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Preface

This book presents comprehensive information on plant anatomy, physiology,
and morphogenesis as well as the conditions of the different environments to
which plants are exposed. It highlights the importance of knowledge of the
anatomy of plant tissues for different applications. In addition to the variety
of physiological studies presented here, the book also emphasizes anatomical
studies in botanical quality control of medicinal herbs with human health
benefits.

Chapter 1, by Marcelo Pace (Mexico), describes in detail the origin and structure
of phloem and its cell types. The author, in addition to analyzing the composition
of phloem in different groups of plants, highlights some of the known commercial 
uses of this tissue.

Several contributions deal with the relationship between various hormones with
processes in plants, both ex vitro and in vitro, and under different conditions
of stress. The chapter by Dongyang Xu (China) and Masaaki Watahiki (Japan)
introduces the development of root systems regulated by various phytohormones
like auxin, cytokinin, and others. In their chapter, Hsiang-Ting and Wen-Lii,
Huang (Taiwan) study the relationship between endogenous phytohormone
signals and carbohydrate metabolism during regenerable callus induction induced
by osmotic stress in rice. Based on the prolific role of jasmonates and their deriva-
tives in different fields of biological sciences, Shivani Lalotra, A. Hemantaranjan,
B. R. Yashu, R. Srivastava, and S. Kumar (India), in their chapter, discuss these
phytohormones in terms of future agricultural, biotechnological, and physiological
research. The onset of leaf senescence is a highly regulated developmental program
that is controlled by both genetics and the environment. Otto Teixeira Fraga,
B. Paes de Melo, L. Fernando de Camargos, D. Pellanda Fagundes, C. Cabral
Oliveira, E. Bassi Simoni, Pedro A. Braga dos Reis, and E- Pacheco Batista Fontes
(Brazil) analyze a regulatory circuit integrating stress-induced with natural leaf
senescence.

Hafsi M. and Guendouz A. (Algeria) evaluate the performance of some durum
wheat genotypes and test the efficiency of using senescence parameters in screening 
under semi-arid conditions.
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Admasu Moges and Yohannes Moges (Ethiopia) present a review that documents 
medicinal plants used for traditional treatments as well as their parts, usage, ecology, 
and quality control. Accordingly, they review eighty medicinal plant species whose 
leaves and roots are the main parts used for preparation of traditional medicines. 
Chromatography, electrophoretic, macroscopic, and microscopic techniques, and 
pharmaceutical practice, are mainly used for quality control of herbal medicines.
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Chapter 1

Phloem: Cell Types, Structure, 
and Commercial Uses
Marcelo R. Pace

Abstract

Phloem is the vascular tissue in charge of transport and distribution of the
organic nutrients. The phloem is also a pathway to signaling molecules and has a
structural function in the plant body. It is typically composed of three cell types: 
sieve elements, parenchyma, and sclerenchyma. The sieve elements have the main
function of transport and typically have lost their nuclei and other organelles in
the course of their specialization. Hence, the sieve elements rely on specialized 
neighboring parenchyma cells to sustain all of their physiological function and 
activities. All cell types of the phloem may vary morphologically and in their
distribution in the tissue, and this diversity is taxonomic and functionally informa-
tive. The phloem can be of primary or secondary origin, being derived from either
procambium or cambium, respectively. Some vascular plant lineages have exclusive
primary phloem, such as the lycophytes, ferns, and the monocotyledons, and the
sieve elements will be long living in these taxa. In plants with secondary growth, the
secondary phloem is formed, and typically the primary phloem collapses. Because
new secondary phloem is constantly formed, the longevity of sieve elements in the
secondary plant body is much more reduced. In this chapter, the structure of the
phloem and its cell types are described in detail and also some of the known com-
mercial uses of this tissue.

Keywords: sieve tube, sieve tube element, companion cells, bark

1. Introduction

Phloem is the vascular plant tissue responsible for the transport and distribution
of sugars produced by the photosynthesis. Since the plant is a continuum, phloem
will be found in the external part of root cylinders (Figure 1a), in the stem vascular
bundles (Figure 1b) and in the abaxial part of the venations of every single leaf
(Figure 1c). While the most common is to have the phloem external to the xylem in
roots and stems and abaxial in leaves, some exceptions exist and are usually taxon
specific. The phloem found in the inside is named internal or intraxylary phloem
(Figure 1b).

As a constitutive tissue in the plant body, phloem functions extrapolate its
main function of sugar transport, including transport of signalizing molecules
such as mRNAs, hormones, defenses from biotic and abiotic agents, sustenance of
the organs, gas exchange, and storage of many ergastic materials, such as starch, 
calcium oxalate crystals, and tannins. Parenchymatic cells of the phloem can also
give rise to new meristems, such as the phellogen or cork cambium. All vascular
plants have phloem, which typically includes specialized living conducting cells
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named sieve elements whose nucleus, ribosomes, and other organelles degenerate 
during maturation, making sugar transport more efficient. The life and function 
of these cells will then rely on closely associated parenchyma cells which support 
the physiological functions of these sieve elements [1]. Although typical phloem is 
exclusive of vascular plants, rudimentary phloem-like conducting cells are present 

Figure 1. 
Location of the primary phloem in different organs and its cell composition. (a) Ranunculus acris 
(Ranunculaceae). Root transverse section (TS), exarch structure, six strands of primary phloem alternating 
with the six protoxylem poles. (b) Bicollateral vascular bundle of a squash, Cucurbita pepo (Cucurbitaceae) 
TS. On the top is the external phloem, and on the bottom is the intraxylary or internal phloem. (Picture 
credit to Solange Mazzoni Viveiros). (c) Detail of the leaf midrib vascular cylinder of Tetrapterys mucronata 
(Malpighiaceae) showing primary xylem on the top and primary phloem on the bottom. (Picture credit to 
Leyde Nayane Nunes). (d) Detail of (b), showing the protophloem on top and the metaxylem on the bottom. 
ep, external phloem; ip, intraxylary phloem; mp, metaphloem; p, parenchyma cell; pp, primary phloem; ptp, 
protophloem; px, primary xylem. Scalebars: a, c, d = 50 μm, b = 130 μm.
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also in other lineages, such as the bryophyte leptoids, and even outside the plant 
kingdom, as the trumpet cells of the kelps and phaeophycean algae [2]. The primary 
phloem derives from the embryo and the apical meristem procambium throughout 
the life of the plant or from the cambium, in plants with secondary growth.

2. Phloem cell types

The phloem is a complex tissue and is formed typically by three cell types, the 
sieve elements, the parenchyma cells, and the sclerenchyma cells (Figure 2a–d). 
Sclerenchyma cells might sometimes be absent in primary and/or secondary 
phloem. The presence, quantities, and arrangements of these cell types in the tissue 
commonly vary and may be taxonomic informative [3, 4]. Lists depicting these 
variations in all phloem cell types are of ultimate importance for complete bark 
descriptions [5]. What follows is a description of these three major cell types in the 
phloem.

2.1 Conducting phloem cells

Sieve element is a general term that encompasses all conducting cells of the 
phloem, both sieve cells and sieve tube elements [1, 6]. The name sieve derives 
from the strainer appearance given to the cells by the presence of numerous pores 
crossing their bodies (Figure 2c). These pores are specialized plasmodesmata of 
wider diameter, and the sieve areas are basically specialized primary pit fields [7]. 
The sieve pores are usually lined up with callose, which were shown to be related 
with the formation of the sieve pores in angiosperms, although not in gymnosperms 
[8]. Large amounts of callose deposit in the sieve areas also when the sieve element 
loses conductivity, suffers injury, or becomes dormant. Callose in gymnosperms is 
typically wound callose [8]. Callose can be easily detected with aniline blue under 
fluorescence or resorcin blue [9] (Figure 2b and c).

Sieve elements have only primary walls, but sometimes this wall can be very 
thick receiving the name of nacreous walls (Figure 2d) [10] and can be present 
in all major vascular plant lineages [1]. Nacreous walls can be very thick, and 
some authors have proposed they would be secondary walls [1, 8]. Nacreous walls 
can almost occlude the entire lumen of the sieve element (Figure 2d); hence, 
its presence needs to be considered in experiments of sugar translocation. Such 
thick walls might be related to resistance to high turgor pressures within the 
sieve elements. Nacreous walls seem to have a strong phylogenetic signal and are 
much more common in some families, such as Annonaceae, Calycanthaceae, and 
Magnoliaceae [10].

There are basically two types of sieve elements: sieve cells and sieve tube ele-
ments. The sieve tube elements are distinguished by the presence of sieve plates, 
that is, sieve areas with wider and more abundant sieve pores, usually in both 
extreme ends of the cells, while sieve cells lack sieve plates [1, 6, 8]. A group of con-
nected sieve tube elements form a sieve tube [8]. According to this concept, lyco-
phytes and ferns have sieve cells [1]. However, because of the many differences in 
the morphology and distribution of protoplasm organelles and chemical substances 
between the sieve elements of gymnosperms and vascular cryptogams, Evert [8] 
suggests the use of “sieve cell” as exclusive to the gymnosperms, leaving the more 
general term “sieve element” to the lycophytes and ferns.

The longevity of sieve elements varies. In many species it is functional for just 
one growth season, while for other species they can be functional a couple of years, 
or in the case of plants that lack secondary growth, they will be living for the entire 
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general term “sieve element” to the lycophytes and ferns.

The longevity of sieve elements varies. In many species it is functional for just 
one growth season, while for other species they can be functional a couple of years, 
or in the case of plants that lack secondary growth, they will be living for the entire 
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plant life spam. Palm trees would perhaps be the plants with the oldest conducting 
sieve tube elements, since some reach 200 years [11]. In other plants, on the other 
hand, the sieve elements collapse a few cells away from the vascular cambium, cor-
responding to a fraction of the mm. In a mature tree, most of the secondary phloem 
will generally be composed of sieve elements no longer conducting. This region is 
called nonconducting phloem, in opposition to the area where sieve elements are 
turgid and conducting, called conducting phloem [5, 8] (Figure 2e and f). The term 
collapsed and noncollapsed phloem and functional and nonfunctional phloem are 
not recommended, since in some plants the nonconducting phloem keeps its sieve 
elements intact (Figure 2f), and although large parts of the phloem may not be 
conducting, the tissue as a whole is certainly still functioning in storage, protection, 
and even dividing or giving rise to new meristems, such as the phellogen and the 
dilatation meristem of some rays [5, 8].

Figure 2. 
General aspects of the secondary phloem. (a) Composition of the secondary phloem of Luehea divaricata 
(Malvaceae) TS, showing sieve tube elements (se) in clusters, axial parenchyma cells (p), fiber clusters (f), 
and rays (r). (b) Longitudinal tangential section (LT) of Cordia caffra (Boraginaceae) showing sieve tube 
element (se), companion cells (arrow), multiseriate ray (r), and axial parenchyma (p). Note callose staining 
with resorcin blue evidencing the slightly inclined simple sieve plates. Note also the P-protein (asterisk) next 
to the sieve plate. (c) LT of the secondary phloem of Castanea dentata (Fagaceae) showing sieve tube elements 
(se) with inclined, compound sieve plates and numerous lateral sieve areas of narrower pores, unicellular rays 
(r), and axial parenchyma (p). (d) TS of Talauma sp. (Magnoliaceae) showing sieve tube elements in clusters, 
with conspicuous nacreous walls, parenchyma cells (p), clusters of fibers (f), and rays (r). (e) Secondary 
phloem of maple, Acer saccharum (Sapindaceae), showing the conducting phloem (cp), where sieve tubes and 
companion cells are turgid, and the nonconducting phloem (ncp), with collapsed sieve tubes. (f) Secondary 
phloem of Carya cordiformis (Juglandaceae) showing a phloem formed by a background of fibers where 
solitary to multiple of two sieve tubes are scattered, with sieve-tube-centric and diffuse-in-aggregate axial 
parenchyma. Note that no collapse is seen in the nonconducting phloem of Carya. c, cambium; sx, secondary 
xylem. Scalebars: a = 100 μm, b-d = 50 μm, e, f = 200 μm.
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2.1.1 Sieve cells and Strasburger cells

Sieve cells are typically very elongated cells with tapering ends (Figure 3b), 
which lack sieve plates, that is, lack an area in the sieve element where the pores 
are of a wider diameter. Even though the sieve areas may be more abundant in the 
terminal parts of the sieve cells, the pores in these terminal areas are of the same 
diameter as those of the lateral areas of the sieve element. Sieve cells lack P-protein 
in all stages of development. The sustenance of the sieve cells is carried by special-
ized parenchyma cells in close contact with the sieve elements, with numerous 
plasmodesmata, which maintain the physiological functioning of the sieve cells, 
including the loading and unloading of photosynthates. These cells are known 
either as albuminous cells or Strasburger cells. The name albuminous was initially 
coined given the proteinaceous appearance of these cell’s contents. However, 
because the high protein content is not always present, the name Strasburger cell, 
paying tribute to its discoverer Erns Strasburger, is recommended over albuminous 
cells [5, 12]. Strasburger cells in the secondary phloem can be either axial paren-
chyma cells, as is common in Ephedra [13], or ray parenchyma cells, as is common 
in the conifers (Figure 3c) [14]. More commonly, the most conspicuous Strasburger 
cells in conifers are the marginal ray cells which are elongated (Figure 3c) and have 
a larger number of symplastic contact with the sieve cells [14]. Sometimes declining 
axial parenchyma cells also acts as Strasburger cells in Pinus [14]. The only reliable 
character to distinguish a Strasburger cell from an ordinary cell is the presence of 
conspicuous connections [14]. In the primary phloem, parenchyma cells next to the 
sieve cells are those which act as Strasburger cells.

2.1.2 Sieve tube elements and companion cells

A synapomorphy of the angiosperms is the presence of sieve tube elements 
and companion cells, both sister cells derived from the asymmetrical divi-
sion of a single mother cell. In some instances, these mother cells can divide 
many times, creating assemblages of sieve tube elements and parenchyma cells 

Figure 3. 
The secondary phloem of conifers. (a) Transverse section of the secondary phloem of Sequoia sempervirens 
(Cupressaceae) showing alternating tangential bands of sieve cells, axial parenchyma, and fibers, interrupted 
by uniseriate rays. (b). Longitudinal radial section (LR) of the secondary phloem of Sequoia sempervirens 
(Cupressaceae) showing alternating tangential bands of sieve cells, axial parenchyma, and fibers, interrupted 
by uniseriate rays. Sieve pores distributed across the walls of long sieve cells. (c). LR section of Pinus strobus 
(Pinaceae) showing the elongated marginal ray cells in close contact with the sieve cells. These are the 
Strasburger cells. f and rectangular symbol = fibers, s and * = the sieve cells, p and dot = axial parenchyma cells 
rich in tannins. Scalebars: a, b = 100 μm, c = 50 μm.



Plant Science - Structure, Anatomy and Physiology in Plants Cultured in Vivo and in Vitro

4

plant life spam. Palm trees would perhaps be the plants with the oldest conducting 
sieve tube elements, since some reach 200 years [11]. In other plants, on the other 
hand, the sieve elements collapse a few cells away from the vascular cambium, cor-
responding to a fraction of the mm. In a mature tree, most of the secondary phloem 
will generally be composed of sieve elements no longer conducting. This region is 
called nonconducting phloem, in opposition to the area where sieve elements are 
turgid and conducting, called conducting phloem [5, 8] (Figure 2e and f). The term 
collapsed and noncollapsed phloem and functional and nonfunctional phloem are 
not recommended, since in some plants the nonconducting phloem keeps its sieve 
elements intact (Figure 2f), and although large parts of the phloem may not be 
conducting, the tissue as a whole is certainly still functioning in storage, protection, 
and even dividing or giving rise to new meristems, such as the phellogen and the 
dilatation meristem of some rays [5, 8].
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with resorcin blue evidencing the slightly inclined simple sieve plates. Note also the P-protein (asterisk) next 
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companion cells are turgid, and the nonconducting phloem (ncp), with collapsed sieve tubes. (f) Secondary 
phloem of Carya cordiformis (Juglandaceae) showing a phloem formed by a background of fibers where 
solitary to multiple of two sieve tubes are scattered, with sieve-tube-centric and diffuse-in-aggregate axial 
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terminal parts of the sieve cells, the pores in these terminal areas are of the same 
diameter as those of the lateral areas of the sieve element. Sieve cells lack P-protein 
in all stages of development. The sustenance of the sieve cells is carried by special-
ized parenchyma cells in close contact with the sieve elements, with numerous 
plasmodesmata, which maintain the physiological functioning of the sieve cells, 
including the loading and unloading of photosynthates. These cells are known 
either as albuminous cells or Strasburger cells. The name albuminous was initially 
coined given the proteinaceous appearance of these cell’s contents. However, 
because the high protein content is not always present, the name Strasburger cell, 
paying tribute to its discoverer Erns Strasburger, is recommended over albuminous 
cells [5, 12]. Strasburger cells in the secondary phloem can be either axial paren-
chyma cells, as is common in Ephedra [13], or ray parenchyma cells, as is common 
in the conifers (Figure 3c) [14]. More commonly, the most conspicuous Strasburger 
cells in conifers are the marginal ray cells which are elongated (Figure 3c) and have 
a larger number of symplastic contact with the sieve cells [14]. Sometimes declining 
axial parenchyma cells also acts as Strasburger cells in Pinus [14]. The only reliable 
character to distinguish a Strasburger cell from an ordinary cell is the presence of 
conspicuous connections [14]. In the primary phloem, parenchyma cells next to the 
sieve cells are those which act as Strasburger cells.

2.1.2 Sieve tube elements and companion cells

A synapomorphy of the angiosperms is the presence of sieve tube elements 
and companion cells, both sister cells derived from the asymmetrical divi-
sion of a single mother cell. In some instances, these mother cells can divide 
many times, creating assemblages of sieve tube elements and parenchyma cells 
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ontogenetically related [15]. Sieve tube elements have specialized areas in the 
terminal parts of the sieve elements in which a sieve plate is present (Figures 2b 
and c). Within the sieve plate, the pores are much wider than those of the lateral 
sieve areas, evidencing a specialization of these areas for conduction [16]. In 
Cucurbita, the pores in the sieve plate have up to 10 μm in diameter, while the 
pores in the lateral sieve areas are of about 0.1 μm [7, 17]. The protoplast of sieve 
tube elements contain a specific constitutive protein called P-protein (P from 
phloem, also known as slime; Figure 2b), which in some taxa (e.g., Leguminosae) 
is nondispersive and can be seen as coagula inside of the sieve element [18].

Even in lineages of angiosperms where vessels were lost and tracheids re-
evolved, such as Winteraceae in the Magnoliids and Trochodendraceae in the eudicots, 
sieve elements and companion cells are present [19], suggesting the independent 
evolution of these two plant vascular tissues derived from the same meristem 
initials. Since the sieve tube element loses its nucleus and ribosomes, the companion 
cell is the cell responsible for the metabolic life of the sieve elements, including the 
transport of carbohydrates in and out the sieve elements [7]. Companion cells may 
be arranged in vertical strands, with two to more cells (Figure 2b). Other paren-
chyma cells around the sieve tube integrate with the companion cells and can also 
act in this matter [7]. Typically, the cells closely related with the sieve tube elements 
die at the same time as the sieve element loses conductivity.

Sieve tube elements vary morphologically. The sieve plates can be transverse to 
slightly inclined (Figure 2b) or very inclined (Figure 2c) and contain a single sieve 
area (Figure 2b) or many (Figure 2c). When one sieve area is present, the sieve plate 
is named simple sieve plate, while when two to many are present, the sieve plates are 
called compound sieve plates. Compound sieve plates typically occur in sieve tube 
elements with inclined to very inclined sieve plates (Figure 2c). In addition, sieve 
elements with compound sieve plates are typically longer than those with simple 
sieve plates. Evolution to sieve elements of both sieve area types has been recorded 
in certain lineages, such as in Arecaceae, Bignoniaceae, and Leguminosae [5, 20], and 
to the present it is not still clear why the evolution of distinct morphologies would be 
or not beneficial. The only clear pattern is that compound sieve plates appear in long 
sieve elements [1], and phloem with a lot of fibers generally has compound sieve 
plates [20].

2.2 Parenchyma

In the primary phloem, just one type of parenchyma is present and typically 
intermingles with the sieve elements (Figure 1d). In the secondary structure, there 
are two types of parenchyma: axial parenchyma and ray parenchyma (Figures 2b, 
c, 3b, c), derived, respectively, from the fusiform and ray initials of the cambium.

The axial parenchyma in conifers commonly is arranged in concentric, alter-
nating layers (Figure 3a and b). These parenchyma cells contain a lot of phenolic 
substances, which were viewed as a defense mechanism against bark attackers [21]. 
In Gnetales, the phloem axial parenchyma appears to be intermingling with the 
sieve cells (Figure 4a) [22]. Some of these axial parenchyma cells act as Strasburger 
cells [13].

In angiosperms, the distribution of the axial phloem parenchyma is more 
varied, and it may appear as a background tissue where other cells are dispersed 
or may be in bands (Figure 4b and c) and radial rows or sieve-tube-centric 
(Figure 4d) [5, 20]. The distribution of axial phloem parenchyma is commonly 
related to the abundance of fibers or sclereids. In species with more fibers, it is 
common to have a more organized arrangement of the parenchyma. For example, 
in Robinia pseudoacacia (Leguminosae) there are parenchyma bands in either side 
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of the concentric fiber bands (Figure 4c). When very large quantities of scle-
renchyma are present, such as in the secondary phloem of Carya (Juglandaceae) 
or in Fridericia, Tanaecium, Tynanthus, and Xylophragma (Bignoniaceae), the 

Figure 4. 
Phloem axial parenchyma distribution in secondary phloem. (a) Ephedra tweediana (Ephedraceae) TS, 
showing sieve cells interspersed by axial parenchyma cells (arrows). Six to five cells away from the cambium, 
the sieve cells already lose conductivity and collapse with axial parenchyma cells enlarging (top arrow).  
(b) Lannea discolor (Anacardiaceae) TS showing axial parenchyma with tannins arranged in narrow bands 
(arrows). There are also other parenchyma cells with less content dispersed in the phloem. Note also the 
fibers in concentric bands. (c) Robinia pseudoacacia (Leguminosae) TS showing bands of axial parenchyma 
associated with the fiber bands and sieve tube elements in clusters with simple sieve plates staining with resorcin 
blue. (d) Fridericia nigrescens (Bignoniaceae) TS with sieve tubes surrounded by sieve-tube-centric axial 
parenchyma. The tissue background corresponds to the fibers. c, cambium; sx, secondary xylem; c, cambium; 
sp, secondary phloem; sx, secondary xylem. Scalebars: a = 50 μm; b, d = 200 μm; c = 100 μm.
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renchyma are present, such as in the secondary phloem of Carya (Juglandaceae) 
or in Fridericia, Tanaecium, Tynanthus, and Xylophragma (Bignoniaceae), the 
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sieve-tube-centric parenchyma appears (Figure 4c) and, as the name suggests, is 
surrounding the sieve tubes [8, 20, 23].

Although collectively described and referred to as axial phloem parenchyma, 
it is important to note that in many plants there will be distinct groups of phloem 
parenchyma within the phloem with quite different ergastic contents and therefore 
presumed different functions. Some of these specialized parenchyma cells may 
be considered secretory structures. Within a single plant, it is not uncommon that 
while some cells have crystals (especially when in contact with sclerenchyma), 
others have tannins, starch, and other substances. In apple trees (Malus domestica, 
Rosaceae) three types of axial parenchyma have been recorded: (1) crystal-bearing 
cells, (2) tannin- and starch-containing cells, and (3) those with no tannin or 
starch, which integrate with the companion cells [15].

Within bands of axial parenchyma, canals with a clear epithelium may be 
formed in many plant groups such as Pinaceae, Anacardiaceae, Apiales, a feature 
with strong phylogenetic signal. Some phloem parenchyma cells also act in the 
sustenance and support of the sieve elements, even when not derived from the same 
mother cell [7]. In longitudinal section, the axial phloem parenchyma may appear 
fusiform (not segmented) or in two up to several cells per strand [5].

While the phloem ages and moves away from the cambium, its structure dramati-
cally change, and typically axial parenchyma cells enlarge (Figures 4a and b, 6c), 
divide, and store more ergastic contents toward the nonconducting phloem. In plants 
with low fiber content, the dilatation undergone by the parenchyma cells typically 
provokes the collapse of the sieve elements. The axial parenchyma in the noncon-
ducting phloem can dedifferentiate and give rise to new lateral meristems. In plants 
with multiple periderms, typically new phellogens are formed within the secondary 
phloem, compacting within the multiple periderms large quantities of dead, suber-
ized phloem. In plants with variant secondary growth, especially lianas, new cambia 
might differentiate from axial phloem parenchyma cells [24]. In the Asian Tetrastigma 
(Vitaceae), new cambia were recorded differentiating from primary phloem paren-
chyma cells [25].

2.3 Sclerenchyma

Sclerenchymatic cells are those with thick secondary walls, commonly  lignified. 
Sclerenchyma can be present or not in the phloem, and when present it  typically 
gives structure to the tissue. For instance, a phloem with concentric layers of scle-
renchyma cells is called stratified (Figures 2e, 3a, and 4c) [5]—not to be confused 
with storied, regarding the organization of the elements in tangential section. 
In Leguminosae, bands of phloem are associated to the concentric fiber bands 
(Figure 4c).

Older phloem shows more sclerification than younger phloem, and the scleren-
chyma may also act as a barrier to bark attackers [21]. The sclerenchyma is typically 
divided in two categories: fibers and sclereids. These cell types differ mainly in form 
and size, but origin has also been used to distinguish them [26].

2.3.1 Fibers

Fibers are long and slender cells, derived from meristems, the fiber primordia 
[1, 26, 27]. In the primary phloem, fiber caps are sometimes found in association 
with the protophloem (Figure 5a) and are named protophloem fibers. Since only an 
ontogenetic study can evidence whether these fibers indeed differentiate within the 
protophloem, a term coined in the nineteenth century German and American litera-
ture, pericyclic fibers, has been recommended to be used instead of primary phloem 
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fibers or perivascular fibers [5]. In the monocotyledons, fibers are commonly an 
important component of the vascular bundles (Figure 5b–d). Commonly these 
fibers are associated with the phloem (Figure 5b), but they might also be associated 
with the xylem (Figure 5c) or be central in the vascular bundle (Figure 5d). These 
fibers are not, however, understood as part of either phloem or xylem; although 
they are of vascular nature, they differentiate directly from procambium.

2.3.2 Sclereids

Sclereids may have different forms and sizes (Figure 6a–c). Within the phloem, 
they are more typically square or polygonal (stone cells) and contain numerous pits 
and conspicuous pit canals. Holdheid [26] defines that a sclereid is a cell derived 
from the belated sclerification of a parenchyma cell, and that is in fact the rule in 
the majority of cases (Figure 6a and b). However, there are lineages in which the 
sclereids differentiate very close to the cambium (e.g., Pleonotoma, Bignoniaceae, 
Figure 6c; [20]), and it would be untrue to claim that the derivatives had a stage as a 
mature parenchyma cell [1]. In these cases, the form is enough to define the sclereid.

On the other hand, there are cases where long and slender cells derive from 
previously mature parenchyma cells and are morphologically difficult to distinguish 
from fibers. In these cases, these cells are called fiber sclereids and may be even 
in concentric layers, such as in apple trees and pears (Malus domestica and Pyrus 

Figure 5. 
Vascular fibers associated to eudicot and monocot primary structure. (a) Pericyclic fiber cap (fc) and primary 
phloem (pp) in Perianthomega vellozoi (Bignoniaceae). Secondary phloem (sp) beginning to be produced. 
Vascular bundles in monocotyledons. (b) Vascular bundle in the climber Calamus manan (Arecaceae) with 
fibers toward the phloem side. Phloem in two strands around a wide metaxylem vessel. (c) Vascular bundle 
of Vellozia alata (Velloziaceae), with fiber cap toward the xylem side. Phloem on the top side of the picture. 
(Picture credit to Marina Blanco Cattai). (d) Amphivasal bundle of Philodendron with fibers in the center of 
the vascular bundle and phloem surrounding it. Scalebars: a, b = 100 μm, c, d = 50 μm.
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sieve-tube-centric parenchyma appears (Figure 4c) and, as the name suggests, is 
surrounding the sieve tubes [8, 20, 23].

Although collectively described and referred to as axial phloem parenchyma, 
it is important to note that in many plants there will be distinct groups of phloem 
parenchyma within the phloem with quite different ergastic contents and therefore 
presumed different functions. Some of these specialized parenchyma cells may 
be considered secretory structures. Within a single plant, it is not uncommon that 
while some cells have crystals (especially when in contact with sclerenchyma), 
others have tannins, starch, and other substances. In apple trees (Malus domestica, 
Rosaceae) three types of axial parenchyma have been recorded: (1) crystal-bearing 
cells, (2) tannin- and starch-containing cells, and (3) those with no tannin or 
starch, which integrate with the companion cells [15].

Within bands of axial parenchyma, canals with a clear epithelium may be 
formed in many plant groups such as Pinaceae, Anacardiaceae, Apiales, a feature 
with strong phylogenetic signal. Some phloem parenchyma cells also act in the 
sustenance and support of the sieve elements, even when not derived from the same 
mother cell [7]. In longitudinal section, the axial phloem parenchyma may appear 
fusiform (not segmented) or in two up to several cells per strand [5].

While the phloem ages and moves away from the cambium, its structure dramati-
cally change, and typically axial parenchyma cells enlarge (Figures 4a and b, 6c), 
divide, and store more ergastic contents toward the nonconducting phloem. In plants 
with low fiber content, the dilatation undergone by the parenchyma cells typically 
provokes the collapse of the sieve elements. The axial parenchyma in the noncon-
ducting phloem can dedifferentiate and give rise to new lateral meristems. In plants 
with multiple periderms, typically new phellogens are formed within the secondary 
phloem, compacting within the multiple periderms large quantities of dead, suber-
ized phloem. In plants with variant secondary growth, especially lianas, new cambia 
might differentiate from axial phloem parenchyma cells [24]. In the Asian Tetrastigma 
(Vitaceae), new cambia were recorded differentiating from primary phloem paren-
chyma cells [25].

2.3 Sclerenchyma

Sclerenchymatic cells are those with thick secondary walls, commonly  lignified. 
Sclerenchyma can be present or not in the phloem, and when present it  typically 
gives structure to the tissue. For instance, a phloem with concentric layers of scle-
renchyma cells is called stratified (Figures 2e, 3a, and 4c) [5]—not to be confused 
with storied, regarding the organization of the elements in tangential section. 
In Leguminosae, bands of phloem are associated to the concentric fiber bands 
(Figure 4c).

Older phloem shows more sclerification than younger phloem, and the scleren-
chyma may also act as a barrier to bark attackers [21]. The sclerenchyma is typically 
divided in two categories: fibers and sclereids. These cell types differ mainly in form 
and size, but origin has also been used to distinguish them [26].

2.3.1 Fibers

Fibers are long and slender cells, derived from meristems, the fiber primordia 
[1, 26, 27]. In the primary phloem, fiber caps are sometimes found in association 
with the protophloem (Figure 5a) and are named protophloem fibers. Since only an 
ontogenetic study can evidence whether these fibers indeed differentiate within the 
protophloem, a term coined in the nineteenth century German and American litera-
ture, pericyclic fibers, has been recommended to be used instead of primary phloem 
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fibers or perivascular fibers [5]. In the monocotyledons, fibers are commonly an 
important component of the vascular bundles (Figure 5b–d). Commonly these 
fibers are associated with the phloem (Figure 5b), but they might also be associated 
with the xylem (Figure 5c) or be central in the vascular bundle (Figure 5d). These 
fibers are not, however, understood as part of either phloem or xylem; although 
they are of vascular nature, they differentiate directly from procambium.

2.3.2 Sclereids

Sclereids may have different forms and sizes (Figure 6a–c). Within the phloem, 
they are more typically square or polygonal (stone cells) and contain numerous pits 
and conspicuous pit canals. Holdheid [26] defines that a sclereid is a cell derived 
from the belated sclerification of a parenchyma cell, and that is in fact the rule in 
the majority of cases (Figure 6a and b). However, there are lineages in which the 
sclereids differentiate very close to the cambium (e.g., Pleonotoma, Bignoniaceae, 
Figure 6c; [20]), and it would be untrue to claim that the derivatives had a stage as a 
mature parenchyma cell [1]. In these cases, the form is enough to define the sclereid.

On the other hand, there are cases where long and slender cells derive from 
previously mature parenchyma cells and are morphologically difficult to distinguish 
from fibers. In these cases, these cells are called fiber sclereids and may be even 
in concentric layers, such as in apple trees and pears (Malus domestica and Pyrus 

Figure 5. 
Vascular fibers associated to eudicot and monocot primary structure. (a) Pericyclic fiber cap (fc) and primary 
phloem (pp) in Perianthomega vellozoi (Bignoniaceae). Secondary phloem (sp) beginning to be produced. 
Vascular bundles in monocotyledons. (b) Vascular bundle in the climber Calamus manan (Arecaceae) with 
fibers toward the phloem side. Phloem in two strands around a wide metaxylem vessel. (c) Vascular bundle 
of Vellozia alata (Velloziaceae), with fiber cap toward the xylem side. Phloem on the top side of the picture. 
(Picture credit to Marina Blanco Cattai). (d) Amphivasal bundle of Philodendron with fibers in the center of 
the vascular bundle and phloem surrounding it. Scalebars: a, b = 100 μm, c, d = 50 μm.
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communis, respectively; [15]). Sclereids can also develop with different arrange-
ments in the phloem, being isolated and scattered or in clusters (Figures 6a–c) [5].

