species is unlikely to be 
primarily maintained by an adaptive benefit of producing genetic variation.

The ascomycete S. pombe, like S. cerevisiae, tends to mate when nutrients are 
scarce. Introduction of DNA damage by different DNA damaging conditions stimu-
lates sexual reproduction and meiotic recombination, consistent with the idea that 
meiotic recombination is an adaptation for repair. Another ascomycete, C. albicans 
is regarded as a parasexual, rather than sexual, species since it appears to undergo 
a meiotic process that is not associated with the organized chromosome segrega-
tion that normally results in haploid meiotic products. Nevertheless C. albicans 
contains a set of genes homologous to genes that function in meiosis in other species 
including a key gene that only functions in meiosis. Same sex mating in C. albicans 
likely occurs frequently in nature especially under environmental stress conditions. 
U. maydis is a basidiomycete fungus. Upon infecting its plant host it can undergo 
meiosis. Recombinational repair occurring during meiosis likely helps protect the 
U. maydis genome from oxidative attack by the plant host’s defensive system against 
invading fungal pathogens.

Paramecium tetraurelia, a unicellular ciliate, undergoes clonal aging over suc-
cessive asexual generations leading eventually to extinction. However, if aging 
paramecia are allowed to undergo a sexual process, either conjugation (mating with 
another individual) or automixis (self-fertilization), the progeny have a lifespan 
characteristic of youthful paramecia. During clonal aging DNA damage dramati-
cally increases. Presumably, during automixis or conjugation, age-related DNA 
damage is repaired by homologous recombination.

Volvox carteri is a facultatively sexual colonial green algae. Sex (syngamy and 
meiosis) can be induced by conditions that cause oxidative stress, suggesting that 
sex may be a response to oxidative DNA damage.

T. brucei is a trypanosome parasite that causes human sleeping sickness. The tse-
tse fly acts as a vector for transmitting the parasite. T. brucei after infecting the fly 
is able to undergo meiosis in the fly’s salivary glands. The tsetse fly can defend itself 
against T. brucei infection, in part, by producing DNA damaging reactive oxygen 
species. When the trypanosomes within the fly’s salivary glands undergo meiosis, 
the associated homologous recombination likely promotes repair of the oxidative 
damage in the trypanosome’s genome.

The amoebozoa are a phylum of protozoans that diverged early in eukaryotic 
evolution. The amoebozoa include a large number of species that are classified into 
major subclades. Representative species from these subclades were recently found 
to have many genes that are related specifically to meiosis and to recombinational 
repair. This finding suggests that most amoebozoans are likely capable of meiosis, 
and contributes further to the idea that sex is a primitive character of eukaryotes.

Sexual processes in microbial eukaryotes are often induced by stress. In addition 
to the examples described above, sexual processes have also been demonstrated 
to be inducible by stress in other microbial eukaryotes. As an example, when 
Chlamydomonas reinhardtii, a unicellular green alga, is grown in a medium with 
limiting nitrogen, it differentiates to form gametes that are able to fuse together to 
produce a zygote capable of meiosis [77]. As another example, when the hyphae 
of the oomycete Phytophthora cinnamomi are exposed to hydrogen peroxide or 
mechanical damage, sexual reproduction is induced [78]. Also, meiotic processes 
can be induced in the human fungal pathogen Cryptococcus neoformans by desicca-
tion or nitrogen starvation [79].

As noted in Section 1, the main focus of this review is to understand the prin-
cipal adaptive function of meiotic sexual reproduction in microbial eukaryotes. 
The evidence reviewed in the preceding sections suggests that meiotic homologous 
recombination, the central process of meiosis, is an adaption for repairing DNA 
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damages. The need for repair of DNA damages may be particularly critical in 
response to stress. The alternative possibility, that meiotic sex is primarily an adap-
tation for generating genetic variation seems less plausible because in well studied 
microbial eukaryotes, such as S. cerevisiae and S. paradoxus, all but a small percent-
age of matings in nature are between clonally related individuals. Nevertheless, the 
existence of mating types as in S. cerevisiae, N. crassa and other microbial eukary-
otes suggests that some degree of out-crossing is adaptively beneficial. The benefit 
of out-crossing is that it promotes complementation, the masking of deleterious 
recessive mutations in diploid cells [80]. This masking benefit of out-crossing is 
generally recognized as underlying such concepts as heterosis, hybrid vigor or the 
avoidance of “inbreeding depression” [81]. Also, sexual processes can produce 
genetic variation that may be beneficial, as in the case of C. albicans populations 
where parasexual recombination can apparently facilitate, over successive genera-
tions, the evolution of resistance to the antifungal agent fluconazole [38].
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Chapter 9

An Insight into the Changing 
Scenario of Gut Microbiome 
during Type 2 Diabetes
Alpana Mukhuty, Chandrani Fouzder, Snehasis Das  
and Dipanjan Chattopadhyay

Abstract

The gut microbiome consists of bacteria, protozoans, viruses, and archaea 
collectively called as gut microbiota. Gut microbiome (GM) modulates a variety of 
physiological responses ranging from immune and inflammatory responses, neu-
ronal signalling, gut barrier integrity and mobility, synthesis of vitamins, steroid 
hormones, neurotransmitters to metabolism of branched-chain aromatic amino 
acids, bile salts, and drugs. Type 2 diabetes mellitus (T2D) is a highly prevalent 
metabolic disorder that is featured by imbalance in blood glucose level, altered lipid 
profile, and their deleterious consequences. GM dysbiosis a major factor behind 
the incidence and progression of insulin resistance and is responsible for altering 
of intestinal barrier functions, host metabolic, and signaling pathways. The GM of 
type 2 diabetes (T2DM) patients is characterized by reduced levels of Firmicutes 
and Clostridia and an increased ratio of Bacteroidetes:Firmicutes. Endotoxemia 
stimulates a low-grade inflammatory response, which is known to trigger T2DM. 
Xenobiotics including dietary components, antibiotics, and nonsteroidal anti-
inflammatory drugs strongly affect the gut microbial composition and can promote 
dysbiosis. However, the exact mechanisms behind the dynamics of gut microbes 
and their impact on host metabolism are yet to be deciphered. Interventions that 
can restore equilibrium in the GM have beneficial effects and can improve glycemic 
control.

Keywords: type 2 diabetes, inflammation, immune response, gut microbiome, 
xenobiotics

1. Introduction

Our quality of life and health status are modulated by our food habits and 
lifestyle. Hence several metabolic disorders and are the greatest global health 
issues are influenced by improper diet and lifestyle [1]. The other factors that are 
involved in the development of metabolic disorders and diseases are environmental 
factors, maternal health, and host genetic makeup. The resident microorganisms 
in our gastrointestinal tract are collectively collected as the gut microbiota (GM). 
GM consists of bacteria, fungi, Archaea, protozoa, and viruses. In case of mam-
mals, GM comprises of four main phyla: Firmicutes (64%), Bacteroidetes (23%), 
Proteobacteria (8%), and Actinobacteria (3%). These phyla are important for the 
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regulation of host metabolism and physiology [2]. The total number of both pro-
karyotic cells and host eukaryotic cells in the gut is approximately 100 trillion, which 
is three times that of the total number of human body cells [3]. Hence, our unique 
gut environment is considered as a functional and measurable organ [4]. However, 
the composition of GM varies along the gastrointestinal tract, and differs within and 
between individuals depending on the gestational age, mode of delivery, breastfeed-
ing, antibiotic exposure, dietary lifestyle and nutritional status of the individual 
status of [5, 6]. The colonization of GM is limited in stomach and small intestine, 
but quite dense and diverse in the colon owing to the absence of digestive secretions, 
slow peristalsis, and rich nutrient supply [7]. This variety in composition of GM and 
its function is influenced by the consumption of improper diet, which in turn affects 
the health condition of the host. GM regulates the energy homeostasis, intestinal 
integrity and immunity against invading pathogens by participating in the digestive 
process and energy production, hampering pathogen colonization, and modulating 
the immune system; hence GM can modulate the overall health status of the host. 
Gut microbiome also influences an individual’s metabolic status such as calorie 
derived from indigestible dietary substances and storage of calories in adipose 
tissue, which regulates incidence of obesity in an individual. Studies from germ-free 
and wild type mice showed alteration in homeostasis in kidney, liver, and intestine 
in germ-free mice depicting the fact that GM influences whole body metabolism 
[8–13]. GM also plays a vital role in vitamin production, energy harvest and storage, 
fermentation and absorption of undigested carbohydrates. The distribution of GM 
is determined by diet to a large extent as evident from individuals who follow a diet 
high in animal fat have dominance of Bacteroides in GM, whereas those who follow a 
carbohydrate-rich diet have a Prevotella dominant GM (Table 1) [14–16]. According 
to conventional theories the relationship between genetic and environmental factors 
such as high-calorie diet and lack of physical activities was considered as the major 
main contributor to obesity but recently GM has attracted much attention in relation 
to human health and disease. Recent scientific investigations have shown that GM 
can be considered as an important endogenous factor controlling obesity [17, 18].

2. Host-gut microbiota metabolite interaction

Several reports have shown that the metabolites derived by GM from fermenta-
tion of food play a key role in maintenance of the host metabolism. Clostridium and 
Eubacterium from our GM break down bile acid in the intestine to its secondary 
metabolites like deoxycholic acid and lithocholic acid. These metabolites bind to 
Takeda G protein coupled receptor-5 TGR5 receptor (G-protein-coupled bile recep-
tor) present in the endocrine glands, adipocytes, muscles, immune organs, spinal 
cord and enteric nervous system, and stimulates the secretion of incretin hormone 
GLP-1 and insulin. Hence these metabolites in turn promote energy expenditure 
(Table 1) [19]. Long chain fatty acids, for example linoleic acid produced by the 
GM regulates our lipid profile finally resulting in obesity [20]. Short chain fatty 
acids (SCFs) another secondary metabolite of gut microbial fermentation is formed 
by the digestion of indigestible polysaccharides and oligosaccharides that are 
neither digested nor absorbed in the proximal jejunum [21]. SCFs mainly acetate 
and propionate contributed by Bacteroidetes and butyrate produced by Firmicutes 
balance the host metabolism by influencing energy homeostasis, lipid accumula-
tion and appetite [22]. SCF produced in the gastrointestinal tract are also known 
to control the pH of the lumen by increasing the absorption of nutrients. SCFs also 
act as a source of nutrition for GM due to high carbon content [23]. Butyrate is the 
main source of energy for colonocytes. It aids in the proliferation, maturation, 
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maintenance of colonocytes and also protects the colon by enhancing mucin expres-
sion and immune response [24]. Acetate and propionate can cross the liver epi-
thelium, and propionate gets metabolized in the liver, whereas acetate stays in the 
peripheral circulation [25]. SCF also regulates epithelial barrier integrity by main-
taining the tight junction proteins like claudin-1, occludin, and Zonula Occludens-1. 
Suppression of these proteins leads to invasion of bacteria and lipopolysaccharides 
(LPS) stimulating an inflammatory response [26]. Hence SCF acts as energy source 
and also regulates host biological responses including inflammation, oxidative 

Gut microbiota Facts and effects

Bifidobacteria Population reduces in high fat-fed mice gut increasing 
endotoxemia [14]

Bacteroidetes Population high in the gut of people consuming animal-based food 
rich diet [15]

Prevotella Population high in the gut of people consuming plant-based food 
rich diet [16]

Clostridium and Eubacterium Break down bile acid in the intestine to its secondary metabolites 
like deoxycholic acid and lithocholic acid. These metabolites bind 
to TGR5 receptor (G-protein-coupled receptor) present in the 
endocrine glands, adipocytes, muscles, immune organs, spinal cord 
and enteric nervous system, and stimulates the secretion of incretin 
hormone GLP-1 and insulin [19]

Lactobacillus reuteri GMNL-263 They are capable of reducing T2D markers like serum glucose, 
glycated hemoglobin and c-peptide in high-fructose-fed rats along 
with reduction in inflammatory cytokines IL-6 and TNF-α in adipose 
tissue and down-regulated forms of GLUT 4 and PPAR-γ [58]

Lactobacillus casei Shirota They can increase lipopolysaccharide-binding protein expression in 
plasma and diminishes endotoxemia [63]

Bifidobacterium animalis subsp. lactis They can restrict bacterial translocation in intestine alleviating 
bacteremia in early stages of T2D [64]

L. casei Zhang Oral administration can ameliorate impaired glucose tolerance in 
hyperinsulinemic rats induced by high-fructose [65]

Lactobacillus Oral administration is positively correlated with expression of CB2 
receptor [76]

Clostridium Oral administration is negatively correlated with CB2 expression 
probiotics control GM through CB2 receptor expression [76]

Bifidobacterium infantis Impairs inflammation by altering the intestinal permeability [80, 81]

Bacteroidetes:Firmicutes ratio Low in GM of obese patients [112, 113]

Butyrate-producing bacteria (Roseburia 
species and Faecalibacterium prausnitzii)

Low population in GM of T2DM patients [113]

Firmicutes (Gram-positive) and 
Bacteroidetes (Gram-negative)

90% of the bacterial species present in gut [15, 16]

Proteobacteria and particularly 
Escherichia coli

High in T2D patients [113, 121]

Enterobacteriaceae Population elevated by T2D drugs [122]

Clostridium and Eubacterium Population lowered by T2D drugs [122]

Akkermansia sp.
Akkermansia muciniphila

Metformin increases the populations of Akkermansia sp. in 
high-fat diet-fed mice, hence improving glucose metabolism. Oral 
administration of Akkermansia muciniphila also improves metabolic 
dysfunctions like endotoxemia and adipose tissue inflammation [122]

Table 1. 
Facts and effects of various types of bacteria present in GM
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stress, and immune response toward Crohn’s disease, ulcerative colitis, and colorec-
tal cancer [27, 28]. Host metabolism is activated by SCFs by direct stimulation 
of G-coupled receptors like free fatty acid receptors 2 and 3 (FFAR2/GPR41 and 
FFAR3/GPR41) occurring mainly in the gut epithelial cells. They also activate host 
metabolism by inhibiting nuclear class I histone deacetylases (HDACs) present in 
the epithelial cells [27]. FFAR2 acts as the receptor for acetate and FFAR3 is the 
receptor for butyrate and propionate. Activation of these receptors regulates the 
level of satiety hormones like ghrelin (orexigenic peptide), glucagon like peptide-1 
(GLP-1), and peptide YY (PYY) (anorexigenic peptide) [29]. Ghrelin secretion 
occurs pre-meal, while GLP-1 and PYY are secreted post-meal, which in turn stimu-
lates insulin production in the pancreatic 𝛽𝛽 cells. GLP-1 and PYY also reduce food 
intake, normalizes weight loss and maintain the balance of energy intake. Increase 
in the production of SCFs enhances the secretion of PYY and GLP-1 but decreases 
secretion of ghrelin, which ultimately leads to increased satiety and reduction 
in food intake [30]. The other factors inducing reduced appetite is mediated by 
butyrate and propionate by (i) enhanced expression of leptin in adipocytes, direct 
regulation of body weight and energy homeostasis by decreased food intake and 
upregulated energy expenditure [31], (ii) promoting gluconeogenesis in the intesti-
nal cells [32] and (iii) inhibition of histone acetyltransferase and deacetylases which 
exhibit anti-inflammatory responses, epigenetic modification necessary for prolif-
eration and differentiation of immune cells, activated AMP-activated protein kinase 
(AMPK) pathway synchronised adiponectin secretion, induction of mitochondrial 
biogenesis and fatty acid oxidation [33]. In healthy subjects SCF regulates integrity 
of gut, secretion of hormones, and immune responses, while in metabolically 
unhealthy subjects SCF implements protection from diabetes, ulcerative colitis, 
colorectal cancer, and neurodegenerative disorders [24, 34].

2.1 Gut microbiota composition

Recent studies targeting metagenomics have disclosed that approximately 
90% of the bacterial species in the GM of adult humans are Bacteroidetes (Gram-
negative) and Firmicutes (Gram-positive) [35, 36]. A healthy person fosters 
500–1000 bacterial species at a single time and almost 1012–1014 colony-forming 
units (CFU) with a total mass weight of about 1–2 kg in the total gut [37] with 
109–1012 CFU/ml in the colon, 101–103 CFU/ml in jejunum and 104–108 CFU/ml in 
the ileum [38]. Transfer of microbiota from mother to embryo takes place in utero 
or during birth and attains strength by the 2 years. Composition of GM is shaped by 
host genetics, environmental factors and early exposure to microbes during birth. 
The other factors that regulate formation of a stale GM are exposure to vaginal 
microbiome during normal delivery, skin microbiota during cesarean sections, 
breast-feeding and antibiotics in neonatal or early childhood.

2.2 Role of gut microbiota in carbohydrate metabolism

Normal diet of a healthy human contains a considerable percentage of carbohy-
drates comprising of monosaccharides, disaccharides and complex polysaccharides. 
The difference lies in the absorption of the sugars, for example common sugars like 
cane sugar and fruit sugars are readily absorbed in the intestine, disaccharides like 
maltose, lactose and sucrose and complex polysaccharides like pectin, starch and 
hemicellulose are broken down into monosaccharides in the ileum with the help of 
bacterial enzymes like glycosidases before being absorbed [39]. After food intake 
consisting of carbohydrate-rich diet, glucose levels in the blood rise, and later are 
strongly regulated and kept at a homeostatic level by the help of two hormones, 
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insulin and glucagon. Carbohydrate digestion and absorption occurs in the upper 
digestive tract via glucose transporters called GLUTs (glucose transporters) located 
on the epithelial cells [40]. GLUT proteins uptake glucose into the pancreatic 
β-cells. Metabolization of glucose stimulates insulin secretion due to increased ATP/
ADP ratio, membrane depolarization and closure of potassium channels, resulting 
in calcium dependant exocytosis of insulin [41].

The role of gut environment and gut associated lymphoid tissue plays a pivotal 
role in T2D [42]. T2D is a chronic metabolic disorder characterized by fasting 
serum hyperglycemia, non-responsiveness of insulin and insulin insufficiency [43]. 
Insulin resistance or non-responsiveness occurs in the liver and skeletal muscle cells 
when they undergo failure to sense insulin. Other factors in T2D are non-respon-
siveness or deficiency of incretins, amplified lipid catabolism, increased glucagon 
levels in circulation and increased salt and water renal retention [43, 44]. High-fat-
diet-fed germ-free mice, wild type mice and standard diet fed mice exhibit different 
metabolic and immunological characters depending on diet and GM [45, 46]. Also 
mice belonging to same genotype and diet exhibit different metabolism of glucose 
depending on their GM [47].

2.3 Role of gut microbiota and its association with diet

In the earlier sections it has been discusses that our GM plays a key role in diges-
tion and absorption of food. Increased population of Bacteroidetes lead to increase 
in energy production. The population of Bifidobacteria reduce in high fat-fed mice 
gut increasing endotoxemia. Prebiotic supplementation can restore Bifidobacteria 
levels in the mouse gut [48, 49]. Bacteroidetes are more widespread in the gut of 
people consuming animal-based food rich diet. Prevotella is prevalent in people 
consuming plant-based food rich diet. In case of people consuming plant-based 
foods, the GM produce more SCFAs and increased synthesis of amylase, glutamate 
and riboflavin [50, 51]. On the contrary, people consuming animal-based foods 
have GM modified for increased catabolic processes as for example degradation of 
glycans and amino acids [52]. SCFAs like butyrate, propionate and acetate along 
with some gases like hydrogen are produced by the breakdown of these polysaccha-
rides, are further used in colonic fermentation and yield energy [53]. Butyrates can 
decrease calorie intake of an individual by inducing satiety via production of GLP-1 
and gastric inhibitory peptide-1 [54]. Butyrates are also involved in maintenance 
of gut integrity by supplying energy for regulating the survival and proliferation of 
enterocytes.

Low-grade inflammation is a key pathophysiological factor behind the progres-
sion of type 2 diabetes (T2D), and incidence of hyperglycemia and insulin resistance 
[55]. Progression of T2D occurs along with reduced GM diversity and increased gut 
inflammation. Gut inflammation includes innate immune responses via toll-like 
receptors, (TLRs) secretion of proinflammatory cytokines and increased endotox-
emia. Also during high-fat diet induced obesity, intestinal Gram-negative bacteria 
translocates in the circulatory system, adipose tissue and cause endotoxemia [56].

2.4 Role of probiotics upon gut microbiota

Probiotics enhance production of interleukin-10 (IL-10) an important regula-
tory and anti-inflammatory cytokine in diabetic mice. Increased IL-10 down-
regulates proinflammatory cytokines like interferon-γ (IFN-γ) and interleukin-2 
(IL-2)/interleukin 1-β (IL-1β) preventing inflammation and incidence of diabetes 
[56, 57]. Lactobacillus reuteri GMNL-263 reduces T2D markers like serum glucose, 
glycated hemoglobin and c-peptide in high-fructose-fed rats along with reduction 
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insulin and glucagon. Carbohydrate digestion and absorption occurs in the upper 
digestive tract via glucose transporters called GLUTs (glucose transporters) located 
on the epithelial cells [40]. GLUT proteins uptake glucose into the pancreatic 
β-cells. Metabolization of glucose stimulates insulin secretion due to increased ATP/
ADP ratio, membrane depolarization and closure of potassium channels, resulting 
in calcium dependant exocytosis of insulin [41].

The role of gut environment and gut associated lymphoid tissue plays a pivotal 
role in T2D [42]. T2D is a chronic metabolic disorder characterized by fasting 
serum hyperglycemia, non-responsiveness of insulin and insulin insufficiency [43]. 
Insulin resistance or non-responsiveness occurs in the liver and skeletal muscle cells 
when they undergo failure to sense insulin. Other factors in T2D are non-respon-
siveness or deficiency of incretins, amplified lipid catabolism, increased glucagon 
levels in circulation and increased salt and water renal retention [43, 44]. High-fat-
diet-fed germ-free mice, wild type mice and standard diet fed mice exhibit different 
metabolic and immunological characters depending on diet and GM [45, 46]. Also 
mice belonging to same genotype and diet exhibit different metabolism of glucose 
depending on their GM [47].
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gut increasing endotoxemia. Prebiotic supplementation can restore Bifidobacteria 
levels in the mouse gut [48, 49]. Bacteroidetes are more widespread in the gut of 
people consuming animal-based food rich diet. Prevotella is prevalent in people 
consuming plant-based food rich diet. In case of people consuming plant-based 
foods, the GM produce more SCFAs and increased synthesis of amylase, glutamate 
and riboflavin [50, 51]. On the contrary, people consuming animal-based foods 
have GM modified for increased catabolic processes as for example degradation of 
glycans and amino acids [52]. SCFAs like butyrate, propionate and acetate along 
with some gases like hydrogen are produced by the breakdown of these polysaccha-
rides, are further used in colonic fermentation and yield energy [53]. Butyrates can 
decrease calorie intake of an individual by inducing satiety via production of GLP-1 
and gastric inhibitory peptide-1 [54]. Butyrates are also involved in maintenance 
of gut integrity by supplying energy for regulating the survival and proliferation of 
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Low-grade inflammation is a key pathophysiological factor behind the progres-
sion of type 2 diabetes (T2D), and incidence of hyperglycemia and insulin resistance 
[55]. Progression of T2D occurs along with reduced GM diversity and increased gut 
inflammation. Gut inflammation includes innate immune responses via toll-like 
receptors, (TLRs) secretion of proinflammatory cytokines and increased endotox-
emia. Also during high-fat diet induced obesity, intestinal Gram-negative bacteria 
translocates in the circulatory system, adipose tissue and cause endotoxemia [56].

2.4 Role of probiotics upon gut microbiota

Probiotics enhance production of interleukin-10 (IL-10) an important regula-
tory and anti-inflammatory cytokine in diabetic mice. Increased IL-10 down-
regulates proinflammatory cytokines like interferon-γ (IFN-γ) and interleukin-2 
(IL-2)/interleukin 1-β (IL-1β) preventing inflammation and incidence of diabetes 
[56, 57]. Lactobacillus reuteri GMNL-263 reduces T2D markers like serum glucose, 
glycated hemoglobin and c-peptide in high-fructose-fed rats along with reduction 
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Figure 1. 
Influence of gut microbiota in various physiological responses [80, 81, 83, 84, 110, 111].

in inflammatory cytokines interleukin-6 (IL-6) and tumor necrosis factor-α 
(TNF-α) in adipose tissue and down-regulated forms of GLUT 4 and peroxisome 
proliferator activated receptor-γ (PPAR-γ) (Figure 1 and Table 1) [58]. Methodical 
consumption of probiotic yoghurt reduces inflammatory markers such as high-
sensitivity C-reactive protein levels in pregnant women and T2D [59, 60]. Probiotic 
strains decrease oxidative stress in pancreatic tissue, reducing inflammation and 
apoptosis of pancreatic cells [61]. Probiotic strains also lessen LDL cholesterol 
and total cholesterol in serum by regulating lipid metabolism, reducing the risk of 
T2D [62]. Consumption of Lactobacillus casei Shirota increase lipopolysaccharide-
binding protein expression in plasma and diminishing endotoxemia (Table 1) [63]. 
Bifidobacterium animalis sub sp. lactis can restrict bacterial translocation in intes-
tine alleviating bacteremia in early stages of T2D (Table 1) [64]. Oral administra-
tion of L. casei can also ameliorate impaired glucose tolerance in hyperinsulinemic 
rats induced by high-fructose (Table 1) [65].

2.5  Role of gut microbiota in maintaining intestinal integrity and metabolic 
conditions

Increased gut permeability provides the relation between high-fat diet and LPS 
by causing LPS entry into circulation via the portal system in T2D patients [66]. 
Animal model studies have provided evidence between increased intestinal perme-
ability and progression of obesity and insulin resistance [67, 68]. Consumption 
of prebiotics increase gut microbiota, rectify intestinal permeability, diminish 
inflammation, alleviate endotoxemia and ameliorate glucose tolerance [68]. High-
fat diet induce decrease in tight junction proteins regulating epithelial integrity of 
gut lining and gut permeability such as zonula occluden-1 (ZO-1) and occludin. 
Dietary fatty acids activate toll-like receptor 2 (TLR-2) and toll like receptor 4 
(TLR-4) signaling pathways. TLR-4 leads to LPS translocation into intestinal 
capillaries and induces insulin resistance in mice [69–71]. Altered gut permeability 
and plasma LPS levels are related with distribution of ZO-1 and occluding and 
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endocannabinoid (eCB) system. Gut microbes selectively modify expression of 
the cannabinoid receptor 1 (CB1) in colon also affecting zona occluding ZO-1 and 
occludin [72]. Administration of probiotics changes the gut microbiota resulting 
in reduced gut permeability in obese mice. Antibiotic exposure induces metabolic 
endotoxemia in mice fed with high-fat diet, along with increased gut permeability, 
secretion of proinflammatory cytokines, and incidence of diabetes and obesity 
(Figure 1). Modulation of the eCB system is connected with inflammation and 
diabetes [72, 73]. Moderation of GM controls eCB expression in gut, thereby 
regulating gut permeability and plasma LPS levels through the CB1 receptor [72]. 
Changes in the gut microbiota due to prebiotic feeding reduce gut permeability 
in obese mice. Modulation of gut permeability occurs through the distribution 
of tight junction proteins through eCB systems [55]. Activation of cannabinoid 
CB2 receptor and blocking of CB1 receptor improves glucose tolerance [74, 75]. 
Lactobacillus administration is positively correlated with expression of CB2 recep-
tor, and Clostridium spp. is negatively correlated with CB2 expression (Table 1) 
[76]. Also probiotics control GM through CB2 receptor expression [77].

3. Gut microbiota and obesity mediated type 2 diabetes

GM has a close association with host obesity, since the increase in total body fat 
in wild type mice is high when compared to germ free mice consuming more food. 
Transplanting of cecum-derived microbiota induced an increase in body fat mass 
and insulin resistance, adipocyte hypertrophy, and increased level of circulating 
leptin and glucose [78]. Germ free mice when fed with a diet rich in fat and sugar 
content showed lean phenotype however wild type mice who were fed with the high 
sugar and high fat diet turned obese. Also the germ free mice showed enhanced 
insulin sensitivity, leading to improved glucose tolerance and altered cholesterol 
metabolism diminishing cholesterol storage and increasing cholesterol excretion via 
fecal route. GM alters intestinal permeability, causes endotoxemia, enhances calorie 
provision, stimulates endocannabinoid system (eCB), regulates lipid metabolism 
by increasing activity of lipoprotein lipase and lipogenesis resulting in host obesity. 
Lipopolysaccharides (LPS), present in the cell membrane of Gram-negative bac-
teria, stimulate low-grade inflammation and incidence of insulin resistance (IR). 
LPS reaches the circulation from gut by diffusion either by enhanced intestinal 
permeability or absorption after association with chylomicron [79]. LPS acts as a 
ligand for toll-like receptors TLR-4 occurring in immune cells, liver and adipose 
tissue. LPS activated TLR-4 prompts conformational changes recruiting adapter 
molecules like myeloid differentiation primary factor MyD88 protein, IL-1 receptor 
associated kinase IRAK, TNF receptor associated factor TRAF6, and NF-κB induc-
ing kinase NIK, phosphorylating and degrading inhibitor of nuclear factor kappa 
B kinase IKKB, inhibitor of nuclear factor kappa light chain enhancer of activated 
B cells NF-κB. Activated NF-κB translocates to the nucleus triggering expression of 
inflammatory proteins and various pathways like janus kinase JNK, p38 microtu-
bule associated protein kinase MAPK, and extracelluar signal regulated kinase ERK 
finally resulting in insulin resistance (Figure 1). Colonization of Bifidobacterium 
infantis can impair inflammation by altering the intestinal permeability. Excess of 
lipid in diet enhances exposure to free fatty acids and their derivatives, facilitates 
endotoxin absorption and increases plasma LPS level termed as “metabolic endo-
toxemia” (Table 1) [80, 81]. Interaction between endogenous lipid and cannabinoid 
receptor (CB1 and CB2) stimulates adenylate cyclase and MAPK, ERK, and NF-κB 
pathways, triggering inflammation, insulin resistance and obesity [82]. On the 
whole GM stimulates the eCB system, enhances intestinal permeability, triggering 
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endocannabinoid (eCB) system. Gut microbes selectively modify expression of 
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occludin [72]. Administration of probiotics changes the gut microbiota resulting 
in reduced gut permeability in obese mice. Antibiotic exposure induces metabolic 
endotoxemia in mice fed with high-fat diet, along with increased gut permeability, 
secretion of proinflammatory cytokines, and incidence of diabetes and obesity 
(Figure 1). Modulation of the eCB system is connected with inflammation and 
diabetes [72, 73]. Moderation of GM controls eCB expression in gut, thereby 
regulating gut permeability and plasma LPS levels through the CB1 receptor [72]. 
Changes in the gut microbiota due to prebiotic feeding reduce gut permeability 
in obese mice. Modulation of gut permeability occurs through the distribution 
of tight junction proteins through eCB systems [55]. Activation of cannabinoid 
CB2 receptor and blocking of CB1 receptor improves glucose tolerance [74, 75]. 
Lactobacillus administration is positively correlated with expression of CB2 recep-
tor, and Clostridium spp. is negatively correlated with CB2 expression (Table 1) 
[76]. Also probiotics control GM through CB2 receptor expression [77].

3. Gut microbiota and obesity mediated type 2 diabetes

GM has a close association with host obesity, since the increase in total body fat 
in wild type mice is high when compared to germ free mice consuming more food. 
Transplanting of cecum-derived microbiota induced an increase in body fat mass 
and insulin resistance, adipocyte hypertrophy, and increased level of circulating 
leptin and glucose [78]. Germ free mice when fed with a diet rich in fat and sugar 
content showed lean phenotype however wild type mice who were fed with the high 
sugar and high fat diet turned obese. Also the germ free mice showed enhanced 
insulin sensitivity, leading to improved glucose tolerance and altered cholesterol 
metabolism diminishing cholesterol storage and increasing cholesterol excretion via 
fecal route. GM alters intestinal permeability, causes endotoxemia, enhances calorie 
provision, stimulates endocannabinoid system (eCB), regulates lipid metabolism 
by increasing activity of lipoprotein lipase and lipogenesis resulting in host obesity. 
Lipopolysaccharides (LPS), present in the cell membrane of Gram-negative bac-
teria, stimulate low-grade inflammation and incidence of insulin resistance (IR). 
LPS reaches the circulation from gut by diffusion either by enhanced intestinal 
permeability or absorption after association with chylomicron [79]. LPS acts as a 
ligand for toll-like receptors TLR-4 occurring in immune cells, liver and adipose 
tissue. LPS activated TLR-4 prompts conformational changes recruiting adapter 
molecules like myeloid differentiation primary factor MyD88 protein, IL-1 receptor 
associated kinase IRAK, TNF receptor associated factor TRAF6, and NF-κB induc-
ing kinase NIK, phosphorylating and degrading inhibitor of nuclear factor kappa 
B kinase IKKB, inhibitor of nuclear factor kappa light chain enhancer of activated 
B cells NF-κB. Activated NF-κB translocates to the nucleus triggering expression of 
inflammatory proteins and various pathways like janus kinase JNK, p38 microtu-
bule associated protein kinase MAPK, and extracelluar signal regulated kinase ERK 
finally resulting in insulin resistance (Figure 1). Colonization of Bifidobacterium 
infantis can impair inflammation by altering the intestinal permeability. Excess of 
lipid in diet enhances exposure to free fatty acids and their derivatives, facilitates 
endotoxin absorption and increases plasma LPS level termed as “metabolic endo-
toxemia” (Table 1) [80, 81]. Interaction between endogenous lipid and cannabinoid 
receptor (CB1 and CB2) stimulates adenylate cyclase and MAPK, ERK, and NF-κB 
pathways, triggering inflammation, insulin resistance and obesity [82]. On the 
whole GM stimulates the eCB system, enhances intestinal permeability, triggering 
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LPS entry into circulatory system resulting in endotoxemia. Rise in LPS, modulates 
the integrity of the tight junctions of the intestinal membrane increasing LPS in 
circulation. Therefore, GM is a complex system having both advantageous and dan-
gerous microbes, and understanding the GM and host integration system provides a 
generalized idea about the function of each unit of the GM-host system [83, 84].

3.1 Gut microbiota and carbohydrate metabolism during type 2 diabetes

Bile acids affect glucose homeostasis via activation of nuclear farnesoid X 
receptor (FXR) and the membrane-bound G protein coupled receptor, TGR5. These 
receptors are expressed in liver, ileum and pancreas [85]. Some bile acids act as 
agonists for FXR, and others are FXR antagonists [86–88]. Known FXR agonists 
are CDCA, lithocholic acid, deoxycholic acid, and cholic acid [89]. The antidiabetic 
effects exhibited by vertical sleeve gastrectomy, bariatric surgery, occurs through 
FXR [90]. Also, intestinal FXR agonist treatment can improve insulin sensitivity 
[91]. In the ileum, activation of FXR leads to the production of fibroblast growth 
factor-19, a hormone that affects glucose tolerance through mechanisms that are 
largely independent of insulin [92, 93]. Activation of TGR5 produces glucagon-like 
peptide-1 (GLP-1) from ileum improves both energy and glucose homeostasis [94]. 
Activation of FXR in pancreas regulates insulin transport and secretion [95], and 
protects the islets from lipotoxicity [96]. FXR activation in liver improves insulin 
sensitivity in T2D patients [97]. The GM can modulate the amount and type of 
secondary bile acids produced via FXR and TGR5 signaling. GM enzymes such as 
bile salt hydrolase for deconjugation, 7-alpha dehydroxylase for dihydroxylation 
and 7α-hydroxysteroid dehydrogenase for epimerization of bile acids are reduced 
in T2D patients compared to healthy controls [98]. Bile acid concentrations in the 
circulation show a diurnal pattern since they increase after food intake [99].

3.2 Gut microbiota and lipid metabolism during type 2 diabetes

Our body metabolism, inflammatory processes and innate immune system are 
regulated by dietary lipids [100]. The dietary lipids can also act as (proinflamma-
tory) ligands which can bind to nuclear receptors [101]. The nuclear receptors are 
peroxisome-proliferator-activated receptors (PPAR) and liver X receptors (LXR) 
which regulate metabolic and inflammatory pathways. Hence the dietary lipids can 
improve insulin action and down-regulate secretion of pro-inflammatory cytokines 
[102, 103]. Lipids can also activate G-protein coupled receptors (Gpcr) such as Gpr43 
when activated by dietary-metabolite acetate lipolysis in adipocytes is decreased 
leading to reduced plasma-free fatty acids. Gpr43 can be considered as a potential 
target for regulation of lipid metabolism [104]. Inflammation and lipid accumula-
tion are characteristic features of atherosclerosis [105]. Recent evidences provide 
sufficient link between atherosclerosis and GM variety [106]. Short-term antibiotic 
administration can alter the composition of GM which can convert dietary choline 
and l-carnitine to trimethylamine (TMA). TMA is later oxidized into TMAO by the 
action of hepatic Flavin monooxygenases [107]. Dietary choline is highly available 
in foods rich in lipid phosphatidylcholine, lecithin, such as in eggs, red meat, milk, 
poultry, liver, and fish [108]. Bile acids are key modulators of lipid and cholesterol 
metabolism, and they facilitate intestinal absorption and transport of nutrients, 
vitamins, and lipids. Production of bile occurs in the liver and 95% of bile acids are 
reabsorbed in the ileum. Later the bile acids are re-absorbed in liver, entering the 
enterohepatic circulation. GM converts primary bile salts to secondary bile salts by 
bile acid de-hydroxylation [109]. Bile acids can also result in the release of GLP-1 
from enteroendocrine L cells via activation of Takeda G protein coupled receptor-5 
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(TGR5) (Figure 1). This phenomenon affects insulin secretion sensitivity [110]. 
Bile acids have another receptor called farnesoid X receptor (FXR) present in liver, 
intestine, and pancreatic beta cells [111]. Hence, bile acids improve our metabolism 
in the long term after bariatric surgery by enhancing intestinal hormone secretion.

3.3 Gut microbiota composition during type 2 diabetes

The GM of T2D patients exhibit low population of Firmicutes and Clostridia 
and high ratio of Bacteroidetes:Firmicutes (Table 1) [112, 113]. However, the GM 
of T2DM and obese patients are not always identical because the GM of obese 
patients show decreased Bacteroidetes:Firmicutes ratio [113–115, 118]. GM of 
T2DM patients also show low population of butyrate-producing bacteria. Short-
chain fatty acids (SCFAs) like butyrate, acetate, and propionate are fermented 
from dietary fiber in large intestine by GM. SCFAs regulate energy metabolism, 
immune responses and tumorigenesis in gut. Butyrate is the energy source for 
colonic epithelial cells. Butyrate perpetuates intestinal integrity and thereby avert 
translocation of Gram-negative intestinal bacteria across the lumen of the gut. This 
phenomenon ultimately leads to endotoxemia triggering a low-grade inflammation 
during T2D [15, 113, 115].

The major risk factors behind T2D are genetic predisposition, less physical 
activity, fetal programming, obesity and altered GM [114, 116]. Total weight of 
GM in the distal gut is about 1.5 kg and it is considered as a microbial organ. The 
GM consists of embers from Bacteria, Archaea, Eukarya and viruses, but a large 
part of the population includes anaerobic bacteria. 90% of the bacterial species 
present in gut are grouped into the two bacterial phyla Firmicutes (Gram-positive) 
and Bacteroidetes (Gram-negative) (Table 1) [15, 16]. An average adult fosters a 
minimum of 160 bacterial species and a set of genes in the GM is obligatory for 
proper functioning of the GM [15]. The GM gives protection from disease caus-
ing pathogens and facilitates the immune system. GM also help in production of 
vitamin K and many B-vitamins like folate, vitamin B12. Metagenomic studies 
about sequencing of T2D patients exhibit dysbiotic GM and less butyrate-producing 
bacteria (Roseburia species and Faecalibacterium prausnitzii). Metabolic disorders 
like obesity and impaired glucose metabolism are related with an altered ratio 
of Firmicutes and Bacteroidetes [118–120]. Populations of Proteobacteria and 
particularly Escherichia coli are also high in T2D patients (Table 1) [113, 121]. 
Gram-negative bacteria contribute to inflammatory lipopolysaccharides (LPS) 
stimulating pro-inflammation, during T2D and obesity. Oral administration of 
metformin, a widely used drug for T2D elevates populations of Enterobacteriaceae 
and lowers populations of Clostridium and Eubacterium. Metformin also increases 
the populations of Akkermansia sp. in high-fat diet-fed mice, hence improving 
glucose metabolism [122]. Oral administration of Akkermansia muciniphila also 
improves metabolic dysfunctions like endotoxemia and adipose tissue inflammation 
(Table 1) [122, 123]. Hence metformin can be used as a potent drug in improvising 
the GM content in T2D patients, managing glucose tolerance and inflammation.

4. Modulation of gut microbiota to cure type 2 diabetes

4.1 Antibiotics

Antibiotics have become very popular for elimination of pathogenic bacte-
ria. However, antibiotics are also harmful to the local population of beneficial 
GM. Hence excess use of antibiotics must be prevented for healthy maintenance of 
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about sequencing of T2D patients exhibit dysbiotic GM and less butyrate-producing 
bacteria (Roseburia species and Faecalibacterium prausnitzii). Metabolic disorders 
like obesity and impaired glucose metabolism are related with an altered ratio 
of Firmicutes and Bacteroidetes [118–120]. Populations of Proteobacteria and 
particularly Escherichia coli are also high in T2D patients (Table 1) [113, 121]. 
Gram-negative bacteria contribute to inflammatory lipopolysaccharides (LPS) 
stimulating pro-inflammation, during T2D and obesity. Oral administration of 
metformin, a widely used drug for T2D elevates populations of Enterobacteriaceae 
and lowers populations of Clostridium and Eubacterium. Metformin also increases 
the populations of Akkermansia sp. in high-fat diet-fed mice, hence improving 
glucose metabolism [122]. Oral administration of Akkermansia muciniphila also 
improves metabolic dysfunctions like endotoxemia and adipose tissue inflammation 
(Table 1) [122, 123]. Hence metformin can be used as a potent drug in improvising 
the GM content in T2D patients, managing glucose tolerance and inflammation.

4. Modulation of gut microbiota to cure type 2 diabetes

4.1 Antibiotics

Antibiotics have become very popular for elimination of pathogenic bacte-
ria. However, antibiotics are also harmful to the local population of beneficial 
GM. Hence excess use of antibiotics must be prevented for healthy maintenance of 
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GM. Bacterio-therapeutic use of antibiotics in farm animals has increased increase 
growth and food production, but has taken a toll of their metabolic pathways [115]. 
Excess of usage of antibiotics in early infancy show chronic effects on GM diversity, 
overweight in infants, obesity in adults. For example, excess of bacterio-therapy 
with vancomycin has increased the incidence of obesity in adults. Even, short-term 
treatment with vancomycin impeded peripheral insulin sensitivity and other related 
metabolic syndromes affecting GM (Table 2) [115]. Hence, even short-term treat-
ment with oral antibiotics harness intense and chronic damage to GM diversity and 
function.

4.2 Prebiotics and probiotics

Recently prebiotics and probiotics have gained a lot of popularity among 
individuals as a healthy substitute for antibiotics. Prebiotics are actually indigestible 
carbohydrates that improve the growth and function of colonic bacteria boosting 
host health. Prebiotics include oligosaccharides which cannot be digested in the 
upper GI tract. These oligosaccharides are fermented, producing SCFAs in the 
colon and result in stimulation of growth of colonic. Prebiotics can be obtained 
from a large number of dietary elements like barley, garlic, asparagus, wheat bran 
and onions and both prebiotics and probiotics can be obtained from pickled and 
fermented foods like sauerkraut, kimchi, miso, yogurt [15, 16]. Probiotics obtained 
from food and supplements contain some very popular strains like bifidobacteria 
and lactobacilli. These bacteria alter the composition and function of GM as well 
as host system activity. The prebiotics and probiotics compete with pathogenic 

Types of cure Effects

Antibiotics • Affect GM diversity

• Overweight in infant

• Obesity in adult

• Vancomycin impede insulin sensitivity [115]

Prebiotics and probiotics • Compete with pathogenic bacteria

• Intensify intestinal barrier by secreting some antimicrobial substances

• Enhances immune system [15, 16, 115]

Dietary modulation • Increase GM ecosystem diversity

• Enhances SCFA

• Reduces fasting and postprandial glucose, A1C, serum cholesterol, 
insulin resistance, BMI, waist and hip circumferences [124]

Metformin • Increases levels of butyrate-producing bacteria

• Decreases levels of Lactobacillus [125]

Fecal microbiota transplant • Allogenic infusion from lean donors lead to significant rise in GM 
diversity, enhanced levels of butyrate producing bacteria and improved 
insulin sensitivity [114, 115]

Bariatric surgery • Proteobacteria rises and Firmicutes and Bacteroides lowers

• BMI reduces by 15–32%

• C-reactive protein decreases

• T2DM is attenuated [112, 115]

Table 2. 
Types of treatments for T2D involving modulation of GM and their effects.
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bacteria, intensify the intestinal barrier by secreting some antimicrobial substances 
and enhances the immune system (Table 2) [15, 16, 115].

4.3 Dietary modulation

Changes in diet plan can modulate activity of GM and host metabolism. A fat 
and carbohydrate restricted diet increased the ratio of Bacteroidetes to Firmicutes 
in obese patients with T2D [118]. Also calorie deficient diet plans or diet plans 
rich in high-fiber macrobiotics like complex carbohydrates, legumes, fermented 
products, sea salt, and green tea and free of animal protein fat, and added sugar 
improved dysbiosis, increased GM ecosystem diversity, and enhanced SCFA 
producers in T2D patients. Macrobiotic diet can more efficiently reduce fasting and 
postprandial glucose, A1C, serum cholesterol, insulin resistance, BMI, waist and hip 
circumferences than the control diet. Also macrobiotic diet could effectively reduce 
pro-inflammatory bacterial strains (Table 2) [124].

4.4 Metformin

Metformin, already a well-established drug for T2D, has recently been known 
to have bacterio-therapeutic effects on microbial composition and production of 
SCFA. Several recent reports have shown that metformin affects GM of T2D patients 
like increasing the levels of butyrate-producing bacteria. Metformin can also decrease 
the levels of Lactobacillus which remains high in T2D patients (Table 2) [125].

4.5 Fecal microbiota transplant

Fecal microbiota transplant, or stool transplant also called bacteriotherapy, 
which is the process of replacing fecal bacteria from a healthy individual into a host 
individual has been quite effective in restoring GM composition. Fecal microbiota 
transplant is used in treating recurrent Clostridium difficile colitis recharging useful 
bacteria in the GI tract along with usage of antibiotics. Autologous infusion is 
reinfusion of one’s collected feces and allogenic infusion is infusion with feces from 
a donor. Insulin resistant adults when autologously transplanted did not alter the 
GM composition but when transplanted with allogenic infusion from lean donors 
exhibited significant rise in GM diversity, enhanced levels of butyrate producing 
bacteria and improved sensitivity to insulin (Table 2) [114, 115].

4.6 Bariatric surgery

Bariatric surgery, or Roux-en-Y gastric bypass (RYGBP), is removal of a portion 
of stomach and re-routing the small intestine to a small stomach pouch. It is per-
formed on people as an efficient tool to treat obesity. After bariatric surgery huge 
changes occur in the GM, Proteobacteria rises and Firmicutes and Bacteroides low-
ers, BMI reduces by 15–32%, C-reactive protein decreases and T2DM is attenuated. 
However, increase in some bacteria are highly significant than the normal levels in 
lean controls, which means these alterations are linked with GM modification, and 
not body weight (Table 2) [112, 117, 118].

5. Conclusion

The GM makes one of the largest organs in human body and remains the reason 
behind various metabolic disorders such as obesity, atherosclerosis, type 2 diabetes 



Parasitology and Microbiology Research

164

GM. Bacterio-therapeutic use of antibiotics in farm animals has increased increase 
growth and food production, but has taken a toll of their metabolic pathways [115]. 
Excess of usage of antibiotics in early infancy show chronic effects on GM diversity, 
overweight in infants, obesity in adults. For example, excess of bacterio-therapy 
with vancomycin has increased the incidence of obesity in adults. Even, short-term 
treatment with vancomycin impeded peripheral insulin sensitivity and other related 
metabolic syndromes affecting GM (Table 2) [115]. Hence, even short-term treat-
ment with oral antibiotics harness intense and chronic damage to GM diversity and 
function.

4.2 Prebiotics and probiotics

Recently prebiotics and probiotics have gained a lot of popularity among 
individuals as a healthy substitute for antibiotics. Prebiotics are actually indigestible 
carbohydrates that improve the growth and function of colonic bacteria boosting 
host health. Prebiotics include oligosaccharides which cannot be digested in the 
upper GI tract. These oligosaccharides are fermented, producing SCFAs in the 
colon and result in stimulation of growth of colonic. Prebiotics can be obtained 
from a large number of dietary elements like barley, garlic, asparagus, wheat bran 
and onions and both prebiotics and probiotics can be obtained from pickled and 
fermented foods like sauerkraut, kimchi, miso, yogurt [15, 16]. Probiotics obtained 
from food and supplements contain some very popular strains like bifidobacteria 
and lactobacilli. These bacteria alter the composition and function of GM as well 
as host system activity. The prebiotics and probiotics compete with pathogenic 

Types of cure Effects

Antibiotics • Affect GM diversity

• Overweight in infant

• Obesity in adult

• Vancomycin impede insulin sensitivity [115]

Prebiotics and probiotics • Compete with pathogenic bacteria

• Intensify intestinal barrier by secreting some antimicrobial substances

• Enhances immune system [15, 16, 115]

Dietary modulation • Increase GM ecosystem diversity

• Enhances SCFA

• Reduces fasting and postprandial glucose, A1C, serum cholesterol, 
insulin resistance, BMI, waist and hip circumferences [124]

Metformin • Increases levels of butyrate-producing bacteria

• Decreases levels of Lactobacillus [125]

Fecal microbiota transplant • Allogenic infusion from lean donors lead to significant rise in GM 
diversity, enhanced levels of butyrate producing bacteria and improved 
insulin sensitivity [114, 115]

Bariatric surgery • Proteobacteria rises and Firmicutes and Bacteroides lowers

• BMI reduces by 15–32%

• C-reactive protein decreases

• T2DM is attenuated [112, 115]

Table 2. 
Types of treatments for T2D involving modulation of GM and their effects.

165

An Insight into the Changing Scenario of Gut Microbiome during Type 2 Diabetes
DOI: http://dx.doi.org/10.5772/intechopen.90697

bacteria, intensify the intestinal barrier by secreting some antimicrobial substances 
and enhances the immune system (Table 2) [15, 16, 115].

4.3 Dietary modulation

Changes in diet plan can modulate activity of GM and host metabolism. A fat 
and carbohydrate restricted diet increased the ratio of Bacteroidetes to Firmicutes 
in obese patients with T2D [118]. Also calorie deficient diet plans or diet plans 
rich in high-fiber macrobiotics like complex carbohydrates, legumes, fermented 
products, sea salt, and green tea and free of animal protein fat, and added sugar 
improved dysbiosis, increased GM ecosystem diversity, and enhanced SCFA 
producers in T2D patients. Macrobiotic diet can more efficiently reduce fasting and 
postprandial glucose, A1C, serum cholesterol, insulin resistance, BMI, waist and hip 
circumferences than the control diet. Also macrobiotic diet could effectively reduce 
pro-inflammatory bacterial strains (Table 2) [124].

4.4 Metformin

Metformin, already a well-established drug for T2D, has recently been known 
to have bacterio-therapeutic effects on microbial composition and production of 
SCFA. Several recent reports have shown that metformin affects GM of T2D patients 
like increasing the levels of butyrate-producing bacteria. Metformin can also decrease 
the levels of Lactobacillus which remains high in T2D patients (Table 2) [125].

4.5 Fecal microbiota transplant

Fecal microbiota transplant, or stool transplant also called bacteriotherapy, 
which is the process of replacing fecal bacteria from a healthy individual into a host 
individual has been quite effective in restoring GM composition. Fecal microbiota 
transplant is used in treating recurrent Clostridium difficile colitis recharging useful 
bacteria in the GI tract along with usage of antibiotics. Autologous infusion is 
reinfusion of one’s collected feces and allogenic infusion is infusion with feces from 
a donor. Insulin resistant adults when autologously transplanted did not alter the 
GM composition but when transplanted with allogenic infusion from lean donors 
exhibited significant rise in GM diversity, enhanced levels of butyrate producing 
bacteria and improved sensitivity to insulin (Table 2) [114, 115].

4.6 Bariatric surgery

Bariatric surgery, or Roux-en-Y gastric bypass (RYGBP), is removal of a portion 
of stomach and re-routing the small intestine to a small stomach pouch. It is per-
formed on people as an efficient tool to treat obesity. After bariatric surgery huge 
changes occur in the GM, Proteobacteria rises and Firmicutes and Bacteroides low-
ers, BMI reduces by 15–32%, C-reactive protein decreases and T2DM is attenuated. 
However, increase in some bacteria are highly significant than the normal levels in 
lean controls, which means these alterations are linked with GM modification, and 
not body weight (Table 2) [112, 117, 118].

5. Conclusion

The GM makes one of the largest organs in human body and remains the reason 
behind various metabolic disorders such as obesity, atherosclerosis, type 2 diabetes 
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and so on. The alterations in GM is very susceptible to changes in our diet and 
environment which makes them vulnerable and ultimately ends in the incidence of 
diseases. Reversal of the GM alterations can restore the normal physiological func-
tions and health. Hence further investigation is required in order to get a detailed 
scenario of the composition of various GM and their detailed function. Scrutiny of 
the composition of the GM and the change in their population in various metabolic 
disorders can create new avenues in finding out the treatment for those diseases. 
Deeper insights in the composition and function of GM can also provide more ideas 
for development of various techniques and drugs for the enhancement of the GM 
for better physiological responses and treatment of diseases.
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Abstract

The gut microbiome is comprised of various types of bacteria, fungi, protozoa, 
and viruses naturally occurring in humans and animals as normal microflora. Gut 
microorganisms are typically host specific, and their number and type vary accord-
ing to different host species and environment. Gut microbes contribute directly 
and/or indirectly to various physiological processes including immune modulation, 
regulation of various neurotransmitter, and hormones, as well as production of 
many antioxidants and metabolites. They also play a role as antibiotic, anti-
inflammatory, anti-diabetic, and anti-carcinogenic agents. Moreover, the ability 
of gut microbes to attenuate various systemic diseases like coronary heart disease, 
irritable bowel syndrome, metabolic diseases like diabetes mellitus, and infectious 
diseases like diarrhea has recently been reported. Current research findings have 
enough evidence to suggest that gut microbiome is a new organ system mainly 
due to the microorganisms’ specific biochemical interaction with their hosts and 
their systemic integration into the host biology. Investigations into the potential 
ability of gut microbiome to influence metabolism inside their host via biochemi-
cal interaction with antibiotics and other drugs has recently been initiated. This 
chapter specifically focuses on the importance of gut microorganisms as a new 
organ system.

Keywords: gut microbiota, probiotics, metabolic disorders, gut health,  
drug metabolism

1. Introduction

Certain microorganisms have the unique ability to populate the human gastroin-
testinal tract and thus generally referred as gut microbiota. Gut microbiota is always 
non-pathological, and hence, the immune system is not triggered because of their 
presence. Humans co-evolved with a huge number of intestinal microbial species 
that offer to the host certain benefits by playing an important role in preventing them 
from pathogenic activities [1]. In addition to metabolic benefits, symbiotic bacteria 
benefit the host with various functions like boosting the immune homeostasis and 
inhibiting the colonization by other pathogenic microorganisms. The ability of sym-
biotic bacteria to inhibit pathogen colonization particularly in the gut is mediated 
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via several mechanisms including direct killing of pathogen, competition for limited 
nutrients, and enhancement of immune responses [2]. The intestinal microorgan-
isms also co-evolved and have strong affiliations and association towards each other. 
In this evolutionary process, the persistent and enduring members of this microflora 
become more competent during unsettling influences and thereby become essential 
for human health [3]. Definite composition of human microbiome varies between 
individuals [4] particularly among lean and obese people. The microbiome is also 
affected by the dietary modifications adapted for the weight loss [5]. Examination of 
metabolic profiles of human infant microbiota revealed that ingestion, storage and 
digestion of dietary lipids were explicitly regulated by the microbiome [6, 7].

The human gut microbial communities are a mixture of microorganisms. The 
classes of microbes that constitute the gut microbiome communities differ between 
hosts. The difference is attributed to factors such as, inability of a microorganism to 
migrate between different hosts, intense environmental conditions inside and outside 
host’s gut and host inconsistency in terms of genotype, diet, and colonization history 
[8]. The co-evolution of humans and their symbiotic microorganism has created 
bilateral interactions which are important for the health of humans, and any genetic or 
ecological change in this bilateral interaction can result in pathological conditions like 
infection [8]. Gut microbial communities are important for diverse host functions, 
including metabolism, fertility, development, immunity, and even antioxidant activi-
ties which promote health and fitness of the host [9–12]. The gut microbiome has a 
much larger genetic variety compared to the genome of the host, e.g., human genome 
is comprised of 20-25,000 genes whereas microbiome inhabiting the body is estimated 
to be in trillions. Almost 1010 microorganisms enter the human body daily and with 
the progress of co-evolution of gut microbes in humans, the capability of microbes to 
exchange their genes and associated functions with the environment are some of the 
main factors leading to host adaptation. Therefore, the “hologenome” model appraises 
the host and its microbes genomes as one unit under assortment [13, 14]. It is acknowl-
edged that host-symbiont co-evolution is accountable for basic biological aspects. 
In this chapter we aim to discuss the importance of gut microbiomes as a new organ 
system because of its association with the genetics and its role in the disease and health 
condition of the host. Moreover, the involvement of these microbiomes in shaping 
the overall health and constructing a symbiotic relationship with their host species is 
discussed as well as the co-evolution of gut microbes with the human body.

2. Inheritance of microbiome

2.1 Microbiome

A microbiome is the community of microbes dwelling collectively in a selected 
habitat. Humans, animals, vegetation, soils, oceans or even buildings have their 
own specific microbiome [15].

2.2 Host genetics and gut microbiome

The human gut environment is extremely complex with a unique ecology which 
comprises of trillion of microbiota with approximately 1.5 kg in mass. By using 
genetic techniques like 16S sequencing, 1000 microorganisms have been identified 
within the gut, with approx. 200 (0.5%) defining the core of the intestine microbi-
ome [16]. These bacteria protect the gut epithelial cells against external pathogens. 
They also help the breakdown of indigestible dietary polysaccharides in the gut and 
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thus supply a quick chain of fatty acids, including acetate, butyrate, and propionate, 
which serve as vital metabolites for direct energy source of intestinal epithelial cells, 
prevention of insulin resistance and modulators of insulin secretion [17] (Figure 1).

The genetic makeup of humans is virtually identical, yet the small differences in 
DNA give rise to remarkable phenotypic assortment across the human population. 
The trillions of microbes inhabit our bodies and create complex, body-habitat-spe-
cific, adaptive ecosystems that are finely tuned to frequently changing host physiol-
ogy [18]. A healthy “functional core” is actually a complement of metabolic and other 
molecular functions that are performed by the microbiome within a particular habitat 
but are not necessarily provided by the same organisms in different people [19].

