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Preface 

Being multicellular organisms, plant and animal growth have a conspicuous feature 
in common: both plant and animal growth are regulated by hormones. Plant hormones 
have pivotal roles in the regulation of plant growth, development, and reproduction. 
Additionally, they emerged as cellular signaling molecules with key functions in 
the regulation of responses to various abiotic and biotic stressors. Their signaling 
pathways are interconnected in a complex network, which provides plants with an 
enormous regulatory potential to rapidly adapt to their environment and to utilize 
their limited resources for growth and survival in a cost-efficient manner. 

Auxin is a hormone molecule whose activity levels are most important for its 
regulatory roles during plant cell, organ, and tissue development. Therefore, the 
precise regulation of auxin levels is an essential mechanism to fine-tune the activity 
of this powerful hormone during plant growth and development. Extensive genetic 
and molecular studies have demonstrated that the auxin transport is also involved in 
plant responses to environmental stimuli, such as low temperature, light, and gravity. 
In the past several years, there are some evidences pointing to the regulatory role of 
the auxin signaling in plant response to salinity and drought. 

In plants, the cytokinins were defined as substances stimulating cell division 
(cytokinesis) in tissue cultures. Apart of this effect, cytokinins exhibit a wide range 
of physiological functions, including regulation of shoot and root apical meristems, 
stimulation of branching, vascular development, chloroplast differentiation, stabi-
lization of the structure and function of the photosynthetic machinery, delay of senes-
cence, stomata opening, and elevation of the sink strength and nutritional signaling. 
Targeted elevation of cytokinin levels was found to increase the tolerance of plants 
to abiotic stresses, at least partially by diminishing the negative stress effects on 
photosynthesis. Recently, function of cytokinins in biotic stress responses has been 
also recognized. 

Gibberellins are a class of diterpenoid acids that regulate many aspects of plant 
growth and development including seed germination, stem elongation, leaf expan-
sion, and flower and fruit development. The broad implication of gibberellins in plant 
development is strictly associated to tight regulation of their metabolism by multiple 
environmental and endogenous factors, ranging from light and temperature to other
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hormones including feedback control. Distribution patterns and finely tuned concen-
tration gradients govern plant growth and development. These hormones regulating 
key processes in plants; many of them are of significant agricultural importance, such 
as seed germination, root and shoot elongation, flowering, and fruit patterning. 

Understanding the significant roles of these phytohormones in plant biology and 
from agriculture point of view, the current subject has recently attracted the attention 
of scientists from across the globe. Therefore, I bring forth a comprehensive volume 
Auxins, Cytokinins and Gibberellins Signaling in Plants highlighting the various 
prospects involved in current scenario. I am hopeful that this comprehensive volume 
will furnish the requisite of all those who are working or have interest in the proposed 
topic. 

I am highly grateful to all our contributors for accepting our invitation for not only 
sharing their knowledge and research, but for venerably integrating their expertise 
in dispersed information from diverse fields in composing the chapters and enduring 
editorial suggestions to finally produce this venture. I also thank Springer-Nature 
team for their generous cooperation at every stage of the book production. 

Lastly, thanks are also due to well-wishers, research students and editor’s family 
members for their moral support, blessings and inspiration in the compilation of this 
book. 

Aligarh, India Tariq Aftab
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How the Three Organ-Produced Signals: 
Auxin, Cytokinin and Gibberellin, 
Induce and Regulate Wood Formation 
and Adaptation 

Roni Aloni 

Abstract The chapter clarifies the hormonal mechanisms that regulate wood forma-
tion in plants focusing on hardwood trees. Uncovering the specific role of each of the 
hormones: auxin, gibberellin and cytokinin in controlling vascular differentiation. 
Explaining the hormonal control of vessels and fibers along the plant axis from leaves 
to roots, and during the growth season. Clarifying how the environment, by control-
ling plant growth and dimensions, regulates the internal hormonal mechanisms that 
shape the rate of vessel widening and their final size. How the environment has 
modified the sensitivity of the cambium to the auxin signal during the evolution of 
ring-porous trees, resulting in their typical very wide earlywood vessels, followed 
by latewood fibers with thick secondary walls. 

1 Introduction 

This chapter provides an overview of the internal hormonal mechanisms that control 
and regulate xylem differentiation in plants, focusing on wood formation in trees, 
clarifying the evolution and specialization of these mechanisms in temperate decid-
uous hardwood trees. Special attention is paid to explain a major topic in xylogenesis, 
namely, the control of vessel size within the whole tree as affected by external and 
internal factors, evolving the ring-porous wood pattern under extreme environmental 
conditions during the recent 50 million years. 

In order to explain the evolution of ring-porous trees, I provide a summary of the 
three major hormonal signals that regulate wood formation for those unfamiliar with 
the subject and as a preamble to a discussion on the control of vessels and fibers 
in forest trees. Then, I focus on three major topics in vascular differentiation and 
the recent advances made in each, demonstrating the gradual conceptual evolution 
of ideas as a natural process, by presenting three hypotheses that stem from each 
other: (i) the control of vessel width and density along the tree axis (auxin gradient
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2 R. Aloni

hypothesis), (ii) environmental adaptation of the xylem in plants (vascular adaptation 
hypothesis), and (iii) the evolution of ring-porous wood in temperate deciduous 
hardwood trees (limited-growth hypothesis). 

2 The Conducting and Supporting Cells in the Wood 
of Angiosperms 

The wood of plants is produced by the meristematic vascular cambium and is termed 
secondary xylem. Its main function is water transport from roots to leaves and the 
support of the plant body. Two conductive water conduits are found in wood, the 
tracheids which are typical to conifers and vessels that are dominant in angiosperms. 
A tracheid is usually a long water-conducting conduit that has no perforations. A 
vessel is a long tube build of vessel elements, that their common walls have perfo-
rations. The vessel is therefore a more efficient conduit than a tracheid, since water 
flow through vessel elements occurs via openings, namely, perforations, rather than 
diffusion through the primary cell walls, through the bordered pits of tracheids (Tyree 
and Zimmermann 2002). 

A vessel has endings walls in the lower and upper ends (Aloni 2021). Transport of 
water from vessel to vessel occurs through pits along their vessel elements or their end 
cell wall. It should be noted, that vessels and not vessel elements are the physiologi-
cally operating units of water transport regarding cavitation and embolism (Zimmer-
mann 1983; Zhang et al. 2018). Embolism of a large vessel is usually followed by 
the outgrowths of the surrounding parenchyma cells into the vessel, a phenomenon 
known as tyloses (Zimmermann 1983), which forms blockages to penetration and 
movement of fungi and bacteria into and along the air-filled nonfunctional vessel. 
There are species that gum may plug the air-filled vessel to prevent possible penetra-
tion damage. Tyloses and gum plugs develop naturally in hardwood trees when the 
functional water transporting sapwood gradually turns into a stable heartwood that 
is resistant to rot (De Micco et al. 2016). 

There is a positive correlation between conductive efficiency and vulnerability to 
water stress and freezing inducing embolism. Wide and long vessels that are efficient 
conduits are more vulnerable to cavitation and embolism induced by freezing and 
water stresses than narrow vessels and tracheids. The widest earlywood vessels of 
ring-porous trees (see below) operate for a relatively short duration, usually for only 
one growth season and become nonfunctional at the end of the season. On the other 
hand, tracheids and narrow vessels are safe conduits that function for long periods 
of a few years, but are less efficient in water transport (Tyree and Sperry 1989; Tyree 
and Ewers 1991). 

The vessels are accompanied by xylem parenchyma cells and fibers. A fiber in 
the xylem and phloem is usually a long cell characterized by thick and hard lignified 
secondary cell walls with simple pits. The latter provides the mechanical strength 
for supporting the plant body. During evolution, both xylem fibers and vessels, have
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originated from tracheids of more primitive plants (Bailey and Tupper 1918; Evert  
and Eichhorn 2013; Aloni 2021). 

2.1 The Importance of Vessel Width for Water Conductance 

The hydraulic performance of trees is crucially affected by vessel diameter (Tyree 
and Zimmermann 2002; Lucas et al. 2013; Hacke et al. 2017; Williams et al. 2019; 
Olson et al. 2021; Aloni 2021), which also affects wood adaptation (Aloni 1987, 
2015) and xylem pathology (Aloni and Ullrich 2008; Ullrich et al. 2019). Therefore, 
it is important to understand and clarify the mechanisms that control the diameter of 
these vascular conduits in plants. 

Vessel diameter has a very important functional significance in water conduction. 
In ideal capillaries, conductivity is proportional to the fourth power of the radius, 
or diameter (Zimmermann 1983), which means that at a given pressure gradient the 
relative volumes of water flowing through capillaries, or vessels, of diameters: 1, 
2, 3, 4, and 5, are: 1, 16, 81, 256, and 625, respectively. A cross section of a ring-
porous wood demonstrates that most of the water would have flown through the very 
wide earlywood vessels, whereas the narrow latewood vessels would be inefficient 
in water conductance (Fig. 1). Yet, the narrow latewood vessels are important for 
plant survival as they continue to function when the wide earlywood vessels stop 
functioning, following cavitation and embolism. 

2.2 The Problem of Wide Earlywood Vessel Formation 
in Temperate Deciduous Hardwood Trees 

In temperate deciduous broad-leafed trees, the size differences of the vessels in 
the early- and latewoods are quite marked and two categories of deciduous trees 
are determined: diffuse-porous species and ring-porous species (Fig. 1). In diffuse-
porous wood the vessels produced along the season are more or less uniform in size, 
whereas in ring-porous wood the vessels produced at the beginning of the growth 
season are significantly wider than those produced at the end of the season (Evert 
2006; Aloni 2021). 

Although Hartig (1853) and Russow (1883) observed long ago the formation of 
wide vessels in the trunk of Quercus trees at the very early stage of bud develop-
ment, the mechanisms that regulate the differentiation of wide earlywood vessels in 
temperate deciduous ring-porous trees still need clarifications (Suzuki et al. 1996; 
Sass-Klaassen et al. 2011; Takahashi et al. 2013; Pérez-de-Lis et al. 2016; Lavrič et al.  
2017; Puchałka et al. 2017; Rodriguez-Zaccaro et al. 2019; Zhu et al. 2020). Interest-
ingly, ring-porous species produce diffuse-porous xylem in their young leader, twigs 
and branches during their first year, while they produce the typical ring-porous xylem
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Fig. 1 Transverse sections showing the borderline and transition from the latewood (down) to  
earlywood (up), in the diffuse-porous wood of Acer rubrum (a), in comparison with the ring-porous 
wood of Robinia pseudoacacia (b), analyzed during winter dormancy, stained with safranin and 
fast green. In both photomicrographs, earlywood vessels are marked by V, latewood vessels are 
marked with an arrow, and latewood fibers with an arrowhead. Both micrographs are at the same 
orientation and magnification (scale bars = 500 µm). A, the diffuse-porous wood shows functional 
open vessels with relatively similar width forming a continuous pattern, which was induced by the 
continuous production of auxin-producing young leaves along the growth season. The vessels of the 
new year are wider than those of the previous season due to the increased distance of the new year’s 
leaves from the transverse-section site. The earlywood fibers have thin secondary walls, while the 
latewood fibers (arrowhead) have somewhat thicker secondary cell walls associated with narrow 
vessels (arrow) due to leaf maturation, which promoted gibberellin production toward the end of 
the growth season. B, the very wide and vulnerable earlywood vessels (V) in the ring-porous wood 
are already plugged by tyloses at the end of the growth season. These wide vessels were induced by 
extremely low-auxin-concentration streams originating in dormant looking buds, in a slow widening 
process along a few weeks, which started before bud break. Whereas, the latewood of the previous 
year contains the narrow functioning latewood vessels (arrow) that would transport water for more 
than one growth season. The ring-porous latewood is also characterized by numerous latewood 
fibers with very thick lignified secondary cell walls. Both, the safe narrow latewood vessels and 
thick-wall fibers were induced by the gibberellin-producing mature leaves

along their mature trunk (Cochard & Tyree, 1990; Lo Gullo et al. 1995; Takahashi 
et al. 2013; Rodriguez-Zaccaro et al. 2019); these differences between the two types 
of wood porosity produced along the same ring-porous tree were recently elucidated 
(Aloni 2021) and will be discussed below. Additionally, it is unclear how the regu-
lating mechanisms of wide earlywood vessel formation are influenced by climatic 
factors in different hardwood trees in temperate forests (Sass-Klaassen et al. 2011; 
Pérez-de-Lis et al. 2016, 2018; Hacke et al. 2017; Gričar et al. 2018, 2020; Zhu et al. 
2020). 
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In ring-porous species, the first earlywood vessels are very wide and are formed 
at, or just prior to, the breaking of buds. Conversely, in diffuse-porous trees the 
earlywood vessels are formed much later and appear in the trunk when the leaves are 
one-fourth to fully expended (Lodewick 1928). Furthermore, in ring-porous trees the 
initial wide vessels develop almost simultaneously all along the main stem (Atkinson 
and Denne 1988), whereas in a diffuse-porous tree they are restricted to the base of 
the buds, appearing first in the lower branches and later in the upper ones (Atkinson 
and Denne 1987). The wide earlywood vessels in ring-porous trees are also very long 
and can extend along the length of the stem itself (Greenidge 1952; Zimmermann 
and Jeje 1981), whereas the earlywood vessels of diffuse-porous species are narrow 
and much shorter, usually less than 1 m (Zimmermann and Jeje 1981). 

When young trees are completely debudded in late winter, before any bud activity 
can be observed, new earlywood vessels differentiate in ring-porous trees, but 
are entirely absent in diffuse-porous species (Wareing 1951; Reines 1959). Young 
growing leaves are known to produce the auxin hormone that moves downward and 
induces cambial cell divisions and the differentiation of vessels along its pathway 
(Snow 1935; Jacobs 1952; Sachs 1981; Aloni 1987; Scarpella and Helariutta 2010). 
Therefore, it was difficult to explain the cambial reactivation and wide earlywood 
vessel differentiation in both normal and debudded ring-porous trees. Wareing (1951, 
1958) suggested that in the cambium of ring-porous trees there is a high initial reserve 
of an auxin precursor that enables early cambium reactivation and rapid spread of 
earlywood vessel formation at an early stage of bud development. Presumably, in 
ring-porous species this reserve of auxin is accumulated during the previous season, 
whereas in diffuse-porous species little or no such reserved is formed. Wareing also 
hypothesized that the very wide earlywood vessels of ring-porous trees are induced 
by high supply of auxin in spring (Wareing 1951, 1958; Digby and Wareing 1966). 
However, results that contradict Wareing hypothesis were obtained in experiments 
on ring-porous trees (Aloni 1991), showing that application of moderate or high 
auxin concentrations to debudded trees, before bud break, inhibited the formation 
of wide earlywood vessels and yielded narrow vessels in the earlywood, and will 
be discussed below. These contradicting results point out a need for a new general 
hypothesis to solve the problem of how the wide earlywood vessels are induced, and 
account for the fundamental differences in wood porosity between ring-porous and 
diffuse-porous species, which will be clarified in this review. 

3 The Three Major Hormonal Signals that Regulate Wood 
Formation 

The major signaling molecules that regulate vascular differentiation and plant devel-
opment are the plant hormones, also called phytohormones (Went and Thimann 
1937). The hormones can be produced in any living plant cell at extremely low 
concentrations. They may act locally or at a distance from the producing cells.
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Very few phytohormonal signals enable regulation and adaptation in remarkably 
simple mechanisms. The developmental process could be carried out by either a 
single developmental signal, or by very limited number of signals. The use of one or 
two signals is an economical way for carrying out major integrating roles. 

The three primary phytohormonal signals that control vascular differentiation are: 
auxin, gibberellin, and cytokinin. Additional hormonal signals may be involved in 
specific responses to the environment, various stresses, wounding, and regulation of 
specific cell differentiation. The role of the hormonal signals and their molecular 
mechanisms in vascular differentiation were extensively reviewed in recent years 
by Caño-Delgado et al. (2010), Scarpella and Helariutta (2010), Lucas et al. (2013), 
Aloni (2013a, 2015), Furuta et al. (2014), Zhang et al. (2014), De Rybel et al. (2016), 
Scarpella (2017), Hellmann et al. (2018), Taiz et al. 2018; Fukuda and Ohashi-Ito 
(2019), Agustí and Blázquez (2020), and Aloni (2021). 

All these three primary hormones are moving signals that are transported in 
specific pathways through the primary (originate from procambium) and secondary 
(originate from cambium) vascular tissues (Aloni 2010, 2015, 2021). In addi-
tion, hormonal movement through young parenchyma cells can induce regenerative 
differentiation (Jacobs 1952; Sachs 1981; Aloni 2021). 

Auxin is the young leaf signal (Jacobs 1952; Sachs 1981; Aloni et al. 2003), 
gibberellin is the mature leaf signal (Dayan et al. 2012), and cytokinin is the root 
cup signal (Aloni et al. 2004, 2005). The continuous flow of these hormonal signals 
enables the plant to continuously respond to changing environmental cues. 

The three hormonal signals are mainly produced by different plant organs and thus 
informing the stem cells of the embryonic vascular cambium, through which they 
move, on the physiological strength and quantity of the producing organs and their 
developmental stage. The vascular tissues are induced and regulated accordingly and 
the produced vascular elements reflect the developmental phase and amount of the 
plant organs. Thus, for example, during early spring when there are mainly young 
leaves on the stem of a hardwood tree, the auxin they produce is the main signal 
flowing through the cambium which, therefore, produces mainly sieve tubes and 
vessels; while during late summer when there are mainly mature leaves building large 
foliage biomass, their produced gibberellin becomes the dominant signal resulting in 
the formation of numerous fibers building stronger wood, which supports the enlarged 
shoot. Leaf development and biomass are regulated by environmental conditions 
(i.e., photoperiod, water availability, temperature, and nutrients), which control the 
production of wood and the type, quantity and patterns of its differentiating vascular 
cell. 

Understanding the role of each hormonal signal is the key to understand how 
these moving signals design plant development, structure and vascular tissue 
differentiation under different environmental conditions.
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3.1 Auxin (IAA) from Young Leaves Induces Vessel 
Differentiation 

Developing buds and young growing leaves synthesize the auxin hormone, namely, 
indole-3-acetic acid (IAA), which is primarily produced in the hydathodes (Aloni 
2001; Aloni et al. 2003; Baylis et al. 2013; Yagi et al. 2021), moves polarly downward 
to the root tips and induces vessels along the auxin pathways (Jacobs 1952; Sachs 
1981; Aloni 2010, 2021). Auxin is a limiting factor for vessel differentiation, in 
its absence there is no vessel development. The polar auxin movement from the 
young leaves to the roots, which induces the vessels occurs through the procambium, 
parenchyma cells and cambium. Auxin stimulates cambial reactivation in spring and 
induces earlywood vessel formation along the cambium (Aloni 1991). The polar 
movement of IAA is continuous, ensuring the formation of continuous vessels, which 
transport water from root to leaves. Wounding that interrupt the auxin flow, results 
in bypasses of new auxin streams that induce vessel regeneration around the injury 
(Jacobs 1952; Sachs 1981; Berleth et al. 2000; Scarpella and Helariutta 2010; Aloni 
2021). 

3.2 Cytokinin (CK) from Root Tips Promotes Cambium 
Sensitivity and Vascularization 

Roots do not induce wood formation nor must they be present in order to form xylem 
in stem tissues. However, the root apices, specifically the root caps, are sources 
of cytokinin that promotes cambial activity (cell division) and vessel differenti-
ation (Aloni et al. 2005, 2006; Matsumoto-Kitano et al. 2008; Nieminen et al. 
2008). Cytokinins from the root tips increase the sensitivity of the cambium to 
the auxin signal originating in young leaves (Baum et al. 1991; Aloni 1993, 1995; 
Aloni et al. 2003). Cytokinin prevents the usually rapid occurring IAA conjugation 
(Coenen and Lomax 1997), therefore, elevated CK concentration enables the trans-
port of extremely low-IAA concentrations via the cambium, which may explain the 
increased sensitivity of the cambium to the auxin hormone. Experimental evidence 
from transformed plants (Zhang et al. 1995; Eklöf et al. 1997) supports the idea 
that reduced auxin concentrations can elevate cytokinin concentration, which would 
enhance tissue sensitivity to the auxin signal (Trewavas 1983; Aloni 1991; Bradford 
and Trewavas 1994; Barbez et al. 2012). The experiments demonstrate that auxin or 
cytokinin modify the content of the other hormone by affecting its rate of synthesis. 
Reduced IAA concentration increases free CK level (Palni et al. 1988; Zhang et al. 
1995; Eklöf et al. 1997). Elevated CK enhances cambium sensitivity to extremely 
low-concentration-IAA streams originating in swelling buds and creates the special 
physiological conditions that enable slow vessel widening until secondary wall depo-
sition, resulting in the wide earlywood vessels of ring-porous trees (Aloni 1991, 2001, 
2021).
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3.3 Gibberellin (GA) from Mature Leaves Induces Fiber 
Differentiation 

Mature leaves are major sources of gibberellin (Hess and Sachs 1972; Aloni 1979; 
Dayan et al. 2012). The GA is the specific hormonal signal that induces fiber differ-
entiation (Aloni 1979; Dayan et al. 2012). The transport of GA along the plant 
axis is not polar; therefore, GA induces fiber formation in both above and below 
the producing leaves (Dayan et al. 2012; Aloni 2021). The bioactive gibberellins 
(GA1 and GA4) were predominantly found in the expansion zone of differentiating 
secondary xylem cells in Populus, suggesting that the role of GA in early stages of 
wood formation, is promoting cell elongation (Israelsson et al. 2005). GA, which 
promotes cambial activity, reduces vessel width, resulting in narrow vessels in the 
latewood (Aloni 2021). Ring-porous trees develop auxin-producing young leaves in 
the beginning of the growth season; but during most of the season they have mainly 
mature leaves (Aloni et al. 1997), therefore the wood of ring-porous trees is char-
acterized by numerous hard lignified latewood fibers and narrow vessels, both are 
regulated by the GA originating in their mature leaves. 

4 Control of Vessel Size and Density Along the Tree Axis 

A well-documented phenomenon is the downward gradual and continuous increase 
in vessel size from leaves to roots. This widening in vessel diameter was found along 
leaves from the tip to the base of the leaf (Colbert and Evert 1982; Russell and Evert 
1982; Lechthaler et al. 2019). A continuous gradual increase in vessel diameter and 
vessel length was demonstrated from twigs to branches, downward along the stem 
and into the roots of Acer rubrum trees (Zimmermann and Potter 1982). Vessels are 
narrow at the leaves and their diameter increases gradually downward and continu-
ously along the stem (Carlquist 1975; Zimmermann 1983; Aloni and Zimmermann 
1983; Sorce et al. 2013; Lazzarin et al. 2016; Williams et al. 2019; Olson et al. 2021; 
Aloni 2021) and the root (Riedl 1937; Fahn 1964). Whereas vessel density decreases 
from leaves to roots, as was found in many plant species (Fegel 1941; Carlquist 1976; 
Aloni and Zimmermann 1983; Leitch 2001; Sorce et al. 2013; Zhao 2015). 

Although Olson et al. (2021) suspect that the increase in vessel width from leaves 
to roots is an adaptation of trees to their environment, the picture that they present is 
incomplete because they do not consider the biological causing factors, namely, the 
hormonal mechanisms that control vessel widening from leaves to roots and adjust 
plants to their environment (Aloni 2013b, 2015, 2021; Agustí and Blázquez 2020). 
These hormonal mechanisms provide the answers to the questions raised by Olson 
et al. (2021), and will be clarified below. 

To explain the mechanism that controls the general increase in vessel width and 
decrease in vessel density from leaves to roots, Aloni and Zimmermann (1983) 
proposed the auxin gradient hypothesis (that was first called the six-point hypothesis)
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suggesting that the polar transport of the auxin hormone from leaves to roots is the 
morphogenetic signal that creates a gradual polar gradient in the vascular cambium 
along the plant axis providing directional and location information to the differenti-
ating cells (i.e., vessels, tracheids, fibers and sieve tubes) along the morphogenetic 
field. 

The hypothesis proposes that the final size of a conduit is determined by the rate of 
cell differentiation. Since cell expansion ceases after the secondary wall is deposited, 
high-auxin concentrations near the young leaves induce narrow vessels, because of 
their rapid differentiation, allowing only limited time for cell widening. Conversely, 
further down, low-auxin concentrations result in slow differentiation, which permits 
more cell expansion before secondary wall deposition and therefore results in wide 
vessels at the base of the stem. 

Vessel density is controlled by, and positively correlates with auxin concentra-
tion; consequently high-IAA concentrations (near the auxin producing young leaves) 
induce great vessel density, while low-IAA concentrations (further down, towards 
the roots) diminish density. Consequently, vessel density decreases from leaves to 
roots. 

The auxin gradient hypothesis was experimentally confirmed by showing that 
various auxin concentrations applied to decapitated stems induce substantial gradi-
ents of increasing vessel diameter and decreasing vessel density from the auxin source 
towards the roots. High-auxin concentration yielded numerous vessels that remained 
narrow because of their rapid differentiation; low-auxin concentration resulted in 
slow differentiation and therefore in fewer and wider vessels (Fig. 2) (Aloni and 
Zimmermann 1983). 

Studies on transgenic plants with altered levels of auxin confirmed the general 
relations between IAA concentration and vessel size and density. Thus, auxin over-
producing plants (i.e., over-expressing the iaaM gene) contained many more vessel 
elements than did control plants, and their vessels were narrow (Klee et al. 1987); 
conversely, plants with lowered IAA levels (i.e., expressing the iaaL gene as an 
anti-auxin gene) contained fewer vessels of generally larger size (Romano et al. 
1991). 

A recent study of conduit diameter in the earth’s tallest tree species: Eucalyptus 
regnans, Sequoia sempervirens, and Sequoiadendron giganteum, that were 86–105 m 
tall and exceeded 85% of the maximum height for each species, showed the typical 
gradual increase in conduit width along the upper parts of their shoots. However, at the 
base of their trunks, below about 60 m from the tree tops, vessel and tracheid diameters 
approached their maximum size, as they did not continue to expand; demonstrating 
that at the base of these giant trees, there is a limitation to conduit widening (Williams 
et al. 2019). 

In spring, the first very wide earlywood vessels in temperate deciduous ring-
porous trees initiate a few weeks before the onset of leaf expansion (Suzuki et al. 
1996; Sass-Klaassen et al. 2011; Takahashi et al. 2013; Lavrič et al.  2017; Puchałka 
et al. 2017; Gričar et al. 2020). The width of these wide earlywood vessels increases 
slowly along a few weeks, because it is stimulated and induced by low-level streams of 
auxin produced by dormant looking buds, before swelling. This slow vessel widening
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Fig. 2 Effects of applied 
auxin concentration (0.03% 
NAA, 0.1% NAA, or 1.0% 
NAA w/w in lanolin, 
renewed every 3 days) on 
secondary vessel 
differentiation in the second 
internode above the 
cotyledons of Phaseolus 
vulgaris, observed after 
3 weeks of hormonal 
applications, on the top of 
the internode after the shoot 
above it was excised. a Effect 
of distance (0.5 and 4.0 cm) 
from 0.1% NAA application 
site on the rate of secondary 
vessel formation, showing 
intensive vessel 
differentiation near (0.5 cm) 
the site of auxin application. 
b Effect of 0.03% and 1.0% 
NAA on the radial diameter 
of the late-formed secondary 
vessels, along the studied 
internode, showing the 
substantial increase in vessel 
diameter with increasing 
distance from the applied 
auxin. c Effect of 0.03% and 
1.0% NAA on the number of 
secondary vessels induced 
along a xylem radius, as 
affected by distance from the 
auxin source. Vertical bars 
indicate standard errors 
which are comparable at all 
points (from Aloni and 
Zimmermann 1983)
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can occur only because the cambium of ring-porous trees has become very sensitive 
to low-IAA concentrations, as will be explained below.

5 Adaptation of the Xylem to the Tree’s Environment 

Vascular plants grow in different environments, ranging from deserts to rain forests 
and from arctic regions to the tropics. Comparative anatomical studies (e.g., Baas and 
Carlquist 1985; De Micco et al. 2008; Wheeler and Baas 2019) reveal similarities in 
structure of the vascular system in plants grown in extreme habitats versus ones grown 
in favorable environments. Desert (Carlquist and Hoekman 1985; Fahn et al. 1986), 
arctic, and alpine shrubs (Carlquist 1975) are characterized by very narrow vessels 
in high density. Such vascular systems are considered adaptive safety mechanisms 
against drought and freezing (Baas et al. 2004; Lucas et al. 2013). Conversely, forest 
trees and lianas, which characterize the tropics and rain forests, have low density 
vessels of very wide diameter at the base of their stems (Carlquist 1975; Zimmer-
mann 1983; Ewers  1985; Tyree and Sperry 1989), which affords maximal efficiency 
of water conduction (Ellmore and Ewers 1985; Tyree and Ewers 1991; Tyree and 
Zimmermann 2002; Olson et al. 2021) and is considered to be an adaptation to mesic 
conditions. 

In order to explain the adaptation of plants’ vascular systems to the environ-
ment, Aloni (1987) proposed the vascular adaptation hypothesis suggesting that the 
environment controls the plant’s vascular system through its control of plant’s devel-
opment, height, and shape. Limiting conditions suppress plant growth and shorten 
the active growth period, which restrict plant development resulting in small plants. 
Conversely, favorable conditions allow growth activity throughout the year, enabling 
more growth and consequently well-developed plants and maximal height. 

The height of the plant and the degree of its branching determine gradients of 
auxin along the plant’s axis. In small shrubs, which are typical to extreme stressful 
environmental conditions, the distances from the young leaves to the roots are very 
short and no substantial decreasing gradient of auxin can be formed. Therefore, the 
concentrations of IAA along these small plants are relatively high and result in rapid 
differentiation of numerous very narrow vessels in the greatest densities (as predicted 
by the auxin gradient hypothesis, Aloni and Zimmermann 1983). Conversely, in large 
trees and in long lianas, the very great distances from the young auxin-producing 
leaves to the roots enable a substantial decrease in auxin concentrations in their lower 
parts, leads to slow conduit differentiation that allows more cell expansion before 
secondary wall deposition, resulting in very wide vessels in low density at their base. 

The vascular adaptation hypothesis (Aloni 1987) was confirmed experimentally 
(Aloni 1988, 2021) and by analysing the correlation between plant size and vessel 
diameter on a large scale of collected species from a wide range of growth conditions 
(Olson and Rosell 2013). Finally, the hypothesis explains why a tree that grows in 
very limited conditions will produce numerous narrow vessels in high density, in
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comparison with a tree of the same species that develops under favorable conditions 
and will produce wide vessels in low density at its base. 

6 Evolution of Ring-Porous Wood in Temperate Deciduous 
Hardwood Trees 

6.1 The Limited-Growth Hypothesis 

In temperate deciduous broad-leaved trees, the size differences of vessels in the 
earlywood and latewood are quite marked and two main xylem categories can be 
distinguished: diffuse-porous wood and ring-porous wood. In diffuse-porous wood 
the vessels are more or less uniform in size (Fig. 1a), whereas in ring-porous wood 
the vessels produced at the beginning of the growth season are significantly wider 
(Fig. 1b) than those produced at the end of the season (Evert 2006; Aloni 2021). 
Earlywood vessels in ring-porous trees can be huge (width of up to 500 µm and length 
of the entire tree) and therefore are very efficient in water conductance, but their size 
makes them vulnerable. The wide earlywood vessels usually function during one 
season and then they become occluded by tyloses, or gum to plug the air-filled vessel 
and prevent possible penetration damage of pathogenic bacteria and fungi (Aloni et al. 
1997; Tyree and Zimmermann 2002; Evert  2006; Aloni 2021). Tyloses formation in 
earlywood vessels occurs earlier under drier conditions (Pérez-de-Lis et al. 2018). 
When tree species that have already developed ring-porosity during evolution grow 
under favourable conditions, they can reach large sizes, although they usually show 
a slow growth pattern in comparison with faster growing diffuse-porous trees. 

The challenge to understand the mechanisms that have shaped earlywood vessel 
patterns during the evolution of temperate deciduous hardwood trees requires elucida-
tion of the roles of tissue sensitivity to auxin (Trewavas 1983; Bradford and Trewavas 
1994; Barbez et al. 2012) and the specific hormonal signalling in these trees (Aloni 
1991, 2001, 2013a, 2021). It has been suggested that ring-porous trees have origi-
nated from diffuse-porous species (Aloni 1991; Wheeler and Baas 1991). The devel-
opment of ring porosity has probably arisen independently multiple times during the 
diversification of angiosperms, and different lineages might therefore have modified 
mechanisms in different families. 

To explain how ring-porous wood has developed during the evolution of temperate 
deciduous hardwood trees, Aloni (1991) proposed the limited-growth hypothesis, 
suggesting that during the evolution of temperate deciduous hardwood trees, the 
ring-porous species have developed from diffuse-porous species under selective pres-
sures in limiting environments, which resulted in limited vegetative growth. It was 
further postulated that under extreme environmental conditions the selection for ring-
porous wood has led to a decrease in the intensity of vegetative growth and reduced 
foliar biomass, causing a decrease in auxin levels. The latter promoted an increase 
in cytokinin levels, which induced an increase in the sensitivity of the cambium
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to extremely low-concentration-auxin streams originating in swelling buds. These 
changes created the unique physiological conditions that enable slow vessel differen-
tiation, which promotes a long widening process, starting before bud break, resulting 
in wide earlywood vessels at the beginning of the growth season (Aloni 1991). 

6.2 Supporting Evidence for the Limited Growth Hypothesis 

Evidence that supports the limited growth hypothesis comes from observations that 
a diffuse-porous tree (Populus euphratica) and a ring-porous tree (Quercus ithabu-
rensis) can change their porosity under opposite environmental conditions (Liph-
schitz 1995). Thus, under stress conditions when extension growth is suppressed 
both tree species produced narrow annual rings characterized by ring-porous wood 
(as predicted by the limited-growth hypothesis), whereas under favorable conditions 
when extensive growth is intensive, both species produce wide annual rings with 
diffuse-porous wood (Liphschitz 1995). 

The increased cambium sensitivity to IAA in ring-porous trees enables early 
cambium reactivation at the beginning of the growth season before bud break. This 
was evident in stem diameter measurements of the ring-porous Zelkova serrata 
saplings in their early leafless state, showing stem swelling 2–6 weeks before bud 
opening. During this developmental stage, actively dividing cambial cells, and imma-
ture slowly widening early-wood vessels that derived from them, are very soft, as 
they have not yet deposited their hard-secondary cell walls (Yoda et al. 2003), which 
therefore enables and promotes vessel widening. 

The substantial increase in cambial sensitivity to auxin in ring-porous trees created 
the special internal conditions that enable them to respond to initial flows of extremely 
low-IAA concentrations originating in dormant looking (before swelling) buds a few 
weeks before bud break (Aloni 1991, 2001; Aloni and Peterson 1997; Aloni et al. 
1997), stimulating slow vessel differentiation, which permits more time for cell 
expansion, promoting the widening of the differentiating earlywood vessels before 
their secondary wall deposition (as expected by the auxin gradient hypothesis of 
Aloni and Zimmermann 1983), resulting in the formation of very wide earlywood 
vessels. Therefore, the first wide earlywood vessels of ring-porous trees are initi-
ated six to two weeks before the onset of leaf expansion (Suzuki et al. 1996; Sass-
Klaassen et al. 2011; Takahashi et al. 2013; Lavrič et al.  2017; Puchałka et al. 2017; 
Gričar et al. 2020) and cause stem swelling before bud opening (Yoda et al. 2003). 
The pattern of ealywood vessel maturation in the ring-porous hardwoods, Quercus 
serrata and Robinia pseudoacacia progressed downward. The first mature early-
wood vessel elements appeared at bud break, first at the top of the stem, and continue 
downward to the lower parts of the stem (Kudo et al. 2015). 

Conversely, in diffuse-porous species, the first earlywood vessels are initiated 
two to seven weeks after the onset of leaf expansion (Suzuki et al. 1996; Takahashi 
et al. 2013), and because of the low cambium sensitivity in diffuse-porous trees, their 
cambium requires high auxin concentrations (from fast growing young leaves) for
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reactivation. These results explain the old report of Priestley and Scott (1936) who  
found that in a deciduous ring-porous tree the cambium undergoes extremely fast 
reactivation before bud break, which occurs almost simultaneously in the branches 
and along the trunk. This is why the bark of deciduous ring-porous trees may be 
peeled a few days before any bud swelling can be observed in spring. Conversely, 
a deciduous diffuse-porous species requires several weeks for a ‘wave’ of cambial 
reactivation to extend from the twigs of a large tree downward to the base of its trunk 
(Priestley and Scott 1936). 

An opposite explanation for the differentiation of wide-earlywood-vessel in ring-
porous trees was suggested by Wareing (1951) who studied cambial reactivation 
and wood formation in ring-porous versus diffuse-porous trees. Wareing suggested 
that the characteristic pattern of early rapid spread of cambium reactivation and 
the development of wide-earlywood vessels in ring-porous species “is due to the 
presence in the cambium of a reserve of auxin-precursor, which makes possible 
the rapid spread of wide-vessel formation throughout the tree, at an early stage of 
development of the buds”. Wareing also mentioned the possibility that the dormant-
looking buds of ring-porous trees that initiated cambial reactiviation “were no longer 
‘physiologically’ dormant” (Wareing 1951), in other words, it is possible that the 
dormant-looking buds possibly started to produce the auxin hormone. 

On the contrary, experimental results on ring-porous trees (Aloni 1991) that 
aimed to test the limited growth hypothesis, demonstrated that the wide earlywood 
vessels are induced by very low auxin stimulation. Evidently, an extremely low-auxin 
concentration (0.003% Naphthaleneacetic acid (NAA) in lanolin w/w) applied to 
disbudded shoots of Melia azedarach trees, induced wide earlywood vessels (Fig. 3b) 
in the deciduous ring-porous trees (Aloni 1991, 2001), but this low-auxin concen-
tration was not strong enough to stimulate any earlywood vessel differentiation in 
deciduous diffuse-porous trees (Aloni 2001). This was true also with 0.01% NAA 
(in lanolin) that induced more medium-size earlywood vessels (Fig. 3c) but was not 
strong enough to induce earlywood vessels in diffuse-porous trees. On the other 
hand, a high-auxin concentration (1% NAA in lanolin) induced rapid differentiation 
of narrow earlywood vessel in the ring-porous trees, because of fast secondary wall 
deposition that prevented vessel widening, and therefore remained narrow vessels 
(Fig. 3d). The high-auxin concentration induced earlywood vessel differentiation in 
diffuse-porous trees (Aloni 2001). These results clearly demonstrate that the wide 
earlywood vessels of a ring-porous tree are induced by extremely low-auxin stim-
ulation before bud swelling. Whereas in diffuse-porous trees there is a need for 
high-auxin concentrations produced in fast growing young leaves for inducing their 
typical regular size earlywood vessels (Aloni 1991, 2001, 2013a, 2021). 

The auxin produced by the buds and young leaves induces early vessel differen-
tiation first immediately below the buds. Complete early differentiation of the early-
wood vessels occurs first in the upper stem region, and then progresses to the middle 
and lower regions during bud swelling in the ring-porous Quercus serrata seedlings 
(Kudo et al. 2018). During this downward earlywood vessel differentiation process, 
the developing buds and young shoot organs are supplied by the functional network
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Fig. 3 The effect of auxin (1-Naphthaleneacetic acid (NAA) in lanolin) concentration on the width 
of earlywood vessel differentiation is shown in transverse sections in stems of the ring-porous tree 
Melia azedarach. All photomicrographs were taken from the same experiment, run in Tel Aviv from 
February 15 to March 15, 1986, and are presented in the same orientation and magnification (Bars 
= 250 µm). All the sections were taken 50 mm below the apical bud, which was left intact (a), or 
was replaced by a range of auxin concentrations: low, 0.003% NAA (b), medium, 0,01% NAA (c), 
or high, 0.1% NAA (d). The auxin was applied in the form of a lanolin paste, which was renewed 
every 3 days. The photomicrographs show a substantial decrease in the diameter of the earlywood 
vessels (white arrows) with increasing auxin concentration (b–d). The low auxin concentration 
induced wide vessels (b). The two higher concentrations induced many more xylem cells (along a 
radius) with narrower vessels (c, d). The highest auxin concentration tested (0.1% NAA) resulted 
in very narrow earlywood vessels (d). The borderline between the latewood of 1985 (left) and  the  
new earlywood of 1986 (right) is marked with white triangles. The experiment was repeated three 
times (in 1984, 1985, and 1986) with 5–10 stems per treatment; yielding the same results (from 
Aloni 1991)
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of previous year’s narrow latewood vessels, while the wide earlywood vessels of the 
current year differentiate and slowly mature (Kudo et al. 2018).

6.3 Development of Two Wood-Porosity Patterns Along 
the Same Ring-Porous Tree 

As was clarified above by the limited-growth hypothesis (Aloni 1991), for inducing 
the wide earlywood vessels in ring-porous trees there is the unique requirement for 
very low-auxin stimulation, originating in dormant-looking buds, early in the growth 
season along the very sensitive cambium of temperate deciduous ring-porous trees. 
These special conditions in the trunk of a ring-porous tree allow the early slow and 
long widening process of earlywood vessels, resulting in wide earlywood vessels 
before the secondary lignified wall is deposited (Aloni 1991; Suzuki et al. 1996; 
Sass-Klaassen et al. 2011; Takahashi et al. 2013; Lavrič et al.  2017; Puchałka et al. 
2017). 

A different pattern of vessel differentiation occurs in the twigs. In the youngest 
twigs, the secondary wall deposition and lignification of the first-formed vessels, rela-
tive to the time of leaf appearance, is faster in the more sensitive ring-porous trees, 
starting about two weeks earlier than in the twigs of the diffuse-porous trees (Taka-
hashi et al. 2013). In ring-porous trees, the first-formed vessels of the year deposited 
lignified secondary walls in the twigs around the time of leaf appearance, at the time 
that the wide earlywood vessels in the trunk continue the slow widening process 
up to the deposition of their lignified secondary wall, occurring at full leaf expan-
sion (Takahashi et al. 2013). The rapid vessel differentiation and early secondary 
wall deposition in the twigs does not allow vessel expansion, resulting in narrow 
vessels in a diffuse-porous pattern in twigs of both the ring- and diffuse-porous trees. 
Therefore, in the two types of wood porosity trees, the wood produced in the twigs 
and branches during their first year (when they are only a few weeks/months old) is 
characterized by a diffuse-porous wood pattern (Cochard and Tyree 1990; Lo Gullo 
et al. 1995; Takahashi et al. 2013; Rodriguez-Zaccaro et al. 2019). 

It should be emphasized that this diffuse-porous wood pattern in the youngest 
twigs/branches of ring-porous trees is induced by high-auxin concentrations 
produced by their young leaves, and it is not due to the influence of “cambial age”, 
as suggested by Rodriguez-Zaccaro et al. (2019). Therefore, there is no need for 
“older cambia” to produce the wide earlywood vessels typical to ring-porous wood 
pattern (Rodriguez-Zaccaro et al. 2019), but only the requirement for the unique 
endogenous conditions of sensitive cambium that responds to extremely low-auxin 
stimulation, from dormant-looking and swelling buds, during early spring, allowing 
the slow vessel widening process typically forming the wide-earlywood vessels along 
the stem of temperate deciduous ring-porous trees (Aloni 1991, 2001, 2013a, 2021).
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6.4 Leaf Phenology, Earlywood- and Latewood Development 
in Temperate Deciduous Hardwood Trees 

Climate changes influence leaf phenology and tree development, which shape their 
adaptation and evolution; influencing cambial sensitivity, wood differentiation and 
vessel patterns. Fossil records indicate that the ring-porous wood pattern has devel-
oped under various environmental stresses especially during the past 50 million years, 
when the global climates have been undergoing active changes (Evert and Eichhorn 
2013). The evolution of ring-porous trees has adapted them to survive under shorter 
and limiting growth seasons. 

Diffuse-porous species start the growth season a few weeks earlier than ring-
porous trees and have a longer growth season which is characterized by continuous 
production of auxin-producing young leaves during a few months (Aloni et al. 1997). 
Conversely, the more specialized ring-porous trees that are well adapted to limiting 
environments are late-leafing trees (Lechowicz 1984). 

Ring-porous trees produce young leaves for only a short period of a few weeks 
and later they have mainly mature leaves (Aloni et al. 1997; Aloni 2021). Because 
young diffuse-porous trees possess greater growth intensity they might produce more 
xylem per year than young ring-porous trees (Aloni et al. 1997). In diffuse-porous 
trees, the continuous development of new auxin-producing young leaves along the 
growth season stimulates continuous production of new narrow vessels along the 
entire growth season with relatively thin-wall fibers. Whereas in ring-porous trees, 
the dominating mature leaves, which produce gibberellin (Aloni 1979; Dayan et al. 
2012), induce the development of numerous well-developed hard lignified fibers 
during most of the growth season, with only a few narrow vessels limited in their 
width by gibberellin. These diverse earlywood and latewood properties in ring-porous 
wood, namely, the soft wide earlywood vessels versus the numerous hard thick-wall 
latewood fibers affect lumber stability and can have major effects on wood and fiber 
utilization. 

7 Conclusions 

The environment controls plant development by shaping plant’s growth, its rate 
of development and morphology, which regulate plant’s physiology and anatomy. 
During the process of plants adaptation to their environments, there are gradual and 
continuous changes in the internal regulating hormonal mechanisms that shape the 
differentiation and structure of the vascular tissues. 

The produced-leaf signal is modified during leaf development. The young growing 
leaf produced auxin, while during development the maturing leaf becomes a major 
source of gibberellin. The specific leaf’s hormonal signal determines the type of the 
induced vascular element: auxin from young leaves induces vessels, while gibberellin 
from mature leaves is the specific signal that induces fibers.



18 R. Aloni

The hormonal signal concentration determines the rate of cell differentiation. 
While the latter determines the final size of the conduit. Slow vessel differentiation 
induced by low-auxin stimulation, enables a long period of vessel widening until 
secondary wall deposition, resulting in the formation of wide vessels; e.g., either 
(1) at the base of stems of long lianas and tall trees away from the auxin-producing 
young leaves, or (2) at the earlywood of ring-porous trees characterized by sensitive 
cambium, where the earlywood vessels along the trunk are induced by extremely 
low-auxin-concentration streams, originating in dormant looking buds. 

During the evolution of ring-porous trees under selective pressures of limiting 
environments, their natural stress selection has shortened the growth season, 
decreased vegetative growth and reduced foliar biomass, resulting in the reduc-
tion of the auxin hormone produced in young leaves. The latter promoted an 
increase in cytokinin levels inducing an increase in the sensitivity of the cambium 
to extremely low-concentration-auxin streams originating in dormant looking buds, 
before swelling, a few weeks before bud break. These low-auxin streams induce a 
slow and a long vessel widening process, which permits more cell expansion before 
secondary wall deposition, therefore resulting in the typical wide earlywood vessels 
of ring-porous trees. 

Contrariwise, rapid vessel differentiation induced by high-auxin stimulation 
produced in young growing leaves results in narrow vessels in the new twigs and 
branches during their first growth season in both diffuse- and ring-porous trees; as 
well as in short trees, or along the upper parts of tall trees. 

Although the late-leafing ring-porous trees have a shorter growth season, they have 
been well adapted to their limiting environment by producing wide and efficient 
earlywood vessels and numerous hard latewood fibers; the latter are induced by 
gibberellin produced in mature leaves. This combination makes the ring-porous trees 
very efficient in water uptake with very strong trunks due to their extremely wide 
earlywood vessels combined with thick lignified latewood fibers. 
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Role of Plant Growth Regulators 
in the Plant-Environment Interaction 
and Epigenetic Regulation of Auxin 

Clelia De-la-Peña and Víctor M. Loyola-Vargas 

Abstract Relationships among plant growth regulators (PGR) occur at all 
metabolism levels, from the mutual regulation of their biosynthesis, degradation, 
transport, and signaling, to the control of the gradient distribution of auxins (Aux) 
by cytokinins (CKs) or vice-versa. Gene regulation in Aux signalling has become 
an important point for turning on or off certain sets of genes during environmental 
stress, plant development, and hormone interaction. Despite the considerable amount 
of literature regarding Aux biosynthesis, transport, and signalling, few reports avail-
able have explored its complex role in epigenetic regulation. In this book chapter, 
we analyze the interaction of Aux with CKs, their mutual interrelation, and the role 
played by epigenetic regulation in Aux. 

1 Introduction 

It is a popular saying that the winner takes all. However, in the case of auxin, the 
major player in plant development, this is not necessarily the case. In many cases, 
auxins recruit other plant growth regulators (PGR), or these PGR recruit auxins to 
induce a physiological effect. Ultimately, the interaction among these groups of PGR 
produces the final response in plant tissues. This fact is particularly essential in the 
case of the interaction of plants with the environment. To date, interactions of auxins 
(Aux) with abscisic acid (ABA) (Mohammadi et al. 2021), brassinosteroid (BR) 
(Casal and Balasubramanian 2019; Zhou et al. 2013), cytokinins (CKs) (Aloni 2021; 
Großkinsky and Petrášek 2019; Piotrowska-Niczyporuk et al. 2020), ethylene (ET) 
(Kim et al. 2021; Mohammadi et al. 2021), gibberellic acid (GA) (Jing et al. 2020b;
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Li et al. 2020), jasmonates (JA) (Blázquez et al. 2020; Ghorbel et al. 2021; Sun et al. 
2021), salicylic acid (SA) (Salopek-Sondi et al. 2013; Westfall et al. 2016), nitric 
oxide (NO) (Shiraz et al. 2020), and strigolactones (SL) (Bellegarde and Sakakibara 
2021; Blázquez et al. 2020; Ravazzolo et al. 2021) have been documented. However, 
many of these interactions are specific to root physiology, such as the auxin-ABA 
crosstalk for the development of lateral roots. Aux also interact in roots with CKs, 
GA, BR, JA, SA, ET, and ABA to control root growth in general. It may be in the 
root that the most complex interactions of the Aux take place (Mazzoni-Putman et al. 
2021). 

Specific relationships among PGR occur at all metabolism levels, from the mutual 
regulation of their biosynthesis, transport, and signaling, to the control of the gradient 
distribution of Aux by CKs or vice versa. These interactions have uncovered a highly 
complex panorama in the interaction between the different PGR on their way to regu-
lating the different metabolic functions that lead to the development and maintenance 
of plant life. In this book chapter, we have chosen to focus only on the Aux/CKs 
partnership, understanding that in some physiological processes, not only these two, 
but multiple PGR participate. Moreover, we have described the importance of epige-
netics in the biosynthesis, transport, signaling and conjugation of auxin. We are 
only at the beginning of understanding the complexity of signaling in plants under 
epigenetic regulation. 

2 Relationship of Aux and CKs 

The relationship between Aux and CKs has a long history. Almost from the moment 
the CKs were discovered, the interaction between Aux and CKs was exposed 
(Amasino 2005; Skoog and Miller 1957). When the concentration of CKs increases 
and the concentration of Aux in the callus is kept low, shoots emerge. On the other 
hand, if the concentration of Aux increases and the concentration of CKs decrease, 
then roots are produced. In this way, it was discovered that the Aux/CKs ratio has 
an essential function in cell differentiation. Variation in this relationship has been 
widely used to induce in vitro callus, shoots, roots, and plantlets, as well as to induce 
somatic embryogenesis (Loyola-Vargas et al. 2008; Loyola-Vargas and Ochoa-Alejo 
2016; Singh et al. 2021; Zhao et al. 2021). 

Most of the research on the relationship between Aux and CKs has focused on 
cell differentiation. An important number of scientific publications show the effect 
of Aux and CK concentrations on the morphogenic response (Bernula et al. 2020; 
Singh et al. 2021; Zhao et al. 2021). However, the effect on the Aux/CK ratio goes 
further. For specific aspects of the interaction between Aux and CKs, one of the 
following reviews can be consulted (Aloni 2021; Chandler and Werr 2015; El-Showk 
et al. 2013; Großkinsky and Petrášek 2019; Hwang et al. 2012; Ludwig-Müller et al. 
2017; Schaller et al. 2015; Singh and Sinha 2017; Skalický et al. 2018; Su et al.  2011; 
Vanstraelen and Benková 2012; Wu et al.  2021).
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The cross-regulation between Aux and CKs is essential in the control of shoot 
branching (Shimizu-Sato et al. 2009), the size of the root apical meristem (Dello Ioio 
et al. 2007; Dello Ioio et al. 2008), and lateral root patterning (Laplaze et al. 2008). 
However, it should be noted that the crosstalk between Aux and CKs is complex and 
has multiple players. The interaction between Aux and CKs can vary if it occurs in 
the leaves, in the root, or some other tissue or organ (Hussain et al. 2021), and if the 
plant is subjected to one or different environmental stress or senescence (Hussain 
et al. 2021). In all cases, the mutual regulation between Aux and CKs occurs both 
antagonistically in the root meristem (Chandler and Werr 2015; Kurepa et al. 2019; 
Zhao et al. 2010) and synergistically for plant growth and development (Yang et al. 
2017) and for the development of the shoot apical meristem (Chandler and Werr 
2015; Zhao et al. 2010) and these interactions are usually cell and/or tissue-specific 
(Danilova et al. 2020; Kieber and Schaller 2018; Wu et al.  2021). 

The finely tuned cross-talk between Aux and CKs controls root growth and devel-
opment, particularly the formation and maintenance of the root apical meristem (Del 
Bianco et al. 2013; Dello Ioio et al. 2007; Dello Ioio et al. 2008), the vascular pattern 
in roots (Bishopp et al. 2011b) and lateral root patterning (Laplaze et al. 2008; 
Schaller et al. 2015), mainly under stress conditions (Argueso et al. 2009; O’Brien 
and Benkova 2013; Tognetti et al. 2017; Wu et al.  2021). Also this cross-talk partic-
ipates in the regulation of apical meristems, the development of the gynoecium and 
female gametophyte (Müller et al. 2017), the organogenesis and phyllotaxy in the 
shoot (Schaller et al. 2015) and shoot branching (Shimizu-Sato et al. 2009). Even 
third signals use the Aux/CKs ratio changes to carry out their control. This is the 
situation of parthenocarpy enhanced by sugars, which occurs by promoting Aux and 
CKs signaling (Wang et al. 2021a). 

How does the cross-talk between Aux and CKs work? In general, it depends on the 
tissue where the interaction occurs. For instance, in the roots, both Aux (Petersson 
et al. 2009) and CKs (Antoniadi et al. 2015) form gradients along the root. What is 
interesting about this is that Aux are mostly absent in the root zones where CKs are 
most abundant (Antoniadi et al. 2015; Petersson et al. 2009). The CKs are found in 
a higher concentration in the lateral root cells and are absent in the first eight cells of 
the epidermis and the cortex. Then they are present in intermediate amounts similar 
to those present in the vascular bundle and the pericycle. In the case of Aux, its 
concentration is low in the epidermis cells and much higher in the lateral root cells. 
In the vascular bundle, the concentration of both PGR is very similar (Antoniadi et al. 
2015; Petersson et al. 2009). 

The cross-talk between Aux and CKs also includes all aspects of the home-
ostasis of the two PGR, biosynthesis, transport, and signaling (Bishopp et al. 2011a; 
Moubayidin et al. 2009; Müller et al. 2017; Pernisová et al. 2011). CKs induce 
Aux biosynthesis in Arabidopsis young root and shoot tissues, and this induction 
requires CK signaling through histidine phosphotransfer proteins (AHPs) and type-
A ARABIDOPSIS RESPONSE REGULATORS (ARRs) (Jones et al. 2010). CKs 
also regulate local Aux metabolism (Casanova-Sáez et al. 2021; Di et al.  2016; Di  
Mambro et al. 2017, 2019; Jones et al. 2010; Pierdonati et al. 2019; Yan et al. 2017) 
and the polar Aux transport (PAT) (Dello Ioio et al. 2008; Liu et al. 2017; Moore et al.
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2015; Müller and Sheen 2008; Muraro et al. 2016; Ruzicka et al. 2009; Waldie and 
Leyser 2018), and modulate CK signaling through the activation of ARABIDOPSIS 
RESPONSE REGULATOR 7 (ARR7) and ARR15 (El-Showk et al. 2013; Kurepa et al. 
2019). The regulation of the transport of Aux by CKs can be at the level of tran-
scription and translational activations of AUXIN/LIKE AUX (Aux/LAX) genes and 
PIN-FORMED (PIN) family genes (Pernisova et al. 2009; Ruzicka et al. 2009) or the  
modification of PIN proteins. This disruption of the polar auxin transport (PAT) by 
CKs changes the Aux gradient formation necessary for the lateral root development 
(Laplaze et al. 2008). However, the interaction between CKs and PIN transporters 
is more complex. For example, CKs negatively affect PIN1, PIN2, and PIN 3, but 
act positively in PIN 7 (Ruzicka et al. 2009). This inhibition of PIN1, PIN2, and 
PIN3 is mediated by the Aux/IAA SHORT HYPOCOTYL2 (SHY2, IAA3). SHY2 
transcription is induced by CKs, probably through ARR1 and ARR2 (Dello Ioio et al. 
2008; Moubayidin et al. 2010). 

A recent discovery adds a new layer of complexity to the already complex inter-
action between Aux and CKs. In the formation of the lateral roots, TRANSPORTER 
OF IBA1 (TOB1), an indole-3-butyric acid (IBA) transporter that blocks lateral 
root formation, was discovered. CKs transcriptionally induce this transporter (Mich-
niewicz et al. 2019). Although it is not yet clear what the role of IBA is in plant cells, 
IBA can be considered a precursor in the biosynthesis of IAA or an Aux by itself. The 
fact that CKs modify their transport and this modification produces a physiological 
change that suggests a role for the IBA that was unknown until now. Consideration 
should also be given to the transport of Aux and CKs (Kramer and Bennett 2006). 
Aux move throughout the plant and, in particular, to the interior of its different organs 
(Overvoorde et al. 2010). Aux movement is very relevant for cross-talk with CKs, as 
it is one of the targets of CK action during the interaction of Aux with CKs (Bernula 
et al. 2020; Bishopp et al. 2011a). CKs are also transported through the plant, and 
this transport is biologically relevant (Hluska et al. 2021; Tessi et al. 2021). 

On the other hand, the treatment of Aux resulted in reduced CK biosynthesis 
in Arabidopsis thaliana (Nordstrom et al. 2004). In the biosynthesis of CKs, 
Aux control the expression of the ISOPENTENYL TRANSFERASE (IPT ) gene 
(Tanaka et al. 2006). Aux positively modulate the CK biosynthesis via direct control 
of the IPT gene transcript accumulations, mediated by the AUXIN RESPONSE 
FACTOR 19 (ARF19) transcription factor (Cancino-García et al. 2020; Cheng 
et al. 2013; Miyawaki et al. 2004; Yang et al. 2017). Auxins regulate at least 
two steps in the biosynthesis of terpenic CKs and one in their degradation. Aux 
not only participate in the regulation of CK biosynthesis but also in their degra-
dation by regulating the expression of some of the members of the CYTOKININ 
OXIDASE/DEHYDROGENASE (CKX) family, in particular down-regulating the 
expression of CKX2, CKX4, and CKX7, while the inhibition of Aux transport down-
regulates the expression of CKX1 and CKX6 (Jones et al. 2010; Werner et al. 
2006). 

Both Aux (Liu et al. 2019; Ljung 2013; Ludwig-Müller 2011; Ostrowski and 
Ciarkowska 2021) and CKs (Bajguz and Piotrowska 2009; Lulsdorf et al. 2013; 
Pokorná et al. 2020) are conjugated with other molecules. In the case of Aux, they
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are conjugated with different amino acids and glucose (Méndez-Hernández et al. 
2021; Wojtaczka et al. 2022), while CKs are also conjugated with various carbohy-
drates, mainly glucose (Romanov and Schmülling 2022). These conjugates are also 
transported through the plant (Nguyen et al. 2021; Romanov and Schmülling 2022). 

Gene regulation in Aux biosynthetic and signalling machinery has become an 
important point for dynamic “on” or “off” switches in certain sets of genes during 
environmental stress (Rhaman et al. 2020; Sonkar et al. 2021), plant development 
(Casanova-Sáez and Voß 2019; Mateo-Bonmatí et al. 2019), and PGR interaction 
(Pacurar et al. 2014; Wu et al.  2021) driven by epigenetic processes mainly via 
the histone repressive mark H3K27me3 (He et al. 2012; Lafos et al. 2011). Epige-
netic processes are directly affected by environment and, therefore, when plants are 
exposed to different environmental conditions, their epigenetics change dramatically, 
expressing or repressing the transcription of many genes and altering the action of 
Aux (Campos-Rivero et al. 2017; Huq  2018; Salazar-Iribe and De-la-Peña 2020; 
Tognetti et al. 2012; Zhou and Luo 2018). 

3 Epigenetics 

The two major epigenetic mechanisms are DNA methylation and histone modifica-
tions (Allis et al. 2015). DNA methylation in plants occurs in three sites or contexts: 
CG, CHG and CHH (where H could be Adenine, Cytosine or Thymine) (Chan et al. 
2005; De Mendoza et al. 2018). These sequences are mainly distributed in repet-
itive regions of the genome that are part of transposons, centromeres, 5S and 45S 
ribosomal genes, in promoter regions and in highly expressed gene coding regions 
(Pikaard and Mittelsten Scheid 2014; Zilberman et al. 2007). In the case of histone, 
these epigenetic modifications occur in different amino acid residues in any of the 
five histone tails (H2A, H2B, H3, H4 and H1) and histone variants (e.g. H1.1, H2A.Z, 
H3.3 and H1.3). The most studied histone modifications are acetylation and methy-
lation (Allis et al. 2015). Acetylation is mediated by the reversible activity of histone 
acetyltransferases (HATs) and histone deacetylases (HDACs), while methylation is 
catalysed by histone methyltransferases (HMT) and histone demethylases (DMET). 

DNA methylation and histone modifications are part of the epigenetic regulation 
governed by PGR, in which plants can take advantage of their totipotent nature 
(Campos-Rivero et al. 2017; Duarte-Aké et al. 2019; Us-Camas et al.  2014; Zhu  
2010). There are four principal players in chromatin rearrangements that participate 
in regulating auxin homeostasis: (1) chromatin remodelers; (2) histone modifiers; 
(3) polycomb proteins and (4) DNA methylation enzymes. Both DNA methylation 
and histone modifications operate in several plant processes in which auxin has an 
important role, such as floral patterning and determinacy, endosperm development, 
hypocotyl elongation and leaf growth (Mateo-Bonmatí et al. 2019).
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4 Epigenetic Players in Plant Hormone Regulation 

Both histone acetylation and deacetylation play an important role in gene regulation 
and have been implicated in PGR  ́ signalling (Chen and Wu 2010; Chen et al. 2010; 
Zhou et al. 2005; Zhu  2010). For instance, knocking out HDA6 and HDA19 causes 
ABA hypersensitivity (Chen and Wu 2010; Chen et al. 2010) and both ethylene as 
well as JA induce the expression of HDA6 and HDA19 (Zhou et al. 2005). Also, the 
PIF7 transcription factor recruits an unknown HAT enzyme(s) to promote histone 
acetylation in H4K5, H3K9, and H3K27 at YUC8, resulting in its expression (Peng 
et al. 2018). 

Besides acetylation, the methylation mark H3K4me3, related to active tran-
scription, has been shown to regulate several genes that affect PGR. For instance, 
ARABIDOPSIS HOMOLOG OF TRITHORAX 1 (ATX1) is a histone methyltrans-
ferase that functions as a “writer,” incorporating methyl groups in the lysine of 
histones. This “writer” directly targets the 9-CIS-EPOXYCAROTENOID DIOXY-
GENASE 3 (NCED3). NCED3 plays a key role in the ABA biosynthesis pathway 
and ATX1 regulates its transcriptional activity. Atx1 knockout mutants undergoing 
dehydration stress showed ABA-related phenotypes (Ding et al. 2011). 

In mammalian as well as plant cells, POLYCOMB GROUP (PcG) protein 
complexes perform the formation, perpetuation, and epigenetic inheritance of the 
H3K27me3 modification (Derkacheva and Hennig 2014; Khan et al. 2015; Lu  
et al. 2011). H3K27me3 is one of the epigenetic marks most investigated in genes 
involved in auxin biosynthesis (YUCs, CYPs, TAA1/TARs, SUR1, NITs), inactiva-
tion (GH3s, IAMT ), transport (PINs, AUX/LAXs), and signalling (TIR1/AFBs, IAAs, 
ARFs), revealing that this histone modification exerts a profound effect on auxin 
action (He et al. 2012; Lafos et al. 2011). YUC1, NIT2 and PIN1 are regulated by 
this transcriptional repressive mark, and it is likely that PRC2 is the “writer” in 
these genes. For instance, H3K27me3 targets ARF expression indirectly, through 
miRNAs, and directly targets 14 AUX/ IAA genes and several gene loci encoding the 
auxin transporter genes PINFORMED 1 (PIN1), PIN4, PIN7, and PIN8, which are 
differentially methylated in leaves and meristems (Lafos et al. 2011). 

On the other hand, the expression of YUCCA (YUC) genes, involved in Aux 
biosynthesis, increases under the wound response, mediating JA signals, and JA 
increases the transcript levels of YUC8 and YUC9 in Arabidopsis (Hentrich et al. 
2013). 

Another histone modification that has been analysed under PGR action is histone 
ubiquitination, which is a repressive mark. HUB1/2 is also required in circadian 
rhythms (Himanen et al. 2012), seed dormancy (Liu et al. 2007), photomorphogen-
esis (Bourbousse et al. 2012), flowering (Cao et al. 2008; Gu et al.  2009; Xu et al.  
2009), immune responses (Zhang et al. 2015b; Zou et al. 2014) and plant defense 
(Dhawan et al. 2009; Wang et al. 2021b). The Cytokinin induced root waving 2 
(ckrw2) mutant is auxin deficient and CKRW2 is identical to histone monoubiquiti-
nation1 (HUB1), a gene encoding an E3 ligase required for histone H2B monoubiq-
uitination (H2Bub1) (Zhang et al. 2021), which normally occurs on K143 and K145
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in Arabidopsis. Therefore, the participation of this histone modification in the auxin-
cytokinin relationship is evident. In fact, the expression of CKRW2 is induced by 
cytokinin (Zhang et al. 2021). 

In general, Aux affects the state of chromatin in genes related to biosynthesis, 
transport, conjugation or degradation through the regulation of chromatin remodelers, 
enzymes involved in DNA methylation or histone modifications (Chung et al. 2019; 
Hasegawa et al. 2018; Wu et al.  2015) (Table 1). 

Table 1 Epigenetic regulation in Aux biosynthesis, transport, signalling and conjugation 

Process and proteins 
involved 

Genes Epigenetic regulation References 

Biosynthesis 

Tryptophan synthase β TRP2 DNA methylation and 
H3K9me2 
H2Bub1 

Yang et al. (2021) 
Zhang et al. (2021) 

Amidase AMI1 H2Bub1 Zhang et al. (2021) 

Tryptophan 
aminotransferase 

TAA1 
TAR1,2 

Jing et al. (2020a) 

Aldehyde oxidase AO1 None reported 

Flavin monooxygenase YUC1,4 
YUC7 

H3K27me3 
DNA methylation 

Do et al. (2019), He et al. 
(2012), Jing et al. (2020a), 
Xu et al. (2018), Zhang 
et al. (2021) 

Cytochrome P450 CYP79B2/3 None reported 

Nitrilase NIT2 H3K27me3 Jing et al. (2020a) 

Transport 

Auxin influx 
transporter 

AUX1 
LAX 

H3K9ac and H3K18ac Wang et al. (2016) 

Auxin efflux carrier PIN1 H3K27me3 He et al. (2012), Jing et al. 
(2020a) 

Serine threonine 
kinase 

PID None reported 

ABC transporter ABC1,19 None reported 

Signalling 

Aux/IAA transcription 
factor 

IAA1-25 H3K27me3 He et al. (2012) 

Auxin response factor ARF1-23 Jing et al. (2020a) 

F-box TIR1 
AFB 

None reported 

Small Auxin Up RNA SAUR None reported 

Conjugation 

Gretchen Hagen 3 GH3 H3K27me3 He et al. (2012)



32 C. De-la-Peña and V. M. Loyola-Vargas

5 Epigenetics and Auxin Biosynthesis 

Since YUCCAs (YUCs) function critically in Aux biosynthesis, their regulation has 
to be precise and fast under different environmental conditions such as light level, 
ambient temperature, and stress signals (Do et al. 2019). YUC1 and YUC4 promoter 
regions were found to exhibit a decrease in H3K27me3 that was related to early 
Aux-mediated de novo root regeneration (Chen et al. 2016). Furthermore, LIKE 
HETEROCHROMATIN 1 (LHP1), a member of the Polycomb Repressive Complex 
2 (PRC2), was found to directly bind to some YUC gene promoters, thus negatively 
regulating their expression (Rizzardi et al. 2011). In fact, the PRC2 accessory protein 
LIKE HETEROCHROMATIN 1 (LHP1) (Derkacheva et al. 2013) is recruited to 
YUC1, YUC2, YUC4, YUC5, YUC6, YUC8, YUC9, and YUC10 promoters to control 
their expression (Rizzardi et al. 2011). On one example, PRC2 is recruited by the 
C2H2-type zinc-finger transcription factor SUPERMAN (SUP) protein, which phys-
ically interacts with YUC1 and YUC4 promoters, repressing auxin biosynthesis by 
the incorporation of H3K27me3 (Xu et al. 2018). On the other hand, the chromatin 
remodeling factors CHROMATIN REMODELLING 11 (CHR11) and CHR17 are 
recruited to the YUC4 promoter during floral primordium formation, promoting its 
expression (Yamaguchi et al. 2018). However, in floral organ development, SUP 
actively represses YUC1 and YUC4 expression and, thereby, Aux biosynthesis at 
the boundaries between carpels and stamen primordia (Xu et al. 2018). More-
over, Chen et al. (2016) found that YUC1 and YUC4 transcript levels increased 
in leaf explants at 4, 8, and 12 h after culture and this increase was associated 
with the reduction of H3K27me3 levels at these gene loci. YUC1 and YUC4 are 
involved in early Aux-mediated de novo root regeneration in a strong correlation 
with a decrease in H3K27me3 in their promoter regions (Chen et al. 2016). Using 
chromatin immunoprecipitation-chip (ChIP-chip) assays, which analyzed the wide-
genome distribution of an specific epigenetic mark, He et al. (2012) compared the 
H3K27me3 levels at different Aux-related gene loci such as YUC4, PIN1, and IAA2 
in the cultured Arabidopsis leaf and callus samples. It was found that in the callus 
H3K27me3 levels decreased first in these genes (He et al. 2012). 