2.4 Rays

The rays in the conducting phloem have typically the same organization in terms 
of width, height, and cellular composition as the secondary xylem. In this respect 
the rays vary from uniseriate to multiseriate (Figure 7a) and may be homocellular 
or heterocellular (Figure 7b). Homocellular rays are those composed of cells of 
one shape, all procumbent or all upright (common in many shrubs). Heterocellular 
rays are those where more than one cell shape is present together (Figure 7b). Ray 
composition is appreciated in radial sections.

Because the vascular cambium produces much more xylem to the inside than 
phloem to the outside, phloem rays typically greatly dilate toward the periphery of 
the organ (Figure 7c). It is not uncommon that a dilatation meristem longitudinal to 
the cambium forms in some barks (Figure 7c), especially in families with very wide, 
wedge-like rays such as the Malvaceae. Plants with unicellular rays very rarely have 
dilatation by cell division [15, 26]. Instead, they have great lateral expansion of their 
single cells. Ray width can be only determined in tangential sections.

Rays are typically exclusively parenchymatic; however, in many species sieve ele-
ments appear in the rays and are called ray sieve cells or radial sieve cells [5, 28, 29]. 
These cells were recorded connecting two different sieve tubes (collections of sieve 
tube elements). Ray sieve elements seem to be present in taxa where perforated ray 
cells have been also recorded [30].

3. Structure and development of primary and secondary phloem

3.1 Primary phloem

The primary phloem derives from the embryo in the seed and the procambium 
from the organ’s apices. Similarly to the primary xylem, the primary phloem is 

Figure 6. 
Sclereids in the secondary phloem. (a) Sclereids (sc) differentiate from parenchyma cells (arrow) in the 
nonconducting phloem of Heteropterys intermedia (Malpighiaceae) TS, forming large clusters.  
(b) Longitudinal radial section of Heteropterys intermedia (Malpighiaceae) showing the sclereid masses. (c) 
In Pleonotoma tetraquetra (Bignoniaceae), the sclereids differentiate (arrow) close to the cambium within 
the conducting phloem. c, cambium; pe, periderm; sc, sclereid; sx, secondary xylem. Scalebars: a, b = 400 μm, 
c = 250 μm.
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divided in protophloem and metaphloem (Figure 1d), with the protophloem 
differentiating first, while the plant is still elongating, and the metaphloem 
differentiating last. The phloem is always exarch, independently of the organ. 
Protophloem sieve elements sometimes lack companion cells, such as in Arabidopsis, 
and in this case the sieve elements are sustained by other neighboring parenchyma 
cells. Commonly, the protophloem quickly becomes obliterated and loses function. 
In plants without secondary growth, the metaphloem will be conducted during 
the entire life of the plant, as in the monocotyledons (Figure 5b–d) [11]. Different 
vascular plant lineages display different arrangements of the primary xylem and 
phloem, depending on the stele type. Two main types of steles exist, the protostele 
and the siphonostele. In the protostele, the entire center of the organ is composed 
of vascular tissue (Figure 1a), with the phloem in strands alternated with a central 
xylem in the protostele, haplostele, and actinostele (Figure 1a), while primary 
phloem is interspersed in the protostele plectostele [6]. The roots of all the vascular 
plants are protostelic (Figure 1a). The stems, however, can vary. In the lycophytes, 
they are always protostelic, while in the ferns (monilophytes) they might be pro-
tostelic, such as in Psilotum, or in all other range of siphonostelic steles [31]. The 
siphonostele evolved in concert with the macrophytes and resulted in the formation 
of a central pith derived from the ground meristem. No lineage displays as much 
diversity in the primary vasculature architecture as do the ferns. In the seed plants, 
that is, gymnosperms and angiosperms, the stem stele is always a syphonostele, 
either a eustele, where discrete vascular bundles form a concentric ring, or the 
atactostele, a type of stele exclusive of the monocotyledons where the bundles are 
scattered in the entire stem center. Some lineages of eudicotyledons and Magnoliids 
have evolved another subtype of siphonostele, the polycyclic eustele, where more 
than one ring of bundles is present, such as in Piperaceae and Nyctaginaceae.

The primary phloem is simpler than the secondary phloem and is basically 
formed by sieve elements and parenchyma cells (Figure 1a–d). Fiber caps are com-
monly present, and they might be phloematic (Figure 5a). For a discussion on their 
origin, check the section on fibers above. The position of the phloem is typically 
external or abaxial to the xylem, but in some lineages the bundles are bicollateral 

Figure 7. 
Rays in the secondary phloem. (a) Longitudinal tangential section of Brachylaena transvaalensis (Asteraceae) 
showing storied structure, biseriate to triseriate rays (r), sieve tube elements with simple sieve plate (s) and 
axial parenchyma cells composed of 4–5 cells, and fibers. (b) Longitudinal radial section of Brachylaena 
transvaalensis (Asteraceae) showing heterocellular rays (r), with body procumbent and one row of marginal 
square cells. Fibers (f) in bands. (c) Ray dilatation (rd) by the formation of a dilatation meristem in the 
center of the ray in Perianthomega vellozoi (Bignoniaceae). f, fiber; p, axial parenchyma cell; r, ray; s, sieve 
tube element. Scalebars: a, b = 100 μm, c = 300 μm.
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communis, respectively; [15]). Sclereids can also develop with different arrange-
ments in the phloem, being isolated and scattered or in clusters (Figures 6a–c) [5].

2.4 Rays

The rays in the conducting phloem have typically the same organization in terms 
of width, height, and cellular composition as the secondary xylem. In this respect 
the rays vary from uniseriate to multiseriate (Figure 7a) and may be homocellular 
or heterocellular (Figure 7b). Homocellular rays are those composed of cells of 
one shape, all procumbent or all upright (common in many shrubs). Heterocellular 
rays are those where more than one cell shape is present together (Figure 7b). Ray 
composition is appreciated in radial sections.

Because the vascular cambium produces much more xylem to the inside than 
phloem to the outside, phloem rays typically greatly dilate toward the periphery of 
the organ (Figure 7c). It is not uncommon that a dilatation meristem longitudinal to 
the cambium forms in some barks (Figure 7c), especially in families with very wide, 
wedge-like rays such as the Malvaceae. Plants with unicellular rays very rarely have 
dilatation by cell division [15, 26]. Instead, they have great lateral expansion of their 
single cells. Ray width can be only determined in tangential sections.

Rays are typically exclusively parenchymatic; however, in many species sieve ele-
ments appear in the rays and are called ray sieve cells or radial sieve cells [5, 28, 29]. 
These cells were recorded connecting two different sieve tubes (collections of sieve 
tube elements). Ray sieve elements seem to be present in taxa where perforated ray 
cells have been also recorded [30].

3. Structure and development of primary and secondary phloem

3.1 Primary phloem

The primary phloem derives from the embryo in the seed and the procambium 
from the organ’s apices. Similarly to the primary xylem, the primary phloem is 

Figure 6. 
Sclereids in the secondary phloem. (a) Sclereids (sc) differentiate from parenchyma cells (arrow) in the 
nonconducting phloem of Heteropterys intermedia (Malpighiaceae) TS, forming large clusters.  
(b) Longitudinal radial section of Heteropterys intermedia (Malpighiaceae) showing the sclereid masses. (c) 
In Pleonotoma tetraquetra (Bignoniaceae), the sclereids differentiate (arrow) close to the cambium within 
the conducting phloem. c, cambium; pe, periderm; sc, sclereid; sx, secondary xylem. Scalebars: a, b = 400 μm, 
c = 250 μm.
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divided in protophloem and metaphloem (Figure 1d), with the protophloem 
differentiating first, while the plant is still elongating, and the metaphloem 
differentiating last. The phloem is always exarch, independently of the organ. 
Protophloem sieve elements sometimes lack companion cells, such as in Arabidopsis, 
and in this case the sieve elements are sustained by other neighboring parenchyma 
cells. Commonly, the protophloem quickly becomes obliterated and loses function. 
In plants without secondary growth, the metaphloem will be conducted during 
the entire life of the plant, as in the monocotyledons (Figure 5b–d) [11]. Different 
vascular plant lineages display different arrangements of the primary xylem and 
phloem, depending on the stele type. Two main types of steles exist, the protostele 
and the siphonostele. In the protostele, the entire center of the organ is composed 
of vascular tissue (Figure 1a), with the phloem in strands alternated with a central 
xylem in the protostele, haplostele, and actinostele (Figure 1a), while primary 
phloem is interspersed in the protostele plectostele [6]. The roots of all the vascular 
plants are protostelic (Figure 1a). The stems, however, can vary. In the lycophytes, 
they are always protostelic, while in the ferns (monilophytes) they might be pro-
tostelic, such as in Psilotum, or in all other range of siphonostelic steles [31]. The 
siphonostele evolved in concert with the macrophytes and resulted in the formation 
of a central pith derived from the ground meristem. No lineage displays as much 
diversity in the primary vasculature architecture as do the ferns. In the seed plants, 
that is, gymnosperms and angiosperms, the stem stele is always a syphonostele, 
either a eustele, where discrete vascular bundles form a concentric ring, or the 
atactostele, a type of stele exclusive of the monocotyledons where the bundles are 
scattered in the entire stem center. Some lineages of eudicotyledons and Magnoliids 
have evolved another subtype of siphonostele, the polycyclic eustele, where more 
than one ring of bundles is present, such as in Piperaceae and Nyctaginaceae.

The primary phloem is simpler than the secondary phloem and is basically 
formed by sieve elements and parenchyma cells (Figure 1a–d). Fiber caps are com-
monly present, and they might be phloematic (Figure 5a). For a discussion on their 
origin, check the section on fibers above. The position of the phloem is typically 
external or abaxial to the xylem, but in some lineages the bundles are bicollateral 

Figure 7. 
Rays in the secondary phloem. (a) Longitudinal tangential section of Brachylaena transvaalensis (Asteraceae) 
showing storied structure, biseriate to triseriate rays (r), sieve tube elements with simple sieve plate (s) and 
axial parenchyma cells composed of 4–5 cells, and fibers. (b) Longitudinal radial section of Brachylaena 
transvaalensis (Asteraceae) showing heterocellular rays (r), with body procumbent and one row of marginal 
square cells. Fibers (f) in bands. (c) Ray dilatation (rd) by the formation of a dilatation meristem in the 
center of the ray in Perianthomega vellozoi (Bignoniaceae). f, fiber; p, axial parenchyma cell; r, ray; s, sieve 
tube element. Scalebars: a, b = 100 μm, c = 300 μm.
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(Figure 1b), and phloem is present both inside and outside (abaxial and adaxial), 
while in amphivasal bundles, the xylem encircles the phloem (Figure 5d), as in the 
secondary vascular tissues of some Asparagales [32, 33] and Iridaceae corms [34]. In 
some plant families and orders, intraxylary phloem (perimedullar phloem islands) 
is a synapomorphy, such as in the order Myrtales and in the families Apocynaceae 
and Convolvulaceae [35]. These phloem strands are initially primary, but a cambium 
can differentiate between the protoxylem and the phloem strands and develop 
secondary tissues inside of the pith.

3.2 Secondary phloem

Being derived from the cambium, the secondary phloem will share a number 
of characteristics with the secondary xylem. For instance, it is divided in an axial 
and radial system. The axial system is composed of sieve elements, axial paren-
chyma cells, and fibers, and the radial system is formed by rays, which are typically 
parenchymatic (Figure 2a–c). Similar to secondary xylem, the secondary phloem 
can be storied (Figure 7a) or non-storied (Figure 2b and c), depending whether 
the cambial mother cells are organized in tiers or not.

Some trees will have growth rings, with an early and a late phloem, both in 
temperate and tropical regions, but their characterization is only possible with 
periodical collections [5]. Sometimes, but not always, the fiber band width gives a 
hint on the presence of growth rings or the formation of very small sieve elements 
in the late phloem [1, 5].

3.2.1 Secondary phloem of gymnosperms

In conifers (except Gnetales) the secondary phloem is typically marked by an 
alternation of axial cell types (Figure 3a and b), uniseriate rays, and, in many lin-
eages, axial and radial resin canals (e.g., Pinaceae and Cupressaceae). In the Pinaceae, 
the phloem is marked by the presence of an alternation of sieve cells and bands of 
axial parenchyma with phenolic contents, some also with druses. In the nonconduct-
ing phloem of Pinaceae, sclereids differentiate. In all other conifers, in addition to the 
alternation of parenchyma bands and sieve cells, fiber bands are present (Figure 3a 
and b). Therefore, sieve cells, parenchyma cells with phenolic content, and bands 
of fibers appear in alternation in non-Pinaceae and Gnetales conifers, including 
Araucariaceae, Cupressaceae, Podocarpaceae, Taxaceae, and Taxodiaceae [8, 21]. 
Another marked difference of these conifers compared to Pinaceae is that they contain 
a lot of crystals in their cell walls, including in Gnetales (see New World Ephedra; 
[36]), while in Pinaceae they are exclusively inside of idioblastic cells.

In other gymnosperms, in particular in Gnetales and Cycads, the first remark-
able difference is the presence of very wide, multiseriate rays alternating with uni-
seriate rays. The wide rays in both groups have, however, evolved independently, 
since Cycads are a sister to all other gymnosperms, while Gnetales are within the 
conifers, as sister to the Pinaceae [31, 37]. In Cyca and the extinct Cycadoidea, 
sieve cells and phloem parenchyma alternate with fibers, which can be in tangen-
tial bands or not [38, 39]. In Cyca, the sieve cells appear in radial rolls [38], while 
in Cycadoidea there is a constant alternation of one sieve cell or phloem paren-
chyma to one fiber [39]. The nonconducting phloem of Cycas is marked by the 
collapse of sieve cells, enlargement of the axial parenchyma cells, ray dilatation, 
and sclerosis of some parenchymatic cells [38]. More than one ring of secondary 
phloem is present in some Cycads (e.g., Cycas, Encephalartos, Lepidozamia, and  
Macrozamia) and Gnetales (e.g., Gnetum), given that they have successive 
 cambia [38, 40].
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Within the Gnetales, in Ephedra axial parenchyma cells are interspersed with 
sieve cells (Figure 4a), and fiber may or may not be present and are typically gelati-
nous [36]. Fiber sclereids and/or sclereids appear in the nonconducting phloem 
of other species [13, 22]. In the nonconducting phloem of Ephedra, the sieve cells 
and Strasburger cells collapse with the enlargement of the axial and radial paren-
chyma cells (Figure 4a) with more ergastic contents [13]. In Gnetum, large areas of 
parenchyma sclerify, forming bands in the nonconducting phloem. The secondary 
phloem of Welwitschia is described as containing a large amount of fibers [21].

3.2.2 Secondary phloem of angiosperms

Within the angiosperms, the diversity of phloem cell type arrangements reaches 
its maximum. The structure can be storied (Figure 7a) or non-storied (Figure 2b 
and c); sclerenchyma can be present or lacking. The rays may be uni-, bi-, or mul-
tiseriate. A large array of secretory cells may be encountered, such as resin canals, 
laticifers, and mucilaginous cells. Crystalliferous parenchyma is also very common, 
especially when associated with fibers.

The variation in cell type arrangements can be of taxonomic interest. Sieve elements 
can vary in morphology and arrangement. They can be solitary (Figure 2f), scattered 
in the phloem (e.g., Eucalyptus, Myrtaceae), in clusters (e.g., Malvaceae; Figures 2a, d 
and 4c), and in radial or tangential rows (many Bignoniaceae; [20]; Figure 4d). The 
functional significance of the different arrangements is unknown to date, although this 
is one of the features in the phloem with the strongest phylogenetic signal.

The presence, type, and arrangements of fibers and sclereids are one of the most 
informative characters in the bark [4]. In Apocynaceae, the fibers are completely 
absent, except in Aspidosperma, the sister group of all other Apocynaceae [35]. In 
Aspidosperma, they can appear solitary scattered across the phloem or in clusters. 
In some lineages, fibers appear in concentric alternating bands, as in Leguminosae 
(Papilionoideae), Mimosoideae (Figure 4c) [41], Bignoniaceae [20], and Malvaceae, 
and this is a constant character among them.

Phloem parenchyma more commonly constitute the background tissue in the 
phloem but can also be distributed in bands (Figure 4b and c), radial rows, or even 
only around the sieve tube elements (Figure 4d) [5].

4. Phloem activity

The classic theory of phloem transport is that proposed by Ernst Münch [42], 
and it involves the formation of an osmotic pressure transport gradient, where 
certain zones act as sources of sugars (leaves and storage organs), while others act 
as sinks. Experiments showed that the concentration gradients were always seen to 
be positive in the direction of flow [43], supporting Münch’s postulate. In a system 
where transport goes against the direction of transpiration, its functionality relies 
on the presence of a plasma membrane across the entire system to create an osmotic 
pressure, hence the need of a conducting system with living cells [44]. Recent stud-
ies have been refining aspects involved in the photosynthate conduction to explain 
long-distance transports across large trees with such a simple system [44, 45]. A 
direct role of intracellular calcium has also been reported in the dissolution of 
nondispersive P-proteins and facilitation of transport [46]. Likely, the anatomical 
structure of the phloem discussed in the previous sections of this chapter will prove 
to play a role in the system. For instance, phloem sieve element length scale with the 
tree sizes and sieve plate type [45]. It was also shown that sieve element’s diameter, 
length, and pore width increase from the top to the base of the trees [47, 48].
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(Figure 1b), and phloem is present both inside and outside (abaxial and adaxial), 
while in amphivasal bundles, the xylem encircles the phloem (Figure 5d), as in the 
secondary vascular tissues of some Asparagales [32, 33] and Iridaceae corms [34]. In 
some plant families and orders, intraxylary phloem (perimedullar phloem islands) 
is a synapomorphy, such as in the order Myrtales and in the families Apocynaceae 
and Convolvulaceae [35]. These phloem strands are initially primary, but a cambium 
can differentiate between the protoxylem and the phloem strands and develop 
secondary tissues inside of the pith.

3.2 Secondary phloem

Being derived from the cambium, the secondary phloem will share a number 
of characteristics with the secondary xylem. For instance, it is divided in an axial 
and radial system. The axial system is composed of sieve elements, axial paren-
chyma cells, and fibers, and the radial system is formed by rays, which are typically 
parenchymatic (Figure 2a–c). Similar to secondary xylem, the secondary phloem 
can be storied (Figure 7a) or non-storied (Figure 2b and c), depending whether 
the cambial mother cells are organized in tiers or not.

Some trees will have growth rings, with an early and a late phloem, both in 
temperate and tropical regions, but their characterization is only possible with 
periodical collections [5]. Sometimes, but not always, the fiber band width gives a 
hint on the presence of growth rings or the formation of very small sieve elements 
in the late phloem [1, 5].

3.2.1 Secondary phloem of gymnosperms

In conifers (except Gnetales) the secondary phloem is typically marked by an 
alternation of axial cell types (Figure 3a and b), uniseriate rays, and, in many lin-
eages, axial and radial resin canals (e.g., Pinaceae and Cupressaceae). In the Pinaceae, 
the phloem is marked by the presence of an alternation of sieve cells and bands of 
axial parenchyma with phenolic contents, some also with druses. In the nonconduct-
ing phloem of Pinaceae, sclereids differentiate. In all other conifers, in addition to the 
alternation of parenchyma bands and sieve cells, fiber bands are present (Figure 3a 
and b). Therefore, sieve cells, parenchyma cells with phenolic content, and bands 
of fibers appear in alternation in non-Pinaceae and Gnetales conifers, including 
Araucariaceae, Cupressaceae, Podocarpaceae, Taxaceae, and Taxodiaceae [8, 21]. 
Another marked difference of these conifers compared to Pinaceae is that they contain 
a lot of crystals in their cell walls, including in Gnetales (see New World Ephedra; 
[36]), while in Pinaceae they are exclusively inside of idioblastic cells.

In other gymnosperms, in particular in Gnetales and Cycads, the first remark-
able difference is the presence of very wide, multiseriate rays alternating with uni-
seriate rays. The wide rays in both groups have, however, evolved independently, 
since Cycads are a sister to all other gymnosperms, while Gnetales are within the 
conifers, as sister to the Pinaceae [31, 37]. In Cyca and the extinct Cycadoidea, 
sieve cells and phloem parenchyma alternate with fibers, which can be in tangen-
tial bands or not [38, 39]. In Cyca, the sieve cells appear in radial rolls [38], while 
in Cycadoidea there is a constant alternation of one sieve cell or phloem paren-
chyma to one fiber [39]. The nonconducting phloem of Cycas is marked by the 
collapse of sieve cells, enlargement of the axial parenchyma cells, ray dilatation, 
and sclerosis of some parenchymatic cells [38]. More than one ring of secondary 
phloem is present in some Cycads (e.g., Cycas, Encephalartos, Lepidozamia, and  
Macrozamia) and Gnetales (e.g., Gnetum), given that they have successive 
 cambia [38, 40].
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Within the Gnetales, in Ephedra axial parenchyma cells are interspersed with 
sieve cells (Figure 4a), and fiber may or may not be present and are typically gelati-
nous [36]. Fiber sclereids and/or sclereids appear in the nonconducting phloem 
of other species [13, 22]. In the nonconducting phloem of Ephedra, the sieve cells 
and Strasburger cells collapse with the enlargement of the axial and radial paren-
chyma cells (Figure 4a) with more ergastic contents [13]. In Gnetum, large areas of 
parenchyma sclerify, forming bands in the nonconducting phloem. The secondary 
phloem of Welwitschia is described as containing a large amount of fibers [21].

3.2.2 Secondary phloem of angiosperms

Within the angiosperms, the diversity of phloem cell type arrangements reaches 
its maximum. The structure can be storied (Figure 7a) or non-storied (Figure 2b 
and c); sclerenchyma can be present or lacking. The rays may be uni-, bi-, or mul-
tiseriate. A large array of secretory cells may be encountered, such as resin canals, 
laticifers, and mucilaginous cells. Crystalliferous parenchyma is also very common, 
especially when associated with fibers.

The variation in cell type arrangements can be of taxonomic interest. Sieve elements 
can vary in morphology and arrangement. They can be solitary (Figure 2f), scattered 
in the phloem (e.g., Eucalyptus, Myrtaceae), in clusters (e.g., Malvaceae; Figures 2a, d 
and 4c), and in radial or tangential rows (many Bignoniaceae; [20]; Figure 4d). The 
functional significance of the different arrangements is unknown to date, although this 
is one of the features in the phloem with the strongest phylogenetic signal.

The presence, type, and arrangements of fibers and sclereids are one of the most 
informative characters in the bark [4]. In Apocynaceae, the fibers are completely 
absent, except in Aspidosperma, the sister group of all other Apocynaceae [35]. In 
Aspidosperma, they can appear solitary scattered across the phloem or in clusters. 
In some lineages, fibers appear in concentric alternating bands, as in Leguminosae 
(Papilionoideae), Mimosoideae (Figure 4c) [41], Bignoniaceae [20], and Malvaceae, 
and this is a constant character among them.

Phloem parenchyma more commonly constitute the background tissue in the 
phloem but can also be distributed in bands (Figure 4b and c), radial rows, or even 
only around the sieve tube elements (Figure 4d) [5].

4. Phloem activity

The classic theory of phloem transport is that proposed by Ernst Münch [42], 
and it involves the formation of an osmotic pressure transport gradient, where 
certain zones act as sources of sugars (leaves and storage organs), while others act 
as sinks. Experiments showed that the concentration gradients were always seen to 
be positive in the direction of flow [43], supporting Münch’s postulate. In a system 
where transport goes against the direction of transpiration, its functionality relies 
on the presence of a plasma membrane across the entire system to create an osmotic 
pressure, hence the need of a conducting system with living cells [44]. Recent stud-
ies have been refining aspects involved in the photosynthate conduction to explain 
long-distance transports across large trees with such a simple system [44, 45]. A 
direct role of intracellular calcium has also been reported in the dissolution of 
nondispersive P-proteins and facilitation of transport [46]. Likely, the anatomical 
structure of the phloem discussed in the previous sections of this chapter will prove 
to play a role in the system. For instance, phloem sieve element length scale with the 
tree sizes and sieve plate type [45]. It was also shown that sieve element’s diameter, 
length, and pore width increase from the top to the base of the trees [47, 48].
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Across the entire pathway, sugars are removed from the system to sustain all cells 
in the plant body. This mechanism is only possible with the concerted mechanism 
between sieve elements and their close related cells (Strasburger cells and compan-
ion cells), with these accompanying cells constantly channeling substances and 
macromolecules toward the sieve elements [44]. The Strasburger and companion 
cells carry the loading and unloading of the sieve elements. Given the function of 
loading and unloading, the companion cell-sieve tube element size ratio is directly 
related to being in the source or the sink of sugars [44]. For instance, in leaves 
the companion cells are typically much larger, for they have the high demand of 
constantly loading the sieve tubes. In areas of release of the sugars (unloading), the 
companion cells are much smaller or even absent [44].

5. Economic uses

In the economic uses, it is not always easy to distinguish the use of the phloem 
from that of the periderm, since both together compose the bark of a woody plant. 
The phloem corresponds to the inner bark, and the periderm to the outer bark. 
The bark has a long history of utilization, from the production of remedies [49], 
aphrodisiacs (yohimbe), insecticides [50], dyes, tannins [50], angostura, fibers 
[51], gums and resins [50], latex, and flavorings [52].

In indigenous groups from British Columbia (Canada) and Tanzania, barks 
from dozens of species of woody plants are used as carbohydrate food, medicine, 
fibers, and structural material [50, 53]. In Mexico the bark of Ficus is used since 
prehispanic times to create a type of paper called papel amate (from the náhuatl 
paper = ámatl), used, for example, to create the Aztec codices.

The rubber tree, Hevea brasiliensis (Euphorbiaceae), is known from the extraction 
of latex to the production of rubber. Laticifers are present in concentric rings in the 
secondary phloem of the rubber tree and are an important economic asset in some 
tropical countries. Bark residues have also been considered for mulching [53–55], to 
build particle boards [56, 57], as fuel, and a source of food for ruminants [52].
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Chapter 2

Phytohormone-Mediated 
Homeostasis of Root System 
Architecture
Dongyang Xu and Masaaki K. Watahiki

Abstract

Unlike animals, most of the plants are sessile. This may be a reason why they 
developed the powerful ability of organ generation throughout their lifetime, 
which is distinct from the animals, whose generation potential is restricted in a 
certain period during development. Half part of the plant body, the root sys-
tem, is hidden under the ground, where there is a competition of resources, for 
example, water and nutrients or biotic stresses and abiotic stresses surrounding 
the root system. With its strong regeneration ability, the architecture of the root 
system is shaped by all of these environmental cues together with the internal 
developmental signals. In this process, phytohormones work as the regulatory 
molecules mediating the internal and external developmental signals, thus 
controlling the morphology and function of the root system architecture. This 
chapter introduces the development of root system regulated by various phyto-
hormones, like auxin, cytokinin, etc.

Keywords: root architecture, auxin, cytokinin, postembryonic organogenesis

1. Anatomy and development of root

1.1 Root system architecture

In different plant species, root system architecture (RSA) has diverse morpholo-
gies. There are basically two types of RSA, the taproot system (or allorhizic system) 
in gymnosperms and dicotyledons, like Arabidopsis thaliana (Arabidopsis), tomato 
(Solanum lycopersicum L.), carrot (Daucus carota), and poplar (Populus spp.) and 
the fibrous root system (or homorhizic system) in monocotyledons such as maize 
(Zea mays L.), rice (Oryza sativa L.), onion (Allium cepa), garlic (Allium sativum), 
and tulip (Tulipa spp.) [1]. The taproot system consists of a single thick central 
primary root (PR) with thin or no lateral roots (LRs); the fibrous root system has 
small and short-lived primary and adventitious roots (ARs) derived from shoots, 
stems, or leaves [1].

1.2  Intrinsic developmental signals and environmental conditions modify root 
system architecture

Arabidopsis as a eudicot has a taproot system, which consists of an embryonic 
radicle-derived PR and postembryonic-developed LRs and ARs. Root regeneration 
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exists throughout the plants’ lifetime; it is a distinctive feature of plants and con-
tributes to their robustness in adverse conditions.

In Arabidopsis, LRs initiate from pairs of pericycle cells that possess develop-
mental potential as plant stem cells. These pericycle cells are selected and directed 
to become LR founder cells and form LRs by both intrinsic and environmental 
signals [2–5]. The primary LR is initiated from the basal meristem of the PR, where 
root cap-derived auxin influences the amplitude of oscillatory gene expression in 
the basal meristem and the elongation zone of the root, which leads to the pre-
patterning of LR initiation sites [6, 7]. The pre-patterning process is marked by the 
expression of a series of genes, like GATA23, MEMBRANE-ASSOCIATED KINASE 
REGULATOR 4 (MAKR4), and IAA19 [7]. In the basal meristem and elongation 
zone, DR5::Luciferase expression was observed to rhythmically pulse with a period 
of ~6 h, which matched with the period of LR pre-branch site production [6]. It is 
recently reported that the source of auxin is provided by the cyclic programmed cell 
death of root cap cells [8, 9].

It is noteworthy that not all of the pre-branch sites emerge to be LRs [6]. The 
dormant pre-branch sites may present a selective mechanism for LR formation 
under certain growth conditions, such as water availability, nutrient levels, physical 
obstacles, or damage [5, 10–13]. It is interesting that many of the external signals 
converge on phytohormones to regulate root development. Among these phytohor-
mones, auxin functions as a central mediator.

Mechanical forces are important regulators for plant morphogenesis. LRs always 
emerge from the convex side of PR bending, resulting in a left-right alternation of 
LRs. Bending caused by gravitropic curvature led to the initiation of LRs, where 
a subcellular relocalization of PIN1 was observed [11]. Release the pericycle cells 
from the restraints of adjacent endodermis by targeted single cell ablation of 
endodermal cells triggered the pericycle to reenter the cell cycle and induced auxin-
dependent LR initiation [14]. Excision of the Arabidopsis PR leads to the promotion 
of LR formation, which is mediated by activated auxin biosynthesis and auxin 
transport [15].

2. Roles of phytohormones on root formation

2.1 Auxin

The phytohormone auxin which plays fundamental roles in many aspects of 
plant growth and development is also a well-documented key regulator of LR 
development [16, 17]. The natural auxin, indole-3-acetic acid (IAA), is mainly syn-
thesized in a two-step pathway from tryptophan. First, tryptophan is converted to 
indole-3-pyruvate (IPA) by the TAA1/SAV3 family of aminotransferases; IPA is then 
converted to IAA by the YUCCA (YUC) family of flavin monooxygenases [18–23]. 
Auxin biosynthesis has been shown to play an essential role on both programed and 
wound-induced LR and AR developments [15, 24, 25].

Polar auxin transport (PAT), mediated by auxin influx (AUX1 and LAXs) and 
efflux carriers (PINs and MDR/PGPs) [26–29], generates auxin gradients and 
maintains an auxin maximum to regulate LR formation and positioning [17, 30–33].

Auxin signaling is known to be an integrator of endogenous and exogenous 
signals for root branching [17, 30, 34, 35]. It begins with the degradation of a class of 
AUXIN/INDOLE-3-ACETIC ACID (Aux/IAA) through TRANSPORT INHIBITOR 
RESPONSE 1 (TIR1) auxin receptor [36, 37], resulting in the activation of the 
AUXIN RESPONSE FACTOR (ARF) [38, 39]. ARF7 and ARF19 transcription 
factors further induce the expression of downstream target genes like LATERAL 
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ORGAN BOUNDARIES DOMAIN/ASYMMETRIC LEAVES2-LIKE (LBD/ASL) 
family genes LBD16/ASL18 and LBD29/ASL16, promoting LR initiation at the 
protoxylem-pole pericycle cells [40–43].

2.2 Cytokinin

Cytokinin is also a main player in root development. In higher plants, isopen-
tenyladenine (iP), trans-zeatin (tZ), and dihydrozeatin (dZ) are the predominant 
cytokinins [44]. Cytokinin level and patterning in plant are controlled by a fine 
equilibrium between cytokinin synthesis and catabolism [44, 45]. Cytokinin bio-
synthesis is dependent on the activity of ATP/ADP-isopentenyltransferase (IPT) and 
LONELY GUY (LOG) gene family [46–48], and the metabolism is mainly through 
the CYTOKININ OXIDASE/DEHYDROGENASE (CKX) genes [44, 45]. Cytokinin 
can also be inactivated through conjugation to glucose [49]. The spatial and tem-
poral distribution of cytokinin is in part due to the specific expression of cytokinin 
synthesis and catabolism genes [45, 47, 48, 50–52].

In Arabidopsis, cytokinin signaling starts with the perception by the transmem-
brane cytokinin receptors ARABIDOPSIS HISTIDINE KINASE (AHK), AHK2, 
AHK3, and AHK4/WOL1/CRE1 [53–55], which target the histidine phosphotrans-
fer protein AHPs to activate the type-A and type-B ARABIDOPSIS RESPONSE 
REGULATORS (ARRs) that negatively and positively regulate cytokinin signaling, 
respectively [55–61]. Two type-A ARRs, ARR7, and ARR15 were induced by both 
cytokine and auxin and are essential for embryonic root development [62].