2.3 Inherited microbiomes

The gastrointestinal tract (GIT) of humans is colonized by a vast variety of 
microbial population that can be understood as a complex and polygenetic trait 
which has been interacting and co-evolved with their host genetic environment 
[20–22]. It was previously considered that fetus lives in a germ free environment in 
the mother womb and the gut microbiota are transferred to the baby from mother’s 
birth canal and body via horizontal transmission only [23]. But advanced researches 
have revealed that microbiota are also vertically transmitted to the infants from 
their mothers [24]. Presence of microbes in the meconium of the babies born by 
cesarean section clearly demonstrates that the gut microbes are not only derived 
after the birth [25, 26]. Moreover, presence of many microbes in the umbilical cord 
blood of the preterm babies and in the amniotic fluid substantiate the findings 
that the fetus in the mother womb is not totally sterile [27, 28]. Many gut bacterial 
genera are shared among the mammal species. The microbiomes of mice show 
strong fidelity throughout the generations and reiterate the intrinsic significance of 
these microorganisms in health.

Figure 1. 
Core human microbiome.
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2.4 Relationship of environment in shaping the microbiome

As mentioned above human intestinal microbiome composition is shaped by 
multiple factors like genetics, diet, environment and lifestyle. Several studies point 
towards stronger contribution by the environmental factors in shaping the gut 
microbial composition compared to the genetic factor [29]. It has also been specu-
lated that gut microbial diversity affects the prediction accuracy for certain human 
traits including glucose and obesity problems, as compared to different animal 
models that use only host genetic and environmental factors [30].

2.5  Co-evolution and co-differentiation of host microbe interaction 
in exploring new drug targets

Horizontal gene transfer (HGT), genomic and metagenomics are possible 
approaches to identify drug targets that may also be considered as an evidence of 
co-evolution of hosts and their symbionts. Symbionts have the capacity to perform 
many metabolic activities including fermentation of dietary carbohydrates, drug 
metabolism, antimicrobial protection and immunomodulation, which is primar-
ily due to the presence of genes in their genome which are missing in mammalian 
genomes. Therefore, horizontal gene transfer mechanisms are potential targets for 
drug discovery that become more evident with the use of gnotobiotics (germ free 
animal) in experimental trial to unveil the microbial function in the complex GIT 
microenvironment, and to investigate how orally administered drugs impact the 
gut microbial ecology in long term. HGT has gained immense interest in medi-
cal field as it contributes to the spreading of antibiotic resistance genes as well 
as it may cause closely related microbial strains to differ drastically in terms of 
clinical parameters [31]. Genetic variation in intestinal microbes may trigger the 
production of metabolites, but it may also generate changes in host’s genome that 
may increase metabolite uptake or prevent their further synthesis. Co-evolution 
may lead to co-differentiation since permanent association of host and symbiont 
lineage can result in diversification [32]. The co-differentiation correlate resem-
blances in the microbial symbiont and the host [33, 34] which can be extended to 
an entire microbial community that passes vertically from host to offspring. Over 
the course of speciation, the microbial communities differentiate as a mirror to 
host phylogeny (such situation would be expected in hosts where parents immu-
nize their offspring with microbial clique, e.g., Koala bear mother inoculate “pap” 
with dropping to shift young one from milk to eucalyptus leaves diet) [35]. Fecal 
microbiome from healthy humans is a mirror of distal gut microbiome which is 
highly rich in genes involved in the vitamin synthesis, breakdown of nutrients, 
and metabolism of xenobiotics as compared to already sequenced human genome 
and microbes genome [4]. The presence of conjugate transposons in gut micro-
biome is another important source of horizontal gene transfer in bacteria [36]. 
The HGT is involved not only in spreading antibiotic resistance genes, but also 
as a source of clinical response of closely related microbial strains of Salmonella 
enterica [37] such as the secretory system type III pathogenicity islands encoded 
by SPI-I and SPI-II (virulence genes are present in pathogenicity islands, and play 
a key role in the pathogenesis of Salmonella infections through invasion in host 
cell. Currently, 12 Salmonella pathogenicity islands have been investigated with 
common motifs) [38].

Novel strategies in drug discovery are being pursued by targeting horizontal 
gene transfer involved in the resistance to antibiotic [39] as well as virulence [40]. 
Targeting virulence factors with Salmonellosis inhibitors causes less damage to indig-
enous microbes compared to traditional antibiotic therapy, less selective pressure 
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for evolution and transfer of resistance and may be more effective against divergent 
organisms that have acquired a particular virulence factor by HGT. Genomic islands 
which are a good source of genes and gene transfer systems are also being targeted 
with small molecule inhibitors that are co-administered with antibiotics to prevent 
resistance factors by targeted pathogenesis during the therapy [41].

2.5.1 Co-evolution of drug transporters in host and microbes

It has been established that the majority of molecules possessing physiological or 
pharmacological features are either transported into and or out of the cells by trans-
porting proteins rather than by a passive transport mechanism where drug mol-
ecules cross cell membranes through solute transporters that are already involved 
in the movement of different metabolic intermediary molecules through channels. 
More than 1000 different types of transporting proteins (transporters) are present 
in humans [42] comprising solute carriers (SLC) and ATP binding cassettes (ABC) 
transporters involved in the transport of a broad range of substrates [43].

Human intestinal peptide transporter 1 (hPepT1) belonging to the proton-cou-
pled oligopeptide transporter (POT) family which is also known as solute carrier 
15A (SLC15A) is present in the enterocytes, the PepT2 (oligopeptide transporter 
2, SLC15A2) in kidney, the PHT1 (peptide histidine transporter 1, SLC15A4) 
in brain and the PHT2 (peptide histidine transporter 2, SLC15A3) located in 
spleen, lungs and thymus. Both hPepT1 and PepT2 mediate the transport of di−/
tri-peptides and a broad range of peptidomimetics in the organisms, whereas 
PHT1 and PHT2 mediate the translocation of histidine and with a few selected 
di- and tri-peptides [44]. The hPepT1, an oligopeptide transporter 1 located in the 
enterocystes of the small intestine, has low affinity and high capacity transporter 
protein to transport 400–800 different dipeptides and tripeptides and drugs like 
ACE’1 (Enalapril) and antiviral (acyclovir) [45]. The hPepT1 is also found in 
microbes like Escherichia coli residing the gut [46, 47] to uptake amino acids and 
on the microbial outer membrane channels (OmpC and OmpF) present in E coli 
[48] S. typhi [49] and H. influenza to uptake small and hydrophilic nutrients pos-
sessing a molecular weight lower than 600 kDa [50, 51].

Passive diffusion and secondary transport mechanisms in bacteria may involve 
uptake of drug into bacterial cytoplasm [52, 53]. In the inner membrane of E. coli, 
four protein transporters (PTR) namely YdgR or permease A (DtpA), YjdL, YhiP, 
and YbgH have been characterized as family members belonging to POT. Among 
these peptide transporters, the DtpA mediates the transport of dipeptides and tri-
peptides, thereby exhibiting peptide selectivity very similar to the human oligopep-
tide transporter (hPepT1) in gut enterocytes [54, 55]. These findings emphasize the 
potential of modifications of the human physiological state by indirectly modifying 
the microbiome through drugs [56].

3. Microbiome association with diseases

As described above microorganisms present in the gut of the living organisms 
contribute to health or cause disease of these organisms by interplay with their 
immune system. Microbiome is developed at birth according to host interaction 
but later it is evolved and modified by surrounding factors like environmental and 
diet. The variation in genetic expression of different individuals is thought to be 
linked with different microbial composition [57]. Genotype of the host affects the 
composition of gut microbes. Even mutation of a single gene can cause modification 
in the structure of gut microbiota. The exact mechanism of association between 
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for evolution and transfer of resistance and may be more effective against divergent 
organisms that have acquired a particular virulence factor by HGT. Genomic islands 
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with small molecule inhibitors that are co-administered with antibiotics to prevent 
resistance factors by targeted pathogenesis during the therapy [41].
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More than 1000 different types of transporting proteins (transporters) are present 
in humans [42] comprising solute carriers (SLC) and ATP binding cassettes (ABC) 
transporters involved in the transport of a broad range of substrates [43].
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Passive diffusion and secondary transport mechanisms in bacteria may involve 
uptake of drug into bacterial cytoplasm [52, 53]. In the inner membrane of E. coli, 
four protein transporters (PTR) namely YdgR or permease A (DtpA), YjdL, YhiP, 
and YbgH have been characterized as family members belonging to POT. Among 
these peptide transporters, the DtpA mediates the transport of dipeptides and tri-
peptides, thereby exhibiting peptide selectivity very similar to the human oligopep-
tide transporter (hPepT1) in gut enterocytes [54, 55]. These findings emphasize the 
potential of modifications of the human physiological state by indirectly modifying 
the microbiome through drugs [56].

3. Microbiome association with diseases

As described above microorganisms present in the gut of the living organisms 
contribute to health or cause disease of these organisms by interplay with their 
immune system. Microbiome is developed at birth according to host interaction 
but later it is evolved and modified by surrounding factors like environmental and 
diet. The variation in genetic expression of different individuals is thought to be 
linked with different microbial composition [57]. Genotype of the host affects the 
composition of gut microbes. Even mutation of a single gene can cause modification 
in the structure of gut microbiota. The exact mechanism of association between 
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the gut microbes and the genotype of host is still unknown. Bifidobacteria are 
highly prevalent beneficial bacteria in gut microbiome and are associated with 
lactase non-persistent genotype. This genotype is responsible for the synthesis of 
lactase enzyme which helps to digest the lactose, present in the milk. Absence of 
this enzyme leads to lactose intolerance in different organisms. So it is important to 
investigate susceptibility of different underlying pathological conditions by study-
ing microbiomes association with genotype and environmental factors that vary 
among different human populations [58].

Different studies showed that metabolic disorders are largely congenital and are 
associated with different microbiomes. For example, gut microbiomes have been 
linked to metabolic disorders and obesity [59].

3.1 Gut microbes and gastrointestinal tract (GIT) diseases

In gut microbiome, dysbiosis (imbalance of microbial flora) can be induced by 
host factors and/or external factors such as the intake of antibiotics, mental and 
physical stress, and nutrients in the diet. Dysbiosis is likely to impair the regular gut 
microbiota and the appearance of pathobionts and the production of metabolites 
which may be dangerous to the host or may deregulate beneficial microbial-derived 
metabolites. The microbial symbiosis has a significant role in the development of 
many diseases [60] such as the gastrointestinal diseases [61, 62], infections [63], 
metabolic disorders, liver diseases [64], autoimmune diseases [65], mental or 
psychological diseases [66] and respiratory diseases [67].

3.1.1 Inflammatory bowel disease

The inflammatory bowel disease (IBD), which includes Crohn’s disease (CD) 
and ulcerative colitis (UC), has for quite some time been suspected to be a host 
reaction to its gut microbiota. CD represents the chronic inflammation of the 
GIT (involving any part from mouth to anus) with idiopathic etiology while UC 
is the chronic inflammation of the large bowel of the GIT with no known cause. 
Numerous aspects of the microbiota’s association in IBD have been inspected in 
recent years. About 10–20% of adults and adolescents worldwide are affected by 
IBD [68]. The precise cause of IBD is unidentified, but it is believed to be a mul-
tifactorial disease. Inflammation, infection, visceral hypersensitivity, immunity, 
genetic factors, motor dysfunction of the GIT as well as psychopathological factors 
are suspected to play a role in its development [69]. Moreover, abnormal gut micro-
biota has been noticed in the IBD patients and in animals with intestinal inflam-
matory disease [70–73]. Some of the metabolically active anaerobic bacteria in the 
colon and terminal part of ileum interact with the immune system of epithelium 
and mucosal layer of the host intestine. Continuous stimulation of these microbial 
antigens promote pathogenic immune responses and may cause defects in the 
barrier functions of mucous layer by killing some beneficial bacteria or by immune 
dysregulation, consequently resulting in UC and CD. Moreover, disrupted micro-
biota structure and function in inflammatory bowel disease intensify the immune 
response of the host causing dysfunction of epithelium and increased permeability 
of the mucous layer of the intestine [74].

It is difficult to identify a single factor responsible of IBD; however, several 
observations have demonstrated a change in the gut microbial composition in IBD 
patients, both CD and UC [70]. Even though the gut microbiota has been recog-
nized as responsible for the IBD establishment in non-predisposed hosts, numerous 
researches have revealed a high rate of pathogenic E. coli in ileal biopsies of CD 
patients [74]. Mycobacterium avium subspecies paratuberculosis is another bacterial 
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species that has been commonly associated with the CD etiology [75]. Also, in 
IBD patients, large quantity of Enterobacteriaceae and a decline in Faecalibacterium 
prausnitzii was demonstrated to be related to the CD confined to the ileum [76]. 
However, it is not yet clear whether the IBD-related changes in the gut microbiota 
are the reason or the result of the disease.

3.1.2 Gastric cancer

For gastric cancer, H. pylori-associated chronic inflammation is considered 
as a risk factor and WHO has classified H. pylori as a class I carcinogen. In about 
660,000 new cases every year of gastric cancer, H. pylori infection is identified 
as the major cause leading to the acid-producing parietal cells loss, and thereby 
prompting the gastric atrophy, metaplasia, dysplasia, and finally the formation of 
carcinoma [77]. The H. pylori elimination before the chronic atrophic gastritis may 
defend against gastric cancer [78]. The cancer-causing risk might be identified with 
the phylogenetic source of the H. pylori strain, host reaction, and host-microorgan-
ism communication [79, 80].

3.1.3 Colorectal cancer

Worldwide, the colorectal cancer (CRC) is the fourth most common cause of 
death associated with cancer [81]. Like other cancers, the CRC is a complex disease 
related to environmental and genetic factors. Ongoing research has proposed that 
gut microbiota assumes a role in the convergence of these factors, likely through 
forming a tumor-advancing environment.

In certain studies, by using a germ-free mice model of adenomatous polyposis 
coli (APC), a markedly reduced incidence of colonic tumor and a lower tumor load 
was revealed when compared to normally raised mice. Further other distinct CRC 
phenotypes such as bleeding from rectum and iron deficiency has also been shown 
with an invasion of inflammatory cells emerging from an intestinal epithelial 
barrier dysfunction. Therefore, it seems that the microbiome and host factors (for 
example, age and genetic predisposition) are important to the CRC growth and 
progression [82].

3.2 Role of gut microbiota in cardiovascular diseases

Cardiovascular and metabolic disorders are collectively known as cardiometa-
bolic diseases and are associated with high morbidity and mortality along with 
significant health care expenditures [83]. The gut-derived and endogenously 
produced endotoxins including indoxyl sulfate, para-cresyl sulfate and lipopoly-
saccharides have been found to be involved in the development of pathological 
conditions ranging from atherosclerosis to cardio-renal failure or dysfunction 
[84, 85]. Furthermore, the development of some complex metabolic disorders 
including insulin resistance and obesity is also associated with differences in the 
composition of gut microbiota [86]. The metabolites L-carnitine, choline and 
phosphatidylcholine are metabolized by intestinal microbiota to generate TMA 
(trimethylamine) which then undergoes oxidation in liver to produce the proath-
erogenic metabolite known as TMAO (trimethylamine-N-oxide). Moreover, in 
atherosclerotic plaques was detected bacterial DNA of the intestinal microbiome 
indicating the direct involvement of intestinal microbiota in the development 
of atherosclerosis. Therefore, inhibition of intestinal microbiota-mediated 
TMAO production through dietary modulation has been suggested as a potential 
approach for treating atherosclerotic cardiovascular diseases [87].  
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species that has been commonly associated with the CD etiology [75]. Also, in 
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prausnitzii was demonstrated to be related to the CD confined to the ileum [76]. 
However, it is not yet clear whether the IBD-related changes in the gut microbiota 
are the reason or the result of the disease.

3.1.2 Gastric cancer

For gastric cancer, H. pylori-associated chronic inflammation is considered 
as a risk factor and WHO has classified H. pylori as a class I carcinogen. In about 
660,000 new cases every year of gastric cancer, H. pylori infection is identified 
as the major cause leading to the acid-producing parietal cells loss, and thereby 
prompting the gastric atrophy, metaplasia, dysplasia, and finally the formation of 
carcinoma [77]. The H. pylori elimination before the chronic atrophic gastritis may 
defend against gastric cancer [78]. The cancer-causing risk might be identified with 
the phylogenetic source of the H. pylori strain, host reaction, and host-microorgan-
ism communication [79, 80].

3.1.3 Colorectal cancer

Worldwide, the colorectal cancer (CRC) is the fourth most common cause of 
death associated with cancer [81]. Like other cancers, the CRC is a complex disease 
related to environmental and genetic factors. Ongoing research has proposed that 
gut microbiota assumes a role in the convergence of these factors, likely through 
forming a tumor-advancing environment.

In certain studies, by using a germ-free mice model of adenomatous polyposis 
coli (APC), a markedly reduced incidence of colonic tumor and a lower tumor load 
was revealed when compared to normally raised mice. Further other distinct CRC 
phenotypes such as bleeding from rectum and iron deficiency has also been shown 
with an invasion of inflammatory cells emerging from an intestinal epithelial 
barrier dysfunction. Therefore, it seems that the microbiome and host factors (for 
example, age and genetic predisposition) are important to the CRC growth and 
progression [82].

3.2 Role of gut microbiota in cardiovascular diseases

Cardiovascular and metabolic disorders are collectively known as cardiometa-
bolic diseases and are associated with high morbidity and mortality along with 
significant health care expenditures [83]. The gut-derived and endogenously 
produced endotoxins including indoxyl sulfate, para-cresyl sulfate and lipopoly-
saccharides have been found to be involved in the development of pathological 
conditions ranging from atherosclerosis to cardio-renal failure or dysfunction 
[84, 85]. Furthermore, the development of some complex metabolic disorders 
including insulin resistance and obesity is also associated with differences in the 
composition of gut microbiota [86]. The metabolites L-carnitine, choline and 
phosphatidylcholine are metabolized by intestinal microbiota to generate TMA 
(trimethylamine) which then undergoes oxidation in liver to produce the proath-
erogenic metabolite known as TMAO (trimethylamine-N-oxide). Moreover, in 
atherosclerotic plaques was detected bacterial DNA of the intestinal microbiome 
indicating the direct involvement of intestinal microbiota in the development 
of atherosclerosis. Therefore, inhibition of intestinal microbiota-mediated 
TMAO production through dietary modulation has been suggested as a potential 
approach for treating atherosclerotic cardiovascular diseases [87].  
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In some earlier research studies, a significantly low synthetic capacity to produce 
TMA and TMAO from dietary L-carnitine as well as a subsequent lower plasma 
levels of TMAO have been observed in vegetarians as compared to omnivores. 
Likewise, significant variations in microbial communities have also been reported 
in vegetarians as compared to omnivores [88, 89] suggesting that chronic dietary 
exposure, i.e., omnivores vs. vegetarians, leads to shift of microbial composition 
with a selective advantage for bacterial species having potential for increased 
TMA production, and, thus, may interfere with treatment of atherosclerotic 
cardiovascular diseases.

3.3 Microbiota and integumentary system

The gastrointestinal (GI) system and skin are highly vascularized and 
densely innervated organs with crucial neuroendocrine and immune roles which 
are uniquely related to the normal function of skin [90]. Evidence of bidirec-
tional and intimate connection between the gut and skin health as well as a close 
link between GI health to skin allostasis and homeostasis has been established 
[91]. GI disturbances resulted often in cutaneous manifestations and the GI sys-
tem, especially the gut microbiota, appears to participate in the pathophysiology 
of many inflammatory diseases, i.e., acne, atopic dermatitis and  
psoriasis [92, 93].

3.3.1 Role of the gut microbiota in skin homeostasis

The mechanism by which GI flora exert their effect on skin homeostasis is still 
unknown; however it is postulated that probably such effect may be related to the mod-
ulatory influence of gut commensals on the systemic immunity [94]. Certain gut micro-
biota and their metabolites, i.e., polysaccharide A, retinoic acid from Faecalibacterium 
prausnitzii, Bacteroides fragilis, and bacteria belonging to the Clostridium cluster IV and 
XI potentiate the accumulation of the lymphocytes and regulatory T cells which assist 
in the anti-inflammatory responses [90]. In addition to this immunomodulatory effect 
there is recent evidence that the intestinal microbiota may influence cutaneous pathol-
ogy, physiology and more directly the modification of the immune response by the 
metastasis of gut microbiome and their metabolic activity [95].

In cases of disturbance in intestinal barriers, it was found that intestinal 
bacteria and their metabolites may have the propensity to accumulate in the skin 
and have also access to the bloodstream which ultimately disrupts skin homeo-
stasis. In fact, DNA of intestinal microbes has been separated from the plasma of 
psoriatic patients, thus showing a direct connection between the gut microbiota 
and skin homeostasis [90]. The short chain fatty acids (SCFAs), i.e., acetate, 
butyrate and propionate resulting from the fermentation of the fibers in GIT are 
believed to play an important role in the maintenance of certain skin microbiota 
which consequently affect cutaneous immune defense system. For example, 
propionic acid has an antimicrobial effect against the most common community-
acquired methicillin-resistant Staphylococcus aureus (MRSA). Previous literature 
also demonstrates that SCFAs in skin play an important role in affecting the 
predominant residence of bacteria on normal human skin. It has been found that 
P. acnes and S. epidermidis have higher ability to tolerate the propionic acid than 
other pathogens. Thus, P. acnes and S. epidermis fermentation may have a low risk 
of disrupting the balance of skin microbiome. Altogether, these findings may 
provide supportive evidence for a functional interactive mechanistic approach 
between the skin and gut [96].
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3.3.2 Dyshomeostasis due to dysbiosis

Intestinal dysbiosis may have the negative potential to affect the skin function 
since gut microbial flora has a huge potential to produce molecules, both harmful 
and beneficial, that could then reach the circulation and influence skin. Metabolic 
products of aromatic amino acids, i.e., p-cresol and free-phenols are considered 
biomarkers of a disturbed gut environment as their production is due to pathogenic 
bacteria such as Clostridium difficile. These metabolites may preferentially accu-
mulate in the skin, enter the circulation blood and disrupt the epidermal differ-
entiation and integrity of the skin barrier [90]. Indeed, high level of p-cresol and 
free-phenols is associated with impaired keratinization and decreased skin hydra-
tion [97]. Also, the intestinal dysbiosis is responsible for the increased permeability 
of epithelium which ultimately modulate the immune response by disrupting their 
balance with immunosuppressive regulatory T cells and thereby triggers the activa-
tion of T cells effectors. It has also been observed that epithelial permeability is 
further enhanced by the pro-inflammatory cytokines and result in chronic systemic 
inflammation [98].

3.4 Gut microbiome and pulmonary health

Infectious diseases of the respiratory tract including pneumonia and influenza 
result in deaths of approximately 3.25 million people annually [99]. The major-
ity of the therapies being used currently are suboptimal because the problems of 
efficiency, toxicity and antibiotic resistance are difficult to overcome [100]. Most of 
the respiratory tract infections represent failure of host’s immune defense. Recently, 
it was suggested that gut microbiota plays a crucial role in the initiation and 
adaptation of the immune response in other distal mucosal sites including lungs. 
Therefore, it is of interest to understand the underlying mechanisms that regulate 
the interplay between lung defense and gastrointestinal tract and how this interac-
tion aids in achieving optimal lung health.

3.4.1 Asthma and allergies

An abnormal T-helper type 2 (Th2) cell responses is often associated with 
asthma and allergies. The Th2 cells are recognized by their ability to synthesize 
inflammatory cytokines including IL-13, IL-9, IL-5 and IL-4 [101] Evidence 
suggests that the development of allergic diseases in lung is directly affected by 
alteration in gut immune response [65]. In fact, a single oral dose of Candida 
albicans administered to antibiotic treated mice resulted in dysbiosis, i.e., an altered 
composition of the gut microbiome. These treated mice exhibited more CD4 cell 
mediated inflammation response in lung after aerosol administration of an allergen 
in comparison to those mice having normal intestinal flora [102], suggesting that an 
immunological predisposition to respiratory allergies can be facilitated by an altered 
gut microbiome. There is also an increasing interest in understanding the role of 
Th9 and Th17 cells in the development of asthma and allergies.

3.4.2 Viral and bacterial respiratory infections

Gut microbiota also plays a critical role in the immune response to respiratory 
tract viral infections like influenza. In infected mice, the CD8 and CD4 T cell 
subpopulations are directly influenced by the intestinal microbiota [103]. It has also 
been suggested that an intact intestinal microbiota is necessary for the expression of 
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mediated inflammation response in lung after aerosol administration of an allergen 
in comparison to those mice having normal intestinal flora [102], suggesting that an 
immunological predisposition to respiratory allergies can be facilitated by an altered 
gut microbiome. There is also an increasing interest in understanding the role of 
Th9 and Th17 cells in the development of asthma and allergies.

3.4.2 Viral and bacterial respiratory infections

Gut microbiota also plays a critical role in the immune response to respiratory 
tract viral infections like influenza. In infected mice, the CD8 and CD4 T cell 
subpopulations are directly influenced by the intestinal microbiota [103]. It has also 
been suggested that an intact intestinal microbiota is necessary for the expression of 



Parasitology and Microbiology Research

184

pro-inflammatory cytokines including pro-IL-18 and pro-IL-1β, which are essential 
for clearance of influenza [104]. This indicates that microbial signals are provided 
by gut microbiota which are crucial for the shaping and priming the immune 
response to viral pneumonia.

Similar findings regarding the role of gut microbiome in immune response to 
respiratory bacterial infections have also been observed in germ-free mice. These 
mice were found to be more susceptible to pulmonary infection caused by bacterial 
pathogen Klebsiella pneumonia, showing increased levels of IL-10 and suppressed 
recruitment of neutrophil that allows dissemination and growth of pathogens [105].

3.5 Gut microbiome and pregnancy

All systems of the body including maternal microbiome are affected by preg-
nancy. Changes in gut and vaginal microbiome during gestation are of particular 
significance because during vaginal delivery there is vertical transmission of 
microbes to the newborn [106–108]. During pregnancy the vaginal microbiota 
composition changes throughout the gestation period. In addition to vaginal 
microbiome, the maternal intestinal microbiome also undergoes change dur-
ing pregnancy. It has been reported that bacterial diversity decreases in women 
as the pregnancy progresses [107]. Particularly, the ratio of pro-inflammatory 
Proteobacteria, which includes the Streptococcus genus and Enterobacteriaceae family, 
reduces during first and third trimester, while an increase in the anti-inflammatory 
Faecalibacterium prausnitzii occurs during these trimesters of pregnancy. These 
changes in microbiome are independent of body weight during pregnancy, diet, 
antibiotic use and gestational diabetes, suggesting the association of these changes 
with normal physiological pregnancy-related alteration in maternal immune and 
endocrine systems [109].

The consequences of changes in maternal vaginal and gut microbiota on mother 
health are not clear; however, the gestational changes in fecal and vaginal micro-
biota are considered to be important for the adaptive response necessary for protec-
tion as well as to promote the fetus health. These changes also help in providing a 
particular microbial inoculum to the newborn at birth before its exposure to other 
environmental microbes. Also the microbial communities’ composition in maternal 
vagina and gut are not independent of each other. In fact, in pregnant women of 
35–37 weeks of gestation most of bacteria, including species of Bifidobacterium and 
Lactobacillus, are common between vagina and rectum [110].

Some research studies reported that shift in gut microbiota of mother during 
pregnancy may be an adaptive response for the mother and newborn health. In 
mice, an increase in the gut bacteria associated with gestational age, promotes body 
weight gain indicating a co-evolution of these microbes with their hosts during 
pregnancy [107]. Moreover, during vaginal delivery, the vertical transmission of 
these maternal gut microbiomes to the neonate may help the newborn to get an 
immediate access to microbiota at birth [107, 111].

4. Role of gut-microbiome in brain physiology

Both extrinsic and intrinsic factors play an important role to regulate the develop-
ment and maturation of the central nervous system (CNS) in humans. In germ-free 
and antibiotic-treated animals the physiology of the CNS can be affected by neuro-
chemistry as well as by specific microbiota [112]. Evidences for interaction between 
neuropsychiatric and gastrointestinal pathology in humans have been reported in 
different psychiatric conditions including autism, depression and anxiety [113].
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The role of gut-brain interaction in the nervous system development is also recog-
nized. Gut-brain axis actually establishes a relationship between gut-microbiota and 
their interaction with brain leading to changes in the status of the CNS. The dysbiosis 
in microbial species of the gut may lead to induce imbalance in host homeostasis, 
atypical immune signaling and ultimately progression of CNS diseases [114].

The permeable blood brain barrier (BBB) and functional lymphatic vessels resid-
ing in dura meningeal membrane may serve as a gateway for transmission of signals 
[115]. The exposure to several environmental factors can affect the generation of 
neurons during the development of the CNS [113]. It has been suggested that mater-
nal-fetal interface permeability permits regulatory factors from the gut microbiota 
to stimulate Toll-like receptor 2 (TLR2) that helps to promote neural development of 
fetus and also impart its effects on cognitive function during adulthood [116].

The combination of microbial strains (especially the probiotic) can actively 
counteract the deficient neurogenesis which further strengthen the developmental 
link of microbiome to the hippocampal neuronal generation [117]. The brain-blood 
barrier (BBB) is a highly selective and semipermeable barricade that permits the 
passage of neutral, low molecular weight and lipidic soluble molecules [118]. In 
the development of the structural components and growth of vasculature, BBB 
requires arachidonic acid (AA) and decohexaenoic acid (DHA) which are provided 
as polyunsaturated fatty acids (PUFA) by gut microbiome [119]. It has been demon-
strated that the restoration of BBB is possible in germ-free mice by colonization of 
Clostridium tyrobutyricum that produce high level of butyrates [120].

5. Impact of different environmental conditions on gut microbiome

The most important environmental factors that may lead to dysbiosis include (i) 
Physical or psychological stress, (ii) use of antibiotics, and (iii) diet (Figure 2).

5.1 Physical or psychological stress

Stress is usually defined as homeostasis disruption due to physical, psychologi-
cal or environmental stimuli known as stressors leading to adaptive behavioral and 
physiological response in order to restore homeostasis [121]. The effect of both psy-
chological and physical stress on gut microbiome is widely recognized and has been 
observed in both humans as well as animals [122]. Some research conducted in mice 
has shown that the microbial composition in the cecum was altered in response to 
the exposure of a social stressor by placing an aggressive male mouse into the cages 
of non-aggressive mice. Furthermore, the plasma concentration of stress hormones 
such as adrenocorticotropic hormone (ACTH) and corticosterone was found to be 
significantly higher in germ-free mice as compared to specific pathogen-free mice. 
In addition, several stressors including acoustic stress, self-control conditions and 
food deprivation have a negative impact on the gut microbiome resulting in the 
impairment of the immune system [123, 124].

5.2 Use of antibiotics

It has been observed in both humans and animals that the treatment with 
antibiotics can result in a decreased population of beneficial bacteria including 
Lactobacilli and Bifidobacteria along with the increased population of potential 
pathogenic bacteria like Clostridium difficile and the pathogenic yeast Candida 
albicans. The GI symptoms for example diarrhea, abdominal pain, bloating as well 
as yeast infections may occur in response to microbial shifts or dysbiosis. However, 
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more serious and long-lasting consequences have been suggested. For example, it 
was reported that at the end of a 5-day treatment with the antibiotic ciprofloxacin, 
most of the gut bacteria was restored to the pre-treatment levels in 4 weeks, but 
some intestinal bacteria failed to recover even after 6-months. Moreover, a 7-day 
treatment with clindamycin, a drug of choice for treatment of Bacteroides infec-
tions, resulted in disrupted gut microbiome for up to 2 years [125].

5.3 Diet and obesity

Food is metabolized by the gut microbial species to extract nutrients, but some 
microbial species are more efficient in extracting nutrients from food as compared 
to other species. As different individuals have slightly different microbial popula-
tions, it is probable that more nutrients are harvested by some people’s gut microbes 
making them perhaps more prone to become overweight. A high percentage of 
Firmicutes was found in the gut microbiome of genetically obese mice while a high 
percentage of Bacteriodetes were observed in lean mice. Similar observation was 
reported in lean and obese human volunteers. Moreover, it was also seen that the 
obese people who used a low-caloric diet to lose weight, their gut microbiota shifted 
to a similar bacterial population as observed in lean people [125].

6. Conclusions

The human body is a super-organism consisting of 10 times more microbial 
cells than our own body cells. The body’s assortment of microorganisms is mainly 
in gastrointestinal tract, collectively called the gut microbiota. It can be compa-
rable to an organ in because it performs functions necessary for our survival by 
contributing directly and/or indirectly in various physiological processes. For the 

Figure 2. 
Environmental factors influencing gut microbiota.
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past decade, human gut microbiota has been extensively studied as many scientists 
believe that human health mainly depends on microbes that are living on or in 
our body apart from our own genome. Recently, research findings have suggested 
that gut microbiome is evolving as a new organ system mainly due to its specific 
biochemical interaction with its host which affirm its systemic integration into the 
host physiology as gut bacteria are not only critical for regulating gut metabolism, 
but also important for other systems of host including immune system. The focus of 
this chapter was to highlight the importance of gut microorganisms as a new organ 
system and their possible involvement with host systems as well as the metabolism 
of different drugs and nutrients in the gut by these microbes. So, in this chapter, we 
have reviewed opinions of different researchers about the role of gut microbiota in 
maintaining health as well as its contributory role in different ailments. However, 
literature revealed that the involvement of gut microbiota in altering host genetics 
effecting disease progression needs further investigations.
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Microscale Mechanics of
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Abstract

This chapter describes recent techniques that have been developed to reconsti-
tute and characterize well-controlled, tunable networks of actin and microtubules
outside of cells. It describes optical tweezers microrheology techniques to charac-
terize the linear and nonlinear mechanics of these plug-and-play in vitro networks
from the molecular-level to mesoscopic scales. It also details fluorescence micros-
copy and single-molecule tracking methods to determine macromolecular transport
properties and stress propagation through cytoskeleton networks. Throughout the
chapter the intriguing results that this body of work has revealed are highlighted—
including how the macromolecular constituents of cytoskeleton networks map to
their signature responses to stress or strain; and the elegant couplings between
network structure, macromolecular mobility, and stress response that cytoskeleton
networks exhibit.

Keywords: cytoskeleton, actin, microtubules, microrheology, optical tweezers,
fluorescence, microscopy, in vitro

1. Introduction

The cell cytoskeleton is a complex and dynamic network of filamentous proteins
that provides cells with structural and mechanical integrity while enabling key
dynamic features such as cell motility, cytokinesis, apoptosis, and division [1, 2].
The cytoskeleton is able to perform these diverse functions by exhibiting a wide
range of mechanical and structural properties that are tuned by the properties of,
and interactions between, its constituent filamentous proteins: actin, microtubules,
and intermediate filaments.

Due to the critical importance of understanding cytoskeleton mechanics and
structure, over the past several decades numerous researchers from diverse disci-
plines have performed in vitro, in vivo, in silico, and theoretical studies aimed at
elucidating this open problem [1–17]. This collective body of work has made great
strides in understanding the molecular structure and properties of individual actin
filaments and microtubules, the viscoelastic properties of simple in vitro networks
of cytoskeletal filaments, and the role that various crosslinking proteins play in the
resulting architecture and mechanical properties of actin networks. Complementary
in vivo studies have focused on identifying key motifs that arise in different cell
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1. Introduction

The cell cytoskeleton is a complex and dynamic network of filamentous proteins
that provides cells with structural and mechanical integrity while enabling key
dynamic features such as cell motility, cytokinesis, apoptosis, and division [1, 2].
The cytoskeleton is able to perform these diverse functions by exhibiting a wide
range of mechanical and structural properties that are tuned by the properties of,
and interactions between, its constituent filamentous proteins: actin, microtubules,
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Due to the critical importance of understanding cytoskeleton mechanics and
structure, over the past several decades numerous researchers from diverse disci-
plines have performed in vitro, in vivo, in silico, and theoretical studies aimed at
elucidating this open problem [1–17]. This collective body of work has made great
strides in understanding the molecular structure and properties of individual actin
filaments and microtubules, the viscoelastic properties of simple in vitro networks
of cytoskeletal filaments, and the role that various crosslinking proteins play in the
resulting architecture and mechanical properties of actin networks. Complementary
in vivo studies have focused on identifying key motifs that arise in different cell
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types, in different regions of the cell, and during different phases in the cell cycle.
These studies have demonstrated that the cytoskeleton can exhibit complex and
nonlinear viscoelastic responses to strain; and that the lengths, concentrations and
interactions between the comprising filaments play key roles in this response.

However, due to the diverse and complex mechanical responses and morphol-
ogies that cytoskeleton networks can exhibit, a connection between structure and
mechanics in the cytoskeleton has proven elusive. The macromolecular properties
and dynamics of the individual cytoskeleton filaments that give rise to the network
stress response is also an open question. This chapter focuses on methods to over-
come these issues including: the design of well-controlled in vitro cytoskeleton
networks (Section 2), active microrheology methods to characterize the mechanical
properties of these networks at the molecular and cellular scales (Section 3), and
fluorescence microscopy techniques to measure network transport properties,
mobility and structure (Section 4).

2. Preparation of tunable plug-and-play in vitro cytoskeleton networks

Over the past few decades, researchers have developed methods to create a
range of cytoskeleton networks in vitro [3, 6, 11, 18–20]. Key issues that arise when
creating and studying these networks are reproducibility and stability. There are
also limited methods for creating networks comprised of multiple types of cyto-
skeleton filaments [6, 18]. Further, many of these systems exhibit structural and
mechanical properties that vary from sample to sample, and exhibit aging and
instability such that measurements are highly-dependent on the timescale of the
measurement and age of the sample.

In vitro networks of semiflexible actin filaments have been most widely studied,
spanning protein concentrations from the dilute to the nematic regimes, and incor-
porating numerous types of actin binding proteins (ABP) to create crosslinked and
bundled networks [3, 13, 16, 19]. The motor protein, myosin II, has been used to
create active and dynamic actin networks [4, 21, 22]. In vitro networks of rigid
microtubules have also been studied, though less extensively [8, 14]. Far fewer studies
have focused on composite networks of actin and microtubules, stemming from the
incompatibility of established in vitro polymerization conditions for each protein.
However, protocols have recently been developed to overcome this issue [18, 23].

Below are protocols to create highly stable, reproducible and tunable in vitro
networks of actin and microtubules that mimic key biomimetic motifs and interac-
tions. Further details regarding protocols can be found here [24]. These networks
include actin networks with varying concentrations of crosslinkers, actin networks
bundled by counterion condensation, and composite networks of sterically and
chemically interacting actin filaments and microtubules. All networks are created
by polymerization of actin monomers and/or tubulin dimers in an experimental
sample chamber, rather than flowing in pre-formed filament networks, such that
the native network structure and dynamics are preserved. To ensure reproducibility
and stability, biotin-NeutrAvidin bonding and counterion condensation are used,
rather than physiological ABPs, to create filament crosslinks and bundles.

2.1 Required buffers and reagents for networks described in Sections 2.2–2.4

PEM-100: 100 mM K-PIPES (pH 6.8), 2 mM EGTA, 2 mMMgCl2. Store at room
temperature (RT).

G-buffer: 2.0 mM Tris (pH 8), 0.2 mM ATP, 0.5 mM DTT, 0.1 mM CaCl2. Store
at �20°C.
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10� F-buffer: 100 mM Imidazole (pH 7.0), 500 mM KCl, 10 mMMgCl2, 10 mM
EGTA, 2 mM ATP. Store at �20°C.

Oxygen scavenging system: 4.5 mg/mL glucose, 0.5% β-mercaptoethanol,
4.3 mg/mL glucose oxidase, 0.7 mg/mL catalase. Make fresh immediately prior to
mixing into experimental sample. *Used to slow photobleaching during imaging when
networks or microspheres have been fluorescent-labeled (see Section 4).

1% (v/v) Tween: Used to prevent filaments from adsorbing to sample chamber
surface. Dilute in working buffer.

100 mM GTP: Store at �20°C. Dilute to experimental concentration in PEM-
100 and keep on ice.

100 mM ATP (pH to 7.0): Store at �20°C. Dilute to experimental concentration
in working buffer (PEM-100 or G-buffer) and keep on ice.

2 mMTaxol: Suspend 1 mg Pacilitaxol (Sigma, T7402) in DMSO. Store at �20°C.
PEM-Taxol: 198 μL PEM-100, 2 μL 2 mM Taxol. Make fresh for every sample.

Store at RT.
200 μM Taxol: 18 μL DMSO, 2 μL 2 mM Taxol. Make fresh for every sample.

Store at RT.
Tubulin (T, Cytoskeleton #T240): Resuspend to 5 mg/mL in PEM-100. Store in

5 μL aliquots at �80°C.
Biotinylated Tubulin (B-T, Cytoskeleton #T333P): Resuspend to 5 mg/mL in

PEM-100. Store in 2 μL aliquots at �80°C.
Rhodamine Tubulin (R-T, Cytoskeleton #TL590): Prepare 5 mg/mL solutions

of 1:10 molar ratio [Rhodamine tubulin]:[tubulin]. Store in 5 μL aliquots at �80°C.
Example: bring 20 μg R-tubulin to 5 mg/mL by adding 4 μL PEM-100. Add 36 μL of

5 mg/mL tubulin (T) to 4 μL R-tubulin.
Actin (A, Cytoskeleton, #AKL99): Resuspend lyophilized protein to 2 mg/mL in

G-buffer. Store in 25 μL aliquots at �80°C.
Biotinylated actin (B-A, Cytoskeleton #AB07): Resuspend lyophilized protein

to 1 mg/mL in G-buffer. Store in 5 μL aliquots at �80°C.
Alexa-568-actin (5-A, ThermoFisher #A12374): Dilute to 1.5 mg/mL in G-

buffer. Store in 5 μL aliquots at �80°C.
Alexa-488-actin (4-A, ThermoFisher #A12373): Dilute to 1.5 mg/mL in G-

buffer. Store in 5 μL aliquots at �80°C.
Biotin (B, Sigma #B4501): Resuspend to 102 mM in deionized water (DI) and

store at 4°C.
NeutrAvidin (NA, ThermoFisher #31000): Resuspend to 5 mg/mL in PEM-100.

Store in 5 μL aliquots at �20°C.

Experimental sample preparation: For all cytoskeleton networks described
below, a volume VF = 20 μL of protein monomers, reagents, and buffers are mixed
together and quickly pipetted into a sample chamber constructed from a glass slide
and a microscope coverslip separated by two layers of double-sided tape. Sample
chambers are sealed with epoxy and incubated (time and temperature depend on
network) to form networks of filamentous proteins.

2.2 Entangled and crosslinked actin networks

2.2.1 Entangled actin at any concentration c (mg/mL) and final sample volume VF

VPEM-100 = VF � VActin � VATP � VTween � VOS*
VActin = (cVF)/[A]
VATP = 0.1VF 10 mM ATP
VTween = 0.05VF 1% Tween
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VOS = 0.05VF oxygen scavenging system*
*If not imaging networks replace VOS with PEM-100.
Incubate at RT for 60 min.

Actin concentrations should be c = 0.1–2.5 mg/mL for entangled networks.

2.2.2 Pre-assembled biotin-NeutrAvidin crosslinker assay

To reproducibly form stable networks of crosslinked actin filaments that are
isotropically crosslinked and free of bundling, it is important to pre-assemble
Biotin-NeutrAvidin crosslinker complexes before adding to actin monomers to
initiate network formation. Each complex is comprised of 1 NeutrAvidin (NA), 2
biotins (B), and 2 biotin-actin monomers (B-A). The molar ratio R of crosslinker to
total actin [T-A] can be varied according to the following:

[T-A] = [A] + [B-A]; R = [N-A]/([T-A]); R = ½ [B-A]/([T-A]); [NA] = ½
[B-A] = ½[B]
Recipe for preparing crosslinker complexes that are concentrated by a factor X

in a volume VFC. Prepared complexes are viable for �24 h on ice.

Equations for a given R Ex. R = 0.07

Concentration factor, X 2–20 4 μL

G-buffer volume VG-Buffer = VFC � VNA � VB-A � VB 2.4 μL

NeutrAvidin volume VNA = X(VFCR[T-A]/[NA]) 0.8 μL

Biotinylated actin volume VBA = X(VFC2R[T-A]/[B-A]) 5.6 μL

Biotin volume VB = X(VFC2R[T-A]/[B]) 1.2 μL

Sonicate complex solution for 90 min at 4°C.
Add volume VCL to solution below.

2.2.3 Crosslinked network with any given R and [T-A]

VG-buffer = VF � VActin � VCL � V10xF � VOS

VActin = ([T-A]VF)/[A]
VCL = VF/X
V10� F = 0.1VF 10� F-buffer
VOS = 0.05VFinal Oxygen scavenging system*
*If not imaging networks replace VOS with G-buffer.

2.3 Reversibly bundled actin networks

Bundled actin networks are formed via counterion condensation using high
concentrations of MgCl2 and KCl. MgCl2 concentrations of cM > 4 mM will bundle
actin when paired with KCl at a concentration of 2cM (Figure 1).

Bundled actin network with actin concentration c (mg/mL) and MgCl2
concentration cM (mg/mL) in a final volume VF

VPEM-100 = VF� VActin � VATP � VTween � VMgCl2 � VKCl � VOS*
VActin = cVF/[A]
VATP = 0.1VF 10 mM ATP
VTween = 0.05VF 1% Tween
VMgCl2 = cMVF/[5 M MgCl2]
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VKCl = 2cMVF/[4 M KCl]
VOS = 0.05VFinal oxygen scavenging system*
*If not imaging networks replace VOS with PEM-100.

2.4 Composite networks of actin and microtubules

Co-entangled networks of actin and microtubules can be prepared with varying
molar fractions of tubulin, ϕT = [tubulin]/([actin] + [tubulin]), and total protein
molarity, [T-P] = [tubulin] + [actin]. Composites are formed in PEM-100 with
1 mM ATP (for actin polymerization), 1 mM GTP (for tubulin polymerization) and
5 μM Taxol (for microtubule stabilization). To crosslink actin and/or microtubules
within composites, biotin-NeutrAvidin complexes similar to those described in
Section 2.2 can be prepared using either actin, tubulin, or both proteins (Figure 2).

2.4.1 Entangled actin-microtubule network with ϕT, [T-P] and final sample volume VF

VPEM-100 = VF � VTubulin � VActin � VGTP � VATP � VTween � VTaxol � VOS*
VTubulin = ϕT[T-P]VF/[T]
VActin = (1 � ϕT)[T-P]VF/[A]
VGTP = 0.1VF 10 mM GTP

Figure 1.
Confocal micrographs of actin networks (c = 5.8 μM) with varying degrees of bundling determined by the
MgCl2 concentration (listed below each image). Images shown are average intensity projections from 60 s time-
series (4 fps) taken on a Nikon A1R laser scanning confocal microscope with 60� objective.

Figure 2.
(Left) Biotin-NeutrAvidin crosslinkers. (Right) Actin-microtubule networks in which: actin is crosslinked
(Actin), microtubules are crosslinked (Microtubule), actin and microtubules are linked to each other
(Co-linked), both the actin network and microtubule network are crosslinked (Both).
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VOS = 0.05VF oxygen scavenging system*
*If not imaging networks replace VOS with PEM-100.
Incubate at RT for 60 min.
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Recipe for preparing crosslinker complexes that are concentrated by a factor X

in a volume VFC. Prepared complexes are viable for �24 h on ice.

Equations for a given R Ex. R = 0.07

Concentration factor, X 2–20 4 μL

G-buffer volume VG-Buffer = VFC � VNA � VB-A � VB 2.4 μL

NeutrAvidin volume VNA = X(VFCR[T-A]/[NA]) 0.8 μL

Biotinylated actin volume VBA = X(VFC2R[T-A]/[B-A]) 5.6 μL

Biotin volume VB = X(VFC2R[T-A]/[B]) 1.2 μL

Sonicate complex solution for 90 min at 4°C.
Add volume VCL to solution below.

2.2.3 Crosslinked network with any given R and [T-A]

VG-buffer = VF � VActin � VCL � V10xF � VOS

VActin = ([T-A]VF)/[A]
VCL = VF/X
V10� F = 0.1VF 10� F-buffer
VOS = 0.05VFinal Oxygen scavenging system*
*If not imaging networks replace VOS with G-buffer.

2.3 Reversibly bundled actin networks

Bundled actin networks are formed via counterion condensation using high
concentrations of MgCl2 and KCl. MgCl2 concentrations of cM > 4 mM will bundle
actin when paired with KCl at a concentration of 2cM (Figure 1).

Bundled actin network with actin concentration c (mg/mL) and MgCl2
concentration cM (mg/mL) in a final volume VF

VPEM-100 = VF� VActin � VATP � VTween � VMgCl2 � VKCl � VOS*
VActin = cVF/[A]
VATP = 0.1VF 10 mM ATP
VTween = 0.05VF 1% Tween
VMgCl2 = cMVF/[5 M MgCl2]
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VKCl = 2cMVF/[4 M KCl]
VOS = 0.05VFinal oxygen scavenging system*
*If not imaging networks replace VOS with PEM-100.

2.4 Composite networks of actin and microtubules

Co-entangled networks of actin and microtubules can be prepared with varying
molar fractions of tubulin, ϕT = [tubulin]/([actin] + [tubulin]), and total protein
molarity, [T-P] = [tubulin] + [actin]. Composites are formed in PEM-100 with
1 mM ATP (for actin polymerization), 1 mM GTP (for tubulin polymerization) and
5 μM Taxol (for microtubule stabilization). To crosslink actin and/or microtubules
within composites, biotin-NeutrAvidin complexes similar to those described in
Section 2.2 can be prepared using either actin, tubulin, or both proteins (Figure 2).

2.4.1 Entangled actin-microtubule network with ϕT, [T-P] and final sample volume VF

VPEM-100 = VF � VTubulin � VActin � VGTP � VATP � VTween � VTaxol � VOS*
VTubulin = ϕT[T-P]VF/[T]
VActin = (1 � ϕT)[T-P]VF/[A]
VGTP = 0.1VF 10 mM GTP

Figure 1.
Confocal micrographs of actin networks (c = 5.8 μM) with varying degrees of bundling determined by the
MgCl2 concentration (listed below each image). Images shown are average intensity projections from 60 s time-
series (4 fps) taken on a Nikon A1R laser scanning confocal microscope with 60� objective.

Figure 2.
(Left) Biotin-NeutrAvidin crosslinkers. (Right) Actin-microtubule networks in which: actin is crosslinked
(Actin), microtubules are crosslinked (Microtubule), actin and microtubules are linked to each other
(Co-linked), both the actin network and microtubule network are crosslinked (Both).
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VATP = 0.1VF 10 mM ATP
VTween = 0.025VF 1% Tween
VTaxol = 0.025VF 200 μM Taxol (in DMSO)
VOS = 0.05VF oxygen scavenging system*
*If not imaging networks replace VOS with PEM-100.
Incubate at 37°C for 60 min.

2.4.2 Recipe for preparing crosslinker complexes that are concentrated by a factor X in
a volume VFC

Prepared complexes are viable for �24 h on ice. Biotinylated protein [B-P] used
depends on the type of crosslinking as follows:

Actin: [B-P] = [B-A]
Microtubule: [B-P] = [B-T]
Co-linked: [B-P] = [B-A] + [B-T]; [B-A] = [B-T] = ½[B-P]
Both: Prepare Actin and Microtubule solutions. Add equal parts of each to final

sample chamber.

Equations for a given R Ex. R = 0.02

Concentration factor, X Number ranging from 2 to 20 4 μL

PEM-100 volume VPEM-100 = VFC � VNA � VB-P � VB 5.28μL

NeutrAvidin volume VNA = X(VFCR[T-P]/[NA]) 2.79μL

Biotinylated protein volume VBP = X(VFC2R[T-P]/[B-P]) 1.02μL

Biotin volume VB = X(VFC2R[T-P]/[B]) 0.91μL

Sonicate complex solution for 90 min at 4°C.
Add volume VCL to solution below.

2.4.3 Crosslinked network for any given R, ϕT and total protein concentration, [T-P]

VPEM-100 = VF � VTubulin � VActin � VCL� VGTP� VATP� VTween � VTaxol� VOS*
VTubulin = (ϕT[T-P]VF)/([T] � 2R[T-P])
VActin = ((1-ϕT)[T-P]VF)/([A] � 2R[T-P])
VCL = VF/X
VGTP = 0.1VF 10 mM GTP
VATP = 0.1VF 10 mM ATP
VTween = 0.025VF 1% Tween
VTaxol = 0.025VF 200 μM Taxol (in DMSO)
VOS = 0.05VF oxygen scavenging system*

*If not imaging networks replace VOS with PEM-100.

3. Optical tweezers microrheology measurements

Given the importance of cytoskeleton mechanics to cell function, coupled with
the complexity of mechanical properties that cells exhibit, understanding the
response of cytoskeleton networks to stress and strain remains an important topic of
research. Using standard bulk rheology techniques to measure the mechanical
properties of cytoskeleton networks has been problematic due to the difficulty and
expense in producing �mL sample volumes often needed for these measurements.
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Further, these measurements probe the macroscopic mechanical properties of the
networks but are unable to probe mechanics at the molecular and cellular scales
(�μm). Finally, these methods are ill-equipped to measure spatial heterogeneities in
network response, and can irreversibly disrupt or damage the network.
Microrheology offers a complementary approach to characterizing the microscale
mechanical and viscoelastic properties of cytoskeleton networks. While passive
microrheology tracks freely diffusing microspheres embedded in networks to
extract viscoelastic moduli, active microrheology uses optical tweezers to actively
force embedded microspheres through networks and measure the force exerted
to resist this strain. Active microrheology enables one to probe both molecular
and mesoscopic scales and perturb networks far from equilibrium to access the
nonlinear regime. Specifically, optical tweezers can be used to drag microspheres
over distances that are large (5–30 μm) relative to the mesh size of the network
(<μm) at speeds much faster than the molecular relaxation rates. The force exerted
on the bead to resist the strain, as well as the subsequent relaxation of force
following strain, is measured.

Reference [25] provides a thorough overview of the underlying principles and
execution of optical tweezers microrheology to characterize the mechanics of bio-
polymer networks. Here, the focus is on the key results obtained using the in vitro
cytoskeleton networks described in Section 2 [18, 19, 26–28].

3.1 Entangled actin networks

Active microrheology experiments have been carried out on entangled actin
networks (Section 2.1) to characterize the dependence of the viscoelastic response
and stress relaxation on the rate of the applied microbead strain _γ and actin con-
centration c (1 mg/mL = 23.2 μM) [26, 27]. The results are largely described within
the framework of the tube model for entangled polymers, pioneered by de Gennes
and Doi and Edwards [29, 30]. Comparisons to new theories and extensions of the
tube model are also highlighted [31–33].

3.1.1 Strain rate dependence

Entangled actin networks (c = 0.5 mg/mL; mesh size ξ = 0.42 μm) subject to
strain rates of _γ = 1.4–9.4 s�1 (corresponding to speeds of v = 1.5–10 m/s) display a
unique crossover to appreciable nonlinearity at a strain rate _γc comparable to the
theoretical rate of relaxation of individual entanglement segments τent

�1. Above _γc,
networks exhibit stress-stiffening, which, importantly, is not apparent at the mac-
roscopic scale. This stiffening behavior occurs over very short time scales, compa-
rable to the predicted timescale over which mesh size deformations relax τξ, and has
been shown to arise from suppressed filament bending. At times longer than τξ,
deformed entanglement segments are able to bend to release stress, and stress
softening ensues until the network ultimately yields to an effectively viscous
regime, over a timescale comparable to τent. This terminal viscous regime exhibits
shear thinning due to release of entanglements, with scaling η � _γ�0.34, which is
notably less pronounced than the thinning exhibited by flexible entangled polymers
(η � _γ�1). Surprisingly, the force relaxation following strain proceeds more quickly
for increasing strain rates; and for rates greater than _γc, the relaxation displays a
complex power-law dependence on time, as opposed to the expected exponential
decay. This power-law relaxation is indicative of dynamic strain-induced entangle-
ment tube dilation and healing, which corroborates recent theoretical predictions
for rigid rods [31, 34].
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VTween = 0.025VF 1% Tween
VTaxol = 0.025VF 200 μM Taxol (in DMSO)
VOS = 0.05VF oxygen scavenging system*
*If not imaging networks replace VOS with PEM-100.
Incubate at 37°C for 60 min.
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a volume VFC

Prepared complexes are viable for �24 h on ice. Biotinylated protein [B-P] used
depends on the type of crosslinking as follows:

Actin: [B-P] = [B-A]
Microtubule: [B-P] = [B-T]
Co-linked: [B-P] = [B-A] + [B-T]; [B-A] = [B-T] = ½[B-P]
Both: Prepare Actin and Microtubule solutions. Add equal parts of each to final

sample chamber.

Equations for a given R Ex. R = 0.02

Concentration factor, X Number ranging from 2 to 20 4 μL

PEM-100 volume VPEM-100 = VFC � VNA � VB-P � VB 5.28μL

NeutrAvidin volume VNA = X(VFCR[T-P]/[NA]) 2.79μL

Biotinylated protein volume VBP = X(VFC2R[T-P]/[B-P]) 1.02μL

Biotin volume VB = X(VFC2R[T-P]/[B]) 0.91μL

Sonicate complex solution for 90 min at 4°C.
Add volume VCL to solution below.

2.4.3 Crosslinked network for any given R, ϕT and total protein concentration, [T-P]

VPEM-100 = VF � VTubulin � VActin � VCL� VGTP� VATP� VTween � VTaxol� VOS*
VTubulin = (ϕT[T-P]VF)/([T] � 2R[T-P])
VActin = ((1-ϕT)[T-P]VF)/([A] � 2R[T-P])
VCL = VF/X
VGTP = 0.1VF 10 mM GTP
VATP = 0.1VF 10 mM ATP
VTween = 0.025VF 1% Tween
VTaxol = 0.025VF 200 μM Taxol (in DMSO)
VOS = 0.05VF oxygen scavenging system*

*If not imaging networks replace VOS with PEM-100.

3. Optical tweezers microrheology measurements

Given the importance of cytoskeleton mechanics to cell function, coupled with
the complexity of mechanical properties that cells exhibit, understanding the
response of cytoskeleton networks to stress and strain remains an important topic of
research. Using standard bulk rheology techniques to measure the mechanical
properties of cytoskeleton networks has been problematic due to the difficulty and
expense in producing �mL sample volumes often needed for these measurements.
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Further, these measurements probe the macroscopic mechanical properties of the
networks but are unable to probe mechanics at the molecular and cellular scales
(�μm). Finally, these methods are ill-equipped to measure spatial heterogeneities in
network response, and can irreversibly disrupt or damage the network.
Microrheology offers a complementary approach to characterizing the microscale
mechanical and viscoelastic properties of cytoskeleton networks. While passive
microrheology tracks freely diffusing microspheres embedded in networks to
extract viscoelastic moduli, active microrheology uses optical tweezers to actively
force embedded microspheres through networks and measure the force exerted
to resist this strain. Active microrheology enables one to probe both molecular
and mesoscopic scales and perturb networks far from equilibrium to access the
nonlinear regime. Specifically, optical tweezers can be used to drag microspheres
over distances that are large (5–30 μm) relative to the mesh size of the network
(<μm) at speeds much faster than the molecular relaxation rates. The force exerted
on the bead to resist the strain, as well as the subsequent relaxation of force
following strain, is measured.

Reference [25] provides a thorough overview of the underlying principles and
execution of optical tweezers microrheology to characterize the mechanics of bio-
polymer networks. Here, the focus is on the key results obtained using the in vitro
cytoskeleton networks described in Section 2 [18, 19, 26–28].

3.1 Entangled actin networks

Active microrheology experiments have been carried out on entangled actin
networks (Section 2.1) to characterize the dependence of the viscoelastic response
and stress relaxation on the rate of the applied microbead strain _γ and actin con-
centration c (1 mg/mL = 23.2 μM) [26, 27]. The results are largely described within
the framework of the tube model for entangled polymers, pioneered by de Gennes
and Doi and Edwards [29, 30]. Comparisons to new theories and extensions of the
tube model are also highlighted [31–33].

