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Preface

Vector-Borne Diseases - Recent Developments in Epidemiology and Control reviews
many new developments in the study of diseases spread by arthropod vectors.
Any group of writers that hopes to adequately address such a topic must represent
a diverse group from a geographically dispersed area; the scientists and health
workers who wrote this book are such a group. They address the impact of vector-
borne diseases for humans and livestock in Africa, the effects of insecticide on
entomological inoculation rates in Ethiopia, the effects of viral infection on the
primary vector of Zika and dengue in South America, and the potential of certain
chemical structures in the treatment of disease. The authors hail from Africa,
India, North America and other places, so this book includes a variety of cultures
and writing styles, just like the vulnerable populations that suffer from vector-
borne infections. This broad presentation of expertise seems overwhelming, yet
the continuously evolving disease threat can only be addressed with rapid devel-
opment of technology and effective sharing of knowledge. The emergence and
re-emergence of vector-borne diseases illustrates the need for such knowledge.

In recent years, Zika appears to have taken on a greater measure of pathology and 
then spread out of its usual confines in Africa to present a disease threat through
much of the tropical and some of the temperate parts of the world. Previously
thought to be a relatively mild, self-limiting illness, Zika is now known to have
devastating effects on children. This example demonstrates the ever-changing 
threat due to vector-borne diseases, though it may seem like a distant threat to some
observers. Such is not the case for other infections. In recent years, two tick-borne
viruses capable of causing severe illness, even death, have emerged in the very cen-
tral part of the United States. The emergence of these tick-borne viruses in the heart
of a developed country demonstrates how little is really known about these disease
agents. The reality is that there may be hundreds of vector-borne viral diseases still 
to be detected and described to the medical community. 

This book is just a small attempt to share some of the important work going on in
the study of vector-borne diseases. It represents a broad slice of research develop-
ments, some of which may contribute to new treatments or new methods of disease
control. Perhaps ready access to information contained here will contribute to
improved care or disease prevention for someone in the world. That is the hope of
the authors of the chapters in this book.

David Claborn, DrPH
Master of Public Health Program,

Missouri State University,
Springfield, Missouri, USA

Sujit Bhattacharya
University of Calcutta,

India 

Syamal Roy
National Institute of Pharmaceutical Education and Research,

India
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Chapter 1

Introductory Chapter:  
Vector-Borne Diseases
David Claborn

1. Introduction

In the waning years of the nineteenth century, Theobald Smith convincingly 
proved that Texas cattle fever was caused by a protozoan parasite and, perhaps more 
importantly, was transmitted to cattle by a tick. This was the first definitive proof of 
vector-borne transmission by an arthropod [1]. Within a few years, scientists dem-
onstrated transmission of human disease agents by vectors for a variety of diseases, 
from filariasis to malaria. Since then, vector-borne transmission has proven to be a 
major means of disease for dozens of diseases, some of great public health impor-
tance. Table 1 provides a partial list of vector-borne diseases along with the disease 
agents and vectors for each. Malaria is probably the vector-borne disease with the 
largest impact on human health today, though historically typhus, bubonic plague, 
and yellow fever have been extremely important [2].

Despite extraordinary efforts to control or eliminate vector-borne diseases, they 
persist. Estimates of mortality due to malaria alone exceed 400,000 per year [3]. 
For the millions of survivors of malaria infection, the costs of disease and disability 
are enormous. And this reflects a recent improvement over previous years. Great 
effort has gone into reducing the incidence of malaria, reflecting the dedication of 
governments, nongovernmental organizations, charitable agencies, scientists, and 
medical workers. Despite significant success with reducing the rates of diseases like 
malaria, typhus, and yellow fever, vector-borne diseases persist. Of the 20 illnesses 
listed as neglected tropical diseases by the World Health Organization in 2020, 
6 are primarily transmitted by vectors: American trypanosomiasis, African try-
panosomiasis, dengue (and chikungunya), leishmaniasis, lymphatic filariasis, and 
onchocerciasis. Some of the others, like trachoma, may also exhibit a vector-borne 
element through the mechanical transmission of disease agents by filth flies. The 
vectors represent a wide spectrum of arthropod species, from the ticks and mites of 
Arachnida to the mosquitoes, true bugs, and lice of Insecta. The disease transmission 
cycles are as diverse as the range of vectors.

Although the disease transmission cycles of vector-borne diseases can be very 
complex, they do provide a unique opportunity for prevention or control. For non-
vector-borne diseases, prevention can take a variety of forms including immuniza-
tions, sanitation, infection control, chemoprophylaxis, curative medicine, and 
others. For vector-borne disease, however, there is often the possibility of vector 
control as a means of interrupting the disease cycle. Some vector-borne diseases, 
such as yellow fever and Japanese encephalitis, can be effectively prevented by 
immunization, though maintenance of a cold chain to ensure vaccine viability 
may be necessary and can be difficult to maintain in remote environments. Other 
diseases such as malaria can be prevented through prophylactic use of drugs. But for 
many vector-borne diseases, there are no effective vaccines or chemoprophylactic 
measures. Also, there is no specific treatment for many of the diseases. For such 
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illnesses, vector control or protection of humans from exposure to the vector may 
be the most important means of risk reduction. Such is the case for diseases like 
dengue, chikungunya, and Zika. Though the vector provides another vulnerability 
to the disease transmission cycle, it also provides a mechanism for spreading the 
diseases. The resurgence of vector population like that of Aedes aegypti in Latin 
America has been linked to the resurgence of dengue [2]. Likewise, expansion of the 
range of invasive species like Aedes albopictus in the USA can present an increased 
risk of disease transmission in affected regions.

The current status of information regarding vector-borne disease prevention, 
control, and treatment demonstrates the need for more research and dissemination 
of the knowledge gathered from laboratory and field studies alike. Developments 
in molecular biology, genomics, pharmacology, field biology, and virology provide 
great potential for improvements in control of vector-borne disease. At the same 
time, it is necessary to acknowledge the continuing utility of older, field-proven 
methods such as interior residual sprays, which continue to provide effective 
and inexpensive disease control for millions of people [4]. The wide variety of 

Disease Agent Vector

Babesiosis Protozoan Tick

Bartonellosis Bacteria Sand fly

Chikungunya Virus Mosquito

Crimean-Congo hemorrhagic fever Virus Tick

Dengue fever Virus Mosquito

Ehrlichiosis Intracellular bacterium Tick

Japanese encephalitis Virus Mosquito

Leishmaniasis Protozoan Sand fly

Louse-borne relapsing fever Bacterium Louse

Lyme disease Bacterium Tick

Lymphatic filariasis Filarial worm Mosquito

Malaria Protozoan Mosquito

Onchocerciasis Filarial worm Black fly

Plague Bacterium Flea

Q fever Intracellular bacterium Tick

Relapsing fever Bacterium Tick

Rickettsiosis Intracellular bacterium Tick, mite

Rift Valley fever Virus Mosquito

Rocky Mountain Spotted fever Intracellular Bacterium Tick

Sand Fly fever Virus Sand fly

Tick-borne encephalitis Virus Tick

Tularemia Bacterium Tick, deer fly

Typhus Bacterium Lice
1This is a partial list, especially for the tick-borne viruses. Mechanical transmission by filth flies and cockroaches 
is not considered here, though several diseases such as shigellosis probably have vector-borne components of 
their transmission.

Table 1. 
Important vector-borne diseases, disease agents, and vectors.1
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Chapter 2

Emerging Vector-Borne Diseases 
in Central Africa: A Threat to 
Animal Production and Human 
Health
Lisette Kohagne Tongue and Arouna Njayou Ngapagna

Abstract

Although the potential for livestock production is high in Central Africa, it is not 
an important economic activity because of disease constraints, primarily trypano-
somiasis transmitted by tsetse flies. Recently, a growing number of vector-borne 
diseases have also emerged in that region. Indeed, there is a progressive expansion 
of trypanosomiasis in known tsetse-free areas in the Far North of Cameroon, 
mechanically transmitted by Tabanidae. In the beginning of year 2019, there was 
an epidemic of African horse sickness (AHS) in Cameroon for the first time. In 
the meantime, AHS was also declared in Chad and reported in Nigeria. Besides, 
new cases of Rift Valley fever (RVF) are regularly detected in both Cameroon and 
Chad. The relative significance of most vector-borne diseases (VBDs) in livestock is 
difficult to quantify, because there is no study on their socioeconomic impact. But, 
certain VBDs have significant impact on food production, and others such as RVF 
can be transmitted to humans. Impact of VBDs on human health, animal health and 
trade, as well as the transboundary nature of these diseases means there is a need for 
regional coordination and cooperation to address challenges. This can be success-
fully achieved with One Health approach.

Keywords: trypanosomiasis, African horse sickness, Rift Valley fever, Cameroon, Chad

1. Introduction

sub-Saharan Africa has been classified into five agroecological zones (AEZs): 
arid, semiarid, subhumid, humid, and highlands [1]. AEZs are one of the most 
important determinants of the characteristics of livestock production systems, in 
terms of species, breed, stocking capacity, disease pressure, and individual produc-
tivity. In sub-Saharan Africa, the rural population lives mainly from agriculture and 
livestock. Ruminant livestock are found mainly in arid and semiarid zones in the 
following numerical order: goats, sheep, and cattle in arid zone and cattle, goats, 
and sheep in semiarid and subhumid zones [2]. Livestock production in this zone is 
usually a component of mixed smallholder crop-livestock systems. Pastoral system 
comprises 21 percent of total cattle numbers. About 30 percent are kept in the 
mixed semiarid system, 21.7 percent in the mixed subhumid, and only 3.6 percent 
in the mixed humid system [3].



6

Vector-Borne Diseases - Recent Developments in Epidemiology and Control

[1] Smith T, Kilborne FL. Investigations 
into the nature , causation, and 
prevention of Texas or southern cattle 
fever. Bulletin U.S. Dept of Agriculture 
Bureau of Animal Industry. 1893:1

[2] Wilson AL, Courtenay O, Kelly- 
Hope LA, Scott TW, Takken W, Torr SJ, 
et al. The importance of vector control 
and elimination of vector-borne 
diseases. PLoS Neglected Tropical 
Diseases. 2020;14(1):000007831. DOI: 
10.1371/journal.pntd.0007831

[3] World Malaria Report. Geneva: 
World Health Organization, 2019. 
License CC BY-NC-SA 3.0 IGO; 2019

[4] Townson H, Nathan MB, Zaim M,  
Guillet P, Manga L, Bos R, et al. 
Exploiting the potential of vector 
control for disease prevention. Bulletin 
of the World Health Organization. 
2005;85:942-947

References

7

Chapter 2

Emerging Vector-Borne Diseases 
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Animal Production and Human 
Health
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Abstract

Although the potential for livestock production is high in Central Africa, it is not 
an important economic activity because of disease constraints, primarily trypano-
somiasis transmitted by tsetse flies. Recently, a growing number of vector-borne 
diseases have also emerged in that region. Indeed, there is a progressive expansion 
of trypanosomiasis in known tsetse-free areas in the Far North of Cameroon, 
mechanically transmitted by Tabanidae. In the beginning of year 2019, there was 
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Traditional ruminant production systems in sub-Saharan Africa are generally 
subdivided into two broad categories: grassland-based systems and mixed systems. 
In West and Central Africa, the main production system is mixed systems, which 
means the farming system is (i) based on livestock but practiced in proximity to, or 
perhaps in functional association with, other farming systems based on cropping 
such as pastoral systems in arable areas [4] and is (ii) characterized by a long tradi-
tion of seasonal penetration into the more humid areas, with southward movements 
during dry season and northward movements during rainy season [5]. Although the 
potential for livestock production is high in humid zone that occupies 112 million 
ha in Central Africa [6], it is not an important economic activity there because 
of disease constraints, primarily trypanosomiasis transmitted by tsetse flies [7]. 
Trypanosomiasis is not the only vector-borne disease that affects animal production 
in Africa. Indigenous African transboundary diseases such as African horse sickness 
(AHS), bluetongue, and Rift Valley fever (RVF) are diseases that can cause high 
mortality among animal population and decrease animal production.

A vector-borne disease can simply be defined as a disease transmitted by a living 
being, usually an arthropod vector, to a vertebrate host depending on a balance 
between the vector, the pathogen transmitted, and the host. Disease occurs in an 
area when all three components are in place, vector’s density being determined by 
climatic conditions. As such, incidence of vector-borne disease is closely related 
to the presence of the vector. Climate change leads to changes in the geographical 
distribution of the vector which often has an influence on the epidemiology of the 
disease. In its extreme form favored by the introduction of a new pathogen, it can 
lead to the emergence or re-emergence of a disease.

This review is to highlight emerging vector-borne diseases in the Central Africa 
region and possible ways of control.

2. Vectors and transmission of infectious diseases

Vectors are living organisms, mainly arthropods that can transmit pathogens 
during their blood meal between vertebrate hosts including humans. Mouth parts 
of bloodsucking insects are adapted for piercing the skin of animal hosts and 
sucking their blood. Not all vectors are strictly hematophagous. For some species 
such as mosquitoes, blood feeding is needed for egg production. Thus, only females 
are bloodsuckers, while other species such as tsetse flies need blood meal for their 
survival, and both males and females are bloodsuckers. Arthropods can feed on 
various orders of mammals (although some have preferences) and contribute to 
spread pathogens between taxonomic groups.

Ticks (Ixodidae or “hard ticks”) are main vectors of animal diseases found in 
countries with warm and humid climates [8, 9]. Their preferential habitats are 
forests, savannahs, grasslands, and scrublands, in which they find suitable envi-
ronmental conditions for their survival [10]. However, the majority of arthropod 
vectors belong to four orders of hematophagous insects, namely, Phthiraptera 
(lice), Siphonaptera (fleas), Diptera (flies), and Hemiptera (true bugs). Fleas 
are vectors of various pathogens (protozoa, bacteria, viruses) in animals. The 
main group of insect vectors of both veterinary and human importance is Diptera 
including sand flies (Phlebotomus spp.), black flies (Simulium spp.), midges 
(Culicoides spp.), mosquitoes (belonging to several genera including Aedes spp., 
Anopheles spp., etc.), horseflies (Tabanus spp.), tsetse flies (Glossina spp.), and 
louse flies (Hippobosca spp.) [11].

Arthropod vectors are cold-blooded (ectothermic) and thus especially sensitive 
to climatic factors. Vectors require certain environmental characteristics that are 
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unique for each type of organism. Mosquitoes, for instance, require humid condi-
tions, whereas ticks can live in warm and dry climates [12].

Vector reproduction, survival, and distribution rely on environmental factors 
including temperature, humidity, and vegetation cover which are variable through-
out the year and influence vector activity (biting rate). In the same country, a VBD 
prevalence in humans can vary from one season to another and from one area to 
another in the same period. In animals, VBD prevalence when transmitted by flies 
is linked to the intensity of animal-fly contact determined by the abundance and 
density of vectors, which is determined by climatic conditions. However, climate is 
only one of many factors influencing vector distribution and vector activity.

Several environmental components (vegetation, climate, geology) define the 
geographic area within which transmission takes place for a particular vector-host-
pathogen system [13]. Impact of environmental factors on different pathogens and 
vectors is diverse and specific to individual vector-pathogen combinations.

Numerous viruses, bacteria, protozoa, and helminths have been found to require a 
hematophagous (bloodsucking) arthropod for transmission between vertebrate hosts. 
But, not all blood-sucking arthropods are vectors (transmitters) of disease agents [14]. 
Besides, vectors are not exclusive to any particular pathogen and can not only transmit 
more than one disease, but they can do so at the same time [11]. The ability and likeli-
hood that a vector transmits a pathogen to a vertebrate host depends on a numerous 
of factors. These include the ability of an ingested pathogen to survive and multiply in 
the body of the vector and its ability to be transmitted during a subsequent blood meal 
to a vertebrate. Other determining factors are the number of pathogen ingested by 
the vector, the density of vectors in the environment, and its feeding preferences. The 
relationship between a specific vector and its preferred host is usually stable, but it can 
change, for various reasons including unavailability of the preferred host [15]. Another 
distinction that can be made is between primary and secondary vectors that is recog-
nized for their importance in a disease transmission, keeping in mind that a known 
secondary vector on a global level can be seen as a primary vector on a local level.

An arthropod may transmit disease agents from one vertebrate host to another in 
two different ways, but the most important type of transmission is biological trans-
mission. Biological transmission refers to morphological and physiological changes 
that a pathogen undergoes before its transmission from one host (vector) to another 
(vertebrate) belonging to different taxa. That modification enables pathogen’s adap-
tation in the organism of its two hosts and occurs during a cycle called development 
cycle. The ability to transmit a pathogen biologically varies greatly among species of 
arthropods and even among geographical strains within a species [16]. Four types 
of biological transmission have been described according to the type of biological 
development the pathogen undergoes in the body of the arthropod vector:

i. Propagative transmission occurs when the organism ingested with the blood 
meal undergoes simple multiplication in the body of the arthropod.

ii. Cyclopropagative transmission in which the pathogen undergoes a develop-
mental cycle (changes from one stage to another) as well as multiplication in 
the body of the arthropod.

iii. Cyclodevelopmental transmission: the pathogen undergoes developmental 
changes from one stage to another but does not multiply.

iv. Vertical and direct transmission occurs either via the transovarial route or 
by infection of eggs from female after oviposition, both leading to venereal 
transmission.
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The second way of transmission called mechanical transmission consists of a 
simple transfer of the organism on contaminated mouthparts or other body parts. 
No multiplication or developmental change of the pathogen on or in the arthropod 
takes place during this type of transmission. The relative infection of the vector is 
usually of short duration in such cases because the vector is mere a pathogen carrier. 
Successful mechanical transmission depends on the degree of contact insects have 
with the vertebrate hosts and on feeding behavior [16].

The vector and pathogen interactions greatly affect the dynamics of VBDs and 
explain many of the particular characteristics of each infection and its epidemics. 
Vector-borne pathogen transmission occurs when host, vector, and pathogen inter-
act in space and time within a permissive environment. The ability of arthropods 
to transmit a disease agent depends on many complex factors including ecological 
changes, either natural or human-induced, climate change, habitat destruction, 
and changes in population density/distribution. It has been assumed that observed 
changes in temperature, rainfall, and humidity that are occurring under different 
climate change scenarios affect the biology and ecology of vectors and intermediate 
hosts and consequently the risk of disease transmission [17].

Temperature can affect both distribution of vectors and effectiveness of 
pathogen transmission through vectors. Ticks exhibit strong seasonal dependence 
of mortality and disease transmission, which can be related to temperature and veg-
etation conditions [18]. Not all changes in climate favor vectors. Extreme tempera-
tures can act positively or negatively on their development cycle. Many vectors need 
water for their maturation. Some species lay eggs directly onto the water surface, 
and others need moist substrates near water. For the first group, heavy rains and 
floods are directly related to high vector density, while for insects needing micro-
environment next to backwater and ponds, floods are inadequate for their develop-
ment. Such a negative effect is also observed in temperate zones during colder and 
longer winters [19, 20]. When temperature increases, larvae reach maturity within 
a very short time, and that enhances its capacity to produce more offspring. The 
vector biting rate increases and, consequently, intensity of disease transmission 
because the blood ingested by the hematophagous insect is rapidly digested [21].

In tropical areas, although climate patterns, particularly temperature and rain-
fall trends, have direct effects on VBD transmission [22], the actual magnitude and 
spatial extent of VBDs within regions are also governed by several non-climatic fac-
tors including epidemiological, environmental, social, economic and demographic 
factors [19, 23, 24]. Human interventions on the environment through urbaniza-
tion, deforestation, domestic and industrial use of chemical products, migration, 
modern agricultural systems, and increase in the emissions of greenhouse gases 
are known to also influence dynamics of VBDs [11]. Global warming offers better 
conditions for the development of some vectors by decreasing temperatures and 
reducing diurnal and nocturnal ranges [19]. There are countries where environmen-
tal conditions are not so favorable for certain vector populations, but immigration 
allows them to persist [25].

3. Emerging vector-borne diseases and epidemics

Several infectious diseases have emerged during the last four decades in both 
animal and human health sectors. Other diseases considered to have been under 
control or quiescent have resurged, often spreading to geographical areas in which 
they had not been previously found, due to various reasons including movement 
of vertebrate host, human, or animal. Pathogens of some of them further need a 
“carrier” to switch from an infected host to another and are vector-borne.
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Emerging diseases is usually defined as infections that have newly appeared in 
the population or have existed but are rapidly increasing in incidence or geographic 
range [26]. An author [27] defines the word “emerging diseases” as all entities com-
prising resurgent or recurrent known diseases (usually caused by “new” or mutated 
previously known agents), truly new diseases to man, but caused by animal patho-
gens, and syndromes caused by new agents easily detected through advances in 
research and development. More simply, a disease is recognized as “new” when its 
clinical signs are distinct from other known diseases [28].

Diseases transmitted by ticks and insects called vector-borne diseases (VBDs) 
are a growing threat all over the world. In Central Africa, VBDs have been playing 
a particularly important role because many of them are endemic and the burden of 
VBDs continues to be very heavy both in animal and human health sectors.

Over decades, trypanosomiasis has been described as a major animal disease 
constraint to livestock production in sub-Saharan Africa. It is estimated that animal 
trypanosomoses significantly reduce the number of cattle: 37% in subhumid zone 
to 70% in humid zone. The meat production is reduced by 5–30%, milk production 
from 10 to 40%. The cost of these losses is estimated at 1338 millions of US dollars. 
Production work for draft oxen is reduced by 33%. Although losses due to morbid-
ity (loss of weight, decrease in reproductive performance, increase in interrelated 
diseases, etc.) are more difficult to evaluate, the total agricultural production would 
be reduced by 2–10% in the risk zone [29]. The disease is cyclically transmitted 
by tsetse flies, and its occurrence normally overlaps tsetse fly distribution across 
Africa: approximately 11 million km2 between 15°N and 29°S. The incidence and 
severity of trypanosomiasis in livestock are closely related to the species of Glossina 
present in the area. Although species of the subgenus Austenina (fusca group) are 
mainly incriminated in the transmission of animal trypanosomiasis and in a lesser 
extent species of the subgenus Glossina (morsitans group), all 31 species of tsetse 
flies can transmit animal trypanosomiasis, depending to their individual vector 
competence and capacity. But species of animal trypanosomes and even trypano-
some infectious rate is different from one locality to another.

Ecology of tsetse flies is highly correlated to environmental factors, including 
temperature (20–30°C) and humidity. In general, higher temperatures (>38°C) 
are not suitable for the survival of adults, and lower temperatures (>17°C) do not 
allow immature stages to complete their development cycle. Therefore, tsetse flies 
are absent in hot and dry areas. But tsetse flies are not the only vectors of animal 
trypanosomiasis. Tabanids and stomoxes can also transmit that disease, though 
mechanically [30], and contribute to its spread even in tsetse-free areas.

In Central Africa countries, mainly in Cameroon and Chad, African animal 
trypanosomiasis (AAT), also called Nagana, has been so far found in savannah areas, 
and 70 percent of drug farmers’ expenses are for trypanocides. There are important 
seasonal variations in the degree of risk to which livestock are exposed in areas that 
have pronounced variation between wet and dry seasons. During pronounced dry 
seasons, there is a general regression in the distribution of tsetse particularly if the dry 
season is also hot. The burning, usual in the savannah lands, accelerates the diminu-
tion in the extent of suitable tsetse habitats, and these have been seen as natural tsetse 
control measures. Farmers with trypanosomiasis-sensitive cattle take advantage of 
these and implement a rotational breeding system based on seasonal variations.

Recently, there has been a gradual expansion of AAT in known tsetse-free areas 
in Cameroon and Chad. Indeed, the Ministry in charge of livestock of Cameroon, 
through it national office against Glossina (MSEG) has noticed an increase inci-
dence of AAT due to T. brucei and T. vivax in a tsetse-free area: the locality of Pette 
(10.97 N, 14.50S), Diamare Division, Far North region. Disease is mechanically 
transmitted and maintained by tabanids, present in the area (MSEG activity report, 
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unpublished). The emergence of AAT in Pette (Cameroon) and in some areas 
beyond the tsetse belt of South-East of Chad is not the only emerging VBD that face 
countries of Central Africa.

In April 2019, Cameroon veterinarian services notified sudden morbidity of 
donkeys and mortalities of horses in two divisions of the Far North region detected by 
the national network surveillance of animal diseases (RESCAM report, unpublished). 
After laboratory investigation, African horse sickness (AHS) was confirmed. It is the 
first time that disease is notified in that country. In the meantime, AHS was also offi-
cially declared in Chad, while it was 3 months ago reported by veterinarian services of 
Nigeria. AHS is a vector-borne viral disease transmitted by Culicoides spp. Following 
the first notification of that disease in Cameroon, three divisions of the same region 
and two of the adjacent North region were also affected. It was an epidemic.

AHS occurs across a wide range of biotic and abiotic parameters that relate 
to interactions among host, pathogen, vector, and environment. Culicoides spp. 
remains the least studied of the major dipteran vector groups despite their veteri-
nary and economic importance. The small size and fragility of Culicoides spp. and 
their limited direct impact on public health occurring through nuisance biting 
inflicted by female adults [31] could explain that lack of attention. Nevertheless, 
more than 1400 species have been described worldwide (except Antarctica and New 
Zealand) in the genus Culicoides. Geographical distribution and ecology of these 
holometabolous flies rely on the existence of moisture-rich habitats that are neces-
sary for their development cycle [32]. Thus, the occurrence of AHS is preceded by 
seasons of heavy rain that alternate with hot and dry climatic conditions, which 
favor transmission by the insect vector [33].

Arboviruses circulate among wild animals, and many can be transmitted to 
humans and agriculturally important domestic animals through a process known as 
spillover [34]. The emergence of African horse sickness in Central Africa could be 
due the movement of reservoir animals from one area to another or the importation 
of vectors which can bring with it new diseases with great adaptability in the part of 
the pathogen and the vector.

Epidemics of vector-borne disease have arisen from specific conditions occurring 
within the context of the large-scale drivers of infectious disease emergence. Global 
climate change has been assumed to lead to an increase of vector-borne infectious 
diseases and disease outbreaks. It could affect the range and population of pathogens, 
host, and vectors and transmission season [21]. Changes in ecosystem lead to the 
increase of population in natural hosts or vectors for certain emerging infectious 
disease. These factors are becoming increasingly prevalent [35], suggesting that infec-
tions will continue to emerge and probably increase. In fact, although not endemic, 
cases of Rift Valley fever (RVF) are increasingly detected by the national veterinary 
laboratory of Cameroon in ruminants mainly in the North region. Evidence of the cir-
culation of RVF virus in Cameroon was demonstrated in 2017 on samples collected in 
years 2013 and 2014 on small ruminants and cattle [36]. Few years ago, some authors 
had shown the presence of RVF virus in goats in forests of South region Cameroon 
[37] and others in domestic ruminants in Chad [38]. According to them, the pres-
ence of RVF virus antibodies in domestic animals suggests that this virus may also be 
circulating in human populations, despite the absence of reports.

In addition to being a vector-borne disease, RVF can be transmitted to humans 
(by nonvector means) and causes hemorrhagic fever, encephalitis, and mortalities. 
Mosquitoes are main “transmitters” between animals, while humans can contract 
disease after a direct contact with infected bodily fluids or tissues of infected 
animals. Human infection after mosquito bites is mild or asymptomatic [39, 40]. 
Epidemiological patterns of that disease differ from one area to another. In East 
Africa, several RVF outbreaks have been linked to prolonged heavy rainfall [41], 
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whereas in West Africa, outbreaks usually occur during years of normal or poor 
rainfall [42, 43]. Such studies have not yet been conducted in Cameroon.

A change in the geographical distribution of a vector-borne disease is related 
to a change in the distribution of its vector and/or the pathogen through human 
or animal movement. Due to climate change leading to unsuitable environmental 
conditions for its survival, vector moves and thus shifts its geographical range of 
distribution. But the mere presence of a vector does not necessarily mean presence 
of a disease. Human African trypanosomiasis due to Trypanosoma brucei gambiense 
has been described to not exist in some areas where the main vector Glossina palpalis 
prevails. Whatever it is, factors contributing to emerging and re-emerging zoonoses 
can be divided into two groups: intrinsic factors and extrinsic factors. Intrinsic fac-
tors are factors that lead to the emergence of new pathogens; and extrinsic factors 
are those related to environmental changes or human behavior including deforesta-
tion, urbanization, and agropastoral activities.

Deforestation provides new ecological niches and conditions for proliferation of 
newly arriving and/or adaptive vectors and their pathogens. Agriculture and livestock 
production create a favorable habitat for pathogens and their respective host vectors. 
Humans are exposed to new pathogens during their daily activities and animals, 
mainly in pastures. Because of the scarcity of their preferential vertebrate host, some 
vectors display a conversion from a primarily zoophilic (bites to animal) to primarily 
anthropophilic (bites to human) orientation [44]. That hypothesis has been argued to 
explain prevalence of human African trypanosomiasis due to Trypanosoma brucei rho-
desiense and transmitted by Glossina morsitans, assumed to be linked to the disappear-
ance of wild mammals. In the same way, water control projects create new breeding 
habitats for insects, their larvae, and their pathogens. The construction of new roads 
provides access for new human, livestock, vector, and pathogen populations [45].

In addition to increased public health response, a better understanding of the 
epidemiology of VBDs is needed to identify the drivers of these epidemics and 
inform the public health response.

4. Impact of emerging vector-borne diseases in Central Africa

The relative significance of most VBDs in livestock is extremely difficult to 
quantify, because there is no study about their socioeconomic impact. However, it is 
known certain VBDs do have a particularly significant impact on food production.

It has been assumed that animal trypanosomiasis that prevents the use of draft 
animals has serious impact on land use. Cattle farming is practiced mainly in dry areas 
where tsetse flies cannot survive and also where there are not large areas of pasture. 
The consequence of that is overstocking and land degradation [46]. Emerging of 
trypanosomiasis in dry area maintained by mechanical transmission further impover-
ishes local populations. In the locality of Pette (Cameroon) where such a situation has 
occurred, farmers have adopted a night pasture system. That means animals are kept 
from tabanids bites in day time inside cowsheds and brought to grazing areas overnight 
when tabanids are inactive. The consequence is that not only cattle are undernour-
ished but also local populations who live from their farm production. With the non-
governmental organizations’ (NGO) support aiming at increasing their productivity 
and income, farmers have implemented sustainable agricultural methods to preserve 
natural resources. These methods involved water management in irrigation scheme. 
Irrigation is needed not only to grow food for human consumption but also for live-
stock feed and provides suitable environment conditions for mosquitoes and midges. 
So there was no surprise about the occurrence of others VBD even among populations. 
For example, storage dams built in irrigation schemes to improve food security in the 
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Far North region of Cameroon have been shown to provide suitable habitats for the 
aquatic snails, the intermediate hosts of schistosome parasites. As these areas are also 
used by local populations for other domestic purposes including laundry and swim-
ming by children, they are exposed to the emerging schistosomiasis which becomes 
endemic. Vector-borne diseases are a threat to animal and human health, animal 
welfare, and trade. Impact of RVF on domestic markets and international trade is 
probably greater than the direct mortality and production impacts of the disease. Trade 
restriction still remains one of RVF’s major economic effects that prevent farmers to 
declare to veterinary services first cases of RVF or report an outbreak when occurring. 
This can delay implementation of control measures until the disease spreads to neigh-
boring areas, sometimes across borders, and creates an international epidemic [47].

Morbidity and mortality from AHS in the Far North and North regions of 
Cameroon have constrained the draft power of working equine, mainly donkeys, 
thereby affecting food security, poverty alleviation, and gender equality. AHS 
virus is also a major threat to equine sport. Several races took place across Nigeria, 
Cameroon, and Chad and within countries, across regions. Economic value of horse 
racing, though not evaluated, is considerable. The value of horses as companion 
animals is less well defined but can provide physical and psychological benefits to 
owners and riders. Epidemics of AHS were controlled by quarantine of equines 
moving from endemic and epidemic AHS regions or country to virus-free areas, 
vaccination, and stabling. Because of that equine movement restriction, local farm-
ers underwent serious losses in their income.

In Senegal, a study conducted on the economic impact of AHS after the outbreak 
of 2007 revealed a loss of US$ 1,793,581.596 following a morbidity rate of 0.26% 
and a mortality rate of 0.23% of equine [48]. Following the 2006–2007 RVF out-
breaks in Kenya, a socioeconomic study has shown significant financial losses along 
the livestock value chain. The value of these losses ranged from US$ 1500–8900 by 
actors, depending on the nature of product lost. For livestock producers, that loss 
of milk production was caused by abortion. Livestock traders lost sales because of 
animal deaths, while slaughterhouses closed, and butchers stopped their activities 
because of fewer animals being killed and marketed [49].

The public health impact of VBDs is induced by pathogens that can be transmit-
ted to humans. Although major livestock outbreaks precede human epidemics, 
most of the pronounced RVF events in history were first diagnosed in humans. 
The amplifying livestock epizootics were recognized only after the disease was 
noticed in the human population [47]. Such a situation is not yet documented in 
Central Africa. Nevertheless, inter-epidemic serological evidence in human was 
demonstrated in Gabon [50] which shared with Cameroon the second large forest 
of the world: the Congo Basin. That forest harbors more than 10 species of forest 
ungulates, and RVF virus has been detected from a number of wild African ungu-
lates [51]. The potentiality of RVF virus and other pathogens to migrate between 
ungulates, domestic animals, and humans could have considerable effects not only 
on animal production but also on human health.

The impact of vector-borne diseases on human health, animal health, and trade 
as well as the transboundary nature of these diseases means there is a need for 
regional coordination and cooperation to address challenges.

5. Suggesting approach to control emerging vector-borne diseases

The complex epidemiology of vector-borne diseases creates significant chal-
lenges in the design and delivery of prevention and control strategies, especially in 
sight of rapid social and environmental changes.
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VBD management must be based on realistic and achievable objectives such as 
reducing the burden or interrupting transmission cycle of the disease. The most 
successful approaches to the management of VBDs of importance to livestock and 
humans are often multifaceted and include awareness creation, treatment, or vac-
cines as well as efforts to reduce the population of the vector. But for a number of 
livestock vector-borne pathogens, no vaccines are available.

It has been suggested to use vaccination as a control strategy to limit the cir-
culation of RFV virus in enzootic areas and to prevent epidemics in free areas. 
Vaccination is most effective when used in conjunction with other control strategies 
like movement restriction and sanitary slaughter [52]. In contrary, immunologi-
cal control of African trypanosomiasis is not possible yet because of the antigenic 
variation of trypanosomiasis agents. Therefore, trypanocides are widely used to 
control AAT in cattle. However, no new veterinary drugs for the treatment of AAT 
have been released since 1985 [53], and there is increasing resistance to the existing 
trypanocides. Mitigation risk of exposure goes through avoiding grazing in infested 
areas and use of prophylactic trypanocides. Trypanotolerant breeds and crossbreds 
are also recommended [54] but not appreciated by farmers because of their low 
production rate.

Vector control can also be part of an overall strategy for reducing host-pathogen 
contact through the vector. This strategy has provided great success in Burkina Faso 
[55, 56] and Cameroon [57, 58] against AAT. Larviciding measures at mosquito 
breeding sites are the most effective form of vector control against RVF if breeding 
sites can be clearly identified and are limited in size and extent. Keep in mind that 
during periods of flooding, the number and extent of breeding sites is usually too 
high for larviciding measures to be feasible [59].

Training and education is paramount. Communities need to be educated both on 
the impact of zoonotic diseases and control methods of VBDs. It has been assumed 
that education of inhabitants on the pathological impacts of AAT on animal health 
and peasant economy will ease their cooperation for control activities that will 
guarantee and ensure sustainability and success of control measures [60].

Veterinarian capacities should be built on one health approach that helps to 
address the complexities of VBDs and its associated impacts. The One Health 
concept signifies a collaborative, multidisciplinary, and holistic approach, looking 
at optimizing animal, environmental, and human health, which are interdependent 
on each other [61]. Bringing animal health, human health, and environmental 
actors and partners together within the type of One Health program optimizes the 
use of scarce resources and could achieve cost-effective benefits for all components 
targeting conservation and human well-being. Epidemics control and more effective 
mitigation of impacts can be achieved by coordinated actions involving human, ani-
mal, and environmental health to prevent, detect, and respond to animal and human 
diseases as well as infected vector populations. Environmental risk assessment and 
early detection of pathogen in livestock is the best approach to protect human health.

But this cannot be successful without an effective surveillance system. Risks 
related to the transmission of disease need to be determined including evaluation of 
the potential spread to new areas or the introduction of exotic species or diseases. 
Predicting outbreaks and early detection are useful tools to mitigate animal health 
and economic impacts. Surveillance and preparedness should be implemented in 
a multi-sectoral approach that fully integrates animal and human health sectors, 
epidemiology, wildlife, and environment. A holistic approach that transcends disci-
plines such as joint-risk assessment, joint investigation, and response is essential to 
implement risk-based surveillance and build overall response capacity.

Countries should put in place-specific measures when dealing with transbound-
ary animal diseases and targeting cross-border ecosystems. Emerging vector-borne 
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high for larviciding measures to be feasible [59].

Training and education is paramount. Communities need to be educated both on 
the impact of zoonotic diseases and control methods of VBDs. It has been assumed 
that education of inhabitants on the pathological impacts of AAT on animal health 
and peasant economy will ease their cooperation for control activities that will 
guarantee and ensure sustainability and success of control measures [60].

Veterinarian capacities should be built on one health approach that helps to 
address the complexities of VBDs and its associated impacts. The One Health 
concept signifies a collaborative, multidisciplinary, and holistic approach, looking 
at optimizing animal, environmental, and human health, which are interdependent 
on each other [61]. Bringing animal health, human health, and environmental 
actors and partners together within the type of One Health program optimizes the 
use of scarce resources and could achieve cost-effective benefits for all components 
targeting conservation and human well-being. Epidemics control and more effective 
mitigation of impacts can be achieved by coordinated actions involving human, ani-
mal, and environmental health to prevent, detect, and respond to animal and human 
diseases as well as infected vector populations. Environmental risk assessment and 
early detection of pathogen in livestock is the best approach to protect human health.

But this cannot be successful without an effective surveillance system. Risks 
related to the transmission of disease need to be determined including evaluation of 
the potential spread to new areas or the introduction of exotic species or diseases. 
Predicting outbreaks and early detection are useful tools to mitigate animal health 
and economic impacts. Surveillance and preparedness should be implemented in 
a multi-sectoral approach that fully integrates animal and human health sectors, 
epidemiology, wildlife, and environment. A holistic approach that transcends disci-
plines such as joint-risk assessment, joint investigation, and response is essential to 
implement risk-based surveillance and build overall response capacity.

Countries should put in place-specific measures when dealing with transbound-
ary animal diseases and targeting cross-border ecosystems. Emerging vector-borne 
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disease means that the lack of zoo sanitary precautions at national borders including 
sustainable vector control has contributed to its spread from a neighbor country, 
especially in light of predominant climate change scenarios.

6. Conclusions

There is a regional emergence or re-emergence and expanding geographical 
distribution of vector-borne diseases in Central Africa, with an increased frequency 
of epidemic transmission. Central Africa is a hotspot of emergence or re-emergence 
disease. Impact of these diseases goes beyond animal mortality and mortality that 
seriously affects animal production and prevents poverty reduction to reach and 
threat human health. Reversing the trend of emergent/resurgent vector-borne 
diseases is very challenging. One Health-oriented collaborations among profession-
als working in diverse sectors such as animal health, human health, public health, 
entomology, and animal production will contribute to overcome the challenges 
faced by the sustainability of control of VBDs.
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Abstract

Mosquito-borne viral diseases are infections transmitted by the bite of infected 
mosquitoes. The burden of these diseases is highest in tropical and subtropical 
areas and they disproportionately affect the poorest populations. Since 2014, major 
outbreaks of dengue, chikungunya, yellow fever and Zika have afflicted popula-
tions and overwhelmed health systems in many countries. Distribution of mos-
quito-borne diseases is determined by complex demographic, environmental and 
social factors, causing diseases to emerge in countries where they were previously 
unknown. Coupling genomic diagnostics and epidemiology to innovative digital 
disease detection platforms raises the possibility of an open, global, digital pathogen 
surveillance system. Considering pathogen surveillance in mind, real-time sequenc-
ing, bioinformatics tools and the combination of genomic and epidemiological data 
from viral infections can give essential information for understanding the past and 
the future of an epidemic, making possible to establish an effective surveillance 
framework on tracking the spread of infections to other geographic regions.
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1. Introduction

Mosquito-borne viral diseases have lately integrated worldwide headlines since 
the emergence of arbovirus outbreaks in big urban areas. According to the World 
Health Organization, more than 17% of all infectious diseases registered worldwide 
are represented by vector-borne diseases, and they account for more than 700,000 
deaths annually [1]. Due to this scenario of increasing cases number and expansion 
to new areas, the spread of infectious diseases was listed second in the top 10 risks 
in term of impact according to the Global Risks 2015 report [2].

Mosquitos of the genus Aedes have been responsible for the emergence and 
re-emergence of many arboviral diseases worldwide [3]. The species Aedes aegypti 
is the main vector species responsible for the major arbovirus epidemics recorded 
in recent years [4]. The species A. aegypti and A. albopictus are possibly suitable 
to survive and establish in 215 countries/territories, and their expanding range 
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1. Introduction

Mosquito-borne viral diseases have lately integrated worldwide headlines since 
the emergence of arbovirus outbreaks in big urban areas. According to the World 
Health Organization, more than 17% of all infectious diseases registered worldwide 
are represented by vector-borne diseases, and they account for more than 700,000 
deaths annually [1]. Due to this scenario of increasing cases number and expansion 
to new areas, the spread of infectious diseases was listed second in the top 10 risks 
in term of impact according to the Global Risks 2015 report [2].

Mosquitos of the genus Aedes have been responsible for the emergence and 
re-emergence of many arboviral diseases worldwide [3]. The species Aedes aegypti 
is the main vector species responsible for the major arbovirus epidemics recorded 
in recent years [4]. The species A. aegypti and A. albopictus are possibly suitable 
to survive and establish in 215 countries/territories, and their expanding range 
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is underlined by the increasing number of countries reporting transmission of 
mosquito-borne viruses. Transmissions of arboviruses, such as Zika, dengue, 
chikungunya, yellow fever, and Rift Valley fever, have been reported in 85, 111, 
106, 43, and 39 countries, respectively [5]. Projections indicated that 3.83 billion 
people are living in areas prone to transmission of dengue and it is predicted that 
by 2050 large increases in dengue suitability will be seen in southern Africa and 
in the Sahel in West Africa [14]. Bhatt et al. projected the global burden of dengue 
around the world whose estimate indicated that 96 million dengue infections 
occur per year worldwide and this number represents infections that manifest at 
any level of the disease severity [6]. the Americas, comprising North and South 
America, registered more than 2 million dengue cases in 2016, and more than 1.4 
million cases in 2019 [7]. For chikungunya fever, the Americas registered more 
than 94,000 cases in 2018, and in that same region, Zika fever accounted for more 
than 650,000 cases in 2016 [8, 9]. High number of cases of arboviral diseases was 
also registered in other regions in recent years, such as in the western pacific region 
where more than 375,000 suspected dengue cases were reported in 2016 [10]. In 
Africa, the government of Congo reported 6149 suspected cases of chikungunya 
until April 2019, and more than 13,000 chikungunya cases were reported in 
Sudan until October 2018 [11, 12]. The increasing in frequency and distribution 
of arboviral diseases in recent years represents a worrying burden not only for 
the public health system, but also for the economic sector [3]. Some estimates 
of the economic costs of arboviral infections have been made and for the case 
of dengue infections, it has been estimated that the median cost of all reported 
dengue hospital admissions registered in a municipality from Brazil was US$ 259.9 
per hospitalization [13, 17]. Also, in Maldives, in the Indian Ocean, dengue fever 
represented a total cost of $3 million in 2015 [14]. Another estimate indicated that 
West Nile fever hospitalized cases in US represented a total cumulative cost of $778 
million between 1999 and 2012 [15].