Although some evidences showed that cytokinins act as both local and long-
distance signals [51, 63–65], and some transporter proteins have been shown to be 
involved in cytokine transport [66–70], the molecular mechanisms of cytokinin 
transport are still not well characterized.

Postembryonic root development is regulated by the root apical meristem 
(RAM), where cytokinin is known to act antagonistically with auxin to control the 
balance of cell division in the division zone and cell differentiation in the transition 
zone, which is essential for the maintenance of the RAM and affects the growth 
and patterning of the root [64, 71]. Application of cytokinin reduces the number of 
meristem cells and the size of RAM and promotes cell differentiation in the transi-
tion zone; cytokinin biosynthesis and signaling mutants as well as CKX overexpres-
sion mutants have a larger RAM with more meristem cells [45, 64, 72]. Conversely, 
auxin treatment increases meristem size and promotes cell division in the proximal 
meristem, and auxin transporter PIN mutants display a smaller RAM [64, 73]. 
The cross-talk of cytokine and auxin in regulating RAM activity was shown to 
converge on the auxin-inducible AUX/IAA family gene SHORT HYPOCOTYL 2/
INDOLE-3-ACETIC ACID 3 (SHY2/IAA3) in the transition zone, where cytokinin 
activates SHY2 via the AHK3/ARR1 two-component signaling pathway to suppress 
PIN3 and PIN7 expression and promote cell differentiation, while auxin suppressed 
SHY2 protein, leading to the activation of PINs and promotion of cell division 
[71]. Furthermore, Moubayidin et al. [74] revealed that in transition zone, SCR, a 
member of the GRAS family of transcription factors, directly represses the expres-
sion of ARR1, which controls auxin production via the ASB1 gene and sustains stem 
cell activity, to simultaneously control stem cell division and differentiation and 
ensure coherent root growth. Cytokinin affects the expression of multiple PINs 
differentially in a tissue-specific manner to regulate auxin distribution [75, 76]. 
Auxin-cytokinin interactions lead the generation of distinct hormonal response 
zones, thus controlling the development of root vascular tissue.

On contrary to auxin, which is a positive regulator of LR development, cytokinin 
acts as a negative regulator of LR formation. Cytokinin suppresses LR initiation 
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differentially in a tissue-specific manner to regulate auxin distribution [75, 76]. 
Auxin-cytokinin interactions lead the generation of distinct hormonal response 
zones, thus controlling the development of root vascular tissue.

On contrary to auxin, which is a positive regulator of LR development, cytokinin 
acts as a negative regulator of LR formation. Cytokinin suppresses LR initiation 
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through downregulating PIN expression and preventing the establishment of auxin 
gradient in LR founder cells [77]. Mutants with reduced cytokinin level or deficient 
cytokinin signaling increased the number of LRs [45, 58, 60, 78], while cytokinin 
treatment suppresses LR initiation and development [77, 79, 80]. Li et al. [80] 
reported that cytokinins inhibit LR initiation by blocking the cell cycle of pericycle 
founder cell at G2 to M transition phase while promoting LR elongation by stimula-
tion of the G1 to S transition.

Through mutant analysis Chang et al. [81] showed that cytokinin biosynthesis 
genes IPT3 and IPT5 and all three cytokinin receptor genes AHK2, AHK3, and 
CRE1/AHK4 act redundantly during LR initiation, and early stages of lateral root 
primordia (LRP) formation are particularly cytokinin sensitive. They suggest that 
cytokinin may serve as a positional signal for new LRP formation. In rice, ERF3 
interacts with WOX11 to promote crown root initiation and elongation by regulat-
ing the cytokinin-responsive gene RR2 [82]. Cytokinin has also been shown to 
modulate LR formation by mediating environmental cues. Jeon et al. [83] showed 
that CYTOKININ RESPONSE FACTOR 2 (CRF2) and CRF3 encoding APETALA2 
transcription factors regulate Arabidopsis LR initiation under cold stress.

2.3 Other phytohormones

Other phytohormones, like abscisic acid (ABA), gibberellic acid (GA), brassino-
steroid (BR), jasmonic acid (JA), ethylene, and strigolactone (SL), also participate 
in root growth and development.

Signora et al. [84] showed that ABA plays an important role in mediating the 
effects of nitrate on LR formation in Arabidopsis. Brady et al. [85] reported that 
ABSCISIC ACID INSENSITIVE 3 (ABI3) is involved in auxin signaling and LR 
development. De Smet et al. [86] reported that ABA application leads to the inhi-
bition of LR development immediately after the emergence of the LRP from the 
parent root and prior to the activation of the LR meristem in an auxin-independent 
manner. Shkolnik-Inbar and Bar-Zvi [87] showed that ABI4, which encodes an 
ABA-regulated AP2 domain transcription factor, mediates ABA and cytokinin inhi-
bition of LR formation through the reduction of PAT. Ding et al. [88] reported that 
ABA signaling and auxin homeostasis regulate WRKY46 to modulate the develop-
ment of LR in osmotic/salt stress condition.

Hansen [89] reported on the GA-mediated light dependent promotion and inhi-
bition of AR formation. Through mutant analysis, Yaxley et al. [90] showed that GA 
is important for normal root elongation in pea. Fu and Harberd [91] showed that 
auxin regulates root growth through GA-mediated DELLA protein destabilization. 
Steffens et al. [92] showed that GA is ineffective on its own but acts synergistically 
with ethylene to promote the number of penetrating roots and the growth rate of 
emerged roots in deepwater rice.

BR is a positive regulator of root development [93]. Bao et al. [94] showed that 
BRs interact with auxin to promote LR development.

JA, a crucial plant defense hormone, also participated in the regulation of root 
development. Raya-González et al. [95] observed that low concentrations of JA 
inhibited PR growth through an auxin-independent manner and promoted LR 
formation auxin-dependently, and JA receptor COI1 is involved in JA-induced LR 
formation and LR positioning. Cross-talk between JA and auxin has been frequently 
reported. JA has been reported to be implicated in YUC9-mediated auxin biosyn-
thesis in wounded leaves in Arabidopsis [96]. Cai et al. [97] also reported a cross-
talk between JA and auxin biosynthesis during LR formation mediated by ERF109. 
Gutierrez et al. [98] showed that auxin controls Arabidopsis AR initiation through 
the regulation of JA homeostasis.
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Ethylene is also a well-known phytohormone that participates in the plant 
defense signaling pathways. Strader et al. [99] reported that ethylene interact with 
auxin to control root cell expansion. Ivanchenko et al. [100] observed application 
of low level of ethylene precursor 1-aminocyclopropane-1-carboxylic acid (ACC) 
promotes LRP initiation, while higher doses of ACC strongly inhibits LRP initiation 
but promotes LRP emergence; this regulation of LR initiation and emergence by 
ethylene is through interactions with auxin. Lewis et al. [101] reported that ethylene 
suppresses LR formation through promotion of PIN3 and PIN7-mediated auxin 
efflux to prevent local auxin accumulation.

Jiang et al. [102] showed that SL analog GR24 negatively influenced LR priming 
and emergence, which is dependent on the intimate connection with auxins and 
cytokinins, with the PAT capacity as a central player.

3. Conclusions

The root system of higher plants is modified by intrinsic developmental 
signals and diverse environmental cues. Both the internal and the external 
signals converged on phytohormones to regulate the formation of a highly 
plastic and adaptive RSA, which sustains the growth of plants even in adverse 
conditions. Several lines of evidences suggest that cross-talks among different 
phytohormones are essential for the regulation of root development, and auxin 
plays a central role in these processes. Although auxin and cytokinin as the key 
regulators of root development have been extensively studied, the roles of other 
phytohormones still need to be further characterized to give us a full view of 
plant root development.
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through downregulating PIN expression and preventing the establishment of auxin 
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Chapter 3

Cross Talk among Phytohormone 
Signal and Carbohydrate 
Metabolism Involving Regenerable 
Calli Induction under Osmotic 
Treatment
Hsiang-Ting Lee and Wen-Lii Huang

Abstract

Nonregenerable calli (NRC) derived from immature seeds of japonica rice 
were inoculated on MS medium containing 10 μM 2,4-D (MSD10). They turned 
to highly regenerable calli (HRC) when sorbitol was supplemented into the 
medium. Meanwhile, high levels of endogenous IAA and ABA were accumulated 
in HRC. Exogenous IAA precursor and ABA in MSD10 have the same effect 
to enhance regeneration ability. However, there are only partial effects if IAA 
precursor or ABA was supplemented, respectively. The regeneration ability is 
prominently decreased from 75% to 25% while an auxin transport inhibitor, 
2,3,5-triiodobenzoic acid, was included in the medium. It suggested that endog-
enous auxin signal and ABA may involve in the induction of HRC. Furthermore, 
it showed higher contents of glucose, sucrose, and starch and higher expression 
levels of wall-bound invertase 1, sucrose transporter 1 (OsSUT1), and OsSUT2 
genes in HRC than in NRC. The expression levels of PIN-formed 1 and LEA1 were 
also consistent with the trend of carbohydrate metabolisms. We thus concluded 
a flowchart for HRC induction by osmotic stress. According to the hypothesis, 
osmotic stress may regulate endogenous levels of auxin interacting with ABA, 
then affect carbohydrate metabolism to trigger callus initiation and further shoot 
regeneration in rice. 

Keywords: phytohormone, osmotic stress, carbohydrate metabolism,  
plant regeneration, rice

1. Introduction

Totipotency in plant cells allow them to differentiate and regenerate from 
one single cell into whole plants under conditioned culture [1]. Many factors, 
i.e., cultivars, carbon sources, phytohormones, and osmotic stress, affect the cell 
totipotency (Figure 1). So far, the regeneration cultures have been successfully 
established in many plant species including rice, but molecular mechanisms 
behind this scene are still lots of mist [2–4]. In rice, pluripotent calli were usually 
induced from seeds or immature embryos cultured on MS medium containing 
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2,4-D. These calli derived from various cultivars can be classified into two 
different cell types, nonregenerable callus (NRC) and highly regenerable callus 
(HRC). After transferred to regeneration medium, HRC can rapidly process 
shoot organogenesis, but NRC will still retain callus amplification or adventitious 
root formation [5]. There have been many protocols developed to optimize the 
induction frequency of NRC, but the shoot regeneration ability still varies among 
cultivars [6–8].

Previous studies had identified that added osmotic agents like sorbitol or man-
nitol in callus induction medium can stimulate HRC formation instead of NRC, 
thus promoting the shoot formation frequency [5, 7, 9–11]. It is still unclear why 
appropriate osmotic stress during callus induction can promote shoot organogenesis 
frequency, but there were lots of studies indicating that osmotic stress can stimulate 
endogenous phytohormone abscisic acid (ABA) accumulation which is also proven 
to have the function of promoting somatic embryogenesis and shoot organogenesis 
when it used as an exogenous plant growth regulator in callus culture [11–15]. ABA 
is widely recognized as a negative plant hormone which mainly functions on stress 
responses and seed dormancy, but when it is treated in low concentration, ABA 
could become a positive regulator on root elongation [16]. Although the molecular 
mechanisms behind this phenomenon are not yet clarified, apparently, ABA has its 
role in the developmental process.

Other phytohormones, auxin and cytokinin, are also reported to play critical 
roles in embryogenic callus induction and shoot development [8, 17, 18]. In plants, 
auxin is considered as a positive growth regulator, which contributes to cell dif-
ferentiation [19]. High levels of auxin are usually found in shoot and root apical 
meristems where plants organize their developmental patterns, and so does in HRC 
[20, 21]. Many studies mentioned that adding different levels of exogenous auxin 
during callus culture may cause different organogenesis, like low levels of auxin 
may induce root organ formation while high levels of 2,4-D sustain callus induction 
[22–24]. Cross talk among auxin and ABA mostly focused on root development 
or abiotic stress responses [25–30]. Our previous studies had identified that both 
endogenous auxin and ABA levels were higher in HRC than in NRC and then 
quickly decreased after transferred to regeneration medium [5, 8]. The interaction 
and signaling pathway between these two phytohormones to shoot organogenesis 
are further discussed.

Figure 1. 
Factors affecting shoot regeneration in rice.
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Undoubtedly, shoot regeneration is a very complicated process, which is modu-
lated by networks among phytohormones and their downstream metabolic changes 
in plant cells [31, 32]. In our previous studies, we reported that HRC contained 
higher levels of glucose, sucrose, and starch, accomplished with higher mRNA 
transcription levels of cell-wall bound-invertase 1 (CIN1) and SUTs genes [8, 33]. 
Also, we found that these changes on carbohydrate metabolisms can also be found 
in osmotic and ABA treated calli, suggesting the possibility of regulation mecha-
nisms on HRC formation [5, 11].

Combined with our findings and previous studies, we proposed a hypothesis 
for HRC induction in rice callus culture. Osmotic stress may initiate a signal 
to regulate endogenous auxin to interact with ABA and then stimulate soluble 
sugars accumulate in callus to trigger embryonic callus formation for shoot 
regeneration [11].

2. Effect of phytohormones on shoot regeneration in rice callus culture

Phytohormones are considered one of the major important factors that 
control cell fate in callus cultures. Different types and concentrations of auxin 
treatment may induce different tissue differentiations. Besides, ABA is also 
considered to play roles in somatic embryogenesis and shoot organogenesis. In 
this section, we will discuss the functions of auxin and ABA in regenerable callus 
induction.

2.1 Roles of auxin in regenerable callus induction

Auxin is known to play a major role in cell elongation, growth tropisms, and cell 
fate determination [34]. The main endogenous auxin compound is indole-3-acetic 
acid (IAA), which could be synthesized via a tryptophan-dependent or -independent  
pathway [35]. After being synthesized in apical meristems, auxin will be trans-
ported to the other tissues through its transporter, PIN-formed proteins (PIN), 
and AUXIN1/LIKE-AUX1 (AUX/LAX) proteins to deliver the hormonal signal for 
downstream auxin responses [17, 36]. The distribution of auxin in plants is polar-
ity which means that it is not equally expressed in the whole plant but specifically 
concentrated in some tissues or limited to cells [36]. Due to this property, scientists 
are able to monitor the patterns of auxin gradient during plant development [37]. 
Form the literature, the positions of maximum auxin accumulation were the place 
processing organ initiation. Therefore, auxin is usually found to have maximum 
levels in apical meristems or in the developing tissues [38]. During embryogenesis, 
the expression pattern of PINs dynamically changes within the developmental 
stages. For example, PIN1 is expressed without polarity until 16-cell stage, but later 
in 32-cell stage, it will express specifically in the basal part of provascular cells 
to direct auxin flow to hypophysis. After dividing into transition and early heart 
embryo stages, the expression of PIN1 will shift to the flank of the apical part, thus 
accumulating auxin in the edge of apical domain to shape the embryo [39, 40]. 
Similar developmental patterns can be found during shoot apical meristem (SAM) 
establishment, where auxin is highly concentrated in leaf primordia and the central 
region of SAM [18, 41].

In callus, the signal of auxin is mainly located in the central region near callus 
induction medium. Later, the signal will shift to the surface layer and start SAM 
establishment for shoot differentiation after transfer into regeneration medium 
[42]. However, this organogenesis process is blocked when the activity of auxin 
transporters is inhibited, and so does in auxin sensor shoot meristemless (stm) 
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mutants [43]. In our previous studies, we compared endogenous IAA levels 
between NRC and HRC in rice callus and found that HRC has higher IAA content 
than NRC, and so does the mRNA expression levels of PIN1, suggesting that 
HRC has higher auxin sensitivity, which results in higher regeneration ability 
[5, 8, 11]. Also, there are researches mentioning that overexpression of STM can 
maintain the somatic embryogenesis frequency even under low concentrations 
of 2,4-D [44]. Besides, increasing the expression levels of auxin biosynthesis 
regulator YUCCA (YUC) genes can also promote shoot organogenesis ability in 
callus [45]. Similar results can be found in supplement of IAA precursor anthra-
nilic acid (An) in rice callus culture; the shoot regeneration frequency increased 
by 35% under An treatment, suggesting that a high endogenous auxin level is 
required for HRC formation [5].

2.2 Roles of ABA on regenerable callus induction

ABA is usually considered to play negative roles in plant growth [26, 46]. Except 
the function of seed dormancy regulation and stress responses, ABA is also reported 
to have function on root and shoot development [46, 47]. Although there were some 
genes participating in ABA signaling, which were also reported to involve in the 
shoot regeneration process, there is still no clarity about the molecular function of 
endogenous ABA on the shoot organogenesis process [14, 15]. However, some stud-
ies, including our previous works, found that ABA was highly accumulated in HRC, 
but not in NRC [5]. Furthermore, the expression profiles of ABA biosynthesis genes 
were also upregulated, which match with our results [48].

On the other hand, ABA is reported to stimulate dehydration responses dur-
ing embryo maturation stages [49]. From the publications, we observed that HRC 
has less water content and smaller callus size, which is similar to the dehydration 
phenotype. Thus, it is possible that ABA shared similar regulation mechanisms with 
embryo maturation during shoot regeneration. Despite the loss of water in HRC, it 
also showed higher content of soluble sugars [8, 11]. It is already known that high 
content of sugar may enhance osmotic stress and then stimulate endogenous ABA 
biosynthesis to ABA responses [33], but the underlying mechanisms to shoot  
differentiation is still unclarified.

3. Cross talk among osmotic stress and phytohormones in callus culture

In cells, osmotic stress could originate from water-deficiency or high salt which 
caused an imbalance between plastids and apoplast [50]. To achieve tolerant to 
osmotic stress condition, cells will modulate the content’s osmotic adjustments like 
sugars, potassium ions, or proline to balance its osmotic pressure to environments to 
avoid collapse. Phytohormone ABA is reported to accumulate under osmotic stress 
to modulate anion channel SLOW ANION CHANNEL-ASSOCIATED1 (SLAC1) 
to stomata closure and the potassium transporter KUP to potassium homeostasis 
[9], while in plant tissue culture, appropriate osmotic stress can help embryonic 
callus formation [7]. In our case, we found that HRC showed dosage responses to 
osmotic treatments and has the highest induction frequency under 0.6 M sorbitol 
treatment. We also noticed that osmotic requirement is various among rice species, 
some cultivars require higher osmotic stress to induce HRC and some require lower, 
and even one cultivar can form HRC rapidly without osmotic treatments. We then 
analyzed the ABA response in those calli and found that HRC does have higher 
LATE EMBRYOGENESIS ABOUNDENCE 1 (LEA1) gene expressions, which is 
commonly used as ABA signaling marker. Interestingly, LEA1 is also upregulated in 
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the rice cultivar without osmotic stress treatment, indicated the effect of osmotic 
stress could be on stimulate ABA biosynthesis and its downstream responses during 
embryonic callus induction [5, 11].

Not only ABA, auxin is also regulated by osmotic stress. In rice, the endog-
enous levels of auxin are reported to be suppressed under osmotic stress [50, 51]. 
However, a closer look at the expression levels of different auxin biosynthesis-
related genes and the distributions of auxin showed various patterns in the whole 
plants in different stages, some of them even inconsistent with the overall patterns, 
suggesting that auxin may function differently among tissues under osmotic stress. 
As for the patterns of PINs under osmotic stress, one of the researches reported 
that osmotic stress may inhibit the expression of PIN1 in leaf primordia, thus 
suppressing shoot development [52]. However, our previous works indicated that 
OsPIN1 could be upregulated by 0.6 M sorbitol treatment in HRC, and also in the 
nonosmotic requirement cultivars [11]. Although there have been many studies 
performing transcriptomic or proteomic studies of auxin responses under osmotic 
stress [53, 54], how osmotic stress directs with auxin responses to HRC formation is 
still less known.

4.  Roles of carbohydrate metabolisms during HRC induction under 
osmotic stress treatment

Exogenous carbohydrates are used either as energy sources or osmotic agents 
in tissue culture. So far, many articles have revealed that different carbon sources 
may lead to different callus induction abilities [7, 55, 56], but rarely discussed about 
the carbohydrate metabolisms and signaling pathways in callus cultures. Sucrose is 
widely used as a main carbon source as well as osmotic agent in rice tissue culture 
[57, 58]. During the tissue culture, sucrose will be taken up and hydrolyzed into 
glucose and fructose by CINs, or be transported into cells by SUTs for further appli-
cation [59]. CINs were already reported to involve in early seeding establishments 
and grain fillings, and so do the SUTs [60, 61].

According to our studies, HRC induced by osmotic stress seemed to obtain 
higher contents of glucose, sucrose, and starch than NRC, which also reflected in 
the higher dry weights [33, 56, 62]. We analyzed the expression patterns of CIN1 
and SUTs during rice callus culture. The expression of CIN1, SUT1, and SUT2 in 
HRC was upregulated by osmotic stress, but not in NRC, while in the nonosmotic 
requirement cultivars, there of these sucrose-uptake genes were expressed earlier 
than in the cultivar of low-regenerable ability [8, 11]. It is suggested that higher 
soluble sugars in HRC may be caused from higher sucrose uptake and translocation 
under stress treatment. Besides, we also observed that osmotic stress induced HRC 
has lower α-amylase activities and thus increases the content of starches [33], while 
in nonosmotic requirement cultivar, the callus rather induced ADPG pyrophospho-
rylase (AGPase) activity to accumulate starches [62]. The results suggested two dif-
ferent regulations on carbohydrate metabolisms to HRC induction. Although there 
are different ways of starch accumulation in HRC, the accumulated carbohydrates 
will soon degrade after transplanting the callus onto regeneration medium in 3 days, 
suggesting that these carbohydrates could be stored as a carbon source in HRC and 
then used for the developmental process during the regeneration stages [8, 11, 33].

Plants are known to accumulate starch granules specifically in the columella 
cells [63, 64]. Although the function of these starch granules is mostly reported in 
root gravity, they could also be markers to point out the stem cell niche, since these 
starch granules may disappear in the plants with stem cell defect [64]. Our studies 
also found the accumulation of starch granules in peripheral regions in HRC [62]. 
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widely used as a main carbon source as well as osmotic agent in rice tissue culture 
[57, 58]. During the tissue culture, sucrose will be taken up and hydrolyzed into 
glucose and fructose by CINs, or be transported into cells by SUTs for further appli-
cation [59]. CINs were already reported to involve in early seeding establishments 
and grain fillings, and so do the SUTs [60, 61].

According to our studies, HRC induced by osmotic stress seemed to obtain 
higher contents of glucose, sucrose, and starch than NRC, which also reflected in 
the higher dry weights [33, 56, 62]. We analyzed the expression patterns of CIN1 
and SUTs during rice callus culture. The expression of CIN1, SUT1, and SUT2 in 
HRC was upregulated by osmotic stress, but not in NRC, while in the nonosmotic 
requirement cultivars, there of these sucrose-uptake genes were expressed earlier 
than in the cultivar of low-regenerable ability [8, 11]. It is suggested that higher 
soluble sugars in HRC may be caused from higher sucrose uptake and translocation 
under stress treatment. Besides, we also observed that osmotic stress induced HRC 
has lower α-amylase activities and thus increases the content of starches [33], while 
in nonosmotic requirement cultivar, the callus rather induced ADPG pyrophospho-
rylase (AGPase) activity to accumulate starches [62]. The results suggested two dif-
ferent regulations on carbohydrate metabolisms to HRC induction. Although there 
are different ways of starch accumulation in HRC, the accumulated carbohydrates 
will soon degrade after transplanting the callus onto regeneration medium in 3 days, 
suggesting that these carbohydrates could be stored as a carbon source in HRC and 
then used for the developmental process during the regeneration stages [8, 11, 33].

Plants are known to accumulate starch granules specifically in the columella 
cells [63, 64]. Although the function of these starch granules is mostly reported in 
root gravity, they could also be markers to point out the stem cell niche, since these 
starch granules may disappear in the plants with stem cell defect [64]. Our studies 
also found the accumulation of starch granules in peripheral regions in HRC [62]. 
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High concentration of sorbitol or mannitol will enlarge the distribution of starch 
granules. It may link to the increase of the shoot organogenesis area [5]. However, 
the physiological functions and mechanisms of starch accumulation still remained, 
requiring further studies.

Moreover, the accumulation and metabolism of soluble sugars and starch can 
be induced by AnA treatment (anthranilic acid and ABA supplemented into the 
medium together) to replace osmotic stress treatment. High levels of endogenous 
IAA and ABA at the same time are necessary during HRC induction. Both of them 
need to decreased suddenly in few days are also an important criteria for further 
shoot regeneration [5]. To link these metabolic changes with phytohormone regula-
tions, we also introduced auxin transport inhibitor TIBA during callus induction 
and found that it will inhibit carbohydrate accumulation and result in low shoot 
regeneration frequency. However, ABA signals seemed to be promoted under TIBA 
treatment [8, 11]. It is still not clear whether exceeding ABA signals will turn into 
negative regulator on HRC induction, but these results still indicate that there 
must be interactions among auxin, ABA, and carbohydrate metabolisms on HRC 
formation.

5. Conclusions

Inducing regenerate tissues from pluripotent cells is a fascinating event. So far, 
botanists have already shown that they were able to get regeneration plants from 
callus in many plant species [49, 65–67]. However, why and how plants achieve this 
process is still unknown, especially in molecular levels. Here, we propose a hypoth-
esis among phytohormone, osmotic stress, and carbohydrate metabolisms on HRC 
induction based on current knowledge and our findings (Figure 2). According to 
our model, levels of endogenous IAA upregulated by osmotic stress treatment can 
promote sugar uptake via CIN and SUT, which result in carbohydrate accumula-
tion during callus induction stages. Similar to auxin, endogenous ABA level is 
also enhanced under osmotic stress, thus modulating starch accumulation during 
formation of HRC by downregulating α-amylase activity. Our studies indicated that 
exogenous auxin or ABA treatment alone is not sufficient for embryonic or organo-
genic callus formation, which only increased the plant regeneration rate for 35 and 
5%, separately [5]. However, when we combine both ABA and anthranilic acid 
treatment together, the regeneration frequency can be promoted to 80% similar to 
osmotic stress treatment, suggesting that there must be some interaction between 
these two phytohormones. The roles of accumulated carbohydrates in HRC could be 
used as osmotic agents for further metabolism changes or be consumed as an energy 

Figure 2. 
Working hypothesis of highly regenerable callus induction under osmotic stress treatment in rice.
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source in later regeneration stages. In conclusion, the culture system of shoot 
regeneration in rice callus is a two-step process. Our studies suggested that induc-
tion of highly regenerable callus is more important than different kinds of treat-
ment during the shoot regeneration stage. Besides, osmotic stress triggers a serial 
of change of endogenous hormone metabolism, sensing, and signal transduction, 
which leads to increase of sucrose uptake and starch accumulation and provides 
sufficient carbon source for further shoot regeneration.
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Plant hormones acts as key signaling compounds in plant stress responses and 
development under biotic and abiotic stresses. The potential roles of phytohormones 
had been considered so far and copious investigation is going on in finding the 
impending role of phytohormones in abiotic and biotic stresses. In the list of known 
classical plant hormones, Jasmonates, [jasmonic acid and its methyl ester (methyl 
Jasmonates)] have been recently added and shown as potential tool in enhancing 
tolerance of plants against various physiological processes. These are oxidized lipids 
(oxylipins) mainly derived from α-linolenic acids (α-LAs), play an active role in senes-
cence through signaling, flower nectar secretion, Gprotein signaling, physiological 
activities and development in plants. Exogenous application of jasmonates on different 
plant parts have proved effective in improving plant abiotic stress tolerance particu-
larly salinity, drought, and temperature (low/high) conditions and also in biotic stress 
tolerance like pathogen attack or wounding by production of defensive secondary 
metabolites, through the stimulation of phenyl-propanoid metabolism resulted from 
accumulation of JA in plant cells or tissues. Based on this prolific role of Jasmonates 
and its derivatives in different fields of biological sciences these phytohormones have 
opened new vistas and increasing interest in future Agricultural, Biotechnological and 
Physiological researches.
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1. Introduction

The total geographical area of India is 328.7 million hectares [1], and its economy 
is chiefly dependent on agriculture sector. About 54.6% of the Indian population is 
affianced in agriculture and allied activities [2], and about 141.4 million hectares 
is the reported net sown area, and 200.9 million hectares is the gross cropped area 
with a cropping intensity of 142%. Moreover, the human population is rapidly 
increasing and needs a substantial increase in agricultural productivity worldwide. 
There has been a continuous decline in the share of agriculture and allied sector due 
to the changing climatic scenario, exploding population, and stressful environment 
which made it unfeasible for proper operation of gross cropped area. Therefore, 
exploiting recent and innovative strategies, tools, approaches, chemicals, and 
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technologies is the only solution to increase productivity for the ever-increasing 
population. Given the importance of agriculture sector, steps have been taken 
to improve productivity on a sustainable basis by agronomic, biotechnological, 
genetical, and physiological approaches. Stressful environments are now being 
recognized as a potential agricultural threat for the sustainable agriculture. The 
commencement of environmental stresses results in plant defense responses, e.g., 
expression of stress-responsive genes and production of many defensive proteins 
and nonprotein compounds through various signaling pathways [3]. Plants produce 
various volatile or nonvolatile endogenous compounds and also certain mechanisms 
developed and deployed by plants to counteract environmental stress. Such endog-
enous compounds are called phytohormones.

2. Phytohormones

Phytohormones are the chemical compounds produced endogenously in very 
low concentrations that play significant role in the regulation and expression of gene 
encoding proteins. They are the diverse group of signaling molecules that result in a 
variety of cellular and developmental processes, signaling networks in plants under 
biotic and abiotic stress. They work as chemical messengers to communicate cellular 
activities and act either at their site of synthesis or elsewhere in plants following their 
transport in higher plants [4, 5]. Different phytohormones interact with each other 
and show synergetic or antagonist interactions that might be helpful in tolerance 
mechanisms. A large number of phytohormones are studied to date; among them 
jasmonates are the emerging players in environmental stress tolerance.

3. Jasmonate: a potent phytohormone

Jasmonates [jasmonic acid (Figure 2) and its methyl ester methyl jasmonate 
(Figure 1)] the cyclopentanone phytohormones are a class of oxidized lipids (oxy-
lipins) derived from α-linolenic acids (α-LAs) through lipoxygenase-dependent 
manner. [6] first isolated JA from culture filtrate of the fungus Lasiodiplodia 
(Botryodiplodia) theobromae, a plant pathogen, was identified as a plant growth 
inhibitor, whereas its derivative methyl jasmonate was first isolated from Jasminum 
grandiflorum (jasmine) petal extract [7]. (+)-7-iso-Jasmonoyl-L-isoleucine (JA-Ile) is 
the best-described bioactive JA [7] till date, but other JAs like cis-jasmone, jasmonoyl 
ACC (JA-ACC), and jasmonoyl isoleucine (JA-Ile) are also studied by scientists with 
multiple biological functions [9–12]. Various developmental and environmental fac-
tors are responsible for the production of JA in membranes and resulted in expression 
of stress tolerant genes (Figure 3). JA is ubiquitously found in the plant kingdom and 
results in the expression of genes at the transcriptional and post transcriptional levels 
[13, 14]. An imperative role of jasmonate (when applied exogenously in low concen-
trations) is reported in enhanced pathogen resistance.

Cross talks of jasmonates with signaling pathways generated by various 
phytohormones like ABA, salicylic acid, ethylene, etc. result in diverse develop-
mental processes like seed germination, seedling growth, pollen fertility, fruit 
ripening, senescence and tolerance. However, its extent of effectiveness entirely 
depends on the type of plant species tested or its concentration. MeJA is more 
volatile than JA, so exposure to it either in solution or in the gaseous phase can 
elicit plant responses. Apart from its significant role in plants, derivatives of 
jasmonates, e.g., methyl jasmonate are used as a fragrant constituent in many 
aromatic mixtures [15].
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Figure 1. 
Chemical structure of methyl jasmonate [3-oxo-2-(2-pentenyl)-, methyl ester].

Figure 2. 
Chemical structure of Jasmonic acid [3-oxo-2-(2-pentenyl) cyclopentaneacetic acid].

Figure 3. 
Various developmental and environmental factors are shown that signals membrane for the production of 
endogenous jasmonates which further results in the regulation of certain genes and defense mechanisms against 
stressful environment. Source: Ahmad et al., [16].
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4. Biosynthesis of jasmonates: the octadecanoid pathway

The biosynthetic pathway of jasmonates (Figure 4) was identified in Year 1984. 
The scientists Vick and Zimmerman [17] were the first to illustrate the biosyn-
thetic pathway in a simplified manner which indicated that linolenic acid could 
be converted into the cyclopentanone 12-oxo-phytodienoic acid (12-oxo-PDA) 
through lipoxygenase enzyme. Methodically the pathway was studied in model 
plants like Arabidopsis and tomato. The octadecanoid pathway of Jasmonates 
completes in two cellular organelles such as chloroplasts and peroxisomes and are 
considered to be the primary sites [7, 18]. α-Linolenic acid (α-LeA) released from 
galactolipids (due to wounding or pathogens attack) of chloroplast membranes 
is found to be the main player of MeJA and JA production [12]. Phospholipases1 
(PL1), lipoxygenase, allene oxide synthase, and allene oxide cyclase (AOC) are 
significant enzymes involved in biosynthesis of jasmonates.