YUC8 involved in the Aux biosynthesis in response to shade conditions is 
induced by the MORF-RELATED GENE 2 (MRG2), a H3K4me3/H3K36me3-
binding protein, which interacts with PHYTOCHROME-INTERACTING FACTOR 
7 (PIF7). This PIF7 transcription factor recruits HAT enzymes to promote histone 
acetylation in H4K5, H3K9, and H3K27 at the YUC8 promoter, facilitating its expres-
sion (Peng et al. 2018). On the other hand, at high temperature, acetylation in the 
histone H2A. Z is removed from the YUC8 locus by the HISTONE DEACETYLASE 
9 (HDA9) providing a looser chromatin conformation that allows PIF4-mediated acti-
vation of YUC8 transcription (Van Der Woude et al. 2019). In the case of YUC10, it  
is repressed in maternal-derived tissues by the FERTILIZATION-INDEPENDENT 
SEED-PRC2 (FIS-PRC2) complex, which marks the target loci with H3K27me3 
during the development of female gametes (Figueiredo et al. 2015; Mateo-Bonmatí 
et al. 2019; Wolff et al. 2011).
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DNA methylation has been shown to alter auxin homeostasis by regulating the 
transcription of YUCs (Mateo-Bonmatí et al. 2019). The drm1 drm2 cmt3 (ddc) triple 
mutant, which is defective in both maintenance of and de novo DNA methylation, has 
a higher expression of YUC1, YUC2 and TAA1 genes in leaves than in roots (Forgione 
et al. 2019). The authors found that the promoter of YUC2 was hypomethylated in 
the ddc mutant, which means higher expression of the gene and, therefore, more 
IAA abundance. De novo DNA methylation is normally positioned at the CHH 
sites promoting gene repression. Plants grown at high temperatures showed severe 
reductions in CHH methylation, triggering the up-regulation of YUC2 (Gyula et al. 
2018). 

6 Epigenetics and Auxin Transport 

Auxin transport is mediated by carriers in the cell membrane, such as 
AUXIN-RESISTANT 1/LIKE AUXIN-RESISTANT (AUX1/LAX), PIN-FORMED 
(PIN) and ATP-BINDING CASSETTE SUBFAMILY B TRANSPORTER 
(ABCB)/MDR/PGP. PIN and ABC are responsible for auxin efflux while 
AUX1/LAX and PIN-like proteins are responsible for auxin influx (Geisler et al. 
2017; Prát et al.  2018; Swarup and Bhosale 2019). Comparative studies showed 
differential H3K27me3 levels in PIN1, PIN4, PIN7, and PIN8 during leaf differenti-
ation from the apical meristem (Lafos et al. 2011). During pluripotency acquisition, 
a large decrease of H3K27me3 levels was found at PIN1 in leaf-derived callus (He 
et al. 2012). In Arabidopsis, BRAHMA (BRM), an orthologue of the Saccharomyces 
cerevisiae SWI/SNF chromatin remodeling ATPase, was found to directly target the 
chromatin of the Aux efflux transporter genes PIN1, PIN2, PIN3, PIN4, and PIN7, in  
part by acting antagonistically with the H3K27me3-associated chromatin repression 
mark mediated by the Polycomb group (PcG) proteins (Yang et al. 2015). In the case 
of acetylation, it was found that in Arabidopsis, the inhibition of histone deacetyla-
tion alters Aux distribution due to PIN1 degradation in the root tip (Nguyen et al. 
2013). 

In addition to histone modifications, DNA methylation also is affected in Aux 
transport. PIN1, PIN3 and PIN4 presented low expression in leaves in the drm1 
drm2 cmt3 triple mutant (ddc), which is defective in maintenance and de novo DNA 
methylation in Arabidopsis. When the concentration of IAA was quantified, it was 
found that IAA was higher in leaves than in roots in the ddc mutants (Forgione et al. 
2019). 

AUX1 is an efflux transporter, and the increased in the acetylation of H3K9 
and H3K18 at AUX1 chromatin was observed in the histone deacetylase-binding 
factors SWI-INDEPENDET3-LIKE (SNL1) and (SNL2) double mutant snl1 snl2. 
This increase in H3K9ac and H3K18ac was related to AUX1 expression, which 
regulates radicle emergence (Wang et al. 2016).
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7 Epigenetics and Auxin Signalling 

The function of different epigenetic mechanisms, mainly histone acetylation, has 
been investigated in the auxin signalling pathway (Manzano et al. 2012; Nguyen 
et al. 2013; Weiste and Dröge-Laser 2014; Yamamuro et al. 2016). For instance, 
Yamamuro et al. (2016) described the involvement between epigenetic modifications 
and PGR action, highlighting the roles of epigenetic modifications in auxin signalling 
and distribution. One of the first signals of auxin presence is through the Aux-IAA 
degradation, liberating ARF; then the free ARF transcription activators can activate 
the expression of auxin-responsive genes (Lau et al. 2008; Mockaitis and Estelle 
2008) by recruiting histone acetyltransferases that facilitate chromatin opening in the 
target genes (Yamamuro et al. 2016). ARF3 and ARF4 have been found to repress 
SHOOTMERISTEMLESS (STM) via histone deacetylation, which promotes flower 
initiation at the reproductive meristem (Chung et al. 2019). 

On the other hand, when auxin is absent, the AUX/IAA proteins can directly bind 
to ARFs and interact with TOPLESS (TPL), forming the complex ARF-AUX/IAA-
TPL that can bind to AuxRE (Causier et al. 2012; Leyser  2018; Mockaitis and 
Estelle 2008; Szemenyei et al. 2008; Woodward and Bartel 2005). This complex 
recruits a histone deacetylase (HDAC), promoting heterochromatin shift (Kagale 
and Rozwadowski 2011; Krogan and Long 2009; Long et al. 2006; Yamamuro et al. 
2016). Nguyen et al. (2020) investigate the function of HAT in auxin signalling 
and root morphogenesis. The authors suggest that auxin signalling is controlled 
by AUX/IAA-HDA and ARF-HAT. This balance in auxin signalling is critical to 
normal root morphogenesis. Recent studies have explained the functions of different 
Arabidopsis HDAs (such as HDA6, HDA9, and HDA19) in auxin signalling as well 
as biosynthesis (Kuhn et al. 2020; Van Der Woude et al. 2019; Yuan et al. 2019). 

Nuclear factor-YC homologs (NF-YCs), which redundantly repress light-
controlled hypocotyl elongation, interact with HDA15 in the H4 acetylation that is 
reduced by light, while in the dark this NF-YCs-HDA15 complex decreases, allowing 
H4 acetylation to increase (Tang et al. 2017). In the hda15 mutant the expression 
of both IAA6 and IAA19 increased, which strongly suggests that Aux signalling is 
dependent on histone acetylation (Tang et al. 2017). 

Although most of the studies are related to histone deacetylation, a few studies 
indicate the involvement of histone acetylation in the Aux response (Chandler 2016; 
Saiga et al. 2012; Weiste and Dröge-Laser 2014). Some studies have implied a 
positive role for the histone acetyl transferase complex in ARF transcriptional activity 
(such as ARF5/MONOPTEROS) (Anzola et al. 2010; Chandler 2016; Kornet and 
Scheres 2009; Saiga et al. 2012; Wu et al.  2015).
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8 Epigenetic and Auxin Conjugation 

Most endogenous IAA is found as a conjugate form at the carboxyl group. This 
conjugation can occur with monosaccharides, polysaccharides, myoinositol, glyco-
proteins, amino acids, peptides, carbohydrates, choline and other molecules (Bajguz 
and Piotrowska 2009). Each of these conjugations has a specific role, such as IAA 
storage, transport, catabolism, degradation or homeostasis. 

GRETCHEN HAGEN 3 (GH3) genes are regulated by ARF8, ARF17 and ARF19 
(De Rybel et al. 2010; Mallory et al. 2005; Tian et al. 2004; Zhang et al. 2015a). 
GH3-8 encodes an IAA-amino synthetase that prevents free IAA accumulation and 
activates disease resistance in SA and JA signalling (Ding et al. 2008). Ding et al. 
(2008) found that the overexpression of GH3-8 enhances disease resistance to the 
rice pathogen Xanthomonas oryzae pv oryzae. In the presence of auxin, the bZIPs 
can directly bind to the GH3.3 promoter, recruiting the HAT and GCN5 via an 
adapter protein (ADA2b/PROPORZ1) to activate the expression of this GH3.3 gene 
(Weiste and Dröge-Laser 2014). During leaf-derived callus formation, consistent 
correlations were found between a decrease in H3K27me3 levels and upregulation 
of GH3.1, GH3.2, GH3.3, GH3.6, and GH3.17 (He et al. 2012). 

9 Conclusion 

Undoubtedly, there are substantial gaps in knowledge related to how auxins interact 
with other PGR for the smooth functioning and response of plants exposed to different 
environmental conditions. However, the knowledge that is being revealed about the 
role that epigenetics plays in the biosynthesis, degradation, transport, signalling and 
conjugation of auxins has opened paths to understand their rapid and subtle regulation 
by the repressive mark H3K27me3. 

Work should be done to understand how other PGR recruit Aux and vice versa. At 
the same time, how these mechanisms change from tissue to tissue must be analyzed, 
particularly how they are epigenetically regulated. 

Out of the large number of genes known to participate in auxin homeostasis, there 
are only a few for which direct epigenetic regulation has been described, revealing 
the widespread poor understanding of this topic. Further multidisciplinary efforts are 
imperative to better understand the different epigenetic players for PGR action. This 
knowledge will be necessary for the eventual manipulation of PGR homeostasis in 
order to improve plant fitness and adaptation. 

We can conclude that the chromatin modifications such as histone acetylation and 
methylation as well as DNA methylation play an important role in the regulation of 
auxin biosynthesis, signalling, transport and conjugation genes.
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Antoniadi I, Plačková L, Simonovik B, Doležal K, Turnbull C, Ljung K, Novák O (2015) Cell-type-
specific cytokinin distribution within the Arabidopsis primary root apex. Plant Cell 27(7):1955– 
1967. https://doi.org/10.1105/tpc.15.00176 

Anzola JM, Sieberer T, Ortbauer M, Butt H, Korbei B, Weinhofer I, Mâllner AE, Luschnig C (2010) 
Putative Arabidopsis Transcriptional Adaptor Protein (PROPORZ1) is required to modulate 
histone acetylation in response to auxin. Proc Natl Acad Sci 107(22):10308–10313 

Argueso CT, Ferreira FJ, Kieber JJ (2009) Environmental perception avenues: the interaction of 
cytokinin and environmental response pathways. Plant, Cell Environ 32(9):1147–1160. https:// 
doi.org/10.1111/j.1365-3040.2009.01940.x 

Bajguz A, Piotrowska A (2009) Conjugates of auxin and cytokinin. Phytochemistry 70(8):957–969. 
https://doi.org/10.1016/j.phytochem.2009.05.006 

Bellegarde F, Sakakibara H (2021) Nitrate-dependent modulation of root system architecture in 
maize: a balance between strigolactone and auxin pathways. Plant Cell Physiol 62(4):541–542. 
https://doi.org/10.1093/pcp/pcab032 
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The Role of Auxin and Cytokinin 
Signaling Components in de novo Shoot 
Organogenesis 

Tatjana Ćosić and Martin Raspor 

Abstract De novo shoot organogenesis (DNSO) is a widely used procedure for 
obtaining regenerated plant shoots for biotechnological, industrial and conservation 
purposes. Particular morphogenic events leading to shoot regeneration are induced 
by plant hormones auxin and cytokinin that are exogenously supplemented to the 
regenerating explants through the nutrient media. It was shown, in Arabidopsis and 
in other plant species, that the early stages of DNSO are crucially dependent on 
auxin signaling and include the development of pluripotent primordia that are devel-
opmentally identical to lateral root primordia, whereas in the later stages, these 
primordia acquire the shoot identity and develop a shoot apical meristem (SAM) 
in a process that is governed mostly by cytokinin, but is also influenced by auxin 
signaling. In this chapter, we discuss the current state of knowledge about the partic-
ular components of auxin and cytokinin signaling that are specifically involved in 
the phytohormonal regulation of DNSO. Throughout DNSO, the auxin signaling 
multicellular domains are generated through the action of auxin influx and efflux 
carriers, whereas AUXIN RESPONSE FACTORs (ARFs), that are modulated by 
the Aux/IAA repressors, regulate gene expression during various stages of DNSO. 
Conversely, the cytokinin signals relevant for DNSO are perceived overwhelmingly 
through the receptor ARABIDOPSIS HISTIDINE KINASE4 (AHK4) and effected 
through the type-B ARABIDOPSIS RESPONSE REGULATORs (ARRs), whereas 
type-A ARRs act as attenuators of the cytokinin signals. Throughout DNSO, auxin 
and cytokinin signals enter mutual crosstalk, and crosstalk with other phytohormones, 
sugars and other developmental signals, for a complex and fine-tuned regulation of 
shoot regeneration.
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1 Introduction 

Auxin and cytokinin are major phytohormones regulating plant growth and devel-
opment. Because of their complementary roles, and sometimes even antagonistic 
effects on the growth and development of particular plant tissues, they have been 
dubbed “the yin and yang of phytohormones” (Schaller et al. 2015). 

Skoog and Miller (1957) noted that the ratio of cytokinin to auxin in the plant 
tissue culture media determines the developmental fate of plant tissues, whereby high 
auxin and low cytokinin promote the differentiation of roots, whereas high exoge-
nous cytokinin and low auxin stimulate the development of shoot tissue. Ever since 
this discovery, carefully optimized protocols, consisting of sequences of regenera-
tion media, have been used to induce various morphogenic responses of plant tissues 
(Ikeuchi et al. 2019). The endogenous phytohormonal profiles of in vitro cultured 
plants, that already differ from their soil-grown counterparts due to an array of differ-
ences in environmental conditions and physiological status (Raspor et al. 2020), are 
further altered by the exogenously supplied auxin and cytokinin, resulting in different 
morphogenic responses such as proliferation of callus tissue (Ikeuchi et al. 2013), 
regeneration of adventitious shoots (Valvekens et al. 1988) or roots (Efroni et al. 
2016; Xu  2018). 

De novo shoot organogenesis (DNSO) is a process in which regeneration of adven-
titious shoots is induced from explants of plant tissues of various origin through the 
application of auxin and cytokinin to the nutrient media where the explants are incu-
bated (Valvekens et al. 1988). Classical, two-step protocols rely on a sequence of 
two media, with the first, callus induction medium (CIM) containing high auxin and 
low cytokinin concentrations, whereas the second, shoot induction medium (SIM) 
contains high cytokinin and low auxin (Valvekens et al. 1988; Che et al. 2002; Cary  
et al. 2002). However, in certain cases, the regeneration of shoots does not require 
a pre-incubation step on CIM, thus, one-step shoot regeneration on SIM is possible 
( Ćosić et al.  2015; Alvarez et al. 2020; Lee et al. 2020). 

Because DNSO is widely applied in genetic engineering, biotechnology, conser-
vation and fundamental research, it is being extensively studied. The molecular 
mechanisms of DNSO have been thoroughly characterized and they were proven 
to critically rely on auxin and cytokinin signaling (Motte et al. 2014; Raspor et al. 
2021). In this chapter, we provide an overview of the known roles for the individual 
elements of the auxin and cytokinin signaling machineries, in regulating DNSO. 
We mostly focus on knowledge obtained from DNSO in Arabidopsis thaliana as the 
most studied model for plant development; additionally, we present particular results 
obtained on other model species such as tomato or kohlrabi, when relevant data are 
available.
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2 CIM: Ensuring Sufficient Endogenous Auxin 

In the two-step shoot regeneration protocol, CIM is applied to induce the disorganized 
proliferation of callus tissue, a necessary step in indirect shoot organogenesis (Ikeuchi 
et al. 2013; Fehér 2019). Direct shoot organogenesis can be however induced without 
the proliferation of callus tissue (Kareem et al. 2016; Alvarez et al. 2020; Pasternak 
et al. 2020). In both direct and indirect shoot organogenesis, the pluripotency of plant 
tissues depends on their ability to respond to auxin by forming pluripotent primordia 
that are developmentally identical to the primordia of lateral roots (Atta et al. 2009; 
Sugimoto et al. 2010) and contain a population of stem cells, corresponding to the 
root stem cell niche (Muñoz et al. 2017; Rosspopoff et al. 2017). Upon transfer 
to SIM, cytokinin from the nutrient media induces the transdifferentiation of these 
pluripotent primordia into shoot primordia, that subsequently develop a shoot apical 
meristem (SAM) (Fig. 1). 

Synthetic auxins used in regeneration media can exhibit phytotoxic effects 
(Peterson et al. 2016) and induce unfavorable somaclonal variations in regenerated

Fig. 1 Regulation of de novo shoot organogenesis (DNSO) by auxin and cytokinin supplied through 
the callus induction medium (CIM) and shoot induction medium (SIM). The particular steps of 
DNSO, eventually leading to the formation of the shoot apical meristem (SAM) are explained in 
the text
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plants (Neelakandan and Wang 2012). Genetic analyses for clonal fidelity are advis-
able in order to validate the safety of particular regeneration protocols for the genetic 
integrity of each species (Stanišić et al.  2015; Thakur et al. 2016; Niazian et al. 2017; 
Tikendra et al. 2019; Das et al. 2020). To minimize the risk from possible adverse 
effects of high auxin concentrations from CIM on the regenerated plants, one-step 
shoot regeneration protocols are studied as an alternative to classical two-step regen-
eration ( Ćosić et al.  2015; Kaur et al. 2017). Valvekens et al. (1988) noted that it is 
possible to regenerate shoots from Arabidopsis root explants without pre-incubation 
on CIM, with the limitation that shoots are regenerated only at the proximal end 
of the explant. A one-step shoot regeneration protocol was developed for DNSO 
of kohlrabi (Brassica oleracea var. gongylodes), whereby seedlings cultivated on 
different SIM formulae without preincubation on CIM, were used as explants to 
obtain callus formation and subsequent shoot regeneration ( Ćosić et al.  2015). Histo-
logical and gene expression analyses indicated that in one-step shoot regeneration, 
organogenesis in kohlrabi followed the same sequence of morphogenic events as 
in the two-step regeneration of Arabidopsis, suggesting that one-step and two-step 
shoot regeneration differ in environmental requirements for initiation (the presence 
of auxin in the nutrient media), but not in the mechanism or dynamics of the process 
( Ćosić et al.  2015, 2019). Analyses of endogenous phytohormone content revealed 
that even in the absence of CIM, high endogenous auxin levels could be sufficient 
to induce the callus formation, indicating that endogenous phytohormone content 
is more relevant to the induction of morphogenic events, than the composition of 
nutrient media ( Ćosić et al.  2015). Additionally, it was shown that even during SAM 
formation, a process which is critically dependent on cytokinin-rich SIM, regener-
ating shoots may contain high endogenous levels of auxin, which is in certain cases 
even critical for the efficiency of shoot regeneration (Kakani et al. 2009; Ćosić et al.  
2015; Koike et al. 2017).

Thus, the role of CIM in DNSO is to ensure sufficient auxin supply to plant 
tissues in case their endogenous auxin is not sufficient to induce callus formation 
and the development of pluripotent primordia. Conversely, when endogenous auxin 
(or auxin-to-cytokinin ratio) in the regenerating explants is high, incubation on CIM 
is not necessary. 

3 The Roles of Auxin Signaling Components in DNSO 

From the specification of the founder cells that will give rise to the pluripotent 
primordia, to the establishment of the SAM—the entire process of DNSO critically 
depends on auxin signaling (Fig. 2). 

The first phases of DNSO, that occur during the incubation of explants on CIM, 
are directly relying on auxin signaling. Auxin influx carriers such as AUXIN-
RESISTANT1 (AUX1) are responsible of auxin uptake from CIM (Kakani et al. 
2009) and its local accumulation in the xylem pole of the pericycle, where local 
auxin maxima induce the expression of genes leading to the specification of founder
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Fig. 2 The roles of auxin signaling components in de novo shoot organogenesis (DNSO), as deter-
mined in the model species Arabidopsis thaliana. The regulation of DNSO by auxin is dependent 
on auxin transporters (AUX1, PINs), auxin response factors (ARFs), and the negative regulators 
of auxin signaling (Aux/IAAs). Founder cell specification (FCS) and primordium initiation are 
identically regulated in DNSO, and in lateral root formation, as the pluripotent primordia in DNSO 
are developmentally identical to lateral root primordia. The full names of the genes are given in the 
text. AOC = acquisition of organogenic competence; SAM = shoot apical meristem 

cells that will give rise to the pluripotent primordia (Sugimoto et al. 2010; De Rybel 
et al. 2010; Fig.  1). 

Subsequently, the auxin signaling cascade induces the upregulation of PIN-
FORMED (PIN) genes, encoding auxin efflux carriers, as well as an array of tran-
scription factors belonging to the families WUSCHEL-RELATED HOMEOBOX 
(WOX), LATERAL ORGAN BOUNDARIES DOMAIN (LBD), and PLETHORA 
(PLT ), which regulate the development of pluripotent primordia (Benková et al. 
2003; Sugimoto et al. 2010; Fan et al. 2012; Kareem et al. 2015). 

Next, the pluripotent primordia acquire the organogenic competence for transd-
ifferentiation into shoot primordia. The acquisition of organogenic competence is 
mediated by the gene families PLT, ENHANCER OF SHOOT REGENERATION 
(ESR) and CUP-SHAPED COTYLEDON (CUC). This process is initiated on CIM, 
but subsequent incubation on SIM is necessary, as these genes are regulated by both 
auxin and cytokinin signaling cascades (Banno et al. 2001; Daimon et al.  2003; 
Kareem et al. 2015; Rosspopoff et al. 2017; Luo et al. 2018). 

In the last phase of DNSO, the SAM formation is regulated by the morphogenic 
genes SHOOTMERISTEMLESS (STM) and WUSCHEL (WUS), that are cytokinin-
induced; however, both the morphogenic effects of STM, and the expression of 
WUS depend on cytokinin signaling through the receptor ARABIDOPSIS HISTIDINE 
KINASE4/CYTOKININ RESPONSE1/WOODEN LEG (AHK4/CRE1/WOL), which 
is previously induced by the auxin signaling cascade during the incubation on CIM 
(Jasinski et al. 2005; Gordon et al. 2009; Adibi et al. 2016). Additionally, WUS is 
indirectly regulated by the auxin signaling cascade (Zhao et al. 2010; Luo et al. 2018) 
and STM can also be subject to negative regulation by auxin (Chung et al. 2019).
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Conversely, WUS was shown to repress auxin signaling through the tissue-specific 
histone deacetylation of loci containing the ARF genes, within the central zone of 
the SAM  (Ma et al.  2019). Thus, even though the effects of auxin are traditionally 
associated with the first phases of DNSO during CIM incubation, and the incubation 
on SIM is interpreted in relation to cytokinin signaling, the auxin signaling cascade 
actually regulates all the phases of DNSO (Fig. 1). 

3.1 Setting the Stage for Auxin Signaling: Auxin 
Transporters 

The auxin transporters are important for DNSO in two distinct ways: they mediate 
both the uptake of exogenous auxin into plant tissues, and they regulate the 
morphogenic course of DNSO by modulating local endogenous auxin concentra-
tions (Raspor et al. 2021). For the explants incubated on CIM, the uptake of auxin 
and its transport into plant tissues represents the necessary prerequisite for the 
hormonal regulation of DNSO. Auxin uptake and transport into plant cells is likely 
to primarily rely on the auxin influx carrier AUXIN-RESISTANT1 (AUX1) (Fig. 2), 
as the Arabidopsis aux1 mutants are unable to form calli on regular CIM; however, 
additional influx carriers and/or passive diffusion likely also account for auxin uptake 
from the media to a lesser extent, as callus formation and successful shoot regener-
ation are possible even for aux1 mutants when CIM is supplied with higher auxin 
concentrations (Kakani et al. 2009). 

The redistribution of auxin between the individual cells of the explant tissues 
critically affects the morphogenic course of DNSO. The morphogenic effects of 
auxin are shaped by auxin gradients between cells, and the initiation of an array 
of morphogenic events depends on the establishment of local multicellular domains 
containing lower or higher auxin levels compared to the surrounding tissue—local 
auxin minima and maxima (Adamowski and Friml 2015). These local auxin minima 
and maxima are established through temporal and spatial changes in expression of 
the genes coding for polar auxin transporters of the PIN-FORMED (PIN) family. 
The PIN transporters are auxin efflux carriers, whose polar pattern of distribution 
on the plasma membrane is regulated on the transcriptional and post-translational 
level, as well as through endocytic trafficking; thus, differential expression of PIN 
genes between neighboring cells and the redistribution of PIN proteins on the plasma 
membrane, can affect the polar flow of auxin into the tissue or away from it, enabling 
the establishment of a local auxin maximum or minimum (Zhou and Luo 2018). The 
establishment of local auxin maxima or minima was proven to be crucial at several 
points in various phases of DNSO, thus making the precise temporal and spatial 
patterns of the expression of PIN genes critical for the correct course of DNSO. 

Such local auxin maxima, dependent on the expression of the auxin influx carrier 
gene AUX1, are necessary for the initiation of the entire process of DNSO, through 
the specification of founder cells that will subsequently give rise to a pluripotent
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primordium (Fig. 2). During the formation of lateral root primordia, which are devel-
opmentally identical to the pluripotent primordia in the process of DNSO, AUX1 is 
expressed in the xylem pole of the pericycle before the first periclinal division of 
the pre-founder cells (Marchant et al. 2002), enabling the formation of local auxin 
maxima that are necessary for founder cell specification, a process dependent on 
intense auxin signals (De Rybel et al. 2010). The dependence of founder cell spec-
ification on local auxin maxima provides a regulatory mechanism of lateral inhibi-
tion, whereby established auxin maxima function as sinks that deplete auxin from 
the surrounding groups of cells, resulting in a discrete number of distinct foci of 
founder cell specification (Laskowski et al. 2008). At this early stage, PIN-mediated 
auxin efflux needs to be downregulated because it would impair the maintenance 
of auxin maxima (Motte et al. 2014). Subsequent upregulation of PIN3 and PIN7 
(Marhavý et al. 2013) and redistribution of PIN1 to enable acropetal movement of 
auxin towards the tip of the growing primordium (Benková et al. 2003), will take 
place during primordium formation. 

Another point in the process of DNSO that is critically relying on the establishment 
of PIN-dependent auxin maxima, is the formation of CUP-SHAPED COTYLEDON2 
(CUC2)-expressing domains which will give rise to the shoot progenitors during 
the acquisition of shoot identity. When the expression of the SAM-related gene 
WUS is initiated by cytokinin signaling in the shoot promeristem, groups of cells 
within local, PIN1-dependent auxin maxima, continue expressing CUC2, but not 
WUS. Thus, PIN1 plays an important role in local microaccumulation of auxin that 
leads to the assignment of shoot progenitor identity to the CUC2-expressing cells 
within larger WUS-expressing domains (Gordon et al. 2007; Motte et al. 2014). The 
expression of PIN1 within the shoot promeristem is dependent on cytokinin from 
the SIM, but requires cytokinin perception through AHK4/CRE1/WOL, which is 
previously induced during the incubation on CIM (Gordon et al. 2009). In a later 
phase, auxin efflux through PIN1 is crucial for the establishment of localized WUS-
expressing domains (Cheng et al. 2013). The expression of PIN1, and the correct 
establishment of CUC2- and WUS-expressing domains are functionally required 
for shoot regeneration, since shoot formation is severely impaired in pin1 mutants 
(Gordon et al. 2007; Cheng et al. 2013). 

3.2 IAA28, IAA14, ARF7 and ARF19: Regulators of Early 
Stages of DNSO 

Transcription of auxin-responsive genes is facilitated by a class of transcription 
factors, called AUXIN RESPONSE FACTORs (ARFs). In the absence of auxin, 
canonical ARFs are subject to regulatory repression by the Auxin/INDOLE-3-
ACETIC ACID (Aux/IAA) proteins, the negative regulators of auxin signaling 
(Fig. 2). Conversely, in the presence of auxin, ARFs are released from the repres-
sive interaction with Aux/IAAs and they become transcriptionally active, whereas
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Aux/IAAs are targeted for ubiquitin-mediated degradation (Roosjen et al. 2018). 
Not all ARFs interact with all Aux/IAA repressors; rather, they are organized into 
regulatory modules that rely on specific interactions between particular members of 
the ARF and Aux/IAA families, with distinct roles in plant development (Weijers 
et al. 2005). 

At least two distinct auxin response modules were shown to participate in the 
regulation of lateral root primordia (LRP) formation in Arabidopsis: one consists of 
the Aux/IAA repressor IAA14/SOLITARY ROOT and the partially redundant auxin 
response factors ARF7 and ARF19 (Okushima et al. 2005), whereas the other one 
consists of the repressor IAA12/BODENLOS and its target ARF5/MONOPTEROS 
(DeSmet et al.  2010; De Rybel et al. 2010). Additionally, both modules are affected by 
the repressive influence of IAA28 during the specification of founder cells of LRP (De 
Rybel et al. 2010). Although initially described using lateral root formation as model 
system, the identical regulatory interactions occur during founder cell specification 
and the formation of pluripotent primordia in DNSO, as has been reported later (Fan 
et al. 2012). 

The earliest auxin-dependent signaling events during founder cell specification 
involve the induction of GATA23 in the xylem pole of the pericycle, before the first 
periclinal division that marks the onset of the primordium formation (De Rybel et al. 
2010). GATA23 belongs to the family of GATA motif-binding transcription factors, 
that are regulators of cell fate specification in multicellular eukaryotes (Muro-Pastor 
et al. 1999). Expression of GATA23 is initiated by auxin primarily through the activity 
of ARF7 and ARF19, as arf7arf19 double mutants are almost completely deficient 
in its induction by auxin. However, ARF5, ARF6 and ARF8 are also involved in the 
induction of GATA23. The induction of GATA23 by ARFs is negatively regulated by 
IAA28 (De Rybel et al. 2010). 

Beside GATA23, other important regulatory targets of ARF7 and ARF19 include 
members of the gene family LATERAL ORGAN BOUNDARIES DOMAIN (LBD), 
which are involved in the activation of a broad array of developmental responses 
(including cell cycle activation, cell wall remodeling, lipid and ROS metabolism, 
epigenetic regulation, etc.) that lead to the development of LRP (Okushima et al. 
2007; Lee et al. 2009; Berckmans et al. 2011). The identical, partially redun-
dant activation of LBD16, LBD17, LBD18, and LBD29 by ARF7 and ARF19 was 
shown to underlie the formation of pluripotent primordia in the organogenic calli 
of Arabidopsis during DNSO; moreover, transgenic overexpression of each of these 
four LBD genes could induce the formation of organogenic calli on nutrient media 
without auxin. These findings are commonly regarded as a definite proof that the 
pluripotent primordia that are formed in DNSO, are developmentally identical to the 
LRP (Fan et al. 2012). 

The roles of ARF7 and ARF19 in the regulation of GATA23 and the LBD genes 
during pluripotent primordium formation (Fig. 2) were found to be partially redun-
dant: single arf7 and arf19 mutants failed to display the severe symptoms of auxin 
dysfunction that were observed in the double arf7arf19 mutants (Okushima et al. 
2005; De Rybel et al. 2010). The Arabidopsis genes AtARF7 and AtARF19 are 
closely related paralogs and originate from a single recent gene duplication event.
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Their next closest paralogs are AtARF5, AtARF6 and AtARF8 (Okushima et al. 2005). 
Together, these five ARFs are known as “canonical”, or “class A ARFs”, as opposed 
to the “class B” and “class C” ARFs (Roosjen et al. 2018). 

The repressor IAA14 regulates the activity of ARF7 and ARF19 both in lateral root 
(Fukaki et al. 2005) and pluripotent primordium formation in DNSO (Fan et al. 2012), 
given the developmental equivalency of these processes. The gene IAA14 was iden-
tified as the target of a dominant gain-of-function mutation solitary root (slr), which 
rendered the mutants completely unable to initiate lateral root primordia, although 
their unbranched primary root was otherwise normal (Fukaki et al. 2002). A similar, 
barely milder phenotype was observed in double loss-of-function arf7arf19 mutants, 
confirming the role of IAA14 in regulating ARF7 and ARF19 in primordium initia-
tion (Okushima et al. 2005). The IAA14-dependent repression of ARF7 and ARF19 
was shown to rely on the activity of the chromatin remodeling factor PICKLE (PKL) 
(Fukaki et al. 2006). Additionally, beside the binding of auxin to the repressor IAA14 
which is a mechanism typical of the auxin signaling cascade, an additional layer of 
regulation by auxin is provided through posttranscriptional modification of IAA14, 
ARF7 and ARF19 transcripts, involving the activation of alternative polyadenylation 
sites, that affect transcript stability (Hong et al. 2018). Taken together, these regula-
tory mechanisms are relevant to the auxin-induced process of pluripotent primordium 
formation during DNSO, through the actions of the regulatory module IAA14-ARF7-
ARF19. Additionally, similarly to IAA14, a semi-dominant gain-of-function mutation 
in IAA28 was also deficient in lateral root development, suggesting the involvement 
of similar mechanisms (Rogg et al. 2001). 

Beside IAA14 and IAA28, other Aux/IAA repressors were suggested to regu-
late the ARF7-ARF19 signaling module in the early phases of DNSO. Recently, 
IAA15 was shown to regulate ARF7 and ARF19 during primordium formation in a 
similar manner as IAA14 does, including the repression of transcriptional activation 
of LBD16 and LBD29 by ARF7 and ARF19 (Kim et al. 2020). Additionally, the auxin 
response repressor SHORT HYPOCOTYL2 (SHY2/IAA3), which represents a point 
of auxin-cytokinin crosstalk because it is also regulated by cytokinin-responsive 
ARABIDOPSIS RESPONSE REGULATOR1 (ARR1) and ARR12 (Moubayidin 
et al. 2010), has been suggested as a possible repressor of ARF7 and ARF19. 
However, its interference with ARF7 and ARF19 in primordium formation is unlikely 
or of low importance, because the lateral root phenotype of shy2/iaa3 mutants is 
different from that of the double arf7arf19 mutants (Goh et al. 2012). 

3.3 IAA12/BODENLOS and ARF5/MONOPTEROS: The 
Regulators Involved in All Stages of DNSO 

Differently from the regulatory module IAA14-ARF7-ARF19 whose effects 
are limited to the early phases of DNSO including founder cell spec-
ification and primordium formation, the roles for AUXIN RESPONSE
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FACTOR5/MONOPTEROS (ARF5/MP) and its repressor IAA12/BODENLOS 
(BDL) have been confirmed throughout all the stages of DNSO, from founder cell 
specification to the development of the SAM (Fig. 2). Accordingly, the genotype 
MPΔ, containing a dominant gain-of-function deletion of the ARF5/MP protein 
domain responsible for negative regulation by IAA12/BDL (Krogan et al. 2012), was 
shown to be highly efficient in shoot regeneration (Ckurshumova et al. 2014), and the 
transgenic expression of MPΔ was even proposed as a novel strategy for enhancing 
the efficiency of shoot regeneration in recalcitrant plant species (Ckurshumova and 
Berleth 2015). 

Mechanistic research and mathematical modeling revealed the nature of the regu-
latory action of the IAA12-ARF5 regulatory module (Lau et al. 2011; Farcot et al. 
2015). When present above a certain concentration threshold, depending on the local 
auxin concentration, ARF5/MP was shown to generate a feedforward signal through 
the induction of its own transcription; this signal is modulated by the simultaneous 
transcriptional activation of IAA12/BDL. IAA12/BDL acts as a repressor of the 
ARF5/MP protein; however, as long as auxin is present above a threshold level, the 
concentration of IAA12/BDL is subject to a dynamic balance between ARF5/MP-
stimulated gene transcription and auxin-induced proteolysis. Such dynamic regu-
lation of auxin signaling through ARF5/MP ensures the maintenance of the auxin 
signals required for auxin-dependent developmental fate decisions (Lau et al. 2011). 

The earliest involvement of ARF5/MP in the regulation of DNSO occurs during 
founder cell specification, whereby ARF5/MP participates in the induction of 
GATA23 expression along with ARF6, ARF7, ARF8 and ARF19; this process is 
negatively regulated by the repressor IAA28. It is known that the activity of ARF7-
ARF19 is essential for the auxin-induced expression of GATA23 (De Rybel et al. 
2010). However, it is not sure whether the activity of ARF5/MP is also essential inde-
pendently of ARF7-ARF19, or the role of ARF5/MP in this process is minor—since 
the behavior of arf5/mp mutants in the induction of GATA23 was not reported. 

The next point of involvement of ARF5/MP in DNSO is at primordium initia-
tion, whereby the IAA12-ARF5 regulatory module is switched on later than IAA14-
ARF7-ARF19, as suggested by the development of abnormal primordia in the gain-
of-function iaa12/bdl and loss-of-function arf5/mp mutants (De Smet et al. 2010). 
However, the specific effects of the IAA12-ARF5 module at this stage of primordium 
formation are unclear as of today, as no reports of the underlying mechanism have 
been made over the last decade (Vangheluwe and Beeckman 2021). A possible role 
for ARF5/MP in primordium initiation might consist in the transcriptional activation 
of the auxin efflux carrier genes PIN3 and PIN7, since these genes are considered 
important markers of primordium initiation (Marhavý et al. 2013), and ARF5/MP 
has been shown to activate their transcription during lateral root initiation (Krogan 
et al. 2016). 

Another possible regulatory target for the IAA12-ARF5 module during 
primordium initiation is WUSCHEL-RELATED HOMEOBOX5 (WOX5), as such 
regulation is in place in the root apical meristem (RAM) stem cell niche (Sarkar 
et al. 2007; García-Gómez et al. 2017). WOX5 is a transcription factor crucial for 
the establishment and maintenance of the stem cell niche in the pluripotent primordia
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during DNSO (Sugimoto et al. 2010). It is upregulated upon callus induction (Kim 
et al. 2018) and remains expressed in the stem cell niche of the pluripotent primordia, 
determining their lateral root-like identity (Sugimoto et al. 2010; Rosspopoff et al. 
2017). Upon cytokinin treatment, the auxin-dependent WOX5 expression domain in 
the stem cell niche is replaced by cytokinin-dependent WUS expression, changing 
the identity of the stem cell niche into shoot-like (Rosspopoff et al. 2017). Taken 
together, the maintenance of the stem cell niche of the pluripotent primordia, regu-
lated by auxin until their transdifferentiation into shoot primordia, likely relies on 
signaling through ARF5/MP. 

The involvement of ARF5/MP at numerous points throughout the later stages of 
DNSO confirms its essential importance for mediating the developmental regulation 
of this morphogenic process by auxin (Fig. 2). Gene regulatory network analyses 
have revealed complicated regulatory interactions throughout the course of DNSO, 
whereby ARF5/MP both regulates the expression of transcription factors involved in 
morphogenic processes, and undergoes feedforward or feedback regulation by some 
of them. For instance, the transcription factor LBD29, involved in callus/primordium 
formation during DNSO, is a transcriptional regulator of ARF5/MP (Ikeuchi et al. 
2018). Interestingly, LBD29 is itself a regulatory target of ARF7 and ARF19 (Fan 
et al. 2012). 

Furthermore, the PLETHORA (PLT) transcription factors, which play a central 
role within the gene regulatory network underlying primordium formation in DNSO, 
are auxin-inducible and depend on auxin signaling through ARF5/MP (Horstman 
et al. 2014; Kareem et al. 2015). In turn, PLT2 provides a regulatory loop through 
the upregulation of ARF5/MP, the auxin efflux carrier gene PIN4, and the auxin 
biosynthetic gene YUCCA3 in the quiescent center of the LRP, suggesting similar 
interactions in the pluripotent primordium during DNSO (Santuari et al. 2016). 

A major point in the auxin-mediated regulation of SAM formation is the 
transcriptional repression of one of the main regulators of the acquisition of 
organogenic competence and shoot identity, DORNRÖSCHEN/ENHANCER OF 
SHOOT REGENERATION1 (DRN/ESR1) by ARF5/MP within the SAM stem cell 
niche (Luo et al. 2018; Fig.  2). Since DRN/ESR1 is an important positive regulator 
of CLAVATA3 (CLV3) which restricts the expression of the shoot identity regulator 
WUSCHEL (WUS), ARF5/MP thus indirectly acts as a negative regulator of CLV3 
and a positive regulator of WUS. A role for IAA12/BDL as a universal repressor of 
ARF5/MP was confirmed in this process, as transgenic plants bearing a dominant 
gain-of-function iaa12/bdl mutation showed substantial upregulation of CLV3 and 
repression of WUS within the SAM (Luo et al. 2018). Taken together, the role of 
ARF5/MP as a positive regulator of WUS is in accordance with the reports on its 
enhancing effect on the efficiency of shoot regeneration (Ckurshumova et al. 2014; 
Zhang et al. 2021), and corroborates its importance as one of the central regulators 
of DNSO.
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3.4 ARF3 and ARF4: The Two Class B ARFs that Regulate 
the Development of the SAM 

As opposed to ARF5, ARF6, ARF7, ARF8, and ARF19 that unequivocally act as tran-
scriptional activators, the remaining Arabidopsis ARF proteins do not activate gene 
transcription from canonical auxin promoters in heterologous expression systems and 
hence were historically hypothesized to act as transcriptional repressors (Guilfoyle 
and Hagen 2007). However, the categorization of these “class B” and “C” ARFs as 
transcriptional repressors is currently challenged, as they have been shown to mediate 
an array of auxin-dependent responses in plants (Roosjen et al. 2018). Furthermore, 
with the exception of ARF4, the class B and C ARFs do not form important protein– 
protein interactions with the Aux/IAA repressors (Piya et al. 2014). Thus, the class B 
and class C ARFs have properties that distinguish them from the “canonical” class A 
ARF7, ARF19, and ARF5/MP that regulate the early phases of DNSO. Two class B 
ARFs—ARF3/ETTIN and ARF4, have been reported to participate in the regulation 
of SAM formation and maintenance, in the late stages of DNSO (Fig. 2). 

Recently, a role for ARF4 has been shown in enhancing the efficiency of shoot 
regeneration (Zhang et al. 2021). Instead of competing with ARF5/MP for binding 
to its target promoters and decreasing ARF5/MP-dependent gene expression as was 
previously suggested to be the mode of action of the “repressor ARFs” (Guilfoyle 
and Hagen 2007), ARF4 was shown to actually saturate the ARF-binding sites on 
the regulatory protein IAA12/BDL, decreasing its repressive effect on ARF5/MP 
(Zhang et al. 2021). The promotive effect of ARF4 on shoot organogenesis was 
dependent on the function of ARF5/MP: although the overexpression of ARF4 was 
able to rescue the shoot organogenesis efficiency in IAA12/BDL-overexpressing 
Arabidopsis, this effect was missing in the ARF5/MP weak allele mp-S319 back-
ground (Zhang et al. 2021). Furthermore, both ARF3/ETTIN and ARF4 were found 
to be upregulated, along with WUS, in DNA-methylation-deficient met1 Arabidopsis 
mutants with enhanced efficiency of shoot regeneration, indicating that the methyla-
tion of specific chromatin regions may affect the efficiency of cellular reprogramming 
events underlying successful shoot regeneration (Li et al. 2011). 

Additionally, ARF3/ETTIN was also shown to mediate, together with PIN1, 
the formation of mutually exclusive multicellular domains influenced by auxin or 
cytokinin signaling during SAM formation. ARF3/ETTIN inhibited ISOPENTENYL 
TRANSFERASE5 (IPT5)-mediated cytokinin biosynthesis, whereas PIN1 facilitated 
the establishment of WUS-expressing domains to which the cytokinin biosynthesis 
was confined. This spatial pattern was critically important for shoot regeneration, as 
its disruption resulted in the formation of tissue resembling uninduced callus (Cheng 
et al. 2013). 

Finally, the regulatory interactions occurring upon the initiation of floral meris-
tems point at possibilities for direct negative regulation of the SAM master regulator 
SHOOTMERISTEMLESS (STM) by auxin in the SAM. STM was shown to be subject 
to negative regulation by ARF3/ETTIN, ARF4 and ARF5/MP during floral meristem
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determinacy (Chung et al. 2019). It is currently unknown whether similar interac-
tions take place during DNSO as well, but their existence in the SAM points out 
the importance of the balance between auxin and cytokinin signals, and the main 
SAM master regulator genes, for the maintenance of the SAM and for efficient shoot 
regeneration. 

4 SIM: The Trigger for Primordium Transdifferentiation 

While one-step shoot regeneration protocols are applicable, for which the use of CIM 
is dispensable, DNSO is impossible without a cytokinin-rich SIM. The main reason 
is that the transdifferentiation of the pluripotent primordium, the process in which 
its lateral root-like identity is converted to a shoot-like identity, can be achieved only 
through the supply of substantial quantities of exogenous cytokinin (Rosspopoff 
et al. 2017). Also, in one-step regeneration protocols, exogenous cytokinin from the 
regeneration medium can induce auxin biosynthesis, which leads to the increase in 
endogenous auxin, and consequently to callus formation preceding shoot organo-
genesis ( Ćosić et al.  2015). Thus, cytokinin present in the shoot regeneration media 
plays multiple roles that are important for shoot organogenesis. 

After the explants are incubated on SIM, cytokinin from the media needs to 
penetrate into the plant tissues and reach the cytokinin receptors, for the signaling 
cascade to start (Raspor et al. 2021). Cytokinin perception from the endoplasmic 
reticulum and from the plasma membrane are both likely to be biologically relevant 
(Romanov et al. 2018; Antoniadi et al. 2020), thus both the intracellular uptake of 
cytokinin and its presence in the apoplast are potentially important for the induction 
of the processes of cellular reprogramming that are part of DNSO. Upon uptake by 
the plant tissues, exogenous cytokinin can undergo metabolic modifications and/or 
affect the biosynthesis of cytokinin and other plant hormones, thus exogenous supply 
of different isoprenoid, aromatic or diphenylurea-type cytokinins has diverse effects 
on endogenous phytohormone composition ( Ćosić et al.  2015, 2021). Furthermore, 
the alterations in endogenous cytokinins affect gene expression in the regenerating 
explants. Various genes that are involved in the regulation of DNSO are responsive 
to cytokinin, and they display complex time-course expression patterns on SIM 
corresponding not only to their specific roles in DNSO, but possibly also to non-
specific induction by cytokinin ( Ćosić et al.  2019). Taken together, the effects of SIM 
incubation on the regenerating explants are diverse, and encompass more processes 
than just the gene expression and developmental events that are commonly described 
as part of DNSO.
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5 The Roles of Cytokinin Signaling Components in DNSO 

Without the addition of cytokinin to the regeneration media, the calli present on 
CIM remain in an unorganized state, or can acquire a root identity (Rosspopoff 
et al. 2017; Liu et al. 2018). Although the pluripotent, lateral root-like primordia 
start acquiring their organogenic competence under the influence of auxin signals, 
exposure to cytokinin signals is needed for them to complete this process and to 
subsequently acquire a shoot identity and develop a SAM (Gordon et al. 2009; 
Rosspopoff et al. 2017; Pernisova et al. 2018). 

Additionally, de novo cytokinin biosynthesis is involved in the alternative, CIM-
independent pathway of callus formation, which is developmentally distinct from the 
lateral root-like callus formation. The CIM-independent pathway of callus formation 
is induced by wounding, and dependent on cytokinin instead of auxin signaling (Iwase 
et al. 2011; Ikeuchi et al. 2017). 

The roles of particular components of cytokinin signaling in DNSO are shown in 
Fig. 3. 

Fig. 3 The roles of cytokinin signaling components in de novo shoot organogenesis (DNSO), as 
determined in the model species Arabidopsis thaliana. The regulation of DNSO by cytokinin is 
dependent on the cytokinin receptor AHK4/CRE1/WOL, the type-B ARABIDOPSIS RESPONSE 
REGULATORs (ARRs) that act as transcription factors (ARR1, ARR10, ARR12), and the type-A 
ARRs, that act as negative regulators of cytokinin signaling. The full names of the genes are given 
in the text. SAM = shoot apical meristem
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5.1 Cytokinin Perception Through AHK4/CRE1/WOL 
During SAM Formation: Dependent on Auxin, 
but Necessary for Cytokinin Action 

Cytokinin perception in Arabidopsis is mediated by the three receptors of the 
ARABIDOPSIS HISTIDINE KINASE (AHK) family: AHK2, AHK3 and AHK4 
(Higuchi et al. 2004; Nishimura et al. 2004). Phylogenetic relationships between 
these Arabidopsis HKs, and cytokinin receptors in other groups of plants are currently 
extensively investigated (Lomin et al. 2018, 2021). Early analyses of Arabidopsis 
ahk2, ahk3, and ahk4 single, double, and triple mutants revealed partially redundant 
roles in the regulation of developmental processes dependent on cytokinin (Higuchi 
et al. 2004; Nishimura et al. 2004; Riefler et al. 2006). However, despite partial 
overlaps in their functions, AHK2, AHK3 and AHK4 have been shown to play 
distinct roles in plant growth and development, determined both by the differences 
in their ligand-binding specificities, and development- and tissue-specific expression 
patterns (Romanov et al. 2006; Stolz et al. 2011). 

The cytokinin receptors are located mainly on the endoplasmic reticulum (Wulfe-
tange et al. 2011). However, compelling evidence argues in favor of cytokinin 
signaling both from the endoplasmic reticulum (Romanov and Schmülling 2021) 
and from the plasma membrane (Zürcher et al. 2016; Antoniadi et al. 2020), thus it 
is likely that both signaling pathways play distinct roles in plant growth and devel-
opment (Nedvěd et al. 2021). It is, though, currently unknown whether cytokinin 
perception from the endoplasmic reticulum, or from the plasma membrane, is more 
relevant to the cytokinin responses during DNSO (Raspor et al. 2021). 

Available evidence argues for a comprehensive involvement of 
AHK4/CYTOKININ RESPONSE1/WOODEN LEG (AHK4/CRE1/WOL), but 
not AHK2 or AHK3 throughout the process of DNSO (Gordon et al. 2009; 
Pernisova et al. 2018; Fig.  3). Analysis of double ahk2ahk3, ahk2ahk4, and 
ahk3ahk4 mutants revealed that the two ahk4 DNSO-related phenotypes differed 
from wild type much more importantly than ahk2ahk3. The mutation ahk4 facilitated 
the development of pluripotent primordia, but strongly impaired shoot regeneration; 
thus, it was concluded that cytokinin perception through AHK4/CRE1/WOL 
negatively regulates primordium formation, but is critically important for SAM 
formation (Pernisova et al. 2018). 

The negative regulation of primordium formation by AHK4/CRE1/WOL is in 
line with previous reports about the inhibitory effects of cytokinin signals on lateral 
root development, whereby cytokinin acts antagonistically to the promotive effects 
of auxin (Chang et al. 2013). Thus, primordium formation is negatively regulated by 
AHK4/CRE1/WOL in the organogenic callus in a similar way. 

Conversely, the role of AHK4/CRE1/WOL is pivotal to cytokinin perception in 
the developing SAM. The expression of AHK4/CRE1/WOL was upregulated in the 
organogenic callus of Arabidopsis during the incubation on CIM and was necessary 
for the induction of genes by cytokinin during SIM incubation (Gordon et al. 2009). 
Accordingly, it was shown that cytokinin perception through AHK4/CRE1/WOL
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underlies the correct positioning of the WUS-expressing domain in the developing 
SAM (Chickarmane et al. 2012; Adibi et al. 2016). The perception of cytokinin 
through AHK4/CRE1/WOL is supposed to be important also for the function of the 
other SAM-related morphogenic gene, STM, as it was reported that the wol mutation 
abolishes SAM formation in the weak STM mutant background, shootmeristemless-
bumpershoot1 (stm-bum1) (Jasinski et al. 2005). 

5.2 Type-B Cytokinin Response Regulators: A Complex 
Interplay in the Induction of the SAM Stem Cell Niche 

The binding of cytokinin to its receptors occurs either in the lumen of the endoplasmic 
reticulum, or on the outer surface of the plasma membrane. Cytokinin receptors are 
transmembrane proteins, whose C-terminal domains are located in the cytosol, where 
the initial steps of cytokinin signaling occur. Cytokinin binding activates the receptor, 
leading to the phosphorylation of a conserved histidine (His) residue on its protein 
kinase domain. Subsequently, a phosphorylation cascade starts, whereby the activator 
phosphate is transferred first to a conserved aspartate (Asp) residue on the C-terminal 
domain of the receptor, then to a His residue on the ARABIDOPSIS HISTIDINE 
PHOSPHOTRANSFER PROTEINs (AHPs). The activated AHPs transmit the acti-
vator phosphate to an Asp residue on the receiver domain of type-B ARABIDOPSIS 
RESPONSE REGULATORs (type-B ARRs), that act as transcriptional activators of 
responses to cytokinin, through the activity of their DNA-binding Myb-like domain 
(Kieber and Schaller 2018). 

The role of the type-B ARRs has been subject of the most recent additions to the 
knowledge on the regulation of Arabidopsis SAM formation by cytokinin (Zhang 
et al. 2017; Liu et al. 2020). Four type-B ARRs (ARR1, ARR2, ARR10, and ARR12) 
have been shown to activate the transcription of WUS in the SAM, both directly, and 
through the activation of HD-ZIP III transcription factors PHABULOSA (PHB), 
PHAVOLUTA (PHV), and REVOLUTA (REV) (Zhang et al. 2017; Meng et al. 2017; 
Zubo et al. 2017; Dai et al. 2017; Fig.  3). In addition, ARR1, ARR10 and ARR12 
were shown to inhibit the auxin biosynthesis genes YUCCA1 and YUCCA4 in the 
SAM, which is supposed to further enhance WUS expression (Meng et al. 2017). 
Further analysis of the individual roles of ARR1, ARR10 and ARR12 confirmed 
ARR10 and ARR12 as positive regulators of SAM formation (Zubo et al. 2017; Dai  
et al. 2017), whereas ARR1 was revealed as a competitive inhibitor of ARR12 for 
binding to the promoter regions of WUS and CLV3, actually having an attenuating 
role in the regulation of DNSO (Liu et al. 2020). On the other hand, the activity of 
ARR1 was more important than that of ARR10 or ARR12 in the regulation of the 
CIM-independent (wound-induced) callus formation pathway (Ikeuchi et al. 2017). 

The functions of the 11 type-B ARRs in the development of Arabidopsis have been 
widely studied. Analyses of multiple-order mutants of type-B ARRs revealed redun-
dancy in the regulation of cytokinin-controlled developmental responses (Mason
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et al. 2005). However, microarray analysis revealed that the overwhelming majority of 
cytokinin-regulated developmental responses required the activity of ARR1, ARR10 
and ARR12 (Argyros et al. 2008). Accordingly, the triple arr1arr10arr12 mutants 
displayed severe cytokinin deficiency phenotypes, that were comparable to those 
of the triple ahk2ahk3ahk4 mutants for cytokinin receptors (Ishida et al. 2008). 
ARR1, ARR10 and ARR12 were shown to jointly regulate a number of develop-
mental responses, such as the differentiation of protoxylem in the root (Yokoyama 
et al. 2007), anthocyanin biosynthesis (Das et al. 2012), chloroplast deetiolation 
(Cortleven et al. 2016), abiotic stress responses (Nguyen et al. 2016; Yan et al. 2021) 
and gynoecium development (Gómez-Felipe et al. 2021). In this context, the role 
of ARR1 in attenuating the effects of ARR12 on shoot regeneration during DNSO 
represents a novel concept—a mechanism for fine-tuning the seemingly redundant 
action of signaling components of a hormone response pathway (Liu et al. 2020). 
Taken together, in light of the currently available knowledge, we can conclude that the 
central signaling components mediating the cytokinin regulation of SAM formation 
are ARR10 and ARR12, whereas ARR1 acts only as a modulator of that response, 
but plays an important role in wound-induced callus formation. 

5.3 Type-A Cytokinin Response Regulators: The Negative 
Regulators of SAM Formation 

In the Arabidopsis cytokinin signaling cascade, beside type-B ARRs, another down-
stream phosphotransfer target of the AHPs are the negative regulators of cytokinin 
signaling: type-A ARABIDOPSIS RESPONSE REGULATORs (type-A ARRs). 
Type-A ARRs are structurally similar to the type-B ARRs in the way that they 
contain a similar receiver domain with a conserved Asp residue that undergoes phos-
phorylation by the AHPs. However, they lack a DNA-binding domain, and instead, 
the activated form of type-A ARRs inhibits the upstream cytokinin signal through an 
unknown mechanism, thus reducing the sensitivity of the cells to cytokinin (Kieber 
and Schaller 2018). Similarly to the type-B ARRs, redundant roles in plant devel-
opment have been determined for various members of the type-A ARR gene family 
through the analysis of multiple-order mutants (To et al. 2004) and overexpressing 
lines (Ren et al. 2009). 

In accordance with their roles in suppressing the cytokinin responses, type-A 
ARRs have been shown to act as negative regulators of shoot regeneration (Fig. 3). 
Both ARR7- and ARR15-overexpressing Arabidopsis plants suffered suppressed 
shoot regeneration, while regeneration was enhanced in both arr7 and arr15 loss-of-
function mutants (Buechel et al. 2010). Furthermore, WUS was shown to maintain 
the high sensitivity of the SAM to cytokinin, through the transcriptional repression 
of four type-A ARRs: ARR5, ARR6, ARR7, and ARR15. ARR7 was also shown to 
negatively regulate WUS (Leibfried et al. 2005). One of the type-A ARR genes, 
ARR5, was shown to be transcriptionally activated by the other master regulator of
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the SAM, STM; however, STM concomitantly upregulated cytokinin biosynthesis 
genes ISOPENTENYL TRANSFERASE5 (IPT5) and IPT7, thus overall reinforcing 
the cytokinin signal in the SAM (Jasinski et al. 2005; Yanai et al. 2005). Finally, ARR7 
and ARR15 are negatively regulated by ARF5/MP, providing an additional layer to 
the positive regulation of shoot regeneration by ARF5/MP, and to the auxin-cytokinin 
crosstalk in the SAM (Zhao et al. 2010). 

During two-step DNSO, the genes encoding type-A ARRs are expressed before 
the calli are transferred to SIM. For instance, ARR5 is already expressed in the calli 
during the incubation on CIM, but its expression is further upregulated upon the 
transfer of calli from CIM to SIM, which is attributable to its transcriptional respon-
siveness to the abundant supply of cytokinin. Subsequently, ARR5 is downregulated 
upon WUS induction (Che et al. 2002). Additionally, ARR5 was already upregulated 
during callus formation in the one-step shoot regeneration of kohlrabi ( Ćosić et al.  
2019). 

Comparison between the patterns of expression of ARR5 and ARR15 revealed 
some intriguing differences. Both ARR5 and ARR15 are cytokinin-response genes 
involved in the regulation of shoot regeneration; it has been shown that they are 
both upregulated upon the transfer to SIM through direct transcriptional activation 
by two type-B ARRs, ARR1 (Taniguchi et al. 2007) and ARR2 (Che et al. 2008). 
However, the upregulation of ARR15 on SIM is dependent on the CIM preincubation 
step, while the upregulation of ARR5 is not. It has been proposed that the acquisition 
of organogenic competence proceeds through a progression of steps that critically 
depend on different duration of exposure to auxin signals. Thus, the expression of 
ARR5 on SIM accompanies a wider scale of developmental events than the expres-
sion of ARR15, which occurs only if a certain level of commitment to organogenic 
competence has been acquired. ARR15 was thus designated as a molecular marker 
for the competence of explants to form green calli on SIM, due to the same level of 
requirement for CIM preincubation. Additionally, both the ARR15 expression and 
the competence to form green calli are cell cycle-independent (Che et al. 2007). It 
is important to note that the designation of ARR5 and ARR15 expression as markers 
of certain stages of DNSO does not necessarily imply their involvement in the regu-
lation of corresponding processes, but simply the temporal co-occurrence between 
phenomena. An interpretation for the differential requirements of CIM incubation for 
the expression of ARR5 or ARR15 can be expected to emerge when more details about 
the dynamics of DNSO and the underlying crosstalk between auxin and cytokinin in 
its regulation, become available. 

6 Crosstalk: The Complexity of the DNSO Signaling 
Network 

In the intricate regulatory pathways that direct plant growth and development, it is 
impossible to isolate the effects of a particular growth regulator without putting it
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into a broader developmental context that includes interactions with other regulatory 
elements. Thus, in the case of DNSO, the effects of auxin and cytokinin cannot be 
considered separately. 

One of the most striking examples of phytohormonal crosstalk is the role of the 
cytokinin receptor AHK4/CRE1/WOL in shoot regeneration. Cytokinin perception 
in the developing SAM almost exclusively relies on AHK4/CRE1/WOL (Pernisova 
et al. 2018); however, the expression of AHK4/CRE1/WOL is likely auxin-dependent, 
as in the two-step shoot regeneration of Arabidopsis it required the incubation on 
CIM (Gordon et al. 2009). Furthermore, although cytokinin signals are essential 
for shoot regeneration because they ensure the acquisition of shoot identity of the 
pluripotent primordia, SAM development requires the existence of both cytokinin-
and auxin-signaling-dominated domains, that are mutually exclusive, and rely on 
the auxin efflux carrier PIN1 (Gordon et al. 2007; Cheng et al. 2013). Additionally, 
the action of WUS, the master regulator of the SAM that critically depends on 
cytokinin signals, is at the same time indirectly regulated by the major auxin response 
regulator ARF5/MP, through the downregulation of both DRN/ESR1 (Luo et al. 
2018), and type-A cytokinin response regulator genes ARR7 and ARR15 (Zhao et al. 
2010). Numerous additional points of auxin-cytokinin crosstalk are in place during 
SAM formation, such as the inhibition of the cytokinin biosynthesis gene IPT5 
by the auxin signaling component ARF3/ETTIN in the auxin-expressing domains; 
the inhibition of auxin biosynthesis genes YUCCA1 and YUCCA4 by the cytokinin 
signaling components ARR1, ARR10, and ARR12 inside the organizing center of the 
SAM, and the upregulation of the auxin signaling repressor IAA17 by the cytokinin 
response regulator ARR1 (Cheng et al. 2013; Meng et al. 2017; Liu et al. 2020). 
Other regulator genes of DNSO, such as the genes of the families PLT, ESR, and 
CUC, are also regulated by both auxin and cytokinin signals. 

Beside auxin and cytokinin, other signals contribute to the regulation of DNSO. 
Gibberellin is a negative regulator of shoot regeneration, and its negative regula-
tion by STM importantly affects shoot regeneration efficiency (Jasinski et al. 2005). 
Accordingly, procera, a mutation in a gene encoding a DELLA protein (negative 
regulator of gibberellin signaling), dramatically reduced the shoot regeneration effi-
ciency in tomato cv. Micro-Tom (Lombardi-Crestana et al. 2012). Endogenous levels 
of abscisic, jasmonic and salicylic acid were all reported to negatively affect shoot 
regeneration in barley (Hisano et al. 2016). Brassinosteroids are likely optimal at 
physiological concentrations, since exogenous addition of brassinolide negatively 
affected one-step shoot regeneration in tobacco (Kim et al. 2008), as did dwarf7-1, a  
mutation in a brassinosteroid biosynthesis gene in Arabidopsis (Cheon et al. 2010). 

Recently, growing attention is being given to the signaling roles of sugars in 
plant growth and development, and their crosstalk with other developmental cues 
(Sakr et al. 2018; Wang et al. 2021). Sucrose is particularly relevant for DNSO, 
as it is commonly supplied to plant tissue culture media, including media used for 
callus induction and shoot regeneration ( Ćosić et al.  2020, 2021). A growing number 
of reports have revealed the effects of sucrose on shoot regeneration through its 
crosstalk with auxin and cytokinin. For instance, both sucrose and glucose affect 
the primordium initiation through the activity of WOX7 in Arabidopsis (Kong et al.
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2016). The TARGET OF RAPAMYCIN (TOR) kinase, as a component of sugar 
signal transduction, has been shown to interact with other developmental signals 
during DNSO. During primordium initiation, the TOR kinase activates the cell cycle 
regulator E2Fa jointly with the LBD genes (Lee and Seo 2017), whereas later, during 
SAM formation, TOR mediates the activation of WUS in both a light-dependent, 
and a sucrose-dependent manner (Pfeiffer et al. 2016). Finally, the sucrose in the 
regeneration media, particularly when present at high concentrations, has been shown 
to affect the cytokinin uptake and/or endogenous homeostasis, and the expression of 
organogenesis-related genes in kohlrabi ( Ćosić et al.  2021). Thus, the sugar signaling 
pathways and their crosstalk with auxin and cytokinin signals can be expected to 
emerge in the next years as important elements in the developmental regulation of 
DNSO. 

7 Conclusion 

The molecular mechanisms of DNSO rely on well characterized, multifaceted auxin 
and cytokinin signaling, strictly regulated both temporally and spatially. Distinct 
regeneration media are applied to plant tissues, to provide an abundant source of 
auxin for callus formation and the development of pluripotent primordia on one side, 
and cytokinin, for the transdifferentiation of the pluripotent primordia and further 
shoot development, on the other side. 

Taken together, the complex regulation of DNSO comprises more processes than 
mere gene expression along with corresponding morphogenic events, and is achieved 
not only through auxin and cytokinin signaling, but also through crosstalk with a 
multitude of other developmental signals, which are being given growing attention. 
It is hard to say whether all the pieces of the complex puzzle of the regulation of 
DNSO will ever be put together, but the recent advances in the understanding of the 
regulatory processes of shoot regeneration are starting to reveal a clearer picture. 
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Mechanism of Crosstalk Between 
Cytokinin and Gibberellin 

Ankur Singh and Aryadeep Roychoudhury 

Abstract Phytohormones play an integral role in various plant biological processes 
and regulates the signaling pathways that helps to maintain the growth and devel-
opment of plants in unheralded environmental conditions. Cytokinin and gibberellin 
are two such major phytohormones that regulate the growth of the plants; however, 
various studies have demonstrated that an antagonistic interaction occurs between 
cytokinin and gibberellin during several physiological processes such as shoot and 
root elongation, shoot regeneration in culture, cell differentiation and meristem 
activity. This delicate balance between cytokinin and gibberellin in plants is main-
tained by various proteins such as KNOX, SPY and SEC. KNOX proteins enhance 
the expression of cytokinin-biosynthesis gene Isopentenyl Transferase 7 that accu-
mulates cytokinin in meristems, whereas SPY and SEC are two Serine and Threonine 
O-linked N-acetylglucosamine (O-GlcNAc) transferase that inhibits the gibberellin 
response and enhances cytokinin signaling in plants. The development of plants 
requires a dynamic balance between these two hormones. Thus, the main objective 
of this book chapter is to present all the recent works that was done focusing the 
crosstalk between cytokinin and gibberellin. We also tried to explain the role of 
major components (SPY, SEC and KNOX) involved in this complex network and 
effects of their mutation in plants. 

1 Introduction 

Plants have extraordinary capability of being potentially ‘immortal’. Some plants 
survived several years and their death mostly occurred due to external factors such as 
environmental stress, pathogen infection and other diseases. This long life expectancy 
of the plants is mainly due to presence of long lasting stem cells that continuously 
produces new organs and tissues. According to Heidstra and Sabatini (2014), this
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indeterminate growth of plants mostly occurs after post-embryonic phase in meris-
tematic tissues where stem cells are present. Several chemical messengers contribute 
in lifelong growth of plants. Phytohormones are one such messenger that tightly 
regulates the growth and development of plants along with other major processes 
such as stress response, signaling, metabolism and even death (Weyers and Paterson 
2001). With the advent of science, various reports have extensively demonstrated the 
pivotal role of phytohormones in growth and development of plants. Additionally, 
phytohormones are also linked with higher stress tolerance (abiotic and biotic stress) 
in plants that make them a suitable target for consideration during engineering of 
stress endurance in agronomically important crops (Salvi et al. 2021). Abscisic acid 
(ABA), cytokinin (CK), gibberellin (GA), salicylic acid (SA), auxin, jasmonic acid 
(JA), ethylene (ET) and strigolactone (SL) are some of the major phytohormones 
synthesised in plants. These phytohormones control a wide plethora of dynamic 
yet highly regulated molecular processes in plants during their entire lifecycle and 
specially during environmental stresses by regulating the gene expression of protec-
tive machineries that confer higher tolerance level in plants exposed to unheralded 
situations (Kaur et al. 2015). 

Previously, it was reported that each hormone has specific functions in plants 
but recent studies have shown that different hormones have overlapping functions 
such that a specific output of plant behaviour depends on a specific combination 
of hormones rather that their individual activity. In last three decades, numerous 
components of signaling pathways have been identified leading to partial or complete 
elucidation of involvement of hormones in these complex signaling networks along 
with their crosstalk with other hormones. Crosstalk between hormones can occur 
during their biosynthesis or at response level which creates a delicate network of 
signaling pathway. In this book chapter, our focus will be on CK and GB. We first 
summarize the current knowledge on the molecular mechanism of biosynthesis, 
transport and signaling pathway of CK and GB and then finally discuss some recent 
works demonstrating interaction between these hormones. 

2 Cytokinin (CK) 

Cytokinins are one of the major phytohormones synthesised in plants that play a 
pivotal role throughout the life of plants. These N6-prenylated adenine derivatives 
were initially discovered in Zea mays and were ultimately reported in various plants 
species along with their wide range of functions in growth and development of 
plants (Zalabák et al. 2013). Initially it was believed that CKs only control cell 
cycle and cell division, but recent studies has shown the involvement of CKs in 
other major process of plants such as maintenance of apical dominance, inhibition 
of root growth, growth of lateral buds, nitrogen signaling pathway, formation of 
shoot meristem and senescence and expansion of leaves (Fig. 1) (Frébortet al. 2011; 
Miyawaki et al. 2004; Giulini et al. 2004). According to Del Bianco et al. (2013), 
isoprenoid CKs (cis-zeatin, trans-zeatin, isopentenyladenine and dihydrozeatin) are
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Fig. 1 Crosstalk between abiotic stress signals and cytokinin. Summary of interactive points 
between cytokinin metabolism and signalling pathways (as currently modelled in Arabidopsis) 
and abiotic stress response pathways (CC BY: Pavlů et al.  2018) 

bioactive CKs synthesised in higher plants. Additionally, Faiss et al. (1997) also  
reported the presence of N6-(meta hydroxy benzyl) adenine as an aromatic CKs 
found in lower quantity in plants. Cytokinin plays a major role in variety of growth 
processes such as chloroplast differentiation, cell division, photosynthesis, nutrient 
metabolism and maintenance of meristem function (Cortleven et al. 2019; Kurakawa 
et al. 2007). Additionally, the importance of CKs in conferring stress tolerance in 
plants has been widely reported. 