Dengue and chikungunya are two arboviral diseases present in the list of 
neglected tropical diseases from the World Health Organization. Neglected tropi-
cal diseases are a group of diseases that have received insufficient public attention, 
strive in tropical and subtropical areas, and strongly affect populations living in 
poverty [12]. It is argued that arboviruses can be considered a group of neglected 
tropical diseases, since they can have a long-lasting impact in the health and 
economic life of affected populations [16]. Some studies have argued that socioeco-
nomic factors and land-use changes associated with the effects of climate change 
and global travel, and trade modulate the dynamics of expansion of emerging e 
re-emerging mosquito-borne diseases [17–20]. Movement of people between neigh-
boring countries has been considered a good predictor for chikungunya spread in 
the Caribbean and Indian Ocean [14]. The expansion of the geographic distribution 
of arbovirus has significant negative impact on public health in many regions of the 
world. As measures to reduce such impacts, it has been argued about the relevance 
to public health of the implementation of a surveillance system that monitors virus 
diffusion and the appearance of new genetic variants [21]. In this sense, the use of 
genomic sequencing data and bioinformatics has been employed in the study of 
virus evolution, aiming to elucidate phylogenetic relationships and patterns of virus 
spread during an epidemic [22].

2. Genomic surveillance

Infectious diseases continue to be one of the leading causes of death worldwide 
[23] and pathogens such as viruses can evolve and spread rapidly, leading to the 
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emergence of newly-mutated human pathogens, more virulent strains, as well as 
antibiotic and drug resistant organisms [24, 25]. In this context, genomic surveil-
lance aims are to: (i) to perform global surveillance of pathogens using whole 
genome sequencing and (ii) to understand drug resistance, emergence and spread 
of viral pathogens. Several approaches have been developed and are widely used for 
the quick detection and identification of viral pathogens (i.e., diagnostics). Some 
of them are based on different serological and molecular strategies including, for 
example, assays based on real-time polymerase chain reaction [26]. Even though 
these kinds of approaches present high sensitivity and specificity for their purpose, 
they are more suitable for diagnostics only and cannot provide detailed genomic 
information [27].

Bearing these limitations in mind, the main point of developing new genomic 
surveillance tools is to answer the following inquiry: what sort of questions is 
important for genomic surveillance that cannot be addressed by conventional 
RT-qPCR or serology? (i) RT-qPCR assays do not allow genotype classification, nei-
ther does it help identify particular and/or characteristic transmission routes; (ii) 
RT-qPCR assays also do not allow to determine how fast a viral pathogen is being 
transmitted and in what direction it is spreading; (iii) serological and molecular 
assays also cannot help identify epidemiologically linked individuals, neither pre-
dict future outbreaks; and (iv) finally, serological and some molecular approaches 
cannot help to identify novel pathogenic agents and are, therefore, unsuitable for 
pathogen discovery [27].

Next generation sequencing (NGS) technologies produce significantly more raw 
data than other molecular diagnostic assays, including Sanger sequencing, and are 
also capable of informing not just pathogen diagnostics but also epidemiology [28]. 
This is why whole genome sequencing of viral genomes by using new technologies 
plays an important role in the fight against emerging and re-emerging epidemics 
[29, 30]. The availability of high-throughput sequencing has also provided immense 
insights into the ecology of health care-associated pathogens [31]. Therefore, real-
time sequencing of entire pathogen genomes has become a standard and indispens-
able research tool for the critical role of genomic surveillance in the prevention 
and control of emerging infectious diseases [32], which justifies why NGS can be 
considered a powerful strategy that also allows the discovery of novel potential viral 
pathogens [33, 34].

Considering pathogen surveillance in mind, bioinformatics tools and the combi-
nation of genomic and epidemiological data from viral infections can give essential 
information for understanding the past and the future of an epidemic, because 
genomic data generated by real-time sequencing can provide important information 
on how and when viruses were introduced in a particular site, their pattern and deter-
minants of dissemination in neighboring locations and the extent of genetic diversity, 
i.e., its dynamics, making it possible to establish an effective surveillance framework 
on tracking the spread of infections to other geographic regions [21, 22, 34]. In this 
context, recently established international networks for real-time, portable genomic 
sequencing, genomic surveillance and data analysis made it possible to monitor the 
evolution of viral genomes, to understand the origins of outbreaks and epidemics, 
to predict future outbreaks and to assist in the maintenance of updated diagnostic 
methods [33–35]. Additionally, genomic surveillance framework allows to determine, 
through genome sequencing, the real-time molecular epidemiology of viruses circu-
lating and co-circulating in different regions in a specific area, and also to detect and 
characterize the early emergence of new pathogens in large urban centers, generating 
data that can inform outbreak control responses [27, 34]. Generated data regarding 
the molecular, epidemiological, phylogenetic and geographical aspects of circulating 
viral pathogens in a specific setting contribute to a better understanding of those 
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emergence of newly-mutated human pathogens, more virulent strains, as well as 
antibiotic and drug resistant organisms [24, 25]. In this context, genomic surveil-
lance aims are to: (i) to perform global surveillance of pathogens using whole 
genome sequencing and (ii) to understand drug resistance, emergence and spread 
of viral pathogens. Several approaches have been developed and are widely used for 
the quick detection and identification of viral pathogens (i.e., diagnostics). Some 
of them are based on different serological and molecular strategies including, for 
example, assays based on real-time polymerase chain reaction [26]. Even though 
these kinds of approaches present high sensitivity and specificity for their purpose, 
they are more suitable for diagnostics only and cannot provide detailed genomic 
information [27].

Bearing these limitations in mind, the main point of developing new genomic 
surveillance tools is to answer the following inquiry: what sort of questions is 
important for genomic surveillance that cannot be addressed by conventional 
RT-qPCR or serology? (i) RT-qPCR assays do not allow genotype classification, nei-
ther does it help identify particular and/or characteristic transmission routes; (ii) 
RT-qPCR assays also do not allow to determine how fast a viral pathogen is being 
transmitted and in what direction it is spreading; (iii) serological and molecular 
assays also cannot help identify epidemiologically linked individuals, neither pre-
dict future outbreaks; and (iv) finally, serological and some molecular approaches 
cannot help to identify novel pathogenic agents and are, therefore, unsuitable for 
pathogen discovery [27].

Next generation sequencing (NGS) technologies produce significantly more raw 
data than other molecular diagnostic assays, including Sanger sequencing, and are 
also capable of informing not just pathogen diagnostics but also epidemiology [28]. 
This is why whole genome sequencing of viral genomes by using new technologies 
plays an important role in the fight against emerging and re-emerging epidemics 
[29, 30]. The availability of high-throughput sequencing has also provided immense 
insights into the ecology of health care-associated pathogens [31]. Therefore, real-
time sequencing of entire pathogen genomes has become a standard and indispens-
able research tool for the critical role of genomic surveillance in the prevention 
and control of emerging infectious diseases [32], which justifies why NGS can be 
considered a powerful strategy that also allows the discovery of novel potential viral 
pathogens [33, 34].

Considering pathogen surveillance in mind, bioinformatics tools and the combi-
nation of genomic and epidemiological data from viral infections can give essential 
information for understanding the past and the future of an epidemic, because 
genomic data generated by real-time sequencing can provide important information 
on how and when viruses were introduced in a particular site, their pattern and deter-
minants of dissemination in neighboring locations and the extent of genetic diversity, 
i.e., its dynamics, making it possible to establish an effective surveillance framework 
on tracking the spread of infections to other geographic regions [21, 22, 34]. In this 
context, recently established international networks for real-time, portable genomic 
sequencing, genomic surveillance and data analysis made it possible to monitor the 
evolution of viral genomes, to understand the origins of outbreaks and epidemics, 
to predict future outbreaks and to assist in the maintenance of updated diagnostic 
methods [33–35]. Additionally, genomic surveillance framework allows to determine, 
through genome sequencing, the real-time molecular epidemiology of viruses circu-
lating and co-circulating in different regions in a specific area, and also to detect and 
characterize the early emergence of new pathogens in large urban centers, generating 
data that can inform outbreak control responses [27, 34]. Generated data regarding 
the molecular, epidemiological, phylogenetic and geographical aspects of circulating 
viral pathogens in a specific setting contribute to a better understanding of those 



Vector-Borne Diseases - Recent Developments in Epidemiology and Control

24

viral infections in a national and international context, assuming an important role 
in solving issues relevance to Public Health [35]. As a result, studies involving more 
in-depth molecular and dispersion analysis of circulating pathogens may help the 
World Health Organization appropriately adopt measures to control epidemics 
and to monitor the dynamics and spreading of new viral strains. However, even 
though NGS has advantages over diagnostics routine, all of the different strategies 
and technologies, developed by Illumina, Thermo Scientific, Oxford Nanopore and 
others, are not yet considered a panacea. Remaining challenges include dealing with 
high data throughput, which requires sophisticated computational processing as 
well as the annotation of large amounts of sequencing data, high DNA or RNA input 
sample requirements (in some cases hundreds of nanograms), which often raises the 
need for previous PCR-based amplification approaches. On top of all this, there are 
relatively few researchers in the area with sufficient bioinformatics expertise and who 
are able to engage in near-patient or disease surveillance activities [35].

3. Bioinformatics tools and phylogenetic tools

The advent of next generation sequence (NGS) and advancements in bioin-
formatics present an opportunity to tap into new insights that are crucial to the 
establishment of an open, global digital surveillance system. NGS technologies 
have enabled the production and deposit of vast amounts of whole genomes into 
public repositories [36–38] ushering the field of genomics into era of big data. This 
has in turn increased the scale of genomic studies from the analysis of single or few 
genomes to an ever-increasing large number of genomes [39, 40].

Toward the development of global surveillance system, bioinformatics provides 
the tools to answer pertinent questions including the identification of organisms 
responsible for an outbreak, the source of an outbreak and evolutionary informa-
tion of pathogens crucial for understanding the unique phenotypes such as drug 
resistance, virulence and disease outcome.

Several bioinformatics tools and pipelines have been developed to facilitate the 
processing, analysis and visualization of these data in order to derive useful infor-
mation from it [41]. The major fields of interest addressed by these tools include 
comparative genomics which involves comparing the genetic content of one organ-
ism against that of another; prediction of the function of genes and sequences of 
the coding regions; identification of evolutionary events and inference of phyloge-
netic relationships. These fields of study play a critical role in elucidating pathogen 
evolution, niche adaptation, population structure and host-pathogen interaction. 
Furthermore, these findings inform vaccine and drug design, as well as the identifi-
cation of virulence genes.

4. Bioinformatics pipelines and workflows

Bioinformatics pipelines and workflows comprise of a series of third-party 
executable command line software assembled to perform a specific task or analysis. 
A complete pipeline will, therefore, be able to support the end of analysis of a given 
field of study such as phylogenetics or variant detection. Pipelines can thus be 
broken down into two major components i.e. the data processing component and 
the analytical component that performs the core analysis of the pipeline. Below, we 
review some of the prominent bioinformatics pipelines and workflows that sup-
port the processing and analysis of NGS data to provide insights on relevant global 
surveillance of arboviral outbreaks.
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5. Virus discovery and identification tools

Viral discovery and identification from isolates and metagenomic samples pres-
ent major challenges to bioinformatics in general. This is because viral genomes are 
prone to very high variability and deviation from reference genomes [42], continu-
ous emergence of new viruses with no available references, high intrapopulation 
diversity, and the relative rareness of viral DNA fragments in metagenomic samples 
[43]. These challenges have largely been addressed through the following pipelines.

5.1 Genome detective

Genome detective (http://www.genomedetective.com/app/) is an easy to use 
web-based software application that assembles the genomes of viruses quickly and 
accurately, designed to generate and analyze whole or partial viral genomes directly 
from NGS reads within minutes [44]. The application gains accuracy by using a 
novel alignment method that uses a combination of both amino acids and nucleo-
tide scores to construct genomes by reference-based linking of de novo contigs. 
Speed and accuracy are also gained by using DIAMOND [45] with a UniProt90 
reference dataset to sort viral taxonomy units. The use of DIAMOND and UniRef90 
allowed genome detective to identify viral short reads at least 1000 times faster than 
when Blastn and the viral nucleotide database of NCBI were used. The software 
was optimized using synthetic datasets to represent the great diversity of virus 
genomes. The application was then validated with next-generation sequencing data 
of hundreds of viruses.

5.2 VirusTAP: viral genome-targeted assembly pipeline

One of the major difficulties in this process is the correct de novo assembly of 
viral genomes from crude metagenomic deep sequencing reads, including large 
amounts of bacteria and human related sequencing reads. Such read contaminations 
often force the server to overload during de novo assembly and might cause misas-
sembly of the resultant contigs. Pre-filtering by host-mapping subtraction could 
lead to efficient de novo assembly, allowing the rapid and accurate procurement of 
a complete viral genome sequence. In addition to the accuracy of de novo assembly, 
the exclusion of human-related sequences can circumvent conflicting ethical issues 
by avoiding analyzing the personal genetic information of patients [46, 47].

VirusTAP is web-based, integrated NGS analysis tool designed to facilitate rapid 
and accurate viral genome assembly from raw reads by just clicking on several selec-
tions. Like genome detective, it ensures that non-viral reads are eliminated prior to 
de novo assembly in order to ensure performance is not compromised.

5.3 Virus identification pipeline (VIP)

VIP (https://github.com/keylabivdc/VIP) is a web-based virus discovery and 
identification tool [46]. With a single click, it will filter out background-related 
reads, classify reads on basis of nucleotide and remote amino acid homology, and 
perform phylogenetic analysis to provide evolutionary insights.

5.4 TAR-VIR: a pipeline for TARgeted VIRal strain reconstruction from 
metagenomic data

TAR-VIR is a non-reference based NGS analysis tool for the reconstruction of 
viral strains from metagenomic samples [46, 47]. It was developed to classify RNA 
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viral infections in a national and international context, assuming an important role 
in solving issues relevance to Public Health [35]. As a result, studies involving more 
in-depth molecular and dispersion analysis of circulating pathogens may help the 
World Health Organization appropriately adopt measures to control epidemics 
and to monitor the dynamics and spreading of new viral strains. However, even 
though NGS has advantages over diagnostics routine, all of the different strategies 
and technologies, developed by Illumina, Thermo Scientific, Oxford Nanopore and 
others, are not yet considered a panacea. Remaining challenges include dealing with 
high data throughput, which requires sophisticated computational processing as 
well as the annotation of large amounts of sequencing data, high DNA or RNA input 
sample requirements (in some cases hundreds of nanograms), which often raises the 
need for previous PCR-based amplification approaches. On top of all this, there are 
relatively few researchers in the area with sufficient bioinformatics expertise and who 
are able to engage in near-patient or disease surveillance activities [35].

3. Bioinformatics tools and phylogenetic tools

The advent of next generation sequence (NGS) and advancements in bioin-
formatics present an opportunity to tap into new insights that are crucial to the 
establishment of an open, global digital surveillance system. NGS technologies 
have enabled the production and deposit of vast amounts of whole genomes into 
public repositories [36–38] ushering the field of genomics into era of big data. This 
has in turn increased the scale of genomic studies from the analysis of single or few 
genomes to an ever-increasing large number of genomes [39, 40].

Toward the development of global surveillance system, bioinformatics provides 
the tools to answer pertinent questions including the identification of organisms 
responsible for an outbreak, the source of an outbreak and evolutionary informa-
tion of pathogens crucial for understanding the unique phenotypes such as drug 
resistance, virulence and disease outcome.

Several bioinformatics tools and pipelines have been developed to facilitate the 
processing, analysis and visualization of these data in order to derive useful infor-
mation from it [41]. The major fields of interest addressed by these tools include 
comparative genomics which involves comparing the genetic content of one organ-
ism against that of another; prediction of the function of genes and sequences of 
the coding regions; identification of evolutionary events and inference of phyloge-
netic relationships. These fields of study play a critical role in elucidating pathogen 
evolution, niche adaptation, population structure and host-pathogen interaction. 
Furthermore, these findings inform vaccine and drug design, as well as the identifi-
cation of virulence genes.

4. Bioinformatics pipelines and workflows

Bioinformatics pipelines and workflows comprise of a series of third-party 
executable command line software assembled to perform a specific task or analysis. 
A complete pipeline will, therefore, be able to support the end of analysis of a given 
field of study such as phylogenetics or variant detection. Pipelines can thus be 
broken down into two major components i.e. the data processing component and 
the analytical component that performs the core analysis of the pipeline. Below, we 
review some of the prominent bioinformatics pipelines and workflows that sup-
port the processing and analysis of NGS data to provide insights on relevant global 
surveillance of arboviral outbreaks.
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5. Virus discovery and identification tools

Viral discovery and identification from isolates and metagenomic samples pres-
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ous emergence of new viruses with no available references, high intrapopulation 
diversity, and the relative rareness of viral DNA fragments in metagenomic samples 
[43]. These challenges have largely been addressed through the following pipelines.
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novel alignment method that uses a combination of both amino acids and nucleo-
tide scores to construct genomes by reference-based linking of de novo contigs. 
Speed and accuracy are also gained by using DIAMOND [45] with a UniProt90 
reference dataset to sort viral taxonomy units. The use of DIAMOND and UniRef90 
allowed genome detective to identify viral short reads at least 1000 times faster than 
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was optimized using synthetic datasets to represent the great diversity of virus 
genomes. The application was then validated with next-generation sequencing data 
of hundreds of viruses.

5.2 VirusTAP: viral genome-targeted assembly pipeline

One of the major difficulties in this process is the correct de novo assembly of 
viral genomes from crude metagenomic deep sequencing reads, including large 
amounts of bacteria and human related sequencing reads. Such read contaminations 
often force the server to overload during de novo assembly and might cause misas-
sembly of the resultant contigs. Pre-filtering by host-mapping subtraction could 
lead to efficient de novo assembly, allowing the rapid and accurate procurement of 
a complete viral genome sequence. In addition to the accuracy of de novo assembly, 
the exclusion of human-related sequences can circumvent conflicting ethical issues 
by avoiding analyzing the personal genetic information of patients [46, 47].

VirusTAP is web-based, integrated NGS analysis tool designed to facilitate rapid 
and accurate viral genome assembly from raw reads by just clicking on several selec-
tions. Like genome detective, it ensures that non-viral reads are eliminated prior to 
de novo assembly in order to ensure performance is not compromised.

5.3 Virus identification pipeline (VIP)

VIP (https://github.com/keylabivdc/VIP) is a web-based virus discovery and 
identification tool [46]. With a single click, it will filter out background-related 
reads, classify reads on basis of nucleotide and remote amino acid homology, and 
perform phylogenetic analysis to provide evolutionary insights.

5.4 TAR-VIR: a pipeline for TARgeted VIRal strain reconstruction from 
metagenomic data

TAR-VIR is a non-reference based NGS analysis tool for the reconstruction of 
viral strains from metagenomic samples [46, 47]. It was developed to classify RNA 
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viral reads from viral metagenomic data and also to produce the assembled viral 
strains (i.e. haplotypes) from classified reads. It mainly has two components: (1) 
viral read classification using partial or remotely related reference genomes and (2) 
de novo assembly of viral haplotypes from recruited reads with PEHaplo [47, 48], 
which is a haplotype reconstruction tool. As TAR-VIR has a modular structure, the 
users have options to use other assembly tools after read classification in step (1).

6. Genotyping tools

While variant discovery and identification tools play a critical role in determining 
the pathogen responsible for the infection, they are unable to determine the subtype 
or quasispecies that is responsible for the outbreak. Arboviruses exist as a mixed 
population of genomic variants due to rapid replication and the error prone nature 
of viral RNA-dependent RNA polymerase (RdRp) [47]. Monitoring virus genotype 
diversity is therefore crucial to understand the emergence and spread of outbreaks. 
Genotyping tools provide an efficient workflow to enable researchers and public 
health practitioners to determine the strain that is responsible for the outbreak.

Most free-access bioinformatics programs used to classify the genetic profile of 
subtypes, genotypes, subgroups or groups of viruses are based on the use of similar-
ity search tools to determine the genotype of a new sequence. These genotyping 
tools use a set of reference sequence genomes, carefully selected for the purpose of 
representing each individual genotype. The use of a number of reference sequences 
representing the genotype of a given group increases the consistency and repro-
ducibility of the data, thus ensuring a higher speed in the search for the data and 
offering greater and more complete information while ensuring that the results are 
not limited to an inadequate set of reference sequences that do not represent the 
information needed to identify the virus.

The similarity-based methods are useful for identifying recombination patterns 
in viral sequences, but they need further confirmation of their own phylogenetic 
methods and have no statistical support for their results.

Recently [49], four viral genotyping tools for yellow fever (YFV) (https://
www.genomedetective.com/app/typingtool/yellowfevervirus/), dengue (DENV) 
(https://www.genomedetective.com/app/typingtool/dengue/), Chikungunya 
(CHIKV) (https://www.genomedetective.com/app/typingtool/chikungunya/) 
and Zika (ZIKV) (https://www.genomedetective.com/app/typingtool/zika/) were 
developed and linked to genome detective to enable phylogenetic classification 
below species level [50, 51].

6.1 Castor

The classification and annotation of virus genomes constitute important assets 
in the discovery of genomic variability, taxonomic characteristics and disease 
mechanisms. Existing classification methods are often designed for specific well-
studied families of viruses [43]. Thus, the viral comparative genomic studies could 
benefit from more generic, fast and accurate tools for classifying and typing newly 
sequenced strains of diverse virus families.

CASTOR is a virus classification platform based on machine learning methods, 
inspired by a well-known technique in molecular biology: restriction fragment 
length polymorphism [52]. It simulates, in silico, the restriction digestion of 
genomic material by different enzymes into fragments. It uses two metrics to con-
struct feature vectors for machine learning algorithms in the classification step. The 
performance of CASTOR, its genericity and robustness could permit the conduct of 

27

Mosquito-Borne Viral Diseases: Control and Prevention in the Genomics Era
DOI: http://dx.doi.org/10.5772/intechopen.88769

novel and accurate large-scale virus studies. The CASTOR web platform provides an 
open access, collaborative and reproducible machine learning classifiers. CASTOR 
can be accessed at (http://castor.bioinfo.uqam.ca).

7. Phylogenetic and phylodynamic tools

Phylogenetic tools are an extremely important resource used in the field of virol-
ogy to study viral evolution, trace the origin of epidemics, establish the mode of 
transmission, investigate the occurrence of drug resistance or determine the origin 
of the virus in different body compartments. Thus, the tools developed by bioin-
formatics are fundamental to monitor the evolution of viral diversity, supporting 
studies of genomic sequence analysis, crucial for the surveillance of viral polymor-
phism, the development of new therapeutic strategies, the development of vaccine 
products or the appropriate choice products. Toward the development of a global 
surveillance outbreak surveillance system, the advances below have been made.

7.1 Nextstrain (https://nextstrain.org/)

Nextstrain is a real-time pathogen evolution tracking platform that implements 
cutting-edge analysis and visualization of pathogen genome data [53]. It provides 
evolutionary information in the form of interactive visualizations to virologists, 
epidemiologists, public health officials and citizen scientists. It has been used to 
track various arboviral epidemics globally including West Nile Virus (WNV) in the 
Americas, Zika virus in 33 countries and Dengue virus outbreaks in 64 countries. 
The platform is continually updated with publicly available datasets to provide new 
insights into viral epidemic outbreaks globally in an intuitive and visually esthetic 
manner.

8. Functional prediction tools

In disease surveillance, understanding the effect of mutations detected in the 
viral genomes through the methods identified above is invaluable in the develop-
ment of relevant controls and interventions [47]. Many of these mutations serve as 
drug targets as well as provide insights into the response mechanism of the patho-
gens to existing interventions. A global surveillance system would therefore be 
incomplete without the capability to provide insights to the function of discovered 
mutations. Below we explore some of the tools that have been applied to understand 
the functional relevance of mutations found in arboviruses.

8.1 The SIFT (sorting intolerant from tolerant)

The SIFT algorithm predicts the effect of coding variants on protein function 
[54, 55]. Since its introduction in 2001, SIFT has become one of the standard tools 
for characterizing missense variation. It has a corresponding website that provides 
users with predictions on their variants.

9. Conclusion

Augmenting epidemiological data with insights from genomic data provides 
a powerful tool for surveillance and control of disease outbreaks. Advances in 
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viral reads from viral metagenomic data and also to produce the assembled viral 
strains (i.e. haplotypes) from classified reads. It mainly has two components: (1) 
viral read classification using partial or remotely related reference genomes and (2) 
de novo assembly of viral haplotypes from recruited reads with PEHaplo [47, 48], 
which is a haplotype reconstruction tool. As TAR-VIR has a modular structure, the 
users have options to use other assembly tools after read classification in step (1).
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While variant discovery and identification tools play a critical role in determining 
the pathogen responsible for the infection, they are unable to determine the subtype 
or quasispecies that is responsible for the outbreak. Arboviruses exist as a mixed 
population of genomic variants due to rapid replication and the error prone nature 
of viral RNA-dependent RNA polymerase (RdRp) [47]. Monitoring virus genotype 
diversity is therefore crucial to understand the emergence and spread of outbreaks. 
Genotyping tools provide an efficient workflow to enable researchers and public 
health practitioners to determine the strain that is responsible for the outbreak.
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tools use a set of reference sequence genomes, carefully selected for the purpose of 
representing each individual genotype. The use of a number of reference sequences 
representing the genotype of a given group increases the consistency and repro-
ducibility of the data, thus ensuring a higher speed in the search for the data and 
offering greater and more complete information while ensuring that the results are 
not limited to an inadequate set of reference sequences that do not represent the 
information needed to identify the virus.

The similarity-based methods are useful for identifying recombination patterns 
in viral sequences, but they need further confirmation of their own phylogenetic 
methods and have no statistical support for their results.

Recently [49], four viral genotyping tools for yellow fever (YFV) (https://
www.genomedetective.com/app/typingtool/yellowfevervirus/), dengue (DENV) 
(https://www.genomedetective.com/app/typingtool/dengue/), Chikungunya 
(CHIKV) (https://www.genomedetective.com/app/typingtool/chikungunya/) 
and Zika (ZIKV) (https://www.genomedetective.com/app/typingtool/zika/) were 
developed and linked to genome detective to enable phylogenetic classification 
below species level [50, 51].

6.1 Castor

The classification and annotation of virus genomes constitute important assets 
in the discovery of genomic variability, taxonomic characteristics and disease 
mechanisms. Existing classification methods are often designed for specific well-
studied families of viruses [43]. Thus, the viral comparative genomic studies could 
benefit from more generic, fast and accurate tools for classifying and typing newly 
sequenced strains of diverse virus families.

CASTOR is a virus classification platform based on machine learning methods, 
inspired by a well-known technique in molecular biology: restriction fragment 
length polymorphism [52]. It simulates, in silico, the restriction digestion of 
genomic material by different enzymes into fragments. It uses two metrics to con-
struct feature vectors for machine learning algorithms in the classification step. The 
performance of CASTOR, its genericity and robustness could permit the conduct of 
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novel and accurate large-scale virus studies. The CASTOR web platform provides an 
open access, collaborative and reproducible machine learning classifiers. CASTOR 
can be accessed at (http://castor.bioinfo.uqam.ca).

7. Phylogenetic and phylodynamic tools

Phylogenetic tools are an extremely important resource used in the field of virol-
ogy to study viral evolution, trace the origin of epidemics, establish the mode of 
transmission, investigate the occurrence of drug resistance or determine the origin 
of the virus in different body compartments. Thus, the tools developed by bioin-
formatics are fundamental to monitor the evolution of viral diversity, supporting 
studies of genomic sequence analysis, crucial for the surveillance of viral polymor-
phism, the development of new therapeutic strategies, the development of vaccine 
products or the appropriate choice products. Toward the development of a global 
surveillance outbreak surveillance system, the advances below have been made.

7.1 Nextstrain (https://nextstrain.org/)

Nextstrain is a real-time pathogen evolution tracking platform that implements 
cutting-edge analysis and visualization of pathogen genome data [53]. It provides 
evolutionary information in the form of interactive visualizations to virologists, 
epidemiologists, public health officials and citizen scientists. It has been used to 
track various arboviral epidemics globally including West Nile Virus (WNV) in the 
Americas, Zika virus in 33 countries and Dengue virus outbreaks in 64 countries. 
The platform is continually updated with publicly available datasets to provide new 
insights into viral epidemic outbreaks globally in an intuitive and visually esthetic 
manner.

8. Functional prediction tools

In disease surveillance, understanding the effect of mutations detected in the 
viral genomes through the methods identified above is invaluable in the develop-
ment of relevant controls and interventions [47]. Many of these mutations serve as 
drug targets as well as provide insights into the response mechanism of the patho-
gens to existing interventions. A global surveillance system would therefore be 
incomplete without the capability to provide insights to the function of discovered 
mutations. Below we explore some of the tools that have been applied to understand 
the functional relevance of mutations found in arboviruses.

8.1 The SIFT (sorting intolerant from tolerant)

The SIFT algorithm predicts the effect of coding variants on protein function 
[54, 55]. Since its introduction in 2001, SIFT has become one of the standard tools 
for characterizing missense variation. It has a corresponding website that provides 
users with predictions on their variants.

9. Conclusion

Augmenting epidemiological data with insights from genomic data provides 
a powerful tool for surveillance and control of disease outbreaks. Advances in 
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bioinformatics particularly leverage large genomic datasets to determine pathogenic 
organisms responsible for the outbreak, the origin of the infection and mutations 
responsible unique phenotypic traits. This information is crucial for effective 
planning interventions and combating outbreaks. An area of research interest that 
remains to be explored is the development of online platforms to perform func-
tional analyses of statistically significant mutations in arboviruses. This informa-
tion is invaluable in the development of vaccines and identification of drug targets.
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Chapter 4

New Ways to Tackle Malaria
Susanta Kumar Ghosh and Chaitali Ghosh

Abstract

Malaria is one of the oldest tropical diseases and still remains a focus of atten-
tion. Sub-Saharan African countries contribute 90% of the total malaria cases in the 
world. The World Health Organization (WHO) has advocated eliminating this dis-
ease by 2030 with the existing strategies and tools. Many initiatives are underway 
by several organizations, and 38 countries have achieved the elimination goal. The 
main backbone of the elimination process is smart surveillance followed by prompt 
public health responses. The control of the disease mainly relies on treatment of 
malaria positive cases with anti-malarials namely artemisinin-based combination 
therapy (ACT) for Plasmodium falciparum. In India, chloroquine is still effective 
against P. vivax. Use of 8-aminoquinolines primaquine and more recently tefeno-
quine warrants testing of G6PD deficiency status to avoid unnecessary hemolysis. 
Vector control operations mainly depend on the use of long-lasting insecticidal nets 
(LLINs) and indoor residual spray (IRS) with insecticides. The threat of resistance 
draws an open challenge in both treatment and vector management. New initiatives 
on surveillance, treatment, chemoprevention, and vector control using modern 
techniques of artificial intelligence, machine learning, genetic engineering, and 
digital approach of community engagement have great potential to accelerate the 
malaria elimination process.

Keywords: malaria, elimination, smart surveillance, treatment, vector management, 
community engagement

1. Introduction

Malaria is one of the oldest parasitic tropical diseases, and it takes a huge toll on 
human lives. It also causes great economic loss. Almost half of the population in the 
world is under the threat of malaria mostly in the tropical and sub-tropical countries. 
About 90% of the total malaria burden occurs in sub-Saharan African countries. Efforts 
to eradicate/or eliminate malaria began after the discovery of the role of mosquitoes 
in malaria transmission by Ronald Ross in 1897. In the beginning of the 20th century, 
most of the mosquito control operations were aimed at larval control using larvicidal 
oil, larvivorous fish and environmental management. These efforts made significant 
impacts on malaria control. Everything changed with the introduction of dichloro 
diphenyl trichloroethane (DDT) in the mid-1940s. Many European countries and the 
USA successfully eradicated malaria with the application of DDT and vector sanitation 
strategies, and improving general living standard [1].

Malaria eradication program in India haves had mixed success. After successful 
results from pilot studies on DDT, the National Malaria Eradication Program (NMEP) 
was launched in 1958 from the National Malaria Control Program (NMCP) in 1953. 
There was a huge success that resulted in almost complete malaria eradication in 
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the mid-1960s with 0.1 million cases and no deaths. A kind of complacency led to a 
slow rise in malaria cases, and a total of 6.4 million cases were reported in 1976. This 
was due to the development of resistance to DDT by vector species, especially by 
Anopheles culicifacies s.l. and chloroquine resistance by P. falciparum malaria [2].

A Modified Plan of Operation (MPO) was launched aiming to treat each fever 
case suspected to be malarial infection with a presumptive dose of anti-malarial 
drug especially chloroquine. This provided some respite but the malaria cases 
remained at a static level with occasional regional outbreaks. In 1995, a revised 
guideline named Modified Action Plan (MAP) gave some lead which renamed as 
National Malaria Eradication Program (NMEP) in 1999. Subsequently this program 
was more disease centric and named as National Vector Borne Disease Control 
Program (NVBDCP) in 2002 [3].

In 2017, 0.84 million malaria cases with 174 related deaths were reported from 
India, while WHO estimated 9.6 million cases with 16,723 malaria-related deaths. 
This may be due to different methods of case estimation. From this state of current 
situation in India, malaria elimination has been envisaged with an aim to achieve it 
by 2030 [1, 4].

2. Malaria elimination initiatives

The global malaria elimination framework was launched in 2007, and a detailed 
Global Technical Strategy (GTS) was released in May 2015 aiming to eliminate 
malaria by 2030. The three recommendations to achieve this goal strongly empha-
size strengthening of smart surveillance; prompt diagnosis and treatment; and 
enhance elimination process. The GTS thus focuses on 35 countries in which to 
eliminate malaria by 2030, and India is one of them [4].

India is one of the countries that have signed the National Framework for 
Malaria Elimination (NFME). The WHO estimated 219 million malaria cases 
with 435,000 related deaths in the world in 2017. This was higher than the previ-
ous years. The WHO Director-General has called an aggressive new approach 
`High Burden to High Impact’ [1]. Of the 11 high malaria burden countries 10 
are from Africa, but India is also under this category. Nearly half of the global 
malaria occurred in Nigeria (25%), the Democratic Republic of the Congo (11%), 
Mozambique (5%) and 4% each by India and Uganda. This means India needs 
a special attention. The NFME has been designed to ease the burden in most 
high burden Indian states especially Odisha, Madhya Pradesh, Chhattisgarh and 
Jharkhand. The major attention should be on strengthening the surveillance which 
is still poor in many states [1, 3].

3. Strengthening of ongoing surveillance

Surveillance is the main pillar in the malaria elimination process. In most situations, 
ongoing surveillance is not consistent with the national guidelines resulting in poor 
estimates of malaria burden. This needs to be converted into smart surveillance. In the 
digital era, all surveillance systems should follow the concept of the  ‘test–treat–track’ 
strategy [5]. Android-based mobile apps can be applied for quick dispensation of 
surveillance data from the field to the local administrator for immediate action. This 
system at district-level management is implemented in many African countries. In this 
way, the time lag between diagnosis and treatment can be minimized [6]. Tracking the 
patient for completion and follow-up of the treatment has wider effects on the local 
cycle of malaria [1]. WHO has developed surveillance and data analysis dashboards 
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using district health information software 2 (DHIS 2) [4]. Such digital-based data 
systems will make the surveillance system smart and efficient.

Strategy to change in surveillance is also an important step to accelerate the 
malaria elimination process. China adopted the ‘1-3-7’ strategy that promoted the 
elimination process with zero indigenous malaria cases in 2017. This strategy envi-
sions the strategic action from diagnosis to treatment within 3 days and public health 
responses to vector management within day 7 of the case detection. This also makes 
an easy platform for establishment of personal communication in the community 
[7]. Indonesia also adopted the ‘1-2-5’ strategy for surveillance and response protocol 
in malaria elimination; on day 1 case management and notification; on day 2 case 
classification and foci investigation; and by day 5 foci response and elimination [8].

In southwestern coastal Mangaluru city, Karnataka state, India, malaria has 
been endemic over two decades. The local authority has implemented indigenously 
developed digital handheld tablets (TABs) for smart surveillance. These TABs have 
been allotted to each health worker after proper training. Now no manual data 
collection is used in the city. The link of the software was also provided to the local 
hospitals and diagnostic labs. The data can be accessed to the local administrators 
for taking action on the feedback received. Here the ‘1-3-7-14’ strategy has been 
adopted where positive case is registered with start of treatment on day 1; comple-
tion of treatment by day 3; on day 7 vector control activities with follow-up smear 
check, and on day 14 follow-up smear check and completion of radical treatment 
for P. vivax cases with primaquine. In this way, the initial response of the anti-
malarial drugs can be assessed. The best part of this system is that all the data can 
be retrieved, and the program can be monitored at all levels, assessing the opening 
and closing of each case. This system creates a great scope of community awareness 
through person-to-person communication [9]. In the dashboard of this system, 
algorithms of specific data can be incorporated for possible prediction of malaria 
outbreaks. Thus, the concept of ‘predict–perform–protect’ can be established using 
artificial intelligence (AI) and machine learning.

A recent study in Bangladesh has found that the movement of people can be 
tracked from the mobile phone network which can help prediction of outbreaks 
of diseases such as malaria. This enables the health authorities to take preventive 
measures in time [10].

4. Quick, efficient and point-of-care diagnosis

Malaria microscopy is still the best method and gold standard for malaria 
diagnosis. A microscopist normally examines 60 blood smears per day. This 
includes staining and data maintaining. Now expert microscopist can detect 20 to 
50 parasites/μl blood that means a 0.001 to 0.005% level of parasitemia. This is not 
the cases with regular microscopists where the sensitivity is low. Routine in-house 
training on the line of continued medical education program can improve the 
efficiency of the microscopists [11].

Recent deployment of Rapid Detection Tests (RDTs) have changed the malaria 
diagnosis at large, but it has failed to detect when the level is <100 parasites/
μl blood. This has become a nagging problem in detecting very low numbers of 
infected red blood cells and sub-microscopic parasites especially gametocytes in 
P. falciparum cases. This necessitated an alternate system of diagnosis. An indig-
enously developed handheld real-time micro-PCR based PDA (personal digital 
assistant) device that can detect parasites as low as 1.3/μl blood has been used 
successfully. This is a point-of-care device that performs tests onsite within 40 min-
utes. About 80 cases can be performed per day. The result of the cases can be shared 
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and closing of each case. This system creates a great scope of community awareness 
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diagnosis. A microscopist normally examines 60 blood smears per day. This 
includes staining and data maintaining. Now expert microscopist can detect 20 to 
50 parasites/μl blood that means a 0.001 to 0.005% level of parasitemia. This is not 
the cases with regular microscopists where the sensitivity is low. Routine in-house 
training on the line of continued medical education program can improve the 
efficiency of the microscopists [11].

Recent deployment of Rapid Detection Tests (RDTs) have changed the malaria 
diagnosis at large, but it has failed to detect when the level is <100 parasites/
μl blood. This has become a nagging problem in detecting very low numbers of 
infected red blood cells and sub-microscopic parasites especially gametocytes in 
P. falciparum cases. This necessitated an alternate system of diagnosis. An indig-
enously developed handheld real-time micro-PCR based PDA (personal digital 
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through an internet system. Thus, case management becomes more efficient and 
effective [12]. Recently, a genome mining based identical multi-repeat sequences 
(IMRS) qPCR assay has been developed for diagnosis of malaria infection. This 
diagnostic method can detect very low level of parasitemia that cannot be detected 
by the routine 18S rRNA-based diagnostic system [13].

5. Tackling sub-microscopic and asymptomatic cases

In recent years, asymptomatic and sub-microscopic cases are reported from 
many endemic countries. In fact, these two aspects are non-synonymous. Sub-
microscopic malaria cases present very low levels of parasitemia which generally 
missed in the routine microscopic examinations. Such cases may be symptomatic, 
and in most situations, these are asymptomatic cases. It has also been observed 
that in most high endemic areas asymptomatic cases with detectable levels of 
parasites do not show symptoms. This is because of a high immune status of the 
individual patients. It is suggested that such cases may be monitored under hospital 
supervision and clinical algorithms can be drawn to know more specific symptoms. 
Possibly such patients may show some kind of symptoms and may be on alternate 
days which are indicative of chronic malaria cases. Differential diagnosis of such 
cases becomes very difficult since they normally do not show any routine symp-
toms. However, experience clinicians can diagnose and successfully treat them with 
scheduled anti-malarials.

On the other hand, asymptomatic cases do not show presentable routine symp-
toms. Once proper diagnosis is confirmed treatment becomes very easy. In our 
experience, patients having malaria-like symptoms who could not be diagnosed 
with routine tests even with RDTs, had been treated for other diseases, mostly 
with antibiotics, but also with anti-tubercular therapy (ATT) for a long time even 
months. It has been observed that most antibiotics with quinoline molecules and 
ATT with rifampicin have anti-malarial properties. But these therapies cannot 
completely eliminate malarial parasites rather reduces the cure rate [14]. Such cases 
show sub-microscopic level of parasites. Normally these parasites do not show 
normal morphological features under microscopy. Only expert microscopists can 
identify such drug-affected parasites. In such cases, it may deem necessary first 
to stop all medicines and wait for the fever or fever-like symptoms to appear, then 
treat them with effective anti-malarials after expert microscopy. All these exercises 
should be done under medical supervision. The post response and relief from agony 
of such patients are remarkable.