3.1.1 Strain rate dependence

Entangled actin networks (c = 0.5 mg/mL; mesh size ξ = 0.42 μm) subject to
strain rates of _γ = 1.4–9.4 s�1 (corresponding to speeds of v = 1.5–10 m/s) display a
unique crossover to appreciable nonlinearity at a strain rate _γc comparable to the
theoretical rate of relaxation of individual entanglement segments τent

�1. Above _γc,
networks exhibit stress-stiffening, which, importantly, is not apparent at the mac-
roscopic scale. This stiffening behavior occurs over very short time scales, compa-
rable to the predicted timescale over which mesh size deformations relax τξ, and has
been shown to arise from suppressed filament bending. At times longer than τξ,
deformed entanglement segments are able to bend to release stress, and stress
softening ensues until the network ultimately yields to an effectively viscous
regime, over a timescale comparable to τent. This terminal viscous regime exhibits
shear thinning due to release of entanglements, with scaling η � _γ�0.34, which is
notably less pronounced than the thinning exhibited by flexible entangled polymers
(η � _γ�1). Surprisingly, the force relaxation following strain proceeds more quickly
for increasing strain rates; and for rates greater than _γc, the relaxation displays a
complex power-law dependence on time, as opposed to the expected exponential
decay. This power-law relaxation is indicative of dynamic strain-induced entangle-
ment tube dilation and healing, which corroborates recent theoretical predictions
for rigid rods [31, 34].
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3.1.2 Concentration dependence

These studies were extended to entangled actin networks of varying concentra-
tions (c = 0.2–1.4 mg/mL) to reveal a previously unpredicted and unreported
critical concentration cc = 0.4 mg/mL for nonlinear response features to emerge.
Beyond cc, entangled actin stiffens for times below τξ, with the degree of stiffening S
and stiffening time scale tstiff scaling inversely with the theoretical entanglement
tube diameter dt, i.e., S� dt

�1 � c3/5. At longer times, the network yields to a viscous
regime with the distance dy and corresponding force fy at which yielding occurs
scaling inversely with the length between entanglements lent along each filament:
fy � dy � lent

�1 � c2/5. Stiffening and yielding dynamics are consistent with recent
predictions of nonlinear strain-induced breakdown of the cohesive entanglement
force, which predicts the onset of yielding to occur when the induced force balances
the cohesive elastic force provided by the entanglements [27, 32]. Following strain,
the force relaxation displays distinct behaviors for c > cc versus c < cc. For c < cc,
relaxation follows a single exponential decay with a decay time that scales according
to tube model predictions for the disengagement time τD � c6/5. For c > cc relaxation
proceeds via two distinct mechanisms: slow reptation out of dilated tubes with
τD0 � c1/5 coupled with �10� faster lateral hopping. Tube dilation and the com-
mensurate reduction in reptation time τD0/τD scales as c�1, in agreement with recent
predictions for entangled rigid rods [34, 35]. This model also predicts faster lateral
hopping out of constraining tubes due to temporary fluctuation-induced yielding.
The coupled emergence of lateral hopping with concentration-dependent dilation
indicates that hopping only plays a significant role when entanglement tubes are
sufficiently dilated to allow for fluctuation-induced transient yielding of tube
constraints.

3.2 Crosslinked actin networks

As detailed in Section 2.2, methods have been developed to produce highly stable
and reproducible networks of randomly-oriented crosslinked actin filaments. With
these methods, the crosslinker density can be systematically tuned while fixing the
actin concentration and structural network properties (i.e., isotropic filament ori-
entation, no bundling).

Nonlinear microrheological characterization of these networks have been car-
ried out for crosslinking ratios of R = 0–0.07 (c = 0.5 mg/mL) [19]. For all R values,
networks exhibit initial stiffening due to entropic stretching of filaments along the
strain path, followed by stress softening and yielding to a steady-state regime. The
maximum stiffness achieved Kmax as well as the time to yield to the terminal regime
scale exponentially with R. The critical decay constant associated with this scaling,
R* � 0.014, corresponds to a crosslinker length lc equal to the theoretical entangle-
ment length le. Networks with higher R values also exhibit more sustained elastic
resistance in the terminal regime such that the terminal stiffness Kt scales exponen-
tially with R with a similar critical ratio R* � 0.018. These stress response charac-
teristics suggest that softening and yielding arise from force-induced
disentanglement and crosslinker unbinding while crosslinker rebinding events
allow for the observed sustained terminal elasticity.

Following strain, all networks exhibit exponential force decay with two distinct
timescales. Similar to the stress response characteristics, both fast and slow relaxa-
tion times scale exponentially with R with comparable R* values of � 0.008, which
likewise corresponds to lc � le. For R > R* networks are able to maintain high levels
of elastic stress following the strain, which is quantified by the terminal force value
Ft at the end of the 30 s relaxation phase. Once again, Ft � eR/R* with R* � 0.007. As
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further discussed in Section 4.3, this long-lived post-strain stress is likely a result of
the network distributing stress to a small fraction of highly strained connected
filaments that span the network, allowing the rest of the network to relax [28].

These intriguing results, along with the corresponding actin filament deforma-
tions and stress propagation dynamics that lead to the force response, are further
explored in Section 4.3.

3.3 Co-entangled composite networks of actin and microtubules

As described in Section 2.4, techniques have recently been developed to create
randomly oriented, co-entangled networks of actin and microtubules by simulta-
neously co-polymerizing varying ratios of actin and tubulin in situ. The relative
concentrations of actin and microtubules, quantified by the molar fraction of tubu-
lin ϕT, as well as the overall protein concentration [T-P], can be systematically
varied over a wide range of values while maintaining composite integrity and
stability. Different crosslinking interactions and motifs can also be methodically
introduced and tuned.

Seminal microrheology studies on these composites have been carried out for ϕT

values of 0 to 1 with [T-P] held fixed at 11.6 μM [18, 23]. These studies show that
composites comprised of mostly actin (ϕT < 0.5) initially exert a �100� higher
resistive force in response to strain, compared to networks comprised of mostly
microtubules (ϕT > 0.5). However, the rise in force with strain distance is steeper
for ϕT > 0.5 networks such that at �5 μm, the force became larger for ϕT > 0.5
composites compared to ϕT < 0.5. Actin-rich composites are also initially relatively
stiff but quickly softened, whereas microtubule-rich composites display an initially
soft/viscous response followed quickly by stiffening such that at the end of the
strain the stiffness for ϕT > 0.5 networks was �10� higher than their actin-rich
counterparts. The initial force response can be understood in terms of poroelastic
models, which consider the dynamics of the mesh as well as the pervading fluid
[14, 36]. In these models, the faster the timescale for water to drain from the
deformed mesh (τp), the faster the system can relax, such that it will exert a
concomitantly smaller initial force on the bead. The poroelastic timescale, which
depends both on the elastic modulus and mesh size of the network, is �40� longer
for actin networks than for microtubule networks [18], resulting in a comparably
higher initial force and stiffness for actin-rich composites versus microtubule-rich
composites. The subsequent sharp transition from softening to stiffening when ϕT

exceeds 0.5, arises from microtubules suppressing actin bending fluctuations.
The presence of a large fraction of microtubules (ϕT > 0.7) result in large

heterogeneities in force response as well as increased average resistive force. Het-
erogeneities arise from the increasing mesh size of the composite as ϕT increases, as
well as more frequent microtubule buckling events. As ϕT increases the mesh size of
the composite increases from ξA � 0.42 μm for ϕT = 0 to ξM � 0.89 μm for ϕT = 1.
Thus, at the microscale, the system becomes increasingly more heterogeneous as ϕT

increases. Further, for a composite with equal molar fractions of actin and micro-
tubules (ϕT = 0.5), the mesh size of the microtubule network is �2� that of the
actin network (ξA � 2ξM), and the actin mesh remains smaller than the microtubule
mesh until ϕT > 0.7. Thus, actin network characteristics dominate the force
response until relatively large fractions of microtubules are incorporated. This
effect, combined with force-induced buckling of microtubules to alleviate stress,
leads to a nonlinear increase in resistive force as ϕT increases.

Force relaxation following strain exhibits two-phase power-law decay with the
first decay arising from actin bending modes while the long-time relaxation is
indicative of filaments reptating out of deformed entanglement constraints.
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3.1.2 Concentration dependence
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tions (c = 0.2–1.4 mg/mL) to reveal a previously unpredicted and unreported
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Beyond cc, entangled actin stiffens for times below τξ, with the degree of stiffening S
and stiffening time scale tstiff scaling inversely with the theoretical entanglement
tube diameter dt, i.e., S� dt

�1 � c3/5. At longer times, the network yields to a viscous
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�1 � c2/5. Stiffening and yielding dynamics are consistent with recent
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force, which predicts the onset of yielding to occur when the induced force balances
the cohesive elastic force provided by the entanglements [27, 32]. Following strain,
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to tube model predictions for the disengagement time τD � c6/5. For c > cc relaxation
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mensurate reduction in reptation time τD0/τD scales as c�1, in agreement with recent
predictions for entangled rigid rods [34, 35]. This model also predicts faster lateral
hopping out of constraining tubes due to temporary fluctuation-induced yielding.
The coupled emergence of lateral hopping with concentration-dependent dilation
indicates that hopping only plays a significant role when entanglement tubes are
sufficiently dilated to allow for fluctuation-induced transient yielding of tube
constraints.

3.2 Crosslinked actin networks

As detailed in Section 2.2, methods have been developed to produce highly stable
and reproducible networks of randomly-oriented crosslinked actin filaments. With
these methods, the crosslinker density can be systematically tuned while fixing the
actin concentration and structural network properties (i.e., isotropic filament ori-
entation, no bundling).

Nonlinear microrheological characterization of these networks have been car-
ried out for crosslinking ratios of R = 0–0.07 (c = 0.5 mg/mL) [19]. For all R values,
networks exhibit initial stiffening due to entropic stretching of filaments along the
strain path, followed by stress softening and yielding to a steady-state regime. The
maximum stiffness achieved Kmax as well as the time to yield to the terminal regime
scale exponentially with R. The critical decay constant associated with this scaling,
R* � 0.014, corresponds to a crosslinker length lc equal to the theoretical entangle-
ment length le. Networks with higher R values also exhibit more sustained elastic
resistance in the terminal regime such that the terminal stiffness Kt scales exponen-
tially with R with a similar critical ratio R* � 0.018. These stress response charac-
teristics suggest that softening and yielding arise from force-induced
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further discussed in Section 4.3, this long-lived post-strain stress is likely a result of
the network distributing stress to a small fraction of highly strained connected
filaments that span the network, allowing the rest of the network to relax [28].

These intriguing results, along with the corresponding actin filament deforma-
tions and stress propagation dynamics that lead to the force response, are further
explored in Section 4.3.

3.3 Co-entangled composite networks of actin and microtubules

As described in Section 2.4, techniques have recently been developed to create
randomly oriented, co-entangled networks of actin and microtubules by simulta-
neously co-polymerizing varying ratios of actin and tubulin in situ. The relative
concentrations of actin and microtubules, quantified by the molar fraction of tubu-
lin ϕT, as well as the overall protein concentration [T-P], can be systematically
varied over a wide range of values while maintaining composite integrity and
stability. Different crosslinking interactions and motifs can also be methodically
introduced and tuned.

Seminal microrheology studies on these composites have been carried out for ϕT

values of 0 to 1 with [T-P] held fixed at 11.6 μM [18, 23]. These studies show that
composites comprised of mostly actin (ϕT < 0.5) initially exert a �100� higher
resistive force in response to strain, compared to networks comprised of mostly
microtubules (ϕT > 0.5). However, the rise in force with strain distance is steeper
for ϕT > 0.5 networks such that at �5 μm, the force became larger for ϕT > 0.5
composites compared to ϕT < 0.5. Actin-rich composites are also initially relatively
stiff but quickly softened, whereas microtubule-rich composites display an initially
soft/viscous response followed quickly by stiffening such that at the end of the
strain the stiffness for ϕT > 0.5 networks was �10� higher than their actin-rich
counterparts. The initial force response can be understood in terms of poroelastic
models, which consider the dynamics of the mesh as well as the pervading fluid
[14, 36]. In these models, the faster the timescale for water to drain from the
deformed mesh (τp), the faster the system can relax, such that it will exert a
concomitantly smaller initial force on the bead. The poroelastic timescale, which
depends both on the elastic modulus and mesh size of the network, is �40� longer
for actin networks than for microtubule networks [18], resulting in a comparably
higher initial force and stiffness for actin-rich composites versus microtubule-rich
composites. The subsequent sharp transition from softening to stiffening when ϕT

exceeds 0.5, arises from microtubules suppressing actin bending fluctuations.
The presence of a large fraction of microtubules (ϕT > 0.7) result in large

heterogeneities in force response as well as increased average resistive force. Het-
erogeneities arise from the increasing mesh size of the composite as ϕT increases, as
well as more frequent microtubule buckling events. As ϕT increases the mesh size of
the composite increases from ξA � 0.42 μm for ϕT = 0 to ξM � 0.89 μm for ϕT = 1.
Thus, at the microscale, the system becomes increasingly more heterogeneous as ϕT

increases. Further, for a composite with equal molar fractions of actin and micro-
tubules (ϕT = 0.5), the mesh size of the microtubule network is �2� that of the
actin network (ξA � 2ξM), and the actin mesh remains smaller than the microtubule
mesh until ϕT > 0.7. Thus, actin network characteristics dominate the force
response until relatively large fractions of microtubules are incorporated. This
effect, combined with force-induced buckling of microtubules to alleviate stress,
leads to a nonlinear increase in resistive force as ϕT increases.

Force relaxation following strain exhibits two-phase power-law decay with the
first decay arising from actin bending modes while the long-time relaxation is
indicative of filaments reptating out of deformed entanglement constraints.
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Interestingly, the scaling exponents for the long-time relaxation exhibits a non-
monotonic dependence on ϕT, reaching a maximum for equimolar composites
(ϕT = 0.5), which suggests that filament diffusion (i.e., reptation) is fastest at
ϕT = 0.5. This non-monotonic trend likely arises from a competition between
increasing mesh size as ϕT increases, which increases filament mobility, versus
increasing filament rigidity (replacing actin with microtubules), which suppresses
filament mobility. See Section 4.2 for more discussion of this result.

4. Fluorescence imaging and characterization of network transport,
mobility and structure

A key question regarding the cytoskeleton is how the mechanical force response
couples to both network structure as well as the mobility and deformations of the
comprising filaments. To address this problem, a range of fluorescence labeling
schemes can be incorporated into in vitro networks, and various microscopy
methods can be employed to image networks and quantify mobility and structure.
This section describes different in vitro labeling and imaging methods as well as key
results and parameters that can be obtained with the described methods.

4.1 Fluorescence labeling of proteins for varied measurement methods

Below are protocols for three different labeling schemes optimized for different
network characterizations and imaging methods: (1) doping networks with pre-
formed labeled filaments [18, 27], (2) in situ network labeling [23], and (3) labeling
discrete filament segments for particle-tracking [19, 28].

4.1.1 Doping networks with pre-formed labeled filaments

This method is ideal for measuring filament length distributions and resolving
single-filament fluctuations and mobility (Figure 3).

4.1.1.1 Labeled actin filaments for actin networks (Sections 2.2 and 2.3)

Prepare 10 μL of a 5 μM solution of 1:1 [5-A]:[A] to polymerize prior to adding to
actin network:

7.75 μL G-buffer

Figure 3.
Two-color laser scanning confocal imaging of fluorescent-labeled equimolar actin-microtubule composite
([T-P] = 11.6 μM). (A) The actin (green) channel, (B) microtubule (red) channel and (C) both channels
show actin filaments and microtubules within composites form networks that overlap with each other forming a
homogeneous network with no phase separation or clustering. The scale bar is 50 μm and applies to all images.
The 512 � 512 image is taken on a Nikon A1R laser scanning confocal microscope with a 60� objective and
QImaging CCD camera.

204

Parasitology and Microbiology Research

0.72 μL 5-A
0.54 μL A
1 μL 10� F-buffer

Incubate for 60 min at RT.
Prepare a 1:2 dilution in PEM-100 or F-buffer (depending on desired final buffer).
Add 1 μL of dilution to final sample chamber solution from Section 2.2 or 2.3,

replacing the equivalent volume of PEM-100 or G-buffer (depending on network).

4.1.1.2 Labeled filaments for actin-microtubule composites (Section 2.4)

Alexa-488-actin filaments
Prepare 10 μL of a 5 μM solution of 1:1 [4-A]:[A] to polymerize prior to adding to

composite:
6.74 μL PEM-100
0.72 μL 4-A
0.54 μL A
2.00 μL 10 mM ATP

Incubate for 60 min at RT.
Immediately prior to imaging prepare a 1:2 dilution in PEM-100 + 2 mM ATP.
Add 1 μL to final sample chamber solution from Section 2.4, replacing the

equivalent volume of PEM-100.

Rhodamine-labeled microtubules
Prepare 5 μL of a 37 μM solution of R-T to polymerize prior to adding to

composite as follows:
Thaw R-T aliquot in hand.
Add 0.55 μL 10 mM GTP.
Incubate at 37°C for 30 min.
Add 0.6 μL of 200 μM Taxol.
Incubate at 37°C for 30 min.
Immediately prior to imaging prepare a 1:10 dilution in PEM-Taxol.
Add 1 μL to final sample chamber solution from Section 2.4, replacing the

equivalent volume of PEM-100.
Labeled filaments can be stored at RT for up to 1 week. After day 1, shear

microtubules with a sterile hamilton syringe before adding to the sample chamber.

4.1.2 In situ network labeling

In this method labeled monomers are added to solution prior to in situ network
formation, rather than adding pre-formed filaments [23]. This method, demon-
strated in Figures 1 and 4 provides the most accurate depiction of network archi-
tecture and enables evaluation of network formation during polymerization. The
drawback is that rarely are discrete single filaments visible, preventing filament
length measurements. The ratio of labeled (4-A, 5-A or R-T) to unlabeled (A or T)
monomers can range from 1:50 to 1:5 depending on the overall protein concentra-
tion and type of fluorescent dye used. Below are recipes for optimized samples of
entangled actin and actin-microtubule composites.

4.1.2.1 Example of in situ labeled actin network

c = 1 mg/mL, [5-A]:[A] = 1:9.6, VF = 20 μL

6.3 μL PEM-100
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Interestingly, the scaling exponents for the long-time relaxation exhibits a non-
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(ϕT = 0.5), which suggests that filament diffusion (i.e., reptation) is fastest at
ϕT = 0.5. This non-monotonic trend likely arises from a competition between
increasing mesh size as ϕT increases, which increases filament mobility, versus
increasing filament rigidity (replacing actin with microtubules), which suppresses
filament mobility. See Section 4.2 for more discussion of this result.

4. Fluorescence imaging and characterization of network transport,
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A key question regarding the cytoskeleton is how the mechanical force response
couples to both network structure as well as the mobility and deformations of the
comprising filaments. To address this problem, a range of fluorescence labeling
schemes can be incorporated into in vitro networks, and various microscopy
methods can be employed to image networks and quantify mobility and structure.
This section describes different in vitro labeling and imaging methods as well as key
results and parameters that can be obtained with the described methods.

4.1 Fluorescence labeling of proteins for varied measurement methods

Below are protocols for three different labeling schemes optimized for different
network characterizations and imaging methods: (1) doping networks with pre-
formed labeled filaments [18, 27], (2) in situ network labeling [23], and (3) labeling
discrete filament segments for particle-tracking [19, 28].

4.1.1 Doping networks with pre-formed labeled filaments

This method is ideal for measuring filament length distributions and resolving
single-filament fluctuations and mobility (Figure 3).

4.1.1.1 Labeled actin filaments for actin networks (Sections 2.2 and 2.3)

Prepare 10 μL of a 5 μM solution of 1:1 [5-A]:[A] to polymerize prior to adding to
actin network:

7.75 μL G-buffer

Figure 3.
Two-color laser scanning confocal imaging of fluorescent-labeled equimolar actin-microtubule composite
([T-P] = 11.6 μM). (A) The actin (green) channel, (B) microtubule (red) channel and (C) both channels
show actin filaments and microtubules within composites form networks that overlap with each other forming a
homogeneous network with no phase separation or clustering. The scale bar is 50 μm and applies to all images.
The 512 � 512 image is taken on a Nikon A1R laser scanning confocal microscope with a 60� objective and
QImaging CCD camera.
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0.72 μL 5-A
0.54 μL A
1 μL 10� F-buffer

Incubate for 60 min at RT.
Prepare a 1:2 dilution in PEM-100 or F-buffer (depending on desired final buffer).
Add 1 μL of dilution to final sample chamber solution from Section 2.2 or 2.3,

replacing the equivalent volume of PEM-100 or G-buffer (depending on network).

4.1.1.2 Labeled filaments for actin-microtubule composites (Section 2.4)

Alexa-488-actin filaments
Prepare 10 μL of a 5 μM solution of 1:1 [4-A]:[A] to polymerize prior to adding to

composite:
6.74 μL PEM-100
0.72 μL 4-A
0.54 μL A
2.00 μL 10 mM ATP

Incubate for 60 min at RT.
Immediately prior to imaging prepare a 1:2 dilution in PEM-100 + 2 mM ATP.
Add 1 μL to final sample chamber solution from Section 2.4, replacing the

equivalent volume of PEM-100.

Rhodamine-labeled microtubules
Prepare 5 μL of a 37 μM solution of R-T to polymerize prior to adding to

composite as follows:
Thaw R-T aliquot in hand.
Add 0.55 μL 10 mM GTP.
Incubate at 37°C for 30 min.
Add 0.6 μL of 200 μM Taxol.
Incubate at 37°C for 30 min.
Immediately prior to imaging prepare a 1:10 dilution in PEM-Taxol.
Add 1 μL to final sample chamber solution from Section 2.4, replacing the

equivalent volume of PEM-100.
Labeled filaments can be stored at RT for up to 1 week. After day 1, shear

microtubules with a sterile hamilton syringe before adding to the sample chamber.

4.1.2 In situ network labeling

In this method labeled monomers are added to solution prior to in situ network
formation, rather than adding pre-formed filaments [23]. This method, demon-
strated in Figures 1 and 4 provides the most accurate depiction of network archi-
tecture and enables evaluation of network formation during polymerization. The
drawback is that rarely are discrete single filaments visible, preventing filament
length measurements. The ratio of labeled (4-A, 5-A or R-T) to unlabeled (A or T)
monomers can range from 1:50 to 1:5 depending on the overall protein concentra-
tion and type of fluorescent dye used. Below are recipes for optimized samples of
entangled actin and actin-microtubule composites.

4.1.2.1 Example of in situ labeled actin network

c = 1 mg/mL, [5-A]:[A] = 1:9.6, VF = 20 μL

6.3 μL PEM-100
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1.2 μL 5-A
9.1 μL A
0.4 μL 100 μM ATP
1 μL 1% Tween
2 μL oxygen scavenging system.

4.1.2.2 Example of in situ labeled actin-microtubule composite

[T-P] = 11.6 μM, ϕT = 0.5, [4-A]:[A] = 1:4.8, [R-T]:[T] = 1:35.7, VF = 20 μL

3.43 μL PEM-100
0.29 μL 4-A
1.03 μL A
0.83 μL R-T
0.87 μL T
1 μL 10 mM ATP
1 μL 10 mM GTP
0.5 μL 200 μM Taxol
0.5 μL 1% Tween
1 μL oxygen scavenging system

4.1.3 Labeling discrete filament segments for particle-tracking

Because actin and microtubules are extended filaments, standard particle-
tracking methods, optimized for punctile objects, cannot be used. To overcome this
limitation, one can generate actin filaments with discrete, well-separated labeled
segments (Figure 5) through a multi-stage polymerization process that includes
shearing and annealing of labeled actin segments. Below is the protocol to create
discrete-labeled actin filaments.

Follow protocol in Section 4.1.1.1 to prepare pre-formed Alexa-568-labeled actin
filaments.

Shear filaments with a 26 gauge Hamilton syringe 15 times.
Quickly add 1 μL of 2 mg/mL actin (A) and mix by pipetting 5 times. Incubate at

RT for 20 min to allow labeled and unlabeled segments to anneal.
Prepare a 1:20 dilution in F-buffer. Mix by pipetting 5 times.
Add to final sample solution from Section 2.2 at a volume of 0.05VF, replacing

the equivalent volume of PEM-100.

Figure 4.
Epifluorescence imaging of in situ labeling of an actin network (left), microtubule network (middle), and
equimolar actin-microtubule composite (right). Images are sum projections of 400-frame time series (40 fps)
taken using an Olympus IX73 microscope with 60� objective. The composite image also shows the separate
channels for microtubules (top, far right) and actin (bottom, far right). All scale bars represent 10 μm.
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4.2 Fluorescence confocal microscopy methods

Two-color fluorescence confocal microscopy allows for characterization of the
3D structure and mobility of networks comprised of multiple species (i.e., actin and
microtubules). Use labeling method (1), the lengths, orientations, and mobility of
single filaments within cytoskeleton composites can be resolved.

This method has been used to quantify the mobility of actin and microtubules
within composites as described in Ref. [18]. Briefly, the standard deviation in pixel
intensities over time can be computed from high frame-rate time-series and used to
quantify the mobility of each filament type. Using this method, Reference [18]
showed that the mobility of both actin and microtubules in co-entangled composites
is greatest in equimolar composites (ϕT = 0.5). This surprising result, which aligns
with the post-strain relaxation behavior (described in Section 3.3), arises from an
interplay between varying mesh sizes and filament rigidity. Namely, as the fraction
of microtubules in composites increases so does the mesh size, allowing for larger
voids for filaments to move through (increasing mobility). However, increasing ϕT

eventually comes at a cost as the majority of filaments are rigid rods rather than
semiflexible filaments, which hinders bending modes and fluctuations and ulti-
mately reduces mobility.

3D stacks of images can also be used to determine network structure and con-
nectivity. Evaluating these types of images has shown that the actin and microtu-
bule networks comprising composites are isotropic, entangled, and well-integrated
with one another.

More recently developed in situ labeling methods (Section 4.1.2) can more
accurately depict network architecture [23] and can be analyzed to determine
network correlation lengthscales and fluctuation rates.

Figure 5.
Discrete labeling of actin filament segments for particle-tracking. (A) Microscope image of filament with
interspersed �0.45 μm labeled segments that can be centroid-tracked during experiments. (B) Cartoon of
tracking labeled segments along an actin filament. (C) Tracking discrete segments at varying distances R from
strain path during microrheology experiments described in Section 3. Orange circles represent bead position
before/after strain and yellow line represents strain path. Dotted lines outline annuli positioned every 4.5 μm
from strain path (R = 6.75, 11.25, ..., 29.25 μm). All tracks within each annulus are used to determine R
dependence of strain-induced actin mobility.

207

Microscale Mechanics of Plug-and-Play In Vitro Cytoskeleton Networks
DOI: http://dx.doi.org/10.5772/intechopen.84401



1.2 μL 5-A
9.1 μL A
0.4 μL 100 μM ATP
1 μL 1% Tween
2 μL oxygen scavenging system.

4.1.2.2 Example of in situ labeled actin-microtubule composite

[T-P] = 11.6 μM, ϕT = 0.5, [4-A]:[A] = 1:4.8, [R-T]:[T] = 1:35.7, VF = 20 μL

3.43 μL PEM-100
0.29 μL 4-A
1.03 μL A
0.83 μL R-T
0.87 μL T
1 μL 10 mM ATP
1 μL 10 mM GTP
0.5 μL 200 μM Taxol
0.5 μL 1% Tween
1 μL oxygen scavenging system

4.1.3 Labeling discrete filament segments for particle-tracking

Because actin and microtubules are extended filaments, standard particle-
tracking methods, optimized for punctile objects, cannot be used. To overcome this
limitation, one can generate actin filaments with discrete, well-separated labeled
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the equivalent volume of PEM-100.
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4.2 Fluorescence confocal microscopy methods

Two-color fluorescence confocal microscopy allows for characterization of the
3D structure and mobility of networks comprised of multiple species (i.e., actin and
microtubules). Use labeling method (1), the lengths, orientations, and mobility of
single filaments within cytoskeleton composites can be resolved.

This method has been used to quantify the mobility of actin and microtubules
within composites as described in Ref. [18]. Briefly, the standard deviation in pixel
intensities over time can be computed from high frame-rate time-series and used to
quantify the mobility of each filament type. Using this method, Reference [18]
showed that the mobility of both actin and microtubules in co-entangled composites
is greatest in equimolar composites (ϕT = 0.5). This surprising result, which aligns
with the post-strain relaxation behavior (described in Section 3.3), arises from an
interplay between varying mesh sizes and filament rigidity. Namely, as the fraction
of microtubules in composites increases so does the mesh size, allowing for larger
voids for filaments to move through (increasing mobility). However, increasing ϕT

eventually comes at a cost as the majority of filaments are rigid rods rather than
semiflexible filaments, which hinders bending modes and fluctuations and ulti-
mately reduces mobility.

3D stacks of images can also be used to determine network structure and con-
nectivity. Evaluating these types of images has shown that the actin and microtu-
bule networks comprising composites are isotropic, entangled, and well-integrated
with one another.

More recently developed in situ labeling methods (Section 4.1.2) can more
accurately depict network architecture [23] and can be analyzed to determine
network correlation lengthscales and fluctuation rates.
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4.3 Molecular-tracking microrheology

To directly track filament motion during and following strain, one can incorpo-
rate labeling technique (3) into cytoskeleton networks. This method results in
punctile segments along filaments that can be tracked over time to determine
filament trajectories. Incorporating fluorescence imaging and particle-tracking
algorithms into an optical tweezers setup allows for imaging of these segments
during micorheology measurements [19, 28].

This method has been used to couple filament deformations and strain propaga-
tion to force response in entangled and crosslinked networks of actin [19, 28]. One
key result of this work was to determine the origin of stress stiffening and softening in
crosslinked actin networks (see Section 3.2). In particular, these studies showed that
initial stiffening arises from acceleration of strained filaments due to molecular
extension along the strain path, while softening and yielding is coupled to filament
deceleration, halting, and recoil. Networks also display a surprising non-monotonic
dependence of filament deformation on crosslinker concentration. Namely, networks
with no crosslinks or substantial crosslinks both exhibit fast initial filament velocities
and reduced molecular recoil while intermediate crosslinker concentrations display
reduced velocities and increased recoil. These collective results arise from a balance of
network elasticity and force-induced crosslinker unbinding and rebinding. In accord
with recent simulations [28], this work also showed that post-strain stress can be
long-lived in crosslinked networks by distributing stress to a small fraction of highly
strained connected filaments that span the network and sustain the load, while the
rest of the network is able to recoil and relax.

5. Conclusions

As described in the preceding sections, several recent advances in in vitro net-
work design and microrheological measurement techniques have enabled key
insights into the mechanics and mobility of cytoskeleton networks.

The engineered networks include actin and microtubule networks with well-
defined, versatile crosslinking motifs; networks of actin bundles mediated by coun-
terion crossbridges, and composite networks of sterically and chemically interacting
actin filaments and microtubules. The protocols and design schemes for these net-
works are highly modular to facilitate introducing higher levels of complexity and
expanding the phase space of molecular constituents and structures. The versatile
fluorescence labeling and imaging methods described allow for robust characteri-
zation of network dynamics and structure, while the active microrheology studies
described can characterize the linear and nonlinear mechanical properties of these
networks at the molecular and cellular scales. Some of the key findings this body of
work has revealed include: the existence of critical strain rates and concentrations
for actin networks to exhibit nonlinear mechanics, the inhomogeneous nature of
stress propagation throughout crosslinked actin networks, the important role that
actin plays in suppressing the buckling of microtubules, and the elegant competi-
tion between mesh size and polymer stiffness that leads to emergent dynamics in
actin-microtubule networks.

While many open questions remain, these presented advances open the door for
a wide range of highly-controlled new experiments to explore the vast phase space
of mechanical and structural properties of diverse cytoskeleton networks.

208

Parasitology and Microbiology Research

Acknowledgements

Authors would like to thank Prof. Jennifer Ross (University of Massachussetts,
Amherst), Prof. Moumita Das (Rochester Institute of Technology), Robert
Fitzpatrick, Dr. Tobias Falzone, and Dr. Manas Khan for their contributions to the
described work. This work was funded by an NSF CAREER Award (no. 1255446),
an NIH-NIGMS Award (no. R15GM123420), Research Corporation & Gordon &
Betty Moore Foundation Collaborative Innovation Award, and a W.M. Keck
Foundation Research Grant.

Conflict of interest

Authors declare no conflict of interest.

Author details

Shea N. Ricketts, Bekele Gurmessa and Rae M. Robertson-Anderson*
Department of Physics and Biophysics, University of San Diego, San Diego,
California, United States

*Address all correspondence to: randerson@sandiego.edu

©2019 TheAuthor(s). Licensee IntechOpen. This chapter is distributed under the terms
of theCreativeCommonsAttribution License (http://creativecommons.org/licenses/
by/3.0),which permits unrestricted use, distribution, and reproduction in anymedium,
provided the original work is properly cited.

209

Microscale Mechanics of Plug-and-Play In Vitro Cytoskeleton Networks
DOI: http://dx.doi.org/10.5772/intechopen.84401



4.3 Molecular-tracking microrheology

To directly track filament motion during and following strain, one can incorpo-
rate labeling technique (3) into cytoskeleton networks. This method results in
punctile segments along filaments that can be tracked over time to determine
filament trajectories. Incorporating fluorescence imaging and particle-tracking
algorithms into an optical tweezers setup allows for imaging of these segments
during micorheology measurements [19, 28].

This method has been used to couple filament deformations and strain propaga-
tion to force response in entangled and crosslinked networks of actin [19, 28]. One
key result of this work was to determine the origin of stress stiffening and softening in
crosslinked actin networks (see Section 3.2). In particular, these studies showed that
initial stiffening arises from acceleration of strained filaments due to molecular
extension along the strain path, while softening and yielding is coupled to filament
deceleration, halting, and recoil. Networks also display a surprising non-monotonic
dependence of filament deformation on crosslinker concentration. Namely, networks
with no crosslinks or substantial crosslinks both exhibit fast initial filament velocities
and reduced molecular recoil while intermediate crosslinker concentrations display
reduced velocities and increased recoil. These collective results arise from a balance of
network elasticity and force-induced crosslinker unbinding and rebinding. In accord
with recent simulations [28], this work also showed that post-strain stress can be
long-lived in crosslinked networks by distributing stress to a small fraction of highly
strained connected filaments that span the network and sustain the load, while the
rest of the network is able to recoil and relax.

5. Conclusions

As described in the preceding sections, several recent advances in in vitro net-
work design and microrheological measurement techniques have enabled key
insights into the mechanics and mobility of cytoskeleton networks.

The engineered networks include actin and microtubule networks with well-
defined, versatile crosslinking motifs; networks of actin bundles mediated by coun-
terion crossbridges, and composite networks of sterically and chemically interacting
actin filaments and microtubules. The protocols and design schemes for these net-
works are highly modular to facilitate introducing higher levels of complexity and
expanding the phase space of molecular constituents and structures. The versatile
fluorescence labeling and imaging methods described allow for robust characteri-
zation of network dynamics and structure, while the active microrheology studies
described can characterize the linear and nonlinear mechanical properties of these
networks at the molecular and cellular scales. Some of the key findings this body of
work has revealed include: the existence of critical strain rates and concentrations
for actin networks to exhibit nonlinear mechanics, the inhomogeneous nature of
stress propagation throughout crosslinked actin networks, the important role that
actin plays in suppressing the buckling of microtubules, and the elegant competi-
tion between mesh size and polymer stiffness that leads to emergent dynamics in
actin-microtubule networks.

While many open questions remain, these presented advances open the door for
a wide range of highly-controlled new experiments to explore the vast phase space
of mechanical and structural properties of diverse cytoskeleton networks.

208

Parasitology and Microbiology Research

Acknowledgements

Authors would like to thank Prof. Jennifer Ross (University of Massachussetts,
Amherst), Prof. Moumita Das (Rochester Institute of Technology), Robert
Fitzpatrick, Dr. Tobias Falzone, and Dr. Manas Khan for their contributions to the
described work. This work was funded by an NSF CAREER Award (no. 1255446),
an NIH-NIGMS Award (no. R15GM123420), Research Corporation & Gordon &
Betty Moore Foundation Collaborative Innovation Award, and a W.M. Keck
Foundation Research Grant.

Conflict of interest

Authors declare no conflict of interest.

Author details

Shea N. Ricketts, Bekele Gurmessa and Rae M. Robertson-Anderson*
Department of Physics and Biophysics, University of San Diego, San Diego,
California, United States

*Address all correspondence to: randerson@sandiego.edu

©2019 TheAuthor(s). Licensee IntechOpen. This chapter is distributed under the terms
of theCreativeCommonsAttribution License (http://creativecommons.org/licenses/
by/3.0),which permits unrestricted use, distribution, and reproduction in anymedium,
provided the original work is properly cited.

209

Microscale Mechanics of Plug-and-Play In Vitro Cytoskeleton Networks
DOI: http://dx.doi.org/10.5772/intechopen.84401



References

[1] Pollard TD. The cytoskeleton,
cellular motility and the reductionist
agenda. Nature. 2003;422:741-745

[2] Gardel ML, Kasza KE, Brangwynne
CP, Liu J, Weitz DA. Mechanical
response of cytoskeletal networks.
Methods in Cell Biology. 2008;89:
487-519

[3] Gardel ML, Shin JH, MacKintosh FC,
Mahadevan L, Matsudaira P, Weitz DA.
Elastic behavior of cross-linked and
bundled actin networks. Science. 2004;
304:1301

[4] Murrell MP, Gardel ML. F-actin
buckling coordinates contractility and
severing in a biomimetic actomyosin
cortex. PNAS. 2012;109:20820-20825

[5] Dogterom M, Koenderink GH. Actin-
microtubule crosstalk in cell biology.
Nature Reviews Molecular Cell Biology.
2019;20:38-54

[6] Preciado López M, Huber F,
Grigoriev I, Steinmetz MO, Akhmanova
A, Dogterom M, et al. In vitro
reconstitution of dynamic microtubules
interacting with actin filament
networks. Methods in Enzymology.
2014;540:301-320

[7] Fletcher DA, Mullins RD. Cell
mechanics and the cytoskeleton. Nature.
2010;463:485-492

[8] Hoffman BD, Crocker JC. Cell
mechanics: Dissecting the physical
responses of cells to force. Annual
Review of Biomedical Engineering.
2009;11:259-288

[9] Jensen MH, Morris EJ, Weitz DA.
Mechanics and dynamics of
reconstituted cytoskeletal systems.
Biochimica et Biophysica Acta (BBA)—
Molecular Cell Research. 2015;1853:
3038-3042

[10] Huber F, Boire A, López MP,
Koenderink GH. Cytoskeletal crosstalk:
When three different personalities team
up. Current Opinion in Cell Biology.
2015;32:39-47

[11] Hawkins T, Mirigian M, Selcuk
Yasar M, Ross JL. Mechanics of
microtubules. Journal of Biomechanics.
2010;43:23-30

[12] Yang Y, Bai M, Klug WS, Levine AJ,
Valentine MT. Microrheology of highly
crosslinked microtubule networks is
dominated by force-induced crosslinker
unbinding. Soft Matter. 2012;9:383-393

[13] Gardel ML, Nakamura F, Hartwig J,
Crocker JC, Stossel TP, Weitz DA.
Stress-dependent elasticity of composite
actin networks as a model for cell
behavior. Physical Review Letters.
2006;96:088102

[14] Moeendarbary E, Valon L, Fritzsche
M, Harris AR, Moulding DA, Thrasher
AJ, et al. The cytoplasm of living cells
behaves as a poroelastic material.
Nature Materials. 2013;12:253-261

[15] Tsuda Y, Yasutake H, Ishijima A,
Yanagida T. Torsional rigidity of single
actin filaments and actin–actin bond
breaking force under torsion measured
directly by in vitro micromanipulation.
PNAS. 1996;93:12937-12942

[16] Strehle D, Schnauß J, Heussinger C,
Alvarado J, Bathe M, Käs J, et al.
Transiently crosslinked F-actin bundles.
European Biophysics Journal. 2011;40:
93-101

[17] Kim T, Gardel ML, Munro E.
Determinants of fluidlike behavior and
effective viscosity in cross-linked actin
networks. Biophysical Journal. 2014;
106:526-534

[18] Ricketts SN, Ross JL, Robertson-
Anderson RM. Co-entangled

210

Parasitology and Microbiology Research

actin-microtubule composites exhibit
tunable stiffness and power-law stress
relaxation. Biophysical Journal. 2018;
115:1055-1067

[19] Gurmessa B, Ricketts S, Robertson-
Anderson RM. Nonlinear actin
deformations lead to network stiffening,
yielding, and nonuniform stress
propagation. Biophysical Journal. 2017;
113:1540-1550

[20] Gurmessa BJ, Bitten N, Nguyen DT,
Saleh OA, Ross JL, Das M, et al.
Triggered disassembly and reassembly
of actin networks induces rigidity phase
transitions. Soft Matter. 2018. 2019;15:
1335-1344. DOI: 10.1039/C8SM01912F.

[21] MS e S, Depken M, Stuhrmann B,
Korsten M, MacKintosh FC, Koenderink
GH. Active multistage coarsening of
actin networks driven by myosin
motors. PNAS. 2011;108:9408-9413

[22] Mizuno D, Tardin C, Schmidt CF,
MacKintosh FC. Nonequilibrium
mechanics of active cytoskeletal
networks. Science. 2007;315:370-373

[23] Regan K, Wulstein D, Rasmussen H,
McGorty R, Robertson-Anderson RM.
Bridging the spatiotemporal scales of
macromolecular transport in crowded
biomimetic systems. Soft Matter. 2018.
2019;15:1200-1209. DOI: 10.1039/
C8SM02023J

[24] https://docs.google.com/document/
d/1QfCAac1OFhBnF-D9IZc
7NvSnrUJNXwsm-ZuVjZKJDfI/edit?
usp=sharing

[25] Robertson-Anderson RM. Optical
tweezers microrheology: From the
basics to advanced techniques and
applications. ACS Macro Letters. 2018;7:
968-975

[26] Falzone TT, Blair S, Robertson-
Anderson RM. Entangled F-actin
displays a unique crossover to
microscale nonlinearity dominated by

entanglement segment dynamics. Soft
Matter. 2015;11:4418-4423

[27] Gurmessa B, Fitzpatrick R, Falzone
TT, Robertson-Anderson RM.
Entanglement density tunes microscale
nonlinear response of entangled actin.
Macromolecules. 2016;49:3948-3955

[28] Falzone TT, Robertson-Anderson
RM. Active entanglement-tracking
microrheology directly couples
macromolecular deformations to
nonlinear microscale force response of
entangled actin. ACS Macro Letters.
2015;4:1194-1199

[29] de Gennes P-G, Gennes PP-G.
Scaling Concepts in Polymer Physics.
Ithaca, NY: Cornell University Press;
1979

[30] Doi M, Edwards SF. The Theory of
Polymer Dynamics. Oxford, UK:
Clarendon Press; 1988

[31] Sussman DM, Schweizer KS.
Microscopic theory of the tube
confinement potential for liquids of
topologically entangled rigid
macromolecules. Physical Review
Letters. 2011;107:078102

[32] Wang S-Q, Ravindranath S,
Wang Y, Boukany P. New theoretical
considerations in polymer rheology:
Elastic breakdown of chain
entanglement network. The Journal of
Chemical Physics. 2007;127:064903

[33] Sussman DM, Schweizer KS.
Entangled polymer chain melts:
Orientation and deformation dependent
tube confinement and interchain
entanglement elasticity. The Journal of
Chemical Physics. 2013;139:234904

[34] Sussman DM, Schweizer KS.
Entangled rigid macromolecules under
continuous Startup shear deformation:
Consequences of a microscopically
anharmonic confining tube.
Macromolecules. 2013;46:5684-5693

211

Microscale Mechanics of Plug-and-Play In Vitro Cytoskeleton Networks
DOI: http://dx.doi.org/10.5772/intechopen.84401



References

[1] Pollard TD. The cytoskeleton,
cellular motility and the reductionist
agenda. Nature. 2003;422:741-745

[2] Gardel ML, Kasza KE, Brangwynne
CP, Liu J, Weitz DA. Mechanical
response of cytoskeletal networks.
Methods in Cell Biology. 2008;89:
487-519

[3] Gardel ML, Shin JH, MacKintosh FC,
Mahadevan L, Matsudaira P, Weitz DA.
Elastic behavior of cross-linked and
bundled actin networks. Science. 2004;
304:1301

[4] Murrell MP, Gardel ML. F-actin
buckling coordinates contractility and
severing in a biomimetic actomyosin
cortex. PNAS. 2012;109:20820-20825

[5] Dogterom M, Koenderink GH. Actin-
microtubule crosstalk in cell biology.
Nature Reviews Molecular Cell Biology.
2019;20:38-54

[6] Preciado López M, Huber F,
Grigoriev I, Steinmetz MO, Akhmanova
A, Dogterom M, et al. In vitro
reconstitution of dynamic microtubules
interacting with actin filament
networks. Methods in Enzymology.
2014;540:301-320

[7] Fletcher DA, Mullins RD. Cell
mechanics and the cytoskeleton. Nature.
2010;463:485-492

[8] Hoffman BD, Crocker JC. Cell
mechanics: Dissecting the physical
responses of cells to force. Annual
Review of Biomedical Engineering.
2009;11:259-288

[9] Jensen MH, Morris EJ, Weitz DA.
Mechanics and dynamics of
reconstituted cytoskeletal systems.
Biochimica et Biophysica Acta (BBA)—
Molecular Cell Research. 2015;1853:
3038-3042

[10] Huber F, Boire A, López MP,
Koenderink GH. Cytoskeletal crosstalk:
When three different personalities team
up. Current Opinion in Cell Biology.
2015;32:39-47

[11] Hawkins T, Mirigian M, Selcuk
Yasar M, Ross JL. Mechanics of
microtubules. Journal of Biomechanics.
2010;43:23-30

[12] Yang Y, Bai M, Klug WS, Levine AJ,
Valentine MT. Microrheology of highly
crosslinked microtubule networks is
dominated by force-induced crosslinker
unbinding. Soft Matter. 2012;9:383-393

[13] Gardel ML, Nakamura F, Hartwig J,
Crocker JC, Stossel TP, Weitz DA.
Stress-dependent elasticity of composite
actin networks as a model for cell
behavior. Physical Review Letters.
2006;96:088102

[14] Moeendarbary E, Valon L, Fritzsche
M, Harris AR, Moulding DA, Thrasher
AJ, et al. The cytoplasm of living cells
behaves as a poroelastic material.
Nature Materials. 2013;12:253-261

[15] Tsuda Y, Yasutake H, Ishijima A,
Yanagida T. Torsional rigidity of single
actin filaments and actin–actin bond
breaking force under torsion measured
directly by in vitro micromanipulation.
PNAS. 1996;93:12937-12942

[16] Strehle D, Schnauß J, Heussinger C,
Alvarado J, Bathe M, Käs J, et al.
Transiently crosslinked F-actin bundles.
European Biophysics Journal. 2011;40:
93-101

[17] Kim T, Gardel ML, Munro E.
Determinants of fluidlike behavior and
effective viscosity in cross-linked actin
networks. Biophysical Journal. 2014;
106:526-534

[18] Ricketts SN, Ross JL, Robertson-
Anderson RM. Co-entangled

210

Parasitology and Microbiology Research

actin-microtubule composites exhibit
tunable stiffness and power-law stress
relaxation. Biophysical Journal. 2018;
115:1055-1067

[19] Gurmessa B, Ricketts S, Robertson-
Anderson RM. Nonlinear actin
deformations lead to network stiffening,
yielding, and nonuniform stress
propagation. Biophysical Journal. 2017;
113:1540-1550

[20] Gurmessa BJ, Bitten N, Nguyen DT,
Saleh OA, Ross JL, Das M, et al.
Triggered disassembly and reassembly
of actin networks induces rigidity phase
transitions. Soft Matter. 2018. 2019;15:
1335-1344. DOI: 10.1039/C8SM01912F.

[21] MS e S, Depken M, Stuhrmann B,
Korsten M, MacKintosh FC, Koenderink
GH. Active multistage coarsening of
actin networks driven by myosin
motors. PNAS. 2011;108:9408-9413

[22] Mizuno D, Tardin C, Schmidt CF,
MacKintosh FC. Nonequilibrium
mechanics of active cytoskeletal
networks. Science. 2007;315:370-373

[23] Regan K, Wulstein D, Rasmussen H,
McGorty R, Robertson-Anderson RM.
Bridging the spatiotemporal scales of
macromolecular transport in crowded
biomimetic systems. Soft Matter. 2018.
2019;15:1200-1209. DOI: 10.1039/
C8SM02023J

[24] https://docs.google.com/document/
d/1QfCAac1OFhBnF-D9IZc
7NvSnrUJNXwsm-ZuVjZKJDfI/edit?
usp=sharing

[25] Robertson-Anderson RM. Optical
tweezers microrheology: From the
basics to advanced techniques and
applications. ACS Macro Letters. 2018;7:
968-975

[26] Falzone TT, Blair S, Robertson-
Anderson RM. Entangled F-actin
displays a unique crossover to
microscale nonlinearity dominated by

entanglement segment dynamics. Soft
Matter. 2015;11:4418-4423

[27] Gurmessa B, Fitzpatrick R, Falzone
TT, Robertson-Anderson RM.
Entanglement density tunes microscale
nonlinear response of entangled actin.
Macromolecules. 2016;49:3948-3955

[28] Falzone TT, Robertson-Anderson
RM. Active entanglement-tracking
microrheology directly couples
macromolecular deformations to
nonlinear microscale force response of
entangled actin. ACS Macro Letters.
2015;4:1194-1199

[29] de Gennes P-G, Gennes PP-G.
Scaling Concepts in Polymer Physics.
Ithaca, NY: Cornell University Press;
1979

[30] Doi M, Edwards SF. The Theory of
Polymer Dynamics. Oxford, UK:
Clarendon Press; 1988

[31] Sussman DM, Schweizer KS.
Microscopic theory of the tube
confinement potential for liquids of
topologically entangled rigid
macromolecules. Physical Review
Letters. 2011;107:078102

[32] Wang S-Q, Ravindranath S,
Wang Y, Boukany P. New theoretical
considerations in polymer rheology:
Elastic breakdown of chain
entanglement network. The Journal of
Chemical Physics. 2007;127:064903

[33] Sussman DM, Schweizer KS.
Entangled polymer chain melts:
Orientation and deformation dependent
tube confinement and interchain
entanglement elasticity. The Journal of
Chemical Physics. 2013;139:234904

[34] Sussman DM, Schweizer KS.
Entangled rigid macromolecules under
continuous Startup shear deformation:
Consequences of a microscopically
anharmonic confining tube.
Macromolecules. 2013;46:5684-5693

211

Microscale Mechanics of Plug-and-Play In Vitro Cytoskeleton Networks
DOI: http://dx.doi.org/10.5772/intechopen.84401



[35] Sussman DM, Schweizer KS.
Microscopic theory of quiescent and
deformed topologically entangled rod
solutions: General formulation and
relaxation after nonlinear step strain.
Macromolecules. 2012;45:3270-3284

[36] Kalcioglu ZI, Mahmoodian R, Hu Y,
Suo Z, Van Vliet KJ. From macro- to
microscale poroelastic characterization
of polymeric hydrogels via indentation.
Soft Matter. 2012;8:3393

212

Parasitology and Microbiology Research

213

Chapter 12

The Mitosis of Entamoeba 
histolytica Trophozoites
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Abstract

The mechanisms of mitosis in higher eukaryotic organisms are very well studied; 
however, regarding protozoa, there are still many questions in need of an answer. 
Because of the complexity with which it carries out this process, many forms of 
mitosis exist, such as open orthomitosis, semi-open orthomitosis, semi-open 
pleuromitosis, closed intranuclear pleuromitosis, closed intranuclear orthomitosis, 
and closed extranuclear pleuromitosis. The fascinating aspect about the mitosis of 
Entamoeba histolytica trophozoites is that it falls out of the context of this classifica-
tion, but not entirely. The Entamoeba histolytica trophozoites first carry out karyoki-
nesis and then cytokinesis. The mitosis of this parasite is comprised of the following 
phases: prophase, metaphase, early and late anaphase, early and late telophase, 
and karyokinesis. The difference lies in the mechanism by which it carries out the 
distribution of the genetic material because it forms three mitotic spindles: two 
radial spindles that practically surround every group of chromosomes and one that 
we call inter microtubule-organizing centers (IMTOCs). The latter transports each 
group of chromosomes at each of the nucleus poles. Based on these observations, we 
propose that Entamoeba histolytica trophozoites carry out a type of mitosis we have 
called modified intranuclear pleuromitosis open.

Keywords: Entamoeba histolytica, mitosis, chromatin, mitotic spindle

1. Introduction

Mitosis in the cells of living beings guarantees the cells’ multiplication dur-
ing the processes of tissue replacement and repair. However, in some protozoa it 
carries out the purpose of maintaining the species, such as in the case of Entamoeba 
histolytica trophozoites. Differences in the intracellular structures of the mitotic 
apparatus of human somatic cells [1] (Figure 1a) and of E. histolytica trophozoites 
[2–6] (Figure 1b) generate the need to briefly review what the cell cycle of the 
former is like. This will serve as a basis for explaining the equivalence of the intra-
cellular structures of mitosis between the cells of these two species of organisms so 
distant in evolution.

In order to understand how mitosis occurs in E. histolytica and the structures 
involved, in this chapter we first present a brief review of the cell cycle and mitosis 
in higher eukaryotes, schematized in Figures 2 and 3, which will serve as basis 
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used to compare with the mitosis of lower eukaryotes. Afterward, we explain the 
cell cycle in protozoa and the different mitotic models that occur in them based on 
different authors, observations masterfully compiled by Raikov IB. In addition, 
we relate information about the cell cycle of E. histolytica and explicitly the mitosis 
of this protozoan. Regarding the mitosis of E. histolytica, we considered scientific 
evidence published by other authors and our own observations obtained through 
phase-contrast techniques, video microscopy, acridine orange vital stain, and 
immunofluorescence, all of which allow us to propose a mechanism on how the 
mitotic process occurs in this protozoan parasite found in humans.

2. The cell cycle of higher eukaryotes

The cell cycle phases have been divided into interface and M phase (mitosis). 
During the interface, the cell performs functions of the tissue in which it differ-
entiated into (phenotype) in order to stay alive (G1 phase), duplicate its genetic 
material (S phase), and prepare for mitosis (G2 phase). During the G1 phase, the 
cell maintains its biochemical integrity, expresses its phenotype, and synthesizes 
elements necessary for the duplication of genetic material. In the S phase, the 
cell carefully duplicates its genetic material so that each chromosome is doubled. 
During the G2 phase, the cell prepares for the M phase. Sometimes, some cells 
that are in the G1 phase enter a state of latency or rest, known as the G0 phase [1]. 

Figure 1. 
Higher eukaryotic cells (a) and trophozoites of Entamoeba histolytica (b).

Figure 2. 
Schematic diagram representing the cell cycle phases of higher eukaryotic cells. G1, growth 1; S, synthesis; G2, 
growth 2; and M, mitosis. Prophase (P), prometaphase (PM), metaphase (M), anaphase (a), and telophase 
(T) occur during mitosis.
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The G1 phase covers the end of the M phase up until the beginning of the S phase. 
The S phase follows at the end of the G1 phase and ends at the beginning of the G2 
phase. The G2 phase starts at the end of the S phase and finishes at the beginning of 
mitosis (Figure 2).

The duration of the interface is longer than the M phase, which lasts only 1 h. 
However, in the embryonic cells of higher eukaryotic organisms, the S phase is 
reduced; consequently these cells’ cycle is short [1]. The cell cycle of embryonic cells 
explains the accelerated cell multiplication and the rapid growth of the embryo. The 
cell cycle of fruit fly embryos lasts only 8 h in contrast to the cell cycle of mammals 
which lasts 24 h [1].

The duration of the cell cycle varies but the process is similar in all cases. It 
involves the preparation of the cell in order to give rise to a new organism, as it 
occurs in unicellular organisms, or to form two identical cells during embryonic 
development or cell regeneration. Although the two newly formed cells of mul-
ticellular organisms are identical, during their cell cycle, each one can modify its 
phenotype to specialize in a specific function, as it occurs during the advanced 
stages of the embryonic development of higher eukaryotic organisms [1].

Figure 3. 
Schematic diagram depicting the phases of mitosis in a higher eukaryotic cell. (I) Interface, (P) prophase, 
(PM) prometaphase, (M) metaphase, (A) anaphase, and (T) telophase.
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Before a cell initiates mitosis, it needs to duplicate its genetic material and prepare 
optimal cytoplasmic conditions that will allow it to form two identical cells. Mitosis 
of higher eukaryotic cells begins with prophase (P), during which the chromatin 
gradually condenses until the duplicated chromosomes are visible, each with its two 
sister chromatids joined by the centromere. The microtubules of the cytoskeleton 
are disassembled, and the formation of the mitotic spindle begins in between the 
centrosomes that move away from each other. In this phase, the nucleolus is disorga-
nized and not visible during the entire mitosis. Prometaphase (PM) begins abruptly 
with the disorganization of the nuclear envelope that remains in the form of small 
vesicles around the mitotic spindle during mitosis. Several protein complexes called 
kinetochores mature and assemble in the centromere of each chromatid. The fibers 
of the mitotic spindle that are attached to these structures are called microtubules 
of the kinetochore; the fibers that do not bind to the kinetochore are known as polar 
microtubules, and the fibers that are outside the spindle are called astral microtu-
bules. When changing to metaphase (M), the microtubules of the kinetochore align 
the condensed chromosomes into an equatorial plate. The other end of the kineto-
chore microtubules attaches to the centrosome of each pole opposite the spindle. 
Anaphase (A) begins exactly at the moment where the kinetochore pair separates, 
aided by the microtubules of the mitotic spindle, and is directed toward the opposite 
poles of the nucleus. The polarization of the chromosomes produces shortening 
of the kinetochore microtubules, whereas the polar microtubules become longer. 
During telophase (T) the daughter chromosomes reach the poles of the nucleus, and 
the kinetochore microtubules disappear. The polar microtubules have lengthened 
further, and the nuclear envelope begins to organize around the daughter chromo-
somes. In this phase the nucleolus reappears [1]. During cytokinesis, the cytoplasm 
divides, and the cell membrane is strangulated in the middle portion of the cell by 
myosin rings causing the cell to separate, forming two daughter cells (Figure 3).

3. The cell cycle in protozoa

For their survival, unicellular organisms also need to duplicate their DNA, 
divide, and, thus, give origin to a new organism [7]. Like in the cell cycle of higher 
eukaryotic organisms, in the protozoa interphase (I) and mitosis (M) also occur. 
The phases (G1), (S), and (G2) are also present in interphase. The phases of mitosis 
are the same as those in higher eukaryotic cells [7]. The duration of the M phase, as 
well as each of its phases, depends on the culture conditions. However, the begin-
ning of the S phase and its duration and culmination are evidently regulated by the 
genetic material [7]. For example, the cell cycle of the Entamoeba histolytica clone 
L-6 lasts from 15 to 18 h: G1 lasts 1 h; the S phase lasts 6 h; and the G2 phase lasts 
3 h [8]. The cell cycle of protozoa is very similar to that of prokaryotic organisms 
because both have states of inactivity in situations of environmental stress, for 
example, the cystic form in some protozoa and the formation of spores in bacteria, 
which suggests that they have alternating functional states during the G1 phase [9].