Figure 4. 
Step wise pathway of jasmonates biosynthesis. Source: Ahmad et al., [16].
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4.1 Role of enzymes involved in jasmonates biosynthetic pathway

• Phospholipases: formation of α-LeA from chloroplastic membrane lipids

• 13-Lipoxygenase (LOX): addition of oxygen molecule to α-LeA and results in 
formation of an intermediate compound 13-hydroperoxy-9,11,15-octadecatrienoic 
acid (13-HPOT).

• Allene oxide synthase (AOS): oxidation of 13-HPOT to allene oxide

• Allene oxide cyclase (AOC): formation of 12-oxo-phytodienoic acid (12-OPDA) 
an unstable compound from allene oxide.

The AOS and AOC are present in plastids and they act in concert [19]. 
12-OPDA is the final product of biosynthetic pathway formed in chloroplast and 
undergoes three cycles of β-oxidation in the peroxisomes [8] A methylation reac-
tion by JA methyl transferase results in the formation of jasmonate methyl ester 
derivative, i.e., methyl jasmonate. Among the six 13-LOXs of Arabidopsis, four 
of them are (LOX2, LOX3, LOX4, and LOX6) but LOX2 is a vital lipoxygenase in 
JA biosynthesis.

4.2 Key roles of LOX2

• Responsible for the bulk of JA formation upon wounding [7, 20]

• Oxylipin generation during natural and dark-induced senescence

5. Jasmonates signal perception and transduction pathway

Several transcription factors (TFs), repressors, up- regulation and down-regulation 
of certain genes, and members of ubiquitin-proteasome complexes are involved in JA 
signal perception and transduction pathway (Figure 5). Different independent studies 
[21, 22] with GC-MS and HPLC analyses in A. thaliana revealed that (+)-7-iso-JA-L-Ile 
is the only natural and direct JA-signaling ligand in plants.

The Skp1/Cullin/F-box (SCF) complex is of proteinous type and is the ubiquitin-
proteasome complex. In jasmonate signal transduction pathway coronatine insensitive1 
(COI1), the locus encodes an F-box protein that associates with its other counterparts, 
SKP1, Cullin, and Rbx proteins, to form an E3 ubiquitin ligase [23]. So COI1 is found 
to be the jasmonate receptor in signaling pathway. In 2007, [22, 24, 25] scientists in 
independent research found new family of proteins called jasmonate zim-domain 
(JAZ) proteins in Arabidopsis, which were found to be the key negative regulator of 
JA signaling and act as substrate for SCFCOI1 E3 ubiquitin ligase complex. About 12 JAZ 
proteins were present in A. thaliana and contain N-terminal domain, a highly con-
served C-terminal Jas domain that mediates the interaction with the COI1 and several 
transcription factors, and the conserved protein–protein interaction domain, the ZIM 
(TIFY) domain that helps in JAZ dimerization and interaction with novel interactor of 
JAZ (NINJA).

Moreover, the interaction of COI1 with the Jas domain of JAZ proteins in the 
presence of JA-Ile forms the co-receptor complex [26] SCFCOI1, E3 ubiquitin ligase 
complex, JAZ degrons (JAZ1 to JAZ12) and IP5 form the co-receptor complex and 
found to be true jasmonates receptors [27].
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A number of co-repressors also play their role simultaneously in signal transduc-
tion pathway. Corepressors in transcriptional regulators inhibit transcription initia-
tion. TOPLESS (TPL) and TPL-related proteins (TPRs) are members of Groucho/
Tup1 co-repressor family that causes histone deacetylation and demethylation 
which resulted in chromatin modification, eventually mediated repression of genes. 
[10]. Interaction of TPL with JAZ proteins takes place via ethylene response factor 
(ERF)-associated amphiphilic repression (EAR) motif. Those JAZ proteins having 
absence of repression motif recruit TPL through an adapter protein called novel 
interactor of JAZ (NINJA) [28].

MYC2 the master regulator of many biological processes is a bHLH transcrip-
tion factor mediating the transcriptional regulation of JA. Other transcription 
factors that controls JA mediated signaling are MYC3, MYC4, MYB, GL3, EGL3 
AP, GL1, etc.

5.1 Role of MYC2 in JA mediating signal transduction

• An activator of JA-induced root growth inhibition

• Anthocyanin biosynthesis, oxidative stress tolerance

• Mediating resistance to necrotrophic pathogens, insects

• Biosynthesis of tryptophan and indole glucosinolates

Various homologs of MYC2 like MYC3 and MYC4 binds with G-box 
(5′-CACGTG-3′) and G-box-related hexamers and regulate the transcription of 
downstream targets [29].

Figure 5. 
Signal transduction pathway of jasmonic acid.
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6. Emerging roles of Jasmonates

6.1 Inhibitory action on seedling growth

Exogenous application of JA possibly shows inhibition of primary root growth, leaf 
expansion, and hypocotyl elongation which ultimately leads to inhibitory action in 
seedling growth [30]. InsP5 enhances the interaction of COI1 with JAZ9 and the inhibi-
tory effect of JAs on root growth [31]. JA represses leaf expansion by inhibiting the 
activity of the mitotic cyclin CycB1;2 and cell division, rather than by affecting cell size. 
Transcription factor like MYC2 and its close homologs shows both positive and negative 
effects on hypocotyls in red/far-red light and blue light conditions; it works positively 
in inhibition of hypocotyl elongation in red/far-red light and negatively regulates the 
inhibition of hypocotyl elongation by blue light. ERF109 binds to and activates anthra-
nilate synthase Α1 (ASA1) and YUCCA2 (promoters of the auxin biosynthetic genes) 
and results in the promotion of lateral root formation in Arabidopsis [32].

6.2 Role in plant reproductive development

Various transcription factors of R2R3-MYB family like MYB21, MYB24, and 
MYB57 are direct targets of JAZ proteins (Figure 6). These TFs have significant 
role in mediating JA-regulated stamen development [33]. Formation of MYB-MYC 
complexes due to the association of MYB21 and MYB24 with the IIIe bHLH factors 
MYC2, MYC3, MYC4, and MYC5 controls stamen development in Arabidopsis 
[34]. Besides the role of JA on stamen development, JA plays a major role in seed 
and embryo development in tomato The jasmonic acid-insensitive1 (jai1) mutant, 
which exhibits a loss of function of the tomato homolog of COI1, cannot set viable 
seeds. Moreover, production of OPDA and a residual amount of JA, in tomato 
mutant acx1a, set viable seeds. Gene silencing (OPR3 silenced gene) in SiOPR3 a 
transgenic line of tomato produces comparable amount of OPDA to wild type and 
sets only a few viable seeds; methyl-JA treatment can restore the seed setting of 
SiOPR3.This further suggests the role of methyl jasmonate in maternal control of 
seed development [35].

6.3 Role in abiotic stress tolerance

Numerous morphological, physiological, biochemical and molecular changes 
take place due to abiotic stresses like drought stress, salinity stress, high- and 
low-temperature stress, heavy metal toxicity, etc.; these stresses adversely affect 
plant growth and productivity. JA is believed to play a role in plant responses to 
abiotic stresses including drought, salt, and heat stress. Salinity is one of the peril-
ous stresses that causes physiological drought and is responsible for delayed seed 
germination, seedling establishment and reduced growth and yield of any crop. 
Under salt stress, jasmonates proved to be an imperative phytohormone in mitiga-
tion. Jasmonates recovered salt inhibition on dry mass production in rice [36] and 
diminished the inhibitory effect of NaCl on the rate of 14CO2 fixation, protein 
content in Pisum sativum [37]. The pleiotropic effects of MeJA in protecting plants 
have been reported for several plants [38], reported in his studies JA is responsible 
for the amelioration of chilling injury, water stress, and salinity stress in Oryza 
sativa L., Lycopersicon esculentum L. [39], Fragaria vesca [40], and Hordeum vulgare. 
High-temperature stress destructively influences plant processes and disturbs 
the cell homeostasis [41]. Heat shock proteins (HSPs) are synthesized in plants 
in response to high temperature that prevent denaturation and assist refolding of 
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A number of co-repressors also play their role simultaneously in signal transduc-
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Tup1 co-repressor family that causes histone deacetylation and demethylation 
which resulted in chromatin modification, eventually mediated repression of genes. 
[10]. Interaction of TPL with JAZ proteins takes place via ethylene response factor 
(ERF)-associated amphiphilic repression (EAR) motif. Those JAZ proteins having 
absence of repression motif recruit TPL through an adapter protein called novel 
interactor of JAZ (NINJA) [28].

MYC2 the master regulator of many biological processes is a bHLH transcrip-
tion factor mediating the transcriptional regulation of JA. Other transcription 
factors that controls JA mediated signaling are MYC3, MYC4, MYB, GL3, EGL3 
AP, GL1, etc.

5.1 Role of MYC2 in JA mediating signal transduction

• An activator of JA-induced root growth inhibition

• Anthocyanin biosynthesis, oxidative stress tolerance

• Mediating resistance to necrotrophic pathogens, insects

• Biosynthesis of tryptophan and indole glucosinolates

Various homologs of MYC2 like MYC3 and MYC4 binds with G-box 
(5′-CACGTG-3′) and G-box-related hexamers and regulate the transcription of 
downstream targets [29].

Figure 5. 
Signal transduction pathway of jasmonic acid.
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damaged proteins. Electrolyte leakage assays in heat-stressed plants after applica-
tion of low-concentration MeJA demonstrates the cell viability responses. Heating 
WT Arabidopsis led to the accumulation of several jasmonates including OPDA, 
MeJA, JA, and JA-Ile, and the expression of jasmonate inducible gene PDF1.2 
was found to be high upon heat stress exposure. Suppressor of G2 allele of SKP1 
(SGT1) protein operates as a cofactor of heat shock protein 90 (HSP90) in both 
plants and mammals forming functional complexes and providing thermotoler-
ance. JA also showed essential role in heavy metal and nutrient toxicity. In a study 
by [43], they reported that the excess amounts of boron present in soil decrease 
the net photosynthetic rate, closing of stomata, internal CO2 concentration, and 
total chlorophyll content in leaves. Foliar application of boron-stressed plants of 
Artemisia with MeJA started to stimulate the synthesis of antioxidant enzymes, 
reduce the amount of lipid peroxidation, and enhance artemisinin content. [44] 
found that the first report on jasmonate-induced anticancer activities exhibited 
their capacity to cause both cell death and suppression of cell proliferation. MJ was 
studied in topical application for precancerous and cancerous skin lesions [45].

6.4 Role in biotic stress tolerance

Two types of responses are shown by plants due to tissue injury, and jasmonates 
plays a significant role in these responses by signaling in plants. Two types of 
responses are local response and systemic response (Figure 7).

In local response during tissue damage, various attacker-derived signals or 
damaged-associated plant-derived signals are produced; these signals are either 
chemical or physical in nature and are recognized by PRRs pattern recognition recep-
tors present on cell surface. This recognition event activates de novo synthesis of JA 
and JA-Ile by an unknown pathway. SCFCOI1/26 proteasome activation by JA-Ile results 
in degradation of JAZ proteins. These proteins are responsible for the repression of 
transcription factors (TFs) involved in the expression of defense-related traits.

Figure 6. 
JA signaling and crosstalk in stamen development (Source: Huang et al, [42]).
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Systemic responses are mediated by two distinct pathways involving JA. Cell-
nonautonomous pathway is a slow pathway and cell autonomous pathway is a fast 
pathway in defense responses. In cell-nonautonomous pathway upon leaf damage, 
JA is produced and translocated to undamaged leaf where it triggers JA responses in 
target cells whereas, in cell autonomous pathway, wound-induced production of a 
mobile signal (other than JA) activates JA/JA-Ile synthesis and subsequent responses 
in distal tissues. To optimize the spatial and temporal expression of responses the 
two pathways may work synergistically.

6.5 Role in the promotion of leaf senescence and seed germination

Exogenous application of low concentration of methyl jasmonate below 1 micro 
molar do not promote premature leaf senescence, but if the concentration increases 
beyond 30 micro molar, symptoms of premature leaf senescence were seen in the 
early stages of plant growth by upregulating the expression of senescence-associ-
ated genes and by downregulating photosynthesis-related genes. JA promotes leaf 
senescence in a COI1-dependent manner; TFs MYC2, MYC3, and MYC4 mediate JA/
dark-induced leaf senescence by upregulating the expression of senescence-asso-
ciated genes (e.g. senescence-associated gene 29 [SAG29]) and chlorophyll catabolic 
enzyme genes (CCGs) (e.g. pheophorbide A oxygenase), as well as by down-regulat-
ing photosynthesis-related genes (e.g., chlorophyll A/B binding protein 1), whereas in 
germination process, JA delays the ABA-mediated inhibition of seed germination in 
Arabidopsis. During the cold-stimulated germination of wheat (Triticum aestivum) 
seeds, JA biosynthesis-related gene expression and JA biosynthesis increase rapidly 
in the dormant embryos after transfer to room temperature, and JA suppresses ABA 
biosynthesis to promote cold-stimulated germination [47].

Figure 7. 
Role of JA in tissue damage (source: Abraham et al. [46]).
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Other key roles of jasmonates are:
As most of the work of jasmonates did in model plant Arabidopsis, so numerous 

roles of JA could be found in Arabidopsis, but some positive roles are also found in 
other plants.

• Delay of flowering in Arabidopsis

• Regulation of stomatal closure and reopening in Arabidopsis

• Promotion of trichome formation

• Inhibition of apical hook formation in Arabidopsis

• Inhibition of petal expansion in Arabidopsis

• Gravitropism in plants

• Sex determination in maize

7. Conclusion

The twin challenges like declining food and nutritional security and changing 
climatic scenario require the use of such biotechnological, physiological, genetical, 
and agronomical strategies to accomplish the demands of food to exploding popula-
tion. Increasing abiotic stress made land barren or unutilizable for crop production. 
Tolerance to biotic and abiotic stresses is a challenge of agro-economic impact. 
Moreover, in a field condition additive effect of a number of stresses may further 
result in decreased soil fertility and crop yields. Researches on tolerance mecha-
nisms and cross talks by phytohormones proved to be constructive for researchers 
in developing tolerant plants against particular stress. From the above information 
on jasmonates, the role of jasmonates in plant development is very well established 
but there is limited information available in the literature on how plant processes 
vary from species to species with JA application; a large number of components/
genes of JA/MeJA including its receptors have been identified, but their appropriate 
functions still need to be explored, also various genes involved in growth regulation 
at different stages of development are yet to be identified.
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Abstract

Any condition that disrupts the ER homeostasis activates a cytoprotective 
signaling cascade, designated as the unfolded protein response (UPR), which 
is transduced in plant cells by a bipartite signaling module. Activation of IRE1/
bZIP60 and bZIP28/bZIP17, which represent the bipartite signaling arms and serve 
as ER stress sensors and transducers, results in the upregulation of ER protein 
processing machinery-related genes to recover from stress. However, if the ER stress 
persists and the cell is unable to restore ER homeostasis, programmed cell death sig-
naling pathways are activated for survival. Here, we describe an ER stress-induced 
plant-specific cell death program, which is a shared response to multiple stress 
signals. This signaling pathway was first identified through genome-wide expres-
sion profile of differentially expressed genes in response to combined ER stress and 
osmotic stress. Among them, the development and cell death domain-containing 
N-rich proteins (DCD/NRPs), NRP-A and NRP-B, and the transcriptional factor 
GmNAC81 were selected as mediators of cell death in plants. These genes were 
used as targets to identify additional components of the cell death pathway, which 
is described here as a regulatory circuit that integrates a stress-induced cell death 
program with leaf senescence via the NRP-A/NRP-B/GmNAC81:GmNAC30/VPE 
signaling module.

Keywords: senescence, stress, NRP, DCD, BiP, NAC, VPE, ER, osmotic stress, 
drought

1. Introduction

The onset of leaf senescence is a highly regulated developmental program that 
is controlled by both genetics and the environment. Multiple stresses in plants 
induce programmed cell death, and the underlying regulatory mechanisms are 
often associated with molecular links of developmentally programmed senescence. 
The transcriptome changes induced by different environmental stressors are not 
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Abstract

Any condition that disrupts the ER homeostasis activates a cytoprotective 
signaling cascade, designated as the unfolded protein response (UPR), which 
is transduced in plant cells by a bipartite signaling module. Activation of IRE1/
bZIP60 and bZIP28/bZIP17, which represent the bipartite signaling arms and serve 
as ER stress sensors and transducers, results in the upregulation of ER protein 
processing machinery-related genes to recover from stress. However, if the ER stress 
persists and the cell is unable to restore ER homeostasis, programmed cell death sig-
naling pathways are activated for survival. Here, we describe an ER stress-induced 
plant-specific cell death program, which is a shared response to multiple stress 
signals. This signaling pathway was first identified through genome-wide expres-
sion profile of differentially expressed genes in response to combined ER stress and 
osmotic stress. Among them, the development and cell death domain-containing 
N-rich proteins (DCD/NRPs), NRP-A and NRP-B, and the transcriptional factor 
GmNAC81 were selected as mediators of cell death in plants. These genes were 
used as targets to identify additional components of the cell death pathway, which 
is described here as a regulatory circuit that integrates a stress-induced cell death 
program with leaf senescence via the NRP-A/NRP-B/GmNAC81:GmNAC30/VPE 
signaling module.
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1. Introduction

The onset of leaf senescence is a highly regulated developmental program that 
is controlled by both genetics and the environment. Multiple stresses in plants 
induce programmed cell death, and the underlying regulatory mechanisms are 
often associated with molecular links of developmentally programmed senescence. 
The transcriptome changes induced by different environmental stressors are not 
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entirely overlapping, but functional analysis of genes commonly induced as shared 
responses can give clues on signaling integration. This approach has been used to 
select for overlapping genes as candidate regulatory components that integrate the 
ER stress and osmotic stress responses, which were shown later to participate also 
in natural leaf senescence. Among genes identified as components of the ER and 
osmotic stress shared response, the developmental and cell death (DCD) domain-
containing asparagine-rich proteins (NRP-A and NRP-B) were the first ones to be 
characterized as cell death-promoting proteins, and hence this multiple stress-
integrating signaling was designated as stress-induced DCD/NRP-mediated cell 
death response. Further characterization of the cell death pathway implicated in the 
discovery of the signaling module ERD15/NRPs/GmNAC81:GmNAC30/VPE that 
also has been shown to operate in developmentally programmed leaf senescence. 
This plant-specific cell death signaling module, which operates in both stress-
induced and natural leaf senescence, constitutes the primary focus of this chapter.

2.  Modest overlapping of ER stress and osmotic stress response identifies 
NRPs and NACs as cell death-promoting genes

2.1 Osmotic stress responses

Organisms, in general, are continually adapting to internal and external stimuli, 
which activate sensor proteins to subsequently transmit the signal to downstream 
effectors responsible for the assembly of adaptive cellular responses [1]. Abiotic 
stresses consist of a set of adverse environmental conditions that limits plant devel-
opment. Cold, high temperature, salinity, water availability (drought or overflow), 
radiation, pollution, and chemical exposure are the most common examples of 
types of abiotic stresses [2].

Generally, a signaling sensor network connects internal and external stimuli 
to adaptive responses leading to molecular modifications that allow physiological 
adjustments, which ultimately cause susceptibility or tolerance to the exposed 
conditions. Molecular responses to abiotic stress conditions in plants are crucial for 
survival and productivity as these stresses often limit yield. Among abiotic stresses, 
drought and excess salinity conditions induce sophisticated adaptive responses in 
plants to cope with or acclimate to these adverse environmental conditions [3, 4]. 
Some types of abiotic stress responses are better understood than others. In plants, 
for example, the molecular mechanisms of perception and responses to drought, 
high salinity, and endoplasmic reticulum stress are well characterized, and many 
stress-related cell signaling pathways are completely elucidated, revealing some 
convergence points between them.

The osmotic stress in plants, caused by water deprivation or high salinity, for 
example, undergoes a set of characteristic morphological, molecular, and physi-
ological changes. One of the most notorious symptoms in plants under low water 
availability is the ABA-mediated stomatal closure [5]. This hormone-mediated 
morphological change affects plant physiology. The stomatal closure prevents the 
evapotranspiration, optimizing the cell water use, but it also compromises carbon 
dioxide uptake, causing imbalances on photosynthetic apparatus, which culminates 
on reactive oxygen species (ROS) production [6, 7]. The ROS accumulation acts as 
a signal to the cell, which triggers mechanisms of ROS-associated detoxification, 
including upregulation of antioxidant enzymes, osmolyte, and electron-carrier 
synthesis [8]. There is evidence that osmotic stress and temperature changes 
are capable of generating lipid-derived signal transducers, including the phos-
phatidic acid, phosphoinositides, sphingolipids, lysophospholipids, oxylipins, 
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N-acylethanolamines, and others. Water deprivation causes a collapse on the 
organization of membrane lipids, disrupting its permeability and some significant 
molecular interactions between lipids and proteins, which act as a cell signal to 
stress-mediated physiological changes. The mechanisms of how stress responses are 
connected with membrane lipid transducer generation are still unclear, but lipid 
messengers can alter protein and enzymatic functions [9].

2.2 ER stress responses

The endoplasmic reticulum is one of the most dynamics organelles in cell 
machinery. It is the gateway for the synthesis of secretory proteins and contains the 
necessary apparatus to ensure quality protein synthesis, protein maturation, and 
secretion in eukaryotic cells [10]. Furthermore, the ER can modulate some chronic 
stress-related pathways, promoting oxidative stress, autophagy, and apoptotic cell 
death in mammals and plant cells [11–13].

Several adverse environmental conditions can affect the ER quality control 
machinery, causing unfolded/misfolded protein accumulation in the ER lumen. The 
secretory proteins are synthesized in ER membrane-bound polysomes, and, as soon 
as they enter the organelle, they are processed by the ER processing machinery. 
Under normal conditions, there is a perfect balance between the rate of protein 
synthesis and ER processing capacity. Any conditions that disrupt this balance 
promote unfolded/misfolded protein accumulation in the ER lumen. As a conse-
quence, the perturbation on ER function triggers a sophisticated and coordinated 
signal cascade, perceived by ER membrane-associated sensors, which activate the 
expression of ER-resident chaperones, foldases, and components of the ER quality 
control machinery. Collectively, these cytoprotective mechanisms are known as the 
unfolded protein response pathway (UPR, Figure 1) [14].

The detection of ER stress is mediated by membrane-associated sensors, identi-
fied both in mammals and plants. In mammals, there are three of these sensors: 
kinase/endoribonuclease inositol-requiring enzyme 1 (IRE1), activating transcrip-
tion factor 6 (ATF6), and protein kinase RNA-like ER kinase (PERK) [15], which 
are regulated by the ER-resident molecular chaperone BiP (binding protein). The 
ER sensors initiate the UPR to restore ER homeostasis under stress condition. If the 
adverse physiological status is prolonged, they can initiate some alternative routes 
leading to cell death.

Under normal conditions, BiP is bound to the luminal domain of these recep-
tors, keeping them inactive. With the stress progression and consequent misfolded 
protein accumulation, the BiP molecular chaperone function is required to prevent 
aggregation of the unfolded proteins. Therefore, under these stress conditions, 
BiP is released from the ER receptors, which leads to their activation. The three 
ER signal transducers act in different ways, but in convergent stress-responsive 
pathways. IRE1 (IRE1a and IRE1b) displays a dual biochemical activity. It harbors 
a ribonuclease and kinase activity at the C-terminus, responsible for the uncon-
ventional spliceosome-independent splicing of X-box binding protein 1 (XBP1) 
mRNA. Stress-mediated BiP release from the IRE1 N-terminus promotes IRE1 
homodimerization, which sequentially activates its kinase via autophosphorylation 
and endoribonuclease activity, culminating on spliceosome-independent splic-
ing of XBP1, a bZIP transcriptional factor. Under normal conditions, the XBP1u 
(unspliced form) is constitutively translated into a low-functional transcription 
factor, which is rapidly degraded by the proteasome and does not effectively acti-
vate UPR. The IRE1-mediated mRNA splicing removes an unconventional intron of 
26 nucleotides, which causes a shifting frame in XBP1 mRNA translation, generat-
ing a protein of 376 amino acids instead of 261 amino acids when unprocessed. 
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a signal to the cell, which triggers mechanisms of ROS-associated detoxification, 
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N-acylethanolamines, and others. Water deprivation causes a collapse on the 
organization of membrane lipids, disrupting its permeability and some significant 
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signal cascade, perceived by ER membrane-associated sensors, which activate the 
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The detection of ER stress is mediated by membrane-associated sensors, identi-
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protein accumulation, the BiP molecular chaperone function is required to prevent 
aggregation of the unfolded proteins. Therefore, under these stress conditions, 
BiP is released from the ER receptors, which leads to their activation. The three 
ER signal transducers act in different ways, but in convergent stress-responsive 
pathways. IRE1 (IRE1a and IRE1b) displays a dual biochemical activity. It harbors 
a ribonuclease and kinase activity at the C-terminus, responsible for the uncon-
ventional spliceosome-independent splicing of X-box binding protein 1 (XBP1) 
mRNA. Stress-mediated BiP release from the IRE1 N-terminus promotes IRE1 
homodimerization, which sequentially activates its kinase via autophosphorylation 
and endoribonuclease activity, culminating on spliceosome-independent splic-
ing of XBP1, a bZIP transcriptional factor. Under normal conditions, the XBP1u 
(unspliced form) is constitutively translated into a low-functional transcription 
factor, which is rapidly degraded by the proteasome and does not effectively acti-
vate UPR. The IRE1-mediated mRNA splicing removes an unconventional intron of 
26 nucleotides, which causes a shifting frame in XBP1 mRNA translation, generat-
ing a protein of 376 amino acids instead of 261 amino acids when unprocessed. 
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This unconventional splicing seems to prevent the degradation of XBP1s (spliced 
form) product by the proteasome and increase its transactivation activity, causing 
activation of UPR-related genes [16, 17]. Thus, the XBP1s is a soluble and func-
tional transcription factor, which is reallocated to the cell nucleus to activate genes 
involved in cytoprotective pathways, such as some members of ER quality control 
or programmed cell death-related genes, including the apoptotic signaling kinase 1 
(ASK1) and Jun-N-terminal kinase (JNK) [16–19].

The ER signal transducer ATF6 is anchored to the ER membrane and harbors an 
N-terminal sensor domain facing the ER lumen and a C-terminal bZIP domain fac-
ing the cytosolic side. Under normal conditions, ATF6 is inactivated by BiP binding 
to the ER stress sensor domain. ER stress conditions promote the BiP disassociation 
and reallocation of ATF6 to the Golgi apparatus, where it is specifically processed 
by SP1 and SP2 proteolytic enzymes. The limited proteolysis of ATF6 transmem-
brane domain allows that the bZIP domain of ATF6 be directed to the nucleus, 
where it acts in concert with XBP1 to induce genes involved in ER protein process-
ing, ER quality control, and ER-associated protein degradation (ERAD) pathway. 

Figure 1. 
The endoplasmic reticulum stress response in Arabidopsis. The secretory proteins are synthesized in ER-bound 
polysomes (1) attached to the ER membrane through the interaction of signal recognition particle (SRP) and 
membrane receptor. As soon as they enter the lumen of the organelle, they are bound to a series of molecular 
chaperones, including BiP, to assist correct folding (2). Upon ER stress, the accumulation of unfolded 
protein (UP) activates a protective signaling cascade, designated as unfolded protein response, which allows 
communication of ER with the nucleus via a bipartite signaling module: the bZIP28/bZIP17 and IRE1a/IRE1b-
bZiP60 signaling modules. Under normal conditions, BiP is bound to bZIP28/17, keeping the transducer in an 
inactive configuration (4). Upon ER stress, UP causes the dissociation of BiP from bZIP28/bZIP17, which is, 
then, translocated to the Golgi (5), where it is proteolytically cleaved to release the bZIP28/bZIP17 domain from 
the membrane that, in turn, is translocated to the nucleus (6). UP accumulation also causes the oligomerization 
of IRE1a/IRE1b, subsequent activation of its kinase domain by phosphorylation, and the endonuclease activity 
(6). The activated IRE1a/IRE1b endonuclease domain promotes unconventional splicing of bZIP60 mRNA to 
remove a transmembrane motif-encoding fragment, generating bZIP60 spliced mRNA that is translated into 
a soluble bZIP60 protein (bZIP60s) (7), which otherwise would be translated into the membrane-associated 
bZIP60us as it occurs under normal conditions. bZIP60s is, then, translocated to the nucleus (8), where it 
cooperates with bZIP28/bZIP17 to upregulate UPR genes and ERAD-related genes, increasing the ER protein 
processing capacity under ER stress to promote recovery (9). However, if the stress persists, and ER homeostasis 
cannot be restored, cell death signaling pathways are activated. among them, the DCD/NRP-mediated cell 
death signaling is initiated with activation of AtNRP1 (10) that leads to the induction of AtNRP2 and 
activation of a signaling cascade that culminates with the induction of ANAC36 that binds to the VPE 
promoter (11) and induces the expression of VPE, the executioner of the cell death program via collapse of the 
vacuole. These ER stress signaling pathways are conserved in other plant species.
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Finally, the PERK activation upon BiP release by stress conditions promotes global 
translation suppression through the phosphorylation of the translation initiation 
factor IF2α [20]. PERK also activates the transcription factor CHOP, involved in the 
regulation of apoptosis-related genes [10, 21].

In plants, the UPR pathway has, at least, two arms (Figure 1). The first one 
activates IRE1 (IRE1a–AT2G17520 and IRE1b–AT5G24360, in Arabidopsis thaliana), 
and the other is transduced through bZIP membrane-associated transcription 
factors (bZIP17–AT2G40950 and bZIP28–AT3G10800, in Arabidopsis thaliana) 
[22, 23]. In the first arm of plant UPR, like in mammals, the accumulation of 
misfolded proteins leads to the activation of IRE1, which promotes unconventional 
cytosolic splicing of bZIP60 mRNA [24]. The unspliced bZIP60 mRNA, called 
bZIP60us, is translated into an ER membrane-associated transcription factor and 
does not exhibit transcriptional activity. Upon IRE1 activation by UPR, the spliced 
bZIP60 mRNA, called bZIP60s, does not display the transmembrane domain 
coding region, and its translation generates an active transcription factor, which is 
reallocated to the nucleus to activate UPR and cytoprotective genes, such as BiP3, 
CNX (calnexin), CRT (calreticulin), etc. [24–26]. This mechanism is conserved 
among plants, as the rice (Oryza sativa) bZIP60 orthologs, OsbZIP74 or OsbZIP50, 
display similar IRE-mediated mRNA splicing to render the activation of ER stress-
inducible promoters [27, 28]. Likewise, in maize (Zea mays), ZmbZIP60 mRNA 
splicing leads to the activation of ER stress-inducible promoters [29], and, in 
soybean (Glycine max), the ZIP60 ortholog GmbZIP68 harbors a canonical site for 
IRE1 endonuclease activity and is efficiently spliced under ER stress conditions to 
activate UPR genes [30].

The second arm of plant UPR pathway is mediated by posttranslational modifi-
cation of bZIP17 and bZIP28 transcription factors, the functional analogs of ATF6. 
Both bZIP17 and bZIP28 display a canonical SP1 site in their C-terminal domain, 
facing the ER lumen [31]. Upon stress conditions, BIP is released from the bZIP28 
and bZIP17 ER sensor domain, and the transcription factors are reallocated from 
the ER to the Golgi apparatus, where they are processed by SP1 and SP2 proteases. 
These proteases remove the transmembrane domain of bZIP17 and bZIP28, expos-
ing their cytosolic regions, which will activate UPR-related genes in the nucleus 
[31–34]. Like the IRE1/bZIP60 signaling module of plant UPR, the bZIP28/bZIP17 
arm triggers the evolutionarily conservative UPR but also accommodates cross-talk 
with several other adaptive signaling responses [24, 30, 31]. In summary, upon 
ER stress, bZIP60s and bZIP28 use a different mechanism to be translocated to 
the nucleus where they act in concert to induce the expression of UPR genes and 
ERAD-related genes to increase the ER protein processing capacity for recovery 
from stress.

2.3  Convergence of ER stress and osmotic stress responses into a cell death 
signaling pathway

At a physiological level, the UPR encompasses three protective mechanisms: 
(i) global translation suppression by PERK-mediated IF2α phosphorylation; (ii) 
upregulation of ER-resident molecular chaperones, and (iii) proteasome-mediated 
protein degradation by ERAD pathway. However, if the stress conditions are 
sustained and the UPR pathway fails to restore ER homeostasis, apoptotic pathways 
are triggered as an ultimate attempt to survive. In plants, there is a specific branch 
of ER stress that integrates the osmotic stress and leads to programmed cell death 
(PCD), the development and cell death domain-containing N-rich protein (DCD/
NRP)-mediated cell death signaling (Figure 1) [12]. This cell death pathway was 
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Finally, the PERK activation upon BiP release by stress conditions promotes global 
translation suppression through the phosphorylation of the translation initiation 
factor IF2α [20]. PERK also activates the transcription factor CHOP, involved in the 
regulation of apoptosis-related genes [10, 21].
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and the other is transduced through bZIP membrane-associated transcription 
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[31–34]. Like the IRE1/bZIP60 signaling module of plant UPR, the bZIP28/bZIP17 
arm triggers the evolutionarily conservative UPR but also accommodates cross-talk 
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the nucleus where they act in concert to induce the expression of UPR genes and 
ERAD-related genes to increase the ER protein processing capacity for recovery 
from stress.