2.1 Metabolism and Transportation of Cytokinins 

Regulation of CK homeostasis is a multistep process which is controlled by the 
balance between its biosynthesis and degradation. According to Sakakibara (2006), 
isopentenyladenine and trans-zeatin are the most dominant CK found in Arabidopsis.
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The rate limiting step of CK biosynthetic pathway is controlled by ATP/ADP Isopen-
tenyltransferase (IPT). According to Sakakibara (2006), inactive CKs are synthesised 
via de novo pathway and the activity of Lonely Guy (LOG) enzyme is required to 
convert these inactive forms into free active bases. However, application of adenosine 
kinase can also convert these inactive forms into active CKs (Schoor et al. 2011). The 
whole metabolic pathways, i.e., anabolism and catabolism can be divided into three 
parts: synthesis of inactive CKs by IPT, which is again converted into active form 
by the phosphoribohydrolase activity of LOG enzyme in second phase and finally in 
third phase, the used CKs is degraded by CK dehydrogenases (CKX). 

The first committed step in CK metabolism can be achieved by two pathways. In 
the first pathway, 5-phosphate adenosine reacts with hydroxymethylbutenyl dispho-
sphate or dimethylallyl pyrophosphate to yield N6-(2-isopentenyl) adenine ribo-
side 5'-diphosphate (iPRDP) or N6-(2-isopentenyl) adenineriboside 5'-triphosphate 
(iPRTP) in presence of IPT (Krall et al. 2002). Eventually iPRDP and iPRTP are 
dephosphorylated to yield N6-(2-isopentenyl) adenine riboside 5'-monophosphate 
(iPRMP) which is further hydroxylated to trans-zeatin by the catalytic activity of 
enzymes CYP735A1/CYP735A2 belonging to the cytochrome P450 monooxyge-
nase (P450) family (Li et al. 2020). In the second pathway, tRNA-specific adenylate 
isopentenyltransferase leads to the formation of cis-zeatin by isopentenylation of 
tRNA, degradation of which liberates free CKs (Yevdakova and von Schwartzen-
berg 2007). The metabolic rate of tRNA is less and thus it is considered as secondary 
pathway due to lower formation of CKs. 

Along with IPT/trans-zeatin and cis-zeatin CK synthesis pathway, a more effi-
cient CK synthesis pathway was identified in higher plants. In Arabidopsis thaliana, 
dimethylallyl pyrophosphate and adenosine monophosphate is directly converted into 
iPRMP which is further catalysed by endogenous hydroxylase into zeatin riboside-5'-
monophosphate (Li et al. 2020). After their formation, an additional step is required 
for the activation of CKs which is catalysed by LOG enzyme (Kuroha et al. 2009). 
They further reported that similar to that of IPT, LOG enzyme is also expressed 
throughout the plants during development. To ensure the optimum level of CKs in 
plants a final step occurs where catabolism of excess CKs occurs via CKX gene 
family (Schmullinget al. 2003). According to Frébort et al. (2011), CKX causes irre-
versible inactivation of CKs via oxidative cleavage at N6 side chain, resulting in the 
formation of side chain derived aldehyde and adenine. 

Transportation of CKs in plants is still not completely known. Initially it was 
thought that CKs was formed in the roots which are further transported upward to 
the shoots. In a recent work, Bishopp et al. (2011) reported that along with long 
distance transport of CKs via phloem through root to shoot, diffusion of CKs also 
takes place in plants. Bürkle et al. (2003) and Gillissen et al. (2000) identified Equi-
librative Nucleoside Transport and Purine Permease as putative transport of CKs via 
phloem. Recently Zhang et al. (2014) and Ko et al. (2014) identified ATP-binding 
cassette transporter G14 (AtABCG14) in Arabidopsis that plays a pivotal role in 
transportation of CKs via xylem.
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2.2 Cytokinin Mediated Signaling in Plants 

Similar to that of bacterial two-component system, cytokinin signaling is also medi-
ated by multistep phosphotransfer cascade (El-Showk et al. 2013). According to Hai 
et al. (2020), CK signal in cells is perceived by a receptor, i.e., histidine kinase (HK) 
which is followed by transfer of signal via Histidine phosphotransfer (HP). Finally, 
the transferred signal is received by response regulator (RR) that accordingly regu-
lates the expression pattern of genes or formation of metabolites enabling the plants to 
respond appropriately to the external stimuli. On receiving any external signals, plants 
induce the formation of CKs which binds to the cyclases/histidine kinases associated 
sensory extracellular (CHASE) domain of HK which further transfer the phosphoryl 
group to the aspartate reside from histidine domain of HK. The histidine residue 
present on HP eventually receives the phosphoryl group from aspartate domain of 
HK and further donates it to the RR which ultimately regulates the expression of 
concerned genes upon receiving the phosphoryl moiety (Hwang et al. 2012). 

3 Gibberellin (GA) 

Gibberellin is another major growth regulator that controls the growth and devel-
opment of plants by stimulating cell elongation and division (Colebrook et al. 
2014). Gibberellin belongs to large group of tetracyclic diterpenoid carboxylic acid. 
According to MacMillan (2002), 136 GAs has been extracted from plants produced 
by fungi or bacteria. Of all the GA synthesised in plants, GA1 and GA4 are the 
most predominant bioactive form (Sponsel and Hedden 2010). The major functions 
of GA include stem elongation, reproductive development, seed germination, leaf 
expansion, flower and seed development and stress tolerance (Yamaguchi 2008). 
Additionally many non-bioactive forms of GAs exist as a precursor of bioactive 
form of GAs or as inactive metabolites (Yamaguchi 2008). 

3.1 Metabolism and Transportation of Gibberellin 

The level of GAs in plants is maintained by the synthesis of non-bioactive form 
of GAs which is further converted in active form followed by degradation of excess 
active form. Biosynthetic pathway of GAs can be divided into three stages: formation 
of ent-kaurene in proplastids from geranyl geranyl diphosphate (GGDP), formation 
of C20 from ent-kaurene by the catalytic activity of cytochrome P450 monooxyge-
nases followed by formation of C20 and C19-GAs in cytoplasm. Geranyl geranyl 
diphosphate acts as a common precursor of GAs, chlorophyll and carotenoids. The 
first committed step in the formation of GAs is the conversion of GGDP to ent-
kaurene via a two-step cyclization reaction catalysed by ent-copalyl diphosphate
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synthase (CPS) and ent-kaurene synthase (KS). In the second stage, ent-kaurene 
undergoes oxidation followed by ring contraction via ent-kaurene oxidase (KO) and 
ent-kaurenoic acid oxidase (KAO) to yield GA12. In the third and final stage, GA12 

is converted to GA53 by 13-hydroxylation. A series of oxidation reaction catalysed 
by GA3-oxidases (GA3ox), 20-oxidases (GA20ox) and 2-oxoglutarate-dependent 
dehydrogenase lead to the formation of active form of GAs including GA1 and GA4 

from GA12 and GA53. The four major active GAs (GA1,GA3,GA4 and GA7) in plants 
contain a 3β-hydroxyl group (Sun 2008). The rate of activation of GAs can be affected 
by the rate of their synthesis and deactivation. In recent studies, Zhu et al. (2006) and 
Varbanova et al. (2007) stated that deactivation of GAs in rice and Arabidopsis is 
executed by epoxidation (by the catalytic activity of elongated uppermost internode 
(EUI) which encodes a P450 enzyme (CYP714D1)) of non-13-hydroxylated GAs 
and methylation (by the catalytic activity of GA methyltransferases 1 and 2) of GAs, 
respectively (Fig. 2). However, these studies are in early stage and a wide range of 
work needs to be done to fully decipher the above mentioned deactivation pathways 
of GAs in other plant species. 

Transportation of GAs in plants occurs in both basipetal and acropetal directions 
(Björklund et al. 2007). Similar to that of auxin, GAs are also subjected to ion-trap 
mechanism that limits their ability to move out of the cells (Kramer 2006) which lead 
to the prediction of the existence of GA efflux transporters that effectively translocate 
GA locally at both cellular and tissue levels (Kramer 2006); however, no GA efflux 
transporter has been identified in plants till date. In contrast, a number of GA influx 
transporter has been identified in Arabidopsis (Lacombe and Achard 2016). Kanno 
et al. (2012) identified a nitrate transporter 1/peptide transporter family (NPF) which 
was involved in the import of GA. They further stated that different GA transporters 
might have different affinity for different forms of GA; however, no transporter was 
identified for transportation of inactive forms of GA. David et al. (2016) further 
reported that the expression of NPF3 was downregulated in presence of high GA, 
whereas its expression was upregulated by high ABA level or lack of nitrogen. 
Along with NPF transporter, SWEET13 and SWEET14 have been linked with the 
transportation of GA (Chen et al. 2015). The SWEET transporters are mainly linked 
with the transportation of sucrose in plants (Klemens et al. 2013). Interestingly, the 
activity of all the above mentioned transporters, i.e., NPF3, SWEET13 and SWEET14 
is not only restricted to transportation of active form or a specific intermediate as 
both the active and intermediate forms of GA were equally transported by the above 
mentioned transporter in the experiments carried on mutant yeast and oocytes (Kanno 
et al. 2016). Till date, relatively a large number of proteins have been linked with the 
transportation of GAs which suggests that GA is transported via complex pathway in 
cells and tissues and thus further works need to be done to completely characterize 
the function of these proteins.
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Fig. 2 Generalized scheme of GA biosynthesis and deactivation in higher plants. GA biosynthesis 
starts in the plastids and is followed by the production of GA12 in the endoplasmic reticulum. In 
the cytoplasm, GA12 is processed by GA20ox and GA3ox enzymes in two separate branches to 
produce bioactive GAs (gray circles). The non-13-hydroxylation yields GA7 and GA4, whereas the 
13-hydroxylation yields GA5, GA6, GA3, and  GA1. The GA2ox enzymes deactivate the precursors 
and bioactive GAs (CC BY: Katyayini et al. 2020) 

3.2 Gibberellin Mediated Signaling in Plants 

Genetic studies have led to the identification of both positive and negative signaling 
components of GA signaling pathway. Of all the components of GA signaling 
pathway, DELLA proteins are the most extensively studied. DELLA protein is a 
nuclear protein that belongs to GRAS family of transcriptional regulators and acts 
as a suppressor of GA signaling. However, till date, the molecular mechanism of GA 
signal suppression by DELLA protein is still unclear. Itoh et al. (2002) reported the 
presence of five DELLA proteins (GA Insensitive (GAI), Repressor of ga1-3 (RGA), 
RGA Like (RGL) 1, 2 and 3) in Arabidopsis thaliana and one (Slender 1) in rice 
genome. Another important component of GA signaling pathway is GA Insensitive
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Dwarf 1 (GID1). According to Griffith et al. (2007), binding of GA with GID1 trig-
gers the interaction between GID1 and DELLA proteins which further stimulates the 
binding of DELLA protein to SCF E3 ubiquitin ligase via specific F-box proteins 
(GID2/SLY) that lead to polyubiquitination and degradation of DELLA protein by 
26S proteasome (Dill et al. 2004; Sasaki et al. 2003). Thus it can be said that GA 
signaling pathway involves three major components, i.e., a receptor, a DELLA protein 
and a F-box protein. Additionally, several studies have also reported involvement of 
other factors that affect GA responses. Filardo and Swain (2003) reported the pres-
ence of SPINDLY (SPY) that acts as inhibitors of GA signaling cascade. The SPY 
protein resembles mammalian enzymes that modify proteins post-translationally by a 
specific type of glycosylation, termed tetratricopeptide repeat-containing Serine and 
Threonine-O-linked GlcNAc transferases (OGT). According to Wells et al. (2001), 
post-translational modification by SPY affects the stability, localization, phospho-
rylation and interaction of GAs with other proteins. There is no direct evidence 
of interaction of DELLA proteins with SPY; however, genetic studies have shown 
that SPY proteins are required for GA response suppression activity of DELLA 
(Silverstone et al. 2007). 

4 Crosstalk Between Cytokinin and Gibberellin 

Cytokinin and gibberellin both play a pivotal role in the regulation of growth and 
development of plants; however, they show antagonistic behaviour during several 
developmental processes (Weiss and Ori 2007). Both the hormones interact at various 
levels including metabolism and signaling pathway like CK promotes and GA inhibits 
nodule formation in legumes (Maekawa et al. 2009), flower formation in grapes 
(Srinivasan and Mullins 1981) and tuberization in potato (Rodriguez-Falcon et al. 
2006). Yanai et al. (2005) showed that high CK and low GA level in plants is 
required for normal functions of shoot apical meristem. They further reported that 
KNOTTED1-LIKE HOMEOBOX (KNOX) transcription factors is involved in the 
maintenance of regulators of shoot apical meristem, i.e., they upregulate the gene 
expression of IPT7 gene which eventually enhances the formation of CKs. Along 
with this, earlier studies conducted by Hay et al. (2002) and Chen et al. (2004) showed  
that KNOX transcription factors directly suppress the activities of GA biosynthetic 
enzymes such as GA-20 oxidases. In further study, Bolduc and Hake (2009) reported 
that the level of GA deactivating enymes (GA2ox) was enhanced at the base of shoot 
apical meristem by CK and KNOX1 that blocks the transportation of biologically 
active forms of GA into shoot apical meristem from nearby tissues. Thus it can be 
concluded that KNOX transcription factors directly control the balance between CK 
and GA in shoot apical meristems by enhancing the formation of CK and reducing 
the level of GA by downregulating and upregulating its formation and degradation 
in shoot apical meristems, respectively. Brenner et al. (2005) reported that genome



Mechanism of Crosstalk Between Cytokinin and Gibberellin 85

profiling of CK-treated Arabidopsis seedlings revealed that CK lowers the expres-
sion of GA3ox and GA20ox and promotes the expression of GAI and RGA which 
further strengthen the negative interaction between these two hormones. 

In contrast to shoot apical meristem, later stage of cell elongation and maturation 
requires high GA signals and low CKs. Greenboim-Wainberg et al. (2005) showed  
that the accumulation of GA or a mutation in SPY proteins (GA signaling repressors) 
inhibited the response of CK in Arabidopsis plants. Several other studies have also 
shown that the CK response in plants is suppressed by cellular GA via inhibiting the 
activity of SPY, whereas SPY directly upregulates CK signaling pathway in plants. 
Thus it can be said that, in absence of GA, SPY inhibits GA signaling pathways and 
induces the CK response in cells; however, higher level of GA in cells suppresses 
the activity of SPY which eventually results in lower CK signaling in plant cells. 
However, till date, the mechanism by which SPY inhibits GA signaling in cells is 
still not clear. Weiss and Ori (2007) assumed that GA can inhibit the activity of a 
component that directly interacts with SPY which in turn reduces the SPY activity 
along with CK response in cells. Earlier Ferreira and Kieber (2005) reported that the 
induction of Type-A RR was inhibited by GA and spy mutants which suggests that 
SPY interacts with, and perhaps modifies (via O-GlcNAc modification), the elements 
of the cytokinin phosphorelay cascade. 

Along with SPY, Hartweck et al. (2002) identified a second OGT gene, i.e., 
SECRET AGENT (SEC) in Arabidopsis plants which have high similarity to that of 
animal OGTs. Higuchi et al. (2004) reported that triple mutant of CK receptor shows 
more severe response in plants as compared to that of single spy mutants. Single sec 
mutant do not show any significant alteration in plant phenotype, but double mutation 
i.e., sec and spy is lethal for plants (Hartweck et al. 2002). This could be explained 
by the fact that sec mutant contains high GA level or signal which do not show any 
lethal effects on plants; however, double sec and spy mutant causes an unregulated 
alteration in the level of both GA and CK pathways which is lethal for the plants. 

Additionally, another interesting level of interaction between CK and GA was 
explained by Hay et al. (2002). They demonstrated that the alteration in the phenotype 
caused by overexpression of KNOX was again revived in GA and spy mutants. They 
explained their finding by stating that higher level of GA in cells or spy mutant might 
restore the formation of GA synthesis which was hampered due to overexpression 
of KNOX. SPY directly controls the KNOX activity which further enhances the 
biosynthesis of CKs which represent another possible level of interaction between 
CK and GA. However, this was a very preliminary study and further work needs to 
been done in coming time to completely decipher the interaction between GA and 
CK mediated by GA, SPY and KNOX.
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5 Conclusion 

In this book chapter, we tried to provide an overview of two major plant hormones, 
i.e., CK and GA and their crosstalk in plants. Based on previous work and data, it can 
be concluded that an antagonistic relation exists between CK and GA signaling and 
metabolic pathways. Both the hormones play an integral role in growth and devel-
opment of plants; however, they act antagonist to each other in several other major 
processes of plants. This negative relation between the hormones is controlled by 
various regulators like KNOX, SPY and SEC. SPY and SEC are two OGTs recently 
identified in Arabidopsis plants exhibiting a high similarity to that of mammalians 
OGTs. spy mutant plants exhibited short hypocotyls, smaller leaves, and deviant 
phyllotaxy, sec mutant do not show any significant alteration in the phenotype of 
the plants; however, double mutants, i.e., plants having both sec and spy muta-
tion dies prematurely which led to a hypothesis that SPY has an unidentified func-
tion(s) in processes unrelated to GA signaling. Another protein, i.e., KNOX suppress 
the formation of GA in plants irrespective to that of the level of CK by directly 
suppressing the expression of GA biosynthetic gene GA20ox. Again the antago-
nistic effects of CK and GA has been identified in many plant species which led 
to a conclusion that apart from the minor difference, the major pathways is mainly 
conserved in most of the plant species. Thus it can be assumed that this complex 
interaction has been evolved to efficiently maintain the delicate balance between 
CK and GA in plant tissues as and when required such as in shoot apical meristem 
tissues where higher CK and lower GA levels are required, whereas cell maturation 
and elongation requires higher GA and lower CK levels. In spite of the presence 
of such an important signaling network, their lies a huge gap in our knowledge of 
crosstalk occurring between CK and GA. Additionally, the biochemical and molec-
ular changes that occurred in spy and sec double mutants that lead to plant death is 
not completely known and further work needs to be done to answer these questions. 
Thus, it is clear that our current knowledge is just the tip of the iceberg of a complex 
network of interactions that occurs between two major plant hormones, i.e., CK and 
GA. 
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Abstract Plant growth regulators (PGRs) are organic compounds widely used in 
tissue culture. PGRs have always been considered as key components of the culture 
medium, inducing different morphogenetic responses such as caulogenesis, rhizoge-
nesis and somatic embryogenesis. Auxins, cytokinins and gibberellins are the most 
important PGR groups used in plant tissue culture. They are used either singly or 
in combination and are added at different concentrations depending on the species, 
genotype and explant source. Since the beginning of their use in tissue culture, 
auxins, cytokinins and gibberellins have been greatly involved in the development 
of efficient micropropagation systems for Mediterranean fruit species. The present 
chapter reports and discusses the main effects of auxins, cytokinins and gibberellins 
in the micropropagation of some economically important fruit crops of the Mediter-
ranean region, namely olive (Olea europaea L.), cactus pear (Opuntia spp.), date 
palm (Phoenix dactylifera L.), argan (Argania spinosa L.), fig (Ficus carica L.), 
pomegranate (Punica granatum L.), carob (Ceratonia siliqua L.) and caper (Capparis 
spinosa L.).
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1 Introduction 

Since their discovery, plant growth regulators (PGRs) have played key roles in plant 
micropropagation. Indeed, exogenous PGRs interact with the endogenous phytohor-
mones, thus affecting their concentrations and provoking cell division, differentia-
tion and morphogenesis (Gaspar et al. 1996). However, the morphogenetic responses 
observed in vitro depend on the species, genotype, explant, as well as the type and 
concentration of added PGRs since the concentrations of endogenous phytohormones 
varies among genotypes and explants (Gaspar et al. 1996; Mazri 2014; Shen et al. 
2020). 

In plant cell and tissue culture, auxins and cytokinins are the most commonly used 
groups of PGRs. Auxins are known for their regulatory role of different aspects of 
plant growth and development at synthesis and distal sites (Blakeslee and Murphy 
2016). They are involved in plant signaling systems and DNA methylation, as well as 
in basic cell processes such as division and elongation (Libbenga and Mennes 1995). 
Besides, auxins play a key role in maintaining the polarity and apical dominance of 
plants (Machakova et al. 2008). In tissue culture, auxins promote different regen-
eration processes such as callogenesis, somatic embryogenesis and organogenesis 
(mainly root formation). 

Cytokinins represent the other important group of phytohormones involved in 
plant growth and development (Mazri 2015). In situ, cytokinins have various biolog-
ical activities and are involved in protein synthesis, chloroplast maturation and cell-
cycle control (Van Staden et al. 2008). In tissue culture, cytokinins are used to stim-
ulate cell division and control morphogenesis. Cytokinins are most known for their 
potent activity in inducing shoots (Van Staden et al. 2008). 

Auxins and cytokinins are generally used in combination to achieve different 
morphogenetic responses such as caulogenesis, rhizogenesis and somatic embryo-
genesis. The synthetic auxins and cytokinins have similar or superior biological 
activities to the naturally occurring ones, and the auxin/cytokinin ratio controls the 
process of differentiation and morphogenesis (Machakova et al. 2008). 

Although the mode of action of auxins and cytokinins has not been fully eluci-
dated, auxins are believed to regulate gene expression, whereas cytokinins activate 
RNA synthesis and stimulate the synthesis and activity of some proteins and enzymes 
(Machakova et al. 2008; Van Staden et al. 2008). 

Regarding gibberellins, they represent a PGR group with more than 100 members 
widely used in plant tissue culture to stimulate stem and shoot elongation, and for 
dormancy release and embryo (zygotic and somatic) germination. They are involved 
in activating the intercalary meristem and reducing the content of endogenous 
abscisic acid (ABA) (Moshkov et al. 2008). For in vitro germination, gibberellins 
are used either as pretreatment or incorporated into the culture medium. Among the 
various gibberellins, the gibberellic acid (GA3) is the most commonly used in plant 
tissue culture. 

The present chapter is a review of the most common uses of auxins, cytokinins 
and gibberellins for the micropropagation of some Mediterranean fruit crops
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(Table 1), namely olive (Olea europaea L.), cactus pear (Opuntia spp.), date 
palm (Phoenix dactylifera L.), argan (Argania spinosa L.), fig (Ficus carica L.), 
pomegranate (Punica granatum L.), carob (Ceratonia siliqua L.) and caper (Capparis 
spinosa L.). It highlights the morphogenetic responses depending on the species, 
genotype/cultivar, explant, as well as the type and concentration of PGRs. 

2 Olive  (Olea Europaea L.) 

Olive (Olea europaea L.) is a fruit species that belongs to the Oleaceae family. 
It is native to the Mediterranean region where it plays important economic roles, 
mainly through the production of olive oil (Lambardi and Rugini 2003; Bajoub et al. 
2018). Olive is a species difficult to propagate in vitro. However, during the last forty 
years, experiments have been undertaken to develop in vitro regeneration systems for 
this species, which can be used in large-scale propagation and genetic improvement 
(Mazri et al.  2020). Exogenous auxins, cytokinins and gibberellins have played key 
roles in the micropropagation of olive through somatic embryogenesis, organogenesis 
and microcuttings. 

2.1 Axillary Bud Culture and Shoot Development 

Many authors reported successful axillary shoot growth and proliferation from olive 
microcuttings. Generally, a cytokinin was added to culture medium. Based on our 
experiments, zeatin (3 mg L−1) is the most effective cytokinin for axillary bud 
development in olive (Fig. 1). Chaari Rkhis et al. (2011) also suggested to use 
zeatin (2–4 mg L−1) for shoot proliferation of cv. Oueslati. In cv. Moraiolo, Ali 
et al. (2009) recommended the combination of 3 mg L−1 zeatin and 0.5 mg L−1 

6-benzylaminopurine (BAP). Zeatin is a high active naturally occurring cytokinin 
that was first identified in Zea mays (L.), and that is involved in plant cell prolifera-
tion and differentiation (Letham 1963; Wang et al. 2018). Zeatin riboside was also 
suggested for axillary bud culture of olive. Indeed, Roussos and Pontikis (2002) and 
Sghir et al. (2005) compared the impact of different cytokinins on axillary shoot 
development of cvs. Salonenque, Amellau, Lucques, Haouzia, Dahbia, Picholine 
Marocaine, Picholine du Languedoc, ZDH4 and Koroneiki and noticed the superior 
effect of zeatin riboside (1–5 mg L−1). 

For root induction from microshoots, indole-3-butyric acid (IBA) has been widely 
used by researchers. IBA is a naturally occurring auxin commonly used in tissue 
culture to induce rhizogenesis (Machakova et al. 2008). In olive, IBA was either 
incorporated into the culture medium at 4–6 mg L−1 (Sghir et al. 2005; Rostami  
and Shahsavar 2012), or used as a pretreatment agent, by dipping shoots in an IBA 
solution for a few seconds (Peixe et al. 2009; Chaari Rkhis et al. 2011). In all cases, 
IBA promoted root induction from olive microshoots.



94 M. A. Mazri et al.

Ta
bl
e 
1 

E
xa
m
pl
es
 o
f 
in
 v
itr
o 
re
sp
on

se
s 
of
 s
om

e 
M
ed
ite

rr
an
ea
n 
fr
ui
t s
pe
ci
es
 to

 a
ux

in
s,
 c
yt
ok

in
in
s 
an
d 
gi
bb

er
el
lin

s 

PG
R
 g
ro
up
 

PG
R
 ty

pe
Sp

ec
ie
s

E
xp
la
nt

PG
R
 c
on
ce
nt
ra
tio

n 
(m

g 
L

−1
) 

M
or
ph
og
en
es
is
/I
n 

vi
tr
o 
re
sp
on
se
 

O
bs
er
va
tio

ns
R
ef
er
en
ce
s 

A
ux
in
s

2,
4-
D

P
ho
en
ix
 

da
ct
yl
if
er
a 
(L
.)
 

Sh
oo
t t
ip
s,
 

ad
ve
nt
iti
ou
s 
bu
ds
 

5–
10
0

E
m
br
yo
ge
ni
c 

ca
llu

s 
in
du

ct
io
n 

In
 c
om

bi
na
tio

n 
w
ith

 
0.
15
–3
 m

g 
L

−1
 2
iP
 

T
is
se
ra
t (
19
79
);
 

E
ke
 e
t a
l. 
( 2
00
5)
; 

E
sh
ra
gh
i e
t a
l. 

( 2
00
5)
; A

l-
K
ha
yr
i 

( 2
01
1)
; E

l H
ad
ra
m
i 

et
 a
l. 
( 1
99
5)
; M

az
ri
 

et
 a
l. 
( 2
01
7)
 

N
A
A

P
un
ic
a 
gr
an
at
um

 
(L
.)
 

Sh
oo
ts

0.
25
–1

R
oo
t i
nd
uc
tio

n
–

E
l-
A
ga
m
y 
et
 a
l. 

( 2
00
9)
; 

V
al
iz
ad
eh
K
aj
i e
t a
l. 

( 2
01
3)
 

Pi
cl
or
am

P
ho
en
ix
 

da
ct
yl
if
er
a 
(L
.)
 

Sh
oo
t t
ip
s,
 

ad
ve
nt
iti
ou
s 
bu
ds
 

10
–1
00

E
m
br
yo
ge
ni
c 

ca
llu

s 
in
du

ct
io
n 

In
 c
om

bi
na
tio

n 
w
ith

 0
.9
–3
 m

g 
L

−1
 

2i
P 

K
hi
er
al
la
h 
et
 a
l. 

( 2
01
5)
; M

az
ri
et
al
. 

( 2
01
7,
 2
01
8b
) 

Pi
cl
or
am

O
pu
nt
ia
 fi
cu
s 

in
di
ca
 

Sh
oo
t a
pi
ce
s 

de
vo
id
 o
f 
le
af
 

pr
im

or
di
a 

1–
4

So
m
at
ic
 

em
br
yo
ge
ne
si
s 

–
G
om

es
 e
t a
l. 
(2
00
6)
 

IB
A

O
le
a 
eu
ro
pa
ea
 (
L
.)
 
Sh

oo
ts

4–
6

R
oo
t i
nd
uc
tio

n
–

Sg
hi
r 
et
 a
l. 
(2
00
5)
; 

R
os
ta
m
i a
nd
 

Sh
ah
sa
va
r 
(2
01
2)
 

IB
A

O
le
a 
eu
ro
pa
ea
 (
L
.)
 
Z
yg

ot
ic
 e
xp

la
nt
s

5
C
al
lu
s 
in
du

ct
io
n 

In
 c
om

bi
na
tio

n 
w
ith

 0.
5
m
g
L

−1
 

2i
P 

O
ri
no
s 
an
d 

M
itr
ak
os
 (
19
91
);
 

C
er
er
zo
 e
t a
l. 

( 2
01
1)
; M

az
ri
et
al
. 

( 2
01
1,
 2
01
2)
; 

O
ul
bi
 e
t a
l. 
( 2
02
1)

(c
on
tin

ue
d)



In Vitro Responses of Some Mediterranean Fruit Crops … 95

Ta
bl
e
1

(c
on
tin

ue
d)

PG
R
gr
ou
p

PG
R
ty
pe

Sp
ec
ie
s

E
xp
la
nt

PG
R
co
nc
en
tr
at
io
n

(m
g
L

−1
)

M
or
ph
og
en
es
is
/I
n

vi
tr
o
re
sp
on
se

O
bs
er
va
tio

ns
R
ef
er
en
ce
s

IB
A

O
le
a 
eu
ro
pa
ea
 (
L
.)
 
Z
yg

ot
ic
 e
xp

la
nt
s

0.
5

So
m
at
ic
 e
m
br
yo
 

di
ff
er
en
tia

tio
n 

–
O
ri
no
s 
an
d 

M
itr
ak
os
 (
19
91
);
 

C
er
er
zo
 e
t a
l. 

(2
01
1)
; O

ul
bi
 e
t a
l. 

(2
02
1)
 

IB
A

O
pu
nt
ia
 a
m
yc
la
ea
; 

O
. fi
cu
s 
in
di
ca
 

Sh
oo
ts

1–
10

R
oo
t i
nd
uc
tio

n
–

E
sc
ob

ar
 e
t a
l. 

(1
98
6)
; Z

og
hl
am

i 
et
 a
l. 
(2
01
2)
 

IB
A

F
ic
us
 c
ar
ic
a 
(L
.)
 

Sh
oo
ts

1–
2

R
oo
t i
nd
uc
tio

n
–

So
lim

an
 e
t a
l. 

(2
01
0)
; D

ha
ge
 

et
 a
l. 
(2
01
5)
; 

Sa
hr
ar
oo
 e
t a
l. 

(2
01
9)
 

IB
A

P
un
ic
a 
gr
an
at
um

 
(L
.)
 

Sh
oo
ts

0.
25
–1

R
oo
t i
nd
uc
tio

n
–

E
l-
A
ga
m
y 
et
 a
l. 

(2
00
9)
; 

V
al
iz
ad
eh
K
aj
i e
t a
l. 

(2
01
3)
; M

ul
ae
i 

et
 a
l. 
(2
01
9)
 

IB
A

A
rg
an
ia
 s
pi
no
sa
 

(L
.)
 S
ke
el
s 

Sh
oo
ts

5
R
oo
t i
nd
uc
tio

n
In
 c
om

bi
na
tio

n 
w
ith

 1
–5
 m

g 
L

−1
 

N
A
A
 

B
ou

ss
el
m
am

e 
et
 a
l. 

(2
00
1)
; L

am
ao
ui
 

et
 a
l. 
(2
01
9)
 

IB
A

A
rg
an
ia
 s
pi
no
sa
 

(L
.)
 S
ke
el
s 

Sh
oo
ts

1.
5

R
oo
t i
nd
uc
tio

n
In
 c
om

bi
na
tio

n 
w
ith

 0.
5
m
g
L

−1
 

N
A
A
 

A
m
gh

ar
 e
t a
l. 

(2
02
1b
)

(c
on
tin

ue
d)



96 M. A. Mazri et al.

Ta
bl
e
1

(c
on
tin

ue
d)

PG
R
gr
ou
p

PG
R
ty
pe

Sp
ec
ie
s

E
xp
la
nt

PG
R
co
nc
en
tr
at
io
n

(m
g
L

−1
)

M
or
ph
og
en
es
is
/I
n

vi
tr
o
re
sp
on
se

O
bs
er
va
tio

ns
R
ef
er
en
ce
s

IB
A

C
er
at
on

ia
 s
il
iq
ua

 
(L
.)
 

Sh
oo
ts

1–
2

R
oo
t i
nd
uc
tio

n 
an
d 
el
on
ga
tio

n 
–

N
ag
hm

ou
ch
i e
t a
l. 

(2
00
8)
; R

ad
i e
t a
l. 

(2
01
3)
; Z

ou
ar
i a
nd
 

E
l M

til
i (
20
20
) 

C
yt
ok
in
in
s 

B
A
P

O
pu
nt
ia
 a
m
yc
la
ea
; 

O
. l
an
ig
er
a;
 O
. 

fic
us
 in

di
ca
 

C
la
do
de
 s
eg
m
en
ts
 

co
nt
ai
ni
ng

 a
re
ol
es
 

0.
5–
2.
5

Sh
oo
t g

ro
w
th
 

(a
re
ol
e 
ac
tiv

at
io
n)
 
–

E
sc
ob

ar
 e
t a
l. 

(1
98
6)
; 

E
st
ra
da
-L
un

a 
et
 a
l. 

(2
00
8)
; Z

og
hl
am

i 
et
 a
l. 
(2
01
2)
 

B
A
P

O
pu
nt
ia
 a
m
yc
la
ea
; 

O
. l
an
ig
er
a;
 O
. 

fic
us
 in

di
ca
 

Se
gm

en
ts
 o
f 
sh
oo
ts
 

es
ta
bl
is
he
d 
in
 v
itr
o 

0.
1–
7.
5

M
ul
tip

le
 s
ho
ot
 

pr
ol
if
er
at
io
n 

–
E
sc
ob

ar
 e
t a
l. 

(1
98
6)
; 

E
st
ra
da
-L
un

a 
et
 a
l. 

(2
00
8)
; Z

og
hl
am

i 
et
 a
l. 
( 2
01
2)
 

B
A
P

F
ic
us
 c
ar
ic
a 
(L
.)
 

Sh
oo

t t
ip
 e
xp

la
nt
s 

0.
5–
3

M
ul
tip

le
 s
ho
ot
 

in
du
ct
io
n 
an
d 

pr
ol
if
er
at
io
n 

E
ith

er
 a
lo
ne
 o
r 
in
 

co
m
bi
na
tio

n 
w
ith

 
G
A
3 

M
us
ta
fa
 e
t a
l. 

(2
01
3)
; D

an
ia
l 

et
 a
l. 
(2
01
4)
; 

D
ar
w
es
h 
et
 a
l. 

(2
01
4)
; D

ha
ge
 

et
 a
l. 
( 2
01
5)
 

B
A
P

A
rg
an
ia
 s
pi
no
sa
 

(L
.)
 S
ke
el
s 

E
pi
co
ty
l s
eg
m
en
ts
 

2
A
dv
en
tit
io
us
 

sh
oo
t i
nd
uc
tio

n 
–

A
m
gh

ar
 e
t a
l. 

(2
02
1a
) 

T
D
Z

O
le
a 
eu
ro
pa
ea
 (
L
.)
 
Pe

tio
le
s

6.
6

A
dv
en
tit
io
us
 

sh
oo
t i
nd
uc
tio

n 
In
 c
om

bi
na
tio

n 
w
ith

 0.
1
m
g
L

−1
 

N
A
A
 

R
ug
in
i a
nd
 

C
ar
ic
at
o 
(1
99
5)
; 

M
az
ri
et
al
. (
20
13
)

(c
on
tin

ue
d)



In Vitro Responses of Some Mediterranean Fruit Crops … 97

Ta
bl
e
1

(c
on
tin

ue
d)

PG
R
gr
ou
p

PG
R
ty
pe

Sp
ec
ie
s

E
xp
la
nt

PG
R
co
nc
en
tr
at
io
n

(m
g
L

−1
)

M
or
ph
og
en
es
is
/I
n

vi
tr
o
re
sp
on
se

O
bs
er
va
tio

ns
R
ef
er
en
ce
s

T
D
Z

F
ic
us
 c
ar
ic
a 
(L
.)
 

L
ea
f 
ex
pl
an
ts
; s
te
m
 

th
in
 c
el
l l
ay
er
s 

1–
7

A
dv
en
tit
io
us
 

sh
oo
t i
nd
uc
tio

n 
In
 c
om

bi
na
tio

n 
w
ith

 o
th
er
 P
G
R
s 

D
ha
ge
 e
t a
l. 

(2
01
5)
; 

A
bd

ol
in
ej
ad
 e
t a
l. 

(2
02
0)
 

Z
ea
tin

O
le
a 
eu
ro
pa
ea
 (
L
.)
 
M
ic
ro
cu
tti
ng
s

2–
4

Sh
oo
t g

ro
w
th

A
lo
ne
 o
r 
in
 

co
m
bi
na
tio

n 
w
ith

 
0.
5
m
g
L

−1
 B
A
P 

A
li 
et
 a
l. 
(2
00
9)
; 

C
ha
ar
iR

kh
is
et
al
. 

(2
01
1)
 

Z
ea
tin

 r
ib
os
id
e 

O
le
a 
eu
ro
pa
ea
 (
L
.)
 
M
ic
ro
cu
tti
ng
s

1–
5

Sh
oo
t g

ro
w
th

–
R
ou
ss
os
 a
nd
 

Po
nt
ik
is
 (
20
02
);
 

Sg
hi
r 
et
 a
l. 
(2
00
5)
 

K
in
et
in

P
un
ic
a 
gr
an
at
um

 
(L
.)
 

Sh
oo
t t
ip
s 
an
d 

no
da
l s
eg
m
en
ts
 

1–
2

Sh
oo
t 

pr
ol
if
er
at
io
n 

In
 c
om

bi
na
tio

n 
w
ith

 0.
1
m
g
L

−1
 

N
A
A
 

V
al
iz
ad
eh
K
aj
i e
t a
l. 

(2
01
3)
 

M
et
a-
to
po

lin
 

C
ap
pa
ri
s 
sp
in
os
a 

(L
.)
 

N
od
al
 s
te
m
 

se
gm

en
ts
 

0.
6

Sh
oo
t 

pr
ol
if
er
at
io
n 

–
K
er
eš
a 
et
 a
l. 
(2
01
9)
 

G
ib
be
re
lli
ns
 
G
A
3

O
le
a 
eu
ro
pa
ea
 (
L
.)
 
So

m
at
ic
 e
m
br
yo
s 

0.
1

So
m
at
ic
 e
m
br
yo
 

ge
rm

in
at
io
n 

In
 c
om

bi
na
tio

n 
w
ith

 0.
1
m
g
L

−1
 

N
A
A
 

M
az
ri
et
al
. (
20
20
) 

G
A
3

P
ho
en
ix
 

da
ct
yl
if
er
a 
(L
.)
 

So
m
at
ic
 e
m
br
yo
s 

0.
5–
1

So
m
at
ic
 e
m
br
yo
 

ge
rm

in
at
io
n 

–
M
az
ri
 e
t a
l. 
(2
01
9a
) 

G
A
3

O
pu
nt
ia
 fi
cu
s 

in
di
ca
 (
L
.)
 

O
vu
le
s

1
C
al
lo
ge
ne
si
s,
 

so
m
at
ic
 

em
br
yo
ge
ne
si
s 

–
Je
di
di
 e
t a
l. 
(2
01
5)
 

G
A
3

O
pu
nt
ia
 fi
cu
s 

in
di
ca
 (
L
.)
 

So
m
at
ic
 e
m
br
yo
s 

0.
1

So
m
at
ic
 e
m
br
yo
 

ge
rm

in
at
io
n 

–
Je
di
di
 e
t a
l. 
(2
01
5)
 

G
A
3

A
rg
an
ia
 s
pi
no
sa
 

(L
.)
 S
ke
el
s 

A
xi
lla
ry
 s
ho
ot
s

1
Sh

oo
t e
lo
ng
at
io
n 

–
K
ou

fa
n 
et
 a
l. 

(2
01
8,
 2
02
0b
)

(c
on
tin

ue
d)



98 M. A. Mazri et al.

Ta
bl
e
1

(c
on
tin

ue
d)

PG
R
gr
ou
p

PG
R
ty
pe

Sp
ec
ie
s

E
xp
la
nt

PG
R
co
nc
en
tr
at
io
n

(m
g
L

−1
)

M
or
ph
og
en
es
is
/I
n

vi
tr
o
re
sp
on
se

O
bs
er
va
tio

ns
R
ef
er
en
ce
s

G
A
3

A
rg
an
ia
 s
pi
no
sa
 

(L
.)
 S
ke
el
s 

E
pi
co
ty
l s
eg
m
en
ts
 

2
Sh

oo
t b

ud
 

m
ul
tip

lic
at
io
n 

E
ith

er
 a
lo
ne
 o
r 
in
 

co
m
bi
na
tio

n 
w
ith

 
1
m
g
L

−1
 B
A
P 

A
m
gh

ar
 e
t a
l. 

(2
02
1a
)



In Vitro Responses of Some Mediterranean Fruit Crops … 99

Fig. 1 Zeatin promotes shoot elongation in olive (Olea europaea L.) 

2.2 Adventitious Regeneration 

In olive, somatic embryogenesis has been reported by many authors. This regenera-
tion process was achieved in two steps: embryogenic callus formation and embryo 
differentiation. Generally, an auxin-cytokinin combination was suggested to induce 
embryogenic calli. In embryo-derived explants of cvs. Arbequina, Dahbia, Picual, 
Picholine Marcaine as well as wild olive (Olea europaea var. sylvestris), the combina-
tion of 5 mg L−1 IBA and 0.5 mg L−1 N6-[2-isopentenyl] adenine (2iP) was used for 
embryogenic callus induction while embryo differentiation was achieved either on 
PGR-free medium or on a medium containing 0.5 mg L−1 IBA (Orinos and Mitrakos 
1991; Cererzo et al. 2011; Mazri et al.  2011, 2012; Oulbi et al. 2021). 

In shoot apexes and leaf segments derived from shoots maintained in vitro, a high 
thidiazuron (TDZ) concentration was recommended to stimulate the embryogenesis 
competence of explants. Indeed, in cvs. Dahbia and Picual, and the wild genotypes 
StopVert and Ac-18, the combination of 6.6–7 mg L−1 TDZ and 0.1 mg L−1 1-
naphthaleneacetic acid (NAA) was used. Besides, a medium containing 0.05 mg L−1 

IBA,  0.1 mg L−1 2iP and 0.1 mg L−1 BAP allowed for embryo differentiation (Mazri 
et al. 2013; Toufik et al. 2014; Narváez et al. 2019). 

TDZ has been also used to induce adventitious shoot buds from olive explants. 
Mencuccini and Rugini (1993) evaluated the effects of different culture media, PGRs, 
cultivars and explants and found that adding 1.1–2.2 mg L−1 TDZ to Murashige 
and Skoog (MS; Murashige and Skoog 1962) medium promoted adventitious shoot 
induction from leaf petioles of cvs. Moraiolo, Dolce Agogia and Halidikis. In cvs. 
Canino and Moraiolo, Rugini and Caricato (1995) observed that the use of 6.6 mg L−1 

TDZ in combination with 0.1 mg L−1 NAA resulted in the formation of single shoots 
from petiole explants, and sometimes a group of 2 to 3 shoots. Similar results were 
observed in cv. Dahbia (Mazri et al. 2013). These findings clearly highlight the
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key role of TDZ in inducing organogenesis in olive. TDZ is a synthetic phenylurea 
derivative with a high cytokinin-like activity. It was initially used as a cotton defoliant 
but is now widely used in tissue culture. In fact, TDZ has shown to be a potent 
compound for shoot bud induction and proliferation, and sometimes was found more 
effective than adenine-derivative cytokinins (Mazri et al. 2018a). 

In olive adventitious regeneration, GA3 was used to promote the germination 
of somatic embryos of cv. Dahbia. GA3 was used in combination with NAA at 
0.1 mg L−1 each (Mazri et al. 2020). 

3 Date Palm (Phoenix Dactylifera L.) 

Date palm (Phoenix dactylifera L.) is a plant species of the Arecaceae family. It 
is originated from Mesopotamia (modern Iraq) and widely cultivated in the arid 
and semi-arid regions of the Middle-East and North-Africa (Johnson et al. 2013). 
For decades, date palm has been propagated conventionally by offshoots. Today, 
date palm is mainly propagated by tissue culture, either through somatic embryo-
genesis or organogenesis (Mazri and Meziani 2015). Indeed, these methods allow 
for the production of a large number of date palm plants in a small space and 
a short period of time. To achieve somatic embryogenesis, 2,4-dichlorophenoxyacetic 
acid (2,4-D) has been widely used by researchers and practitioners as it showed a 
potent ability to induce callogenesis and somatic embryos. Regarding organogenesis, 
a wide range of auxin-cytokinin combinations were recommended, depending on the 
cultivar. 

3.1 Somatic Embryogenesis 

In date palm, 2,4-D is the most commonly used auxin to induce embryogenic calli 
(Fig. 2). Indeed, since the 70th of the last century, many authors have used 2,4-D to 
achieve somatic embryogenesis from different date palm cultivars. Tisserat (1979) 
described a somatic embryogenesis process in which callogenesis was achieved on 
plant growth media containing 10–100 mg L−1 2,4-D. Generally, a high level of 2,4-D 
(100 mg L−1) was used to induce embryogenic callus (Eke et al. 2005; Eshraghi et al. 
2005; Al-Khayri 2011). However, some authors were able to achieve this process in 
media containing lower 2,4-D concentrations (≤10 mg L−1) (El Hadrami et al. 1995; 
Fki et al. 2003; Zouine and El Hadrami 2007; Othmani et al. 2009; Abohatem et al. 
2011; Mazri et al.  2017). 2,4-D is a synthetic auxin and the most frequently used in 
tissue culture to induce callogenesis (Machakova et al. 2008). It was discovered by 
Zimmerman and Hitchcock (1942) and has also been used as an herbicide to control 
annual and perennial weeds (Song 2014). 

Other auxins were also used to induce embryogenic calli in date palm, but only 
to a limited extent. For example, picloram (Khierallah et al. 2015; Mazri et al.  2017,
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Fig. 2 
2,4-dichlorophenoxyacetic 
acid (2,4-D) induces 
embryogenic calli in date 
palm (Phoenix dactylifera 
L.) 

2018b). A cytokinin, generally 2iP or BAP, was added to culture medium at a low 
concentration (Eshraghi et al. 2005; Al-Khayri 2011; Zouine and El Hadrami 2007; 
Abohatem et al. 2011; Al-Khayri and Al-Bahrany 2012; Mazri et al.  2017, 2018b). 

After callus induction, somatic embryo formation was achieved either on a 
medium containing lower PGR concentrations; for example, 0.5 mg L−1 2,4-D and 
0.1 mg L−1 BAP (Zouine and El Hadrami 2007; Abohatem et al. 2011); or on a 
PGR-free medium (Mazri et al. 2018b). 

In date palm somatic embryogenesis, GA3 (0.5–1 mg L−1) was used to promote 
somatic embryo germination and conversion (Mazri et al. 2019a). An auxin-cytokinin 
combination has also been suggested for somatic embryo germination. For example, 
0.1 mg L−1 NAA, 0.1 mg L−1 IBA and 0.05 mg L−1 BAP (Zouine and El Hadrami 
2007), 0.4–1 mg L−1 NAA and 0.5–1.2 mg L−1 BAP (Mazri et al. 2018b, 2019b). 

3.2 Adventitious Organogenesis 

Date palm propagation by organogenesis is the method used in Morocco for grove 
rehabilitation and the creation of new orchards. For adventitious bud induction, 
the combination of 3 mg L−1 2-naphthoxyacetic acid (NOA), 1 mg L−1 NAA, 
1mgL−1 indole-3-acetic acid (IAA) and 0.1 mg L−1 2iP showed good results in many 
Moroccan cultivars (e.g. cv. Najda, Mazri and Meziani (2013); cv. Boufeggous, Mazri 
(2015); cv. Al-Fayda, Mazri et al. (2019c)). The combination of 2.5 mg L−1 IAA, 
2.5 mg L−1 NAA and 0.1 mg L−1 2iP was also suggested for cv. Mejhoul (Meziani 
et al. 2016). For adventitious shoot bud multiplication, different auxin-cytokinin
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combinations were recommended, depending on the cultivar: 0.5 mg L−1 NOA and 
0.5 mg L−1 kinetin for cvs. Najda and Al-Fayda; 0.6 mg L−1 IBA and 0.7 mg L−1 

BAP for cv. Boufeggous; 0.2 mg L−1 NOA, 0.2 mg L−1 IAA,  0.4 mg L−1 kinetin 
and 0.4 mg L−1 2iP for cv. Mejhoul (Mazri 2015; Mazri and Meziani 2013; Mazri 
et al. 2019c; Meziani et al. 2015). The use of different PGR combinations may reflect 
different hormonal requirements among date palm cultivars. On the other hand, our 
pervious experiments revealed the necessity to enrich the culture medium with an 
auxin-cytokinin combination, which supported better shoot bud multiplication than 
either PGR group used singly (Mazri 2015; Mazri and Meziani 2013). 

In addition to the above studies carried out in Morocco, authors from other coun-
tries recommended different PGR combinations to achieve organogenesis in date 
palm. For example, for adventitious bud induction, the following PGRs were used: 
1.6 mg L−1 IAA in cv. Khenezi (Al Kaabi et al. 2001); 1 mg L−1 NAA and 2 mg L−1 

2iP in cv. Alshakr (Al-Mayahi 2016), 4 mg L−1 IBA and 1 mg L−1 BAP in cvs. Asil, 
Hussaini, Zaidi (Hussain et al. 2001),  1mgL−1 NAA,  1mgL−1 NOA, 1 mg L−1 BAP, 
2–4 mg L−1 2iP in cvs. Barhee and Maktoom (Jazinizadeh et al. 2015; Khierallah 
and Bader 2007). 

For shoot bud multiplication, the following PGRs were suggested: 0.4 mg L−1 

IAA, 0.1 mg L−1 NAA, 0.1 mg L−1 kinetin, 1.5 mg L−1 2iP for cv. Khenezi (Al Kaabi 
et al. 2001); 1 mg L−1 NAA, 0.5 mg L−1 BAP, 0.5 mg L−1 kinetin for cvs. Alshakr 
and Dhakki (Khan and Bi Bi 2012; Al-Mayahi 2016); 5 mg L−1 2iP and 2 mg L−1 

kinetin for cv. Zaghlool (Bekheet 2013);  1 mg L−1 NAA,  1.5 mg L−1 2iP,  1 mg L−1 

BAP for cv. Barhee (Jazinizadeh et al. 2015); and 1 mg L−1 NAA, 1 mg L−1 NOA, 
4 mg L−1 2iP and 2 mg L−1 BAP for cv. Maktoom (Khierallah and Bader 2007). 

The use of TDZ for adventitious shoot bud induction and multiplication showed 
contradictory results. In fact, a study carried out on cv. Boufeggous revealed that TDZ 
provokes severe tissue browning, leading to explant death (Mazri 2015). However, 
Al-Mayahi (2014) reported that in cv. Hillawi, the combination of 1 mg L−1 BAP and 
0.5 mg L−1 TDZ promoted adventitious bud induction and multiplication. A recent 
study by Taha et al. (2021) also reported that TDZ (either alone or in combination with 
BAP) induced direct organogenesis from immature inflorescence of date palm cvs. 
Selmi, Barhee and Medjool. These results confirm again the necessity to optimize 
the medium components, particularly in terms of PGRs, for each genotype. 

For shoot rooting, the use of PGR-free medium was suggested for many cultivars 
(Mazri and Meziani 2013; Mazri 2015; Mazri et al.  2016; Meziani et al. 2019). 
However, some authors suggested the addition of 0.1–1.5 mg L−1 NAA to the culture 
medium (Al Kaabi et al. 2001; Khierallah and Bader 2007; Khan and Bi Bi 2012; 
Bekheet 2013; Jazinizadeh et al. 2015). NAA is a strong synthetic auxin involved in 
cell division and growth, and widely used for callogenesis, somatic embryogenesis 
and rhizogenesis (Machakova et al. 2008).
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4 Cactus Pear (Opuntia spp.) 

Cactus pear (Opuntia spp.) is a multipurpose tree native to the tropical and subtropical 
regions of America (Mazri 2021). Today, cactus pear is found in many regions of the 
world. Indeed, this plant is characterized by its remarkable adaptation to different 
climatic and environmental conditions (Mazri 2018; Vekiari and Ouzounidou 2018). 
In some Mediterranean countries such as Morocco, Tunisia and Italy, cactus pear 
plays important socio-economic and ecological roles. Italy is the main world exporter 
of cactus pear fruits (Albergamo et al. 2021). 

4.1 Organogenesis 

Cactus pear is generally propagated by cladodes. However, since the 1970s, many 
researchers have tried to develop in vitro culture systems for this plant to achieve 
rapid and large-scale propagation, combat desertification and as a tool for funda-
mental research (Mauseth and Halperin 1975; Mauseth 1976; Escobar et al. 1986; 
Khalafalla et al. 2007). In vitro propagation of cactus was mainly achieved through 
organogenesis. BAP has been used to stimulate areole activation and shoot growth. 
For example, in O. lanigera and O. amyclaea Tenore cv. Copena-5, 2.2–2.5 mg L−1 

BAP was suggested (Escobar et al. 1986; Estrada-Luna et al. 2008). In O. ellisiana, 
Juarez and Passera (2002) recommended the combination of 2.2 mg L−1 BAP and 
2 mg L−1 IBA. In O. ficus indica, BAP was used either alone (0.5 mg L−1; Zoghlami 
et al. 2012) or in combination with GA3 (0.5 mg L−1 BAP and 0.5 mg L−1 GA3; 
Garcia-Saucedo et al. 2005), depending on the genotype. 

For shoot proliferation, segments of axillary shoots established in vitro were used 
as explants. During this culture phase, BAP was added to the medium at different 
concentrations, depending on the species/cultivar used. For example, in O. amyclaea 
Tenore cv. Copena-5, Escobar et al. (1986) recommended 2.2 mg L−1 BAP. Estrada-
Luna et al. (2008) observed that BAP at 5–7.5 mg L−1 promoted shoot proliferation 
in O. lanigera while in O. ficus indica, BAP was recommended at a concentration 
ranging from 0.1 to 0.5 mg L−1 (Garcia-Saucedo et al. 2005; Zoghlami et al. 2012). 

The experiments carried out in our laboratory (data not published) showed that, 
in O. ficus indica explants, the use of BAP at a concentration ranging from 2.5 to 
4 mg L−1 resulted in 100% shoot development (Fig. 3). Rham (2021) compared the 
effects of different cytokinins (TDZ, 2iP and BAP) on shoot formation from areoles 
and found that BAP was the most effective. Our experiments also indicated that BAP 
at 2–4 mg L−1 promoted shoot proliferation (Fig. 3). 

As it could be seen from the above examples, BAP is necessary to induce 
and sustain organogenesis in cactus. BAP is a synthetic cytokinin used routinely 
by commercial and research laboratories due to its efficacy and affordability. It 
promotes cell division and has been established as a potent growth regulator 
of morphogenetic responses in many plant species (Van Staden et al. 2008).
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Fig. 3 6-Benzylaminopurine (BAP) promotes areole activation and multiple shoot proliferation in 
cactus pear (Opuntia ficus indica) 

For root induction from cactus shoots, IBA is the most commonly used PGR. This 
auxin was used alone at concentrations ranging from 1 to 10 mg L−1 depending on the 
species and genotype (Escobar et al. 1986; Juarez and Passera 2002; Garcia-Saucedo 
et al. 2005; Zoghlami et al. 2012). 

4.2 Somatic Embryogenesis 

Studies on somatic embryogenesis of cactus pear are scarce. Different PGRs were 
recommended depending on the explant. For example, in O. ficus indica cv. Gigante, 
direct somatic embryogenesis was achieved from shoot apices devoid of leaf 
primordia by supplementing picloram (1–4 mg L−1) in the culture medium (Gomes 
et al. 2006). Somatic embryos were also obtained from callus cultures derived from 
immature anthers of O. ficus indica cvs. Moore and Gialla in media containing 
2 mg L−1 2,4-D and 2.5 mg L−1 TDZ (Bouamama et al. 2011). Jedidi et al. (2015) 
were able to induce callogenesis then somatic embryogenesis from ovules (10 days 
after anthesis) of O. ficus indica cultured on MS medium containing 1 mg L−1 GA3. 

These examples from the literature support the necessity of incorporating auxins, 
cytokinins and/or gibberellins into the culture medium to achieve somatic embryo-
genesis in cactus pear. On the other hand, GA3 (0.1 mg L−1) was also suggested for 
somatic embryo germination (Jedidi et al. 2015). GA3 is a natural growth hormone 
that represses the inhibitory effect of endogenous ABA and promotes dormancy 
release (Skubacz and Daszkowska-Golec 2017; Li et al.  2021). Accordingly, GA3 

was used to promote somatic embryo germination of many plant species (Moshkov 
et al. 2008).
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5 Fig  (Ficus Carica L.) 

Fig is a fruit tree probably native to north-eastern Asia or southern Arabia where 
the wild fig (i.e. caprifig) is still exist (Ikegami et al. 2009). Fig has been culti-
vated since ancient times and spread to several regions, especially those around the 
Mediterranean basin between 6000 and 4000 BC (Kislev et al. 2006). The common 
fig (Ficus carica L.) belongs to the Moraceae family. It is the only species cultivated 
for its edible fruits and that adapts well to the Mediterranean climate (Crisosto et al. 
2020; Akin et al.  2021). 

Fig can be propagated vegetatively by cuttings, air-layering or grafting. However, 
these methods are slow and not well suited for rapid and large-scale production of fig 
plants. The use of tissue culture techniques has many advantages for fig such as the 
mass propagation of elite genotypes (Kumar et al. 1998; Fraguas et al. 2004; Kim  
et al. 2007; Soliman et al. 2010), preservation of genetic material by long-term cryop-
reservation (Abd El-Wahab and Sayed 2019) sanitation/generation of pathogen-free 
plants (Comlekcioglu et al. 2007; Al-Shomali et al. 2017; Sahraroo et al. 2019), 
genetic transformation (Yancheva et al. 2005; Soliman et al. 2010), precise genome 
editing (Flaishman et al. 2020) and secondary metabolite production (Amani et al. 
2020). The development and optimization of micropropagation systems for fig rely 
on many factors, among which PGRs, particularly auxins, cytokinins and gibberellins 
are the most important. 

5.1 Shoot Induction and Proliferation 

In vitro regeneration was successfully achieved from shoot tips of different fig culti-
vars. Generally, the cytokinin BAP was critical for shoot induction and proliferation 
(Sahraroo et al. 2019). Along this line, 0.5–3 mg L−1 BAP was recommended by 
Mustafa et al. (2013), Danial et al. (2014) and Ling et al. (2018). 

The combination of BAP and GA3 was also recommended for shoot formation 
in fig. Indeed, in cvs. Deanna and Conadria, Dhage et al. (2015) observed multiple 
shoot formation in a culture medium containing 2.5–3.5 mg L−1 BAP and 0.5 mg L−1 

GA3 while Darwesh et al. (2014) recommended the combination of 5.0 mg L−1 BAP 
and 1 mg L−1 GA3. Other authors reported the beneficial effect of other cytokinins 
in stimulating shoot production from fig explants. For example, Abd El-Wahab and 
Sayed (2019) observed shoot proliferation from apical bud explants of cv. Sultani in 
all media supplemented with BAP or kinetin (0.5–1.0 mg L−1). However, the highest 
number of shoots per explant was obtained in the medium containing 0.5 mg L−1 

kinetin. 
The optimal PGR combination for shoot induction and proliferation in fig may 

vary among cultivars. Shahcheraghi and Shekafandeh (2016) found that combining 
0.5 mg L−1 BAP and 0.2 mg L−1 2iP significantly improved shoot proliferation in 
cvs. Bargchenari and Runu. However, in cv. Dehdez, the combination of 6 mg L−1
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kinetin and 0.2 mg L−1 NAA gave the highest number of shoots per explant. This may 
reflect the different hormonal requirements for efficient shoot proliferation among 
fig cultivars. 

5.2 Adventitious Regeneration 

Many authors investigated the effects of PGRs on adventitious regeneration of fig 
(e.g. Kim et al. 2007; Soliman et al. 2010). The beneficial effect of TDZ (in combi-
nation with other PGRs) on callus induction and adventitious shoot formation was 
reported (Kim et al. 2007; Soliman et al. 2010; Mazri et al.  2018a). In cvs. Sabz 
and Torsh, the formation of morphogenetic calli from thin cell layer cultures was 
observed in media containing 2 mg L−1 TDZ and 2 mg L−1 IBA (Abdolinejad et al. 
2020). Dhage et al. (2015) highlighted the beneficial effect of TDZ (7 mg L−1) in  
combination with 0.25 mg L−1 NAA on shoot induction from callus of cv. Poona Fig. 
On the other hand, Abdolinejad et al. (2020) observed the best shoot regeneration 
response from callus on medium containing 4 mg L−1 BAP,  1 mg L−1 TDZ and 
0.2 mg L−1 NAA. 

After comparing the effects of BAP, kinetin and TDZ at different concentra-
tions on multiple shoot induction from apical buds of cv. Black Jack, Parab et al. 
(2021) reported that TDZ and kinetin at 4.3–4.5 mg L−1 produced only a low 
average number of shoots per explant, not exceeding 5. On the other hand, BAP 
gave 37.8 shoots per explant, with no callus formation. These results may reflect 
different responses to exogenous cytokinins depending on the genotype and explant 
type. According to Soliman et al. (2010), in cv. Sultani, the combination of 2 mg L−1 

TDZ and 4–6 mg L−1 2iP promoted shoot production via direct embryogenesis. 

5.3 Rhizogenesis 

In fig, IBA can be considered as a potent growth regulator for root induction from 
in vitro shoots. In fact, in cvs. Sabz, Jaami-e-Kan and Sultani, Sahraroo et al. (2019) 
and Soliman et al. (2010) observed high root induction rates in media containing 1– 
2 mg L−1 IBA. Similarly, Dhage et al. (2015) reported that 1 mg L−1 IBA stimulated 
root induction in cvs. Conadria, Deanna, Brown Turkey and Poona Fig. 

In addition to IBA, other PGRs were used either singly or in combination to induce 
rooting in fig. For example, 0.5 mg L−1 NAA (Abd El-Wahab and Sayed 2019), and 
the combination of 4.5 mg L−1 BAP and 1.4 mg L−1 IAA (Parab et al. 2021). This 
latter combination gave 100% rhizogenesis.
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6 Pomegranate (Punica granatum L.) 

Pomegranate (Punica granatum L.) is a plant native to the Himalayas, from northern 
India to Iran (Mazri et al.  2018a). It belongs to the Punicaceae family and is char-
acterized by good adaptability to different soil and climate conditions (Ferrara et al. 
2014). Pomegranate is cultivated on a commercial scale in a number of Mediter-
ranean and Asian countries, with Iran being the world largest exporter (Gharaghani 
et al. 2017). 

The global demand for pomegranate fruits has recently increased due to their high 
nutraceutical values (Jalikop 2010; Kotsampasi et al. 2021). However, pomegranate 
propagation is still a big challenge. Propagation by seeds is difficult to achieve since 
the seeds quickly lose their ability to germinate. Moreover, the plants produced 
by this method are characterized by high heterozygosity (Kanwar et al. 2010; 
Singh et al. 2013; Kahramanoğlu and Umar 2018). Vegetative propagation by 
cuttings enables the production of true-to-type plants at low cost. However, this 
method is hampered by high mortality and poor growth rates (Desai et al. 2018). 
In vitro propagation of pomegranate can be used for different purposes such as rapid 
and large-scale production of elite cultivars, genetic improvement and conserva-
tion of genetic resources. Along this line, several studies reported successful regen-
eration of pomegranate through organogenesis, somatic embryogenesis and micro-
cuttings (e.g. Omura et al. 1987; Naik et al.  2000; Murkute et al. 2002; Shao et al. 
2003; Terakami et al. 2007; Chauhan and Kanwar 2012; Desai et al. 2018; Kabir 
et al. 2021). 

6.1 Shoot Induction and Proliferation 

PGRs have played a major role in pomegranate micropropagation. Many authors tried 
to determine the optimal concentration of PGRs for shoot induction, proliferation and 
growth (e.g. El-Agamy et al. 2009; Naik and Chand 2011). ValizadehKaji et al. (2013) 
reported that the combination of 1–2 mg L−1 kinetin and 0.1 mg L−1 NAA promoted 
shoot induction in cvs. Malas Saveh and Yusef Khani. Indeed, the use of kinetin alone 
(auxin-free medium) decreased shoot elongation and proliferation by about 30%. 
However, in other pomegranate cultivars, exogenous auxins were not necessary for 
shoot proliferation, while the cytokinin effect varied among cultivars (Naik and 
Chand 2011). 

The effects of cytokinins on shoot multiplication were compared by many authors. 
For example, Naik et al. (1999) evaluated the effects of zeatin riboside, BAP and TDZ 
on axillary shoot proliferation from nodal segments of an adult pomegranate tree, 
and found that zeatin riboside was the most effective cytokinin. Indeed, the use of 
2 mg L−1 zeatin riboside gave the highest number of shoots per explant (5.2). On the 
other hand, the use of BAP at 1 mg L−1 resulted in higher bud break percentage (93%) 
than zeatin riboside (85%). However, BAP gave lower number of shoots per explant
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(2.1). El-Agamy et al. (2009) compared the effects of BAP and kinetin on in vitro 
shoot proliferation from shoot tips of two pomegranate cultivars, Manfalouty and Nab 
El-Gamal, and highlighted the superior effect of BAP over kinetin. The beneficial 
effect of BAP on pomegranate shoot proliferation was also reported by Naik et al. 
(2000) and  Desai et al.  (2018). 

6.2 Rhizogenesis 

Many studies were carried out to evaluate the effects of PGRs on shoot rooting, and 
the use of auxins was found necessary (Naik et al. 1999; Deepika and Kanwar 2010; 
ValizadehKaji et al. 2013). Naik et al. (1999) reported that 1 mg L−1 IBA induced 
better rooting than IAA. Moreover, lower or higher IBA concentrations reduced 
rooting. According to Kanwar et al. (2010), no root induction was observed in auxin-
free media. On the other hand, addition of NAA or IBA at 0.25 mg L−1 promoted 
rhizogenesis in cvs. Nab El Damal and Manfalouty (El-Agamy et al. 2009). Similar 
findings were reported by ValizadehKaji et al. (2013) who observed that adding 
1 mg L−1 NAA or 1 mg L−1 IBA to culture medium stimulated root induction in cvs. 
Malas Saveh and Yusef Khani. 

According to Mulaei et al. (2019), the use of 0.5 mg L−1 IBA promoted rhizoge-
nesis in cvs. Malase Yazdi and Shirine Shahvar. Besides, IBA was found to have a 
better effect on root induction than NAA. In contrast, Naik et al. (2000) reported that 
in cv. Ganesh, a low NAA concentration (i.e. 0.1 mg L−1) promoted rhizogenesis. 
These findings highlight the different auxin requirements for efficient rooting among 
pomegranate genotypes. 

6.3 Adventitious Regeneration 

In pomegranate, shoot and somatic embryo regeneration from callus induced in vitro 
was generally achieved by combining NAA and BAP. Kanwar et al. (2010) described 
indirect regeneration systems for pomegranate in which shoots and somatic embryos 
were obtained from zygotic embryo-derived calli. The highest induction frequency of 
organogenic calli was observed when combining 1.8 mg L−1 BAP, 1.1 mg L−1 NAA, 
and 2 mg L−1 GA3. Regarding somatic embryogenesis, the highest mean number of 
globular and heart-shaped somatic embryos per callus was observed when combining 
4 mg L−1 NAA and 2 mg L−1 BAP. 

Murkute et al. (2002), Soukhak et al. (2011) and Deepika and Kanwar (2010) 
reported that the combination of 0.5–4 mg L−1 BAP and 0.4–2.4 mg L−1 NAA stim-
ulated callus induction and shoot regeneration in cvs. Ganesh, MalasSaveh and Kand-
hari Kabuli. Direct organogenesis was also successfully achieved from hypocotyl and 
mature leaf explants of cv. Kandhari Kabuli in media containing the combination of 
2–2.2 mg L−1 BAP and 0.4–1.5 mg L−1 NAA (Parmar et al. 2013; Verma et al. 2021).
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All these findings highlight the beneficial effect of BAP and NAA on adventitious 
regeneration of pomegranate. 

7 Argan (Argania spinosa L.) 

Argan (Argania spinosa (L.) Skeels) is an endangered agroforestry species that 
belongs to the family Sapotaceae (Koufan et al. 2020a). It is endemic to Morocco 
where it covers an area of around 871,210 ha (Moukrim et al. 2018). Argan has 
a significant socio-economic impact in its area of cultivation, mainly through the 
production of edible and cosmetic oils. Indeed, argan oil is one of the most expensive 
oils in the world, with both nutritive and health promoting properties (El Kharrassi 
et al. 2018). Besides, the argan forest contributes to soil and biodiversity conservation 
and desertification prevention (Koufan et al. 2020b). 

The sustainability of the argan ecosystem is threatened by several factors such 
as overexploitation and overgrazing, which causes a continuous degradation (De 
Waroux and Lambin 2012; Charrouf and Guillaume 2009). Propagation by tissue 
culture can be considered as a promising approach to rehabilitate and preserve the 
argan ecosystem. However, this species is highly recalcitrant to in vitro manipu-
lations, and the published data on argan micropropagation are still insufficient. To 
date, only few in vitro regeneration protocols have been described, in which auxins, 
cytokinins and gibberellins were involved. 

7.1 Bud Break, Axillary Shoot Development and Rooting 

Argan propagation by in vitro shoot culture of adult origin was investigated by some 
authors. Generally, bud break and shoot growth were influenced by PGRs. Lamaoui 
et al. (2019) found that the combination of 1 mg L−1 IAA and 2.5 mg L−1 BAP 
was optimal for bud break, while BAP at 1–1.5 mg L−1 promoted shoot growth and 
multiplication. Bousselmame et al. (2001) used the combination of 1 mg L−1 IAA, 
2 mg L−1 BAP and 0.5 mg L−1 kinetin for bud break and axillary shoot develop-
ment, while Koufan et al. (2018, 2020b) used a PGR-free medium for bud break 
and 1 mg L−1 GA3 for shoot growth (Fig. 4). These results highlight the impor-
tance of IAA, BAP and GA3 in argan propagation by microcuttings. The different 
combinations and concentrations recommended by different authors may reflect 
different hormonal requirement depending on the genotype, mother tree prove-
nance and age, and the explant type (i.e. hardwood, semi-hardwood and herbaceous). 
These factors are a constraint to the development of a standardized and reproducible 
micropropagation protocol for different argan genotypes. 