The presence of cyclin-dependent protein kinases related to human cdc2 in 
some parasites such as Trypanosoma brucei (tbcrk1–3) and Paramecium tetraurelia 
suggests their participation in cell cycle regulation of lower eukaryotic organisms 
[10, 11]. Variation in cytoplasmic calcium concentrations has also been found to be 
involved in cell cycle regulation in trypanosomes [10]. In particular, it regulates the 
expression of procyclin mRNA during the differentiation of elongated forms into 
short ovoid forms [12]. In Plasmodium falciparum, the Pfcrk-1 gene has been identi-
fied; it encodes a cdc2-related protein kinase that is regulated during the develop-
ment of the parasite [13].
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The cell cycle can be interrupted experimentally with drugs that inhibit the 
activity of proteasomes such as lactacystin which maintains the procyclic forms of 
T. brucei in the G2 + M phases [14] or with drugs that induce morphological changes 
and rapid and effective inhibition of DNA synthesis such as sinefungin, which 
blocks the beginning of the S phase of Leishmania donovani promastigotes, stop-
ping them in the G1 phase [15], or with drugs that stabilize the microtubules of the 
mitotic spindle of L. donovani such as taxol that interferes with the progression of 
G2/M [15].

Mitosis is the main type of nuclear division of protozoa. The fundamental char-
acteristic of mitosis is that the two copies of chromosomes or chromatids are equally 
distributed between the two daughter nuclei. Consequently, each daughter nucleus 
receives a complete series of chromosomes. The details of mitotic mechanisms vary 
widely, particularly in lower eukaryotes including protozoa. In protozoa the level of 
development of the spindle and centrioles (or structures that are functionally simi-
lar to them, such as the microtubule-organizing centers (MTOC)) and the behavior 
of the nucleolus during mitosis vary widely. In spite of the variants, the two chro-
matids of each replicated chromosome migrate toward the daughter nucleus while 
conserving the fundamental characteristic of mitosis [7].

The mitosis observed in protozoa has been classified according to the site in 
which the formation of the mitotic spindle occurs, the appearance of a complete 
spindle or formation of two half spindles, and the disintegration, or not, of the 
nuclear envelope. If the mitotic spindle forms inside the nucleus, it is an intra-
nuclear mitosis, whereas if the spindle forms outside the nucleus, it is said to be 
an extranuclear mitosis. If a complete spindle is formed, it is an orthomitosis; 
on the other hand, if two half spindles are formed, it is called pleuromitosis [7]. 
Finally, if the nuclear envelope remains intact, it is a closed mitosis; if it partially 
disintegrates, it is said to be a semi-open mitosis, but if it disintegrates completely, 
it is called a eumitosis, which is equivalent to the mitosis of the higher eukaryotic 
cells [7]. The combination of these events, during the reproduction of the protozoa, 
allows the mitosis to be classified into six types: (1) open orthomitosis, (2) semi-
open orthomitosis, (3) semi-open pleuromitosis, (4) intranuclear pleuromitosis, 
(5) intranuclear orthomitosis, and (6) extranuclear pleuromitosis [7] (Table 1).

Open orthomitosis has all the characteristics of prototypic mitosis of eukaryotic 
organisms: the nuclear envelope disorganizes, the nucleolus disappears, and a bipo-
lar, axial, and symmetric spindle with chromosomal fibers joined to the kinetochore 
forms. Also, the MTOC is located in the cytoplasm where the formation of an equa-
torial chromosome plate occurs. This type of division occurs in Phytomastigophora, 
Sarcodina, Labyrinthomorpha, Gregarines, and Dinoflagellates [16].

Semi-open orthomitosis is peculiar in the way in which the filaments of the 
mitotic spindle pass through the nuclear membrane via fenestrations located at the 
poles of the nucleus. The spindle is symmetric and bipolar and contains continuous 
chromosomal fibers. Chromatin is poorly condensed and formation of the equato-
rial plate varies. This form of division is found in green flagellates [7].

In semi-open pleuromitosis, two identical half spindles are formed with radial and 
chromosomal fibers that pierce the nuclear membrane before the centrioles occupy the 
poles of the nucleus. The microtubules penetrate through fenestrations formed in the 
nuclear envelope. In this type of division, there is no formation of an equatorial plate. 
It is common in Gregarines, Coccidia, Toxoplasmids, and Sarcosporidia [7].

Closed intranuclear pleuromitosis displays two symmetrical half spindles 
inside the nucleus, each one originating in a MTOC. The chromosomes are less 
condensed, and there is no formation of the equatorial plate. It is observed in 
Microsporidia, Kinetoplastid, Oximonadida, Foraminifera, Radiolarians, and some 
green flagellates [7].
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Before a cell initiates mitosis, it needs to duplicate its genetic material and prepare 
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of the kinetochore; the fibers that do not bind to the kinetochore are known as polar 
microtubules, and the fibers that are outside the spindle are called astral microtu-
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divides, and the cell membrane is strangulated in the middle portion of the cell by 
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The phases (G1), (S), and (G2) are also present in interphase. The phases of mitosis 
are the same as those in higher eukaryotic cells [7]. The duration of the M phase, as 
well as each of its phases, depends on the culture conditions. However, the begin-
ning of the S phase and its duration and culmination are evidently regulated by the 
genetic material [7]. For example, the cell cycle of the Entamoeba histolytica clone 
L-6 lasts from 15 to 18 h: G1 lasts 1 h; the S phase lasts 6 h; and the G2 phase lasts 
3 h [8]. The cell cycle of protozoa is very similar to that of prokaryotic organisms 
because both have states of inactivity in situations of environmental stress, for 
example, the cystic form in some protozoa and the formation of spores in bacteria, 
which suggests that they have alternating functional states during the G1 phase [9].

The presence of cyclin-dependent protein kinases related to human cdc2 in 
some parasites such as Trypanosoma brucei (tbcrk1–3) and Paramecium tetraurelia 
suggests their participation in cell cycle regulation of lower eukaryotic organisms 
[10, 11]. Variation in cytoplasmic calcium concentrations has also been found to be 
involved in cell cycle regulation in trypanosomes [10]. In particular, it regulates the 
expression of procyclin mRNA during the differentiation of elongated forms into 
short ovoid forms [12]. In Plasmodium falciparum, the Pfcrk-1 gene has been identi-
fied; it encodes a cdc2-related protein kinase that is regulated during the develop-
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widely, particularly in lower eukaryotes including protozoa. In protozoa the level of 
development of the spindle and centrioles (or structures that are functionally simi-
lar to them, such as the microtubule-organizing centers (MTOC)) and the behavior 
of the nucleolus during mitosis vary widely. In spite of the variants, the two chro-
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conserving the fundamental characteristic of mitosis [7].

The mitosis observed in protozoa has been classified according to the site in 
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organisms: the nuclear envelope disorganizes, the nucleolus disappears, and a bipo-
lar, axial, and symmetric spindle with chromosomal fibers joined to the kinetochore 
forms. Also, the MTOC is located in the cytoplasm where the formation of an equa-
torial chromosome plate occurs. This type of division occurs in Phytomastigophora, 
Sarcodina, Labyrinthomorpha, Gregarines, and Dinoflagellates [16].

Semi-open orthomitosis is peculiar in the way in which the filaments of the 
mitotic spindle pass through the nuclear membrane via fenestrations located at the 
poles of the nucleus. The spindle is symmetric and bipolar and contains continuous 
chromosomal fibers. Chromatin is poorly condensed and formation of the equato-
rial plate varies. This form of division is found in green flagellates [7].

In semi-open pleuromitosis, two identical half spindles are formed with radial and 
chromosomal fibers that pierce the nuclear membrane before the centrioles occupy the 
poles of the nucleus. The microtubules penetrate through fenestrations formed in the 
nuclear envelope. In this type of division, there is no formation of an equatorial plate. 
It is common in Gregarines, Coccidia, Toxoplasmids, and Sarcosporidia [7].

Closed intranuclear pleuromitosis displays two symmetrical half spindles 
inside the nucleus, each one originating in a MTOC. The chromosomes are less 
condensed, and there is no formation of the equatorial plate. It is observed in 
Microsporidia, Kinetoplastid, Oximonadida, Foraminifera, Radiolarians, and some 
green flagellates [7].
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Closed intranuclear orthomytosis is characterized by the formation of a symmet-
ric, axial, bipolar, and intranuclear spindle. The chromosomes form an equatorial plate 
which occurs in Rhizopoda, Gregarines, Euglenids, and the micronucleus of the ciliates [7].

Closed extranuclear pleuromitosis presents an intact nuclear envelope with 
the formation of two extranuclear mitotic half spindles, adjacent to the nucleus. 
The kinetochores are found in the nuclear envelope, which allow interaction with 
spindle fibers and the distribution of chromosomes during nuclear strangulation. It 
has been observed to occur in Trichomonadida and Hypermastigida [7].

The structures similar to the centrioles of kingdom Protista, currently known 
as MTOC, have received different names such as centrosphere, rhizoplast, spindle 
polar body, kinetosome, atractophores, or organelle associated with the nucleus 
[17]. Even though they present great diversity in their arrangement, they adequately 
participate in the spatial organization and behavior of microtubules during the cell 
cycle. In E. histolytica, the presence of a MTOC has been observed in the center of 
the nucleus and in one of the poles during mitosis [3, 4, 6].

Apparently there is just one MTOC in this protozoan. However, the binding of 
recombinant anti-tubulin γ antibodies, from the amoeba, at the MTOC site, sug-
gests that this structure is doubled and polarized, respectively, during anaphase and 
telophase [18].

The chromatin of the protozoa during interphase is in a decondensed and 
condensed form. In some protozoa, chromatin is dispersed, while in others it is 
condensed forming peripheral groups, reticular fibers, individual chromosomes, 
chromocenters, karyosome, or a dense mass that occupies the whole nucleus [7].

The level of compaction of chromatin mainly varies from one species to another. 
(i) Finely dispersed chromatin has been found in protozoa that have very large 
nuclei as seen in Gregarines and Coccidia (ii) Granular chromatin is very rare and 
has only been observed in organisms such as Trichomonadida.  

Types of 
mitosis

Spindle Nuclear 
envelope

MTOC Nucleolus Chromatin

Open 
orthomitosis

Bipolar, 
axial, and 
symmetrical

Disorganized 
and not 
observable

Yes Disorganized 
and not 
observable

Condensed

Semi-open 
orthomitosis

Bipolar and 
symmetric

Perforated at 
the core poles

Yes ¿? Less 
condensed

Semi-open 
Pleuromitosis

Two identical 
hemi-spindles

Perforated 
near spindle 
formation

Yes ¿? Less 
condensed

Closed 
intranuclear 
pleuromitosis

Two 
intranuclear 
symmetrical 
hemi-spindles

Whole Yes Yes Less 
condensed

Closed 
intranuclear 
orthomitosis

Axial, bipolar, 
symmetrical, 
and intranuclear

Whole Yes ¿? Condensed

Closed 
extranuclear 
pleuromitosis

Two 
extranuclear 
mitotic 
hemi-spindles

Whole Yes Remains Condensed

¿?: Absent.

Table 1. 
Types of mitosis in protozoa. Microtubule-organizing center.
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(iii) Dispersed chromatin is characteristic of protozoa such as Amoeba proteus and 
Chaos illinoisensis. (iv) The compacted chromatin is located at the periphery of 
the nucleus in the form of a continuous plate or as individual chromocenters. Its 
structure can be finely granular as it occurs in the kinetoplastids, Foraminifera 
gametes, and life cycle dispersive states of Sporozoa (sporozoites, merozoites, and 
endozoites). Chromatin that is located in the periphery can be decondensed dur-
ing the transformation from sporozoites or merozoites to active growth states such 
as trophozoites or gametocytes [7]. The structure of the chromatin in the form of 
filaments is located in the central portion of the nucleus of Foraminifera, Mixoteca, 
and Alogramia gametes. At the ultrastructural level, they form blocks and chains 
that give the appearance of a reticle. The filamentous structure becomes decon-
densed during the encystment of A. schizopyrenidae and Naegleria fowleri. (vi) 
Highly condensed chromatin is observed in euglenids. The level of compaction var-
ies according to the conditions of the medium and exposure to light. The Euglena 
chromosomes maintained in darkness are very compact, while exposed to light are 
very dispersed. (vii) Permanently condensed chromatin is found in chromosomes 
that are linked by the kinetochore to the internal face of the nuclear envelope of 
organisms such as Trichonympha, Barbulanympha, and Spirotrichonympha. (viii) 
Especially compacted chromatin is found in holomastigotes where they acquire a 
clearly defined spiral structure [7].

Due to the fact that some protozoa have chromatin organized in a similar way 
to that of prokaryotes, it has led to classify this phylum in (a) mesocarion and (b) 
eukaryotes. Both types have a well-defined nuclear envelope, but the former possess 
chromatin arranged in fibers aggregated in a similar way to bacteria [7].

(a) Mesocarion protozoa include organisms of the dinoflagellates’ order, and 
(b) eukaryotes include organisms of the Plasmodroma and Ciliophora subphylum. 
Dinoflagellates are protozoa with well-formed nucleus, of which its chromatin 
remains compacted during all the phases of the cell cycle. The chromosomes of 
the dinoflagellates have a shape similar to coarse threads or fibrillar rods. In some 
species, chromosomes are decondensed with a structure similar to the nuclei of 
prokaryotic organisms (noctiluca and parasitic dinoflagellate forms) and appear 
like strands of DNA lacking histones [19].

The number of chromosomes of protozoa has been determined by applying 
electrophoresis in a pulse field gradient (PFG) and obtaining karyotypes through 
cellular explosion. By means of the PFG, the DNA size of the chromosome in two 
species of fish microsporidia has been established. The molecular karyotype of 
Glugea atherinae shows 16 bands of DNA from 240 to 27,000 kb, and Spraguea 
lophii (the smallest nuclear genome of eukaryotic organisms) has 12 bands of 230 
to 980 kb [20]. It has also been found that G. duodenalis presents 4 to 6 chromo-
somal bands between 1 and 4 Mb [21] and Leishmania has 20 to 28 chromosomal 
bands from 250 to 2600 [22]. In Entamoeba histolytica, 6 to 9 chromosomal bands 
have been identified of approximately 2000, 1140, 800, 575, 490, 400, 340, and a 
doublet of 280 Kb [23] and Plasmodium falciparum has 7 chromosomal bands rang-
ing from 750 to 2000 kb [24]. In T. vaginalis six chromosomal bands of 5700, 4700, 
3500, 1200, 1100, and 75 kbp have been identified [25].

In general, the chromatin of the flagellates is compacted, although there are 
variations of condensation sometimes forming dense rods that touch the nuclear 
envelope [26]. In functional terms, decondensed chromatin is considered transcrip-
tionally active [27]. Its arrangement is fibrillar with the formation of aggregates 
of granular appearance as it occurs in organisms of the Cryptomonadida order. In 
some cases, it forms a fibrous sheet as in E. invadens [28]. In A. proteus it is identi-
fied as dispersed chains of 80–90 nm [29]. In Leishmania, it has been proposed that 
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(iii) Dispersed chromatin is characteristic of protozoa such as Amoeba proteus and 
Chaos illinoisensis. (iv) The compacted chromatin is located at the periphery of 
the nucleus in the form of a continuous plate or as individual chromocenters. Its 
structure can be finely granular as it occurs in the kinetoplastids, Foraminifera 
gametes, and life cycle dispersive states of Sporozoa (sporozoites, merozoites, and 
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and Alogramia gametes. At the ultrastructural level, they form blocks and chains 
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ies according to the conditions of the medium and exposure to light. The Euglena 
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organisms such as Trichonympha, Barbulanympha, and Spirotrichonympha. (viii) 
Especially compacted chromatin is found in holomastigotes where they acquire a 
clearly defined spiral structure [7].

Due to the fact that some protozoa have chromatin organized in a similar way 
to that of prokaryotes, it has led to classify this phylum in (a) mesocarion and (b) 
eukaryotes. Both types have a well-defined nuclear envelope, but the former possess 
chromatin arranged in fibers aggregated in a similar way to bacteria [7].

(a) Mesocarion protozoa include organisms of the dinoflagellates’ order, and 
(b) eukaryotes include organisms of the Plasmodroma and Ciliophora subphylum. 
Dinoflagellates are protozoa with well-formed nucleus, of which its chromatin 
remains compacted during all the phases of the cell cycle. The chromosomes of 
the dinoflagellates have a shape similar to coarse threads or fibrillar rods. In some 
species, chromosomes are decondensed with a structure similar to the nuclei of 
prokaryotic organisms (noctiluca and parasitic dinoflagellate forms) and appear 
like strands of DNA lacking histones [19].

The number of chromosomes of protozoa has been determined by applying 
electrophoresis in a pulse field gradient (PFG) and obtaining karyotypes through 
cellular explosion. By means of the PFG, the DNA size of the chromosome in two 
species of fish microsporidia has been established. The molecular karyotype of 
Glugea atherinae shows 16 bands of DNA from 240 to 27,000 kb, and Spraguea 
lophii (the smallest nuclear genome of eukaryotic organisms) has 12 bands of 230 
to 980 kb [20]. It has also been found that G. duodenalis presents 4 to 6 chromo-
somal bands between 1 and 4 Mb [21] and Leishmania has 20 to 28 chromosomal 
bands from 250 to 2600 [22]. In Entamoeba histolytica, 6 to 9 chromosomal bands 
have been identified of approximately 2000, 1140, 800, 575, 490, 400, 340, and a 
doublet of 280 Kb [23] and Plasmodium falciparum has 7 chromosomal bands rang-
ing from 750 to 2000 kb [24]. In T. vaginalis six chromosomal bands of 5700, 4700, 
3500, 1200, 1100, and 75 kbp have been identified [25].

In general, the chromatin of the flagellates is compacted, although there are 
variations of condensation sometimes forming dense rods that touch the nuclear 
envelope [26]. In functional terms, decondensed chromatin is considered transcrip-
tionally active [27]. Its arrangement is fibrillar with the formation of aggregates 
of granular appearance as it occurs in organisms of the Cryptomonadida order. In 
some cases, it forms a fibrous sheet as in E. invadens [28]. In A. proteus it is identi-
fied as dispersed chains of 80–90 nm [29]. In Leishmania, it has been proposed that 
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chromatin comprises long diploid holochromosomes that contain all functional 
structures, such as telomeres, centromeres, and replication origins [30].

In the ciliated protozoa, the genetic material is stored in the macro- and micro-
nucleus. The DNA contained in the macronucleus is transcriptionally active unlike 
the content in the micronucleus which is inactive [31]. Both nuclei contain DNA and 
RNA [32]. The chromatin of the macronucleus of the ciliated protozoa is commonly 
organized into numerous discrete masses called “small bodies” [33] although it has 
also been observed in the form of spongy masses [34], reticular formations, long 
chains of chromatin thin plexuses [7], discretely elongated bodies [35], compact 
spheres, spherical masses, and clear halo granules [28]. The macronucleus of these 
protozoa contains a structure made visible by light microscope called the replication 
band, which is a specific site of DNA replication that migrates from the macronu-
cleus and advances along the edge of this band generating the rearrangement of the 
chromatin in two zones: the proximal and the distal. The proximal reorganizes the 
chromatin for the synthesis of DNA, and the distal carries it out [36]. Apparently 
in these organisms, chromosomal fragmentation and the elimination of internal 
sequences as a route of DNA processing occur [37].

4. Cell cycle of the trophozoites of Entamoeba histolytica

One of the main problems in studying the cell cycle and the mitosis of the 
trophozoites of Entamoeba histolytica has been how difficult it is obtaining synchro-
nized cultures. Even when good synchronization with hydroxyurea and nucleotide 
starvation is obtained, the viability of the trophozoites is low. The synchronization 
of the cultures of trophozoites of Entamoeba histolytica of clone L6 with high doses 
of colchicine and tritiated thymidine labeling allowed to identify that the phases 
G1, S, and G2 last 5, 6, and 3 h, respectively [38].

4.1 Mitosis in the trophozoites of Entamoeba histolytica

Studies on the organization of the nucleic acids of live trophozoites of Entamoeba 
histolytica with acridine orange stain [5] and those fixed with paraformaldehyde 
and observed by phase-contrast microscopy (Figure 4) show six mitotic phases: 
prophase, metaphase, early anaphase, late anaphase, early telophase, and late 
telophase (Figure 4).

Unlike the mitosis of the higher eukaryotic cells, the nuclear envelope of the 
Entamoeba histolytica trophozoites remains present during all phases. Another 
important observation is that the intranuclear RNA located near the nuclear 
envelope (Figure 5a and b) remains present during all the phases of mitosis and is 
fragmented and distributed between the two daughter nuclei [5].

The permanence of the nuclear envelope of Entamoeba histolytica trophozoites 
throughout the whole process of mitosis suggested that the nucleus is first divided 
(karyokinesis) and then the cell (cytokinesis), resulting in two daughter cells. The 
chromatin (DNA and RNA) of Entamoeba histolytica trophozoites apparently does 
not show changes of condensation during the phases of mitosis. It is observed as 
large and small spherical structures (Figure 5a). Nuclei during interphase show 
large chromosomes in the center of the nucleus and the RNA near to the inner face 
of the nuclear envelope.

During prophase, the oval nucleus shows 5 to 6 chromosomes and 16 to 18 small 
chromosomes. The chromosomes are observed to be arranged around the microtu-
bule-organizing center (Figures 4b, 5c and d) in the center of the nucleus, and the 
RNA is located around the periphery in a ring shape [5].
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Figure 4. 
Phases of mitosis in the nuclei of Entamoeba histolytica. Trophozoite (a) interface, (b) prophase, (c) 
metaphase, (d) early anaphase, (e) delayed anaphase, (f) early telophase, (g) late telophase, (h) early 
karyokinesis, and (i) late cytokinesis. MTOC, microtubule-organizing center.

Figure 5. 
Interphase and prophase nuclei of Entamoeba histolytica trophozoites. (a) Phase-contrast microscopy, (b) 
stained with orange acridine and observed in the fluorescence microscope. (c) Tubulin β in the microtubule-
organizing center (green color). (d) Vital stain with orange acridine which are seen in spherical chromosomes 
(arrow) of green color arranged in a hexagon. μc, microchromosomes.
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In metaphase, the round nucleus increases in size, and the chromosomes move 
further away from the center of the nucleus. The side view of the duplicated chro-
mosomes shows two parallel rows of round bodies. The RNA ring breaks and forms 
two to three oval portions located in opposite poles (Figure 4c).

Early and late anaphase is characterized by the separation of the chromosomes 
into two apparent equal parts, each with six chromosomes. In this phase, the 
nucleus is observed to be elongated with an unchanged RNA (Figure 4d and e).

In early and late telophase, the nucleus size is 21 μm. Each group of six chro-
mosomes, with the respective small chromosomes, is located in the opposite poles 
of the nucleus arranged in a ring shape, while the RNA forms small condensations 
evenly distributed between the two daughter nuclei (Figure 4f, g, and h).

During karyokinesis, the daughter nuclei separate, each with their own DNA 
and RNA, and in the end they are observed to be joined by a cytoplasmic filament 
[5] (Figure 4h and i).

Mitotic apparatus Human cells [1] E. histolytica trophozoites

Spindle:

Number. One Three

Types Bipolar, axial, and
Symmetric

Two radial and one inter MTOCs

Location Centrosome-kinetochore)
Cytoplasmic

Two radial are intranuclear,
The inter MTOCs is intranuclear
and cytoplasmic [2]
Bipolar spindles [39]

Origin of spindle
microtubules

Centrosome Duplicated MTOC

Tubulins:

γ Centrosome MTOC

α and β Cytoplasmic Intranuclear and Cytoplasmic

Nuclear envelope Disorganized during
Mitosis

Remains during mitosis

Nucleolus Disorganized during
mitosis and not observable

No nucleolar structure has been
demonstrated

RNA Disorganized and not
Observable

It remains condensed [5]

Chromatin Condensed in the metaphasic 
chromosomes

It remains condensed throughout 
mitosis

DNA Condensed and Decondensed It remain condensed

Chromosomes:

Number 46 Indeterminate:

44 autosomes 24–32 [23]

2 sex chromosomes 6 [4]

5 [40]

6 [5]

30–50 [41]

24–32 [42]

Table 2. 
Differences in the structures of the mitotic apparatus between human somatic cells and Entamoeba histolytica 
trophozoites.
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As mentioned at the beginning of this chapter, there are variations in the types 
and in the location of the mitotic spindles in different protozoa. By transmission 
electron microscopy [3] and immunofluorescence studies [39, 2], the mitotic 
spindle of Entamoeba histolytica trophozoites is shown to be intranuclear. In this 
chapter we not only show the presence of three intranuclear mitotic spindles in this 
parasite, but we propose a model that explains how the spindle microtubule fibers 
distribute the chromosomes into the two daughter nuclei.

Figure 6. 
Structural organization of the mitotic spindles of the nucleus of Entamoeba histolytica trophozoites during the 
mitosis phases. (a) Interphase, (b and c) prophase, (d) metaphase, (e) anaphase, (f–g) telophase, and (h–i) 
karyokinesis. Nucleus treated with RNAse, incubated with anti-β-tubulin antibodies, and contrasted with 
propidium iodide.
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As mentioned at the beginning of this chapter, there are variations in the types 
and in the location of the mitotic spindles in different protozoa. By transmission 
electron microscopy [3] and immunofluorescence studies [39, 2], the mitotic 
spindle of Entamoeba histolytica trophozoites is shown to be intranuclear. In this 
chapter we not only show the presence of three intranuclear mitotic spindles in this 
parasite, but we propose a model that explains how the spindle microtubule fibers 
distribute the chromosomes into the two daughter nuclei.

Figure 6. 
Structural organization of the mitotic spindles of the nucleus of Entamoeba histolytica trophozoites during the 
mitosis phases. (a) Interphase, (b and c) prophase, (d) metaphase, (e) anaphase, (f–g) telophase, and (h–i) 
karyokinesis. Nucleus treated with RNAse, incubated with anti-β-tubulin antibodies, and contrasted with 
propidium iodide.
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Figure 7. 
Diagram of the organization of the mitotic spindles in the nucleus of Entamoeba histolytica trophozoites. (a) 
Interphase, (b and c) prophase, (d) metaphase, (e) anaphase, (f) telophase, and (g–h) karyokinesis.

The MTOC of the protozoa is equivalent to the centrosome of the higher eukary-
otic organisms (Table 2).

During prophase, the formation of many radially arranged microtubule fibers is 
observed in the MTOC located in the center of the nucleus [3] (Figures 6b and c,  
7b and c). In metaphase, the MTOC is duplicated, and radial microtubule fibers 
directed toward the nuclear envelope (radial spindles) emerge from each one. 
MTOC fibers also arise from transverse microtubules that go from one MTOC to 
the other (spindle inter MTOC). It is possible to appreciate in the nuclei of the 
Entamoeba histolytica trophozoites during mitosis three mitotic spindles: two radial 
and one inter MTOC from their MTOC (Figure 8a). Apparently, each radial spindle 
guides the free end of its microtubule fibers toward the nucleus poles, surrounding 
each group of chromosomes in a mesh (Figure 8b). The spindle that forms between 
the two MTOCs serves to transfer the groups of chromosomes trapped by the radial 
spindles toward the opposite poles of the nucleus. During anaphase, each group of 
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chromosomes is surrounded by fibers of the radial spindles, and the MTOC spindle 
increases in length, leading the chromosomes toward the opposite poles of the 
nucleus (Figures 6e and 7e). In telophase each group of chromosomes is located at 
opposite poles of the nucleus. Each group of chromosomes surrounded by radial 
spindles has the appearance of a round pumpkin with linear marks. Karyokinesis 
begins with the separation of the nuclei that are still joined by microtubule fibers of 
the spindle inter MTOCs (Figures 6h–i, 7g–h, 8c). Apparently the spindle remains 
even when the nuclei have been divided; it is still unknown if it perforates the 
nuclear envelope or if this cord remains surrounded by it. An interesting observa-
tion occurs when the Entamoeba histolytica trophozoites are vitally stained with 
acridine orange and hypotonized with 0.075 M KCL. Under these conditions it is 
possible to observe microtubular structures during mitosis (Figure 8c).

Figure 8. 
Nuclear pole of Entamoeba histolytica trophozoites during telophase and spindle inter microtubule-organizing 
center (SIMTOC). (a) Nucleus treated with RNAse and incubated with anti-β-tubulin antibodies. (b) 
Nucleus treated with RNAse, incubated with anti-β-tubulin antibodies, and contrasted with propidium iodide. 
O, radial spindle at one of the poles. o, part of the spindle inter microtubule-organizing center. (c) Entamoeba 
histolytica trophozoites stained with orange acridine, hypotonized with KCL 0.075 M, and observed with 
fluorescence microscope during karyokinesis. Spindle inter microtubule-organizing center in cord form.
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Figure 7. 
Diagram of the organization of the mitotic spindles in the nucleus of Entamoeba histolytica trophozoites. (a) 
Interphase, (b and c) prophase, (d) metaphase, (e) anaphase, (f) telophase, and (g–h) karyokinesis.
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fluorescence microscope during karyokinesis. Spindle inter microtubule-organizing center in cord form.
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After karyokinesis, cytokinesis begins; the trophozoite with two nuclei begins to 
divide by narrowing the cytoplasm in its middle part [5]. This process is relatively 
slow and occurs gradually through stretching with intervals of rest. The cytoplasm 
of the middle part of the trophozoite thins until it forms a very thin filament which 
then breaks and results in two trophozoites of Entamoeba histolytica with a nucleus 
in each of them. It is still unknown whether cytoplasmic DNA [38] duplicates 
during mitosis of trophozoites or if it is only genetic material with other func-
tions. The description and observations realized in the different phases of mitosis 
in E. histolytica trophozoites using the phase-contrast microscopy technique are 
consistent with those described by acridine orange vital staining and transmission 
electron microscopy [3–6]. Peripheral RNA chromatin and central DNA chromatin 
behaved in a similar manner to the acridine orange staining described [5]. The data 
described and observed with the anti-β-tubulin antibodies of E. histolytica regard-
ing the radial microtubule bundles correlate with the observations described with 
transmission electron microscopy of nuclei in prophase and prometaphase [3, 4, 
6]. However, there is a discrepancy about the number of spindles that are present 
and observed between the two nuclei in formation [2, 3, 6). The description of an 
inter-MTOC spindle independent of radial spindles was based on its observation 
with immunofluorescence (Figure 8a). An observation that brings forth new ways 
of studying the nuclear division in E. histolytica trophozoites is the presence of a 
green fluorescent internuclear cord obtained with the acridine orange staining and 
KCL-hypotonization.

5. Conclusions

The identification of β-tubulin bundles that surround the DNA nuclei in telo-
phase suggests a mechanism of entrapment similar to a “hand-closure movement” 
that allows, along with the inter-MTOC spindle, the distribution of genetic material 
between the two newly formed nuclei.

The mitosis of Entamoeba histolytica trophozoites is a type of intranuclear 
pleuromitosis, closed or open? modified, since three spindles are formed: two radial 
and one inter MTOCs. In addition, these are found within the nucleus. It remains 
to be discovered if the spindle that apparently is outside the nucleus has a nuclear 
envelope or not.
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Chapter 13

Challenges for the Control of 
Poultry Red Mite (Dermanyssus 
gallinae)
José Francisco Lima-Barbero, Margarita Villar, Ursula Höfle 
and José de la Fuente

Abstract

The Poultry Red Mite, Dermanyssus gallinae, is an ectoparasite which is con-
sidered the major pest for the egg-laying industry. The mite hides in crevices and 
cracks during daylight and feed on the blood of the hens in the darkness. It can 
also parasitize other bird and mammal species, including man that can develop 
gamasoidosis when bitten at work or private residences. The control of the mite 
infestations has relied in synthetic acaricides, but the development of resistances 
and the restricted list of authorized products make fundamental the development 
of novel control measure. The combination of alternative control measures, such as 
monitoring of the mite infestation, plant-derived products, inner dusts, biological 
control and vaccines, poses as the best way for achieving satisfactory results.

Keywords: Dermanyssus, poultry, mite, zoonosis, control, vaccines

1. Introduction

The poultry red mite (PRM), Dermanyssus gallinae (De Geer, 1778), is a hema-
tophagous mite that affects mainly poultry [1] but also parasitizes other avian [2] 
and mammalian hosts [3–5], including humans [6]. PRM has a worldwide distri-
bution and it constitutes a serious problem for the European egg-laying industry 
where the average prevalence is 80% with some countries reaching a prevalence 
higher than 90% of the farms affected [1]. PRM infestation is associated with severe 
economic losses in the egg production industry [7], also causing health and welfare 
issues in the hens [7–9]. Additionally, the PRM has shown to be a mechanical vector 
for multiple pathogenic viruses and bacteria [1].

The control of PRM is mainly based on the use of synthetic acaricides. However, 
synthetic acaricides have important limitations such as the development of resistant 
mite populations, environmental contamination and limited efficacy for control-
ling already settled infestations [1, 10]. Thus while research focused on D. gallinae 
was previously scarce, it increased significantly in recent years probably due to the 
support received due to the growing impact of mite infestations on the egg-laying 
industry [10]. The limitations of the conventional control measures make research 
on alternative control measures as one of the leading research topics in recent years. 
Amongst those control measures, vaccination poses a promising effective and 
environmentally sound intervention.
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The aim of the present review is to show the current knowledge about the 
PRM, the challenges it poses from the One Health perspective for both human and 
animal health and the future possibilities for the control and prevention of PRM 
infestations.

2. Biology

Dermanyssus gallinae is taxonomically assigned to the Dermanyssidae family 
englobed in the order Mesostigmata of the Arachnida Class. There are 14 other 
mite species that affect birds and are morphologically very similar to D. gallinae 
which may be misidentified when identification is solely based on morphological 
characteristics [11]. Recent advances in molecular tools as gene sequencing or DNA 
barcoding, combined with morphological features is allowing a proper mite identi-
fication, including D. gallinae identification [12–14] (Figure 1).

Dermanyssus gallinae is an obligatory ectoparasite that feeds on the blood of the 
host. It has a global distribution [15]. In contrast with other Dermanyssus spp., D. 
gallinae is a generalist species with a low host specificity [16]. The PRM is a pest 
in the egg-laying farms [1], but can also be found parasitizing more than 30 wild 
and domestic bird species [11] and mammals [3–5], including humans [6]. The life 
cycle for D. gallinae includes five developmental stages: egg, larvae, protonymph, 
deutonymph and adult (Figure 2). Larvae have three pairs of legs while the rest of 
the stages have four pairs of legs. The PRM requires a blood meal for molting from 
protonymph to deutonymph, to adult and for egg-laying [17] (Figure 2). The color 
of the fed stages varies from bright red to brown, depending on the digestion of the 
blood inside de mite, while unfed stages are white. Adults and fed deutonymphs are 

Figure 1. 
SEM images from several morphological characteristics useful for the identification of D. gallinae and 
differentiation from other similar species. Morphological characteristics shown are present in adult females 
according to Di Palma et al. [14]. (A) Dorsal overview. Dorsal shield (outline traced) with prominent 
shoulder. (B) Ventral overview. Epigynal (es) and anal (as) shields are rounded posteriorly. Anal shield with 
three anal setae (*). (C) Detail of the sternal shield. The sternal shield is wider than long and containing two 
pairs of setae (*). (D) Detail of dorsal shield. The two pairs of setae (j1 and j2) are on the dorsal shield. See 
methodology for additional information.
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visible with the naked eye. Life cycle usually takes 2 weeks to complete, but it can be 
shorter when ideal conditions are provided (25–27°C and high relative humidity)  
[17–19]. Long-time emptied hen houses have been reported to remain infested. 
This finding is justified by the ability of the mite to survive without any blood meal 
for up to 9 months if the environment is suitable. However, desiccation and high 
temperatures (>45°C) are lethal [19]. Oviposition is carried out only by adult female 
mites. A maximum of approximately 30 eggs can be laid by a single female in her 
lifetime, usually in clutches of 4–8 eggs after a blood meal [20].

The PRM lacks real eyes and it can senses changes in the luminosity of the 
environment with photocells [21]. During daylight hours, mite is usually hidden in 
cracks and crevices where it is out of the reach of the hen. In these shelters, it gath-
ers with more mites until they can form a cluster of hundreds of mites of different 
stages. This behavior is driven by aggregation pheromones [22]. It is in the darkness 
when the PRM comes out of their refuges to feed on the host. The host-seeking 
process is multifactorial, but temperature has been proven to play an important role 
as the PRM is highly sensitive to even minor changes in temperature and starved 
mites have an increased sensibility [23, 24]. D. gallinae increases its activity when 
exposed to substrate vibrations which are supposed to be used for host localization 
[23]. Surface skin lipids are also involved in the host identification and stimulation 
[22, 25]. These lipids are used to improve feeding rates in artificial feeding devices 
when synthetic membranes are used [26] and have provided possibilities for the use 
of essential oils in the control of PRM infestations in layer houses. In contrast with 
other hematophagous ectoparasites that utilize CO2 to identify their hosts, CO2 did 
not induce any host seeking response in D. gallinae under laboratory conditions but 
induced immobility under light conditions, which is interpreted as a survival strat-
egy to avoid being eaten by the host [23]. Nymphal and adult stages stay on the host 
for feeding for 30–60 min [27]. According to this behavior, PRM can be considered 
as a micro predator [16].

Figure 2. 
Graphical representation of the PRM biological cycle and points of action for different control measures. 
Iconography explanation: large red mites = fed adult mites; small red mites = fed nymphal stages; large 
white mites = starved adults; small white mites = starved nymphal stages; cross = points where the treatment 
can interrupt the mite cycle; thunderbolt = points of action for the different treatment options. New 
control interventions such as vaccination, predatory mites or plant extracts are shown. See methodology for 
information source.
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3. One health: poultry industry, environment and human health

3.1 Poultry industry

The PRM is not a significant issue in the broiler industry, mainly due to its short 
production cycle, but it poses a substantial threat to the egg-laying industry world-
wide, except for layer farms in the USA where Ornythonyssus sylviarum is the main 
mite species affecting layer hens [28]. However, recent reports suggest significant 
increase of D. gallinae infestations in the USA [15]. Although O. sylviarum is also 
present in wild birds of European countries, D. gallinae is the specie responsible for 
farm infestations. However, mixed infestations have been reported in countries out 
of Europe [29]. Infestations can reach high prevalence in Europe, where the aver-
age prevalence is more than 80% with several countries reaching higher than 90% 
[30]. However, PRM prevalence can be more related to certain areas rather than a 
country as different prevalence has been observed in different regions of the same 
country [31]. PRM infestations have been described in every production system. 
Less-intensive farming systems present higher risks of infestation which usually is 
inversely proportional to the level of intensification [32]. Therefore, PRM preva-
lence is generally higher in backyard and free-range units, followed by barns and, 
ultimately, by enriched systems [33]. Enriched cages usually show higher levels of 
infestation when compared to traditional pens in those countries where they are still 
allowed [32]. These systems improve mite survival by providing more safe areas to 
the mite far from the reach of the hens and the treatments at the same time as they 
promote hen welfare.

Temporal dynamics of PRM infestations vary greatly between laying hen 
houses. Specific environmental conditions and differences in laying hen house 
management are responsible for these variations. The age of the flock is another 
modulating factor according to a model developed for forecasting the population 
dynamics in a hen house [34]. The age of the flock has a negative effect on the 
growth of the mite population as mite populations decline as the age of the hens 
increases despite the fact that the immune response of the hen against a PRM 
infestation has not been well characterized. An experimental infestation developed 
an increase of the serum amyloid-A [35], but hens do not generate natural potent 
immunoprotective responses [36]. The development of an immune response by the 
bird after a chronic exposure is a plausible explanation which has been proposed 
that requires further research [34, 37]. The type of hen hybrid and how they were 
raised as pullets seem to have some effects on the vertical distribution of the mite 
infestation in aviaries, which is explained by differences in the space use by differ-
ent hybrids [38].

Infestation levels vary seasonally [38]. Seasons prone to more severe infestations 
also differ depending on the climate of each region [38]. Usually, seasons with mild 
temperatures and high relative humidity can be correlated with lower fluctuations 
of these parameters inside the layer house, providing more ideal conditions for the 
mite to grow and therefore show more severe infestations. In this way, in northern 
countries the infestation peak usually happens in summer months while in more 
temperate climates the most prevalent seasons are spring and autumn.

Moderate and low infestations do not seem to have an effect on the produc-
tion parameters independently of the layer hen productive system [39]. Instead, 
severe infestations are associated with important production losses albeit varia-
tions between housing systems [21]. Therefore, PRM has been demonstrated to 
negatively affect the proportion of laying hens, egg weight and the amount of 
first-choice eggs in enriched cages facilities while detrimental effects have been 
observed on egg mass, first-choice eggs and bodyweight of hens housed in aviary 
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systems [39]. The impact on egg production can cause reductions of up to 20% [8]. 
PRM infestations are also responsible for devaluation of eggs when these are blood 
spotted. The spots are the result of fed mites getting crushed beneath the eggs while 
walking or hiding on the conveyor belt [40].

PRM is also responsible for health and welfare issues for egg-laying hens. When 
asked, most egg-producers commonly state that PRM is the major issue concerning 
hen welfare [41]. The main sign of a severe infestation is the anemia observed in the 
birds. An adult mite can ingest 0.2 μl of blood in a blood meal [42]. It is described 
that a laying hen can lose more than 3% of its blood volume every night [8]. In cases 
of severe infestations, increased bird mortality is observed due to exsanguination. 
The mortality due to a PRM infestation has been estimated to increase between 4 
and 50% [43], and correlates with an increased mite burden. Several studies find 
significant relationships between PRM infestation and hen mortality [7, 44]. PRM 
infestation increases food and water intake. Hens under infestation suffer restless-
ness, agitation, sleep deprivation and increased preening and feather pecking [9, 
45]. Thus, the infestation puts the hens into chronic distress making them more 
susceptible to diseases and reducing vaccine efficacy.

Many dermanyssoid mites are confirmed vectors of bacterial and viral patho-
gens. Several pathogens have been isolated from D. gallinae, thus confirming its 
role as mechanical vector. Several reports have detected pathogenic bacteria in 
PRM such as Coxiella burnetii, Erysipelothrix rhusiopathiae, Listeria monocyto-
genes, Pasterella multocida Mycoplasma gallisepticum, Chlamydophila psittaci and 
Spirochetes [46–48]. However, its role as a biological vector for these pathogens 
is not yet fully elucidated and requires further research. The PRM has been dem-
onstrated under laboratory conditions to act as a vector for Salmonella enteritidis 
where they showed the oral transmission after ingestion of washed mites con-
taminated by cuticular contact or during blood meal [49]. Additionally, S. enterica 
subsp. enterica serovar gallinarum biovar gallinarum (S. gallinarum), the etiological 
agent of the fowl typhoid, was found to survive for up to 4 months in infected mites 
[50]. Recently, Pugliese et al. [51] showed the maintenance of S. gallinarum in two 
different productive cycles where after an outbreak of fowl typhoid, the mites 
remained infected even after a sanitary break and vaccination of the second flock. 
An interesting finding of this work was that the number of bacteria found in the 
mites varied according to the antibody titers of the vaccinated hens. This finding 
illustrates the complex relationship between host, parasite and bacterial pathogen. 
PRM has an experimentally confirmed potential capacity for acting as a mechani-
cal vector of avian influenza virus after a bloodmeal on infected hens [52]. Other 
viral agents such as avipox virus, fowl adenovirus, Marek’s disease virus, avian 
paramyxovirus type I and the Eastern, Western and Venezuelan equine encephalo-
myelitis viruses have been isolated from PRM [7].

In summary, PRM is responsible for economic losses of around 231 million 
Euros annually in Europe considering the combination of the production losses, 
health issues and cost of mite infestation control [53]. Other reports estimate the 
economic impact of PRM infestations in Europe between 0.5 and 0.6 Euros per 
laying hen [54].

3.2 Environment and wildlife

Historically, wild birds were considered as the main source of the mite infesta-
tion in the poultry houses. However, mitochondrial cytochrome oxidase I (mt-
COI) gene sequencing, which allowed secured Dermanyssus species identification, 
demonstrated that none of the Dermanyssus species that specifically parasitize 
wild birds were found in poultry farms and concluded that only D. gallinae  
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harbored synanthropic populations [11]. Additionally, the same research 
described that the D. gallinae populations associated with poultry farms belong to 
different genetic lineages [11]. In addition, recent research on genetic differences 
between Ornithonyssus sylviarum present in wild sparrow nests and layer houses 
in the USA indicated the absence of mite exchange [55]. However, wild bird 
nests located in the proximities of the hen house can act as a reservoir of mites 
and thus allow re-infestation. Mul et al. [56] performed a risk analysis in which 
poultry farmers and employees, followed by hen cadavers and manure aeration, 
represented the highest risks of introduction and spread of PRM in the farm. 
If the manure belts are shared amongst barns, they constitute a severe risk of 
spreading the PRM [56]. Rodents and insects are potential carriers of mites, and 
although the role of pests in the introduction and spread of PRM in layer farms 
has not been fully elucidated, a case of phoresy of D. gallinae has been described 
in a beetle [57].

In a recent questionnaire by free-range farmers in the UK, antiparasitics were 
reported as one of the three most commonly used medicines against PRM [41]. 
A recent scandal on the discovery of an unauthorized product in food-producing 
animals (Fipronil, C12H4Cl2F6N4OS) in contaminated eggs from farms in 45 coun-
tries worldwide. The concentration in the contaminated product did not reach toxic 
doses for humans, but a mediatic Public Health alert was raised, and a food fraud 
investigation was started by European authorities [58]. Only two compounds are 
specifically labeled to control PRM infestations while birds are present (Phoxim, 
C12H15N2O3PS and Spinosad, C41H65NO10 (A); C42H67NO10 (D)) by the European 
Union (EU), and recently a new compound (Fluralaner, C22H17Cl2F6N3O3) has 
been approved [59, 60]. Authorized products do not penetrate the whole egg but 
improper handling when breaking the shell can lead to food contamination [61]. 
Risks of residues of traditional and unlabeled pesticides entering the food chain are 
due to its presence in body tissues of hens that are slaughtered for human consump-
tion [60]. A withdrawal period has been suggested for the skin tissue after applica-
tion of Spinosad and Abamectin (C48H72O14 (B1a); C47H70O14 (B1b)), an acaricide 
with available formulations for spray application in some European countries, due 
to the detection of residues in this tissue [62]. The chemicals used to control PRM 
may also have adverse effects for workers directly exposed while applying the treat-
ment. The limited availability of tools and the increase of resistance are forcing the 
farmers to turn to non-authorized products to face PRM infestations and underline 
the necessity for alternative control methods.

3.3 Zoonotic risks

D. gallinae is known as a bird ectoparasite but it has low host specificity [16]. 
This lack of specificity allows the mite to feed on mammals, including humans, 
when the natural host is not available [6]. Human parasitosis due to PRM is called 
gamasoidosis or dermanyssosis. Skin erythematous papules are the usual clinical 
signs for gamasoidosis and urticarial lesions have been also described [6]. Skin 
lesions are usually pruriginous and can be distributed throughout the entire body, 
but are more frequently located in the arms, legs and the upper trunk [6]. Regarding 
human gamasoidosis associated with D. gallinae, two epidemiological scenarios are 
described: urban cases and occupational cases [6]. D. gallinae is the most commonly 
ectoparasite identified as the causal agent of gamasoidosis, but the cases assigned 
to D. gallinae can be misdiagnosed due to the difficulty of species determination for 
non-trained practitioners. The geographical expansion of other similar mite species 
such as Ornythonyssus spp. [63] due to climate change, host expansion and globaliza-
tion will require more precise analysis.
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Occupational cases are those related to poultry workers. The infestation can 
occur both in professional workers and hobbyists. These mite attacks usually 
happen during the daytime, while the workers are handling birds, cages or collect-
ing eggs or when cleaning the premises. High levels of mite infestation and lack of 
proper protective clothing increases the risk of mite bites. Despite the high preva-
lence of infestation in egg-laying farms and continued exposure of the workers to 
the PRM, the number of reports of occupational cases is limited [6, 64]. The low 
number of reported cases can be explained by the fact that the attacks occur under 
specific conditions (severe infestation and lack of protection) or because workers 
do not report the attacks.

Urban cases are not associated with poultry workers. These cases are usually 
linked to familiar homes or public buildings such as hospitals and halls. In these 
cases, synanthropic birds, generally pigeons, are the source of the infestation [6]. 
Most of them occur when the host has left the nest after the breeding season. At 
that moment, the mites search for a new host to obtain a bloodmeal. Recent inves-
tigations suggest the existence of a pigeon specific lineage (D. gallinae L1) that is 
more frequently involved in human gamasoidosis [65]. Skin lesions in urban cases 
tend to be more severe than those in occupational cases, basically due to extended 
exposure.

Reports of gamasoidosis are scarce but their frequency has increased in the 
recent years [6]. PRM gamasoidosis is still an underdiagnosed parasitosis mainly 
due to un-specific signs which do not lead the practitioners to a certain diagnosis 
and, generally, the fact that PRM bites cause only light to mild clinical symptoms, 
indistinguishable from other bug bites and do not put the patient in need of seeking 
medical assistance. Recently, the bacterial genera Tsukamurella has been identi-
fied as part of the microbiome of the PRM with an endosymbiotic relationship 
suggested [66]. Tsukamurella species are foremost saprophyte bacteria that have 
occasionally been identified as opportunistic organisms associated with postop-
erative infections [67]. This, and the avian pathogens listed earlier, together with 
reports of D. gallinae infestations in hospitals [68] highlight potential zoonotic 
risks associated with PRM. Thus, because of the potential vector role of PRM for 
zoonotic pathogens it should be included in routine medical differential diagnosis 
for skin lesions.

4. Control measures

Treatment and control of PRM infestations have until recently relied on the 
spraying of chemical acaricides in infested premises, and mostly still occurs 
despite the limited list of products licensed to be used against the PRM in the 
EU. In general, traditional control actions achieve only temporary effects and mite 
populations return to levels prior to treatment soon after treatment application. 
One of the main limitations in the use of pesticides is the incapacity to apply the 
product to a degree that does not allow the target to escape from exposure by hiding 
in cracks and crevices [38]. Another significant problem in the use of pesticides is 
the emergence of resistances [69]. The number of PRM populations with reduced 
sensibility to traditional pesticides as λ-Cyhalothrin or Amitraz has grown espe-
cially after 2012. In the case of Phoxim, which has been considered a highly effec-
tive compound, highly resistant populations have been detected since 2015 [70]. 
This is probably related to withdrawal of most of the labeled compounds from the 
marked and subsequent overuse and misuse of the only remaining products avail-
able. The single chemical pesticide that shows satisfactory results is a recent labeled 
to be used as poultry isoxazoline, Fluralaner. Fluralaner has demonstrated a nearly 
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harbored synanthropic populations [11]. Additionally, the same research 
described that the D. gallinae populations associated with poultry farms belong to 
different genetic lineages [11]. In addition, recent research on genetic differences 
between Ornithonyssus sylviarum present in wild sparrow nests and layer houses 
in the USA indicated the absence of mite exchange [55]. However, wild bird 
nests located in the proximities of the hen house can act as a reservoir of mites 
and thus allow re-infestation. Mul et al. [56] performed a risk analysis in which 
poultry farmers and employees, followed by hen cadavers and manure aeration, 
represented the highest risks of introduction and spread of PRM in the farm. 
If the manure belts are shared amongst barns, they constitute a severe risk of 
spreading the PRM [56]. Rodents and insects are potential carriers of mites, and 
although the role of pests in the introduction and spread of PRM in layer farms 
has not been fully elucidated, a case of phoresy of D. gallinae has been described 
in a beetle [57].

In a recent questionnaire by free-range farmers in the UK, antiparasitics were 
reported as one of the three most commonly used medicines against PRM [41]. 
A recent scandal on the discovery of an unauthorized product in food-producing 
animals (Fipronil, C12H4Cl2F6N4OS) in contaminated eggs from farms in 45 coun-
tries worldwide. The concentration in the contaminated product did not reach toxic 
doses for humans, but a mediatic Public Health alert was raised, and a food fraud 
investigation was started by European authorities [58]. Only two compounds are 
specifically labeled to control PRM infestations while birds are present (Phoxim, 
C12H15N2O3PS and Spinosad, C41H65NO10 (A); C42H67NO10 (D)) by the European 
Union (EU), and recently a new compound (Fluralaner, C22H17Cl2F6N3O3) has 
been approved [59, 60]. Authorized products do not penetrate the whole egg but 
improper handling when breaking the shell can lead to food contamination [61]. 
Risks of residues of traditional and unlabeled pesticides entering the food chain are 
due to its presence in body tissues of hens that are slaughtered for human consump-
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tion of Spinosad and Abamectin (C48H72O14 (B1a); C47H70O14 (B1b)), an acaricide 
with available formulations for spray application in some European countries, due 
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3.3 Zoonotic risks

D. gallinae is known as a bird ectoparasite but it has low host specificity [16]. 
This lack of specificity allows the mite to feed on mammals, including humans, 
when the natural host is not available [6]. Human parasitosis due to PRM is called 
gamasoidosis or dermanyssosis. Skin erythematous papules are the usual clinical 
signs for gamasoidosis and urticarial lesions have been also described [6]. Skin 
lesions are usually pruriginous and can be distributed throughout the entire body, 
but are more frequently located in the arms, legs and the upper trunk [6]. Regarding 
human gamasoidosis associated with D. gallinae, two epidemiological scenarios are 
described: urban cases and occupational cases [6]. D. gallinae is the most commonly 
ectoparasite identified as the causal agent of gamasoidosis, but the cases assigned 
to D. gallinae can be misdiagnosed due to the difficulty of species determination for 
non-trained practitioners. The geographical expansion of other similar mite species 
such as Ornythonyssus spp. [63] due to climate change, host expansion and globaliza-
tion will require more precise analysis.
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Occupational cases are those related to poultry workers. The infestation can 
occur both in professional workers and hobbyists. These mite attacks usually 
happen during the daytime, while the workers are handling birds, cages or collect-
ing eggs or when cleaning the premises. High levels of mite infestation and lack of 
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number of reported cases can be explained by the fact that the attacks occur under 
specific conditions (severe infestation and lack of protection) or because workers 
do not report the attacks.
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tend to be more severe than those in occupational cases, basically due to extended 
exposure.
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due to un-specific signs which do not lead the practitioners to a certain diagnosis 
and, generally, the fact that PRM bites cause only light to mild clinical symptoms, 
indistinguishable from other bug bites and do not put the patient in need of seeking 
medical assistance. Recently, the bacterial genera Tsukamurella has been identi-
fied as part of the microbiome of the PRM with an endosymbiotic relationship 
suggested [66]. Tsukamurella species are foremost saprophyte bacteria that have 
occasionally been identified as opportunistic organisms associated with postop-
erative infections [67]. This, and the avian pathogens listed earlier, together with 
reports of D. gallinae infestations in hospitals [68] highlight potential zoonotic 
risks associated with PRM. Thus, because of the potential vector role of PRM for 
zoonotic pathogens it should be included in routine medical differential diagnosis 
for skin lesions.

4. Control measures

Treatment and control of PRM infestations have until recently relied on the 
spraying of chemical acaricides in infested premises, and mostly still occurs 
despite the limited list of products licensed to be used against the PRM in the 
EU. In general, traditional control actions achieve only temporary effects and mite 
populations return to levels prior to treatment soon after treatment application. 
One of the main limitations in the use of pesticides is the incapacity to apply the 
product to a degree that does not allow the target to escape from exposure by hiding 
in cracks and crevices [38]. Another significant problem in the use of pesticides is 
the emergence of resistances [69]. The number of PRM populations with reduced 
sensibility to traditional pesticides as λ-Cyhalothrin or Amitraz has grown espe-
cially after 2012. In the case of Phoxim, which has been considered a highly effec-
tive compound, highly resistant populations have been detected since 2015 [70]. 
This is probably related to withdrawal of most of the labeled compounds from the 
marked and subsequent overuse and misuse of the only remaining products avail-
able. The single chemical pesticide that shows satisfactory results is a recent labeled 
to be used as poultry isoxazoline, Fluralaner. Fluralaner has demonstrated a nearly 
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100% efficacy after two applications in poultry farms [71]. The key for this product 
is that with the oral administration the treatment reaches the whole mite population 
when the mites feed on the hens. This delivery method avoids the necessity to spray 
the product, a way of administration that has been proven of low efficacy for the 
control of PRM as there are mites that escape from the treatment.

An often-neglected tool for the control of PRM infestations in a layer hen house 
is the monitorization of the population. Many treatments do not show the expected 
results because they have not been applied at the right moment. The decision for 
applying treatment is traditionally taken when the farm employees announce 
a severe infestation, which is usually too late to allow successful control [72]. A 
proper monitorization routine can promote early detection and quantification of 
the infestation level and thus allowing proper programming of control measures. 
There are multiple methodologies that can be used for monitorization, including 
both quantitative and qualitative techniques. A description of the most commonly 
used monitoring methods has been recently reviewed [73]. Many monitoring 
systems are based on the placement of traps that emulate the hiding places of the 
mites and that are checked periodically. In this way, depending on the technique 
the farmer can obtain an estimate of the mite population in the hen house and/or a 
trend for the mite population evolution. There appears not be a single best choice 
for a monitoring method as it depends on the time and resources available in the 
farm. However, farms with monitoring programs in place can improve their capac-
ity of PRM control [74].

Development of new control interventions is currently a priority in PRM 
research as a consequence of the severe impact of the mite in the egg-laying 
industry and the scarce resources for its control (Figure 2). Amongst those novel 
methods, treatments with essential oils and plant extracts have received significant 
attention. There are many studies on the effects of essential oils against PRM, 
but variable efficacy is observed [75]. Benefits of plant extracts and essential oils 
include their low mammalian and bird toxicity and short environmental persistence 
[75]. Several plant-based products are already commercialized against veterinary 
pests, and many others are in research phase. Essential oils are traditionally used 
for their repellence of pest arthropods [75]. The effect of essential oils can be due 
the influence of a number of volatile organic compounds (VOCs) in the host-rec-
ognition process [20]. Recent research found that the odor emitted by the hens can 
be modified through addition of plant-originated VOCs to the food and that some 
of those VOCs showed repellent activity against the PRM, making the hens less 
attractive to the mites [76]. The other approach for the use of plant derived com-
pounds is using its insecticide properties for treating the hen house environment. 
Amongst those substances, neem oil is receiving special attention from researchers 
[75, 77]. Neem oil preparations are made of essential oil obtained from an Indian 
tree (Azadirachta indica) and have shown promising effects in PRM population 
reductions [77]. A disadvantage of neem oil application is the possible effects of the 
oily film on the farm installations and eggs, but technological improvements such 
as reducing the volume of solution or the droplet size can be applied to reduce these 
adverse effects [77].

Mite communities constituted by different mite species are able to establish 
themselves in layer farm buildings, mainly associated with manure [78]. These 
communities include mite species that are predators of free-living nematodes 
and arthropods, including mites [78]. Some Hypoaspis species identified in 
starling nests are considered putative predators of D. gallinae [79] and two 
mite species are already commercialized to be used in layer farms: Androlaelaps 
casalis (Androlis, APPI-group Koppert. France) and Cheyletus eruditus (Taurrus, 
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APPI-group Koppert. France). A. casalis have shown to control, but no to 
eradicate, PRM populations under laboratory conditions but was more efficient 
at temperatures under 30°C [80]. The authors suggested that predation can 
occur over other mite species when D. gallinae is hiding in safe places, basically 
at different heights (D. gallinae was on high areas of the cages while predators 
remained on the floor) [80]. Predatory mites are already effectively used in the 
control of phytophagous mites in greenhouses and in pig farms for the control of 
non-hematophagous arthropods. Biocontrol of PRM in layer farmhouses is based 
upon the massive release of predatory mites. The effectivity of predatory mites to 
control PRM infestations is variable, probably due to variations in environmental 
conditions [79]. The main disadvantage of using predatory mites as a control tool 
of D. gallinae is their high sensitivity to acaricides used to treat PRM infestations 
[78]. Thus, biocontrol using predatory mites is not compatible with the use of 
acaricides.