Generally an important question is raised by most public health experts whether 
asymptomatic cases may cause potential risk of source of malaria transmission in 
endemic areas. In most endemic areas with high P. falciparum cases, residual load of 
gametocytes remain active in the blood circulation for a considerable period even 
after successful treatment, either with artemisinin-based combination therapy 
(ACT) or radical treatment with primaquine [1]. This can be solved with a simple 
ex vivo tests for detecting the presence of exflagellation. If this happens, it will 
indicate the potency of the gametocytes. This can be further extended to artificial 
membrane or direct feeding on patients (after obtaining human ethical approval) to 
Anopheles stephensi which will be kept at temperature of 28°C and 70–75% relative 
humidity (RH) in a controlled chamber for 7–8 days. Gut dissection on day 7 post-
feeding will confirm the presence of oocysts. The presence of oocysts will indicate 
the potential threat of such gametocytes and their role in active transmission. It 
would be better to know the male and female gametocyte ratio before the experi-
ment is performed. Generally 1 male to 3–5 female gametocytes sex ratio is found 
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in P. falciparum [15]. Post-treatment gametocytemia is commonly detected by a 
quantitative nucleic acid sequence-based amplification (QT-NASBA) method [16]. 
It is better to kill all the fed mosquitoes on day 8 post-feeding so that there will be no 
threat of accidental release of infected mosquitoes for possible malaria infections.

6. Treatment of malaria cases

Chloroquine the cheapest anti-malarial drug is no longer prescribed for the 
treatment of P. falciparum malaria cases. Even monotherapy with artemisinin is 
also not recommended. Currently different ACTs are prescribed for treatment 
of P. falciparum malaria including some P. vivax cases. The partner drugs are 
sulfadoxine-pyrimethamine, piperaquine, lumefantrine, pyrrolidine, etc. In India, 
chloroquine is still efficacious against P. vivax even in the presence of Pvcrt-0 and 
Pvmdr-1 mutations [17]. On the other hand, the presence of kelch 13 (k13) muta-
tions in P. falciparum is linked to artemisinin resistance. Recent report from eastern 
India indicated the presence of two mutations G625R and R539T in 5/72 P. falci-
parum cases treated with artemisinin that linked to its presence of resistance [18]. In 
Africa, where P. falciparum is predominant there is no sign of artemisinin resistance 
even with more than 200 non-synonymous k13 mutations recorded. A recent report 
suggested that artemisinin resistance in a patient can be addressed by changing the 
partner drugs which is responding to the local parasites [19]. Such combination 
should be selected for P. falciparum treatment. Several studies indicated the absence 
of S769 N mutation in PfATPase6 gene responsible for artemisinin resistance [20]. 
Possibly this marker would be the better one for monitoring of artemisinin resis-
tance in most malaria-endemic settings.

6.1 Primaquine and tefenoquine for radical treatment

Primaquine – an 8-aminoquinoline is used for radical cure. In case of P. vivax 
15 mg per day for 14 days and for P. falciparum a single dose of 45 mg is admin-
istered for eliminating hypnozoites for the former and gametocytes for the later, 
respectively. Recently tefenoquine, another 8-aminoquioline, has been recom-
mended. But both of these drugs may cause possible hemolysis in G6PD-deficient 
patients [21]. Attempts are being made to find newer molecules to address this issue. 
In this regard, Medicines for Malaria Venture (MMV) is playing a primary role [22].

7. Change in vector control strategy

There are 465 Anopheles mosquitoes in the world, of which many members 
have sibling species complexes. Approximately 70 of them are capable for human 
malaria transmission [23]. Application of public health insecticides is the main 
strategy for vector control. DDT is the main insecticide and is partially responsible 
for most malaria elimination in Europe and Americas along with general improve-
ment of living standards, and an effective detection and treatment program. Other 
countries missed out this opportunity to achieve this feat. Prolongation of its use 
lead to the development of resistance in the mid-1970s and also recorded the highest 
number of malaria cases. Other insecticides namely malathion (organophospho-
rous) and subsequently synthetic pyrethroids (deltamethrin, alphacypermethrin, 
lambdacyhalothrin, cyfluthrin, etc.) are used in the program. In some endemic 
areas, triple resistance has been recorded against the main rural vector An. culicifa-
cies. Currently long lasting insecticidal nets (LLINs) impregnated with synthetic 
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pyrethroids are widely used in the program. In general, behavioral changes of 
vector mosquitoes are a common phenomenon due to continuous use of IRS insec-
ticides. This leads to outdoor resting and feeding behavior which are responsible for 
outdoor transmission. Some species change their biting time also, and thus becomes 
difficult in managing vector control operations [24].

7.1 Outdoor and residual transmission

Generally outdoor and residual transmissions are considered as the same phe-
nomenon. But these are separate issues and would be dealt separately. Outdoor 
transmission occurs when local community engages on outdoor duties due to profes-
sional compulsion. This is most prevalent in forest fringe areas. For example, An. 
dirus s.l. is the most dominant species in Southeast Asia region. Here LLINs have very 
limited role. Many methods have been suggested, but none have been used for any 
practical purposes. Several traps have been developed in recent years; some are light-
based, some CO2- based, some octanol, commercial attractants based, and some 
with combination of all. Many experts recommend covering the whole body with 
proper clothing especially for security personnel, use of mosquito repellents and 
chemoprevention [1]. Recently Center for Disease control and Prevention (CDC) 
has approved the lemon eucalyptus oil for general use as mosquito repellent [25].

The most disturbing fact is that in most village settings human and cattle have 
mixed dwellings. This encourages the zoophagic mosquitoes to move from the 
bovine host to the humans. Here, a community-level action is needed. Experts rec-
ommend that all cattle dwellings should be located on the periphery of the village 
so there would be a spatial barrier between the foraging mosquitoes and humans. In 
this way, a strong zooprophylaxis would be established and direct human biting can 
be avoided [26].

7.2 Removing shrubs around houses

Outdoor transmission can be effectively contained when flowering shrubs 
around houses are removed. A study in Mali supports such concepts. The selected 
villages where flowering branches of invasive shrub Prosopis juliflora were removed 
experienced a 69.4% drop in Anopheles population density and a shifting of species 
composition [27].

7.3 Attractive toxic sugar bait (ATSB)

Like removing shrubs, ATSB is an alternate strategy to eliminate mosquitoes. 
Sugar bait of 10% sucrose mixed with 0.01% ivermectin soaked in sponge bait 
knocked down over 95% of An. arabiensis population [28]. But it requires commu-
nity engagement for proper implementation [29].

Studies should be carried out to define the bionomics of local vectors. This will 
provide valuable information for planning proper vector control strategies. This 
should be an ongoing program. In the malaria elimination program, routine moni-
toring of vectors will allow appropriate decisions for effective control. Residual 
transmission is a resultant of presence of sub-microscopic level of malarial parasites 
in the community. This happens when intensive control measures overlook the 
residual presence of parasites. Such a situation happens when a type of compla-
cency prevails and the surveillance system becomes fatigued. Many local-level focal 
outbreaks happen, and the public health response activities for vector control fail to 
decimate such foci [30]. It is, thus important to have a strict surveillance system in 
place to avoid such residual transmission and outbreaks.
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7.4 Gene editing

The recent advances in genetic engineering technology of CRISPR/Cas9 
(Clustered Regularly Interspaced Short Palindromic Repeats/Cas9), a system 
targets specific stretches of DNA and edit genomes at specific locations. This tool 
of gene editing/drive technology can revolutionize malaria elimination efforts by 
identifying and targeting the local vectors. The aim should be to create transgenic 
mosquitoes that will not be able to carry the malaria parasites. Some success to cre-
ate transgenic species of the main malaria vector of African countries, An. Gambiae, 
has been achieved [31]. Gene-driven mosquitoes do not follow the Mendelian law of 
inheritance. This technology can be effectively applied to eliminate the invasive and 
endemic species to maintain the conservation of biodiversity [1].

7.5 Fungal application for vector control

Entomopathogenic transgenic fungus Metarhizium pingshaense expressing the 
spider neurotoxin hybrid (met-hybrid) killed 99% of the mosquito population in 
a controlled trial in Burkina Faso. The study was conducted in a trial village of 600 
square meters area or `mosquito sphere’. The test mosquitoes were killed within 
45 days. The researchers hope to find out a new tool to eliminate malaria when 
insecticide resistance is a major problem [32]. Before this field trial, extensive 
laboratory experiments were carried out on the two important malaria species An. 
coluzzii and An. gambiae s.l [33].

7.6 Bioenvironmental control of disease vectors

This is a holistic approach of vector control practiced in the beginning of the 
20th century. The main aim of this approach is source reduction of larval breeding 
habitats. In other words, larval source management is the key strategy that mitigates 
challenges of larval control. Minor engineering, filling up of pools and puddles near 
human habitats, and biological control are some methods of this strategy. Since the 
mid-1980s the ICMR- National Institute of Malaria Research, New Delhi, India has 
made pioneering work on this front with great successes. In this strategy, health 
education and community engagement is an integral part [34].

7.7 Paratransgenesis

Paratransgenesis is a process by which the genetically modified symbionts from 
a target insect express molecules within the vector that show refraction to patho-
gens they transmit. This is a novel approach, now used for the control of malaria, 
trypanosomiasis and dengue. Recently, for the first time, we found Veillonella sp. 
in the gut of An. stephensi which may play an important role in paratransgenesis. A 
diverse microbial community was recorded in the salivary glands in An. culicifacies—
the main malaria vector in rural India [35]. However, this strategy has to go a long 
way for the involvement of gene modification technology [36].

7.8 Jhum cultivation

Jhum or jhoom cultivation or slash and burn cultivation is a common practice 
of cultivation among tribal populations of northeast India and also in some hilly 
districts of Bangladesh. This practice of cultivation is linked with malaria transmis-
sion [37]. Besides using LLINs, it is important to find the main breeding habitats 
of vector species mainly An. dirus s.l. during the dry season. Control of such vector 
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pyrethroids are widely used in the program. In general, behavioral changes of 
vector mosquitoes are a common phenomenon due to continuous use of IRS insec-
ticides. This leads to outdoor resting and feeding behavior which are responsible for 
outdoor transmission. Some species change their biting time also, and thus becomes 
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mixed dwellings. This encourages the zoophagic mosquitoes to move from the 
bovine host to the humans. Here, a community-level action is needed. Experts rec-
ommend that all cattle dwellings should be located on the periphery of the village 
so there would be a spatial barrier between the foraging mosquitoes and humans. In 
this way, a strong zooprophylaxis would be established and direct human biting can 
be avoided [26].

7.2 Removing shrubs around houses

Outdoor transmission can be effectively contained when flowering shrubs 
around houses are removed. A study in Mali supports such concepts. The selected 
villages where flowering branches of invasive shrub Prosopis juliflora were removed 
experienced a 69.4% drop in Anopheles population density and a shifting of species 
composition [27].

7.3 Attractive toxic sugar bait (ATSB)
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Sugar bait of 10% sucrose mixed with 0.01% ivermectin soaked in sponge bait 
knocked down over 95% of An. arabiensis population [28]. But it requires commu-
nity engagement for proper implementation [29].

Studies should be carried out to define the bionomics of local vectors. This will 
provide valuable information for planning proper vector control strategies. This 
should be an ongoing program. In the malaria elimination program, routine moni-
toring of vectors will allow appropriate decisions for effective control. Residual 
transmission is a resultant of presence of sub-microscopic level of malarial parasites 
in the community. This happens when intensive control measures overlook the 
residual presence of parasites. Such a situation happens when a type of compla-
cency prevails and the surveillance system becomes fatigued. Many local-level focal 
outbreaks happen, and the public health response activities for vector control fail to 
decimate such foci [30]. It is, thus important to have a strict surveillance system in 
place to avoid such residual transmission and outbreaks.
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diverse microbial community was recorded in the salivary glands in An. culicifacies—
the main malaria vector in rural India [35]. However, this strategy has to go a long 
way for the involvement of gene modification technology [36].
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sion [37]. Besides using LLINs, it is important to find the main breeding habitats 
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species can be obtained with the application of larvivorous fish mainly in wells 
which act as the ecological niche [1]. Further research may find a new way of 
intervention strategies.

7.9 Intervention with endectocide

Use of endectocide namely ivermectin in mass drug administration program is a 
potential intervention strategy to reduce residual transmission of malaria. This drug 
is used in elimination of human lymphatic filariasis and onchocerciasis programs. 
This old drug was developed from a natural substance by Satoshi Omura from 
Kitasato Institute, Japan and was further developed by William Campbell from 
Merck Lab originally for use in veterinary health program. But its use in onchocer-
ciasis program was recognized for Nobel Prize for Physiology or Medicine in 2015. 
This is used as a potential tool in vector control program when anti-mosquito activi-
ties were recognized. Twenty-three projects under Malaria Elimination Science 
Alliance (MESA) are underway and their results will be available by 2020 that will 
be able to take a decision on the future use of endectocides in malaria control opera-
tions [38]. Besides the mentioned diseases, recent publication has given an overview 
on the use of ivermectin for various neglected tropical diseases (NTDs) that include 
ascariasis, trichuriasis, strongyloidiasis, loiasis (human Loa loa) and mansonel-
liasis [39]. However, adverse effects of ivermectin on local environment have been 
reported. Certain effects on dung beetles Caccobius jessoensis, Copris ochus and Co. 
acutidens have been reported in Japan [40].

7.10 Improved method of mosquito culture

It is important to grow fit and healthy mosquitoes under laboratory conditions 
for anyone working on them. Various methods of culturing of several species of 
mosquitoes are available. Most of malaria research is linked with several species 
Anopheles mosquitoes. Of them An. stephensi is widely used for its easy adaptation 
under laboratory conditions. Routine procedures were followed to colonize this 
species [41–43]. But some modifications in the routine methods gave a significant 
result in mass rearing of An. stephensi [44]:

i. Larval and adult rooms were maintained separately.

ii. For larval room RH was maintained at 45–50%, while temperature at 28°C.

iii. The adult room was maintained 12 hour dark and light periods; temperature 
at 28°C, and RH at 70–75%. Strict monitoring of temperature and humidity 
was maintained.

iv. The eggs laid by adult females in containers were bleached with freshly 
prepared 1% sodium hypochlorite solution for 1 minute under controlled 
pressure in a vacuum pump. For all purposes reverse osmosis (RO) water was 
used in the laboratory and pH of the water maintained around 7.00. About 
250 bleached eggs were placed in especially designed white polypropylene 
trays (Polylab®, India, 375 × 300 × 75 mm3) within a triangle made from 
disposable small straight straw pipes.

v. First instar larvae were emerged within 24 hours after bleaching. No food was 
given in the next 24 hours of hatching. Brewer’s yeast powder dissolved in RO 
water was added in the tray water (300 ml) for the next 2 days.
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vi. Subsequently a special larval food (Brewer’s yeast and dog food at 70:30 ratio) 
were given daily for a specific amount depending on the stage of the larvae. 
Special scoop measuring 5–10 gm larval food in each tray depending on the 
larval age was provided. Pedigree brand dog food (chicken and vegetable 
mixed) were powered in a small grinder and mixed with Brewer’s yeast. This 
formulation was different from earlier report. Pupae were visible from day 8 
onwards.

vii. All pupae were harvested that developed up to day 12, and rest larvae were 
discarded following proper procedure. The pupae were bleached with freshly 
prepared 1% sodium hypochlorite solution for 1 minute, and placed in 
mosquito cages for emergence in to adults.

viii. The adult mosquitoes were provided with a mixture of 8% sucrose, 2%  
glucose mixed with 3% multivitamin kid syrup (Polybion® L, Merck 
Limited, India).

ix. Strict operational procedures were followed for maintaining sterile condi-
tions for all steps.

x. This modified protocol would be very useful for mosquito research.

8. Discussion

The very decision to go for malaria elimination with the existing tools and inter-
vention strategies was very challenging. Many initiatives have been undertaken. 
The President’s Malaria Initiative (PMI) in 2005 to Malaria Elimination Research 
Alliance—India (MERA—India) in 2019 are all to accelerate the process of malaria 
elimination in all the high burden areas especially in Africa, Mekong Delta region 
and India, respectively [1]. A special initiative by the WHO in 2016, 21 endemic 
countries was identified for malaria elimination by 2020 i.e. E-2020 initiative [1]. 
In this direction zero malaria cases were reported from China and El Salvador in 
2017. In 2018, Paraguay was certified as malaria free by the WHO. In 2019, Algeria 
achieved this goal. Three countries—the Islamic Republic of Iran, Malaysia and 
Timor-Leste—achieved zero malaria cases in 2018. In 2016, Sri Lanka achieved 
zero malaria certification, but in 2018 local transmission was reported from a case 
imported from India. But the local authorities immediately took action. Such quick 
public health response is required to maintain no transmission threat [45].

Vector control operations mainly rely on insecticide sprays. In most situations 
the spray operations are carried out by the local contract workers not properly 
trained; the spray equipments also not maintained properly; pressure not main-
tained while spraying; patchy and low coverage spraying; late supply of materials 
that force to defer the spray schedule; lack of supervision, low quality materials, 
improper storing warehouse, etc. All these confounding factors are responsible for 
continuation of transmission. Vector behavior also changes for prolonged insecti-
cidal mode of operations [24].

Assessment of two important parameters—human blood index (HBI) and 
entomological inoculation rate (EIR) of important local vectors enable workers 
to develop an effective vector management. The global map of HBI of important 
malaria vectors revealed the highest index exists in African countries [26]. This 
indicates low ratio between human and animal populations forcing the vector mos-
quitoes feeding on human host. Emphasis on encouraging the local community to 
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species can be obtained with the application of larvivorous fish mainly in wells 
which act as the ecological niche [1]. Further research may find a new way of 
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Kitasato Institute, Japan and was further developed by William Campbell from 
Merck Lab originally for use in veterinary health program. But its use in onchocer-
ciasis program was recognized for Nobel Prize for Physiology or Medicine in 2015. 
This is used as a potential tool in vector control program when anti-mosquito activi-
ties were recognized. Twenty-three projects under Malaria Elimination Science 
Alliance (MESA) are underway and their results will be available by 2020 that will 
be able to take a decision on the future use of endectocides in malaria control opera-
tions [38]. Besides the mentioned diseases, recent publication has given an overview 
on the use of ivermectin for various neglected tropical diseases (NTDs) that include 
ascariasis, trichuriasis, strongyloidiasis, loiasis (human Loa loa) and mansonel-
liasis [39]. However, adverse effects of ivermectin on local environment have been 
reported. Certain effects on dung beetles Caccobius jessoensis, Copris ochus and Co. 
acutidens have been reported in Japan [40].

7.10 Improved method of mosquito culture

It is important to grow fit and healthy mosquitoes under laboratory conditions 
for anyone working on them. Various methods of culturing of several species of 
mosquitoes are available. Most of malaria research is linked with several species 
Anopheles mosquitoes. Of them An. stephensi is widely used for its easy adaptation 
under laboratory conditions. Routine procedures were followed to colonize this 
species [41–43]. But some modifications in the routine methods gave a significant 
result in mass rearing of An. stephensi [44]:

i. Larval and adult rooms were maintained separately.

ii. For larval room RH was maintained at 45–50%, while temperature at 28°C.

iii. The adult room was maintained 12 hour dark and light periods; temperature 
at 28°C, and RH at 70–75%. Strict monitoring of temperature and humidity 
was maintained.

iv. The eggs laid by adult females in containers were bleached with freshly 
prepared 1% sodium hypochlorite solution for 1 minute under controlled 
pressure in a vacuum pump. For all purposes reverse osmosis (RO) water was 
used in the laboratory and pH of the water maintained around 7.00. About 
250 bleached eggs were placed in especially designed white polypropylene 
trays (Polylab®, India, 375 × 300 × 75 mm3) within a triangle made from 
disposable small straight straw pipes.

v. First instar larvae were emerged within 24 hours after bleaching. No food was 
given in the next 24 hours of hatching. Brewer’s yeast powder dissolved in RO 
water was added in the tray water (300 ml) for the next 2 days.
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vi. Subsequently a special larval food (Brewer’s yeast and dog food at 70:30 ratio) 
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Special scoop measuring 5–10 gm larval food in each tray depending on the 
larval age was provided. Pedigree brand dog food (chicken and vegetable 
mixed) were powered in a small grinder and mixed with Brewer’s yeast. This 
formulation was different from earlier report. Pupae were visible from day 8 
onwards.

vii. All pupae were harvested that developed up to day 12, and rest larvae were 
discarded following proper procedure. The pupae were bleached with freshly 
prepared 1% sodium hypochlorite solution for 1 minute, and placed in 
mosquito cages for emergence in to adults.

viii. The adult mosquitoes were provided with a mixture of 8% sucrose, 2%  
glucose mixed with 3% multivitamin kid syrup (Polybion® L, Merck 
Limited, India).

ix. Strict operational procedures were followed for maintaining sterile condi-
tions for all steps.

x. This modified protocol would be very useful for mosquito research.
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The very decision to go for malaria elimination with the existing tools and inter-
vention strategies was very challenging. Many initiatives have been undertaken. 
The President’s Malaria Initiative (PMI) in 2005 to Malaria Elimination Research 
Alliance—India (MERA—India) in 2019 are all to accelerate the process of malaria 
elimination in all the high burden areas especially in Africa, Mekong Delta region 
and India, respectively [1]. A special initiative by the WHO in 2016, 21 endemic 
countries was identified for malaria elimination by 2020 i.e. E-2020 initiative [1]. 
In this direction zero malaria cases were reported from China and El Salvador in 
2017. In 2018, Paraguay was certified as malaria free by the WHO. In 2019, Algeria 
achieved this goal. Three countries—the Islamic Republic of Iran, Malaysia and 
Timor-Leste—achieved zero malaria cases in 2018. In 2016, Sri Lanka achieved 
zero malaria certification, but in 2018 local transmission was reported from a case 
imported from India. But the local authorities immediately took action. Such quick 
public health response is required to maintain no transmission threat [45].

Vector control operations mainly rely on insecticide sprays. In most situations 
the spray operations are carried out by the local contract workers not properly 
trained; the spray equipments also not maintained properly; pressure not main-
tained while spraying; patchy and low coverage spraying; late supply of materials 
that force to defer the spray schedule; lack of supervision, low quality materials, 
improper storing warehouse, etc. All these confounding factors are responsible for 
continuation of transmission. Vector behavior also changes for prolonged insecti-
cidal mode of operations [24].

Assessment of two important parameters—human blood index (HBI) and 
entomological inoculation rate (EIR) of important local vectors enable workers 
to develop an effective vector management. The global map of HBI of important 
malaria vectors revealed the highest index exists in African countries [26]. This 
indicates low ratio between human and animal populations forcing the vector mos-
quitoes feeding on human host. Emphasis on encouraging the local community to 
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grow animals should be given priority which will change the transmission potential 
if the local vectors are primarily zoophagic [1].

Bioenvironmental control of vector populations is a part of the integrated vector 
management (IVM) concept. In this process control of other vectors of related dis-
eases can also be achieved. Swachh Bharat Abhiyan/Mission (Clean India Movement) 
can be linked in such activity to gain better results. Larval Source Management 
using larvivorous fish is one of the intervention tools under IVM. This strategy is 
very effective when implemented at grass root levels with proper supervision and 
monitoring. Little or no serious emphasis has been given to this strategy. In many 
situations, it is overlooked and demeaned compared to other methods, mostly 
insecticides are available in hand. In fact, it works as a `social vaccine’. Globally, 
around 300 fish species have been identified as larvivorous nature. Two Poeciliid 
fish Poecilia reticulata and Gambusia affinis are widely used. The former is best for 
wells and other confined water bodies, while the later one is best for ponds and 
lakes [1]. There are many reports on adverse effects of the non-native fish on the 
local fish, but recent meta-analysis does not support this theory [46].

A new anti-larval product Aquatain AMF™ is available for anti-larval operation. 
It is a silicon-bases liquid (polydimethylsilicone—PDMS) formulation that forms a 
very thin film on standing water surface causing physical cover over its entire exten-
sion. The mosquito larvae are killed due to physical and mechanical action. There 
does not seem to develop insect resistance to this technique [47].

Community engagement through health education and empowering local 
policymakers help in taking appropriate decisions in vector control. Engaging some 
local school children as volunteers will laterally support such program [48]. In 
India, every year June is observed as anti-malaria month. Several activities high-
lighting the program on malaria are displayed. Local administration also actively 
takes part and makes some decisive actions.

Two vaccine candidates RTS, S/AS01 (TRADE NAME Mosquirix) and PfSPZ 
are under trial even though their protection level is moderately low. The former is 
undergoing phase 3 trial in children in three African countries. Possibly this will help 
reducing child mortality which is a major concern in most of African countries [1].

India contributes most of P. vivax malaria cases outside the high burden districts 
where P. falciparum is most dominant. Recent studies also indicate the presence of P. 
ovale curtisi and P. ovale wallikeri. P. malariae is also co-existent in the high burden 
tribal districts. All these are possible due to application of molecular diagnostic 
techniques [49]. Expert recommended genome mining studies which will unravel 
some underlying issues of malaria epidemiology [13]. Moreover, molecular DNA 
bar coding of parasites will also help in identifying their actual geographic origin 
[50]. This will surely assist in managing the drug resistance problem.

The recent identification of P. knowlesi as a human malaria with a zoonotic 
source prevalent in Malaysia and Southeast Asian countries may be very important 
[51]. Another disturbing factor is recent discovery of P. falciparum infection in two 
common Indian non-human primates Macaca mulatta and M. radiata [52]. This 
matter should be taken seriously when malaria elimination is underway. A distinct 
barrier between human and animal is essential to the ongoing elimination efforts.

9. Conclusion

There is a great movement and opportunity for malaria elimination globally. 
Many countries have already achieved this goal. The most success part of this 
movement is reporting zero malaria cases in China in 2017 and 2018, and preparing 
for malaria elimination certification in 2020. China made elaborate arrangements 
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with full financial, administrative and operational commitment. This indicates that 
malaria elimination is possible with the existing tools and strategies. In the present 
situation dependence of insecticide should be minimized and promote other alter-
nate strategies to avert the issue of insecticide resistance. India is making all efforts 
for a successful mission. Reduction of malaria cases and related deaths in 2017 is an 
indication. This was mainly the efforts made in eight most high burden districts in 
Odisha with the implementation of a program called Durgama Anchalare Malaria 
Nirakaran (DAMaN malaria elimination in inaccessible areas). Such initiatives 
should be implemented in other areas also [1].

In the elimination phase, there is a need to strengthen the existing public health 
system. The local health system should be quick and responsive to any malaria-
related fevers. Routine in-house training, workshops should be conducted to 
maintain the malaria elimination momentum. A recent 5 days WHO workshop for 
South-East Asia Region (SEAR) recommended the global vector control response 
(GVCR). Entomologists from 11 countries participated in this workshop. Detailed 
reviews were exercised to find out the ongoing program implementation in each 
country. Such state-level workshops would help in malaria elimination and also 
other vector borne diseases [53].
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lighting the program on malaria are displayed. Local administration also actively 
takes part and makes some decisive actions.
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are under trial even though their protection level is moderately low. The former is 
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tribal districts. All these are possible due to application of molecular diagnostic 
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matter should be taken seriously when malaria elimination is underway. A distinct 
barrier between human and animal is essential to the ongoing elimination efforts.

9. Conclusion

There is a great movement and opportunity for malaria elimination globally. 
Many countries have already achieved this goal. The most success part of this 
movement is reporting zero malaria cases in China in 2017 and 2018, and preparing 
for malaria elimination certification in 2020. China made elaborate arrangements 
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with full financial, administrative and operational commitment. This indicates that 
malaria elimination is possible with the existing tools and strategies. In the present 
situation dependence of insecticide should be minimized and promote other alter-
nate strategies to avert the issue of insecticide resistance. India is making all efforts 
for a successful mission. Reduction of malaria cases and related deaths in 2017 is an 
indication. This was mainly the efforts made in eight most high burden districts in 
Odisha with the implementation of a program called Durgama Anchalare Malaria 
Nirakaran (DAMaN malaria elimination in inaccessible areas). Such initiatives 
should be implemented in other areas also [1].

In the elimination phase, there is a need to strengthen the existing public health 
system. The local health system should be quick and responsive to any malaria-
related fevers. Routine in-house training, workshops should be conducted to 
maintain the malaria elimination momentum. A recent 5 days WHO workshop for 
South-East Asia Region (SEAR) recommended the global vector control response 
(GVCR). Entomologists from 11 countries participated in this workshop. Detailed 
reviews were exercised to find out the ongoing program implementation in each 
country. Such state-level workshops would help in malaria elimination and also 
other vector borne diseases [53].
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Chapter 5

Effect of Bendiocarb Indoor 
Residual Spraying on 
Entomological Inoculation 
Rate of Anopheles arabiensis 
in Northwestern Highlands of 
Ethiopia
Alemayehu Abate and Melaku Wale

Abstract

Entomological inoculation rate (EIR) is a method to estimate the level of human 
exposure to infective mosquito bites and assess impacts of vector control measures. 
The objective is to assess the effect of indoor residual spray (IRS) on blood meal 
index (BMI), sporozoite infection rate (SR), and EIR in An. arabiensis under local 
ecological settings in Ethiopia. A total 1541 fresh fed (FF) female An. arabiensis col-
lected by CDC light trap and PSC were processed at the Center for Disease Control 
and Prevention Laboratory, Atlanta, Georgia, USA, to determine their BMI and SR, 
using enzyme-linked immunosorbent assay (ELISA). IRS reduced the abundance of 
FF female An. arabiensis in sprayed villages (n=62) while the number remained high 
in non-sprayed villages (n=1,690). The relative adjusted reduction in human blood 
feeding index (HBI) due to IRS varied between 3 and 10% except in 2014 when 
no human blood was detected in any of the three mosquitoes tested. The relative 
adjusted reduction in P. falciparum infection and EIR in An. arabiensis was 100% 
after IRS. The results illustrated that IRS was strong enough to reduce EIR in An. 
arabiensis. IRS is recommended to control malaria transmission in areas of similar 
ecological set.

Keywords: A. arabiensis, Ethiopia, EIR, IRS, vector control

1. Introduction

Current malaria vector control strategies rely heavily on indoor residual spray-
ing (IRS) and long-lasting insecticide-treated mosquito nets (LLINs). The impact 
of these intervention tools on entomological malaria transmission risk factors 
needs to be evaluated. The level of exposure to infective mosquito bites could be 
measured using entomological inoculation rate (EIR) in the vector [1, 2]. The EIR 
is defined as the number of infective bites received by an individual per unit time 
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(night, month, or year). It is the product of human-biting rate (HBR) and plasmo-
dium sporozoite infection rate (SR) [3, 4].

The human landing catch (HLC) is the most commonly used method to deter-
mine the human-biting rate because it is the direct measure of human-vector con-
tact [4]. However, due to ethical and logistic constraints associated with HLC, light 
trap catches (LTC), pyrethrum spray catches (PSC), and exit trap catches could be 
used as alternatives to human landing catches [3] to estimate the HBR. In this study, 
the Centers for Disease Control and Prevention (CDC) light trap and PSC mosquito 
sampling methods were used to estimate the HBR.

Malaria is a public health problem in Ethiopia. Indoor residual spraying and 
LLNs are the frontline pillars of malaria vector intervention tools that have been 
used in all malarious parts of the country. However, studies on the impact of these 
interventions on EIR are either limited or unavailable [5, 6]. Besides, EIR varies 
from region to region, even from locality to locality. Therefore, narrowing this 
knowledge gap would be valuable for vector control program. The present study 
was carried out to assess the impact of the current vector control strategy specifi-
cally IRS on BMI, SR, and EIR.

Dichlorodiphenyltrichloroethane (DDT) was the choice of insecticide for IRS 
operation that had been used for decades in many malarious areas of Ethiopia 
except at a few places where malathion was used for DDT-resistant vector 
populations. This was continued until 2007 when DDT was replaced by delta-
methrin due to the development of DDT resistance in the major malaria vector 
 populations [7]. Payable to the occurrences of deltamethrin resistance in different 
vector populations, in view of the possibility of cross-resistance between DDT 
and pyrethroid insecticides and the scaling up of the distributions of pyrethroid-
treated LLINs, IRS control program again replaced deltamethrin by bendiocarb 
(carbamate group) in 2010 and still in use for IRS operations in different parts of 
the country.

The residual efficacy of bendiocarb with the recommended concentration could 
last between 2 and 6 months depending on the nature of sprayable surfaces [8]. 
Therefore, bendiocarb was the choice of insecticide used for IRS operation during 
the present study.

2. Materials and methods

2.1 Study site

The study was carried out in two adjacent villages, namely, Andassa (N11° 30′ 
14.6″, 037o 29′ 27.8″) and Tikurit (11° 30′ 49.8″, 037o 28′ 02.8″), Bahir Dar Zuria 
District, North West Ethiopia. These villages were separated by Andassa River and 
buffered by about 2 km vegetable and fruit farms. The study villages were selected 
purposively by considering malaria endemicity and the history of IRS implementa-
tion. Indoor residual spraying and LLINs are the primary intervention tools that 
have been used for years against A. arabiensis (important vector of the study area). 
The vector has developed different levels of insecticide resistance to insecticides of 
different classes recommended for both LLIN treatment and IRS operation [9].

2.2 Design

A comparative study was carried out in Andassa and Tikurit villages. The study 
was conducted for 2 consecutive years. Andassa received two rounds of sprays 

55

Effect of Bendiocarb Indoor Residual Spraying on Entomological Inoculation Rate…
DOI: http://dx.doi.org/10.5772/intechopen.88419

one in 2013 and another in 2014, while no spray was implemented in Tikurit. 
Participants in the unsprayed villagers were provided with treated bed nets free of 
charge, and individuals found infected received free treatment at the nearest health 
center. The susceptibility status of A. arabiensis to bendiocarb was confirmed before 
the application of IRS.

2.3 Mosquito sampling

Adult female A. arabiensis were collected from 24 residential houses (12 
houses/village and 6 houses/sampling method) using pyrethroid spray catch 
(PSC) and CDC light trap sampling methods. PSC was applied by spraying 
pyrethroid insecticide under which a white muslin cloth was placed to facilitate 
knocked-down mosquito collection. Human baits, sleeping in beds covered with 
treated bed nets, were used to reinforce CDC light traps. Mosquitoes that were 
collected by each sampling method before and after IRS were then stored indi-
vidually in tubes containing silica gel to process and determine their BMI and SR 
in the lab.

2.4 Blood meal host source and sporozoite rate determination

Enzyme-linked immunosorbent assay (ELISA) originally described by Beier 
et al. [10] and CS-ELISA [11] protocols were adopted and used for BMI and SR 
analyses, respectively. Blood-fed mosquitoes preserved individually in tubes 
containing silica gel were used to determine their BMI and SR. Heads-thoraxes of 
mosquitoes were separated from their abdomens, and each body part (abdomen/
head-thorax) was given a corresponding ID number and kept individually in tubes 
for analyses.

2.5 Blood meal source determination

The mosquito abdomen, which was kept individually in tubes containing silica 
gel, was ground in a tube containing 100 μl of phosphate buffer saline (PBS) with 
a plastic pestle fitted with foot-operated grinder. The pestle was rinsed twice 
with 200 μl of PBS to achieve the final volume of 500 μl. The samples were either 
incubated at room temperature for 3 h and then stored at 4°C and tested the next 
day. Mosquitoes were tested to assess the blood meal origin of human and bovine 
only because these hosts were the predominant hosts of the vector during the study 
period. A 96-well ELISA plate was used, and 50 μl of the positive control for the 
blood meal host being tested was loaded. Wells A2–A5 had 50 μl of the negative 
controls, and wells A6–A8 were blanks containing 50 μl of blocking buffer. The 
plate was then covered and incubated for 3 h. The mosquito triturate was then 
aspirated by multichannel pipet, and the plate was washed three times with 200 μl 
PBS-Tween20 (5%). For a full 96-well plate, the peroxidase conjugate anti-host 
IgG antibody was prepared by adding 4800 μl of blocking buffer and 19.2 μl of 
anti-host and 1 μl of 1:100,000 of each of the negative control [10]. Fifty microliter 
of peroxidase conjugate was added to each well, and the plate was covered and 
incubated for 1 h at room temperature. The plate was then washed three times with 
200 μl PBS-Tween20 (5%), and the one component ABTS peroxidase substrate 
was added to each well. PBS-Tween20 was aspirated by multichannel pipet, and 
plates were banged between washes. After 30 min of covered incubation at room 
temperature, the plate was read with the SpectraMax 340 plate reader (Molecular 
Devices) at 414 nm.
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center. The susceptibility status of A. arabiensis to bendiocarb was confirmed before 
the application of IRS.

2.3 Mosquito sampling

Adult female A. arabiensis were collected from 24 residential houses (12 
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pyrethroid insecticide under which a white muslin cloth was placed to facilitate 
knocked-down mosquito collection. Human baits, sleeping in beds covered with 
treated bed nets, were used to reinforce CDC light traps. Mosquitoes that were 
collected by each sampling method before and after IRS were then stored indi-
vidually in tubes containing silica gel to process and determine their BMI and SR 
in the lab.

2.4 Blood meal host source and sporozoite rate determination

Enzyme-linked immunosorbent assay (ELISA) originally described by Beier 
et al. [10] and CS-ELISA [11] protocols were adopted and used for BMI and SR 
analyses, respectively. Blood-fed mosquitoes preserved individually in tubes 
containing silica gel were used to determine their BMI and SR. Heads-thoraxes of 
mosquitoes were separated from their abdomens, and each body part (abdomen/
head-thorax) was given a corresponding ID number and kept individually in tubes 
for analyses.

2.5 Blood meal source determination

The mosquito abdomen, which was kept individually in tubes containing silica 
gel, was ground in a tube containing 100 μl of phosphate buffer saline (PBS) with 
a plastic pestle fitted with foot-operated grinder. The pestle was rinsed twice 
with 200 μl of PBS to achieve the final volume of 500 μl. The samples were either 
incubated at room temperature for 3 h and then stored at 4°C and tested the next 
day. Mosquitoes were tested to assess the blood meal origin of human and bovine 
only because these hosts were the predominant hosts of the vector during the study 
period. A 96-well ELISA plate was used, and 50 μl of the positive control for the 
blood meal host being tested was loaded. Wells A2–A5 had 50 μl of the negative 
controls, and wells A6–A8 were blanks containing 50 μl of blocking buffer. The 
plate was then covered and incubated for 3 h. The mosquito triturate was then 
aspirated by multichannel pipet, and the plate was washed three times with 200 μl 
PBS-Tween20 (5%). For a full 96-well plate, the peroxidase conjugate anti-host 
IgG antibody was prepared by adding 4800 μl of blocking buffer and 19.2 μl of 
anti-host and 1 μl of 1:100,000 of each of the negative control [10]. Fifty microliter 
of peroxidase conjugate was added to each well, and the plate was covered and 
incubated for 1 h at room temperature. The plate was then washed three times with 
200 μl PBS-Tween20 (5%), and the one component ABTS peroxidase substrate 
was added to each well. PBS-Tween20 was aspirated by multichannel pipet, and 
plates were banged between washes. After 30 min of covered incubation at room 
temperature, the plate was read with the SpectraMax 340 plate reader (Molecular 
Devices) at 414 nm.
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2.6 Sporozoite rate determination

The head-thorax of a mosquito, which was kept individually in step tubes 
containing silica gel, was ground in 1.5 μl microcentrifuge grinding tube contain-
ing 50 μl PBS with a plastic pestle fitted with foot-operated grinder. The pestle was 
rinsed twice with 100 μl of PBS and dried with tissue paper to prevent contamina-
tion between mosquito samples.

A 96-well ELISA PVC plate was coated with 50 μl of capture monoclonal 
antibodies (mAb) of each plasmodium sporozoite species (Pf, Pv-2010, and 
Pv-247) in each well of the ELISA plates (a separate plate used for each species), 
covered and incubated for half an hour. After the well contents were aspirated, 
plates were banged upside down on paper towel five times. The wells were then 
filled with 200 μl blocking buffer (BB), covered with lid and incubated for 1 h at 
room temperature. Well contents are aspirated and the plate is banged on paper 
towel five times. Samples and controls were loaded into the plate (well 1A, positive 
control; wells 1B–1H, negative control; and the rest of the wells with mosquito 
triturate) and covered and incubated for 2 h. Well contents were aspirated, and the 
plates were banged upside down on paper towel five times and washed two times 
with 200 μl of PBS-Tween20. The wells were aspirated, and plates were banged 
upside down five times with each wash. Then a 50 μl of peroxidase conjugate solu-
tion of each plasmodium sporozoite species (Pf, Pv-2010, and Pv-247) was added 
to each well and covered and incubated for 1 h. After aspirating the well contents 
and banging the plates, wells were washed three times with 200 μl of PBS-Tween20 
and aspirated, and plates were banged five times with each wash. Finally, a 100 μl 
of the substrate solution was added per well, covered with cover plate and incu-
bated for 30 min. The results were then read visually at the SpectraMax 340 plate 
reader (Molecular Devices) at 405–414 nm. All positive samples were retested for 
confirmation.

2.7 Determination of entomological inoculation rate

Plasmodium EIR of A. arabiensis was determined based on CDC light traps 
and PSC. The EIR was estimated from PSC samples as described by the World 
Health Organization [12] using the formula: number of fresh fed (FF) mosquitoes 
caught by PSC/ no. human occupants who spent the previous night in sprayed 
house) × (number of human fed mosquitoes/number of mosquitoes tested for 
human blood meal) × (number of sporozoite positive ELISAs/ number of mosqui-
toes tested, i.e., HBR × CSP rate. The human-biting rate was calculated by dividing 
the total number of freshly fed A. arabiensis caught in PSC by the total number 
of occupants who slept in the houses in the previous night of mosquito collection 
and multiplied by the HBI. The HBI was calculated as the proportion of Anopheles 
mosquitoes that fed on humans to the total Anopheles analyzed for blood meal 
origin [13, 14]. EIR from CDC light trap catches was estimated using the standard 
method, 1.605 (number of circumsporozoite-positive ELISA results from CDC light 
trap/ no. of mosquitoes tested) × (number of mosquitoes collected by CDC LT/
no. of CDC LT catches), and the alternative method, 1.605 (no. positive ELISA/no. 
catches) [15].

2.8 Data analyses

The relative adjusted reduction in human blood feeding index (HBI), sporozoite 
rate (SR), and the entomologic inoculation rate (EIR) of the vector after interven-
tion was calculated using the formula [Ref]: PR = 100 −    C1T2 _ C2T1   × 100 , where C1 and 
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C2 and T1 and T2 describe the either the number of A. arabiensis or percentages of 
BMI, SP, or EIR in sprayed (T) and non-sprayed villages (C) before IRS (subscript 1) 
and after IRS (subscript 2). This formula takes into account that changes in the 
mosquito population and parasite prevalence are taking place at the same level and 
rate in both sprayed and non-sprayed villages, i.e., the reductions were adjusted for 
the background differences. This formula was used only when the denominators were 
non-zero.

2.9 Ethical clearance

Ethical permission for the study was obtained from the Ethiopian Public Health 
Institute and Amhara Regional Health Bureau. Verbal consent was also obtained 
from the owner of each house sampled for mosquitoes. The study did not involve 
human or animal subjects.