The prominent role of auxins in shoot rooting was reported by different authors 
(e.g. Bousselmame et al. 2001; Koufan et al. 2018; Lamaoui et al. 2019). Indeed, 
the induction of roots from in vitro shoots is difficult to achieve. Thus, addition of
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Fig. 4 Gibberellic acid 
(GA3) promotes shoot 
elongation in argan (Argania 
spinosa L.) 

auxins to the culture medium is necessary. Bousselmame et al. (2001) and Lamaoui 
et al. (2019) used high auxin concentrations to induce rooting. These authors recom-
mended the combination of 5 mg L−1 IBA and  5 mg L−1 NAA (for 14 days), and 
that of 5 mg L−1 IBA and  1 mg L−1 NAA, respectively. On the other hand, Koufan 
et al. (2018) suggested the combination of 0.5 mg L−1 NAA and 0.5 mg L−1 BAP. 

7.2 Adventitious Organogenesis 

In vitro regeneration through organogenesis could be of great interest for rapid prop-
agation and genetic improvement of argan. Recently, an in vitro regeneration system 
through adventitious organogenesis was described for argan (Amghar et al. 2021a, 
b). It was found that adventitious bud induction, shoot proliferation and elonga-
tion were highly influenced by PGR type and concentration. BAP and kinetin were 
compared at different concentrations and the superior effect of BAP at 2 mg L−1 

on adventitious bud induction was demonstrated. On the other hand, the use of 
2 mg L−1 GA3, either alone or in combination with 1 mg L−1 BAP, promoted shoot 
bud multiplication (Amghar et al. 2021a). Root induction from adventitious shoots 
was directly linked to auxins and their concentrations. The highest rooting percentage 
was achieved by combining 0.5 mg L−1 NAA and 1.5 mg L−1 IBA. Besides, it was 
noticed that increasing NAA concentration decreased the rooting ability of argan 
adventitious shoots (Amghar et al. 2021b). These findings highlight the key role of 
auxins, cytokinins and gibberellins in the adventitious regeneration of argan, which 
is a highly recalcitrant species to in vitro culture.
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8 Carob (Ceratonia siliqua L.) 

Carob (Ceratonia siliqua L.) is an agroforestry species endemic to the Mediterranean 
region. It belongs to the family Fabaceae and is one of the most important species of 
the Mediterranean arid and semi-arid zones, due to its socio-economic, ecological, 
industrial and medicinal benefits (Aafi 1996; El Kahkahi et al. 2016). The main 
producing countries of carob fruits are Spain, Italy, Portugal and Morocco (Naggar 
and Lahssini 2015). 

Carob is generally propagated by conventional methods. However, these methods 
fail to meet the growing demands of carob plants. The use of in vitro culture systems is 
a considerable challenge and a promising approach for rapid and large-scale propaga-
tion of elite genotypes (Nia et al. 2021). Although investigated by several researchers, 
carob micropropagation still presents many difficulties and is not currently a viable 
commercial practice. Thus, more investigations should be carried out to develop 
efficient micropropagation systems for carob. 

Based on the data available in the literature, PGRs play a key role in carob micro-
propagation, particularly the cytokinin BAP, which has been widely used either alone 
or in combination with auxins and gibberellins. These PGRs have shown remark-
able effects on seed germination and seedling development, shoot multiplication and 
rooting, and adventitious regeneration (Carbonaro 1999; Thomas and Mehta 1983; 
Naghmouchi et al. 2008; Lozzi et al. 2019; Zouari and El Mtili 2020, Nia et al. 2021). 

8.1 Seed Germination and Seedling Culture 

Carbonaro (1999) reported successful culture of carob seedlings established from 
immature seeds on MS medium supplemented with 0.5 mg L−1 BAP and 0.1 mg L−1 

IAA. This medium also allowed for shoot multiplication and callus induction. Prolif-
eration of hypocotyl-derived calli was observed following multiple subcultures on a 
medium containing 0.5–1.0 mg L−1 2,4-D. 

According to Hakim et al. (2010), the combination of BAP and GA3, and that of 
BAP and IAA, had a remarkable effect on shoot development from nodal segments 
of seedlings. The combination of 1.5 mg L−1 BAP and 0.5 mg L−1 GA3 was found 
to be the most effective for multiple shoot induction. Radi et al. (2013) found that 
the in vitro response of carob explants correlated positively with cytokinin concen-
trations. Indeed, high levels of cytokinins increased shoot formation from nodal 
segments of carob seedlings. On the other hand, zeatin and BAP increased shoot 
length, particularly at 2 mg L−1.
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8.2 Bud Break and Axillary Shoot Growth 

Many authors demonstrated the beneficial effect of BAP on bud break and shoot 
growth in carob. According to Thomas and Mehta (1983), the combination of BAP 
(2 mg L−1) and NAA (1 mg L−1) gave the highest frequency of bud break after 4– 
5 weeks of culture. Higher BAP concentrations inhibited shoot growth, while the use 
of lower concentrations (with 1 mg L−1 IBA or NAA) promoted callogenesis. Nagh-
mouchi et al. (2008) reported that the combination 0.5 mg L−1 BAP,  0.1 mg L−1 IBA 
and 0.5 mg L−1 GA3 promoted bud break and shoot development, while 1–2 mg L−1 

BAP stimulated shoot proliferation. Zouari and El Mtili (2020) indicated that the 
combination of 0.5 mg L−1 BAP and 0.2 mg L−1 IBA was the most effective for 
shoot formation. Besides, shoot proliferation was achieved on a medium containing 
1.5mgL−1 BAP. Addition of 0.2 mg L−1 GA3 to the BAP-containing medium favored 
shoot elongation. Nia et al. (2021) also reported that BAP at 0.5 mg L−1 promoted 
bud break and development. 

8.3 Rhizogenesis 

Root induction from shoots obtained in vitro was achieved on media containing 
IBA (Naghmouchi et al. 2008; Hakim et al. 2010; Lozzi et al. 2019; Zouari and 
El Mtili 2020). According to Radi et al. (2013), the presence of 1–2 mg L−1 IBA 
in the culture medium promoted root formation and elongation. Naghmouchi et al. 
(2008) and Zouari and El Mtili (2020) also reported that 2 mg L−1 IBA promoted 
rhizogenesis. Lozzi et al. (2019) recommended shoot dipping in a solution of 4.8 mM 
IBA for 3 min to stimulate root initiation. 

8.4 Adventitious Regeneration 

BAP is the main PGR used to induce adventitious regeneration in carob. The combi-
nation of 1 mg L−1 BAP and 0.2 mg L−1 NAA promoted adventitious bud formation 
from immature embryo-derived cotyledons (El Bouzdoudi et al. 2017). Adventitious 
shoot multiplication was successfully achieved on MS medium supplemented with 
0.5 mg L−1 BAP. Addition of 0.7 mg L−1 GA3 promoted stem and leaf growth while 
2 mg L−1 IBA promoted rhizogenesis. Saïdi et al. (2019) pointed out that organo-
genesis from seedling-derived explants was stimulated in the presence of BAP at 
0.5 mg L−1. However, bud growth was favored by the use of zeatin at 0.5 mg L−1. 
The combination of 0.5 mg L−1 BAP and 0.1 mg L−1 IBA improved caulogenesis, 
while 0.5–1 mg L−1 BAP alone or in combination with 0.5 mg L−1 GA3 promoted 
shoot proliferation. For rooting, 2 mg L−1 IBA was recommended.
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Regarding somatic embryogenesis, this morphogenesis was achieved from cotyle-
donary explants derived from immature seeds when the combination of 1 mg L−1 

BAP and 0.1 mg L−1 IBA was used (Canhoto et al. 2006). Carbonaro (1999) observed 
somatic embryo formation from hypocotyl-derived calli on MS medium containing 
0.1 mg L−1 BAP. 

9 Caper (Capparis spinosa L.) 

Caper (Capparis spinosa L.) is a perennial shrub that belongs to the Capparidaceae 
family and Capparis genus, which contains about 250 species (Fici 2001). Caper is 
native to the Mediterranean countries where it spontaneously grows along roads, 
on slopes and rocky coasts, and is well adapted to the dry regions around the 
Mediterranean Sea (Chalak and Elbitar 2006; Chedraoui et al. 2017). 

Caper is an aromatic and medicinal plant widely exploited for its flower buds and 
fruits (Saifi et al. 2014). It is one of the most socio-economically important species 
in arid and semi-arid regions of many countries of North and East Africa, Southern 
Europe, Southwest and Central Asia (Jiang et al. 2007). Caper is a rich source of 
bioactive compounds that can be used for pharmaceutical and culinary purposes (Ben 
Mansour et al. 2016; Chedraoui et al. 2017). Despite the medicinal virtues of caper, 
only a few studies were carried out on its micropropagation. 

9.1 Shoot Culture 

The effect of BAP on caper shoot multiplication was first discussed by Rodriguez 
et al. (1990), who described this PGR as a potent compound that promotes shoot 
induction, proliferation and growth. The beneficial effect of BAP on caper shoot 
formation and multiplication, either when used alone or in combination with other 
PGRs was confirmed by other researchers. Musallam et al. (2011) reported that 
BAP promoted shoot multiplication when used at 2 mg L−1. According to Sottile 
et al. (2020), the combination of 1.3 mg L−1 BAP and 0.02 mg L−1 IBA gave optimal 
shoot proliferation and promoted their growth. Chalak et al. (2003) observed multiple 
shoot formation from nodal buds on a medium supplemented with 1.5 mg L−1 BAP, 
0.05 mg L−1 IBA and 0.1 mg L−1 GA3. 

Meta-topolin is another plant growth regulator that was used for caper microprop-
agation (Kereša et al. 2019). This highly active cytokinin was reported to give better 
results than zeatin, 2iP and BAP in terms of in vitro shoot multiplication. Indeed, 
at low concentrations (0.2–0.4 mg L−1), the effects of BAP and meta-topolin on 
shoot formation were almost identical. However, increasing their concentrations to 
0.6 mg L−1 resulted in significant differences in their effects (Kereša et al. 2019).
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9.2 Rooting 

For root induction, different auxins were suggested (Chalak and Elbitar 2006; 
Musallam et al. 2011; Carra et al. 2012; El-Mekawy et al. 2013). Caglar et al. (2005) 
found that IBA pretreatment (5 mg L−1 for 10 min) improved the rooting ability of 
caper shoots. According to Attia et al. (2017), the use of 1.5 mg L−1 NAA promoted 
root induction while Carra et al. (2012) and Sottile et al. (2020) highlighted the bene-
ficial effect of IBA (1 mg L−1). The auxin IAA (5.2 mg L−1) was also suggested 
(Rodriguez et al. 1990). On the other hand, Gianguzzi et al. (2020) recommended the 
combination of 0.75 mg L−1 NAA and 0.25 mg L−1 IBA. Although these findings are 
not conclusive regarding the optimal auxin type and concentration for root induction, 
they emphasize the necessity to use this PGR group to successfully achieve rooting 
in caper shoots. 

9.3 Adventitious Organogenesis 

Different PGR combinations were suggested for adventitious organogenesis in caper. 
Al-Safadi and Elias (2011) reported that the combination of 0.1 mg L−1 GA3, 
1 mg L−1 NAA and  2 mg L−1 zeatin riboside promoted adventitious shoot forma-
tion from stem cuttings. On the other hand, these authors observed callus induction 
from leaf and shoot segments in media containing 1 mg L−1 BAP and 0.1 mg L−1 

NAA. Plant regeneration from callus was achieved on a medium supplemented with 
1mgL−1 kinetin and 0.1 mg L−1 IAA. Elmaghrabi et al. (2017) observed callogenesis 
in a medium containing 1.2 mg L−1 2,4-D, while BAP (2 mg L−1) was recommended 
for shoot and root regeneration. According to Movafeghi et al. (2008), the combi-
nation of 0.1 mg L−1 NAA and 0.5 mg L−1 BAP stimulated bud induction from 
hypocotyl explants. On the other hand, root induction was achieved in a medium 
containing only NAA at 0.5 mg L−1. 

10 Conclusions 

This chapter highlighted the main roles played by auxins, cytokinins and gibberellins 
in the micropropagation of some economically important Mediterranean fruit species. 
These PGR groups significantly influence cell division, differentiation and growth. 
Hence, they were involved in different morphogenetic processes and played key roles 
in the development of efficient in vitro propagation protocols. The effects of auxins, 
cytokinins and gibberellins vary among species and genotypes, and also depends on 
the explant. Besides, within each PGR group; for example, auxins, the effect differs 
from one auxin to another. Auxins have been generally used to induce rhizogenesis 
while cytokinins have been used to stimulate axillary shoot growth. The combination
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of auxins and cytokinins was found to be essential for adventitious regeneration (i.e. 
somatic embryogenesis and organogenesis). Regarding GA3, it was mainly involved 
in somatic embryo germination and shoot elongation. Concretely, the use of auxins, 
cytokinins and gibberellins has greatly helped in the rapid and large-scale propagation 
of some economically important Mediterranean fruit crops; for example, date palm. 
On the other hand, they were effective in inducing morphogenetic responses leading 
to plantlet regeneration in recalcitrant species. For example, argan and olive. Conse-
quently, they allowed for expanded applications of tissue culture to rapid propagation, 
genetic transformation and cryopreservation. 
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Integrative Approach of the Root 
Architecture by Interaction Between 
Auxin and Nutrients 

Lucas Aparecido Gaion and Rogério Falleiros Carvalho 

Abstract Throughout the plant development, the nutrient availability fluctuates 
along the soil profile. Thus, plants evolved a complex set of strategies to ensure 
nutrient uptake from the soil. Among these strategies, the modifications of the root 
system architecture (RSA) have been highlighted. These responses are under control 
of nutrient-specific signalling that generates systemic communications in the plant. 
Thus, nutritional deficiency is followed by modulation of root development in a 
nutrient-specific and dependent way. For example, the inorganic phosphate (Pi), 
potassium (K) and magnesium (Mg) deficiency causes the primary root (PR) elonga-
tion inhibition and induction of the development of lateral roots (LR). On the other 
hand, the PR and LR elongation is promoted by the deficiency of nitrogen (N) and 
iron (Fe). However, there is an intricate regulation of such responses because there 
are multiple signaling pathways which are triggered by nutritional condition. For 
example, auxin appears to be a key factor in the signaling pathways that lead to the 
optimization of the plants’ ability to uptake nutrients. Thus, from the nutrient defi-
ciency perception by plant’s roots, a systemic signal is triggered, which will regulate 
genes of auxin biosynthesis (YUC4), signaling (TIR1 and ARF) and transport (PIN 
and AUX1). Finally, differential auxin accumulation and/or perception in the root 
system’s constituent portions, such as the PR, LR, and root hairs, will govern root 
development in response to nutrient availability. It is worth mentioning that plants 
can stimulate root growth (e.g. LR) in patches of nutrient-rich soil in response to local 
Fe, nitrate and ammonium supply. This demonstrates the plant’s ability to fine-tune 
its root development to better explore the soil. Therefore, we aim in this review to 
provide an overview of the modulation of the auxin on RSA modification in response 
to soil nutrient availability.
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1 Introduction 

Throughout the cycle life, plants must absorb elements {namely: macronutrients 
[nitrogen (N), potassium (K), phosphorus (P), calcium (Ca), magnesium (Mg) and 
sulfur (S)] and micronutrients [iron (Fe), zinc (Zn), manganese (Mn), boron (B), 
copper (Cu) and molybdenum (Mo)]} from the soil that are essential for their growth 
(Karthika et al. 2018; Uchida 2021). Although there is some variability in essen-
tiality depending on the species, the elements necessary are rather conserved among 
cultivated species (Fageria 2001, 2009). It’s worth noting that not all nutrients are 
required at similar levels; and if only one element is below the required amount, 
growth and production could be seriously limited. This principle has come to be 
known as the “Law of the Minimum” (Ploeg et al. 1999; Velayutham 2017). Further-
more, the availability of each nutrient varies greatly throughout the soil profile, both 
spatially and temporally (Malobane et al. 2020). For example, nitrate (NO3

−), a form 
of N, and sulfate (SO4 

2−), a form of S, have a tendency to leach out and accumu-
late in the deeper soil layer, especially in tropical regions (Gaines and Gaines 2008; 
Wang et al. 2019c). On the other hand, inorganic phosphorus (Pi) tends to be fixed 
by other elements of soil, such as aluminum (Al), Ca and Fe, and so concentrate in 
the most superficial layers of soil (Arai & Livi 2013; Mbene et al. 2017). Therefore, 
the nutrient dynamic in the soil is clearly dependent on the element’s properties as 
well as the local edaphoclimatic conditions. 

Thus, in order to ensure access to essential nutrients from soil, plants have devel-
oped intricate pathways for modulating its development and metabolism in response 
to nutrient starvation and so stablish an efficient nutrient uptake system (Liang et al. 
2013; Giehl & von Wirén 2014; Che et al. 2018; van der Bom et al. 2020). For 
instance, the activation of transporters, the release of organic acids and chelators 
by roots, and the remodeling of the root system architecture are all nutrient acqui-
sition mechanisms (Pinto & Ferreira 2015; Che et al. 2018). Among these, root 
system architecture (RSA) remodeling is one of the main mechanisms that plants 
employ to improve nutrient acquisition efficiency. In fact, according to Lambers et al. 
(2007), the three primary parameters that most limit nutrient uptake by plants are: 
(i) the nutrient concentration close to the roots, (ii) the surface area of roots able to 
absorb the nutrient, and (iii) the distribution of roots along the soil; these parameters 
are directly or indirectly associate with root growth. Furthermore, the formation of 
a nutrient depletion zone in the rhizosphere is frequent as plants uptake nutrients 
(Syring & Claassem 1995). As a result, to maintain nutrient uptake, plants need to 
tightly control root growth, which allows plants to forage the soil for nutrient-rich 
zones. 

More specifically, root growth has two main dimensions. Firstly, we can divide 
the root system longitudinally into three different portions: (i) the meristematic zone 
(with high cell division activity); (ii) the elongation zone (cell division gives rise to 
cell expansion); and (iii) maturation zone (cell differentiation region) (Petricka et al. 
2012). Then, on a horizontal axis, we can observe the development of the lateral 
roots (LR) and root hairs (RH) that develop from the elongation and maturation
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zones, respectively (Petricka et al. 2012; Kazam 2013). Both the LR and the RH are 
responsible for most of the nutrient absorption activity in plants (Zhu & Lynch 2004; 
Leitner et al. 2010). Due to its importance for sustaining plant life, the control of 
root development at its various levels is under the intricate control of both external 
and internal signals, and the availability of nutrients has a special effect on root 
development (Gruber et al. 2013; Giehl & von Wirén 2014; Giehl et al. 2014) (Fig. 1). 
However, the nutrient does not appear to control root architecture directly. 

Thus, some molecules must mediate the transition between the sense of nutrient 
deficiency and the adjustment of root growth (Kazan 2013; Saini et al. 2013; Hu  
et al. 2020). For example, hydrogen peroxide, nitric oxide, phytochromes, and plant 
hormones have been shown to act as root growth regulators in response to nutritional 
deficiency (Shin & Schachtman 2004; Buet et al. 2019; Romera et al. 2021;). Among 
these, auxin has deserved special attention due to its wide performance as a core 
player that integrates nutrient and other signals to regulate RSA in response to nutrient 
availability (Giehl et al. 2012; Kazan 2013; Saini et al. 2013). Indeed, from the 
nutrient deficiency perception by the plant’s roots, a systemic signal is triggered, 
which will regulate genes of auxin biosynthesis (YUC4), signaling (TIR1 and ARF) 
and transport (PIN and AUX1) (Sun et al. 2017a, b; Liu  & von  Wirén  2022). Finally, 
differential auxin accumulation and/or perception in the root system’s regions, such 
as the primary root (PR), LR, and RH, will govern root development in response 
to nutrient availability (Gruber et al. 2013; Cavallari et al. 2021). Furthermore, the 
root growth adjustment should allow the plant to explore a larger volume of soil and, 
thus, stimulate root growth in the nutrient-rich soil patch. Given the importance of 
the interaction between auxin, root growth and nutrient acquisition, we aim in this 
review to provide an overview of the modulation of the auxin on RSA modification 
in response to soil nutrient availability. 

2 Auxin Modulates Root System Architecture 
and Nutrient-Acquisition 

2.1 Nitrogen (N) 

N is the essential element required in greater amounts by plants and one that most 
limits the production of agricultural plants. In addition to being a component of 
several biomolecules, such as proteins, nucleic acids, hormones, and chlorophylls, 
N is an important regulator of physiological and biochemical processes, such as 
leaf expansion, gene expression, photosynthesis, and root development (Xuan et al. 
2017; Liang et al. 2020). Plants uptake N preferentially in its inorganic form such 
as ammonium (NH4 

+) and NO3
− (Masclaux-Daubresse et al. 2010; Jia and Wirén 

2020). However, factors like soil management and type, climate, fertilizer, and micro-
biological activity will influence the availability of N forms (Ukalska-Jaruga et al. 
2020; Sorensen et al. 2021; Stoeckli et al. 2021). For example, NO3

− tends to prevail
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Fig. 1 An overview of schematic root growth under nutritional sufficiency conditions. Detail of 
the different dimensions of root growth divided into root tip, root hair, and lateral roots. In addition, 
the main modifications in the root system architecture in response to nutritional deficiency are 
presented. Nitrogen deficiency (−N): there is a higher elongation of the primary root accompanied 
by a decrease in the growth of the lateral roots. However, when the root system meets an NO3

−-rich 
soil patch, the multiplication and growth of lateral roots is stimulated in a localized way. Inorganic 
phosphate deficiency (−Pi): it is observed a reduction in the elongation of the primary root and an 
increase in lateral roots growth, allowing plants to explore a more superficial soil layer. Potassium 
deficiency (−K): it is verified a widespread decrease in root development. Calcium deficiency 
(−Ca): the elongation of the primary roots is inhibited, followed by a minor increase in the growth 
of the lateral roots. Magnesium deficiency (−Mg): there is a slight increase in the elongation of 
the primary root and a decrease in lateral roots growth. Sulphur deficiency (−S): there is a slight 
increase in the elongation of the primary root and a reduction in the growth of the lateral roots. Iron 
deficiency (−Fe): under severe Fe deficiency, a generalized reduction in root growth is observed
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in well-aerated and non-acidic soils; on the other hand, NH4 
+ is the main form of N 

in flooded and/or acidic soils (Masclaux-Daubresse et al. 2010; Jia and Wirén 2020). 
Further, each N form tends to stratify differently along the soil profile, requiring the 
plant to successfully regulate its root growth to ensure N uptake.

Indeed, during their cycle life, plants must be flexible to modify their develop-
ment and RSA as a function of external and internal N availability, which varies 
substantially in space (horizontally and vertically) and time (Jia and Wirén 2020). 
Thus, root architecture modulation helps plants optimize soil exploration, resulting 
in an increased capacity for N uptake from the soil. For example, plants with a deeper 
root system are more efficient in N prospecting (Heuermann et al. 2019). Actually, 
because NO3

− is particularly sensitive to leaching, it accumulates in deeper soil 
layers. As a result, plants modulate the root growth angle to provide a deepening of 
the root system and so to explore subsurface soil layers with higher N availability 
( Ötvös et al.  2021). Furthermore, the multiplication and elongation of LR in N-rich 
layers contribute greatly to the supply of N to plants, particularly when N is scarce 
(Ma et al. 2013; Li et al.  2014; Wang et al. 2019b; Jia and von Wirén 2020). 

In this way, the plants have evolved an intricate mechanism to regulate RSA, 
which is based on four basic characteristics: growth, branching, surface area and 
root angle insertion (Jia and von Wirén 2020). Nowadays, it is well established that 
plant hormonal homeostasis, particularly auxin, is linked to the regulation of RSA in 
N response (Krouk et al. 2010). For example, in Arabidopsis plants, NRT1.1/NPF6.3 
is a dual-affinity (i.e. low- and high-affinity) NO3

− transporter that in NO3
− absence 

transports auxin from the LR tip, which in turn leads to a decline in auxin levels 
and, consequently, a reduction in LR meristematic activity and elongation (Krouk 
et al. 2010; Maghiaoui et al. 2020; Ötvös et al.  2021; Vega et al.  2021; Wang et al. 
2021) (Table 1). Furthermore, NO3

− shortage may cause phosphorylation of PIN2, 
an auxin efflux transporter, resulting in increased auxin flow from the LR ( Ötvös 
et al. 2021). Therefore, auxin content will be higher and lower in the PR and LR, 
respectively. 

NRT1.1/NPF6.3 acts not only as a transporter but also as a sensor of NO3
− avail-

ability in the soil, being able to trigger essential signaling pathways in response to N 
deficiency or scarcity. Indeed, NRT1.1/NPF6.3 modulates root development not only 
by auxin transport, but also by controlling auxin production and mechanical resis-
tance to lateral root primordia (LRP) expansion under low NO3

− circumstances (Ma 
et al. 2014; Zhang et al. 2019; Maghiaoui et al. 2020). For instance, when exposed 
to low N conditions, Arabidopsis exhibited a lower expression of the gene involved 
in auxin biosynthesis, TRYPTOPHAN AMINOTRANSFERASE RELATED2 (TAR2), 
in the root stele (Maghiaoui et al. 2020). In other words, NRT1.1/NPF6.3 suppresses 
TAR2, reducing local auxin production and acropetal auxin supply to the LRP. More-
over, NRT1.1/NPF6.3 also acts as a negative regulator of LAX3 (Like AUX1), an 
auxin influx carrier, involved in LR emergence by increasing auxin content in LRP. 
LAX3 plays a crucial role in stimulating cell wall remodeling, allowing LR emer-
gence (Swarup et al. 2008). These findings demonstrate that NRT1.1/NPF6.3 plays 
a multifaceted role in modulating plant RSA as a function of N availability in the 
soil.
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Table 1 Summary of the modulation of the auxin on the root architecture in response to nutritional 
supply in Arabidopsis plants 

Nutrient supply Auxin response Root system 
architecture 
modifications 

References 

Nitrogen deficiency Auxin reduction in 
lateral root and 
allocation in primary 
root 

Inhibition of lateral 
root elongation and 
increased primary root 
growth 

Krouk et al. (2010) 

Localized NO3
− Auxin transport to the 

lateral root 
Increased lateral root 
proliferation in the 
NO3

−-rich soil zone 

Mounier et al. (2014) 

Phosphate deficiency Reduced auxin 
content and activity in 
the primary root by 
redistribution to the 
lateral root 

Reduced elongation of 
the primary root and 
promotion of lateral 
root and root hair 
emergence and 
elongation 

Svistoonoff et al. 
(2007) 

Localized Pi Auxin redistribution 
to the lateral root 

Increased lateral root 
proliferation in the 
Pi-rich soil zone 

Wang et al. (2020) 

Potassium deficiency Less auxin delivery to 
the root system 

Lower primary root 
and lateral root growth 

Song et al. (2015) and  
Li et al. (2017) 

Calcium deficiency Putative interaction 
with auxin 

Reduced primary root 
growth and a slight 
increase in lateral root 
growth 

Giehl et al.  (2014) 

Sulphur deficiency Increased auxin 
content in the root 
system 

Increased primary root 
growth 

López-Bucio et al. 
(2003) 

Magnesium deficiency Putative interaction 
with auxin 

General reduction of 
root growth 

Guo et al. (2015) 

Iron deficiency Decreasing auxin 
content in the lateral 
root 

Inhibition of lateral 
root elongation 

Long et al. (2020) 

These modifications are followed by an increase in PR elongation, which is 
detrimental to LR initiation and development. As a result, deeper roots allow the 
plant to explore deeper soil horizons, increasing the efficiency of N uptake. In fact, 
Arabidopsis nia1/nia2, which is nitrate reductase deficient, proved insensitive to 
changes in PR length in response to N deficiency, although the double mutant accu-
mulates NO3

− in its tissues (Fu et al. 2020). This behavior is due to lower auxin 
biosynthesis in mutant plants when compared to wild type (Fu et al. 2020). Never-
theless, the dgt mutant tomato, which is insensitive to auxin, when exposed to N 
deficiency, displayed an enhanced number of LR and no change in other root growth 
traits (Santos et al. 2020a). Surprisingly, dgt grown under N deficiency accumulated
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more dry matter and used N more efficiently in their roots (Santos et al. 2020a, 
2020b). 

However, not only does low N availability change root architecture, but N excess 
also governs root growth. For instance, a large supply of NO3

− promotes the forma-
tion and growth of LR in maize (Zea mays) plants by increasing auxin levels in 
the roots (Sattelmacher et al. 1993; Jia and von Wirén 2020). More recently, it was 
discovered that the favorable effect on LR development under high NO3

− conditions 
is linked to greater auxin efflux in the phloem, which is mediated by ZmPIN-9, which 
favorably influences cell cycle activation (Yu et al. 2015b). Indeed, auxin was found 
to be differently distributed 12 h after NO3

− stimulation, being carried from the root 
tip and cortex to the stele (Yu et al. 2015b). 

Indeed, plants tends to allocate root multiplication in NO3
−-rich soil layers when 

NO3
− is locally supplied to a previously N-deficient root system. In this condi-

tion, NO3
− application stimulates LR initiation and extension in a species- and age-

dependent way (Yu et al. 2015a; Jia and von Wirén 2020; Waidmann et al. 2020). 
Currently, several works have demonstrated that in NO3

−-rich soil zones, NO3
− can 

acts as a signal, promoting LR growth (Sun et al. 2017a, b; Asim et al.  2020; Jia  
and von Wirén 2020). For instance, Arabidopsis plants growth in a split-root system 
confirmed that positive LR development responses to localized NO3

− supply are 
influenced by local and systemic signals (Mounier et al. 2014; Asim et al.  2020; Jia  
and Wirén 2020). In another example, LR elongation and seminal root density of rice 
plants were stimulated by a localized supply of NO3

− (Song et al. 2013). In short, 
when NO3

− is unevenly supplied, the nitrate transceptor NRT1.1/NPF6.3 modifies 
auxin distribution throughout the root system, which, in turn, controls meristematic 
activity and so elongation of LR (Krouk et al. 2010; Mounier et al. 2014; Jia and 
Wirén 2020). 

In addition, it has been demonstrated that NO3
− supply can also modulate plant PR 

development. In Arabidopsis, high NO3
− supply inhibits PR elongation by regulating 

the N-responsive miRNA393/AFB3 module, an auxin signaling component, which 
is controlled by external and internal N availability (Vidal et al. 2010; Garrido-
Vargas et al. 2020). These findings indicate that NO3

− availability influences both 
the distribution and sensitivity to auxin in the root system. Consequently, this causes 
a differential development of the lateral (promoted) and primary (inhibited) roots, 
resulting in RSA change. 

Nevertheless, NO3
− is not the only N form uptaken by plants; NH4 

+ is the primary 
N source for countless cultivated plants (Gu et al. 2013), especially in flooded or 
acidic soils. Some works has evidenced that differential NH4 

+ availability in the soil 
can stimulate LR proliferation (Drew 1975; Hodge 2004). Even though increased LR 
growth in response to localized NH4 

+ supply is essential for improving the fertilizer 
uptake efficiency, the mechanism involved in this adaptive response is yet to be 
determined (Ma et al. 2013). 

On the other hand, the elongation of PR and LR is impaired when NH4 
+ is used 

as the sole source of N for plants due to its toxicity effect. NH4 
+ is perceived in 

the root apex, according to evidence from providing NH4 
+ to distinct root regions 

(Li et al. 2010). NH4 
+ significantly inhibits cell proliferation and expansion at the
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cellular level (Liu et al. 2013). Auxin may be implicated in NH4 
+-mediated reduction 

of root elongation, according to a previous study, because mutants aux1 (axr1, axr2 
and dgt), which impair auxin transport as well as disrupt auxin signaling, are more 
tolerant to root elongation inhibition by NH4 (Cao et al. 1993; Santos et al. 2020b). 
However, Liu et al. (2013) used the  aux1 mutant to show that the inhibition of PR 
elongation by NH4 

+ could occur in an auxin-independent way. 
Furthermore, the N source mix can also modulate RSA. For example, when rice 

plants were cultivated with partial nitrate (75/25 NH4 
+/NO3

−), auxin accumulation 
was observed in the roots, particularly in the root tip, when compared to plants main-
tained only with NH4 

+ as a N source (Vega et al. 2019). Under mixed N sources, auxin 
accumulation seems to be related to enhanced auxin synthesis via the shikimic acid 
pathway by the higher levels of phosphoenol pyruvate and tryptophan as compared 
with forms isolates from NO3

− and NH4 
+ (Wang et al. 2019a). Moreover, two tobacco 

(Nicotiana tabacum) cultivars (NC89 and Zhongyan 100), with different growth 
features, were exposed to N sources combinations (Lin et al. 2019). Then, exclu-
sively in the NC89 cultivar, solo and low NO3

− nutrition resulted in reduced N 
accumulation and inhibited elongation and development of first order LR (Lin et al. 
2019). Less auxin was found in the roots of NC89 plants, which were shown to be 
sensitive to N sources. These modifications could be related to the regulation of auxin 
transporters by the PIN family (Lin et al. 2019). 

In conclusion, N deficit promotes the elongation of PR while inhibiting the growth 
of LR. Plants can then explore deeper soil layers in search of N. The formation of 
LR that enhances N absorption is increased when the root system detects N-rich soil 
patches (Fig. 1). This demonstrates how root growth can be “intelligently” modulated 
to improve N uptake efficiency. 

2.2 Phosphorus (P) 

P is a macronutrient that is required for plant growth and development. It is found 
in a variety of biomolecules in plants, including nucleic acid, ATP, and NADPH, as 
well as bilayers of phospholipids that make up biomembranes (Epstein and Bloom 
2005). P also has a role in several pivotal processes in plant metabolism, such as 
photosynthesis, respiration, N2 fixation and protein phosphorylation, all of which are 
essential for plant survival (Ticconi and Abel 2004; Epstein and Bloom 2005). Due to 
its low availability in soils, P is the second most limiting element for crop production, 
closely after N (Cramer 2010; Richardson and Simpson 2011; Antonangelo et al. 
2019). 

P has a complex dynamic in soils, and it can be found in different forms, as 
inorganic and organic compounds. The predominance of one form is determined by 
a set of factors, including soil management and type, biochemical processes, fertilizer 
and limestone addition (Frossard et al. 2000). Furthermore, only a small portion of 
total soil P is bioavailable to plants, as P can be precipitated via interactions with Al, 
Ca, or Fe depending on soil pH (Penn and Camberato 2019). Thus, P concentrations
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in soil solutions are generally low, ranging from 0.1 to 10 μmol L−1 (Niu et al. 2013). 
In general, most of the P in the soil solution is in the form of H2PO4

−, also known 
as inorganic phosphorus (Pi); being the major form absorbed by plants at pHs below 
6.0 (Schachtman et al. 1998; Shen et al. 2011; Penn and Camberato 2019). 

Moreover, the plant’s rapid uptake creates a Pi depletion zone in its rhizosphere 
due to the relatively low soil Pi diffusion coefficient (Hummel et al. 2021). As a result, 
after a few days of rapid uptake, the concentration of Pi in the rhizosphere can be dras-
tically reduced, and the depletion zone can extend to about 2 mm from the root surface 
(Hummel et al. 2021). Furthermore, because Pi diffusion is affected by soil moisture, 
soils with low moisture content limit P migration to the root surface (McDowell et al. 
2001; Hummel et al. 2021; Mardamootoo et al. 2021). These processes combine to 
produce significant fluctuation in Pi-available distribution in soil, which can lead 
to the heterogeneous Pi distribution in soil, mainly close to the plant root system 
(Werner et al. 2017). Thus, its low mobility and high fixation in the soil, makes the 
Pi especially concentrated in the upper layers of the soil and poorly available in soil 
solution. This suggests that plants should explore the topsoil layers to improve their 
Pi absorption efficiency. Indeed, in order to ensure Pi acquisition, plants have evolved 
a complex mechanism for controlling local and systemic responses to Pi shortage 
(Bhosale et al. 2018; Wang et al. 2020). Pi deficient response mechanisms in plants 
include molecular, biochemical, and physiological responses that promote morpho-
logical changes (Péret et al. 2011; Ham et al. 2018). Among these, remodeling root 
system growth to improve Pi uptake efficiency is the most significant change (Niu 
et al. 2013; Aslam et al. 2021; Lazali and Drevon 2021). 

The ability of the plant to utilize a larger amount of soil is, in fact, intimately linked 
to Pi uptake. In general, under Pi deprivation, plants, such as Arabidopsis, maize, and 
rice, show reduced PR growth and an increased number and length of LR (Sato and 
Miura 2011; Niu et al. 2013; Jia et al. 2017; Wang et al. 2020) (Table 1). Then, RSA 
modulation allows the plants to explore more soil volume in the shallowest layer of 
soil and identify Pi-rich regions. Therefore, plants with more broad root systems may 
access more available Pi. These responses are being fine-tuned by the plant hormone 
auxin, which has its distribution and sensitivity altered in the root system due to Pi 
deprivation (Svistoonoff et al. 2007; Wang et al. 2020). Svistoonoff et al. (2007) 
demonstrated that when the root apex of Arabidopsis plants meets Pi-deficient soil, 
PR development is suppressed. Indeed, the suppression of PR growth is influenced 
by changes in auxin sensitivity and distribution at the root apex, and it involves a 
large number of genes whose expression is influenced by Pi availability. 

For example, Arabidopsis defective for the LPR1 gene (LOW PHOSPHATE 
ROOT1) and its paralog LPR2 (LOW PHOSPHATE ROOT2) show a lower inhi-
bition of PR growth under a condition of Pi deficiency (Svistoonoff et al. 2007). The 
authors additionally propose that the LPR1 protein found in the root cap regulates 
the activity and distribution of hormonal substances like auxin. Furthermore, the PSI 
gene (PHOSPHORUS STARVATION INSENSITIVE), an allele of LPR1, is essential 
for auxin sensitivity in the root as well as the occurrence of PR elongation reduction 
under Pi starvation conditions. When exposed to Pi deficiency stress, Arabidopsis psi 
mutants are less sensitive to auxin and have a greater ability to maintain PR growth
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than wild type (Wang et al. 2010). Therefore, loss of auxin sensitivity would impair 
the plant’s responses to Pi deprivation, particularly due to the inability to remodel 
its root system, resulting in less exploration of the soil surface layer, where Pi is 
normally more plentiful. 

The suppression of PR growth in plants exposed to Pi deficiency is associated 
with three key processes: (i) reduced cell elongation; (ii) lower cell division; and (iii) 
premature cell differentiation, which leads to root meristem exhaustion (Gutiérrez-
Alaníz et al. 2018). According to Miura et al. (2011), there is an accumulation of 
auxin in the PR because of the root apex’s perception of Pi insufficiency, which 
reaches toxic levels and limits PR elongation. The second step is auxin redistri-
bution to the  LR  (Nacry et al.  2005; Miura et al. 2011). The redistribution of 
auxin to the LR, in turn, promotes their emergence and elongation; process that 
is under strong genetic control (Liu 2021). Thus, the increase in the formation of 
LR, in response to a Pi deficiency, is mediated by the auxin co-receptor TRANS-
PORT INHIBITOR RESPONSE 1/AUXIN SIGNALING F-BOX (TIR1/AFB) that 
act in nuclear auxin signaling (Narise et al. 2010; Shu et al. 2015). Furthermore, the 
TIR1/AFB requires the presence of transcription factors ARF7 and ARF19 (AUXIN 
RESPONSE FACTOR7 and 19), which increases auxin responses and induces to the 
formation of new roots (Narise et al. 2010). Thus, in the scarcity of Pi, an increase 
in the expression of the auxin receptor TIR1 raises the sensitivity of the pericycle’s 
cells to auxin, resulting in the activation of transcription factors ARF, which promote 
the expression of genes responsible for the initiation and emergence of LR (Narise 
et al. 2010; Wu et al.  2020; Liu  2021). Indeed, the Pi uptake capability of the roots is 
reduced in the arf7, arf19, and arf7 arf19 Arabidopsis mutants (Huang et al. 2018). 

In order to investigate how plants respond to uneven Pi supply, Wang et al. (2020) 
carried out an elegant experiment in which they grew maize plants in a split-root 
system. This allowed them to evaluate the plants in two conditions: (i) a homogeneous 
Pi condition, in which both pots had the same Pi amount (sufficiency: 500 μM Pi,  or  
deficiency: 0 μM Pi); and a heterogeneous Pi condition, in which one pot had 500 μM 
Pi and the other 0 μM Pi. They demonstrated that maize plants efficiently sense 
and signal the presence of Pi in the soil, promoting preferential root development 
in Pi-rich soil. Furthermore, plants with heterogeneous Pi supplies increased the 
number of LR threefold (Wang et al. 2020) (Table 1). Further, in this condition, 
when the auxin transport inhibitor N-1-naphthylphthalamic acid (NPA) was applied, 
there was inhibition of the proliferation of LR, indicating that auxin transport is an 
essential event in the modulation of RSA under environments with heterogeneous Pi 
distribution (Wang et al. 2020). 

In addition to auxin redistribution, it has been found that increased LR growth is 
accompanied by increased sensitivity to auxin in the apical meristem and vascular 
tissue of the root tip. In fact, only four days after the start of cultivation under hetero-
geneous Pi there is an increased expression of ZmPIN9 and ZmARF2 in the roots of 
the heterogeneous high Pi (Wang et al. 2020). ZmPIN9 is a monocot-specific PIN-
FORMED9 that is only expressed in the endoderm and radicular pericycle that acts 
in the auxin redistribution. Whilst ZmARF2, a gene that encodes an auxin response 
factor, was strongly expressed in the LR of heterogeneous high Pi, when compared
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to heterogeneous low Pi or homogeneous Pi (Wang et al. 2020). Actually, ZmARF2 
seems acts promoting auxin-mediated tissue growth rather by cell expansion than 
cell division, which could result in increased LR elongation (McSteen 2010). In rice 
plants, another monocot, the overexpression of the phosphate transporter OsPHT1;8 
(OsPT8-Oe) results in the accumulation of auxin in young LR, which is detected 
in greater numbers than in wild plants even in conditions of adequate Pi (Jia et al. 
2017). The authors suggest that OsPT8 acts as a link between auxin and Pi starva-
tion signaling. On the other hand, in rice plants, the auxin response factor OsARF12 
operates as a negative regulator of Pi uptake and transport. Then, when the plant is 
supplied with Pi, the loss of function of the OsARF12 gene enhances Pi absorption 
and transport, resulting in increased Pi content in the roots and leaves of rice plants 
(Wang et al. 2014). Thus, it is evidenced that the auxin redistribution under Pi depriva-
tion is a conserved response among various species, such as Arabidopsis, maize, and 
rice. However, the role of ARF transcription factors seems to be species-dependent, 
exerting positive and negative effects on maize and rice plants, respectively, grown 
in Pi deficiency conditions. The negative effect of OsARF12 seems to involve more 
complex signaling pathways as it interacts with the cytokinin plant hormone to inhibit 
Pi uptake and transport by inhibition exactly of OsPHT1 gene expression (Shen et al. 
2014). 

Furthermore, the formation and growth of LR by auxin redistribution in response 
to Pi deprivation is also followed by increased RH development (Jia et al. 2017; 
Bhosale et al. 2018). Thus, in order to increase auxin-dependent RH growth in 
response to Pi shortage, auxin must be redistributed from the PR tip to the zone 
of differentiation (Bhosale et al. 2018). For instance, in Arabidopsis, beginning with 
the biosynthesis of auxin, after Pi shortage perception, the auxin influx transporter 
Aux1 is activated, ensuring the auxin transport throughout the root system until the 
differentiation zone (Bhosale et al. 2018). This causes the formation and growth 
of RH in the differentiation zone of the root. Furthermore, low Pi stress promotes 
the expression of auxin-induced transcription factors such as ARF9, RSL2 (ROOT 
HAIR DEFECTIVE 6-LIKE 2), and RSL4 (ROOT HAIR DEFECTIVE 6-LIKE 4) 
(Bhosale et al. 2018), which generate the necessary stimulus for the elongation of 
the RH. Moreover, in the modulation of the LR, under Pi deprivation, the expression 
of TIR1, an important component of the auxin perception, is stimulated, elevating 
the auxin sensitivity in the roots. Finally, the combination of auxin redistribution 
and its enhanced sensitivity results in the initiation and elongation of RH under Pi 
deficiency. 

These results demonstrate that the roots act as sensors of phosphorus availability 
along the soil profile, and then modulate RSA in response to Pi starvation through the 
regulation of auxin biosynthesis, transport and signaling. In general, Pi deprivation 
promotes the formation and growth of LR and RH while inhibiting PR elongation 
and decreasing basal root development angle (Miura et al. 2011; Péret et al. 2011; 
Huang et al. 2018); it is worth noting that these responses are extremely accurate. In 
fact, when the plant detects a Pi-rich soil patch, the plants are unable to stimulate the 
LR growth and so improve the Pi uptake. Overall, this results in a more superficial
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root system, which allows the plant to exploit a more superficial soil layer, which is 
often richer in Pi (Fig. 1). 

2.3 Potassium (K) 

K is a macronutrient and the most abundant cation in plants, and it is involved 
in the energy status, assimilate transport and storage, and plant osmotic regulation 
(Prajapati and Modi 2012). K is not found in any plant structure or chemical molecule, 
although it is involved in a variety of physiological functions (White and Karley 
2010; Wang et al. 2013). For example, K is required for photosynthetic activity, 
maintains cell turgor, regulates of stomatal movements, promotes water uptake, regu-
lates nutrient translocation in the plant, favors carbohydrate transport and storage, 
increases N uptake and protein synthesis, and participates in starch synthesis in leaves 
(Wang et al. 2013; Anschütz et al. 2014; Srivastava et al.  2020; Sardans and Peñuelas 
2021). 

Plants uptake K in the form of monovalent K+, which is dissolved in soil solution 
(Yadav and Sidhu 2016). Furthermore, K+ in the soil solution is in equilibrium with 
K+ electrostatically attached to the negative charges of soil colloids, acting as a 
repository for the plants (Yadav and Sidhu 2016). K can be lost because of erosion 
of clay mineral particles that hold the nutrient in the soil, as well as leaching in soils 
with a poor cation exchange capacity (CEC) (Alfaro et al. 2004; Rosolem and Steiner 
2017). For example, the latter can transport K to deeper layers of soil outside the root 
development zone of the plant (Alfaro et al. 2004; Ma et al.  2007; Zhang et al. 2013). 
Furthermore, K availability is particularly low in acidic soils (Dotaniya et al. 2016; 
Dhillon et al. 2019). In fact, low K stress is a common condition in agricultural soils 
(Kanai et al. 2011; Srivastava et al.  2020). 

Thus, to ensure soil exploration and K acquisition efficiency, plants must evolve 
mechanisms that adjust the RSA in response to K availability; it has been shown 
that the majority of these mechanisms are controlled by auxin and K crosstalk (Sustr 
et al. 2019). Li et al. (2017) demonstrated that reduced K availability restricted PR 
formation in Arabidopsis plants. Actually, plants under low K stress accumulated less 
auxin at the tip root, which slows PR growth (Li et al. 2017). Further, the degradation 
of PIN1 proteins, which are important for auxin polar transport from the shoot to 
the root, appears to be the cause of the reduced auxin concentration in the tip root. 
This degradation of PIN1 is controlled by AKT1, a K transporter, which is required 
for K-dependent regulation of root growth; because akt1 mutant plants showed no 
change in root growth in response to K supply (Li et al. 2017). A similar process 
was observed in tobacco plants, where plants subjected to low K exhibited reduced 
root system growth, particularly of the LR (Song et al. 2015). The response in this 
case was also due to a lower concentration of auxin in the root system of K-deficient 
plants (Song et al. 2015) (Table 1). 

Furthermore, the K transporter TINY ROOT HAIR 1 (TRH1), which belongs 
to the KT/KUP/HAK (K+ TRANSPORTER/ K+ UPTAKE/HIGH AFFINITY-K+
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TRANSPORTER) family of K transporters, regulates RH growth in response to 
environmental cues (Vicente-Agullo et al. 2004; Dolan 2013; Daras et al. 2015). RH 
are extensions of the root epidermal cells that play a key role in microbial interactions 
and nutrient uptake. TRH1 activity, in turn, has been shown to be required for the 
polar localization of PIN proteins, and its absence impairs auxin transport (Dolan 
2013). In fact, trh1 Arabidopsis mutant plants have a tiny root hair phenotype and an 
impaired response to gravitropism (Dolan 2013; Rigas et al. 2013). Another member 
of the KT/KUP/HAK family of K transporters, OsHAK5, an H/K symporter, acts 
to modulate the polar auxin transport (PAT) (Yang et al. 2020). Thus, regardless of 
K supply, rice plants with OsHAK5 loss of function demonstrated reduced auxin 
transport to the roots, as well as shorter LR and RH (Yang et al. 2020). Plants with 
lower OsHAK5 expression exhibited reduced LR and RH elongation. Curiously, there 
was no detectable difference in K levels in the root system of wild-type and mutants 
with OsHAK5 function loss (Yang et al. 2020). 

Therefore, although some studies have shown increased root growth when plants 
are exposed to low K availability, what appears to predominate is root growth retar-
dation when K is limited (Sustr et al. 2019). Under K deficiency, in addition to 
auxin balance disruption, the limitation of root growth appears also to be associated 
with decreased shoot-to-root transport of carbohydrates via phloem (Cakmak et al. 
1994). In fact, K adequate nutrition is essential for the sugars shoot-to-root transport 
via phloem (Koch et al. 2019; Du et al.  2021). Moreover, the response to localized 
K, unlike N and P, does not appear to be related to the localized proliferation of 
lateral roots to explore K-rich soil patches (Fig. 1). On the other hand, when plants 
are subjected to K deficient conditions, their major approach is to improve the effi-
ciency of K uptake, transport, and utilization by the plant rather than to promote root 
growth. Furthermore, these responses may be influenced by auxin, at least in part. 
For example, auxin can favorably regulate the K transporters AKT1 and AKT2 in 
Arabidopsis plants (Philippar et al. 2004; Fuchs et al. 2005; Shin 2017). However, 
the processes behind auxin’s control of K metabolism need to be better understood. 

2.4 Calcium, Sulfur and Magnesium 

It is not surprising that other nutrients could be part of the modulation of the root archi-
tecture through auxin, even because plant nutrition is a complex event that integrates 
a multifaceted coordination over nutrient uptake and transport. Thus, we will discuss 
in this topic calcium (Ca), sulfur (S) and magnesium (Mg) which are macronutrients 
that play essential roles in the plant metabolism, signaling or structure. 

Ca is a macronutrient with three major functions in plants: structural, enzyme 
activator and secondary messenger (White & Broadley 2003; Demidchik et al. 2018; 
Klimecka & Muszyńska 2007). For instance, it is required for the structural and 
functional integrity of membranes and cell walls, as well as the activation of enzymes 
such as ATPase, α-amylase, and phospholipase-D, hormone signaling and transport 
(White & Broadley 2003; Schapire et al. 2009; Thor 2019).
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Although Ca levels in calcareous and arid soils can reach 250 g kg−1, Ca contents 
in tropical soils are rather modest (Meriño-Gergichevich et al. 2010). Ca is typically 
provided to soil through the application of limestone (Scott et al. 1992; Castro et al. 
2015). Then, the limited solubility of limestone causes Ca accumulation on the 
topsoil, particularly in conservationist systems with no soil tillage. Plants uptake 
Ca from the soil solution primarily in its ionic form (Ca2+) (Yang & Jie 2005). Since 
the Ca present in the soil solution contacts roots mostly through mass flow and root 
growth (Ca intercept), soil moisture is a critical factor in the plant’s Ca uptake (Kirkby 
1979). In addition to soil moisture, external Ca concentration and the presence of 
other ions such as NH4+, K+, Mg2+, and Al3+ reduce Ca absorption (Kirkby 1979; 
Mitra 2015). 

Ca is a key player in various signaling pathways in plants, acting as a secondary 
messenger, including auxin signaling pathways (Tuteja & Mahajan 2007; Vanneste & 
Friml 2013; Choi et al. 2016). However, we will not be discussing Ca’s role as a 
signaling molecule here, but rather how auxin coordinates root system changes in 
response to a Ca shortage in order to ensure Ca acquisition. 

Primarily, Ca deprivation strongly inhibits PR elongation, while LR development 
and density are slightly increased (Giehl & von Wirén 2014; Giehl et al. 2014) (Table 
1). However, the entire length of the root system tends to remain constant (Cao et al. 
2013; Giehl et al. 2014). For instance, young plants of Poncirus trifoliate L., an orange 
rootstock, exhibited increased RH density and length when grown in a Ca-deficient 
condition (Cao et al. 2013). On the other hand, when Liu et al. (2019) cultivated this 
same species in Ca deficiency, they noticed an overall decrease in root development. 
However, these authors did not evaluate the various components of root architecture, 
such as primary and lateral roots, and root hair, individually. This could be explained 
by differences between these two experiments, such as deficiency intensity, culture 
mean and age of plants. 

These changes would lead to the establishment of a horizontal root system that 
explores mostly the most superficial layers of the soil, which makes sense given that 
Ca tends to concentrate on the soil surface due to its low mobility (Gruber et al. 
2013) (Fig. 1). Despite the fact that these responses are usually linked with auxin, no 
clear relationship has been established. Thus, the processes by which Ca deprivation 
influences root growth, particularly the role of auxin, remain unknown (Table 1). 

Regarding S, this macronutrient is required at lower levels than other macronu-
trients by plants (Bender et al. 2015). Despite this, it plays crucial structural and 
metabolic functions in plants (Rennenberg et al. 2007; Moniuszko & Sirko 2008). 
Therefore, after its uptake, the S is reduced and integrated into amino acids, proteins, 
and coenzymes; where it participates in processes, such as photosynthesis, respira-
tion, N metabolism, and biological N fixation (Kopriva et al. 2007; Bohrer & Taka-
hashi 2016). Due to the poor availability of S in soils, plants must actively uptake 
S to meet their demands (Fuentes-Lara et al. 2019). Plants uptake S, preferably in 
the form of sulfate (SO4 

2−), which is then transported to the shoot of the plants via 
xylem and so integrated into plant metabolism (Takahashi et al. 1997; Rouached 
et al. 2009).
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SO4 
2− meets the plant roots primarily through mass flow (Fuentes-Lara et al. 

2019). This is due to its high mobility in the soil and low adsorption to the colloids 
of soil (Fuentes-Lara et al. 2019; Lucheta et al. 2021). Its high mobility may also be 
connected to the occurrence of a SO4 

2− shortage in soils from tropical and subtropical 
regions, with high annual precipitation rates (Karimian et al. 2018). Indeed, heavy 
rains could easily leach the SO4 

2− out of the plant’s root system exploration zone 
(Dick et al. 2008). Moreover, the availability of SO4 

2− is affected by a variety of 
factors, including climate, soil management, soil type and correction, and nutrient 
addition (Dick et al. 2008; Scherer 2009; Carciochi et al. 2016). Liming, for example, 
can cause an enhancement in SO4 

2− leaching. In effect, plants have evolved mecha-
nisms to modify root development in response to soil SO4 

2− deficiency via the action 
of auxin (Cui 2012; Giehl et al. 2014). 

Therefore, SO4 
2− leaching and, consequently, its accumulation in deeper layers 

of soil, may explain why the SO4 
2− shortage leads to an increased elongation of PR 

and a reduction of LR near the root base, while stimulating greater proliferation of 
LR near the root tip (López-Bucio et al. 2003) (Table 1). In Arabidopsis plants, these 
changes seem to be directly associated with greater auxin levels in the root systems 
of SO4 

2−-starved plants because it was shown that SO4 
2− deficiency induced the 

expression of the NITRILASE3 (NIT3) gene in the roots, which is responsible for 
converting indole-3-acetonitrile to indole-3-acetic acid (IAA) (Kutz et al. 2002). 
Short hypocotyl 2 (SHY2) is another gene that regulates root growth under SO4 

2− 
shortage (Aarabi et al. 2020). This gene is involved in the apical meristem’s cellular 
differentiation control. So, when the root grows in a SO4 

2−-deficient environment, 
SHY2 is suppressed, producing a delay in cell differentiation, and allowing the PR to 
elongate for a longer period (Aarabi et al. 2020) (Fig. 1). Another key response to S 
deprivation is the induction of high-affinity SO4 

2− transporters (SULTRs) SULTR1;1 
and SULTR1;2 in the RH and epidermis and cortex of roots, which increases the 
capacity of SO4 

2− uptake by plants (Giehl et al. 2014; Li et al.  2020). Nevertheless, 
the link between auxin and SULTRs activation has yet to be proven, necessitating 
additional research to determine if auxin biosynthesis in roots in response to SO4 

2− 
deficiency is responsible for the activation of genes encoding high-affinity SO4 

2− 
transporters. 

Magnesium (Mg) is a macronutrient that is required for plant growth and devel-
opment. Mg is particularly known as the core atom of the chlorophyll molecule, 
but it also plays an important role in activating enzymes involved in carbon and 
carbohydrate metabolism (Chen et al. 2018; Shaul 2002). Mg encounters plant roots 
primarily through the mass flow of ions solubilized in the soil solution, where it 
is absorbed by the plant as Mg2+ (Christenson et al. 1973; Gransee & Führs 2013; 
Ogura et al. 2018). So far, little is known regarding the involvement of auxin in the 
remodeling of RSA in the condition of Mg2+ insufficiency. Indeed, Mg2+ deficiency 
is more frequent in plants grown in tropical soils due to high temperatures, abundant 
rainfall, soil acidity, and competition with other elements such as K+, Ca2+ and Al3+ 

(Mayland & Wilkinson 1989; Haby et al. 1990). 
According to our current knowledge, Arabidopsis plants under mild Mg2+ defi-

ciency conditions (0.05 Mg mM) tend to show reduced root growth (primary and
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lateral roots) accompanied by increased initiation, density, and elongation of RH (Niu 
et al. 2014a; Guo et al. 2015). On the other hand, when cultivated in the complete 
Mg2+ absence, Arabidopsis plants showed severe and complete reduction in root 
growth (Fig. 1), which appears to be due to impaired sucrose transport from the 
shoot to the root system (Guo et al. 2015). However, these results, particularly RH 
formation, appear to be influenced by factors such as culture media, genotype, and 
plant age. In Mg-deficient plants, radicular remodeling, mainly RH growth, was 
linked to redistribution of cytosolic Ca2+ and reactive oxygen species accumulation 
in roots (Niu et al. 2014b). Although the relationship between auxin biosynthesis 
or signaling and the root response to Mg2+ deprivation remains unknown, given its 
broad involvement in the control of root growth, it is extremely likely that these 
alterations in the root system in response to Mg deprivation involve the participation 
of auxin at some level (Table 1). 

2.5 Iron (Fe) 

Among all the micronutrients, Fe has received the greatest attention in terms of 
the consequences of its deficiency on root growth, in which it has been shown that 
auxin strongly acts (Giehl et al. 2014; Long et al. 2020). Furthermore, Fe is the 
micronutrient that higher plants require in larger quantities (Gupta et al. 2008). Fe is 
required in various electron transfer processes because of its capacity to interconvert 
between reduced and oxidized forms via redox reactions (Briat et al. 2007, 2015). 
The following are some of the functions of Fe in plants: (i) component of enzymes 
involved in oxi-reduction reactions; (ii) component of electron transfer mechanisms; 
(iii) catalyst for chlorophyll production; (iv) constituent of enzymes that engage 
in the reduction of nitrite and sulfite; and (v) required for the action of nitrogenize, 
which performs atmospheric N2 fixation (Kerkeb & Connolly 2006; Briat et al. 2007, 
2015). 

In the soil, although total Fe is a reasonably plentiful element in cultivated soils 
(20–40 g kg−1), its limited solubility makes it unavailable to plants (Colombo et al. 
2014). The concentration of Fe in its ionic forms (Fe2+ and Fe3+); preferentially 
uptaken by plants; in well-aerated soil solutions is around 10–10 M (Colombo et al. 
2014; Mendoza et al. 2020; Qi et al.  2020). This concentration is significantly below 
what the plants require, namely 10–5 to 10–6 M (Konrad 1994; Colombo et al. 2014). 

Therefore, plants have evolved a set of adaptive mechanisms to improve Fe uptake 
from the soil. These mechanisms are generally divided into two groups. Thus, strategy 
I, which is found in non-grass plants, involves acidification of the rhizosphere via 
H+ release, which makes Fe more soluble (Flannery et al. 2013; Jeong et al. 2017). 
Another process implicated in strategy I is the exudation of organic acids, phenolic 
compounds, and flavin, which bind Fe and keep it soluble, allowing the Fe to move 
more easily to the roots (Tsai & Schmidt 2017; Harbort et al. 2020). Plants with 
strategy I for Fe acquisition can only uptake Fe in its reduced state (Fe2+), so Fe3+ 

must be reduced to Fe2+ (Tsai & Schmidt 2017). Finally, the IRON-REGULATED
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TRANSPORTER 1 (IRT1), a high-affinity Fe transporter, is involved in Fe2+ absorp-
tion (Tsai & Schmidt 2017). On the other hand, grass plants have the strategy II for 
Fe acquisition. These plants, unlike non-grass plants, can uptake Fe in its unreduced 
form (Fe3+), and the key mechanism for increasing Fe absorption efficiency is Fe3+ 

chelation with phytosiderophores (Tsai & Schmidt 2017; Khan et al. 2018). This is 
due to mugineic acid exudation via the cell root epidermis (Kim & Guerinot 2007). 

The central point is that all these processes, at least partially, are under auxin 
modulation because this hormone is also involved in the remodeling of root growth in 
response to Fe deficiency in order to better explore the Fe-rich soil patches (Giehl et al. 
2012, 2014; Shen et al. 2015). In fact, the centerpiece of regulation of RSA under Fe 
deficiency is the redistribution of auxin throughout the root system. Thus, a common 
response to Fe deficiency is the reduction of root system growth by decreasing the 
concentration of auxin, mainly in the LR, which inhibits LR elongation (Giehl et al. 
2014; Guo et al. 2020; Long et al. 2020). However, the localized supply of Fe increases 
AUX1 activity, an auxin efflux transporter; exclusively in the LR with access to Fe 
resulting in a larger concentration of auxin in those LR apices, which stimulates their 
elongation (Giehl et al. 2012). Therefore, based on their observations, the authors 
propose that, from its perception, the localized Fe supply acts as a systemic signal, 
stimulating the growth of LR specifically in Fe-rich soil patches (Giehl et al. 2014). 

Similarly, auxin accumulation prevents cucumber (Cucumis sativus) plants from 
the detrimental consequences of Fe deprivation. Guo et al. (2020) revealed that 
gamma-aminobutyric acid (GABA) application acts as a Fe deficiency ameliorator by 
favorably regulating biosynthetic (YUC4) and auxin transport (PIN1) genes, causing 
auxin accumulation in both shoots and roots. In fact, GABA application induces 
increased root growth and Fe uptake under Fe deficiency conditions. However, the 
use of NPA, an auxin transport inhibitor, reversed the beneficial effects of GABA 
(Guo et al. 2020). 

On the other hand, when rice plants (a Poaceae family species that uses Fe acqui-
sition strategy II) were subjected to Fe deprivation, the initiation and elongation 
of RH and LRs were strongly reduced (Shen et al. 2015) (Fig. 1). Therefore, unlike 
Arabidopsis plants, where the reduction in LR elongation is attributed to a decrease in 
auxin accumulation (Table 1), rice plants exhibit the exact reverse. In other words, Fe 
shortage causes an excess of auxin accumulation in the root system, possibly reaching 
toxic levels for its development (Shen et al. 2015). Indeed, the responses to Fe 
shortage were largely recovered in plants of the osarf16 mutant, which are insensi-
tive to auxin; this included the formation and elongation of RH and LR (Shen et al. 
2015). 

3 Epilogue 

So far, significant effort has been expended to better understand the role of auxin 
as a regulator of RSA modifications in response to nutrient depletion, particularly 
for the macronutrients N and Pi, as well as the micronutrient Fe (Fig. 1). It is worth
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noting that auxin does not act alone; rather, auxin interacts with other molecules, 
including other plant hormones, secondary messengers (hydrogen peroxide and nitric 
oxide) and phytochromes, to regulate root growth depending on nutrient availability 
(Chen et al. 2010; Celletti et al. 2020; Maciel et al. 2021; Raya-González et al. 
2021; Soares et al. 2021). A classic example is the interaction between auxin and 
ethylene under Fe deficiency. In this case, the root remodeling is orchestrated by 
pathways involving ethylene biosynthesis and auxin transport inhibition from the 
shoot-to-root (Celletti et al. 2020). More specifically, Fe shortage causes an increase 
in ethylene biosynthesis, which is accompanied by a decrease in auxin delivery to 
the root system, resulting in a reduction in lateral root growth (Celletti et al. 2020; 
Giehl et al. 2014). However, in addition to root system remodeling, more research is 
needed to better clarify how root modifications is associate with nutrient availability 
in the soil, uptake, transport and accumulation. Moreover, it is important to consider 
the fact that roots interact with other factors, such as abiotic stress. For example, 
a common plant response to Pi deprivation is inhibition of PR growth, which results 
in a shorter or shallower root system, which could make the plants more susceptible 
to drought stress (Fig. 1). This is especially concerning in a climate change scenario, 
where water deficit events will be more frequent and intense. Certainly, an intricate 
hormonal control can be triggered. 
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Insights into Biosynthesis and Signaling 
of Cytokinins During Plant Growth, 
Development and Stress Tolerance 
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Sandeep Kour, Deepak Kumar, and Puja Ohri 

Abstract Cytokinins are diversified signaling molecules present in all plant tissues, 
higher concentrations being found in continuous growth areas such as meristem-
atic regions, roots, young leaves, developing fruits and seeds. These phytohormones 
mediate a wide array of physiological processes and environmental cues throughout 
the life of a plant by acting either locally and distantly via the vascular system. Innu-
merable studies conducted so far have elucidated their underlying functional roles 
in cell division, shoot induction, leaf senescence, apical dominance, source/sink rela-
tionships, absorption of nutrients and embryo development in plants. Additionally, 
it plays a crucial role during environmental strains by having both positive and nega-
tive impacts on stress tolerance endogenously or through exogenous application in 
a variety of plant taxa. Cytokinin signaling involves the coordinating roles of three 
major proteins including histidine kinase receptors (accepts the signal), histidine 
phosphotransfer proteins (transfers the signal) and response regulators that provides 
signal output through a modified bacterial two-component pathway which functions 
via a multi-step phosphorelay. Therefore, in the current book chapter an attempt has 
been made to get insights of biosynthesis and signaling of this phytohormone in the 
various aspects of plant growth and in combatting stress in plants. 

1 Introduction 

Cytokinin (Ck), a classic phytohormone first discovered in maize and has been found 
to control diverse facets of plant growth and development, physiology, metabolism 
as well as signal transduction at the tissue and organ levels (Werner and Schmülling 
2009; Keshishian and Rashotte 2015; Pavlů et al.  2018; Hai et al. 2020). These 
phytohormones are present in all plant tissues being abundant in immature seeds, root
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tip and shoot apex. Naturally occurring cytokinins are the derivatives of the purine 
adenine with isoprenoid or aromatic side chains. Of the two types, the isoprenoid is 
more prevalent in plants than the later (Kiba et al. 2013; Schmülling 2013; Liu  
et al. 2020). However, in different plant species, the type and activity of cytokinins 
varies remarkably because of their ability to conjugate with sugars such as riboside, 
sugar phosphates (ribonucleotide) and even with amino acids (for e.g. lupinic acid) 
by substituting at the C2 in the adenine ring (Radhika et al. 2015; Frébortová and 
Frébort 2021). The variety of activities performed by Ck includes embryogenesis, 
inhibited lateral root initiation, discerning phloem and metaxylem in roots, directing 
cell division, photomorphogenic cell differentiation in developing leaves and shoots, 
leaf senescence inhibition etc. (Bishopp et al. 2011; Bielach et al. 2012; Chiang 
et al. 2012; Efroni et al. 2013; Zwack and Rashotte 2015; Zürcher and Müller 2016; 
Akhtar et al. 2020). In turn, levels of Ck are maintained by various enzymes involved 
in its biosynthesis, metabolism, inter-conversion between its types and degradation 
(Frébort et al. 2011; Thu et al. 2017) while the signaling pathway is prompted by 
alterations in temperature, nutrition levels and osmotic conditions, but, the expression 
and regulation of the genes involved in plant adaptation is initiated by the downstream 
segments of Ck signaling (Thu et al. 2017; Pavlů et al.  2018). 

In addition, Cks plays a twin role in abiotic/biotic stress tolerance as evidenced 
from the endogenous levels and the exogenous formulations of Cks in plants 
(Grosskinsky et al. 2011; Argueso et al. 2012; Zwack and Rashotte 2015). For 
instance, in transgenic plants recent developments suggested Ck as a potent miti-
gator in combatting environmental challenges and even show different responses in 
distinct stresses while for non-plant phytosphere members, it interacts differently 
with several invaders by inducing plant immunity (Spallek et al. 2018; Cortleven 
et al. 2019; Jameson 2019; Ngyuen et al. 2020; Singh and Roychoudhury 2021). 
Therefore, the current chapter highlights primarily the biosynthesis, metabolism, 
signaling and role of Cks in regulating the growth, development and stress tolerance 
in plants. 

2 Biosynthesis 

Cytokinin is produced by almost all organisms. Naturally occurring Cks are the 
derivative of ‘adenine’ with aromatic or isoprenoid chain attached specifically at its 
N6 position (Kiba et al. 2013). On the basis of the side chain attached, they are cate-
gorized into two types, Aromatic Cks and Isoprenoid Cks. Isoprenoid Cks are usually 
present in abundance in plants (Sakakibara 2006). This category includes Cis-zeatin 
(cZ), Trans-zeatin (tZ), Dihydrozeatin (dhZ) and isopentenyladenine (iP). Among all 
these, the most commonly found types are tZ and iP (Sakakibara 2006; Kudo et al. 
2010), whereas aromatic form encompasses Benzyladenin (BA), Mesotopolin (mT), 
Orthotopolin (oT) etc. (Sakakibara 2006; Kudo et al. 2010). In addition to natural 
Cks, synthetic ones are also available that can be applied exogenously to plant such as
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Benzyladenine, Kinetin, Trans-zeatin riboside and 6-benzylaminopurine (Liu et al. 
2020). 