Another control method is based upon a perch design (Q-perch), which prevents 
the mite from reaching the hens by an electrified wire placed just beneath the 
perch where the bird is roosting [81]. Various desiccant dusts, diatomaceous earth 
and synthetic silica products are commonly used in commercial layer farms [74]. 
Generally, it is a measure used as a temporal constraint of PRM infestation and 
to reduce the number of treatments with synthetic acaricides. Inert dust kills the 
mite by dehydration and probably, by cuticle damage by destroying its protective 
wax layer [82]. The main limitation of the use of inert dusts is the limited efficacy 
in environments with high levels of relative humidity [82]. A synergistic effect 
between inert dusts and entomopathogenic fungi have been described [83]. The use 
of entomopathogenic fungus for the control of PRM is recent and there is limited 
research. Laboratory tests show promising results, and some have been tested with 
some success in field trials [84].

Vaccination against ectoparasites is not solely focused on the prevention of the 
infestation but also on the reduction of the parasite population [85]. Vaccination 
have demonstrated to provide high levels of protection against blood-feeding ecto-
parasites by reducing cattle tick populations and prevalence of certain tick-borne 
pathogens [86]. The only commercial vaccines against ectoparasites (TickGard and 
Gavac) were developed with recombinant tick midgut antigens Bm86 and Bm95 and 
registered for the control of cattle tick infestations [87]. This vaccines demonstrated 
their efficacy for the control of tick infestations while reducing the use of acaracides 
and encourage further research for the identification of new effective protective 
antigens using different approaches [88].

Vaccine development relies on the identification of proteins that can act as 
protective antigens to which the host develops an immune response. The iden-
tification of protective antigens in D. gallinae has been limited by the lack of 
molecular research about the mite. The description on the mite transcriptome 
[89] and, more recently, its genome [90] can enhance the understanding of the 
host–parasite relationship and the identification of protective antigens. Two 
approaches have been followed for PRM vaccines development, testing of mite 
extracts and the production of vaccines based on recombinant proteins (Table 1). 
Vaccination against PRM recombinant proteins has induced antigen specific IgY 
responses but variable results have been obtained when mites fed in in vitro tests 
on blood from immunized hens or blood enriched with antibodies extracted from 
egg yolk. Another limitation for the assessment of efficacy of a candidate antigen 
has been the high background effects observed in the in vitro tests due to the feed-
ing physiology of the PRM. A recent optimization of an on-hen feeding device 
allows a more physiological evaluation of the vaccine effects allowing a better 
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100% efficacy after two applications in poultry farms [71]. The key for this product 
is that with the oral administration the treatment reaches the whole mite population 
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the product, a way of administration that has been proven of low efficacy for the 
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[75, 77]. Neem oil preparations are made of essential oil obtained from an Indian 
tree (Azadirachta indica) and have shown promising effects in PRM population 
reductions [77]. A disadvantage of neem oil application is the possible effects of the 
oily film on the farm installations and eggs, but technological improvements such 
as reducing the volume of solution or the droplet size can be applied to reduce these 
adverse effects [77].

Mite communities constituted by different mite species are able to establish 
themselves in layer farm buildings, mainly associated with manure [78]. These 
communities include mite species that are predators of free-living nematodes 
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at temperatures under 30°C [80]. The authors suggested that predation can 
occur over other mite species when D. gallinae is hiding in safe places, basically 
at different heights (D. gallinae was on high areas of the cages while predators 
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the mite from reaching the hens by an electrified wire placed just beneath the 
perch where the bird is roosting [81]. Various desiccant dusts, diatomaceous earth 
and synthetic silica products are commonly used in commercial layer farms [74]. 
Generally, it is a measure used as a temporal constraint of PRM infestation and 
to reduce the number of treatments with synthetic acaricides. Inert dust kills the 
mite by dehydration and probably, by cuticle damage by destroying its protective 
wax layer [82]. The main limitation of the use of inert dusts is the limited efficacy 
in environments with high levels of relative humidity [82]. A synergistic effect 
between inert dusts and entomopathogenic fungi have been described [83]. The use 
of entomopathogenic fungus for the control of PRM is recent and there is limited 
research. Laboratory tests show promising results, and some have been tested with 
some success in field trials [84].

Vaccination against ectoparasites is not solely focused on the prevention of the 
infestation but also on the reduction of the parasite population [85]. Vaccination 
have demonstrated to provide high levels of protection against blood-feeding ecto-
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Gavac) were developed with recombinant tick midgut antigens Bm86 and Bm95 and 
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assessment of novel antigens [91]. Vaccines can be considered as an alternative 
and complementary intervention for PRM control, which can reduce the use of 
acaricides.

5. Conclusions and future directions

The negative impact of the PRM infestations have become more relevant with 
recent changes in the production systems, and it is expected to become worse as 
the market demands more welfare focused systems that reduce the options for 
controlling poultry infestations. These changes in the production procedures should 
include increased concerns in biosecurity and monitorization in order to achieve a 
better understanding of the mite ecology on each farm. PRM infestations constitute 
a challenge for the modern industry to guarantee hen welfare and prevention of 
risks for the workers.

Omics are a promising tool for enhancing the understanding of the mite-host 
interactions. These techniques are needed to resolve questions that are yet to be 
answered such as the determination of the role of the PRM as biological vectors for 
both poultry and human pathogens and the different mechanisms involved in the 
immune response in hens or if there are any on the mite side to modulate its host 
response. Alternative control methods and particularly vaccine are urgently needed 
for the effective and sustainable control of PRM infestations with the optimization 
and combination of different interventions.

See methodology for bibliometric analysis.

6. Methodology

6.1 Bibliometric analysis

A bibliometric analysis was performed in the web database Scopus (https://
www.scopus.com) with the search code “dermanyssus AND gallinae” (date 
accessed: Sep 16, 2019). The search generated a total of 418 entries, from which 
56 entries (14.4%) were published in the last 2 years (2018 and 2019). After the 
search was completed, we selected those references that addressed the main topics 
reviewed in this work.

6.2 Scanning electron microscope (SEM) imaging

Images obtained by scanning electron microscope (SEM) were used in Figure 1 
to show morphological characters that are useful for species identification [14]. The 
adult female mite used for SEM photography was dehydrated in absolute ethanol 
for 24 h. Specimens were mounted onto standard aluminum SEM stubs using 
conductive carbon adhesive tabs. Mites were observed and photographed with a 
field emission scanning electron microscope (Zeiss GeminiSEM 500, Oberkochen, 
Germany) operating in high vacuum mode at an accelerating voltage of 2 kV in the 
absence of metallic coating.

6.3 Points of action for control measures

The determination of the points of action for the different control measures 
was obtained based on the data available in previous works [1, 20, 22, 74–77, 79, 
82, 103, 104].
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Abstract

Infection in humans by the intestinal protozoan of cockroaches and termites 
called Lophomonas blattarum has been diagnosed in respiratory infections of chil-
dren aged 2–5 years contaminated orally or by air, with cysts or trophozoites con-
tained in the feces of the cockroach Periplaneta americana. In respiratory infections 
of adults, it is difficult to diagnose since the cyst or trophozoite is not recognized 
as a human pathogen and is only related to immunosuppressed patients, transplant 
patients with severe lung disease and those living in poor and unhealthy sanitary 
conditions. Normally, its presence is manifested with fevers of 38–39°C, cough 
with thick expectoration, respiratory insufficiency and pulmonary abscesses. The 
laboratory diagnosis is mainly based on bronchoscopic cytologies and bronchoal-
veolar lavage biopsies. The case in question is about a 60-year-old male. Single, he 
lives alone, with a diagnosis of 9 baths behind non-Hodgkin lymphoma, undergo-
ing treatment with radiotherapy and chemotherapy. For edema after treatment, 
thoracentesis and pericardiocentesis were performed, as well as gastrostomy, 
which he maintained for 1 year. He started with throat discomfort, followed by 
production of productive cough without blood, general weakness, and difficulty 
breathing, with apparent diagnosis of possible respiratory failure due to mycobac-
teria. It was possible to visualize the protozoan, in fresh preparations of bronchial 
aspirate and expectoration in wet assembly with saline solution and stained with 
Pap smears, Harris Hematoxylin and Eosin (H/E), and Giemsa.
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1. Introduction

1.1 Lophomonas blattarum

It is an anaerobic multiflagellated intestinal protozoan, endocommensal in 
the intestine of some arthropods, such as termites and cockroaches (Dictyoptera: 
Blattoidea), which contaminate in its path food, dust and clothes with its secretions 
and feces [1–11].

The genus Lophomonas, since 1990, has been considered among the protozoa 
that cause damage to the respiratory tract, especially in immunocompromised indi-
viduals (HIV/AIDS, with neoplasms, and use of corticosteroids and transplants) 
and in adult and pediatric asthmatic individuals [2–6].

The signs and symptoms of Lophomonas infection are similar to pneumonia 
and bronchitis or bronchopulmonary pathologies of various etiologies; therefore, a 
correct diagnosis is difficult. The above requires us to duly attend the microbiologi-
cal study of expectoration, brushing, biopsy or bronchoalveolar lavage samples, 
whether fresh or stained preparations, especially when observing multiflagellated 
forms, since if you do not have enough experience trophozoites of Lophomonas 
blattarum can be confused with ciliated epithelial cell fragments (ciliocytoforia) of 
the bronchi [5–7].

It is important to note that conventional techniques, such as staining of Gram, 
Giemsa and Papanicolaou smear, do not allow adequate visualization of multiflag-
ellating. Therefore, it is necessary that upon suspicion, a fresh preparation with 
saline solution is first performed on all samples of the respiratory tract that arrive at 
the laboratory for parasitological diagnosis, and subsequently, perfectly extended 
smears are stained with special dyes such as Masson’s trichrome [5].

The most clinically important species are Lophomonas blattarum and 
Lophomonas striata. The latter was the species first identified in the intestine of the 
cockroach Blatta orientalis by S. Stein in 1860 [6]. The structure of L. blattarum 
was identified in the optical microscope in 1911 and in 1990 with a scanning and 
electron microscope. The shape of the Lophomonas trophozoite is usually round, 
oval or pyriform, ranging in size from 15 to 50 μm in diameter, with a plume of 
flagella that form a bunch located at the anterior end, the largest being those found 
far away from the apical fissure. It contains phagocytic vacuoles in its cytoplasm, 
with outward rhythmic movements directed to the apical end in order to eliminate 
excretions or trap foreign materials [1] (Figure 1).

The cockroaches (Figure 2) originate as perfectly recognized pests of closed, 
dark places, which abound at the beginning of the hot climate and which become 
visible at night when leaving their natural habitat (sewers) to look for their food in 
the periphery and/or inside the houses [12]. As vectors were not considered capable 
of transmitting pathogenic organisms to humans, however, studies were conducted 
by Roth and Willis in 1957, and citing evidence occurred in a pediatric hospital in 
Brussels, Belgium, where an epidemic of Salmonella typhimurium persisted in new-
borns, despite the rapid isolation of patients, the absence of healthy carriers and the 
suppression of direct or indirect contact, except for the isolation of cockroaches. 
However, it was discovered that at night the cockroaches walked on the clothes, 
blankets and bodies of the babies, and the bacteria were isolated from the body of 
a considerable number of insects [13]. The epidemic ceased immediately after a 
severe control of the cockroaches. Rueger and Olson in 1969 showed that the feces 
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of Periplaneta americana infected with Salmonella oranienburg, being spread over 
food and vessels, still contained live bacteria after 3.25–4.25 years [14]. These same 
authors provided a list of 18 species of domestic cockroaches; from which, it was 
possible to isolate the pathogenic organisms for man, due to its allergenic exposure 
or toxicity due to its bite [14] (Figure 2).

Let us consider Cornwell’s paraphrase in 1968, which stated the following:
(1) Cockroaches prefer environments where both human pathogens and human 

food are found, freely passing from one to the other; (2) cockroaches can carry 
pathogens both inside and outside their bodies, which remain viable on the cuticle 
in the digestive tract and feces to the extent that insects can be chronic carriers 
and (3) the evidence is sufficient to justify the various programs of control for this 
insects where human health is endangered [15].

They are usually confined to buildings in cold climates, but domestic cock-
roaches can escape freely, and in temperate, tropical or hot weather, they can 
migrate to other buildings through drains, garbage dumps, septic tanks and latrines 
where they feed, both on human feces and on food. Isolates of intestinal diners from 
trapped cockroaches indicate that they are carriers of microorganisms (viruses, 
fungi and intestinal parasites). Among the viruses, there are 4 strains of polio-
virus; and approximately 40 species of pathogenic bacteria (enterobacteria), the 
mycobacterium of leprosy, two pathogenic fungi (Aspergillus), and the protozoan 
Entamoeba histolytica are also mentioned. On the other hand, other pathogens that 
are harbored by these arthropods are mentioned under experimental conditions, 

Figure 1. 
In the 1860s, S. Stein discovered some multiflagellates in the cockroach’s intestine. Drawings of the structures 
identified as Lophomonas blattarum and Lophomonas striata are shown [7].

Figure 2. 
Home cockroach. Photo Villagrán-Herrera.
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such as Coxsackie virus, mouse encephalitis and yellow fever; the bacterial agents of 
cholera, cerebrospinal fever, pneumonia, diphtheria, undulant fever, anthrax, teta-
nus, tuberculosis and others; and the protozoa Pentatrichomonas hominis, Giardia 
intestinalis and Balantidium coli, agents that produce diarrhea or dysentery [13].

A protozoan that is considered important is the sporozoan Toxoplasma gondii, 
which causes human toxoplasmosis and spreads in many mammals besides birds. 
This disease is common in humans, although asymptomatic, but it can cause 
congenital defects in the fetus. It has recently been shown that the biological 
cycle of this coccidium is limited to domestic cats and other felines [16]. Cats can 
become infected by feeding on parasitized birds and rodents and subsequently 
transmit the parasite in their feces and a cockroach that feeds on these debris can 
transmit the parasite to man. Chinchilla and Ruiz in 1976 demonstrated in Costa 
Rica the potential transmission of Toxoplasma gondii by domiciliary cockroaches 
to humans [17] (Figure 3).

These species of cockroaches in urban areas have been seen mainly in nurseries, 
schools or hospitals, where a certain number of their population had presented lung 
problems of various types, and these problems were not related to the presence of 
these insects. It was not until the year 2015 that Dalmiro Cazorla-Perfetti found in 
dissected intestines of some captured insects, in addition to eggs of geohelminths, 
trypanosomatids, cysts and trophozoites of a multiflagellated protozoan called 
Lophomonas blattarum [18] (Figure 4).

On the other hand, in the city of Wuhan, in an intestinal study of 110 speci-
mens of Periplaneta americana (pipe cockroach), they showed in preparations 
stained with Giemsa and seen at 1000 magnifications, oval, pearly shapes, from 
20 to 40 μm, with a tuft of flagella extended down the central axis of the parasite 
and one of its trumpet-shaped ends enveloped the only nucleus shown. It also 
showed a thin terminal axostyle posterior to the multiflagellated part. Based on 
the above morphological characteristics, the parasite was identified as L. blatta-
rum. Of the 110 cockroaches, 44 tested positive for Lophomonas blattarum (44%) 
[18] (Figure 5).

Figure 3. 
Biological cycle of Toxoplasma gondii. You can see the cockroach enclosed in a red circle, like a transporter or 
possible reservoir of coccidium [16].
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2. Medical importance of arthropods

The different ways in which arthropods are related to the health and well-being 
of man are classified into three groups:

• Arthropods as direct agents of diseases or discomfort

 ○ Entomophobia. Including illusory parasitosis

a. Disturbances and blood loss

 ○ Accidental damage to sense organs

a. Poisoning

 ○ Dermatosis

a. Myiasis and associated infestations

b. Allergies and associated conditions

• Arthropods as vectors or as intermediate hosts

Figure 4. 
Cytoplasmic and multifoflous trophozoite forms of Lophomonas blattarum are observed 400× [19].

Figure 5. 
Structures found in the intestinal dissections of pipe cockroaches in the city of Wuhan. Staining [18].
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 ○ Mechanical vectors (more or less casual transmission)

 ○ Mandatory vectors (including some degree of development within the 
arthropod)

 ○ Intermediary guests (as passive carriers)

 ○ Foretic carriers of harmful arthropods

• Arthropods as natural enemies of medically harmful insects

 ○ Competitors

 ○ Predatory parasites

The taxonomic scope of arthropods should be considered together with pentas-
tomids, since the latter have always been considered as a phylum or class apart from 
the arthropods, however pentasthomids such as the Linguatula serrata whose adult 
forms live in the nose of dogs (and exceptionally in the human). Embryonated eggs 
are released via nasal mucosa or feces. If the intermediate hosts ingest the eggs, the 
primary four-legged larva emerges and migrates via blood vessels to the internal 
organs. When the final host ingests raw or undercooked meat from the infected 
intermediate host, the adult form develops in the nasal tract. These can be parasites 
of the respiratory tract and cavities of reptiles, birds and mammals. Humans can 
also be accidental hosts and can be infected by ingesting eggs that later develop 
nymphs in their tissues (visceral pentastomiasis), or ingest meat infected with 
nymphs in their tissues, developing in the nose and pharynx adult forms (nasopha-
ryngeal pentastomiasis) or Halzoun disease [20].

In 1973, Lavoipierre and Rajamanickam cited cockroaches as intermediate hosts 
of long-necked pentasthomids [21].

2.1 Nomenclature

The modern system of naming and classifying animals dates from the 10th 
edition of Linnaeus Systema Naturae (1758), in which not only the first complete 
and ordered group of animals but also a new system of nomenclature appeared. It 
was Linnaeus who first devised the method of substituting specific unique names 
for the descriptive phrases that until then had been used in combination with the 
words that are now known as generic names. Linnaeus recognized six classes of 
animals; the fifth is the insect, whose definition allowed the inclusion of a large 
number of creatures that are no longer called insects, rather with their popular 
name, such as spiders, mites, crabs and centipedes. Its Insecta class was divided into 
seven orders; each of which contained several genera and each of which included 
numerous species [22].

2.2 Order dictyoptera

2.2.1 Cockroaches and praying mantises

The only members of this order that have any medical importance are the 
cockroaches (suborder Blattoidea) associated with man. These rather flattened 
insects, sometimes similar to beetles that move quickly, are familiar to most 
people; they can be easily distinguished from beetles by their very flexible, wire-
like antennas [23].
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The cockroaches form an ancient group, which goes back to the Silurian and 
which has few changes in its general structure since the Devonian, around 320 mil-
lion years ago. They were very abundant in the Carboniferous marshes, as indicated 
by their fossil remains in the coal deposits of that period. They are taxonomically 
admitted in a separate order together with the mantids, in the Dictyoptera or as a 
suborder of the Orthoptera, in addition to the evidences that show a strong ances-
tral relationship with the termites [24] (Table 1).

The species associated with man attack stored food and infest premises used for 
storing, preparing and cooking food, such as bakehouses and kitchens, as well as 
sewers and rubbish dumps. They are known to carry pathogenic viruses, bacteria 
and helminths and to act as intermediate host for such pathogens as the nematode 
Gongylonema pulchrum Molin (gullet worm) and the Acanthocephalus Moniliformis 
moniliformis Bremser; they are also capable of causing allergic dermatitis. More 
than a dozen species have some degree of medical importance, but the following 
six species, all with worldwide distributions, are the principal vectors: the common 
cockroach (Blackbeetle) (Blatta orientalis), the American cockroach (Periplaneta 
americana), the Australian cockroach (P. australasiae), the German cockroach 
(Blattella germanica), the brown-banded cockroach (Supella supellectilium* 
(Serville) and the Madeira cockroach (Leucophaea maderae).

The following descriptions are key to identify the adults of six medically impor-
tant species of cockroaches:

1. Well-developed forewings, reaching at least the tip of the abdomen.
Front wings absent or underdeveloped, not reaching the tip of the abdomen.

2. Total length (up to the tips of the front wing) more than 18 mm.

3. Total length (up to the tips of the front wing) less than 17 mm.

4. General grayish brown color, pronotum and front wings stamped (Figure 6F) 
Leucophaea maderae (Fab).

5. Front wings with a pale yellow stripe along the basal part of the anterior 
margin (Figure 6C) Periplaneta australasiae (Fab).

6. Front wings without a pale yellow stripe along the basal part of the anterior 
margin (Figure 6B) American Periplaneta (L.).

7. Pronotum with two conspicuous longitudinal dark bands. Front wings uniform 
color (Figure 6D) Blattella germanica.

8. Pronotum without dark bands (brown with translucent lateral margins). 
Forewings dark basally and pale distally in the male, and dark with pale bands 
in the female (Figure 6E) Supella supellectilium (Serville).

9. Legs from reddish brown to dark brown. Uniformly opaque pronotum. Total 
length greater than 15 mm (Figure 6A) Blatta orientalis L.

Class Insecta

Subclass Pterygota

Division Exopterygota

Order Dictyoptera Cockroaches and mantids

Table 1. 
Taxonomic classification of cockroaches [24].
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 ○ Mechanical vectors (more or less casual transmission)

 ○ Mandatory vectors (including some degree of development within the 
arthropod)

 ○ Intermediary guests (as passive carriers)

 ○ Foretic carriers of harmful arthropods

• Arthropods as natural enemies of medically harmful insects

 ○ Competitors

 ○ Predatory parasites
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name, such as spiders, mites, crabs and centipedes. Its Insecta class was divided into 
seven orders; each of which contained several genera and each of which included 
numerous species [22].

2.2 Order dictyoptera

2.2.1 Cockroaches and praying mantises

The only members of this order that have any medical importance are the 
cockroaches (suborder Blattoidea) associated with man. These rather flattened 
insects, sometimes similar to beetles that move quickly, are familiar to most 
people; they can be easily distinguished from beetles by their very flexible, wire-
like antennas [23].
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Young cockroaches are similar to those of adults but lack wings [25] 
(Figure 6E and F).

The legs of insects are mainly for walking or running. The prominent antennas 
are filiform and multiarticulate. The mouthparts are of the generalized biting-
chewing type (Orthoptera type). In most species, there are two pairs of wings; in 
some, the wings are vestigial, and in others, for example in Blatta orientalis, they are 
well developed in the male and short in the female. The outer pair of wings (teg-
mina) is narrow, thick and coriaceous; the inner pair is membranous and folds like a 
fan. It is assumed that the common name in English, cockroach, is derived from the 
pronunciation of Cockroach name in Spanish (koo-kah-rah-chah) [24].

3. Presentation of a clinical case

This is a 60-year-old male doctor by profession, originally from Pachuca 
Hidalgo, who has lived in the municipality of Cadereyta for 18 years. Denies trips 
abroad, without physical activity, and indicates adequate personal hygiene. He 
refers to the diagnosis 9 years ago of non-Hodgkin lymphoma and is in treatment 
with radiotherapy and chemotherapy. Due to edema after treatment, thoraco-
centesis and pericardiocentesis were performed, as well as gastrostomy, which he 
maintained for 1 year. Six months ago, he presented with respiratory symptoms, 
characterized by fever, malaise, cough with expectoration, and data of mild respira-
tory insufficiency. It is treated with antibiotics, and salbutamol is administered; 
however, the symptoms reappear after 15 days.

One month ago, he presented with respiratory symptoms with the same 
characteristics, and he reported that a chest X-ray was performed with unspeci-
fied pneumonia data. Presents 6 days ago asthenia, adynamia, hyporexia, 
malaise, fever of 38.5°C, self-medicated Levofloxacin 750 mg every 12 h, 
Ceftriaxone 1 g every 24 h, Paracetamol and Metamizol 500 mg orally. Three days 

Figure 6. 
Species of cockroaches of medical importance. A, C, D, E and F are vector agents of viruses, helminths 
and bacteria for both humans and animals. B is a host of the endocomponent Lophomonas blattarum, 
a multifilated protozoan [23].
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Figure 8. 
Wet assembly with saline solution. Multiflagellated trophozoites and cysts were observed in a sample of 
unstained morning sputum. The vacuole and the many flagella in its narrow part are seen in some forms. These 
characteristics are compatible with Lophomonas blattarum. Erythrocytes are seen that reveal a throat bleeding 
process. 400×. Photo. Villagrán-Herrera.

later, productive cough is added, expectoration with blood streaks, and later, it 
becomes a uniform reddish color; likewise, the cough persists and the amount 
of phlegm increases. There is mild dyspnea and no predominance of hours, and 
salbutamol is self-medicated, showing improvement with the application of the 
medication. Currently fever, general malaise and mild headache persist. Freshly 
emitted specimens of sputum are requested and fresh observations are made 
with saline and several smears, which are stained with Hematoxylin and Eosin 
(H/E), Papanicolaou and Giemsa. The study on fresh smears reveals trophozoites 
and cysts of a protozoan multiflagellate identified as Lophomonas blattarum 
(Figure 7a and b).

A large amount of polymorphonuclear leukocytes was observed in the smears 
before staining, coinciding with an acute inflammatory process (Figure 8).

Figure 7. 
(a and b) Wet assembly with saline solution, where trophozoites and cysts of Lophomonas blattarum are 
observed. 400×. Photo Villagrán-Herrera.
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After the identification of the multiflagellated protozoan, treatment with met-
ronidazole of 500 mg every 8 h was started orally for 7 days, improving symptoms, 
decreasing dyspnea and continuing with unproductive cough. Control studies are 
carried out 15 days after the last antiparasitic intake, and the samples were negative 
for the presence of this protozoan.

4. Discussion

To the cases reported in Peru, China and Spain (Table 2), where they found this 
protozoon in sputum samples, we must add 1 case recorded of a sinusitis in Iran 
[9], and this one that we are presenting from Mexico, since they have in common 
denominator deficiencies in the immune system, which makes them extremely 
sensitive to any infection no matter how mild. It also indicates a possible airborne 
transmission, with the influence of a humid environment through waste and 
environmental dust, and that by aspiration, the trophozoites or protozoan cysts can 
lodge in the bronchopulmonary epithelium, developing the infection with mani-
festations similar to any bacterial or fungal pulmonary pathology, which makes 
diagnosis even more difficult.

Our patient presented with respiratory symptoms that indicated possible miliary 
tuberculosis or some acute respiratory pathology, since in the expectorant product 
blood threads were observed in some of the emissions, so that without the saline 
solution wet study, the differential diagnosis would not have been possible to reach.

The immunological commitment of the patient was a crucial and decisive factor 
for the development of the infection, as self-medication and the lack of an accurate 
diagnosis were important factors to delay his full recovery.

Autor(s) y años Caso(s) registrados País

Chen and Meng [26] 1 China

Dong et al. [27] 1 China

He et al. [28] 2 China

Kang et al. [29] 1 China

Liu et al. [30] 1 China

Liu et al. [31] 1 China

Martínez Girón et al. [32] 1 España

Martínez Girón & Doganci [33] 1 España

Miao et al. [34] 1 China

Shi et al. [35] 1 China

Wang [36] 26 China

Wang et al. [37] 1 China

Yang et al. [38] 1 China

Yao [39] 1 China

Yao et al. [40] 1 China

Yao et al. [41] 1 China

Yao et al. [42] 1 China

Yao et al. [43] 1 China

Yao et al. [44] 1 China
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5. Conclusions

This particular case has been the first diagnosed in the city of Querétaro and 
reported in the Mexican Republic and illustrates casual infection of L. blattarum, a 
rare opportunistic pathogen, probably acquired by air, developing the patient’s lung 
infection, due to his immunocompromised state. It is essential that doctors consider 
Lophomonas blattarum in their differential clinical diagnosis. Since some dust mites are 
vectors of similar flagellates, whose respiratory manifestations are due to allergy, are 
similarly presented and are due to lack of an accurate diagnosis, they are transformed 

Autor(s) y años Caso(s) registrados País

Zerpa et al. (2010) 6 Perú

Zhang, F. et al. [45] 6 China

Zhang, R. S. et al. [46] 1 China

Zhang et al. [47] 1 China

Zhou et al. [48] 1 China

Fariba Berenji et al., 2015 1 Irán

Villagrán et al. 2016 1 México

Total 63

Two more cases have been added. From Peru and Mexico. It is presumed that in the world, there may be many more 
cases that have not been reported.

Table 2. 
Reported cases of bronchopulmonary diseases with Lophomonas blattarum [5–10].

Figure 9. 
Expectoration samples stained with Papanicolaou, Hematoxylin and Eosin (H/E) and with Giemsa, 
respectively. Observed at 400 X. with immersion oil. Note the difference in the observation of the parasites with 
each of the staining procedures. Photo Villagrán-Herrera.
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into chronic allergies without response to the administered treatment. Regarding the 
staining procedures applied to the biological sample of our patient, a great difference 
was observed between the multifilated structures worked in fresh and with saline 
solution, finding more clearly in the fresh and staining of Hematoxylin and Eosin, 
than with preparations with Pap smears and Giemsa (Figure 9).
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into chronic allergies without response to the administered treatment. Regarding the 
staining procedures applied to the biological sample of our patient, a great difference 
was observed between the multifilated structures worked in fresh and with saline 
solution, finding more clearly in the fresh and staining of Hematoxylin and Eosin, 
than with preparations with Pap smears and Giemsa (Figure 9).
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Chapter 15

House Dust Mites: Ecology, 
Biology, Prevalence, Epidemiology 
and Elimination
Muhammad Sarwar

Abstract

House dust mites burrow cheerfully into our clothing, pillowcases, carpets, 
mats and furniture, and feed on human dead skin cells by breaking them into small 
particles for ingestion. Dust mites are most common in asthma allergens, and some 
people have a simple dust allergy, but others have an additional condition called 
atopic dermatitis, often stated to as eczema by reacting to mites with hideous itching 
and redness. The most common type of dust mites are Dermatophagoides farinae 
Hughes (American house dust mite) and Dermatophagoides pteronyssinus Trouessart 
(European house dust mite) of family Pyroglyphidae (Acari), which have been 
associated with dermatological and respiratory allergies in humans such as eczema 
and asthma. A typical house dust mite measures 0.2–0.3 mm and the body of mite 
has a striated cuticle. A mated female house dust mite can live up to 70 days and lays 
60–100 eggs in the last 5 weeks of life, and an average life cycle is 65–100 days. In a 
10-week life span, dust mite produces about 2000 fecal particles and an even larger 
number of partially digested enzyme-covered dust particles. They feed on skin flakes 
from animals, including humans and on some mold. Notably, mite’s gut contains 
potent digestive enzymes peptidase 1 that persist in their feces and are major induc-
ers of allergic reactions, but its exoskeleton can also contribute this. Allergy testing 
by a physician can determine respiratory or dermatological symptoms to undergo 
allergen immunotherapy, by exposing to dust mite extracts for “training” immune 
system not to overreact. The epidemiologic data on the occurrence of house dust 
mites convincingly associates with an increased indoor air humidity by increased 
occurrence of mites. The most effective way to prevent or minimize exposure to dust 
mites in our homes is thorough cleaning, use of high-efficiency particulate air filters 
and pest management. There are a number of things that can be done to get rid of 
dust mites, for instance, using a dehumidifier and washing bedding in hot water. 
Additionally, it is a noble practice to encase bedding, mattress and pillows in imper-
meable covers that prevent dust mites from taking up residence in beds. Owing to 
their everywhere presence, diversity, and wide distribution, mite species can be used 
as valid and reliable pieces of evidence for resolving of forensic cases.

Keywords: dust mite, allergy, itching, immunotherapy, Dermatophagoides

1. Introduction

The dust mites usually refer to those species of the mite family Pyroglyphidae 
that are known to commonly occur widely, although sometimes regionally, in the 
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dust of human dwellings. Dust mites sometimes called dirt mites or bed mites are 
microscopic creatures, measuring only about one-quarter to one-third of a mil-
limeter (250–300 microns) in length; females weigh about 5.8 μg, while males are 
approximately half of this weight as 3.5 μg. Nearly 72–74% of their total weight is 
water and they have translucent bodies with a striated cuticle. They are not insects 
but arthropods like spiders and ticks having eight legs, no eyes and antennae, and 
bear mouthpart set in front of the body [1]. Dust mites can live in mattresses, bed-
ding, upholstered furniture, carpets, curtains and other places in homes.

Each adult person sheds about one and a half grams of skin every day. This is 
enough to feed one million dust mites. Dust mites are microscopic creatures that can 
live in bedding and carpets, and feed on this skin. They feed on flakes of dead skin 
or skin cells and scales commonly called dander that are shed by people and pets. 
They like to live indoors, where they can get plenty of food like mold spores and 
dead skin cells from people and pets. They cannot survive in colder and drier places, 
however in a warm and humid house, dust mites can survive all the year around. 
Dust mites thrive in temperatures of 68–77°F (20–25°C) and they also like humidity 
levels of 70–80% [2].

These tiny individuals (Figure 1) are a big source of allergens and can worsen 
allergies and asthma. An allergen is a substance that causes an allergic reaction. Both 
the body parts and the waste of dust mites are allergens for many people. Most dust 
mites die in low humidity level (when the humidity falls below 50%) or extreme 
temperature, but they leave their dead bodies and waste behind to cause allergic 
reactions [3].

The house dust mite species of family Pyroglyphidae, commonly occurring in 
dust of human dwellings, belong to six genera, the so-called Dermatophagoides, 
Euroglyphus, Hirstia, Malayoglyphus, Pyroglyphus and Sturnophagoides. In total, 
13 species have been found in house dust and recorded from different locations 
throughout the world, including the United States, Hawaii, Canada, Europe, Asia, 
the Middle East, parts of Australia, South America, and Africa (Table 1).

Related species of Dermatophagoides have the most worldwide occurrence and 
are very similar, but bear differences in some physical characteristics, for example, 
in male ventral posterior idiosoma and the aedeagus, and in female genital opening 
and bursa copulatrix [4]. Additional mites occurring in house dust are the glisten-
ing mites (family Tarsonemidae), storage mites (families Acaridae, Glycyphagidae 
and Chortoglyphidae) and the predatory mites (family Cheyletidae); however these 
groups will not be examined in depth in this chapter.

Mites of family Tarsonemidae have modified legs IV (reduced, enlarged with 
a single tarsal claw on male, setiform on female); body with series of overlap-
ping plates; and gnathosoma cone-like, enclosing minute palps and chelicerae. 
When mites are not as mentioned above, they may be with striated cuticle (family 
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Pyroglyphidae), otherwise with smooth or papular cuticle, long serrated dorsal setae, 
and legs with long slim tarsi (family Glycyphagidae). Setae sci and sce are about the 
same length, and tegmen present in genus Euroglyphus, but setae sce considerably 
shorter than sci, and tegmen absent in Dermatophagoides of family Pyroglyphidae [5].

An accurate taxonomic documentation of house dust mites is very vital, simply 
not from a biological standpoint but about the significances of their corresponding 
allergenic properties as well. Numerous works on immunochemical have exposed 
variances among the two products hard to differentiate sibling species [6–13]. An 
introductory practical taxonomic identification for the most common and impor-
tant house dust mites is presented at this stage. The main species, identified as 
Dermatophagoides farinae Hughes (American house dust mite), Dermatophagoides 
microceras Griffiths and Cunnington, Dermatophagoides pteronyssinus (Trouessart) 
(European house dust mite), Euroglyphus maynei (Cooreman) (Mayne’s house 
dust mite), Dermatophagoides evansi Fain and Euroglyphus longior (Trouessart), are 
discussed here. However, three Dermatophagoides species, D. pteronyssinus,  
D. farinae and E. maynei, are the most common, comprising up to 90% of the house 
dust mite fauna of the world. Morphologically, the most conspicuous difference 
in these Dermatophagoides species is that there are no four long train hairs on the 
abdomen end [14].

Many aspects on the biology of house dust mites are not understood; therefore, a 
greater understanding of their biology may reveal new strategies for controlling of 
mites and their allergens in homes.

2. Family Pyroglyphidae Cunliffe 1958 acarofauna

Pyroglyphidae belongs to the order Astigmata of the subclass Acari (also known 
as Acarina). The order Astigmata is differentiated from other orders of Acari by 

S. No. Species Locations

1 Dermatophagoides farinae Commonly in the United States, not the United Kingdom

2 D. evansi Europe, North America

3 D. microceras Europe

4 D. halterophilus Spain, Singapore, tropical regions

5 D. pteronyssinus Commonly all over Europe

6 D. siboney Cuba

7 D. neotropicalis Tropical areas

8 Euroglyphus maynei Humid geographic areas all over the world

9 E. longior Holarctic, Neotropic

10 Hirstia domicola United States, Canada, Europe, Asia, Middle East, parts of 
Australia, South Africa

11 Malayoglyphus carmelitus Israel, Spain

12 M. intermedius United States, Canada, Europe, Asia, Middle East, parts of 
Australia, South Africa

13 Pyroglyphus africanus South America

14 Sturnophagoides brasiliensis Brazil, France, Singapore

Table 1. 
Various species of family Pyroglyphidae existing in house dust and their locations recorded (reproduced from 
Bronswijk [18] and Colloff [5]).



Parasitology and Microbiology Research

272
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Various species of family Pyroglyphidae existing in house dust and their locations recorded (reproduced from 
Bronswijk [18] and Colloff [5]).



Parasitology and Microbiology Research

274

the lack of stigmata on idiosoma. This order is furthermore categorized into two 
suborders, the Acaridia that includes free-living mites and the Psoroptidia which 
comprises mites parasitic in nature. The former suborder is divided into many fami-
lies, including the Pyroglyphidae, to which house dust mites belong. Pyroglyphidae 
are minute mites (full grown adults 170–500 μm in length), cuticle excellently or 
crudely wrinkle, tarsi termination in a circular pulvillus and a minute claw, anus 
ventral in position, vestigial genital structures present in both sexual category, 
vulva of female reverse Y or V fashioned, oil glands existing and exposed among L2 
and L3, and vertical setae lacking [15].

Pyroglyphidae is a family of nonparasitic mites, wherein a great variety of spe-
cies has been observed. It includes the house dust mites that live in human dwell-
ings, many species that live in the burrows of other animals, and some are pests 
of dried products stored in humid conditions. The family Pyroglyphidae contains 
mainly species of astigmatid mites that live in the nests of birds and mammals, 
where they feed on the epidermal detritus (skin, feathers) left by the host, and 
occurs worldwide [16].

Among the genera of the family Pyroglyphidae, the most outstanding are 
Dermatophagoides and Euroglyphus. Three species, D. farinae, D. pteronyssinus, and 
Euroglyphus maynei, are commonly found in homes of humans and mostly prevalent 
in high-use areas, where shed skin scales are collected and serve as their food. House 
dust mites, mostly of the genus Dermatophagoides, is important medically and 
although D. pteronyssinus and D. farinae are known as the European and American 
dust mites, both of these are found worldwide. Both mites D. farinae and D. ptero-
nyssinus move steadily and slowly; however walk quickly without altering way at 
whatever time they are opened to an extreme light or heat. In contrary, E. longior 
and B. evansi express a negative phototropic response when exposed to an electric 
lamp of bright light [17].

The presence of house dust mites can be confirmed microscopically, which 
requires collecting samples from mattresses, couches, or carpets. Also, in general 
practice, it takes at least a 10X magnification to be able to correctly identify them. 
A modified Berlese funnel is commonly used for extraction of mites from stored 
grain and has also been successfully used for extraction of E. longior and D. evansi; 
however, D. farinae cannot be extracted from the dust in this way. A simple method 
to extract most house dust mites, mite fragments and debris is as follows: weigh 
0.1 g of dust from the vacuum cleaner bag, filter by 0.5 and 0.125 mm mesh sieves, 
relocate dust on 0.125 mm sieve to a lookout glass, moist it with alcohol or ether, 
whirl suspension to spread out dust uniformly, let the solvent to vaporize, calculate 
the number of mites below a stereomicroscope, and accumulate them with a camel’s 
hair short-bristled brush. Mites removed through these procedures can be well-
maintained in 85% alcohol for an indefinite period. Short-term mounts of mites can 
be done in lactic acid, glycerin, mineral oil, phenol, etc. A comparatively long-
lasting mounting medium is Hoyer’s modified Berlese solution ringed with Canada 
balsam, glycerol, or glyptol. Proof of specimen identity can be done underneath a 
phase or interference contract microscope only [18].

Three species, E. maynei, D. pteronyssinus, and D. farinae, are usually observed 
in home environment of humans. Within homes, these mite species are at peak pre-
vailing in high-use parts, wherever shed skin scales accumulate and assist as their 
diet. Hence, their highest masses are set up in carpets, nearby easy chairs and sofas, 
in mattresses, and in fabric-covered overstuffed furniture. But, they may also be 
found on clothing, in bedding, on pillows, on train and automobile seats, and from 
time to time in workplaces and schools. Every species is the basis of several potent 
allergens, which in predisposed people trigger and sensitize allergic reactions. These 
allergens are cause of asthma, atopic dermatitis and perennial rhinitis [19].
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Dust mites are most closely related to spiders and ticks. These mites are about 
25–30 millimeters in size and cannot be seen without magnification. The trans-
lucent body of a house dust mite is 300–400 μm in length and only visible under 
a microscope. They have eight hairy legs, a mouth-like appendage in front of the 
body, a tough shell and no eyes or antennae. The lifetime stages of the dust mites 
are eggs, larvae, protonymphs, deutonymphs, tritonymphs, and adult males and 
females. The duration of life cycle is dependent on temperature while relative 
humidity (RH) is beyond 60%. At 23°C, life cycle proceeds 36 and 34 days for D. 
pteronyssinus and D. farinae, respectively, to be completed. Females at 23°C create 2 
or 3 eggs every day during the reproductive history. At 35 and 16°C, mite D. ptero-
nyssinus ensues 15 and 23 days for complete development, respectively; however. 
D. farinae does not grow well at 35 and 16°C. A desiccation-resistant inactive 
protonymphal stage can occur which permits persistence during lengthy times 
(months) in dry (less relative humidity) environment. As soon as relative humid-
ity circumstances turn out to be optimum, the dormancy is finished and growth 
carries on [20].

The female lays eggs singly or in small groups. The adult mated female can lay 
40–80 eggs in its lifetime. When the egg hatches, a six-legged larva emerges. There 
are two nymphal stages that feed and molt before an eight-legged adult is devel-
oped. Transition from egg to adult takes about 3–4 weeks. The duration of the cycle 
is usually 1 month but is dependent on the climate, however 25°C and 75% relative 
humidity are ideal. An adult house dust mite can live for 1–3 months under favor-
able conditions. Normally, adult dust mites live for about a month and female dust 
mites live for about 8–10 weeks. It is estimated that the house dust mite can produce 
20 fecal pellets/day that range from 20 to 50 μm. House dust mites are ~75% water 
by weight and therefore need to absorb water from the water vapor in the air, mak-
ing relative humidity a critical factor for survival.

The population of Dermatophagoides species has been observed in hospital halls, 
non-carpeted patient’s rooms, and carpeted patient’s rooms through vacuuming of 
floor in winter and summer periods. As a summer control set, bedrooms in homes 
of workers have been checked out. Out of 141 total dust samples obtained, D. 
pteronyssinus or D. farinae have not been found in 60 hospital dust samples that are 
acquired during winter period. Even though mites have been originated in certain 
sites in hospital during summer dust assemblage, mite population in these locali-
ties and mean mite population for entirely samples persisted insignificant. For the 
period of summer dust sampling taken from bedroom carpets of altogether worker 
houses checked out observed positive for mites, with a number of homes having 
high or moderate densities (ranged 22–8340 mites/g of dirt). Prevalence of dust 
mite in a hospital might be retained very little even if in worker homes, mite levels 
are found moderate to high. The reasons accountable for little mite populations 
in hospital are the usage of low-pile carpets, keeping low relative humidity, and 
upright laundering and housekeeping practices [21].

The house dust mites D. farinae and D. pteronyssinus are cosmopolitan inhabit-
ants of human dwellings. They are most prevalent in high-use areas in homes (e.g., 
beds, furniture, floors), where shed human skin scales are collected and serve as a 
source of food. Relative humidity is an important factor regulating the geographic 
prevalence and density of these mites. In humid geographic areas, most homes 
contain mite populations, whereas in dry (low-humidity) geographic areas, few 
homes contain mites. The species prevalence and density of these mites varies both 
geographically and between homes in the same geographic area. Although factors 
influencing variations in mite density between homes are not well understood, it 
appears that mite density is not correlated with housecleaning practices. However, 
carpeted floors support significantly greater mite populations than do wood or 
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tile floors. A home may contain only one species or multiple species can coexist. 
Most homes are coinhabited by more than one species. In coinhabited homes, one 
species generally constitutes the greatest percentage of the total population, but 
the dominant species varies between homes within a geographic area. Knowledge 
of the mite species prevalence and density in a patient’s home is important in 
evaluating the role of mites as allergens, and in selecting and assessing effective 
immunotherapy for individual cases. Many species of mites besides D. farinae and 
D. pteronyssinus may occur in homes, at times in significant numbers. Therefore, 
one must be careful when conducting mite surveys to differentiate between not 
only the primary allergy-causing species but other species as well if species, and 
density determinations are to be accurate and meaningful. House dust mites live in 
a microenvironment in which no liquid water is present. However, their bodies are 
70–80% water by weight, which must be maintained above a critical lower limit in 
order to survive for them. Active life stages are able to survive at ambient humidity 
as low as 60% relative humidity because they extract sufficient water directly from 
unsaturated air by means of a special adaptation to compensate for water losses. 
A desiccation-resistant protonymph can survive prolonged periods at low relative 
humidity, and this stage probably serves as a source of mites for breeding during 
optimal conditions [22, 23].

An understanding of the life cycle of house dust mites, as well as environmental 
factors influencing mite populations, can be exploited in mite control. Experiments 
have been carried out to observe the influences of specific relative humidity main-
tained at 20°C on population dynamics of mixed and single species of E. maynei,  
D. pteronyssinus, and D. farina, with indefinite diet. The population density of mixed 
and single species (D. pteronyssinus and D. farinae) exponentially increased when 
reared at 65, 70, and 75% RH. The average population growth amounts are 32.5 ± 4.7 
and 17.3 ± 4.4 per week for D. pteronyssinus and D. farina, respectively. Average 
populations doubling up periods are 4.2 ± 1.3 and 2.2 ± 0.3 weeks for D. farinae and 
D. pteronyssinus, respectively. Diversified cultures of species, initiated with identical 
numbers of D. pteronyssinus and D. farina, caused greater percentages of D. pteronys-
sinus and D. farina. In cultures taking place with 25% of one species and 75% of the 
other, the more frequent species throughout the experiment continued prevailing 
and in similar ratios. Population densities of D. pteronyssinus and D. farina both kept 
at 85% RH dropped over a period of 12-week culturing owing to growth of mold. 
At 65, 70, 75 and 85% RH, mite E. maynei is not capable to stay alive which indicates 
that its requirements of climate are dissimilar from those of D. pteronyssinus and  
D. farina. When held at 21–22°C and relative humidity of ≤50%, population densi-
ties of D. pteronyssinus and D. farina cultures dropped; on the other hand, notewor-
thy amounts of populations lasted for 10 weeks at 50% RH. At 45% RH, half-life for 
dryness of D. pteronyssinus and D. farina is 11.5 and 1.2 weeks, respectively, how-
ever, 4.0 and 86.3 weeks, respectively, at 50% RH. The information indicates that 
a ≤50% RH would have to be retained for longer times to decrease D. pteronyssinus 
and D. farina both through drying processes. The outcomes of this work express 
that D. pteronyssinus and D. farina have great population growth and reproductive 
potential rates, which designate that mite decline processes must be thoroughgoing 
otherwise densities of mite will reappear to great points rapidly following remedia-
tion if suitable diet and appropriate microclimatic situations occur [24, 25].

Mites are complex organisms, which produce thousands of different proteins 
and other macromolecules. Allergens from dust mites are connected to body secre-
tions (chitinase), fecal material (enzymes) and body anatomy (muscle tropomyo-
sin). Twenty diverse sets of mite allergens have been categorized. The incidence of 
reactivity to the majority of these allergens between patients sensitive to dust mites 
is beyond 50%. Sensitivity to allergens differs equally within and between persons. 
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Generally, the prevalence of sensitivity to house dust mites is about 27.5% in the few 
populations. Allergens from one species may be species specific, or they may cross-
react with allergens from another mite species. Most patients with mite sensitivities 
are allergic to multiple allergens of a species and to multiple mite species.

Allergies to dust mites are associated with allergic rhinitis and asthma. Systemic 
anaphylaxis may take place after eating of unheated or heated mite-polluted diets. This 
problem can be more widespread in subtropical and tropical states than earlier docu-
mented. The greatly common signs resulting after the consumption of mite- polluted 
flour are breathlessness, wheezing, angioedema and rhinorrhea, and these start in the 
middle of 10 and 240 minutes later after eating of contaminated foods [26].

3. Dust mite habitat

House dust mites primarily feed on organic detritus such as flakes of shed 
skin. Other nutrients are provided by animal dander, pollen, bacteria and mold. 
House dust mites reproduce and survive the greatest in soft stuffs (like carpets 
with lengthy pile, bedclothes and plush toys) that contain a big source of their 
diet source. The unchanging environmental circumstances are best provided 
inside homes. Internal domestic humidity is very vital, when moisture is less than 
50%; house dust mites are incapable to sustain their water balance and become 
more vulnerable to desiccation. The house dust mites select diet which has been 
pre-decomposed by fungi that decrease fat content of skin cells. The fungi in turn 
usage house dust mite skin cells and feces as nitrogen source, which form a minute 
ecosystem in their environment [27].

The maximum vital limiting cause for house dust mite population densities is air 
humidity. House dust mite osmoregulation is through cuticle and for that purpose, 
they need a great ambient air humidity to avoid extreme water loss. Additionally, 
supracoxal glands take up ambient water vapor actively and protonymph stage in the 
life cycle is desiccation resistant. Greater house dust mite population densities are 
created when indoor absolute air humidity is beyond 7 g/kg (45% relative humidity 
at 20°C). As a result, aeration by air-conditioning structures is being established as 
a resource of mite control. In an integrated approach, a number of other features 
of home atmosphere are likewise being operated to render the habitation less fit for 
mites. The prospective occurs for evolving models of house dust mite populations, 
environmental features and influences of several tactics to control [28].

4. House dust mite fauna of prominence

Pyroglyphidae is divided into subfamily Pyroglyphinae wherein anterior 
extremity of the body is prolonged by a pointed or forked tegmen, which covers the 
base of the gnathosoma in both male and female, while tegmen absent in the second 
subfamily Dermatophagoidinae.

4.1 Subfamily Dermatophagoidinae Fain, 1963

Males in Dermatophagoides Bogdanov are with hairs sce much longer and thicker 
than sci and tarsus III without spines. Perianal ring is simple (not denticulate) and 
with a hysteronotal shield. Females have hairs sce much longer and thicker than sci. 
Legs III and IV are equal or subequal in length, and hysteronotal shield is absent. 
However, Malayoglyphus, Hirstia and Sturnophagoides do not have this combination 
of characters.
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4.1.1 Dermatophagoides farinae Hughes (American house dust mite)

American house dust mite D. farinae (Figure 2) is found in flour, poultry and 
pig feeds, safflower seed meal, and albumin tannate in the drugstore. Differential 
diagnosis in females are the following: idiosoma is 395–435 μm in length; 
propodonotal shield about 1.4 times as lengthy as broad; vestibule of bursa sclero-
tized well and designed similar to a calabash pipe; bursa is not extended further 
than this vestibule; generally tarsus I with well-built curled progression (ongle); 
and epigynum crescent fashioned. In males, idiosoma is 285–345 μm long; males 
either homeomorphic with epimera I free (and normal first legs) or heteromorphic 
with epimera I fused to form a V or Y (and enlarged I legs).

Females of D. farinae tarsi I and II are with prominent, pointed apical spine 
(s); bursa copulatrix broad and strongly sclerotized in region adjacent to external 
opening (arrow); and sclerotized section pointed. Females: tarsus I with short, 
straight, blunted spine (s); and tarsus II lacking spine. Bursa copulatrix is narrow 
and weakly sclerotized in region adjacent to external opening anteriorly. Female 
is with central area of dorsum among hairs d2-d2-d3-d3 with crosswise striations 
in the frontal half and with oblique or convex striations in the latter half. Bursa 
copulatrix proximal portion is without sclerifications and distal portion widened 
into a minute, sclerified, and triangular sack. Male hysteronotal shield is short 
(broader than long) and not reaching the base of hairs d2. Epimera I either free or 
fused to form a sternum and legs I generally swollen. Male tarsus I is with small 
apical protuberance (process S) and curved apical spine (f), and tarsus II with 
process S and no spine.

Duration of the life cycle at 16, 23, 30 and 35°C, and fecundity at 23°C and 75% 
RH have been determined for D. farinae. Durations of the life cycles at 30 and 23oC 
are 17.5 ± 1.2 and 35.6 ± 4.4 days, respectively. At 16 and 35oC, only a small number 
of eggs finalized growth to the adult stage. At 75% RH and 23°C, following develop-
ment of female from tritonymph, the preoviposition period is 3.7 ± 1.1 days. The 
mean reproductive duration is 34.0 ± 10.7 days with an average of total 65.5 ± 17.4 
eggs laid per female. Longevity of female is 63.3 ± 64.6 days after termination of 
egg production. The females weigh approximately 5.8 ± 0.2 μg (fresh weight), while 
males are approximately half of this weight 3.5 ± 0.2 μg [29].

Studies of the life cycle of cultured D. farinae found that after initial mating, 
D. farinae females lived for 63.3 days after their egg production period ended. The 
long period after cessation of egg production for D. farinae suggested that D. farinae 
females could mate multiple times and produce eggs continuously for a longer 
period. This study revealed that D. farinae females are capable of more than one 
successful mating that results in an increased egg production than that of a single 
mating. Females actively attract males during the reproductive period, but not 

Figure 2. 
Dermatophagoides farinae.
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afterward even though it continues to live a long time. These females have 11 days 
longer reproductive period and produced 30.7% more eggs than in females that 
only mated one time after they emerged from the tritonymphal stage. However, the 
post-reproductive period is still long (58.6 days) [30].

Adopting the separate culturing technique, under a continuous temperature 
at 25°C, the effects of relative humidities of 86, 76, 61 and 36% on the life cycle of 
D. farinae and D. pteronyssinus have been detected. At 76% RH, the development 
of eggs to adults takes place in the shortest period of 39.6 ± 6.6 (29–60) days, for 
egg 8.1 ± 0.1 days, for larva 8.2 ± 0.3 days, for protonymph 17.0 ± 5.7 days and 
for tritonymph 6.6 ± 0.4 days. The number of eggs laid is generally 1 or 2 per day 
by a female, but, certain females in a day sometimes laid 5 or 6 eggs. The biggest 
total number of eggs (80.6 ± 8.2) laid per female is observed at 86% RH, while 
nu-mated female at 76% RH showed longest longevity of 188.8 ± 60.9 days ranging 
from 92 to 378 days. The longevity of the female is usually longer than that of the 
male [31].

4.1.2 Dermatophagoides pteronyssinus (Trouessart) (European house dust mite)

This particular species of mite has been found in all dust samples from many 
different countries in varying numbers. Hysteronotal shield of D. pteronyssinus 
(Figure 3), in males, is lengthy (lengthier than wide), and spreading further front-
ward than hairs d2, epimera I diverging or parallel and legs I are usual. Females 
are only with central area of dorsum among hairs d2-d2-d3-d3 having longitudinal 
patterns. Bursa copulatrix has proximal portion with a sclerite in the form of a 
daisy and distal portion expanded very slightly. Base of receptaculum seminis are 
U-shaped in cross section, broader apically than basally, circular with 10–13 lobes 
when viewed from above and ductus bursae of uniform thickness.

The life cycle of D. pteronyssinus has been studied at 25°C and 80% relative 
humidity. Observations made on freshly laid eggs until they develop into adults and 
periods between different stages are recorded. The life cycle of D. pteronyssinus con-
sists of five stages: egg, larva, protonymph, tritonymph and adult. Adult females 
lay up to 40–80 eggs singly or in small groups of 3–5. After eggs hatch, a six-legged 
larva emerges and after two nymphal stages occur, an eight-legged nymph appears. 
The life cycle from egg to adult is about 1 month with the adult living an additional 
1–3 months. The average life cycle for a house dust mite is 65–100 days. A mated 
female house dust mite can last up to 70 days, laying 60–100 eggs in the last 5 
weeks of her life. The eggs required an average of 11.26 days to develop into adults. 

Figure 3. 
Dermatophagoides pteronyssinus.
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The ranges of life longevity of mated males and females are 18–64 and 20–54 days, 
respectively. At 76% RH, mite D. pteronyssinus exhibited the shortest duration of 
development. It took a total duration of 37.1 ± 2.5 days with a range from 30 to 54 
days, for egg 6.2 ± 0.3 days, for larva 10.7 ± 0.3 days, for protonymph 8.6 ± 1.0 days 
and for tritonymph 11.4 ± 2.2 days. The largest total number of eggs, 76.2+22.2, is 
laid by a female of D. pteronyssinus. In a 10-week life span, a house dust mite will 
produce approximately 2000 fecal particles and an even larger number of partially 
digested enzyme-covered dust particles. The conditions used in the rearing experi-
ments may be considered optimal for maintaining culture of D. pteronyssinus [32].

4.1.3  Dermatophagoides microceras Griffiths and Cunnington (House dust mite, 
dust mite)

House dust mite Dermatophagoides microceras Griffiths and Cunnington 
(Figure 4) is a species first described in 1971 and part of the Pyroglyphidae fam-
ily of mites. This mite has been identified in house dust in various geographic 
regions, including Great Britain, Scandinavia, the Netherlands, Spain and United 
States; however its distribution in the rest of the world has not been explored well. 
Morphologically, males tarsus I is without small apical protuberance (process S), 
but with curved spine and tarsus II without process S or spine. Females tarsus I with 
short, straight, blunted spine, tarsus II lacking spine and bursa copulatrix narrow 
as well as weakly sclerotized in region adjacent to external opening. In females, 
propodonotal shield is about 1.4 times as lengthy as wide; idiosoma 395–435 μm in 
length; vestibule of bursa absent, bursa unfastens at the bottom of a non-sclerotized 
depression of tegmen; first portion of bursa proper is a little dilated and clearly 
sclerotized; and apical progression of tarsus I mostly very minor or absent. In 
males, idiosoma is 285–345 μm in length; males either heteromorphic with epimera 
I joined to form a V or Y shape (and first legs enlarged) or homeomorphic with 
epimera I free (and first legs normal) [33].

D. microceras is more closely related to D. farinae, and the biological and 
immunochemical identification of these two species are argued. Using an enzyme-
linked immunosorbent assay (ELISA) technique, the response of mite material 
from different stock cultures demonstrated that D. farinae and D. microceras are 
discrete entities, and also at the major allergen level, with no apparent subspecies or 
strain variation. Females of D. farinae and D. microceras receptaculum seminis not 
U-shaped in cross section, while males with hysteronotal shield as long as broad and 
extending anteriorly to point between setae d1 and e or slightly anterior of d1 [34].

Figure 4. 
Dermatophagoides microceras.
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4.1.4 Dermatophagoides evansi Fain, Hughes and Johnston

Specifically, Dermatophagoides evansi Fain (Figure 5) Hughes and Johnston mites 
are found in the poultry dust samples and also in bird’s nests. Hen poultry farmers 
and their families, but also other professionals working in the poultry industry, 
such as veterinarians, may be exposed to house dust mites. In females, bursa 
copulatrix is strongly enlarged in its distal third and very narrow in proximal two 
thirds (internal); and spermatheca sclerotized and tulip-like. In males, hysteronotal 
shield markedly spread frontward away from bases of setae d1; adanal suckers 12 
μm in span; coxae II shut; legs III 1.8 times denser (at level of femur) and 1.6 times 
lengthier (length of 4 distal segments) than legs IV; tarsus I with 2 uneven apical 
progressions (ongles); tarsus II with a slight apical progression; setae cp 110 μm in 
length; setae d2 located at 55–65 μm from opening of fat gland; setae h2 and h3 with 
bases intensely sclerotized; epimera I free; and males are homeomorphic. The males 
differ from males of D. pteronyssinus primarily through dorsal hysterosomal shield 
that is longer and narrower; ratio width (at level of setae d1):length = 1:2.5 [whereas 
in D. pteronyssinus this ratio is 1.8–1.9]; while legs III and IV are much more unequal 
than in D. pteronyssinus [35].