3. Results

3.1 Effect of IRS on the abundance of A. arabiensis

Table 1 shows the abundance and abdominal status of A. arabiensis col-
lected before and after spray. The abundance and abdominal status of A. 
arabiensis varied by sampling method, spray status, study village, and year. 
Among 5425 A. arabiensis, 3111 of them were collected by CDC light traps and 
2314 of them by pyrethrum spray catches (PSC). The number of semi-gravid 
and gravid A. arabiensis was smaller in CDC light trap catches than in PSC col-
lections. The proportions of unfed A. arabiensis were higher in CDC light trap 
catches than in PSC collections. Fresh fed A. arabiensis was dominant in PSC 
collections (>75%), while <54% of them were FF in CDC light trap catches. 
The abundance of these FF mosquitoes was declined after IRS in sprayed vil-
lages (n = 62), while the number of FF remained high in non-sprayed villages 
(n = 1690). The abundance of unfed, gravid, and semi-gravid mosquitoes also 
decreased after spray.

3.2 Effect of IRS on HBI

Among 3451 FF A. arabiensis collected, 1574 (45.61%) of them were tested to 
determine their blood meal sources and sporozoite infection rate. The relative 
adjusted reduction in A. arabiensis human blood feeding index (HBI) due to IRS 
implementation varied from 3 to 10% except in 2014 when no human blood was 
detected in any of the three mosquitoes that were collected and tested. Despite IRS 
implementation reduced HBI, a non-negligible proportion of A. arabiensis still fed 
on humans (Table 2).

3.3 Effect of IRS on SR

The estimated sporozoite rate in A. arabiensis was low in both sprayed and 
non-sprayed villages especially after IRS implementation. As indicated by 
ELISA test, P. falciparum was more prevalent than P. vivax in both sprayed and 
non-sprayed villages. Pv-247 was the only subspecies detected during the study 
period. There was no any mixed infection in the vector in both study villages 
during the study period. Neither P. falciparum nor P. vivax was not detected 
in A. arabiensis collected from sprayed villages after the implementation of 
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rate (SR), and the entomologic inoculation rate (EIR) of the vector after interven-
tion was calculated using the formula [Ref]: PR = 100 −    C1T2 _ C2T1   × 100 , where C1 and 
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C2 and T1 and T2 describe the either the number of A. arabiensis or percentages of 
BMI, SP, or EIR in sprayed (T) and non-sprayed villages (C) before IRS (subscript 1) 
and after IRS (subscript 2). This formula takes into account that changes in the 
mosquito population and parasite prevalence are taking place at the same level and 
rate in both sprayed and non-sprayed villages, i.e., the reductions were adjusted for 
the background differences. This formula was used only when the denominators were 
non-zero.

2.9 Ethical clearance

Ethical permission for the study was obtained from the Ethiopian Public Health 
Institute and Amhara Regional Health Bureau. Verbal consent was also obtained 
from the owner of each house sampled for mosquitoes. The study did not involve 
human or animal subjects.

3. Results

3.1 Effect of IRS on the abundance of A. arabiensis

Table 1 shows the abundance and abdominal status of A. arabiensis col-
lected before and after spray. The abundance and abdominal status of A. 
arabiensis varied by sampling method, spray status, study village, and year. 
Among 5425 A. arabiensis, 3111 of them were collected by CDC light traps and 
2314 of them by pyrethrum spray catches (PSC). The number of semi-gravid 
and gravid A. arabiensis was smaller in CDC light trap catches than in PSC col-
lections. The proportions of unfed A. arabiensis were higher in CDC light trap 
catches than in PSC collections. Fresh fed A. arabiensis was dominant in PSC 
collections (>75%), while <54% of them were FF in CDC light trap catches. 
The abundance of these FF mosquitoes was declined after IRS in sprayed vil-
lages (n = 62), while the number of FF remained high in non-sprayed villages 
(n = 1690). The abundance of unfed, gravid, and semi-gravid mosquitoes also 
decreased after spray.

3.2 Effect of IRS on HBI

Among 3451 FF A. arabiensis collected, 1574 (45.61%) of them were tested to 
determine their blood meal sources and sporozoite infection rate. The relative 
adjusted reduction in A. arabiensis human blood feeding index (HBI) due to IRS 
implementation varied from 3 to 10% except in 2014 when no human blood was 
detected in any of the three mosquitoes that were collected and tested. Despite IRS 
implementation reduced HBI, a non-negligible proportion of A. arabiensis still fed 
on humans (Table 2).

3.3 Effect of IRS on SR

The estimated sporozoite rate in A. arabiensis was low in both sprayed and 
non-sprayed villages especially after IRS implementation. As indicated by 
ELISA test, P. falciparum was more prevalent than P. vivax in both sprayed and 
non-sprayed villages. Pv-247 was the only subspecies detected during the study 
period. There was no any mixed infection in the vector in both study villages 
during the study period. Neither P. falciparum nor P. vivax was not detected 
in A. arabiensis collected from sprayed villages after the implementation of 
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IRS. Similar results were observed for Pv-247 in non-sprayed villages except in 
2013 when SR was 0.57% in A. arabiensis caught by CDC light trap. The relative 
adjusted reduction in P. falciparum infection in A. arabiensis in sprayed villages 
was 100% after IRS. A similar result was observed for Pv-247 EIR in 2013 in A. 
arabiensis collected by CDC light traps (Table 3).

3.4 Effect of IRS on EIR

The reduction in EIR after the implementation of IRS had similar trends with 
the reduction in SR because EIR is the product of SR and HBI. Compared with CDC 
light trap catches, EIR was high in PSC catches, i.e., Pf-EIR in A. arabiensis was 
452 infective bites/night/house in PSC catches, while it was 32.2 infective bites/
night/house in CDC light trap catches. Pv-247 EIR was 226 and 16 infective bites/
night/house in A. arabiensis collected by PSC and CDC light traps, respectively. The 
relative adjusted reduction in Pf-EIR in A. arabiensis was 100% after the implemen-
tation of IRS. A similar result was observed for Pv-247 EIR in 2013 in A. arabiensis 
caught by CDC light traps (Table 4).

Before spray After spray

Year Host Sprayed (n) Non-sprayed (n) Sprayed (n) Non-sprayed (n) Adjusted 
reduction (%)

CDC light trap collection

2013 HBI 19.30 (57) 18.18 (176) 16.67 (6) 17.61 (176) -10.83

BBI 31.58 (57) 42.05 (176) 33.33 (6) 40.91 (176) +8.48

Mix 19.30 (57) 1.7 (176) 16.67(6) 0 (176)

Un 29.82 (57) 38.07 (176) 33.33 (6) 41.48 (176) +2.58

2014 HBI 18.75 (80) 18.57 (70) 16.67 (48) 17.05 (176) -3.17

BBI 33.75 (80) 44.29 (70) 37.50 (48) 46.02 (176) +6.93

Mix 7.5 (80) 0 (70) 0 (48) 0 (176)

UN 40 (80) 31.14 (70) 45.83 (48) 36.93 (176) -3.39

Pyrethrum spray sheet collection

2013 HBI 20.71 (140) 25 (176) 20 (5) 25 (176) -3.43

BBI 36.43 (140) 51.70 (176) 40 (5) 55.11 (176) +5.16

Mix 20 (140) 0 (176) 20 (5) 0 (176)

UN 22.8 (140) 23.30 (176) 20 (5) 21.02 (176) -2.76

2014 HBI 19.89 (176) 18.75 (80) 0 (3) 17.24 (29) 100

BBI 32.95 (176) 48.75 (80) 33.33 (3) 48.28 (29) +2.14

Mix 24.43 (176) 21.25 (80) 66.67 (3) 0 (29)

UN 22.73 (176) 30.00 (80) 0 (3) 34.48 (29) 0

453 502-955 62 557-619

HBI, human blood index; BBI, bovine blood index; UN, unknown hosts; n, number of mosquitoes tested for their 
blood meal origin.

Table 2. 
Effect of bendiocarb IRS on blood meal sources (BMS) of A. arabiensis in sprayed and non-sprayed villages, 
Bahir Dar Zuria District, North West Ethiopia, in 2013 and 2014.
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IRS. Similar results were observed for Pv-247 in non-sprayed villages except in 
2013 when SR was 0.57% in A. arabiensis caught by CDC light trap. The relative 
adjusted reduction in P. falciparum infection in A. arabiensis in sprayed villages 
was 100% after IRS. A similar result was observed for Pv-247 EIR in 2013 in A. 
arabiensis collected by CDC light traps (Table 3).

3.4 Effect of IRS on EIR

The reduction in EIR after the implementation of IRS had similar trends with 
the reduction in SR because EIR is the product of SR and HBI. Compared with CDC 
light trap catches, EIR was high in PSC catches, i.e., Pf-EIR in A. arabiensis was 
452 infective bites/night/house in PSC catches, while it was 32.2 infective bites/
night/house in CDC light trap catches. Pv-247 EIR was 226 and 16 infective bites/
night/house in A. arabiensis collected by PSC and CDC light traps, respectively. The 
relative adjusted reduction in Pf-EIR in A. arabiensis was 100% after the implemen-
tation of IRS. A similar result was observed for Pv-247 EIR in 2013 in A. arabiensis 
caught by CDC light traps (Table 4).

Before spray After spray

Year Host Sprayed (n) Non-sprayed (n) Sprayed (n) Non-sprayed (n) Adjusted 
reduction (%)

CDC light trap collection

2013 HBI 19.30 (57) 18.18 (176) 16.67 (6) 17.61 (176) -10.83

BBI 31.58 (57) 42.05 (176) 33.33 (6) 40.91 (176) +8.48

Mix 19.30 (57) 1.7 (176) 16.67(6) 0 (176)

Un 29.82 (57) 38.07 (176) 33.33 (6) 41.48 (176) +2.58

2014 HBI 18.75 (80) 18.57 (70) 16.67 (48) 17.05 (176) -3.17

BBI 33.75 (80) 44.29 (70) 37.50 (48) 46.02 (176) +6.93

Mix 7.5 (80) 0 (70) 0 (48) 0 (176)

UN 40 (80) 31.14 (70) 45.83 (48) 36.93 (176) -3.39

Pyrethrum spray sheet collection

2013 HBI 20.71 (140) 25 (176) 20 (5) 25 (176) -3.43

BBI 36.43 (140) 51.70 (176) 40 (5) 55.11 (176) +5.16

Mix 20 (140) 0 (176) 20 (5) 0 (176)

UN 22.8 (140) 23.30 (176) 20 (5) 21.02 (176) -2.76

2014 HBI 19.89 (176) 18.75 (80) 0 (3) 17.24 (29) 100

BBI 32.95 (176) 48.75 (80) 33.33 (3) 48.28 (29) +2.14

Mix 24.43 (176) 21.25 (80) 66.67 (3) 0 (29)

UN 22.73 (176) 30.00 (80) 0 (3) 34.48 (29) 0

453 502-955 62 557-619

HBI, human blood index; BBI, bovine blood index; UN, unknown hosts; n, number of mosquitoes tested for their 
blood meal origin.

Table 2. 
Effect of bendiocarb IRS on blood meal sources (BMS) of A. arabiensis in sprayed and non-sprayed villages, 
Bahir Dar Zuria District, North West Ethiopia, in 2013 and 2014.
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Before spray After spray

Year EIR Sprayed Non-sprayed Sprayed Non-
sprayed

Adjusted 
reduction (%)

CDC light trap collection

2013 Pf 16 32.2 0 4.47 100

Pv-247 16 16.1 0 4.47 100

Pv-210 0 0 0 0

Mixed 0 0 0 0

2014 Pf 26.76 13.38 0 13.34 100

Pv-247 0 0 0 0

Pv-210 0 0 0 0

Mixed 0 0 0 0

Pyrethrum spray sheet collection

2013 Pf 101.58 452.01 0 151.62 100

Pv-247 50.44 226 0 0

Pv-210 0 0 0 0

Before spray After spray

Year Parasite Sprayed (n) Non-sprayed (n) Sprayed (n) Non-sprayed (n) Adjusted 
reduction (%)

CDC light trap collection

2013 Pf 1.75 (57) 1.14 (176) 0 (6) 0.57 (176) 100

Pv-247 1.75 (57) 0.57 (176) 0 (6) 0. 57 (176) 100

Pv-210 0 (57) 0 (176) 0 (6) 0 (176)

Mixed 0 (57) 0 (176) 0 (6) 0 (176)

2014 Pf 2.5 (80) 1.43 (70) 0 (48) 1.70 (176) 100

Pv-247 0 (80) 0 (70) 0 (48) 0 (176)

Pv-210 0 (80) 0 (70) 0 (48) 0 (176)

Mixed 0 (80) 0 (70) 0 (48) 0 (176)

Pyrethrum spray sheet collection

2013 Pf 1.43 (140) 1.14 (176) 0 (5) 1.14 (176) 100

Pv-247 0.71 (140) 0.57 (176) 0 (5) 0 (176)

Pv-210 0 (140) 0 (176) 0 (5) 0 (176)

Mixed 0 (140) 0 (176) 0 (5) 0 (176)

2014 Pf 1.70 (176) 1.25 (80) 0 (3) 0 (29)

Pv-247 0 (176) 0 (80) 0 (3) 0 (29)

Pv-210 0 (176) 0 (80) 0 (3) 0 (29)

Mixed 0 (176) 0 (80) 0 (3) 0 (29)

Pf, Plasmodium falciparum; Pv-247, Plasmodium vivax 247; Pv-2010, Plasmodium vivax 2010; n, number of 
mosquitoes tested for CSP ELISA.

Table 3. 
Sporozoite rate of A. arabiensis (based on LTC).
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4. Discussion

The aim of vector control using IRS and LLIN interventions is to reduce 
vectors’ abundance, survival, contact with human, and feeding frequency [16]. 
Vector abundance is an important determinant of malaria transmission [13, 14], 
and thus factors that increase or decrease vector abundance could have an 
impact on the intensity of disease transmission. The present study demonstrated 
that IRS implementation brought about 4–9% reduction in the abundance of 
A. arabiensis signifying that the abundance of this vector could not be reduced 
to non-detectable level by the implementation of IRS. Previous similar studies in 
Ethiopia are either missing or unavailable to compare and contrast with the pres-
ent study. However, studies from Zambia [17] validated that the effect of IRS on 
the density of A. arabiensis was not as strong as on A. gambiae s.s and A. funestus 
due to its exophilic and wide-ranging feeding behavior. Alegana et al. [18] also 
confirmed that IRS intervention reduced the density of A. funestus and A. gambiae 
s.l disproportionally, twice as high on A. funestus compared with A. gambiae 
s.l. Thus, malaria transmission through the bites of A. arabiensis could not be 
intercepted entirely by the application of IRS so that the impact of IRS should be 
complemented by and integrated with other vector control interventions. Blood 
meal source analyses indicated that A. arabiensis was found to have strong prefer-
ences to bovine and other hosts over human hosts. Similar results from other parts 
of the country were published in previous studies [19–21] where A. arabiensis 
demonstrated strong blood meal preferences of bovine over human hosts. Similar 
results were also reported from neighboring Eritrea [22] and Kenya [23]. Contrary 
to zoophilic, strong athrophilic tendency was observed in A. arabiensis in Zambia 
[24–26]. The potential reason for the differences observed in the anthrophilic ten-
dency of A. arabiensis between East and South African countries would be justi-
fied by the differences in their ecological setups and the impact of these ecological 
differences on the ecology and behavior of A. arabiensis populations in these two 
sub-African regions. The application of IRS in the present study further reduced 
the anthropophily of the vector signifying that zooprophylaxis could be consid-
ered as a potential malaria vector control strategy in areas having similar ecologi-
cal setups with the present study site. On the contrary, a considerable proportion 
of A. arabiensis still fed on human hosts suggesting that zooprophylaxis alone 

Before spray After spray

Year EIR Sprayed Non-sprayed Sprayed Non-
sprayed

Adjusted 
reduction (%)

Mixed 0 0 0 0

2014 Pf 249.2 88.83 0 0

Pv-247 0 0 0 0

Pv-210 0 0 0 0

Mixed 0 0 0 0

EIR, entomological inoculation rate; Pf, Plasmodium falciparum; Pv-247, Plasmodium vivax 247; Pv-2010, 
Plasmodium vivax 2010.

Table 4. 
Estimated the effect of IRS on EIR of A. arabiensis based on CDC light trap and pyrethrum spray sheet 
collection from sprayed and non-sprayed villages in Bahir Dar Zuria District, North West Ethiopia, in 2013 
and 2014.
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Before spray After spray

Year EIR Sprayed Non-sprayed Sprayed Non-
sprayed

Adjusted 
reduction (%)

CDC light trap collection

2013 Pf 16 32.2 0 4.47 100

Pv-247 16 16.1 0 4.47 100

Pv-210 0 0 0 0

Mixed 0 0 0 0

2014 Pf 26.76 13.38 0 13.34 100

Pv-247 0 0 0 0

Pv-210 0 0 0 0

Mixed 0 0 0 0

Pyrethrum spray sheet collection

2013 Pf 101.58 452.01 0 151.62 100

Pv-247 50.44 226 0 0

Pv-210 0 0 0 0

Before spray After spray

Year Parasite Sprayed (n) Non-sprayed (n) Sprayed (n) Non-sprayed (n) Adjusted 
reduction (%)

CDC light trap collection

2013 Pf 1.75 (57) 1.14 (176) 0 (6) 0.57 (176) 100

Pv-247 1.75 (57) 0.57 (176) 0 (6) 0. 57 (176) 100

Pv-210 0 (57) 0 (176) 0 (6) 0 (176)

Mixed 0 (57) 0 (176) 0 (6) 0 (176)

2014 Pf 2.5 (80) 1.43 (70) 0 (48) 1.70 (176) 100

Pv-247 0 (80) 0 (70) 0 (48) 0 (176)

Pv-210 0 (80) 0 (70) 0 (48) 0 (176)

Mixed 0 (80) 0 (70) 0 (48) 0 (176)

Pyrethrum spray sheet collection

2013 Pf 1.43 (140) 1.14 (176) 0 (5) 1.14 (176) 100

Pv-247 0.71 (140) 0.57 (176) 0 (5) 0 (176)

Pv-210 0 (140) 0 (176) 0 (5) 0 (176)

Mixed 0 (140) 0 (176) 0 (5) 0 (176)

2014 Pf 1.70 (176) 1.25 (80) 0 (3) 0 (29)

Pv-247 0 (176) 0 (80) 0 (3) 0 (29)

Pv-210 0 (176) 0 (80) 0 (3) 0 (29)

Mixed 0 (176) 0 (80) 0 (3) 0 (29)

Pf, Plasmodium falciparum; Pv-247, Plasmodium vivax 247; Pv-2010, Plasmodium vivax 2010; n, number of 
mosquitoes tested for CSP ELISA.

Table 3. 
Sporozoite rate of A. arabiensis (based on LTC).
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4. Discussion

The aim of vector control using IRS and LLIN interventions is to reduce 
vectors’ abundance, survival, contact with human, and feeding frequency [16]. 
Vector abundance is an important determinant of malaria transmission [13, 14], 
and thus factors that increase or decrease vector abundance could have an 
impact on the intensity of disease transmission. The present study demonstrated 
that IRS implementation brought about 4–9% reduction in the abundance of 
A. arabiensis signifying that the abundance of this vector could not be reduced 
to non-detectable level by the implementation of IRS. Previous similar studies in 
Ethiopia are either missing or unavailable to compare and contrast with the pres-
ent study. However, studies from Zambia [17] validated that the effect of IRS on 
the density of A. arabiensis was not as strong as on A. gambiae s.s and A. funestus 
due to its exophilic and wide-ranging feeding behavior. Alegana et al. [18] also 
confirmed that IRS intervention reduced the density of A. funestus and A. gambiae 
s.l disproportionally, twice as high on A. funestus compared with A. gambiae 
s.l. Thus, malaria transmission through the bites of A. arabiensis could not be 
intercepted entirely by the application of IRS so that the impact of IRS should be 
complemented by and integrated with other vector control interventions. Blood 
meal source analyses indicated that A. arabiensis was found to have strong prefer-
ences to bovine and other hosts over human hosts. Similar results from other parts 
of the country were published in previous studies [19–21] where A. arabiensis 
demonstrated strong blood meal preferences of bovine over human hosts. Similar 
results were also reported from neighboring Eritrea [22] and Kenya [23]. Contrary 
to zoophilic, strong athrophilic tendency was observed in A. arabiensis in Zambia 
[24–26]. The potential reason for the differences observed in the anthrophilic ten-
dency of A. arabiensis between East and South African countries would be justi-
fied by the differences in their ecological setups and the impact of these ecological 
differences on the ecology and behavior of A. arabiensis populations in these two 
sub-African regions. The application of IRS in the present study further reduced 
the anthropophily of the vector signifying that zooprophylaxis could be consid-
ered as a potential malaria vector control strategy in areas having similar ecologi-
cal setups with the present study site. On the contrary, a considerable proportion 
of A. arabiensis still fed on human hosts suggesting that zooprophylaxis alone 

Before spray After spray

Year EIR Sprayed Non-sprayed Sprayed Non-
sprayed

Adjusted 
reduction (%)

Mixed 0 0 0 0

2014 Pf 249.2 88.83 0 0

Pv-247 0 0 0 0

Pv-210 0 0 0 0

Mixed 0 0 0 0

EIR, entomological inoculation rate; Pf, Plasmodium falciparum; Pv-247, Plasmodium vivax 247; Pv-2010, 
Plasmodium vivax 2010.

Table 4. 
Estimated the effect of IRS on EIR of A. arabiensis based on CDC light trap and pyrethrum spray sheet 
collection from sprayed and non-sprayed villages in Bahir Dar Zuria District, North West Ethiopia, in 2013 
and 2014.
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cannot intercept malaria transmission. Thus, zooprophylaxis would advance the 
effectiveness of malaria interventions if used in an integrated way with other 
vector control intervention measures.

Either data are unavailable or no previous attempts were made about the impact 
of IRS on SR in Ethiopia. However, studies from other African countries [27, 28] 
demonstrated that the implementation of IRS reduced SR to non-detectable level, 
which is consistent with the results of the present study. And these would substanti-
ate the contribution of IRS implementation in reducing malaria transmission risks 
in general and SR in particular in the present study area and others having similar 
ecological setups.

In the present study, P. falciparum was more prevalent than P. viva in A. arabiensis. 
No A. arabiensis was found positive for either P. falciparum or P. vivax in sprayed vil-
lages after IRS. Although too few A. arabiensis were recorded in sprayed villages after 
IRS, it would have been necessary to process thousands of mosquitoes to find any of 
them were infected by malaria parasites. There was no any mixed infection detected. 
The proportion of plasmodium-infected A. arabiensis was also low in non-sprayed 
villages indicating that SR might be low in naturally occurring vector popula-
tion. Contradictory results about the prevalence of P. falciparum and P. vivax in A. 
arabiensis have been reported from different parts of Ethiopia at different times. 
Massebo et al. [21] reported the dominance of P. falciparum over P. vivax, while 
[6] reported the dominance of P. vivax over P. falciparum in South West Ethiopia. 
Animute et al. [29] reported the dominance of P. vivax over P. falciparum in South 
Central Ethiopia. Differing from all these, [30] reported that no A. arabiensis was 
found positive either for P. falciparum or P. vivax in South West Ethiopia. Except Taye 
and his colleagues [30], other investigators used either CDC or PSC mosquito sam-
pling method so that the differences observed in the prevalence of malaria parasites 
in A. arabiensis could be potentially justified by the differences in ecological setups 
of the study sites and time period in which the study was conducted. Otherwise, this 
would be a question of validation.

Malaria transmission intensity, which is normally expressed by EIR, is highly vari-
able with annual EIRs ranging from < 1 to >1000 infective bites per person per year in 
Africa [31]. Variations in EIR in malaria vectors could be due to different factors such 
as ecological heterogeneity at continental, regional, and country level [29, 32, 33] and 
season (dry or wet) [29, 34, 35]. For example, the burden of malaria is high in tropi-
cal countries having warm temperature, heavy rainfall, high humidity, and efficient 
Anopheles vectors than nontropical countries [36]. Previous studies indicated that the 
impact of wet or dry season on EIR is inconsistent, i.e., published reports indicated 
that EIR is higher during wet season [15, 35, 37] or vice versa [38, 39].

In the present study, a very high Pf-EIR was observed in the vector in both years 
and study villages although SR and HBI were low. The trend was also similar for Pv-
247 EIR in both study villages before IRS in 2013. These findings would be justified 
by the occurrences of high mosquito density during the study periods. The level of 
EIR of both parasites went to zero in sprayed villages after the implementation of IRS 
suggesting that IRS application is 100% effective to control disease transmission. In 
contrast, previous studies reported that EIR was 90% lower in the ITN community 
and 93% lower in the IRS community, relative to the community without interven-
tion. The differences observed between the present and previous studies would be 
attributed to heterogeneity in the ecology and behavior of the vector.

Variation in EIR could also differ by mosquito collection methods [40]. 
[41] indicated that PSC might underestimate the HBR, which again underrates 
EIR. Previous studies also reported CDC light traps were more efficient than PSC to 
estimate EIR [21, 42–44]. Contrary to these, a study from Bioko Island, Equatorial 
Guinea, demonstrated that CDC light traps failed to determine the human-biting 
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rate of the anthropogenic A. gambiae s.s [45]. Different from all previous reports, the  
present study indicated that higher EIRs were recorded from PSC catches than CDC 
light trap catches. Both CDC and PSC are reported to have shortcomings in mosquito 
sampling. While CDC light traps attract fed indoor-resting mosquitoes [3, 46], 
PSC tends to miss mosquitoes that leave the house after feeding including those 
entering the house after feeding outdoor [47]. Therefore, estimating the HBR using 
either CDC light trap or PSC has limitations, and the need to develop standard HBR 
remains high. Thus, the differences observed between the present and previous 
studies might be associated with limitation stated for each sampling method.

5. Conclusion

This study was linked with IRS application to assess its effect on EIR and other 
entomological risk factors for malaria transmission. The results illustrated that IRS 
was strong enough to reduce mosquito abundance, sporozoite rate, and EIR in areas 
having similar ecological setup with the present study villages [48].
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Chapter 6

The Effects of Infection on 
Mosquito Rhythmic Behavior
Rafaela Vieira Bruno, Luana Cristina Farnesi  
and Luciana Ordunha Araripe

Abstract

Most organisms live in a rhythmic world, where daily environmental variation 
has a profound effect on their behavior and physiology. In addition to abiotic influ-
ence, interactions with other organisms that have their own particular cycles are 
also part of circadian rhythm formation. In this chapter, we present aspects of the 
biology of mosquito vectors, more precisely Aedes aegypti, which is a vector of arbo-
viruses of great epidemiological importance, like dengue, Zika, and chikungunya. 
The successful transmission of the virus depends on the coordination of several 
behavioral and physiological traits involved in the virus-vector-host interaction. 
Thus, understanding the mechanisms of endogenous control of rhythmic traits of 
the mosquito vector and the impact that both environmental variation and virus 
infection can have on this regulation is key for a reliable estimate of the vectorial 
capacity. We discuss the infection-driven changes in traits used to calculate param-
eters of the vectorial capacity, and finally, we review the current knowledge on 
the molecular mechanisms underlying vector rhythmic behavior and the potential 
cellular targets of arbovirus infection.

Keywords: Aedes aegypti, arbovirus, behavior, vectorial capacity, physiology, 
neurotropism, Zika, dengue, chikungunya, circadian clocks

1. Introduction

1.1 The Aedes aegypti mosquito as a vector of arboviruses

Aedes aegypti (Diptera: Culicidae) is an insect belonging to the family Culicidae 
and subgenus Stegomyia. The species was originally found in Egypt, hence its spe-
cific name; but it is currently distributed worldwide, occurring mainly in tropical 
and subtropical regions [1, 2]. Aedes aegypti life cycle is composed of four phases: 
egg, four larval instars, pupa, and adult (Figure 1).

Since they spend most of their life cycle in water, mosquitoes are considered to 
be primarily aquatic; they gain the terrestrial environment only in adulthood, when 
they fly in order to seek for food and mates [3–5]. Easy to distinguish for taxono-
mists, A. aegypti is a dark-bodied mosquito in the adult phase, with white spots on 
the dorsal abdomen and legs and a white pattern composed of a lira-shaped drawing 
on its scutum (Figure 2) [1, 6].

The mosquito A. aegypti is considered a major disease vector in urban habi-
tats, being able to host and transmit various arbovirus. Females of anautogenous 
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mosquitoes, like A. aegypti, need a blood meal in order to mature their eggs and 
to perpetuate the species. Because of this, this mosquito is indubitably one of the 
most pathologically important arthropod vectors. One A. aegypti female is able 
to produce approximately 100 eggs after blood feeding on a vertebrate host, in 
each gonotrophic cycle (interval between blood meal and egg laying). Even being 
a diurnal mosquito, the female prefers to lay eggs in dark/shaded sites and in the 
dark phase of the day [7–10]. Aedes aegypti is an anthropophilic species, preferring 
to feed on human blood than the blood of other vertebrates [11, 12]. This feature is 
responsible for the role of A. aegypti as transmitter of many pathogens that cause 
important human diseases. The markedly anthropophilic and endophilic behaviors 
of A. aegypti make it a very efficient vector of yellow fever, dengue, chikungunya, 
and Zika viruses [3, 11, 13–16]. Many other factors related to behavior and physiol-
ogy of vector and pathogens are significant for the success in arbovirus transmis-
sion, such as (i) the habit of laying eggs in multiple breeding sites; (ii) the diversity 
of posture sites; (iii) the gonotrophic discordance, that is, the ability to blood feed 
on more than one host for each batch of eggs produced; and (iv) the ability of the 
eggs in remaining viable, in quiescence state, for up to 1 year in dry conditions 
(called “egg resistance to desiccation”) and in large temperature variation (i.e., 
16–35°C) [1, 3, 17–20]. All these features can be associated to vector competence 
and vectorial capacity [7].

Figure 1. 
Life cycle of the Aedes aegypti mosquito (credits of the photos on each image—out of ratio).

Figure 2. 
Aedes aegypti mosquito. The arrow points to the scutum region that displays the lira-shaped (out of ratio). The 
three body parts, common to all insects, are indicated above. Adapted from [6].
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Both vector competence and vectorial capacity are critical for arbovirus trans-
mission. Vector competence is the intrinsic ability of a vector to acquire, maintain, 
and transmit a pathogen to another host. In mosquitoes, a species is considered vec-
tor competent when females transmit the pathogen from one vertebrate to another 
during blood feeding [21]. This competence is related to intrinsic features of the 
vector, as well as the pathogen, such as pathogen genotype, pathogen strain, and 
vector strain. Specifically, for the viruses DENV and CHIKV, vector competence 
has been tested and confirmed in A. aegypti and A. albopictus laboratory strains. 
To DENV, environmental factors as daily temperature fluctuations have been 
demonstrated to impact vector-pathogen interactions, being able to modulate the A. 
aegypti competence to DENV transmission [15, 22, 23].

Although the number of studies on A. aegypti behavior and physiology, as well 
as arbovirus-mosquito interactions, has been growing, additional information is 
needed in order to promote the development of better mosquito control actions. 
Variation in the vector competence for different arboviruses highlights the exis-
tence of different virus-vector interactions. For example, both A. aegypti and A. 
albopictus show the competence to transmit the arboviruses DENV, ZIKV, YFV, and 
CHIKV; however these vectors do not exhibit the same transmission efficiency. 
Likewise, within-population genetic variation may explain the varied vector 
competence for different arboviruses and may also be related to the response of 
mosquitoes to control programs [24].

Other factors may be involved in the vector competence, for example, two 
different insecticide resistance mechanisms were described to enhance the vec-
tor competence of Culex quinquefasciatus for West Nile virus, which can impact 
on transmission dynamics of arboviruses for other mosquito vector species [25]. 
Measuring the vector competence of field mosquitoes for different arbovirus can 
help to assess the risk of arbovirus emergence [24].

Vectorial capacity, in turn, is the estimated value through a formula that takes 
into account a set of parameters of intraspecific physiology and behavior that, asso-
ciated with environmental conditions, favor natural transmission of a given disease. 
The vectorial capacity is mainly influenced by population density, biting behavior 
(frequency of host contact for blood feeding), and mosquito vector survivorship 
[26]. The concept of vectorial capacity was initially established for the transmission 
of malaria by vectors of the genus Anopheles and calculated by the formula shown in 
Figure 3, where the total number of potentially infectious bites a day is one of the 
parameters. Many studies of mathematical models describing pathogen transmis-
sion by mosquitoes make similar assumptions [28, 29].

The World Health Organization emphasizes that mosquito vector control 
plays an important role in blocking the propagation of critical arboviruses. This is 
particularly relevant when no vaccines or specific drug treatments are available, 
as is the case for dengue, Zika, and chikungunya, which have the A. aegypti as the 
main vector [13, 14, 30]. Understanding vector competence and vector capacity 
mechanisms is important in designing safer vaccines and new strategies to prevent 
the transmission of pathogens. Specifically for the mosquito vector A. aegypti, many 
barriers hamper infection, dissemination, and transmission of arboviruses through 
mosquito vector tissues.

Figure 3. 
Vectorial capacity formula: here m is the number of female mosquitoes per host, a is the daily blood feeding 
rate, b is the transmission rate among exposed mosquitoes, p is the probability of daily survival, and n is 
the extrinsic incubation period (EIP). Adapted from Refs. [26, 27].
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2. Aspects of mosquito behavior and their role on the vectorial capacity

In mosquitoes, locomotor activity [31–34], host-seeking and blood feeding [35], 
digestion, mate finding and reproduction, and site choice for oviposition [36–38] 
are examples of rhythmic patterns that are recognizably modulated by extrinsic fac-
tors [39]. While these patterns have been increasingly studied, ecological interac-
tions between hematophagous females and their hosts and pathogens are not well 
understood [40]. Likewise, how female rhythms affect and are affected by males’ 
biological aspects associated with courtship and mating is still obscure [41, 42]. An 
emerging field of study, namely, “the causes and consequences of daily rhythms in 
the interactions between vectors, their hosts and the pathogens they transmit,” was 
reviewed in Rund et al. [40].

Cycles in behavior and physiology have coevolved so that the organism’s fitness 
is optimized. A shift in the rhythm of these traits may disrupt important biological 
functions leading to impacts on fertility and viability. For instance, in Drosophila, 
a shift in the time of day that food is ingested leads to a reduction in fertility [43], 
whereas maintaining the expected time for food intake leads to the benefits of an 
improved cardiac function [44]. In mosquitoes, when females engage in foraging 
or seeking for hosts, a suite of enzymes responsible for blood digestion must be 
operating, their immune response must be on to avoid pathogen infection, and their 
detoxification against insecticides must be active [40]. Therefore, breaking the 
interlocked pathways for pathogen-vector-host interactions will affect the vectorial 
capacity and the epidemiology of arboviruses.

The vectorial capacity measures the chance of emergence of new cases of 
the disease departing from one infected human host. As such, the parameters 
of behavior and physiology used in the calculation assume that mosquitoes are 
infected. Other parameters include population density, frequency of bites [26, 40], 
and transmission competency, which are directly influenced by the vector’s behav-
ior and physiology, as well as by the pathogen’s behavior and extrinsic incubation 
period (EIP) [26, 40, 45].

The magnitudes of most parameters of the vectorial capacity equation are 
highly dependent on the daily variation of locomotor/flight activity behavior. There 
are several ways of measuring the pattern of locomotor activity of insect species, 
varying from the traditional method of reporting the presence of one species in 
field traps, in different times of the day, to activity monitors and video imaging 
used in the laboratory. Data generated by all these methods are represented with 
similar graphics, where the amount of locomotor/flight activity registered at each 
time interval is plotted on a 24-h graph. Variation in activity is studied according to 
variation in a Zeitgeber, a term used for an environmental synchronizer such as light 
or temperature.

Field and laboratory studies show that A. aegypti is active during the day, with 
activity peaks at dawn and dusk and lack of activity at night [7, 9]. Because flight 
activity toward hosts is driven by olfactory signals in mosquitoes, one could expect 
that rhythms in the expression of odorant binding proteins should parallel the 
olfactory sensitivity to host odors in order to activate the behavioral output [40]. 
However, in Aedes aegypti, rhythms in olfactory sensitivity are not sufficient to 
explain the daily cycling in behavior toward hosts [39]. The authors performed elec-
troantennography assays and Y-maze olfactometer experiments using five different 
volatiles (including plants and host odors) and found that the peak of olfactory 
behavior is decoupled from the variation in olfactory sensitivity. These results sug-
gest that modulation of the behavior associated with olfactory cues happens in both 
the peripheral (antenna) and central (endogenous clock) levels.

73

The Effects of Infection on Mosquito Rhythmic Behavior
DOI: http://dx.doi.org/10.5772/intechopen.89409

Humans are the main hosts for A. aegypti females, and humans are most likely 
awake and active when these females are trying to land and blood feed. This 
imposes a risk for the mosquito. Body heat and carbon dioxide are the human fac-
tors that are the most attractive for mosquitoes [46]. The availability of these factors 
varies in a circadian way [40, 47, 48] and are subjected to changes in environmental 
conditions [40].

Light and temperature are the major environmental factors affecting the rhyth-
mic behavior of most organisms. As such, variation in these factors has a profound 
effect on the vectorial capacity. For instance, the biting rate of A. aegypti, which 
is a fundamental parameter in the calculation of the vectorial capacity, is highly 
influenced by temperature and time of day. Since females need to be active in order 
to engage in blood seeking, temperatures below 15°C and above 36°C constrain 
locomotor activity and make the number and intensity of bites to cease [3, 49].

Mating interaction is another element influencing vectorial capacity. Significant 
alterations in females’ physiology and behavior happen after copulation, when male 
accessory gland peptides are transferred along with sperm [50], though contrasting 
effects have been reported. Augmented host-seeking and blood-feeding activity [31, 
51–53], as well as an increase in oviposition rates [54, 55] and egg development [56], 
were reported, suggesting that these alterations could boost up the vectorial capacity. 
On the other hand, Lima-Camara et al. [9] have found a significant decrease in the 
mean locomotor activity after insemination and after blood feeding in females of A. 
aegypti. Although this result was reported as the daily mean of locomotor activity, 
the occurrence of a significant increase in the dusk peak of activity, which is the peak 
associated with biological functions like host-seeking and oviposition, is remarkable.

3.  The effects of infection on behavior and physiology of mosquito 
vectors

Since vectorial capacity suffers major influence of vector behavior, studying the 
degree of modulation that arbovirus exerts on A. aegypti’s behavior is a key factor 
for understanding infection dynamics and host pathogenesis. In a recent work, 
Gaburro et al. have shown that infection by Zika virus leads to neuro-excitation 
in A. aegypti’s brain, inducing changes in the mosquito’s behavior. The increase in 
neuronal spikes in infected versus non-infected females reflected on an increase in 
flight activity when females were studied in pools [57]. The authors found replicat-
ing virus in ZIKV-infected female brains, characterizing the tropism for the central 
nervous system, as well as in sensory organs like antennas and eyes, potentially 
affecting neuronal communication. Likewise, dengue virus was also found to be 
neurotropic in mosquitoes [58].

A consequence of the neurotropic characteristic of these arboviruses is the altera-
tion in the patterns of locomotor activity and feeding behavior. For instance, A. triseri-
atus becomes more avid for refeeding when infected by La Crosse virus [59, 60], while 
Aedes aegypti becomes more active when infected with serotype 2 of dengue virus 
[61] and with Zika virus when females are monitored in groups in cages (Figure 4) 
[57]. However, the assumption that virus infection would modulate behavior in a way 
to increase virus transmission and vectorial capacity is not always met. The example 
of West Nile virus indicates a possible decrease in virus transmission, where the 
mosquito vector Culex pipiens becomes less avid for host-seeking when infected with 
the virus [63]. Likewise, for individually monitored females of A. aegypti, Zika virus 
infection reduces flight activity, suggesting that infected mosquitoes may remain 
associated with closely distributed human hosts (Figure 4) [62].
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2. Aspects of mosquito behavior and their role on the vectorial capacity
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similar graphics, where the amount of locomotor/flight activity registered at each 
time interval is plotted on a 24-h graph. Variation in activity is studied according to 
variation in a Zeitgeber, a term used for an environmental synchronizer such as light 
or temperature.

Field and laboratory studies show that A. aegypti is active during the day, with 
activity peaks at dawn and dusk and lack of activity at night [7, 9]. Because flight 
activity toward hosts is driven by olfactory signals in mosquitoes, one could expect 
that rhythms in the expression of odorant binding proteins should parallel the 
olfactory sensitivity to host odors in order to activate the behavioral output [40]. 
However, in Aedes aegypti, rhythms in olfactory sensitivity are not sufficient to 
explain the daily cycling in behavior toward hosts [39]. The authors performed elec-
troantennography assays and Y-maze olfactometer experiments using five different 
volatiles (including plants and host odors) and found that the peak of olfactory 
behavior is decoupled from the variation in olfactory sensitivity. These results sug-
gest that modulation of the behavior associated with olfactory cues happens in both 
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Mating interaction is another element influencing vectorial capacity. Significant 
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[57]. However, the assumption that virus infection would modulate behavior in a way 
to increase virus transmission and vectorial capacity is not always met. The example 
of West Nile virus indicates a possible decrease in virus transmission, where the 
mosquito vector Culex pipiens becomes less avid for host-seeking when infected with 
the virus [63]. Likewise, for individually monitored females of A. aegypti, Zika virus 
infection reduces flight activity, suggesting that infected mosquitoes may remain 
associated with closely distributed human hosts (Figure 4) [62].



Vector-Borne Diseases - Recent Developments in Epidemiology and Control

74

Arbovirus infection is also responsible for changes in physiological traits impli-
cated in the estimate of the vectorial capacity. The number of female mosquitoes per 
host is one of the most important parameters of the vectorial capacity and is directly 
influenced by life history traits like the number of eggs laid by females (fecundity) 
and the number of viable offspring (fertility). These traits have been reported 
altered by arbovirus infection, although the effect varies depending on the virus. 
Dengue-infected females of A. aegypti produce a significantly lower number of eggs 
with a lower hatching rate [45], while ZIKV-infected and non-infected females do 
not show significant differences in fecundity and fertility (Figure 5) [62].

4.  Human environmental impact and the effects on vector-host 
interaction and the risk of disease transmission

Human occupation may lead to profound alterations in the environment, such 
as global warming and light pollution. Some of these changes impose new selective 
pressures to all organisms involved with the infection, say pathogens, vectors, and 
hosts, but also their predators and the vegetation used as nutrition or habitat. The 
modeling of the effects of global warming on disease transmission indicates a shift 
in the global distribution of Aedes-borne virus with mild to severe effects on the risk 
of transmission [64, 65]. Concerning light pollution, the increase in domiciliary and 
peridomiciliary lighting may extend the phase of activity of A. aegypti by a couple 

Figure 4. 
Locomotor activity of virus-infected and not infected females. (A) Females infected with serotype 2 of dengue 
virus (modified from [61]). (B) Females infected with Zika virus (modified from [62]). The Zeitgeber time 
means the time passed, in hours, after light is turned on.