2.3  Convergence of ER stress and osmotic stress responses into a cell death 
signaling pathway
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protein degradation by ERAD pathway. However, if the stress conditions are 
sustained and the UPR pathway fails to restore ER homeostasis, apoptotic pathways 
are triggered as an ultimate attempt to survive. In plants, there is a specific branch 
of ER stress that integrates the osmotic stress and leads to programmed cell death 
(PCD), the development and cell death domain-containing N-rich protein (DCD/
NRP)-mediated cell death signaling (Figure 1) [12]. This cell death pathway was 
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first identified via genome-wide and expression profiling approaches, which 
revealed a modest overlapping between ER and osmotic stress-induced transcrip-
tomes of soybean seedlings treated with PEG (an osmotic stress inducer) and 
tunicamycin and AZC (ER stress inducers). Several genes displayed similar kinetics 
and a synergistic induction under combined ER and osmotic stresses, indicating 
that the ER stress response integrates the osmotic signal to potentiate transcription 
of shared target genes. Among them, two plant-specific DCD/N-rich proteins, 
NRP-A and NRP-B, an ubiquitin-associated protein homolog (UBA), and a NAC 
domain-containing protein, GmNAC81, displayed the most robust synergistic 
upregulation by the combination of both stresses [35]. Transient expression of 
NRPs or GmNAC81 in soybean protoplasts and Nicotiana benthamiana leaves dem-
onstrated that they are critical mediators of ER stress- and osmotic stress-induced 
cell death in plants [36–38].

The NRP-A and NRP-B display a highly conserved DCD domain at their 
C-terminal protein region and a high number of asparagine residues at their more 
divergent N-terminus (Figure 2) [39]. Consistent with the presence of a DCD 
domain, overexpression of NRPs in soybean protoplasts induces caspase-3-like 
activity and promotes extensive DNA fragmentation. Furthermore, transient 

Figure 2. 
Schematic representation of the cell death pathway components. The predicted domains of each protein are 
highlighted. The indicated domains are delimited by the amino acid positions in the primary structure shown 
by the numbers. For ERD-15, PAM2 is a PABP-interacting motif, PAE2 is PAM2-associated element 1 motif, 
DEDEKERKEGKEV is a conserved sequence representing a putative motif of ssDNA-binding transcriptional 
regulators, and QPR is a highly conserved C-terminal QPR motif. As for GmNAC81, GmNAC30, and 
ANAC36, the N-terminal NAC domain is subdivided into five conserved motifs (A to E) as indicated. In the 
AtNRP1, AtNRP2, NRP-A, and NRP-B schemes, DCD is development and cell death domain.
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expression of NRPs in planta causes leaf yellowing, chlorophyll loss, malondial-
dehyde production, ethylene evolution, and induction of the senescence marker 
genes, which are hallmarks of leaf senescence and cell death [36, 38, 40]. The 
cell death response mediated by NRPs resembles a programmed cell death event. 
Because NRPs were the first components of the ER stress and osmotic stress-inte-
grating cell death response to be characterized, this signaling pathway is commonly 
referred to as the DCD/NRP-mediated cell death response.

Similar to NRPs, GmNAC81 (Glycine max NAC81, formerly designated as 
GmNAC6) is another target of the ER stress- and osmotic stress-integrating 
pathway that induces a senescence-like response in planta and cell death in soy-
bean protoplasts [37, 41]. GmNAC81 belongs to the plant-specific transcriptional 
factor superfamily of domain-containing proteins, represented by 111 members 
in Arabidopsis, 151 in rice, 152 in maize, and 180 in soybean [42, 43]. Members of 
this family function in development and stress response. The NAC transcriptional 
factors display a highly conserved N-terminal domain, called NAC domain, 
responsible for recognition of cis-regulatory elements on target promoters and 
DNA binding (Figure 2). The C-terminal domain is more divergent in sequence 
but is undoubtedly responsible for transcriptional activity [44, 45]. In addition, 
a subset of NAC proteins, which also exhibits protein binding activity, harbors 
an additional transmembrane domain present in the membrane-tethered NAC 
proteins [43, 46, 47].

NRPs and GmNAC81 are induced by several different abiotic and biotic stresses 
in a coordinated manner, but induction of NRPs precedes the upregulation of 
GmNAC81. This early induction kinetics of NRPs is consistent with its capacity to 
activate the promoter and induce the expression of GmNAC81. These data placed 
GmNAC81 downstream of NRPs in the ER and osmotic stress-induced cell death 
pathway [37]. More recently, using reverse genetics in Arabidopsis, NRPs were 
confirmed to be upstream of ANAC36, the Arabidopsis ortholog of GmNAC81, in 
the DCD/NRP-mediated cell death signaling [40].

3.  Early dehydration responsive gene 15, ERD15-like, controls NRP 
expression

The early dehydration responsive (ERD) genes were first identified due to their 
rapid induction in response to drought stress. The ERD genes (ERD1 to ERD16) 
encode a set of proteins that differ in biological functions and cell localization [48]. 
Among them, ERD15 is a small acidic and hydrophilic protein that belongs to the 
PAM2 domain-containing protein family (Figure 2). The PAM2 domain is a well-
characterized protein–protein interaction domain, which allows ERD15 to interact 
with polyA-binding proteins (PABP) regulating mRNA stability and protein trans-
lation [49]. In addition to PAM2, ERD15 contains two other domains with unknown 
function, designated as PAM2-associated element 1 (PAE1) and QPR.

ERD15 is a multiple stress-responsive gene that is involved in adaptation to 
abiotic and biotic stress. Light treatment, cold stress, and high salinity trigger 
ERD15 expression [50, 51]. ERD15 functions as a negative regulator of the abscisic 
acid (ABA)-mediated response and a positive regulator of the salicylic acid (SA)-
dependent defense pathway. ERD15-overexpressing transgenic lines are less sensi-
tive to ABA and display enhanced salicylic acid-dependent defense pathway, which 
was associated with increased resistance to the bacterial Erwinia carotovora of the 
transgenic lines [52].

Consistent with the multiple stress-responsive expression profiles, the soybean 
ERD15 ortholog (GmERD15) is also induced by ER and osmotic stress. GmERD15 
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Among them, ERD15 is a small acidic and hydrophilic protein that belongs to the 
PAM2 domain-containing protein family (Figure 2). The PAM2 domain is a well-
characterized protein–protein interaction domain, which allows ERD15 to interact 
with polyA-binding proteins (PABP) regulating mRNA stability and protein trans-
lation [49]. In addition to PAM2, ERD15 contains two other domains with unknown 
function, designated as PAM2-associated element 1 (PAE1) and QPR.
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ERD15 expression [50, 51]. ERD15 functions as a negative regulator of the abscisic 
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dependent defense pathway. ERD15-overexpressing transgenic lines are less sensi-
tive to ABA and display enhanced salicylic acid-dependent defense pathway, which 
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transgenic lines [52].
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was identified using one hybrid screening that targeted the NRP-B promoter in 
yeast. As an upstream member of the NRP-mediated cell death response, GmERD15 
binds the NRP-B promoter region in vivo and in vitro and induces the NRP-B 
expression [53]. Despite its role as a transcription factor, GmERD15 does not 
harbor a typical DNA-binding motif, but instead, it contains a conserved sequence 
of 13 amino acids at positions 71–83 (DEDEKERKEgKEv), which is a part of a 
tripartite motif domain derived from ssDNA-binding transcriptional regulators 
[54]. Accordingly, the GmERD15 binding site was mapped to a 12-bp palindromic 
sequence −511AGCAnnnnnTGCT−500 on the NRP-B promotor in both single-
stranded and double-stranded configurations [53].

4.  The stress-induced NRP/NAC081/VPE module transduces a cell death 
signal

As components of the DCD/NPR-mediated cell death signaling, NRPs and 
GmNAC81 are critical mediators of cell death derived from ER stress and osmotic 
stress signals. More recent progress toward deciphering this branch of stress-
induced cell death signaling includes the identification of two additional down-
stream components, the NAC transcriptional factor (GmNAC30) and the vacuolar 
processing enzyme (VPE) [55].

GmNAC30 was identified as a nuclear partner of GmNAC81 via two-hybrid 
screening using GmNAC81 as a bait. GmNAC30 and GmNAC81 exhibit similar 
expression profiles and cell death activity. They are upregulated by ER stress, 
osmotic stress, and by the cell death-inducer cycloheximide. Consistently, 
GmNAC30 promotes cell death when transiently expressed in soybean protoplasts 
and, as a downstream component of the cell death signaling, is induced by expres-
sion of NRP-A and NRP-B.

GmNAC30 interacts with GmNAC81 in vitro and in vivo, the complex formed 
binds to common cis-regulatory sequences in target promoters and synergistically 
regulates hydrolytic enzyme promoters, including the caspase-1-like vacuolar 
processing enzyme (VPE) gene, which is involved in PCD in plants [55]. Consistent 
with their transcriptional function as a heterodimer, GmNAC81 and GmNAC30 
display overlapping and coordinate expression profiles in response to multiple envi-
ronmental and developmental stimuli. Therefore, the stress-induced GmNAC30 
cooperates with GmNAC81 to activate PCD through the upregulation of the cell 
death executioner VPE.

VPE is a vacuole-localized cysteine protease that exhibits caspase-1-like activity 
and hydrolyzes a peptide bond at the C-terminal side of aspartate and asparagine 
residues [56]. It is synthesized as an inactive preprotein precursor, which is self-
catalytically converted into the active mature form, under a processing step that 
resembles the activation of caspase 1 (Figure 2). It has been associated with Tobacco 
mosaic virus-induced hypersensitive cell death and developmental PCD [57, 58]. As 
an executioner of a cell death program, VPE is self-activated by hydrolytic cleavage 
and, in turn, mediates the initial activation of vacuolar enzymes, which degrade the 
vacuolar membrane and initiate the proteolytic cascade leading to PCD. Therefore, 
VPE activation may result in vacuolar collapse-mediated cell death, a type of plant-
specific programmed cell death.

The discovery of VPE as a downstream target of the coordinate action of 
GmNAC81 and GmNAC30 underlies a mechanism for the execution of the ER 
and osmotic stress-induced cell death program (Figure 1). This model holds that 
prolonged ER and osmotic stresses induce the expression of the transcriptional 
activator GmERD15 to target the NRP promoter. The upregulation of NRPs initiates 
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a transduction signaling that leads to the induction of GmNAC81 and GmNAC30, 
which cooperate to activate the VPE promoter and expression. Activation of VPE 
promotes the disintegration of vacuoles, initiating the proteolytic cascade in plant 
PCD. As vacuole-triggered PCD is unique to plants, the regulatory circuit linking 
the stress signal to activation of VPE is fundamentally composed of plant-specific 
signaling components.

The DCD/NRP-mediated programmed cell death pathway is conserved and 
operates with similar regulatory mechanisms in plants [40]. Soybean prototypes 
of each component of the cell death pathway were used to search for orthologs 
in the Arabidopsis genome (Figure 3) [30]. Arabidopsis AtNRP1 is most closely 
related to GmNRP-A and GmNRP-B, whereas a third homolog GmNRP-C was 

Figure 3. 
Integration of developmental signal and stress signals into the DCD/NRP-mediated cell death response. 
Leaf senescence, ER stress, and osmotic stress induce the expression of ERD15-regulated NRP-A that in turn 
upregulates NRP-B to initiate a signaling cascade that culminates with the induction of GmNAC30 and 
GmNAC81 expression. The NAC transcription factors form a heterodimer to fully induce the activation of VPE 
promoter, which leads to VPE upregulation and subsequent execution of a cell death program. The ER-resident 
molecular chaperone BiP acts as a negative regulator of cell death by modulating the expression and activity of 
the cell death pathway components. The DCD/NRP-mediated cell death signaling is conserved in other plant 
species, and the Arabidopsis orthologs are shown on the right.
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species, and the Arabidopsis orthologs are shown on the right.
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related to AtNRP-2. GmNAC81 and its paralog share sequence conservation with 
the Arabidopsis ortholog ANAC36 (At2G17040), whereas the predicted Arabidopsis 
ortholog of soybean VPE was identified as At4G32940/γVPE. Transient expression 
of the selected Arabidopsis orthologs of pathway components (AtNRP-1, AtNRP-2, 
ANAC36, and γVPE) induces cell death in Nicotiana benthamiana leaves with the 
appearance of hallmarks of PCD and leaf senescence, including DNA fragmenta-
tion, leaf yellowing, chlorophyll loss, and lipid peroxidation [38]. In addition, 
knockout lines for each one of pathway genes in Arabidopsis display enhanced 
tolerance to ER stress-mediated cell death induction. Very importantly, the stress 
induction of AtNRP2, ANAC36, and γVPE was dependent on the AtNRP1 function, 
confirming the upstream position of AtNRP1 in the cell death pathway. Therefore, 
in Arabidopsis, the execution of the cell death program has been proposed to occur 
through AtNRP1-mediated induction of the AtNRP2-ANAC36-γVPE signaling 
module. Nevertheless, functional information about the GmERD15 and GmNAC30 
orthologs in Arabidopsis is lacking, and these pathway components have not been 
identified yet in Arabidopsis. Both in soybean and Arabidopsis, the DCD/NRP-
mediated cell death pathway is modulated by the ER-resident molecular chaperone 
BiP, which negatively regulates the gene expression and activity of these cell death-
inducing genes [13, 40].

5.  A negative regulator of the NRP/NAC081/VPE signaling module 
confers tolerance to drought

Plants can negatively modulate the NRP/DCD-mediated cell death response to 
suit the cellular balance during the stress conditions. Moreover, this modulation 
improves the cellular stableness and consequently increases the plant tolerance to 
stress conditions in an essential process that is required for plant acclimatization 
and development. The molecular chaperone BiP plays a crucial role as a negative 
regulator of NRP/DCD-mediated cell death response. BiP belongs to the HSP70 
family, which is essential to protect the cells against environmental stresses and to 
restore the cell homeostasis [59].

The molecular chaperone BiP has a catalytic site at the amino-terminal region 
and a substrate-binding site at the carboxy-terminal region [60]. BiP is involved in 
the regulation of several processes in the endoplasmic reticulum, a critical organ-
elle that is related to responses to abiotic and biotic stress in plants. In the ER, BiP 
acts as a sensor that responds to quantitative and qualitative changes in the ER by 
regulating the activity of ER stress transducers [61]. Furthermore, BiP coordinately 
regulates the cell death signaling, which connects the signals from osmotic and ER 
stress in a DCD/NRP-dependent manner [35, 36, 38].

BiP attenuates the NRP/DCD-mediated cell death signal propagation by the 
modulation of expression and activity of the pathway signaling components 
(Figure 3). BiP overexpression in soybean attenuates ER stress- and osmotic 
stress-mediated cell death, a phenotype that is linked to a delay in the induction 
of GmNRP-A, GmNRP-B, and GmNAC81 under ER stress and osmotic stress 
[38]. Furthermore, enhanced accumulation of BiP in tobacco (Nicotiana tabacum) 
prevents the GmNRP- and GmNAC81-mediated induction of cell death-associated 
physiological and molecular markers, whereas silencing of endogenous BiP 
enhances the cell death response.

In addition to alleviating ER and osmotic stress-mediated cell death, the 
BiP overexpression in plants has also been shown to increase their tolerance to 
water deficits [62–64]. Enhanced accumulation of BiP in soybean, tobacco, and 
Arabidopsis promotes a delay in drought-induced senescence and wilting of leaves 
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leading to a higher survival rate of overexpressing lines under water-deficit regimes 
[12, 38, 40, 63–64]. The BiP-mediated tolerance mechanism is not associated 
with conventional mechanisms of drought tolerance and avoidance, as the BiP-
overexpressing lines do not display lower photosynthesis and transpiration rates 
than untransformed lines under drought, and the stomata closure and root growth 
are not stimulated under water deprivation. Furthermore, the BiP-overexpressing 
lines exhibit a lower induction of drought-related genes than WT under water-
deficit conditions, and the abscisic acid content in BiP-overexpressing plants is 
similar to untransformed lines, indicating that the BiP-mediated drought tolerance 
mechanism is independent on ABA [59, 64, 65]. Under drought conditions, the only 
variations observed in BiP-overexpressing lines are a delay in drought-induced leaf 
senescence and an attenuation in the drought induction of PCD-associated marker 
genes, which is associated with the protective function of BiP as a negative modula-
tor of the DCD/NRP-mediated cell death response. A metabolomic approach was 
used to detect the metabolite profile of BiP-overexpressing lines under drought 
conditions [65]. Due to a higher osmolyte accumulation, mainly amino acids, the 
BiP-overexpressing plants can maintain the leaf turgidity upon drought stress, 
which is a phenotypic hallmark of the BiP-mediated tolerance to drought. The BiP-
overexpressing lines also display a higher accumulation of salicylic acid and upregu-
lation of SA-responsive genes, which is associated with accelerated hypersensitive 
response triggered by Pseudomonas syringae pv tomato in soybean and tobacco [59, 
65]. The SA signaling also activates the antioxidative metabolism, which may be 
linked to the BiP protective function to drought. Very importantly, the BiP modu-
lation of the DCD/NRP-mediated cell death response does not impair the plant 
growth and development.

6.  The stress-induced DCD/NRP-mediated cell death signaling 
positively regulates leaf senescence

Leaf senescence is a natural process in plant development, which begins with a 
physiological transition between active photosynthetic leaves to degenerative and 
nutrient-recycling leaves. The classical age senescence-related symptom is the leaf 
yellowing caused by generalized chlorophyll loss. The age-induced senescence or 
naturally programmed leaf senescence, hereafter referred to as leaf senescence, 
occurs by plant aging and is precisely regulated by senescence-associated genes 
(SAGs) [66, 67].

Many SAGs are environmental- and stress-responsive genes, integrating a con-
vergent regulatory cascade between natural plant development and stress-induced 
PCD [68]. At the molecular level, the onset of senescence is accompanied by a 
massive reprogramming of gene expression, probably controlled by senescence-
associated transcription factors. Among these, several NAC transcription factors 
have been associated with senescence regulation based on high-resolution temporal 
expression profiles [69].

In soybean, a transcriptomic analysis of senescing leaves reveals that 44% of 
the GmNAC genes were differentially expressed at the onset of leaf senescence. 
The most representative subfamilies of soybean senescence-associated NAC genes 
were the abiotic stress-induced SNAC-A (ATAF) subfamily, in which 90% of the 
members were differentially expressed during senescence, followed by the biotic 
stress-induced TERN subfamily, displaying 80% of the members differentially 
expressed during leaf senescence [43]. GmNAC30 and GmNAC81, which belong 
to the SNAC-A and TERN subfamilies, respectively, are among the upregulated 
genes by leaf senescence [43, 59]. These results raise the hypotheses that the (i) 



Plant Science - Structure, Anatomy and Physiology in Plants Cultured in Vivo and in Vitro

70

related to AtNRP-2. GmNAC81 and its paralog share sequence conservation with 
the Arabidopsis ortholog ANAC36 (At2G17040), whereas the predicted Arabidopsis 
ortholog of soybean VPE was identified as At4G32940/γVPE. Transient expression 
of the selected Arabidopsis orthologs of pathway components (AtNRP-1, AtNRP-2, 
ANAC36, and γVPE) induces cell death in Nicotiana benthamiana leaves with the 
appearance of hallmarks of PCD and leaf senescence, including DNA fragmenta-
tion, leaf yellowing, chlorophyll loss, and lipid peroxidation [38]. In addition, 
knockout lines for each one of pathway genes in Arabidopsis display enhanced 
tolerance to ER stress-mediated cell death induction. Very importantly, the stress 
induction of AtNRP2, ANAC36, and γVPE was dependent on the AtNRP1 function, 
confirming the upstream position of AtNRP1 in the cell death pathway. Therefore, 
in Arabidopsis, the execution of the cell death program has been proposed to occur 
through AtNRP1-mediated induction of the AtNRP2-ANAC36-γVPE signaling 
module. Nevertheless, functional information about the GmERD15 and GmNAC30 
orthologs in Arabidopsis is lacking, and these pathway components have not been 
identified yet in Arabidopsis. Both in soybean and Arabidopsis, the DCD/NRP-
mediated cell death pathway is modulated by the ER-resident molecular chaperone 
BiP, which negatively regulates the gene expression and activity of these cell death-
inducing genes [13, 40].

5.  A negative regulator of the NRP/NAC081/VPE signaling module 
confers tolerance to drought

Plants can negatively modulate the NRP/DCD-mediated cell death response to 
suit the cellular balance during the stress conditions. Moreover, this modulation 
improves the cellular stableness and consequently increases the plant tolerance to 
stress conditions in an essential process that is required for plant acclimatization 
and development. The molecular chaperone BiP plays a crucial role as a negative 
regulator of NRP/DCD-mediated cell death response. BiP belongs to the HSP70 
family, which is essential to protect the cells against environmental stresses and to 
restore the cell homeostasis [59].

The molecular chaperone BiP has a catalytic site at the amino-terminal region 
and a substrate-binding site at the carboxy-terminal region [60]. BiP is involved in 
the regulation of several processes in the endoplasmic reticulum, a critical organ-
elle that is related to responses to abiotic and biotic stress in plants. In the ER, BiP 
acts as a sensor that responds to quantitative and qualitative changes in the ER by 
regulating the activity of ER stress transducers [61]. Furthermore, BiP coordinately 
regulates the cell death signaling, which connects the signals from osmotic and ER 
stress in a DCD/NRP-dependent manner [35, 36, 38].

BiP attenuates the NRP/DCD-mediated cell death signal propagation by the 
modulation of expression and activity of the pathway signaling components 
(Figure 3). BiP overexpression in soybean attenuates ER stress- and osmotic 
stress-mediated cell death, a phenotype that is linked to a delay in the induction 
of GmNRP-A, GmNRP-B, and GmNAC81 under ER stress and osmotic stress 
[38]. Furthermore, enhanced accumulation of BiP in tobacco (Nicotiana tabacum) 
prevents the GmNRP- and GmNAC81-mediated induction of cell death-associated 
physiological and molecular markers, whereas silencing of endogenous BiP 
enhances the cell death response.

In addition to alleviating ER and osmotic stress-mediated cell death, the 
BiP overexpression in plants has also been shown to increase their tolerance to 
water deficits [62–64]. Enhanced accumulation of BiP in soybean, tobacco, and 
Arabidopsis promotes a delay in drought-induced senescence and wilting of leaves 

71

A Regulatory Circuit Integrating Stress-Induced with Natural Leaf Senescence
DOI: http://dx.doi.org/10.5772/intechopen.89498

leading to a higher survival rate of overexpressing lines under water-deficit regimes 
[12, 38, 40, 63–64]. The BiP-mediated tolerance mechanism is not associated 
with conventional mechanisms of drought tolerance and avoidance, as the BiP-
overexpressing lines do not display lower photosynthesis and transpiration rates 
than untransformed lines under drought, and the stomata closure and root growth 
are not stimulated under water deprivation. Furthermore, the BiP-overexpressing 
lines exhibit a lower induction of drought-related genes than WT under water-
deficit conditions, and the abscisic acid content in BiP-overexpressing plants is 
similar to untransformed lines, indicating that the BiP-mediated drought tolerance 
mechanism is independent on ABA [59, 64, 65]. Under drought conditions, the only 
variations observed in BiP-overexpressing lines are a delay in drought-induced leaf 
senescence and an attenuation in the drought induction of PCD-associated marker 
genes, which is associated with the protective function of BiP as a negative modula-
tor of the DCD/NRP-mediated cell death response. A metabolomic approach was 
used to detect the metabolite profile of BiP-overexpressing lines under drought 
conditions [65]. Due to a higher osmolyte accumulation, mainly amino acids, the 
BiP-overexpressing plants can maintain the leaf turgidity upon drought stress, 
which is a phenotypic hallmark of the BiP-mediated tolerance to drought. The BiP-
overexpressing lines also display a higher accumulation of salicylic acid and upregu-
lation of SA-responsive genes, which is associated with accelerated hypersensitive 
response triggered by Pseudomonas syringae pv tomato in soybean and tobacco [59, 
65]. The SA signaling also activates the antioxidative metabolism, which may be 
linked to the BiP protective function to drought. Very importantly, the BiP modu-
lation of the DCD/NRP-mediated cell death response does not impair the plant 
growth and development.

6.  The stress-induced DCD/NRP-mediated cell death signaling 
positively regulates leaf senescence

Leaf senescence is a natural process in plant development, which begins with a 
physiological transition between active photosynthetic leaves to degenerative and 
nutrient-recycling leaves. The classical age senescence-related symptom is the leaf 
yellowing caused by generalized chlorophyll loss. The age-induced senescence or 
naturally programmed leaf senescence, hereafter referred to as leaf senescence, 
occurs by plant aging and is precisely regulated by senescence-associated genes 
(SAGs) [66, 67].

Many SAGs are environmental- and stress-responsive genes, integrating a con-
vergent regulatory cascade between natural plant development and stress-induced 
PCD [68]. At the molecular level, the onset of senescence is accompanied by a 
massive reprogramming of gene expression, probably controlled by senescence-
associated transcription factors. Among these, several NAC transcription factors 
have been associated with senescence regulation based on high-resolution temporal 
expression profiles [69].

In soybean, a transcriptomic analysis of senescing leaves reveals that 44% of 
the GmNAC genes were differentially expressed at the onset of leaf senescence. 
The most representative subfamilies of soybean senescence-associated NAC genes 
were the abiotic stress-induced SNAC-A (ATAF) subfamily, in which 90% of the 
members were differentially expressed during senescence, followed by the biotic 
stress-induced TERN subfamily, displaying 80% of the members differentially 
expressed during leaf senescence [43]. GmNAC30 and GmNAC81, which belong 
to the SNAC-A and TERN subfamilies, respectively, are among the upregulated 
genes by leaf senescence [43, 59]. These results raise the hypotheses that the (i) 



Plant Science - Structure, Anatomy and Physiology in Plants Cultured in Vivo and in Vitro

72

DCD-NRP/NAC/VPE signaling module may integrate stress-induced with natural 
leaf senescence and (ii) other NAC genes may be involved in integrated circuits 
between age- and stress-induced cell death pathways.

Regarding the first hypothesis, several lines of evidence indicate that the regu-
latory circuit NRPs/GmNAC81:GmNAC30/VPE integrates osmotic stress- and 
ER stress-induced PCD response with natural leaf senescence. First, not only 
GmNAC30 and GmNAC81 but also the other cell death pathway components, 
NRP-A, NRP-B, and VPE, are induced by leaf senescence [43, 59, 70]. Second, the 
activity of VPE is also induced during the onset of leaf senescence [59]. Third, 
transient expression of the soybean components of ER stress- and osmotic stress-
induced cell death response, NRP-A, NRP-B, GmNAC81, and GmNAC30, as well 
as the Arabidopsis orthologs AtNRP1, AtNRP2, ANAC36, and γVPE, in protoplasts 
and in planta induce a cell death response bearing the hallmarks of leaf senes-
cence and PCD. These symptoms include the induction of caspase 1-like activity 
and DNA fragmentation, chlorophyll loss, protein degradation, enhanced lipid 
peroxidation, and the induction of senescence-associated marker genes [36–38, 
40, 55]. Fourth, enhanced accumulation of BiP, which negatively regulates the 
NRPs/GmNAC81:GmNAC30/VPE signaling module, also promotes a delay in leaf 
senescence in transgenic plants [59]. Finally, GmNAC81 is a positive regulator of 
naturally programmed leaf senescence [70]. Although leaf senescence is genetically 
programmed in an age-dependent manner, it can be triggered by environmental 
cues and is also positively and negatively regulated by various plant hormones. 
GmNAC81 and GmNAC30 are induced by the phytohormones ABA, jasmonic 
acid (JA) and salicylic acid (SA), which are positive regulators of senescence, 
and GmNAC81-overexpressing lines display high levels of ABA, mimicking the 
enhanced endogenous levels of this hormone during leaf senescence [70, 71]. 
Consistent with a role in leaf senescence, the overexpression of GmNAC81 in soy-
bean plants accelerates leaf senescence, a phenotype associated with extensive leaf 
yellowing, increased chlorophyll loss, faster photosynthetic decay, and enhanced 
expression and activity of the GmNAC81 direct target VPE, than untransformed, 
wild-type plants. Conversely, suppressing GmNAC81 expression delays leaf senes-
cence and decreases the expression of GmNAC81 direct target genes, including 
VPE [70]. Therefore, GmNAC81 is involved in developmentally programmed leaf 
senescence. Furthermore, ER stress- and osmotic stress-induced PCD is integrated 
with natural leaf senescence through the NRPs/NACs/VPE regulatory circuit.

7. Conclusion

Since the discovery of the ER stress- and osmotic stress-induced DCD/NRP-
mediated cell death response, considerable progress has been achieved toward deci-
phering the components and regulation of the pathway (Figure 3). We now know 
that the combination of multiple stresses synergistically activates a plant-specific 
PCD response that is initiated by induction of the stress-responsive transcription 
factor GmERD15, which, in turn, binds and activates the DCD/NRP promoter. 
Induction of the DCD/NRP genes NRP-A and NRP-B leads to the activation of a 
signal cascade that culminates with the upregulation of the transcription factors 
GmNAC81 and GmNAC30. The NAC transcription factors form a heterodimer to 
activate the expression of hydrolytic enzymes, including VPE, an executioner of 
vacuole-triggered programmed cell death. The stress-induced DCD/NRP-mediated 
cell death response is conserved in plants with similar regulatory mechanisms and 
represents a shared response to multiple stress signals. As a negative regulator of 
the stress-induced DCD/NRP-mediated cell death response, overexpression of the 
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ER-resident molecular chaperone BiP delays drought-induced senescence in tobacco 
and soybean plants and confers the increased adaptation of these transgenic lines 
under water deprivation conditions. This DCD/NNP-mediated stress-induced cell 
death program is also activated during age-dependent leaf senescence and contrib-
utes positively for the progression of the developmentally programmed senescence. 
Therefore, the plant-specific NRPs/NACs/VPE signaling module represents a 
regulatory circuit integrating stress-induced with natural leaf senescence.
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phering the components and regulation of the pathway (Figure 3). We now know 
that the combination of multiple stresses synergistically activates a plant-specific 
PCD response that is initiated by induction of the stress-responsive transcription 
factor GmERD15, which, in turn, binds and activates the DCD/NRP promoter. 
Induction of the DCD/NRP genes NRP-A and NRP-B leads to the activation of a 
signal cascade that culminates with the upregulation of the transcription factors 
GmNAC81 and GmNAC30. The NAC transcription factors form a heterodimer to 
activate the expression of hydrolytic enzymes, including VPE, an executioner of 
vacuole-triggered programmed cell death. The stress-induced DCD/NRP-mediated 
cell death response is conserved in plants with similar regulatory mechanisms and 
represents a shared response to multiple stress signals. As a negative regulator of 
the stress-induced DCD/NRP-mediated cell death response, overexpression of the 
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Chapter 6

Leaf Senescence in Wheat:
A Drought Tolerance Measure
Hafsi Miloud and Guendouz Ali

Abstract

The present study was conducted on the experimental site of INRAA, unit
research of Setif. A set of 10 genotypes of durum wheat (Triticum durum Desf.)
planted during four cropping seasons (2009–2013). The objectives of this study are
to evaluate the performance of some durum wheat genotypes and tested the effi-
ciency of using senescence parameters in screening under semi-arid conditions. The
analysis of variance demonstrates significant effects of genotypes and years on the
grain yield and senescence parameters. Based on the means comparison, the values
of total mean grain yield (2009–2013) varied from 37.84 q/ha for Oued Zenati to
44.7 q/ha for Altar84 with general mean of 42.71 q/ha. The mean rankings based on
the mean grain yield demonstrate that the genotypes Mexicali75, Hoggar, and Sooty
have the best ranking with highest grain yield. The mean values over years of Sa%
varied between 47.91% for the genotype Oued Zenati and 59.45% for Waha. The
genotypes with highest values for the parameter mid-senescence (Σ50s) are the most
tolerant and adapted genotypes.

Keywords: durum wheat, senescence, screening, semi-arid

1. Introduction

Durum wheat is one of the most cultivated cereals in the world; it is growing
under the Mediterranean regions [1]. Water stress is the abiotic stresses limiting
wheat distribution and productivity [2]. Water stress adaptation is considered as
the major aim for breeding target in the stabilization of crop performance, by
breeders and molecular biologists; at the moment, there is a lack of information to
be able to measure with precision the plant resistance under drought stress condi-
tions [3]. Photosynthesis is the primary source of dry biomass production and grain
yield in plants. The improvements of leaf photosynthesis have occurred with the
advance of breeding high-yielding cultivars. During the period of wheat spike
growth, the important moment of assimilation that supplies carbon for the grain
depends on the amount and quality of light on the surface of the green area after
anthesis. This assimilation area normally decreases due to natural senescence and
various stresses. Senescence is considered the final stage in leaf development;
senescence in plants is defined as the age-dependent programmed degradation and
degeneration process of cells, organs, or the entire organism, leading to death [4].
The most remarkable events in leaf senescence are the loss of chlorophyll and the
disassembly of the photosynthetic apparatus, which result in decreases in the pho-
tosynthetic energy conversion capacity and efficiency. In addition, chloroplasts of
senescing leaves show reduced volume, their shape is spherical, and the thylakoid
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44.7 q/ha for Altar84 with general mean of 42.71 q/ha. The mean rankings based on
the mean grain yield demonstrate that the genotypes Mexicali75, Hoggar, and Sooty
have the best ranking with highest grain yield. The mean values over years of Sa%
varied between 47.91% for the genotype Oued Zenati and 59.45% for Waha. The
genotypes with highest values for the parameter mid-senescence (Σ50s) are the most
tolerant and adapted genotypes.