The life cycle of D. evansi has been studied and reared at a relative humidity of 
75–80% and temperature 25–27°C in a medium consisted of human skin or chicken 
skin scales plus baker’s yeast powder. The average period of mite life cycle for each 
stage in days is the following: egg 8.3; larva and protonymph 5.4; tritonymph 6.6; 
female 52.9; and male 28.9. The mean time necessary for accomplishment of one 
generation is 28.7 days. The female is oviparous, parthenogenesis not detected, 
and lays 35.5 mean eggs during its life span. The adults copulate repeatedly and the 
female-male ratio is 1:1.2 [36].

4.2 Subfamily Pyroglyphinae Cunliffe, 1958

Female with the distal part of the bursa copulatrix in the form of a small, oval 
and strongly sclerotized pocket, while male is with anal suckers (Euroglyphus Fain), 
but male and female are without this combination of characters in Pyroglyphus. In 
Euroglyphus maynei (Cooreman), male trochanters I–III without hairs and is with a 
large oval anal plate spreading near to posterior edge of body, while female hairs ga, 
ae and those of trochanters I–III missing, and have a small posterior vulval lip that 
does not shelter to anterior of vulva. In case of Euroglyphus longior (Trouessart), 
male trochanters I–III with one hair and is with a minute hexagonal anal plate 
distant from posterior edge of the body. Female hairs ga, ae and those on trochan-
ters I–III present, and posterior vulval lip is long nearly completely casing to vulva.

Figure 5. 
Dermatophagoides evansi.
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U-shaped in cross section, while males with hysteronotal shield as long as broad and 
extending anteriorly to point between setae d1 and e or slightly anterior of d1 [34].

Figure 4. 
Dermatophagoides microceras.
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4.2.1 Euroglyphus maynei (Mayne’s house dust mite) (Cooreman)

The house dust mite Euroglyphus maynei (Cooreman) (Figure 6) infests stored 
products and is considered pests in cottonseed meal, bean curd, Chinese medicines, 
crabmeat and shrimps. This occurs in homes worldwide and is an important source 
of many allergens. Differential diagnosis in both sexes; setae sci and sce about the 
same length and tegmen (t) present. Length of idiosoma 195–225 μm; posterior 
edge of idiosoma with 2 minute lobes without hairs; tegmen well developed, trian-
gular with rounded apex (not bifid in the male); cuticle somewhat sclerotized with 
rather fine formed markings or creases; hysteronotum within a median shield with 
margins poorly distinct; anterior legs missing chitinous membranes; chaetotaxy 
condensed; tibials IV, trochanterals I–III, anal external setae and genital anterior 
setae are absent; tarsi IV with 3 setae; tarsi III with 5 setae; dorsal setae very short 
and thin; setae h3 very short (maximum length 50 μm) and thin; setae h2 very thin 
and short (not more than 30 μm); and genu I with one solenidion. In males, tegmen 
with unforked, rounded apex; dorsal setae variable; opisthosoma slightly but 
narrowed backwards regularly; anus more posterior (anal suckers situated at 25 μm 
from posterior body margin); posterior body margin wide and straight with 2 small 
paramedian lobes; adanal suckers well developed; and tarsi IV lacking suckers. In 
females, setae sce short (maximum 50 μm) and thin; at bases of legs II no chitinous 
pouches; tegmen either prominent and triangular but with apex rounded and not 
forked or poorly developed and rounded with a small median notch; posterior lip 
of vulva short and punctate, not covering vulvar slit; or anterior angle of posterior 
vulvar lip not incised; vulva uncovered; tegmen triangular with rounded, not 
incised apex; hysteronotum striated with a median shield; copulatory vestibule 
ovoid, strongly sclerotized and opaque; and tarsi I–IV without apical processes nor 
spines [37].

The reproductive biology of house dust mite E. maynei is not studied well. 
This mite is generally less common than D. pteronyssinus and D. farinae in homes. 
While it is present, it commonly coinhabits with species of Dermatophagoides 
and in geographic distribution, is more restricted. The period of life cycle (egg to 
adult) for E. maynei at 75% relative humidity as well as 23 and 30°C and fecundity 
at 75% RH and 23°C have been concluded, and data compared similar to data for 
D.  pteronyssinus and D. farinae. Adults hatched from eggs at 23°C after 28 days and at 
30°C in 20 days. At 23°C, females during a reproductive period of 24 days produced 
1.4 eggs/day. At 23°C, mite E. maynei has a smaller life cycle than D. pteronyssinus 
and D. farinae; however, at 30°C, this have a lengthier life cycle and produced fewer 
eggs than both mites [38].

Figure 6. 
Euroglyphus maynei.
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4.2.2 Euroglyphus longior (Trouessart)

This species infests stored products, and is considered pests in granary debris, 
wheat, bean, oat, barley, rice, dried clover and hide dust [39]. Data used for 
identification of this mite are the following: length of idiosoma is 245–265 μm and 
posterior edge of idiosoma with 2 distinct lobes each having 3 hairs. Male (darker, 
smaller) internal and external scapular setae and II pair of legs in line, a small 
hexagonal anal plate distant from posterior edge of body, anal suckers present, 
while trochanters I–III with one hair. Female (paler, larger) internal base of seminal 
receptacle simple, while posterior vulval lip or membrane long and almost entirely 
covering the vulva (on genital plate external genital opening). Hairs go, ae and 
those on trochanters I–III present.

The determination of the life cycle of the mite species has provided vital infor-
mation on its biology showing that pre-reproductive period from mating to birth of 
first eggs is 12.78 ± 1.06 days and reproductive period between production of first 
and last eggs 39.78 ± 4.99 days. Fecundity, the total number of eggs laid per female 
is 48.00 ± 3.89 and rate of reproduction calculated as the number of eggs laid per of 
female’s reproductive period 1.33 ± 0.18. Finally, the development of immatures is 
completed in 30.14 ± 3.4 days [40].

The house dust mites D. farinae, D. pteronyssinus and E. maynei are cosmopolitan 
inhabitants of human dwellings. They are most prevalent in high-use areas in homes 
(e.g., beds, furniture, floors), where shed human skin scales are collected and 
serve as a source of food. Relative humidity is an important factor regulating the 
geographic prevalence and density of these mites. In humid geographic areas, most 
homes contain mite populations, whereas in dry (low-humidity) geographic areas, 
few homes contain mites. The species prevalence and density of these mites varies 
both geographically and between homes in the same geographic area. Although fac-
tors influencing variation in mite density between homes are not well understood, it 
appears that mite density is not correlated with housecleaning practices. However, 
carpeted floors support significantly greater mite populations than do wood or 
tile floors. A home may contain only one species or multiple species may coexist. 
Most homes are coinhabited by more than one species. In coinhabited homes, one 
species generally constitutes the greatest percentage of the total population, but the 
dominant species varies between homes within a geographic area [41].

Knowledge of the mite species prevalence and density in a patient’s home is 
important in evaluating the role of mites as allergens, and in selecting and assess-
ing effective immunotherapy for individual cases. Many species of mites besides 
D. farinae, D. pteronyssinus and E. maynei may occur in homes, at times in significant 
numbers. Therefore, one must be careful when conducting mite surveys to dif-
ferentiate between not only the primary allergy-causing species but other species as 
well if species and density determinations are to be accurate and meaningful. House 
dust mites live in a microenvironment in which no liquid water is present. However, 
their bodies are 70–80% water by weight, which must be maintained above a critical 
lower limit in order to survive. Active life stages are able to survive at ambient 
humidities as low as 60% relative humidity because they extract sufficient water 
directly from unsaturated air by means of a special adaptation to compensate for 
water losses. A desiccation-resistant protonymph can survive prolonged periods at 
low relative humidity and this stage probably serves as a source of mites for breed-
ing during optimal conditions [42].

There are 47 different species of house dust mites, and dust mites D. farinae, D. 
pteronyssinus and E. maynei are sources of multiple potent allergens in the indoor 
environment. An ambient RH is a key factor in determining where these mites 
are found. Bedding, carpeting, and furniture cushions all trap and hold moisture, 



Parasitology and Microbiology Research

282

4.2.1 Euroglyphus maynei (Mayne’s house dust mite) (Cooreman)

The house dust mite Euroglyphus maynei (Cooreman) (Figure 6) infests stored 
products and is considered pests in cottonseed meal, bean curd, Chinese medicines, 
crabmeat and shrimps. This occurs in homes worldwide and is an important source 
of many allergens. Differential diagnosis in both sexes; setae sci and sce about the 
same length and tegmen (t) present. Length of idiosoma 195–225 μm; posterior 
edge of idiosoma with 2 minute lobes without hairs; tegmen well developed, trian-
gular with rounded apex (not bifid in the male); cuticle somewhat sclerotized with 
rather fine formed markings or creases; hysteronotum within a median shield with 
margins poorly distinct; anterior legs missing chitinous membranes; chaetotaxy 
condensed; tibials IV, trochanterals I–III, anal external setae and genital anterior 
setae are absent; tarsi IV with 3 setae; tarsi III with 5 setae; dorsal setae very short 
and thin; setae h3 very short (maximum length 50 μm) and thin; setae h2 very thin 
and short (not more than 30 μm); and genu I with one solenidion. In males, tegmen 
with unforked, rounded apex; dorsal setae variable; opisthosoma slightly but 
narrowed backwards regularly; anus more posterior (anal suckers situated at 25 μm 
from posterior body margin); posterior body margin wide and straight with 2 small 
paramedian lobes; adanal suckers well developed; and tarsi IV lacking suckers. In 
females, setae sce short (maximum 50 μm) and thin; at bases of legs II no chitinous 
pouches; tegmen either prominent and triangular but with apex rounded and not 
forked or poorly developed and rounded with a small median notch; posterior lip 
of vulva short and punctate, not covering vulvar slit; or anterior angle of posterior 
vulvar lip not incised; vulva uncovered; tegmen triangular with rounded, not 
incised apex; hysteronotum striated with a median shield; copulatory vestibule 
ovoid, strongly sclerotized and opaque; and tarsi I–IV without apical processes nor 
spines [37].

The reproductive biology of house dust mite E. maynei is not studied well. 
This mite is generally less common than D. pteronyssinus and D. farinae in homes. 
While it is present, it commonly coinhabits with species of Dermatophagoides 
and in geographic distribution, is more restricted. The period of life cycle (egg to 
adult) for E. maynei at 75% relative humidity as well as 23 and 30°C and fecundity 
at 75% RH and 23°C have been concluded, and data compared similar to data for 
D.  pteronyssinus and D. farinae. Adults hatched from eggs at 23°C after 28 days and at 
30°C in 20 days. At 23°C, females during a reproductive period of 24 days produced 
1.4 eggs/day. At 23°C, mite E. maynei has a smaller life cycle than D. pteronyssinus 
and D. farinae; however, at 30°C, this have a lengthier life cycle and produced fewer 
eggs than both mites [38].

Figure 6. 
Euroglyphus maynei.

283

House Dust Mites: Ecology, Biology, Prevalence, Epidemiology and Elimination
DOI: http://dx.doi.org/10.5772/intechopen.91891

4.2.2 Euroglyphus longior (Trouessart)

This species infests stored products, and is considered pests in granary debris, 
wheat, bean, oat, barley, rice, dried clover and hide dust [39]. Data used for 
identification of this mite are the following: length of idiosoma is 245–265 μm and 
posterior edge of idiosoma with 2 distinct lobes each having 3 hairs. Male (darker, 
smaller) internal and external scapular setae and II pair of legs in line, a small 
hexagonal anal plate distant from posterior edge of body, anal suckers present, 
while trochanters I–III with one hair. Female (paler, larger) internal base of seminal 
receptacle simple, while posterior vulval lip or membrane long and almost entirely 
covering the vulva (on genital plate external genital opening). Hairs go, ae and 
those on trochanters I–III present.

The determination of the life cycle of the mite species has provided vital infor-
mation on its biology showing that pre-reproductive period from mating to birth of 
first eggs is 12.78 ± 1.06 days and reproductive period between production of first 
and last eggs 39.78 ± 4.99 days. Fecundity, the total number of eggs laid per female 
is 48.00 ± 3.89 and rate of reproduction calculated as the number of eggs laid per of 
female’s reproductive period 1.33 ± 0.18. Finally, the development of immatures is 
completed in 30.14 ± 3.4 days [40].

The house dust mites D. farinae, D. pteronyssinus and E. maynei are cosmopolitan 
inhabitants of human dwellings. They are most prevalent in high-use areas in homes 
(e.g., beds, furniture, floors), where shed human skin scales are collected and 
serve as a source of food. Relative humidity is an important factor regulating the 
geographic prevalence and density of these mites. In humid geographic areas, most 
homes contain mite populations, whereas in dry (low-humidity) geographic areas, 
few homes contain mites. The species prevalence and density of these mites varies 
both geographically and between homes in the same geographic area. Although fac-
tors influencing variation in mite density between homes are not well understood, it 
appears that mite density is not correlated with housecleaning practices. However, 
carpeted floors support significantly greater mite populations than do wood or 
tile floors. A home may contain only one species or multiple species may coexist. 
Most homes are coinhabited by more than one species. In coinhabited homes, one 
species generally constitutes the greatest percentage of the total population, but the 
dominant species varies between homes within a geographic area [41].

Knowledge of the mite species prevalence and density in a patient’s home is 
important in evaluating the role of mites as allergens, and in selecting and assess-
ing effective immunotherapy for individual cases. Many species of mites besides 
D. farinae, D. pteronyssinus and E. maynei may occur in homes, at times in significant 
numbers. Therefore, one must be careful when conducting mite surveys to dif-
ferentiate between not only the primary allergy-causing species but other species as 
well if species and density determinations are to be accurate and meaningful. House 
dust mites live in a microenvironment in which no liquid water is present. However, 
their bodies are 70–80% water by weight, which must be maintained above a critical 
lower limit in order to survive. Active life stages are able to survive at ambient 
humidities as low as 60% relative humidity because they extract sufficient water 
directly from unsaturated air by means of a special adaptation to compensate for 
water losses. A desiccation-resistant protonymph can survive prolonged periods at 
low relative humidity and this stage probably serves as a source of mites for breed-
ing during optimal conditions [42].

There are 47 different species of house dust mites, and dust mites D. farinae, D. 
pteronyssinus and E. maynei are sources of multiple potent allergens in the indoor 
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allowing these tiny creatures to flourish. Dust mites settle down in carpet, draperies, 
stuffed animals and upholstered furniture. Mattresses, pillows and soft bedding are 
favorite hangouts [43]. These same symptoms can be caused by a variety of other 
allergens as well, so consultancy to an allergist is needed for their testing. To diag-
nose a dust mite allergy, a physician may suggest a skin test [skin prick test (SPT)] 
or blood test (specific IgE blood test).

5. Epidemiology of house dust mites

For a lot of years, it has been advocated that allergens resulting from house dust 
mite show a foremost part in pathogenesis of eczema, asthma and certain circum-
stances of allergic rhinitis. In recent times, allergens by house dust mite have been 
refined and precise immunoassays established with which acquaintance to allergens 
and house dust mites can be more simply determined. By means of these tools, 
epidemiological homework have delivered positive confirmation that not merely 
house dust mite acquaintance has been linked with the majority of asthma cases 
in young adults and children but then again that it is causally connected to asthma 
development. Two main allergenic dust mite species, D. pteronyssinus and D. farinae, 
are important components in the development of asthma [44].

Epidemiologic data available on incidence of house dust mites in residences 
demonstrate a perfect relationship among increased interior air humidity and 
increased existence of dust mites in house dust. Moreover, in temperate climates, 
there is threshold level of indoor air humidity 7 g/kg (45% relative humidity at 
normal indoor air temperature). Interior air humidity under this level for prolonged 
times will eliminate house dust mites from residences. A decrease in residents 
involvement to house dust mites is executed by lessening of indoor air humidity 
through organized mechanical air circulation. Individually, ventilation levels are 
assessed from actual house size, inhabitant numbers and mean outdoor air humid-
ity in winter. In divergence, more moist zones of the world with mean outdoor 
humidity beyond 6–7 g/kg in winter will keep up great densities of house dust 
mites uniformly and a decrease in indoor air humidity will have a relatively slight 
effect on existence of house dust mites. Modern construction of energy-efficient 
houses by better fastening of building envelope, paralleled by an alike makeover of 
older houses, has increased indoor air humidity and is perhaps the cause of nearly 
fourfold rise in incidence of house dust mites in residences [45].

There are up to 2 million dust mites living in a standard mattress. Dust mites 
produce mite feces, which add up to 200 times of their own body weight within 
their lives of 2 months [46]. Although exposure to house dust mite allergen is a 
major risk factor for allergic sensitization and asthma, the percentages of homes 
with dust mite allergen concentrations at or greater than detection, 2.0 μg bed dust 
and 10.0 μg bed dust, have been estimated to be 46.2, and 24.2%, respectively. 
Independent predictors of higher levels have been lower household income, older 
homes, no resident children, single-family homes, musty or mildew odor, heating 
sources other than forced air and higher humidity in bedroom. Most of homes in 
a bed have measurable levels of dust mite allergen. Levels earlier allied to allergic 
asthma and sensitization in bedrooms are common. Predictors can be utilized to 
detect situations under which homes are more possibly to have greater levels of dust 
mite allergen [47].

Epidemiologic works [48] studying the relationship among house dust mite 
distribution and outdoor humidity level have revealed that: (1) Outdoor humidity 
level that is reliant on climate of region and altitude is linked to house dust mite 
distribution, and peak number of mites is originated in the most moist regions. (2) 
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Indoor humidity level that is reliant upon seasonal difference in outdoor humidity is 
connected to number of mites and the greatest number of mites is originated during 
the months wherever indoor humidity level is at peak. (3) Pronounced variances in 
the number of mites in diverse residences at the same time of year and in same area 
can be attributed owing to changes in indoor air humidity among residences.

Additional studies [49] recommend that there is a lesser edge of absolute humid-
ity of 7.0 g water vapor/kg dry air, equivalent to 45% relative humidity at 20–23oC, 
under that house dust mites will not multiply. In residences with less than 7.0 g/kg, 
vapour house dust mites will arise as background contamination only and in num-
bers commonly below 100 mites/g dust.

For geographic regions with a temperate environment, it can be identified rather 
exactly that in order to stop buildup of hazardous levels of house dust mites in 
residences, indoor air humidity might be kept under a level of 7.0 g/kg or 45% rela-
tive humidity at usual indoor air temperature for a small number of winter months 
for every year. This extreme absolute humidity level in air indoor once more can 
be altered into a tiniest ventilation level stated in ACH (air changes per hour that 
strips with geographical locality (average outdoor air humidity in three dry winter 
months)) and inhabitants mass in the residence. As a whole, if (1) average outdoor 
air humidity in three winter months is recognized, (2) it is expected that each occu-
pant of family creates a mean of 3000 g water vapor/24 hour in the residence, (3) 
water vapor is rapidly disseminated similarly to all air in construction, (4) rooms 
have a 2.0 m ceiling height, (5) a security margin of 30% is added to the minimum 
ventilation level, and steady-state situation can be calculated (production of water 
vapor divided by elimination equals 1):

  1 = N × 3000 × 1.3 /  m   2  × 2 ×  (indoor AH − outdoor AH)  × ach × 24  (1)

where N = absolute number of inhabitants in household, m2 = area of dwelling 
in square meters, indoor AH = maximum wanted indoor air absolute humidity 
(usually set to 7.0 g/kg), outdoor AH = average 3-month outdoor absolute humid-
ity (three most dry winter months), and ACH = air changes per hour (ACH of 1.0 
means that all air is exchanged once every hour).

From these calculations, figures can be made that the lowest ventilation desired 
may without difficulty be assessed with variable family size and space of the 
residence. Climate analysis with controlled and improved building ventilation is 
presently used to eradicate house dust mites from residences occupied by patients 
with asthma caused by allergy due to house dust mites [45].

6. Prevalence of house dust mites

The precise nature of dust mite density or the seasonal populations of house 
mites in homes are of paramount importance to reduce their development and in 
clarifying the role they play in dust allergy. A surrounding relative humidity is 
an important feature that controls prevalence and geographic spreading of these 
mites. This is for the reason that in humid air water vapors are key source of liquid 
for their existence. They thrive and survive fine at relative humidity exceeding 
50%, however dry and decease at relative humidity less than this. As a result, dust 
mites and allergens they produce are an important problem merely for persons who 
live in moist temperate and tropical geographic regions. Mites D. pteronyssinus and/
or D. farinae are prevalent in homes in Asia, Europe, the United States, and South 
America. However, most home environment are coinhabited by several species, 
but then again the greatest species prevalence differs both between homes in a 
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allowing these tiny creatures to flourish. Dust mites settle down in carpet, draperies, 
stuffed animals and upholstered furniture. Mattresses, pillows and soft bedding are 
favorite hangouts [43]. These same symptoms can be caused by a variety of other 
allergens as well, so consultancy to an allergist is needed for their testing. To diag-
nose a dust mite allergy, a physician may suggest a skin test [skin prick test (SPT)] 
or blood test (specific IgE blood test).

5. Epidemiology of house dust mites

For a lot of years, it has been advocated that allergens resulting from house dust 
mite show a foremost part in pathogenesis of eczema, asthma and certain circum-
stances of allergic rhinitis. In recent times, allergens by house dust mite have been 
refined and precise immunoassays established with which acquaintance to allergens 
and house dust mites can be more simply determined. By means of these tools, 
epidemiological homework have delivered positive confirmation that not merely 
house dust mite acquaintance has been linked with the majority of asthma cases 
in young adults and children but then again that it is causally connected to asthma 
development. Two main allergenic dust mite species, D. pteronyssinus and D. farinae, 
are important components in the development of asthma [44].

Epidemiologic data available on incidence of house dust mites in residences 
demonstrate a perfect relationship among increased interior air humidity and 
increased existence of dust mites in house dust. Moreover, in temperate climates, 
there is threshold level of indoor air humidity 7 g/kg (45% relative humidity at 
normal indoor air temperature). Interior air humidity under this level for prolonged 
times will eliminate house dust mites from residences. A decrease in residents 
involvement to house dust mites is executed by lessening of indoor air humidity 
through organized mechanical air circulation. Individually, ventilation levels are 
assessed from actual house size, inhabitant numbers and mean outdoor air humid-
ity in winter. In divergence, more moist zones of the world with mean outdoor 
humidity beyond 6–7 g/kg in winter will keep up great densities of house dust 
mites uniformly and a decrease in indoor air humidity will have a relatively slight 
effect on existence of house dust mites. Modern construction of energy-efficient 
houses by better fastening of building envelope, paralleled by an alike makeover of 
older houses, has increased indoor air humidity and is perhaps the cause of nearly 
fourfold rise in incidence of house dust mites in residences [45].

There are up to 2 million dust mites living in a standard mattress. Dust mites 
produce mite feces, which add up to 200 times of their own body weight within 
their lives of 2 months [46]. Although exposure to house dust mite allergen is a 
major risk factor for allergic sensitization and asthma, the percentages of homes 
with dust mite allergen concentrations at or greater than detection, 2.0 μg bed dust 
and 10.0 μg bed dust, have been estimated to be 46.2, and 24.2%, respectively. 
Independent predictors of higher levels have been lower household income, older 
homes, no resident children, single-family homes, musty or mildew odor, heating 
sources other than forced air and higher humidity in bedroom. Most of homes in 
a bed have measurable levels of dust mite allergen. Levels earlier allied to allergic 
asthma and sensitization in bedrooms are common. Predictors can be utilized to 
detect situations under which homes are more possibly to have greater levels of dust 
mite allergen [47].

Epidemiologic works [48] studying the relationship among house dust mite 
distribution and outdoor humidity level have revealed that: (1) Outdoor humidity 
level that is reliant on climate of region and altitude is linked to house dust mite 
distribution, and peak number of mites is originated in the most moist regions. (2) 
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Indoor humidity level that is reliant upon seasonal difference in outdoor humidity is 
connected to number of mites and the greatest number of mites is originated during 
the months wherever indoor humidity level is at peak. (3) Pronounced variances in 
the number of mites in diverse residences at the same time of year and in same area 
can be attributed owing to changes in indoor air humidity among residences.

Additional studies [49] recommend that there is a lesser edge of absolute humid-
ity of 7.0 g water vapor/kg dry air, equivalent to 45% relative humidity at 20–23oC, 
under that house dust mites will not multiply. In residences with less than 7.0 g/kg, 
vapour house dust mites will arise as background contamination only and in num-
bers commonly below 100 mites/g dust.

For geographic regions with a temperate environment, it can be identified rather 
exactly that in order to stop buildup of hazardous levels of house dust mites in 
residences, indoor air humidity might be kept under a level of 7.0 g/kg or 45% rela-
tive humidity at usual indoor air temperature for a small number of winter months 
for every year. This extreme absolute humidity level in air indoor once more can 
be altered into a tiniest ventilation level stated in ACH (air changes per hour that 
strips with geographical locality (average outdoor air humidity in three dry winter 
months)) and inhabitants mass in the residence. As a whole, if (1) average outdoor 
air humidity in three winter months is recognized, (2) it is expected that each occu-
pant of family creates a mean of 3000 g water vapor/24 hour in the residence, (3) 
water vapor is rapidly disseminated similarly to all air in construction, (4) rooms 
have a 2.0 m ceiling height, (5) a security margin of 30% is added to the minimum 
ventilation level, and steady-state situation can be calculated (production of water 
vapor divided by elimination equals 1):

  1 = N × 3000 × 1.3 /  m   2  × 2 ×  (indoor AH − outdoor AH)  × ach × 24  (1)

where N = absolute number of inhabitants in household, m2 = area of dwelling 
in square meters, indoor AH = maximum wanted indoor air absolute humidity 
(usually set to 7.0 g/kg), outdoor AH = average 3-month outdoor absolute humid-
ity (three most dry winter months), and ACH = air changes per hour (ACH of 1.0 
means that all air is exchanged once every hour).

From these calculations, figures can be made that the lowest ventilation desired 
may without difficulty be assessed with variable family size and space of the 
residence. Climate analysis with controlled and improved building ventilation is 
presently used to eradicate house dust mites from residences occupied by patients 
with asthma caused by allergy due to house dust mites [45].

6. Prevalence of house dust mites

The precise nature of dust mite density or the seasonal populations of house 
mites in homes are of paramount importance to reduce their development and in 
clarifying the role they play in dust allergy. A surrounding relative humidity is 
an important feature that controls prevalence and geographic spreading of these 
mites. This is for the reason that in humid air water vapors are key source of liquid 
for their existence. They thrive and survive fine at relative humidity exceeding 
50%, however dry and decease at relative humidity less than this. As a result, dust 
mites and allergens they produce are an important problem merely for persons who 
live in moist temperate and tropical geographic regions. Mites D. pteronyssinus and/
or D. farinae are prevalent in homes in Asia, Europe, the United States, and South 
America. However, most home environment are coinhabited by several species, 
but then again the greatest species prevalence differs both between homes in a 
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geographic region and between geographic regions. For instance, in the United 
States, both D. pteronyssinus and D. farinae are prevalent in homes; however D. 
farinae is more prevalent in homes than D. pteronyssinus within northern moist 
environments. However, in South America, D. pteronyssinus is prevalent in homes, 
whereas D. farinae is not. In temperate type of weather, densities of D. pteronyssinus 
and D. farinae display distinct periodic variations that are equivalent to seasonal 
instabilities in indoor relative humidity. Their great densities arise for the duration 
of moist summer months and little densities in winter, while relative humidity in 
homes is low [50].

Significantly, higher abundance levels of the house dust mites D. farinae and 
D. pteronyssinus arise on the most greatly used carpeted floor areas and fabric-
upholstered furniture by the family living in bedrooms and room. Mattresses do 
not originate to be the key foci for occurrence of mites. There is no major positive 
correlation known among frequency or thoroughness of cleaning and mite abun-
dance, as well as age of furnishings or dwelling and amount of dust. Considerably, 
greater mite levels arise on carpeted floorings than on non-carpeted grounds. A 
continuous vacuuming does not considerably decrease abundance of mites. Density 
of mites demonstrated a seasonal variability, with the lowermost mass during dryer 
along with late heating season and the uppermost mass arising in humid summer 
months. Alive mites are more plentiful than deceased mites for the period when 
overall abundance is great. In homes occupied by both mite species, D. farinae is 
more prevailing, excluding in one home that has considerably a greater relative 
humidity [51].

Of the systematically isolated mites from house dust samples, 90% are pyro-
glyphids, with 75% of these D. pteronyssinus, 10.5% D. farinae and 3.6% E. maynei, 
while Cheyletidae constituted 5.7% of the house dust mites. The maximum number 
of house dust mites recorded is 6500/g of house dust and the highest numbers 
are isolated in samples from humid areas (Feldman-Muhsam et al. 1985). Mites 
are present in 97% of the house dust samples and the maximum number of mites 
(7440/g dust) is found in the carpet. Most of the mites are isolated from the carpets 
and sofas (37.0 and 33.7%, respectively) and less from the beds (29.3%) [52].

It is well known that mite prevalence is greater in more humid geographic 
areas than in dry ones. Outdoor climatic conditions and indoor ambient RH are 
essentially the same for all homes in similar vicinity. Therefore, differences in mite 
abundance must be associated with other features of the homes (RH in mite micro-
habitat) and persons residing in these. A very important factor that correlates with 
the level of mite prevalence is the presence or absence of carpeting. Carpeted floors 
contain significantly more mites than tile or wood floors and none or very few mites 
are found on wood or vinyl-covered floors. Apparently, long-pile carpets reduce the 
efficiency of vacuuming and provide an excellent microhabitat for accumulation of 
food material and moisture for mites survival and breeding. From homes of house 
dust-sensitive patients, removing of fitted carpet would decrease the level of mites 
contact making from floors. Anywhere this cannot be undertaken or is not desir-
able; usage of short-pile carpets rather than large rough pile types would deal with 
important decline in levels of mites [53].

7. Phylogenetic relationships of family Pyroglyphidae

The pyroglyphids presently consist of 47 species and 20 genera, whose species 
are parasites associated with birds and mammals that contribute to house dust 
allergy problem. There has been no detailed phylogenetic analysis of the family 
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Pyroglyphidae. However, in essence, pyroglyphids are initially bird’s-nest inhabit-
ants; however they experienced an alteration in habitation to human nest and 
bed around the time of the first human settlement and are linked with agrarian 
production, specifically 10,000 years before. The glycyphagoid and acaroid mites 
of human residences made habitat transference from nests of small mammals and 
also come across habitat correspondences within homes, with diets in the form of 
cereals, seeds and other plant resources. By giving the similarity of trophic niches 
of human residences to those existing naturally, it is not astonishing that a number 
of mite species have become allied to human dwellings. Most importantly, many 
species of pyroglyphoid, glycyphagoid and acaroid appeared to have retained the 
ancestral ability to feed on fungi [54]. The “host” relationships with birds point out 
that both subfamilies of pyroglyphids that comprise species found in house dust, 
Dermatophagoidinae and Pyroglyphinae, are geographically the most widespread 
and species-rich, and connected with a greater variety of avian taxa than those 
subfamilies which do not comprise species that are found in house dust. This has a 
tendency to advocate that Dermatophagoidinae and Pyroglyphinae might denote 
ancestral taxa within family.

8. Dust mites management

The most effective way to treat dust mite allergies is to eliminate as many dust 
mites as possible from homes. Dust mites cannot be completely eliminated from 
home; however, they can be reduced. Reducing dust mites in houses can eliminate 
or lessen dust mite allergies. Having great physician care and sublingual treatment 
of dust mite allergies along with cleanup and prevention can be the keys in control-
ling of dust mite allergies.

8.1 Dust mite allergy treatment

Generally, people who have dust allergies are familiar with sneezing (act of 
expelling a sudden and uncontrollable burst of air through the nose and mouth), 
but sneezing is not the only uncomfortable symptom. Typically, sneezing occurs 
after external elements, or an adequate outside stimulating substance moves across 
nasal hairs to touch the nasal mucosa. This activates the discharge of histamines 
that irritate the nerve cells in the nose, causing signals being sent to the brain to 
start sneezing through the trigeminal nerve complex. The function of sneezing is to 
expel mucus containing irritants from the nasal cavity [55, 56].

Dust allergies also give to many people a stuffy or runny nose or cause their 
eyes to itch or become red and watery. A house is thought to be a cheering shelter; 
however for people having dust allergies, a home can generate painful indications. 
Strangely sufficient, allergy signs frequently get worse for the period of vacuuming 
or immediately after it, sweeping and dusting at a place. The practice of dusting can 
bring dirt particles up by creating these easier to breathe inside. If a person thinks 
he or she may have an allergy to any of the components of house dust, then see an 
allergist to pinpoint the cause of symptoms. Often an allergist will need to conduct 
a skin test and may order a blood test to determine exactly what is triggering an 
allergic reaction. After a dust allergy is identified, an allergist may recommend 
one or more of the treatments such as medications, allergy shots (subcutaneous 
immunotherapy), tablets (oral immunotherapy) and changes to personal household 
routine. A person may be prescribed by antihistamines to relieve sneezing, runny 
and stuffed nose, and itching in the nose and eyes; nasal corticosteroids to reduce 
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geographic region and between geographic regions. For instance, in the United 
States, both D. pteronyssinus and D. farinae are prevalent in homes; however D. 
farinae is more prevalent in homes than D. pteronyssinus within northern moist 
environments. However, in South America, D. pteronyssinus is prevalent in homes, 
whereas D. farinae is not. In temperate type of weather, densities of D. pteronyssinus 
and D. farinae display distinct periodic variations that are equivalent to seasonal 
instabilities in indoor relative humidity. Their great densities arise for the duration 
of moist summer months and little densities in winter, while relative humidity in 
homes is low [50].

Significantly, higher abundance levels of the house dust mites D. farinae and 
D. pteronyssinus arise on the most greatly used carpeted floor areas and fabric-
upholstered furniture by the family living in bedrooms and room. Mattresses do 
not originate to be the key foci for occurrence of mites. There is no major positive 
correlation known among frequency or thoroughness of cleaning and mite abun-
dance, as well as age of furnishings or dwelling and amount of dust. Considerably, 
greater mite levels arise on carpeted floorings than on non-carpeted grounds. A 
continuous vacuuming does not considerably decrease abundance of mites. Density 
of mites demonstrated a seasonal variability, with the lowermost mass during dryer 
along with late heating season and the uppermost mass arising in humid summer 
months. Alive mites are more plentiful than deceased mites for the period when 
overall abundance is great. In homes occupied by both mite species, D. farinae is 
more prevailing, excluding in one home that has considerably a greater relative 
humidity [51].

Of the systematically isolated mites from house dust samples, 90% are pyro-
glyphids, with 75% of these D. pteronyssinus, 10.5% D. farinae and 3.6% E. maynei, 
while Cheyletidae constituted 5.7% of the house dust mites. The maximum number 
of house dust mites recorded is 6500/g of house dust and the highest numbers 
are isolated in samples from humid areas (Feldman-Muhsam et al. 1985). Mites 
are present in 97% of the house dust samples and the maximum number of mites 
(7440/g dust) is found in the carpet. Most of the mites are isolated from the carpets 
and sofas (37.0 and 33.7%, respectively) and less from the beds (29.3%) [52].

It is well known that mite prevalence is greater in more humid geographic 
areas than in dry ones. Outdoor climatic conditions and indoor ambient RH are 
essentially the same for all homes in similar vicinity. Therefore, differences in mite 
abundance must be associated with other features of the homes (RH in mite micro-
habitat) and persons residing in these. A very important factor that correlates with 
the level of mite prevalence is the presence or absence of carpeting. Carpeted floors 
contain significantly more mites than tile or wood floors and none or very few mites 
are found on wood or vinyl-covered floors. Apparently, long-pile carpets reduce the 
efficiency of vacuuming and provide an excellent microhabitat for accumulation of 
food material and moisture for mites survival and breeding. From homes of house 
dust-sensitive patients, removing of fitted carpet would decrease the level of mites 
contact making from floors. Anywhere this cannot be undertaken or is not desir-
able; usage of short-pile carpets rather than large rough pile types would deal with 
important decline in levels of mites [53].

7. Phylogenetic relationships of family Pyroglyphidae

The pyroglyphids presently consist of 47 species and 20 genera, whose species 
are parasites associated with birds and mammals that contribute to house dust 
allergy problem. There has been no detailed phylogenetic analysis of the family 
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Pyroglyphidae. However, in essence, pyroglyphids are initially bird’s-nest inhabit-
ants; however they experienced an alteration in habitation to human nest and 
bed around the time of the first human settlement and are linked with agrarian 
production, specifically 10,000 years before. The glycyphagoid and acaroid mites 
of human residences made habitat transference from nests of small mammals and 
also come across habitat correspondences within homes, with diets in the form of 
cereals, seeds and other plant resources. By giving the similarity of trophic niches 
of human residences to those existing naturally, it is not astonishing that a number 
of mite species have become allied to human dwellings. Most importantly, many 
species of pyroglyphoid, glycyphagoid and acaroid appeared to have retained the 
ancestral ability to feed on fungi [54]. The “host” relationships with birds point out 
that both subfamilies of pyroglyphids that comprise species found in house dust, 
Dermatophagoidinae and Pyroglyphinae, are geographically the most widespread 
and species-rich, and connected with a greater variety of avian taxa than those 
subfamilies which do not comprise species that are found in house dust. This has a 
tendency to advocate that Dermatophagoidinae and Pyroglyphinae might denote 
ancestral taxa within family.

8. Dust mites management

The most effective way to treat dust mite allergies is to eliminate as many dust 
mites as possible from homes. Dust mites cannot be completely eliminated from 
home; however, they can be reduced. Reducing dust mites in houses can eliminate 
or lessen dust mite allergies. Having great physician care and sublingual treatment 
of dust mite allergies along with cleanup and prevention can be the keys in control-
ling of dust mite allergies.

8.1 Dust mite allergy treatment

Generally, people who have dust allergies are familiar with sneezing (act of 
expelling a sudden and uncontrollable burst of air through the nose and mouth), 
but sneezing is not the only uncomfortable symptom. Typically, sneezing occurs 
after external elements, or an adequate outside stimulating substance moves across 
nasal hairs to touch the nasal mucosa. This activates the discharge of histamines 
that irritate the nerve cells in the nose, causing signals being sent to the brain to 
start sneezing through the trigeminal nerve complex. The function of sneezing is to 
expel mucus containing irritants from the nasal cavity [55, 56].

Dust allergies also give to many people a stuffy or runny nose or cause their 
eyes to itch or become red and watery. A house is thought to be a cheering shelter; 
however for people having dust allergies, a home can generate painful indications. 
Strangely sufficient, allergy signs frequently get worse for the period of vacuuming 
or immediately after it, sweeping and dusting at a place. The practice of dusting can 
bring dirt particles up by creating these easier to breathe inside. If a person thinks 
he or she may have an allergy to any of the components of house dust, then see an 
allergist to pinpoint the cause of symptoms. Often an allergist will need to conduct 
a skin test and may order a blood test to determine exactly what is triggering an 
allergic reaction. After a dust allergy is identified, an allergist may recommend 
one or more of the treatments such as medications, allergy shots (subcutaneous 
immunotherapy), tablets (oral immunotherapy) and changes to personal household 
routine. A person may be prescribed by antihistamines to relieve sneezing, runny 
and stuffed nose, and itching in the nose and eyes; nasal corticosteroids to reduce 
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swelling in nose and block allergic reactions; commonly sodium nose spray to block 
the release of chemicals that cause allergy symptoms, including histamine and leu-
kotrienes; leukotriene antagonists, pills which can improve both allergy and asthma 
symptoms; decongestant pills, liquids and allergy shots; and dust mite sublingual 
immunotherapy in which tablets of dust mite purified protein are placed under the 
tongue that may prevent and decrease symptoms of dust mite allergies [57].

8.2 Dust mite prevention strategies

No matter how much clean a home is, dust mites cannot be completely elimi-
nated. However, as a first line of defense, dust mite mass can be condensed by 
exploiting the subsequent practices. Practice a dehumidifier or an air conditioner 
to keep humidity intensities at or lower than 50%. Enclose pillows and mattress 
in dustproof protections or allergen-resistant shelters. Wash down all blankets 
and bedding in hot water at 130–140°F to kill dust mites, once a week, and non-
washable bedclothes can be kept cold overnight. Change feathered or wool bedding 
articles with synthetic materials and traditional animal stuffed products by wash-
able ones. Within bedrooms, change wall-to-wall fitted carpet by naked floors, 
and get rid of fabric curtains and covered furniture, at whatever time imaginable. 
Practice a moist cleaner or duster to get rid of dust and at no time use a dry cloth, 
as it rises allergens up. Utilize a double-layered microfilter sack or a high-efficiency 
particulate air filter in a vacuum cleaner. Wear a mask while vacuuming, and 
stay out of the vacuumed area for 20 minutes after vacuuming, to allow dust and 
allergens to settle. The dust mite prevalence could be kept very low, and the factors 
responsible for the low mite density are maintenance of low relative humidity, use 
of low-pile carpets, and good housekeeping and laundering practices [58].

8.3 Control of house dust mites

An abstract of the study identifies that air conditioning can lessen relative 
humidity and population of dust mite in home environment in comparison to 
homes without dehumidification or air conditioning. However, humidity lessen-
ing does not stop populations of mites from developing further than the threshold 
of inducing allergies. An air-conditioning usage in combination with an efficient 
dehumidifier is effective in dropping of relative humidity in these homes lower than 
the threshold needed for mite population development, reproduction and growth. 
Subsequent to fourth week of study, 75% of dehumidifiers fitted homes have zero 
amount of live mites. House dust mites in clothing and bedding are the source of 
major allergens, and an average threshold before developing allergies is 100 mites/g 
of dust [59, 60].

Based upon studies of only D. pteronyssinus, weekly washing of clothing and 
bedding in hot water is suggested to remove allergens and destroy dust mites. But, 
most often washing is done in cold or warm water and other species of mites are 
also involved. A study has investigated the fatal influence of different temperatures 
of hot water alone and hot, warm, and cold water comprising chlorine bleach 
and detergents on D. farinae, E. maynei, and D. pteronyssinus. Mites have been 
dipped in test solutions for various lengths of time and at various temperatures, 
permitted time to recover, and then examined for existence. Mite D. farinae has 
been noted to be the most sensitive to temperature and chlorine bleach among the 
other two species. In 50oC water alone, 100% death of D. farinae has been found 
within 10 minutes, while most E. maynei and D. pteronyssinus stayed alive. But, 
soaking for 5 and 12 minutes at 53oC has been required to destroy all E. maynei 
and D. pteronyssinus, respectively. Washing with cleansing agents at suggested and 
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doubled concentrations and chlorine bleach mostly increased mortalities of three 
mite species compared to water alone. Soaking in warm water comprising different 
detergents alone for 4 hours made mortalities of 2–35%, 14–46% and 19–50% for D. 
pteronyssinus, E. maynei and D. farinae, respectively. Weekly washing of bed linens 
in warm water comprising bleach and most detergents presoaked for 4 hours can 
kill maximum number of D. farinae, and depending on detergent brand destroy 
adequate numbers of D. pteronyssinus. With warm water comprising the suggested 
concentrations of different detergents, soaking alone for 4-hour also killed enough 
numbers of E. maynei, D. farinae and D. pteronyssinus. So, accumulative influence 
of weekly washing with long presoaks of bed linens must considerably decrease 
mite levels over time, mainly when pillows and mattresses are sealed to stop 
 reinfestation [61].

People can use mite killers (a number of powders and sprays are available) on 
mite-infested materials and reapply these occasionally as per manufacturer’s direc-
tions. Furthermore, antibiotics have been tested, aiming at the control of D. ptero-
nyssinus house dust mite. In culture medium, sulfaquinoxaline 30% within 3 weeks 
killed all the mites, whereas 30 mg/100 mg of culture medium of declomycin, 
oxytetracycline, tetracycline HCl, and aureomycin in 3 weeks killed 52, .058.9 and 
94.6%, respectively, of mites. Cessations of nourishing and reduced coordination 
have been detected in mite cultures after 24 hours following the use of sulfaqui-
noxaline, and a week later, no eggs have been found [62–65].

Copper oxide (CuO) has broad-spectrum antimicrobial and antifungal prop-
erties and a study taken on common D. farinae house dust mite has tested the 
acaricidal efficiency of CuO-impregnated fabrics. The general mobility or vitality 
of mites has been reduced when they are exposed to CuO-impregnated fabrics and 
when possible, dust mites transferred to fabrics where no CuO existed. The mortal-
ity of mites exposed for 10 days to fabrics containing 0.2% (w/w) CuO remained 
significantly higher than the mortality of mites on control fabrics (72 ± 4 and 
18.9 ± 0.3%, respectively). The death rate reached to 95.4 and 100% after 47 and 5 
days with fabrics comprising 0.4 and 2% CuO, respectively. The acaricidal influence 
of copper oxide appears because of direct toxicity, and usage of fabrics comprising 
copper oxide might therefore be a significant opportunity for decreasing popula-
tions of house dust mites and the burden of dust mite allergens [66].

9. Domestic mites and forensic science

In fact, mites can be found in all habitats, even in the pores of our skin and 
almost every single person carries mites. Thus, they may even proof useful, for 
instance, in forensics. More than 100 species of mites from over 60 families are 
collected from animal carcasses and approximately 75 mite species from over 20 
families gathered from human corpses [67], also including the astigmatid mite taxa. 
Domestic mites and other dust mites are present globally; however composition 
of species can be different between seasons, dwellings and even within places of a 
same indoor atmosphere (floors vs. stuffing furniture, floors vs. beds, or dust from 
a library desk vs. bookshelves). Distinguished variances in acarofauna of house dust 
mites among locations can provide valuable facts, for example, as an indicator of 
time and statuses of a death [68].

Surveys of dust samples have been taken from dwellings, hospitals, libraries, 
research laboratories, drugstores, offices and other workplaces. More than 30 mite 
species are found of which the most abundant and common include dust mites 
especially D. farinae. The highest mite densities (g (-1) dust) are noted in dwellings 
[69]. Thus, this knowledge may be useful in the field of forensic medicine.
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swelling in nose and block allergic reactions; commonly sodium nose spray to block 
the release of chemicals that cause allergy symptoms, including histamine and leu-
kotrienes; leukotriene antagonists, pills which can improve both allergy and asthma 
symptoms; decongestant pills, liquids and allergy shots; and dust mite sublingual 
immunotherapy in which tablets of dust mite purified protein are placed under the 
tongue that may prevent and decrease symptoms of dust mite allergies [57].

8.2 Dust mite prevention strategies

No matter how much clean a home is, dust mites cannot be completely elimi-
nated. However, as a first line of defense, dust mite mass can be condensed by 
exploiting the subsequent practices. Practice a dehumidifier or an air conditioner 
to keep humidity intensities at or lower than 50%. Enclose pillows and mattress 
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8.3 Control of house dust mites
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Subsequent to fourth week of study, 75% of dehumidifiers fitted homes have zero 
amount of live mites. House dust mites in clothing and bedding are the source of 
major allergens, and an average threshold before developing allergies is 100 mites/g 
of dust [59, 60].

Based upon studies of only D. pteronyssinus, weekly washing of clothing and 
bedding in hot water is suggested to remove allergens and destroy dust mites. But, 
most often washing is done in cold or warm water and other species of mites are 
also involved. A study has investigated the fatal influence of different temperatures 
of hot water alone and hot, warm, and cold water comprising chlorine bleach 
and detergents on D. farinae, E. maynei, and D. pteronyssinus. Mites have been 
dipped in test solutions for various lengths of time and at various temperatures, 
permitted time to recover, and then examined for existence. Mite D. farinae has 
been noted to be the most sensitive to temperature and chlorine bleach among the 
other two species. In 50oC water alone, 100% death of D. farinae has been found 
within 10 minutes, while most E. maynei and D. pteronyssinus stayed alive. But, 
soaking for 5 and 12 minutes at 53oC has been required to destroy all E. maynei 
and D. pteronyssinus, respectively. Washing with cleansing agents at suggested and 
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doubled concentrations and chlorine bleach mostly increased mortalities of three 
mite species compared to water alone. Soaking in warm water comprising different 
detergents alone for 4 hours made mortalities of 2–35%, 14–46% and 19–50% for D. 
pteronyssinus, E. maynei and D. farinae, respectively. Weekly washing of bed linens 
in warm water comprising bleach and most detergents presoaked for 4 hours can 
kill maximum number of D. farinae, and depending on detergent brand destroy 
adequate numbers of D. pteronyssinus. With warm water comprising the suggested 
concentrations of different detergents, soaking alone for 4-hour also killed enough 
numbers of E. maynei, D. farinae and D. pteronyssinus. So, accumulative influence 
of weekly washing with long presoaks of bed linens must considerably decrease 
mite levels over time, mainly when pillows and mattresses are sealed to stop 
 reinfestation [61].

People can use mite killers (a number of powders and sprays are available) on 
mite-infested materials and reapply these occasionally as per manufacturer’s direc-
tions. Furthermore, antibiotics have been tested, aiming at the control of D. ptero-
nyssinus house dust mite. In culture medium, sulfaquinoxaline 30% within 3 weeks 
killed all the mites, whereas 30 mg/100 mg of culture medium of declomycin, 
oxytetracycline, tetracycline HCl, and aureomycin in 3 weeks killed 52, .058.9 and 
94.6%, respectively, of mites. Cessations of nourishing and reduced coordination 
have been detected in mite cultures after 24 hours following the use of sulfaqui-
noxaline, and a week later, no eggs have been found [62–65].

Copper oxide (CuO) has broad-spectrum antimicrobial and antifungal prop-
erties and a study taken on common D. farinae house dust mite has tested the 
acaricidal efficiency of CuO-impregnated fabrics. The general mobility or vitality 
of mites has been reduced when they are exposed to CuO-impregnated fabrics and 
when possible, dust mites transferred to fabrics where no CuO existed. The mortal-
ity of mites exposed for 10 days to fabrics containing 0.2% (w/w) CuO remained 
significantly higher than the mortality of mites on control fabrics (72 ± 4 and 
18.9 ± 0.3%, respectively). The death rate reached to 95.4 and 100% after 47 and 5 
days with fabrics comprising 0.4 and 2% CuO, respectively. The acaricidal influence 
of copper oxide appears because of direct toxicity, and usage of fabrics comprising 
copper oxide might therefore be a significant opportunity for decreasing popula-
tions of house dust mites and the burden of dust mite allergens [66].

9. Domestic mites and forensic science

In fact, mites can be found in all habitats, even in the pores of our skin and 
almost every single person carries mites. Thus, they may even proof useful, for 
instance, in forensics. More than 100 species of mites from over 60 families are 
collected from animal carcasses and approximately 75 mite species from over 20 
families gathered from human corpses [67], also including the astigmatid mite taxa. 
Domestic mites and other dust mites are present globally; however composition 
of species can be different between seasons, dwellings and even within places of a 
same indoor atmosphere (floors vs. stuffing furniture, floors vs. beds, or dust from 
a library desk vs. bookshelves). Distinguished variances in acarofauna of house dust 
mites among locations can provide valuable facts, for example, as an indicator of 
time and statuses of a death [68].

Surveys of dust samples have been taken from dwellings, hospitals, libraries, 
research laboratories, drugstores, offices and other workplaces. More than 30 mite 
species are found of which the most abundant and common include dust mites 
especially D. farinae. The highest mite densities (g (-1) dust) are noted in dwellings 
[69]. Thus, this knowledge may be useful in the field of forensic medicine.
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Since dust mites feed on the flakes of shed human skin, so human genetic 
material is expected to be present in these creatures. A study has been conducted 
to find out if house dust mites can carry the DNA of the house occupants. If this 
is true, human DNA isolated from the mites, obtained from a crime scene, could 
be used as evidence in court. The DNA profiles of people (10.25%) from homes 
(96.3%) showed an exact match with those found in the mite samples from the 
same house [70]. So, identified human DNA in house dust mites suggests that one 
can investigate a crime by analyzing DNA samples from house dust mites found in 
a crime scene and by comparing them with the DNA profiles obtained from victims 
and suspects.

The blowflies or flesh flies might carry out their life cycle around and in dead 
body, whereas mites may well forage on young stages of flies. The mites might breed 
more quickly than their fly carriers, posing themselves as appreciated timeline 
markers [71]. There are atmospheres at someplace where insects are either rare or 
absent, or the ecological situations hinder in their contact to carcass. At this point, 
mites that are previously present and mites which reach through air currents, by 
walking, or with material transfer come to be vital. There are eight different waves 
of arthropods colonizing carcasses of human. The first wave comprises flies and 
mites, whereas sixth wave is exclusively made up of mites. The scope of forensic 
acarology goes further in forensic investigations as mites compete with insects 
for food (dead body), slowing their development, or may even feed on insects. 
Observing mites can improve estimations of postmortem intervals that rely on 
timeline of when various species usually reach on a carcass and in whatever way 
long they proceed to grow, thus letting for more precise estimates in murder case. 
Mites are specific to microhabitat and might deliver evidential data on relocation or 
movement of bodies or finding a doubt at a crime scene [72]. Therefore, dust mites 
can be used as evidence in fields of forensic sciences.

10. Conclusion

House dust mites got their names from habitat of household dust and feed on 
any protein that comes in their way and find easy pickings in the dead skin scales 
that humans shed every day. House dust mites are not insects but arachnids and 
relate to spiders and ticks by having lengthy legs. Thirteen important house dust 
mite species have been identified; but two species that are the greatly common and 
key cause of allergen include D. pteronyssinus and D. farinae within Pyroglyphidae 
family. Unlike scabies mites or skin follicle mites, house dust mites do not burrow 
under skin and are not parasitic. Severe dust mites infestation in the home has been 
linked to atopic dermatitis, and epidermal barrier damage documented. Allergenic 
products of the common species of house dust mites are incompletely cross- 
reacting, carrying both common and species-specific determinants. It is because 
of this a correct identification of the mite species is important. It is important to 
remember that as droppings of dead dust mites continue to provoke allergic reac-
tions, it must be needed not only to reduce their populations but also take steps 
to remove their dead bodies and feces from homes. Allergy testing of a person 
can determine whether house dust mites trigger respiratory or dermatological 
symptoms. If tests show allergic to house dust mites, then reduce immune system 
response by undergoing allergen immunotherapy. A healthcare provider may 
recommend medicine to lessen the symptoms of dust mite allergies.

Strategies to reduce dust mites in homes include to cover mattresses, pillows, 
and quilts with dust mite-resistant covers; wash sheets and pillowcases weekly in 
water hotter than 55°C; hot tumble dry (for half an hour after dry) or dry clean 
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household items; wash blankets every 2 months; use synthetic rather than feather 
pillows; remove sheepskin or woolen underlays; remove all soft toys from bedroom 
and replace with wooden or plastic toys; damp dust or use electrostatic cloths to 
clean hard surfaces weekly; reduce humidity to have a dry and well-ventilated 
house; avoid upholstered furniture; avoid heavy curtains; wash clothing before 
use if stored for a long time; as well as remove carpets and vacuum home weekly. 
The truth is that the utility of mites especially in cases where conditions such as 
the environment of the corpse it is found and the manner of death are not suitable 
for the presence or arrival of insects, mite populations on corpses can become an 
important evidence for elucidating of forensic cases.

© 2020 The Author(s). Licensee IntechOpen. This chapter is distributed under the terms 
of the Creative Commons Attribution License (http://creativecommons.org/licenses/
by/3.0), which permits unrestricted use, distribution, and reproduction in any medium, 
provided the original work is properly cited. 
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Chapter 16

Leishmaniasis
Salwa S. Sheikh, Amaar A. Amir, Baraa A. Amir
and Abdulrazack A. Amir

Abstract

Leishmaniasis is a vector-borne tropical/subtropical disease caused by an intra-
cellular parasite transmitted to humans by sand fly bite. It is endemic in Asia,
Africa, the Americas, and the Mediterranean region. Worldwide reports include
1.5–2 million new cases each year, more than 300 million at risk of acquiring the
disease, and 70,000 deaths per year. Clinical features depend on the Leishmania
species and immune response of the host, varying from localized cutaneous disease
to visceral form with potentially fatal outcome; however, the common presentation
is either cutaneous, mucocutaneous, or visceral leishmaniasis. Many therapeutic
agents are being used in Leishmania treatment, but the only effective treatment is
achieved with current pentavalent antimonials. WHO considers Leishmaniasis as
one of the “Neglected Tropical Diseases” that continues to be prevalent despite
international, national, and local efforts towards its control and elimination over the
last decade. This chapter reviews the global perspective of Leishmaniasis with
increasing recognition of emerging “Atypical forms” and new surge of disease
across the world mainly due to increasing conflicts in endemic areas leading to
forced migration among other causes. All these challenges related to environment,
disease, and vector pose major implications on WHO’s leishmaniasis control and
elimination plan.

Keywords: Leishmania, sand fly, vector, parasite, protozoa, phlebotomine

1. Introduction

Leishmaniasis is a vector-borne disease caused by an obligate intracellular pro-
tozoa of genus Leishmania and is transmitted by the bite of a female phlebotomine
sand fly (Figure 1). It is a poverty-related disease with an estimated 0.7–1 million
new cases reported per year from approximately 100 endemic countries. It is
reported from all continents except Australia and Antarctica.

The disease is primarily zoonotic with exception of L. donovani and L. tropica,
although some evidence exists that animal reservoir exists for these species too.
There are about 53 species of Leishmania described with more than 20 species
pathogenic to humans and each distinct species causing different clinical manifes-
tations ranging from self-resolving cutaneous ulcers to disfiguring mucocutaneous
lesions to life-threatening systemic visceral disease [1–3]. The outcome depends on
multiple factors including parasite characteristics, vector itself, and host factors in a
particular patient’s immune status. The World Health Organization (WHO) con-
siders leishmaniasis as not only one of the neglected tropical diseases but also a

297



Parasitology and Microbiology Research

296

International Journal of Entomology 
and Nematology. 2016;2(1):21-26

[65] Mumcuoglu KY, Schlein Y. 
Sulfaquinoxaline, a possible means 
for the control of the house dust mite 
Dermatophagoides pteronyssinus. Revue 
Suisse de Zoologie. 1978;85:635-640

[66] Mumcuoglu KY, Gabbay J, 
Borkow G. Copper oxide impregnated 
fabrics for the control of house dust 
mites. International Journal of Pest 
Management. 2008;54:235-240

[67] Braig HR, Perotti MA. Carcasses 
and mites. Experimental and Applied 
Acarology. 2009;49(1-2):45-84

[68] Perotti MA. Megnin re-analysed: 
The case of the newborn baby girl, 
Paris, 1878. Experimental and Applied 
Acarology. 2009;49(1-2):37-44

[69] Solarz K. Indoor mites and forensic 
acarology. Experimental and Applied 
Acarology. 2009;49(1-2):135-142

[70] Çakan H, Güven K, Çevik F, 
Demirci M, Kocazeybek B. Investigation 
of human DNA profiles in house 
dust mites: Implications in forensic 
acarology. Romanian Journal of Legal 
Medicine. 2015;23(3):187-192

[71] Sarwar M. Typical flies: Natural 
history, lifestyle and diversity of 
Diptera. In: Sarwar M, editor. Life Cycle 
and Development of Diptera. London, 
UK: IntechOpen; 2020. p. 50

[72] Perotti MA, Goff M, Baker AS,  
Turner BD, Braig HR. Forensic 
acarology: An introduction. 
Experimental and Applied Acarology. 
2009;49(1-2):3-13

Chapter 16

Leishmaniasis
Salwa S. Sheikh, Amaar A. Amir, Baraa A. Amir
and Abdulrazack A. Amir

Abstract

Leishmaniasis is a vector-borne tropical/subtropical disease caused by an intra-
cellular parasite transmitted to humans by sand fly bite. It is endemic in Asia,
Africa, the Americas, and the Mediterranean region. Worldwide reports include
1.5–2 million new cases each year, more than 300 million at risk of acquiring the
disease, and 70,000 deaths per year. Clinical features depend on the Leishmania
species and immune response of the host, varying from localized cutaneous disease
to visceral form with potentially fatal outcome; however, the common presentation
is either cutaneous, mucocutaneous, or visceral leishmaniasis. Many therapeutic
agents are being used in Leishmania treatment, but the only effective treatment is
achieved with current pentavalent antimonials. WHO considers Leishmaniasis as
one of the “Neglected Tropical Diseases” that continues to be prevalent despite
international, national, and local efforts towards its control and elimination over the
last decade. This chapter reviews the global perspective of Leishmaniasis with
increasing recognition of emerging “Atypical forms” and new surge of disease
across the world mainly due to increasing conflicts in endemic areas leading to
forced migration among other causes. All these challenges related to environment,
disease, and vector pose major implications on WHO’s leishmaniasis control and
elimination plan.