Figure 5. 
Effect of Zika virus infection on the fecundity (A) and fertility (B) of Aedes aegypti females, on the third 
gonotrophic cycles. The lack of significance is represented by p values >0.05 obtained by using the nonparametric 
Mann-Whitney tests. Error bars represent mean ± s.d of three independent experiments (modified from [62]).
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of hours, which may raise the biting rate and the chance of arbovirus transmission. 
A recent work showed that artificial lighting at night make house sparrows, the 
reservoirs of West Nile virus, to become infectious for a period of 2 days longer 
than house sparrows that get dark nights [66]. This leads to an increase of 41% in 
the potential of disease outbreak. Comparatively, in light-night areas, nocturnal 
mosquitoes like Anopheles species will begin their phase of activity when human 
hosts are still active and not under a bed net, leading to a higher chance of malaria 
transmission [46].

Altogether, both vectors and hosts undergo behavioral and physiological changes 
triggered by the virus infection, and in turn, the influence of environmental varia-
tion is behind all facets of this interaction. The next section will discuss the endog-
enous mechanisms regulating rhythmic behavior and physiology, as well as the role 
of environmental factors on synchronizing these rhythms.

5. Molecular control of the behavior

The different behaviors exhibited by mosquitoes are, in general, driven by 
internal biological clocks that generate circadian rhythms. These rhythms present 
a period of nearly, but not exactly, 24 h and are responsible for responses such as 
host-seeking, breeding site seeking, activity, and rest, among others [67].

These rhythms are directly influenced by natural cues from the environment, 
and the most important ones are the light/dark and the temperature cycles. These 
stimuli are received by specific receptors, like photoreceptors (in the eyes and head) 
and thermoreceptors (along the whole body) and are transmitted to the internal 
pacemaker or the biological clock itself. Thus, a rhythm or a physiological response 
is generated from the interaction of the stimuli with the pacemaker neurons [68].

The pacemaker neurons are so-called because they express the clock genes, 
which are the components of the circadian clock. These genes interact with each 
other and recruit kinases, phosphatases, and transcription factors to generate oscil-
lating expression in a 24-h cycle [69]. They are also responsible for the regulation of 
many other genes, the clock-controlled genes (CCGs), that are directly associated 
with tissue-specific functions [70].

Drosophila melanogaster is the insect model for studying circadian rhythm, but 
it is already known that many features of the circadian clock of other insects differ 
considerably from the fly clock. The Drosophila clock is formed by three intercon-
nected autoregulatory loops, in which the proteins coded by Clock (Clk) and cycle 
(cyc) genes play a central role. In the first loop, the heterodimer CLK-CYC binds to 
an E-box sequence in the promoter region of period (per) and timeless (tim) genes, 
activating their transcription. Once in the cytoplasm, the transcripts are translated 
into proteins that accumulate during the early night and later enter the nucleus to 
repress their own transcription. This cycle lasts 24 h due to the posttranslational 
modifications controlled by the activity of kinases such as DOUBLETIME (DBT), 
CASEIN KINASE 2A (CK2A), and SHAGGY (SGG), which together with phos-
phatases such as PP2A stabilize PER and TIM [71, 72]. In the second loop, two 
transcription factors, VRI and PDP1e, are involved, respectively, in the repression 
and activation of Clk and cyc genes. Finally, a third interconnected loop involves the 
activation of clockwork orange (cwo) gene and the repression exerted by its product, 
CWO, in PER targets [73]. Figure 6 summarizes the D. melanogaster molecular 
circadian clock.

An interesting feature of this clock is its property of environmental synchro-
nization, which adjusts the period to exactly 24 h. One of the most important 
 synchronizers (or Zeitgebers) is light. The light-induced resetting mechanism is 
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of hours, which may raise the biting rate and the chance of arbovirus transmission. 
A recent work showed that artificial lighting at night make house sparrows, the 
reservoirs of West Nile virus, to become infectious for a period of 2 days longer 
than house sparrows that get dark nights [66]. This leads to an increase of 41% in 
the potential of disease outbreak. Comparatively, in light-night areas, nocturnal 
mosquitoes like Anopheles species will begin their phase of activity when human 
hosts are still active and not under a bed net, leading to a higher chance of malaria 
transmission [46].

Altogether, both vectors and hosts undergo behavioral and physiological changes 
triggered by the virus infection, and in turn, the influence of environmental varia-
tion is behind all facets of this interaction. The next section will discuss the endog-
enous mechanisms regulating rhythmic behavior and physiology, as well as the role 
of environmental factors on synchronizing these rhythms.

5. Molecular control of the behavior

The different behaviors exhibited by mosquitoes are, in general, driven by 
internal biological clocks that generate circadian rhythms. These rhythms present 
a period of nearly, but not exactly, 24 h and are responsible for responses such as 
host-seeking, breeding site seeking, activity, and rest, among others [67].

These rhythms are directly influenced by natural cues from the environment, 
and the most important ones are the light/dark and the temperature cycles. These 
stimuli are received by specific receptors, like photoreceptors (in the eyes and head) 
and thermoreceptors (along the whole body) and are transmitted to the internal 
pacemaker or the biological clock itself. Thus, a rhythm or a physiological response 
is generated from the interaction of the stimuli with the pacemaker neurons [68].

The pacemaker neurons are so-called because they express the clock genes, 
which are the components of the circadian clock. These genes interact with each 
other and recruit kinases, phosphatases, and transcription factors to generate oscil-
lating expression in a 24-h cycle [69]. They are also responsible for the regulation of 
many other genes, the clock-controlled genes (CCGs), that are directly associated 
with tissue-specific functions [70].

Drosophila melanogaster is the insect model for studying circadian rhythm, but 
it is already known that many features of the circadian clock of other insects differ 
considerably from the fly clock. The Drosophila clock is formed by three intercon-
nected autoregulatory loops, in which the proteins coded by Clock (Clk) and cycle 
(cyc) genes play a central role. In the first loop, the heterodimer CLK-CYC binds to 
an E-box sequence in the promoter region of period (per) and timeless (tim) genes, 
activating their transcription. Once in the cytoplasm, the transcripts are translated 
into proteins that accumulate during the early night and later enter the nucleus to 
repress their own transcription. This cycle lasts 24 h due to the posttranslational 
modifications controlled by the activity of kinases such as DOUBLETIME (DBT), 
CASEIN KINASE 2A (CK2A), and SHAGGY (SGG), which together with phos-
phatases such as PP2A stabilize PER and TIM [71, 72]. In the second loop, two 
transcription factors, VRI and PDP1e, are involved, respectively, in the repression 
and activation of Clk and cyc genes. Finally, a third interconnected loop involves the 
activation of clockwork orange (cwo) gene and the repression exerted by its product, 
CWO, in PER targets [73]. Figure 6 summarizes the D. melanogaster molecular 
circadian clock.

An interesting feature of this clock is its property of environmental synchro-
nization, which adjusts the period to exactly 24 h. One of the most important 
 synchronizers (or Zeitgebers) is light. The light-induced resetting mechanism is 
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dependent upon CRYPTOCHROME (CRY), which is a photoreceptor that induces 
TIM phosphorylation and leads it to degradation via proteossome [74, 75]. Other 
stimuli act as Zeitgebers, such as temperature and food, and their importance varies 
from species to species. In A. aegypti, temperature cycles are a very strong environmen-
tal cue, although the molecular mechanisms for entrainment are still unknown [76].

Molecular studies regarding the circadian clock in A. aegypti have been purely 
descriptive, because of the lack of genetic tools to unravel the function of clock 
genes in this species. Moreover, the phylogenetic distance between Aedes aegypti and 
Drosophila melanogaster implies significant differences between the two species in 
several biological aspects, beyond the circadian expression pattern. One significant 
difference is the presence, in A. aegypti, of a second cryptochrome gene, called 
cryptochrome 2 (cry2), which does not exist in D. melanogaster [77]. This orthologue 
in mammals is a transcriptional repressor [78], and some studies done in Danaus 
plexippus confirmed this function in monarch butterflies [79]. Therefore, it is 
reasonable that this gene also plays this role in mosquitoes as well.

In a general manner, the circadian expression pattern of the main clock genes 
in A. aegypti under light dark cycles (LD12:12, which means 12 h of light followed 
by 12 h of dark) and constant temperature presents some similarities to what is 
observed in the D. melanogaster model. Genes per and tim present a cyclic mRNA 
expression with a peak in ZT 17, in the middle of the dark phase, and vri mRNA 
peak expression occurs some hours earlier than Pdp1 mRNA peak expression (ZT 
11 × ZT 17, respectively). However, two striking differences in relation to the 
Drosophila clock can be seen. The first one is related to the expression of the genes 
that encode the transcriptional activators, Clk and cyc. In Drosophila, Clk is the 

Figure 6. 
The molecular circadian clock of Drosophila melanogaster. The heterodimer CLK-CYC plays a crucial role in 
the maintenance of the 24-h cycle, integrating the three regulatory feedback loops. In the first loop, CLK-CYC 
binds to the E-box regions in per and tim promoters and activates their transcription. Once in the cytoplasm, 
they are translated into proteins and suffer posttranslational modifications, caused by kinases and phosphatases. 
Once they can accumulate, the heterodimer PER-TIM enters in the nucleus and represses its own transcription. 
In the second loop, CLK-CYC heterodimer binds to E-boxes and activates vri and Pdp1ε transcription. VRI 
binds to V/P boxes and inhibits Clk transcription, while PDP1ε accumulates a few hours later and shifts VRI 
from V/P box and activates Clk transcription. Finally, the third loop is related to the activation of clockwork 
orange gene and the inhibition of CLK-CYC by this gene product. The light synchronization is fired by a 
conformational change of CRY, which allows it to bind to TIM and leads to its degradation via proteasome, 
reinitiating the cycle. Straight arrows indicate following steps in the feedback loops; curved arrows indicate 
activation interactions; blocked line indicates inhibitory interaction. Colored forms represent proteins and wavy 
lines represent the mRNA. Based on [71, 72].
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main activator and presents a peak mRNA expression in antiphase to per and tim, 
whereas cyc presents a constitutive mRNA expression. On the contrary, A. aegypti 
Clk mRNA expression is arrhythmic, while cyc presents a very robust mRNA cycling 
pattern [8, 80]. Some years later, when Clk and cyc nucleotides and corresponding 
proteins were characterized, it was observed that the brain and muscle ARNT-like 
(BMAL) C-terminus region (BCTR) activation domain is missing in Drosophila 
CYC protein but is present in A. aegypti CYC protein [81]. These data can partially 
explain the variations in Clk and cyc expression pattern and suggest that there is a 
dissimilarity in circadian regulation between the two species. The second differ-
ence is related to the presence of the cry2 gene and its bimodal mRNA expression 
pattern. As mentioned above, cry2 gene is present in A. aegypti and other Diptera 
but is absent in D. melanogaster [77]. According to putative clock models proposed 
by Yuan et al. in 2007, the presence or absence of cryptochrome genes may lead to 
crucial modifications in clock regulation.

5.1 The pacemaker neurons in insects

Clock genes are expressed in specific groups of neurons called pacemaker neurons, 
in the central nervous system of the organism, and are identified as pacemakers due 
to PER expression [82]. However, the distribution of these cells in the brain can vary 
from species to species; while in Manduca sexta, the pacemaker is located in the dorsal 
protocerebrum, in Pachnoda marginata it is located in the proximal optic lobe [82]. In 
Drosophila, around 150 clock neurons are located in the lateral protocerebrum, close 
to optic lobe and in the dorsal protocerebrum. The lateral neurons are subdivided in 
ventrolateral neurons (LNvs), dorsolateral neurons (LNds), lateral posterior neurons 
(LPNs), and dorsal neurons (DNs) [83]. Each group expresses the clock genes and 
communicates with each other according to different neurotransmitters, such as 
pigment-dispersing factor (PDF), which is the most well known [84]. Depending 
on the combination between neurotransmitters and hormone signaling among the 
neurons and clock genes’ expression during the time of day, distinct neuronal clusters 
are responsible for different behaviors, such as feeding (which is regulated by the 
dorsolateral neurons) or temperature preference (regulated by dorsal neurons). On 
the other hand, the locomotor behavior, for instance, recruits all groups of neurons, 
which interact with each other to generate activity and rest along the 24-h day [72].

In A. aegypti there is not yet a map of the pacemaker neurons. However, it is 
described that some clustered neurons present a cycling expression of cyc and per 
mRNAs in antiphase, which strongly indicates that the areas where pacemaker 
neurons are found are similar to those observed in D. melanogaster [85]. Regarding 
the arbovirus infection, it was observed that both DENV and ZIKV are able to 
impact the neurons’ spike activity in opposite manners. While ZIKV infection leads 
to hyperexcitation in a primary neuron culture, DENV2 infection does not seem 
to alter the spikes. Moreover, ZIKV reaches a plateau in replication around 2 dpi, 
whereas DENV2 initially decreases its replication and follows an increase in virus 
titers until 3 dpi [57]. It was already observed that ZIKV presents a strong neurot-
ropism in mosquitoes [57], but it was not possible to associate the infected cells 
with clock neurons. Additional studies are necessary to establish the relationship 
between arbovirus infection and the pacemaker cells.

6. Conclusions

It is known that the virus-host interaction has a crucial importance in the 
spreading of a pathogen, since mutations in the viral genome or the genetic 
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cryptochrome 2 (cry2), which does not exist in D. melanogaster [77]. This orthologue 
in mammals is a transcriptional repressor [78], and some studies done in Danaus 
plexippus confirmed this function in monarch butterflies [79]. Therefore, it is 
reasonable that this gene also plays this role in mosquitoes as well.

In a general manner, the circadian expression pattern of the main clock genes 
in A. aegypti under light dark cycles (LD12:12, which means 12 h of light followed 
by 12 h of dark) and constant temperature presents some similarities to what is 
observed in the D. melanogaster model. Genes per and tim present a cyclic mRNA 
expression with a peak in ZT 17, in the middle of the dark phase, and vri mRNA 
peak expression occurs some hours earlier than Pdp1 mRNA peak expression (ZT 
11 × ZT 17, respectively). However, two striking differences in relation to the 
Drosophila clock can be seen. The first one is related to the expression of the genes 
that encode the transcriptional activators, Clk and cyc. In Drosophila, Clk is the 

Figure 6. 
The molecular circadian clock of Drosophila melanogaster. The heterodimer CLK-CYC plays a crucial role in 
the maintenance of the 24-h cycle, integrating the three regulatory feedback loops. In the first loop, CLK-CYC 
binds to the E-box regions in per and tim promoters and activates their transcription. Once in the cytoplasm, 
they are translated into proteins and suffer posttranslational modifications, caused by kinases and phosphatases. 
Once they can accumulate, the heterodimer PER-TIM enters in the nucleus and represses its own transcription. 
In the second loop, CLK-CYC heterodimer binds to E-boxes and activates vri and Pdp1ε transcription. VRI 
binds to V/P boxes and inhibits Clk transcription, while PDP1ε accumulates a few hours later and shifts VRI 
from V/P box and activates Clk transcription. Finally, the third loop is related to the activation of clockwork 
orange gene and the inhibition of CLK-CYC by this gene product. The light synchronization is fired by a 
conformational change of CRY, which allows it to bind to TIM and leads to its degradation via proteasome, 
reinitiating the cycle. Straight arrows indicate following steps in the feedback loops; curved arrows indicate 
activation interactions; blocked line indicates inhibitory interaction. Colored forms represent proteins and wavy 
lines represent the mRNA. Based on [71, 72].
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main activator and presents a peak mRNA expression in antiphase to per and tim, 
whereas cyc presents a constitutive mRNA expression. On the contrary, A. aegypti 
Clk mRNA expression is arrhythmic, while cyc presents a very robust mRNA cycling 
pattern [8, 80]. Some years later, when Clk and cyc nucleotides and corresponding 
proteins were characterized, it was observed that the brain and muscle ARNT-like 
(BMAL) C-terminus region (BCTR) activation domain is missing in Drosophila 
CYC protein but is present in A. aegypti CYC protein [81]. These data can partially 
explain the variations in Clk and cyc expression pattern and suggest that there is a 
dissimilarity in circadian regulation between the two species. The second differ-
ence is related to the presence of the cry2 gene and its bimodal mRNA expression 
pattern. As mentioned above, cry2 gene is present in A. aegypti and other Diptera 
but is absent in D. melanogaster [77]. According to putative clock models proposed 
by Yuan et al. in 2007, the presence or absence of cryptochrome genes may lead to 
crucial modifications in clock regulation.

5.1 The pacemaker neurons in insects

Clock genes are expressed in specific groups of neurons called pacemaker neurons, 
in the central nervous system of the organism, and are identified as pacemakers due 
to PER expression [82]. However, the distribution of these cells in the brain can vary 
from species to species; while in Manduca sexta, the pacemaker is located in the dorsal 
protocerebrum, in Pachnoda marginata it is located in the proximal optic lobe [82]. In 
Drosophila, around 150 clock neurons are located in the lateral protocerebrum, close 
to optic lobe and in the dorsal protocerebrum. The lateral neurons are subdivided in 
ventrolateral neurons (LNvs), dorsolateral neurons (LNds), lateral posterior neurons 
(LPNs), and dorsal neurons (DNs) [83]. Each group expresses the clock genes and 
communicates with each other according to different neurotransmitters, such as 
pigment-dispersing factor (PDF), which is the most well known [84]. Depending 
on the combination between neurotransmitters and hormone signaling among the 
neurons and clock genes’ expression during the time of day, distinct neuronal clusters 
are responsible for different behaviors, such as feeding (which is regulated by the 
dorsolateral neurons) or temperature preference (regulated by dorsal neurons). On 
the other hand, the locomotor behavior, for instance, recruits all groups of neurons, 
which interact with each other to generate activity and rest along the 24-h day [72].

In A. aegypti there is not yet a map of the pacemaker neurons. However, it is 
described that some clustered neurons present a cycling expression of cyc and per 
mRNAs in antiphase, which strongly indicates that the areas where pacemaker 
neurons are found are similar to those observed in D. melanogaster [85]. Regarding 
the arbovirus infection, it was observed that both DENV and ZIKV are able to 
impact the neurons’ spike activity in opposite manners. While ZIKV infection leads 
to hyperexcitation in a primary neuron culture, DENV2 infection does not seem 
to alter the spikes. Moreover, ZIKV reaches a plateau in replication around 2 dpi, 
whereas DENV2 initially decreases its replication and follows an increase in virus 
titers until 3 dpi [57]. It was already observed that ZIKV presents a strong neurot-
ropism in mosquitoes [57], but it was not possible to associate the infected cells 
with clock neurons. Additional studies are necessary to establish the relationship 
between arbovirus infection and the pacemaker cells.

6. Conclusions

It is known that the virus-host interaction has a crucial importance in the 
spreading of a pathogen, since mutations in the viral genome or the genetic 
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background of a mosquito population can enhance or even inhibit the replication of 
the virus in the mosquito. Beyond this genetic interaction, behavior is also directly 
related to the vectorial capacity of A. aegypti. Reports about the influence of the 
viral infection on several mosquitoes’ behaviors have been increasing along the 
years. However, we still do not know the way arboviruses modulate the expression 
of the core clock genes that control behavior. It is even possible that infection does 
not have a direct effect on the core clock genes themselves but possibly on the genes 
regulated by them, leading to alterations in behavior and, consequently, impacts 
on the vectorial capacity. Improving the knowledge on behavioral traits that are 
susceptible to infection-driven changes (e.g., time-of-day biting activity, time-of-
day mating behavior, time-of-day oviposition behavior) can increase the efficacy of 
strategies of vector control.
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Chapter 7

Metabarcoding: A Powerful Yet 
Still Underestimated Approach 
for the Comprehensive Study 
of Vector-Borne Pathogen 
Transmission Cycles and Their 
Dynamics
Anette Hernández-Andrade, Joel Moo-Millan, 
Nohemi Cigarroa-Toledo, Angel Ramos-Ligonio, 
Claudia Herrera, Bruno Bucheton, Jean-Mathieu Bart, 
Vincent Jamonneau, Anne-Laure Bañuls, Christophe Paupy, 
David Roiz, Denis Sereno, Carlos N. Ibarra-Cerdeña, 
Carlos Machaín-Williams, Julián García-Rejón, 
Sébastien Gourbière, Christian Barnabé, Jenny Telleria, 
Bruno Oury, Frédérique Brenière, Frédéric Simard, 
Miguel Rosado, Philippe Solano, Eric Dumonteil  
and Etienne Waleckx

Abstract

The implementation of sustainable control strategies aimed at disrupting the 
transmission of vector-borne pathogens requires a comprehensive knowledge of 
the vector ecology in the different eco-epidemiological contexts, as well as the local 
pathogen transmission cycles and their dynamics. However, even when focus-
ing only on one specific vector-borne disease, achieving this knowledge is highly 
challenging, as the pathogen may exhibit a high genetic diversity and multiple 
vector species or subspecies and host species may be involved. In addition, the 
development of the pathogen and the vectorial capacity of the vectors may be 
affected by their midgut and/or salivary gland microbiome. The recent advent of 
Next-Generation Sequencing (NGS) technologies has brought powerful tools that 
can allow for the simultaneous identification of all these essential components, 
although their potential is only just starting to be realized. We present a metabar-
coding approach that can facilitate the description of comprehensive host-pathogen 
networks, integrate important microbiome and coinfection data, identify at-risk 
situations, and disentangle the transmission cycles of vector-borne pathogens.  
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Abstract

The implementation of sustainable control strategies aimed at disrupting the 
transmission of vector-borne pathogens requires a comprehensive knowledge of 
the vector ecology in the different eco-epidemiological contexts, as well as the local 
pathogen transmission cycles and their dynamics. However, even when focus-
ing only on one specific vector-borne disease, achieving this knowledge is highly 
challenging, as the pathogen may exhibit a high genetic diversity and multiple 
vector species or subspecies and host species may be involved. In addition, the 
development of the pathogen and the vectorial capacity of the vectors may be 
affected by their midgut and/or salivary gland microbiome. The recent advent of 
Next-Generation Sequencing (NGS) technologies has brought powerful tools that 
can allow for the simultaneous identification of all these essential components, 
although their potential is only just starting to be realized. We present a metabar-
coding approach that can facilitate the description of comprehensive host-pathogen 
networks, integrate important microbiome and coinfection data, identify at-risk 
situations, and disentangle the transmission cycles of vector-borne pathogens.  
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This powerful approach should be generalized to unravel the transmission cycles of 
any pathogen and their dynamics, which in turn will help the design and implemen-
tation of sustainable, effective, and locally adapted control strategies.

Keywords: vector-borne diseases, transmission cycles, vector ecology, behavior, 
metabarcoding, next-generation sequencing (NGS), blood meals, microbiome, 
EcoHealth, One Health

1. Introduction

Vector-borne diseases affecting human health are caused by pathogens trans-
mitted by “living organisms” between humans or from animals to humans. These 
“living organisms” are known as “vectors,” which generally are bloodsucking 
arthropods, such as mosquitoes, ticks, flies, sandflies, fleas, or triatomine bugs. 
These arthropods ingest disease-producing microorganisms during a blood meal 
from an infected host (human or animal) and later transmit it to a new host dur-
ing their subsequent blood meals [1]. According to the World Health Organization 
(WHO), vector-borne diseases, such as malaria, dengue, human African trypano-
somiasis, leishmaniasis, Chagas disease, yellow fever, Japanese encephalitis, or 
onchocerciasis, account for almost 20% of all infectious diseases worldwide. They 
cause more than 700,000 deaths annually, and more than half of the world’s popu-
lation is estimated to be at risk of these diseases [1]. They are a major obstacle to 
development, and the poorest segments of societies and least-developed countries 
are the most affected. The most deadly vector-borne disease, malaria, causes more 
than 400,000 deaths annually, mainly children under 5 years. However, the world’s 
fastest-growing vector-borne disease is dengue, with a 30-fold increase in disease 
incidence over the last 50 years [1, 2]. Currently, there is an estimation of 96 million 
cases of dengue per year, and more than 3.9 billion people in over 128 countries are 
at risk of contracting this disease [1, 3]. Chagas disease, which is one of the primary 
study models of our research group and classified by the WHO within the group 
of Neglected Tropical Diseases (NTDs), is a major public health problem in Latin 
America where 6–7 million people are currently infected [4, 5].

The control of vector-borne diseases relies mainly on control programs targeted 
against the different vectors. Nevertheless, the efficiency of the different vector 
control strategies is highly linked to the local ecology of the vectors [6], which in 
turn defines local transmission cycles. Consequently, for the implementation of 
sustainable control strategies aimed at disrupting the transmission of vector-borne 
pathogens, comprehensive knowledge of the vector ecology and behavior in the dif-
ferent eco-epidemiological contexts, as well as the local transmission cycles of the 
pathogens and their dynamics, is an essential need. However, even when focusing 
only on one specific vector-borne disease, achieving this knowledge is challeng-
ing. Indeed, the pathogen may exhibit a high genetic diversity, and multiple vector 
species or subspecies and host species may be involved. In addition, the develop-
ment of the pathogen and the vectorial capacity of the vectors may be affected 
by their midgut and/or salivary gland microbiome. Sometimes, many pathogen 
species can also be involved. For example, leishmaniases are caused by more than 20 
Leishmania species [7].

The recent advent of Next-Generation Sequencing (NGS) technologies has 
brought powerful tools, with enormous potential, allowing the simultaneous iden-
tification of all these components for the understanding of the eco-epidemiology of 
vector-borne diseases. Nevertheless, their potential is only just starting to be real-
ized. Here, we present a metabarcoding approach based on NGS that can facilitate 
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the creation of comprehensive host-pathogen networks, integrate important 
microbiome and coinfection data, identify at-risk situations, and disentangle the 
transmission cycles of vector-borne pathogens.

2.  Complexity of vector-borne pathogen transmission cycles and their 
dynamics

The transmission cycles of vector-borne pathogens are shaped by the ecology 
and behavior of hosts and vectors in their specific environments and defined by the 
specific interactions between the vectors, the pathogens, and their hosts (which also 
act as blood-feeding sources of the vectors) [8]. Consequently, the comprehensive 
identification of these interactions is critical to disentangle transmission cycles and 
understand their dynamics. In most cases, an extraordinary diversity of organisms 
is involved, making the identification of those interactions challenging. In the case 
of Chagas disease, for example, the causative agent, a protozoan parasite called 
Trypanosoma cruzi, presents a very high genetic diversity, which has been classi-
fied into seven discrete typing units (DTUs) [9]. These DTUs are transmitted by 
more than 140 triatomine species, which live in a very wide variety of ecotopes and 
bioclimatic conditions [10], to more than 180 mammalian species, including wild 
animals, domestic animals, and human [11, 12]. In parallel, triatomines also take 
blood meals upon animals which are refractory to T. cruzi infection, called incom-
petent hosts, such as birds, reptiles, and amphibians [13, 14] (Figure 1). Finally, 
the establishment and development of the parasite and the vectorial capacity of the 
triatomines could be affected by the composition of their midgut microbiome [15], 
as has been shown for other vectors. For example, the development of Trypanosoma 
brucei, the agent of African trypanosomiasis, in its tsetse fly vector, is directly 
influenced by a microbiome-regulated gut immune barrier [16]. In the same way, 

Figure 1. 
Complexity of T. cruzi transmission cycles. The parasite is divided into seven genetic subgroups (DTUs), which 
are transmitted by more than 140 triatomine species to more than 180 mammalian species, including wild 
animals, domestic animals, and human. In parallel, triatomines also take blood meals upon animals which are 
refractory to T. cruzi infection (incompetent hosts). Figure adapted from [25].
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against the different vectors. Nevertheless, the efficiency of the different vector 
control strategies is highly linked to the local ecology of the vectors [6], which in 
turn defines local transmission cycles. Consequently, for the implementation of 
sustainable control strategies aimed at disrupting the transmission of vector-borne 
pathogens, comprehensive knowledge of the vector ecology and behavior in the dif-
ferent eco-epidemiological contexts, as well as the local transmission cycles of the 
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ment of the pathogen and the vectorial capacity of the vectors may be affected 
by their midgut and/or salivary gland microbiome. Sometimes, many pathogen 
species can also be involved. For example, leishmaniases are caused by more than 20 
Leishmania species [7].
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brought powerful tools, with enormous potential, allowing the simultaneous iden-
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the creation of comprehensive host-pathogen networks, integrate important 
microbiome and coinfection data, identify at-risk situations, and disentangle the 
transmission cycles of vector-borne pathogens.

2.  Complexity of vector-borne pathogen transmission cycles and their 
dynamics

The transmission cycles of vector-borne pathogens are shaped by the ecology 
and behavior of hosts and vectors in their specific environments and defined by the 
specific interactions between the vectors, the pathogens, and their hosts (which also 
act as blood-feeding sources of the vectors) [8]. Consequently, the comprehensive 
identification of these interactions is critical to disentangle transmission cycles and 
understand their dynamics. In most cases, an extraordinary diversity of organisms 
is involved, making the identification of those interactions challenging. In the case 
of Chagas disease, for example, the causative agent, a protozoan parasite called 
Trypanosoma cruzi, presents a very high genetic diversity, which has been classi-
fied into seven discrete typing units (DTUs) [9]. These DTUs are transmitted by 
more than 140 triatomine species, which live in a very wide variety of ecotopes and 
bioclimatic conditions [10], to more than 180 mammalian species, including wild 
animals, domestic animals, and human [11, 12]. In parallel, triatomines also take 
blood meals upon animals which are refractory to T. cruzi infection, called incom-
petent hosts, such as birds, reptiles, and amphibians [13, 14] (Figure 1). Finally, 
the establishment and development of the parasite and the vectorial capacity of the 
triatomines could be affected by the composition of their midgut microbiome [15], 
as has been shown for other vectors. For example, the development of Trypanosoma 
brucei, the agent of African trypanosomiasis, in its tsetse fly vector, is directly 
influenced by a microbiome-regulated gut immune barrier [16]. In the same way, 

Figure 1. 
Complexity of T. cruzi transmission cycles. The parasite is divided into seven genetic subgroups (DTUs), which 
are transmitted by more than 140 triatomine species to more than 180 mammalian species, including wild 
animals, domestic animals, and human. In parallel, triatomines also take blood meals upon animals which are 
refractory to T. cruzi infection (incompetent hosts). Figure adapted from [25].
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the sand fly midgut microbiome is a critical factor for Leishmania growth and dif-
ferentiation to its infective state prior to disease transmission [17]. Gut microbiome 
similarly modulates dengue virus infection in Aedes aegypti mosquitoes [18, 19], 
and microbiome manipulation may be used to control virus transmission [20, 21]. 
Similar observations exist for other vector/pathogen systems, such as ticks and 
the causative agent of Lyme disease [22], or malaria vectors [23], in which salivary 
gland microbiome may also play a role [24].

3.  Metabarcoding: a highly sensitive and integrative approach to 
disentangle vector-borne pathogen transmission cycles

NGS technologies can generate millions of sequencing reads in parallel. This 
massive throughput sequencing capacity can produce sequence reads from frag-
mented libraries of a specific genome (i.e., genome sequencing) or from a pool of 
PCR products. Metabarcoding approaches rely on this technology where a large 
number of different amplicons of taxonomic informative genes (barcodes) can be 
sequenced. While metagenomics refers to the identification of all genomes within 
a particular ecosystem or sample, metabarcoding aims to identify only a subset of 
them (those that are of interest for a particular question) by sequencing of millions 
of different amplicons of these barcodes, without a necessity for cloning  
(i.e., sequences are obtained directly from a mix of different amplicons of different 
barcodes of interest) [26].

Consequently, in the case of vector-borne pathogens, starting only from the 
vectors as biological samples, it is possible to target and amplify well-chosen 
molecular markers (barcodes) of interest with universal primer sets to identify 
the different actors of transmission cycles (e.g., vertebrate blood sources, midgut 
microbiome, pathogen diversity, and vector diversity [27]). Other ecological 
interactions which are not directly involved in the transmission cycles but relevant 
for the understanding of the vector ecology and the dynamics of the transmission 
cycles (e.g., plant-feeding sources, sometimes required as a source of energy for 
routine activities such as flight, mating, and walking or a source of protein for 
maturation of eggs [28]) can also be identified. A schematic representation of the 
metabarcoding approach for the identification of ecological interactions of disease 
vectors is given in Figure 2. After purification of the total DNA (and RNA if work-
ing with RNA pathogens) contained in each vector midgut (and salivary glands, 
depending on the kind of vector) (1), molecular markers (barcodes) of interest 
are PCR amplified (after RT-PCR if working with RNA pathogens) (2). Then, to 
identify samples, a tag/index is added to each PCR product (amplicon). The same 
tag is used for all the amplicons obtained from a single sample (3). After high-
throughput sequencing (4), the millions of reads (5) are sorted per sample thanks 
to the tags added to each amplicon (6).

Currently, the most common systems provide up to 384 different tags and 
25 million reads per sequencing run. The depth (i.e., the number of reads or the 
number of sequences) obtained per molecular marker and sample depends on the 
number of labeled samples and the number of markers amplified per sample.  
For instance, if we amplify 10 molecular markers for 100 vector specimens and 
run at a depth of 25 million sequences, about 250,000 reads per vector specimen 
and 25,000 reads per marker and specimen will be theoretically obtained. This 
kind of multiplexing allows to considerably lower sequencing costs per sample. 
Downstream analyses with bioinformatics tools, such as those provided on the open 
access Galaxy platform [29], allows to obtain and identify the sequences corre-
sponding to each targeted marker for each vector specimen. This approach is thus 
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extremely powerful to further reconstitute the pathogen transmission cycles and 
understand its dynamics, since it can reveal, after adequate analyses, all the exist-
ing ecological interactions thanks to the simultaneous identification and for each 
specimen of its species or subspecies, its blood-feeding source(s), the pathogen(s) 
of interest, the species or lineage(s) of the pathogen(s) of interest, the composi-
tion of its midgut microbiome, of its salivary gland microbiome, its plant-feeding 
source(s), mutations associated with insecticide resistance, etc.

4.  Unraveling T. cruzi transmission cycles in the Yucatan peninsula 
(Mexico): an example of the metabarcoding approach use

As a proof of concept, we recently performed a pilot study of the metabarcoding 
approach presented above using Chagas disease in the Yucatan peninsula (Mexico) 
[27]. In this region, T. dimidiata is the main vector, and different genetic subgroups 
of this species [30–32] live in sympatry [33]. The different molecular markers we 
selected for our metabarcoding approach are described below: (i) to classify T. 
dimidiata in its different genetics subgroups, we used primers targeting the Internal 
Transcribed Spacer ITS-2 as previously described [34]; (ii) for blood-feeding source 
identification, we used vertebrate universal primers targeting the 12S rRNA gene 
[35]; (iii) for T. cruzi, we used primers targeting the mini-exon gene, allowing 
further classification of the parasite in its different DTUs [36]; and (iv) finally, we 
used universal primers targeting the bacterial 16S rRNA gene to identify bacte-
rial microbiome composition [37]. This way, we aimed to determine if there were 
detectable interaction patterns between the genetic subgroups of T. dimidiata, their 
blood-feeding hosts, the infection with T. cruzi, the parasite DTUs, and the micro-
biome composition, allowing elucidating at finer scales the T. cruzi transmission 
cycles in the study area.

This study, which was based on 14 T. dimidiata bugs collected in wild as well as 
in domestic ecotopes, evidences the feasibility and high sensibility of the proposed 
approach [27]. For example, we identified an average number of blood-feeding 
species per bug of 4.9 ± 0.7 and up to 7 blood-feeding species and 11 blood-feeding 
individuals in a single bug. Contrastingly, current techniques based on direct 
sequencing of PCR products can only identify the dominant sequence/host in each 
sample [38], while the addition of a cloning step prior to sequencing generally 

Figure 2. 
Schematic representation of the metabarcoding approach for the identification of ecological interactions of 
disease vectors. Figure adapted from [25].
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the sand fly midgut microbiome is a critical factor for Leishmania growth and dif-
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25 million reads per sequencing run. The depth (i.e., the number of reads or the 
number of sequences) obtained per molecular marker and sample depends on the 
number of labeled samples and the number of markers amplified per sample.  
For instance, if we amplify 10 molecular markers for 100 vector specimens and 
run at a depth of 25 million sequences, about 250,000 reads per vector specimen 
and 25,000 reads per marker and specimen will be theoretically obtained. This 
kind of multiplexing allows to considerably lower sequencing costs per sample. 
Downstream analyses with bioinformatics tools, such as those provided on the open 
access Galaxy platform [29], allows to obtain and identify the sequences corre-
sponding to each targeted marker for each vector specimen. This approach is thus 

89

Metabarcoding: A Powerful Yet Still Underestimated Approach for the Comprehensive Study…
DOI: http://dx.doi.org/10.5772/intechopen.89839

extremely powerful to further reconstitute the pathogen transmission cycles and 
understand its dynamics, since it can reveal, after adequate analyses, all the exist-
ing ecological interactions thanks to the simultaneous identification and for each 
specimen of its species or subspecies, its blood-feeding source(s), the pathogen(s) 
of interest, the species or lineage(s) of the pathogen(s) of interest, the composi-
tion of its midgut microbiome, of its salivary gland microbiome, its plant-feeding 
source(s), mutations associated with insecticide resistance, etc.

4.  Unraveling T. cruzi transmission cycles in the Yucatan peninsula 
(Mexico): an example of the metabarcoding approach use

As a proof of concept, we recently performed a pilot study of the metabarcoding 
approach presented above using Chagas disease in the Yucatan peninsula (Mexico) 
[27]. In this region, T. dimidiata is the main vector, and different genetic subgroups 
of this species [30–32] live in sympatry [33]. The different molecular markers we 
selected for our metabarcoding approach are described below: (i) to classify T. 
dimidiata in its different genetics subgroups, we used primers targeting the Internal 
Transcribed Spacer ITS-2 as previously described [34]; (ii) for blood-feeding source 
identification, we used vertebrate universal primers targeting the 12S rRNA gene 
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This study, which was based on 14 T. dimidiata bugs collected in wild as well as 
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approach [27]. For example, we identified an average number of blood-feeding 
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Figure 2. 
Schematic representation of the metabarcoding approach for the identification of ecological interactions of 
disease vectors. Figure adapted from [25].
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allows detecting up to three to five host species in some bugs [14, 39–41]. In the 
same way, we easily identified different DTUs infecting single bugs, while to date, 
most studies have relied on conventional Sanger sequencing approaches that are 
only capable of detecting the dominant genotype in biological samples, which 
almost precludes the possibility of detecting multiclonality. Based on this observa-
tion, NGS approaches capable of inventorying multiclonal infections are now being 
progressively adopted [42–46]. Regarding midgut microbiome, we were able to 
detect 23 bacterial orders and observed that its composition differed according to 
blood-feeding sources (Figure 3). Finally, all the 14 bugs belonged all to the same 
genetic subgroup.

To further assess potential transmission cycles of T. cruzi parasites by T. dimidi-
ata among the identified blood source species, a feeding and parasite transmission 
network was constructed (Figure 4). Nodes of the network represent the spe-
cies identified as blood meal sources, while the size of the corresponding node 
indicates feeding frequency on each species. Edges link species which are found 
together in multiple blood meals within individual bugs. Since birds cannot carry 
T. cruzi parasites, they only play a role as blood sources for triatomines, which 
is indicated by dotted edge connections between hosts. The solid lines between 
mammals indicate potential parasite transmission pathways. This network nicely 
highlights the mammals which would play the main role in T. cruzi transmis-
sion to human in the study area. Humans (Homo sapiens in Figure 4) may thus 
become infected by T. cruzi parasites originating from dogs (Canis lupus), cows 
(Bos taurus), and mice (Mus musculus), as well as from sylvatic hosts such as 
porcupines (Coendou spp.), squirrels (Sciurus spp.), and fruit bats (Artibeus spp.). 
Particularly, dogs appear as key actors which may favor parasite transmission to 
humans. This kind of networks is very informative, as it allows evidencing the ani-
mals that would play the main roles in the transmission of any pathogen to human 
(complementary studies focused directly on these animals may nevertheless be 
necessary) and that should be targeted as part of integrated control strategies 
aimed at disrupting parasite transmission. For example, management of the dogs 
and other peridomestic animals can be part of EcoHealth/One Health approaches 
[47]. The network presented is the result of a pilot study based on a limited sample 
and is only used here to illustrate the potential of the proposed metabarcoding 
approach. Increasing the sample size in a wide variety of ecotopes and integrating 
vector, microbiome and coinfection data will undoubtedly allow identifying at-
risk situations and disentangling transmission cycles. It may also help to identify 
bacteria which are part of the normal microbiota of triatomine bugs, bacteria 

Figure 3. 
Gut microbiome composition of Triatoma dimidiata. The average composition of the microbiome from 14 
individuals is shown to the level of bacterial order (A). There are significant differences between male and 
female microbiomes, with females presenting a greater diversity of orders. (B) Microbiome composition is also 
significantly different depending on the dominant blood meal present in triatomine gut, which was identified 
by the analysis of 12 S rRNA vertebrate sequences. Figure taken from [27].
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associated with the presence/absence of infection of the bugs with T. cruzi, or 
bacteria of vital importance to the bugs. This knowledge can have important 
applications for the development of innovative control strategies [48–50].  
The information provided by the approach can also be used to feed models includ-
ing the hosts involved in the transmission to help assessing the effects of different 
host community managements on T. cruzi transmission to human and understand 
transmission dynamics over time [51, 52]. Transmission models are becoming 
increasingly important in vector-borne disease control programs. They allow 
evaluating different control strategies or combinations of them and assessing their 
cost-effectiveness and likelihood of success [53].

Consequently, the approach presented here provides very high-value informa-
tion that can be used in multiple ways for further design and implementation of 
sustainable, effective, and locally adapted control strategies and deserves to be 
extended to other eco-epidemiological contexts and to any vector-borne pathogen. 
To date, metabarcoding approaches for the study of human vector-borne diseases 
using natural populations of vectors are being progressively adopted, but they are 
still timidly used [54, 55]. Moreover, they are still generally focused only on one 
of the components of transmission cycles, such as blood-feeding hosts [56–59], 
plant-feeding hosts [28], microbiome composition [60, 61], or vector diversity [62] 
(Table 1), thus providing limited information, while the approach can be easily 
more integrative, as we illustrated here, to simultaneously identify the different 
actors involved in transmission.