Keywords: durum wheat, senescence, screening, semi-arid

1. Introduction

Durum wheat is one of the most cultivated cereals in the world; it is growing
under the Mediterranean regions [1]. Water stress is the abiotic stresses limiting
wheat distribution and productivity [2]. Water stress adaptation is considered as
the major aim for breeding target in the stabilization of crop performance, by
breeders and molecular biologists; at the moment, there is a lack of information to
be able to measure with precision the plant resistance under drought stress condi-
tions [3]. Photosynthesis is the primary source of dry biomass production and grain
yield in plants. The improvements of leaf photosynthesis have occurred with the
advance of breeding high-yielding cultivars. During the period of wheat spike
growth, the important moment of assimilation that supplies carbon for the grain
depends on the amount and quality of light on the surface of the green area after
anthesis. This assimilation area normally decreases due to natural senescence and
various stresses. Senescence is considered the final stage in leaf development;
senescence in plants is defined as the age-dependent programmed degradation and
degeneration process of cells, organs, or the entire organism, leading to death [4].
The most remarkable events in leaf senescence are the loss of chlorophyll and the
disassembly of the photosynthetic apparatus, which result in decreases in the pho-
tosynthetic energy conversion capacity and efficiency. In addition, chloroplasts of
senescing leaves show reduced volume, their shape is spherical, and the thylakoid
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system is reduced. In cereals, the processes involved in senescence are important
because they occur during grain filling, and evidence suggests that early senescence
may be yield-limiting [5]. Wheat genotypes vary in the timing of senescence initi-
ation and also in the subsequent rate of leaf senescence. In wheat, the senescence
rate was also found to be related to the yield under drought conditions [6, 7]. The
quest of the causes of differences in leaf photosynthetic rate among interspecies
and/or intraspecies of crops may be one of the important strategies of crop engi-
neering [8]. In all these studies, leaf senescence was evaluated visually. Since
senescence corresponds to yellowing due to chlorophyll loss [5], the identification
of senescent parts of the leaf is quite easy. In this work, we used an alternative
method for the evaluation of the leaf senescence based on numerical analysis of
image. In addition, we study the efficiency of using the flag leaf senescence as tools
for select adapted durum wheat genotypes under semi-arid conditions.

2. Materials and methods

2.1 Plant material and growth conditions

A set of 10 genotypes of durum wheat (Triticum durum Desf.) (Table 1) were
planted during four cropping seasons (2009–2013), in the experimental fields of
INRAA, Setif, Algeria (5°200E, 36°8’N, 958 m above sea level) genotypes were
grown in randomized block design with four replicates. Plots were 5 m � 6 rows
with 0.20 m row spacing, and sowing density was adjusted to 300 g m�2.

2.2 Agronomical and physiological measurements

Grain yield (GY) is determined from sub-samples taken from harvested grains
of each plot. Leaf senescence (S) was evaluated by numerical image analysis (NIA)
according to Hafsi et al. [9]. Leaves were photographed on black surface, between
11:00 and 12:00 solar time with a color digital camera (Canon, Power Shot A460,
AiAF, China). Images were analyzed using IPP (Image Pro Plus, Version 4, Media
Cybernetics, Silver Spring, MA, USA) software. Senescence was expressed as the
ratio of senesced area to total leaf area (in %). Measurements were carried out 10
times between flowering and the end of senescence on three flag leaves for each
genotype. Ten dates of assessments were expressed in sums of temperatures after
flowering (Σt1 � Σt10) and the corresponding senescence values (S1 � S10). In
addition, the date of mid-senescence (Σ50) was evaluated from the experimental
curves S = f (Σt) as the sum of temperature corresponding to an S value of 50%.
Data were analyzed using Costat; the analysis of variance was performed for senes-
cence parameters and grain yield. Linear correlation analysis was used to determine
the relationships between the traits measured.

Genotype Origin Genotype Origin

Bousselem ICARDA/CIMMYT Altar84 CIMMYT

Hoggar Spain Dukem CIMMYT

Oued Zenati Algeria Kucuk CIMMYT

Polonicum Algeria Mexicali75 CIMMYT

Waha ICARDA/CIMMYT Sooty CIMMYT

Table 1.
Name and origin of tested genotypes.
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3. Results and discussion

The ANOVA analysis demonstrates significant effect of genotypes and years on
senescence parameters and GY. Based on the means comparison, the values of mean
grain yield (2009–2013) varied from 37.84 q/ha for Oued Zenati to 44.7 q/ha for

Genotype Grain yield (q/ha) Mean over

2009/2010 2010/2011 2011/2012 2012/2013 all seasons

Oued Zenati 25.50(ab) 52.20(d) 21.45 (b) 47.11(ab) 37.84(b)

Altar84 29.31(a) 55.94(bcd) 24.86 (ab) 64.97(a) 44.79(a)

Sooty 26.56(ab) 63.14(abc) 27.33 (ab) 52.92(ab) 44.29(ab)

Polonicum 24.68(ab) 56.47(abcd) 32.68 (ab) 55(ab) 43.30(ab)

Waha 26.93(ab) 64.63(a) 35.24 (a) 37.31(b) 43.18(ab)

Dukem 22.00(b) 63.94(ab) 29.75 (ab) 44.44(ab) 41.87(ab)

Mexicali 75 31.93(a) 59.64(abcd) 32.90 (ab) 49.34(ab) 44.69(a)

Kucuk 26.50(ab) 53.96(d) 36.87 (a) 47.87(ab) 42.54(ab)

Hoggar 29.68(a) 60.05(abcd) 30.23 (ab) 47.03(ab) 43.42(ab)

Bousselem 29.81(a) 55.01(cd) 36.87 (a) 37(b) 41.26(ab)

Mean 28.00(c) 59.04(a) 30.81(c) 48.3(b) 42.72

Min 22.00 52.2 21.45 37.00 37.84

Max 31.93 64.63 36.87 64.97 44.79

Genotype effect *** *** *** *** ***

LSD 5% 6.45 8.15 13.60 22.26 6.45

Year effect ***

LSD 5% 4.37

N.B: Means followed by the same letter are not significantly different (P ≤ 0.05).

Table 2.
ANOVA analysis and means comparison of grain yield over four cropping seasons.

Genotype Ranking based on GY Mean ranking SD of ranking

2009/2010 2010/2011 2011/2012 2012/2013

Oued Zenati 8 10 9 6 8 1.48

Altar84 4 7 8 1 4 2.74

Sooty 6 3 7 3 3 1.79

Polonicum 9 6 4 2 5 2.59

Waha 5 1 2 9 2 3.11

Dukem 10 2 6 8 7 2.96

Mexicali 75 1 5 3 4 1 1.48

Kucuk 7 9 1 5 6 2.96

Hoggar 3 4 5 7 3 1.48

Bousselem 2 8 1 10 5 3.83

Table 3.
Ranking of tested genotypes based on the grain yield.
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system is reduced. In cereals, the processes involved in senescence are important
because they occur during grain filling, and evidence suggests that early senescence
may be yield-limiting [5]. Wheat genotypes vary in the timing of senescence initi-
ation and also in the subsequent rate of leaf senescence. In wheat, the senescence
rate was also found to be related to the yield under drought conditions [6, 7]. The
quest of the causes of differences in leaf photosynthetic rate among interspecies
and/or intraspecies of crops may be one of the important strategies of crop engi-
neering [8]. In all these studies, leaf senescence was evaluated visually. Since
senescence corresponds to yellowing due to chlorophyll loss [5], the identification
of senescent parts of the leaf is quite easy. In this work, we used an alternative
method for the evaluation of the leaf senescence based on numerical analysis of
image. In addition, we study the efficiency of using the flag leaf senescence as tools
for select adapted durum wheat genotypes under semi-arid conditions.

2. Materials and methods

2.1 Plant material and growth conditions

A set of 10 genotypes of durum wheat (Triticum durum Desf.) (Table 1) were
planted during four cropping seasons (2009–2013), in the experimental fields of
INRAA, Setif, Algeria (5°200E, 36°8’N, 958 m above sea level) genotypes were
grown in randomized block design with four replicates. Plots were 5 m � 6 rows
with 0.20 m row spacing, and sowing density was adjusted to 300 g m�2.

2.2 Agronomical and physiological measurements

Grain yield (GY) is determined from sub-samples taken from harvested grains
of each plot. Leaf senescence (S) was evaluated by numerical image analysis (NIA)
according to Hafsi et al. [9]. Leaves were photographed on black surface, between
11:00 and 12:00 solar time with a color digital camera (Canon, Power Shot A460,
AiAF, China). Images were analyzed using IPP (Image Pro Plus, Version 4, Media
Cybernetics, Silver Spring, MA, USA) software. Senescence was expressed as the
ratio of senesced area to total leaf area (in %). Measurements were carried out 10
times between flowering and the end of senescence on three flag leaves for each
genotype. Ten dates of assessments were expressed in sums of temperatures after
flowering (Σt1 � Σt10) and the corresponding senescence values (S1 � S10). In
addition, the date of mid-senescence (Σ50) was evaluated from the experimental
curves S = f (Σt) as the sum of temperature corresponding to an S value of 50%.
Data were analyzed using Costat; the analysis of variance was performed for senes-
cence parameters and grain yield. Linear correlation analysis was used to determine
the relationships between the traits measured.

Genotype Origin Genotype Origin

Bousselem ICARDA/CIMMYT Altar84 CIMMYT

Hoggar Spain Dukem CIMMYT

Oued Zenati Algeria Kucuk CIMMYT

Polonicum Algeria Mexicali75 CIMMYT

Waha ICARDA/CIMMYT Sooty CIMMYT

Table 1.
Name and origin of tested genotypes.
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3. Results and discussion

The ANOVA analysis demonstrates significant effect of genotypes and years on
senescence parameters and GY. Based on the means comparison, the values of mean
grain yield (2009–2013) varied from 37.84 q/ha for Oued Zenati to 44.7 q/ha for

Genotype Grain yield (q/ha) Mean over

2009/2010 2010/2011 2011/2012 2012/2013 all seasons

Oued Zenati 25.50(ab) 52.20(d) 21.45 (b) 47.11(ab) 37.84(b)

Altar84 29.31(a) 55.94(bcd) 24.86 (ab) 64.97(a) 44.79(a)

Sooty 26.56(ab) 63.14(abc) 27.33 (ab) 52.92(ab) 44.29(ab)

Polonicum 24.68(ab) 56.47(abcd) 32.68 (ab) 55(ab) 43.30(ab)

Waha 26.93(ab) 64.63(a) 35.24 (a) 37.31(b) 43.18(ab)

Dukem 22.00(b) 63.94(ab) 29.75 (ab) 44.44(ab) 41.87(ab)

Mexicali 75 31.93(a) 59.64(abcd) 32.90 (ab) 49.34(ab) 44.69(a)

Kucuk 26.50(ab) 53.96(d) 36.87 (a) 47.87(ab) 42.54(ab)

Hoggar 29.68(a) 60.05(abcd) 30.23 (ab) 47.03(ab) 43.42(ab)

Bousselem 29.81(a) 55.01(cd) 36.87 (a) 37(b) 41.26(ab)

Mean 28.00(c) 59.04(a) 30.81(c) 48.3(b) 42.72

Min 22.00 52.2 21.45 37.00 37.84

Max 31.93 64.63 36.87 64.97 44.79

Genotype effect *** *** *** *** ***

LSD 5% 6.45 8.15 13.60 22.26 6.45

Year effect ***

LSD 5% 4.37

N.B: Means followed by the same letter are not significantly different (P ≤ 0.05).

Table 2.
ANOVA analysis and means comparison of grain yield over four cropping seasons.

Genotype Ranking based on GY Mean ranking SD of ranking

2009/2010 2010/2011 2011/2012 2012/2013

Oued Zenati 8 10 9 6 8 1.48

Altar84 4 7 8 1 4 2.74

Sooty 6 3 7 3 3 1.79

Polonicum 9 6 4 2 5 2.59

Waha 5 1 2 9 2 3.11

Dukem 10 2 6 8 7 2.96

Mexicali 75 1 5 3 4 1 1.48

Kucuk 7 9 1 5 6 2.96

Hoggar 3 4 5 7 3 1.48

Bousselem 2 8 1 10 5 3.83

Table 3.
Ranking of tested genotypes based on the grain yield.
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Altar84 with general mean of 42.71 q/ha. Based on the climatic data, the defavorable
cropping season is the first one (2009–2010) with mean grain yield equal
27.29 q/ha; during this season, the grain yield varied between 22.0 q/ha for Dukem
to 31.93 q/ha for Mexicali75. In addition, the best season is 2010–2011 with mean
grain yield of 58.49 q/ha, the highest grain yield registered by the genotype Waha
(64.63 q/ha) (Table 2). The ranking based on the mean grain yield demonstrates
that the genotypes Mexicali75, Hoggar, and Sooty (Table 3) have the best ranking
with low values of standard deviation in the changement of ranking over years
(1.48, 1.48, and 1.79, respectively); the mean grain yield of these genotypes varied
between 44.69, 44.29, and 43.42 q/ha, respectively. A highly significant genotype
and years effects was noted for Sa% (average senescence) and the date of mid-
senescence (Σ50s) (Table 4); the mean values over years of Sa% varied between
47.91% for the genotype Oued Zenati and 59.45% for Waha. For the last parameter

Genotype 2009/2010 2010/2011 2011/2012 2012/2013 Mean over all
seasons

Sa % Σ50S Sa % Σ50S Sa % Σ50S Sa % Σ50S Sa % Σ50S

Oued
Zenati

49.30
(a)

290.9
(d)

44.51
(d)

356.78
(f)

48.56
(e)

350.01
(g)

49.26
(e)

240.95
(cd)

47.91
(e)

309.66
(g)

Altar84 38.96
(e)

333.54
(a)

58.94
(ab)

593.49
(cb)

63.26
(ab)

596.72
(bc)

49.9
(e)

283.68
(ab)

52.77
(bc)

451.86
(b)

Sooty 42.57
(cd)

305.17
(c)

55.5
(bc)

594.93
(cb)

56.69
(cd)

598.16
(b)

56.82
(b)

196.90
(ef)

52.89
(bc)

423.79
(e)

Polonicum 43.24
(c)

312.82
(b)

51.53
(c)

479.54
(e)

55.85
(cd)

489.44
(e)

51.25
(d)

247.20
(c)

50.47
(d)

382.25
(f)

Waha 48.07
(a)

269.77
(e)

63.44
(a)

578.72
(c)

67.76
(a)

584.29
(c)

58.51
(a)

239.23
(cd)

59.45
(a)

418.00
(e)

Dukem 40.31
(e)

298.59
(c)

60.26
(ab)

515.37
(d)

57.64
(cd)

518.60
(d)

53.68
(c)

217.24
(de)

52.97
(bc)

387.45
(f)

Mexicali 75 35.31
(f)

338.85
(a)

54.18
(bc)

612.43
(ab)

55.63
(d)

615.66
(a)

47.35
(f)

289.63
(a)

48.12
(e)

464.14
(a)

Kucuk 45.19
(b)

286.63
(d)

54.12
(bc)

625.25
(a)

60.83
(bcd)

628.48
(a)

57.20
(ab)

190.54
(f)

54.33
(b)

432.73
(d)

Hoggar 40.95
(de)

316.92
(b)

57.53
(bc)

594.25
(cb)

60.12
(bcd)

597.48
(bc)

49.36
(e)

260.77
(bc)

51.99
(cd)

442.35
(c)

Bousselem 42.8
(cd)

334.46
(a)

56.79
(bc)

470.64
(e)

61.11
(bc)

445.87
(f)

47.84
(f)

281.84
(ab)

52.13
(cd)

383.20
(f)

Mean 42.67
(d)

308.76
(b)

55.68
(b)

542.14
(a)

58.74
(a)

542.47
(a)

52.12
(c)

244.80
(c)

52.3 409.54

Min 35.31 269.77 44.51 356.78 48.56 350.01 47.35 190.54 47.91 309.66

Max 49.3 338.85 63.44 625.25 67.76 628.48 58.51 289.63 59.45 464.14

Genotype
effect

*** *** *** *** ***

LSD 5% 1.24 5.34 4.12 16.23 5.28 13.33 1.33 26 1.68 8.16

Years effect *** *** *** *** ***

LSD 5% 1.01 5.20 1.01 5.20 1.01 5.20 1.01 5.20

*** P < 0.001

Table 4.
ANOVA analysis and means comparison of senescence parameters over four cropping seasons.
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(Sa%), the genotypes with lowest values are the preferable and adapted genotype.
However, the genotypes with highest values for the parameter mid-senescence
(Σ50s) are the most tolerant and adapted genotypes; the mean values over years of
mid-senescence varied between 464.14°C for the genotype Mexicali75 and 309.66°C
for the genotype Oued Zenati. The total mean rankings based on the senescence
parameters demonstrate that the genotypes Mexicali75, Hoggar, and Sooty are the
best genotypes under these conditions (Table 5). Our study showed significant
correlation between grain yield and the parameter mid-senescence (Σ50s)
(r = 0.91*). Over 50 years ago, it was realized that the diversity in yield for most
crops is mainly a consequence of variation in the duration, rather than the rate of
photosynthetic activity [10], and so, delayed leaf senescence (i.e., stay-green) has
long been considered to be a desirable trait in cereal breeding. Total flag leaf
photosynthesis, chlorophyll content, the onset of senescence (at low nitrogen avail-
ability), and green leaf duration have all been found to be positively correlated with
wheat grain yield [11].

4. Conclusion

The results of this study demonstrate that the genotypes with highest values for
the parameter mid-senescence (Σ50s) are the most tolerant and adapted genotypes.
Based on the mean grain yield ranking, the genotypes Mexicali75, Hoggar, and Sooty
have the best grain yield. In addition, the screening based on the senescence
parameters showed that the genotypes Mexicali75, Hoggar, and Sooty are the pref-
erable and adapted genotype. The combination between the rankings based on the
GY and senescence parameters demonstrate that the genotypes Mexicali75, Hoggar,
and Sooty are the best and recommended genotypes under this condition.

Genotype Ranking based on Senescence parameters Mean
ranking

Total mean
ranking

SD of
ranking

2009/2010 2010/2011 2011/2012 2012/2013 Sa% Σ50S Sa% Σ50S

Sa% Σ50S Sa% Σ50S Sa% Σ50S Sa% Σ50S

Oued
Zenati

10 8 1 10 1 10 3 9 2 10 5 3.49 0.80

Altar84 2 3 8 5 9 5 5 7 7 4 4 2.45 1.74

Sooty 5 6 5 3 4 3 8 10 5 5 3 1.47 2.58

Polonicum 7 5 2 8 3 8 6 8 3 9 5 1.94 1.36

Waha 9 10 9 6 10 6 10 3 10 8 8 0.49 2.23

Dukem 3 7 10 7 5 7 7 1 8 6 7 2.42 2.40

Mexicali75 1 1 4 2 2 2 1 6 1 1 1 1.10 1.85

Kucuk 8 9 3 1 7 1 9 4 9 2 4 2.23 2.93

Hoggar 4 4 7 4 6 4 4 5 4 3 2 1.26 0.63

Bousselem 6 2 6 9 8 9 2 2 6 7 6 1.96 3.29

Table 5.
Ranking of tested genotypes based on the senescence parameters.
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Altar84 with general mean of 42.71 q/ha. Based on the climatic data, the defavorable
cropping season is the first one (2009–2010) with mean grain yield equal
27.29 q/ha; during this season, the grain yield varied between 22.0 q/ha for Dukem
to 31.93 q/ha for Mexicali75. In addition, the best season is 2010–2011 with mean
grain yield of 58.49 q/ha, the highest grain yield registered by the genotype Waha
(64.63 q/ha) (Table 2). The ranking based on the mean grain yield demonstrates
that the genotypes Mexicali75, Hoggar, and Sooty (Table 3) have the best ranking
with low values of standard deviation in the changement of ranking over years
(1.48, 1.48, and 1.79, respectively); the mean grain yield of these genotypes varied
between 44.69, 44.29, and 43.42 q/ha, respectively. A highly significant genotype
and years effects was noted for Sa% (average senescence) and the date of mid-
senescence (Σ50s) (Table 4); the mean values over years of Sa% varied between
47.91% for the genotype Oued Zenati and 59.45% for Waha. For the last parameter

Genotype 2009/2010 2010/2011 2011/2012 2012/2013 Mean over all
seasons

Sa % Σ50S Sa % Σ50S Sa % Σ50S Sa % Σ50S Sa % Σ50S

Oued
Zenati

49.30
(a)

290.9
(d)

44.51
(d)

356.78
(f)

48.56
(e)

350.01
(g)

49.26
(e)

240.95
(cd)

47.91
(e)

309.66
(g)

Altar84 38.96
(e)

333.54
(a)

58.94
(ab)

593.49
(cb)

63.26
(ab)

596.72
(bc)

49.9
(e)

283.68
(ab)

52.77
(bc)

451.86
(b)

Sooty 42.57
(cd)

305.17
(c)

55.5
(bc)

594.93
(cb)

56.69
(cd)

598.16
(b)

56.82
(b)

196.90
(ef)

52.89
(bc)

423.79
(e)

Polonicum 43.24
(c)

312.82
(b)

51.53
(c)

479.54
(e)

55.85
(cd)

489.44
(e)

51.25
(d)

247.20
(c)

50.47
(d)

382.25
(f)

Waha 48.07
(a)

269.77
(e)

63.44
(a)

578.72
(c)

67.76
(a)

584.29
(c)

58.51
(a)

239.23
(cd)

59.45
(a)

418.00
(e)

Dukem 40.31
(e)

298.59
(c)

60.26
(ab)

515.37
(d)

57.64
(cd)

518.60
(d)

53.68
(c)

217.24
(de)

52.97
(bc)

387.45
(f)

Mexicali 75 35.31
(f)

338.85
(a)

54.18
(bc)

612.43
(ab)

55.63
(d)

615.66
(a)

47.35
(f)

289.63
(a)

48.12
(e)

464.14
(a)

Kucuk 45.19
(b)

286.63
(d)

54.12
(bc)

625.25
(a)

60.83
(bcd)

628.48
(a)

57.20
(ab)

190.54
(f)

54.33
(b)

432.73
(d)

Hoggar 40.95
(de)

316.92
(b)

57.53
(bc)

594.25
(cb)

60.12
(bcd)

597.48
(bc)

49.36
(e)

260.77
(bc)

51.99
(cd)

442.35
(c)

Bousselem 42.8
(cd)

334.46
(a)

56.79
(bc)

470.64
(e)

61.11
(bc)

445.87
(f)

47.84
(f)

281.84
(ab)

52.13
(cd)

383.20
(f)

Mean 42.67
(d)

308.76
(b)

55.68
(b)

542.14
(a)

58.74
(a)

542.47
(a)

52.12
(c)

244.80
(c)

52.3 409.54

Min 35.31 269.77 44.51 356.78 48.56 350.01 47.35 190.54 47.91 309.66

Max 49.3 338.85 63.44 625.25 67.76 628.48 58.51 289.63 59.45 464.14

Genotype
effect

*** *** *** *** ***

LSD 5% 1.24 5.34 4.12 16.23 5.28 13.33 1.33 26 1.68 8.16

Years effect *** *** *** *** ***

LSD 5% 1.01 5.20 1.01 5.20 1.01 5.20 1.01 5.20

*** P < 0.001

Table 4.
ANOVA analysis and means comparison of senescence parameters over four cropping seasons.
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(Sa%), the genotypes with lowest values are the preferable and adapted genotype.
However, the genotypes with highest values for the parameter mid-senescence
(Σ50s) are the most tolerant and adapted genotypes; the mean values over years of
mid-senescence varied between 464.14°C for the genotype Mexicali75 and 309.66°C
for the genotype Oued Zenati. The total mean rankings based on the senescence
parameters demonstrate that the genotypes Mexicali75, Hoggar, and Sooty are the
best genotypes under these conditions (Table 5). Our study showed significant
correlation between grain yield and the parameter mid-senescence (Σ50s)
(r = 0.91*). Over 50 years ago, it was realized that the diversity in yield for most
crops is mainly a consequence of variation in the duration, rather than the rate of
photosynthetic activity [10], and so, delayed leaf senescence (i.e., stay-green) has
long been considered to be a desirable trait in cereal breeding. Total flag leaf
photosynthesis, chlorophyll content, the onset of senescence (at low nitrogen avail-
ability), and green leaf duration have all been found to be positively correlated with
wheat grain yield [11].

4. Conclusion

The results of this study demonstrate that the genotypes with highest values for
the parameter mid-senescence (Σ50s) are the most tolerant and adapted genotypes.
Based on the mean grain yield ranking, the genotypes Mexicali75, Hoggar, and Sooty
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Genotype Ranking based on Senescence parameters Mean
ranking

Total mean
ranking

SD of
ranking

2009/2010 2010/2011 2011/2012 2012/2013 Sa% Σ50S Sa% Σ50S

Sa% Σ50S Sa% Σ50S Sa% Σ50S Sa% Σ50S

Oued
Zenati

10 8 1 10 1 10 3 9 2 10 5 3.49 0.80

Altar84 2 3 8 5 9 5 5 7 7 4 4 2.45 1.74

Sooty 5 6 5 3 4 3 8 10 5 5 3 1.47 2.58

Polonicum 7 5 2 8 3 8 6 8 3 9 5 1.94 1.36

Waha 9 10 9 6 10 6 10 3 10 8 8 0.49 2.23

Dukem 3 7 10 7 5 7 7 1 8 6 7 2.42 2.40
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Kucuk 8 9 3 1 7 1 9 4 9 2 4 2.23 2.93

Hoggar 4 4 7 4 6 4 4 5 4 3 2 1.26 0.63

Bousselem 6 2 6 9 8 9 2 2 6 7 6 1.96 3.29

Table 5.
Ranking of tested genotypes based on the senescence parameters.
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Chapter 7

Ethiopian Common Medicinal 
Plants: Their Parts and Uses in 
Traditional Medicine - Ecology 
and Quality Control
Admasu Moges and Yohannes Moges

Abstract

The main purpose of this review is to document medicinal plants used for tra-
ditional treatments with their parts, use, ecology, and quality control. Accordingly, 
80 medicinal plant species were reviewed; leaves and roots are the main parts of the 
plants used for preparation of traditional medicines. The local practitioners pro-
vided various traditional medications to their patients’ diseases such as stomach-
aches, asthma, dysentery, malaria, evil eyes, cancer, skin diseases, and headaches. 
The uses of medicinal plants for human and animal treatments are practiced from 
time immemorial. Stream/riverbanks, cultivated lands, disturbed sites, bushlands, 
forested areas and their margins, woodlands, grasslands, and home gardens are 
major habitats of medicinal plants. Generally, medicinal plants used for traditional 
medicine play a significant role in the healthcare of the majority of the people in 
Ethiopia. The major threats to medicinal plants are habitat destruction, urbaniza-
tion, agricultural expansion, investment, road construction, and deforestation. 
Because of these, medicinal plants are being declined and lost with their habitats. 
Community- and research-based conservation mechanisms could be an appropriate 
approach for mitigating the problems pertinent to the loss of medicinal plants and 
their habitats and for documenting medicinal plants. Chromatography; electropho-
retic, macroscopic, and microscopic techniques; and pharmaceutical practice are 
mainly used for quality control of herbal medicines.

Keywords: medicinal plants, herbal medicine, chromatography,  
histological techniques, pharmaceutical practices, microscopic and macroscopic 
examination

1. Introduction

Medicinal plants are very vital in their uses for medication, besides providing 
ecological, economic, and cultural services. The world primary means of treating 
diseases and fighting infections have been based on the use of medicinal plants. 
From ancient times, plants have been rich sources of effective and safe medicines 
[1]. Globally, about 64% of the total world population is reliant on traditional medi-
cine for their healthcare needs [2]. According to the World Health Organization 
(WHO), nearly 3.5 billion people in developing countries including Ethiopia believe 
in the efficiency of plant remedies and use them regularly [3].
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Ethiopia is located in the Horn of Africa between 3 and 15° northing, latitude, 
and 33 and 48° easting, longitude, and is also comprised of nine national regional 
states and two administrative states with varied agroecological zones. Since the 
country is characterized by a wide range of ecological, edaphic, and climatic condi-
tion, Ethiopia is also very diverse in its flora composition [4]. The flora of Ethiopia 
is estimated to contain close to 6500–7000 species including medicinal plants; of 
those, 12–19% are endemic to the country [5]. The medicinal plants have been used 
for various types of human and animal treatments in the country. According to 
[6, 7], in Ethiopia, about 80% of human population and 90% of livestock rely on 
traditional medicine. As also stated by many authors (e.g. [6, 7]), the medicinal 
plants have shown very effective medicinal values for some diseases of humans and 
livestock.

Even due to the trust of communities on medicinal values of traditional medi-
cines, culturally associated traditions, and their relatively low cost, medicinal plants 
are highly demanded in Ethiopia [7]. Inadequate health centers and shortage of 
medicines and personnel in clinics might be the other reasons for driving the people 
of Ethiopia, in general, and the low-income community and the rural people, in 
particular, to the traditional health centers, whereby increasing the demand of 
medicinal plants.

However, these plants have got little attention regarding the documentation 
of scientific names, uses, ecology, and conservation in Ethiopia, in particular and 
world-wise, in general. Moreover, in Ethiopia, traditional medicine is faced with a 
problem of sustainability and continuity mainly due to the loss of taxa of medicinal 
plants [8, 9] besides having lack of quality control for herbal medicines. The main 
causes for the loss and decline of diversity of plants in Ethiopia are human-made 
factors [10–12]. Habitat destruction and deforestation for commercial timber and 
forest encroachment for urbanization, investment, agriculture, and other land 
uses are the major causes of the loss of many thousand hectares of forest that 
harbor medicinal plants yearly for the past several decades. In addition to these, the 
medicinal plant materials and associated traditional knowledge are being lost due to 
the lack of systematic conservation, research, proper utilization, and documenta-
tion [13]. The knowledge on identifying and managing the medicinal plants with 
their parts, use, and ecology is mostly associated with local and elder people, who 
transmitted their knowledge verbally. Such verbal transmissions of knowledge 
on medicinal plants have thus resulted in eroding and loss of knowledge and the 
plant materials as well. The quantity and quality of the safety and efficacy data on 
traditional medicine are also far from sufficient to meet the criteria needed to sup-
port its use worldwide [14]. Therefore, assessing and documenting the medicinal 
plants along with their useful medicinal parts, use, and ecology in Ethiopia, as well 
as revising the quality control for herbal materials and medicine, are very crucial for 
giving priority to their conservation and sustainable utilization.

2. Materials and methods

The materials for this review were published documents. However, regarding the 
screening of medicinal plants, some medicinal plants not yet identified or available 
in more than one article being revised during this revision time, and published 
before 2000 with their uses, were not listed and included for this review analysis so 
as to increase the quality of the present review, provide the current information to 
the readers, and restrict the revised papers. Based on this, of the total (32) revised 
documents, 15 articles, which are assessing the different medicinal plants with their 
uses and parts, were revised for documenting the medicinal plants for this review. 
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Additionally, the habitats (ecology) of each medicinal plant were assessed from 
the Flora Volumes of Ethiopia and Eritrea and [15], besides the articles revised for 
listing the medicinal plants for this review. The data were analyzed and described 
quantitatively using frequency, percentage, tables, and figures via applying 
Microsoft Excel Spreadsheet 2010 and SPSS with version 20, as well as qualitatively 
using content analysis, narrating via drawing sub-contents.

3. Medicinal plants: their parts, uses, and ecology reviewed

Traditional healers in Ethiopia utilize the herbal resources available in nature for 
various disease treatments. As reported before, approximately 800 species of the 
medicinal plants grown in Ethiopia are used for treating about 300 medical condi-
tions [16]. However, based on the present review, the number of medicinal plants 
and the treatments/medications identified and listed are limited as presented here 
under section by section.

3.1 Medicinal plants and their growth forms and parts used

3.1.1 Composition and growth forms of medicinal plants

As reported by many authors [6, 7, 12, 13, 17–27], there are different types of 
medicinal plant species with their parts, habitats, and disease types being treated 
and described here in Table 1. Accordingly, as depicted in Table 1, there were 80 
medicinal plant species with 63 genera, used by the local communities for various 
human treatments. Among other revised, the common medicinal plants used for 
treating and curing various diseases are Aloe species, Eucalyptus globulus, Hagenia 
abyssinica, Cupressus macrocarpa, Buddleja polystachya, Acmella caulirhiza, Acacia 
species, Citrus species, Clematis species, Coffee Arabica, Croton macrostachyus, 
Euphorbia species, Ficus sycomorus, and Moringa stenopetala (Table 1).

Based on the review, all plant growth forms were not equally used as remedies, 
because of the difference in distribution among the growth forms. Accordingly, the 
life forms of medicinal plants reviewed constituted 18 trees (22.78%), 23 shrubs 
(29.11), 29 herbs (36.71%), 3 climbers (3.81%), 4 trees/shrubs (5.06%), and 2 herbs/
shrubs (2.53%) (Figure 1). Of all life forms, herbs were, thus, the major medicinal 
plants used by the community for human treatment followed by shrubs and trees.