Keywords: Leishmania, sand fly, vector, parasite, protozoa, phlebotomine

1. Introduction

Leishmaniasis is a vector-borne disease caused by an obligate intracellular pro-
tozoa of genus Leishmania and is transmitted by the bite of a female phlebotomine
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reported from all continents except Australia and Antarctica.

The disease is primarily zoonotic with exception of L. donovani and L. tropica,
although some evidence exists that animal reservoir exists for these species too.
There are about 53 species of Leishmania described with more than 20 species
pathogenic to humans and each distinct species causing different clinical manifes-
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siders leishmaniasis as not only one of the neglected tropical diseases but also a
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public health problem that requires elimination by developing effective therapeutic
regimens and prevention/control plans.

2. Epidemiology

The disease classification is complex and can be characterized by either its
clinical presentation into cutaneous (localized or disseminated), mucocutaneous,
and visceral or geographic location into Old World leishmaniasis mainly including
Africa, Asia, the Middle East, the Mediterranean, and India or New World leish-
maniasis including Central and South America (Table 1) [4–6].

More than 90% of the cases of visceral leishmaniasis (VL) cases worldwide were
reported from 7 countries in 2015 including Brazil, Ethiopia, Kenya, India, Somalia,
Sudan, and South Sudan; however, the disease remains endemic in more than 60
countries [1]. The Indian subcontinent accounts for almost 70% of the world’s
anthroponotic visceral leishmaniasis cases, India having the highest incidence

Figure 1.
This photograph depicts a right lateral view of a Phlebotomus papatasi sand fly which had landed atop the
skin surface of a human volunteer. This specimen had just completed its ingestion of its blood meal, which is
visible through its distended transparent abdomen. Sand flies like this P. papatasi are responsible for the spread
of the vector-borne, parasitic disease, leishmaniasis (courtesy of Centers for Disease Control and Prevention/
prof. Frank Hadley Collins and James Gathany) (https://phil.cdc.gov/Details.aspx?pid=10276).
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followed by Nepal and Bangladesh. In immunocompromised patients, Leishmania
parasites can persist for decades after management and may reappear exhibiting
fulminant reactivation when immunity is compromised. Between 5 and 50% of

Table 1.
Leishmania taxonomy showing most of the clinically significant Leishmania species [1, 5, 6, 14].
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treated VL cases may develop post-kala-azar dermal leishmaniasis (PKDL),
depending on geographic location, secondary to the interferon gamma-driven
immune response against dermal parasite [7–9].

More than 90% of cutaneous leishmaniasis (CL) and mucocutaneous leishman-
iasis (ML) cases are reported from Pakistan, Afghanistan, Syria, Saudi Arabia, Iran,
Brazil, Algeria, and Peru. The number of reported VL cases has decreased substan-
tially in the past decade most likely due to early diagnosis and better access to
treatment. In East Africa, however, the fatal disease case number continues to be
sustained. However there is a surge in endemic CL across the world predominantly
due to increased conflicts with forced displacement of population and living in poor
sanitary conditions. In addition, there is also an increase in the number of overall
Leishmania cases reported worldwide and increased new cases reported from
nonendemic areas [10–12]. A renaissance of CL is seen in conflict areas of Middle
East in particular Syria mainly due to collapse of public health systems, exposure of
nonimmune population, and poor living conditions.

2.1 Risk factors

Population migration of susceptible individuals in endemic areas as well as into
nonendemic areas, malnutrition, poverty, and immune status of the host play a
major role. Temperature is another important factor as Leishmania species for
cutaneous disease grow best at lower temperature, while species causing VL grow
better at core temperatures.

The pathogenesis appears related to T-cell cytotoxicity. The promastigotes acti-
vate complement system through alternate pathway with suppression of cell-
mediated immunity against the organism. In self-resolving and asymptomatic
patients, T helper type 1 cells (Th1) predominate with interleukin-2 (IL-2), inter-
feron gamma, and IL-12 as important cytokines helping with disease resolution. In
visceral and diffuse cutaneous forms, T helper type 2 cells (TH2) predominate with
patients exhibiting anergy to the organism. These cells secrete IL-4, IL-5, IL-9, IL-
13, and IL-17E/IL-25.

A susceptibility gene in band 22q12 is identified in parts of Sudan with high
prevalence of VL [13].

Coinfection of VL with HIV is a major challenge. Both infections share a com-
mon immunopathologic mechanism involving macrophages and dendritic cells of
reticuloendothelial system, therefore leading to an accelerated progression of both
diseases in coinfection.

3. Life cycle

Leishmania is scientifically classified as a “genus” that belongs to the “order” of
Trypanosomatidae family, under the “class” of Kinetoplastea, under the “phylum”

of Euglenozoa. The parasite Leishmania exists in two forms: flagellated promastigote
form in sandflies and cultures and nonflagellated amastigote form in animals and
humans (Figure 2) [14, 15]. The sandflies acquire infection when they bite an
animal or human host. The parasite develops over 4–25 days in the sandflies and
transforms into a promastigote form where they multiply by binary fission in
the midgut and move upwards to the pharynx. Infection is transmitted mainly
during days 6–9 after ingestion when there is heavy pharyngeal infection and
promastigotes are regurgitated via a bite to the host. The sand fly can regurgitate
more than 1000 parasites per bite. In the host some of the flagellates are destroyed,
whereas others enter intracellular lysosomal organelles of macrophages of
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reticuloendothelial system. The flagella of the organisms are lost, and amastigotes
are formed that continue to multiply until the infected host cells get filled with
organisms and rupture releasing free amastigotes that invade new cells, thus
continuing the vicious cycle of Leishmania infection (Figure 2). The incubation
period depends on the individual parasite species. In certain geographic areas, the
transmission cycle can be maintained by the infected animals and does not require
infected humans. In other areas where disease transmission has the anthroponotic
cycle via humans, the disease transmission can be controlled by effective treatment
of infected patients [16].

3.1 Mode of transmission

The disease is mainly transmitted by the bite of a 2–3 mm in size female
“Phlebotomus sand fly” in OldWorld leishmaniasis and Lutzomyia in the NewWorld
disease. There are approximately 20 pathogenic Leishmania species and up to 500
known phlebotomine sand fly species identified as vectors of disease [17, 18].
The disease is mostly zoonotic with humans being incidental hosts infected by
sand fly bite.

4. Clinical presentation

In addition to the known classic disease spectrum and clinical presentations, new
unusual and atypical forms are emerging which is adding to the complexity of
achieving control and disease eradication goal [19].

4.1 Cutaneous leishmaniasis

CL causing Leishmania parasites are divided into New world and Old world
species. The NewWorld species affect mainly Central and South America and include
L. amazonensis, L. braziliensis, L. mexicana, and L. guyaensis, among others. The Old
World species examples include L. tropica, L. major, and L. aethiopica that are com-
mon in the Indian subcontinent, the Middle East, the Mediterranean basin, and East

Figure 2.
Leishmania life cycle.
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Africa. CL is usually a limited cutaneous disease. The lesions develop as papules at the
sand fly bite site and progress over weeks to months to develop larger nodules that
eventually ulcerate (Figure 3). Lesions are often itchy and may have a hyperkeratotic
wart-like appearance. These lesions often self-heal in 2–18 months, leaving a perma-
nent, often disfiguring, scar, leading to major cosmetic concern and social stigma.

Approximately 10% of CL cases may progress to severe disease such as diffuse
CL, ML, disseminated CL, and/or L. recidivans [1, 20].

4.1.1 Uncommon variants of CL

Uncommonly, CL variants are encountered that are associated with various
underlying immune responses.

L. recidivans typically follows a healed L. tropica cutaneous infection and pre-
sents as new lesions encircling the old scar. The lesions show predominantly

Figure 3.
This photograph depicts the volar surface of a patient’s extended right arm, who had been ill with leishmaniasis,
having been infected with Leishmania sp. protozoa, which had manifested itself as a cutaneous form of the
disease (courtesy of Centers for Disease Control and Prevention/Dr. martins Castro and Dr. Lucille K. Georg)
(https://phil.cdc.gov/Details.aspx?pid=12161).
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increased number of lymphocytes making it difficult to histologically distinguish
from tuberculosis.

Diffuse cutaneous leishmaniasis presents with multiple widespread nontender,
non-ulcerating lesions, resembling lepromatous leprosy, and a negative leishmanin
skin test (LST). The skin is heavily infiltrated by organisms and the patients lack a
cellular immune response. These are caused by L. amazonensis, L. aethiopica, and L.
mexicana.

Disseminated cutaneous leishmaniasis presents with 10 or more mixed-type lesions
in multiple body parts and is mostly seen in Latin America with frequent involve-
ment of the mucosa. Histologically, the organisms are scant in the skin lesions, and
patients show positive antibodies against Leishmania and positive LST test.

Most cases of diffuse cutaneous leishmaniasis and L. recidivans are chronic and
resistant to treatment, may be exceedingly disfiguring, and can be associated with
low mortality rates.

L. infantum/L. chagasi predominantly causes VL; however, it may lead to atypi-
cal cutaneous disease. Reported cases are autochthonous, seen in immunocompe-
tent hosts, and diagnosed in different regions [19].

L. donovani is also mainly responsible for VL; however, some atypical autoch-
thonous CL cases by L. donovani are reported [19].

4.2 Mucocutaneous leishmaniasis

ML presents as destructive lesions involving oronasal mucosa with involvement
of the nasal septum, lips, and palate. Ninety percent of ML cases show a previous CL
scar. The disease is often chronic and progressive with destructive, disfiguring
midfacial lesions leading to extensive mutilation. Secondary infection and respira-
tory tract invasion may lead to patient’s demise. It is frequently seen in immuno-
compromised individuals and being a potentially life-threatening disease requires
immediate/early diagnosis and treatment [21, 22]. Less than 5% of patients infected
by L. braziliensis and a small percent of those infected by L. panamensis and L.
guyanensis can develop mucosal involvement months to years after cutaneous dis-
ease resolution [13].

4.3 Visceral leishmaniasis

L. donovani is the main species causing VL and humans are the main reservoir
for it. L. infantum also causes visceral disease; however, it is zoonotic. VL is charac-
terized by a “pentad” of persistent irregular fever, hepatosplenomegaly, weight
loss, pancytopenia, and hypergammaglobulinemia. The fever characteristically
shows a double rise in 24 hours with spikes of fever and afebrile intervals in
between. It is the most devastating and fatal forms of leishmaniasis. The spectrum
ranges from asymptomatic infection to fulminant life-threatening disease. The dis-
ease may present with an acute or insidious onset, however the typical presentation
is that of wasted, thin, cachectic appearance with prominent abdominal distention
due to hepatosplenomegaly. Jaundice is considered to be a bad prognostic sign. The
incubation period is 2 weeks–8 months. High parasite burden is often associated
with malnutrition and wasting in particular in children [23, 24]. VL is often associ-
ated with hyperpigmentation of the skin most likely secondary to production of
adrenocorticotropic hormones. In such cases it is referred to as kala-azar/black fever
[25]. VL, if untreated, is fatal within 2 years; mortality is mostly due to secondary
bacterial infection, immunosuppression, hemorrhage due to hematopoietic
infiltration, and severe anemia [13].
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4.3.1 Uncommon variants of VL

Gulf War soldiers: An uncommon form of VL is described in some US veterans
who were infected while participating in Gulf war. These patients had only mild
symptoms and light parasitic burden. L. tropicawas identified as the causative agent
in some of these cases [19, 26].

Viscerotropic leishmaniasis: This is an indolent form of disease that has a distinct
clinical presentation; however it does not progress to or develop classic VL.

VL-HIV coinfection: HIV is considered to be responsible for the re-emergence of
the VL. Both organisms share common pathologic immunologic system involving
the reticular endothelial system, therefore leading to accelerated progression of the
disease. VL in an HIV-infected person should be considered an acquired immune
deficiency syndrome (AIDS)-defining illness, and HIV testing should be mandatory
in all patients presenting with VL [1, 27]. Atypical disseminated leishmaniasis can
be seen in these patients with lesions involving the gastrointestinal tract and the
respiratory tract [21, 28].

L. tropica, L. amazonensis, and L. major generally associated with CL are
reported to be viscerotropic and uncommonly may lead to visceral disease [19].

4.4 Post-kala-azar dermal leishmaniasis

PKDL was commonly seen in India and Africa as a late complication of VL
secondary to L. donovani and rarely L. infantum, the latter typically in immuno-
compromised patients [29]. Patients often present months to as many as 20 years
after VL with hypopigmented or erythematous skin lesions which over time
progress to develop plaques and nodules over the face and trunk. These lesions
are often nontender and have preserved sensation, a feature distinguishing this
from lepromatous leprosy. The lesions often resolves spontaneously;
however, relapse is common, and resistant forms to antimonial treatment have
been reported [1, 13].

5. Diagnosis

Centers for Disease Control and Prevention (CDC) has a practical guide for
laboratory diagnosis of leishmaniasis at http://www.cdc.gov/parasites/leishmania
sis/health_professionals/index [18].

Cutaneous and mucocutaneous lesions usually show normal values in routine
laboratory testing. VL, on the other hand, may exhibit normocytic normochromic
anemia, leukopenia, and/or thrombocytopenia due to bone marrow or spleen
involvement. In addition there may be involvement of other organs leading to their
respective abnormal functions such as abnormal liver function test in patients with
significant hepatic disease.

Characteristically the diagnosis is confirmed by visualizing the amastigote form
of the protozoa from infected tissue by performing invasive procedure such as
dermal scraping or biopsies for cutaneous lesions and/or fine-needle aspirates/
biopsies for visceral disease (Figure 4). The smears are often stained with Giemsa,
Leishman, and/or Wright’s stain and slides reviewed under oil immersion. Histori-
cally, splenic puncture was considered the most sensitive method and golden stan-
dard procedure; however it is potentially life-threatening, carries a high risk of
complications such as hemorrhage, and therefore currently is considered unneces-
sary. In endemic areas with high clinical suspicion, clinical history and physical
examination is often sufficient to reach the diagnosis. Since the localized disease has
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prominent cell-mediated immunity to the organism, especially when long-standing,
isolation, identification, and culture of these organisms can be extremely challeng-
ing. In cutaneous disease the organism may be visualized in samples obtained by
biopsy, scraping, or FNA in approximately 70% of cases, while the culture from the
skin shows only 40% sensitivity [13, 30].

A skin punch biopsy is recommended for the CL to be taken from the raised edge
of an active lesion where parasites exist. In addition to the formalin-fixed sections,
touch preparations/tissue impression slides can also be prepared and examined. The
diagnostic finding is to identify the amastigotes with their eosinophilic rod-like
cytoplasmic kinetoplast (Figures 5 and 6). In long-standing lesions, biopsy of the
necrotic center of the lesion, and cases with low burden disease, the biopsy may
show false-negative results.

Mucosal biopsies and/or dental scrapings are used for mucocutaneous lesions to
look for organisms.

Invasive procedures such as aspirates or biopsies from the spleen, bone marrow,
lymph node, and/or liver were used to diagnose VL. However, technology
advancement and development of rapid diagnostic tests (RDT) such as recombinant
K39 assay with its high sensitivity and specificity made the above invasive pro-
cedures unnecessary. In general, the positivity rate for identification of amastigotes
in splenic aspirate is 98% and in bone marrow aspirate/biopsy is 54–86% [31, 32].
Blood samples, except in HIV-infected patients, and lymph nodes have lower
sensitivity.

Leishmanin skin test/Montenegro skin test, similar to purified protein derivative
(PPD) test used for Mycobacterium tuberculosis, is a marker of cellular immune
response and tests for delayed-type hypersensitivity reaction. The test uses injection
of killed promastigotes in the skin. If there is a skin induration of at least 5 mm after
48–72 hours, the test is considered positive. The test is negative in acute infection as
it shows positive results after 2–3 months of infection. In addition the test is nega-
tive in active VL and immunosuppressed patients due to anergic response. In the
United States, no skin tests for leishmaniasis are approved because of lack of
standardization; however, it is used in developing countries and is useful in epide-
miological surveys as a marker of previous exposure [1].

Figure 4.
This photomicrograph of a subcutaneous tissue sample reveals the presence of numerous Leishmania donovani
parasites (courtesy of Centers for Disease Control and Prevention/Dr. Martin D. Hicklin) (https://phil.cdc.gov/
Details.aspx?pid=330).
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Figure 4.
This photomicrograph of a subcutaneous tissue sample reveals the presence of numerous Leishmania donovani
parasites (courtesy of Centers for Disease Control and Prevention/Dr. Martin D. Hicklin) (https://phil.cdc.gov/
Details.aspx?pid=330).
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Several serological assays for detection of antibodies against leishmaniasis
have been developed using various techniques such as direct agglutination
(DAT), immunofluorescence assay (IFA), enzyme-linked immunosorbent

Figure 6.
This is a transmission electron microscopic image of Leishmania major amastigotes, which had been grown in
a cell culture. Note the dense kinetoplasts in the cytoplasm (courtesy of Centers for Disease Control and
Prevention/Cynthia goldsmith and Luciana Flannery) (https://phil.cdc.gov/Details.aspx?pid=22001).

Figure 5.
This photomicrograph depicts some of the histopathologic details seen in a canine bone marrow smear, processed
using Giemsa stain, in the case of leishmaniasis. This particular view displays Leishmania donovani parasites
contained within one of the bone marrow histiocytes (courtesy of Centers for Disease Control and Prevention/Dr.
Francis W. Chandler) (https://phil.cdc.gov/Details.aspx?pid=30).
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assay (ELISA), and western blot. Although these tests show high sensitivity for
acute VL, they are not specific for this disease and may show false positivity with
other organisms.

Detection of antibodies to recombinant K 39 antigen appears to correlate with
active VL disease in species such as L. donovani, L. chagasi, and L. infantum. These
RDTs however are not useful in cutaneous and mucocutaneous infection. Based on a
Cochrane review of RDTs, the sensitivity for rK39 RDT assay is excellent at 97% in
Indian subcontinent but low in East Africa and Sudan at 85%. More recently, an
rK28 antigen-based RDT shows better sensitivity in Sudan [33, 34]. Recent efforts
in developing tests that detect antigens show promising results but still with
certain limitations; latex agglutination test has moderate sensitivity of 64% and
higher specificity of 93%, while most recent ELISA test shows more than 90%
sensitivity [1, 35].

Molecular techniques including polymerase chain reaction (PCR), with signifi-
cant advances in technology, show higher sensitivity; however, due to the higher
cost and complexity of the procedure, they are not available in resource-limited
settings. This is particularly true in VL. These tests have a higher sensitivity for
cutaneous lesions: reverse transcriptase loop-mediated isothermal amplification
(LAMP) technology exhibiting a sensitivity of 98% in CL.

6. Treatment

Multiple factors play a role in treatment decision-making for Leishmania that
include the specific species, geographic location, comorbidities, and the type of
disease whether CL, ML, PKLD, or VL. On most part, it is considered as a treatable
and curable disease; however it requires an immunocompetent system. Despite
multiple efforts and after all these years, the treatment of Leishmania still remains a
problem. This is mostly because of indiscriminate treatment leading to frequent
emergence of parasite resistance, and the side effects of antileishmanial
therapeutic agents call for a search for alternative treatment including the use of
natural products such as plants and herbs [36]. Traditionally, medicinal plants have
been used throughout the history and are still being used as an alternative
therapy to conventional health care, in particular in developing countries and
mainly in rural areas that are often deprived of public health resources [37]. This
science of using medicinal plants as therapeutic agents is referred to as
phytotherapy [38]. The alternate therapies, when studied, show different mecha-
nisms of action. Plants have several secondary metabolites, for example, flavonoids,
polysaccharides, lactones, alkaloids, diterpenoids, and glycosides that may activate
the immunological system [39]. As an example, a combination of miltefosine and
nanoparticles of curcumin, a component of turmeric, displayed lymphocyte prolif-
eration and increased the phagocytic capacity of peritoneal macrophages [40].
Another example is tricin which is isolated from Casearia arborea, an evergreen
tea, that was reported to modulate the respiratory burst, thus helping in parasite
elimination.

Other mechanisms reported as possible mechanisms of action include reactive
oxygen species generation and apoptosis-inducing potential. Examples of the latter
include ethanolic extract of seeds and leaves of Azadirachta indica and essentials oils
of Artemisia campestris and Artemisia herba-alba that act as an apoptosis inductor in
promastigotes of L. donovani and L. infantum [36].

Several studies have been carried out to assess the efficacy of such alternate
treatment; however, the results have not been very encouraging. Most of the plants
show immunomodulatory effect, but no leishmanicidal effect has been validated,
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supporting the notion that substances obtained from plants may complement the
treatment of leishmaniasis because of their immunomodulatory effects, but there is
no direct effect against the parasite.

There are recommended guidelines for Leishmania treatment by the WHO [16].
In addition, a panel of the Infectious Diseases Society of America (IDSA) and the
American Society of Tropical Medicine and Hygiene (ASTMH) have developed
management guidelines for Leishmania patients. These guidelines are mainly for
physicians practicing in North America and are based, whenever possible, on ran-
domized clinical trials and a systematic method of grading the quality of evidence
and strength of recommendation [41].

6.1 Cutaneous leishmaniasis

Most CL cases spontaneously regress in immunocompetent hosts over 2–
18 months, and therefore conservative approach can be used in particular for those
caused by L. major and L. mexicana. On the other hand, L. braziliensis has a low
spontaneous cure rate. The decision to treat CL and ML is often to reach a goal of
reducing the risk of disfigurement, scarring, dissemination, accelerating cure, and
subsequent progression to mucocutaneous disease in cases of CL. In addition it is
important to classify cutaneous lesions into simple or complex cutaneous lesions
based on certain criteria that are then used for treatment decision-making process.
These include immunocompetent versus immunocompromised host status, regional
lymphadenopathy, multiplicity of lesions (>4), lesions of >5 cm in size, lesions on
sensitive areas (such as face, ears, eyelids, lips, fingers/toes, genitalia, or joints),
more than 6 months duration, and Leishmania species that are more likely to be
associated with ML, unusual presentations such as diffuse or disseminated CL, and
L. recidivans. Traditional treatment for CL has been intralesional injections mostly
sodium stibogluconate, thermotherapy, cryotherapy, and topical agents such as
paromomycin. The combination of intralesional antimonials and cryotherapy is
often the first-line treatment option for CL, resulting in higher cure rates. There has
been lack of standardization and poor trial designs for therapeutic regimens in the
past. Recently efforts are being carried out to develop unified criteria to define
measurable endpoints for different treatment regimens. The treatment regimen
decision regarding whether to give local or systemic therapy or choice of
therapeutic modality is based on the geographic location and the infecting
Leishmania species.

Local treatment includes a combination of intralesional antimonials and
cryotherapy, paromomycin ointment containing methylbenzethonium chloride,
paromomycin containing 0.5% gentamicin, and paromomycin with allopurinol for
L. recidivans.

Systemic regimens include oral fluconazole, pentavalent antimonials with or
without pentoxifylline, ketoconazole, miltefosine, liposomal amphotericin B
(LAMB), and pentamidine isethionate.

Systemic treatment for CL is usually used for immunosuppressed patients,
mucocutaneous lesions, diffuse/extensive lesions, and refractory disease. In addi-
tion infection by L. braziliensis and L. infantum should be considered for systemic
treatment (Tables 2 and 3) [1, 17, 18].

6.2 Mucocutaneous leishmaniasis

For mucocutaneous disease systemic regimens include pentamidine isethionate,
pentavalent antimonials + pentoxyfilline, and LAMB (Table 4) [17, 18].
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Table 2.
Treatment regimens for cutaneous leishmaniasis, New World species, as per WHO recommendations (adopted
from WHO) (https://www.who.int/leishmaniasis/research/978924129496_pp67_71.pdf?ua=1) [8].
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6.3 Post-kala-azar dermal leishmaniasis

Treatment regimens for PKDL are scant. In general, majority of cases from East
Africa are self-healing and therefore do not require treatment. In contrast, in the
Indian subcontinent, these patients are treated. Since vast majority of these patients
are healthy and the risk is cosmetic, the risk benefit should be weighed before
initiating therapy. Selected treatment regimens are recommended by the WHO,

Table 3.
Treatment regimens for cutaneous leishmaniasis, Old World species, as per WHO recommendations (adopted
from WHO) (https://www.who.int/leishmaniasis/research/978924129496_pp67_71.pdf?ua=1) [8].
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when patients require treatment, that include miltefosine, amphotericin B
deoxycholate, and LAMB mainly for Indian subcontinent. As for East Africa, the
WHO based on evidence grading recommends pentavalent antimonial, LAMB,
miltefosine, and combination treatment (pentavalent antimonial with
paromomycin) (Table 5) [17, 18].

6.4 Visceral leishmaniasis

Traditionally VL has been treated by pentavalent antimonials. Recently there is
emergence of resistance in the Indian subcontinent. Current recommendations for
VL in East Africa include pentavalent antimonials, LAMB, or combination treat-
ment (including pentavalent antimonials with paromomycin). As for the Indian
subcontinent, the recommendations include LAMB, amphotericin B deoxycholate,
miltefosine, and one of the combination therapies: LAMB with miltefosine, LAMB
with paromomycin, or miltefosine with paromomycin [1]. As for complicated VL,
elderly patients, and pregnant patients in East Africa, it is recommended to have
LAMB treatment because of its better safety. LAMB monotherapy is not
recommended in patients with less severe disease in Asia due to lack of proven
efficacy in that region [42]. In Asia, sodium stibogluconate, rather than LAMB, is
considered the first-line treatment for L. infantum and L. donovani. The WHO
recommended LAMB therapy in the initial elimination phase for L. donovani in

Table 4.
Treatment regimens for mucocutaneous leishmaniasis as per WHO recommendations (adopted from WHO)
(https://www.who.int/leishmaniasis/research/978924129496_pp67_71.pdf?ua=1) [8].

Geographic areas affected by post-
kala-azar dermal leishmaniasis

Recommended treatment regimens ranked by preference

East Africa 1.Pentavalent antimonials: 20 mg Sb5+/kg per day
intramuscularly or intravenously for 30–60 days, when
indicated (C)

2.Liposomal amphotericin B: 2.5 mg/kg per day by
infusion for 20 days, when indicated (C)

Bangladesh, India, and Nepal 1.Amphotericin B deoxycholate: 1 mg/kg per day by
infusion, up to 60–80 doses over 4 months (C)

2.Miltefosine orally for 12 weeks at dosage as above in
visceral leishmaniasis (A)

Table 5.
Treatment regimens for post-kala-azar dermal leishmaniasis as per WHO recommendations (adopted from
WHO) (https://www.who.int/leishmaniasis/research/978924129496_pp67_71.pdf?ua=1) [8].
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Table 6.
Treatment regimens for visceral leishmaniasis as per WHO recommendations (adopted from WHO) (https://
www.who.int/leishmaniasis/research/978924129496_pp67_71.pdf?ua=1) [8].
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the Indian subcontinent; however currently several combination regimens are
available which will alleviate the risk of resistance development to LAMB
therapy (Table 6) [17, 18].

6.5 Human immunodeficiency virus (HIV): Visceral leishmaniasis coinfection

VL should be treated as an opportunistic infection if diagnosed in patients with
HIV, warranting lifelong antiretroviral therapy regardless of CD4 count [27]. The
core infected patients require longer treatment with higher doses since they are at a
higher risk for disease relapse, poor outcome, and increased mortality. In addition,
developing VL disease in HIV patients adversely affects their response to antiretro-
viral therapy [43]. Current WHO recommendation, so far, is LAMB for all regions.
Some cases may require combination treatment including LAMB with mitefosine,
pentavalent antimonials, and/or amphotericin B deoxycholate. Randomized control
trials are ongoing in both Ethiopia and India comparing combination of LAMB and
miltefosine with LAMB monotherapy [44, 45].

6.6 Surgical intervention

Surgical intervention is not the recommended modality of treatment in majority
of leishmaniasis cases; however, surgery may be required in certain cases such as
splenectomy in resistant disease, orofacial surgery for severely debilitating ML, and
cosmetic surgery for disfiguring cutaneous lesions.

7. Prevention and control

L. donovani is perhaps one of the most virulent Leishmania species and is present
in South Asian region, one of the highest incidence areas of VL. Between 2005 and
2013, Leishmania ranked the second worst next only to malaria among the 16
categories of “neglected tropical diseases” [46]. In 2005 the WHO and the govern-
ment representatives of India, Nepal, and Bangladesh signed a memorandum of
understanding with commitment to mutually cooperate in order to achieve VL
elimination from these countries by 2015. The objective was to reduce the annual
incidence of VL to below 1/10,000 inhabitants by 2015 using detection and treat-
ment of VL cases and vector control measures [47]. The target was not achieved by
the expected date of 2015 due to high cost and limited availability of treatment, lack
of effectiveness of vector control measures, emergence of parasite resistance, and
low community coverage of health services in all areas. A second target was set for
2017; however, the WHO has recently reset the target of VL elimination from the
Indian subcontinent to year 2020 [48]. In the Eastern Mediterranean region, a
specific target was set for CL to detect 70% of all cases and at least treat 90% of
them. There is crucial gap in planning elimination of VL in Asia and VL and CL in
other regions. These elimination campaigns will require more intense work and
better strategic planning in addition to the high cost required. Currently, there is
increased global awareness about the disease and the dire need for its elimination, in
particular, after Asian elimination initiative of VL and 2012 London declaration on
neglected tropical diseases. Having said that, many challenges still exist that
counteract these efforts. These include poor sanitary conditions, conflict zones
leading to forced migration, emerging atypical variants, poor public awareness
especially in nonendemic areas, suboptimal diagnostic modalities, and limited
treatment options [1, 49].
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other regions. These elimination campaigns will require more intense work and
better strategic planning in addition to the high cost required. Currently, there is
increased global awareness about the disease and the dire need for its elimination, in
particular, after Asian elimination initiative of VL and 2012 London declaration on
neglected tropical diseases. Having said that, many challenges still exist that
counteract these efforts. These include poor sanitary conditions, conflict zones
leading to forced migration, emerging atypical variants, poor public awareness
especially in nonendemic areas, suboptimal diagnostic modalities, and limited
treatment options [1, 49].
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7.1 Mass treatment

The VL elimination initiative in the Indian subcontinent in collaboration with
the WHO was based on diagnosis and treatment of VL patients using mass treat-
ment to reach the target of reducing the annual VL incidence to below 1/10,000.
This plan was dependent on actively looking for and diagnosing Leishmania
patients. However, the target date was missed because of several factors including
limitations of diagnostic tools to diagnose patients actively, lack of health-care
coverage in certain areas in developing countries in particular rural regions, lack of
proper vector control, and high cost and limited availability of treatment [46–48].

7.2 Vector control strategies

Including insecticide-treated nets and indoor insecticide sprays are used for
areas where sandflies bite indoor. Recently resistance to dichlorodiphenyltri-
chloroethane (DDT) is reported to emerge, and therefore other synthetic products
such as pyrethroids started to be used [50]. In areas like Africa where the vector
mainly bites outdoor, selective outdoor spraying might be effective in reducing
vector density. In addition alternative vector control measures have been proposed
and used such as plastering of walls and floors using mud and lime. However these
environmental management methods need further evaluation and validation. The
KALANET project was the only trial that evaluated the impact of “long-lasting
insecticidal nets” on L. donovani and concluded that these nets have beneficial
effects against L. donovani as they provide some degree of personal protection
against infection as compared to those using untreated nets or no nets. Further
prospective studies are needed to evaluate integrated vector management measures
on VL and other vector-borne diseases [47].

7.3 Reservoir eradication/control

In areas of zoonotic transmission should be effectively targeted to reduce the
human infection rate from infected animal reservoir. Several reservoir control
measures have been used including animal elimination in certain areas, canine
vaccines, and insecticides used on dogs such as spot-on insecticide which are drops
applied on skin under the hair in the neck region, insecticide-impregnated dog
collars, and whole body insecticide use. Studies on efficacy of animal reservoir
intervention programs are limited and show lack of generalizability of intervention
measures as well as mixed results [17]. In addition there are also conflicting results
on the impact of dogs in transmission of leishmaniasis since not all infected dogs
become infectious. All the above factors point towards a fundamental gap in our
knowledge of disease biology and its transmission.

7.4 Minimizing outdoor exposure

At dawn to dusk which are the peak bite times and use of insecticide-treated nets
and/or fine-mesh nets since the sandflies are small in size and can pass through
standard mosquito nets.

7.5 Transmission via blood

Infected patients should not donate blood or organs since the parasite can be
transmitted through blood.
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7.6 Immunization/vaccination

Several candidate vaccines are in preclinical development, and at least three are
currently in clinical studies; however, no effective vaccine has been identified to
date to effectively prevent human leishmaniasis [51]. Some studies show vaccina-
tion by killed Leishmania promastigotes, and live BCG can develop protection
against CL, but no protection is seen against VL. Approximately 90–98% of leish-
maniasis patients recover after disease and develop natural acquired immunity
mainly due to Th1 lymphocyte activation and its reaction towards the infecting
parasite. This strongly supports the ongoing vaccination development efforts,
hopefully looking forward for a clinically efficient vaccine to be available in the near
future.

All the above measures have shown some success; however, they are costly and
require extensive coordination efforts globally. Early diagnosis and treatment
remain the main control strategy since untreated patients serve as reservoirs of
parasites. In most countries majority of patients present themselves to the health
care, suggesting that many cases will remain in the community for long periods
before seeking health care due to reduced awareness. Strategy for eradication would
require surveillance with early detection and prompt treatment measures applied
globally, mostly in heavily infested areas.

7.7 Postinfection immunity

Successfully treated patients who receive full course of therapy by effective
agents and self-resolving infections generally acquire immunity from the infecting
species in 97–98% of the cases.

7.8 Long-term monitoring

Prolonged monitoring and follow-up evaluations of patients after successful
treatment are recommended for relapse or recurrence of the disease. Yearly follow-
up is recommended for patients infected with L. braziliensis for up to a decade for
early detection of any progression to mucocutaneous disease. Certain complex cases
of ML, diffuse CL, L. recidivans, and PKDL can be difficult to treat and may require
prolonged therapy. In addition, retreatment and/or second-line medications may be
required for patients with resistant disease.

8. Conclusion

There has been increasing global awareness about leishmaniasis and the need for
its eradication. However, there are many challenges that hinder this global initiative
and maintain leishmaniasis as one of the neglected tropical diseases. These chal-
lenges include but are not limited to high cost, variability of clinical spectrum, cyclic
transmission patterns, changing disease foci, emerging atypical and resistant forms,
suboptimal diagnostics, limited treatment options/availability, and suboptimal
community awareness and health-care coverage, in particular in nonendemic areas.
Several preventive measures using various strategies are needed to tackle personal
human protection against infection, interventions targeting vector and animal res-
ervoir control. With the current known challenges and limitations of resources,
perhaps integrated approach to control this infection and focus on development of
effective vaccine for protection may be a strategic way to use the limited resources
available to reach the WHO’s set target of leishmaniasis reduction/elimination [17].
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For WHO to reach its leishmaniasis elimination target, seriously committed global
efforts with substantial funding will be required. However, the question whether
complete accomplishment of this goal is technically achievable, given the
abovementioned challenges, remains to be answered.
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Chapter 17

A New Outlook in Lymphatic 
Filariasis Elimination in India
Susanta Kumar Ghosh and Pradeep Kumar Srivastava

Abstract

In India, human lymphatic filariasis (LF) is the most common vector-borne 
disease after malaria. It is a roundworm nematode parasitic helminthiases group 
of diseases under Filarioidea type of infection. The parasites are found in the 
lymphatic system, damage the system leading to deformities of body organs. Of the 
eight human filarial parasites, Wuchereria bancrofti, Brugia malayi and B. timori 
are involved with the lymphatic system. Globally W. bancrofti is the most pre-
dominant species sharing 90% of the burden. In India, W. bancrofti and B. malayi 
are present. The revised control strategy was aimed at a single-dose mass drug 
administration (MDA) and home-based morbidity management. The Elimination 
of LF (ELF) was initiated in 2004 in 202 districts which were expanded later in 
256 districts after a pilot study in LF endemic districts initiated in 1997. The initial 
start of ELF campaign was with a single drug, i.e. diethylcarbamazine (DEC), but 
later in 2007, a combination of two drugs DEC and albendazole (ALB) were given 
through MDA. Now a third drug ivermectin (IVM) has been added to accelerate the 
elimination process by 2020 which is the global goal of elimination under Global 
Programme to Eliminate Lymphatic Filariasis (GPELF).

Keywords: lymphatic filariasis, elimination, Wuchereria bancrofti, Brugia malayi, 
diethylcarbamazine, albendazole, ivermectin, DEC-medicated salt, transmission 
assessment survey, xenomonitoring

1. Introduction

There are eight parasites responsible for filarial infections. Three parasites 
Wuchereria bancrofti (Cobbold 1877), Brugia malayi (Brug 1927) and B. timori 
(Partono et al. 1977) are responsible for lymphatic filariasis (LF) that impairs the 
lymphatic system leading to severe organ deformities leading to social stigma [1–3]. 
In India, the first two species W. bancrofti and B. malayi are present. W. bancrofti 
contributes 99.4% of the total burden. It is a roundworm nematode parasitic 
helminthiasis group of diseases under the Filarioidea type of infection. The main 
affected organs are legs and genitals causing ‘elephantiasis’ and hydrocele in males 
and breast filariasis in females followed by relentless disability causing social 
stigma. In Indian local language the disease is known as ‘Hathipaon’. In India, LF is 
the second most vector-borne disease after malaria and globally ranks third after 
malaria and tuberculosis. The World Health Organization (WHO) estimated that 
LF is found in 81 tropical and subtropical countries with 120 million infected cases 
and with one billion people at risk; 947 million people are threatened, whereas 40 
million people are disfigured by this infection. Four countries India, Indonesia, 
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Bangladesh (all Asian countries) and Nigeria (Africa) contribute about 70% of the 
LF infection in the world [4].

In the sixth century BC in his book, Susruta Samhita, Susruta mentioned 
this disease. In the seventh century AD in his memoir, Madhava Nidhana, 
Madhavarakara first described the signs and symptoms of this disease. In 1709, 
Clarke described ‘Malabar legs’ from Cochin which is synonymous with elephantia-
sis. In 1872 in Calcutta (now Kolkata), Lewis first described the microfilariae (Mf) 
in human blood [5].

LF is distributed in economically challenged countries. W. bancrofti is the most 
predominant species of human filariasis. It was recognized primarily as an urban 
disease which does not have animal reservoirs. Later it is reported from rural areas 
also. The parasites develop only in humans and in mosquitoes. But the adult worms 
may survive for 8–10 years and produce huge numbers of Mf from time to time. 
This is actually the real challenge in containing the disease.

2. Search methods

We have searched MEDLINE (PubMed) and CAB Abstracts, checked the 
reference lists of all studies identified by the search, also performed Google Search 
on specific topics and examined references listed in review articles and previously 
compiled bibliographies.

3. Genesis and evolution of the elimination of lymphatic filariasis

LF is responsible for deformities and disfigures of potential organs caused by this 
disease which make social stigma leading to hardship on normal life. Many mar-
riageable persons undergo physical and psychological distress throughout their lives. 
LF is one of the six infectious diseases identified by the International Task Force for 
Disease Eradication of the WHO as ‘eradicable’ or ‘potentially eradicable’ in 1993 
[6]. In 1997, the World Health Assembly resolved to eliminate LF as a public health 
problem globally [7]. In 2000, the WHO launched Global Programme to Eliminate 
Lymphatic Filariasis (GPELF). Following the London declaration on neglected 
tropical diseases (NTDs) in 2012, and consequent on several recent advances on the 
new knowledge of the pathogenesis, the biology of the parasite, development of 
better diagnostic tools and treatment strategies of LF, GPELF has an aim to elimi-
nate this disease globally by 2020. India, a signatory to the World Health Assembly 
resolution, had initially set the target for elimination of filariasis by the year 2015 [4] 
but later aligned with global target of 2020 which is again to be reset. This pro-
gramme is based on two components consisting of (i) interruption of transmission 
to prevent the disease by mass drug administration (MDA) and (ii) alleviation of the 
morbidity (lymphedema and hydrocele) associated with the disease [8]. Of the two 
strategies, preventive chemotherapy delivered through MDA has gained prominence 
as interruption of transmission after the implementation of the GPELF.

4. Mass drug administration: scientific background

Before the concept of MDA, the main strategy of LF management was selective 
treatment by identifying Mf carriers microscopically and/or clinically manifested 
cases and their treatment with diethylcarbamazine (DEC) for 12 days for indi-
vidual cure. This strategy was focused on individual level where the people with 
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low parasitaemia and asymptomatic were left and therefore infection persisted in 
the community. In the subsequent years, there were significant improvements of 
LF diagnosis and treatment. Combination of double to triple drugs in single doses 
has been found to be efficacious than monotherapy. Albendazole (ALB) and more 
recent ivermectin (IVM) have been added to DEC. Now DEC + ALB is used in the 
MDA programme, and additionally IVM has been advocated for treating the entire 
population at high risk [5].

Human pharmacokinetic studies on the two regimens of single-dose drugs 
have shown that all the three drugs when administered singly or as a partner 
were well tolerated and safe in both microfilaraemic and non-microfilaraemic 
cases. Efficacy studies of repeated annual MDAs on different combination drugs 
of ALB + DEC, ALB + IVM and DEC + IVM indicated significant reductions on 
Mf rate for long periods [9]. Microsimulation models based on drug coverage, 
its efficacy and endemicity level of LF have indicated the effectiveness of MDA 
on ELF. This enabled to assess the number of MDA rounds necessary to achieve 
elimination [10, 11].

5. Filariasis control initiatives in India

LF is considered one of the NTDs that cause huge deformities and disabilities 
on the society. India contributes the major burden globally. The initial effort was 
to establish the concept of controlling the disease. In the concept of its elimination 
on the line of global initiative, India has made significant progress. In India, LF is 
caused by two roundworm nematode parasites W. bancrofti and B. malayi and is 
transmitted by the mosquito vectors Culex quinquefasciatus, Mansonia annulifera 
and M. uniformis. B. malayi which contributes to a negligible proportion is present 
in Kerala, Andhra Pradesh, Odisha, Madhya Pradesh, Assam and West Bengal. In 
general, Bihar state has the highest endemicity while Goa the lowest [12]. Here a 
detailed recent account has been enumerated.

5.1 National filaria control programme

After the pilot project in Orissa from 1949 to 1954 and based on its assessment, 
In India, the National Filaria Control Programme (NFCP) was launched in 1955. 
The main objective was to control the problem, have effective planning for control 
measures in endemic areas and also to train health personnel to strengthen the pro-
gramme. The immediate control measures were mass drug administration of DEC, 
antilarval measures in urban areas and indoor residual spray in the rural areas. The 
programme was assessed four times by the assessment committees in 1961, 1971, 
1982 and 1995, respectively. In 1961, the assessment revealed the failure of mass 
DEC administration due to community reluctance and ineffectiveness of insec-
ticidal indoor spray due to the high resistance in the vector, and therefore as per 
recommendation of assessment committee, recurrent antilarval measures, estab-
lishment of new control units in endemic urban areas and provision of disposal 
of sewage and sullage were instituted. In 1971, the assessment committee recom-
mended the detection and treatment of Mf cases with DEC at a dose of 6 mg/kg per 
day for 12 days and antilarval measures. Again in 1982, the assessment committee 
recommended extension of NFCP to rural areas through primary health-care sys-
tem with 100% central assistance [5]. The fourth assessment in 1995 recommended 
to launch a project on the eradication of B. malayi, integrated vector control for all 
vector borne diseases, adoption of model bye-laws for effective control of vectors in 
domestic situation and fresh delimitation survey in rural areas.
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Bangladesh (all Asian countries) and Nigeria (Africa) contribute about 70% of the 
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gramme is based on two components consisting of (i) interruption of transmission 
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Before the concept of MDA, the main strategy of LF management was selective 
treatment by identifying Mf carriers microscopically and/or clinically manifested 
cases and their treatment with diethylcarbamazine (DEC) for 12 days for indi-
vidual cure. This strategy was focused on individual level where the people with 
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general, Bihar state has the highest endemicity while Goa the lowest [12]. Here a 
detailed recent account has been enumerated.
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After the pilot project in Orissa from 1949 to 1954 and based on its assessment, 
In India, the National Filaria Control Programme (NFCP) was launched in 1955. 
The main objective was to control the problem, have effective planning for control 
measures in endemic areas and also to train health personnel to strengthen the pro-
gramme. The immediate control measures were mass drug administration of DEC, 
antilarval measures in urban areas and indoor residual spray in the rural areas. The 
programme was assessed four times by the assessment committees in 1961, 1971, 
1982 and 1995, respectively. In 1961, the assessment revealed the failure of mass 
DEC administration due to community reluctance and ineffectiveness of insec-
ticidal indoor spray due to the high resistance in the vector, and therefore as per 
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vector borne diseases, adoption of model bye-laws for effective control of vectors in 
domestic situation and fresh delimitation survey in rural areas.



Parasitology and Microbiology Research

326

5.2 Diethylcarbamazine-medicated salt

Mass treatment with DEC-medicated salt at community level has been used 
in a number of places as a control measure for lymphatic filariasis. In India this 
regimen was initiated as pilot projects in 1968–1969 in Uttar Pradesh and Andhra 
Pradesh. This showed very encouraging results. A recent review from 11 com-
munities from China, India, Taiwan, Tanzania and Haiti on DEC-medicated salt 
in high-endemic districts and also in B. malayi areas opined high impact of this 
strategy which may be an end game for LF elimination. In 1976–1977 the distribu-
tion of 0.1% DEC-medicated salt was distributed in a population of 25,000 in 
Lakshadweep Island. There was an 80% reduction on Mf rate and 90% on circu-
lating Mf after 1 year. Similarly, 0.2% salt conducted in Karaikal, Puducherry, 
showed 98% reduction on Mf [13]. A recent study on DEC-fortified salt (0.2%) 
and iodine for the elimination of diurnally sub-periodic W. bancrofti in Andaman 
and Nicobar Island showed encouraging results. Community coverage of >90% 
resulted in the reduction of Mf rate from 2.27 to 0.14% in the DEC-salt-arm (<1% 
in all the villages) and 1.26 to 0.74% (>1% in 4 out of 14 villages) in the MDA-arm. 
Antigen prevalence reduced to zero from 1.0 (DEC-salt + MDA-arm) to 6.3% 
(MDA-arm) in 2–3 years old, 1.2 to 3.6% from 2.9 in the DEC-salt-arm and 4.5% 
in the MDA-arm among 6–7 years old [14]. However, studies have indicated that it 
has to be used in specific situations [15].

5.3 Improved diagnosis of lymphatic filariasis

There are several methods for the diagnosis of LF. The microfilariae can be 
detected directly through blood smear examination, membrane filtration method, 
DEC-provocative test and quantitative buffy coat methods. Other methods are 
polymerase chain reaction (PCR), ultrasonography, lymphoscintigraphy (LSG), 
X-ray diagnosis and also hematology [16].

Circulating microfilariae can be detected by examining thick smears 
(20–60 μl) of finger-prick blood. Based on the periodicity of the microfilariae, 
blood samples are collected either at night hours or during daytime (in Andaman 
Nicobar Islands where W. bancrofti is transmitted by Aedes). The method is cheap 
and feasible at individual and community levels for mapping the endemicity of 
lymphatic filariasis and monitoring of MDA activities [17]. It has been observed 
that blood smear preparation on the micro-slides is a cumbersome process. 
Alternatively though not recommended in the programme, the finger-pricked 
whole blood (50 μl) can be collected in citrate–phosphate-dextrose (CPD) 
solution charged (25 μl) in 1.5 ml microfuge tubes. The tubes can be kept in +4°C 
freezer and can be examined within 48 hours. CPD-mixed whole blood (20 μl) 
are drawn by micropipette and placed in a micro-slide. The blood is smeared on 
the micro-slide and examined under10× microscope when the blood is wet. In 
positive samples, live moving parasites can be seen easily. This is a very simple 
method and can be easily executed. If needed, the dry smears can be stained for 
future reference.

The Filariasis Test Strip (FTS) of Alere (now Abbott Diagnostics) is a rapid 
diagnostic test recommended for mapping, monitoring and transmission assess-
ment surveys (TAS) for the qualitative detection of W. bancrofti antigen in human 
blood samples. Now, the FTS has replaced the Binax Now filariasis immunochro-
matographic test (ICT), which also detects the same antigen in blood samples. 
The Brugia Rapid point-of-care cassette test (BRT) manufactured by Reszon 
Diagnostics is recommended for use during TAS to detect IgG4 antibody against 
Brugia spp. in human blood samples [17].
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5.4 Mass drug administration its coverage and impact

In India, in the initial process of ELF, a district-level survey in 2000 revealed 
that of the 289 districts, 257 were endemic for LF [18]. In 2002, the National Health 
Policy had set the interim goal for the elimination of this disease in India by the 
year 2015 [19]. To support GPELF by raising funds and helping in various other 
ways, a global coalition was forged among 43 different donors constituting the 
Global Alliance to Eliminate Lymphatic Filariasis (GAELF). One of the partners 
GlaxoSmithKline has volunteered to supply the total quantity of albendazole tablets 
required to eliminate LF globally, free of cost [20]. The DEC tablets needed for the 
programme in India is being supplied by the central government [19].

In 2004, the elimination of LF programme was launched on June 5 in 202 
districts of 15 states and 5 union territories. However, based on the experience 
of MDA in June 2004 when high temperature prevailed in most of the places, 
the date of ‘National Filaria Day’ was changed to November 11 in consultation 
with the states. To promote and create awareness on LF, this date was observed 
as ‘National Filaria Day’ since then. In the beginning, DEC was introduced under 
the MDA programme and, in 2007 ALB, was added with DEC as a global strategy. 
Gradually 255 districts were brought under MDA, and the assessment in 2013 indi-
cated that 203 districts out of 255 had reported microfilaria rate <1% [21–24]. The 
number of districts reporting Mf rate below 1% increased to 222 and in 53 districts 
where MDA was withdrawn as halt in transmission was indicated. A transmission 
assessment survey (TAS) was qualified for 68 districts. The remaining districts 
were struggling to achieve the goal, making the MDA twice in a year [25].

5.5 Transmission assessment survey

TAS is a tool designed to know whether or not transmission is interrupted by 
MDA. In case, the transmission has been interrupted; the prevalence of circulat-
ing antegenaemia among children born after initiation of MDA should be below 
critical threshold, so that the transmission of disease is no longer sustainable and 
future generation will be free from this disease. Before TAS, it should be ensured 
that all implementation units (IUs) have had at least five effective MDAs with >65% 
of population coverage and each of sentinel, spot and additional spot sites had 
achieved <1% Mf rate [26].

China and the Republic of Korea have declared to have eliminated lymphatic 
filariasis as a public health problem in 2007 and 2008, respectively. According to 
the WHO, 81 endemic countries were reduced to 72 requiring MDA. Out of the 72 
countries, 15 have been declared to have eliminated LF as a public health problem. 
These countries are Togo, Egypt, Maldives, Sri Lanka, Thailand, American Samoa, 
Cambodia, Cook Islands, Marshall Islands, Niue, Palau, Tonga, Vanuatu, Viet Nam 
and Wallis and Futuna [26].

Another six countries, namely, Malawi, Brazil, Bangladesh, Kiribati and Lao 
PDR have stopped MDA and are under post-MDA surveillance. Recent report 
indicates that two countries Kiribati and Yemen have eliminated LF [17]. Out of the 
remaining, 5 have not yet started MDA, 32 have fully scaled up MDA and 14 thought 
to be started and MDA is yet to be scaled up fully [26].

6. Discussion

Now India is on a critical phase for ELF facing serious challenges. The main 
challenge is the implementation of MDA with improved actual drug compliance so 
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as to cover >80% at-risk population. It is required to have continued IEC activities, 
community engagement and all-round support [27]. It is really a huge operational 
and logistical challenge to cover about 650 million populations for the MDA 
programme.

In June 2018, in the 10th GPELF meeting at New Delhi, India, the govern-
ment of India launched Accelerated Plan for Lymphatic Filariasis Elimination 
(APELF). A triple-drug therapy or IDA (IVM, DEC and ALB) along with com-
munity engagement has been planned for accelerating the LF elimination in 
India [28, 29]. As a pilot project, IDA has been rolled out successfully across four 
districts in India. These districts are Arwal in Bihar (20 December 2018), Simdega 
in Jharkhand (10 January 2019), Nagpur in Maharashtra (20 January 2019) and 
Varanasi in Uttar Pradesh (20 February 2019). A total of 8.07 million people out of 
10.7 million vulnerable people (75.4%) were benefitted with the IDA medicines. 
The IDA approach is to be scaled up in all endemic districts to eliminate LF by 
2021. It is expected that with triple-drug combination, if effective, actual drug 
compliance is achieved; the MDA districts may qualify for TAS and also clear the 
TAS successfully.

Another important issue is asymptomatic cases in children age group. In 
some endemic areas, about 30% of children have acquired LF by the age of 
4 years either with the presence of Mf or W. bancrofti antigen in their blood [30]. 
Similarly, in a B. malayi area in Kerala, asymptomatic Mf has been demonstrated 
in children through LSG [31]. LF parasites in human do not have animal reser-
voirs. But human dirofilariasis, i.e. zoonotic transmission to human, cannot be 
ruled out. This thing should be kept in mind after successful ELF in human [32]. 
There are other issues of management of acute and chronic filariasis cases and 
treatment of adenolymphangitis (ADL) cases with antibiotics since the major-
ity of acute episodes are bacterial origin. The APELF provides free morbidity 
management and disability prevention services through kits and corrective 
surgeries [28].

Vector surveillance is another important tool to facilitate in instituting vec-
tor control measures as well as to assess the infection in vectors in the areas. 
Xenomonitoring, in other words, the presence of Mf larvae in vector mosquitoes, 
is a method to assess the effectiveness of the post-MDA and TAS. Specific PCR 
technique is applied [33]. Recently Khatri et al. screened the presence of W. ban-
crofti L3-specific Ssp1 gene in trapped mosquitoes by PCR in certain districts in 
Maharashtra and Karnataka. This indicated that MDA needed to be strengthened 
[33]. Scaling up xenomonitoring is a big challenge in existing infrastructure 
with weak strength of skilled entomologists. At present IVM has been planned to 
introduce in all LF endemic districts in India covering many districts endemic for 
malaria also. IVM introduction in context of malaria control is towards targeting 
their vector populations [34]. It is important to assess the impact of other coexistent 
diseases in the same eco-endemic regions [35].

7. Conclusion

India is on a very strong ground to achieve lymphatic elimination [19]. Several 
efforts are now in place. The total disability-adjusted life years (DALYs) lost due 
to LF is around 2.06 million, resulting in an annual wage loss of US $811 million 
[36]. A special emphasis has been given on the general hygiene and environmental 
management of mosquito vectors under the Swachh Bharat Mission (Clean India 
Movement) and also to provide special incentive under the Ayushman Bharat to 
make the programme effective and successful [37].
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as to cover >80% at-risk population. It is required to have continued IEC activities, 
community engagement and all-round support [27]. It is really a huge operational 
and logistical challenge to cover about 650 million populations for the MDA 
programme.

In June 2018, in the 10th GPELF meeting at New Delhi, India, the govern-
ment of India launched Accelerated Plan for Lymphatic Filariasis Elimination 
(APELF). A triple-drug therapy or IDA (IVM, DEC and ALB) along with com-
munity engagement has been planned for accelerating the LF elimination in 
India [28, 29]. As a pilot project, IDA has been rolled out successfully across four 
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in Jharkhand (10 January 2019), Nagpur in Maharashtra (20 January 2019) and 
Varanasi in Uttar Pradesh (20 February 2019). A total of 8.07 million people out of 
10.7 million vulnerable people (75.4%) were benefitted with the IDA medicines. 
The IDA approach is to be scaled up in all endemic districts to eliminate LF by 
2021. It is expected that with triple-drug combination, if effective, actual drug 
compliance is achieved; the MDA districts may qualify for TAS and also clear the 
TAS successfully.

Another important issue is asymptomatic cases in children age group. In 
some endemic areas, about 30% of children have acquired LF by the age of 
4 years either with the presence of Mf or W. bancrofti antigen in their blood [30]. 
Similarly, in a B. malayi area in Kerala, asymptomatic Mf has been demonstrated 
in children through LSG [31]. LF parasites in human do not have animal reser-
voirs. But human dirofilariasis, i.e. zoonotic transmission to human, cannot be 
ruled out. This thing should be kept in mind after successful ELF in human [32]. 
There are other issues of management of acute and chronic filariasis cases and 
treatment of adenolymphangitis (ADL) cases with antibiotics since the major-
ity of acute episodes are bacterial origin. The APELF provides free morbidity 
management and disability prevention services through kits and corrective 
surgeries [28].

Vector surveillance is another important tool to facilitate in instituting vec-
tor control measures as well as to assess the infection in vectors in the areas. 
Xenomonitoring, in other words, the presence of Mf larvae in vector mosquitoes, 
is a method to assess the effectiveness of the post-MDA and TAS. Specific PCR 
technique is applied [33]. Recently Khatri et al. screened the presence of W. ban-
crofti L3-specific Ssp1 gene in trapped mosquitoes by PCR in certain districts in 
Maharashtra and Karnataka. This indicated that MDA needed to be strengthened 
[33]. Scaling up xenomonitoring is a big challenge in existing infrastructure 
with weak strength of skilled entomologists. At present IVM has been planned to 
introduce in all LF endemic districts in India covering many districts endemic for 
malaria also. IVM introduction in context of malaria control is towards targeting 
their vector populations [34]. It is important to assess the impact of other coexistent 
diseases in the same eco-endemic regions [35].