The process of biosynthesis of Cks rely on two major catalysts, LONELYGUY 
(LOG) and ISOPENTENYL TRANSFERASE (IPT). IPTs are broadly categorized 
into t-RNA ISOPENTENYL TRANSFERASE (tRNA-IPTs) and adenosine phosphate-
isopentenyl transferase. Both types exhibit a conserved domain known as ISOPEN-
TENYLPYROPHOSPHATE TRANSFERASE (IPPT-binding) domain. Furthermore, 
multiple IPTs encoding genes have been reported from different crops e.g., 7 Fvl IPTs 
genes in strawberry, 9 IPTs in Arabidopsis and 10 in rice have been reported (Zürcher 
and Müller 2016; Mi et al.  2017; Sakamoto et al. 2006). The process of biosynthesis 
starts with IPT catalyzed addition of Dimethyl Allyl Diphosphate (DMAPP) based 
prenyl group to the N6 position of AMP/ADP/ATP resulting in the generation of 
iP ribotides, which further undergo hydroxylation of isoprenoid side chain in the 
presence of Cytochrome P450 monoxygenase enzymes (CYP735As) to form trans-
Zeatin Cks. This whole process resulted in shoot growth in case of Arabidopsis 
(Takei et al. 2004a, b; Sakakibara 2006). Contrary to this, the process of biosynthesis 
of cis-Zeatin is not well documented, but few studies report tRNA-IPT catalyzed 
DMAPP based prenylation at N6 position of adenine present on tRNA, resulting in 
the generation of cis-Zeatin ribotides (cZ-ribotides) (Sakakibara 2006). Further, the 
inactive ribotide forms are converted into their active forms in a single step catalyzed 
by LOGs, which works by its cytokinin specific phosphohydrolase activity (Kudo 
et al. 2010). Further, level of Ck is maintained either by glycosylation (conjugation 
of Ck with sugar) or by Cytokinin oxidase dependent irreversible cleavage of Ck 
(Werner et al. 2006) (Fig. 1). 

Fig. 1 Biosynthesis of Cytokinin in plants



156 R. Kaur et al.

3 Metabolism 

Ethereal control of biosynthesis and cytokinin-metabolizing enzymes in addition 
to cytokinin synthetase are required for Ck maintenance in plants (Frébort et al. 
2011; Liu et al. 2020). In a cell, level of active cytokinins can be decreased either 
through conjugation of CKs to glucose in a glycosyltransfer reaction or irreversible 
dehydrogenation (Zalabák et al. 2013). The binding of glucose to Cks occurs at 
hydroxyl group of side chain of zeatin or dihydrozeatin resulting in O-glycosylation 
that can be reversed by β-glucosidase or N3, N7 and N9 positions of purine ring 
resulting in irreversible N-glycosylation (Sakakibara et al. 2006; Kudo et al. 2010). 
Glucosyl conjugates are dormant in bioassays and these bound Cks fail to bind to histi-
dine kinase cytokinin receptors (Spíchal et al. 2004). In Arabidopsis, five cytokinin 
glucosyl transferase encoding genes (UGT76C1, UGT76C2, UGT85A1, UGT73C5, 
UGT73C1) have been identified. Two genes (UGT76C1, UGT76C2) encode proteins 
that cause N-glycosylation of most cytokinin species primarily at N7 and N9 position 
of adenine; three encodes protein that causes O-glycosylation of tZ and dhZ (Hou 
et al. 2004; Wang et al. 2011; Jin et al. 2013; Li et al.  2015). In Arabidopsis, overex-
pression of UGT85A1 resulted in increased level of tZ O-glucosides and insensitivity 
to exogenous tZ, with no effect on growth and development and level of free, active 
cytokinin (Jin et al. 2013). Similarly, overexpression of UGT76C2 resulted in an 
increase in cytokinin N-glycosides and insensitivity to exogenous cytokinin, while 
disruption has opposite effects (Wang et al. 2011). Surprisingly, growth and develop-
ment of Arabidopsis was not affected by alteration in UGT76C1 function because of 
the atoning changes in the expression of cytokinin signalling and metabolism to main-
tain consistent level of cytokinin function (Wang et al. 2013). Thereby, proposing that 
plants have a fairly high ability to maintain an appropriate level of cytokinin func-
tion concerning agitation through changes in cytokinin sensitivity and metabolism 
(Kieber and Schaller 2014). 

CKXs (cytokinin dehydrogenases/oxidases) are the only known enzymes that 
catalyzes the irreversible dehydrogenation of cytokinin (Galuszka et al. 2007; Kudo 
et al. 2010). Earlier, it was believed that CKX have exclusive oxidase activity and was 
incorrectly classified as amine oxidase containing copper but later it was shown that 
flavin adenine dinucleotide (FAD) covalently bound to CKXs making the enzyme to 
act more efficiently as dehydrogenase under in vitro conditions (Bilyeu et al. 2001; 
Galuszka et al. 2001; Frébort et al. 2011). For normal plant development, homeostasis 
is maintained by natural catabolism of Cks by a small family of CKXs. Identification 
and characterization of CKXs have been done in Arabidopsis (Bilyeu et al. 2001; 
Werner et al. 2001), maize (Massonneau et al. 2004; Vyroubalová et al. 2009) and 
rice (Ashikari et al. 2005). In Arabidopsis, there are seven different CKXs (AtCKX1-
7) (Bilyeu et al. 2001; Schmülling et al. 2003; Kowalska et al.  2010). Unsaturated 
N6side chain of zeatin isoforms and isopentenyladenine (iP) are cleaved by CKXs, 
while dhZ and BA are resistant to CKXs action (Galuszka et al. 2007; Frébort et al. 
2011). Substrate specificity was revealed in plants with AtCKX overexpression. iP 
and its ribosides are more susceptible to AtCKX2 and AtCKX4 than other isoforms
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Fig. 2 Metabolism of cytokinins. a Glycosylation, b Dehydrogenation 

(Galuszka et al. 2007). Cis-zeatin is digested preferably by AtCKX7, efficiently 
by AtCKX1 and almost resistant to deactivation by AtCKX2, 3 and 4 (Gajdošová 
et al. 2011). Certain developmental stages of plants are also influenced by CKXs 
expression. Overexpression of CKXs causes decrease in endogenous cytokinin levels 
resulting in various growth and developmental defects (Wang et al. 2014) (Fig. 2). 

4 Transport 

Traditionally, it was assumed that synthesis of Cks occur in roots and then transported 
to shoots, but more recent studies made it clear that Cks are synthesized in various 
parts of plants, including aerial parts (Sakakibara 2006; Hirose et al. 2008; Kamada-
Nobusada and Sakakibara 2009). Therefore, complex patterns of intercellular move-
ment along with local (short-distance) transport and long-distance translocation of 
Cks is required to maintain Ck homeostasis and signal perception (Skalicky et al. 
2018; Liu et al. 2019). Both passive diffusion and active transport mechanisms are 
used by different Cks for their translocation from the site of their biosynthesis to the 
site of their action. For example, tZ-type Cks which promote growth are synthesised 
in roots and transported to the shoots by apoplastic pathway (Beveridge et al. 1997; 
Hirose et al. 2008). Thus, tZ andtZR (tZ-riboside) are the main transporters that 
transport Cks from root to shoot through xylem sap (Beveridge et al. 1997; Hirose  
et al. 2008; Kuroha et al. 2009; Osugi et al. 2017). On the contrary, cZ and iP-type 
Cks are integrated in shoots and transited to roots via phloem (Corbesier et al. 2003; 
Kudo et al. 2010). 

Intercellular translocation and trans-membrane transport of Cks is allied by 
three types of transporters. Among these, Purine Permeases (PUP) (Bürkle et al. 
2003; Zürcher et al. 2016) and Equilibrative Nucleoside Transporters (ENT) import
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apoplastic bioactive Cks (nucleobase) and Cks-nucleoside into the cytosol, respec-
tively (Hirose et al. 2005; Sun et al. 2005; Durán-Medina et al. 2017). Studies in yeast 
cells suggested that PUPs transporter of A. thaliana and Oryza sativa participate in 
the uptake of tZ and iP in a proton coupled manner and ENTs transport iP-ribosides 
and tZ-riboside (Bürkle et al. 2003; Sun et al. 2005; Qi and Xiong 2013). PUPs 
and ENTs are not specific transporter of Cks as they are involved in the transit of 
other molecules as well (Gillissen et al. 2000; Girke et al. 2014; Durán-Medina et al. 
2017). For instance, PUP14 determines the availability of Cks in apoplast where 
they are recognized by Arabidopsis Histidine Kinase (AHK) receptors and harmo-
nizes the cytokinin signaling (Zürcher et al. 2016). AHK2-4 proteins cited in cell 
membrane and endoplasmic reticulum are involved in transcriptional exhilaration of 
numerous target genes (Yamada et al. 2001; Caesar et al. 2011; Wulfetange et al. 
2011; Lomin et al. 2017; Pernisova et al. 2018). Recently, a specific Ck transporter 
viz. AZA-GUANINE RESISTANT2 (AZG2) has been recognized which transport 
cytokinin nucleobase independent of energy source, and the direction of transport 
is regulated by the concentration gradient (Tessi et al. 2021). Additionally, other 
specific Cks transporters such as AtAZG1, AtABCG14, and AtPUP14 also play 
vital role in Ck signalization (Nedvěd et al. 2021; Romanov and Schmülling 2021). 

Acropetal transport of Cks from root to shoot is affected by ATP-binding cassette 
(ABC) transporters, G subfamily, a third type of Cks transporter (Ko et al. 2014; 
Zhang et al. 2014). Notably, AtABCG14 and OsABCG18 proteins helps in xylem 
loading and are vital for distal transport of Cks synthesized in roots and affects 
shoot growth (Kang et al. 2017; Zhao et al. 2019). Conversely, shoot derived Cks 
are translocated by symplastic connections through phloem. A highway is formed 
between neighboring cells by plasmodesmata for the movement of endogenous Cks 
from the site of synthesis to phloem and finally to target cells (Romanov et al. 2018). 
Number of homologs in each family of PUP, ENT and ABCG-type transporter varies 
intensely between different plant species (Liu et al. 2019). In rice, 4 ENTs (Hirose 
et al. 2005) while in Arabidopsis, 8 ENTs, 21 PUPs and 28 half-size ABCG-type 
transporters have been identified (Li et al. 2003; Kang et al. 2011; Zürcher et al. 
2016) (Fig. 3). 

5 Signalling 

Existed knowledge suggest a tightly regulated mechanism of cytokinin signaling 
pathway initiated by binding of cytokinin molecule with the receptor of histidine 
kinase (HK) and merging with the transcription of cytokinin responsive genes in 
the nucleus (Argueso et al. 2010). Signal transduction of cytokinin involve a photo 
transfer cascade model system similar to two component system of bacteria and 
fungi (To and Kieber 2008). Hybrid HK receptors—CRE1/WOL/AHK4, AHK3 and 
AHK2, binds to cytokinin and induces autophosphorylation on a histidine residue 
inside the kinase domain. This phosphate group is further relocated to a conserved 
aspartate residue within the receiver domain of AHK proteins (AHPs) and moves
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Fig. 3 Possible model of Cytokinin transport. a Long-distance translocation. Type of cytokinin 
shown in white are at site of their synthesis while cytokinin shown in black are at site of their action 
after transport. b Transport across plasma membrane 

in and out of nucleus independent of phosphorylation and alteration by the exoge-
nous cytokinins (Punwani et al. 2010). In the nucleus, phosphorylated AHP transfer 
one phosphate to regulators called Arabidopsis Response Regulators (ARRs). These 
ARRs are classified on the basis of their C-terminal domain. For example—Type A 
ARRs contains short C-terminal domains and are quickly transcriptionally activated 
by cytokinin administration while C-terminal of type-B ARRs possess DNA-binding 
and transactivating domains that control transcription of cytokinin-activated targets 
such as type-A ARRs. Type-C ARRs differ from type-A and type-B ARRs in that they 
lack DNA-binding domains and are not transcriptionally controlled by cytokinin. The 
conserved amino acids necessary for receiver domain phosphorylation are found in 
all ARRs (Ishidaet al. 2008). 

6 Plant Growth and Development 

Plant physiology includes a steady regulation of cell division, expansion and differ-
entiation. Cytokinins influences and controls these varied processes thereby playing a 
multilayered role in all growth processes of plants ranging from cellular metabolism 
to their interactions with the environmental challenges (Kieber and Schaller 2018; 
Akhtar et al. 2020; Emery and Kisiala 2020).
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7 Cell Division 

Cytokinin controls the size of leaves by regulating cell division and proliferation 
in addition to auxins (Perrot-Rechenmann 2010). Also, cytokinin shorten the time 
gap between successive cell cycle thereby expanding the proliferation by providing 
a delay in the onset of cell differentiation (Zhang et al. 2005). This is brought by 
cytokinin degradation caused by upregulation of CKX3; a gene that slows down 
the rate of cell proliferation and prolongs the onset of cell expansion (Skalák et al. 
2019). Once developmental process of leaf enters into cell expansion period, excess 
cytokinin stimulates cell expansion leading to an increase in the shoot biomass (Efroni 
et al. 2013). 

Additionally, cytokinin modulates the expression of CYCLIN D3 (CYCD3), 
CYCLIN-DEPENDENT KINASES (CDKs) and AINTEGUMENTA (ANT) in cell 
division phase. These three factors encode a protein that regulates cell cycle, serine 
threonine kinase and transcription factors respectively (Dewitte et al. 2007; Schaller 
et al. 2014; Randall et al. 2015). Cytokinin controls cell division by promoting the 
expression of CYCD3 and CDK which activate the transition through growth and 
synthesis phases (i.e., G1/S and G2/M transition) (Zhang et al. 2005). Overexpres-
sion of CYCD3 is enough to induce cytokinin dependent shoot formation in callus 
while its loss reduces the ability of exogenous cytokinin to promote cell division 
in shoot (Dewitte et al. 2007). Further, CYCD3 promotes mitotic cell division and 
restrict further cell division. Therefore, CYCD3 is considered the main factor through 
which cytokinin interact with cell cycle mechanism (Wu et al. 2021) (Fig. 4). 

8 Leaf Senescence 

Cytokinins have long been recognized to slow down the ageing of leaves in mono-
cotyledons/dicotyledons. During the onset of senescence, there is a reduction in Ck 
levels thereby acting as a key signal during its initiation. However, transgenic expres-
sion of Ck biosynthesis genes or its exogenous application delays the process. This 
is achieved by preventing chlorophyll disassembly, degradation of photosynthetic 
proteins, lipids and RNA (Woo et al. 2013; Wu et al.  2021). In entire Arabidopsis 
plants, the ore12 mutation causes delayed leaf senescence caused by a recessive, 
gain-of-function missense mutation at AHK3’s presumed extracellular domain. The 
recessive aspect of the gain-of-function ore12 allele is most likely due to dosage 
requirement for this mutation to have an effect on leaf senescence. AHK3 disruption 
resulted in early leaf senescence and genetic investigation of three cytokinin AHK 
receptors revealed that AHK3 controls leaf senescence the most. Phosphorylation and 
activation of ARR2 by AHK3 influence leaf senescence (Kim et al. 2006). AHK3 
is the most essential cytokinin receptor in this activity, whereas, the specificity of 
type-B ARRs is yet to be studied. Indeed, a loss-of-function ARR2 mutant has no
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Fig. 4 Generalized mechanism of cytokinin signaling in plants 

impact on leaf senescence, suggesting that other type-B ARRs are likely involved in 
the process control (Kieber and Schaller 2014). 

Cytokinin Response Factors (CRFs), that are cytokinin-regulated AP2/ERF 
(APETALA2/ETHYLENE RESPONSIVE FACTOR) transcription factors, also plays 
significant role in leaf senescence regulation (Zwack et al. 2013). CRF6 disrup-
tion reduces leaf sensitivity to the inhibitory action of cytokinin in dark-induced 
leaf senescence and crf6 mutants exhibit enhanced leaf senescence in intact plants 
(Zwack et al. 2013). Unexpectedly, overexpression of CRF6 resulted in an even faster 
onset of senescence (Kieber and Schaller 2014). 

9 Apical Dominance 

Actively growing primary roots of dicot plants may exhibit apical dominance and 
prevents the initiation of lateral roots. Phenomenon of root apical dominance can 
be compared to shoot apical dominance whereby growing primary leader prevented 
the lateral organ initiation and development (Lloret and Casero 2002). Cytokinin 
has been detected by the expression of ARR5 and GUS (a CK-activated promoter 
sequence of a response regulator fused to b-glucuronidase). Both reflect the tran-
scriptional activation of cytokinin sensitive promoter which fuses to GUS reporter 
gene. Developing leader reacts to cytokinin in a concentration dependent manner
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and shows that the cap of primary root of Arabidopsis produces an increased level 
of free cytokinin higher than roots (Aloni et al. 2004, 2005). Additionally, appli-
cation of root apical dominance enables growth of primary root which go deeper 
in soil in search of water during drought. It also governs the root architecture by 
regulating the promotion of auxins in secondary roots. This mechanism reduces the 
number of secondary roots, their development and requirement at the cost of primary 
root growth. However, these secondary roots grow by local stimulations like nitrate 
and phosphate availability and by down regulation of IPT expression. Such a system 
increases the growth and development of secondary and tertiary roots but may disrupt 
cytokinin dependent root apical dominance (Miyawaki et al. 2004). 

10 Shoot Initiation 

Earlier research stated that cytokinins together with auxin had a big influence on 
shoot development (Schaller et al. 2015). Plants grown under higherlevels of auxin 
and cytokinin multiply and dedifferentiate, resulting into callus formation (Wybouw 
and Rybel 2019). The capacity of cytokinins to begin shoots from undifferentiated 
callus cultures, as well as the beginning of ectopic meristems in transgenic plant 
breed to overexpress cytokinins, revealed that this hormone may have a role in Shoot 
Apical Meristem (SAM) formation. A number of subsequent studies have shed an 
insight on the function of cytokinin in SAM function as well as its interactions with 
other hormonal and developmental signalling pathways (Hwang and Sheen 2012). 
Cytokinin levels can be suppressed by overexpression of CKX gene, loss of various 
IPT genes, or interruption inside the cytokinin receptors, leading to smaller SAM, 
stating that cytokinin is a positive modulator of cell proliferation in the SAM. The 
KNOTTED-LIKE (KNOX) homeobox transcription factors are essential for the SAM 
to be established and maintained. The KNOX genes are triggered in SAM but not in 
developing leaf primordial (Kieber and Schaller 2014). Further, KNOX transcription 
factors govern the relative amounts of cytokinin and GA, the main way by which 
they regulate SAM function. It has been shown that SHOOT-MERISTEMLESS (STM) 
genes impedes cellular differentiation and endo-reduplication by operating through 
cytokinin and induced CYCD3 regulates cell cycle development. Furthermore, STM 
have been ascertained to regulate SAM resulting in the creation of ectopic meristems 
by a process independent of the rise in cytokinin levels, suggesting that not all of 
STM’s actions in the SAM need the control of cytokinin levels (Scofield et al. 2013). 

11 Source-Sink Relationships 

Cytokinins play a role in modulating the source/sink interactions but the mecha-
nism of cytokinin-mediated source and sink control remains unknown, as it occurs 
between different types of organs. Recent research, however, suggested that cytokinin



Insights into Biosynthesis and Signaling of Cytokinins During Plant Growth … 163

may play a role in the stimulation of natural activity in both source and sink organs. 
This is achieved by improving the photosynthetic ratein the source (leaves), stom-
atal conductance, decreased starch creation and increased sucrose formation. As 
a result, the molar concentration of photo-assimilates rises, lowering water poten-
tial, promoting osmotic water inflow and increasing source pressure. Furthermore, 
cytokinins enhances the functional activity at the sink (tissue) via increasing cell 
enlargement, recycling of soluble substances, sucrose unloading, increasing water 
potential, decreasing pressure at the sink portion and in promoting assimilated influx 
to sink organs. All of these intricate processes are the consequence of decreasing 
water potential at the start and increasing water potential at the conclusion of the 
transport phase, which establishes a pressure gradient between source and sink. 
This procedure serves as the foundation for various aspects of a consistent and 
well-balanced system (Ronzhina 2007; Glanz-Idan et al. 2020; McIntyre et al. 2021). 

Any modulation in the source-sink activity has been linked to the endogenous 
variables such as leaf age and cytokinin quantities (Lubovska et al. 2014). Also, 
endogenous levels of Ck were hypothesized to be substantially linked with Delayed 
Leaf Senescence (DLS) morphology and grain output as they impact both the leaf 
senescence and crop productivity (Jameson and Song 2016). The first Ck root-to-
shoot translocation happens via its entranceinto the xylem in which these are first 
loaded into the xylem sap by ABCG proteins (ATP-binding Cassette G subfamily) 
forfurther transport through the plant (Liu et al. 2019). Furthermore, a recent study 
in Arabidopsis showed that following translocation of root-synthesized Cks in the 
xylem, it must primarily betransported to the phloem for proper source-to-sink disper-
sion. AtABCG14 mediated phloem discharge at the target shoot organs is the final 
stage. This highlights the need of phloem-directed Ck redistribution, which is ulti-
mately regulated by AtABCG14, for successful, long-distance acropetal transport 
of root-synthesized Cks (Zhao et al. 2021). Cks play an important role in morpho-
genesis and plant development because of their presence throughout the vegeta-
tive and reproductive stages of plant life. However, the precise method by which 
Cks interact remains a mystery, including molecular players and hubs that could be 
engaged at the junction of the sucrose and Ck signalling pathways. As the Ck inter-
action can result in either antagonistic or agonistic effects, its regulation network 
is however, expected to be complex and multifactorial based on physiological and 
environmental inputs (Wang et al. 2021). 

12 Nutrient Uptake 

Cytokinin also regulates the ability of plants to absorb a variety of nutrients including 
nitrate, phosphate, sulfur and iron from soil. In return, nutrient status of plant too 
regulates the cytokinin function and growth of plant (Argueso et al. 2009). Level of 
cytokinin is determined by the nitrate availability in plants i.e., plants grown on low 
nitrogen levels tend to have low cytokinin while addition of exogenous nitrate elevates 
cytokinin activity by inducing the expression of AtIPT3 and AtIPT5 especially in the
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roots (Miyawaki et al. 2004; Takei et al. 2004a, b). Any disruption in IPT3 gene 
attenuates the induction of cytokinin in response to nitrate further affirming IPT3 as 
the primary target for nitrate-induced cytokinin biosynthesis (Takei et al. 2004a, b). 
However, IPT3 is also regulated by the level of phosphate, sulphate, and iron thus 
indicating it as the site for a variety of nutrient signals (Kiba et al. 2011). However, 
in Arabidopsis, addition of ammonium in nitrogen starved plants enhanced the level 
of AtIPT5 instead of AtIPT3 (Takei et al. 2004a, b). Expression of CYP735A2 gene 
(that encodes for enzymes involved in the synthesis of cytokinin) is too managed 
by nitrate level (Wang et al. 2004). Correlation between nitrate and cytokinin level 
and their effect on expression of gene concluded Ck as a root to shoot signal to 
coordinate tissue specific nitrogen metabolism. The balance between different types 
of cytokinin anticipated by two component system indicate towards the availability of 
nitrate form, leading to the expression of cytokinin-responsive and nitrate-responsive 
genes to govern the metabolism of nitrate in the plants (Sakakibara 2006). 

Sulfate responsive genes are too upregulated by Ck under both sulfur defi-
ciency/availability condition and are slightly upregulated by other phytohormones 
(Ohkama et al. 2002). Expression of APR1 that encodes for enzyme involved in sulfate 
assimilation is also induced by cytokinin as well as by sucrose and nitrate (Maruyama-
Nakashita et al. 2004; Rouached et al. 2008). However, cytokinin concentration 
remains unaltered in sulfate-deficient plants (Ohkama et al. 2002), but IPT3 was 
upregulated in response to sulfate (Hirose et al. 2008). Farther more, level of Ck 
do not alter with the change in the O-acetyl-L-serine level (a cysteine precursor that 
positively upregulates sulfate starvation-responsive genes). Thus, suggesting an indi-
rect action of cytokinin towards regulation of sulfate uptake and their genes (Ohkama 
et al. 2002; Kieber and Schaller 2014). 

Cytokinin levels repress phosphates (Pi) in Pi-starved plants while its exoge-
nous application downregulates genes responsible for Pi starvation (Hou et al. 2004; 
Wang et al. 2006; Kieber and Schaller 2014). Two Arabidopsis mutants, pho1 and 
pho2 fail to accumulate and hyper-accumulate phosphates in shoots, respectively 
and displayed an altered sensitivity for Ck. Insufficient Pi causes complicated alter-
ations in gene expression along with an early temporary alteration in the expres-
sion of genes encoding broad stress response components, followed by the activa-
tion of genes directly engaged in the response to Pi deficiency (Hou et al. 2004). 
Microarray investigation of rice plants subjected to Pi deficiency further supported 
these findings, even identified genes that were either up-regulated or remained unal-
tered after cytokinin addition, demonstrating a complicated influence of cytokinin 
on Pi-deficiency gene expression (Wang et al. 2006). 

In case of iron, cytokinins withhold the expression of a subgroup of iron-
responsive genes which are required for AHK3 and AHK4 receptors but is unaffected 
by iron status or FIT1 (FER-LIKE IRON DEFICIENCY-INDUCED TRANSCRIP-
TION FACTOR) that is a transcription factor with a fundamental helix-loop-helix 
(bHLH) structure that regulates a subset of iron responsive genes (Briat et al. 2007; 
Séguéla et al. 2008). A momentary upsurge in IPT3 and type-A ARR gene expres-
sion was seen in iron-starved plants in response to iron replenishment, which is 
similar to the stimulation of the same genes in response to nitrogen resupply. Other
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substances like mannitol and NaCl that impede root development, were discovered 
to suppress iron-starvation responsive genes. It was also postulated that cytokinin 
inhibits iron-responsive gene expression via a growth-dependent mechanism which 
might explain cytokinin’s influence on other nutrient absorption pathways (Kieber 
and Schaller 2014). 

13 Phyllotaxis 

Cytokinin play a crucial but independent role during leaf development and mainte-
nance in addition to auxins. On one hand, where auxin have role in leaf development 
initiation and organogenesis, cytokinins play their role in meristem maintenance. 
However, both hormones act together in multiple cells, tissue and organs having 
both antagonistic and synergistic effects (El-Showk et al. 2013; Schaller et al. 2014). 
Primary function of cytokinin is to maintain the size, shape and structure of shoot 
apical meristem (Werner and Schmülling 2009). Any deduction in the concentration 
of cytokinin by mutation in IPT or overexpression of Cytokinin Oxidase gene (CKX) 
or by modulation in transporter signal may lead to decrease in the size and activity of 
SAM (Higuchi et al. 2004). In maize, phyllotaxis was altered in its mutant aberrant 
phyllotaxy1 (abph1) (Jackson and Hake 1999) and rice mutant decussate (dec) (Itoh  
et al. 2012). Both these mutants encode for protein that have function in signaling 
of cytokinin. Further, abph1 and dec mutants have enlarged shoot apical meristem. 
However, if any mutant has disruption in cytokinin signaling pathway, then it does not 
exhibit any phyllotactic shift (Zhao et al. 2010). In abph1 mutants, PINFORMED1 
(PIN1) expression is greatly reduced along with auxin at leaf primordium because 
cytokinin promotes the expression of PIN1 (Lee et al. 2009). 

14 Gametophyte and Embryo Development 

During the development of female gametophyte, cytokinin plays a vital role in the 
cell fate specification. Connections between female gametophyte and phosphorelay 
were however, established after mutation in cytokinin insensitive (cki) gene was 
found to be lethal to plants (Zürcher and Müller 2016). Many genes such as cki, 
arr7, arr15 double, and ahp2-2, ahp3, ahp5-2, triple mutants are found lethal to 
female gametophyte (Yuan et al. 2016; Liu et al. 2017). CKI denotes a histidine 
kinase that triggers the cytokinin response in the absence of cytokinins (Hwang and 
Sheen 2012). Loss of function in mutant of cki leads to misspecification of cell fate 
resulting into egg cell fate adopting by antipodal and central cells. In these cells, TCS 
expression (TRICHOSANTHIN) was found to be reduced or absent due to cki mutant 
(Yuan et al. 2016). AHP1, AHP2 and AHP5 acts downstream of cki, thus standard 
cytokinin signaling pathway is often used for cell fate specification (Liu et al. 2017). 
Over expression of cki resulted into ectopic expression of TCS and specification of
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egg cell into central cell. After fertilization, sperm cell fuses with this mis specified 
egg cell and develops a diploid endosperm instead of embryo. Thereby suggesting 
that cki is very important in terms of providing antipodal and central cell fate whereas 
repression is required for specification of synergid and egg cell (Wybouw and Rybel 
2019). 

The formation of female gametophytes, however, is not retained in all plants. 
Gymnosperms, for instance, encode a cki ortholog but lack central cells and 
endosperm. The cki ortholog for example does not completely rescue in A. thaliana 
cki mutant but in Ginkgo biloba, it was unable to provide central cell specifica-
tion even when cytokinin signaling was increased thereby implying that throughout 
angiosperm development, neo functionalization of CKI aided in the production of 
central cells and the establishment of endosperm (Yuan et al. 2018) (Fig. 5). 

There is an asymmetrical distribution of Ck activity in female gametophyte being 
higher at chalazal end and further supported by an increased expression of IPT1 and 
AHK4 (Cheng et al, 2013). Ck also affects the ovule development by deregulation 
of auxin efflux carrier PIN1 because the addition of exogenous cytokinin altered 
the expression of PIN1 and formation of altered ovule (Ceccato et al. 2013). While 
the functionality of male gametophyte depends upon atleast one functional receptor 
because in triple mutants, anther fails to dehisce and pollen does not reach to matura-
tion properly (Kinoshita-Tsujimura and Kakimoto 2011). Also, a rise in ovule number 
has been erected in the ckx5ckx6 mutant impaired in cytokinin breakdown (Bartrina

Fig. 5 Cytokinin signaling in female gametophyte development
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et al. 2011). Besides, exogenous cytokinin causes abnormalities in the patterning of 
the gynoecium, which in extreme cases resulted to valveless siliques (Zúñiga-Mayo 
et al. 2014).

Cytokinins play a vital role in embryogenesis also. This has been established 
by tissue culture experiments where cytokinin promotes shoot fate, growth and 
inhibits root formation (Wybouw and De Rybel 2019). Recent research analyzes 
the expression profile of LOG genes and discovered that LOG3 and LOG4 are 
equally expressed in the provasculature, thereby explaining the profile of cytokinin 
activity (De Rybel et al. 2014). Surprisingly, LOG3 and LOG4 are regionally stim-
ulated by auxin through the transcription factor dimer TARGET OF MONOPTER 
OS5/ LONESOME HIGHWAY, resulting in a close relationship between the two 
plant hormones (Ohashi-Ito et al. 2014). During the early embryonic developmental 
stages, cytokinin signalling occurs inside the hypophysis, the founder cell of the 
embryo root meristem. After an initial division, Ck response is retained in the apical, 
lens-shaped cell, while signalling is inhibited in the lower, basal cell. This inhi-
bition is discovered to be dependent to auxin signaling, which directly stimulates 
the production of type-A ARR7 and ARR15. While its ectopic signalling mediates 
an inducible arr7arr15 double mutant leading to pattern defect (Muller and Sheen 
2008). Surprisingly, a stable arr7arr15 double mutant exhibited milder symptoms 
in comparison to inducible mutant indicating that embryos can particularly correct 
for the irreversible loss of ARR7and ARR15 (Zhang et al. 2011). 

15 During Abiotic Stress 

For proper growth and development, plants require a number of elements which 
include both micronutrients (boron, iron silicon and selenium) and macronutrients 
(potassium, nitrogen, Sulphur and phosphorous). Cytokinin play a vital role in the 
uptake of both micronutrients and macronutrients by plants and their response to 
a variety of heavy metals such as cadmium, aluminum, arsenate etc. Salinity and 
drought stress are one of the most common abiotic stresses that reduces production 
of crop on global scale. Cytokinin is found to enhance Arabidopsis performance and 
promote transcriptional reprograming under salt and drought stress conditions. Heat 
stress decrease photochemical efficiency and chlorophyll content of leaves, while, 
the endogenous cytokinin can increase heat tolerance (Nam et al. 2012; Schaller 
et al. 2015). Hence, various studies have been reported to demonstrate the role of 
Cks in mitigation of abiotic stress caused by heavy metals, drought, heat etc. Some 
of the studies showing the effect of Cks under abiotic stress factors like metal stress, 
drought, salinity and temperature have been listed in Table 1.
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ć-
M
om

či
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16 During Biotic Stress 

Cytokinins have been employed to regulate plant defense against microbial pathogens 
like bacteria, fungi, nematodes etc. during their growth and development by inducing 
plant immunity and pathogen resistance (Shigenaga et al. 2017; Checker et al. 2018; 
Gupta et al. 2020a). Their role in providing immunity in various plant-pathogen 
interactions have been highly acknowledged (Naseem et al. 2014; Siddique et al. 
2015; Spallek et al. 2018; Cortleven et al. 2019). Apart from plants, plant asso-
ciated microorganisms, microalgae and insects too produces Cks but the types and 
activities of these molecules vary with different plant species, tissues, stages of devel-
opment and various environmental conditions (Akhtar et al. 2020). For instance, in 
Arabidopsis, the highly abundant and most bio-active Cks are tZ and iP whereas cZ, 
although less bioactive in Arabidopsis, is as active as tZ in rice (Miyawaki et al. 2006; 
Kudo et al. 2012). These variations in bioactivities correlate with different binding 
affinities to cytokinin receptors (Spallek et al. 2018). Activation of Ck receptors leads 
to a cascade of phosphorylation events that results in cellular reprogramming thus 
influencing a wide range of plant processes (Kieber and Schaller 2014). The effect of 
Cks against biotrophic pathogens depends on their concentration at the infection site. 
High Ck concentration reduces the growth of pathogens, while low Ck concentration 
results in increased pathogen growth. Initially, the role of Cks against biotic stress in 
plants was studied in Arabidopsis, where exogenous application of Ck attenuated the 
growth of pathogens Hyaloperonospora, arabidopsidis and Pseudomonas syringae 
(Shigenaga and Argueso 2016). Since then, various studies have reported the role of 
Cks in mitigating the biotic stress caused by various plant pathogens. Some exam-
ples of the effect of Cks against biotic stress factors like bacteria, fungi, nematodes, 
viruses and herbivores are listed in Table 2. 

17 Conclusion 

Cytokinins plays vital as well as pleiotropic role in plant taxa ranging from overall 
growth to signaling during environmental extremities along with the expression of 
genes which help in maintaining homeostasis in plants. However, further investi-
gations are required to explore and decode the additional facets of Cks synthesis, 
circuitry, molecular regulation in plant growth and development and its interaction 
with other hormones to combat harsh conditions in plants. Also, the new knowl-
edge gained through genomic tools will further help in understanding the hidden 
aspects of Ck signaling models and its interplaywith other plant growth regulating 
hormones will pave a way for the development of stress resistant plant varieties 
thereby elevating the agricultural productivity.
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Cytokinin Signaling in Plants Under Salt 
Stress 

Kazem Ghassemi-Golezani and Samira Samea-Andabjadid 

Abstract Salt stress negatively affects plant growth by impairing biochemical and 
physiological processes. Appropriate modulation of cytokinin (CK) metabolism and 
signaling can improve salt tolerance in plants. Protection of the photosynthetic appa-
ratus, promotion of antioxidant systems, improvement of plant growth and differen-
tiation, and crosstalk with stress-related phytohormones are important mechanisms 
that may contribute to cytokinin-mediated enhancement of salt tolerance. CKs mainly 
trigger plant environmental stress responses through the regulation of gene expres-
sion. A two-component system is employed to transduce the cytokinin signal to the 
target genes. CKs are perceived by membrane-localized histidine kinase receptors. 
The signal is transduced through a His-Asp phosphorelay (Histidine-aspartate phos-
phorelays) to activate a family of transcription factors in the nucleus. CKs cause organ 
specific responses in plants. This hormone is a negative regulator of root growth. 
Root-specific overexpression of CKX (cytokinin oxidase/dehydrogenase) gene can 
enhance root growth, nutrient uptake and salt tolerance. In contrast, increasing 
cytokinin level (by overexpression of IPT genes) promotes shoot growth of salt 
stressed plants, by inducing the expression of genes that are involved in photo-
synthesis, chlorophyll levels, photochemical quenching, photochemical efficiency, 
electron transport rates and CO2 assimilation. This chapter focuses on the cytokinin 
metabolism, transport and signaling, and discusses the role of this phytohormone in 
regulating changes in gene expression and physiological processes to mediate salt 
tolerance in plants. 

1 Introduction 

Salt stress is an important factor affecting plant growth and yield by influencing major 
biological processes, such as photosynthesis (Feng et al. 2014), energy metabolism 
(Song et al. 2016) and protein synthesis (Sui et al. 2018). Plant responses to salinity
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have been divided into osmotic stress and ion toxicity, which can lead to oxidative 
stress, that limit plant growth and development (Liang et al. 2017). Thus, there is a 
notable overlap between osmotic and salt stresses in early and downstream signaling 
of plants. 

Plants have developed diverse adaptive mechanisms such as hormonal regula-
tion, redox change and epigenetic regulation of stress relevant genes to overcome 
environmental stresses. Many genes induced by salinity are differentially expressed 
after plants perceive the external signals of salt stress (Zhu 2001). Expressions of 
these genes can then regulate physiological and biochemical reactions of plants (Cui 
et al. 2018). So far, many stress-induced genes have been found to improve plants 
resistance against stress, which can be classified into four types: genes related to 
synthesis of osmotic regulators, such as proline biosynthesis genes of OsP5CS1 and 
OsP5CR (Hu et al. 1992; Sripinyowanich et al. 2013); genes related to ion trans-
portation, such as SOS1 (Shi et al. 2000); antioxidant-linked genes such as ascorbate 
peroxidase, catalase and superoxide dismutase (Mhamdi et al. 2010; Verma et al. 
2019); and genes regulating signaling cascades such as transcription factors (Xiong 
et al. 2014; Chen et al. 2015) and protein kinases (Kang et al. 2017). 

Cytokinins (CKs) promote cell division and differentiation, delay leaf senescence, 
limit root growth, and enhance branching and nodulation (Werner and Schmulling 
2009; Kieber and Schaller 2018). Variations in endogenous cytokinin in different 
plants are not similar under saline conditions. Thus, salt tolerance is improved 
either with upregulation or downregulation of CKs, depending on plant species, 
and the degree and duration of salt stress (Liu et al. 2020). The essential enzymes 
for CK metabolism are adenosine phosphate isopentenyltransferases (IPTs) and CK 
oxidases/dehydrogenases (CKXs) (Hirose et al. 2008; Werner and Schmulling 2009). 
High level of CK in tomato (Solanum lycopersicum) plants increased salt tolerance 
through overexpression of SlIPT3, that preserves photosynthetic pigments and main-
tains high K+/Na+ ratio (Ghanem et al. 2011). In addition, the ectopic expression of 
the IPT gene improved dehydration tolerance in transgenic maize (Leta et al. 2016), 
creeping bentgrass (Xu et al. 2016) and eggplant (Xiao et al. 2017) via enhancing 
endogenous CK level. Suppression of CKX2 in rice resulted in a higher water content, 
chlorophyll content, photosynthesis rate, plant height, yield and lower oxidative 
damage under salt stress (Joshi et al. 2018). 

Some studies have shown a negative effect of high CK on stress tolerance. It 
was reported that plants with low level of CK, due to the reduced synthesis or 
enhanced degradation, increases salinity resistance (Avalbaev et al. 2016; Ghanem 
et al. 2008). Overexpression of AtIPT8 in Arabidopsis, with high CK content was led 
to a substantial reduction in the survival rate of plants under salt stress by downreg-
ulating the expression of stress-related genes, inhibiting the antioxidant defense and 
decreasing chlorophyll content (Wang et al. 2015). In addition, enhancing CKX gene 
expression has been shown to augment dehydration and salt tolerances of transgenic 
plants (Macková et al. 2013; Pospisilova et al. 2016). Overexpression of MsCKX 
improved salt tolerance of transgenic alfalfa (Medicago sativa) plants by keeping a 
high K+/Na+ ratio and boosting the antioxidant enzymes activity to scavenge ROS 
(Reactive oxygen species) (Li et al. 2019). Declined active CK level resulted from
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overexpression of AtUGT76C2 (a cytokinin glycosyltransferase) has led to salt toler-
ance in rice plants through enhancing root growth, elevating proline and soluble sugar 
accumulation and ROS scavenging activity, reducing ion leakage, limiting stomatal 
opening and upregulating stress-responsive genes (OsSOS1, OsPIP2.1, OsDREB2A, 
OsCOIN, OsABF2, OsRAB16, OsP5CR, and OsP5CS1) (Li et al. 2020). 

The CK signaling components display important roles in plant salt tolerance. 
All three receptors (AHK2, AHK3, and AHK4) have been shown to be negative 
regulators in dehydration and salt resistance. The ahk2, ahk3 mutants, dwarfed plants 
with stronger root growth, exhibited high salt tolerance by overexpression of stress-
related genes (Tran et al. 2007; Kang et al. 2012). The histidine phospho-transfer 
proteins (AHPs) also are negative regulators of dehydration stress in Arabidopsis 
(Nishiyama et al. 2013). 

In addition to CK content, its distribution is an important factor affecting salinity 
resistance of plants. CK biosynthesis and degradation enzymes participate in stress 
responses, depending on their spatial and temporal expression patterns. For example, 
high CK content in tomato (Solanum lycopersicum) leaves by inducing SlIPT3 
expression, significantly enhanced plant performance under salinity by maintaining 
photosynthesis. However, its transcription is strongly suppressed in tomato roots 
(Žižková et al. 2015). These data show that cytokinin enhancement in shoots before 
stress occurrence, as a pre-adapted factor, stimulates the necessary morphological 
changes to prevent the negative effects of stress on plant physiology (Bielach et al. 
2017). Due to the importance of cytokinins in salt stress, this chapter focuses on 
cytokinin metabolism and its role in regulating changes in gene expression and 
physiological processes that mediate salt tolerance in plants. 

2 Cytokinin Biosynthesis and Metabolism 

Natural CKs are adenine derivatives with isoprenoid side chains attached to the N6 

position of the adenine ring. Zeatin, as the most prevailing CK in plants, includes both 
trans and cis configurations. The trans-zeatin (tZ) is an active CK in all plant species 
(Gajdošová et al. 2011). At the beginning of cytokinin biosynthesis in Arabidopsis, 
a prenyl group derived from dimethylallyl diphosphate (DMAPP) is added to the N6 

position of AMP, ADP or ATP (with preferential use of ADP or ATP) that is catalyzed 
by an isopentenyltransferase (IPT ) (Sakakibara 2006). The resulting product, isopen-
tenyl adenosine 5'-phosphates (iP nucleotides), are then changed to tZ derivatives 
by trans-hydroxylases, the cytochrome P450 enzymes (CYP735A1 and CYP735A2) 
(Takei et al. 2004). Finally, LONELY GUY (LOG), a phosphoribohydrolase converts 
the iP-nucleotide 5'-monophosphate (iPRMP) and tZ- nucleotide 5'-monophosphate 
(tZRMP) to their active forms, iP and tZ, respectively (Kurakawa et al. 2007; Kuroha 
et al. 2009). These processes are presented in Fig. 1. 

The CK content of plant tissues can also be altered via conjugation to a sugar, 
usually glucose, or through irreparable cleavage by cytokinin oxidases (CKXs) 
(Werner et al. 2006). Conjugated CKs are inactive and also unable to bind to CK
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Fig. 1 Current model of iP and tZ biosynthesis and metabolic pathways in Arabidopsis. In  
Arabidopsis, IPT preferentially utilizes ATP and ADP, and CYP735A preferentially utilizes 
iPRMP and iPRDP, as substrates. LOG exclusively reacts with their monophosphate forms. Active 
cytokinins are degraded by CKX, glucosylated by UGT, or reverted to their precursors by the purine 
salvage pathway 

receptors (Spichal et al. 2004). Both iP and tZ are cleaved by CKXs, but dihydrozeatin 
and the synthetic CKs such as 6-benzylaminopurine and kinetin are resistant to 
breakage by CKXs (Galuszka et al. 2007; Zalabák et al. 2014). The synthesis and 
degradation of CKs are regulated by endogenous developmental cues and also by 
biotic and abiotic factors (Werner et al. 2006). 

3 Cytokinin Transport 

Cytokinins, as chemical signals, are produced in both roots and shoots and are trans-
ported either in short distance among neighboring cells or in long distance between 
roots and shoots (Sakakibara 2006). The tZ-riboside and the active free-base tZ are  
mainly synthesized in roots and transported apoplastically to shoots, which increase 
the growth of the above-ground parts of the plants (Beveridge et al. 1997; Hirose et al. 
2008). Plants modulate the ratio of tZ/tZ-riboside translocated from the root in order 
to regulate shoot growth in response to varying environmental conditions (Osugi 
et al. 2017). In contrast, the iP- and cZ type cytokinins are the major forms found 
in phloem and are translocated rootward to transmit messages from shoots to roots 
(Corbesier et al. 2003; Hirose et al. 2008). The shoot-produced iP-type cytokinins 
have been indicated to act as a signal of nitrogen satiety, regulating root architecture,
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suppressing nitrogen uptake in the root and modulating nodulation (Sasaki et al. 
2014). 

Three types of membrane transporters have been recognized for CK translocation. 
The purine permeases (PUPs) and equilibrative nucleoside transporters (ENTs) serve 
as influx transporters and carry CK nucleobases and nucleosides, respectively. The 
ATP-binding cassette transporter subfamily G14 (ABCG14) in Arabidopsis, as an  
efflux pump, facilitates long-distance translocation of the root-born CKs (Liu et al. 
2019). ABCG14 is expressed mainly in roots and it is important for loading CK into 
the xylem sap for transport to the shoot. Disturbance of ABCG14 lead to a 90% 
reduction in CK contents in the xylem and a delay in shoot growth (Ko et al. 2014; 
Zhang et al. 2014). 

4 Cytokinin Signaling Pathway 

Cytokinins can regulate physiological responses through the regulation of gene 
expression. Transmission of the CK signal to the target genes takes place through a 
two-component system (TCS). Three groups of proteins are involved in CK signaling 
pathway in Arabidopsis: histidine kinases (AHKs), histidine-containing phospho-
transfer proteins (AHPs), and type-B response regulators (type-B ARRs). In response 
to CKs, AHKs are auto-phosphorylated. AHPs transport the phosphoryl group to the 
type-B ARRs. Then, phosphorylated type-B ARRs bind to target DNA and encourage 
the expression of genes that respond to CKs. In addition to type-B ARRs, there are 
type-A ARR genes in the Arabidopsis genome (Kieber and Schaller 2014). Type-A 
ARRs, like type-B ARRs, have a receiver domain to get a phosphoryl group from 
AHPs, but they have no DNA-binding domain (GARP domain). Thus, type-A ARRs 
disrupt the CK signaling pathway by competing with type-B ARRs for phosphoryl 
group (Kiba et al. 2003). Existence of feedback loops in a cell or an organ specific 
manner is mainly important for balancing of CK signaling flux. In this regard, the 
expression of AHP6 in specific cells negatively affects CK response through compe-
tition with canonical AHPs, which may be inhibited by CK (Mähönen et al. 2006) 
(Fig. 2). Moreover, the CK receptor gene, AHK4/WOL1/CRE1, is induced by this 
hormone that might lead to enhanced sensitivity to CKs (Kiba et al. 2004). 

5 Role of Cytokinin in Salt Stress Responses 

5.1 Photosynthesis and Leaf Senescence 

High NaCl destroys the structure of chloroplasts and decreases the chlorophyll 
content (Ma et al. 2012). In addition, salinity-induced water insufficiency and nutrient
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Fig. 2 Diagram of the cytokinin two component system (TCS). AHKs (AHK2, AHK3 and 
AHK4/WOL1/CRE1) are autophosphorylated in response to cytokinins. The phosphoryl group 
is transferred to type-B ARRs through AHPs. Phosphorylated type-B ARRs bind to target DNA 
and induce the expression of a set of genes involved in cytokinin primary response. Type-A ARRs 
repress cytokinin TCS signaling. Expression of AHP6, which inhibits phosphotransfer between 
AHKs and canonical AHPs, is repressed by cytokinin. Red T-end line indicates negative regulation 

deficiency within plants (such as K+, Mg2+, Ca2+, Fe2+ and Zn2+) disrupt photosyn-
thesis (Rahman et al. 2019). Salt stress significantly reduces leaf area, stomatal 
conductance, intercellular CO2 concentration, PSII photochemical efficiency and 
electron transport rate, thereby impairing photosynthesis, reducing ATP and NADPH 
and inducing oxidative stress in salt-sensitive species (Sui et al. 2015). Additionally, 
salinity rapidly affects the activity and expression levels of enzymes involved in 
biosynthesis of chlorophyll and photosynthesis rate (Yang et al. 2020). Under salt 
stress, downregulation of many genes related to the photosynthesis pathway were 
documented, including genes involved in the photosystem complexes and electron 
transport chain components (Sui et al. 2015). Thus, in salt-tolerant species, increasing 
the expression of particular genes causes a protection by formation of photosynthetic 
assemblies (Yang et al. 2020). 

Reduction of chlorophyll content and photosynthesis, macromolecules degrada-
tion, nutrients remobilization, cellular components destruction and finally cell death 
due to salinity result in leaf senescence (Krupinska et al. 2012). Leaves and flowers 
senescence occur by the coordinated function of numerous senescence-associated 
genes (SAGs) with cysteine proteases as key components (Díaz-Mendoza et al. 2014). 

CKs play an important role in delaying senescence and protecting plant growth 
under stresses. They also activate plants post-stress restoration. Adequate cytokinin 
content triggers the conversion of etioplasts to chloroplasts accompanied by the 
greater presence of the metabolites engaged in the chlorophyll tetrapyrrole biosyn-
thesis pathway (Yaronskaya et al. 2006) and synthesis of other components of electron 
transport system (Veselova et al. 2006). It has been reported that exogenous appli-
cation of BAP (6-benzylaminopurine) on wheat significantly increases membrane 
stability index, photosynthetic pigments, chlorophyll stability index and other growth 
parameters under dehydration conditions (Kumari et al. 2018).
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Increasing CK levels can improve photosynthesis under salt stress in many plant 
species by inducing overexpression of genes that are involved in synthesis of chloro-
phyll and electron transport chain proteins, photochemical efficiency, photochem-
ical quenching, electron transport rates and CO2 assimilation (Ghanem et al. 2011). 
Therefore, activation of RNA and protein production by CKs support plant stability 
under adverse environmental conditions (Chernyad’ev 2009). 

It appears that CKs selectively affect the expression of certain genes, which is 
of special importance for stress protection. The results of a study on pSAG12::IPT 
transgenic creeping bentgrass under water deficit revealed higher content of proteins 
related to energy generation during photosynthesis and respiration (ribulose 1,5-
bisphosphate carboxylase (RuBisCO) and glyceraldehyde phosphate dehydroge-
nase (GAPDH)) and proteins involved in chloroplastic elongation factor (EF-Tu), 
protein disulphide isomerases (PDIs) and antioxidant enzymes (Merewitz et al. 
2011). Assessment of transgenic tobacco plants with high (pSSU::IPT ) and low 
(p35S:CKX1) endogenous CK showed significant quantitative differences in stroma 
proteins with no qualitative change in chloroplast proteome (Cortleven et al. 2011). 

CK signaling can affect photosynthesis and salinity tolerance through effects 
on sodium content. Given that type-A response regulators (type-A RRs) negatively 
regulate CK signaling, the osrr9/osrr10 double mutants of rice are more tolerant to 
salinity than wild type seedlings. In the osrr9/osrr10 mutants, high-affinity potassium 
transporter genes such as OsHKT1;1, OsHKT1;3 and OsHKT2;1 were overexpressed 
in response to salt stress, which play an important role in sodium and potassium 
homeostasis. Disruption of the genes Osrr9 and Osrr10 also influence the expression 
of multiple genes related to photosynthesis that delay chlorophyll degradation, and 
enhance electron transport rates and photon yield (Wang et al. 2019). Similarly, 
the arr1 and arr12 mutants decrease the sodium contents in the aerial parts and 
increase the salt stress tolerance by overexpression of Arabidopsis high-affinity K+ 

transporter 1;1 (AtHKT1;1) in the roots (Mason et al. 2010). Exogenous application 
of benzyladenine on salt-stressed faba bean plants can induce leaf freshness via 
enhancing of K+, Mg2+ and Ca2+ accumulation and reducing Na+ content (Abdel 
Latef et al. 2021). 

CKs were reported to trigger the synthesis of carotenoids. Carotenoids play an 
important role in the protection of photosynthesis against photo-oxidative damage. 
The higher carotenoids in transgenic pSSU::IPT tobacco plants with overproduction 
of CK indicated the CK-mediated activation of the xanthophyll cycle and subse-
quently its protective action against photo-oxidative damage (Cortleven and Valcke 
2012). 

Additional data demonstrated that reduced leaf senescence, changes in 
metabolism that promoted photorespiration and maintained photosynthetic func-
tion as well as sustained nitrogen assimilation are connected with the greater dehy-
dration resistance of plants with stress-inducible IPT expression (Reguera et al. 
2013; Rivero et al.  2010). Rivero et al. (2009) reported that CK-induced elevation in 
photorespiration of tobacco (Nicotiana tabacum cv SR1) transgenic plants expressing 
PSARK::IPT is another mechanism for protection of photosynthetic processes during 
water limitations. Under optimal conditions, photorespiration is considered as a
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negative process due to a reduction in photosynthesis and CO2 assimilation, but 
it can provide RuBP to the Calvin-Benson cycle under salinity (Wingler et al. 2000). 
The metabolites derived from photorespiration may be used by other biosynthetic 
pathways (Noctor et al. 2002). For example, serine and glycine can be used for 
the synthesis of glutathione, that protects plants from oxidative damage (Foyer and 
Noctor 2000). 

5.2 Antioxidant Capacity 

Salt stress causes the accumulation of ROS, which could greatly damage to plants by 
attacking membrane structure (Wakeel et al. 2020). Enzymatic (superoxide dismu-
tase: SOD, ascorbate peroxidase: APX, catalase: CAT and glutathione peroxidase: 
GPX) and non- enzymatic (ascorbate: AsA and glutathione: GSH) antioxidants are 
employed in plants to prevent ROS damages (Sui et al. 2015). Gene expression 
level or activity of these antioxidant components typically increases during short-
term stress periods, whereas longer durations of salt stress may decrease antioxidant 
effectiveness or efficacy (Arghavani et al. 2012). 

The ROS homeostasis is differently affected by CKs, depending on types of plant 
and stress. In transgenic pSSU::IPT tobacco (Nicotiana tabacum) plants overpro-
duction of cytokinin promoted peroxidases and other antioxidant enzymes such as 
superoxide dismutase, catalase and glutathione-S-transferase, which play an impor-
tant role in the detoxification of radicals (Cortleven and Valcke 2012). In another 
research, spraying INCYDE (cytokinin degradation inhibitor) on tomato under salt 
stress improved plant salt tolerance by increasing the activity of antioxidant enzymes 
(Aremu et al. 2014). Samea-Andabjadid et al. (2018) found that increasing CAT, 
APX and SOD activities due to benzyl-aminopurine application under salinity can 
scavenge ROS and protect cell membrane in faba bean (Vicia faba) plants. In 
Solanum lycopersicum, application of kinetin elevated the activities of antioxidant 
enzymes and enhanced the contents of AsA and glutathione (GSH and GSSG), 
thereby reducing ROS and enhancing membrane integrity. Declining lipid peroxi-
dation in kinetin-supplemented plants results in the maintenance of cellular func-
tioning, greater photoprotection and mineral uptake, which protect photosynthetic 
pigments. On the other hand, the greater PSII activity in kinetin-treated plants may 
prevent the formation of singlet oxygen, that protects the chloroplast structure from 
the oxidative damage. Regulation of NADP+/NADPH ratio by kinetin application 
prohibits the flow of electrons to molecular oxygen, that eventually restricts the 
generation of superoxide radical and protects the photosynthetic electron trans-
port chain of eggplant (Solanum melongena L.) seedlings (Ahanger et al. 2018). 
Cortleven et al. (2014) have demonstrated that Arabidopsis mutants with low CK 
production display greater intensity of stress-induced photodamage by exhibiting a 
reduction in D1 protein repair, which is associated with reduced synthesis of ascor-
bate and glutathione. In kinetin-treated rice plants, higher concentrations of GSH 
(glutathione) have largely contributed to the maintenance of the glyoxylase system
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for methylglyoxal (a highly reactive dicarbonyl compound) scavenging. Actually, 
enhanced activity of glyoxylase I and II (important enzymatic components of glyoxy-
lase system) protects the electron transport system by inhibiting injury to chloroplast 
and mitochondrial ultrastructures (Gupta et al. 2017). 

Induction of phenols and flavonoids synthesis in the CK treated plants is improved 
the antioxidant system. Accumulation of phenols due to external application of 
kinetin may contribute to reinforcing of cell wall structures and inhibition of oxidative 
damage to membrane lipids and proteins by modifying their peroxidation kinetics 
(Ahanger et al. 2018). It has also been reported that more phenolics production 
adjusts plant developmental processes such as lignin and pigment biosynthesis, thus 
providing structural integrity and protecting plants (Bhattacharya et al. 2010). 

A number of other substances such as proline and dehydrin proteins may act 
as antioxidants under adverse conditions (Zhang et al. 2018; Sharma et al. 2019). 
Increased proline levels have been shown to play an important role in increasing 
antioxidant responses (Bhagyawant et al. 2019). The ROS levels and lipid peroxida-
tion are also reduced in transgenic plants engineered for excessive accumulation of 
proline by overexpression of the proline biosynthesis gene (Guan et al. 2018). In addi-
tion to direct ROS scavenging, proline can protect and stabilize antioxidant enzymes 
(Szabados and Savouré 2010). The dehydrins are also known to be effective in ROS 
detoxification. They are also able to constrain lipid peroxidation (Hanin et al. 2011; 
Zhang et al. 2018). In transgenic rice plants, overexpression of dehydrins displays 
low ROS accumulation and malondialdehyde (MDA) content under salt and drought 
stresses (Kumar et al. 2014). CK has been shown to be involved in slight accumulation 
of ROS in wheat seedlings, causing an acclimation response through the activation 
of antioxidant enzymes (superoxide dismutase and peroxidase) and accumulation of 
defense compounds such as proline and dehydrin proteins (Avalbaev et al. 2020). 

In contrary, some reports have shown that CK overproduction could enhance salt 
sensitivity in Arabidopsis. The CK-deficient mutants by low synthesis (ipt1,3,5,7 
and 35 s:CKXs) and signaling (AHKs and ARRs) in  Arabidopsis showed stronger 
salt-resistant phenotypes, as confirmed by lower electrolyte leakage and higher leaf 
relative water content and survival rates (Mason et al. 2010; Nishiyama et al. 2011; 
Tran et al. 2007). In another study, overproduction of endogenous CK by overex-
pression of AtIPT8 led to a decrement in antioxidants activities and an increment 
in ROS contents, thereby enhancing salt sensitivity (Wang et al. 2015). According 
to Nishiyama et al. (2012) in CK-deficient Arabidopsis mutant, the genes involving 
in ROS depletion are significantly affected. Some studies suggest that CK signaling 
in abiotic stresses result in dysfunction of photosynthesis and ROS production by 
affecting the expression of PSII subunits genes (Yi et al. 2008; Kobayashi et al. 
2012). Expression of the PSII subunits including PSAN, PSAK, PSBP and PSBQ 
with important role in oxygen evolution, are down-regulated by CK overproduction 
(Wang et al. 2015). Altering the function of chlorophyll-binding proteins affects the 
ABA and dehydration sensitivity in plants (Xu et al. 2012). Similarly, overexpression 
of MsCKX increases the salt tolerance of transgenic alfalfa plants by maintaining a 
high K+/Na+ ratio and increasing the activity of antioxidant enzymes (Li et al. 2019).
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5.3 Organ-Specific Responses 

Under saline conditions, plants adjust the distribution pattern of internal CK to 
increase adaptation to stress (Yin et al. 2020). CK is one of the imperative factors 
involved in regulating the architecture of the root system. Increasing CK can consid-
erably reduce root growth and root/shoot ratio (Ghassemi-Golezani and Samea-
Andabjadid, 2022), while decreasing CK levels or signaling could generate enlarged 
root system (Heyl et al. 2008). Overproduction of CK-degradation enzymes (CKXs) 
has been reported to reduce CK content in roots, which in turn increases root biomass 
and modifies root morphology and improves salt and drought resistance in plants 
(Werner et al. 2001; Mackova  ́ et al. 2013). The CK reduction in different compart-
ments affects differently the root and aerial parts. The CKX isoenzymes differ in 
location within subcellular partitions (Schmulling et al., 2003; Werner et al., 2003) 
and in their time pattern of expression (Mrızova et al., 2013). Arabidopsis plants 
with overproduced vacuolar AtCKX1, apoplastic AtCKX2 and cytosolic AtCKX7 
have diverse phenotypes, but with similar CK content. High expression of cytosolic 
AtCKX7 in Arabidopsis has an adverse impact on the primary root development, 
and the root system is shaped only by a proliferation of adventitious roots (Kollmer 
et al. 2014). Conversely, AtCKX overexpression with other than cytosolic localiza-
tion has enhanced root elongation and lateral branching (Werner et al. 2003). In 
another case, research on transgenic barley (Hordeum vulgare) plants with overex-
pression of AtCKX1 gene in different subcellular compartments of roots under the 
control of the weak root-specific β-glucosidase promoter from maize (Zea mays) 
revealed that, even though cytosolic and vacuolar AtCKX1 had a little impression on 
shoot growth, exudation of the AtCKX1 protein into the apoplast showed a negative 
effect on the development of the aerial part and yield. In Arabidopsis plants with 
an overproduction of AtCKX3 in the roots showed up to 40% increase in root mass 
without any adverse effect on inflorescence, fertility and seed formation. Further-
more, these plants demonstrated greater tolerance to stress (Werner et al. 2010). On 
the contrary, increased expression of OsCKX4 under the ubiquitous promoter control 
in rice (Oryza sativa) led to the creation of a strong root system with large number 
of crown roots and low plant height and yield (Gao et al. 2014). Roots with a higher 
number of longer lateral roots are useful in two types of soil, a type in which root 
penetration is difficult to reach available water at depth and another type water is not 
available at depth and only a shallow layer of soil is subjected to seasonal wetting 
(Blum 2010). 

5.4 Water Balance Regulation 

Evidently, the plants with low CK levels or poor CK signaling usually have a higher 
relative water content (RWC) under stress than plants with higher CK content or 
stronger signaling (Nishiyama et al. 2011; Vojta et al. 2016). This could be due to the
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damaging effect of CK on root growth and lateral root formation (Ramireddy et al. 
2018). In addition, reducing stomatal opening and consequently reducing transpira-
tion rates in plants with low CK could protect them via reducing water losses under 
stressful conditions (Liao et al. 2017). 

Accumulation of osmolytes such as soluble sugars, ammonium compounds and 
amino acids provides an adaptation under adverse environmental conditions such as 
salt stress (Samea-Andabjadid et al. 2018). For instance, increasing soluble sugars in 
faba bean roots and leaves under salinity and 6-benzylaminopurine and salicylic acid 
treatments was an important mechanism for osmotic adjustment and salt tolerance 
(Fig. 3). 

Supporting the structure of membranes as a substitute for water (Mundree et al. 
2002) and also maintaining water homeostasis among different parts of the cell
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Fig. 3 Changes in faba bean root and leaf soluble sugars affected by salinity (a and b) and hormonal 
treatments (c and d). Con: control, BAP: 6-benzylaminopurine, SA: salicylic acid. Different letters 
indicate significant difference at P ≤ 0.05
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are the key functions of soluble sugars (Sidari et al. 2008). High soluble sugars 
in roots of plants enhance the ability of roots for water absorption from a water-
stressed bed by increasing osmotic pressure (Hajiboland et al. 2014). Harinasut et al. 
(2000) have reported a large increase of proline in salt-stressed mulberry (Morus 
alba), which was probably related to up-regulation of proline-synthesizing enzymes, 
down-regulation of the catabolizing enzymes or reduction of its incorporation into 
proteins (Iqbal et al. 2015). In addition, salt-treated tomato plants promoted the 
accumulation of proline and glycine betaine and further increment occurred due to 
exogenous application of kinetin, which helped plants to prevent the salinity-induced 
decline in tissue RWC (Ahanger et al. 2018). Actually, CK increases the synthesis 
of proline and glycine betaine under both normal and saline conditions, indicating 
its protective role through osmoregulation. Proline and glycine betaine maintain 
plant water balance, thus minimize the deleterious effects of stress on metabolism, 
especially by protecting protein turnover, enzyme activities and the expression of 
protective proteins in plants (Ahanger et al. 2017). As a result, increasing the tissue 
water content by CK leads to maintaining cell wall extensibility and cell division, 
which increases growth and biomass production (Ahanger et al. 2018). CK affects the 
relative water content by regulating ionic balance. Exogenous application of kinetin 
not only averts Na+ toxicity by decreasing its uptake, but it also causes a substantial 
increase in K+ uptake, which is reflected in high ratio of K+/Na+ (Ahanger et al. 
2018). According to Munns and Tester (2008), the K+ ion is the main osmoticum in 
leaves and an adequate content of K+ can facilitate osmotic adjustment that plays an 
important role in preserving cell turgor under saline conditions. It has been showed 
that, exogenous application of BAP improves the osmotic adjustment by significant 
accumulation of K+ and enhancement of K+/Na+ ratio in leaves of faba bean plants 
under saline conditions (Samea-Andabjadid et al. 2018).

5.5 Cambial Activity 

Vascular tissues, including the xylem and phloem, are responsible for transporting 
water and nutrients all over the plant. These tissues are constantly generated from 
stable population of stem cells, specifically the procambium during primary growth 
and the cambium during secondary growth (Campbell and Turner 2017). Cambial 
activity responds to the developmental signs of primary meristem and the ever-
changing environment (Wang 2019). Salt stress as an adverse environmental factor 
affect the cambial activity. Hence, anatomical and chemical changes were detected in 
the xylem originating from salinity affected meristem (Lautner 2013). Moreover, the 
salt-exposed poplars exhibited a low number of cell layers in the cambial zone and a 
reduced growth compared to control plants (Escalante-Pérez et al. 2009). It has been 
shown that under salt stress the vessel lumina of poplars are reduced (Junghans et al. 
2006) and the vessel frequency is increased (Janz et al. 2012). The extent of these 
anatomical changes depends on the sensitivity of the species to salinity. For example, 
the salt-sensitive poplar species P. x canescens responded extremely to moderate
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salinity, while the salt-tolerant P. euphratica showed reduced cambial activity and 
vessel lumina after long-term exposure to higher salinity levels (150 mM NaCl) 
(Junghans et al. 2006; Janz et al. 2012). In addition, nutrient deficiency, especially 
lower contents of calcium and potassium decreased xylem radial growth under saline 
conditions (Escalante-Pérez et al. 2009). In wheat plants, salt stress showed negative 
effects on conductive tissues of flag leaf, where reduction in the phloem area led 
to low translocation of photo-assimilates to the developing grains (Aldesuquy and 
Mickky 2014). 

CKs play an important role in regulating cambium activity. In the primary root, 
disturbance of CK signaling or reduction of CK content by overexpressing CKX genes 
restrain periclinal cell division of pro-cambium cells and decrease the vasculature 
size (Nieminen et al. 2008; Werner et al. 2003). In addition, by interacting with 
auxins, CKs promote vascular differentiation and increase the phloem/xylem ratio 
(Aloni 1993). The positive role of CK on phloem regeneration was established in trees 
with high expression of CK. According to Chen et al. (2019) auxin alone stimulates 
both phloem and cambium formation, while CK only promotes phloem formation 
and hinders cambium regeneration, possibly by preventing auxin redistribution and 
signaling. On the other hand, auxin may induce phloem repatterning by affecting 
the CK signaling pathway through inducing Populus response regulator 7 (PtRR7). 
Improving CK signaling or biosynthesis by increasing AtCKI1 or AtIPT7 expression 
led to the regeneration of phloem without any hormone treatment. In contrast, when 
the CK level was decreased in AtCKX2-overexpressed trees, a higher content of CK 
was essential for phloem recovery. 

CK is an important negative regulator inhibiting xylem development in root 
vascular tissues. Jang and Choi (2018) found that exogenous application of CK 
suppresses xylem formation. Interestingly, it has been reported that CK induces the 
expression of auxin efflux carriers PIN3 and PIN7, which transfer auxin laterally 
into the xylem area. Likewise, auxin in the protoxylem positions induces AHP6 as a 
negative regulator of CK signaling (Bishopp et al. 2011), that reduces CK response 
and limits periclinal cell divisions in the xylem axis. In the central xylem axis, auxin 
is involved in the promotion of HD-ZIP III transcription (Ursache et al. 2014), which 
probably contributes to the repression of CK signaling through the prevention of B-
type response regulators (Sebastian et al. 2015). Seed priming with kinetin enhances 
phloem thickness in both leaf and peduncle of the main shoot and subsequently 
induces a fast rate of translocation of photo-assimilates from flag leaf to developing 
seeds in spikes and consequently increases the productivity of wheat plants irrigated 
by seawater (Aldesuquy and Mickky 2014).
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5.6 Cytokinin Crosstalk with Stress-Related Phytohormones 

5.6.1 Cytokinin-Abscisic Acid Crosstalk 

The abscisic acid (ABA) accumulates rapidly in plants in response to osmotic stress 
and plays an important role in plant tolerance by regulating various processes such 
as stomatal closure, root growth and protective metabolites production (Tuteja 2007; 
Gomez-Cadenas et al. 2015). CK and ABA have also been shown to exert antago-
nistic activities during growth and physiological processes, including plant adapta-
tion to stressful conditions (Huang et al. 2017a). Unlike CK, which delays stomatal 
closure as well as leaf senescence, ABA accumulation under stress helps plants 
to avoid stress by promoting stomatal closure to minimize water loss, accelerating 
leaf senescence, reducing plant growth and inducing protective substances biosyn-
theses (Pospisilova et al. 2005). Arabidopsis mutants with CK deficiency (CKX over-
expressing or ipt1,3,5,7 quadruple knockout) showed high sensitivity to ABA in seed 
germination and ABA-related gene expression (Nishiyama et al. 2011). High expres-
sion of the isopentenyl transferase gene under the control of a heat-shock-inducible 
promoter (HSP70::ipt) in tomato plants almost doubled the concentration of bioac-
tive CKs in the xylem sap and reduced ABA by 30% under 100 mM NaCl stress 
(Ghanem et al. 2011). The MsCKX expression in leaves and particularly in roots 
of alfalfa (Medicago sativa) was significantly induced under salt stress and ABA 
treatment, indicating that MsCKX may function as a positive regulator in response to 
salinity and participated in ABA signaling pathway in alfalfa (Li et al. 2019). Further-
more, the CK receptor AHK2, AHK3 and AHK4 are negatively involved in ABA and 
osmotic stress signaling (Tran et al. 2010). However, AHK1 has been shown to act as 
a positive regulator in abscisic acid (ABA) and osmotic stress signaling (Wohlbach 
et al. 2008). CK signaling also reverses the inhibition of cotyledon greening induced 
by ABA through elevating the degradation of ABI5, a transcription factor that regu-
lates ABA-induced genes (Guan et al. 2014). Interestingly, Huang et al. (2018) found 
that type-B ARRs, as positive regulators of CK signaling, act as inhibitors of ABA-
induced SnRK2 kinases activity, which are central and positive regulators of the ABA 
signaling pathway. Conversely, the type-A protein ARR5, a negative regulator of CK 
signaling is phosphorylated by SnRK2s to stimulate ABA-responsive genes. Thus, 
the SnRK2-ARR regulatory unit as a signaling center balances growth and defense 
in response to environmental cues. 