3.1.2 Medicinal plant parts used for preparation of traditional remedies

The review indicated that the plant parts used for medication preparation by 
the traditional healers are variables. Healers mostly used fresh specimens from 
commonly available plants [25] to prepare remedies for their patients; this might 
be mostly due to the effectiveness of fresh medicinal plant parts in treatment since 
the contents are not lost before use compared to the dried ones [12]. As also referred 
from many authors, the traditional healers have harvested leaves, roots, barks, 
seeds, fruits, stems, flowers, barks, seeds, or latex of medicinal plants (Figure 2) 
to prepare their traditional medicines for their patient treatments. As depicted in 
Figure 2, most remedies were prepared from the leaf (32.98%) and root (29.79%) 
parts of the medicinal plants to treat the diseases compared to the other parts of 
them. This finding of the review is in line with the findings of the majority of 
authors’ papers (e.g. [18, 25, 27]). The main reason that many traditional medicine 
practitioners used the leaf parts compared to others for remedial preparation is 
due to their accessibility and for preventing them from extinction [25]. In fact, 
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Scientific 
names

Local name Ha. Habitat Parts 
used

Uses [references 
cited]

Acacia 
abyssinica 
Hochst ex. 
Benth

Qontir S Deciduous bushland Leaves Used for treating 
goiter [18, 22]

Acacia nilotica 
(L.) Del.

Girar T Dry bushland Fruits
Leaflets

For treating 
diarrhea, diabetes, 
sore gum, 
hemorrhage, and 
loose teeth
For curing sickness 
of stomach  
[19, 21, 27]

Acacia albida 
Del.

Grar T Dry bushland Latex Latex from the 
stem pounded 
is taken with 
honey for curing 
amebiasis; for 
treating fire wound 
[13, 27]

Acmella 
caulirhiza Del.

Yemdir 
berbere

H Wetlands, forest 
floors, stream banks

Leaves
Flowers

Used for curing 
tonsillitis via 
chewing the 
flowers and 
spitted on 
tonsillitis [18, 22]

Aerva javanica 
(Burm.f.) 
Schultes

Nech shinkur S Dry sandy plains, 
dried river course

Root For treating cancer 
[20, 24]

Allium sativum 
L.

H Irrigable cultivated 
land, home garden

bulb For preventing and 
treating malaria  
[7, 13, 18, 22, 23, 25]

Amaranthus 
caudatus L.

Chigogot H Roadsides, 
riverbanks, 
floodplain

Leaves Used for curing 
diarrhea via 
pounded and 
boiled leaves  
[18, 22]

Aloe monticola 
Reynolds

Eret H Steep bare mountain 
slopes

Root For also curing 
anthrax by 
pounding the root 
and mixing it with 
cold water and local 
alcohol [12, 22]

Aloe 
macrocarpa 
Reynolds

H Rocky slopes Leaves For preventing 
wart by powdering 
leaf and then mix 
it with honey  
[12, 22, 26]

Artemisia 
abyssinica Sch. 
Bip. ex. Rich

Chigugn H Juniper forest, open 
grassland, fallow 
fields

Fresh 
root

For preventing evil 
spirit by smelling 
and drinking after 
crushing the root 
and normalizing it 
in water [7, 22, 25]

Asparagus 
africanus L.

Yeset qest H Acacia woodland
Forest margins

Roots For curing uterine 
and breast cancer 
[17, 20, 24]
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Scientific 
names

Local name Ha. Habitat Parts 
used

Uses [references 
cited]

Barleria 
eranthemoides 
R. Br. ex C. B. 
Cl

Yeset af S Acacia woodland
Scrublands

Roots For curing hear 
burn [12]

Bersama 
abyssinica 
Fresen.

Azamir T Riverine forest, 
rainforest

Leaves-
stem

For treating wound 
by squeezing 
the leaves and 
creaming on the 
wound [22, 24]

Bridelia 
scleroneura 
Mul. Arg.

T Open woodland
Dry riverine forest

Seeds For curing skin 
diseases by 
crushing and 
applying on wound 
parts [12, 18, 19]

Brucea anti 
dysenterica 
Fresen.

Abalo S/T Montane, evergreen 
forest margins

Leaves For treating cancer, 
skin problem, 
leprosy, and 
external parasites 
[6, 25]

Buddleja 
polystachya 
Fresen.

Anfar T Degraded woodland 
in cultivated fields, 
around houses

Leaves For treating the 
cattle eye diseases 
by chewing and 
spitting on the 
affected area  
[18, 22]

Calpurnia 
aurea (Ait.) 
Benth.

Digita S Forest margins, 
bushland/grassland, 
favored by over 
grazing

Leaves
Roots
Seeds

For preventing 
poisonous snake 
bite by boiling 
the leaves and 
drinking with 
honey [12, 24]
For curing 
amebiasis by 
crushing and 
boiling with leaf of 
coffee for drink.
The seeds can be 
used as a fish-
poison or as a cure 
for dysentery [12]

Capparis 
tomentosa Lam

S Riverine forest, 
grassland with 
scattered trees

Bark For curing sore, 
anthrax, and evil 
eye using the 
powder of the bark 
with hot water 
[18, 20]

Carica papaya 
L.

papaya T Home gardens, 
small and large 
plantations

Seeds Used for treating 
diarrhea and 
ascariasis by 
drinking the 
ground and boiled 
seeds with honey 
[12, 19, 27]

Carissa edulis 
(Forsk.)

Agam S Open Acacia 
bushland

Root Used for shorten 
the labor period 
just before delivery 
of women [19, 21]
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Acacia 
abyssinica 
Hochst ex. 
Benth

Qontir S Deciduous bushland Leaves Used for treating 
goiter [18, 22]

Acacia nilotica 
(L.) Del.

Girar T Dry bushland Fruits
Leaflets

For treating 
diarrhea, diabetes, 
sore gum, 
hemorrhage, and 
loose teeth
For curing sickness 
of stomach  
[19, 21, 27]

Acacia albida 
Del.

Grar T Dry bushland Latex Latex from the 
stem pounded 
is taken with 
honey for curing 
amebiasis; for 
treating fire wound 
[13, 27]

Acmella 
caulirhiza Del.

Yemdir 
berbere

H Wetlands, forest 
floors, stream banks

Leaves
Flowers

Used for curing 
tonsillitis via 
chewing the 
flowers and 
spitted on 
tonsillitis [18, 22]

Aerva javanica 
(Burm.f.) 
Schultes

Nech shinkur S Dry sandy plains, 
dried river course

Root For treating cancer 
[20, 24]

Allium sativum 
L.

H Irrigable cultivated 
land, home garden

bulb For preventing and 
treating malaria  
[7, 13, 18, 22, 23, 25]

Amaranthus 
caudatus L.

Chigogot H Roadsides, 
riverbanks, 
floodplain

Leaves Used for curing 
diarrhea via 
pounded and 
boiled leaves  
[18, 22]

Aloe monticola 
Reynolds

Eret H Steep bare mountain 
slopes

Root For also curing 
anthrax by 
pounding the root 
and mixing it with 
cold water and local 
alcohol [12, 22]

Aloe 
macrocarpa 
Reynolds

H Rocky slopes Leaves For preventing 
wart by powdering 
leaf and then mix 
it with honey  
[12, 22, 26]

Artemisia 
abyssinica Sch. 
Bip. ex. Rich

Chigugn H Juniper forest, open 
grassland, fallow 
fields

Fresh 
root

For preventing evil 
spirit by smelling 
and drinking after 
crushing the root 
and normalizing it 
in water [7, 22, 25]

Asparagus 
africanus L.

Yeset qest H Acacia woodland
Forest margins

Roots For curing uterine 
and breast cancer 
[17, 20, 24]
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Cl
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Brucea anti 
dysenterica 
Fresen.

Abalo S/T Montane, evergreen 
forest margins

Leaves For treating cancer, 
skin problem, 
leprosy, and 
external parasites 
[6, 25]

Buddleja 
polystachya 
Fresen.

Anfar T Degraded woodland 
in cultivated fields, 
around houses

Leaves For treating the 
cattle eye diseases 
by chewing and 
spitting on the 
affected area  
[18, 22]

Calpurnia 
aurea (Ait.) 
Benth.

Digita S Forest margins, 
bushland/grassland, 
favored by over 
grazing

Leaves
Roots
Seeds

For preventing 
poisonous snake 
bite by boiling 
the leaves and 
drinking with 
honey [12, 24]
For curing 
amebiasis by 
crushing and 
boiling with leaf of 
coffee for drink.
The seeds can be 
used as a fish-
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anthrax, and evil 
eye using the 
powder of the bark 
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[18, 20]
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L.

papaya T Home gardens, 
small and large 
plantations

Seeds Used for treating 
diarrhea and 
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drinking the 
ground and boiled 
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[12, 19, 27]
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(Forsk.)

Agam S Open Acacia 
bushland

Root Used for shorten 
the labor period 
just before delivery 
of women [19, 21]
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Carissa 
spinarum L.

Agam S Disturbed areas, 
along edges of 
roads, riverine 
vegetation

Roots Used for 
preventing evil 
eye by inhaling 
the smoke of 
pounded roots. 
It is also used for 
treating wounds 
via applying the 
powder of the  
roots [12, 17, 19, 27]

Clausena 
anisata (Wild.) 
Benth.

Limich S Montane forest 
margins, moist 
forest, secondary 
bushland

Leaves For treating skin 
irritation by 
pounding together 
the leaf of C. 
anisata, Solanecio 
gigas, and Justicia 
schimperiana  
[6, 18, 20, 22]

Citrus 
aurantifolia 
Swingle

Bahre-Lomi T In lowlands, 
evergreen forest

Fruit For treating 
dermatophyte  
[6, 12, 19]

Citrus sinensis 
(L.) Engl.

Birtukan S Cultivated in 
irrigable areas

Fruit
Bark

Used for treating 
stomach infection 
and wound [12, 18]

Clematis 
hirsuta Per.

Nech Azo 
hareg

Cl Edges and remnants 
of montane forest, 
roadsides, paths

Leaves/
stems 
Barks

Used for treating 
tumor/cancer on 
the neck [19, 24]

Clematis 
simensis Fresen.

Hareg Cl >> Leaves
Root

Used for curing 
wound and 
stomachache  
[12, 18]

Clerodendrum 
myricoides 
(Hochst.)

Misrich S Not specified yet Root Used for treating 
earache and 
headache  
[12, 20]

Coffee arabica 
L.

Buna S In shaded coffee 
plantations

Seeds For curing diarrhea 
by pounding and 
mixing with honey 
[6, 12, 18]

Cordia africana 
Lam.

Wanza T Moist evergreen 
forest, riverine 
vegetation, 
woodland, grassland

Roots For curing itching 
via applying the 
powder of the root 
on the area  
[6, 12, 13, 18, 19]

Crinum 
abyssinicum

Yejb shinkurt H Waterlogged valley 
grasslands, swampy 
or along stream 
banks, fallow fields

Leaves Used as treatment 
of tumor in general 
[13, 20, 24, 25]

Croton 
macrostachyus 
Hochst. ex Del.

Bisana T Forest margin, edges 
of roads, disturbed 
areas, woodland

Bark For curing 
splenomegaly and 
gonorrhea  
[12, 17, 18, 20, 22, 25]

Croton 
zambesicus

Bisana T Stony streambeds, 
within broad-leaved 
deciduous woodland

Bark Used for treating 
mental disturbance 
[21, 27]
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Cucurbita 
pepo L.

Duba/
Yebarqil

H Cultivated in home 
garden, farmland

Leaves Used as a means of 
treating gastritis 
[12, 22]

Datura 
stramonium L.

Atse-faris H Disturbed places, 
waste ground, 
near water holes, 
roadsides

Seed Used for treating 
depression [22, 25]

Dodonaea 
angustifolia 
(L.fil.) J.G.West

S Not defined Root For curing 
toothache and 
wound  
[6, 7, 12, 18, 23]

Dorstenia 
barnimiana 
Schwienf.

Worq-bemeda H Woodland 
bushland, upland 
grassland, evergreen 
bushland

Roots/
tubers

For treatment of 
tumor visible in 
body surface  
[20, 24]

Echinops 
kebericho, 
Mesfin

Kebericho H/S Montane Acacia 
woodland, 
disturbed bushland

Root For treating 
toothache, 
vomiting, and 
headache [22, 27]

Ehretia cymosa 
Thonn.

Oulaga H/S Montane and 
riverine forest, 
evergreen bushland, 
hedgerows around 
compounds

Leaves Used for curing 
bleeding, fibril 
illness [12, 18]

Eucalyptus 
globules Labill.

Nech-bahirzaf T A wide variety sites 
(plantations)

Leaves Used for treating 
influenza and 
allergic  
[7, 13, 18, 22, 23, 26]

Euclea racemosa 
L.

Dedeho S Open montane 
and bushland; in 
clearings and along 
margins

Roots For treating evil 
spirit, evil eye, and 
heartburn [12, 17]

Euphorbia 
tirucalli L.

Qinchib S Live fence of home 
garden

Roots
Latex

Used as treatment 
of tumor/cancer  
[7, 12, 23]

Euphorbia 
abyssinica J. F. 
Gmel.

Qulkual T Steep rocky 
hillsides, around 
churches; live fence 
at higher altitudes

Latex For treating skin 
cancer [20, 22]

Rhus natalensis 
Beru ex Krauss.

H Acacia-Commiphora 
woodland, wooded 
grassland, near 
rivers on various soil 
types

Leaves Used for treating 
skin wound and 
boils [12, 21]

Ficus sycomorus 
L.

Banba T River and lake 
margins, woodland, 
forest edges and 
clearings, wooded 
grassland

Bark For curing hepatitis 
[18, 19, 22]

Gladiolus 
schweinfurthii 
(Baker) 
Goldblatt and 
M.P. de Vos

Milas golgul H Open grassland; 
Acacia woodland; 
rocky limestone 
slope

Root Used for treating 
headache  
[12, 22, 24]
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Glinus lotoides 
L.

Meterie/
Amkin

H Disturbed sites Leafy 
stem

For treating 
tapeworm

Guizotia scabra 
(Vis.) Chiov.

Mechi H Open wasteland, 
grassland, weed of 
cultivation, roadside 
ditches, riverbanks

Leaves Used as wound 
treatment [6, 22]

Justicia 
schimperiana 
Hochst. ex 
A. (Nees) 
T. Anders

Sensel S Open woodland, 
riverine vegetation, 
live fence of house

Leaves For preventing bat 
urine  
[6, 7, 12, 18, 20, 26]

Harrisonia 
abyssinica

Ddugot S Montane forest and 
grassland

Barks For giving human 
physical strength 
[21]

Hagenia 
abyssinica 
(Bruccie)
T.F.Gmel

Kosso T Montane forest and 
grassland Moist 
evergreen forest

Fruits Tapeworm  
[7, 23, 25, 26]

Laggera 
crispata (Vahl.)

Gemie S Cultivation and 
waste places, 
grassland, 
riverbanks

Leaves For preventing 
dizziness [12, 20]

Maesa 
lanceolata 
Forssk

T/S Gallery forest, 
margin of evergreen 
forest, along river 
banks and streams, 
open woodland and 
valleys

Bark For curing 
elephantiasis  
[6, 18, 26]

Malva 
verticillata L.

Lut H Paths and clearings 
in upland forest, 
upland grassland, 
cultivated areas near 
houses

Root For curing cancer/
tumor [6, 18, 24, 25]

Mimusops 
kummel A. DC.

Safa/kummel T/S In gullies, in riverine 
forest, in riparian 
woodland, in woody 
vegetation on lake 
shores

Root Used for 
preventing lung 
cancer [12, 18]

Moringa 
stenopetala 
(E.G. Baker) 
Cufod.

Shiferaw T Cultivated in 
terraced fields, 
gardens, small 
towns, in riverine 
and woodland

Root Used for asthma 
relief [7, 12, 21]

Musa 
sapientum L.

Koba H Cultivated on large 
irrigated farms and 
in house gardens

Bulb It is taken as an 
abortion medicine 
[19, 21]

Nicotiana 
tabacum L.

Timbaho H Cultivated in villages, 
home gardens, 
tobacco farms

Leaves For treating 
snakebite [6, 12, 18]

Nigella sativa L. Tikur azmud H Cultivated in 
homesteads, in 
fields; growing in 
wild

Seed Used as treatment 
of headache  
[18, 22]
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Ocimum 
lamiifolium 
Hochst. ex. 
Benth.

Damakesie S Acacia-Commiphora 
bush- and 
woodland, 
limestone slopes, 
home gardens

Leaves Fibril illness [7, 12, 
18, 20, 22]

Olea europaea 
L.

Woira T Home garden, 
monasteries and 
churches, woody 
vegetation

Leaves/
roots

For curing 
dysentery, wound 
stomachache, 
bone TB [6, 12, 17, 
18, 20, 26]

Opuntia ficus-
indica (L.) 
Miller

Yebereha 
qulkual

S Disturbed areas, 
degraded areas, live 
fence of houses

Leaves For killing malaria 
vectors [22, 25]

Plumbago 
zeylanica L.

Amira H Disturbed habitats 
by roads and 
paths, bushland, 
woodland, savannah

Root For preventing 
gonorrhea and 
hemorrhoids as well 
as for toothache 
[12, 20, 22]

Verbascum 
sinaiticum 
Benth.

H Disturbed sites Root/
leaves

For treating heart 
disease, cancer, 
trypanosomiasis 
[6, 20, 27]

Premna 
schimperi Engl.

Chocho S Degraded and 
secondary forests, 
grassy meadows 
and along paths in 
forests

Root
Leaves

Used for treating 
mastitis
Used for 
preventing boils 
[12, 18]

Solanum 
nigrum

Embuay H In cultivation and 
ruderal areas, on 
road-, hill-, river- or 
streamsides; in 
bushland areas

Leaves 
roots, 
stems

Leaf, root, and 
stalk are used for 
cancerous sores and 
wound treatments. 
Stems eaten as pot 
herb for virility 
in men and for 
dysmenorrhea 
in females, for 
dysentery, and sore 
throat [21, 24]

Solanum 
incanum L.

Tikur awud H Cultivated and 
riverine gallery 
forest, disturbed 
habitats

Leaves/
roots

Used for curing 
bleeding, 
menstruation, 
amebiasis  
[12, 17–20]

Stephania 
abyssinica 
(Dill. and 
A. Rich.) Walp. 
(Etse Eyesus, 
Nech- Hareg)

Yayit hareg Cl In thickets 
bordering forest 
margins, hillsides, 
cultivated fields, in 
clearings

Root For treating 
external tumor/
cancer and 
stomachache  
[6, 12, 8, 24, 25]

Stereospermum 
kunthianum 
Cham.

Arziniya S/T Open woodland 
and savanna, 
widespread in 
tropical Africa

Bark Used for treating 
kidney via 
drinking the juice 
crushed from bark 
[12, 13, 19]
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[18, 22]
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Scientific 
names

Local name Ha. Habitat Parts 
used

Uses [references 
cited]

Ocimum 
lamiifolium 
Hochst. ex. 
Benth.

Damakesie S Acacia-Commiphora 
bush- and 
woodland, 
limestone slopes, 
home gardens

Leaves Fibril illness [7, 12, 
18, 20, 22]

Olea europaea 
L.

Woira T Home garden, 
monasteries and 
churches, woody 
vegetation

Leaves/
roots

For curing 
dysentery, wound 
stomachache, 
bone TB [6, 12, 17, 
18, 20, 26]

Opuntia ficus-
indica (L.) 
Miller

Yebereha 
qulkual

S Disturbed areas, 
degraded areas, live 
fence of houses

Leaves For killing malaria 
vectors [22, 25]

Plumbago 
zeylanica L.

Amira H Disturbed habitats 
by roads and 
paths, bushland, 
woodland, savannah

Root For preventing 
gonorrhea and 
hemorrhoids as well 
as for toothache 
[12, 20, 22]

Verbascum 
sinaiticum 
Benth.

H Disturbed sites Root/
leaves

For treating heart 
disease, cancer, 
trypanosomiasis 
[6, 20, 27]

Premna 
schimperi Engl.

Chocho S Degraded and 
secondary forests, 
grassy meadows 
and along paths in 
forests

Root
Leaves

Used for treating 
mastitis
Used for 
preventing boils 
[12, 18]

Solanum 
nigrum

Embuay H In cultivation and 
ruderal areas, on 
road-, hill-, river- or 
streamsides; in 
bushland areas

Leaves 
roots, 
stems

Leaf, root, and 
stalk are used for 
cancerous sores and 
wound treatments. 
Stems eaten as pot 
herb for virility 
in men and for 
dysmenorrhea 
in females, for 
dysentery, and sore 
throat [21, 24]

Solanum 
incanum L.

Tikur awud H Cultivated and 
riverine gallery 
forest, disturbed 
habitats

Leaves/
roots

Used for curing 
bleeding, 
menstruation, 
amebiasis  
[12, 17–20]

Stephania 
abyssinica 
(Dill. and 
A. Rich.) Walp. 
(Etse Eyesus, 
Nech- Hareg)

Yayit hareg Cl In thickets 
bordering forest 
margins, hillsides, 
cultivated fields, in 
clearings

Root For treating 
external tumor/
cancer and 
stomachache  
[6, 12, 8, 24, 25]

Stereospermum 
kunthianum 
Cham.

Arziniya S/T Open woodland 
and savanna, 
widespread in 
tropical Africa

Bark Used for treating 
kidney via 
drinking the juice 
crushed from bark 
[12, 13, 19]
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Scientific 
names

Local name Ha. Habitat Parts 
used

Uses [references 
cited]

Tamarindus 
indica L.

Humer/Roqa T Grassland, 
woodland 
Combretum 
bushland, riparian

Fruit Used for curing 
stomachache; it 
is also used for 
treating bile and 
intestinal worm 
using the fruit juice 
with hot water in 
the morning before 
breakfast [12, 19]

Thunbergia 
ruspolii Lindau

Marte H Combretum-
Terminalia 
woodland, 
grassland, wooded 
grassland, evergreen 
forest, seasonally 
waterlogged

Not 
reported

For curing 
poisonous 
snakebite [21]

Thymus 
capitatus (L.) 
Link

Tosign H Not reported Leaves For curing stomach 
diseases, cough, 
and asthma [21, 25]

Tragia cordata 
Michx.

Alebilabet H Among open rock 
bushlands

Root For treating 
urinary tract and 
external parasite 
[12, 18, 19]

Tribulus 
terrestris L.

Kurnchit H Open and disturbed 
places, often on 
sandy soils

Stem
Fruit
Seed

For curing 
scabrous skin 
diseases
For congestion, 
headache, 
hepatitis, liver, 
vertigo, stomatitis, 
kidneys, liver, and 
vision
For treating 
anemia, 
hemorrhoid 
coughs, fluxes, and 
stomatitis [21]

Urtica pilulifera 
L.

Sama H Unknown Leaves For curing sore 
joints by mixing 
the plant juice with 
oil; provide cure 
for rheumatism 
and hemorrhage 
[18, 21]

Vernonia 
amygdalina 
Del.

Girawa S Bush/woodland, 
forest habitats, 
home gardens

Leaves For preventing 
headache and 
intestinal worm 
and for treating 
tumor/cancer in 
general [6, 7, 12, 18, 
20, 22, 24, 26, 27]

Xanthium 
strumarium L.

Deha nikel H Wet forest 
margins, in riverine 
vegetation by 
streamside

Leaves Used for treating 
dandruff [12, 27]
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harvesting the root parts of the medicinal plant for preparation of traditional 
medicines has negative consequences on the existence of the plants themselves in 
the future. That is why most of the medicinal plants are currently at risk, declining 
highly due to them using their root parts besides other human pressures.

Scientific 
names

Local name Ha. Habitat Parts 
used

Uses [references 
cited]

Ximenia 
americana L.

Enkoy S Acacia woodland, 
Acacia-Ballanites, 
woodland,
Combretum-
Terminalia, wooded 
grassland

Fruit 
Kernel
Root

Oil from the fruit 
kernel is applied 
to fresh wounds to 
prevent infections 
and also used by 
some people, who 
have their ears or 
lips pierced
Used for treating 
stomachache and 
tonsillitis [6, 12, 
19, 20]

Warburgia 
ugandensis 
Sprague

T Transitional 
montane forest, 
adjacent woodland

Stem Used for treating 
boils and cough 
[12, 17]

Withania 
somnifera 
L. Dunal

Gizawa S In cultivations, 
disturbed places 
in the highlands, 
on lake shores, 
along riverbanks in 
disturbed places in 
open woodland

Leaves Used for treating 
malaria [12, 13, 17]

Ziziphus spina-
christi (L.) Desf

Qurqura T Wooded grassland, 
along dry riverbeds, 
edges of cultivations 
and home gardens

Fruits Used for treatments 
of stomachache, 
tonic, for tooth 
aches, and tumors 
[21, 13]

NB: Ha, habits; T, tree; S, shrub; H, herbs; Cl, climbers; T/S, shrubs/trees; H/S, herbs/shrubs.

Table 1. 
List of reviewed Ethiopian medicinal plants used for various traditional disease treatments with their parts 
and ecology/habitat.

Figure 1. 
Life forms/habits of medicinal plants reviewed with their percentage (%).
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Figure 2. 
Distribution of medicinal plant parts used for disease traditional treatments by healers.

3.2 Uses of medicinal plants in treating different disease types

Using these medicinal plants revised in Table 1, the local communities could 
be able to treat about 69 disease types. The disease types treated by these various 
medicinal plants were skin disease, gonorrhea, diarrhea, wound, tapeworm, snake 
bites, stomachache, headache, evil eye, heartburn, cancer/tumor, and malaria (see 
Table 1 for the detail). Particularly, most of the patients (who come from rural 
areas) with their perspective disease types have been treated by traditional heal-
ers, before coming to clinics and/or hospitals located far away by many kilometers 
from their residential areas. The disease types most frequently treated by tradi-
tional medications (traditional healers) provided by those medicinal plants were 
stomachaches, wounds, cancers/tumors, skin diseases, headaches, toothaches, and 
coughs and diarrhea, which took the first, second, third, fourth, fifth, sixth, and 
seventh ranks, respectively, although the majority of disease types were frequently 
treated less than four times, ranging from one to three times (Table 2). This also 
points out that one medicinal plant species can be used for treating more than one 
disease types.

Because of this, medicinal plants are very vital in providing traditional medi-
cines, prepared by local healers, and thereby used for treating and curing different 
types of diseases that affected the local communities, where they occurred. Even, 
following the traditional uses and effectiveness of the medicinal plants [23], the 
traditional healers are also popular by the local societies, providing cultural values. 
The study of [23] also confirmed that the traditional health practitioners are with a 
good knowledge of medicinal plants used to treat different diseases of their locals.

In addition to these contributions pertinent to traditional medications and 
cultural values, the individual medicinal plants could provide regulating, provision-
ing, and supporting services. For instance, they could provide regulating services 
via regulating soil erosion, climate change, disease, pollution, and pollination; they 
also provide provisioning services such as fuel wood, timber for house construction, 
food (fruits, honey), and fodder and shelter for wild animals [11]. Hence, almost all 
of the medicinal plants are multipurpose species, providing more than one benefits.

3.3 Ecology and/or habitats of medicinal plants

As referred from the revised documents for this review, the habitat preference 
of medicinal plants varied from place to place (Table 1). As referred in Table 1 and 
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Figure 3 drawn from the review, the majority of medicinal plants were available 
along the edges of river/streams and wetlands, disturbed sites, grasslands, culti-
vated lands, woodlands, bushland, grasslands, and home gardens. Generally, the 
majority of medicinal plants were found in wild compared to those plants found in 
cultivated and home gardens together. Many of the authors of the reviewed articles 
(e.g. [12, 23, 25]) confirmed that the majority of medicinal plants were collected 
from natural habitats or wild by traditional practitioners compared from home 
gardens. Among medicinal plants found along stream/riverbanks (Figure 3), the 
majority of them are supposed to be medicinal plants having herbal life forms/hab-
its (Figure 1). This could be due to their shallow roots, which cannot bring water 
from the deep parts of their habitats.

Because of the anthropogenic factors such as over harvesting, fire/deforestation, 
agricultural expansion, overgrazing, and urbanization [25, 28], most of the medici-
nal plants have also been lost. This implies that the availability and accessibility of 
most medicinal plants in Ethiopia are also very difficult [25]. Hence, most of the 
medicinal plants were restricted to areas (such as cliffs, hills/mountains, gorges, 
disturbed areas, riverbanks, and valleys of wild) which are not easily accessible to 
use/harvest them. Not only is this, but also the knowledge of traditional practitio-
ners pertinent to identification of medicinal plants with their parts and ecology and 
the process of preparation of herbal medicines and medication with their quality/
effectiveness are declined/lost since the knowledge is mostly transferred orally 
from generation to generation, not documented. Therefore, the effects of human 
on the natural habitat of medicinal plants are the problems for the conservation 
of medicinal plants and associated knowledge of traditional healers [12]. With the 
present ecological and socioeconomic changes, medicinal plants together with the 
associated ethnobotanical knowledge in Ethiopia are under serious threat and may 
be lost at alarming rate.

Under such circumstances, the use of plants for medicinal purposes will also 
decline, and consequently the once effective traditional healthcare system will 
also be lost [19]. Hence, documenting medicinal plants with their uses and ecol-
ogy as well as the knowledge of traditional practitioners is so vital. Moreover, it 
is very essential to give conservation priority for those medicinal plants through 

No. of disease type Frequency of 
treatments

Rank

1 (Stomachaches) 12 1

1 (Wounds) 11 2

1 (Cancer/tumor) 10 3

1 (Skin diseases) 7 4

1 (Headaches) 6 5

1 (Toothaches) 5 6

2 (Cough, diarrhea) 4 (each) 7

8 (Tonsillitis, malaria, evil eye, snakebites, dysentery, boils, throat sore, 
intestinal worms)

3 (each) 8

10 (Earache, amebiasis, urinary tract, heartburn, external parasites, fibril 
illness, kidney, liver, hemorrhoids, tapeworms)

2 (each) 9

43 (Elephantiasis, asthma, eye diseases, diabetes, anthrax, leprosy, etc.) 1 (each) 10

Table 2. 
Disease type categories and their rank based on their frequency being treated by different medicinal plant 
species (as described in Table 1).
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protecting them where they are found, propagating them in cultivated areas and 
home gardens, and creating awareness to the locals. Hence, following community 
and research-based approach is advised to save medicinal plants from their loss and 
extinction.

4. Applied plant anatomy: quality control of herbal medicine

4.1 General overview

Plant materials are used throughout developed and developing countries as 
home remedies, as over-the-counter drug products, and as raw materials for the 
pharmaceutical industry, which represent a substantial proportion of the global 
drug market [29]. Thus, the traditional herbal medicines and their preparations 
have been widely used for thousands of years in many countries. Therefore, it is so 
essential to overview here some modern control histological techniques or tests, 
suitable standards, and practical experiences used for assessing the quality of 
medicinal materials and their products. Quality control of herbal medicine using 
histological techniques and pharmaceutical practices is also very vital for avoiding 
the risks happened on patients and the beliefs in services provided by traditional 
healers. According to [30], quality control is a phrase that refers to processes 
involved in maintaining the quality or validity of the manufactured products. 
However, the quality control of herbal medicine is beyond this, meaning it is the 
management of medicinal plants and their products during cultivation, identifica-
tion process of the plant species with their parts and localities (their being free 
from polluted environment causing diseases), and medicine preparation including 
its components, medication processes, storage standards, and dosage; all should 
be taken into account. This means, without proper all-round quality control, 

Figure 3. 
Summary of distributions of medicinal plants along their major habitat categories in Ethiopia.
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there is no assurance that the contents of the herbs contained in the package are 
the same as what are stated outside the package [30]. Climatic factors (prevailing 
temperature, rainfall, humidity, altitude of the growing region, light), nutritional 
factors (nutrients, pH, cation exchange capacity), harvesting factors (age, season, 
collection time, plant organ), and post-harvesting factors (storage hygiene, drying 
process) are the major factors affecting the contents and composition of medicinal 
plant raw materials and their products [29, 30]. For these, some of the most impor-
tant laboratory test methods (histological techniques), common sense, and good 
pharmaceutical practices are used [29]. Techniques such as thin-layer chromatog-
raphy and microscopic and electrophoretic techniques are widely used to evaluate 
the quality of herbal drugs [14, 29, 31] and the content and quality of meats [32] as 
well. These techniques and good pharmaceutical practices are also used to support 
the development of national standards based on local market conditions, with 
due regard to existing national legislation and national and regional norms [29]. 
Therefore, improved and currently available pharmaceutical analytical methods led 
to improvements in harvesting schedules, cultivation techniques, storage, product 
purity, and activity and stability of active compounds [30].

4.2 Major quality control methods for medicinal plant materials and their 
products

Among others, thin-layer chromatography, macroscopic and microscopic 
examinations, gas chromatography and volatile components, and electrophoretic 
techniques [14, 29] are the most important quality control methods for medicinal 
plant materials and their products, described briefly here below.