Figure 4. 
Feeding and possible parasite transmission network of Triatoma dimidiata. Blood source nodes correspond to 
domestic (green symbols) and sylvatic (orange symbols) host species, as well as humans (blue), with the size 
proportional to the feeding frequency on each host. Diamond-shaped nodes represent birds, which do not carry 
Trypanosoma cruzi parasites, and circles represent mammals, which can be infected by T. cruzi. Edges link 
species which are found together in multiple blood meals within individual bugs, and the width of the lines is 
proportional to the frequency of the association between species. Solid dark gray lines link mammalian species, 
among which T. cruzi may circulate, while dotted light gray lines involve bird species, which only serve as blood 
sources for the bugs. Humans may thus become infected by T. cruzi parasites originating from dogs, cows, and 
mice, as well as from sylvatic hosts such as porcupines, squirrels, and fruit bats. Dogs can play a key role as 
domestic host/reservoir favoring parasite transmission to humans. On the other hand, cats, rats, and pigs play a 
secondary role in parasite transmission. Figure taken from [27].
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allows detecting up to three to five host species in some bugs [14, 39–41]. In the 
same way, we easily identified different DTUs infecting single bugs, while to date, 
most studies have relied on conventional Sanger sequencing approaches that are 
only capable of detecting the dominant genotype in biological samples, which 
almost precludes the possibility of detecting multiclonality. Based on this observa-
tion, NGS approaches capable of inventorying multiclonal infections are now being 
progressively adopted [42–46]. Regarding midgut microbiome, we were able to 
detect 23 bacterial orders and observed that its composition differed according to 
blood-feeding sources (Figure 3). Finally, all the 14 bugs belonged all to the same 
genetic subgroup.

To further assess potential transmission cycles of T. cruzi parasites by T. dimidi-
ata among the identified blood source species, a feeding and parasite transmission 
network was constructed (Figure 4). Nodes of the network represent the spe-
cies identified as blood meal sources, while the size of the corresponding node 
indicates feeding frequency on each species. Edges link species which are found 
together in multiple blood meals within individual bugs. Since birds cannot carry 
T. cruzi parasites, they only play a role as blood sources for triatomines, which 
is indicated by dotted edge connections between hosts. The solid lines between 
mammals indicate potential parasite transmission pathways. This network nicely 
highlights the mammals which would play the main role in T. cruzi transmis-
sion to human in the study area. Humans (Homo sapiens in Figure 4) may thus 
become infected by T. cruzi parasites originating from dogs (Canis lupus), cows 
(Bos taurus), and mice (Mus musculus), as well as from sylvatic hosts such as 
porcupines (Coendou spp.), squirrels (Sciurus spp.), and fruit bats (Artibeus spp.). 
Particularly, dogs appear as key actors which may favor parasite transmission to 
humans. This kind of networks is very informative, as it allows evidencing the ani-
mals that would play the main roles in the transmission of any pathogen to human 
(complementary studies focused directly on these animals may nevertheless be 
necessary) and that should be targeted as part of integrated control strategies 
aimed at disrupting parasite transmission. For example, management of the dogs 
and other peridomestic animals can be part of EcoHealth/One Health approaches 
[47]. The network presented is the result of a pilot study based on a limited sample 
and is only used here to illustrate the potential of the proposed metabarcoding 
approach. Increasing the sample size in a wide variety of ecotopes and integrating 
vector, microbiome and coinfection data will undoubtedly allow identifying at-
risk situations and disentangling transmission cycles. It may also help to identify 
bacteria which are part of the normal microbiota of triatomine bugs, bacteria 

Figure 3. 
Gut microbiome composition of Triatoma dimidiata. The average composition of the microbiome from 14 
individuals is shown to the level of bacterial order (A). There are significant differences between male and 
female microbiomes, with females presenting a greater diversity of orders. (B) Microbiome composition is also 
significantly different depending on the dominant blood meal present in triatomine gut, which was identified 
by the analysis of 12 S rRNA vertebrate sequences. Figure taken from [27].
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associated with the presence/absence of infection of the bugs with T. cruzi, or 
bacteria of vital importance to the bugs. This knowledge can have important 
applications for the development of innovative control strategies [48–50].  
The information provided by the approach can also be used to feed models includ-
ing the hosts involved in the transmission to help assessing the effects of different 
host community managements on T. cruzi transmission to human and understand 
transmission dynamics over time [51, 52]. Transmission models are becoming 
increasingly important in vector-borne disease control programs. They allow 
evaluating different control strategies or combinations of them and assessing their 
cost-effectiveness and likelihood of success [53].

Consequently, the approach presented here provides very high-value informa-
tion that can be used in multiple ways for further design and implementation of 
sustainable, effective, and locally adapted control strategies and deserves to be 
extended to other eco-epidemiological contexts and to any vector-borne pathogen. 
To date, metabarcoding approaches for the study of human vector-borne diseases 
using natural populations of vectors are being progressively adopted, but they are 
still timidly used [54, 55]. Moreover, they are still generally focused only on one 
of the components of transmission cycles, such as blood-feeding hosts [56–59], 
plant-feeding hosts [28], microbiome composition [60, 61], or vector diversity [62] 
(Table 1), thus providing limited information, while the approach can be easily 
more integrative, as we illustrated here, to simultaneously identify the different 
actors involved in transmission.

Figure 4. 
Feeding and possible parasite transmission network of Triatoma dimidiata. Blood source nodes correspond to 
domestic (green symbols) and sylvatic (orange symbols) host species, as well as humans (blue), with the size 
proportional to the feeding frequency on each host. Diamond-shaped nodes represent birds, which do not carry 
Trypanosoma cruzi parasites, and circles represent mammals, which can be infected by T. cruzi. Edges link 
species which are found together in multiple blood meals within individual bugs, and the width of the lines is 
proportional to the frequency of the association between species. Solid dark gray lines link mammalian species, 
among which T. cruzi may circulate, while dotted light gray lines involve bird species, which only serve as blood 
sources for the bugs. Humans may thus become infected by T. cruzi parasites originating from dogs, cows, and 
mice, as well as from sylvatic hosts such as porcupines, squirrels, and fruit bats. Dogs can play a key role as 
domestic host/reservoir favoring parasite transmission to humans. On the other hand, cats, rats, and pigs play a 
secondary role in parasite transmission. Figure taken from [27].



Vector-Borne Diseases - Recent Developments in Epidemiology and Control

92

Vector Geographic 
origin

Target DNA Main findings Reference

Mosquitoes 
(Anopheles 
punctulatus)

Different 
villages in Papua 
New Guinea

Mammalian 
blood-
feeding hosts

Unbiased characterization of 
mammalian blood-feeding 
hosts, including unsuspected 
hosts and mixed blood meals. 
Human, dog, and pig were the 
most common host-feeding 
sources. The approach can 
also be adapted to evaluate 
interindividual variations 
among human blood meals

[56]

Mosquitoes 
(Culex and 
Anopheles 
spp.)

Different sites in 
the coast of the 
Caspian Sea in 
northern Iran

Vertebrate 
blood-
feeding hosts

The four most common 
mosquito species had similar 
host-feeding patterns. The 
most commonly detected hosts 
in these species were humans, 
cattle, and ducks

[57]

Mosquitoes 
and sand flies

Forest sites in 
French Guiana

Mammal 
blood-
feeding hosts

Accuracy of the short 12S marker 
proposed for the identification 
of Amazonian mammals. 
The accuracy of taxonomic 
assignations highly depends on 
the comprehensiveness of the 
reference library

[58]

Triatomine 
bugs 
(Rhodnius 
pallescens)

Two sampling 
sites in in 
Panama

Vertebrate 
blood-
feeding hosts

Reliability of the metabarcoding 
approach proposed for the 
identification of vertebrate 
blood-feeding host

[59]

Phlebotomine 
sandflies 
(Phlebotomus 
and Lutzomya 
spp.)

Different 
sampling sites 
in Brazil, Israel, 
and Ethiopia

Plant-
feeding hosts

Sand flies preferentially feed on 
Cannabis sativa plants. Potential 
utility for sand fly control

[28]

Mosquitoes 
(Aedes and 
Culex spp.)

Different 
habitats across 
central Thailand

Bacterial and 
eukaryotic 
microbiome

Patterns of microbial 
composition and diversity that 
affect pathogen prevalence 
appeared to differ by both vector 
species and habitat for a given 
species. Microbial composition 
was less diverse in urban areas

[60]

Tse-tse flies 
(Glossina 
palpalis 
palpalis)

Two 
trypanosomiasis 
foci in 
Cameroon

Bacterial 
microbiome

Endosymbiont Wigglesworthia 
was highly prominent. Potential 
role for Salmonella and 
Serratia in fly refractoriness 
to trypanosome infection. V4 
region of the small subunit of 
the 16S ribosomal RNA gene 
was more efficient than the 
V3V4 region at describing the 
totality of the bacterial diversity

[61]

Phlebotomine 
sand flies 
(Lutzomya 
and 
Brumptomyia 
spp.)

Various 
locations in 
French Guiana

Sand flies Efficiency of metabarcoding 
based on the mitochondrial 16S 
rRNA for identification of sand 
fly diversity in bulk samples

[62]
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5. Conclusions

In this chapter, we presented a metabarcoding approach to study vector-borne 
pathogen transmission cycles and their dynamics and illustrated the feasibility 
and high sensitivity of the proposed approach with a recent study performed using 
Chagas disease in the Yucatan peninsula (Mexico), as a study model. Currently, 
NGS technologies are quickly becoming more affordable and cost-effective. 
Moreover, many bioinformatics tools have allowed to greatly simplify analyses in 
the last years. Consequently, this powerful approach deserves to be generalized to 
other eco-epidemiological contexts to unravel the transmission cycles of any vector-
borne pathogen and their dynamics, which in turn will help the implementation of 
sustainable, effective, and locally adapted control strategies of their transmission.
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Vector Geographic 
origin

Target DNA Main findings Reference

Mosquitoes 
and sand 
flies (various 
species)

3 sites along 
a gradient of 
anthropogenic 
pressure 
in French 
Guayana, area 
of Saint-
Georges de 
l’Oyapock 

Vectors and 
vertebrate 
blood-
feeding hosts

Contrasting ecological features 
and feeding behavior among 
dipteran species, which allowed 
unveiling arboreal and terrestrial 
mammals, as well as birds, 
lizards, and amphibians. Lower 
vertebrate diversity was found in 
sites undergoing higher levels of 
human-induced perturbation

[54]

Triatomine 
bugs 
(Triatoma 
dimidiata)

Different 
habitats in 
rural Yucatan 
(Mexico)

Vertebrate 
blood-
feeding 
hosts, 
Trypanosoma 
cruzi 
parasite, 
midgut 
bacterial 
microbiome, 
triatomine 
bug

Ecological associations of 
triatomines which shape T. 
cruzi transmission cycles. 
Different DTUs infecting 
single bugs. Identification of 
14 blood-feeding species. Up 
to 7 blood-feeding species and 
11 blood-feeding individuals 
identified in a single bug. 
Human, dog, cow, and mice were 
the most common host-feeding 
sources. Dog was highlighted 
as the main host involved in the 
pathway of T. cruzi transmission 
to human. Dynamic midgut 
microbiome, including 23 
bacterial orders, which differed 
according to blood sources

[27]

Table 1. 
Metabarcoding approaches for the study of human vector-borne diseases using natural populations of vectors as 
biological samples.
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5. Conclusions

In this chapter, we presented a metabarcoding approach to study vector-borne 
pathogen transmission cycles and their dynamics and illustrated the feasibility 
and high sensitivity of the proposed approach with a recent study performed using 
Chagas disease in the Yucatan peninsula (Mexico), as a study model. Currently, 
NGS technologies are quickly becoming more affordable and cost-effective. 
Moreover, many bioinformatics tools have allowed to greatly simplify analyses in 
the last years. Consequently, this powerful approach deserves to be generalized to 
other eco-epidemiological contexts to unravel the transmission cycles of any vector-
borne pathogen and their dynamics, which in turn will help the implementation of 
sustainable, effective, and locally adapted control strategies of their transmission.
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origin

Target DNA Main findings Reference
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species)

3 sites along 
a gradient of 
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pressure 
in French 
Guayana, area 
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Vectors and 
vertebrate 
blood-
feeding hosts

Contrasting ecological features 
and feeding behavior among 
dipteran species, which allowed 
unveiling arboreal and terrestrial 
mammals, as well as birds, 
lizards, and amphibians. Lower 
vertebrate diversity was found in 
sites undergoing higher levels of 
human-induced perturbation
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hosts, 
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bug
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14 blood-feeding species. Up 
to 7 blood-feeding species and 
11 blood-feeding individuals 
identified in a single bug. 
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pathway of T. cruzi transmission 
to human. Dynamic midgut 
microbiome, including 23 
bacterial orders, which differed 
according to blood sources

[27]

Table 1. 
Metabarcoding approaches for the study of human vector-borne diseases using natural populations of vectors as 
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Chapter 8

Wnt5A Signaling Antagonizes 
Leishmania donovani Infection
Arijit Chakraborty, Shreyasi Maity and Malini Sen

Abstract

Infection by the parasite Leishmania donovani causes Visceral Leishmaniasis, 
a deadly disease if not properly treated. L. donovani captures the immune defense 
potential of host macrophages. It disrupts immune homeostasis at least partly by 
inducing expression of anti-inflammatory cytokines and altering the cellular cyto-
skeletal framework, thereby creating a niche for its own survival. While inhibition 
of macrophage Wnt5A signaling promotes infection by the parasite, activation of 
Wnt5A signaling significantly dampens infection. Experimental evidence suggests 
that the antagonistic effect of Wnt5A signaling on parasite infection in macrophages 
may be on account of its influence on the actin cytoskeleton. Importantly, the 
inhibitory effect of Wnt5A on infection is sustained independent of drug sensitiv-
ity and resistance. Keeping in mind that drugs used to treat Visceral Leishmaniasis 
are quite toxic and the parasite develops drug resistance, revamping host Wnt5A 
signaling may be useful for eliminating infection independent of drug sensitivity or 
resistance.

Keywords: Wnt5A, L. donovani, macrophage, cytoskeleton, Rac1, actin

1. Introduction

Leishmaniasis is a group of neglected tropical zoonotic diseases caused by 
intracellular obligate parasites belonging to the genus Leishmania. The disease is 
endemic to about 60 countries and may turn out life threatening if not properly 
treated [1]. Clinical manifestations of the disease range from cutaneous lesions (as 
in Cutaneous Leishmaniasis) to visceral pathologies (as in Visceral Leishmaniasis) 
[2]. In this review we will focus on Visceral Leishmaniasis (VL), its causative organ-
ism Leishmania donovani and host immune response to L. donovani infection.

Like many other intracellular parasites, L. donovani has evolved a unique ability 
to sustain a parasitic mode of life. In VL, L. donovani resides and then proliferates 
mainly in the spleen, the liver and the bone marrow. This can cause splenomegaly, 
hepatomegaly, fever and gray discoloration of the skin—hence the name “kala 
azar” or “black disease”. Associated hematological changes include a hemoglobin 
level of 7–10 g/dl, leukopenia, thrombocytopenia, pancytopenia, increased ESR 
and erythroid hyperplasia in the bone marrow and varying degrees of erythropha-
gocytosis, leukophagocytosis and granulomatous reactions. In some cases clotting 
abnormalities and deranged platelet function are also observed [3]. Few studies, 
furthermore, indicate inflammatory changes in the liver, which include hypertro-
phy and hyperplasia of Kupffer cells, diffused intralobular fibrosis, fibrosis of the 
wall of the central vein, and pericellular fibrosis [4].
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L. donovani invades mostly host macrophages and also dendritic cells and 
neutrophils, hijacking the cellular machinery for its survival through adopting 
various strategies to evade immune response [5]. One of the strategies employed by 
the parasite is to inhibit phagolysosomal maturation by altering host cell lysosomal 
integrity [6]. L. donovani also alters host cytoskeletal dynamics [7, 8]. While various 
host and parasite specific factors are indicated in the regulation of host phagolyso-
somal maturation and cytoskeletal dynamics, how such regulation occurs during 
host pathogen interactions is unclear and a subject of intense study.

The first and the only line of treatment for Visceral Leishmaniasis is the use of 
chemotherapeutic agents like the pentavalent antimonials, amphotericin and paro-
momycin [9–11]. Although these drugs are effective for the treatment of L. donovani 
infection, drug administration is associated with serious side effects and other 
issues. First, these drugs are cytotoxic in nature thus causing serious damage to 
the hepatic health of the ailing patients [11–13]. Secondly the L. donovani parasites 
evolve drug resistant phenotypes decreasing drug efficacy. Lastly the drugs come 
at a high cost thereby increasing the economic burden of the already economically 
challenged individuals. To counteract these challenges researchers all over the world 
have tried to bring out effective vaccine candidates to counteract the onset of infec-
tion and progression of the disease. Both live attenuated parasites and recombinant 
antigens have been used as target candidates for vaccination. Some of the vaccine 
candidates are still in clinical trials and their efficacy waits to be tested [14].

In spite of the use of different treatment regimens for attenuating L. donovani 
infection, understanding of one’s natural host immune response to L. donovani 
infection is important. Cells of the innate arm of the immune system, for example 
macrophages, neutrophils and dendritic cells play an integral part in clearance of 
the parasites. Neutrophils have been suggested to be recruited early during the 
course of infection [15]. The ability of the neutrophils to produce NETs (Nuclear 
Extracellular Traps) and oxidative burst often determines the progression of the 
disease. It has been reported that neutrophils from VL patients show dysregulated 
NET and ROS (Reactive Oxygen Species) production. Since neutrophils are short 
lived the next line of defense is taken up by the macrophages. Within the macro-
phages the parasite tries to subvert immune defense to create a favorable niche for 
itself. Dendritic cells have a unique role in sustaining immune response against 
L. donovani infection. During infection with the parasite dendritic cells produce 
IL-12p70, a key cytokine involved in priming and maintenance of microbicidal Th1 
responses [16–19]. Several reports also indicate the importance of the complement 
system in immune defense. The complement system involves a large number of 
distinct thermolabile proteins, which react with one another to opsonize pathogens 
and trigger a series of inflammatory responses to combat infection [20]. It has been 
reported that host cell complement receptors like CR3, CR1, mannose receptors 
(MR) are responsible for internalization of Leishmania [21]. In 1912, W.S. Patton 
first observed fresh serum mediated lysis of L. donovani, suggesting the role of 
complement system in immune defense against L. donovani. Later studies suggest 
that L. donovani can activate complement via the classical and alternative pathways 
[22]. Complement receptors have also been shown to be involved during maturation 
of L. donovani containing phagosomes [23]. In light of the genetic studies carried 
out on mice, gene loci Lsh and H2 may be linked to resistance toward L. donovani 
infection. Gene products like Nramp1 from the Lsh locus of chromosome 1 in mice 
influence natural resistance to L. donovani. The H2 locus which codes for the MHC 
(Major Histocompatibility Complex) molecules in mice also determines the fate 
of the disease in mice [24]. Other gene products involved in macrophage mediated 
immune defense, for example Ifn, Tnf and Nos play a very important role in clear-
ance of the parasite. Upregulation of these gene products however, does not limit 

105

Wnt5A Signaling Antagonizes Leishmania donovani Infection
DOI: http://dx.doi.org/10.5772/intechopen.87928

the disease, suggesting that many other factors may be involved in the interplay of 
events that bolster immunity to infection [25–27]. Wnt signaling, which is known to 
regulate different aspects of cell polarity and coordination in tissue patterning dur-
ing development is an important theme to study in this context [28–30], especially 
in view of the fact that different levels of cell polarity and coordination are intrinsic 
to the progression of innate immune responses [31].

Wnts comprise a family of about nineteen glycoprotein ligands that signal upon 
binding to the Frizzed (about twelve in number) and ROR1/ROR2 transmembrane 
cell surface receptors (Figure 1). While the Frizzled receptors bear resemblance to 
heterotrimeric G protein coupled receptors, ROR1/ROR2 bear tyrosine kinase like 
motifs [32]. Wnt signaling in general is divided into two broad categories, -canonical 
or β-catenin dependent and non-canonical or β-catenin independent. The tran-
scriptional co-activator β-catenin promotes gene expression by LEF/TCF family 
transcription factors in response to canonical Wnt signaling and transcriptional 
activators such as NFκB, NFAT and AP1 are associated with non-canonical Wnt 
signaling. Although the ligands Wnt3A and Wnt5A are mostly considered as repre-
sentatives of the canonical and noncanonical modes of Wnt signaling respectively, 
the mode of signaling is in reality governed by the receptor(s) receiving the Wnt 
signal and the associated adaptor molecule(s) transmitting it [33, 34]. Thus some 

Figure 1. 
Overview of Wnt signaling pathways. (a) β-Catenin dependent (the canonical pathway), (b) Wnt-Ca2+-
dependent pathway and (c) planar cell polarity pathway (PCP) (noncanonical pathways). (a) Wnt ligand 
binds to the Frizzled (Fz) family transmembrane receptors and coreceptor LRP leading to the activation of 
the signaling pathway through Disheveled (Dvl), Casein Kinase 1α (CK1α) and/or G proteins. This leads 
to inhibition of the destructive complex formation by GSK3, Axin and APC causing the stabilization, 
accumulation and subsequent nuclear translocation of β-catenin. β-Catenin forms an active complex with 
nuclear LEF and TCF promoting expression of LEF/TCF responsive genes. In the absence of Wnt ligands, 
APC complex can degrade β-catenin. (b) In noncanonical Wnt-Ca2+-dependent pathway, Wnt-Fz interaction 
activates PLC via Disheveled and/or G-protein, which triggers the release of calcium ion. Increased level of 
calcium ion in turn activates calcineurin, CaMKII and PKC that help in nuclear translocation of NF-AT 
and NF-κB. (c) In noncanonical PCP pathway, Wnt may bind with ROR and Fz, which then activates Dvl. 
Activated Dvl can modulate actin cytoskeleton through DAAM, RHOA and ROCK signaling. Dvl also activates 
Rac1, which triggers JNK activity leading to nuclear translocation of AP and gene expression. LRP, low density 
lipoprotein receptor-related protein; GSK3 , glycogen synthase kinase 3; APC, adenomatous polyposis coli; LEF, 
lymphoid enhancer binding factor; TCF, T cell factor.
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scriptional co-activator β-catenin promotes gene expression by LEF/TCF family 
transcription factors in response to canonical Wnt signaling and transcriptional 
activators such as NFκB, NFAT and AP1 are associated with non-canonical Wnt 
signaling. Although the ligands Wnt3A and Wnt5A are mostly considered as repre-
sentatives of the canonical and noncanonical modes of Wnt signaling respectively, 
the mode of signaling is in reality governed by the receptor(s) receiving the Wnt 
signal and the associated adaptor molecule(s) transmitting it [33, 34]. Thus some 

Figure 1. 
Overview of Wnt signaling pathways. (a) β-Catenin dependent (the canonical pathway), (b) Wnt-Ca2+-
dependent pathway and (c) planar cell polarity pathway (PCP) (noncanonical pathways). (a) Wnt ligand 
binds to the Frizzled (Fz) family transmembrane receptors and coreceptor LRP leading to the activation of 
the signaling pathway through Disheveled (Dvl), Casein Kinase 1α (CK1α) and/or G proteins. This leads 
to inhibition of the destructive complex formation by GSK3, Axin and APC causing the stabilization, 
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level of overlap between the two modes of signaling is quite frequent. Interestingly, 
the intracellular adaptor molecule Disheveled acts as a mediator of both β-catenin-
dependent and β-catenin independent Wnt signaling. Heterotrimeric G proteins, 
which have been reported to couple with Frizzled receptors, add to the complex-
ity of Wnt signaling [35, 36]. Whether heterotrimeric G proteins cooperate with 
Disheveled during canonical and non-canonical Wnt signaling is unclear. Despite 
some evidence of the involvement of lipid molecules such as cholesterol in switch-
ing Disheveled between the canonical and noncanonical modes of Wnt signaling 
[36], the molecular details of such presumed conformational switches remain 
undocumented.

In this chapter we will focus on the role of Wnt5A signaling in host immune 
response and its influence on L. donovani infection. Our present knowledge in the 
field of host parasite interaction limits us to the use of chemotherapeutic inter-
vention to limit L. donovani infection. Therefore it is necessary to delve deep into 
understanding the cell biology of infection in the context of immune modulators 
like Wnt5A. Quite justifiably this kind of study will not only help us to understand 
host pathogen interaction in a better way but also aid in the formulation of novel 
therapeutic strategies through regulation of immune response.

2. Role of Wnt5A signaling in immune response

Primary studies on the association of Wnt5A signaling, a prototype for the non-
canonical mode of Wnt signaling with immune response were focused on synovial 
fibroblasts from RA patients, where a correlation between Wnt5A signaling and 
proinflammatory cytokine expression was established [37]. Subsequent experimen-
tal evidence suggested that Wnt5A signaling may regulate IL-12 and IFN-γ expres-
sion by macrophages in the context of mycobacterial infection [38]. Similar studies 
carried out in bone marrow stromal cells and synovial fibroblasts also suggested 
that Wnt5A activates secretion of cytokines (IL-6, IL-1β) and chemokines (CCL2, 
CCL5, CXCL1 and CXCL5) upon interaction with Frizzled-5 and ROR, putative cell 
surface receptors to Wnt5A through NFκB activation [39].

It is now known that Wnt5A signaling plays an important role in stimulating 
microbial phagocytosis and sustenance of immune homeostasis through alteration 
in actin assembly and maintenance of an appropriate cytokine milieu [40–43]. The 
role of WNT5A signaling in stimulating microbial phagocytosis has been shown to 
be dependent on Rac GTPase and Rho GTPase activity in macrophages [41]. These 
GTPases are known to regulate cytoskeletal changes. Immune cells like macro-
phages, dendritic cells and other antigen presenting cells depend heavily on the 
cytoskeletal modulators to phagocytose and process various antigens so that they 
can be effectively presented to the T cells [44]. Alteration of cytoskeletal dynamics 
by Wnt5A signaling therein may be correlated with better assembly of NADPH oxi-
dase subunits on phagosomal membranes and efficient production of microbicidal 
ROS [45, 46]. The increase in phagocytic activity and microbial killing by Wnt5A 
signaling may also be dependent upon the change in lipid raft organization of the 
macrophages in association with actin assembly [41–43]. Suppression of Wnt5A 
production by IWP2 (Inhibitor of Wnt production-2) accordingly abrogates both 
phagocytic activity and microbial killing in macrophages [40, 41, 47].

Several lines of evidence indicate that Wnt5A signaling is important for 
macrophage differentiation and survival. When stimulated with granulocyte 
monocyte-colony stimulator factor (GM-CSF), bone marrow from Wnt5A condi-
tional knock-out mice show less potency to differentiate into F4/80+ and CD11b+ 
macrophages compared to bone marrow from control mice [48]. Furthermore, 
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Wnt5A-depleted BMDMs (Bone Marrow Derived Macrophages) show reduced 
expression of the anti-apoptotic molecules Bcl2 and Bcl-xl, and increased 
expression of the pro-apoptotic molecule Bax, leading to decreased survival of 
 macrophages [40].

Depletion of steady state Wnt5A signaling reduces IFN-β and IFN-γ production 
by macrophages through inhibition of IκB kinase β (IKK2) activity. The reduction 
in IKK2 activity, which causes reduced IκB degradation and p65 (NFκB) nuclear 
translocation relates to decreased expression of immune regulators such as CD14 
that are key components of immune responses during microbial infection [40]. 
Other reports suggest that depletion of Wnt5A signaling correlates with increase in 
microbial infections in mice [40, 43]. Thus Wnt5A signaling may be a crucial player 
in the sustenance of immune functions.

3. Intracellular life of L. donovani: the role of Wnt5A signaling therein

Intracellular parasitism is a strategy by which parasites build a niche to sustain 
within the host. Parasites such as L. donovani have developed sophisticated strate-
gies to counteract host defense machinery. One such strategy to adapt to a parasitic 
mode of life is the dimorphic life cycle in L. donovani. L. donovani resides in the gut 
of its vector (Phlebotomine sand flies) in a flagellated infective form (promastigote). 
During a blood meal of the sand fly on its mammalian host these promastigotes are 
transferred to the blood, where they are phagocytosed by neutrophils and macro-
phages. While residing in macrophages, the parasites lose their flagella and trans-
form to amastigotes. Amastigotes divide and thrive within the host, causing disease. 
The parasite life cycle is repeated with blood meal of sandflies from parasite-infected 
patients. The mechanism of entry of L. donovani into macrophages has been debated 
for long. It has been shown that host cell receptors (for example Complement recep-
tors and Fcγ) influence L. donovani internalization and this interaction is partially 
dependent on the presence of promastigote flagella [49]. It is also documented that 
host cell membrane microdomains influence internalization of the parasite [5, 7, 
50] . In order to hijack the cellular defense machinery L. donovani interacts with 
components of endoplasmic reticulum and the trans-Golgi network (TGN) [7, 51]. 
L. donovani containing vacuoles take up necessary nutrients like glucose, amino acid 
and essential ions like Fe2+ from the trans-Golgi network (TGN). These parasite 
harboring vacuoles/parasitophorous vacuoles (PV) while acquiring nutrients also 
disrupt the transport of different proteins to their designated vacuoles (endosomes/
lysosomes) from the TGN and endoplasmic reticulum (ER), thus compromising 
their function [51]. The internalized parasite also delays the fusion of PV with the 
lysosomes through the action of lipophosphoglycan (LPG), a parasite derived mol-
ecule. Parasitophorous vacuoles accordingly become encapsulated with host F-actin, 
myosin and F-actin nucleating factors, thus producing a halo of F-actin surrounding 
the vacuole and inhibiting its lysosomal fusion [6]. The parasitophorous vacuole also 
expresses the early endosomal marker EEA1, and the small GTPases Rab5 and Rab 7 
[52] preventing lysosomal degradation. The altered acidification of parasitophorous 
vacuoles is instrumental in promastigote to amastigote transformation and suste-
nance of infection [53]. Such remodeling of PV may lead to alteration in host lipid 
microdomains and alter assembly of the NADPH oxidase complex, which holds a 
key to microbial elimination through generation of microbiocidal Reactive Oxygen 
Species (ROS). The influence of Wnt5A signaling on actin cytoskeletal dynamics, 
organization of lipid raft microdomains and organelle polarity and assembly [30, 40, 
41] suggests that host macrophages can potentially counteract the establishment and 
progression of L. donovani infection through Wnt5A signaling.
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L. donovani infection is accompanied by increase in anti-inflammatory cytokine 
expression, which may help the intracellular amastigotes to build a safe niche within 
the macrophage. Increase in anti-inflammatory cytokines is often associated with 
decrease in production of ROS or Nitric oxide, which is unfavorable for amastigote 
growth [54–56]. Host macrophage Wnt5A signaling may be instrumental in attenu-
ating the effect of anti-inflammatory cytokines by maintaining a proinflammatory 
cytokine signature [37, 40, 41].

4.  Host defense against Leishmania donovani infection in the context of 
Wnt5A signaling

Macrophages, the primary sentinels of host immune response carry the potential 
to confront the challenge imposed by L. donovani infection. One important strategy 
adopted by macrophages to limit the pathogenicity from infection is production 
of ROS and nitric oxide, which are detrimental to the pathogen [57]. Interestingly 
the production of ROS and nitric oxide is often triggered by cytokine or chemokine 
signaling in the macrophages. IFN-γ is considered to be one of the major chemo-
kines which bring about production of nitric oxide and ROS in macrophages [58]. 
IFN-γ null and IFN-γ receptor null mice carry enhanced infection load [50] sub-
stantiating the importance of IFN-γ in restraining infection. Overall, cytoskeletal 
actin modulations in association with organization of protein-lipid microdomains 
and transcriptional control of immune regulatory genes act in concert to antagonize 
the attempts of the parasite to settle into a favored niche within macrophages. These 
aspects of immune response to parasite infection are akin to the already known 
attributes of Wnt5A signaling as described previously in this chapter. Thus keep-
ing in mind that L. donovani tries to subvert immune response by modulating lipid 
dynamics as well as cytoskeletal dynamics it is important to study the role of Wnt5A 
signaling in L. donovani infection.

Experimental evidence indicates that Wnt5A signaling and L. donovani infec-
tion are in mutual opposition. In-vitro studies have shown that the protein level 
of Wnt5A in L. donovani infected macrophages is significantly lower than that 
in the uninfected controls, with no significant change in Wnt5A mRNA level. 
The observed decrease in Wnt5A protein upon L. donovani infection is indicative 
of infection-induced suppression of Wnt5A signaling in the host macrophage. 
Protozoan parasites like L. donovani, are known to harbor a plethora of proteases 
(including metalloproteases) to counteract host immune response through cleav-
age of host proteins. GP63, one such well-studied metalloprotease, is expressed 
in significant amounts in both the promastigote and amastigote forms of the 
L. donovani parasite. Cleavage and destruction of host proteins such as AP1 by 
GP63 has already been reported [54]. Since, the reduction in Wnt5A protein upon 
infection of macrophages with L. donovani was inhibited by O-phenanthroline, a 
small molecule inhibitor of metalloproteases, it is possible that infection induced 
reduction in Wnt5A protein is brought about by the action of parasite specific 
metalloproteases like GP63. In view of the fact that Wnt5A signaling is known to 
boost immune homeostasis [40, 41], reduction in Wnt5A protein level may help 
the parasite to evade immune response. In contrary to our observation, the mRNA 
levels of Wnt5A are found to increase during mycobacterial and ehrlichial infec-
tion in macrophages [38, 59]. Changes in Wnt5A mRNA and protein levels may 
depend on the type and load of infection. Thus, further validation of proteomic 
data from various samples such as sera and spleen aspirates from L. donovani 
infected individuals will be needed to further analyze and understand the experi-
mental findings.
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On the basis of the understanding that the steady state level of Wnt5A signaling 
is significantly reduced during L. donovani infection, we hypothesized that revamp-
ing Wnt5A signaling in macrophages might have a debilitating effect on parasite 
load. Indeed we found that upon treating macrophages with recombinant Wnt5A 
prior to infection there is significant reduction in parasite load. The decrease in 
the parasite load was seen to be dose and time dependent. Interestingly, a decrease 
in parasite load was also seen when Wnt5A was exogenously added to infected 
macrophages, suggesting that there may be a therapeutic role of Wnt5A signaling 
during L. donovani infection [42]. Depletion of Wnt5A signaling through applica-
tion of IWP-2 or transfection with Frizzled5 (putative receptor to Wnt5A) siRNA 
resulted in enhancement of infection by L. donovani, corroborating the importance 
of Wnt5A signaling in limiting L. donovani infection.

There is evidence that Wnt5A signaling mediated killing of L. donovani within 
the macrophages is brought about by change in Wnt5A induced cytoskeletal and 
membrane dynamics. Revamping host Wnt5A signaling by exogenous Wnt5A leads 
to reduction in parasite survival probably because the lay out for a self-sustaining 
parasite niche in the form of parasitophorous vacuole (PV) is not compatible with 
the cytoskeletal alterations and associated endosomal/lysosomal vesicle movements 
induced by Wnt5A. Enhanced endolysosomal fusion in infected macrophages 
occurred through Wnt5A signaling in infected cells as judged by live cell microscopy 

Figure 2. 
Schematic representation of Wnt5A signaling-mediated inhibition of Leishmania donovani infection. 
Leishmania promastigote interacts with the macrophage through different macrophage receptors. This 
interaction leads to the formation of parasite containing early endosome where several factors like low 
pH and increased temperature help in differentiation of the parasite into amastigote form. It secretes 
metalloproteases, which can degrade Wnt5A. Activated Wnt5A signaling modulates actin cytoskeleton and 
promotes phagolysosomal fusion leading to degradation of the parasite. Wnt5A signaling may also alter the 
expression of pro-inflammatory and anti-inflammatory cytokine genes thus promoting parasite clearance. 
PV, parasitophorous vacuole; ROCK , rho-associated coiled coil kinase; Rac, Ras-related C3 botulinum toxin 
substrate.
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using live cell dyes [42]. Electron microscopic (EM) images showed Wnt5A induced 
increased membranous vesicle fusions with PV in the infected cells. The EM images 
also revealed a low abundance of the PV upon Wnt5A treatment. The apparent mem-
branous wrappings in degraded PV, as suggested by EM may be due to the formation 
of autophagosomes through fusion of PV with membranous aggregates during 
cytoskeletal movements [42]. One of the strategies that a host may adopt through 
Wnt5A signaling is laminate the parasitophorous vacuole so that the solutes cannot 
easily reach the parasite thereby slowly starving the parasite to death. While laminat-
ing the parasitophorous vacuole it may also ensure that the NADPH oxidase is well 
assembled so as to generate adequate amounts of ROS, which could lead to killing 
of parasites. The membrane lamination on the parasitophorous vacuoles through 
enhanced cytoskeletal dynamics could also lead to increased PV-lysosomal fusion 
thereby promoting rapid degradation of the parasite. Our study demonstrates that 
Wnt5A signaling mediated killing of L. donovani in macrophages is abrogated when 
inhibitors of cytoskeletal proteins like Rac1 GTPase and Rho kinase are used, thus 
implying that the effects of Wnt5A signaling on infection are at least partly mediated 
through the small molecular weight actin associated GTPases. The possible mecha-
nism of Wnt5A signaling mediated parasite clearance is depicted in Figure 2.

It will be important to validate the effect of Wnt5A signaling on L. donovani 
infection in vivo and also check the load of L. donovani infection in Wnt5A hetero-
zygous mice (Wnt5A null are lethal). Analysis of the cytokine milieu in vivo upon 
activation of Wnt5A signaling at the onset of infection will also provide useful 
information about the mechanism of Wnt5A induced containment of infection.

5. Conclusion

Wnt5A signaling maintains immune homeostasis [40]. If Wnt5A signaling is not 
sufficient a disturbed immune homeostasis could lead to adverse effects during L. 
donovani infection. Recently, it has been suggested that L. donovani infection associ-
ated with a skewed hematopoiesis program promotes the visceral disease [60]. Since 
Wnt5A signaling is involved in hematopoiesis [61], it is important to have a clear 
understanding of the role of Wnt5A directed hematopoiesis during L. donovani 
infection.

L. donovani through its evolution has undergone various changes to accom-
modate itself efficiently in its ever-changing environment. Often drugs have been 
rendered useless by the emergence of drug resistant strains. Therefore, it would be 
an efficient strategy to identify host cell factors, which act against these infections 
and revamp them. Our results indicate that host Wnt5A signaling restricts infection 
by both antimony drug sensitive and resistant L. donovani strains at least partly 
by prohibiting parasite niche formation within host macrophages. Interestingly, 
in a follow up study we found a similar kind of result with Pseudomonas aeruginosa 
or Streptococcus pneumoniae. These pathogenic bacteria degrade Wnt5A from the 
system and when Wnt5A is added exogenously the macrophages efficiently lower 
the bacterial load. The clearance of bacteria was found to happen through cytoskel-
etal reorganization and efficient formation of LC3B containing phagosome [43]. 
Recently high serum levels of the Wnt antagonist Dkk1 has been correlated with a 
predominantly Th2 phenotype during the onset of experimental cutaneous leish-
maniasis [62]. Since Wnt5A supports a pro-inflammatory cytokine signature its 
potential for protection against parasite infection may also involve prevention of the 
predominantly Th2 signature that sustains infection. Thus Wnt5A signaling plays 
an important role in maintaining an innate immune readiness within macrophages 
for pathogenic onslaught.
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Biological Role of Chalcones in
Medicinal Chemistry
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Abstract

Chalcones are promising synthons and bioactive scaffolds of great medicinal
interest due to their numerous pharmacological and biological activities. They are
well recognized to possess antimicrobial, anticancer, antitubercular, antioxidant,
anti-inflammatory, antileishmanial, and other significant biological activities. This
chapter highlights recent updates and applications of chalcones as biologically,
pharmacologically, and medicinally important entities.

Keywords: synthesis, characterization, PK/PD study

1. Introduction

Chalcones (trans-1,3-diaryl-2-propen-1-ones) (1) are α,β-unsaturated ketones
consisting of two aromatic rings (ring A and B) having diverse array of substituents
(Figure 1). Chalcone skeleton contains two aromatic rings linked by an aliphatic
three-carbon chain. The two rings of chalcone are interconnected by a highly
electrophilic three-carbon α,β-unsaturated carbonyl system that assumes linear or
nearly planar structure. They possess conjugated double bonds and a completely
delocalized π-electron system on both the aromatic rings.

Chalcones, named so by Kostanecki and Tambor, are commonly known by
different names such as benzylideneacetophenone, phenyl styryl ketone, β-
phenylacrylophenone α-phenyl-β-benzoylethylene, etc. and constitute the central
core of biologically active heterocyclic compounds. Chalcones constitute good
synthons for a variety of novel heterocycles of high therapeutic potential and good
pharmaceutical profile [1, 2]. Chalcones themselves are identified as interesting
entities associated with several biological activities [3].

The structural modifications of the chalcone rings have led to a high degree of
diversity that has proven useful for the development of new medicinal agents, and
thus chalcones have become an object of continued interest in both academia and
industry. The chalcones are well documented for a broad spectrum of biological
activities including antimicrobial, anticancer, cytotoxic, antioxidative, anti-
inflammatory, antiviral, and others [4]. Currently, chalcone derivatives have been
widely used for the treatment of viral disorders, cardiovascular diseases, stomach
cancer, food additives, and cosmetic formulation ingredients [5]. However, much
of the pharmacological potential of chalcones and their recent updates need to be
understood. The purpose of this chapter is to cover and describe the recent devel-
opments, preferably after 2015 to date, the utility of chalcones as medicinally
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significant scaffolds, and their biological activities. It covers and highlights the
recent advances in the use of chalcones as antimicrobial, anticancer, antitubercular,
antioxidant, anti-inflammatory, and miscellaneous applications in biological and
medicinal fields.

2. Biological activities of chalcones

2.1 Antimicrobial chalcones

Antimicrobial agents are the drugs used to treat infectious diseases caused by
different types of bacteria and fungi. The use of these drugs is now common, and
continuous efforts are put by the scientific community to search for newer antimi-
crobial agents due to antimicrobial resistance (AMR) shown by the microbes.
Mutation, gene transfer, phenotypic change, and selective pressure are some of the
causes behind AMR [6]. Antimicrobial or drug resistance is commonly developed
by bacteria, fungi, parasites, and viruses when the microbe no longer responds to a
drug that previously treated them effectively. This AMR can lead to several issues
including difficulty in controlling the disease, a longer stay of the microbes in the
host, higher risks of spreading, and increase in mortality rates. Infectious diseases
are one of the common problems encountered globally. Although several commer-
cially marketed drugs are available, the search for new drug molecules becomes
essential for the treatment of infectious diseases [7]. Consequently, the search for
new antimicrobial agents becomes essential. Herein we discuss the recent updates in
the search of chalcones as an attempt to develop antimicrobial agents:

Methoxy-4’-amino chalcones (2) showed good in vitro antimicrobial activities
against Escherichia coli, Staphylococcus aureus, and Candida albicans. A molecular
docking study also supported the observed results showing good interactions with
the active sites of dihydropteroate synthase enzyme of E. coli and S. aureus [8].

The quinoxalinyl chalcones (3) synthesized by the Claisen-Schmidt condensa-
tion were found to be good antimicrobial agents. The antimicrobial studies were
carried out against Staphylococcus aureus, Escherichia coli, and Candida albicans using
the disk diffusion method. The selected chalcones were evaluated for anticancer and
cytotoxicity activity against MCF-7 cancer cell lines using the MTT assay method
showing good anticancer activity [9].