5.6.2 Cytokinin-Ethylene Crosstalk 

Numerous evidences have shown the role of ethylene as an important regulator of 
salinity tolerance in plants. This gaseous plant hormone controls many major cellular 
processes from seed germination to photosynthesis for sustaining the plants growth 
and yield under salt stress. Ethylene maintains homeostasis of Na+/K+, nutrients, and 
ROS through inducing antioxidant defense, thereby modulating salt stress responses
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(Riyazuddin et al. 2020). CK and ethylene often show antagonistic effects on the 
shoot, so that CK is associated with greening and cell proliferation, and ethylene is 
associated with ripening, senescence and the inhibition of cell proliferation (Hwang 
et al. 2012; Rai et al. 2015). On the other hand, these hormones function coopera-
tively in the regulation of root growth, where both hormones attend to inhibit root 
growth through impacts on cell proliferation and elongation (Qin et al. 2019; Zdarska 
et al. 2019). CK manages hormone crosstalk through action of the type-B ARRs. The 
binding sites of type-B ARRs are associated with genes involved in ethylene biosyn-
thesis and signal transduction. Actually, ACS2 (1-aminocyclopropane-1-carboxylic 
acid synthases) expression is upregulated by CK in a type-B ARR-dependent manner 
(Zdarska et al. 2015). Ethylene production facilitates the ability of CK to prevent 
hypocotyl elongation in dark-grown seedlings as well as to prevent root growth 
(Hansen et al. 2009). 

5.6.3 Cytokinin-Jasmonic Acid Crosstalk 

Jasmonic acid (JA) is an important regulator of plant growth in response to stress 
(Huang et al. 2017b). Some studies have suggested that JA interacts antagonisti-
cally with CK in various aspects of plant development. For instance, JA inhibits 
CK-induced callus growth in soybean (Glycine max) plants (Ueda and Kato 1982). 
In addition, JA and CK differently adjust the expression of genes involved in chloro-
phyll development (Mukherjee et al. 2002; Liu et al. 2016). Moreover, an antagonistic 
effect has been revealed between CK and JA in xylem development of Arabidopsis 
roots. In fact, JA suppresses the procambium-specific CK response and the effect of 
JA on extra xylem formation is neutralized by CK (Jang et al. 2017). For example, 
MYC2 mutant did not form extra xylem in response to exogenous JA. The MYC2 nega-
tively regulates CK response by high expression of AHP6, a CK signaling inhibitor 
(Jang et al. 2020). There are several reports confirming the negative effects of CK 
and the positive effects of JA on xylem differentiation. Exogenous application of 
CK prevented xylem development, and the wooden leg mutants with defects in CK 
signaling powerfully indicated an all-xylem phenotype and lack of procambial cells 
in their roots. In addition, mutants with no type-B ARRs transcription such as ARR1, 
ARR10, and ARR12, and also transgenic plants with overexpression of AHP6, a nega-
tive regulator of CK signaling, created further xylem (Yokoyama et al. 2007). Unlike 
JA signaling mutants, treatment of JA-deficient OPDA reductase 3 (opr3) mutants 
by exogenous JA resulted in an extra xylem phenotype (Jang et al. 2017). It is likely 
that an antagonistic interaction between JA and CK is also involved in the regula-
tion of JA-dependent stress responses. Given that the CK levels is affected by stress, 
regulation of JA and CK metabolism may also be involved in the JA-CK interaction 
(Pavlu et al. 2018).
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6 Conclusions and Future Perspectives 

The climate change, water deficit and human activities increased soil salinity and 
decreased cultivable lands. Salt stress is a serious threat to the growth and produc-
tivity of plants. This stress inhibits plants from achieving their genetic potential, 
that decreases yields and endangers food security. Generally, cytokinins metabolism 
and signaling play important roles in salt stress tolerance. The manipulation of these 
processes in crops can be useful for sustainable plant production. A review of the roles 
of cytokinin receptors and signaling proteins will help to understand the mechanisms 
involved in cytokinin induction of salt tolerance. Recent studies have mostly focused 
on transcriptomic, proteomic and metabolomic variations in various plant species 
with regulated cytokinin levels. However, additional detailed analysis is required to 
approve the significance of identified candidate genes/proteins and verify their roles 
in salt stress tolerance. 
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Auxin and Cytokinin Signaling in Plant 
Stress Response 

Ankita Mallick, Subhajoy Dey, Soustav Datta, Mainak Barman, 
Suman Samui, and Gopal Dutta 

Abstract Under stress, plant growth is restricted to optimize response to stress 
and prevent death. Plants must promptly disable defensive stress responses and 
promote growth recovery processes once environmental stress is no longer present. 
Through their dynamical and complementary effects, the pathways of auxin and 
cytokinin control a number of developmental functions as well as their potential to 
crosstalk enables them excellent contenders to regulate stress-acclimatization retalia-
tions. Another significant signalling molecule that contributes to the remarkable flexi-
bility studied about plant morphological characters as well as abiotic stress is reactive 
oxygen species (ROS). The appropriate temporal and geographical dissemination of 
ROS and hormonal gradients is essential for survival of plants in adverse conditions. 
The combination of ROS and phytohormone networks serves like a consolidator of 
environmental and developmental markers into comprehensive reactions that allow 
plants to adjust to their environments in this way. The signalling mechanisms of auxin 
and cytokinin have been thoroughly explored. Despite this, we do not yet know how 
the profound crosstalk between the two hormones influences plant stress tolerance. 
The combined effect of these two hormones is crucial for controlling root meristem 
length and ensuring root growth. Meristems, which are a source of indivisible cells 
that evolve into mature vegetative organs, aid in post-embryonic plant development. 
Phytohormones cytokinin and auxin, which govern meristem activities, are known to
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be hostile. In order to ascertain their plausible sites of crosstalk, we analyze current 
information about the involvement of auxin and cytokinin in steering growth driven 
by abiotic stress. 

1 Introduction 

Plant growth and development are significantly impacted by several abiotic 
factors. Plants have had to evolve sturdy adaptation systems to withstand unpre-
dictable changes in their habitats. In nature, different inconveniences such as 
bacteria, fungi, viruses, oomycetes, nematodes and insect predators continuously 
endanger plants. To keep these potential invaders out, plants have a variety of struc-
tural defence and preformed antimicrobial properties. Plant vitality and growth are 
jeopardised by abiotic conditions including high temperatures, antagonistic water 
table and toxic metal concentrations. Phytohormones have significant contribution 
in plant development. Auxin (indole-3-acetic acid (IAA)), the first growth hormone 
derived from plants, possesses an exceptional position among all hormones. Among 
plant hormones, auxin and cytokinins are distinctive in view of the fact that they are 
both necessary to survive (Pandey et al. 2019). 

Since the discovery of the Phytohormones half a century ago auxin and cytokinin 
have been considered to be important for cell divisions and proliferation in culturing 
plant tissue (Skoog and Miller 1957). These two phytohormones have been consid-
ered to be the primary moderators of plant growth (Schaller et al. 2015). Auxin is 
involved in plant growth in a numerous ways, including phototropism, cell elongation, 
apical dominance, parthenocarpy, fruit development, abscission and adventitious root 
formation (Taiz and Zeiger 2002); however, its function of this in various physiolog-
ical processes remains elusive. In the last decade, auxin has been observed to play 
a function in a number of abiotic challenges. According to various studies, auxin 
signalling and transportation contributes significantly in plant abiotic stress toler-
ance (Krishnamurthy and Rathinasabapathi 2013). CKs, including auxin, are plant 
hormones that were recognised about 60 years back. Cytokinin was first found to 
aid in cellular division (the term “cytokinin” comes after “cytokinesis”) and shoot 
meristem diversification (Miller et al. 1955, 1956; Su et al.  2011). According to recent 
studies, CKs govern apical dominance, lateral bud growth, shoot meristem formation 
and maintenance, root growth suppression, nitrogen (N) signaling, phyllotaxis, leaf 
expansion and abscission, among other important plant development cycles (Takei 
et al. 2002; Miyawaki et al. 2004; Frébort et al. 2011). In addition to their exten-
sive use in plant tissue culture as a “balanced phytohormone” with auxin, CKs have 
been implicated in boosting plant abiotic stress resistance via altering transcription 
of genes encoding in the CK metabolic pathway (Rivero et al. 2007; O’Brien and 
Benková 2013). 

Auxin and cytokinin crosstalk has already been widely investigated in several 
aspects (biosynthesis, detection, and transportation), and we will be starting to
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comprehend how such systems interrelate to govern several plant activities (El-
Showk et al. 2013; Chandler and Werr 2015; Schaller et al. 2015) employing plant 
resilience against biotic (Großkinsky et al. 2011) and abiotic stresses (O’Brien 
and Benková 2013). To protect themselves from invading diseases, plants have 
evolved defense signalling systems. Plant hormones like ethylene, jasmonates, sali-
cylic acid behave as indicators for eliciting and regulating wide range of defense 
responses. Additional hormones involved in pathogen defense signalling include 
auxin, abscisic acid, cytokinins, gibberellic acids, and brassinosteroids, those have 
already been linked to developmental and abiotic stress responses. The hormone 
signaling mechanisms interact in synergistic or antagonistic ways, providing plants a 
huge regulative aptitude for adapting quickly to their biotic abode and making optimal 
utilization of their finite resources for development and sustainability. In contrast, 
microorganisms have found tactics to affect the signaling system and enhance their 
pathogenicity (Takatsuji and Jiang 2014). In the biosynthetic pathways of many stress 
hormones like ethylene, auxin has both antagonistic and synergistic role (Stepanova 
and Alonso 2005; Ruzicka et al. 2007) and their interactions play a vital role in aiding 
auxin-conciliated stress reactions. 

Being a sessile entity, plants are constantly exhibited to an extensive amount of 
external stimulus. External stimulus might comprise a huge spectrum of extreme 
weather that can arise unexpectedly, for example. Plants employ reactive oxygen 
species (ROS) as a particle that sends out signals since they are aerobic organ-
isms. However, if the formation of ROS occurs under less-than-ideal development 
conditions, such as abiotic stressors, the consequences of oxidative stress upon plant 
tissues may become catastrophic. Plants are able to evolve mechanisms that allow for 
swift recognition, differentiation, and response during a critical event by keeping ROS 
levels under control via a diverse array of antioxidant defence system on either one 
hand, or ROS interfacing with plant hormones routes on the other (Mittler et al. 2011). 
In order to persist and adjust to new surroundings, plants use structural, morpholog-
ical, and biochemical responses to reduce stress prominence, minimise damages, and 
promote the restoration processes. Plants have evolved a stress-resistance or survival 
strategy by altering some of their morphological and physiological characteristics. 
The simultaneous occurrence of these phytohormones auxin and cytokinin, as well 
as stress-impelled ROS impulses, are linked to plant growth and responses to envi-
ronmental changes (Kazan 2013; O’Brien and Benková 2013; Zwack and Rashotte 
2015; Verma et al. 2016). The consequent crosstalk between auxin, cytokinin and 
ROS enables plants in order to respond to adverse environmental inputs by adjusting 
their development and growth. A number of transcriptomic assays have revealed that 
auxin and cytokinin affect each others signaling pathways and/or metabolic activity 
(Rashotte et al. 2003; Goda et al. 2004). Despite this, scientists are only now starting 
to recognize the molecular pathways through which these hormones collaborate for 
creating a certain physiological outcome. Crosstalk between these phytohormones is 
evidently also mediated by common signalling components and co-regulated genes. 
Furthermore, crosstalk is regionally and temporally managed, allowing for response 
flexibility and exquisite. The biology of auxin and CKs, including its structure, 
metabolism, and signalling pathways, is discussed in this particular chapter. The role
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of auxin and CKs in crop stress response stresses, and also the crosstalk mechanism 
between the two hormones under stress, have been reviewed. 

2 Auxin Signaling Pathway in Plants 

Light and gravity responses, organ patterning, root and shoot architecture, and 
vascular development are all controlled by auxin signaling. Its effects differ 
depending on the cellular and developmental milieu in which it is received; auxin 
triggers responses such as cell division and expansion. Due to transcriptional and 
post-transcriptional regulation, the key components of auxin signalling have distinct 
expression patterns. Auxin, along with cytokinins, is unique among phytohormones 
in that it is essential for plant survival. Alterations in transcription are the most 
common way for the level of auxin to be turned into cellular responses. In response 
to the presence of exogenous auxin, many genes change their expression (Paponov 
et al. 2008). Auxin controls transcription by a simple and well-studied signal trans-
duction pathway (Fig. 1) Leyser (2018) (Chapman and Estelle 2009; Salehin et al. 
2015). 

Auxin signalling includes the detection of auxin by receptors such as ABP1 
(Auxin-Binding Protein), AFB proteins (Auxin F-Box) andTIR1 (Transport Inhibitor 
Response 1) (Taiz and Zeiger 2002) (Dharmasiri et al. 2005; Kazan 2013). The 26S 
proteasome degrades Aux/IAAs (Auxin/IAA) repressor when Auxin binds to its 
receptor. Auxin Response Factors (ARFs) are Transcription Factors (TFs) that tie 
up with auxin responsive elements (AREs) in the promoter site of auxin-induced 
genes, are repressed by Aux/IAA proteins (Kim et al. 1997). ARFs are released from 
repression when Aux/IAAs are degraded, and they attach to the ARE for controlling 
the expression of auxin-dependent genes (Kazan 2013). 

In a nutshell, auxin binds F-box proteins and plays as molecular glue. It binds 
F-box proteins from the Transport Inhibitor Response 1/Auxin Signalling F-Box 
(TIR1/AFB) family to transcriptional repressors from the Aux/IAA family (Tan et al. 
2007). Substrate selection subunits of SCF-type ubiquitin protein ligase complexes 
include Skp1, Cullin and an F-box protein (Smalle and Vierstra 2004). F-box proteins 
have a region at their N-terminus that allows them to link with Skp1, which in turn 
reacts with RBX1and a Cullin dimer. This dimer conjugates active ubiquitin to target 
proteins after receiving it from a ubiquitin activating enzyme. The interaction of the 
target protein with the F-box protein’s C-terminal domain brings it to the SCF. In the 
case of TIR1/AFBs, this is made up of Leu-rich repetitions with a pocket for auxin 
bindings. The Aux/IAA protein docking throughout the pocket mouth, governed by 
a minor protein motif in the Aux/IAA usually known as domain II, considerably 
stabilizes auxin binding in this pocket (Tan et al. 2007). As a result, TIR1/AFB-
Aux/IAA couples can be called auxin coreceptors. The binding of Aux/IAAs to 
TIR1/AFBs by auxin delivers them to the SCF, where they are ubiquitinated and 
eventually degraded (Gray et al. 2001). In this method, alterations in auxin levels are 
translated into variations in Aux/IAA levels.
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Fig. 1 The principal pathway for regulating auxin transcription. AREs in the promoters of 
auxin-inducible genes are bound by dimers of the ARF protein family. The appointment of Aux/IAA 
transcriptional repressors to these promoters through their interaction with the ARFs prevents gene 
expression. TPL family corepressors are recruited by Aux/IAAs, who then recruit chromatin modi-
fying enzymes to stabilise the suppressed state. The numbered arrows represent the steps in the 
auxin response pathway. 1. Auxin works as molecular glue, binding Aux/IAAs and TIR1/AFB 
family F-box proteins together. 2. These F-box proteins are part of an E3 ubiquitin protein ligase 
complex of the SCF type, which transfers active ubiquitin (Ub) from an E1/E2 enzyme system. 3. 
The Aux/IAAs are degenerated as a result of polyubiquitination. 4. Repression at ARE-containing 
promoters is released 

The transcriptional control of auxin sensitive genes is primarily regulated by the 
two big TF families, ARFs and Aux/IAAs. These genes’ expression is influenced 
by environmental factors (Guilfoyle and Hagen 2007). Many ARF groups have been 
discovered in several crop species, including Sorghum bicolor (Wang et al. 2010), 
Oryza sativa (Jain and Khurana 2009; Song et al. 2009; Shen et al. 2010), Zea mays 
(Xing et al. 2011; Wang et al. 2012), Solanum lycopersicum (Wu et al. 2011). Simi-
larly, the establishment of auxin-signalling mechanisms that govern plant response to 
natural conditions is dependent on transcriptional regulation of Aux/IAA genes. The 
DREB/CBF family (which is involved in stress tolerance) of transcription factors 
regulates the Aux/IAA genes and in response to abiotic stress, direct transcription of 
these genes is induced (Shani et al. 2017). 

The auxin biosynthesis pathway including the YUCCA gene (which codes for a 
flavinmono oxygenase and is part of the tryptophan-dependent auxin biosynthetic
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mechanism) might be utilised to change plant responds to the environment, according 
to new study (Lee et al. 2012; Kim et al. 2013; Park et al.  2013). In Arabidopsis 
thaliana and Hordeum vulgare, the expression of the YUC2 and YUC6 genes has 
been identified to influence plant responses to high temperatures (Cheng et al. 2006; 
Sakata et al. 2010). Furthermore, Arabidopsis plants that over express YUC6 or 
transgenic poplars that express Arabidopsis YUC6 under the control of the SWPA2 
promoter (stress-inducible) showed better resistance to drought and oxidative stress 
(Ke et al. 2015; Cha et al. 2015). Auxin boosted antioxidant enzyme activities and 
changed the expression of abiotic stress-related genes (RD22, RD29A, RD29B, 
RAB18, DREB2A and DREB2B) in a beneficial way; as a result, there is a greater 
tolerance for change in the environment (Shi et al. 2014a, b). 

3 Cytokinin Signaling Pathway in Plants 

It was discovered that the first gene implicated in cytokinin response is a histidine 
kinase (HK) after it was cloned, which is very comparable to the two-component 
prokaryotic signalling HK receptors (Kakimoto 1996). Later, bacterial homologues 
of response regulators were revealed to respond to cytokinin inclusion (Brandstatter 
and Kieber 1998), and mounting data led to the development of a two-component 
paradigm for cytokinin signalling. In general, a HK receptor and a response regu-
lator (RR) protein are the two constituents of the bacterial two-component pathway 
which detects signal and modulates the signal’s response respectively (Rowland and 
Deeds 2014; Stock et al. 2000). The HK receptor is a homodimer of an integral 
membrane-spanning protein. An input domain on one side of the membrane detects 
an environmental signal that causes an ATP-dependent process on another side of the 
membrane to be activated. One of the HK molecules catalyses the phosphorylation 
of a conserved histidine remainder on the oppositional HK molecule. This phos-
phate is subsequently transferred to an aspartic acid residue in the receiver domain 
of a RR protein (Stock et al. 2000). The active RR protein then reacts in this signalling 
pathway as a transcription factor. As a transcription factor, it activates or represses 
genes. 

The Pathway of Cytokinin Signalling in plants works similarly to a modified bacte-
rial two-component system, but with a few key variations, including new and altered 
components like signal relay to the nucleus. CHASE-domain included with hybrid 
histidine sensor kinases (CHKs) with the cytokinin receptors like a HK and a receiver 
domain. The HK domain is activated and auto-phosphorylated when cytokinin binds 
to the receptor and in the receiver province of the molecule the phosphate is shifted 
from a conserved histidine to a conserved aspartic acid residue. Then Phosphate is 
moved to a new component in the system, a histidine phosphotransfer protein (HPt), 
which goes into the RRs containing nucleus and the phosphorelay continues. The HPt 
delivers phosphate to an RR’s receiver domain, which regulates cytokinin signalling 
output, once it is in the nucleus (Dortay et al. 2006) (Fig. 2) Keshishian and Rashotte 
(2015).
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Fig. 2 Combination of two-component phosphorelay mechanism. a A sensor histidine kinase 
perceives input in a generic bacterial two-component system. A phosphorylated histidine residue 
(H) in the transmitter region of a response regulatory protein transmits the phosphate to an aspartic 
acid remainder (D) in the receiver site through phosphorelay. The output domain from this response 
regulator protein responds in the original discerned stimulus. b The multistep phosphorelay scheme 
of cytokinin. A hybrid histidine sensor kinase which has both a transmitter and receiver region with 
phosphorylated histidine and aspartic acid remainder detects the cytokinin input. The phosphate is 
subsequently transmitted to a histidine phospho transfer protein (HPt), which also has an output 
domain, and lastly to a response regulator 

Membrane-bound CHK receptors respond to cytokinin. AHKs 2, 3 and 4 are the 
three primary CHK receptors in Arabidopsis, most of the other diploid angiosperm 
species appear to have the same traits (Pils and Heyl 2009). The CHASE domain of 
CHK receptors can detect cytokinin through a 200–230 amino-acid conserved region 
which may detect low-molecular-mass ligands like cytokinin derivatives (Anan-
tharaman and Aravind 2001). It’s thought that when the receptor dimer binds to 
cytokinin, it undergoes a conformational change and then auto-phosphorylation 
occurs and phosphate group from a particular histidine remainder in the CHK 
domains transferred to an aspartic acid remainder in the receiver region, the canon-
ical phosphorelay begins with this step. Endomembranes are involved with cytokinin 
binding, which was very recently found. The CHK receptors were discovered to be 
linked with the endoplasmic reticulum after being tagged, gradient centrifuged, and 
immunoblotted (ER). At the ER, bimolecular fluorescence complementation revealed 
significant fluorescence. As a result, it’s now considered that the CHASE region is
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Fig. 3 Two-component cytokinin phosphorelay. Within the cell, the two-component cytokinin 
signalling (TCS) phosphorelay mechanism is depicted. Signalling pathway is initiated when 
cytokinin binds to the dimerized receptor (CHK) at the ER membrane in lumen of the ER. The 
CHK is subsequently auto-phosphorylated (P) at a preserved histidine residue (H) and relayed to a 
preserved aspartic acid remainder (D). The stimulus then passes via the cytosol to a histidine phos-
photransfer protein (HPt) that then proceeds towards the nucleus, where the phosphate is transmitted 
to one of two types of response regulators (RRs). Both RRs contain conserved DDK amino acid 
sequences, and the type-B RR has a GARP transcription factor (outcome) region which connects 
to and stimulates cytokinin-regulated genes 

detected in the ER lumen, while CHK receptors cross the ER membrane (Wulfetange 
et al. 2011) (Fig. 3) Keshishian and Rashotte (2015). 

4 Role of Auxin and Cytokinin in Plant’s Response 
to Abiotic Stress 

Individual hormonal routes have been examined in diverse developmental situ-
ations through physiological and genetic research and current discoveries have 
revealed that hormones behave by generating a cascade of interrelated responses 
rather than by following distinct linear courses (Vanstraelen and Benková 2012). 
Abiotic stress has an effect on auxin and cytokinin pathway regulatory points that 
could illustrate some of changes in plant design and growth trends due to stress. 
The effects of abiotic stress on auxin and cytokinin concentrations, transportation as 
well as responses are discussed. This chapter summarises the genes involved in the 
cytokinin and auxin pathways that react to abiotic stress and their functions in stress 
tolerance.
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4.1 Stress-Induced Modulation of Auxin and Cytokinin 
Biosynthetic Targets 

Recent research suggests that a usable auxin production pathway could be used to 
manipulate Plant reactions to their surroundings (Park et al. 2013). High temper-
atures, for instance, block the manifestation of the YUC6 and YUC2 genes in 
Arabidopsis thaliana and barley (Hordeum vulgare), resulting in a local drop in 
the amounts of endogenous auxin in growing anthers and male sterility (Sakata 
et al. 2010). In both species, exogenic administration of indole-3-acetic acid (IAA) 
effectively restores male sterility (Sakata et al. 2010). The predominant response is 
tissue-specific reduction in auxin due to changes in the environment, like an increase 
in temperature, which causes pollen production will be stopped and as a result, 
return to be reduced. Furthermore, over-expression of the Arabidopsis YUC6 gene 
in potatoes (Solanum tuberosum) was found to be constitutive (Kim et al. 2013) or  
over-expression of the TRYPTOPHAN-2-MONOOXYGENASE called as iaaM in 
Arabidopsis improves drought resistance (Shi et al. 2014a, b). The biomass root: 
shoot proportion is well documented to be linked to drought resistance (Werner et al. 
2010). Drought activates the YUC7 gene predominantly mostly in roots, with higher 
free auxin levels in the Arabidopsis activation-tagged mutant yuc7-1D promotes 
root development as well as architecture. As a result, yuc7-1D plants are drought 
tolerant and have drought-receptive genes over-expressed (Lee et al. 2012). A muta-
tion in the CONSTITUTIVELY WILTED1 (COW1) gene of rice (Oryza sativa), 
which introduces a unique member of the YUC protein complex, results in a lower 
root:shoot biomass proportion and thus, improper water balance (Woo et al. 2007). 

Recent research into cytokinin production and signalling has improved our knowl-
edge about how environmental factors interplay with all these constituents to affect 
plant development, growth and physiology. A number of abiotic stressors have been 
connected to cytokinin function (Argueso et al. 2009). Endogenous cytokinin levels 
have been shown to decrease in response to stress over a long time (Shashidhar et al. 
1996). In xylem sap, drought stress lowers zeatin riboside, trans-zeatin, isopentenyl 
adenosine, isopentenyl adenine and levels (Alvarez et al. 2008). Furthermore, trans-
zeatin riboside transfer is considerably suppressed (Davies et al. 2005). The cytokinin 
6-benzylaminopurine, on the other hand, is increased by the similar treatment, indi-
cating that benzylaminopurine may contribute in respond to stress by retarding stress-
impelled leaf senescence (McDavid et al. 1973). Furthermore, the elevated concen-
tration of benzylaminopurine causes the osmolyte proline to accumulate (Thomas 
et al. 1992). A transcriptome investigation of barley plants with CKX1 in their roots 
revealed decreased cytokinin responsiveness via the HvHK3 cytokinin receptors, as 
well as activation of two stress-related transcription factors (Pospíšilová et al. 2016).
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4.2 Regulation of Auxin and Cytokinin Metabolic Pathway 
by Stress 

Extracellularly released plants peroxidases, that catalyse a peroxide break-
down, catalyse the catabolic oxidation of IAA. As seen in UV-treated duckweed 
and tobacco (Lemna gibba and Spirodela punctate) plants (Jansen et al. 2001), auxin 
oxidase activities connected with oxidases have an impact on auxin consistency and 
concentration (Kawano 2003). IAA peroxidases are also necessary in the regula-
tion of IAA levels throughout root formation and growth (Vatulescu et al. 2004) 
and hypocotyls elongation (Cosio et al. 2009). Abiotic stress has an impact on 
auxin metabolism gene expression (Tognetti et al. 2012). TLD1, a GH3.13 gene 
that is normally repressed in terrestrial tissues but is significantly activated by 
water scarcity, amends for changes in rice plant structure and tissue patterns by 
increasing drought resistance (Zhang et al. 2009). Drought and/or salinity stress 
upregulate CaGH3-1 and -7 in chickpea (Cicer arietinum) and MtGH3-7, -8, and
-9 in Medicago truncatula, upregulating the contributions in abiotic stress responses 
(Singh et al. 2015). The ability of ZmGH3 genes to respond to several abiotic stimuli 
and stress-associated hormones in maize demonstrates that they are auxin-stress 
crosstalk prudential sites. 

During stress responses, glycosylation of cytokinin is also significant. In plants, 
cytokinins are mostly found as conjugations. The stable storage forms of cytokinins 
are created through reversible glycosylation (O-glycosylation and O-acetylation). 
Localized upregulation of intrinsic auxin and cytokinin is known to modulate stress-
adaptation responses via influencing ROS homeostasis (Wang et al. 2015). Tissue-
related ROS magnitude may act as a reconciler of reactions brought out via both 
routes, and they may be important for stress-elicited growth sculpting. Simulta-
neous cytokinin and auxin oxidation through sudden reactivity along with enhanced 
regional ROS deposition (Peer et al. 2013) could be a secondary ROS energy 
dissipation pathway, but its minor compared to enzyme-induced breakdown. 

4.3 Stress-Induced Regulation of Auxin and Cytokinin 
Transport 

Accumulation of flavonoids, that appear toward being unfavorable moderators of 
polar auxin transfer, is a characteristic of stressed plants (Peer et al. 2013) and 
causes auxin-dependent stress responses to be activated (Agati et al. 2013). In 
flavonoid-deficient mutants, changes in flavonoid accumulation alter lateral root 
initiation and root morphology (Buer et al. 2013). By affecting auxin transporta-
tion and distribution, flavonoids influence plant response to challenges and also the 
formation of stress-employed morphological reactions that modify development of 
plants in prior to lessen stress-induced injury to tissues or organs (Potters et al. 
2009). Flavonols operate as positional signals in the root meristem, integrating auxin,
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cytokinin, and ROS signalling to drive root light aversion and root development, 
according to a recent theory (Silva-Navas et al. 2016). The discovery how flavonol 
glycosides affect auxin physiological productivity adds to the intricacy of flavonol 
control of auxin dispersal (Kuhn et al. 2011). Given that they are accountable for 
auxin’s asymmetric distribution, it is not unexpected that constituents of the polar 
intercellular auxin transfer apparatus are key receivers of environmental cues. For 
example, the artificial polar auxin shipping inhibitors 2,3,5-triiodobenzoic acid and 1-
N-naphthylphthalamic acid cause morphological alterations identical to those caused 
by strain, such as reduced root length, enhanced density of root hair, reduced leaf 
size, suppression of mesophyll cell growth as well as chlorophyll content instability 
(Tognetti et al. 2010). 

Apart from auxin, we have limited information about cytokinin cell-to-cell 
transfer, so as a result, its participation in abiotic stress response in plants is uncertain. 
The existence of cytokinin in xylem and phloem sap suggests that cytokinin can travel 
extended distances both acropetally and basipetally (Bishopp et al. 2011). The xylem 
transports cytokinins because tZ-ribosides from root to shoot by acropetal transfer 
(Bürkle et al. 2003), whereas the phloem transports cytokinins as iP-type from shoot 
to root using basipetal transportation (Gillissen et al. 2000). Furthermore, basipetal 
cytokinin transport is facilitated by symplastic linkages inside the phloem, which 
helps to maintain the root vascular patterns (Bishopp et al. 2011) PUP1 and PUP2, 
two purine permeases engaged in cytokinin cellular distribution in Arabidopsis, have 
been identified. The existence of PUP2 in the phloem indicates that it is involved 
in cytokinin long way transmission (Bürkle et al. 2003). The access of zeatin-type 
cytokinins further into xylem delivery channel is similarly controlled by ABCG14. 
This envoy has been proposed for functioning as an efflux pump which is required 
for root-to-shoot transportation of cytokinins synthesised at the roots. It is found 
predominantly inside this plasma membranes of pericycle and stellar cells of root 
systems, overlying also with coding sequences of IPT3 and CYP73A2 (Ko et al. 
2014). 

Understanding how stress-adaptation responses link cytokinin and auxin transport 
and dispersal is a unique path with enormous potential for comprehending morpho-
logical changes and reduced rate of growth of plants subjected to surrounding chal-
lenges. 

4.4 Stress-Induced Auxin and Cytokinin Signaling Circuits 

Abiotic stresses alter the expression of various genes associated in nuclear auxin 
signaling, particularly auxin response factor (ARF) transcription factors and early 
auxin-responsive genes (Aux/IAA, SAUR and LBD). Furthermore, stress-induced 
auxin signalling appears to be conserved across plant species (Blomster et al. 2011). 
According to a thorough transcriptome analysis of auxin-linked genes in Sorghum 
bicolor, three genes (SbIAA1, SbGH3-13 and SbLBD32) were extremely elevated 
during salinity and drought treatment. Salinity up-regulates several ARF genes in
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leaves but down-regulates them through roots in sorghum. The SbARF16, SbARF10 
and SbARF21 genes are persuaded by salinity in roots (Wang et al. 2010). Drought 
and salt stress, on the other hand, adversely regulate most Arabidopsis ARF genes 
(Matsui et al. 2008). OsARF11 and OsARF15 in rice, as well as GmARF33 and 
GmARF50 in soybean (Glycine max), are drought-responsive gene targets (Jain and 
Khurana 2009). 

Arabidopsis has a multi-step phosphorelay for cytokinin signalling that involves 
histidine protein kinase (AHK), histidine phosphotransfer proteins (AHPs) and 
response regulators (ARRs) (Zürcher and Müller 2016). The two forms of ARRs 
are type-A partly negative regulators and type-B positive regulators (Argyros et al. 
2008). Whereas phosphorylation of type-A ARRs stagnates them, it regulates tran-
scription of cytokinin-activated sites, comprising type-A ARRs that are highly and 
quickly increased in relation to cytokinin (Sakai et al. 2001). Different stimuli have 
different effects on the genes of the cytokinin signalling component (Argueso et al. 
2009). The expression of the Arabidopsis cytokinin receptors AHK2, AHK3 and 
AHK4 is quickly increased in respond to dehydration stress (Tran et al. 2007); 
increased cytokinin perception may have contribution in stress response, according 
to the findings. Cold, droughts and salt stress induce type-A ARR7 transcripts, while 
salinity and dehydration stress induce ARR5, ARR6, and ARR15 transcripts (Jiang 
and Deyholos 2006; Kang et al. 2013). Activation of the AHK2, AHK3 and AHK4 
genes and also the type-A ARR8 and ARR9 and type-B ARR10 and ARR12 react 
to regulator genes, is reduced in leaves when exposed to heat (Skalák et al. 2016). 
Three Arabidopsis AHPs (AHP2, AHP3 and AHP5) have redundant and detrimental 
effects on drought stress responses. The inactivation of abovementioned three AHP 
genes caused in a strong, drought-resistant phenotype, which was connected to acti-
vation of defence mechanisms like improved cell membrane integrity (Nishiyama 
et al. 2013). Negative mediators of the osmotic stress reaction in rice have been 
identified as OsAHP1 and OsAHP2. The OsAHP RNAi rice plants demonstrated 
high osmotic resistance as their root fresh weight increased (Sun et al. 2014). 

Apart from the fundamental constituents, several secondary targets of the 
cytokinin signalling mechanism have been connected to the abiotic stress response. 
APETALA2 (AP2) family members CYTOKININ RESPONSE FACTORS (CRFs) 
are transcriptionally upregulated via cytokinin and govern transcription of a wide 
range of cytokinin-response genes; several are simultaneously influenced differen-
tially by type-B ARRs (Rashotte et al. 2006). During abiotic stress, analysis of tomato 
SlCRF1 and SlCRF2 transcripts indicated that the two genes have unique regulatory 
patterns, both within and between roots and shoot tissues. SlCRF1 expression was 
strongly stimulated in leaves and roots by cold, whereas it was inhibited in roots 
by heat. Oxidative stress, on the other hand, stimulated SlCRF2 expression in roots 
(Shi et al. 2014a, b). CRF6 has been suggested as a constituent of the ROS-cytokinin 
crosstalk regulation pathway in Arabidopsis, with the goal of attenuating cytokinin 
signalling as part of an adaptive stress response. CRF4 expression levels and stress
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tolerance were found to be positively correlated when exposed to freezing tempera-
tures (Zwack et al. 2016). Finally, because T1R1 and AHPs are substrates of NO S-
nitrosylation, ROS- and redox-responsive protein alteration during stress adjustment 
processes might intensify hormone signalling (Feng et al. 2013). 

5 Role of Auxin and Cytokinin in Plant’s Response 
to Biotic Stress 

The main function of auxin is to control plant growth and development. Modern 
research, on the other hand, has emphasised the role of auxin homeostasis in plant-
pathogen interconnections. A collection of auxin-inducible GH3 (Gretchen Hagen 3) 
family genes which encrypt auxin-conjugating enzymes regulate endogenous auxin 
levels in part by negative feedback (Staswick et al. 2005). Auxin-mediated disease 
susceptibility is often linked to a mutually antagonistic relationship between auxin 
and SA pathways (Pieterse et al. 2012). By stabilising Aux/IAA repressor proteins, 
that are part of the SA-mediated disease-tolerance system, salicylic acid inhibits 
auxin responses (Wang et al. 2007). Auxin signalling is critical for plant tolerance 
to necrotrophic fungus, in contrast to auxin-mediated vulnerability to biotrophs. 
The auxin signaling mutants axr (Arabidopsis auxin-resistance) 1, axr2 and axr6 all 
demonstrated enhanced vulnerability to the necrotrophic fungus Plectosphaerella 
cucumerina and B. cinerea (Llorente et al. 2008). During their infection processes, 
several bacterial as well as fungal microorganisms can generate auxin or alter auxin 
signalling in the host (Kazan and Manners 2009). IAA is produced and secreted by 
the rice pathogens Xoo, Xoc, and M. oryzae (Jiang et al. 2013). These viruses may 
employ IAA as a toxic factor to make rice tissues easier to infect. 

Cytokinins are well-established plant growth hormones, but new research has 
linked them to a variety of plant-pathogen interconnections. Their impacts are 
frequently manifested as CK disorders, which are morphological abnormalities 
(Grant and Jones 2009). During infection of Arabidopsis, the fungal pathogen Plas-
modiophora brassicae, which causes Brassicaceae clubroot disease, downregulates 
the CK degradation mechanism. Clubroot formation was inhibited by transgenic 
over-expression of CK oxidase/dehydrogenase, demonstrating the relevance of CKs 
in P. Brassicaensis pathogenicity (Siemens et al. 2006). CKs, on the contrary, have 
been found to have a crucial part in pathogen defence responds (Choi et al. 2011). 
Transgenic tobacco plants with a pathogen-inducible promoter and a bacterial ipt 
gene showed improved tolerace to virulent P. syringae pv. tabaci (Großkinsky et al. 
2011). Cytokinins have also been linked to necrotrophic pathogen resistance. After 
infection with Botrytis cinerea, transgenic tomato plants with higher cytokinin levels 
displayed retarded leaf senescence as well as reduced disease symptoms (Swartzberg 
et al. 2008) and boosted CK levels in transgenic Arabidopsis increased tolerance to 
Alternaria brassicicola KACC40036 (Choi et al. 2010).
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6 Auxin-Cytokinin Crosstalk 

Auxin and cytokinin have physiologic effects that are mostly reliant on their concen-
trations; therefore, mechanisms that control their production and degradation are 
critical for various developmental stages. Furthermore, auxin and cytokinin inter-
actions are mostly mediated through reciprocal affects on each other’s metabolism 
(Jones and Ljung 2011). Co-regulated genes and similar signalling components are 
clearly involved in crosstalk between these phytohormones. Furthermore, crosstalk 
is geographically and temporally managed, allowing for response flexibility and fine-
tuning. In current years, crosstalk between the two hormones has been extensively 
investigated at all levels: synthesis, perception and transportation (Chandler and Werr 
2015). The current scenario on auxin-cytokinin crosstalk mechanisms is summarised 
here. 

6.1 Signaling-Associated Auxin-Cytokinin Crosstalk 
Components 

The interaction of auxin and cytokinin signalling mechanisms is important in 
controlling shoot apical meristem activity and embryonic root specialization. In the 
embryonic root and shoot-stem cell niche, the type-A ARR7 and ARR15 negative 
regulators of the cytokinin signalling pathway have been discovered to combine 
cytokinin and auxin signals. The functioning of the auxin-controlled ARR7and 
ARR15 genes is required for normal embryo development and Arabidopsis embryos 
lacking either gene show severe patterning problems (Müller and Sheen 2008). 
Cytokinin stimulates ARR7 and ARR15 expression in shoot meristem, while auxin 
has the opposite impact. This is regulated in part by the transcription factor AUXIN 
RESPONSE FACTOR5/MONOPTEROS (MP). These regulatory processes support 
auxin-cytokinin antagonistism in the root meristem while proposing a synergistic 
relationship between the two hormones in the shoot apical meristem, as evidenced 
by classic shoot regeneration experiments (Zhao et al. 2010). Aux/IAASHORT 
HYPOCOTYL2 (SHY2), in root apical meristems, a repressor of auxin signalling was 
discovered to mediate interrelation between auxin and cytokinin signalling mecha-
nisms (Ioio et al. 2008). As a result, ARR1 and ARR12 increase SHY2 transcription 
in the vascular tissue of the root meristem’s transition zone that inhibits the expres-
sion of PIN1, PIN3 and PIN7. A change in auxin levels causes cell differentiation and 
a reduction in the size of the root apical meristem (Moubayidin et al. 2010). In addi-
tion, auxin-dependent SHY2 degradation is necessary for ITP5 expression induction 
in the transition domain, as IPT5 activity is abolished in the shy2-2 mutant (Ioio 
et al. 2008). As a result, cytokinin has been demonstrated to inhibit auxin outflow 
from cultivated tobacco cells and to suppress the activation of most PIN genes in 
roots (Pernisová et al. 2009). PIN7 transcription, which is triggered by cytokinin in 
Arabidopsis roots, is an exception. Aside from transcriptional regulation, cytokinin
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has been discovered to regulate the auxin outflow carrier PIN1’s endocytic recycling 
by diverting it to lytic destruction in vacuoles. In cytokinin-mediated developmental 
processes, stimulation of lytic PIN1 degeneration is a specialised method for quickly 
modifying distribution of auxin, rather than a default outcome of protein downregu-
lation from plasma membranes (Marhavý et al. 2011). During lateral root primordia 
patterning, for example, The suppression of cytokinin signalling by AHP6 allows for 
correct PIN1 localization and as a result, the creation of the auxin gradient (Moreira 
et al. 2013). Some hormonal interactions are still poorly known, making it difficult to 
discern between primary, secondary and tertiary regulation. Crosstalk between auxin 
and cytokinin is geographically and completely appreciate developmental procedures 
and responds to the environment, interactions with other hormones must be taken 
into consideration. 

6.2 Transcriptional Crosstalk Networks of Auxin-Cytokinin 
in Response to Abiotic Stress 

Understanding the nature of plant growth which is tuned to a mix of environmental 
stimuli at the cellular and molecular levels, much as with crops in the field is crucial for 
developing specially customised biotechnology tools. Transcriptome investigation of 
the response of the entire set of genes involved in cytokinin signalling and metabolism 
to various environmental stresses previously shown that IPT3, IPT5, CYP735A2, 
LOG5, CKX4, ARR10 and CRF6 are the most responsive genes (Ramireddy et al. 
2014). The effect of various abiotic stress conditions, as well as cytokinin and auxin 
treatments, on the whole collection of auxin and cytokinin pathway genes was inves-
tigated; They utilised gene expression data from Arabidopsis ecotypes Col-0, which 
are publically available in the Genevestigator database, to do the analysis (Hruz 
et al. 2008). Abiotic stress included oxidative stress caused by strong light (HL), 
heat, H2O2 or the ROS propagator methyl viologen (MV); osmotic stress generated 
by exogenous addition of mannitol, polyethylene glycol or NaCl; and dehydration 
and drought. Cytokinin and Auxin-related genes that are influenced by stressors 
and hormones at the same time were chosen. Depending on the array experiments, 
it is also feasible to contrast their expression in other tissues such as seedlings, 
leaves and roots. These target genes could be essential cytokinin and auxin inter-
action hubs that regulate the dynamic behaviour of cellular processes associated 
with stress-induced reorientation of growth, making them useful genetic tools for 
farmers looking for climate-resilient crops with higher yields and few stress-related 
morphological characters.



228 A. Mallick et al.

7 Conclusion 

Different biotic and abiotic environmental conditions have a significant impact on 
crop productivity and development. Genetic engineering has aided modern agri-
culture greatly during the previous decade. Stress-suppressing proteins have greatly 
increased crop resilience to a variety of diseases and environmental conditions. Auxin 
is a phytohormone that controls a number of physiological functions in plants. Plants 
vary their quantity in reaction to external stimuli, allowing them to gain flexibility. It 
is a crucial signaling phytohormone that regulates plant development and growth in 
exposure to abiotic conditions such as heavy metals, nutritional shortage, drought, 
salinity, and temperature changes. Many auxin-signaling components and strategies, 
however, have still to be discovered in order to improve auxin-mediated resistance in 
plants. The production of stable auxin-engineered crops that function mostly under 
stressful and relaxed situations is a huge challenge that still has to be overcome. 
To obtain this, research should be concentrated on the production of transgenic 
crop plants with increased stress endurance while having negligible influence on 
produce in non-stressed conditions. The involvement of cytokinins in plant abiotic 
stress conditions is mostly because of their functions in cell division stimulation, 
meristematic cell authenticity maintenance and enhanced cellular redox opportuni-
ties throughout dry spell and nutrient disposal management (Gupta and Rashotte 
2012). CKs have a significant and diverse role in growth and development of plants, 
particularly during direct exposure to abiotic stress, as evidenced by the literature. 
The utilization of cytokinin related alleles in genetic manipulation has shown consid-
erable promise in terms of boosting crop output and stress tolerance, paving the way 
for more sustainable agriculture. We are grateful for the enhanced work of scien-
tific community; a comparatively distinct vision of variability in cytokinin struc-
ture, homeostasis, signaling and cytokinin-based modulation has been established. 
Although, further research is required to answer the remaining queries. 

Growth and development of plants are regulated by auxin and cytokinin, which 
have long been recognised as crucial signalling substances. In 1957, it had been found 
that the cytokinin:auxin ratio influences shoot and root advancement in tobacco pith 
tissue cultures, and also that cell discrimination could be controlled through adjust-
ment of the respective intensities of those same two growth variables in the growth 
media: high amounts of cytokinin favoured shoot emergence and elevated levels of 
auxin favoured rooting, whereas tissue grown at equal concentrations of cytokinin 
and auxin grew in a poorly organized manner (Skoog and Miller 1957). In past few 
decades, the research community has compiled an incredible degree of expertise 
about the molecular and genetic processes that underlie the defence systems that 
plants use to sustain disruptions in their environments, as well as the physiological 
and developmental processes that phytohormone regulates. However, the necessity 
of combining the two pathways has only recently been apparent, given that stress 
and phytohormone modules have common elements in addition to interacting with 
one another. These components are part of complex signalling systems that regulate 
plant growth and development, preventing or attenuating cellular damage in response
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to stress. As a consequence, plants change their morphology to fit their new envi-
ronment. In order to obtain a comprehensive knowledge regarding plant growth and 
development concerning environmental stimuli, future research combining genome-
scale numerical simulations in cell biology, laboratory and field advancement trials, 
and large-scale mutational analysis will be critical. As a result, the intracellular and 
intercellular temporal and spatial distribution of ROS and plant hormones throughout 
plant organs and tissues might be a promising modification basis for enhancing 
agricultural yield. 
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GA crosstalk with many other phytohormones like ethylene, jasmonic acid, brassi-
nosteroids, strigolactones which further leads to increased tolerance to stresses such 
as drought, salinity, extreme temperature, etc. This chapter focuses in the signalling 
mechanism of GA along with its crosstalk with other related phytohormones in 
different plants. 

1 Introduction 

In past years, we have made significant advancements in our knowledge regarding 
transduction of Gibberellic acid (GA) signalling, which has resulted in alterations 
in GA-induced plant growth. The DELLA molecules, which act as suppressor of 
GA-induced responses, have been highlighted as playing a critical role in this 
area of research (Thomas and Sun 2004). The constantly growing population of 
human necessitates a significant rise in worldwide agricultural production. Never-
theless, adverse environmental circumstances have a significant impact on agricul-
tural productivity. Drought, extreme temperature, heavy metal, salt stress, and other 
abiotic stressors cause biochemical, molecular, and physiological, damage within 
plants (Per et al. 2017; Tilman et al. 2011; Khan et al. 2012). Despite these limits, 
global output must improve by over 70% in upcoming years in order to feed an extra 
2.3 billion of people (Tilman et al. 2011). Thus, innovative ways for creating the 
stress tolerance trait in vulnerable species of plants must be developed in order to 
increase agricultural yields albeit under inadequate circumstances. Plant hormones 
are a class of signalling molecules that enhance communication of cells at extremely 
low levels (Roychoudhury et al. 2015). 

A recent intriguing investigation by Ueguchi-Tanaka et al. 2005 has recently 
resulted in the discovery of GA receptor in rice plants. This chapter focuses on 
the recently revealed phytohormonal crosstalk of GA with other hormones such as 
ethylene, strigolactones, brassinosteroids, and jasmonic acid during different stressed 
conditions. 

2 Role of Gibberellic Acid During Drought 

GA signalling, in addition to driving elongation and division of cells, interaction 
with several other pathways of phytohormone, it also leads to the transcription of 
certain stress-responsive genes which helps in establishing resistance to stressors 
like as drought (Jogawat 2019; Colebrook et al. 2014). 

Lycopersicum esculenta (tomato) with low concentration of GA, deal with drought 
by raising levels of many amino acids including proline, allowing them to retain 
turgor of leaf for extended periods of time and enhancing drought tolerance (Omena-
Garcia et al. 2019). The gid which is GA-receptor mutant variant of tomato, improves 
drought tolerance by delaying water loss and adversely impacting xylem growth.
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Because GA regulates CK signalling, the SPINDLY (SPY) inhibitor of GA signalling 
when overexpressed diminishes tolerance to drought stress. The Spy mutants also 
exhibit better tolerance to drought by overexpressing few genes like LEA, CXX3, 
AREB1, and, RD20. In GA-regulated drought tolerance important role is played by 
GIBBERELLIN 2-OXIDASES (GAoxs) via lowering the concentration of GA. In 
rice, HEME OXYGENASE-1 activated by NO inhibits GA signalling induced cell 
death in the aleurone layer during drought. Remarkably, under drought stress, GA-
regulated formation of vacuole are reduced by the activity of HEME OXYGENASE-
1 along with (Wu et al. 2016). The ZFP185 which is a zinc-finger protein in rice, 
increases levels of GA while decreasing ABA levels, therefore it has a detrimental 
effect on tolerance to drought (Zhang et al. 2016). Altogether, research suggests that 
GA signalling is detrimental on tolerance to drought. A higher level of GA reduces 
tolerance to drought, while a low amount improves drought tolerance. 

Crosstalk of gibberellic acid with other phytohormones have been briefly 
described below. 

2.1 Crosstalk Between Gibberellic Acid and Abscisic Acid 
(ABA) 

There exists an antagonistic relationship between abscisic acid (ABA) and 
gibberellins (GA), this relationship is a key regulator for the transition of devel-
opment from embryogenesis to germination of seeds. In cereal aleurone layers the 
transcription of genes expressing hydrolytic enzymes required for development of 
seedling development, such as protease and a-amylases, is stimulated by GA but 
repressed by ABA. 

Furthermore, ABA stimulates the gene transcription which may be involved in 
the development of tolerance against various kinds of stresses. The aleurone layers 
of cereal have been employed as a useful paradigm for researching effects of GA and 
ABA because to their well-defined molecular and biochemical markers. The RNAi-
mediated knockdown of particular regulatory genes has accompanied both gain-
of-function and loss-of-function approaches. The GAMyb is a transcription factor, 
which binds to a particular area in the promoter genes which are upregulated by GA, 
and SLN1 (SLR1) which is regulatory molecule which acts on upstream appears to 
be a functioning homolog of the GAI/RGA regulatory proteins in Arabidopsis. It has 
been proven that ABA induces and suppresses expression of genes via two separate 
signalling pathways, the upregulation of genes needs a transcription factor called 
ABI5, but being suppressed by a protein phosphatase 2C, and the downregulation 
of genes mediated by PKABA1 (a protein kinase). The suppression activity of ABA 
has been identified to be upstream of GAMyb, however it is localised downstream 
of SLN1 (SLR1) (HO et al. 2003). 

Studies supporting the activity of a protein type called GRAS as a connecting 
hub between two phytohormones i.e., GA and ABA. Crosstalk between these two
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phytohormones has been growing, both physiologically and genetically, especially 
in the early stages of development of plant. In Arabidopsis, significant links between 
GA and ABA in the pathway of hormonal signalling has been observed via photo-
reversibility of seed germination (Seo et al. 2006). In ABA-deficient mutant aba2-2, 
biosynthesis of GA was found to be increased which further caused better far red 
light dependent germination of seeds. This observation establishes an antagonistic 
relationship between biosynthesis of GA and ABA within seeds which are in germi-
nating and growing stages (Seo et al. 2006). PHYTOCHROME-INTERACTING 
FACTOR3-LIKE5 (PIL5) which is a light sensitive protein mediates germination 
of seeds by regulating the transcription of GAI and RGA1 (both of them are 
DELLA proteins) along with this it also negatively regulates metabolism of ABA 
and GA (Oh et al. 2007). In rice, there are two WRKY factors; i.e., OsWRKY51 
and OsWRKY71, these two factors are repressed by GA and induced via ABA. 
Therefore, these factors connect ABA and GA signalling within aleurone cells and 
allowing crosstalk between both the hormones (Xie et al. 2006). Furthermore, H2O2 

has been identified as a major signalling molecule, in aleurone cells of barley it 
is synthesized by the activities GA which antagonises ABA signalling (Ishibashi 
et al. 2012). A phosphatidylethanolamine-binding protein called MFT (MOTHER 
OF FT AND TFL1) increases germination of seeds via a GA-mediated negative feed-
back control of ABA signalling (Xi et al. 2010). Studies confirmed the antagonistic 
crosstalk between GA and ABA signalling, and in response to environmental signals 
this crosstalk is a crucial process for modulating growth and development of plants 
(Xi et al. 2010). Moreover, seasonal modulation of seed dormancy provides more 
evidence for the importance of GA and ABA signalling interplay and antagonism 
in germination of seeds (Footitt et al. 2011). Surprisingly, synthesis of ABA and 
catabolism of GA elevated during dormancy, however when dormancy declined it 
was linked with a reduction in ABA and stimulation GA synthesis which is mediated 
by GA3ox1 (Footitt et al. 2011). 

GRAS transcription factors of the SCR, DELLA, SCL and SHR types, have 
recently emerged as regulatory centres to incorporate development mediated by GA 
into environmental adaptability (Achard et al. 2008; Fode et al. 2008; Cui et al. 
2012). Crosstalk between ABA-dependent and ABA-independent pathway with GA 
modulated tolerance of plants against many stresses such as drought, salinity, and cold 
establishing novel notions of convergence of hormonal signalling in plant cells. Inter-
action of the ABA and GA plant hormone pathways and convergence of signalling are 
expected to operate as a fundamental regulatory mechanism on response to environ-
mental stimuli for cell-specific development. Understanding GRAS type TF (tran-
scription factors) as essential connecting regulators for development of plants as 
well as in stress signalling will offer fresh and inventive methods for altering growth 
dynamics in response to stress within plants. 

The understanding of the complexities of hormone signalling provides potential 
to uncover new notions for agricultural features and it will be a viable target for appli-
cation in biotechnology to increase tolerance against environmental stresses in crops 
yet preserving development of plant and agricultural production. A diagrammatic 
representation of crosstalk between GA and ABA is shown in Fig. 1.
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Fig. 1 Crosstalk between GA and ABA resulting in increased stress tolerance 

2.2 Crosstalk Between Gibberellic Acid and Jasmonic Acid 
(JA) 

DELLA proteins, which are important repressors of the GA signalling pathway, 
control Jasmonic acid signalling via competitive interaction of MYC2 with JAZ 
proteins (Hou et al. 2010). When GA is absent, stabilised DELLAs competes with the 
MYC2 for binding affinity to JAZs, therefore releasing MYC2, which then stimulates 
the transcription of JA-responsive genes. Moreover, in presence of elevated levels of 
GA, DELLA proteins are degraded along with release of JAZs, which then bind to 
MYC2 in the presence of elevated GA levels. Ultimately this results in the suppression 
of activity of MYC2 and the retardation of JA signalling. It’s worth noting that the 
C-termini of JAZs along with domains of JA are required for connection between 
MYC2 and JAZs, as well as between DELLAs and JAZs (Chini et al. 2007; Hou  
et al. 2010). Furthermore, the C-termini have indeed been demonstrated to be crucial 
for the connection of JAZs with COI1 (Katsir et al. 2008). A beneficial connection 
between GA and JAs and GA has been proposed, because DELLA genes have been 
shown to interact with the transcription factors such as MYC4, MYC3, MYB24, and 
MYB21 (Lyons et al. 2013). 

GA and JA also work together to control initiation of trichome, development of 
stamen, and biosynthesis of sesquiterpene (Fig. 2). Both DELLAs and JAZs interact 
with the similar downstream TFs, such as MYC2, and WD-repeat/bHLH/MYB
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Fig. 2 Crosstalk between gibberellic acid and jasmonic acid leading to formation of trichomes 

a, regulated the synergy between GA and JA in regulating formation of trichome 
and biosynthesis of sesquiterpene (Fig. 2). In response to signals of GA and JA, 
DELLAs and JAZs are degraded, and MYB or WD-repeat/bHLH/MYB complexes 
are released for initiation of formation of trichomes. Furthermore, GA was shown to 
control biosynthesis of JA by the action of DELLAs, which inhibit the production 
of LIPOXYGENASE (LOX) and DELAYED ANTHER DEHISCENCE1 (DAD1). 

Furthermore, in case of cadmium stress, supplementing JA with GA3 showed to 
be a feasible strategy for allowing chickpea plants to flourish under Cd stress. The 
addition of JA and GA3 enhanced photosynthetic properties by protecting pigments
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and maintaining water balance. Aside from such activities, the combination of JA and 
GA3 demonstrated to be extremely effective in increasing osmoprotectants accumu-
lation and effectively detoxifying ROS by boosting the capacities of both enzymatic 
and non-enzymatic antioxidants to prevent damage from oxidative stress (Ahmad 
et al. 2021). Therefore, there must exists some crosstalk between JA and GA3 which 
helps chickpea to overcome cadmium stress. 

2.3 Crosstalk Between Gibberellic Acid and Strigolactones 

The gibberellin regulates biosynthesis of Strigolactones which is revealed by in silico 
analysis (Marzec and Muszynska 2015), it was further confirmed to be controlled 
through a signal pathway of GID1-DELLA (Ito et al. 2017). Furthermore, from the 
reports of Gao et al. 2009, it was observed that expression of ORYZA SATIVA 
HOMEOBOX 1 (OSH1) is elevated in gibberellic acid-deficient mutants (Lo et al. 
2008) as well as SL-signalling mutants (Gao et al. 2009), this suggests that GA and 
SL share a common molecular mechanism. 

There have been several attempts to establish a direct molecular relationship 
between downstream genes of GA signalling and SLs. Moreover, D14, for example, 
interacts with SLR1 (SLENDER RICE1) which is a DELLA protein that functions 
as a signalling component downstream of GA and also acts as an inhibitor of GA 
signalling, in an SL-dependent way (Nakamura et al. 2013). However, degradation 
of SLR1 induced by SL has yet to be experimentally verified, and the operational 
effect(s) of this association remain mostly unclear. Modern efforts to identify a molec-
ular link between signalling of GA and SL have generated evidence that support the 
functional independence of both hormones. For example, SL signalling had no effect 
on the deposition and stability of DELLA proteins (Bennett et al. 2016; Lantzouni 
et al. 2017). 

2.4 Crosstalk Between Gibberellic Acid and Brassinosteroids 

Brassinosteroids control GA production, and it has already been demonstrated that 
the BR-mediated TF BES1binds to promoters and controls biosynthesis of GA by 
binding to promoters. Arabidopsis thaliana mutant in BR signalling has been shown 
to have substantial impairment in biosynthesis of GA that has been associated with 
modified gene expression for biosynthesis of GA (Unterholzner et al. 2015). There 
is substantial reports that BRs have a role in GA-regulated control in growth under 
both normal and stressed circumstances. According to reports of De Vleesschauwer 
et al. (2012), it has been established that in rice an antagonistic relationship exists 
between GA and BR. Moreover, while examining the interacting role of GA and BRs, 
the BRs was used as a virulence factors to infect the roots of Pythium graminicola, 
and it was observed that BRs virulence factors take over the BR mechanisms in rice



242 S. Mitra et al.

to fight against the disease. By the use of biosynthesis inhibitors such as uniconazole 
and brassinazole for GA and BR respectively, it has been revealed that BRs leads 
to inhibition of SA-regulated defences and it occurs downstream of biosynthesis 
of SA and upstream of the NPR1 and OsWRKY45 which are master regulators in 
defence. When BR was exogenously applied, GA-regulated immunity was upreg-
ulated because BR interferes with the metabolism of GA metabolism, resulting in 
stabilisation of DELLA which is a suppressor of GA and a protein called SLENDER 
RICE1 (SLR1), respectively. This further indicates that in P. graminicola by the uses 
of BR pathway it induces the antagonistic effect of GA and SA regulated defences. 
Tong et al. (2014) discovered that a mechanism driving BR–GA crosstalk becomes 
active based on levels of hormone and tissue. They discovered that, under different 
physiological circumstances, cell elongation is promoted by BR via upregulation of 
biosynthesis of GA. This upregulation in GA biosynthesis is mediated by enhancing 
the transcription of D18/GA3ox-2 which is a GA-synthetic gene in rice. Exoge-
nously provided high quantities of BR reduced biosynthesis of GA via enhancing 
the transcription of the GA2-ox3 which is itself an inactivation gene for GA biosyn-
thesis. GA inactivation gene GA2ox-3 concurrent with inhibition of BR, producing 
growth retardation by lowering endogenous levels of hormone. They hypothesised 
that GA, via a feedback mechanism, suppresses biosynthesis of BR. The interac-
tion between DELLA and BZR1/BES1, results in regulated elongation of cell in 
Arabidopsis. Thereby establishing a direct signalling crosstalk between GA and 
BR. These cell elongations occur when DELLA proteins impact stability of protein, 
inhibiting BZR1 expressional activity, and GA releases DELLA-regulated suppres-
sion on BZR1, therefore promoting elongation of cells (Li and He 2013; Li et al.  
2012a, b). 

2.5 Gibberellic Acid and Ethylene Crosstalk in Salinity Stress 

Most of the plant tissues expresses genes responsible for metabolism of GA and 
ethylene and this was confirmed by transcipt meta-analysis. Therefore, ACC which 
is a precursor for both the GAs and the ethylene is biosynthesised on a large scale 
(Dugardeyn et al. 2008). When ethephon along with GA3 is applied exogenously 
in Amaranthus caudatus, it ameliorate suppression of seeds germination under salt 
stress (Bialecka and Kepczynski 2009). When NaCl is present, the impact of ethephon 
was observed before GA3, and the ethephon was observed to be more potent than 
GA3. Furthermore, GA3 and ethylene was observed to alleviate the negative effects 
of salt on germination of seeds (Mohammed 2007; Kumar and Singh 1996; Khan 
and Huang 1988). In pea, Foo et al. (2006) observed an interaction between GA and 
ethylene, where the presence of phytochromes adversely inhibited ethylene biosyn-
thesis, therefore lowering biosynthesis of GA. Moreover, GA and ethylene have a 
stimulatory effect in Arabidopsis on elongation of hypocotyl under light (De Grauwe 
et al. 2007). According to De Grauwe et al. (2008), increased biosynthesis of ethylene 
in mutant eto2-1 (ethylene overexpressing) is regulated by a GA responsive pathway
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because the gai eto2-1 double mutant (gibberellins insensitive; ethylene overex-
pressing) does not synthesis upregulated ethylene, implying that the GA regulates 
stability of the ACS5 protein. Furthermore, it was demonstrated that active ethylene 
signalling reduces GA levels, hence stabilising DELLA proteins (Vandenbussche 
et al. 2007). In Arabidopsis, GA treatment leads to degradation of five proteins of 
DELLA family by the action of 26S proteasome (Fu et al. 2002; Dill and Sun 2001). 
Furthermore, ethylene impacts stability of DELLA predominantly through variations 
in concertation of GA, allegedly through posttranscriptional modulation of few regu-
latory genes such as GA3ox, GA20ox, GA2ox (Vandenbussche et al. 2007; Achard 
et al. 2007). 

The destabilisation of DELLA proteins by the action of GA is controlled by 
environmental cues (such as light and salt) as well as other plant phytohormone 
signalling (including ethylene and auxin), revealing the molecular underpinnings of 
this crosstalk (Achard et al. 2006). In Fagus sylvatica, the hormonal control of a 
gene called GA 20-oxidase has suggested that GA and ethylene crosstalk during the 
shift from dormancy of seed to seed germination (Calvo et al. 2004). Furthermore, 
treatment with GA causes expression of ACO in ga1-3 seeds (Ogawa et al. 2003). In 
the presence of light, an excess level of ethylene does circumvent the requirement 
of GA and stimulate seeds germination in ga1 mutant of Arabidopsis; however in 
the absence of light, the impact is considerably less (Koornneef and Karssen 1994; 
Karssen et al. 1989). The relationship between GA and ethylene appears to be antag-
onist since high concentrations of GA restore germination of seeds in etr1 mutant 
(Bleecker et al. 1988). 

According to reports from Steffens et al. (2006), GA is not much effective on 
its own, however it works synergistically with ethylene to increase the number of 
penetrating roots and the rate of development of emergent roots. Because of the 
synergistic effects of ethylene and GA, they have common signalling component 
GA was practically ineffectual in stimulating root growth or development on its 
own, however when the roots were NBD (ethylene inhibitor) treated, neither of GA 
nor of ethylene could enhance root growth (Lorbiecke and Sauter 1999). As a result, 
the activity of GA on adventitious roots necessitated ethylene signalling and it was 
confirmed that GA functions downstream of the ethylene receptor, and activity of 
GA necessitated activated ethylene signalling via ethylene binding to its receptor. 
The biochemical characterisation of several GA-regulated mutants resulted in the 
identification of the DELLA and GID1, which are critical elements of pathway 
for the GA/GID1/DELLA pathway which allows plants to respond stimuli of GA 
(Harberd et al. 2009). 

The pathway of GA–GID1–DELLA allows plants to endure temporary growth 
arrest and so withstand stress. Studies of the interaction among pathway of GA– 
GID1–DELLA and ethylene signalling revealed that in seedlings of DELLA-
deficient mutant the growth of roots are inhibited by the action of ethylene signalling 
(Achard et al. 2003). Furthermore, the preservation of the enlarged structure of apical 
hook which is a characteristic of dark-grown seedlings which was treated with ethy-
lene demonstrated to be reliant on the absence of inhibition of growth by the help of 
DELLA protein (Vriezen et al. 2004; Achard et al. 2003). According to the current
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research, GA and ethylene may function either antagonistically or synergistically. 
However, under stress, ethylene acts on DELLA protein and leads to decreased 
concentration of GA. 

3 Conclusion and Future Prospective 

GA is an important phytohormone in plants which promotes germination as well as 
growth of internodes during development of seedlings. Recent prevailing opinion is 
that different abiotic stress suppresses accumulation of GA along with the signalling 
pathway that go with it. Under stress conditions, there is an increase in cellular 
amount of DELLA proteins. These proteins helps to develop functional cross-talks 
with different phytohormones in plants such as ethylene, strigolactones, jasmonic 
acid, absicic acid, brassinosteroids, etc. Furthermore, GA controls the amount of 
reactive oxygen species within the cell. Under different types of stress conditions 
such as drought, salinity, high temperature, many key TFs such as DREBs, MYCs, 
JAZ, PIFs and CBFs engage in signalling pathway of GA. The final GA-regulated 
physiology under stress is complicated by such quick but nuanced interplay among 
various phytohormones. 

Abiotic stressors such as salinity, cold, drought have been shown to cause epige-
netic changes. Transgenic rice plants that upregulates the production of GA via 
overexpressing GA2ox, have produced high yielding variants with improved toler-
ance to stress. Furthermore, genome wide research must be carried out to uncover 
new catabolic locus of GA that may be successfully mapped for strict stress resistant 
cultivars, and high yielding variant. Effective field testing, accompanied by produc-
tion of these transgenic crops, will assure worldwide food quality as well as a huge 
boost to the agrarian economy. 
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and Auxins, Cytokinins and Gibberellins 
Under Biotic Stress 

Devendra Singh , Vinay Kumar Dhiman, Himanshu Pandey, 
Vivek Kumar Dhiman, and Devendra Pandey 

Abstract Plants have evolved the defense systems to fight with the attacking 
pathogen. Phytohormones (plant hormones) like salicylic acid (SA) play as signals to 
mediate and trigger different plant resistance responses. It was also found that during 
the plant response against the abiotic stresses like heat, chilling, osmotic, and drought 
stress, SA plays a crucial role. On the other side, plant hormones like cytokinins, 
gibberellic acids (GA), and auxin, that were found connected with the abiotic stress 
and developmental responses, also perform a vital role in the plant defense signaling 
system against pathogens. These plant hormone pathways are interrelated either 
synergistically or antagonistically, giving plants greater control over their adaptation 
to their biotic environment and utilizing their limited resources to grow and develop 
cost-efficiently. In order to increase its virulence and to affect the plant signaling 
system, pathogens also start developing the strategies. This chapter provides detailed 
information regarding the signaling pathway in salicylic acid and SA-mediated inter-
actions with other plant hormones. In addition, SA-regulated physiological functions 
were also discussed in this chapter.
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1 Introduction 

Salicylic acid is a small aromatic phenol derivative structurally formed of phytohor-
mone (ortho or 2-hydroxy benzoic acid) with hydroxyl derivative produced by plants 
(Mishra and Baek 2021). Salicin (ß-glucoside form of salicylic alcohol) compound 
was the first to be isolated hence named over as salicylic acid from willow tree 
bark (Salix alba). It can also be introduced exogenously as in a synthetically formed 
derivative (Mishra and Baek 2021). Salicylic acid is considered “an assisting” phyto-
hormone with widely divergent, elaborated physiological regulatory mechanisms in 
plant metabolism, growth, disease resistance, and stresses (Dempsey et al. 2011). As 
SA is involved in regulating different metabolites, it acts as a hormone that directs 
the biosynthesis of other hormones or signaling hormones (jasmonic acid, ethylene, 
auxin, etc.) when required, thus affecting direct and indirect growth regulation in 
plants thereby is involved in stress-induced endurance in plants (Li et al. 2019). It 
is widely present in various plant species involved in structural and developmental 
growth in plants. Ion uptake, nutrient translocation, their transport, transpiration 
process in stomata, gas exchange, photosynthesis all are affected by salicylic acid 
presence. Structural changes in leaf and chloroplast, induced flowering, pathogen 
resistance proteins-enzyme activity, increasing antioxidant concentration in plants 
thus involved in defense against virus and fungal pathogens, etc. (Blokhina et al. 
2003; El-Tayeb 2005). Developmental aspects such as germination, nodulation, the 
yield of the plant, senescence, etc., are also affected (Vlot et al. 2009). 