4.2.1 Macroscopic and microscopic examinations

Herbal materials are categorized based on sensory, macroscopic, and micro-
scopic characteristics, which are the first steps toward establishing the identity 
and the degree of purity of such materials, and should be carried out before any 
further tests undertaken, according to [29]. Therefore, to establish identity, purity, 
and quality, visual inspection (macroscopic examination) provides the simplest 
and quickest means. Herbal materials should be entirely free from visible signs of 
contamination such as insects, molds (fungi), and other animal contamination, 
including animal excreta; any soil, stones, sand, dust, and other foreign inorganic 
matter must also be removed before herbal materials are cut or ground for testing 
[29]. Moreover, plant parts used for medication with abnormal odor, discoloration, 
slime, or signs of deterioration should be detected to exclude them from being used 
for medication products.

Moreover, during storage, products should be kept in a clean and hygienic place 
for avoiding contamination occurring; special care should also be taken to avoid 
formation of molds, since they may produce aflatoxins [29]. For determination 
of foreign matter and storage conditions, macroscopic examination can properly 
be employed for determining the presence of foreign matter in whole or cut plant 
materials. For these, common sense and good pharmaceutical practices are used. 
Such common senses and good pharmaceutical practices can, even, be used after 
laboratory tests since the test procedures cannot take account of all possible impuri-
ties in deciding whether an unusual substance not detectable by the prescribed tests 
can be tolerated [29]. For instance, if a sample is found to be significantly different 
from the specifications in terms of color, consistency, odor, or taste, it is considered 
as not fulfilling the requirements. However, such examination may need further 
microscopic examination for either rejecting or accepting their requirements.



Plant Science - Structure, Anatomy and Physiology in Plants Cultured in Vivo and in Vitro

102

protecting them where they are found, propagating them in cultivated areas and 
home gardens, and creating awareness to the locals. Hence, following community 
and research-based approach is advised to save medicinal plants from their loss and 
extinction.

4. Applied plant anatomy: quality control of herbal medicine

4.1 General overview

Plant materials are used throughout developed and developing countries as 
home remedies, as over-the-counter drug products, and as raw materials for the 
pharmaceutical industry, which represent a substantial proportion of the global 
drug market [29]. Thus, the traditional herbal medicines and their preparations 
have been widely used for thousands of years in many countries. Therefore, it is so 
essential to overview here some modern control histological techniques or tests, 
suitable standards, and practical experiences used for assessing the quality of 
medicinal materials and their products. Quality control of herbal medicine using 
histological techniques and pharmaceutical practices is also very vital for avoiding 
the risks happened on patients and the beliefs in services provided by traditional 
healers. According to [30], quality control is a phrase that refers to processes 
involved in maintaining the quality or validity of the manufactured products. 
However, the quality control of herbal medicine is beyond this, meaning it is the 
management of medicinal plants and their products during cultivation, identifica-
tion process of the plant species with their parts and localities (their being free 
from polluted environment causing diseases), and medicine preparation including 
its components, medication processes, storage standards, and dosage; all should 
be taken into account. This means, without proper all-round quality control, 

Figure 3. 
Summary of distributions of medicinal plants along their major habitat categories in Ethiopia.
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there is no assurance that the contents of the herbs contained in the package are 
the same as what are stated outside the package [30]. Climatic factors (prevailing 
temperature, rainfall, humidity, altitude of the growing region, light), nutritional 
factors (nutrients, pH, cation exchange capacity), harvesting factors (age, season, 
collection time, plant organ), and post-harvesting factors (storage hygiene, drying 
process) are the major factors affecting the contents and composition of medicinal 
plant raw materials and their products [29, 30]. For these, some of the most impor-
tant laboratory test methods (histological techniques), common sense, and good 
pharmaceutical practices are used [29]. Techniques such as thin-layer chromatog-
raphy and microscopic and electrophoretic techniques are widely used to evaluate 
the quality of herbal drugs [14, 29, 31] and the content and quality of meats [32] as 
well. These techniques and good pharmaceutical practices are also used to support 
the development of national standards based on local market conditions, with 
due regard to existing national legislation and national and regional norms [29]. 
Therefore, improved and currently available pharmaceutical analytical methods led 
to improvements in harvesting schedules, cultivation techniques, storage, product 
purity, and activity and stability of active compounds [30].

4.2 Major quality control methods for medicinal plant materials and their 
products

Among others, thin-layer chromatography, macroscopic and microscopic 
examinations, gas chromatography and volatile components, and electrophoretic 
techniques [14, 29] are the most important quality control methods for medicinal 
plant materials and their products, described briefly here below.

4.2.1 Macroscopic and microscopic examinations

Herbal materials are categorized based on sensory, macroscopic, and micro-
scopic characteristics, which are the first steps toward establishing the identity 
and the degree of purity of such materials, and should be carried out before any 
further tests undertaken, according to [29]. Therefore, to establish identity, purity, 
and quality, visual inspection (macroscopic examination) provides the simplest 
and quickest means. Herbal materials should be entirely free from visible signs of 
contamination such as insects, molds (fungi), and other animal contamination, 
including animal excreta; any soil, stones, sand, dust, and other foreign inorganic 
matter must also be removed before herbal materials are cut or ground for testing 
[29]. Moreover, plant parts used for medication with abnormal odor, discoloration, 
slime, or signs of deterioration should be detected to exclude them from being used 
for medication products.

Moreover, during storage, products should be kept in a clean and hygienic place 
for avoiding contamination occurring; special care should also be taken to avoid 
formation of molds, since they may produce aflatoxins [29]. For determination 
of foreign matter and storage conditions, macroscopic examination can properly 
be employed for determining the presence of foreign matter in whole or cut plant 
materials. For these, common sense and good pharmaceutical practices are used. 
Such common senses and good pharmaceutical practices can, even, be used after 
laboratory tests since the test procedures cannot take account of all possible impuri-
ties in deciding whether an unusual substance not detectable by the prescribed tests 
can be tolerated [29]. For instance, if a sample is found to be significantly different 
from the specifications in terms of color, consistency, odor, or taste, it is considered 
as not fulfilling the requirements. However, such examination may need further 
microscopic examination for either rejecting or accepting their requirements.
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4.2.2 Thin-layer chromatography (TLC)

This technique is simple, can be employed for multiple sample analysis, and 
so has manyfold possibilities of detection in analyzing herbal medicines [14]. The 
report of [29] also confirmed that TLC is used for evaluating herbal materials and 
their preparations; particularly, it is valuable for the qualitative determination of 
small amounts of impurities.

4.2.3 Gas chromatography (GC) and volatile components

Many pharmacologically active components in herbal medicines are volatile 
chemical compounds; thereby, the analysis of volatile compounds by gas chroma-
tography is very important in the analysis of herbal medicines [14]. GC is a useful 
analytical tool in the research field of herbal medicines via analyzing their volatile 
oils, which have a number of advantages: (1) the GC of the volatile oil gives a 
reasonable “fingerprint” which can be used to identify the plant and to detect the 
presence of impurities in the volatile oil, and (2) the extraction of the volatile oil 
is relatively straightforward and can be standardized, and the components can be 
readily identified using GC analysis [14].

4.2.4 Electrophoretic method

It is a good tool for producing the chemical fingerprints of the herbal medi-
cines and has similar technical characteristics of liquid chromatography [14]. 
Electrophoretic method, especially capillary electrophoresis (CE), used in the 
analysis of herbal medicines, is a versatile and powerful separation tool with a high-
separation efficiency and selectivity when analyzing mixtures of low-molecular-
mass components [14].

5. Conclusions

There are various forms of medicinal plants including trees, shrubs, climbers, 
and herbs; of those herbal medicinal plants are dominantly used for different 
human and animal treatments in Ethiopia. These plants are collected mainly from 
riverbanks, cultivated areas, bushlands, forest, woodlands, and grasslands, among 
others. They are used for treatments of stomachaches, dysentery, diarrhea, asthma, 
cancer, evil eyes, earaches, sores of throat and gum, cough, and so on. For such 
treatments, these medicinal plants have specific parts used for treatment; most 
of them are leaves and roots. Hence, traditional medicine plays a significant role 
in the healthcare of the majority of the people in developing countries, includ-
ing Ethiopia, and medicinal plants provide valuable contribution to this practice. 
However, the vegetative resources that are unique to the country, particularly used 
for medication, are dwindling due to continuous exploitation and pressure on the 
limited resources. Hence, conservation priority should be given to such medicinal 
plants and their habitats besides the knowledge of traditional practice of medica-
tion via designing appropriate strategies, particularly in the rural areas of the 
country, where there are less accessibility to clinics and hospitals with their medi-
cines and health experts (doctors). Community- and research-based conservation 
mechanisms could be an appropriate approach for mitigating the problems perti-
nent to the loss of medicinal plants and their habitats and for documenting medici-
nal plants and the knowledge of traditional healers on how to prepare and provide 
the traditional medication to their patients. Medicinal plants should be multiplied 
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through medicinal gardens, proper handling practices, and scientific development. 
Moreover, for controlling the quality of medicinal plant materials and their prod-
ucts, chromatography, electrophoretic, macroscopic/microscopic techniques, and 
pharmaceutical practices are the most important tools.

Acknowledgements

The authors would like to thank Debre Birhan University of Ethiopia for its 
library facilitation while writing this manuscript. We also extend our thanks to 
Hirut Fisiha for assisting us during editing and revising of this manuscript.

Conflict of interest

The authors declare that there is no any conflict of interest between authors and 
other organizations as well.

Author details

Admasu Moges1* and Yohannes Moges2

1 Department of Biology, College of Natural and Computational Sciences,  
Debre Birhan University, Debre Birhan, Ethiopia

2 Department of Midwifery, College of Health Sciences, Debre Birhan University, 
Debre Birhan, Ethiopia

*Address all correspondence to: mogesadmasu@gmail.com



Plant Science - Structure, Anatomy and Physiology in Plants Cultured in Vivo and in Vitro

104

4.2.2 Thin-layer chromatography (TLC)

This technique is simple, can be employed for multiple sample analysis, and 
so has manyfold possibilities of detection in analyzing herbal medicines [14]. The 
report of [29] also confirmed that TLC is used for evaluating herbal materials and 
their preparations; particularly, it is valuable for the qualitative determination of 
small amounts of impurities.

4.2.3 Gas chromatography (GC) and volatile components

Many pharmacologically active components in herbal medicines are volatile 
chemical compounds; thereby, the analysis of volatile compounds by gas chroma-
tography is very important in the analysis of herbal medicines [14]. GC is a useful 
analytical tool in the research field of herbal medicines via analyzing their volatile 
oils, which have a number of advantages: (1) the GC of the volatile oil gives a 
reasonable “fingerprint” which can be used to identify the plant and to detect the 
presence of impurities in the volatile oil, and (2) the extraction of the volatile oil 
is relatively straightforward and can be standardized, and the components can be 
readily identified using GC analysis [14].

4.2.4 Electrophoretic method

It is a good tool for producing the chemical fingerprints of the herbal medi-
cines and has similar technical characteristics of liquid chromatography [14]. 
Electrophoretic method, especially capillary electrophoresis (CE), used in the 
analysis of herbal medicines, is a versatile and powerful separation tool with a high-
separation efficiency and selectivity when analyzing mixtures of low-molecular-
mass components [14].

5. Conclusions

There are various forms of medicinal plants including trees, shrubs, climbers, 
and herbs; of those herbal medicinal plants are dominantly used for different 
human and animal treatments in Ethiopia. These plants are collected mainly from 
riverbanks, cultivated areas, bushlands, forest, woodlands, and grasslands, among 
others. They are used for treatments of stomachaches, dysentery, diarrhea, asthma, 
cancer, evil eyes, earaches, sores of throat and gum, cough, and so on. For such 
treatments, these medicinal plants have specific parts used for treatment; most 
of them are leaves and roots. Hence, traditional medicine plays a significant role 
in the healthcare of the majority of the people in developing countries, includ-
ing Ethiopia, and medicinal plants provide valuable contribution to this practice. 
However, the vegetative resources that are unique to the country, particularly used 
for medication, are dwindling due to continuous exploitation and pressure on the 
limited resources. Hence, conservation priority should be given to such medicinal 
plants and their habitats besides the knowledge of traditional practice of medica-
tion via designing appropriate strategies, particularly in the rural areas of the 
country, where there are less accessibility to clinics and hospitals with their medi-
cines and health experts (doctors). Community- and research-based conservation 
mechanisms could be an appropriate approach for mitigating the problems perti-
nent to the loss of medicinal plants and their habitats and for documenting medici-
nal plants and the knowledge of traditional healers on how to prepare and provide 
the traditional medication to their patients. Medicinal plants should be multiplied 

105

© 2019 The Author(s). Licensee IntechOpen. This chapter is distributed under the terms 
of the Creative Commons Attribution License (http://creativecommons.org/licenses/
by/3.0), which permits unrestricted use, distribution, and reproduction in any medium, 
provided the original work is properly cited. 

Ethiopian Common Medicinal Plants: Their Parts and Uses in Traditional Medicine - Ecology…
DOI: http://dx.doi.org/10.5772/intechopen.86202

through medicinal gardens, proper handling practices, and scientific development. 
Moreover, for controlling the quality of medicinal plant materials and their prod-
ucts, chromatography, electrophoretic, macroscopic/microscopic techniques, and 
pharmaceutical practices are the most important tools.

Acknowledgements

The authors would like to thank Debre Birhan University of Ethiopia for its 
library facilitation while writing this manuscript. We also extend our thanks to 
Hirut Fisiha for assisting us during editing and revising of this manuscript.

Conflict of interest

The authors declare that there is no any conflict of interest between authors and 
other organizations as well.

Author details

Admasu Moges1* and Yohannes Moges2

1 Department of Biology, College of Natural and Computational Sciences,  
Debre Birhan University, Debre Birhan, Ethiopia

2 Department of Midwifery, College of Health Sciences, Debre Birhan University, 
Debre Birhan, Ethiopia

*Address all correspondence to: mogesadmasu@gmail.com



106

Plant Science - Structure, Anatomy and Physiology in Plants Cultured in Vivo and in Vitro

References

[1] Russell SJ, Karunaratne NS, 
Mahindapala RT. Rapid inventory 
of wild medicinal plant populations 
in Sri Lanka. Journal of Biological 
Conservation. 2006;132(4):22-32

[2] Phondani PC, Bhatt ID, Negi VS, 
Kothyari BP, Batt A, Maikhuri RK. 
Promoting medicinal plants cultivation 
as a tool for biodiversity conservation 
and livelihood enhancement in Indian 
Himalaya. Journal of Asia-Pacific 
Biodiversity. 2016;9(1):39-46

[3] WHO (World Health 
Organization). Fact Sheet. Family, 
Body, Sexuality and Health. Geneva: 
World Health Organization; 2003. 
pp. 205-219. Available from: http://
books.google.com.et/books.pdf 
[Accessed: 11 March 2019]

[4] Abebe D, Ayehu A. Medicinal Plants 
and Enigmatic Health Practices of 
North Ethiopia. Addis Ababa, Ethiopia: 
B.S.P.E; 1993

[5] CBD (Convention on Biological 
Diversity). Forest and Aquatic Plants 
Genetic Resources. Addis Ababa: Institute 
of Biodiversity Conservation; 2008

[6] Birhanu T, Abera D, Ejeta E. 
Ethnobotanical study of medicinal 
plants in selected HorroGudurru 
Woredas, Western Ethiopia. Journal of 
Biology, Agriculture and Healthcare. 
2015;5(1):83-93

[7] Bekele G, Reddy PR. Ethnobotanical 
study of medicinal plants used to treat 
human aliment by Guji Oromo tribes 
in Abaya district, Borena, Oromia, 
Ethiopia. University Journal of Plant 
Science. 2015;3(1):1-8

[8] Kelbessa E, Demissew S, Woldu Z, 
Edwards S. Some threatened endemic 
plants of Ethiopia. In: Edwards S, 
Zemede A, editors. The Status of Some 
Plants in Parts of Tropical Africa. 

NAPRECA, No. 2. East and Central 
Africa: Botany 2000; 1992. pp. 35-55

[9] Asfaw Z. The role of home garden 
in production and conservation 
of medicinal plants. In: Zewdu M, 
Demissie A, editors. Conservation 
and Sustainable Use of Medicinal 
plants in Ethiopia. Proceeding of the 
National workshop on Biodiversity 
Conservation and Sustainable use 
of medicinal plants in Ethiopia; 28 
April–01 May 1998. Addis Ababa: 
IBCR; 2001. pp. 76-91

[10] Demissie A. Biodiversity 
conservation of medicinal plants: 
Problems and prospects. In: Zewdu M, 
Demissie A, editors. Conservation and 
Sustainable Use of Medicinal Plants in 
Ethiopia. Proceeding of the National 
Workshop on Biodiversity Conservation 
and Sustainable use of medicinal plants 
in Ethiopia, 28 April–01 May 1998. 
Addis Ababa: IBCR; 2001. pp. 56-64

[11] Moges A, Beyene1 A, Triest L, 
Ambelu A, Kelbessa E. Imbalance 
of ecosystem services of wetlands 
and the perception of the local 
community towards their restoration 
and management in Jimma Highlands, 
Southwestern Ethiopia. Wetlands. 
Available from: https://doi.org/10.1007/
s13157-016-0743.pdf [Accessed: 
02 February 2019]

[12] Tolossa T, Megersa M. 
Ethnobotanical Study of Medicinal 
Plants Used to Treat Human Diseases in 
Berbere District, Bale Zone of Oromia 
Regional State, South East Ethiopia. 
London: Hindawi; 2018. Available from: 
https://doi.org/10.1155/2018/8602945.
pdf [Accessed: 05 February 2019]

[13] Birhane E, Aynekulu E, Mekuria W, 
Endale D. Management, use and ecology 
of medicinal plants in the degraded 
dry lands of Tigray, Northern Ethiopia. 

107

Ethiopian Common Medicinal Plants: Their Parts and Uses in Traditional Medicine - Ecology…
DOI: http://dx.doi.org/10.5772/intechopen.86202

Journal of Medicinal Plant Research. 
2011;5(3):309-318. Available from

[14] Lianga YZ, Xieb P, Chanc K. Quality 
control of herbal medicines (Review). 
Journal of Chromatography B. 
2004;812:53-70

[15] Tesemama AB, Birnie A, Tengnas 
B. Useful trees and shrubs for Ethiopia: 
identification, propagation and 
management for agricultural and pastoral 
communities (Technical Handbook 
No.5). Regional Soil Conservation Unit, 
Swedish International Development 
Authority; 1993

[16] Deffar G. Non-wood forest products 
in Ethiopia. EC-FAO Partnership 
Program (1998-2000), December, Addis 
Ababa; 1998

[17] Lulekal E, Kelbessa E, Bekele T, 
Yineger H. An ethnobotanical study 
of medicinal plants in Mana Angetu 
District, Southeastern Ethiopia. Journal 
of Ethnobiology and Ethnomedicine. 
2008. Available from: http://doi.
org/10.1186/1746-4269-4-10.pdf 
[Accessed: 03 February 2019]

[18] Amenu E. Use and management of 
medicinal plants by indigenous people 
of Ejaji area (chelya woreda) West shoa, 
Ethiopia: An ethnobotanical approach 
[MSc thesis]. Addis Ababa University; 
2007

[19] Awas T. Plant diversity in Western 
Ethiopia: Ecology, ethnobotany and 
conservation [thesis]. University of Oslo 
Norway; 2007

[20] Teklehaymanot T. Ethnobotanical 
study of knowledge and medicinal 
plants use by the people in Dek 
Island in Ethiopia. Journal of 
Ethnopharmacology. 2009;124(1):69-78

[21] Yadav RH. Medicinal plants in 
folk medicine system of Ethiopia. 
Journal of Poisonous and Medicinal 
Plants Research. 2013;1(1):007-011. 

ISSN: 2315-8834© 2013. Apex Journal 
International. Available from: http://
www.apexjournal.org.pdf [Accessed: 
03 February 2019]

[22] Abera B. Medicinal plants used 
in traditional medicine by Oromo 
people, Ghimbi District, Southwest 
Ethiopia. Journal of Ethnobiology and 
Ethnomedicine. 2014;10(40):1-15. 
Available from: http://www.ethnobiomed.
com/content/10/1/40.pdf [Accessed: 
02 February 2019]

[23] Birhanu Z. Traditional use of 
medicinal plants by the ethnic groups of 
Gonder Zuria district, North-Western 
Ethiopia. Journal of Natural Remedies. 
2013;13(1):46-53

[24] Abebe W. An overview of Ethiopian 
traditional medicinal plants used for 
cancer treatment. European Journal of 
Medicinal Plants. 2016;14(4):1-16

[25] Getnet Z, Chandrodyam S, Masresha 
G. Studies on traditional medicinal 
plants in ambagiorgis area of Wogera 
district, Amhara regional state, Ethiopia. 
International Journal of Pure and 
Applied Bioscience. 2016;4(2):38-45

[26] Doffana ZD. Sacred natural 
sites, herbal medicine, medicinal 
plants and their conservation in 
Sidama, Ethiopia. Cogent Food and 
Agriculture. 2017;3:1365399. DOI: 
10.1080/23311932.2017.1365399 
[Accessed: 05 February 2019]

[27] Wondimu T, Asfaw Z, Kelbessa 
E. Ethnobotanical study of 
medicinal plants around ‘Dheeraa’ 
town, Arsi Zone, Ethiopia. 
Journal of Ethnopharmacology. 
2007;112(1):152-161

[28] Cunningham AB. Wild plant use 
and resource management. In: Bennun 
LA, Aman RA, Crafter SA, editors. The 
Center for Biodiversity. Nairobi, Kenya: 
National Museums of Kenya; 1992. 
pp. 109-126



106

Plant Science - Structure, Anatomy and Physiology in Plants Cultured in Vivo and in Vitro

References

[1] Russell SJ, Karunaratne NS, 
Mahindapala RT. Rapid inventory 
of wild medicinal plant populations 
in Sri Lanka. Journal of Biological 
Conservation. 2006;132(4):22-32

[2] Phondani PC, Bhatt ID, Negi VS, 
Kothyari BP, Batt A, Maikhuri RK. 
Promoting medicinal plants cultivation 
as a tool for biodiversity conservation 
and livelihood enhancement in Indian 
Himalaya. Journal of Asia-Pacific 
Biodiversity. 2016;9(1):39-46

[3] WHO (World Health 
Organization). Fact Sheet. Family, 
Body, Sexuality and Health. Geneva: 
World Health Organization; 2003. 
pp. 205-219. Available from: http://
books.google.com.et/books.pdf 
[Accessed: 11 March 2019]

[4] Abebe D, Ayehu A. Medicinal Plants 
and Enigmatic Health Practices of 
North Ethiopia. Addis Ababa, Ethiopia: 
B.S.P.E; 1993

[5] CBD (Convention on Biological 
Diversity). Forest and Aquatic Plants 
Genetic Resources. Addis Ababa: Institute 
of Biodiversity Conservation; 2008

[6] Birhanu T, Abera D, Ejeta E. 
Ethnobotanical study of medicinal 
plants in selected HorroGudurru 
Woredas, Western Ethiopia. Journal of 
Biology, Agriculture and Healthcare. 
2015;5(1):83-93

[7] Bekele G, Reddy PR. Ethnobotanical 
study of medicinal plants used to treat 
human aliment by Guji Oromo tribes 
in Abaya district, Borena, Oromia, 
Ethiopia. University Journal of Plant 
Science. 2015;3(1):1-8

[8] Kelbessa E, Demissew S, Woldu Z, 
Edwards S. Some threatened endemic 
plants of Ethiopia. In: Edwards S, 
Zemede A, editors. The Status of Some 
Plants in Parts of Tropical Africa. 

NAPRECA, No. 2. East and Central 
Africa: Botany 2000; 1992. pp. 35-55

[9] Asfaw Z. The role of home garden 
in production and conservation 
of medicinal plants. In: Zewdu M, 
Demissie A, editors. Conservation 
and Sustainable Use of Medicinal 
plants in Ethiopia. Proceeding of the 
National workshop on Biodiversity 
Conservation and Sustainable use 
of medicinal plants in Ethiopia; 28 
April–01 May 1998. Addis Ababa: 
IBCR; 2001. pp. 76-91

[10] Demissie A. Biodiversity 
conservation of medicinal plants: 
Problems and prospects. In: Zewdu M, 
Demissie A, editors. Conservation and 
Sustainable Use of Medicinal Plants in 
Ethiopia. Proceeding of the National 
Workshop on Biodiversity Conservation 
and Sustainable use of medicinal plants 
in Ethiopia, 28 April–01 May 1998. 
Addis Ababa: IBCR; 2001. pp. 56-64

[11] Moges A, Beyene1 A, Triest L, 
Ambelu A, Kelbessa E. Imbalance 
of ecosystem services of wetlands 
and the perception of the local 
community towards their restoration 
and management in Jimma Highlands, 
Southwestern Ethiopia. Wetlands. 
Available from: https://doi.org/10.1007/
s13157-016-0743.pdf [Accessed: 
02 February 2019]

[12] Tolossa T, Megersa M. 
Ethnobotanical Study of Medicinal 
Plants Used to Treat Human Diseases in 
Berbere District, Bale Zone of Oromia 
Regional State, South East Ethiopia. 
London: Hindawi; 2018. Available from: 
https://doi.org/10.1155/2018/8602945.
pdf [Accessed: 05 February 2019]

[13] Birhane E, Aynekulu E, Mekuria W, 
Endale D. Management, use and ecology 
of medicinal plants in the degraded 
dry lands of Tigray, Northern Ethiopia. 

107

Ethiopian Common Medicinal Plants: Their Parts and Uses in Traditional Medicine - Ecology…
DOI: http://dx.doi.org/10.5772/intechopen.86202

Journal of Medicinal Plant Research. 
2011;5(3):309-318. Available from

[14] Lianga YZ, Xieb P, Chanc K. Quality 
control of herbal medicines (Review). 
Journal of Chromatography B. 
2004;812:53-70

[15] Tesemama AB, Birnie A, Tengnas 
B. Useful trees and shrubs for Ethiopia: 
identification, propagation and 
management for agricultural and pastoral 
communities (Technical Handbook 
No.5). Regional Soil Conservation Unit, 
Swedish International Development 
Authority; 1993

[16] Deffar G. Non-wood forest products 
in Ethiopia. EC-FAO Partnership 
Program (1998-2000), December, Addis 
Ababa; 1998

[17] Lulekal E, Kelbessa E, Bekele T, 
Yineger H. An ethnobotanical study 
of medicinal plants in Mana Angetu 
District, Southeastern Ethiopia. Journal 
of Ethnobiology and Ethnomedicine. 
2008. Available from: http://doi.
org/10.1186/1746-4269-4-10.pdf 
[Accessed: 03 February 2019]

[18] Amenu E. Use and management of 
medicinal plants by indigenous people 
of Ejaji area (chelya woreda) West shoa, 
Ethiopia: An ethnobotanical approach 
[MSc thesis]. Addis Ababa University; 
2007

[19] Awas T. Plant diversity in Western 
Ethiopia: Ecology, ethnobotany and 
conservation [thesis]. University of Oslo 
Norway; 2007

[20] Teklehaymanot T. Ethnobotanical 
study of knowledge and medicinal 
plants use by the people in Dek 
Island in Ethiopia. Journal of 
Ethnopharmacology. 2009;124(1):69-78

[21] Yadav RH. Medicinal plants in 
folk medicine system of Ethiopia. 
Journal of Poisonous and Medicinal 
Plants Research. 2013;1(1):007-011. 

ISSN: 2315-8834© 2013. Apex Journal 
International. Available from: http://
www.apexjournal.org.pdf [Accessed: 
03 February 2019]

[22] Abera B. Medicinal plants used 
in traditional medicine by Oromo 
people, Ghimbi District, Southwest 
Ethiopia. Journal of Ethnobiology and 
Ethnomedicine. 2014;10(40):1-15. 
Available from: http://www.ethnobiomed.
com/content/10/1/40.pdf [Accessed: 
02 February 2019]

[23] Birhanu Z. Traditional use of 
medicinal plants by the ethnic groups of 
Gonder Zuria district, North-Western 
Ethiopia. Journal of Natural Remedies. 
2013;13(1):46-53

[24] Abebe W. An overview of Ethiopian 
traditional medicinal plants used for 
cancer treatment. European Journal of 
Medicinal Plants. 2016;14(4):1-16

[25] Getnet Z, Chandrodyam S, Masresha 
G. Studies on traditional medicinal 
plants in ambagiorgis area of Wogera 
district, Amhara regional state, Ethiopia. 
International Journal of Pure and 
Applied Bioscience. 2016;4(2):38-45

[26] Doffana ZD. Sacred natural 
sites, herbal medicine, medicinal 
plants and their conservation in 
Sidama, Ethiopia. Cogent Food and 
Agriculture. 2017;3:1365399. DOI: 
10.1080/23311932.2017.1365399 
[Accessed: 05 February 2019]

[27] Wondimu T, Asfaw Z, Kelbessa 
E. Ethnobotanical study of 
medicinal plants around ‘Dheeraa’ 
town, Arsi Zone, Ethiopia. 
Journal of Ethnopharmacology. 
2007;112(1):152-161

[28] Cunningham AB. Wild plant use 
and resource management. In: Bennun 
LA, Aman RA, Crafter SA, editors. The 
Center for Biodiversity. Nairobi, Kenya: 
National Museums of Kenya; 1992. 
pp. 109-126



Plant Science - Structure, Anatomy and Physiology in Plants Cultured in Vivo and in Vitro

108

[29] WHO (World Health 
Organization). Quality Control 
Methods for Herbal Materials (Updated 
edition of Quality Control Methods for 
Medicinal Plant Materials published in 
1998). Malta: WHO; 2011. 187 p. ISBN: 
978 92 4 150073 9

[30] El-Alskary H. Quality control of 
herbal drugs: Total quality management 
of herbs and medicinal plants, and 
their products. In: Presentation 
on International Conference of 
Ministry of Agriculture and Land 
Reclamation; 6-8 December; 2011 
[Accessed: 02 March 2019]. Available 
from: https://www.researchgate.net/
publication/320306420.pdf [Accessed: 
08 March 2019]

[31] Rajput R. Evaluation of Herbal 
Bioresources Using Histological and 
Histochemical Techniques. 2000. 
Available from: pdf.semanticscholar.org 
[Accessed: 14 March 2019]

[32] Guelmamene R, Bennoune O, 
Elgroud R. Histological techniques 
for quality control of meat and meat 
products—A mini-review. Journal 
of Nutrition and Human Health. 
2018;2(2):24-29



Plant Science - Structure, Anatomy and Physiology in Plants Cultured in Vivo and in Vitro

108

[29] WHO (World Health 
Organization). Quality Control 
Methods for Herbal Materials (Updated 
edition of Quality Control Methods for 
Medicinal Plant Materials published in 
1998). Malta: WHO; 2011. 187 p. ISBN: 
978 92 4 150073 9

[30] El-Alskary H. Quality control of 
herbal drugs: Total quality management 
of herbs and medicinal plants, and 
their products. In: Presentation 
on International Conference of 
Ministry of Agriculture and Land 
Reclamation; 6-8 December; 2011 
[Accessed: 02 March 2019]. Available 
from: https://www.researchgate.net/
publication/320306420.pdf [Accessed: 
08 March 2019]

[31] Rajput R. Evaluation of Herbal 
Bioresources Using Histological and 
Histochemical Techniques. 2000. 
Available from: pdf.semanticscholar.org 
[Accessed: 14 March 2019]

[32] Guelmamene R, Bennoune O, 
Elgroud R. Histological techniques 
for quality control of meat and meat 
products—A mini-review. Journal 
of Nutrition and Human Health. 
2018;2(2):24-29



Plant Science 
Structure, Anatomy and Physiology  

in Plants Cultured in Vivo and in Vitro

Edited by Ana Gonzalez,  
María Rodriguez and Nihal Gören Sağlam

Edited by Ana Gonzalez,  
María Rodriguez and Nihal Gören Sağlam

Over seven chapters, this book helps readers to integrate knowledge of plant anatomy, 
physiology, and morphogenesis as well as consider the conditions of the different 

environments to which plants are exposed. It highlights the importance of knowledge 
of the anatomy of plant tissues for different applications. In addition to the variety of 
physiological studies presented here, the book also emphasizes anatomical studies in 

botanical quality control of medicinal herbs with human health benefits. It is reflected 
in this book that studies on plant structure have greatly benefited from the new 

approaches and techniques available today.

Published in London, UK 

©  2020 IntechOpen 
©  rawpixel / unsplash

ISBN 978-1-78984-746-8

Plant Science - Structure, A
natom

y and Physiology in Plants Cultured in V
ivo and in V

itro

ISBN 978-1-78985-562-3


	Plant Science - Structure, Anatomy and Physiology in Plants Cultured in Vivo and in Vitro
	Contents
	Preface
	Chapter1
Phloem: Cell Types, Structure, and Commercial Uses
	Chapter2
Phytohormone-Mediated Homeostasis of Root System Architecture
	Chapter3
CrossTalk among Phytohormone Signal and Carbohydrate Metabolism Involving Regenerable Calli Induction under OsmoticTreatment
	Chapter4
Jasmonates: An Emerging Approach in Biotic and Abiotic Stress Tolerance
	Chapter5
A Regulatory Circuit Integrating Stress-Induced with Natural Leaf Senescence
	Chapter6
Leaf Senescence inWheat: A DroughtTolerance Measure
	Chapter7
Ethiopian Common Medicinal Plants: Their Parts and Uses inTraditional Medicine - Ecology and Quality Control