Some fluorinated chalcone-triazole hybrids (4) were studied for antimicrobial
activities against S. epidermidis, B. subtilis, E. coli, and P. aeruginosa bacterial and two
fungal strains, namely, A. niger and C. albicans, by standard serial dilution method
[10]. The results of the in vitro antimicrobial activity were compared with cipro-
floxacin and fluconazole standard drugs.

Figure 1.
Structure of chalcone.
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Dehydroacetic acid chalcone-1,2,3-triazole hybrids (5) were shown to possess
good in vitro antimicrobial activities against Staphylococcus epidermidis, Bacillus
subtilis, Escherichia coli, and Pseudomonas aeruginosa bacteria and two fungal strains,
viz., Aspergillus niger and Candida albicans [11].

Thiazole-based chalcones including thiazolo[2,3-b]quinazoline and pyrido[4,3-d]
thiazolo[3,2-a]pyrimidine analogs (6 and 7) screened against both gram-positive and
gram-negative bacteria revealed that the tilted compounds had minimum inhibitory
concentration (MIC) values in the ranges of 1–4.0 μg/ml against S. aureus, B. subtilis,
M. luteus, E. coli, and P. aeruginosa [12]. The results were found to be comparable with
the ampicillin and ciprofloxacin standards.

Burmaoglu et al. reported antimicrobial activity of fluoro-substituted chalcones
(8) and (9) against S. aureus, S. pyogenes, E. faecalis, E. coli, and P. aeruginosa
bacteria and C. albicans, C. glabrata, and C. parapsilosis fungal strains. Some of the
tested compounds also exhibited antitubercular activity against Mycobacterium
tuberculosis [13].

Chalcones incorporated with a piperazine ring (10) exhibited promising antimi-
crobial activity against Escherichia coli, Aspergillus niger, Salmonella typhi, Penicil-
lium chrysogenum, and Staphylococcus aureus bacterial strains as well as Aspergillus
flavus, Bacillus subtilis, and Candida albicans fungi [14].

Talniya and Sood documented the synthesis and antibacterial activity of
chalcones (11) against Bacillus subtilis bacteria and Aspergillus niger fungi by disk
diffusion method [15]. The chalcones possessing o-chloro, p-chloro, and p-hydroxyl
substituents showed remarkable antimicrobial activity against the screened
microbes.

Oxazolidinones incorporated with chalcone hybrids (12) were evaluated for
in vitro antibacterial and antifungal activities by using the serial dilution method
[16]. Results showed moderate antimicrobial activities as compared with the stan-
dard drugs ciprofloxacin and linezolid.

Novel diarylsulfonylurea-chalcone hybrids (13) were evaluated by agar well
diffusion method against various strains of bacteria and fungi including Bacillus
subtilis, Escherichia coli, Bacillus pumilus, Staphylococcus aureus, Micrococcus luteus,
Candida albicans, and Penicillium chrysogenum. Most of the compounds showed
promising antibacterial and antifungal activity suggesting that the
diarylsulfonylurea-chalcone hybrids can be used for the treatment of diseases
caused by these microbial organisms [17].

Vanillin moiety containing chalcones (14), (15), and (16)were synthesized by the
Claisen-Schmidt condensation of vanillin with different acetophenone derivatives
and were studied for antimicrobial activities by using agar disk diffusion and
microdilution methods [18]. The researchers found S. aureus and C. albicans to be the
most sensitive strains and E. faecalis to be the least sensitive against these chalcones.
The presence of halogens in chalcones increased their microbial susceptibility. The
structures of some antimicrobial chalcones are shown in Figure 2.

2.2 Anticancer chalcones

Cancer is a widely spreading disease all over the world, necessitating the need to
develop new anticancer agents [19]. Anticancer or antineoplastic drugs are those
that are effective in the treatment of malignant or cancerous disease. Increasing
recurrence of mammalian tumors and severe side effects of chemotherapeutic
agents reduce the clinical efficiency of a large variety of commonly used anticancer
agents, and thus, there is always a constant need to develop alternative or synergis-
tic anticancer drugs with minimal side effects [20].
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The treatment of cancer is a complicated process as the drugs used target human
cells and albeit cells that have undergone genetic changes and are dividing at a fast
and uncontrolled rate. However, only a few anticancer drugs can differentiate
between normal tissue cells and cancer cells to a large extent. Thus, there is always a
constant need to develop alternative or synergistic anticancer drugs with minimal
side effects. This part of the present chapter highlights significant and recent
developments in chalcones used as anticancer agents:

Sulfonylpiperazines linked with [1,3]dioxolo[4,5-g]chromenones (17) were syn-
thesized by the aldol condensation and evaluated as antioxidants against DPPH,
ABTS, as well as antiproliferative agents against non-cancer MDCK cell lines [21].

The design, synthesis, and antitumor potential of chalcones (18) were studied
against human breast adenocarcinoma MCF-7 cells in a concentration-dependent
manner [22]. They triggered significant changes in cell morphology and biochemi-
cal/molecular parameters and revealed the apoptosis inductor nature of the titled
compounds and their application as promising alternatives for the treatment of
neoplasia, especially in terms of drug resistance development.

Novel anthraquinone-chalcone hybrids (19) possessing amide functionality
were synthesized, then characterized, and reported for good cytotoxic potential
against K562, Jurkat, and HL-60 leukemia cell lines [23].

Figure 2.
Structures of antimicrobial chalcones.
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An apoptosis is an important phenomenon, which affects many diseases, such as
cancer and Alzheimer’s disease. Chalcones (20) induced apoptosis of human hepatic
and lung cancer cells and inhibited cancer cell migration and invasion [24].

The bis-chalcone derivatives (21) were studied for their ability to inhibit xan-
thine oxidase and growth inhibitory activity against MCF-7 and caco-2 human
cancer cell lines in vitro. The bis-chalcone with fluoro group at the 2nd or 2, 5th

position of B-ring was found to be a potent inhibitor of the enzyme possessing IC50

values in the low micromolar range. The activities of the compounds were found to
be around seven times higher than the standard allopurinol [25].

Chalcones (22)were synthesized and evaluated for anticancer activities on human
colorectal carcinoma cell line HCT116 by Dias et al. [26]. Halogens at the third position
of the chalconeswere found to enhance the anticancer activity of the titled compounds.

Leao et al. reported the chalcone derivatives (23) and (24) for cytotoxicity
against human tumor cells [27]. Some novel xanthine-chalcone hybrids (25) and
(26) were reported as promising anticancer agents [28].

A series of novel dithiocarbamate-chalcone derivatives (27) and (28)was designed,
synthesized, and evaluated for antiproliferative activity against three selected cancer
cell lines (EC-109, SK-N-SH, and MGC-803). Almost all the synthesized compounds
exhibited moderate to potent activity against all the tested cancer cell lines [29].

Pd(II) and Pt(II) complexes of chalcones (29) were studied for in vitro antimi-
crobial and antitumor activities against different microorganisms and the human
hepatocellular carcinoma cells indicating their use as promising antimicrobial
agents and anticancer drug candidates [30].

Some novel Pt(IV) complexes of chalcone analogs (30) were synthesized and
evaluated for antiproliferative activity by using MTT assay. The in vitro evaluation
revealed that all Pt(IV) complexes showed good activity against the three human
cancer cells [31].

Figure 3.
Structures of anti-cancer chalcones (17-28).
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The overexpression of the CYP1 class of enzymes is associated with the devel-
opment of human carcinomas. The pyridine-4-yl series of chalcones (31) were
synthesized and screened for the inhibition of CYP1 isoforms in Sacchrosomes TM
and live human HEK293 cells. The chalcones bearing tri-alkoxy groups on non-
heterocyclic ring displayed selective inhibition of the CYP1A1 enzyme with IC50

values less than 70 nM [32].
The pyrazolic chalcone analogous compounds (32) were synthesized and evalu-

ated as potential chemotherapeutic agents for the treatment of hepatocellular carci-
noma [33]. Some of the screened compounds exhibited potent cytotoxic activity
against all the cancer cell lines tested and had good cytotoxic activities.

DNA ligases play a crucial role in causing cancer. Gupta et al. reported the
inhibition DNA ligases resulting in DNA nick-sealing activity followed by the
antiproliferative activity of the indole-chalcone based benzopyran chalcones (33)
on cancer cells [34].

Indolizine-chalcone hybrids (34) were synthesized and studied for apoptosis
and anticancer effect on human lymphoma cells by S. Park and coworkers [35].

Prenyl and geranyl group-bearing chalcones (35) were synthesized by using
regioselective iodination followed by the Suzuki coupling reaction and studied for
in vitro anticancer activity against human tumor cell line K562 by MTT assay.
Morphology changes revealed that the chalcone derivatives inhibited the prolifera-
tion of K562 cells by inducing apoptosis [36].

Figure 4.
Structures of anticancer chalcones (29-39).
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Leukemia is a hematologic malignancy with poor prognosis in humans.
Diprenylated chalcone (36) was studied as a new potential antileukemia agent [37].

Chalcones (37)were studied for antiproliferative activities against the human
TRAIL-resistant breast (MCF-7,MDA-MB-231), cervical (HeLa), ovarian (Caov-3),
lung (A549), liver (HepG2), colorectal (HT-29), nasopharyngeal (CNE-1), erythromye-
loblastoid (K-562), and T-lymphoblastoid (CEM-SS) cancer cells byMai [38].

Triazole incorporated with chalcones (38) and (39) was synthesized and evalu-
ated for 3-(4,5-dimethylthiazole-2-yl)-2,5-diphenyltetrazolium bromide (MTT)
cytotoxicity assay against a series of four human cancer cell lines (MCF-7, MIA-Pa-
Ca-2, A549, HepG2) [39]. The structures of anticancer chalcones are depicted in
Figures 3 and 4.

2.3 Antitubercular chalcones

Tuberculosis (TB), caused by the acid-fast gram-positive bacillus, Mycobacte-
rium tuberculosis, remains the leading source of bacterial infectious disease [40].
M. tuberculosis establishes an infection through an invasion of alveolar macrophages.
TheMycobacterium tuberculosis encodes for more than 60 adenylating enzymes,
mainly tRNA synthetases, acyl-AMP ligases, etc. [41]. Currently, the treatment of TB
employs four first-line drugs, isoniazid, rifampin, pyrazinamide, and ethambutol,
which must be administered in the body daily for a 2-month intensive phase.
However, for susceptible TB strains, this therapy is 95% effective. The emergence of
multidrug-resistant (MDR) strains, defined as resistant to isoniazid and rifampin,
requires the use of less effective and more toxic second-line TB drugs. Herein we
discuss some recent updates in the application of chalcones against tuberculosis:

New sulfonamide-bearing chalcones (40)were synthesized by the Claisen-Schmidt
condensation and were reported as excellent antituberculosis hits showing low selec-
tivity, being equally inhibitory toM. tuberculosis and mammalian T3T cells [42].

Gomes et al. studied antitubercular activities of chalcones (41) and (42). The
chalcones showed good selectivity towards M. tuberculosis with low cytotoxicity
against Vero cells and thus possess promising antitubercular potential [43].

Spirochromone annulated chalcone conjugates (43) were documented for
antitubercular activity against Mycobacterium tuberculosis H37Rv strain. Molecular
docking studies performed against the receptors revealed MTB phosphotyrosine
phosphatase B protein as the most probable target based on the high binding-
affinity scores [44].

Babu et al. studied chalcones containing nitrophenyl moieties (44) for
antitubercular activity using MABA assay and antibacterial and antifungal activities
by cup plate method. Molecular docking study predicted the inhibition of thymi-
dine kinase of the Mycobacterium tuberculosis [45]. Anti-tubercular chalcones are
depicted in Figure 5.

Figure 5.
Structures of anti-tubercular chalcones.
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2.4 Antioxidant chalcones

Antioxidants are the compounds that inhibit the oxidation process. These sub-
stances can prevent or slow damage to cells caused by free radicals. Oxidation is a
chemical reaction that generates free radicals, thereby leading to chain reactions
which may damage the cells of organisms and hence responsible for oxidative stress
resulting in chronic diseases such as heart diseases, stroke, cancer, arthritis, respi-
ratory diseases, Parkinson’s disease, and other inflammatory conditions [46].

Cao et al. documented a series of 40-OH-flurbiprofen-chalcone hybrids (45) and
evaluated them as potential multifunctional agents for the treatment of Alzheimer’s
disease. Besides, the compounds were reported for good antioxidant activities,
MAO inhibitions, biometal chelating abilities, and in vitro anti-neuroinflammatory
activities [47].

Selenoenzymes and nuclear factor erythroid 2-related factor 2 (Nrf2)-regulated
phase II enzymes constitute the main components of cellular redox and antioxidant
systems giving information about multiple interrelations involved in the oxidation
processes. Chalcones (46) were proved to interfere with the biosynthesis of Nrf2-
regulated selenoenzymes [48].

El-Sayed et al. documented the antioxidant activity of chalcones (47) [49].
The chalcone derivatives (48) were synthesized by the Claisen-Schmidt con-

densation with KOH in ethanol at room temperature under sonication conditions
and screened for antioxidant potential by Polo et al. [50].

The chalcones (49) were studied as potent antioxidants by Tajammal and
coworkers. These compounds have lower IC50 values than the Trolox and ascorbic
acid standards [51].

A series of chalcone (50) analogs were designed, synthesized, and screened for
antioxidant activities. The chalcone was found as a promising anti-ischemic stroke
drug candidate, providing novel dual-antioxidant mechanism strategies and con-
cepts for oxidative stress-related disease treatment [52]. The prenylated chalcones
(51) were reported for good antioxidant activity [53]. Figure 6 represents the
structures of antioxidant chalcones.

2.5 Anti-inflammatory chalcones

Anti-inflammatory drugs are the drugs which are used to reduce pain and
inflammation. In other words, these are pain-relieving drugs. These drugs work
mainly by inhibiting the cyclooxygenase enzymes, COX-1 and COX-2, that produce

Figure 6.
Structures of antioxidant chalcones.
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prostaglandins [54]. Herein we discuss some of the efforts for the development of
chalcone-based heterocycles as effective anti-inflammatory compounds:

Indole-based chalcones (52) were synthesized and evaluated for in vitro COX-1
and COX-2 inhibitory activity [55].

α-Substituted 20,3,4,40-tetramethoxychalcones (53) and (54) were evaluated for
their ability to modulate inflammatory responses to influence on heme oxygenase-1,
nitric oxide synthase, and cytokine expression levels. Anti-inflammatory
activity was correlated with thiol-alkylating activity, i.e., stronger electrophiles
substituted with CF3, Br, and Cl were found to be more potent than the remaining
derivatives [56].

Zhang et al. identified methoxy chalcones (55) as a potential candidate for
treating acute inflammatory diseases [57].

Pyrazole- and morpholine-containing chalcones (56) were reported for anti-
inflammatory activity by Gadhave and Uphade. The anti-inflammatory activity
performed by carrageenan-induced rat paw edema method showed good potency of
some of the tested compounds as compared with the standard diclofenac drug [58].

Nurkenov et al. studied the in vitro anti-inflammatory effect of chalcones (57)
to inhibit the lipopolysaccharide-induced production of anti-inflammatory cytokine
interleukin-6 and tumor necrosis factor [59].

The imidazole containing chalcone molecule (58) demonstrated noteworthy
anti-inflammatory activity as compared with the standard drug, indomethacin [60].

1-[3-Methoxy-4-(5-nitro-furan-2-ylmethoxy)-phenyl]-3-(substituted phenyl)-
propenones (59) synthesized by the condensation of furfural and apocynin were
evaluated for anti-inflammatory activity [61]. The structures of anti-inflammatory
chalcones are shown in Figure 7.

2.6 Miscellaneous applications of chalcones

Besides the above-discussed applications, chalcones are useful for miscellaneous
applications. Some of them are mentioned as follows:

Figure 7.
Structures of anti-inflammatory chalcones.
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Leishmania is a genus of trypanosomes responsible for the disease leishmaniasis.
Leishmaniasis is spread through sand flies of the genus Phlebotomus, primary hosts
being the vertebrates. The chalcone (60) was evaluated against 29 promastigotes of
Leishmania donovani exhibiting low toxicity against mammalian cells [62].

A series of new chalcone-rivastigmine hybrids (61) was designed, synthesized,
and evaluated in vitro for the ability to inhibit human acetylcholinesterase and
butyrylcholinesterase. Results showed that these compounds exhibited selective
activity in micro- and submicromolar ranges as compared with the standard
rivastigmine and thus the compounds can serve as the lead ones for the treatment of
Alzheimer’s disease [63].

Sang et al. reported AChE/BChE inhibitory, MAO-A/MAO-B inhibitory, and
antioxidant activities of chalcone-O-carbamate derivatives (62). Results revealed
that the compounds show highly selective BChE inhibitory activity with IC50 values
of 1–3 mM range [64].

Some 1,3,4-oxadiazole/thiadiazole-chalcone conjugates (63) were synthesized
and evaluated for in vitro and in vivo antiviral activities against TMV. These conju-
gates have low binding constant values which were comparable to the standard
ningnanmycin [65].

Amide tethered 7-chloroquinoline-chalcone bifunctional hybrids (64) were syn-
thesized and employed as antimalarial agents against the resistant strain of Plasmo-
dium falciparum. Methoxy substituent at the para position of ring B on chalcones
and longer alkyl chain lengths significantly improved the antiplasmodial profiles of
the chalcone derivatives [66].

The halogenated 1-tetralone or 6-amino-1-tetralone chalcone derivatives (65)
were synthesized and evaluated for inhibitory effects against ROS production in
LPS-stimulated RAW 264.7 macrophages. The structure-activity relationship
revealed that amino moiety at the sixth position of 1-tetralone chalcones plays an
important role for greater ROS inhibitory potency [67].

Chalcone derivatives (66) were studied for hepatoprotective ability, and the
results were compared with the standard hepatoprotective drug silymarin. The
experimental results were supported by a molecular docking study [68].

Triazole-linked 4-aminoquinoline-chalcone/-N-acetylpyrazoline conjugates
(67) were synthesized and evaluated for antiplasmodial activities against cultured
chloroquine-resistant strain. The activities were found to be dependent on the
length of the alkyl chain as well as on the presence of methoxy substituents on the
chalcone rings [69].

Chalcone analogs (68) were synthesized and evaluated for cytotoxic effects in
human hepatoma HepG2 cells. The percentage of apoptotic cells was significantly
higher in the compounds than that in the control cells [70].

The oxygenated chalcones (69) were found to inhibit monoamine oxidases, and
the lead compounds were found to be nontoxic at 200 μg/mL in normal rat spleen
cells [71].

Hameed et al. studied the quinoline-based chalcone compounds (70) as reverse
transcriptase inhibitors. Bromo- and chloro-substituted chalcones exhibited a high
degree of inhibition against the reverse transcriptase [72].

Histoplasmosis is a fungal infection caused by the dimorphic fungus Histoplasma
27 capsulatum. Hydroxyl group-bearing chalcones (71) and (72) were studied for
histoplasmosis by Wanessa et al. [73].

Sashidhara et al. documented the antiulcer activity of some novel quinoline-
chalcone hybrids (73) in various ulcer models in Sprague Dawley rats. Additional
studies including in vitro metabolic stability and in vivo pharmacokinetics showed
their potential to act as an orally active and safe candidate for the development of an
antiulcer agent [74].
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Pyrene ring-bearing chalcone (74)was studied as a sensitive and highly selective
sensor for the detection of aluminum (Al3+) ions by fluorimetric studies by Suresh et al.
The chalcone was found to be useful for the electrosorptive removal of Al3+ ion and
several other biological applications including the bio-imaging of bacterial cells [75].

Chalcones (75) were reported for potent antimalarial activities against Plasmo-
dium falciparum using Rieckmann’s method. Allyloxy, hydroxy, and alkoxy func-
tional groups increased the antimalarial activity of the chalcone derivatives [76].

Human African trypanosomiasis is an infectious disease that affects the lives of
people living in rural areas of Africa. Beteck et al. studied the antitrypanosomal activ-
ities of indanone-based chalcone analogs (76) by screening againstT.b. brucei [77]. The
structures of chalcones havingmiscellaneous activities are depicted in Figure 8.

3. Conclusion

Chalcones and their analogs possess significant biological activities including
antimicrobial, anticancer, antitubercular, antioxidant, anti-inflammatory,
antileishmanial, enzyme inhibitory, and miscellaneous applications and hence
acquire a unique place in medicinal chemistry. The growing interest of synthetic
organic, pharmacological, and medicinal chemists towards chalcones and their

Figure 8.
Structures of chalcones having miscellaneous activities.
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and evaluated in vitro for the ability to inhibit human acetylcholinesterase and
butyrylcholinesterase. Results showed that these compounds exhibited selective
activity in micro- and submicromolar ranges as compared with the standard
rivastigmine and thus the compounds can serve as the lead ones for the treatment of
Alzheimer’s disease [63].

Sang et al. reported AChE/BChE inhibitory, MAO-A/MAO-B inhibitory, and
antioxidant activities of chalcone-O-carbamate derivatives (62). Results revealed
that the compounds show highly selective BChE inhibitory activity with IC50 values
of 1–3 mM range [64].

Some 1,3,4-oxadiazole/thiadiazole-chalcone conjugates (63) were synthesized
and evaluated for in vitro and in vivo antiviral activities against TMV. These conju-
gates have low binding constant values which were comparable to the standard
ningnanmycin [65].

Amide tethered 7-chloroquinoline-chalcone bifunctional hybrids (64) were syn-
thesized and employed as antimalarial agents against the resistant strain of Plasmo-
dium falciparum. Methoxy substituent at the para position of ring B on chalcones
and longer alkyl chain lengths significantly improved the antiplasmodial profiles of
the chalcone derivatives [66].

The halogenated 1-tetralone or 6-amino-1-tetralone chalcone derivatives (65)
were synthesized and evaluated for inhibitory effects against ROS production in
LPS-stimulated RAW 264.7 macrophages. The structure-activity relationship
revealed that amino moiety at the sixth position of 1-tetralone chalcones plays an
important role for greater ROS inhibitory potency [67].

Chalcone derivatives (66) were studied for hepatoprotective ability, and the
results were compared with the standard hepatoprotective drug silymarin. The
experimental results were supported by a molecular docking study [68].

Triazole-linked 4-aminoquinoline-chalcone/-N-acetylpyrazoline conjugates
(67) were synthesized and evaluated for antiplasmodial activities against cultured
chloroquine-resistant strain. The activities were found to be dependent on the
length of the alkyl chain as well as on the presence of methoxy substituents on the
chalcone rings [69].

Chalcone analogs (68) were synthesized and evaluated for cytotoxic effects in
human hepatoma HepG2 cells. The percentage of apoptotic cells was significantly
higher in the compounds than that in the control cells [70].

The oxygenated chalcones (69) were found to inhibit monoamine oxidases, and
the lead compounds were found to be nontoxic at 200 μg/mL in normal rat spleen
cells [71].

Hameed et al. studied the quinoline-based chalcone compounds (70) as reverse
transcriptase inhibitors. Bromo- and chloro-substituted chalcones exhibited a high
degree of inhibition against the reverse transcriptase [72].

Histoplasmosis is a fungal infection caused by the dimorphic fungus Histoplasma
27 capsulatum. Hydroxyl group-bearing chalcones (71) and (72) were studied for
histoplasmosis by Wanessa et al. [73].

Sashidhara et al. documented the antiulcer activity of some novel quinoline-
chalcone hybrids (73) in various ulcer models in Sprague Dawley rats. Additional
studies including in vitro metabolic stability and in vivo pharmacokinetics showed
their potential to act as an orally active and safe candidate for the development of an
antiulcer agent [74].
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Pyrene ring-bearing chalcone (74)was studied as a sensitive and highly selective
sensor for the detection of aluminum (Al3+) ions by fluorimetric studies by Suresh et al.
The chalcone was found to be useful for the electrosorptive removal of Al3+ ion and
several other biological applications including the bio-imaging of bacterial cells [75].

Chalcones (75) were reported for potent antimalarial activities against Plasmo-
dium falciparum using Rieckmann’s method. Allyloxy, hydroxy, and alkoxy func-
tional groups increased the antimalarial activity of the chalcone derivatives [76].

Human African trypanosomiasis is an infectious disease that affects the lives of
people living in rural areas of Africa. Beteck et al. studied the antitrypanosomal activ-
ities of indanone-based chalcone analogs (76) by screening againstT.b. brucei [77]. The
structures of chalcones havingmiscellaneous activities are depicted in Figure 8.

3. Conclusion

Chalcones and their analogs possess significant biological activities including
antimicrobial, anticancer, antitubercular, antioxidant, anti-inflammatory,
antileishmanial, enzyme inhibitory, and miscellaneous applications and hence
acquire a unique place in medicinal chemistry. The growing interest of synthetic
organic, pharmacological, and medicinal chemists towards chalcones and their

Figure 8.
Structures of chalcones having miscellaneous activities.
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derivatives will be continued in the future also. This chapter is expected to provide a
stimulus for researchers to design, synthesize, and carry out further investigation
on the pharmacological effects of new chalcone derivatives for different biological
activities.
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Chapter 10

Role of cAMP Homeostasis in 
Intra-Macrophage Survival and 
Infectivity of Unicellular Parasites 
like Leishmania
Arunima Biswas, Anindita Bhattacharjee and Pijush K. Das

Abstract

Unicellular eukaryotic pathogen Leishmania donovani, an intra-macrophage 
protozoan parasite, on exposure to phagolysosome conditions (PC) of mammalian 
macrophages, show increased cAMP level and cAMP-dependent protein kinase A 
(PKA) resulting in resistance to macrophage oxidative burst. In order to have a com-
prehensive understanding of cAMP signaling and their contribution to infectivity, 
studies were carried out on all the enzymes associated with cAMP metabolism such 
as adenylate cyclase, phosphodiesterase, pyrophosphatase and the regulatory and 
catalytic subunits of PKA. This chapter deals in detail the contribution of these 
components of cAMP signaling in cAMP homeostasis of the parasite as well as their 
role on successful host-parasite interaction leading to intracellular parasite survival 
and establishment of infection. Finally, a discussion is made about how these 
observations might be exploited for developing drug candidates targeting parasite 
specific features.

Keywords: Leishmania, parasite, cAMP, phosphodiesterase, pyrophosphatase, 
receptor adenylate cyclase, infectivity

1. Introduction

Leishmaniasis, caused by protozoan parasite Leishmania is still endemic in many 
countries and is considered as one of the potent neglected tropical disease. There 
are three main forms of leishmaniases-visceral (also known as kala-azar and the 
most serious form of the disease), cutaneous (the most common), and mucocuta-
neous form of the disease. Though there are surveillance and control measures for 
leishmaniasis being used by the World Health Organization, the treatment regime 
of the disease is yet to be enough to eradicate the disease worldwide. There are 
continuous research on potential new treatments and possible vaccines for leish-
maniasis, but adequate treatment is still unavailable.

Unicellular eukaryotic pathogen Leishmania donovani, when exposed to pha-
golysosome conditions (PC) of macrophages (37°C and pH 5.5); a pre-requisite for 
parasite survival and infectivity, showed to elevate cAMP level and cAMP-mediated 
protein kinase A (PKA) activation. In eukaryotes, several researches indicate that 
most of the cAMP mediated effects are due to the activation of the cAMP-regulated 
protein kinase A, and the subsequent phosphorylation of other substrates of PKA 
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most of the cAMP mediated effects are due to the activation of the cAMP-regulated 
protein kinase A, and the subsequent phosphorylation of other substrates of PKA 
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which act as transcription factors, or metabolic enzymes such as lipases, phos-
phorylase kinase or glycogen synthase. In unicellular eukaryotes, there are many 
reports which implicates cAMP as one of the major environmental sensing machin-
eries associated with stress response in Plasmodium, Trypanosoma, Toxoplasma 
and others. In malarial parasite, Plasmodium falciparum, cAMP is one of the main 
molecules responsible for the formation of sexual precursor, gametocytes from the 
asexual forms [1]. P. falciparum produces its own cAMP requirement by receptor 
adenylate cyclase (AC) which seemed to be unaffected by the well-known mamma-
lian RAC activator Forskolin or heteromeric G-protein activators fluoroaluminate 
(A1F4

−). Moreover, cAMP signaling effector molecule protein kinase A (PKA) 
plays an important role in conductance of anions across the host cell membrane 
of Plasmodium-infected RBC [2]. Moreover, recent researches showed that PKAR 
(PKA regulatory subunit) is functionally associated with the activation of anion 
conductance channel in P. falciparum-infected RBC [3]. cAMP-dependent signaling 
pathway activation and PKC activation in Entamoeba histolytica triggers the phos-
phorylation of proteins involved in actin rear-arrangements necessary for its move-
ment and adhesion. Moreover, cAMP-response elements could play an important 
role in regulating actin expression and organization in signaling processes activated 
during tissue invasion. However, there are several other reports of mechanisms of 
cAMP action, such as the direct regulation of ion channels in olfactory cells, or the 
activation of chemotactic receptors in the slime mould, Dictyostelium. In unicel-
lular eukaryotes like Toxoplasma gondii, both cyclic GMP (cGMP) and cyclic AMP 
(cAMP) can induce bradyzoite formation. These effects could be due to an increase 
in host or parasite cyclic nucleotides. Host cell environments including cAMP eleva-
tions contribute to the bradyzoite differentiation process in T. gondii, which has a 
receptor or sensor for cyclic nucleotides [4]. In Dictyostelium, cAMP secreted into 
the environment binds to cAMP receptors to regulate the differentiation program of 
cells within the fruiting body [5]. In Leishmania, the mechanism of action of cAMP 
signaling represent a particularly intriguing question since the major pathway of 
cAMP signaling in eukaryotes, the regulation of transcription, does not seem to be 
applicable because kinetoplastid parasites like Trypanosoma and Leishmania exhibit 
obscure transcriptional regulation. An attempt to understand cAMP signaling in 
Leishmania was undertaken by Seebeck and his group and initial studies in L. major 
where they identified five PDE genes, PDEA, PDEB1, PDEB2, PDEC and PDED 
encoding class I enzymes similar to those found in higher eukaryotes [6].

The protozoan parasite Leishmania donovani, when exposed to stress condition 
in the mammalian macrophages, encounter an oxidative burst as the first line of 
defense, offered by the macrophages by producing reactive oxygen species and 
reactive nitrogen intermediates [7, 8]. Still, a subset of the parasites can survive and 
transforms into amastigotes leading to disease manifestation [9, 10]. In Leishmania, 
cAMP is one of the major players driving the transformation of the parasite from 
promastigotes to amastigotes and allowing survival of parasites in macrophages 
[11]. Not only in the differentiation of Leishmania, cAMP also an important role in 
the differentiation of Trypanosoma from slender form to short stumpy form [11]. 
In kinetoplastid parasite Trypanosoma, cAMP levels are modulated all through 
the different stages of the cell cycle plays a significant function in transformation 
from slender forms to stumpy forms [12]. Also a stumpy induction factor (SIF) 
has been reported in Trypanosoma which triggers cell cycle arrest in G1/G0 phase 
and induces differentiation with high efficiency and elicits an immediate two- to 
three-fold elevation of intracellular cAMP content upon addition to slender forms 
[13]. Membrane-permeable derivatives of cAMP or the phosphodiesterase inhibi-
tor etazolate perfectly mimic SIF activity in Trypanosoma. Moreover, it was also 
shown that the transformation in Trypanosoma was not mediated directly by cAMP 
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or cAMP-analogs but by the products of hydrolysis of the membrane permeable 
cAMP-analogs [14]. In Leishmania, previous studies also showed that cAMP causes 
G1 arrest in cell cycle which perhaps aids the parasite transformation [15]. Although 
cAMP seemed to induce cell cycle arrest in Leishmania, little is known about the 
intricate mechanism of the arrest. Though spatiotemporal regulation of cAMP and 
slight changes of it seemed important in the parasite, scanty data exist regarding the 
potential toxicity of Leishmania cells to pharmacologic elevation of cAMP levels. 
Moreover, in several mammalian systems, elevation of cAMP level is one of the 
stimuli that can induce growth arrest or cell death (or both) in many cultured lym-
phoid cells, including resting B cells, germinal center B cells, T lymphocytes, and 
thymocytes [16–20]. cAMP also induces cell death in cells derived from lymphoid 
malignancies, including murine lymphoma cell line S49.1, B-CLL cells, and multiple 
myeloma cells [21, 22].

To understand the importance of canonical cAMP signaling components, 
enzymes associated with cAMP metabolism were studied. cAMP is universally 
generated by adenylate cyclase in a G-protein coupled receptor signaling cascade, 
which catalyzes the cyclization of ATP to cAMP. In Leishmania, the absence of 
G-proteins made this signaling cascade a unique one. In many instances, adenyl-
ate cyclase is regulated by various molecules including bicarbonate, calcium, 
and hormones. Interestingly, our studies confirmed the importance of inorganic 
pyrophosphate pool (PPi), an energy storage compound and byproduct of cAMP 
synthesis, as one of the regulators of receptor adenylate cyclases in Leishmania. 
Also, amongst the stage specific receptor adenylate cyclases, LdRAC-A showed to 
regulate cAMP levels in the parasite when exposed to phagolysosome conditions. 
The PPi pool seemed to a stringent control by membrane bound pyrophosphatases 
of acidocalcisomes (ACms). Downstream, a differentially expressed soluble cyto-
solic cAMP phosphodiesterase (LdPDEA) and another cytosolic cAMP-dependent 
PDE, LdPDED, seemed responsible for controlling cAMP homeostasis. Also, a 
functional cAMP-binding effector molecule from L. donovani (a regulatory subunit 
of PKA, LdPKAR) seemed important in parasite infectivity playing a substantial 
role in autophagy induction, an event important for parasite transformation in 
phagolysosome conditions. Protein phosphorylation in a cAMP-dependent manner 
is important in the life cycle of the parasite and in any trypanosomatids, the pattern 
of protein phosphorylation changes within the life cycle of the parasite [23–32].

This chapter will deal in detail, the components of cAMP signaling in the parasite 
and unequivocally demonstrate their contribution in cAMP homeostasis; an impor-
tant event for parasite survival, successful host-parasite interaction, which might be 
exploited for developing drug candidates targeting parasite specific features.

2. cAMP and associated enzymes in Leishmania

In eukaryotes, cAMP a second messenger, is an essential molecule playing a 
vital role in intracellular signaling which control a vast array of cellular events like 
cytoskeletal modeling, proliferation, virulence, differentiation and apoptosis [33]. 
cAMP is formed from adenosine triphosphate (ATP) by receptor adenylate cyclases 
(RAC). In Leishmania, there are reports of several isoforms of both membrane 
bound receptor adenylate cyclases [34] as well as soluble adenylate cyclases. When 
cAMP is produced, inorganic phosphate (Pi) is also produced as one of by-product 
of the reaction. Regulation of the pyrophosphate (PPi) pool formed by the accu-
mulation of Pi, is hydrolysed by pyrophosphatase. In Leishmania, there are three 
isoforms of pyrophosphatases: Inorganic pyrophosphatase (IoPPase), vacuolar 
proton transporting pyrophosphatase (V-H+PPase) and acidocalcisomal soluble 
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which act as transcription factors, or metabolic enzymes such as lipases, phos-
phorylase kinase or glycogen synthase. In unicellular eukaryotes, there are many 
reports which implicates cAMP as one of the major environmental sensing machin-
eries associated with stress response in Plasmodium, Trypanosoma, Toxoplasma 
and others. In malarial parasite, Plasmodium falciparum, cAMP is one of the main 
molecules responsible for the formation of sexual precursor, gametocytes from the 
asexual forms [1]. P. falciparum produces its own cAMP requirement by receptor 
adenylate cyclase (AC) which seemed to be unaffected by the well-known mamma-
lian RAC activator Forskolin or heteromeric G-protein activators fluoroaluminate 
(A1F4

−). Moreover, cAMP signaling effector molecule protein kinase A (PKA) 
plays an important role in conductance of anions across the host cell membrane 
of Plasmodium-infected RBC [2]. Moreover, recent researches showed that PKAR 
(PKA regulatory subunit) is functionally associated with the activation of anion 
conductance channel in P. falciparum-infected RBC [3]. cAMP-dependent signaling 
pathway activation and PKC activation in Entamoeba histolytica triggers the phos-
phorylation of proteins involved in actin rear-arrangements necessary for its move-
ment and adhesion. Moreover, cAMP-response elements could play an important 
role in regulating actin expression and organization in signaling processes activated 
during tissue invasion. However, there are several other reports of mechanisms of 
cAMP action, such as the direct regulation of ion channels in olfactory cells, or the 
activation of chemotactic receptors in the slime mould, Dictyostelium. In unicel-
lular eukaryotes like Toxoplasma gondii, both cyclic GMP (cGMP) and cyclic AMP 
(cAMP) can induce bradyzoite formation. These effects could be due to an increase 
in host or parasite cyclic nucleotides. Host cell environments including cAMP eleva-
tions contribute to the bradyzoite differentiation process in T. gondii, which has a 
receptor or sensor for cyclic nucleotides [4]. In Dictyostelium, cAMP secreted into 
the environment binds to cAMP receptors to regulate the differentiation program of 
cells within the fruiting body [5]. In Leishmania, the mechanism of action of cAMP 
signaling represent a particularly intriguing question since the major pathway of 
cAMP signaling in eukaryotes, the regulation of transcription, does not seem to be 
applicable because kinetoplastid parasites like Trypanosoma and Leishmania exhibit 
obscure transcriptional regulation. An attempt to understand cAMP signaling in 
Leishmania was undertaken by Seebeck and his group and initial studies in L. major 
where they identified five PDE genes, PDEA, PDEB1, PDEB2, PDEC and PDED 
encoding class I enzymes similar to those found in higher eukaryotes [6].

The protozoan parasite Leishmania donovani, when exposed to stress condition 
in the mammalian macrophages, encounter an oxidative burst as the first line of 
defense, offered by the macrophages by producing reactive oxygen species and 
reactive nitrogen intermediates [7, 8]. Still, a subset of the parasites can survive and 
transforms into amastigotes leading to disease manifestation [9, 10]. In Leishmania, 
cAMP is one of the major players driving the transformation of the parasite from 
promastigotes to amastigotes and allowing survival of parasites in macrophages 
[11]. Not only in the differentiation of Leishmania, cAMP also an important role in 
the differentiation of Trypanosoma from slender form to short stumpy form [11]. 
In kinetoplastid parasite Trypanosoma, cAMP levels are modulated all through 
the different stages of the cell cycle plays a significant function in transformation 
from slender forms to stumpy forms [12]. Also a stumpy induction factor (SIF) 
has been reported in Trypanosoma which triggers cell cycle arrest in G1/G0 phase 
and induces differentiation with high efficiency and elicits an immediate two- to 
three-fold elevation of intracellular cAMP content upon addition to slender forms 
[13]. Membrane-permeable derivatives of cAMP or the phosphodiesterase inhibi-
tor etazolate perfectly mimic SIF activity in Trypanosoma. Moreover, it was also 
shown that the transformation in Trypanosoma was not mediated directly by cAMP 
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or cAMP-analogs but by the products of hydrolysis of the membrane permeable 
cAMP-analogs [14]. In Leishmania, previous studies also showed that cAMP causes 
G1 arrest in cell cycle which perhaps aids the parasite transformation [15]. Although 
cAMP seemed to induce cell cycle arrest in Leishmania, little is known about the 
intricate mechanism of the arrest. Though spatiotemporal regulation of cAMP and 
slight changes of it seemed important in the parasite, scanty data exist regarding the 
potential toxicity of Leishmania cells to pharmacologic elevation of cAMP levels. 
Moreover, in several mammalian systems, elevation of cAMP level is one of the 
stimuli that can induce growth arrest or cell death (or both) in many cultured lym-
phoid cells, including resting B cells, germinal center B cells, T lymphocytes, and 
thymocytes [16–20]. cAMP also induces cell death in cells derived from lymphoid 
malignancies, including murine lymphoma cell line S49.1, B-CLL cells, and multiple 
myeloma cells [21, 22].

To understand the importance of canonical cAMP signaling components, 
enzymes associated with cAMP metabolism were studied. cAMP is universally 
generated by adenylate cyclase in a G-protein coupled receptor signaling cascade, 
which catalyzes the cyclization of ATP to cAMP. In Leishmania, the absence of 
G-proteins made this signaling cascade a unique one. In many instances, adenyl-
ate cyclase is regulated by various molecules including bicarbonate, calcium, 
and hormones. Interestingly, our studies confirmed the importance of inorganic 
pyrophosphate pool (PPi), an energy storage compound and byproduct of cAMP 
synthesis, as one of the regulators of receptor adenylate cyclases in Leishmania. 
Also, amongst the stage specific receptor adenylate cyclases, LdRAC-A showed to 
regulate cAMP levels in the parasite when exposed to phagolysosome conditions. 
The PPi pool seemed to a stringent control by membrane bound pyrophosphatases 
of acidocalcisomes (ACms). Downstream, a differentially expressed soluble cyto-
solic cAMP phosphodiesterase (LdPDEA) and another cytosolic cAMP-dependent 
PDE, LdPDED, seemed responsible for controlling cAMP homeostasis. Also, a 
functional cAMP-binding effector molecule from L. donovani (a regulatory subunit 
of PKA, LdPKAR) seemed important in parasite infectivity playing a substantial 
role in autophagy induction, an event important for parasite transformation in 
phagolysosome conditions. Protein phosphorylation in a cAMP-dependent manner 
is important in the life cycle of the parasite and in any trypanosomatids, the pattern 
of protein phosphorylation changes within the life cycle of the parasite [23–32].

This chapter will deal in detail, the components of cAMP signaling in the parasite 
and unequivocally demonstrate their contribution in cAMP homeostasis; an impor-
tant event for parasite survival, successful host-parasite interaction, which might be 
exploited for developing drug candidates targeting parasite specific features.

2. cAMP and associated enzymes in Leishmania

In eukaryotes, cAMP a second messenger, is an essential molecule playing a 
vital role in intracellular signaling which control a vast array of cellular events like 
cytoskeletal modeling, proliferation, virulence, differentiation and apoptosis [33]. 
cAMP is formed from adenosine triphosphate (ATP) by receptor adenylate cyclases 
(RAC). In Leishmania, there are reports of several isoforms of both membrane 
bound receptor adenylate cyclases [34] as well as soluble adenylate cyclases. When 
cAMP is produced, inorganic phosphate (Pi) is also produced as one of by-product 
of the reaction. Regulation of the pyrophosphate (PPi) pool formed by the accu-
mulation of Pi, is hydrolysed by pyrophosphatase. In Leishmania, there are three 
isoforms of pyrophosphatases: Inorganic pyrophosphatase (IoPPase), vacuolar 
proton transporting pyrophosphatase (V-H+PPase) and acidocalcisomal soluble 
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pyrophosphatase (VSP1). Downstream to cAMP, leishmanial phosphodiesterases 
(PDE) hydrolyzes cAMP to 5′ adenosine monophosphate (5′AMP). There are five 
different PDEs in the parasite (PDEA, PDEB1, PDEB2, PDEC, and PDED). cAMP-
dependent protein kinase A (PKA) exists as an inactive tetramer consisting of two 
catalytic subunits (PKAC) and two regulatory subunits (PKAR). Binding of cAMP 
to PKAR releases PKAC subunit.