7. Conclusion

India is on a very strong ground to achieve lymphatic elimination [19]. Several 
efforts are now in place. The total disability-adjusted life years (DALYs) lost due 
to LF is around 2.06 million, resulting in an annual wage loss of US $811 million 
[36]. A special emphasis has been given on the general hygiene and environmental 
management of mosquito vectors under the Swachh Bharat Mission (Clean India 
Movement) and also to provide special incentive under the Ayushman Bharat to 
make the programme effective and successful [37].
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Abstract

Cryptosporidium species are protozoan parasites that infect epithelium sur-
faces in gastrointestinal and respiratory tracts of humans and a range of animals 
worldwide. Cryptosporidiosis has been associated with considerable morbidity 
and, under certain circumstances, mortality. Humans can acquire it by consuming 
food and drink containing oocysts, which have been recognised as a major cause 
for diarrhoeal disease. The ubiquitousness of the infective oocyst, its resilience to 
environmental pressures, and the low dose of oocyst exposure needed for infection 
amplify to outbreaks of Cryptosporidium traced to drinking and recreational water. 
Unlike in developing countries where lack of sustained access to safe water creates 
tremendous burdens of Cryptosporidium diarrhoea, this scenario is aggravated due 
to limited diagnosis and therapeutics. However, over the past few decades, growing 
information on Cryptosporidium genomes have allowed novel insight into the host-
parasite relationship. Future field research on potential tools will focus on biology-
derived parasite products applicable to drugs and diagnosis. This chapter reviews 
available data on biology, transmission, life cycle, diagnosis, genome, and a few but 
important progresses in the field of cryptosporidiosis.

Keywords: cryptosporidiosis, diagnosis, transmission, infectious disease, genome

1. Introduction

Cryptosporidium species are protozoan parasites that infect the epithelial cells 
of the gastrointestinal and respiratory tracts of humans and a wide range of ani-
mals, with a global distribution [1–3]. Cryptosporidium represents a major public 
health concern for waterborne disease and daycare outbreaks of diarrhoeal disease 
worldwide [2, 4–8]. Human cryptosporidiosis is usually a self-limiting infection in 
immunocompetent individuals. However, cases of severe diarrhoea and dissemina-
tion to extra-intestinal sites can occur in children, the elderly, and individuals with 
impairment of T-cell functions, mainly those with HIV infection [9–12]. In children, 
although diarrhoea is a key feature of malabsorption, it may not be apparent at pre-
sentation; when the infection becomes chronic, the only symptom may be limited 
growth. Consequently, chronic infections can culminate in poor growth [5, 13–16]. 
The epidemiology of infections is complex and involves transmission by a faecal-oral 
route, either by ingestion of contaminated water or food or by human-to-human 
or animal-to-human transmission [17, 18]. The oocyst, the environmental stage 
of Cryptosporidium, is incredibly hardy, easily spread through water, and resistant 
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Cryptosporidium species are protozoan parasites that infect epithelium sur-
faces in gastrointestinal and respiratory tracts of humans and a range of animals 
worldwide. Cryptosporidiosis has been associated with considerable morbidity 
and, under certain circumstances, mortality. Humans can acquire it by consuming 
food and drink containing oocysts, which have been recognised as a major cause 
for diarrhoeal disease. The ubiquitousness of the infective oocyst, its resilience to 
environmental pressures, and the low dose of oocyst exposure needed for infection 
amplify to outbreaks of Cryptosporidium traced to drinking and recreational water. 
Unlike in developing countries where lack of sustained access to safe water creates 
tremendous burdens of Cryptosporidium diarrhoea, this scenario is aggravated due 
to limited diagnosis and therapeutics. However, over the past few decades, growing 
information on Cryptosporidium genomes have allowed novel insight into the host-
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derived parasite products applicable to drugs and diagnosis. This chapter reviews 
available data on biology, transmission, life cycle, diagnosis, genome, and a few but 
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1. Introduction

Cryptosporidium species are protozoan parasites that infect the epithelial cells 
of the gastrointestinal and respiratory tracts of humans and a wide range of ani-
mals, with a global distribution [1–3]. Cryptosporidium represents a major public 
health concern for waterborne disease and daycare outbreaks of diarrhoeal disease 
worldwide [2, 4–8]. Human cryptosporidiosis is usually a self-limiting infection in 
immunocompetent individuals. However, cases of severe diarrhoea and dissemina-
tion to extra-intestinal sites can occur in children, the elderly, and individuals with 
impairment of T-cell functions, mainly those with HIV infection [9–12]. In children, 
although diarrhoea is a key feature of malabsorption, it may not be apparent at pre-
sentation; when the infection becomes chronic, the only symptom may be limited 
growth. Consequently, chronic infections can culminate in poor growth [5, 13–16]. 
The epidemiology of infections is complex and involves transmission by a faecal-oral 
route, either by ingestion of contaminated water or food or by human-to-human 
or animal-to-human transmission [17, 18]. The oocyst, the environmental stage 
of Cryptosporidium, is incredibly hardy, easily spread through water, and resistant 
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to inactivation by chlorine; and without the use of filtration, it is challenging to 
remove it from drinking water [19–21]. Cryptosporidium prevalence is higher in areas 
lacking a sanitation infrastructure, mainly drinking water and sewage, which led the 
World Health Organization (WHO) to include it in the water sanitation and health 
programme [22]. The scarcity of sustained access to safe water creates tremendous 
burdens of Cryptosporidium diarrhoea in developing countries [23]. Treatment and 
diagnosis options are still not totally effective [2, 24–26]. No fully effective drug 
therapy or vaccine is available for Cryptosporidium, and the diagnosis of cryptospo-
ridiosis has been based on the demonstration of oocysts in faeces, which present 
low sensibility [25]. However, the ability to culture relevant Cryptosporidium isolates 
in vitro, the development of novel gene-editing tools (knockout genes, CRISPR/
Cas9, and RNAi) [26–30], and ‘omic’ research (genomics, transcriptomics, and pro-
teomics) represent essential paths towards significant advancements in the control 
of cryptosporidiosis [30–38]. In the future, those approaches will show a holistic 
view of the biology of Cryptosporidium. In this chapter, we present recent advances 
and remaining challenges regarding human cryptosporidiosis under a public health 
perspective.

2. Clinical perspective, diagnosis, and treatment

Despite Cryptosporidium species infecting the epithelial cells of the gastroin-
testinal and respiratory epithelium tracts, human cryptosporidiosis is a usually 
self-limiting infection in immunocompetent individuals with a low fatality rate 
[39–41]. In general, onset of the symptoms occurs 5–7 days following exposure and 
resolves in 2–3 weeks [42]. Clinical manifestations vary from subclinical infec-
tion to watery diarrhoea, sometimes profuse. Other common symptoms include 
abdominal cramps, fever, flatulence, nausea, vomiting, and low-grade fever 
[43–45]. Clinical presentation of cryptosporidiosis in individuals with impairment 
of T-cell functions, mainly those with HIV infection, varies according to the level of 
immunosuppression, from asymptomatic disease, to transient disease, to relapsing 
chronic diarrhoea or even cholera-like diarrhoea that is debilitating and potentially 
life-threatening [46]. Spreading of infection beyond the extra-intestinal site (in the 
biliary or respiratory tract) has been documented in children and immunocompro-
mised people, resulting in a potentially life-threatening disease [47, 48]. Sclerosing 
cholangitis and other biliary involvements are common in AIDS patients with cryp-
tosporidiosis. Both innate and adaptive immunity of the host have major impacts on 
the severity of cryptosporidiosis and its prognosis.

Cryptosporidium has been diagnosed using a variety of approaches, such as 
microscopy, immunofluorescent antibody (IFA), enzyme-linked immunosorbent 
assay (ELISA), and DNA-based detection methods [18]. However, identification of 
the parasite’s morphologic features through examination of stool smears is widely 
employed in diagnostic laboratories, particularly in resource-limited health systems. 
The oocysts are shed intermittently [49]; therefore, three faecal samples collected 
on alternate days are recommended. To maximise the recovery of oocysts, Sheather’s 
sucrose flotation, saturated salt flotation, and Allen and Ridley’s formol-ether 
method are the stool concentration techniques most frequently used prior to the use 
of the microscopy staining technique [50, 51]. Stain differential is required due to the 
small size of the specimen (ranging from 4 to 6 μm), similar in shape to yeasts and 
faecal debris [52]. Safranin-methylene blue, Kinyoun Ziehl-Neelsen, and dimethyl 
sulfoxide-carbol fuchsin are the most commonly used stain methods [11, 53–55]. 
However, in the absence of staining solution, phase contrast microscopy has proven 
to be highly specific for the detection of Cryptosporidium oocysts in human stool 
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samples [56]. In general, conventional microscopy lacks sensitivity, is time-consum-
ing, and requires a skilled and well-experienced microscopist [57–59].

Direct fluorescent antibody tests (DFAs), enzyme-immunoassays (EIAs), and 
rapid immunochromatographic assays (dipsticks) are commercially available 
[60–63]. The EIA kits have been evaluated with human stool specimens only, pre-
sumably from patients infected with C. hominis or C. parvum. The direct fluorescent 
antibody tests have been widely used for the detection of Cryptosporidium in faecal 
smears, water, and food [60, 62–66]. However, the antigenic variability of oocyst 
wall epitopes contributes to reducing specificity, and the sensibility of all immu-
nological-based methods is low. High specificity (99–100%) has been generally 
reported for EIA kits. Sensitivities, however, have been reported to range from 70 
to 100% [62–65]. Dipsticks and EIAs are available for individual and for all-in-one 
tests for Giardia, Cryptosporidium, and Entamoeba histolytica [66–69]. The tests are 
fast and easy to perform. However, EIA kits and rapid format assays present a poten-
tial problem with false positives, so results need to be interpreted and evaluated 
with caution [70]. To overcome these barriers, one of the most notable advances in 
public health in recent decades has been the development of tools based on molecu-
lar biology for the diagnosis of infectious diseases. These polymerase chain reaction 
(PCR) techniques have enabled specific sensitive detection of oocysts (a single 
oocyst) in clinical and environmental samples [71–77]. Examples of such techniques 
include conventional PCR, quantitative PCR real time, and high-resolution melt. 
A wide variety of PCR methods targeting different genes have been developed for 
the detection of Cryptosporidium at the species/genotype/subtype levels. However, 
no targeted tests have been patterned for the detection of Cryptosporidium in 
clinical laboratories. Recently, the simultaneous qualitative detection and iden-
tification of multiple viral, parasitic (including C. parvum and C. hominis), and 
bacterial nucleic acids in human stool specimens were approved by the Food and 
Drug Administration (FDA) [78]. In general, PCR tools solely amplify the DNA 
of C. parvum, C. hominis, C. meleagridis, and species/genotypes closely related to 
C. parvum [18]. For genotyping, nested PCR-RFLP was the most commonly used 
method in the past. Nowadays, DNA sequencing of 18S has been required to reliably 
detect all Cryptosporidium spp. The HSP70 and COWP targets fail to detect the DNA 
of C. felis, C. canis, and C. muris [79]. Subtyping tools are indispensable from the 
epidemiological point of view and are helpful in knowing the possible transmission 
routes of Cryptosporidium species and zoonotic potential of the parasite. Several 
subtyping tools have been developed to evaluate the diversity within C. parvum 
or C. hominis, including analysis of the microsatellite, GP-60 gene, HSP70 gene, 
47-kDa protein, small double-stranded (ds) RNA virus, serine repeat antigen, and 
T-rich gene fragment [73, 80–85]. The 18S ribosomal RNA (rRNA) gene and the 
hypervariable 60-kDa glycoprotein (gp60) gene have been widely used as targets to 
identify species and track transmission [18, 86, 87]. The 60-kDa glycoprotein (gp60, 
also known as gp40/gp15) gene presents a wide genetic heterogeneity in the number 
of trinucleotide repeats (TCA, TCG, or TCT). This gene encodes a precursor protein 
that is cleaved to produce mature cell surface glycoproteins (gp45/gp40 and gp15) 
implicated in the attachment to, and invasion of, enterocytes [18, 87]. Identification 
of subtypes using GP60 subtype families has revealed the subtype families (Ia-Ik) in 
C. hominis [87–91] and two zoonotic subtypes (IIa, IId), subtypes (IIb, IIc, IIe, IIf, 
IIi, IIj-IIt) in C. parvum [4, 87, 92–94], and subtype families (IIIa to IIIg) in C. melea-
gridis have been acknowledged [87, 95, 96]. Subtyping tools targeting the gp60 gene 
have been developed recently for several other human-pathogenic Cryptosporidium 
species [87]. Species and subtype identification are not necessary for clinical care 
and therapeutic options but are important for epidemiological surveillance and for 
drug investigations and clinical trials. Novel diagnostic tools and biomarkers for 
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to inactivation by chlorine; and without the use of filtration, it is challenging to 
remove it from drinking water [19–21]. Cryptosporidium prevalence is higher in areas 
lacking a sanitation infrastructure, mainly drinking water and sewage, which led the 
World Health Organization (WHO) to include it in the water sanitation and health 
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burdens of Cryptosporidium diarrhoea in developing countries [23]. Treatment and 
diagnosis options are still not totally effective [2, 24–26]. No fully effective drug 
therapy or vaccine is available for Cryptosporidium, and the diagnosis of cryptospo-
ridiosis has been based on the demonstration of oocysts in faeces, which present 
low sensibility [25]. However, the ability to culture relevant Cryptosporidium isolates 
in vitro, the development of novel gene-editing tools (knockout genes, CRISPR/
Cas9, and RNAi) [26–30], and ‘omic’ research (genomics, transcriptomics, and pro-
teomics) represent essential paths towards significant advancements in the control 
of cryptosporidiosis [30–38]. In the future, those approaches will show a holistic 
view of the biology of Cryptosporidium. In this chapter, we present recent advances 
and remaining challenges regarding human cryptosporidiosis under a public health 
perspective.
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chronic diarrhoea or even cholera-like diarrhoea that is debilitating and potentially 
life-threatening [46]. Spreading of infection beyond the extra-intestinal site (in the 
biliary or respiratory tract) has been documented in children and immunocompro-
mised people, resulting in a potentially life-threatening disease [47, 48]. Sclerosing 
cholangitis and other biliary involvements are common in AIDS patients with cryp-
tosporidiosis. Both innate and adaptive immunity of the host have major impacts on 
the severity of cryptosporidiosis and its prognosis.

Cryptosporidium has been diagnosed using a variety of approaches, such as 
microscopy, immunofluorescent antibody (IFA), enzyme-linked immunosorbent 
assay (ELISA), and DNA-based detection methods [18]. However, identification of 
the parasite’s morphologic features through examination of stool smears is widely 
employed in diagnostic laboratories, particularly in resource-limited health systems. 
The oocysts are shed intermittently [49]; therefore, three faecal samples collected 
on alternate days are recommended. To maximise the recovery of oocysts, Sheather’s 
sucrose flotation, saturated salt flotation, and Allen and Ridley’s formol-ether 
method are the stool concentration techniques most frequently used prior to the use 
of the microscopy staining technique [50, 51]. Stain differential is required due to the 
small size of the specimen (ranging from 4 to 6 μm), similar in shape to yeasts and 
faecal debris [52]. Safranin-methylene blue, Kinyoun Ziehl-Neelsen, and dimethyl 
sulfoxide-carbol fuchsin are the most commonly used stain methods [11, 53–55]. 
However, in the absence of staining solution, phase contrast microscopy has proven 
to be highly specific for the detection of Cryptosporidium oocysts in human stool 
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samples [56]. In general, conventional microscopy lacks sensitivity, is time-consum-
ing, and requires a skilled and well-experienced microscopist [57–59].

Direct fluorescent antibody tests (DFAs), enzyme-immunoassays (EIAs), and 
rapid immunochromatographic assays (dipsticks) are commercially available 
[60–63]. The EIA kits have been evaluated with human stool specimens only, pre-
sumably from patients infected with C. hominis or C. parvum. The direct fluorescent 
antibody tests have been widely used for the detection of Cryptosporidium in faecal 
smears, water, and food [60, 62–66]. However, the antigenic variability of oocyst 
wall epitopes contributes to reducing specificity, and the sensibility of all immu-
nological-based methods is low. High specificity (99–100%) has been generally 
reported for EIA kits. Sensitivities, however, have been reported to range from 70 
to 100% [62–65]. Dipsticks and EIAs are available for individual and for all-in-one 
tests for Giardia, Cryptosporidium, and Entamoeba histolytica [66–69]. The tests are 
fast and easy to perform. However, EIA kits and rapid format assays present a poten-
tial problem with false positives, so results need to be interpreted and evaluated 
with caution [70]. To overcome these barriers, one of the most notable advances in 
public health in recent decades has been the development of tools based on molecu-
lar biology for the diagnosis of infectious diseases. These polymerase chain reaction 
(PCR) techniques have enabled specific sensitive detection of oocysts (a single 
oocyst) in clinical and environmental samples [71–77]. Examples of such techniques 
include conventional PCR, quantitative PCR real time, and high-resolution melt. 
A wide variety of PCR methods targeting different genes have been developed for 
the detection of Cryptosporidium at the species/genotype/subtype levels. However, 
no targeted tests have been patterned for the detection of Cryptosporidium in 
clinical laboratories. Recently, the simultaneous qualitative detection and iden-
tification of multiple viral, parasitic (including C. parvum and C. hominis), and 
bacterial nucleic acids in human stool specimens were approved by the Food and 
Drug Administration (FDA) [78]. In general, PCR tools solely amplify the DNA 
of C. parvum, C. hominis, C. meleagridis, and species/genotypes closely related to 
C. parvum [18]. For genotyping, nested PCR-RFLP was the most commonly used 
method in the past. Nowadays, DNA sequencing of 18S has been required to reliably 
detect all Cryptosporidium spp. The HSP70 and COWP targets fail to detect the DNA 
of C. felis, C. canis, and C. muris [79]. Subtyping tools are indispensable from the 
epidemiological point of view and are helpful in knowing the possible transmission 
routes of Cryptosporidium species and zoonotic potential of the parasite. Several 
subtyping tools have been developed to evaluate the diversity within C. parvum 
or C. hominis, including analysis of the microsatellite, GP-60 gene, HSP70 gene, 
47-kDa protein, small double-stranded (ds) RNA virus, serine repeat antigen, and 
T-rich gene fragment [73, 80–85]. The 18S ribosomal RNA (rRNA) gene and the 
hypervariable 60-kDa glycoprotein (gp60) gene have been widely used as targets to 
identify species and track transmission [18, 86, 87]. The 60-kDa glycoprotein (gp60, 
also known as gp40/gp15) gene presents a wide genetic heterogeneity in the number 
of trinucleotide repeats (TCA, TCG, or TCT). This gene encodes a precursor protein 
that is cleaved to produce mature cell surface glycoproteins (gp45/gp40 and gp15) 
implicated in the attachment to, and invasion of, enterocytes [18, 87]. Identification 
of subtypes using GP60 subtype families has revealed the subtype families (Ia-Ik) in 
C. hominis [87–91] and two zoonotic subtypes (IIa, IId), subtypes (IIb, IIc, IIe, IIf, 
IIi, IIj-IIt) in C. parvum [4, 87, 92–94], and subtype families (IIIa to IIIg) in C. melea-
gridis have been acknowledged [87, 95, 96]. Subtyping tools targeting the gp60 gene 
have been developed recently for several other human-pathogenic Cryptosporidium 
species [87]. Species and subtype identification are not necessary for clinical care 
and therapeutic options but are important for epidemiological surveillance and for 
drug investigations and clinical trials. Novel diagnostic tools and biomarkers for 
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cryptosporidiosis, which could also be used for therapeutic or vaccine trials, are 
necessary for accurate identification.

Current treatment options for cryptosporidiosis are limited. So far, there is no 
vaccine against Cryptosporidium [97], and nitazoxanide (NTZ) is the only drug 
approved by the FDA for treatment of cryptosporidiosis in children and immuno-
competent adults [98]. However, it is not effective without an appropriate immune 
status and, consequently, is ineffectual for the treatment of immune-compromised 
patients, particularly those with AIDS [25, 99]. NTZ is a nitrothiazole benzamide 
compound with a broad spectrum of activity against a wide range of parasites, 
bacteria, and viruses. In protozoa, NTZ inhibits the enzyme pyruvate ferredoxin 
oxidoreductase, which is essential to anaerobic energy metabolism [100]. Due to 
the prevalence of cryptosporidiosis, the development of novel therapeutic targets 
and vaccines against Cryptosporidium spp. is a public health priority. The ongoing 
need to develop new anti-cryptosporidial drugs has spurred the process of finding 
new uses for existing drugs. Repurposing drug provides an attractive alternative to 
drug development [101]. Two compounds, 3-hydroxy-3-methyl-glutaryl-coenzyme 
A (HMG-CoA) reductase inhibitor, pitavastatin and auranofin (approved for 
the treatment of rheumatoid arthritis), have been shown to be effective against 
Cryptosporidium in vitro [102]. Auranofin has been shown to be 10 times more 
potent than metronidazole against Entamoeba histolytica, the protozoan agent of 
human amoebiasis [103]. HMG-CoA and auranofin have particular promise in fast-
tracking for further in vivo testing in animals and humans.

3. Life cycle and classification

The parasite has a complex monoxenous life cycle with both asexual (merogony) 
and sexual (gametogony) stages. Ingestion of an infective oocyst (containing four 
sporozoites) by a susceptible host initiates the excystation process in the gastroin-
testinal tract. The sporulated oocyst ruptures, releasing sporozoites that invade the 
enterocytes, inducing the cell membrane to enclose the parasite in the parasitopho-
rous vacuole, which then differentiates into a trophozoite. Trophozoites undergo 
merogony and form either a further type I meront or a type II meront, which con-
tains four merozoites that are destined for gametogony. Merozoites can differentiate 
into sexually distinct stages called macro- and microgametocytes in a process called 
gametogony. New oocysts are formed in the epithelial cells from the fusion of a 
macro- and a microgametocyte to form a diploid zygote. The new fused cell evolves 
and sporulates in situ in a process called sporogony, becoming oocysts containing 
four sporozoites. Type II meronts attach to the epithelial cell and differentiate into 
either macrogamonts or microgamonts. The microgametes from the microgamont 
are released, and each can fertilised a macrogamont to form a diploid zygote. This 
cell undergoes a process like meiosis (sporogony) to produce an oocyst, either thin- 
or thick-walled, containing four sporozoites (sporulated oocysts). The thin-walled 
oocysts are involved in autoinfection, and thick-walled oocysts are released within 
the faeces to infect new hosts [104–107] (Figure 1).

Until relatively recently, Cryptosporidium was classified as a coccidian parasite. 
However, the taxonomic placement of Cryptosporidium was altered after revisions to 
higher-order classifications due to recent particularities observed in Cryptosporidium. 
The parasite can develop in a cell-free culture, while extracellular stages have been 
observed in both cell-free and cell cultures, in biofilms, and in vivo [108–111]. It pres-
ents the ability to grow and amplify without host cell attachment and encapsulation, 
as well as the insensitivity of all anticoccidial agents [26]. Moreover, the parasite lacks 
a micropyle, sporocyst, and polar granular [111–113]. Although initially considered 

337

State of the Art and Future Directions of Cryptosporidium spp.
DOI: http://dx.doi.org/10.5772/intechopen.88387

to be a coccidian, Cryptosporidium spp. share features of both the coccidia and grega-
rines, confirmed by morphological and molecular data. Major similarities between 
Cryptosporidium and gregarine parasites are as follows: (1) the ability to complete 
its life cycle in the absence of host cells, (2) extracellular gamont-like stages, (3) the 
process in which two mature trophozoites pair up before the formation of gametocyst 
(szygy), and (4) changing cell architecture to adapt to diverse environments (biofilms, 
coelom, intestines, soil, and water) [107, 108, 111, 114]. The most recent classification 
considers Cryptosporidium as a separate group within the Apicomplexa. Analyses of 
comparative genomics and of phylogenetic inference and the ability of Cryptosporidium 
to complete its life cycle extracellularly confirm its close relationship with gregarines 
and corroborate the transference of Cryptosporidium to the Gregarinomorphea class as 
a new subclass of Cryptogregaria [111, 115]. Early taxonomy at species level was based 
originally on morphology and host specificity. Nowadays, the description of species 

Figure 1. 
A schematic diagram of Cryptosporidium life cycle. After ingestion of contaminated water and/or food, the 
oocyst wall opens (excystation) triggered by temperature, stomach acid, and bile salts. Then, sporulated oocyst 
ruptures releasing (a) sporozoites that (b) invade the host cell (c) inducing the cell membrane to enclose the 
parasite in the parasitophorous vacuole, (d) which then differentiates into a trophozoite that undergoes an 
asexual reproduction, (e) forming a type I meront that contains 6–8 merozoites. These merozoites can reinfect 
the epithelial cell, where they undergo merogony and form type I meront or (f) type II meront. (g) Merozoites 
can differentiate into sexually distinct stages called (g) micro- and (h) macrogametocytes. (i) Zygote is formed 
after the fertilisation of macrogametocyte by the microgametocyte, (j) and this cell undergoes sporogony and 
produces a thin-walled oocyst. (k) These thin-walled oocysts are released within faeces to infect new hosts, as 
well as (l) involved in autoinfection process (adapted from Ref. [104]).
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cryptosporidiosis, which could also be used for therapeutic or vaccine trials, are 
necessary for accurate identification.

Current treatment options for cryptosporidiosis are limited. So far, there is no 
vaccine against Cryptosporidium [97], and nitazoxanide (NTZ) is the only drug 
approved by the FDA for treatment of cryptosporidiosis in children and immuno-
competent adults [98]. However, it is not effective without an appropriate immune 
status and, consequently, is ineffectual for the treatment of immune-compromised 
patients, particularly those with AIDS [25, 99]. NTZ is a nitrothiazole benzamide 
compound with a broad spectrum of activity against a wide range of parasites, 
bacteria, and viruses. In protozoa, NTZ inhibits the enzyme pyruvate ferredoxin 
oxidoreductase, which is essential to anaerobic energy metabolism [100]. Due to 
the prevalence of cryptosporidiosis, the development of novel therapeutic targets 
and vaccines against Cryptosporidium spp. is a public health priority. The ongoing 
need to develop new anti-cryptosporidial drugs has spurred the process of finding 
new uses for existing drugs. Repurposing drug provides an attractive alternative to 
drug development [101]. Two compounds, 3-hydroxy-3-methyl-glutaryl-coenzyme 
A (HMG-CoA) reductase inhibitor, pitavastatin and auranofin (approved for 
the treatment of rheumatoid arthritis), have been shown to be effective against 
Cryptosporidium in vitro [102]. Auranofin has been shown to be 10 times more 
potent than metronidazole against Entamoeba histolytica, the protozoan agent of 
human amoebiasis [103]. HMG-CoA and auranofin have particular promise in fast-
tracking for further in vivo testing in animals and humans.

3. Life cycle and classification

The parasite has a complex monoxenous life cycle with both asexual (merogony) 
and sexual (gametogony) stages. Ingestion of an infective oocyst (containing four 
sporozoites) by a susceptible host initiates the excystation process in the gastroin-
testinal tract. The sporulated oocyst ruptures, releasing sporozoites that invade the 
enterocytes, inducing the cell membrane to enclose the parasite in the parasitopho-
rous vacuole, which then differentiates into a trophozoite. Trophozoites undergo 
merogony and form either a further type I meront or a type II meront, which con-
tains four merozoites that are destined for gametogony. Merozoites can differentiate 
into sexually distinct stages called macro- and microgametocytes in a process called 
gametogony. New oocysts are formed in the epithelial cells from the fusion of a 
macro- and a microgametocyte to form a diploid zygote. The new fused cell evolves 
and sporulates in situ in a process called sporogony, becoming oocysts containing 
four sporozoites. Type II meronts attach to the epithelial cell and differentiate into 
either macrogamonts or microgamonts. The microgametes from the microgamont 
are released, and each can fertilised a macrogamont to form a diploid zygote. This 
cell undergoes a process like meiosis (sporogony) to produce an oocyst, either thin- 
or thick-walled, containing four sporozoites (sporulated oocysts). The thin-walled 
oocysts are involved in autoinfection, and thick-walled oocysts are released within 
the faeces to infect new hosts [104–107] (Figure 1).

Until relatively recently, Cryptosporidium was classified as a coccidian parasite. 
However, the taxonomic placement of Cryptosporidium was altered after revisions to 
higher-order classifications due to recent particularities observed in Cryptosporidium. 
The parasite can develop in a cell-free culture, while extracellular stages have been 
observed in both cell-free and cell cultures, in biofilms, and in vivo [108–111]. It pres-
ents the ability to grow and amplify without host cell attachment and encapsulation, 
as well as the insensitivity of all anticoccidial agents [26]. Moreover, the parasite lacks 
a micropyle, sporocyst, and polar granular [111–113]. Although initially considered 
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to be a coccidian, Cryptosporidium spp. share features of both the coccidia and grega-
rines, confirmed by morphological and molecular data. Major similarities between 
Cryptosporidium and gregarine parasites are as follows: (1) the ability to complete 
its life cycle in the absence of host cells, (2) extracellular gamont-like stages, (3) the 
process in which two mature trophozoites pair up before the formation of gametocyst 
(szygy), and (4) changing cell architecture to adapt to diverse environments (biofilms, 
coelom, intestines, soil, and water) [107, 108, 111, 114]. The most recent classification 
considers Cryptosporidium as a separate group within the Apicomplexa. Analyses of 
comparative genomics and of phylogenetic inference and the ability of Cryptosporidium 
to complete its life cycle extracellularly confirm its close relationship with gregarines 
and corroborate the transference of Cryptosporidium to the Gregarinomorphea class as 
a new subclass of Cryptogregaria [111, 115]. Early taxonomy at species level was based 
originally on morphology and host specificity. Nowadays, the description of species 

Figure 1. 
A schematic diagram of Cryptosporidium life cycle. After ingestion of contaminated water and/or food, the 
oocyst wall opens (excystation) triggered by temperature, stomach acid, and bile salts. Then, sporulated oocyst 
ruptures releasing (a) sporozoites that (b) invade the host cell (c) inducing the cell membrane to enclose the 
parasite in the parasitophorous vacuole, (d) which then differentiates into a trophozoite that undergoes an 
asexual reproduction, (e) forming a type I meront that contains 6–8 merozoites. These merozoites can reinfect 
the epithelial cell, where they undergo merogony and form type I meront or (f) type II meront. (g) Merozoites 
can differentiate into sexually distinct stages called (g) micro- and (h) macrogametocytes. (i) Zygote is formed 
after the fertilisation of macrogametocyte by the microgametocyte, (j) and this cell undergoes sporogony and 
produces a thin-walled oocyst. (k) These thin-walled oocysts are released within faeces to infect new hosts, as 
well as (l) involved in autoinfection process (adapted from Ref. [104]).
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takes molecular analyses, mainly DNA sequencing and PCR-related methods, into 
account for the detection and differentiation of Cryptosporidium spp.

4. Maintenance of Cryptosporidium in nature and transmission

Once excreted into the environment, oocysts can be dispersed from the faecal 
matrix into the terrestrial environment (Figure 2). When present on the soil 
surface, oocysts may be exposed to high temperatures and desiccation, causing 
their inactivation. Oocysts are sensitive to desiccation and UV-C irradiation [116]. 
Reports show that desiccation is lethal to oocysts with only 3 and 5% remain-
ing viable after being air-dried at room temperature for 2 and 4 h, respectively 
[117, 118]. However, when within the soil column, the oocysts were maintained, 
protected, and viable [119, 120]. Studies have indicated that oocysts at 4°C 
recovered from soil column may remain infectious for long periods [119, 121]. 
These findings suggest that the soil column is a sanctuary for Cryptosporidium, 
protecting it until rainfall events scatter them [120]. Oocysts were able to remain 
viable and infectious after being frozen at −10°C for up to 168 h, at −15°C for 
up to 24 h, and at −20°C for up to 8 h [122]. Moreover, Cryptosporidium oocysts 
can be carried in the environment due to interactions with biofilms (surface-
attached microbial communities). They readily attach to biofilms and persist and 
subsequently separate from it. High concentrations of oocysts in water biofilms 
that were maintained over several months maintained viable sporozoites [123]. 
Cryptosporidium oocysts in fresh water and marine water can survive at a range 
of temperatures. Fayer et al. reported that oocysts maintained at 20°C remain 
infectious for 12 weeks at salinities of 0 and 10 ppt, for 4 weeks at 20 ppt, and for 
2 weeks at 30 ppt [124]. Although salinity can have a pronounced effect on oocyst 
infectivity, they can survive long enough in marine waters to justify their pres-
ence in marine animals.

Cryptosporidium spp. have a huge impact on both human and veterinary 
health worldwide, aggravated by the limited diagnosis and current therapeutics. 
Cryptosporidium spp. have a worldwide distribution and the ability to infect a wide 
range of hosts, including humans, and a broad variety of vertebrate [1, 3]. Humans 
can acquire cryptosporidiosis through several transmission routes, such as direct 
contact with infected persons or animals and consumption of contaminated water 
(drinking or recreational) or food (Figure 3).

Figure 2. 
Cryptosporidium sp. oocysts in safranin-methylene blue staining method.
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The WHO has categorised Cryptosporidium as a reference pathogen for the 
assessment of drinking water quality [125]. Susceptibility to cryptosporidiosis 
depends on several factors, including environmental conditions, host immune 
status, age, geographic location, and contact with infected humans/animals [126]. 
Animals play an important role in the maintenance, amplification, and transmis-
sion of Cryptosporidium [127]. In fact, a large range of animals are reservoirs for 
some species, genotypes, and subtypes, which may infect humans [128–130]. The 
lack of adequate instruments to continuously monitor animal mobility makes it 
difficult to study the dynamics of transmission [131, 132]. Also, oocysts are ubiq-
uitous in the environment and easily spread via drinking water, recreational water, 
and food [3, 133, 134]. The ubiquitousness of the infective oocyst, its resilience 
to environmental pressures [135], and the low-dose oocyst exposure (ingestion 
of fewer than 10 oocysts can lead to infection) [136, 137] amplify to outbreaks 
of Cryptosporidium traced to drinking and recreational water. In 1993, the larg-
est Cryptosporidium waterborne outbreak was recorded in the United States in 
Milwaukee, where more than 400,000 people were infected by the drinking water 
supply [138]. The epidemiology of infection is complex and involves transmission 
by the faecal-oral route, either by indirect transmission through ingestion of con-
taminated water or food or by direct human-to-human or animal-to-human trans-
mission [3]. The genus Cryptosporidium has about 30 species formally described, 
as well as various genotypes and subtypes. Some species are relatively promiscuous 
in terms of host specificity, some of which also infected humans. Currently, a wide 
range of Cryptosporidium species and various genotypes have been recognised as 
responsible for human cryptosporidiosis (Table 1).

Human infections predominantly are caused by C. hominis, which are consid-
ered restricted to humans (anthroponotic transmission), and by C. parvum, some 
of which isolate genotypes and infect ruminants (zoonotic transmission) [18]. 
However, in recent years, C. meleagridis, C. cuniculus, and C. ubiquitum have also 
emerged as species relevant to public health, while the other species tend to be 
associated only with sporadic and rare cases of human infection. Approximately 155 
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Transmission cycles of Cryptosporidium infections.
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takes molecular analyses, mainly DNA sequencing and PCR-related methods, into 
account for the detection and differentiation of Cryptosporidium spp.

4. Maintenance of Cryptosporidium in nature and transmission

Once excreted into the environment, oocysts can be dispersed from the faecal 
matrix into the terrestrial environment (Figure 2). When present on the soil 
surface, oocysts may be exposed to high temperatures and desiccation, causing 
their inactivation. Oocysts are sensitive to desiccation and UV-C irradiation [116]. 
Reports show that desiccation is lethal to oocysts with only 3 and 5% remain-
ing viable after being air-dried at room temperature for 2 and 4 h, respectively 
[117, 118]. However, when within the soil column, the oocysts were maintained, 
protected, and viable [119, 120]. Studies have indicated that oocysts at 4°C 
recovered from soil column may remain infectious for long periods [119, 121]. 
These findings suggest that the soil column is a sanctuary for Cryptosporidium, 
protecting it until rainfall events scatter them [120]. Oocysts were able to remain 
viable and infectious after being frozen at −10°C for up to 168 h, at −15°C for 
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attached microbial communities). They readily attach to biofilms and persist and 
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can acquire cryptosporidiosis through several transmission routes, such as direct 
contact with infected persons or animals and consumption of contaminated water 
(drinking or recreational) or food (Figure 3).

Figure 2. 
Cryptosporidium sp. oocysts in safranin-methylene blue staining method.
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The WHO has categorised Cryptosporidium as a reference pathogen for the 
assessment of drinking water quality [125]. Susceptibility to cryptosporidiosis 
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of fewer than 10 oocysts can lead to infection) [136, 137] amplify to outbreaks 
of Cryptosporidium traced to drinking and recreational water. In 1993, the larg-
est Cryptosporidium waterborne outbreak was recorded in the United States in 
Milwaukee, where more than 400,000 people were infected by the drinking water 
supply [138]. The epidemiology of infection is complex and involves transmission 
by the faecal-oral route, either by indirect transmission through ingestion of con-
taminated water or food or by direct human-to-human or animal-to-human trans-
mission [3]. The genus Cryptosporidium has about 30 species formally described, 
as well as various genotypes and subtypes. Some species are relatively promiscuous 
in terms of host specificity, some of which also infected humans. Currently, a wide 
range of Cryptosporidium species and various genotypes have been recognised as 
responsible for human cryptosporidiosis (Table 1).

Human infections predominantly are caused by C. hominis, which are consid-
ered restricted to humans (anthroponotic transmission), and by C. parvum, some 
of which isolate genotypes and infect ruminants (zoonotic transmission) [18]. 
However, in recent years, C. meleagridis, C. cuniculus, and C. ubiquitum have also 
emerged as species relevant to public health, while the other species tend to be 
associated only with sporadic and rare cases of human infection. Approximately 155 
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species of mammals have been reported as non-human hosts of C. parvum, indicat-
ing that the parasite is adapting and developing in many hosts [176].

The human-to-human spread is particularly well described within families 
(often secondary cases after a primary outbreak infection) in childcare nurseries, 
nursing homes, and hospitals [42, 177, 178]. In addition, contact with produc-
tion animals, mainly cattle, that are the main hosts of C. parvum can potentially 
infect humans [40, 178, 179]. To date, studies in developing countries have shown 
a predominance of C. hominis in HIV-positive children and adults. These findings 
are also valid in the United States, Canada, Australia, and Japan. In Europe and 
New Zealand, several studies have shown a similar prevalence of C. parvum and 
C. hominis in immunocompetent and immunocompromised individuals. Thus, in 
most developing countries, the anthroponotic transmission of Cryptosporidium 

Cryptosporidium spp. Major host References

C. andersoni Cattle [139–144]

C. baileyi Chickens and turkeys [145]

C. bovis Cattle [146, 147]

C. canis Dogs [148–150]

C. cuniculus Rabbits [151–155]

C. fayeri Marsupials [141, 156]

C. felis Cats [93, 157, 158]

C. hominis* Humans [18]

C. meleagridis* Turkeys, chickens,
humans

[18, 93, 153, 159, 160]

C. muris Rodents [161–163]

C. parvum* ruminants, especially calves [18]

C. scrofarum Pigs [164]

C. suis Pigs [139, 160, 165–167]

C. tyzzeri Rodents, snake [168]

C. ubiquitum Sheep and cervids [152, 154, 157, 158, 169]

C. viatorum Humans [93, 170]

C. erinacei Hedgehogs and horses [171, 172]

C. wrairi Guinea pigs [173, 174]

C. xiaoi Sheep and goat [174]

Cryptosporidium
Chipmunk genotype

Rodents [93]

Cryptosporidium
Horse genotype

Horses [152, 153]

Cryptosporidium
Mink genotype

Minks [175]

Cryptosporidium
Monkey genotype

Monkey [152]

Cryptosporidium
Skunk genotype

Skunk [152, 153]

*The most prevalent species.

Table 1. 
Currently recognised species of Cryptosporidium spp. associated with human infections.
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plays an important role in human cryptosporidiosis [18, 180], while in Europe, New 
Zealand, and rural areas of the United States, there are both anthroponotic and 
zoonotic transmissions. In Middle Eastern countries, children are mainly infected 
with C. parvum, but the significance of this occurrence is not clear [181]. An 
exception is Cryptosporidium infections in HIV-positive patients in Ababa, Ethiopia, 
where C. parvum is highly endemic and where contact with calves is an important 
risk factor for cryptosporidiosis [174].

In developing countries, most C. parvum infections in HIV-positive children 
and adults are caused by subtype IIc, with IIa largely absent, indicating that anthro-
ponotic transmission of C. parvum is common in these areas. Conversely, families 
of subtype IIa are commonly diagnosed in humans in industrialised regions, where 
their occurrence is often associated with contact with calves. Another family of  
C. parvum subtypes commonly found in sheep and goats, IId, is dominant in 
humans in Middle Eastern countries and is occasionally found in humans in some 
European countries, such as Sweden, where it is commonly diagnosed in dairy 
calves. A systematic review of the anthroponotic transmission of Cryptosporidium 
concluded that subtype IIc predominates in low-income countries with poor sanita-
tion and in HIV-positive individuals, unlike in higher-income countries, where it 
is rarely evident. Lacking effective treatment or vaccine, intervention to improve 
basic sanitation in these regions is the best option. This prophylactic action certainly 
may reduce the anthropogenic and zoonotic transmission of cryptosporidiosis, 
reducing the damage to human health. It is important to emphasise the importance 
of personal hygiene practices to minimise cryptosporidiosis, in addition to other 
pathogens transmitted by water and food.

5. Genome of Cryptosporidium: new insight and future challenges

Recent years have seen impressive progress of next-generation sequencing 
technologies in genome assembly and annotation methodologies, mainly by 
advancements in the fields of molecular biology and technical engineering and by 
reducing cost. Cryptosporidium has been the subject of genome sequencing projects, 
which have provided valuable insights into the species, biology, and host-parasite 
relationships. The genomic data of multiple Cryptosporidium species are available 
and accessible in a Cryptosporidium-dedicated database, CryptoDB (http://cryp-
todb.org/cryptodb/) [182], and in the GenBank database (www.ncbi.nlm.nih.gov). 
Comparative analyses have shown that Cryptosporidium genomes are highly com-
pact, containing 8.50–9.50 megabase pairs (Mbp), a total gene count ranging from 
3769 to 7610, and coding sequence composition (75–77.6%). Moreover, in general, 
they share a comparable GC percentage (Table 2).

Overall, gene content and genomic organisation among intestinal occurrences 
of the species are well conserved, with Cryptosporidium gene clusters encoding 
putative secreted proteins. Comparison of the Cryptosporidium genomes has 
identified a core set of proteins commonly studied, as well as major differences in 
particular gene families, which could be involved in biological differences between 
species and genotypes [114, 183–185]. Gene encoding proteins that are associated 
with invasion processes, e.g. protein kinases and thrombospondin-related adhesive 
proteins (TRAPs), insulinase-like peptidases, MEDLE secretory proteins, and 
mucin glycoproteins, are observed in genome Cryptosporidium spp. [32]. However, 
some of them differ in copy number variations of genes. Comparative genomic 
analysis revealed that one of the primary features differentiating Cryptosporidium 
species is the sequence diversity present in major secreted protein families, MEDLE, 
and insulinase-like proteases [184]. This is consistent with transcriptomic studies 
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species of mammals have been reported as non-human hosts of C. parvum, indicat-
ing that the parasite is adapting and developing in many hosts [176].

The human-to-human spread is particularly well described within families 
(often secondary cases after a primary outbreak infection) in childcare nurseries, 
nursing homes, and hospitals [42, 177, 178]. In addition, contact with produc-
tion animals, mainly cattle, that are the main hosts of C. parvum can potentially 
infect humans [40, 178, 179]. To date, studies in developing countries have shown 
a predominance of C. hominis in HIV-positive children and adults. These findings 
are also valid in the United States, Canada, Australia, and Japan. In Europe and 
New Zealand, several studies have shown a similar prevalence of C. parvum and 
C. hominis in immunocompetent and immunocompromised individuals. Thus, in 
most developing countries, the anthroponotic transmission of Cryptosporidium 

Cryptosporidium spp. Major host References

C. andersoni Cattle [139–144]

C. baileyi Chickens and turkeys [145]

C. bovis Cattle [146, 147]

C. canis Dogs [148–150]

C. cuniculus Rabbits [151–155]

C. fayeri Marsupials [141, 156]

C. felis Cats [93, 157, 158]

C. hominis* Humans [18]

C. meleagridis* Turkeys, chickens,
humans

[18, 93, 153, 159, 160]

C. muris Rodents [161–163]

C. parvum* ruminants, especially calves [18]

C. scrofarum Pigs [164]

C. suis Pigs [139, 160, 165–167]

C. tyzzeri Rodents, snake [168]

C. ubiquitum Sheep and cervids [152, 154, 157, 158, 169]

C. viatorum Humans [93, 170]

C. erinacei Hedgehogs and horses [171, 172]

C. wrairi Guinea pigs [173, 174]

C. xiaoi Sheep and goat [174]

Cryptosporidium
Chipmunk genotype

Rodents [93]

Cryptosporidium
Horse genotype

Horses [152, 153]

Cryptosporidium
Mink genotype

Minks [175]

Cryptosporidium
Monkey genotype

Monkey [152]

Cryptosporidium
Skunk genotype

Skunk [152, 153]

*The most prevalent species.
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plays an important role in human cryptosporidiosis [18, 180], while in Europe, New 
Zealand, and rural areas of the United States, there are both anthroponotic and 
zoonotic transmissions. In Middle Eastern countries, children are mainly infected 
with C. parvum, but the significance of this occurrence is not clear [181]. An 
exception is Cryptosporidium infections in HIV-positive patients in Ababa, Ethiopia, 
where C. parvum is highly endemic and where contact with calves is an important 
risk factor for cryptosporidiosis [174].

In developing countries, most C. parvum infections in HIV-positive children 
and adults are caused by subtype IIc, with IIa largely absent, indicating that anthro-
ponotic transmission of C. parvum is common in these areas. Conversely, families 
of subtype IIa are commonly diagnosed in humans in industrialised regions, where 
their occurrence is often associated with contact with calves. Another family of  
C. parvum subtypes commonly found in sheep and goats, IId, is dominant in 
humans in Middle Eastern countries and is occasionally found in humans in some 
European countries, such as Sweden, where it is commonly diagnosed in dairy 
calves. A systematic review of the anthroponotic transmission of Cryptosporidium 
concluded that subtype IIc predominates in low-income countries with poor sanita-
tion and in HIV-positive individuals, unlike in higher-income countries, where it 
is rarely evident. Lacking effective treatment or vaccine, intervention to improve 
basic sanitation in these regions is the best option. This prophylactic action certainly 
may reduce the anthropogenic and zoonotic transmission of cryptosporidiosis, 
reducing the damage to human health. It is important to emphasise the importance 
of personal hygiene practices to minimise cryptosporidiosis, in addition to other 
pathogens transmitted by water and food.

5. Genome of Cryptosporidium: new insight and future challenges

Recent years have seen impressive progress of next-generation sequencing 
technologies in genome assembly and annotation methodologies, mainly by 
advancements in the fields of molecular biology and technical engineering and by 
reducing cost. Cryptosporidium has been the subject of genome sequencing projects, 
which have provided valuable insights into the species, biology, and host-parasite 
relationships. The genomic data of multiple Cryptosporidium species are available 
and accessible in a Cryptosporidium-dedicated database, CryptoDB (http://cryp-
todb.org/cryptodb/) [182], and in the GenBank database (www.ncbi.nlm.nih.gov). 
Comparative analyses have shown that Cryptosporidium genomes are highly com-
pact, containing 8.50–9.50 megabase pairs (Mbp), a total gene count ranging from 
3769 to 7610, and coding sequence composition (75–77.6%). Moreover, in general, 
they share a comparable GC percentage (Table 2).

Overall, gene content and genomic organisation among intestinal occurrences 
of the species are well conserved, with Cryptosporidium gene clusters encoding 
putative secreted proteins. Comparison of the Cryptosporidium genomes has 
identified a core set of proteins commonly studied, as well as major differences in 
particular gene families, which could be involved in biological differences between 
species and genotypes [114, 183–185]. Gene encoding proteins that are associated 
with invasion processes, e.g. protein kinases and thrombospondin-related adhesive 
proteins (TRAPs), insulinase-like peptidases, MEDLE secretory proteins, and 
mucin glycoproteins, are observed in genome Cryptosporidium spp. [32]. However, 
some of them differ in copy number variations of genes. Comparative genomic 
analysis revealed that one of the primary features differentiating Cryptosporidium 
species is the sequence diversity present in major secreted protein families, MEDLE, 
and insulinase-like proteases [184]. This is consistent with transcriptomic studies 
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of C. parvum, which have demonstrated MEDLE proteins in different subcellular 
locations that may perform their functions in distinct stages of the invasion and 
development process [33]. Moreover, a reduction in the number of genes encoding 
secreted MEDLE and insulinase-like proteins was observed in C. ubiquitum and  
C. andersoni, whereas the mucin-type glycoproteins are highly divergent between 
the gastric C. andersoni and intestinal Cryptosporidium species [184]. Unlike 
most other apicomplexans, Cryptosporidium spp. have no apicoplast or mito-
chondrial genomes but have remnant ones, the so-called mitosomes. However, 
Cryptosporidium species disagree from each other mostly in mitosome metabolic 
pathways. C. parvum, C. hominis, and C. andersoni present more aerobic metabolism 

Organism/name Strain Bio-
sample

Bio-
project

Size 
(Mb)

GC 
%

Gene Protein

C. hominis — SAMEA 
3496639

PRJEB 
10000

9.10 30.1 3818 3817

C. hominis TU502 — PRJNA 
13200

8.74 30.9 3949 3885

C. hominis TU502_2012 SAMN 
02382005

PRJNA 
222836

9.10 30.1 3796 3745

C. hominis UKH1 SAMN 
02382004

PRJNA 
222837

9.15 30.1 3769 3718

C. hominis 30,976 SAMN 
02862040

PRJNA 
252787

9.06 30.1 3995 3959

C. parvum Iowa type II SAMN 
02952908

PRJNA 
144

9.10 30.2 7774 7610

C. andersoni 30,847 SAMN 
04417240

PRJNA 
354069

9.09 28.5 3897 3876

C. meleagridis UKMEL1 SAMN 
02666797

PRJNA 
222838

8.97 31.0 3806 3753

C. meleagridis UKMEL4 SAMN 
08383028

PRJNA 
315503

8.79 30.9 — —

C. meleagridis UKMEL3 SAMN 
08383027

PRJNA 
315502

8.70 31.0 — —

C. ubiquitum 39,726 SAMN 
02768023

PRJNA 
534291

8.97 30.8 3766 3766

Cryptosporidium sp. Chipmunk 
LX-2015

SAMN 
03281121

PRJNA 
272389

9.51 31.9 — —

Cryptosporidium sp. 37,763 SAMN 
10623052

PRJNA 
511361

9.05 32.0 — —

C. baileyi* TAMU 09Q1 SAMN 
02382006

PRJNA 
222835

8.50 24.2 — —

C. cuniculus UKCU2 SAMN 
08383019

PRJNA 
3154496

9.18 25.8 — —

C. muris RN66 SAMN 
02953683

PRJA 
19553

9.25 28.5 — 3934

C. viatorum UKUIA1 SAMN 
10107889

PRJA 
492837

9.26 31.1 — —

*Draft genome.
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and a conventional electron transport chain [114], whereas C. ubiquitum has 
further reductions in ubiquinone and polyisoprenoid biosynthesis and has lost 
both the conventional and alternative electron transport systems, unlike C. muris 
genome encoding core enzymes for the Krebs cycle and a functional ATP synthase. 
Thus, the mitosome of C. muris functions essentially as a peculiar mitochondrion 
[186]. However, the loss of biosynthetic pathways is a common feature observed in 
Cryptosporidium spp. genomes, e.g. the cytochrome-based respiratory chain and 
main de novo synthetic pathways for amino acids, nucleotides, fatty acids, and the 
Krebs cycle [32, 183]. Conversely, families of transporters to acquire nutrients from 
the host were expanded, including transporters for amino acids, sugars, and ATP-
binding cassettes (ABCs) that drive the transport of various metabolites, lipids/
sterols, and drugs [32]. Although these genomic sequences provide valuable data, 
the genome analyses have revealed contradictory data and inconsistencies between 
the annotated gene models and transcriptome evidence [31, 36]. Notoriously, those 
findings are related to sequencing platforms, which have been applied to having 
different strengths and weaknesses and the use of different strategies and stringen-
cies in gene prediction.

Notwithstanding its novelty, the major challenges for the generation of 
whole genomes of Cryptosporidium are the quality and the yielding of limited 
DNA. Indeed, this is a critical step, as it is hard to recover enough quantity of DNA 
(2.5 × 10−5 highly purified oocysts correspondent approximately 10 μg) from faeces 
from natural infections. A theoretical estimate of the DNA content of one oocyst 
is of 40 fg [187]; therefore, it is tricky and arduous to recover enough quantity of 
DNA (2.5 × 10−5 highly purified oocysts correspondent approximately 10 μg) from 
unculturable samples with the quality necessary for high-throughput sequencing. 
Non-cultured samples may introduce a level of uncertainty and possess limited 
metadata. The lower the quality of the initial genome sequence, the higher the 
likelihood of yielding a missing or misassembled genome. A recent study evalu-
ated an alternative method of preparing faecal samples using the combination 
of salt flotation, immunomagnetic separation (IMS), and surface sterilisation of 
oocysts prior to DNA extraction. The method has shown promise when used for 
the genome sequencing of samples of C. parvum and C. hominis [36]. This chal-
lenging issue can be resolved using a novel approach of Cryptosporidium cell-free 
culture and new long-read sequencing techniques, which will likely be beneficial 
for improving data. Increases in the quality of the target DNA boost the depth of 
coverage of the genome in higher levels, so base calls can be made with a higher 
degree of confidence. Also, the ability to culture relevant Cryptosporidium isolates 
in vitro, the development of novel gene-editing tools (knockout genes, CRISPR/
Cas9, and RNAi), and ‘omic’ research (genomics, transcriptomics, and proteomics) 
represent essential paths towards significant advancements in the control of 
cryptosporidiosis.

6. Conclusions and future perspectives

Cryptosporidium is a major cause of diarrhoeal disease in humans worldwide, 
yet an effective therapy to eradicate the parasite is not available. Also, the diagnosis 
options remain limited in developing countries, which harm the surveillance and 
understanding of the epidemiology in resource-poor settings. In developed coun-
tries, large waterborne outbreaks in drinking and recreational water continue to 
occur, emphasising the need for better regulation and for improvements of drink-
ing water treatment processes and control guidelines. However, in recent years, 
significant improvements have been achieved in understanding the key concepts 



Parasitology and Microbiology Research

342

of C. parvum, which have demonstrated MEDLE proteins in different subcellular 
locations that may perform their functions in distinct stages of the invasion and 
development process [33]. Moreover, a reduction in the number of genes encoding 
secreted MEDLE and insulinase-like proteins was observed in C. ubiquitum and  
C. andersoni, whereas the mucin-type glycoproteins are highly divergent between 
the gastric C. andersoni and intestinal Cryptosporidium species [184]. Unlike 
most other apicomplexans, Cryptosporidium spp. have no apicoplast or mito-
chondrial genomes but have remnant ones, the so-called mitosomes. However, 
Cryptosporidium species disagree from each other mostly in mitosome metabolic 
pathways. C. parvum, C. hominis, and C. andersoni present more aerobic metabolism 
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and a conventional electron transport chain [114], whereas C. ubiquitum has 
further reductions in ubiquinone and polyisoprenoid biosynthesis and has lost 
both the conventional and alternative electron transport systems, unlike C. muris 
genome encoding core enzymes for the Krebs cycle and a functional ATP synthase. 
Thus, the mitosome of C. muris functions essentially as a peculiar mitochondrion 
[186]. However, the loss of biosynthetic pathways is a common feature observed in 
Cryptosporidium spp. genomes, e.g. the cytochrome-based respiratory chain and 
main de novo synthetic pathways for amino acids, nucleotides, fatty acids, and the 
Krebs cycle [32, 183]. Conversely, families of transporters to acquire nutrients from 
the host were expanded, including transporters for amino acids, sugars, and ATP-
binding cassettes (ABCs) that drive the transport of various metabolites, lipids/
sterols, and drugs [32]. Although these genomic sequences provide valuable data, 
the genome analyses have revealed contradictory data and inconsistencies between 
the annotated gene models and transcriptome evidence [31, 36]. Notoriously, those 
findings are related to sequencing platforms, which have been applied to having 
different strengths and weaknesses and the use of different strategies and stringen-
cies in gene prediction.

Notwithstanding its novelty, the major challenges for the generation of 
whole genomes of Cryptosporidium are the quality and the yielding of limited 
DNA. Indeed, this is a critical step, as it is hard to recover enough quantity of DNA 
(2.5 × 10−5 highly purified oocysts correspondent approximately 10 μg) from faeces 
from natural infections. A theoretical estimate of the DNA content of one oocyst 
is of 40 fg [187]; therefore, it is tricky and arduous to recover enough quantity of 
DNA (2.5 × 10−5 highly purified oocysts correspondent approximately 10 μg) from 
unculturable samples with the quality necessary for high-throughput sequencing. 
Non-cultured samples may introduce a level of uncertainty and possess limited 
metadata. The lower the quality of the initial genome sequence, the higher the 
likelihood of yielding a missing or misassembled genome. A recent study evalu-
ated an alternative method of preparing faecal samples using the combination 
of salt flotation, immunomagnetic separation (IMS), and surface sterilisation of 
oocysts prior to DNA extraction. The method has shown promise when used for 
the genome sequencing of samples of C. parvum and C. hominis [36]. This chal-
lenging issue can be resolved using a novel approach of Cryptosporidium cell-free 
culture and new long-read sequencing techniques, which will likely be beneficial 
for improving data. Increases in the quality of the target DNA boost the depth of 
coverage of the genome in higher levels, so base calls can be made with a higher 
degree of confidence. Also, the ability to culture relevant Cryptosporidium isolates 
in vitro, the development of novel gene-editing tools (knockout genes, CRISPR/
Cas9, and RNAi), and ‘omic’ research (genomics, transcriptomics, and proteomics) 
represent essential paths towards significant advancements in the control of 
cryptosporidiosis.

6. Conclusions and future perspectives

Cryptosporidium is a major cause of diarrhoeal disease in humans worldwide, 
yet an effective therapy to eradicate the parasite is not available. Also, the diagnosis 
options remain limited in developing countries, which harm the surveillance and 
understanding of the epidemiology in resource-poor settings. In developed coun-
tries, large waterborne outbreaks in drinking and recreational water continue to 
occur, emphasising the need for better regulation and for improvements of drink-
ing water treatment processes and control guidelines. However, in recent years, 
significant improvements have been achieved in understanding the key concepts 
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of the organism, mainly by increasing the use of molecular methods and genome 
sequences. Recent advancements in knowledge of Cryptosporidium provide the basis 
for the development of effective and practical strategies for the future prevention 
and control of cryptosporidiosis. The data from Cryptosporidium genome sequences 
have already improved our understanding of the metabolism and cellular processes. 
In fact, mining the genome and proteome data of Cryptosporidium will allow 
the development of new classes of compounds and molecular targets. However, 
it is worth underscoring the need for community-wide efforts to generate and 
integrate high-quality functional datasets that span the full spectrum of biology 
and life cycles in order to improve the predictive nature of models generated from 
large-scale system-based resources. Transcriptomes and proteomics from different 
growth stages are starting to be generated and promise to provide further insight 
into the biology of Cryptosporidium. Also, future studies will require careful valida-
tion and follow-up of each finding using in vitro and animal model studies.
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In fact, mining the genome and proteome data of Cryptosporidium will allow 
the development of new classes of compounds and molecular targets. However, 
it is worth underscoring the need for community-wide efforts to generate and 
integrate high-quality functional datasets that span the full spectrum of biology 
and life cycles in order to improve the predictive nature of models generated from 
large-scale system-based resources. Transcriptomes and proteomics from different 
growth stages are starting to be generated and promise to provide further insight 
into the biology of Cryptosporidium. Also, future studies will require careful valida-
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