SA is biosynthesized from two pathways that are distinct and use different precur-
sors and routes for its synthesis (Chen et al. 2009). The phenylpropanoid which is 
produced in the cytoplasm via phenylalanine, whereas other pathways, i.e., isocho-
rismate in the chloroplast. SA in plants is present in glucosylated and methylated 
forms (Chen et al. 2019). The glucose conjugate has a hydroxyl group and results in 
the formation of SA glucoside, which is the majority; on the other side, SA glucose 
conjugate with carboxyl group form SA ester of glucose in lesser or minor levels 
(Chen et al. 2009). 

SA hormone in plants is a multipotent hormone that has a significant role in 
defense immunity stress responses (Vlot et al. 2009). In coordination with other 
hormones such as cytokinin, gibberellic acid, auxin, abscisic acid, etc., it contributes 
to regulating different aspects of growth stages and development of anatomy in plants, 
influencing the biochemical mediated responses still not as clear. Its dual contribution 
in defense and metabolism cannot be unnoticed as a balance and homeostasis in plants 
is achieved through the significant role of SA (An and Mou 2011). 

Hormones-based studies and results are based on studies on Arabidopsis thaliana, 
signaling pathways, and interaction of hormones we know today (Allasia et al. 2018). 
In monocots such as rice, an additional role of defense and by these phytohormones 
is seen. Cross talking can be observed in rice plants, and the influence of SA can be 
seen in disease resistance, traits similar to a superior variety of rice can be achieved 
with phytohormones signaling at specific levels in plants (Vemanna et al. 2019). 
Identification of regulatory proteins their roles in transforming resources such as
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Fig. 1 A systematic overview of hormonal crosstalk that is involved in the plant defense against 
pathogens. Negative and positive interactions were indicated by lines with bars and arrows, 
respectively 

plants are of significant importance. A systematic presentation of hormonal crosstalk 
is shown in Fig. 1. 

2 Signaling Pathway in Salicylic Acid 

There are receptors that sense the pathogens through patterns of molecules acting 
as receptors, i.e., pattern recognition receptors (PRRs) hence called pathogen-
associated molecular patterns (PAMPs). All this leads to the initiation of PAMP-
triggered immunity (PTI) as a defense against colonizing pathogens (Boller and Felix 
2009; Schwessinger and Ronald 2012). Resistant proteins (R) identify molecules 
produced by pathogens as effector proteins, thereby initiating effector-triggered 
immunity (ETI) in plants. These responses are strong in hypersensitivity and lead to
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programmed cell death in infectious cells via ETI (Dodds and Rathjen 2010; Spoel 
and Dong 2012). Together PTI and ETI form systemic acquired resistance (SAR) 
so that uninfected cells remain prepared for such infections. PTI or ETI activation 
as defense signal pathways generate signals through infected tissues to tissues that 
require signaling at distal ends (Schwessinger and Ronald 2012; Spoel and Dong 
2012). Hence it may be a way to retain immunity against many pathogens for a longer 
time via SAR. SA is found to be accumulated in leaves with systemic acquired resis-
tance (SAR) due to pathogenic infections; over time, there is a development in SAR 
and increased expression of Pathogenesis related genes (PR) (Takatsuji and Jiang 
2014). SA and its derivative analog compounds are directly involved in PR genes 
expression provide resistance against a range of viruses, bacteria, fungal infections 
in different monocot and dicot plants, e.g., 2,6-dichloroisonicotinic acid, benzothia-
diazole S-methyl ester, probenazole (Takatsuji and Jiang 2014). Therefore, analogs 
of SA are also triggered for the development of systemic acquired resistance (SAR) 
and PR gene expression without worrying about drug resistance as with various 
pesticides as well as their absorption within plants. Hence these are named as Plant 
Activators because SA triggers the defense mechanisms for disease control in plants. 
Plants such as Nicotiana tabacum and Arabidopsis are able to degrade SA by the 
expression of enzymes within them, thereby preventing the SAR triggering (Lefevere 
et al. 2020). 

Such conditions can be prevented by introducing endogenous SA. Therefore, SA 
plays an important role in introducing the defense mechanism, essentially becoming 
a regulator for plant defense and disease control. Various upstream regulators can 
control the SA accumulation affecting disease control in plants (An and Mou 2011). 
Arabidopsis and some other species consist of NPR1, a downstream regulator of 
SA acting as transcription coactivator of PR1. NPR1 (termed as NONEXPRESSER 
OF PR) and NPR3/NPR4 are two classes of receptors that support the SA defense 
hormone (Liu et al. 2020). The receptors are able to regulate gene expression induced 
by SA in two pathways, thus stimulating the genes involved in defense and immunity. 
NPR1 is a transcriptional activator, and its binding with SA promotes NPR1 activity 
(Ding et al. 2018). 

On the other hand, NPR3/NPR4 act as a transcriptional repressor for SA-
induced genes during no pathogenic infection. When SA is present, de-repression 
of NPR3/NPR4 takes place due to its binding to SA, thus activating defense genes 
(Ding et al. 2018; Liu et al. 2020). NPR1 and NPR4 require SA for the biosynthesis 
of N-hydroxypipecolic acid (NHP) essential for induced systemic acquired resis-
tance (SAR). NPR protein family receptors NPR1 and NPR3/NPR4 are essential for 
plant defense and immune systems that are triggered by the positive feedback of 
SA and its modified forms with hydroxylation and glycosylation (Liu et al. 2020). 
When there is an increase in pathogenic infections, the rate level of SA biosynthesis 
increases and is produced mainly by the isochorismate pathway in the Arabidopsis 
plant. Isochorismate synthase 1 (ICS1) is a SA biosynthesizing enzyme encoded by 
SA-DEFICIENT 2 (SID2) expression when pathogens are detected. Both SID2 and 
ICS1 induction is due to the presence of transcriptional factor Systemic Acquired 
Resistance Deficient 1 (SARD1) and Cam binding protein (CBP60g), which leads
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to reduction of ICS1, thus assisting SA biosynthesis (Zhang et al. 2010; Wang et al. 
2011). 2,5-Dihydroxybenzoic acid (DHBA) is a prominent form of benzoic acid that 
plays a major part in catabolizing SA and maintaining its level or homeostasis through 
hydroxylation. Another form of SA hydroxylates, i.e., SA 5-hydroxylase (S5H), is 
encoded by protein DMR6, which is further converted to 2,5-DHBA, finally forming 
SA also provides disease resistance (Zhang et al. 2017). 

3 SA and Other Hormones 

Plants consist of several hormones that interact within themselves in homeostasis 
for the proper functioning of plant metabolism. Some of these are also involved 
in immune and defense signaling pathways, unlike growth, maturation, and other 
developmental, metabolic processes (Morgan and Connolly 2013). Salicylic acid 
initiates signaling with other phytohormones and proteins, thereby forming a 
cascade of responses and activating immune responses during pathogens invasion 
as well as differentiating them from damaged cells or foreign cells. Phytohormones 
such as jasmonic acid, abscisic acid. Auxin, cytokinin, gibberellic acid, peptides, 
brassinosteroid, etc. (Takatsuji and Jiang 2014). 

4 SA Interaction with Auxin 

Auxin is involved in overall plant growth, maturation as well as development. 
Pathogens can manipulate auxin biosynthesis within plants or even produce them-
selves, ceasing or preventing the hormone from functioning as in plant develop-
ment (Chen et al. 2007; Robert-Seilaniantz et al. 2007). With the advancement in 
time, plants have evolved to repress the auxin signaling by pathogens. Plants that 
produce an excess of SA as defense signaling molecules act as resistant pheno-
type against auxin level; clearly, SA is responsible for interfering with auxin level 
in such plants (Mishra and Baek 2021). Hence, SA induces global repression of 
genes involved in auxin sensitivity via regulating Aux/IAA repressors mechanism. 
Therefore, blocking auxin sensitivity helped in increasing resistance against such 
pathogens (Wang et al. 2007), whereas introducing auxin via external sources causes 
the promotion of pathogens. Enzymes involved in crosstalk between SA and auxin 
GH3.5 that act as a conjugate between both phytohormones are key to switching the 
repression on and off (Westfall et al. 2016). Also, a low level of jasmonic acid indi-
cates loss of arf6 and arf8 as auxin response factor genes required for the expression 
of auxin in plants due to mutation (Hentrich et al. 2013). Both SA signaling as well 
as auxin signaling is opposite to each other in an antagonistic way.
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5 SA and Abscisic Acid 

Abscisic acid is a key phytohormone in adapting abiotic stress in plants. It negatively 
regulates with SA as the accumulation of exogenous supply of ABA prevents accu-
mulating SA, indirectly decreasing pathogens resistance in plants like Arabidopsis 
against Pseudomonas syringae (Mohr and Cahill 2003). ABA can also decrease SAR 
induction consecutively; it also interacts negatively with SA for molecular signaling 
(Yasuda et al. 2008). Arabidopsis and tomato have been shown to produce mutants 
that synthesize a lesser amount of phytohormone. ABA, conversely increasing resis-
tance to pathogens and induced defense mechanisms compared to wild type. ABA 
is considered to have a negative impact on SA, which is directly related to SAR and 
other defense mechanisms decreasing pathogenic resistance in plants (Liu and Hou 
2018). ABA affects callose deposit, increases reactive oxygen species, interference 
with genes involved in defense mechanisms. 

6 SA and Cytokinins 

Cytokinins are known to differentiate cells by proliferating them and multiplying their 
numbers during plant development. CKs have been found to be indulged in some 
pathogenic interaction in plants (Jameson 2000). In the case of Agrobacterium tume-
faciens crown gall infection of dicotyledonous plants, overproduce CKs and indole 
acetic acid (Auxin) is due to genes (IPT for CKs, iaaM/H for auxin) involved in the 
production of enzymes isopentenyl transferase for CKs and enzymes tryptophan-
2-monooxygenase and indoleacetamide hydrolase production for auxin present in 
bacterial DNA introduces in plants during infection (Jameson 2000). Cytokinins can 
be used by pathogens as a virulence factor in plants. CKs can also modulate SA 
signaling against hemibiotrophic bacteria (Pst DC3000) and biotrophic oomycete in 
Arabidopsis (Choi et al. 2010; Argueso et al. 2012). CKs form a complex (consisting 
of CK-activated transcriptional factor, Arabidopsis response regulator 2, TGA3 from 
a protein in Arabidopsis) with SA responsive transcriptional factor. PR1 and PR2 
genes promoters bind to this complex for positive induction of defense response (Choi 
et al. 2010). In transgenic plants such as tomatoes, CKs were able to delay senes-
cence weaken the Botrytis cinerea infection, whereas, in transgenic Arabidopsis, CK  
was able to endure more resistance from fungal pathogen Alternaria brassicicola 
KACC40036 (Choi et al. 2010). 

7 SA and Gibberellic Acid 

Phytohormone such as gibberellic acid (GA) has a primary role in growth promo-
tion. It was first identified in Gibberella fujikuroi, a fungal pathogen of rice causing
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abnormal growth in rice plants (Cen et al. 2020). However, GA was also observed 
to influence signaling during pathogen interference with plant activities. Bioac-
tive GA hyperaccumulation in rice is due to a mutation in the Eui1 gene, which 
is responsible for encoding GA degradation makes rice susceptible to pathogens 
Magnaporthe oryzae, but overexpressing the same gene Eui1 resulted in resistance 
against pathogens (Yang et al. 2008). Thus, GA’s role in resistance can be nega-
tive in hemibiotrophic pathogens. In another study, the gid1 mutant of rice showed 
resistance to fungal pathogen Magnaporthe oryzae due to its defectiveness for GA 
perception (Tanaka et al. 2006). Analyzing the quadruple (rgl2-1, rga-t2, gai-6, rgl1-
1) infected della mutants genes revealed SA marked genes are induced earlier than 
JA (Chen et al. 2017). Hence it may be noted that there is a modulation in balancing 
SA and JA mediated in defense signaling. DELLA proteins which negatively regu-
late GA signaling due to mutation in Arabidopsis, DELLA proteins are responsible 
for susceptibility against biotrophs and resistance against necrotrophs (Navarro et al. 
2008). As SA and JA genes marker patterns suggest that DELLA mutant proteins 
were able to resist disease in rice, it may be due to cross-talk between SA and JA in 
rice and Arabidopsis (Navarro et al. 2008). 

Rice dwarf virus (RDV) is responsible for repressing GA biosynthesis, causing 
dwarfism in rice phenotypes similar to GA defective rice mutants, application of 
exogenous GA was able to restore normal phenotype. RDV modulation of GA 
metabolism for causing disease showed repression of ent-kaurene oxidase enzymes 
that is responsible for GA biosynthesis (An and Mou 2011). The gid1 mutant 
showed resistance against blast fungus due to its defectitity for GA reception, thereby 
accumulating GA (Takatsuji and Jiang 2014). 

8 SA-Regulated Physiological Functions 

8.1 Effect on Seed Germination 

Seed germination is regulated by different phytohormones such as gibberellins, 
auxins, cytokinins; SA’s role in germination is ambiguous or unclear as it has been 
seen that SA affects the seed germination in a positive and negative way, it can 
increase seed vigor or sometimes can cease growth (Lee et al. 2010). In Arabidopsis 
thaliana, less than 1 mM concentration inhibits or slows the germination. Similarly, 
in barley, less than 0.250 mM SA showed a similar result impacting the negative effect 
of germination (Rivas-San and Plasencia 2011). In maize, germination is ceased with 
an SA level of 3 to 5 mM. SA regulation in the case of germination is negative due 
to its induction of oxidative stress. Oxidative stress was observed in the Arabidopsis 
plant when SA was treated up to 5 mM. An increase in H2O2 increases Cu and 
Zn activity when there is a lack of antioxidants such as catalases or peroxides etc. 
(Rivas-San and Plasencia 2011).
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9 Photosynthesis 

SA is responsible for affecting leaf, chloroplast structure, and RuBisCO activity due 
to its interaction with other phytohormones. SA regulates photosynthesis due to its 
effect on leaves, chloroplast structure, chlorophyll and carotenoid content, stom-
atal closure, enzymes such as RuBisCO carbonic anhydrase. Treating higher SA of 
1–5 mM can affect the photosynthetic rate, RuBisCO activity in barley, reduction 
in chlorophyll content in wheat Arabidopsis plants. RuBisCO activity declination 
resulted in a 50% reduced protein level compared to control. Exogenous applica-
tion of SA resulted in altered anatomy in leaves due to reduction in adaxial, abaxial 
epidermis, and mesophylls. Other changes include are increased chloroplast volume, 
grana thylakoids swelling, coagulated stroma. Therefore, indirect changes to plant 
structure lead to changes to its metabolic functioning and essential enzymes like 
RuBisCo. All resulted in a lower rate of photosynthesis, especially a higher level of 
SA effect on thylakoid membranes and stroma. Moharekar et al. have observed that 
SA was able to regulate the synthesis of carotenoids and xanthophylls but decreased 
the chlorophyll a and b ratio in wheat. Fariduddin et al. 2003 studied the foliage 
application of SA. Its derivative was able to increase transpiration rate, transpira-
tion, and stomatal conductance in Brassica juncea. Similarly, in soybean foliage, 
the application of SA increased water efficiency, transpiration, and CO2 level (Yusuf 
et al. 2013). 

10 Respiration 

SA has a regulation role in maintaining alternative oxidase signaling during stress 
in plants. SA can express the regulation of AOX in positive and negative depending 
on its concentration or level (Vanlerberghe 2013). The lower level of SA induces 
transcription proteins but not at a higher level. In thermogenic plants such as Sauro-
matum guttatum SA induces gene expression for AOX pathways regulation. In 
Arabidopsis, post transcription mechanisms involve abundance in the transcript and 
protein (Vanlerberghe 2013). As AOX plays a major role in providing metabolic 
homeostasis, its regulation in plants is important, especially during stress. Thus, 
SA is involved in regulating gene expression for AOX in both the thermogenic and 
non-thermogenic plant species. SA has a role in resisting major respiration choking 
chemicals such as cyanide as observed in tobacco cell culture suspension; increasing 
the amount of SA causes increased cyanide resistance and oxygen uptake measured 
by calorimetry as heat rate evolves in cells. Genes such as NtAOX1 are involved in 
expressing proteins abundance showed increased transcription when treated with SA 
(Rivas-San and Plasencia 2011).
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11 Flowering 

SA is known to influence the flowering in plants, as we know during the course 
of studies in flowering. It was first observed in tobacco callus as SA induces flow-
ering in the callus when injected in µM concentration. It was found that aphid 
honeydew induces flowering in plants such as Lemnagibba kept under observation 
in a non-photoinductive cycle of light due to secretion of SA via phloem transmissible 
factor (Wada et al. 2010). SA was also observed to induce flowering in many plants 
genera, such as the Lemnaceae family, in both short as well as long-day plants and 
photoperiod sensitive plants. In species such as Pharbitisnil, stress conditions like 
poor nutrition induce flowering, amino-oxyacetic acid is used to treat flowering, but 
the application of SA restores similar conditions for flowering. Thus, concluding the 
importance of SA in inducing flowering in special conditions such as poor nutrient 
stress in plants (Wada et al. 2010; Yusuf et al. 2013). 

12 Senescence 

Senescence is when metabolic activity slows down in a plant. Declined photosyn-
thesis rate, increased ROS level, and decreased antioxidants in plants are the signs 
of senescence. As SA is involved in regulating other processes such as homeostasis 
around the cells in plants, the photosynthesis rate is not surprising; it is certainly 
involved in regulating senescence in plants (Takatsuji and Jiang 2014). Accumula-
tion of SA is also responsible for senescence up to some extent. Arabidopsis plants 
have shown an increase of SA utmost four times during the mid-stage of senescence. 
Interfering or abrupting biosynthesis of SA, introducing genes that slow or ceases its 
biosynthesis (transgenic NahG, mutant pad4), or abrupting signaling pathways such 
as in NPR1 can alter the stages of senescence, delaying its effect such as necrosis 
and yellowing leaves compared to wild type for same plants (Vogelmann et al. 2012; 
Takatsuji and Jiang 2014). 

13 Growth 

Growth and survival in plants are crucial for all life forms to exist. A plant species 
can exist only when it grows and flourish in the surroundings while maintaining its 
development. SA phytohormone affects growth depending upon plant species and 
their developmental stage. Soybean plants showed increases in root shoot growth with 
application of SA; as the level of SA was increased from 10 µM to 10 mM, there 
is an increase in growth up t0 45%, respectively, after a week compared to control 
(Takatsuji and Jiang 2014). Wheat also showed a similar result when 50 µM SA  
applications were given development in the apical meristem of roots was observed.
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Fig. 2 A pictorial representation of salicylic acid (SA) functions in plant development and growth. 
Salicylic Acid is perceived by a transcriptional activator (Nonexpressor of PR-1) which regulates 
the expression of a gene that may involve seed germination, senescence, and also in flowering. 
Further, Salicylic Acid also inhibits the catalase-peroxidase enzyme activity, thus modulating the 
levels of ROS (reactive oxygen species). NPR1 (Nonexpressor of PR-1) oligomerization is also 
redox modulated 

In chamomile plants, 50 µM SA stimulated 32% growth in leaf and 65% roots in 
growth, but with increasing the concentration as high as 250 µM ceases the growth 
(Kovacik et al. 2009). In Arabidopsis, thaliana trichome density and number is 
negatively affected the SA level compared to control (Takatsuji and Jiang 2014). 
Figure 2 shows the functions of SA in plant growth and development. 

14 Concluding Remarks and Future Perspectives 

Salicylic acid regulates signaling pathways that involve plant defense mechanisms 
with a varied cascade of receptors and defense action against pathogens. Many of the 
phytohormones are affected by SA, and crosstalk between SA and other hormones 
may influence the plant growth, development, homeostasis, maturity, responsive-
ness against different stresses. GA, CK, and auxin are the main phytohormones that 
regulate growth, cell division, development, and senescence in plants; governing 
these phytohormones need signaling and cross-talk for regulation of pathways and 
expression of genes responsible for phenotype characters required by the plant. These 
may be for survival, development, or establishment of the plant. SA is the junction
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that signals the other phytohormones directly or indirectly. It may regulate other 
hormones in positive or negative feedback. Crosstalking is required for adaptation 
to the environment by plants as signaling between hormones maintains the function-
ality of metabolism, and with changes in the environment, plants require sensing 
and adapting for survival. Crosstalk can be antagonistic depending on plant response 
to stress. Crosstalks between hormones are affected by different factors such as 
hormone level, age and development stage, environmental stress to the plants. Also, 
plant-pathogen interaction can stimulate hormones; differently, signaling can be a 
specific pathway that merges with another pathway depending upon the specificity of 
the requirement by the plant. Pathogenic infections influence integrated signaling in 
interconnected, complex coordination of hormones leading to activation of defense 
genes such as SAR and cascade of ETI and PTI mechanisms of PR genes. NPR1 
and NPR3/NPR4 induction by SA in defense against pathogens. The same level of 
a hormone can have different effects on plants, negative or positive regulation in, 
especially in growth. Excess of SA inhibits growth in some plants but at an adequate 
level induces growth. SA can induce flowering, but at the same time, it can induce 
senescence by the accumulation of ROS in some parts of the plant. SA regulates 
other enzymes that are beneficial for plants, such as AOX required for the removal 
of scavengers that choke respiration in plants. SA also plays an important role in the 
resistance of diseases, as in the case of rice, SA interaction with JA regulates DELLA 
proteins required for resistance against fungal pathogens. Some interactions impact 
negatively the plants, such as ABA and SA, where ABA is antagonistic to SA. 

Crosstalk between phytohormones can be experimentally tested for beneficial 
effects in plants as it plays an important role in the survival of plants; beneficial inter-
actions provide more evolutionary adaptation in plants. Furthermore, these phytohor-
mones can be exogenously introduced to plants that show positive results for growth 
development, as, for the economic value of crop application, part of hormones can 
be widely used. Disease resistance in plant type variety without using harmful chem-
icals can be induced based on requirement levels of phytohormones. Plant mutants 
can also sometimes alter the utilization of hormones in positive ways related to the 
development of plants or adaptation for newer conditions. Therefore, identifying the 
potential of phytohormones such as SA and inducing its application part is necessary 
by observing their role with changes in the environment. The same hormone can be 
potentially advantageous to certain plants but not to others. 

As several processes that involve SA are not specifically known, SA’s role in 
stress, such as both biotic and abiotic, is based on the plant sensitivity level of a SA 
during mitigation of stresses. Application of SA such as spraying, irrigating, and 
solutions have also induced its level in plants, thus involved in resistance to many 
stresses and diseases that may not be known to us. SA functionality can vary with 
plant species as a complex signaling pathway depends on the response of the plant 
to stress. Genes can be induced in the presence of SA as a protective response to 
the environment. Exogenous SA may not be linked directly to its endogenous level, 
but they surely affect plant metabolic and physiological behavior. Also, the plant’s 
genetic nature is important and needs to be compatible with SA level in a positive 
way, such as in dicot plant of rice or tobacco or in Arabidopsis. The effect of SA in
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plant resistance to stresses and pathogens can be contradictory. The same treatment 
of SA level in plants can provide resistance to one stress but simultaneously can make 
plants vulnerable to other kinds of stresses that may not be as critical but surely can 
influence plants to cope with surroundings. SA exertion of different types of stresses 
is phenomenal but may be dependent or independent of plant species, pathways, 
and signaling, crosstalk with other hormones that may or may not be present at the 
required level. 
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Understanding the Crosstalk Between 
Chromatin Remodeling Mechanism 
and Phytohormones Signaling 
for Maintenance of Plant Developmental 
Plasticity: An Insight 
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Abstract As inanimate in nature, plants exhibit a high level of developmental 
plasticity in their growth and development to combat environmental fluctuations. 
Plants have evolved highly efficient response mechanisms including phytohormones 
(auxin, cytokinin, gibberellin, abscisic acid, ethylene, brassinosteroids, salicylic acid, 
jasmonic acid) for maintaining growth and development in response to variable envi-
ronmental stimuli. The tight control of the signaling network regulates the biosyn-
thesis, degradation, and efficient transport of phytohormones at the site of their 
cellular response. Plants regulate the action of phytohormones through spatiotem-
poral distribution. Interestingly, it has been observed that phytohormones not only 
govern cell division, flowering, cell proliferation, seed germination but they also 
respond to several biotic and abiotic stress conditions. Recent studies revealed that 
the ATP-dependent chromatin remodelers (ACRs) also regulate the biosynthesis and 
signaling of phytohormones in plants. The dynamic nature of chromatin architec-
ture determines transcriptional accessibility to DNA and gene expression levels in 
response to developmental and environmental stimuli. The single and double mutants 
of ACRs, particularly the SWI/SNF chromatin remodelers were found to be associ-
ated with complete impairment of the phytohormone signaling network. Moreover, 
epigenetic modifications also modulate the transport and signal transduction mech-
anisms of phytohormones. Interestingly, phytohormone signaling also affects the 
expression of many chromatin modifiers. So, the chromatin remodelers and phytohor-
mones may interact at multiple levels to regulate plant growth. The complex crosstalk 
mechanism of phytohormone signaling and chromatin structure is still largely enig-
matic. In this present book chapter, we have a specific focus on the function of chro-
matin modifiers in the modulation of chromatin structure and the interactions with 
the phytohormone biosynthesis and signaling to showcase their molecular crosstalk 
mechanism in the context of the multidimensional growth response in plants.
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1 Introduction 

Being immobile, plants can’t avoid various biotic and abiotic stresses which greatly 
affect their genomic stability. During evolution, plants evolve highly efficient phys-
iological, biochemical and molecular mechanisms to attain desirable growth and 
development under environmental stress conditions. The developmental plasticity 
of plants helps them to combat and tolerate these environmental assaults throughout 
their life (Gratani 2014). Modulation of gene expression at the post-transcriptional or 
post-translational level regulates the cellular fate in plants. Under stress conditions, 
gene expression is often governed by modification of histone proteins, chromatin 
remodelers, and deposition of histone variants (Fan et al. 2005; Kim et al. 2019; 
Banerjee and Roy 2021). The chromatin ultrastructure is composed of DNA and 
histone proteins (Cedar and Bergman 2009). The higher-order structure of chromatin 
comprised of a tightly packed genome restricts the access of transcription factors 
and transcription machinery to genes. Thus, remodeling of chromatin facilitates the 
opening of the compact structure via conversion of chromatin from a transcription-
ally inactive to a transcriptionally active state (Bannister and Kouzarides 2011; Wang 
et al. 2019). 

For more than a decade, chromatin remodeling and dynamic changes in chromatin 
in the context of activation of DNA damage response (DDR) and repair have gained 
prime focus in the research of plants (House et al. 2014; Donà and Mittelsten 2015; 
Banerjee and Roy; 2021). To regulate the expression of stress-responsive genes, 
different classes of ATP-dependent chromatin remodelers (ACRs) such as SWI/SNF, 
ISWI, INO80, and CHD are reported to play a key role in plants (Bhadouriya et al. 
2021). It was observed that mutants of any one of the subunits of ACRs exhibit 
impaired growth and development such as alteration of stem cell population in root 
and shoot apical meristem, defects in flower morphogenesis, repression of lateral root 
initiation, and leaf maturation (Fukaki et al. 2006; Sang et al. 2012; Wu et al.  2012; 
Efroni et al. 2013). Moreover, histone modifications (more specifically methylation) 
and DNA methylation are also involved in the reprogramming genome and gene 
silencing (Kim 2019). 

The initial response of the plants following exposure to abiotic and biotic stresses 
includes modulation of intracellular calcium concentration, activation of kinase 
cascades, and production of reactive oxygen molecules (Verma et al. 2016). In addi-
tion to activation of the signaling cascades and production of ROS, phytohormones 
activate specific signal transduction pathways upon the perception of abiotic or biotic 
stress (Ku et al. 2018). The remodeling of chromatin also regulates the signaling and 
biosynthesis of major phytohormone genes. Phytohormones play a crucial role as 
a chemical messenger and regulate various plant physiological and developmental 
processes of plants (Kazan 2015). In very low concentration, they respond to both 
internal and external stimuli via involvement in the signal transduction pathways 
during environmental stress. Plant development broadly depends on biosynthesis 
and degradation, their cellular responses that control the developmental pattern and
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cell division to shape the plant body. Besides their crucial involvement in the develop-
ment of shoot and root meristems, leaf senescence, cell division, it was also observed 
that phytohormones modulate the chromatin structure of major DNA repair proteins 
and facilitate genome stability (Donà et al. 2013). Phytohormones are composed of 
five major families, namely auxins (IAAs), cytokinins (CKs), abscisic acid (ABA), 
gibberellins (GAs), and ethylene (ET). Salicylates (SAs), jasmonates (JAs), brassi-
nosteroids (BRs), strigolactones (SLs), and polyamines represent new families of 
phytohormones. The different phytohormones may crosstalk at different develop-
mental stages in plants. It was observed that ABA, SA, JA, and ET play a crucial 
role in plant defense response against pathogens and abiotic stresses (Bari and Jones 
2009; Nakashima and Yamaguchi-Shinozaki 2013). 

Recently, it was observed that chromatin modifiers and phytohormones interact to 
regulate the developmental plasticity and genome stability in plants (Ojolo et al. 2018; 
Sarnowska et al. 2016). But the mechanism of their action remains unclear. It was 
observed that the SWI/SNF family of chromatin remodelers regulate the biosynthesis 
and activity of several phytohormones via interacting with their biosynthesis genes 
(Maury et al. 2019). Similarly, some phytohormones also modulate the chromatin 
structure of major plant developmental genes. The multilayered control of chromatin 
ultrastructure and mode of phytohormone action may unravel the transcriptional 
changes associated with developmental robustness and phenotypic plasticity of plants 
(Lachowiec et al. 2016). In this present book chapter, we have a specific focus 
on the function of chromatin modifiers in the modulation of chromatin structure 
and the interactions with the phytohormone biosynthesis and signaling to showcase 
their molecular crosstalk mechanism in the context of the multidimensional growth 
response in plants. 

2 Chromatin Remodelers Associated with Regulation 
of Plant Growth and Development 

Eukaryotic genome organization is achieved by the compaction of DNA into chro-
matin. Chromatin is composed of nucleosomes, a combination of DNA and proteins. 
A single nucleosome is made up of histone octamer which is wrapped by 147 base 
pairs of DNAs (Vincent et al. 2008; Yamamuro et al. 2016). Chromatin organization 
in the nucleus helps in the condensation of DNA into chromosomes, segregation of 
chromosomes, and transmission of genetic materials to the next generation (Nish-
ioka et al. 2020). The DNA region that remains wrapped around the histone octamer 
is inaccessible to replication or transcription machinery (Han et al. 2015). Several 
additional proteins and modifiers facilitate the accession of DNA via altering chro-
matin ultrastructure (Kim 2019). Chromatins are physical packaging that regulates 
the expression and silencing of a gene (Hauk et al. 2010). Chromatin remodelers 
change the interaction of DNA and histone octamer non covalently but chromatin 
modifiers incorporate covalent changes by adding or removing the chemical group
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from histones or DNA (Han et al. 2015). ATP-dependent chromatin remodelers use 
the energy of ATP hydrolysis to exchange the nucleosome structure (Tsukiyama 
2002; Banerjee and Roy 2021). Depending on their similarities and differences in 
their catalytic ATPases, chromatin remodeling ATPases have four subfamilies- Inos-
itol auxotrophy 80 (INO80), SWI2/SNF2-related (SWR1), Chromodomain helicase 
DNA-binding (CHD), Imitation Switch 1 (ISW1), Switch/Sucrose non-fermentable 
(SWI/SNF). 

2.1 ISW1 

The ATPase domain of the ISWI subfamily has two RecA-like lobes, separated by 
a small insertion sequence and a C-terminal HAND-SANT-SLIDE (HSS) domain 
(Fig. 1) which helps in the movement of DNA along the surface of the nucleosome and 
is involved in transcriptional activation. On the other hand, the N-terminal flanking 
ATPase lobe containing the two domains is responsible for the regulation of the 
activity of the ATPase domain (Gentry and Hennig 2014; Clapier et al. 2017). In the

Fig. 1 The ATP-dependent chromatin remodelers (ACRs) are of four types (ISW1, CHD, 
INO80/SWR1, SWI/SNF). They are categorized based on their similarity and difference in the 
domain composition and architecture. The conserved ATPase domain is common in all the four 
ACR families and it helps to translocate the protein at the site of action
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Arabidopsis thaliana, two genes encode the ISWI proteins CHROMATIN REMOD-
ELING11 (CHR11) and CHROMATIN REMODELING17 (CHR17), expressed 
mainly in young lateral organs and reproductive organs (Li et al. 2017).

2.2 CHD 

The ATPase domain of the CHD subfamily shows similarity with the ISW1 subfamily. 
They have two chromodomains to its N-terminus followed by a DNA binding domain 
(DBD) at C-terminus (Fig. 1) (Clapier et al. 2017; Gentry and Hennig 2014). The 
tandem chromodomain unit of the CHD subgroup of chromatin remodeler helps to 
distinguish between nucleosome and naked DNA (Hauk et al. 2010). Depending 
on structure and function this family has three groups CHD1, CHD3, and CHD7. 
CHD with histone chaperones play role in post replication chromatin assembly and 
nucleosome spacing. 

2.3 INO80/SWR1 

In INO80/SWR1 subfamily, a spacer is present in the ATPase core, which splits the 
ATPase domain (Fig. 1). The spacer helps to form an association with other core 
complex subunits (Han et al. 2015; Gentry and Hennig 2014). INO80 and SWR1 
are involved in the genome-wide distribution of H2A.Z at the transcription start site 
and in Arabidopsis, INO80 regulates transcription and homologous recombinational 
repair (Han et al. 2015; Banerjee and Roy 2021). Loss of function of INO80 in 
Arabidopsis shows delay in floral development and retard root growth (Banerjee and 
Roy 2021). 

2.4 SWI/SNF 

The ATPase domain of this subfamily contains two RecA-like lobes, N-terminal 
helicase/SANT associated (HAS) are present in the ATPase domain and C-terminal 
bromodomain post HAS domain (Fig. 1). SWI/SNF complexes can bind to DNA 
directly with the help of DNA binding proteins and are recruited to the promoter 
regions of the DNA (Nishioka et al. 2020). BRM interacts with promoter and termi-
nator regions of several genes and regulates their transcription (Archacki et al. 
2017). The SWI/SNF subfamily is divided into three groups BRAHMA (BRM), 
SPLAYED (SYD), MINUSCULE (MINU). These subfamily members play role in 
transcriptional regulation, chromosome stability, and nuclear organization mainte-
nance (Han et al. 2015; Banerjee and Roy 2021). There are several types of SWI/SNF 
complex are present in plants which are homolog of yeast and mammals. Arabidopsis



268 S. Banerjee et al.

have four SWI3 type proteins (AtSWI3A, AtSWI3B, AtSWI3C, AtSWI3D), Single 
copy of SNF5 (BUSHY), two SWP73 (AtSWP73A and AtSWP73B), eight classes 
of Actin related protein (ARP) and several other proteins (Jerzmanowski 2007). 
Arabidopsis thaliana Brahma (AtBRM) is involved in the regulation of vegetative 
and reproductive development (Farrona et al. 2004). 

3 Phytohormones Regulate the Physiology 
and Development of Plants 

In natural environmental conditions plants are exposed to several biotic (bacteria, 
virus, fungus, insect) and abiotic (drought, heat, cold, salinity) stress conditions. 
It is challenging for plants to grow and reproduce in such a harsh environment. 
Due to their sessile nature, they are unable to move in a favorable environment. 
So, to adapt to these adverse environmental stress conditions plants have evolved 
several mechanisms and altered developmental and physiological processes to grow 
and survive under these stress conditions (Waterworth et al. 2011; Verma et al. 
2016). Phytohormones are produced in very low concentrations and are derived 
from various metabolic pathways and are structurally unrelated chemical compounds 
mainly involved in growth, development including pattern formation at the time of 
development, and regulate several plant processes (Santner et al. 2009). These phyto-
hormones help the plants to cope up with changing and adverse environmental condi-
tions in multiple ways (Verma et al. 2016; El-Esawi  2017). During a stress response, 
hormones are involved in the signal transduction pathway by activating phosphoryla-
tion cascade or second messenger and regulate several internal and external stimuli by 
crosstalk mechanism (El-Esawi 2017). Auxin (IAA), Cytokinin (CKs), Gibberellins 
(GAs), Abscisic acid (ABA), and Ethylene (ET) are the main five groups of phyto-
hormone but there are some other phytohormones which include Jasmonates (JAs), 
Brassinosteroid (BRs), Salicylates (SAs) (El-Esawi 2017; Verma et al. 2016). Among 
these ABA, SA, JA, ET mediates defense response in plants against biotic and abiotic 
stress (Verma et al. 2016). 

3.1 Auxin 

Auxin the first discovered plant growth hormone is involved in the regulation of 
growth in plants in response to gravitation and light stimulation (Zhao 2010). 
Naturally occurring auxin is IAA (Indole-3-Acetic Acid) and synthetic auxin 2,4-
dichlorophenoxyacetic acid, used as herbicides (Santner et al. 2009). IAA is produced 
in the young shoot, leaf primordial, young leaves and transported downward to the 
root tips and controls vascular differentiation in plants and this way IAA controls cell 
elongation and maintains apical dominance (Davies 2010; Fahad et al. 2015). IAA is



Understanding the Crosstalk Between Chromatin Remodeling Mechanism … 269

involved in several cellular processes like cell enlargement, cell division, root initia-
tion, apical dominance, flowering, growth of floral parts, etc. (Davies 2010) and plays 
an adaptive role in salinity, heavy metal stress, and regulate crosstalk mechanism in 
several biotic and abiotic stress (El-Esawi 2017). 

3.2 Gibberellin 

Gibberellins (GAs) are tetracyclic diterpenoids that play a crucial role in seed germi-
nation, stem and leaf elongation, and provide stress tolerance against osmotic stress 
(El-Esawi 2017; Fahad et al. 2014). GA was first isolated from the fungal pathogen 
Gibberella fujikuroi which causes disease in rice. This fungus is responsible for the 
excessive elongation of the stem leading to the lodging of the plant (Santner et al. 
2009). GA3 is the most commonly found bioactive gibberellin but for stem elonga-
tion, GA1 is mainly responsible (Davies 2010). Besides stem elongation, there are 
several roles of GA exists such as induction of seed germination, bolting in long-
day plants, fruit set, and growth (Davies 2010). GA increases plant photosynthetic 
efficiency by increasing leaf area index which helps in light perception (Fahad et al. 
2014). 

3.3 Cytokinins 

Cytokinins (CKs) are adenine-based molecules where the N6-position is substituted 
(Santner et al. 2009) and Zeatin is the common CK present in plants (Davies 2010). 
CK play role in plant growth, development, cell division, chloroplast biogenesis, 
apical dominance, leaf senescence, anthocyanin production, and also respond to 
abiotic stress like salinity, high temperature, and drought (El-Esawi 2017; Fahad 
et al. 2014). Seed priming with CK increases salt tolerance (Fahad et al. 2014). 
CK acts as the ABA antagonist in water stress conditions. CK helps to break seed 
dormancy and inhibit leaf and fruit abscission via inhibiting ABA response (Fahad 
et al. 2014). 

3.4 Abscisic Acid 

Abscisic acid (ABA) is an isoprenoid compound produced by 2-C-methyl-D-
erythritol-4-phosphate (MEP) pathway in plastid and play important role in seed 
dormancy, embryo formation, stomal opening, cell turgor maintenance, and stress 
response to survive in adverse environments (Santner et al. 2009; Fahad et al. 2014; 
El-Esawi 2017). ABA is well known as a stress hormone as ABA synthesis is upreg-
ulated in different types of stress (Fahad et al. 2014). ABA levels are increased in
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drought, salinity, cold, and heat stress (Verma et al. 2016). ABA biosynthetic genes, 
ZEP (ZEAXANTHIN EPOXIDASE), AAO3 (ALDEHYDE OXIDASE), NCED3 
(9-CIS-EPOXYCAROTENOID DIOXYGENASE), and MCSU (MOLYBDENUM 
COFACTOR SULFURASE) expression is upregulated during osmotic stress (Verma 
et al. 2016). ABA functions as a secondary messenger in guard cells and helps plants 
to survive through the formation of dehydrins, osmoprotectants and induce cellular 
dehydration tolerance genes (Fahad et al. 2014; El-Esawi  2017). In high salinity and 
drought conditions, ABA is responsible for stomatal closure and maintaining water 
balance in plants (Verma et al. 2016). 

3.5 Ethylene 

Ethylene (ET) is a gaseous hormone synthesized from methionine via the Yang 
cycle and plays a crucial role in fruit ripening (Santner et al. 2009; Davies  2010). ET 
protects plants from herbivorous insects and necrotrophic pathogens (Verma et al. 
2016). Moreover, ET also regulates flower senescence and stress response (El-Esawi 
2017). Synthesis of ET is also enhanced due to wounding (Santner et al. 2009). ET, 
in association with JA and SA, activates a defense mechanism against biotic stress 
(El-Esawi 2017). 

3.6 Brassinosteroids 

Brassinosteroid (BR) is a type of steroidal hormone, have several activities in plants 
like seed germination, cell growth, reproductive growth, production of flower and 
fruit. BR also has a stress response against salinity, drought, heat, chilling (Fahad 
et al. 2014; El-Esawi  2017). BR was first isolated from Brassica napus. There are 
two bioactive BR, namely 24-epibrassinolide and 28-homobrassinolide (El-Esawi 
2017). Under osmotic stress, seedling growth can be enhanced in Sorghum by BR 
application (Fahad et al. 2014). 

3.7 Jasmonic Acid 

Jasmonic acid (JA) is synthesized through the octadecanoid pathway (Santner et al. 
2009) in several plant parts and cell organelles like leaves, roots, chloroplasts, and 
peroxisomes (Fahad et al. 2014). JA plays a crucial role in fruiting, flowering, senes-
cence, and secondary metabolism and exhibits a defense response against drought, 
salinity, low-temperature, and heavy metal (El-Esawi 2017). JA protects plants from 
necrotrophs and herbivory (Verma et al. 2016). Herbivory and mechanical wounding 
are the main inductive signal for the increase of JA level (Santner et al. 2009).
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3.8 Salicylic Acid 

Salicylic acid (SA) is a phenolic compound, mainly involved in the expression of 
pathogenesis-associated proteins (El-Esawi 2017). SA is synthesized from the choris-
mate pathway and play important role in plant defense response against biotrophic 
and hemibiotrophic pathogens (Santner et al. 2009; Verma et al. 2016). SA not only 
plays a major role in the regulation of biotic stress but also shows the response in 
some abiotic stresses like drought, salinity, chilling, heavy metal tolerance, and heat 
(Fahad et al. 2014). In low concentration, SA shows antioxidant activity but in high 
concentration, SA is responsible for cell death (El-Esawi 2017). 

4 Phytohormone and Chromatin Crosstalk Regulate Plant 
Growth 

Chromatin remodelers regulate the phytohormone-mediated responses in plants 
under stress conditions. It was observed that the SWI/SNF family of chromatin 
remodelers play a crucial role in the regulation of several phytohormone responsive 
genes (Han et al. 2012; Yang et al. 2015). An SWI/SNF family gene, Brm regu-
lates the expression of the key players of ABA response. In the absence of drought 
stress, BRM promotes the occupancy of nucleosomes at the transcription start site 
(TSS) of ABA INSENSITIVE 5 (ABI5), one of the major transcriptional regulators 
of ABA response and inhibits its expression (Han et al. 2012). ABI5 is considered 
as a core signaling component of ABA signaling and is also acts as a signal inte-
grator of crosstalk of ABA with other phytohormones. ABI5 also functions as a 
key regulator of the abiotic stress response (Skubacz et al. 2016). The mutants of 
brm exhibit increased drought tolerance similarly to the ABI5 overexpression lines. 
The double mutants of brm/abi5 partially rescue the abnormal root growth pheno-
type (Han et al. 2012; Nishioka et al. 2020). Thus, BRM helps to keep the perfect 
balance between growth and stress responses in plants. Apart from these, BRM is 
also involved in the other major phytohormone signaling pathways, including auxin 
(Yang et al. 2015), cytokinin (Efroni et al. 2013), gibberellin (Archacki et al. 2013). 
In response to salt stress and ABA, the c-terminus of BRM physically interacts with 
ETHYLENE RESPONSE FACTOR VII (ERF VII) (Vicente et al. 2017). It was 
observed that BRM and ERF VII are binding with the same region of the ABI5 
cis-element containing double GCC motif and activating the ABI5 promoter (Gibbs 
et al. 2014). Both the BRM and ERF VII compete for the same cis-element to control 
plant growth and development (Vicente et al. 2017). Moreover, it was observed that 
both ABI5 and ABI3 are negatively regulated by PICKLE (PKL), another SWI/SNF 
chromatin remodeling factor (Fig. 2). PKL promotes the histone methylation of the 
promoter of the ABI5 gene leading to repression of chromatins and releasing the 
inhibition of germination of embryos (Perruc et al. 2007). HOOKLESS1 (HLS1), 
a histone acetyltransferase promotes histone H3 acetylation of ABI5 in association
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Fig. 2 Plant SWI/SNF family of chromatin remodelers play a crucial role in the regulation of phyto-
hormone signaling and biosynthesis. Chromatin and phytohormone crosstalk mechanism regulate 
the plant growth at multiple developmental phases. Green lines represent physical interaction, blue 
arrows represent transcriptional regulation (positive or negative), grey lines with perpendicular bars 
indicate repression and red dashed lines indicate crosstalk 

with MED18 (MEDIATOR18) and positively activates ABI5 expression (Liao et al. 
2016). In ambient growth conditions, BRM represses the expression of ABI5. But 
under environmental stress, ABA directly interacts with ABA receptors, PYR/PYL 
resulting in the phosphorylation of SnRK2. Subsequently, SnRK2 phosphorylates 
BRM and inhibits it from further repression of ABI5 expression (Fig. 2) (Weiner et al. 
2010; Peirats-Llobet et al. 2016). Plants with partial loss of function of brm3 exhibit 
enhanced ABI5 expression and increased growth arrest following the exposure to 
ABA and salt stress (Han et al. 2012). 

From previous studies, it has been reported that chromatin remodeling factors 
such as BRM, SWI3c, PKL are actively involved in the GA pathway in Arabidopsis 
(Henderson et al. 2004; Archacki et al. 2013; Zhang et al. 2014). In rice, T-DNA 
insertion lines or RNAi lines of osino80 exhibit GA deficient phenotype. These GA 
deficient phenotypic characteristics are recovered following the exogenous applica-
tion of GA3. Moreover, transcriptomic analysis reveals that knockdown of osino80 
in rice leads to downregulation of two important GA biosynthesis genes namely 
CPS1 and GA3ox2 (Fig. 2) (Li et al. 2017). Moreover, in comparison to wild-type 
mice, the osino80Ri-2 lines exhibit a decreased level of GA12, GA53, GA19, GA20, 
and GA1 (Li et al. 2017). Archacki et al. reported that BRM is a positive regulator 
of GA-mediated responses in Arabidopsis. The interaction of SWI3c with DELLA 
proteins is necessary for the regulation of GA biosynthesis and signaling (Sarnowska
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et al. 2013). Sarnowska et al., also revealed that the loss of function mutation of 
swi3c modulates the plant growth and affects the phytohormone signaling of ABA, 
brassinosteroids, and ethylene. In addition, mutation of swi3c inhibits the DELLA-
mediated activation of the GA receptor gene, GID1, resulting in defects in GA 
signaling (Sarnowska et al. 2013). It was also observed that SWI3c directly interacts 
with DELLA proteins (Fig. 2) such as RGA-LIKE2 and RGA-LIKE3, affecting the 
activation of GID1 and GA3 oxidase which are involved in GA perception and GA 
biosynthesis (Sarnowska et al. 2013). The resemblance of swi3c and brm mutants 
(dark green leaf color and semi-dwarf nature) with those of GA deficient mutants 
indicate their role in GA biosynthesis (Fig. 2). The GA levels are decreased in swi3c 
plants and phenotypic traits such as curling leaves and expansion of leaf blades are 
not rescued following the exogenous application of GA (Sarnowska et al. 2013). 
Another DELLA interacting chromatin remodeler PKL plays a crucial function in 
GA-dependent responses in Arabidopsis (Zhang et al. 2014). Mutant seedlings of pkl 
are phenotypically similar to GA response mutants and exhibit a semi-dwarf pheno-
type. Interestingly, treatment of pkl mutants with external GA hinders the pickle root 
phenotype (Henderson et al. 2004). Leaves are the evolutionary decedents of shoots. 
It was observed that EARLY IN SHORT DAYS 1 (ESD1) encodes for an ACTIN-
RELATED PROTEIN 6 (ARP6) and mutants of esd1 depend on GA-mediated for 
early flowering phenotypes (Martin-Trillo et al. 2006). Moreover, CHR729 protein is 
a CHD3 chromatin-remodeling factor that is involved in the development of seedlings 
controlled by gibberellin in rice (Ma et al. 2015). 

Auxin is considered one of the most important phytohormones in plants. Many 
genes associated with auxin signaling (AXR3), brassinosteroid signaling (BRS1), and 
gibberellic acid signaling (RGL2, GA4, and GASA1) are highly affected in brm and 
syd single mutants or brm/syd double mutants (Bezhani et al. 2007). The expression 
of auxin biosynthesis genes such as YUC is highly regulated by PIF transcription 
factors namely PIF4/5/7 (Hornitschek et al. 2012; Peng et al. 2018). Recently, it 
was reported that PIF7 physically interacts with the MORF RELATED GENE 2 
(MRG2), an H3K4me3/H3K6me3-binding protein and as a result, the expression 
of YUC8 and IAA19 are upregulated under shade conditions (Peng et al. 2018). 
Peng and his colleagues have also revealed that PIF7 promotes histone acetyla-
tion (H4K5ac, H3K9ac, H3K27ac) at the YUC8 gene locus. Recently, Lee and 
Seo have been reported that the AT-hook motif-containing nuclear-localized (AHL) 
proteins interact with YUC9 locus and subsequently they recruit SWI2/SNF2-related 
1 (SWR1) complex to enhance the histone exchange of canonical H2A with H2AZ 
containing nucleosome at the YUC9 locus (Lee and Seo 2017). Ariel et al. proposed 
that chromatin loops modulate the expression pattern of an auxin-responsive gene 
PID (Ariel et al. 2014). BRM actively regulates the PIN-FORMED genes (Fig. 2) and 
auxin distribution in plant cells. Loss of function mutation of brm exhibits increased 
H3K27me3 levels in the promoters of PIN1 and PIN2 (Yang et al. 2015). Monopteros 
(MP)/Auxin Response Factor (ARF5) recruits two important chromatin remodelers, 
BRM and SYD in presence of auxin (Fig. 2). As a result, they change the chro-
matin dynamics to increase the DNA accessibility of auxin-responsive genes asso-
ciated with flowering and leaf formation leading to their activation by transcription
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factors (Wu et al. 2015). However, in absence of auxin, MP/ARF5 is suppressed by 
AUX/IAA proteins and thus BRM/SYD can’t help to facilitate DNA accessibility 
(Wu et al. 2015). The expression of auxin response factor 3 (ARF3) and PIN1 is 
altered during embryogenesis in met1 mutant lines resulting in modulation of auxin 
gradient (Li et al. 2011). Recently, it was observed that PKL represses the depo-
sition of H3K27me3 in IAA19 and IAA29 auxin-related genes and enhances their 
expression (Luo et al. 2018). 

Cytokinins (CKs) are generally associated with mitotic cell cycle progression in 
shoots. However, their over-production results in inhibition of root elongation and 
lateral root development (Kuderova et al. 2008). Root growth is positively regulated 
by SWI/SNF ATP-dependent chromatin remodeling protein BAF60. BAF60 regu-
lates the formation of chromatin loops and deposition of active histone marks in 
the major CK biosynthesis genes, IPT3 and IPT7. From chromosome conformation 
capture (3C) experiments, it was observed that BAF60 (also known as SWP73B) 
plays a negative role in gene loop formation in CK biosynthesis gene and thus they 
remain transcriptionally inactive (Jégu et al. 2015). Moreover, BAF60 also hinders 
the deposition of active histone marks (H3K4me3) and the recruitment of RNA 
Pol II in the KRP7 gene, a CK-regulated cell cycle inhibitor (Fig. 2) (Jégu et al. 
2015). Moreover, DNA methylation is also associated with the repression of the CK 
biosynthesis gene, IPT5b (Feng et al. 2017). Cytokinin also promotes the expression 
of the MET1 gene via the regulation of the cell cycle (Liu et al. 2018). The deter-
minate growth of leaves is also modulated by SWI/SNF family gene Brm. It was  
observed that BRM physically interacts with bHLH transcription factor TEOSINTE 
BRANCHED 1, CYCLOIDEA, PROLIFERATING CELL FACTOR1/2 4 (TCP4). 
Both these protein partners bind with the promoter of a cytokinin inhibitor gene, 
ARR16 (Efroni et al. 2013; Nishioka et al. 2020). In this way, BRM regulates the 
leaf growth via modulation of cytokinin biosynthesis (Fig. 2) in a developmental 
phase-specific manner (Efroni et al. 2013). It was also observed that the suppression 
of CIN-TCP4 activity results in delayed leaf maturation along with prolonged leaf 
cell proliferation (Ori et al. 2007; Efroni et al. 2008). Both the BRM and SWI3c 
interacted with TCP transcription factors as evident from bimolecular fluorescence 
complementation studies. Moreover, BRM and TCP4 regulate the activity of ARR6, 
other than ARR16, in young leaves. ARR6 expression level is relatively higher at 
proliferating stages of leaf development (Efroni et al. 2013). 

It was observed that in Arabidopsis AGO1 physically interacts with SWI/SNF 
chromatin remodeling complexes and binds with stress-responsive genes in response 
to cold and phytohormones (Liu et al. 2018). A plethora of studies revealed that the 
PLANT HOMEODOMAIN (PHD) proteins are involved in the regulation of house-
keeping processes of plant life such as germination, flowering time, root development, 
meiotic and post-meiotic development, and embryo meristem formation (Wu et al. 
2021). Coexpression studies revealed that in Gossypium hirsutum GhPHD genes 
regulate the phytohormone signaling network to improve abiotic stress tolerance 
(Wu et al. 2021). A PHD protein related to auxin-mediated genetic network, GSR1 
(Germostatin Resistance locus 1) interacts with ARF16 to control seed germination 
(Ye et al. 2016). Moreover, GhPHD5 regulates the auxin homeostasis in plants which
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may improve tolerance to drought, salt, and heat stress. In silico studies revealed 
that GhPHD34 and GhPHD107 may be involved in the development of heat toler-
ance in plants via modulating auxin and ethylene signal transduction pathways (Wu 
et al. 2021). In dehydration stress, ATX1, an H3K4 methyltransferase promotes the 
transcriptional activity of ABA biosynthetic genes (Ding et al. 2011). 

5 Regulation of Phytohormone Signaling via Modulation 
of Chromatin Under Stress Conditions 

Chromatin modifications play an important role in the transcriptional regulation of 
various stress-responsive genes. It was observed that HDAcs respond to different 
plant hormones such as ABA, JA, and ethylene (Sridha and Wu 2006; Zhou et al. 
2005). Moreover, brassinosteroid signaling and gene expression also involve dynamic 
changes in chromatin structure facilitated by NAP1 protein and other chromatin 
remodeling complexes (Shigeta et al. 2011). Histone acetylation and deacetylation 
are mainly affecting the ABA-responsive genes (Sridha and Wu 2006). It was reported 
that the RNA interfering lines of Histone deacetylase 6 (HDA6) exhibits hypersen-
sitive responses to ABA (Chen et al. 2010). The expression of ABI1, ABI2, KAT1, 
KAT2, and RD29B is greatly reduced in hda19-1 mutants (Chen and Wu 2010). 
Transgenic lines overexpressing AtHD2C affects several ABA-related genes (Sridha 
and Wu 2006). Another core histone deacetylase, HDA9 interacts with PWR and 
HOS15, and this protein complex is directly involved in the repression of many stress-
responsive genes, including the ethylene response factor (ERF4/5/6/11). Moreover, 
HDA9 also interacts with the ABI4 transcription factor and repress the expression 
of CYP707s (ABA catabolism related gene) under drought stress condition (Baek 
et al. 2020). Meanwhile, overexpression lines of HDA19 exhibit increased expression 
of jasmonic acid and ethylene-regulated pathogenesis-related genes such as β-1, 3 
glucanase, ERF1, and basic chitinase. Taken together, HDA19 mainly interconnects 
the hormone response pathway with biotic stress response (Zhou et al. 2005). 

From initial studies, it was observed that histone modifications play a crucial 
function in the regulation of salicylic acid (SA) biosynthetic gene and SA responsive 
genes. Plants infected with Pseudomonas syringae exhibit enhanced expression of 
SA-related genes via inactivation of SRT2, an HDAc protein that generally suppress 
the expression of SA biosynthetic genes namely PAD4, EDS5, and SID2 (Wang et al. 
2010). Interestingly, null mutation of hda19 results in enhanced expression of SA 
responsive genes (Tian et al. 2005). Application of salicylic acid or its synthetic 
analog acibenzolar s-methyl induces chromatin modification of the promoters of 
plant defense-related genes. The modification of histones results in gene priming of 
pathogen defense genes which leads to the enhancement of plant stress response. 
It has been observed that during systemic acquired resistance, the histone H2A is 
replaced by H2AZ in defense gene promoters (van den Burg and Takken 2009).
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Moreover, chromatin modifications such as H3/H4 acetylation and H3K4 methyla-
tion might develop a memory of the previous infection in plants (Jaskiewicz et al. 
2011). It was also observed that both BRM and SYD regulate several SA-responsive 
genes (Bezhani et al. 2007). SYD has further been involved in wound stress-mediated 
expression of downstream genes related to JA or ET signaling pathway (Walley et al. 
2008). Following the wound stress, SYD was recruited to the promoter of the MYC2 
gene. The mutants of syd are highly susceptible to Botrytis cinerea but resistant to 
Pseudomonas syringae (Walley et al. 2008). Plants with reduced expression of BRM, 
MSI1, HDA19 exhibit increased drought tolerance and ABA-dependent growth 
defects (Maury et al. 2019). PsSNF5 plays a crucial role in chromatin remodeling 
and is accumulated under drought stress and abscisic acid in germinating embryos 
specifically at the later stage of embryo development in Pisum sativum which is an 
indication of ABA-mediated chromatin remodeling (Ríos et al. 2007). Under abiotic 
stress at the time of seed maturation ATP-dependent chromatin remodeling occurs 
by the regulation of abscisic acid (Chinnusumy et al. 2008). 

6 Phytohormone-Chromatin Crosstalk Modulates 
Developmental Plasticity in SAM 

Being sessile, plants need to constantly respond to a wide range of environmental 
cues to maintain their growth and developmental plasticity (Gaillochet and Lohmann 
2015). Sometimes plants integrate the signal of environmental fluctuations without 
reflecting any changes in phenotype. Plant growth is governed by a complex inter-
play of phytohormone signaling, remodeling of chromatin structure, and modulating 
gene expression. It is speculated that the meristems are the central places for this 
cellular crosstalk though regulatory mechanisms remain largely enigmatic. During 
plant development, phytohormone signaling pathways regulate some key chromatin 
modifiers such as PRC1 and PRC2 with histone methyltransferase (HMT) activity 
playing a key role in transcriptional regulation (Mozgová et al. 2017; Ikeuchi et al. 
2015). A brassinosteroid signaling transcription factor, BZR1 recruits ELF6 which 
represses H3K27me3 activity of PRC2 at Flowering Locus C (FLC) hindering preco-
cious floral transition (Li et al. 2018a, b). Alteration of DNA methylation pattern in 
Arabidopsis is generally associated with the changed phytohormone response of JA, 
SA, and ethylene (Lafon-Placette et al. 2018). Moreover, recent evidence suggests 
that fertilization-dependent auxin downregulates the activity of PRC2 in the seed 
coat of Arabidopsis (Figueiredo et al. 2015; Figueiredo and Köhler 2018). Auxin 
biosynthesis and signaling genes in the SAM and leaves of Arabidopsis are also 
regulated by PRC2 (Lafos et al. 2011). Taken together, it can be concluded that the 
phytohormone signaling cascades direct the activity of chromatin modifiers. 

Epigenetic modification and phytohormone signaling pathways have a comple-
mentary role in the maintenance of stem cell pluripotency, differentiation, and repro-
gramming (Cao et al. 2015; Ojolo et al. 2018). Chromatin modifiers regulate the
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Fig. 3 Schematic representation showing chromatin and phytohormone crosstalk mechanism in 
shoot apical meristem (SAM) of plants. Meristems are the major location of this crosstalk mechanism 
under abiotic and biotic stress conditions. The cooperative action of phytohormones and chromatin 
regulates the developmental plasticity of plants 

activity of meristem cell identity genes which are the key targets of phytohor-
mones (Galinha et al. 2007). Interestingly, DNA methylation, cytokinin signaling, 
H3K27me3, or chromatin remodeling control the expression of WUSCHEL (WUS), 
a SAM-organizing homeobox gene (Kwon 2005; Dodsworth 2009; Cao et al. 2015; 
Liu et al. 2018). Moreover, genes of stem cell niche maintaining transcription factors 
such as WOX4, WOX5, PLT1, PLT2 are the potential targets of PRC2 and phyto-
hormones (Lafos et al. 2011; Maury et al. 2019). Thus, meristems are the central 
region of chromatin and phytohormone crosstalk in plants under both normal and 
stress conditions to maintain developmental plasticity (Fig. 3). 

7 Conclusion and Future Perspective 

Chromatin remodelers and modifiers play a crucial role in the regulation of plant 
development, genome stability, stress tolerance, and adaptation (Kim 2019; Banerjee 
and Roy 2021). Interestingly, phytohormones also modulate the physiological and 
developmental patterns of plants (Sarnowska et al. 2016). Plants’ response to stress 
requires a well-organized and accurate regulation. It was observed that SWI/SNF
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chromatin remodeling complexes are involved in the fine-tuning of phytohormonal 
responses through various feedback loops. Mutants of several chromatin remod-
elers and modifiers further confirm the existence of crosstalk between chromatin 
and phytohormones. But their extent of interaction to which they perform jointly or 
independently needs further studies (Ojolo et al. 2018). Meristems are the central 
part of this phytohormone-chromatin crosstalk which can integrate different envi-
ronmental signals to ensure developmental plasticity (Fig. 3). Moreover, single-cell 
methodologies may improve the understanding of dynamics of chromatin structure 
in response to phytohormone signaling in the meristems of plants. 
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Phytohormone-Mediated Regulation 
of Sprouting in Tuber and Storage Root 
Crops 

Kirtikumar R. Kondhare 

Abstract Tuber and storage root crops are staple food in several tropical countries. 
Potato and yam are the two widely cultivated tuber crops, and sweet potato is the 
most important storage root crop after cassava. The belowground storage organs of 
these crops are delicious, nutritionally rich and have medicinal applications. Potato 
and yam tubers as well as sweet potato storage roots have unique abilities to sprout 
under favorable conditions to form new plants. However, the short dormancy period 
of these storage organs, especially sweet potato, causes significant losses in the 
quality for human consumption, and is a major limitation for their global cultivation. 
The sprouting phenomenon is widely studied in potato, and numerous genes related 
to metabolism, transport and signaling pathways of phytohormones and sugars are 
identified that could act as crucial regulators of the sprouting process. However, the 
literature is scarce regarding sprouting of yam tubers and sweet potato storage roots. 
Despite the enormous importance of the tuber and storage root crops, knowledge 
about the molecular mechanism governing the sprouting process is limited. In this 
chapter, the roles of various molecular factors, phytohormones and their signaling 
crosstalk are discussed during the sprouting of tubers in potato and yam, and sweet 
potato storage roots. 

1 Introduction 

Several tuber and storage root crops serve as a staple food in many tropical and 
temperate countries (Chandrasekara and Kumar 2016). Two widely cultivated tuber 
crops include potato (Solanum tuberosum) and yam (Dioscorea alata), whereas the 
major storage root crops are sweet potato (Ipomoea batatas), cassava (Manihot escu-
lenta), beetroot (Beta vulgaris), carrot (Daucus carota), radish (Raphunus sativus),
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turnip (Brassica rapa), etc. (Chandrasekara and Kumar 2016). These crops are nutri-
tionally rich with diverse medicinal and industrial applications, and are considered 
as ideal crops for overcoming the global food security challenges (Chandrasekara 
and Kumar 2016). Among these crops, the belowground storage organs (i.e. tubers 
of potato and yam as well as storage roots of sweet potato) exhibit a unique ability to 
sprout under favorable conditions to produce new plants (Fig. 1). Although sprouting 
is necessary for vegetative propagation, the short dormancy period of the edible tubers 
and storage roots leads to the significant losses in their quality for human consumption 
(Cheema et al. 2010; More et al.  2019). Apart from the growth practices employed 
and the environmental conditions prevalent during the tuber or storage root forma-
tion and maturation (More et al. 2019), numerous molecular, biochemical and genetic 
factors are known to affect the dormancy and sprouting of tubers in potato (Aksenova 
et al. 2013; Sonnewald and Sonnewald 2014). 

Over the past decades, the advancement in the transcriptomics, proteomics, 
metabolomics and plant genetic engineering has provided some insights regarding 
the tuber dormancy and the sprout growth in potato (reviewed in Gong et al. 2021). 
However, the specific genes and the molecular mechanisms controlling the sprout 
initiation are not well understood in the tuber and storage root crops like potato, yam 
and sweet potato. This chapter aims to provide the current overview of the tuber 
dormancy phenomenon and the factors influencing the sprouting process in potato 
and the underlying genetic regulatory network. Moreover, the information available

a b c  

d e f  

Fig. 1 Dormancy to sprouting transitions in tubers of potato (Solanum tuberosum) and storage roots 
of sweet potato (Ipomoea batatas). Dormant (a) and sprouted (b, c) tubers of potato are shown along 
with dormant (d) and sprouted (e, f) storage roots of sweet potato. Arrows (white color) in (b) and  
(e) indicate sprout initials from potato tubers and sweet potato storage roots, respectively. Scale bar 
= 1 cm
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regarding the sprouting of yam tubers and sweet potato storage roots is also summa-
rized. The overall role of the molecular factors, phytohormones as well as their 
signaling crosstalk during potato, yam and sweet potato sprouting is discussed. The 
potential of microRNAs (miRNAs) and long non-coding RNAs (lncRNAs) in the 
regulation of phytohormone metabolism and signaling during potato tuber sprouting 
is also described. The special emphasis of this chapter is to highlight the role of key 
phytohormones in the regulation of the sprouting process in tubers of potato and 
yam, and storage roots of sweet potato.

2 Molecular Control of Tuber Sprouting in Potato 

Potato (Solanum tuberosum L.) belongs to the Solanaceae family and is the most 
essential food crop after cereals like wheat, maize and rice (www.fao.org). It is a 
succulent plant grown worldwide for the belowground storage organ—tuber, which is 
used as a staple food, raw material for industrial food products and starch production 
(Muthoni et al. 2014). As potatoes have high market demand throughout the year, it is 
imperative to find the ways for effective control of the tuber dormancy period and the 
sprout initiation process (Suttle 2004b; Kloosterman et al. 2007). Tuber dormancy 
and sprouting are the two crucial processes of the potato tuber life cycle that determine 
its growth and yield (Sonnewald and Sonnewald 2014). These complex processes are 
influenced by the genetic background of varieties, the stage of tuber development, 
the crop management practices, environmental conditions like photoperiod (day-
length), light intensity, humidity, temperature, carbon dioxide levels in the field, 
and soil conditions (texture and moisture) (Biemelt et al. 2000; Sonnewald 2001; 
Claassens 2002; Agrimonti and Marmiroli 2008; Aksenova et al. 2013; Sonnewald 
and Sonnewald 2014). Different environmental, biochemical and genetic factors and 
the associated morphological/anatomical changes governing the tuber dormancy, 
sprout initiation and its subsequent growth are mentioned in Table 1. 

The tuber sprouting process in potato involves three physiological stages: (i) 
dormancy, (ii) sprout initiation, and (iii) sprout growth (Fig. 1). During the sprouting, 
the tuber buds and the tuber tissues exhibit peculiar growth characteristics as well as 
specific metabolic and cellular gene expression changes (Ronning et al. 2015). In the 
dormant potatoes, the tuber buds show arrested growth due to the blockage of meris-
tematic cells in the G1/S-phase transition and the metabolism rate is minimal, whereas 
the tuber tissues show the absence of growth and morphogenesis, and the preservation 
of storage carbohydrates and patatins (Table 1). In fact, dormant buds are known to 
have approximately 77% of the cells’ nuclei in the growth phase (G1), whereas about 
13% of the cells’ nuclei remain in the preparative phase for mitosis (G2) leading to a 
highly reduced growth of tuber buds (Haider et al. 2021). During the sprout initiation 
stage, the changes in the tuber buds include the removal of blockage of meristem-
atic cells in the G1/S-phase transition, the initiation of growth and morphogenesis, 
and the activation of metabolism (Table 1). The tuber tissue exhibits the absence 
of growth and morphogenesis, a transition from storage to source function, and

http://www.fao.org
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enhanced activity of carbohydrate metabolism. During the sprout growth stage, the 
tuber buds show the highest growth activity and metabolism rate, whereas the tuber 
tissues exhibit the absence of growth and morphogenesis and metabolic changes to 
provide an active supply of energy to the growing bud (Aksenova et al. 2013).

The phytohormones, mostly cytokinin (CK), abscisic acid (ABA), gibberellin 
(GA) and auxin modulate various cellular and molecular changes during the 
dormancy and sprouting of potato tubers (Saidi and Hajibarat 2021). The cell cycle 
and division in the meristematic tissues of the tuber buds are arrested or significantly 
reduced during the dormancy, whereas they are re-activated or induced during the 
sprout initiation. These changes are mediated through the coordinated synthesis and 
action of cyclin-dependent kinases (CDKs), their downstream targets and regula-
tory partners. CDKs are activated by D-type cyclins (CYCD) and activated CDKs 
catalyze the transfer of G1 cells into the S phase (Lipavská et al. 2011). A number of 
reports indicate that CK induces the expression of CYCD3 and also helps in binding 
of CYCD3 to CDKs; thereby promotes the resting cells of G0/G1 to enter in the cell 
cycle and sprouting is initiated (Francis and Sorrell 2001; Werner et al. 2001; Tang 
et al. 2004; Lipavská et al. 2011; Velappan et al. 2017; Gao et al. 2019; Skalák et al. 
2019). When the tuber buds are dormant, ABA acts as a mitotic inhibitor and it inacti-
vates the CDK/CYCD complex by inducing the expression of CDK inhibitors (CKIs), 
which results in the cell cycle arrest at the G1/S check-point and subsequent accumu-
lation of cells at G1 (Velappan et al. 2017). It is proposed that GA can induce the level 
of CYCD-REGULATED Cdc 2 KINASE that is involved in triggering the G2-to-M 
transition of the cell cycle and enhances the rate at which cells are produced (Francis 
and Sorrell 2001). In the dormant potato tubers, auxin is accumulated in the meristem 
of tuber buds. Increased auxin levels in the tuber buds have been associated with the 
dormancy maintenance; however, the reduced auxin levels lead to the dormancy 
breakage (Aksenova et al. 2013). In potato, a calcium-dependent protein kinase 1 
(StCDPK1) phosphorylates and activates the auxin transporter StPIN4. StCDPK1 
is found to be expressed in the vascular tissues in the dormant tubers, whereas its 
expression further enhances in the tuber buds during the sprouting, and this differ-
ential gene expression pattern of StCDPK1 is governed by a microRNA, miR390 
(Santin et al. 2017). Auxin signaling has been shown to regulate the cell cycle either 
directly or through the crosstalk with other phytohormones. Low auxin concentra-
tion can promote the sprout growth following the dormancy breakage (Muthoni et al. 
2014). Another report showed that auxin inhibits CK synthesis and thereby reduces 
the levels of both CYCD3 and CDK3 expression leading to a prolonged maintenance 
of the tuber dormancy (Cheng et al. 2015). These findings suggest the crucial role of 
phytohormones in the tuber dormancy maintenance, dormancy breakage as well as 
in the sprout initiation and its subsequent growth. 