2.1 Receptor adenylate cyclase in Leishmania

cAMP signaling cascade is activated only when local cAMP concentration 
reaches a level high enough to activate a cAMP responsive respective effector 
protein/s. It has been observed that mostly, the activation threshold lies around 
1 ± 10 mm. The increase of cAMP from a basal level can be brought about either by 
the activation of one or several RACs, or by the inactivation of the PDEs. In eukary-
otic cells, cAMP is predominantly generated at the plasma membrane since most 
of the known RACs are integral membrane proteins. From the site of its genera-
tion, the cAMP diffuses until it hits the respective effector molecule, or until it is 
hydrolysed by PDEs (Figure 1). The cAMP signal can take the form of a diffusion-
controlled concentration gradient [35], it can be delivered in the form of time- and 
space-controlled spikes of cAMP concentration or consists of a sustained increase 
or decrease in intracellular cAMP concentration. Adenylate cyclase-cAMP pathway 
is also involved in the internalization process of the parasite by the host cells [36].

Studies have confirmed that cAMP is involved in signal transduction events 
occurring during transformations in Leishmania and other related kinetoplastid 
protozoa. Different life cycle stages contain different intracellular concentrations of 
cAMP in Trypanosome brucei [37] and in T. cruzi [23]. Furthermore, cAMP analogs 
and phosphodiesterase inhibitors promote in vitro differentiation of non-infectious 
epimastigotes of T. cruzi into infectious metacyclic trypomastigotes [38]. This major 

Figure 1. 
Receptor adenylate cyclase in Leishmania: PPi inhibiting adenylate cyclase. In normal condition, when the 
parasites are not exposed to stress, receptor adenylate cyclase synthesizes cAMP from ATP and PPi is produced 
as by-product. This PPi interacts with the receptors and inhibits further synthesis of cAMP. On the other 
hand, PDEs present in the cell also helps in maintaining the concentration of cAMP by hydrolyzing cAMP to 
5′-AMP. So, both PPi produced and the PDEs help in the regulation of cAMP level in the parasite.
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role of cAMP in the transformation of kinetoplastid protozoa has led to the inves-
tigation of adenylate cyclases in L. donovani. A family of five clustered genes in L. 
donovani was identified which encodes signal transduction receptors [39]. The coding 
region of these genes was sequenced and have been shown to code for proteins with 
an NH2-terminal hydrophilic domain, an intervening transmembrane segment and 
a carboxylic terminal domain having high sequence similarity with the catalytic 
domain of adenylate cyclases from other eukaryotes [39]. These genes are designated 
as rac-A and rac-B. One of these genes is expressed in Xenopus oocytes and have 
been shown to function as an adenylate cyclase. Another interesting observation was 
that of rac-A and rac-B mRNAs expression which was only found in promastigotes 
by Northern blot technique but was not detectable in amastigotes, which proves 
that these are developmentally regulated mRNAs [39]. So, these proteins might be 
involved in developmental transitions where they can function in the switch between 
non-infectious procyclic and infectious metacyclic promastigotes [40], or they can 
also interact with ligands present in the host macrophages and initiate a signal cascade 
leading to the differentiation of promastigotes to amastigotes.

In T. brucei, genes showing homology with yeast adenylate cyclase were identified 
and they were termed expression-site associated genes (ESAGs). Many more copies 
of these putative adenylate cyclases were identified and were named GRESAG4.1 and 
GRESAG4.2 [41]. Related adenylate cyclase genes which have actually been proved 
to code for functional adenylate cyclase enzymes were also identified in T. congoense, 
T. mega, T. brucei gambiense, T. vivax and T. equiperdum [42, 43]. Similar families of 
multigene having high homology with ESAG4 and GRESAG4.1 have been identified 
in T. cruzi and L. donovani are said to be sharing the common protein architecture 
[39]. In kinetoplastids, the cellular localization of adenylate cyclases is consistent 
where they act as receptors as proved by binding of antibodies against ESAG4, 
specifically to the cell surface along the flagella in trypanosomes [43].

The existence of receptor adenylate cyclase has also been discovered in L. don-
ovani and a membrane bound RAC-A is found to be functional during exposure 
to phagolysosome condition (PC) which actively catalyze cAMP generation [39]. 
Expression of receptor adenylate cyclase mRNAs (RAC-A and RAC-B) was also 
found to be developmentally regulated in Leishmania as their expression was only 
found in promastigotes but not in amastigotes [39]. It has been reported that pro-
mastigotes exposed to PC shown elevated level of cAMP after 60 minutes of PC 
exposure which was decreased when treated with DDA (di-deoxy adenosine), an 
adenylate cyclase inhibitor [44]. Expression of both LdRAC-A and LdRAC-B were 
analyzed by immunoblot technique using anti-RAC-A and anti-RAC-B antibodies 
raised against Leishmania and their expressions were revealed in both plasma mem-
brane and flagella. Interestingly, the expression of LdRAC-A increased significantly 
in PC-exposed cells after 60 minutes of exposure despite the unchanged expres-
sion profile of LdRAC-B under such condition. This result suggests that in spite of 
the presence of two developmentally regulated isoforms of adenylate cyclases in 
Leishmania, LdRAC-A is only functionally active during stress condition. Inducible 
anti-sense knock-down strategy was adopted to downregulate RAC-A and RAC-B 
in L. tarentolae, which had been successfully implemented for a number of genes 
earlier. Ldrac-A knocked-down parasites generated in Lt.T7TR strain of L. tarentolae 
showed no change or no elevation in intracellular cAMP level after exposure to 
PC. Moreover, there was a 10.2% decrease in cAMP level when RAC-A knocked-
down PC-exposed parasites were further treated with DDA. Ldrac-B knocked-down 
parasites behaved as control parasites showing elevated cAMP levels on PC exposure. 
However, there was a significant decrease of cAMP level when RAC-B knocked-
down cells were treated with DDA. The results indicate that LdRAC-A plays a con-
spicuous role in triggering cAMP response in the parasites during stress condition.
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pyrophosphatase (VSP1). Downstream to cAMP, leishmanial phosphodiesterases 
(PDE) hydrolyzes cAMP to 5′ adenosine monophosphate (5′AMP). There are five 
different PDEs in the parasite (PDEA, PDEB1, PDEB2, PDEC, and PDED). cAMP-
dependent protein kinase A (PKA) exists as an inactive tetramer consisting of two 
catalytic subunits (PKAC) and two regulatory subunits (PKAR). Binding of cAMP 
to PKAR releases PKAC subunit.

2.1 Receptor adenylate cyclase in Leishmania

cAMP signaling cascade is activated only when local cAMP concentration 
reaches a level high enough to activate a cAMP responsive respective effector 
protein/s. It has been observed that mostly, the activation threshold lies around 
1 ± 10 mm. The increase of cAMP from a basal level can be brought about either by 
the activation of one or several RACs, or by the inactivation of the PDEs. In eukary-
otic cells, cAMP is predominantly generated at the plasma membrane since most 
of the known RACs are integral membrane proteins. From the site of its genera-
tion, the cAMP diffuses until it hits the respective effector molecule, or until it is 
hydrolysed by PDEs (Figure 1). The cAMP signal can take the form of a diffusion-
controlled concentration gradient [35], it can be delivered in the form of time- and 
space-controlled spikes of cAMP concentration or consists of a sustained increase 
or decrease in intracellular cAMP concentration. Adenylate cyclase-cAMP pathway 
is also involved in the internalization process of the parasite by the host cells [36].

Studies have confirmed that cAMP is involved in signal transduction events 
occurring during transformations in Leishmania and other related kinetoplastid 
protozoa. Different life cycle stages contain different intracellular concentrations of 
cAMP in Trypanosome brucei [37] and in T. cruzi [23]. Furthermore, cAMP analogs 
and phosphodiesterase inhibitors promote in vitro differentiation of non-infectious 
epimastigotes of T. cruzi into infectious metacyclic trypomastigotes [38]. This major 
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parasites are not exposed to stress, receptor adenylate cyclase synthesizes cAMP from ATP and PPi is produced 
as by-product. This PPi interacts with the receptors and inhibits further synthesis of cAMP. On the other 
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role of cAMP in the transformation of kinetoplastid protozoa has led to the inves-
tigation of adenylate cyclases in L. donovani. A family of five clustered genes in L. 
donovani was identified which encodes signal transduction receptors [39]. The coding 
region of these genes was sequenced and have been shown to code for proteins with 
an NH2-terminal hydrophilic domain, an intervening transmembrane segment and 
a carboxylic terminal domain having high sequence similarity with the catalytic 
domain of adenylate cyclases from other eukaryotes [39]. These genes are designated 
as rac-A and rac-B. One of these genes is expressed in Xenopus oocytes and have 
been shown to function as an adenylate cyclase. Another interesting observation was 
that of rac-A and rac-B mRNAs expression which was only found in promastigotes 
by Northern blot technique but was not detectable in amastigotes, which proves 
that these are developmentally regulated mRNAs [39]. So, these proteins might be 
involved in developmental transitions where they can function in the switch between 
non-infectious procyclic and infectious metacyclic promastigotes [40], or they can 
also interact with ligands present in the host macrophages and initiate a signal cascade 
leading to the differentiation of promastigotes to amastigotes.

In T. brucei, genes showing homology with yeast adenylate cyclase were identified 
and they were termed expression-site associated genes (ESAGs). Many more copies 
of these putative adenylate cyclases were identified and were named GRESAG4.1 and 
GRESAG4.2 [41]. Related adenylate cyclase genes which have actually been proved 
to code for functional adenylate cyclase enzymes were also identified in T. congoense, 
T. mega, T. brucei gambiense, T. vivax and T. equiperdum [42, 43]. Similar families of 
multigene having high homology with ESAG4 and GRESAG4.1 have been identified 
in T. cruzi and L. donovani are said to be sharing the common protein architecture 
[39]. In kinetoplastids, the cellular localization of adenylate cyclases is consistent 
where they act as receptors as proved by binding of antibodies against ESAG4, 
specifically to the cell surface along the flagella in trypanosomes [43].

The existence of receptor adenylate cyclase has also been discovered in L. don-
ovani and a membrane bound RAC-A is found to be functional during exposure 
to phagolysosome condition (PC) which actively catalyze cAMP generation [39]. 
Expression of receptor adenylate cyclase mRNAs (RAC-A and RAC-B) was also 
found to be developmentally regulated in Leishmania as their expression was only 
found in promastigotes but not in amastigotes [39]. It has been reported that pro-
mastigotes exposed to PC shown elevated level of cAMP after 60 minutes of PC 
exposure which was decreased when treated with DDA (di-deoxy adenosine), an 
adenylate cyclase inhibitor [44]. Expression of both LdRAC-A and LdRAC-B were 
analyzed by immunoblot technique using anti-RAC-A and anti-RAC-B antibodies 
raised against Leishmania and their expressions were revealed in both plasma mem-
brane and flagella. Interestingly, the expression of LdRAC-A increased significantly 
in PC-exposed cells after 60 minutes of exposure despite the unchanged expres-
sion profile of LdRAC-B under such condition. This result suggests that in spite of 
the presence of two developmentally regulated isoforms of adenylate cyclases in 
Leishmania, LdRAC-A is only functionally active during stress condition. Inducible 
anti-sense knock-down strategy was adopted to downregulate RAC-A and RAC-B 
in L. tarentolae, which had been successfully implemented for a number of genes 
earlier. Ldrac-A knocked-down parasites generated in Lt.T7TR strain of L. tarentolae 
showed no change or no elevation in intracellular cAMP level after exposure to 
PC. Moreover, there was a 10.2% decrease in cAMP level when RAC-A knocked-
down PC-exposed parasites were further treated with DDA. Ldrac-B knocked-down 
parasites behaved as control parasites showing elevated cAMP levels on PC exposure. 
However, there was a significant decrease of cAMP level when RAC-B knocked-
down cells were treated with DDA. The results indicate that LdRAC-A plays a con-
spicuous role in triggering cAMP response in the parasites during stress condition.
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2.2  Enzymes regulating receptor adenylate cyclase function in Leishmania: 
pyrophosphatase

Pyrophosphates (PPi) are produced as by-product during the conversion of 
ATP to cAMP by receptor adenylate cyclase, the product accumulation of which 
inhibits adenylate cyclase reaction toward the formation of cAMP. PPi is found to be 
stored in a specialized compartment like acidocalcisomes in kinetoplastid parasites 
[45]. The concentration of PPi is equivalent to that of ATP in the cell in spite of its 
huge confinement in the acidocalcisomes of Leishmania. There were speculations 
that this high concentration of PPi (in millimolar range) might be responsible 
for the inhibition of cAMP production in the parasites by modulation adenylate 
cyclase reaction in subcellular micro domains [46]. There are at least three different 
pyrophosphatases present in L. major as revealed by genome sequence analysis. 
These are: membrane associated H+-translocating pyrophosphatase (V-H+PPase), 
soluble acidocalcisomal pyrophosphatase (VSP1) and an inorganic pyrophosphatase 
(IoPPase) and are responsible for maintaining the cAMP levels in the parasite.

Further studies have been conducted to elaborately decipher the role that RAC 
plays along with various molecules associated with it. PPi formed as by-product 
of cAMP biosynthesis inhibits adenylate cyclase function and this inhibition is 
reversed when PPi is hydrolysed by acidocalcisomal LdV-H+PPase which is translo-
cated to plasma membrane on exposure to phagolysosome condition (Figure 2).

Apart from the direct role of LdRAC-A in the production of cAMP during stress 
condition, intracellular PPi and pyrophosphatases also play a major role in regula-
tion of cAMP concentration in the cell. L. donovani promastigotes were treated 
with foscarnet, a pyrophosphate analogue that acts as an adenylate cyclase inhibitor 
[47] under PC-exposed condition. PC induced cAMP generation was inhibited by 
foscarnet treatment after 60 minutes of PC exposure [44]. Furthermore, in PC 
exposed cells, total pyrophosphate pool was markedly reduced. Presence of three 
pyrophosphatases have been detected in L. donovani, namely, soluble acidocalci-
somal pyrophosphatases (LdVSP1), vacuolar proton transporting pyrophosphatase 
(LdV-H+PPase) and inorganic pyrophosphatase (LdIoPPase) which collectively 
maintain the intracellular pyrophosphate pool. Co-localization analysis with cells 
expressing GFP-fusion proteins of the three pyrophosphatases and acidocalcisome-
targeted dye DND-lysotracker, showed little localization of LdIoPPase which was 
localized in cytoplasm but significant co-localization was observed for LdVSP1 and 
LdV-H+PPase they were predominantly localized in the acidocalcisomes.

As revealed by immune-electron microscopic analysis, the acidocalcisomes 
localize in the vicinity of the cell membrane on PC exposure. PC exposure resulted 
in gradual decrease in intraluminal pH because of enhanced proton import by LdV-
H+PPase indicating translocation of acidocalcisome that actively imports proton, in 
the cell periphery following PC exposure (Figure 2). The translocation of acidocal-
cisome to membrane vicinity was further explored to find the mechanism behind 
such stress driven translocation. Studies clearly indicated that the movement of 
acidocalcisomes during stress is a microtubule and microfilament-dependent 
process. Pre-treatment with F-actin inhibitor, cytochalasin D, and stress exposure 
showed absence of acidocalcisomal translocation toward membrane. Nocodazole 
pre-treatment, an inhibitor of microtubule, and subsequent stress exposure also 
resulted in inhibition of acidocalcisomal translocation [44].

Moreover, presence of putative actin/tubulin binding proteins in Leishmania 
might provide significant clues and insight on interlinking of cytoskeletal re-
arrangement. One such protein has been cloned from L. donovani (cyclase-associ-
ated protein, LdCAP1) (Bhattacharya et al. personal communication). Unravelling 
the function of the same might throw light on cytoskeletal protein rearrangement 
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and acidocalcisomal translocation. With the translocation of acidocalcisomes 
in membrane vicinity, a possible co-proximal localization of membrane bound 
acidocalcisome (LdV-H+PPase) and LdRAC-A was studied during PC exposure. 
No such co-localization was detected with LdRAC-B. Episomal over-expression 
and conditional silencing demonstrated regulatory role of V-H+PPase on cAMP 
production. Though the direct decrease in the level of PPi by V-H+PPase could not 
be established by the study of Biswas et al. [44], the use of PPi analogue foscarnet 
and the decrease in the PPi level during PC exposure indicate toward the regulation 
of PPi pool by this pyrophosphatase isoform. LdRAC-A, PPi pool and LdV-H+PPase 
control intracellular cAMP level in the parasite during PC exposure.

2.3 Phosphodiesterases and intracellular cAMP signaling in Leishmania

Apart from pyrophosphatases that regulate the formation of intracellular cAMP 
by receptor adenylate cyclases, it is also important to study another dimension of 
cAMP regulation. Phosphodiesterases (PDEs), ubiquitous enzymes responsible 
for the termination of cyclic nucleotide signaling pathway by hydrolyzing cAMP 
to 5′-AMP or cGMP to 5′-GMP, the sole means by which the cell gets rid from the 
cAMP produced for controlling different cellular processes [48]. PDEs can be 
divided into three categories based on their catalytic properties namely, class I, 
class II and class III and 21 genes have been found in mammals for PDE and several 
in Drosophila and Dictyostellium. Though various isoforms of class I PDE have been 
identified in T. brucei and T. cruzi, only two PDEs have been cloned from L. major 
[48]. In L. major five different isoforms of PDE have been identified. Isoforms 
PDEB1 and PDEB2 are highly specific for cAMP and only poorly inhibited by 

Figure 2. 
Role of receptor adenylate cyclase when parasites are exposed to phagolysosomal conditions. Generally PPi 
inhibits adenylate cyclase function in normal conditions, but when cells are exposed to stress, the PPi are 
hydrolysed by acidocalcisomal V-H+PPase and translocated toward membrane vicinity allowing receptor 
adenylate cyclase to synthesize more cAMP. In addition to this, PDE level decreases in stress-induced cells which 
also elevates cAMP level.



Vector-Borne Diseases - Recent Developments in Epidemiology and Control

140

2.2  Enzymes regulating receptor adenylate cyclase function in Leishmania: 
pyrophosphatase
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showed absence of acidocalcisomal translocation toward membrane. Nocodazole 
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resulted in inhibition of acidocalcisomal translocation [44].
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arrangement. One such protein has been cloned from L. donovani (cyclase-associ-
ated protein, LdCAP1) (Bhattacharya et al. personal communication). Unravelling 
the function of the same might throw light on cytoskeletal protein rearrangement 
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most inhibitors of human PDEs [48]. Crystal structure of LmjPDEB1 showed that 
catalytic domain of LmjPDEB1 complexed with a general PDE inhibitor, 3-isobutyl-
1-methyl-xanthine (IBMX) show significant differences in binding of this inhibitor 
when compared to human PDEs.

Identification of different isoforms of phosphodiesterases in L. major indicated 
PDEB and PDEC to be membrane bound and PDEA and PDED to be predominantly 
cytosolic (Figure 3). LdPDEA and LdPDED were also cloned in L. donovani [49]. 
From the observation of the studies of Bhattacharya et al. [49], it has been found 
that the activity of cytosolic PDEs decrease during stage differentiation but the 
activity of membrane bound PDEs remained unchanged. From this observation, it 
can be inferred that PDEs might play an essential role as a controlling factor during 
stage differentiation of the parasites.

When cAMP-PDE activity was studied, it was found that the activity of cyto-
solic fraction was diminished gradually as the parasite started to differentiate 
into axenic amastigote stage from log phase promastigote. Protein level expres-
sion of different forms of PDEs in different stages of life cycle of L. donovani 
revealed depletion of PDEA expression in late stationary-phase promastigotes 
and axenic amastigotes as compared to log phase promastigotes but the expres-
sion of other PDEs such as PDEC and PDEB remain unaltered. Gradual decrease 
in PDEA level and its differential expression in the course of the differentiation 
of the parasites from promastigotes and amastigotes was observed by several 
experimental techniques.

Figure 3. 
PDE isoforms in Leishmania. PDE in Leishmania can be categorized into membrane-bound and cytosolic 
PDE. On exposure to phagolysosome condition, there is no change in the expression of membrane-bound PDEs 
(PDEC and PDEB); but there is a significant decrease in the expression of cytosolic PDEs (PDEA and PDED).
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2.3.1 Effect of PDEA on peroxide resistance and TSH pool

In Leishmania, anti-oxidant machinery plays a vital role in regulating the 
sustenance of the parasites in mammalian macrophages where they are exposed to 
oxidative stress. cAMP level elevation is linked with such phenomenon. In order 
to find out the functional significance of LdPDEA in such defense mechanism, 
LdPDEA gene was silenced using tetracycline-inducible knock-down system [49]. 
When PDE inhibitors were used, the parasites exhibited enhanced viability against 
peroxides and peroxynitrite. When cells were treated with PDE inhibitors like 
etazolate and trequinsin, higher resistance against peroxide and peroxynitirite was 
observed as compared to untreated promastigotes. Since these inhibitors are not 
specific for PDEA, the result of the treatment might be due to inhibition of some 
other forms of PDEs in the promastigotes. To ascertain the exact role of PDEA, a 
knock down construct was prepared to build up a tetracycline-inducible PDEA 
knock down system. PDEA expression was strongly reduced in both RNA and 
protein level after tetracycline induction and they also showed enhanced resistance 
against peroxide and peroxynitrite.

Peroxide neutralization is one of the major strategies of leishmanial parasite, 
which makes their survival possible inside the mammalian macrophage and it is 
done by anti-oxidant machinery of the parasite which lacks catalase. In Leishmania, 
peroxide neutralization is mainly based on trypanothione (TSH), a glutathione-
spermidine conjugate, as they lack glutathione (GSH). TSH is biosynthesized from 

Figure 4. 
Role of PDEA to control local cAMP gradient and shifting of TSH pool to peroxide neutralization.
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Figure 5. 
LdPDED interacting with PKAC1 and PKAC2 resulting in the inhibition of kinase activity of PKA. PKA on 
the other hand phosphorylates threonine residue of PDED increasing its phosphodiesterase activity.

arginine by arginase, ornithine decarboxylase and other enzymes, which converts it 
into spermidine and is then conjugated with GSH. No significant change in arginine 
and ornithine transporter was detected in PDE inhibitor treated cells and also in 
PDEA knocked down cells. On the contrary, when the expression of arginase and 
ornithine decarboxylase, the enzymes responsible for TSH biosynthesis was checked 
in control and PDEA inhibitor-treated cells, an increase in the expression of these 
enzymes was observed indicating that PDEA inhibition might have a role in TSH 
biosynthesis. When total thiol or intracellular TSH content was analyzed, not much 
alteration was observed. TSH pool is generally utilized by the parasite either for DNA 
replication by ribonucleotide reductase or for peroxide degradation by peroxidoxin, 
ascorbate peroxidase and superoxide dismutase. The expressions of enzymes respon-
sible for peroxide degradation like peroxidoxin, superoxide dismutase and ascorbate 
peroxidase were elevated in PDEA-inhibited cells (Figure 4). Cells overexpressing 
PDEA also showed reduced resistance to pro-oxidants when exposed to phagolyso-
some condition as compared to normal cells [49].

2.3.2 Role of PDED in cAMP homeostasis

Apart from the membrane bound phosphodiesterases, a soluble, cytosolic 
phosphodiesterase (PDED) was cloned and characterized from L. donovani. 
Bioinformatic studies showed the presence of two pseudo-substrate sites and a 
putative PKA phosphorylation site at the C-terminus of PDED and PKA-mediated 
phosphorylation is important for the regulation of phosphodiesterase activ-
ity (Figure 5) [50]. It was observed that catalytic subunits of PKA (PKAC1 and 
PKAC2) interacts with the pseudo substrate sites of PDED after 3 hours of PC expo-
sure. Moreover, inhibition of phosphodiesterase activity through PKA-mediated 
phosphorylation was observed at a further later time point of PC exposure [51]. The 
cytosolic localization of LdPDED was established by immunolocalization analysis 
using anti-LdPDED antibody which revealed its localization to be predominantly 
cytosolic. Interaction of LdPDED with the catalytic subunits of LdPKA within 
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3 hours of exposure to differentiation condition leads to the inhibition of LdPKA 
(short-term regulation). LdPKA-mediated phosphorylation of LdPDED is observed 
when parasites are exposed to differentiation condition for more than 6 hours. 
Hydrolytic property of LdPDED is enhanced due to this phosphorylation event and 
this enhancement in hydrolytic activity might play a pivotal role in the maintenance 
of cAMP homeostasis (long term regulation) when the total cytosolic PDE activity 
falls because of PDEA depletion during stress condition [49]. This role of PDED 
in maintaining the PKA activity which in turn regulates cAMP homeostasis in the 
parasite during initial exposure to stress condition, might be important in the life 
cycle of the parasite particularly in the infection establishment within the host.

2.4 PKA as the downstream effector of cAMP in Leishmania

Though the existence and functioning of cAMP-dependent protein kinase 
(PKA) is well pronounced in eukaryotes, very little is known about the functioning 
of PKA in cAMP signaling of this particular parasite. PKA acts as the immediate 
downstream effector of cAMP in the adenylate cyclase pathway, catalyzing the 
transfer of γ-P from ATP to specific serine/threonine residues on the substrate 
protein [52]. Studies on S. cerevisiae reveal that one of the three PKA catalytic 
subunits mediates stress-induced differentiation [53]. Researches in Dictyostelium 
have suggested that cAMP is not required for differentiation if sufficient levels of 
PKA activity are present [54, 55] indicating profound role of PKA in differentiation. 
Activation of PKA by a short-term cAMP pulse induces bradyzoite differentia-
tion, whereas a prolonged cAMP pulse inhibits differentiation [56]. It is likely that 
there are distinct PKA signaling pathways in the tachyzoite with opposing effects 
on parasite differentiation. Inhibition of PKA signals by treatment with PKA 
catalytic subunit inhibitor H89 induces bradyzoite differentiation [57], suggesting 
that PKA catalytic subunit activity may be involved in cAMP-mediated tachyzoite 
maintenance.

When Leishmania parasites were exposed to stress condition, PKA activity was 
significantly enhanced along with increased level of cAMP. Protein kinase activity 
of five different species of Leishmania was found to be quite high in both logarith-
mic and stationary phase promastigotes, being most active in L. amazonensis and 
least in L. donovani [58]. PKA catalytic subunits in the Toxoplasma genome were 
identified. PKA is the most important downstream effectors of cAMP signaling 
pathway and it exists as an holoenzyme in inactive state with the association of 
regulatory subunit [59–61]. In case of cAMP analog-treated cells and PC-exposed 
cells, substrate level phosphorylation on serine and threonine residues were also 
found to be increased. In most of the eukaryotic cells, PKA exist as an inactive 
tetrameric holoenzyme consisting of two catalytic and two regulatory subunits 
denoted as PKA-C and PKA-R respectively. The PKA-R subunit actually binds with 
cAMP causing a conformational change in the molecule resulting in the dissociation 
of the R and C subunits of the holoenzyme. This dissociation activates the catalytic 
C subunit of PKA which phosphorylates specific serine or threonine residues on 
substrate proteins in the cytoplasm and nucleus [62].

A 34 KD protein with similar properties of mammalian PKA-C was purified 
from L. donovani [63]. The effect of different activators and inhibitors on PKA 
activity was measured using promastigote lysates and fluorescent kemptide and 
it was found that though cAMP analogue treatment did not have any conspicuous 
effect on kemptide phosphorylation, treatment with PKA inhibitors like PKI and 
H89 profoundly decreased kemptide phosphorylation. On the other hand, PDE-
resistant PKA activators increased kemptide phosphorylation when compared 
to basal activity. Addition of PDE inhibitors like dipyridamole and rolipram also 
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Figure 5. 
LdPDED interacting with PKAC1 and PKAC2 resulting in the inhibition of kinase activity of PKA. PKA on 
the other hand phosphorylates threonine residue of PDED increasing its phosphodiesterase activity.
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3 hours of exposure to differentiation condition leads to the inhibition of LdPKA 
(short-term regulation). LdPKA-mediated phosphorylation of LdPDED is observed 
when parasites are exposed to differentiation condition for more than 6 hours. 
Hydrolytic property of LdPDED is enhanced due to this phosphorylation event and 
this enhancement in hydrolytic activity might play a pivotal role in the maintenance 
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falls because of PDEA depletion during stress condition [49]. This role of PDED 
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parasite during initial exposure to stress condition, might be important in the life 
cycle of the parasite particularly in the infection establishment within the host.
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Though the existence and functioning of cAMP-dependent protein kinase 
(PKA) is well pronounced in eukaryotes, very little is known about the functioning 
of PKA in cAMP signaling of this particular parasite. PKA acts as the immediate 
downstream effector of cAMP in the adenylate cyclase pathway, catalyzing the 
transfer of γ-P from ATP to specific serine/threonine residues on the substrate 
protein [52]. Studies on S. cerevisiae reveal that one of the three PKA catalytic 
subunits mediates stress-induced differentiation [53]. Researches in Dictyostelium 
have suggested that cAMP is not required for differentiation if sufficient levels of 
PKA activity are present [54, 55] indicating profound role of PKA in differentiation. 
Activation of PKA by a short-term cAMP pulse induces bradyzoite differentia-
tion, whereas a prolonged cAMP pulse inhibits differentiation [56]. It is likely that 
there are distinct PKA signaling pathways in the tachyzoite with opposing effects 
on parasite differentiation. Inhibition of PKA signals by treatment with PKA 
catalytic subunit inhibitor H89 induces bradyzoite differentiation [57], suggesting 
that PKA catalytic subunit activity may be involved in cAMP-mediated tachyzoite 
maintenance.

When Leishmania parasites were exposed to stress condition, PKA activity was 
significantly enhanced along with increased level of cAMP. Protein kinase activity 
of five different species of Leishmania was found to be quite high in both logarith-
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pathway and it exists as an holoenzyme in inactive state with the association of 
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cAMP causing a conformational change in the molecule resulting in the dissociation 
of the R and C subunits of the holoenzyme. This dissociation activates the catalytic 
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substrate proteins in the cytoplasm and nucleus [62].

A 34 KD protein with similar properties of mammalian PKA-C was purified 
from L. donovani [63]. The effect of different activators and inhibitors on PKA 
activity was measured using promastigote lysates and fluorescent kemptide and 
it was found that though cAMP analogue treatment did not have any conspicuous 
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resistant PKA activators increased kemptide phosphorylation when compared 
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Figure 6. 
cAMP-dependent PKA activity in Leishmania: cAMP level increases on phagolysosome condition exposure 
and cAMP binds with the regulatory subunit of PKA enabling its dissociation from the catalytic subunit 
rendering the catalytic subunit active. cAMP associated regulatory subunit promotes metacyclogenesis and 
induces autophagy whereas activated catalytic subunit phosphorylates other proteins downstream to this 
signaling cascade.

increased kemptide phosphorylation [64]. These results suggest that cAMP has 
some direct role in the activation of PKA during transformation in Leishmania. 
Treatment of promastigotes with PKA activators also resulted in growth arrest in 
the parasite [64]. Parasite survival in the peritoneal macrophages of Balb/c mice 
was examined using PKA-inhibitor treated parasites and there was a significant 
reduction in macrophage infection [64].

In spite of the discovery of the role played by adenylate cyclases and phospho-
diesterases in cAMP homeostasis of Leishmania, existence of no specific cAMP-
binding effector molecule was known. Bhattacharya et al. [65], in their studies, 
have identified a regulatory subunit of cAMP-dependent protein kinase (Ldpkar1) 
in L. donovani which was found to be homologous to class I cAMP-dependent 
protein kinase regulatory subunit of mammals. Studies proved beyond doubt that 
this regulatory subunit interact with both the catalytic subunits of PKA, thus 
inhibiting PKA activity. When co-immunoprecipitation assay was performed for 
both normal and Sp-8-Br-cAMP-pretreated cells, much weaker signal was detected 
for treated cells as compared to normal cells suggesting Sp-8-Br-cAMP-mediated 
activation of PKA. Moreover, when activity was analyzed in LdPKAR1-LdPKAC1 
and LdPKAR1-LdPKAC2 immunoprecipitated complexes in the presence or absence 
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of excess cAMP, kemptide phosphorylation was increased significantly in the pres-
ence of cAMP indicating the pivotal role of cAMP in the dissociation of regulatory 
subunit from the catalytic subunit rendering the latter active. Moreover, the studies 
of Bhattacharya et al. [65] also establishes the functional importance of PKAR other 
than working as a cAMP effector molecule. LdPKAR1 expression was also found 
to be increased in late stationary phase promastigotes kept in nutrient deprived/
starvation condition and metacyclogenesis, which is a pre-requisite for successful 
macrophage infection, was significantly induced in starved cells as compared to 
normal cells. Cells overexpressing LdPKAR1 also showed increased metacyclogen-
esis, enhanced intra-macrophage survival suggesting that LdPKAR1 overexpressed 
cells had greater infectivity. It can be inferred that LdPKAR1 overexpression leads to 
acceleration in the process of metacyclogenesis in L. donovani (Figure 6).

PKA activity assay in the presence and absence of cAMP and cGMP analogs and 
PKA inhibitors in both soluble fraction (SF) and membrane fraction (MF) of infec-
tive promastigotes of L. amazonensis showed increase in phosphorylative activity 
of the kinase in cAMP-analog-treated cells, and not in cGMP-analog-treated cells, 
was conspicuous, particularly in the SF of the promastigotes. On the contrary, PKA 
activity of both SF and MF of axenic amastigotes was found to be much lower as 
compared to that of both SF and MF of infective promastigotes under same experi-
mental conditions [66].

Autophagy is one of the survival strategies of Leishmania in mammalian mac-
rophages. Since LdPKAR1 has a direct role in the process of metacyclogenesis, its 
relation to autophagy was studied in the parasite. ATG8 is a marker for autophago-
some formation and ATG8 tracking was done in both starved cells and in normal 
cells by western blot technique using polyclonal anti-LmATG8 antibody. Cells 
under starvation condition showed much higher level of ATG8-PE, a cleaved form 
of ATG8, indicating the formation of autophagosome in starved condition. When a 
conditional knock-down system of LdPKAR1 was constructed in L. tarentolae, both 
mRNA and protein level expression of LdPKAR1 was found to be diminished after 
tetracycline induction. Uninduced cells showed higher percentage of ATG8-positive 
structures as compared to tetracycline-induced cells. This suggested the role of 
PKAR1 in autophagosome formation. LdPKAR not only acts as a cAMP binding 
molecule in the parasite, but induce metacyclogenesis and autophagy. Studies are 
further required to confirm whether the process is an autophagy-induced metacy-
clogenesis or a metacyclogenesis-induced autophagy.

3. Conclusion

To conclude we can say that the leading researches in the recent past has enriched 
our knowledge on the importance of cAMP signaling in kinetoplastid parasites like 
Leishmania and their association with parasite infectivity. These findings provide 
insight on the functioning of different enzymes associated with cAMP metabolism 
(Figure 7). These studies point toward the fact that modulation of cAMP level in the 
parasite might be one of the mechanisms to control leishmaniasis and the molecules 
associated with the same might be tested as potent drug targets against the disease.

Presently, PDE inhibitors are potent drug targets against various human diseases. 
Study of human PDEs in cAMP signaling pathway has revealed their druggability in 
various human pathologies leading to various marketed drugs [67]. Moreover, there is 
a similarity between human and protozoan enzymes and in addition, the availability 
of human PDE inhibitors as therapeutics has thrown some light on the discovery of 
some specific protozoan PDE inhibitors as potential drug targets [68]. In kinetoplastid 
parasites like Trypanosoma, PDE inhibitors are being screened as potential drug targets 
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Figure 6. 
cAMP-dependent PKA activity in Leishmania: cAMP level increases on phagolysosome condition exposure 
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rendering the catalytic subunit active. cAMP associated regulatory subunit promotes metacyclogenesis and 
induces autophagy whereas activated catalytic subunit phosphorylates other proteins downstream to this 
signaling cascade.

increased kemptide phosphorylation [64]. These results suggest that cAMP has 
some direct role in the activation of PKA during transformation in Leishmania. 
Treatment of promastigotes with PKA activators also resulted in growth arrest in 
the parasite [64]. Parasite survival in the peritoneal macrophages of Balb/c mice 
was examined using PKA-inhibitor treated parasites and there was a significant 
reduction in macrophage infection [64].

In spite of the discovery of the role played by adenylate cyclases and phospho-
diesterases in cAMP homeostasis of Leishmania, existence of no specific cAMP-
binding effector molecule was known. Bhattacharya et al. [65], in their studies, 
have identified a regulatory subunit of cAMP-dependent protein kinase (Ldpkar1) 
in L. donovani which was found to be homologous to class I cAMP-dependent 
protein kinase regulatory subunit of mammals. Studies proved beyond doubt that 
this regulatory subunit interact with both the catalytic subunits of PKA, thus 
inhibiting PKA activity. When co-immunoprecipitation assay was performed for 
both normal and Sp-8-Br-cAMP-pretreated cells, much weaker signal was detected 
for treated cells as compared to normal cells suggesting Sp-8-Br-cAMP-mediated 
activation of PKA. Moreover, when activity was analyzed in LdPKAR1-LdPKAC1 
and LdPKAR1-LdPKAC2 immunoprecipitated complexes in the presence or absence 

147

Role of cAMP Homeostasis in Intra-Macrophage Survival and Infectivity of Unicellular Parasites…
DOI: http://dx.doi.org/10.5772/intechopen.86360

of excess cAMP, kemptide phosphorylation was increased significantly in the pres-
ence of cAMP indicating the pivotal role of cAMP in the dissociation of regulatory 
subunit from the catalytic subunit rendering the latter active. Moreover, the studies 
of Bhattacharya et al. [65] also establishes the functional importance of PKAR other 
than working as a cAMP effector molecule. LdPKAR1 expression was also found 
to be increased in late stationary phase promastigotes kept in nutrient deprived/
starvation condition and metacyclogenesis, which is a pre-requisite for successful 
macrophage infection, was significantly induced in starved cells as compared to 
normal cells. Cells overexpressing LdPKAR1 also showed increased metacyclogen-
esis, enhanced intra-macrophage survival suggesting that LdPKAR1 overexpressed 
cells had greater infectivity. It can be inferred that LdPKAR1 overexpression leads to 
acceleration in the process of metacyclogenesis in L. donovani (Figure 6).

PKA activity assay in the presence and absence of cAMP and cGMP analogs and 
PKA inhibitors in both soluble fraction (SF) and membrane fraction (MF) of infec-
tive promastigotes of L. amazonensis showed increase in phosphorylative activity 
of the kinase in cAMP-analog-treated cells, and not in cGMP-analog-treated cells, 
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of ATG8, indicating the formation of autophagosome in starved condition. When a 
conditional knock-down system of LdPKAR1 was constructed in L. tarentolae, both 
mRNA and protein level expression of LdPKAR1 was found to be diminished after 
tetracycline induction. Uninduced cells showed higher percentage of ATG8-positive 
structures as compared to tetracycline-induced cells. This suggested the role of 
PKAR1 in autophagosome formation. LdPKAR not only acts as a cAMP binding 
molecule in the parasite, but induce metacyclogenesis and autophagy. Studies are 
further required to confirm whether the process is an autophagy-induced metacy-
clogenesis or a metacyclogenesis-induced autophagy.
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To conclude we can say that the leading researches in the recent past has enriched 
our knowledge on the importance of cAMP signaling in kinetoplastid parasites like 
Leishmania and their association with parasite infectivity. These findings provide 
insight on the functioning of different enzymes associated with cAMP metabolism 
(Figure 7). These studies point toward the fact that modulation of cAMP level in the 
parasite might be one of the mechanisms to control leishmaniasis and the molecules 
associated with the same might be tested as potent drug targets against the disease.

Presently, PDE inhibitors are potent drug targets against various human diseases. 
Study of human PDEs in cAMP signaling pathway has revealed their druggability in 
various human pathologies leading to various marketed drugs [67]. Moreover, there is 
a similarity between human and protozoan enzymes and in addition, the availability 
of human PDE inhibitors as therapeutics has thrown some light on the discovery of 
some specific protozoan PDE inhibitors as potential drug targets [68]. In kinetoplastid 
parasites like Trypanosoma, PDE inhibitors are being screened as potential drug targets 
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and pharmacological validation of using PDEs as novel drug targets for diseases caused 
by the kinetoplastid parasites. This study for the first time explores the possibility of 
using human PDE inhibitors as the starting framework for the design of Leishmania-
selective inhibitors. This proposal is supported by the inhibitory effects of some human 
PDE inhibitors observed on T. cruzi PDEC, e.g., etazolate inhibits human PDE4 and 
TcrPDEC with the IC50 values of 2 and 0.7 nM [69]. Among the PDE inhibitors used in 
this study etazolate along with rolipram showed maximum anti-proliferative activity 
against Leishmania parasite with least cytotoxic effect on macrophage cells cultured in 
vitro. Further it was observed that both of them significantly affected the G1 cell cycle 
arrest and mitochondrial membrane potential of the parasite, therefore we assessed in 
vitro for their ability to clear parasite load within the macrophage cells. Etazolate was 
found to be more effective in clearing the parasite load when the macrophage cells were 
pretreated with it compared to rolipram. Etazolate belongs to pyrozopolidine class com-
pound which shows PDE4 enzyme inhibitory activity [70]. Preclinical studies as well as 
pharmacokinetic and safety profiles in Phase I and Phase IIa of clinical studies revealed 
that etazolate is a well-established drug of choice with no major side effects reported 
[70]. Etazolate produced antidepressant like effects in animal models of depression and 
at the same time it could be used in the treatment of Alzheimer’s disease [71]. If through 
experimentation a minimal dose of etazolate could be determined then etazolate could 
itself be used as an anti-leishmanial drug. However, if it is not possible to determine the 
dose concentration which would specifically inhibit parasite PDE, then one can make 
use of the significant advances made in medicinal chemistry to design compounds 
which could specifically inhibit parasite PDE but not that of the host. This compound if 
developed, could act as a potential anti-leishmanial agent in future.

On the other hand, several known PDE inhibitors were tested against Plasmodium 
PDEα, and zaprinast, a known selective inhibitor of human PDE5 which is specific 

Figure 7. 
An overview of cAMP signaling in Leishmania during stress condition where receptor adenylate cyclase, 
PDEA, PDED, PKA the effector molecule of cAMP and acidocalcisomal pyrophosphatases play the major roles 
in the maintenance of cAMP homeostasis.
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for both cAMP and cGMP, turned out to be the most potent, with an IC50 value of 
3.8 μM [72]. High concentration of PDE inhibitor like dipyridamole resulted in the 
inhibition of promastigote proliferation and macrophage infection in L. major [64].
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