Considering the physiological changes happening at the onset of the sprout initi-
ation and subsequent growth of the sprout buds, it appears that several genes asso-
ciated with phytohormone, sugar metabolism and signaling pathways could govern 
these changes during the sprouting process (described in Sects. 2.1 and 2.2). In a 
study by Liu et al. (2012), the authors used suppression subtractive hybridization, 
and identified a gene encoding ADP RIBOSYLATION FACTOR in potato that was
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associated with the tuber dormancy release. RT-qPCR analysis of potato tuber eyes 
revealed that the expression of ADP RIBOSYLATION FACTOR was significantly 
higher at the sprout initiation compared to the tuber dormancy, suggesting its crucial 
role in the tuber sprout initiation. Recently, Morris et al. (2019) identified several 
quantitative trait loci (QTLs) that are associated with the tuber sprout growth. Under-
lying one such QTL is a gene that encodes for a specific Flowering Locus T (FT) 
family member protein, known as TERMINAL FLOWER 1/CENTRORADIALIS 
(StCEN). The authors found that the manipulation of StCEN expression influenced 
the overall sprout growth, but the tuber dormancy break time was unaffected in these 
lines compared to controls. Furthermore, RNA interference (RNAi) lines of StCEN 
led to an increased rate of the tuber sprout growth accompanied by reduced ABA 
levels and enhanced levels of CK. In contrast, its overexpression lines displayed the 
reduced rate of the tuber sprout growth that was associated with enhanced ABA 
levels, but reduced CK levels (Morris et al. 2019). Additionally, in a recent review 
by Gong et al. (2021), the sprout growth that involves the active cell division and 
meristem development in the eyes of potato tubers has also been linked with DNA 
methylation and histone acetylation, implicating that the epigenetic regulation could 
also be one of the mechanism regulating the tuber dormancy maintenance and the 
sprout initiation. 

2.1 Role of Phytohormones and Their Signaling During 
Potato Tuber Sprouting 

Environmental, biochemical and genetic factors play a crucial role in determining the 
potato tuber dormancy period and the sprouting process (Table 1). Various phytohor-
mones and their crosstalk with other molecular factors have been shown to be impor-
tant for regulating the tuber dormancy, sprout initiation and its subsequent growth. 
Exogenous application of phytohormones to tubers (Table 1) and their effect on the 
dormancy duration change and the sprout initiation have suggested that they could 
serve as key regulators of the tuber dormancy and sprouting in potato (Aksenova 
et al. 2013). Phytohormones like ABA, ethylene and brassinosteroid (BR) control 
the tuber dormancy stage, whereas auxin, CK and GA regulate the sprout initiation 
phase (Table 1). CK and GA are also known to regulate the sprout growth process 
(Aksenova et al. 2013). 

In the potato tubers, the endogenous levels of phytohormones exhibit dynamic 
changes from the tuber dormancy to the sprout initiation and the subsequent sprout 
growth (Sukhova et al. 1993; Suttle 2004a; Morris et al. 2019). As shown in Fig. 2, 
the auxin (IAA; indole-3-acetic acid) level is low in dormant tubers; however, its 
level peaks at the sprout initiation phase and it is drastically reduced during the 
sprout growth process. GA level increases gradually from dormancy to sprouting 
transitions, with its level being highest during the sprout growth. In contrast, ABA 
exhibit an opposite pattern compared to GA levels, with the highest level being
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Fig. 2 Phytohormone 
changes during dormancy to 
sprouting transitions in the 
tuber buds of potato. The 
endogenous levels of various 
phytohormones—auxin 
(IAA; indole-3-acetic acid), 
gibberellin (GA1; gibberellin 
1), abscisic acid (ABA), 
ethylene and cytokinin (CK) 
in potato tuber buds are 
shown as per the reports of 
Sukhova et al. (1993), Suttle 
(2004a) and Morris et al. 
(2019). Total CK represents 
a combined level of different 
CK forms: zeatin (Z), zeatin 
riboside (ZR), 
isopentenyladenine (iP) and 
isopentenyladenosine (iPA)

in the dormant tubers and the lowest during the sprout growth process. Ethylene 
shows a pattern opposite to auxin, wherein its level is highest in the dormant tubers, 
which is then reduced at the sprout initiation and the subsequent growth stages. 
The level of CK remains low during the dormancy and sprout initiation stages, but 
it increases during the sprout growth stage (Fig. 2). The in silico gene expression 
analysis revealed that apart from the biosynthesis, the genes involved in the transport, 
catabolism and signaling of various phytohormones exhibit differential expression in 
a mature tuber versus a tuber sprout, suggesting their importance in the potato tuber 
sprouting process (Fig. 3a). A recent report by Zhang et al. (2021) found that the 
heat stress treatment reduced the tuber dormancy, but induced sprouting. Through a 
comparative transcriptomics of heat stressed potato tubers, authors further revealed 
that the dormancy-associated genes, such as DOG1 and SLP were downregulated, 
whereas the genes related to the ABA catabolism (ABA 8’-HYDROXYLASE), GA
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(a) (b) 

Fig. 3 Heat map depicting the expression of key genes involved in the potato tuber sprouting. The 
expression of genes related to biosynthesis and signaling of various phytohormones (a) and other 
categories (b) are shown in a mature tuber versus a tuber sprout. The color code represents the gene 
transcript abundance (mean values) in the range mentioned (right side of the heat-map) based on the 
TPM (transcript per million) values retrieved from the transcriptomics data of the potato genotype— 
RH89-039-16 using the Solanaceae Genomics Resource SpudDB website (http://spuddb.uga.edu). 
The genes included in the heat maps are as per the report of Gong et al. (2021) and other refer-
ences cited in the text. Abbreviations: GA2OX1 = GIBBERELLIN 2-OXIDASE; IPT = ISOPEN-
TENYL TRANSFERASE; ARF1 = AUXIN RESPONSE FACTOR 1; Aux/IAA = AUXIN/INDOLE-
3-ACETIC ACID (auxin repressor); ZEP = ZEAXANTHIN EPOXIDASE; NCED1/2 = NINE-CIS-
EPOXYCAROTENOID DEHYDROGENASES; CYP707A1 =ABSCISIC ACID 8’-HYDROXYLASE; 
POTM1-1 = POTATO MADS-BOX TRANSCRIPTION FACTOR; SnRK1 = SUCROSE TRANS-
PORTER; StSUT 4 = SUCROSE TRANSPORTER 4; GBSS = GRANULE-BOUND STARCH 
SYNTHASE; nsLTP = PUTATIVE NON-SPECIFIC LIPID TRANSFER PROTEIN 

biosynthesis (ENT-KAURENOIC ACID OXIDASE) and auxin signaling (AUXIN-
RESPONSIVE PROTEIN IAA16) were upregulated during the heat stress-induced 
tuber sprouting. These findings proposed that genes like DOG1 and SLP could serve 
as dormancy markers, and the ABA 8’-HYDROXYLASE gene as a sprouting marker 
during the heat stress-induced sprouting process.

Numerous reports have explored the physiological roles of key phytohormones 
related genes in the potato tuber sprouting process. For example, a constitutive 
overexpression or the leaf-specific overexpression of a GA biosynthesis gene, 
GA20OXIDASE (StGA20OX1) in potato led to a reduction in the tuber dormancy 
period and also displayed an early sprouting phenotype, whereas these phenotypes 
remained comparable to controls in StGA20OX1 antisense lines (Table 2) (Carrera  
et al. 2000). Using the constitutive overexpression or RNA suppression lines of a 
GA catabolism gene StGA2OX1 in potato, Kloosterman et al. (2007) observed no 
change in duration of the tuber dormancy period in both types of lines compared to 
tubers from wild-type plants (Table 2). However, as expected, the authors found a 
reduced inter-nodal length of the sprout in the overexpression lines, suggesting that 
StGA2OX1 does not regulate the tuber dormancy period, but it could be involved in the 
sprout elongation process. In an investigation by Hartmann et al. (2011), the authors

http://spuddb.uga.edu
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used transgenic approach to manipulate the endogenous levels of CK; wherein a 
gene encoding CK biosynthesis enzyme ISOPENTENYLTRANSFERASE (IPT) 
from Agrobacterium tumefaciens and the gene encoding CK catabolism enzyme 
CYTOKININ OXIDASE/DEHYDROGENASE 1 (CKX1) from Arabidopsis were 
overexpressed independently in potato, and the tuber sprouting phenotype of trans-
genic plants was observed (Table 2). The constitutive overexpression lines of IPT 
had enhanced accumulation CK levels, yet they did not influence the tuber sprout 
induction compared to wild-type potato tubers. However, IPT overexpression lines 
exhibited earliness for the sprout induction when treated with GA3 under in vitro 
conditions. In contrast, CKX1 overexpressing lines had reduced CK levels and their 
tubers showed a prolonged dormancy period. Moreover, the tuber buds from CKX1 
overexpressing lines were non-responsive to GA3 application. These results support 
that CKs are essential for terminating the tuber dormancy and stimulating the cell 
division to initiate sprouting in potato tubers. Also, it appears that higher CK levels 
increase the GA-responsiveness of the tuber buds and induce sprout initiation in 
potato.

Gene expression analysis as well as in-situ hybridization experiments revealed 
that the expression level of a gene involved in auxin signaling - AUXIN RESPONSE 
FACTOR (StARF6) increased by nearly threefold in the sprouting buds, especially 
in the meristematic, procambial and early vascular tissues compared to the dormant 
buds (Table 2). The authors proposed that StARF6 could serve as an important marker 
to govern the meristem activation in potato tubers (Faivre-Rampant et al., 2004). 
RNAi lines of the key strigolactone (SL) biosynthetic pathway gene CAROTENOID 
CLEAVAGE DIOXYGENASE8 (CCD8) in potato lead to an approximately threefold 
decrease in root SL levels compared to wild-type plants, and the tubers from the 
RNAi lines showed a higher rate of sprouting during their storage (Table 2) (Pasare 
et al., 2013). Interestingly, during twelve weeks of storage at room temperature, all 
the tubers of the CCD8 RNAi lines sprouted, whereas no sprouting was observed 
in wild-type tubers, implying that SL delays the tuber sprouting rate and efficiency. 
Ethylene is known to suppress the tuber sprouting; however, the exact role of ethylene 
remains to be elucidated (Table 2). 

Tuber dormancy is believed to be genetically inherited. An investigation by 
Bisognin et al. (2018) found a quantitative trait locus (QTL), which can control 
the dormancy and sprouting of potato tubers. This QTL was located on chromo-
somes 2, 3, and 7, and contained genes involved in signaling of phytohormones, 
such as ABA, IAA and GA. A recent report by Sharma et al. (2021) employed 
a dual approach of conventional QTL analysis coupled with a combined bulk-
segregant analysis (BSA), and numerous BSA-QTLs responsible for the tuber sprout 
elongation and the dormancy release were identified. Among them, many QTLs 
harbored genes involved in various phytohormone biosynthesis and signaling path-
ways, such as GA (GA20OXIDASE, PGSC0003DMG400000170; GA20OXIDASE 
4, PGSC0003DMG400000011; GA receptor GID1, PGSC0003DMG400000139, 
PGSC0003DMG400012756; DELLA protein RGL2, PGSC0003DMG400007285; 
YABBY1, PGSC0003DMG400025969), CK (two-component system sensor histidine 
kinase/response regulator, PGSC0003DMG400038579), auxin (AUXIN-INDUCED
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PROTEIN X10A; PGSC0003DMG400026010), BR (BRASSINOSTEROID INSEN-
SITIVE 1-ASSOCIATED RECEPTOR KINASE 1, PGSC0003DMG401000056) 
and ethylene (1-AMINOCYCLOPROPANE-1-CARBOXYLATE SYNTHASE 2, 
PGSC0003DMG400000193). The candidate QTLs could be further explored for 
developing new potato cultivars. Useful manipulation of the tuber sprout initiation 
(delay or earliness) can be achieved based on the purpose of the tubers- food source or 
plant propagation. Apart from phytohormone related genes, several other genes, such 
as SUCROSE TRANSPORTER 1 (SUT1), GRANULE BOUND STARCH SYNTHASE 
(GBSS), ADP RIBOSYLATION FACTOR, POTLX-1 (LIPOXYGENASE), CATA-
LASE 2 (CAT2), ANNEXIN P34, ALCOHOL DEHYDROGENASE, β-CAROTENE 
HYDROXYLASE, AQUAPORIN PIP2-2, etc. were differentially expressed between 
a mature tuber and the tuber sprout, implying their role in the initiation of the potato 
tuber sprout (Fig. 3b). 

2.2 Sugar Metabolism and Its Crosstalk with Plant 
Hormones During Potato Tuber Sprouting 

The sprout initiation and its subsequent growth is dependent on the supply of 
sucrose from the tuber pith cells to the growing bud. The starch stored in the 
tubers is hydrolyzed by the coordinated action of α- and β-AMYLASES, and the 
debranching enzymes like ISOAMYLASE and LIMIT DEXTRINASE to form 
glucose and maltose. These sugars are further exported to the cytosol by the maltose 
and glucose transporters, respectively. In the cytosol, INORGANIC PYROPHOS-
PHATASE (PPase) catalyze the conversion of these sugars into sucrose, which is 
then transported through the vascular strands to the sprout bud as energy source. 
Earlier, Hajirezaei and Sonnewald (1999) developed the transgenic potato plants 
that expressed a PPase gene under the control of a strong and constitutive chimeric 
ST-LS1/35S promoter. Wild-type tubers began to sprout after four months of storage 
at room temperature, whereas transgenic tubers did not sprout even after a prolonged 
storage period of two years, suggesting that constitutive expression of PPase inhibits 
sprout growth. As the tubers of these transgenic lines had enhanced levels of glucose, 
fructose and sucrose, early sprout growth was expected in them compared to the wild-
type tubers. Additionally, the transgenic lines contained reduced starch content in 
tubers, yet the rate of respiration of tubers was unaltered in transgenic lines compared 
to wild-type. Based on these observations, the authors proposed that reduced transport 
of sucrose to the sprout bud could have inhibited the sprout initiation from transgenic 
tubers. Subsequently, a pioneering study by Farré et al. (2001) specifically expressed 
the PPase gene from E. coli in the cytosol of tuber cells using a tuber-specific patatin 
promoter. Interestingly, the tubers from the transgenic lines displayed an earliness for 
sprouting compared to wild-type tubers, and they had increased levels of sucrose and 
glucose along with decreased starch content, which could have stimulated the early 
sprouting phenotype. These studies suggest that manipulating the cytosolic inorganic
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pyrophosphate (PPi) content represents a cost-effective and environment-friendly 
strategy for controlling the tuber sprouting in potato. 

Potato transgenic lines overexpressing bacterial 1-DEOXY-D-XYLULOSE 5-
PHOSPHATE SYNTHASE gene (DXS) showed an earliness for the tuber sprout 
initiation. The tubers from these overexpression lines were found to be sprouted at 
the time of harvest, whereas the wild-type tubers were dormant at the same time 
(Morris et al. 2006). The authors further noticed ~sixfold increase in the levels of 
a CK—trans-zeatin riboside in the tubers of these overexpression lines at harvest; 
however, the levels of other MEP (2-C-methyl-D-erythritol 4-phosphate) pathway-
derived hormones, such as GA and ABA remained unchanged compared to the 
wild-type tubers, suggesting that increased levels of CK contribute to earliness in 
tuber sprouting (Morris et al. 2006). In order to modulate the trehalose-6-phosphate 
(T6P) content specifically in the tubers of transgenic potato plants, Debast et al. 
(2011) generated two constructs that either express the E. coli OtsA gene encoding 
a TREHALOSE-6-PHOSPHATE SYNTHASE (TPS) or the  OtsB gene encoding a 
TREHALOSE-6-PHOSPHATE PHOSPHATASE (TPP) under the control of a tuber-
specific B33 promoter. The analysis showed that the tubers of TPS lines had five-
fold increase in T6P levels, whereas the tubers from TPP overexpression lines had 
50% reduction in T6P levels compared to the wild-type tubers. The authors further 
reported that the sprout formation process was significantly accelerated in the tubers 
of B33-TPP lines, whereas it was delayed in B33-TPS lines compared to controls. 
Further, it was observed that the tubers of B33-TPP lines had threefold less ABA 
levels accompanied with enhanced expression of the ABA catabolism gene—ABA-
8'-HYDROXYLASE, whereas B33-TPS lines had slightly higher ABA levels that 
were associated with reduced expression of ABA-8'-HYDROXYLASE gene. These 
findings support the positive role of T6P and ABA in tuber dormancy maintenance 
and delaying sprout initiation, and their negative role in potato tuber sprouting. 

2.3 Potential Role of MicroRNAs and Long Non-coding 
RNAs in the Potato Tuber Sprouting 

Previously, hundreds of microRNAs (miRNAs) involved in stolon-to-tuber devel-
opment have been identified in potato (Zhang et al. 2013; Lakhotia et al. 2014; 
Kondhare et al. 2018). However, only three miRNAs, such as miR156, miR172 and 
miR390 are studied for their role in tuber development (Martin et al. 2009; Bhogale 
et al. 2014; Santin et al. 2017). An investigation by Ou et al. (2015) identified puta-
tive miRNAs and their target genes that were differentially expressed during potato 
tubers’ adaptive responses to the cold stress, dormancy transition, and carbohydrate 
metabolism. Numerous genes involved in phytohormone metabolism, transport and 
signaling were found as targets of these differentially expressed miRNAs, indicative 
of their potential role in potato tuber sprouting (Table 3).



300 K. R. Kondhare

Table 3 List of miRNAs and their targets including phytohormone-related genes that were differ-
entially expressed during the tuber sprouting in potato. The list is prepared as per the report of Ou 
et al. (2015) 

miRNA Target gene(s) 

stu-miR160a/b AUXIN RESPONSE FACTORS (ARFs) 

stu-miR393a/b Auxin receptor—TRANSPORT INHIBITOR RESPONSE 
PROTEIN 1 (TIR1) 

miR159/miR319a GA responsive MYB transcription factors—GAMYB1 and
-2 

miR473 and miR477 GA signaling component—DELLA protein RGL1 

novel-miRNA052 Two-component sensor protein HISTIDINE PROTEIN 
KINASE 

novel-miRNA068 and -102 AUXIN EFFLUX CARRIERs (AECs) 

novel-miRNA088 ABA receptor—ABSCISIC INSENSITIVE 1B 

novel-miRNA104 Ethylene receptor—ETHYLENE INSENSITIVE3 (EIN3) 

stu-miR166 CLASS III HOMEODOMAIN LEUCINE ZIPPER 
TRANSCRIPTION FACTOR (HD-ZIP III) 

stu-miR172 APETALA2-LIKE PROTEIN (RAP2) 

stu-miR396 GLUTAMATE DECARBOXYLASE (GAD) 

stu-miR396 SUCROSE NON-FERMENTING-LIKE KINASE 
(SnRK2.4) 

stu-miR396a-3p GLUCURONOSYLTRANSFERASE IRREGULAR XYLEM 
7-LIKE (IRX7) 

stu-miR482f-5p BAH DOMAIN-CONTAINING PROTEIN SUO-LIKE 
(SUO) 

Stu = Solanum tuberosum; miR  = MicroRNA 

Long non-coding RNAs (lncRNAs) are widely present in mammals and plants. 
The average lengths of these lncRNAs are >200 nucleotides. They harbor structural 
characteristics of mRNA like the 5' cap and poly-A tail, but do not code for proteins 
(Mercer et al. 2009; Hung and Chang 2010). In the past decade, several studies have 
ascertained their role in regulating the expression of target genes by modulating 
DNA methylation, histone modification and chromatin re-modelling (Chekanova 
2015). Recently, Hou et al. (2018) performed a genome-wide analysis of lncRNAs 
from the apical meristems during the dormancy release and the sprouting stages of 
potato tubers. Authors identified 723 differentially expressed lncRNAs, which were 
enriched for functions in cellular components of the potato apical buds and cellular 
metabolic processes. Furthermore, 386 differentially expressed lncRNAs (out of 
723) were also found as putative targets of 235 potato miRNAs. The transcription 
factor prediction of differentially expressed lncRNAs’ target genes included several 
auxin responsive TFs like ARF (10), ARR-B (5) and AUX/IAA (8), abscisic acid 
signaling gene ABAI3VP1 (13), and a gene involved in brassinosteroid-mediated 
signaling pathway—BRASSINAZOLE-RESISTANT 1 protein (1). In summary, the
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studies described above suggest the putative role of miRNAs and lncRNAs in the 
regulation of the tuber sprouting process. However, none of the miRNAs or lncRNAs 
are functionally characterized for their role in the process of the potato tuber sprouting 
initiation, and it certainly demands further research. 

3 Tuber Spouting in Yam and the Role of Phytohormones 

Yam (Dioscorea alata L.) belongs to the Dioscoreaceae family, and the genus 
Dioscorea contains more than 600 plant species. Seven Dioscorea species are most 
widely cultivated for human consumption, which include D. rotundata Poir., D. 
cayenensis Lam., D. dumetorum (Knuth) Pax, D. trifida L., D. alata L. and D. escu-
lenta Lour. Burkill, and D. bulbifera L. Selective medicinally important yam species, 
such as D. floribunda Mart. and Gal., D. spiculiflora Hemsl, and D. composita Hemsl 
are also grown in several countries (Akoroda 1993). Yam tubers are rich in nutrients, 
but also contain bioactive metabolites, such as resistant starch, steroidal sapogenins 
like diosgenin, the storage protein dioscorin, and mucilage polysaccharides. These 
health-promoting products can help in preventing cardiovascular disease, diabetes, 
and disorders of the gut microbiome (Epping and Laibach 2020). Yams are generally 
grown in humid tropical countries and is a major food in West Africa after cassava. 
It is also produced in Latin America, Asia and Oceania. An average yield of yam 
(9973 kg per ha) is highest among all the tuber and storage root crops (www.fao.org). 
Only 16% portion of the tubers are non-edible, which is also the lowest compared 
to cassava (26%) and sweet potato (21%). A typical growth cycle of yam crop is 
6–10 months, and the tubers after harvest remain dormant for the next 2–4 months. 
The growth phase of the crop corresponds with the wet season, whereas the tuber 
dormancy phase coincides with the dry season. Long growing season, the require-
ment of high labor cost along with the relatively large amount of planting material, 
and the large storage space with a huge cost for its storage are the major problems 
faced by the yam growers. Despite several nutritional benefits offered by yam tubers, 
it remains as one of the most neglected and underutilized crops throughout the world 
(www.fao.org), and there is an urgent need for its crop improvement. 

The tuber shape and size can vary greatly due to genetic and environmental factors. 
The yam tuber grows from a corm-like structure located at the base of the vine. 
Occasionally, this corm remains attached to the tuber after harvest and sprouts will 
develop from it. When the corm separates from the tuber, sprouting occurs from the 
tuber near to the point at which the corm was attached (Diop 1998). A transverse 
section of a mature yam tuber shows the presence of four concentric layers, namely 
corky periderm, cortex, meristematic layer and ground tissue. The corky periderm 
(the outer portion of the yam tuber comprising the cork cells) provides an effective 
barrier against a water loss and invasion by pathogens. Cortex is a layer located 
immediately beneath the cork, comprising thin-walled cells with very little stored 
starch. Meristematic layer includes elongated thin-walled cells under the cortex, and 
sprouts are initiated from this layer. Ground tissue represents the central portion

http://www.fao.org
http://www.fao.org
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of the tuber, and is composed of thick-walled starchy cells, with vascular bundles 
separating throughout the mass. Most yams are essentially composed of water, starch, 
small quantities of protein and other minor constituents (Diop 1998). 

Tuber dormancy is an important mechanism for the adaptation of yams to their 
natural environments (Craufurd et al. 2001). As fresh tubers are purchased for the 
propagation purposes, the prolonged dormancy is crucial to determine the shelf life 
of tubers. Therefore, long dormancy serves as a desirable attribute in yam breeding 
and selection programs (Shiwachi et al. 2003). It is indispensable for farmers to have 
a clear idea about the sprout planting period i.e. when the tubers lose their dormancy 
and start to sprout so that the next planting cycle can be started with uniformity 
in their growth. The striking difference between potato and yam is the absence of 
pre-formed meristems on yam tubers (Wickham et al. 1984), and as a result, known 
sprout suppressants of potato are not effective on yam tubers as they mostly act on 
preformed meristems to suppress their growth. An interesting report by Ile et al. 
(2006) proposed three phases of tuber dormancy in yam. Phase I starts from the 
tuber initiation and lasts until the appearance of the tuber germinating meristems; 
Phase II then continues until the initiation of foliar primordia, and Phase III lasts 
up to the appearance of the shoot bud on the surface of a tuber (Table 1). Phase 
I is classified as endo-dormancy; lasts for 200–220 days after initiation of tubers 
(or ~285 days after planting), and is governed by endogenous factors only. Phase 
II is known as endo-/eco-dormancy; lasts for ~35 days after endo-dormancy, and is 
controlled by phytohormones, physiological and environmental factors. Moreover, 
the initiation of phase II is recognized by the appearance of the tuber germinating 
meristems and this phase ends with the emergence of foliar primordia. Phase III is 
called as eco-dormancy; continues for ~10 days after phase II. This phase is regulated 
by phytohormones and environmental factors, and leads to the formation of a shoot 
bud (Table 1). 

In past, unique dormancy-inducing phenolic substances, called as batatasins I, 
II and III, were detected in dormant yam bulbils and their application could inhibit 
sprouting of yam bulbils (Hashimoto et al. 1972). Similar to potato tubers, the endoge-
nous levels of ABA increase in yam tubers in favor of dormancy (Hasegawa and 
Hashimoto 1973). In an experiment, ABA biosynthesis inhibitor—fluridone (30 μM) 
was applied to the developing tubers of the two yam cultivars having the prolonged 
tuber dormancy in the hydroponics system containing a nutrient medium with or 
without the inhibitor, and the authors observed the induction of sprouting within 
30 days of tuber formation (Awologbi and Hamadina 2016). This signifies the positive 
role of ABA in the induction and maintenance of yam tuber dormancy. 

During tuber maturation in yam, activated ABA signaling and the abundance 
of transcription factors like DEAD-BOX and GLYCINE-RICH RNA-BINDING 
proteins help to maintain dormancy (Table 2; Fig.  4). A storage protein—DISCORIN 
(DIO 1/2/3/4/5/A/B and their precursors), heat-shock proteins (HSP70 and HSP81-
88), chaperon (Clpcl), and various inhibitors of proteases, trypsin and cysteine start to 
accumulate. Starch synthesis is enhanced due to the upregulation of sucrose synthase 
and downregulation of genes encoding α-AMYLASE and INVERTASE. Cell growth 
is arrested. However, during the dormancy breakage, auxin helps in the mobilization
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(a) 

(b) (c) 

Fig. 4 Schematics summarizing the role of various phytohormones and molecular factors during 
the sprouting of tubers in potato and yam, and storage roots of sweet potato. a The levels of 
phytohormones and expression of their metabolism and signaling related genes in the dormant 
versus sprouting tubers of potato. Arrows (upward; green color) represent an increase in levels of 
phytohormones, gene expression or sugar/storage protein content, whereas arrows (downward, red 
color) indicate a decrease in the respective levels. The abbreviations are defined in the Fig. 3 legend 
and the text of this article. Factors involved in sprouting of yam tubers (b) and storage roots of 
sweet potato (c) are also summarized. Arrows (white) indicate ‘dormant tuber eyes’ or ‘sprouts’ in 
potato (panel A) and sprouts in sweet potato storage roots (panel C) 

of starch by increasing the expression of an auxin-induced protein—PCNT115 and 
auxin-dependent transcription factor—ADP RIBOSYLATION FACTOR 1 (Table 2; 
Fig. 4). Cell cycle proliferation is initiated and DISCORIN protein starts to deplete. 
Further, the sprout initiation is accompanied by active cell growth in the bud region, 
downregulation of a gene encoding SUCROSE SYNTHASE and upregulation of 
α-AMYLASE and INVERTASE. DISCORIN continues to deplete (Table 1; Fig.  4) 
(Sharma and Deswal 2021). However, none of the genes is functionally characterized 
for its role in the sprouting process. 

A study by Suja et al. (2003) demonstrated that white yam tubers when treated 
with indole-3-acetic acid (IAA; 1000 ppm) exhibited a delay in the sprout initia-
tion, but the sprout numbers were comparable to controls, suggesting a negative role 
for auxin in the yam tuber sprout initiation. Unlike potato and sweet potato, GA is 
known to inhibit the tuber sprouting in yams (Okagami and Tanno 1993). Consis-
tently, Ile et al. (2006) showed that soaking yam tubers in gibberellic acid (GA3; at  
1000 mg/L) solution for 2 h delayed the formation of the tuber germinating meris-
tems. The expression of a GA receptor gene GIBBERELLIN INSENSITIVE DWARF 
1 (DoGID1A) increases gradually during the yam bulbil sprouting (Table 2; Fig.  4) 
(Long et al. 2019). However, the limited information is available regarding the tuber 
dormancy as well as the mechanism of sprout initiation in yam.
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4 Sweet Potato and Control of Storage Root Sprouting 

Sweet potato (Ipomoea batatas L.) belongs to the Convolvulaceae family and is the 
world’s seventh most essential food crop. It is also the third most preferred amongst 
tuber and storage root crops after potato and cassava. In terms of biomass production 
per hector, sweet potato is better than all other food crops, and it is best suited for 
tropical soils with minimum fertilizers and irrigation (Loebenstein et al. 2003). One 
of the unique characteristics of sweet potato is the production of nutritious and edible 
storage roots, which are also a rich source of different vitamins (like A, C, B2, B5, 
B6, and B9), minerals (potassium, copper, etc.) and storage proteins (Cheema et al. 
2010). The storage roots of sweet potato, following the short dormancy period, can 
sprout and generate new plants (Fig. 1). Sweet potato is the only storage root crop, 
whose storage roots show sprouting phenomenon. Thus, sweet potato represents an 
ideal system to understand the sprouting mechanism in storage roots. Owing to a very 
short shelf life of storage roots, sweet potato cultivation is avoided in several countries 
(Doku 1989; Kurup and Balgopalan 1991; Rees et al. 2001). Injuries to storage roots 
during harvest, improper or inadequate curing methods and the storage conditions, 
and sprouting are the major reasons for the quality loss of sweet potato storage roots 
(Ravi and Aked 1996). Sprouting leads to a significant loss of weight and moisture 
of the storage roots, ultimately resulting in a shrinkage of the storage organ. A 
number of factors are responsible for sprouting of sweet potato storage roots (Table 
1). These include delayed harvest of storage roots, the presence of excessive soil 
moisture during the storage root maturation stage, storage root anatomy, dormancy 
period, storage conditions like optimum temperature and humidity, and the increased 
respiration by storage roots after harvest (Bourke 1982; Jana 1982; Winaro 1982; 
Wills et al. 2007; Edmunds et al. 2008). Sprouting occurs most efficiently when 
storage roots are stored at ambient temperatures, whereas it is inhibited by a constant 
incubation at 15 °C (Table 1). As per the guidelines by the United States Department 
of Agriculture (2005), sweet potato storage roots with 10% or more sprouts longer 
than 19 mm are considered as defective roots and are not considered for human 
consumption. 

In countries, where sweet potato is grown seasonally, the extension of shelf life 
becomes critical to fulfill the market demand. Curing and proper storage of sweet 
potato is important to mitigate postharvest physiological disorders and to increase the 
shelf life of storage roots (Ahn et al. 1980; Chang and Kays 1981). Curing or wound 
healing involves the desiccation of cells on the upper surface, the accompanying 
lignification of underlying cells, followed by wound periderm formation. Cured sweet 
potatoes can be stored at 13 to 16 °C for several weeks (Table 1) (Bartz and Brecht 
2005). Although the implementation of ideal curing ways and storage conditions are 
effective ways for increasing the shelf life (Ravi et al. 1996), the limited access to 
electricity and the higher capital costs involved makes it the foremost challenge for 
farmers to store storage roots at controlled temperatures in developing countries. The 
bulkiness of storage roots is another challenge for their economic transport to distal 
places. A number of other ways have been employed to control the sprouting process
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in sweet potato storage roots e.g. the use of plant growth regulators like IAA (10– 
100 ppm) (Paton and Scriven 1989), chemicals (e.g. Sodium hypochlorite; 0.3–9% by 
volume) (Lewthwaite and Triggs 1995), irradiation (gamma radiation; 0.2–1 kGy) 
(McGuire and Sharp 1995), hot water treatment (50 °C dipping for 30 min) (Hu 
and Tanaka 2007), controlled atmospheric storage, and maleic hydrazide treatment 
(Table 1). 

The total sugar content slowly increases during the storage of sweet potatoes 
(Huang et al. 2014). Zhang et al. (2002) studied the biochemical changes in sweet 
potatoes during the storage, wherein the most genotypes exhibited a decline in the 
starch content during the storage (from 0 to 180 days). An increment in α-amylase 
activity was observed during the first two months of storage; however, the activity 
decreased gradually thereafter (Table 1; Fig.  4). Nevertheless, there are no reports 
that describe the role of molecular and hormonal factors in sprouting of sweet potato 
storage roots. Thus, there is an urgency to identify the genes involved in the sprouting 
process, and accordingly devise the biotechnological strategies for increasing the 
shelf life of sweet potato storage roots. 

5 Conclusions and Future Prospects 

The sprouting process is somewhat studied in the tubers of potato and yam; however, 
it is yet to be explored in sweet potato storage roots (Table 2; Fig.  4). Considering 
the differences in the origin of belowground storage organs (i.e. modified stem in 
case of potato and yam, and storage root in case of sweet potato), the presence of 
preformed meristems on potato tubers and their absence on sweet potato storage 
roots, and the variable composition of tuber versus storage roots, it is expected that 
the regulatory mechanisms of sprouting control could be mostly unique in potato 
versus sweet potato along with few common pathways. Only future research will 
shed light on this. The way forward approach for controlling the sprouting process 
and to enhance the shelf life of tubers or storage roots of these crops could be 
employing the storage organ specific manipulation of the phytohormone signaling 
related genes depending on their roles in the sprout initiation process. This could 
be achieved using the tuber-specific promoters of genes, such as PATATIN B33 and 
GRANULE-BOUND STARCH SYNTAHSE (GBSS) in potato (Debast et al. 2011; 
Miroshnichenko et al. 2020) or the storage root-specific promoters of SPORAMIN 
genes in sweet potato. As proposed by Rees et al. (1997), it is also necessary to utilize 
the existing sweet potato varieties or develop new varieties with delayed sprouting 
phenotype in order to enhance the shelf life of tubers and storage roots that would 
boost the farmers’ income improving their socio-economic conditions. Moreover, a 
combined approach utilizing the transcriptomics, genomics and metabolite profiling 
data of dormant versus sprout initiating tubers/storage roots with advanced genome 
editing tools like CRISPR/Cas9 would be useful to generate new varieties of these 
commercially important tuber and storage root crops with delayed sprouting and 
enhanced shelf life.



306 K. R. Kondhare

Acknowledgements The author acknowledges the research fellowship and grant (IFA18-LSPA 
123) from the Department of Science and Technology- Inspire Faculty Program, Government 
of India. Thanks to the support from the Council of Scientific and Industrial Research-National 
Chemical Laboratory (CSIR-NCL), Pune, India. 

Conflict of Interest The author declare that there is no conflict of interest. 

References 

Adesuyi SA (1982) The application of advanced technology to the improvement of yam storage. 
In: Yams. Ignames. Oxford, Clarendon Press, pp 312–319 

Adu-Gyamfi R, Blay E (2009) Influence of storage duration and growth regulators on sprouting 
of yam minisett influence of storage duration and growth regulators on sprouting and field 
performance of yam (Dioscorea rotundata Poir.) Minisett. J Root Crops 35(2):219–225 

Agrimonti C, Marmiroli N (2008) Gene expression during transition from dormancy to sprouting 
in potato tubers. Fruit Veg Cereal Sci Biotechnol 2(1):95–109 

Ahn K, Collins WW, Pharr DM (1980) Influence of pre-harvest temperature and flooding on sweet 
potato roots in storage. Hort Sci 15:261 

Akoroda MO (1993) 49 - Yams: Dioscorea spp. In: Kalloo G, Bergh BO (eds) Genetic improvement 
of vegetable crops. Pergamon, ISBN 9780080408262, pp 717–733 

Aksenova NP, Sergeeva LI, Konstantinova TN, Golyanovskaya SA, Kolachevskaya OO, Romanov 
GA (2013) Regulation of potato tuber dormancy and sprouting. Russ J Plant Physiol 60:301–312 

Awologbi E, Hamadina E (2016) Early induction of sprouting on seed tubers of yam (dioscorea 
spp.) soon after tuber initiation in a hydroponics system. Exp Agric 52(3):405–417 

Bartz J, Brecht J (2005) Postharvest physiology and pathology of vegetables, 2nd edn. Marcel 
Dekker INC, New York 

Bhogale S, Mahajan AS, Natarajan B, Rajabhoj M, Thulasiram HV, Banerjee AK (2014) 
MicroRNA156: a potential graft-transmissible microRNA that modulates plant architecture and 
tuberization in Solanum tuberosum ssp. andigena. Plant Physiol 164:1011–1027 

Biemelt S, Hajirezaei M, Hentschel E, Sonnewald U (2000) Comparative analysis of abscisic acid 
content and starch degradation during storage of tubers harvested from different potato varieties. 
Potato Res 43:371–382 

Bisognin DA, Manrique-Carpintero NC, Douches DS (2018) QTL analysis of tuber dormancy and 
sprouting in potato. Am J Potato Res 95:374–382 

Bourke RM (1982) Sweet potato in Papua New Guinea. 45. International: review. In: Griggs TD 
(eds) Sweet potato L Villareal. Proceedings of 1st international symposium. Asian vegetable 
research developmental centre (AVRDC), Shanhua, Tainan, Taiwan 

Braide S, Hamadina EI (2018) A role of abscisic acid in the induction of tuber dormancy in yam 
(Dioscorea alata L.). Adv Life Sci 8(1):32–38 

Burton WG (1989) Dormancy and sprout growth. In: The potato, 3rd edn, Longman scientific and 
technical. Longman Group Ltd., UK, pp 471–504 

Campbell M, Segear E, Beers L, Knauber D, Suttle J (2008) Dormancy in potato tuber meristems: 
chemically induced cessation in dormancy matches the natural process based on transcript profiles. 
Funct Integr Genomic 8:317–328 

Cantwell M, Suslow T (2001) Sweet potato. Crisphead: Recommendations for maintaining posthar-
vest quality. http://postharvest.ucdavis.edu/Commodity_Resources/Fact_Sheets/Datastores/Veg 
etables_English/?uid=34&ds=799. Accessed 17 Sept 2021 

Carrera E, Bou J, García-Martínez JL, Prat S (2000) Changes in GA20-oxidase gene expression 
strongly affect stem length, tuber induction and tuber yield of potato plants. Plant J 22:247–256

http://postharvest.ucdavis.edu/Commodity_Resources/Fact_Sheets/Datastores/Vegetables_English/?uid=34&amp;ds=799
http://postharvest.ucdavis.edu/Commodity_Resources/Fact_Sheets/Datastores/Vegetables_English/?uid=34&amp;ds=799


Phytohormone-Mediated Regulation of Sprouting in Tuber and Storage Root Crops 307

Chakraborty C, Roychowdhury R, Chakraborty S, Chakravorty P, Ghosh D (2017) A review on 
post-harvest profile of sweet potato. Int J Curr Microbiol Appl Sci 6:1894–1903 

Chandrasekara A, Kumar TJ (2016) Roots and tuber crops as functional foods: a review on 
phytochemical constituents and their potential health benefits. Int J Food Sci 3631647 

Chang LA, Kays SJ (1981) Effect of low oxygen storage on sweet potato roots. J Am Soc Hortic 
Sci 106:481 

Cheema M, Rees D, Westby A, Taylor M (2010) Hormonal control of sprouting of sweetpotatoes 
in storage. Acta Hortic 858:173–177 

Chekanova JA (2015) Long non-coding RNAs and their functions in plants. Curr Opin Plant Biol 
27:207–216 

Cheng Y, Liu H, Cao L, Wang S, Li Y, Zhang Y, Jiang W, Zhou Y, Wang H (2015) Down-regulation 
of multiple CDK inhibitor ICK/KRP genes promotes cell proliferation, callus induction and plant 
regeneration in Arabidopsis. Front Plant Sci 6:825 

Claassens MMJ (2002) Carbohydrate metabolism during potato tuber dormancy and sprouting. PhD 
thesis (123101), Wageningen University 

Craufurd PQ, Summerfield RJ, Asiedu R, Vara Prasad PV (2001) Dormancy in yams. Exp Agric 
37:75–109 

Debast S, Nunes-Nesi A, Hajirezaei MR, Hofmann J, Sonnewald U, Fernie AR, Börnke F (2011) 
Altering trehalose-6-phosphate content in transgenic potato tubers affects tuber growth and alters 
responsiveness to hormones during sprouting. Plant Physiol 156:1754–1771 

Destefano-Beltran L, Knauber D, Huckle L, Suttle JC (2006) Effects of postharvest storage 
and dormancy status on ABA content, metabolism, and expression of genes involved in ABA 
biosynthesis and metabolism in potato tuber tissues. Plant Mol Biol 61:687–697 

Diop A (1998) Storage and processing of roots and tubers in the tropics. In: Calverley DJB (eds) 
Post-harvest technology. Food and Agriculture Organization of the United Nations 

Doku EV (1989) Root crops in Ethiopia. Root crops and low-input agriculture: Helping to meet food 
self sufficiency goals in eastern and southern Africa. In: Proceedings of 3rd eastern and southern 
Africa regional workshop on roots and tuber crops. Int. Inst. Trop. Agric., Ibadan, Nigeria 

Edmunds BA, Boyette N, Clark CA, Ferrin D, Smith TP, Holmes G (2008) Postharvest handling of 
sweet potatoes. North Carolina Cooperative Extension Services, Raleigh, North Carolina 

Epping J, Laibach N (2020) An underutilized orphan tuber crop—Chinese yam: a review. Planta 
252:58 

Faivre-Rampant O, Cardle L, Marshall D, Viola R, Taylor MA (2004) Changes in gene expression 
during meristem activation processes in Solanum tuberosum with a focus on the regulation of an 
auxin response factor gene. J Exp Bot 55(397):613–622 

Farré E, Bachmann A, Willmitzer L, Trethewey RN (2001) Acceleration of potato tuber sprouting 
by the expression of a bacterial pyrophosphatase. Nat Biotechnol 19:268–272 

Francis D, Sorrell DA (2001) The interface between the cell cycle and plant growth regulators: a 
mini review. Plant Growth Regul 33(1):1–12 

Gao Y, Zhao M, Wu XH, Li D, Borthakur D, Ye JH, Zheng XQ, Lu JL (2019) Analysis of 
differentially expressed genes in tissues of Camellia sinensis during dedifferentiation and root 
re-differentiation. Sci Rep 9:2935 

Gong HL, Dusengemungu L, Igiraneza C, Rukundo P (2021) Molecular regulation of potato tuber 
dormancy and sprouting: a mini-review. Plant Biotechnol. Rep. 15:417–434 

Gregory LE (1968) Effect of Ethephon on breaking of dormancy in yarn tubers. J Agric Univ Puerto 
Rico 56:46–56 

Haider MW, Nafeesa M, Amina M, Asadb HU, Ahmad I (2021) Physiology of tuber dormancy and 
its mechanism of release in potato. J Hortic Sci Technol 4(1):13–21 

Hajirezaei M, Sonnewald U (1999) Inhibition of potato tuber sprouting: low levels of cytosolic 
pyrophosphate lead to non-sprouting tubers harvested from transgenic potato plants. Potato Res 
42:353–372



308 K. R. Kondhare

Hartmann A, Senning M, Hedden P, Sonnewald U, Sonnewald S (2011) Reactivation of meristem 
activity and sprout growth in potato tubers require both cytokinin and gibberellin. Plant Physiol 
155(2):776–796 

Hasegawa K, Hashimoto T (1973) Quantitative changes of batatasins and abscisic acid in relation 
to the development of dormancy in yam bulbils. Plant Cell Physiol 14(2):369–377 

Hashimoto T, Hasegawa K, Kawarada A (1972) Batatasins: New dormancy-inducing substances of 
yam bulbils. Planta 108:369–374 

Hou X, Du Y, Liu X, Zhang H, Liu Y, Yan N, Zhang Z (2018) Genome-wide analysis of long 
non-coding RNAs in potato and their potential role in tuber sprouting process. Int J Mol Sci 
19(1):101 

Hu W, Tanaka SI (2007) Effect of heat treatments on the quality and storage life of sweet potato. J 
Sci Food Agric 87:313–319 

Huang CL, Liao WC, Chan CF, Lai YC (2014) Storage performance of Taiwanese sweet potato 
cultivars. J Food Sci Technol 51:4019–4025 

Hung T, Chang HY (2010) Long noncoding RNA in genome regulation: prospects and mechanisms. 
RNA Biol 7:582–585 

Hutchingson RW (1978) The dormancy of seed potatoes. 2. The effect of storage temperature. 
Potato Res 21:267–275 

Igwilo NH (1982) Evaluation of yam cultivars for seed yam production using minisett technique. 
NCCRI, Annual Report (Technical report) vol I 

Ikediobi CO, Oti E (1983) Some biochemical changes associated with post-harvest storage of white 
yam (Dioscorea rotundata) tubers. J Sci Food Agric 34(10):1123–1129 

Ile EI, Craufurd PQ, Battey NH, Asiedu R (2006) Phases of dormancy in yam tubers (Dioscorea 
rotundata). Ann Bot 97(4):497–504 

Jaleel CA, Gopi R, Manivannan P, Kishorekumar A, Gomathinayagam M, Panneerselvam R (2007) 
Changes in biochemical constituents and induction of early sprouting by triadimefon treatment in 
white yam (Dioscorea rotundata Poir.) tubers during storage. J Zhejiang Uni Sci B 8(4):283–288 

Jana RK (1982) Status of sweet potato cultivation in East Africa and its future. In: Villareal RL, 
Griggs TD (eds) Proceedings of 1st international sweet potato symposium. Asian Vegetable 
Research Development Center (AVRDC), Shanhua, Tainan, Taiwan, p 63 

Jenkins PD (1982) Losses in sweet potatoes (Ipomoea batatas) stored under traditional conditions 
in Bangladesh. Trop Sci 24:17 

Kloosterman B, Navarro C, Bijsterbosch G, Lange T, Prat S, Visser RG, Bachem CW (2007) 
StGA2ox1 is induced prior to stolon swelling and controls GA levels during potato tuber 
development. Plant J 52:362–373 

Kondhare KR, Malankar NN, Devani RS, Banerjee AK (2018) Genome-wide transcriptome analysis 
reveals small RNA profiles involved in early stages of stolon-to-tuber transitions in potato under 
photoperiodic conditions. BMC Plant Biol 18:284 

Kurup GT, Balgopalan C (1991) Sweet potato production, post harvest handling and utilization 
in India. In: Dayal TR, Scott G, Kurup GT, Balgopalan C (eds) Sweet potato in south asia: 
post-harvest handling storage, processing and uses. CIP - CANADIAN TOBACCO CONTROL 
RESEARCH INITIATIVE, Trivandrum, India, p 33 

Lakhotia N, Joshi G, Bhardwaj AR, Katiyar-Agarwal S, Agarwal M, Jagannath A, Goel S, Kumar 
A (2014) Identification and characterization of miRNAome in root stem leaf and tuber devel-
opmental stages of potato (Solanum tuberosum L.) by high-throughput sequencing. BMC Plant 
Biol 14:6 

Levy D, Veilleux RE (2007) Adaption of potato to high temperatures and salinity-a review. Am J 
Potato Res 84:487–506 

Lewthwaite SL, Triggs CM (1995) Sprout suppression in sweet potato roots following immersion 
in sodium hypochlorite solutions. New Zealand J Crop Hortic Sci 23:283–287 

Lin Y, Liu T, Liu J, Liu X, Ou Y, Zhang H, Li M, Sonnewald U, Song B, Xie C (2015) Subtle 
regulation of potato acid invertase activity by a protein complex of invertase, invertase inhibitor, 
and sucrose nonfermenting1-related protein kinase. Plant Physiol 168:1807–1819



Phytohormone-Mediated Regulation of Sprouting in Tuber and Storage Root Crops 309

Lipavská H, Mašková P, Vojvodová P (2011) Regulatory dephosphorylation of CDK at G2/M 
in plants: yeast mitotic phosphatase cdc25 induces cytokinin like effects in transgenic tobacco 
morphogenesis. Ann Bot 107(7):1071–1086 

Liu B, Zhang N, Wen Y, Si H, Wang D (2012) Identification of differentially expressed genes in 
potato associated with tuber dormancy release. Mol Biol Rep 39:11277–11287 

Loebenstein G, Fuentes S, Cohen J, Salazar LF (2003) Sweet potato. In: Loebenstein G, Thottappilly 
G (eds) Virus and virus-like diseases of major crops in developing countries. Springer, Dordrecht, 
pp 223–248 

Long W, Meng J, Xu S, Zhang X, Duan Y, Yang R (2019) Cloning and expression analysis of 
gibberellin receptor gene DoGID1A in Dioscorea opposita. J Agric Biotechnol 27(11):1933–1941 

Mani F, Bettaieb T, Doudech N, Hannachi C (2014) Physiological mechanisms for potato dormancy 
release and sprouting: a review. African Crop Sci J. 22:155–174 

Martin A, Adam H, Díaz-Mendoza M, Zurczak M, González-Schain ND, Suárez-López P (2009) 
Graft-transmissible induction of potato tuberization by the microRNA miR172. Development 
136:2873–2881 

McGuire RG, Sharp JL (1995) Market quality of sweet potatoes after gamma-irradiation for weevil 
control. HortScience 30:1049–1051 

Mercer TR, Dinger ME, Mattick JS (2009) Long non-coding RNAs: insights into functions. Nat 
Rev Genet 10:155–159 

Miroshnichenko D, Firsov A, Timerbaev V, Kozlov O, Klementyeva A, Shaloiko L, Dolgov S 
(2020) Evaluation of plant-derived promoters for constitutive and tissue-specific gene expression 
in potato. Plants 9(11):1520 

More SJ, Ravi V, Raju S (2019) Tropical tuber crops. In: Postharvest physiological disorders in 
fruits and vegetables, 1st edn. CRC Press, pp 40 

Morris WL, Ducreux LJM, Hedden P, Millam S, Taylor MA (2006) Overexpression of a bacterial 1-
deoxy-D-xylulose 5-phosphate synthase gene in potato tubers perturbs the isoprenoid metabolic 
network: implications for the control of the tuber life cycle. J Exp Bot 57(12):3007–3018 

Morris WL, Alamar MC, Lopez-Cobollo RM, Cañete JC, Bennett M, Kaay JV, Stevens J, Sharma 
SK, McLean K, Thompson AJ, Terry LA, Turnbull CGN, Bryan GJ, Taylor MA (2019) A member 
of the TERMINAL FLOWER 1/CENTRORADIALIS gene family controls sprout growth in 
potato tubers. J Exp Bot 70(3):835–843 

Mozie O (1975) Sprout growth in stored white yams (Dioscorea rotundata Poir.). Trop Sci 17:45–46 
Muthoni J, Kabira J, Shimelis H, Melis R (2014) Regulation of potato tuber dormancy: a review. 
Aust J Crop Sci 8:754–759 

Okagami N, Tanno N (1993) Gibberellic acid-induced prolongation of the dormancy in tubers or 
rhizomes of several species of East Asian Dioscorea. Plant Growth Regul 12:119–123 

Ou Y, Liu X, Xie C, Zhang H, Lin Y, Li M, Song B, Liu J (2015) Genome-wide identification of 
microRNAs and their targets in cold-stored potato tubers by deep sequencing and degradome 
analysis. Plant Mol Biol Rep 33:584–597 

Pasare SA, Ducreux LJ, Morris WL, Campbell R, Sharma SK, Roumeliotis E, Kohlen W, van der 
Krol S, Bramley PM, Roberts AG, Fraser PD, Taylor MA (2013) The role of the potato (Solanum 
tuberosum) CCD8 gene in stolon and tuber development. New Phyt 198:1108–1120 

Paton J, Scriven F (1989) Use of NAA to inhibit sprouting in sweet potatoes (Ipomoea batatas). J 
Sci Food Agric 48:421–427 

Ravi V, Aked J (1996) Review on tropical root and tuber crops. II. Physiological disorders in freshly 
stored roots and tubers. Crit Rev Food Sci Nutr 36:711–731 

Ravi V, Aked J, Balagopalan C (1996) Review on tropical root and tuber crops. I. Storage methods 
and quality changes. Crit Rev Food Sci Nutr 36:661–709 

Rees D, Kapinga R, Matunda K (2001) Effect of damage on market value and shelf-life of sweet 
potato in urban markets of Tanzania. Trop Sci 41:142 

Rees D, Pollard A, Matters D, Carey E (1997) Relating post harvest physiology of sweet potato 
storage roots with storability for a range of East African varieties. In: Altman A, Waisel Y (eds) 
Biology of root formation and development. Springer, US



310 K. R. Kondhare

Ronning CM, Stegalkina SS, Ascenzi RA, Bougri O, Hart AL, Utterbach TR, Vanaken SE, Ried-
muller SB, White JA, Cho J, Pertea GM, Lee Y, Karamycheva S, Sultana R, Tsai J, Quackenbush 
J, Griffiths HM, Restrepo S, Smart CD, Fry WE, Van Der Hoeven R, Tanksley S, Zhang P, Jin H, 
Yamamoto ML, Baker BJ, Buell CR (2015) Comparative analyses of potato expressed sequence. 
Plant Physiol 131:419–429 

Saidi A, Hajibarat Z (2021) Phytohormones: plant switchers in developmental and growth stages 
in potato. J Genet Eng Biotechnol 19(1):89 

Santin F, Bhogale S, Fantino E, Grandellis C, Banerjee AK, Ulloa RM (2017) Solanum tuberosum 
StCDPK1 is regulated by miR390 at the posttranscriptional level and phosphorylates the auxin 
efflux carrier StPIN4 in vitro, a potential downstream target in potato development. Physiol Plant 
159:244–261 

Sharma S, Deswal R (2021) Dioscorea alata tuber proteome analysis uncovers differentially 
regulated growth-associated pathways of tuber development. Plant Cell Physiol 62(1):191–204 

Sharma SK, McLean K, Colgan RJ, Rees D, Young S, Sønderkær M, Terry LA, Turnbull C, Taylor 
MA, Bryan GJ (2021) Combining conventional QTL analysis and whole-exome capture-based 
bulk-segregant analysis provides new genetic insights into tuber sprout elongation and dormancy 
release in a diploid potato population. Heredity 127:253–265 

Shiwachi H, Ayankanmi T, Asiedu R, Onjo M (2003) Induction of sprouting in dormant yam 
(Dioscorea spp.) tubers with inhibitors of gibberellins. Exp Agric 39(2):209–217 

Skalák J, Vercruyssen L, Claeys H, Hradilová J, Černý M, Novák O, Plačková L, Saiz-Fernández I, 
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Abstract Plants in their lifetime interact with a wide variety of microbes that can 
be pathogenic or beneficial. While beneficial microbes can be either endophytes 
or rhizospheric, pathogenic microbes are mostly free-living and colonize either the 
phyllosphere or the rhizosphere. These microbes can be either fungi or bacteria and 
have co-evolved to interact with their host plants using specific mechanisms. Plant-
associated microbes release several chemicals onto the surfaces that they colonize, 
which are known to modulate the biology of the colonized plants directly or indi-
rectly. Plants have evolved to specifically respond to the presence of such microbes, 
either by gearing up their defence responses (in case of pathogenic microbes) or 
in a mutually beneficial manner (in case of beneficial microbes). It is but obvious 
that this relationship between plants and their interacting microbes involves a variety 
of signalling and metabolic networks, both, from the microbe, as well as the plant 
side. In this cross-talk between microbes and plants, a very important role is played 
by phytohormones such as auxins, cytokinins, gibberellins, abscisic acid, jasmonic 
acid, salicylic acid, ethylene, brassinosteroids etc. Some of these phytohormones are 
commonly synthesized in the plants and also the plant-associated microbes are known 
to release some of these phytohormones into their habitat, consequently influencing 
plant responses. These microbes are also known to impact signalling mechanisms 
in their host plants by modulating the metabolism of important phytohormones in 
them. Such modulations in plant phytohormone metabolism have a pleotropic impact 
on a wide array of metabolic and signalling networks in them, thus affecting, not 
only their specific responses to the microbes, but also their growth, development 
and general stress response mechanisms. This chapter highlights the importance of 
phytohormones in plant–microbe interaction, both in case of pathogenic as well as 
beneficial microbes.
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1 Introduction 

The role of phytohormones in growth, development and stress tolerance/resistance in 
plants is a very well-studied area of research with a strong history. The metabolism 
and signalling mechanisms of auxin, cytokinin and gibberellins in plants have been 
elaborated in the other chapters of this book. In this chapter, we highlight several 
aspects of phytohormone signalling involved in the interaction between plants and 
microbes, with special emphasis on the above three phytohormones. Plants, in 
their lifetime, encounter both, pathogenic as well as beneficial microbes that have 
co-evolved with their hosts for mutual interaction. These microbes can either be 
fungi or bacteria. While pathogenic microbes can be both, phyllospheric (colonizing 
leaf surfaces) and rhizospheric (colonizing rhizosphere/roots), beneficial microbes 
typically live in the soil and are, therefore, rhizospheric. Rhizospheric microbes 
can either be free-living or endo-colonizers and are collectively termed as plant 
growth promoting microbes (PGPM; PGPR for rhizobacteria and PGPF for fungi). 
Pathogenic microbes can either be biotrophs (need live plant tissues for nutrition) 
or necrothrophs (live on dead plant tissues), and in either case, can cause exten-
sive damage to plants. Plants have evolved to recognize the presence of pathogens 
on their surface and respond by recruiting specific defence-related metabolic and 
signalling pathways that provide them resistance against these pathogens. Benefi-
cial, soil microbes on the other hand co-exist with plants in a mutually beneficial 
manner, as obligatory or facultative symbionts. They are known to positively impact 
plant growth, development and stress tolerance/resistance by modulating several 
metabolic and signalling pathways in plants. It has been well established that there is 
a substantial amount of cross-talk between plants and the microbes they interact with. 
Much of this cross-talk is mediated by phytohormones such as auxins, cytokinins, 
gibberellic acid (GA), abscisic acid (ABA), salicylic acid (SA), jasmonic acid (JA), 
ethylene, brassinosteroids etc. Some of these phytohormones (particularly auxinss, 
cytokinins and GA) are common growth regulators in both, plants and microbes 
and are biosynthesized via similar (in some cases, identical) pathways. They are 
metabolized according to their specific requirements in growth, development and 
stress mitigation in plants versus bacteria. Plant–microbe interaction with respect to 
phytohormone signalling works in two ways: 

(a) The phytohormones biosynthesized by several of these microbes are released 
exogenously. For example, several strains of PGPM release these growth 
hormones into the rhizosphere where they positively modulate the root structure 
architecture, thus enabling the microbes to efficiently colonize the rhizosphere. 

(b) Many of these microbes are known to modulate the endogenous phytohormone 
metabolism and signaling processes in plants, which enables several aspects 
of plant responses to these microbes. 

Both these phenomena have been discussed in this chapter.
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2 Biosynthesis and Metabolism of Phytohormones 
in Microbes 

When cultured in the growth media, many rhizospheric bacteria (harmful and bene-
ficial) are known to produce different phytohormones like auxins, cytokinins, GA 
and ABA (reviewed by Spaepen and Vanderleyden 2011). Among these microbial-
produced phytohormones, auxin is more extensively studied than others. Most soil 
bacteria produce auxin in the form of indole-3-acetic-acid (IAA) in a tryptophan 
(precursor for IAA) dependent biosynthetic pathway. The first step involves an 
enzyme tryptophan mono-oxygenase which converts the amino acid tryptophan into 
indole-3-pyruvic acid (IPA). Indole-3-pyruvate decarboxylase (IPDC) then converts 
IPA to IAA (Duca et al. 2014; Patten et al. 2013; Shao et al. 2015). An alternate 
pathway has also been suggested which involves the conversion of tryptophan to 
indole-3-acetamide (IA) via the enzyme tryptophan mono-oxygenase followed by 
conversion of IA to IAA via IA dehydrogenase (Patten et al. 2013; Zupan and 
Zambryski 1995). Most beneficial bacteria produce auxin via the IPA pathway, 
while pathogenic (gall/knot forming) soil bacteria commonly use the IA pathway 
for biosynthesis of IAA. Many bacteria including Azospirillium sp., Enterobacter 
sp., and Pseudomonas sp., encode the ipdC gene responsible for converting indole-
3-pyruvic acid to indole-3-acetic acid (Koga et al. 1991; Patten and Glick 2002b; 
Xie et al. 2005). It has been reported that iaaM and iaaH genes are involved in 
IA mediated biosynthesis of IAA in Pseudomonas fluorescens, Erwinia herbicola, 
Erwinia crysanthemi 3937 and Ralstonia solanacearum (Kochar et al. 2011; Yang 
et al. 2007). A PGPR strain, Azospirillum brasilense Yu62 encodes a gene, aldA that 
converts indole-3-acetaldehyde to IAA (suggested as an alternative pathway for IAA 
biosynthesis in some bacteria). The Pathogenic bacterium Pseudomonas savastanoi 
produces conjugated forms of auxin (responsible for auxin homeostasis in plants) via 
the iaaL gene which encodes the enzyme IAA-lysine synthase, responsible for conju-
gation of auxin (Glass and Kosuge 1986). These pathways have been summarized in 
Fig. 1. 

Fig. 1 Commonly used IAA biosynthesis pathway in bacteria. TAM: tryptophan aminotransferase, 
IPDC: indole-3-pyruvic acid decarboxylase, TMO: tryptophan monooxygenase, IAAH: indole-3-
acetamide hydrolase
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Apart from auxin, many plant-associated bacteria such as Agrobacterium tumi-
faciens, Rhodococcus fascians, Ralstonia solanacearum and Pseudomonas savas-
tonii etc., are also known to produce the phytohormone cytokinin (Akiyoshi et al. 
1989; Barry et al. 1984; MacDonald et al. 1986). The biosynthesis of cytokinin in 
bacteria generally begins with two isopentenyl transferases (IPT): adenylate-IPT and 
tRNA-IPT. The transfer of isopentyl group to N6-amino group (prenylation) of the 
free adenosine nucleotides such as AMP, ADP and ATP or tRNA-bound adenosine 
phosphate catalyses the first step in cytokinin biosynthesis (Sakakibara 2006; Takei 
et al. 2001). After prenylation, hydroxylation of isopentyl adenosine nucleotides 
by cytochrome P450 monooxygenase forms trans-zeatin (tZ). The adenylate, IPT 
is more commonly found in pathogenic bacteria, and it typically uses adenosine 
monophosphate (AMP) as a prenyl chain acceptor and dimethylallyl pyrophosphate 
(DMAPP) and 4-hydroxy-3-methyl-2-enyl pyrophosphate (HMBPP) as prenyl chain 
donor. The cytokinins are only available as nucleosides incorporated into the tRNA 
sequence in many bacteria. In most bacteria, tRNA IPT catalyses the formation of 
isopentyl-ribosides, and the miaA gene encodes the tRNA IPT is present in all bacte-
rial species (except Mycoplasma sp.). The tRNA IPT uses both DMAPP and HMBPP 
as side-chain donors to produce cytokinin (Sakakibara 2006; Takei et al. 2001). While 
auxin and cytokinin are well studied and characterised in microbes, there are also 
reports of the production of gibberellic acid (GA) in beneficial growth-promoting 
bacteria. Most bacteria use geranyl–geranyl diphosphate (GGDP) as the precursor for 
GA synthesis. Studies conducted by Freiberg et al. (1997) show the presence of GA 
biosynthetic gene cluster in Rhizobium NGR234, a legume colonising bacterium 
that codes for three cytochrome P450, one geranyl–geranyl diphosphate synthase 
(GGDPS) and two di-terpene synthases. Also, in Bradyrhizobium japonicum, three 
genes CYP112, CYP114 and CYP117, which encode cytochrome P450 have been 
identified (Tully et al. 1998). 

Similar to bacteria, plant associated fungi also produce phytohormones during 
their interaction with the host. Many fungi are known to produce phytohormones 
like auxin, GA and cytokinin (Liao et al. 2018; Pons et al. 2020; Takeda et al. 2015). 
Similar to bacteria, many fungal species utilize the IPA pathway for biosynthesis of 
auxin (Kumla et al. 2020). It is well known that one GA was first identified in fungi 
such as Fusarium fujikuroi (Sawada 1912). The biosynthetic pathway for GA in 
fungi is different from the plants in that it involves the cytochrome P450 gene cluster 
and GGDP as a precursor similar to the pathway seen earlier in bacteria (Bömke and 
Tudzynski 2009). 

3 Phytohormone-Releasing PGPM and Their Benefits 
to Plants 

It is a well-established fact that PGPM not only biosynthesize phytohormones for 
their growth and development, but also release them into the rhizosphere. These
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hormones include auxin, cytokinin, GA, ABA etc. either in free or conjugated forms 
(Saharan and Nehra 2011; Vacheron et al. 2013; Vejan et al. 2016; Gouda et al. 
2018; Numan et al. 2018). This property of PGPM is considered to be a key mech-
anism in improving plant growth and stress tolerance. For example, it is well estab-
lished that IAA-producing PGPR are able to increase root surface area in inoculated 
plants. (reviewed by Mantelin and Touraine 2003). Auxin proding Bacillus subtilis 
LK14 increased plant biomass and chlorophyll content in tomato plants (Khan et al. 
2016). Auxin released from the PGPR, Azospirillum has has been known to help in 
imparting abiotic stress tolerance to a variety of crops such as legumes and grami-
naceous plants (Arzanesh et al. 2011; Cassán et al. 2014). An auxin-overproducing 
strain of Pseudomonas putida GR12-2 has been shown to promot root elongation 
in canola seedlings (Xie et al. 1996). Similar observations have been reported by 
Patten and Glick (2002a) in the same strain. Micrococcus luteus chp37, a cytokinin 
producing PGPR improved, both, root and shoot biomass in maize, helping the plants 
overcome water-stress (Raza and Faisal 2013). Similar observations have been made 
in the in cytokinin-producing Bacillus subtilis strains when inoculated with lettuce 
(Arkhipova et al. 2007) and Platycladus orientalis (Liu et al. 2013). Selvakumar 
et al. (2018) reported that cytokinin-producing Citricoccus zhacaiensis and Bacillus 
amyloliquefaciens had similar impacts on tomato plants. A GA-producing PGPR, 
Pseudomonas putida H-2-3 improved drought tolerance in soyabean (Kang et al. 
2014a, b, c). GA and ABA-producing Azospirillum lipoferum conferred drought 
tolerance to maize (Cohen et al. 2009) and GA-producing Azospirillum brasilense 
to wheat (Creus et al. 2004). 

In a study by Salomon et al. (2014), inoculation of ABA producing Bacillus 
licheniformis and Pseudomonas fluorescens improved growth of grapevine under 
drought conditions. Sandhya et al. (2009, 2010) have reported the production of a 
variety of phytohormones in the drought-tolerant PGPR, Pseudomonas putida GAP-
P45 and imparts drought tolerance to maize and sunflower. Ghosh et al. (2019) later 
reported that the same strain produces different concentrations of auxin, cytokinin, 
GA and ABA in the growth medium and imparts drought tolerance to Arabidopsis 
thaliana. 

Much like rhizobacteria, several strains of soil fungi are also known to release 
phytohormones into the culture medium. Species such as Aspergillus fumigatus and 
Penicillium citrinum have been known to secrete GA in culture medium (Waqas et al. 
2012). Cytokinin produced by fungi is involved in drought and salinity stress through 
cross-talk with ABA (Ansari et al. 2013). Inoculation with Penicillium species during 
salt stress, promoted shoot growth due to the enhanced secretion of active GAs in 
cucumber plants (Gupta et al. 2021; Waqas et al. 2012).
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4 Precise Roles of Microbe-Derived Phytohormones 

What happens to the phytohormones that are released by the soil microbes and 
how exactly do they help in PGPM-induced growth, development and stress toler-
ance in plants? Considering the pleotropic role of phytohormones in almost every 
aspect of plant life-history, it can be hypothesized that the mechanisms involving 
PGPM-mediated improvement in plant health would involve the uptake and utiliza-
tion of microbe-derived phytohormones. Some studies involving bacterial mutants 
have established the importance of microbe-derived phytohormones in such benefi-
cial interactions which is described in greater details later in this chapter. However, 
precise studies on the uptake and utilization of these phytohormones are missing. 
We can broadly categorize the effects of these microbe-derived phytohormones on 
(a) modulation of the rhizosphere/roots and (b) modulation of endogenous signalling 
networks in the host plants. 

5 Role of Microbe-Derived Phytohormones in Modulation 
of Rhizosphere/Roots 

It is believed that phytohormones released by PGPM modulate the rhizosphere which 
helps in their colonization, however, there are not enough reports to corroborate this 
hypothesis. There are more reports on the role of microbe-produced exopolysaccha-
ride on root colonization. However, the impact of these phytohormone-producing 
microbes on modulation of root structure architecture is established (Kudoyarova 
et al. 2019), pointing to a possible role of these phytohormones on bacterial colo-
nization. Since the roots are the first points of contact of any bacterial exudate and the 
plant, therefore, the impact of these microbe-derived chemicals on parameters such 
as primary root length, lateral root length and branching, root hair density etc. is but 
expected. The role of plant-derived phytohormones on root growth and development 
is well established. It is a well-known fact that the two primary hormones respon-
sible for regulating root growth are auxin and cytokinin. Classical studies have proven 
that auxin induces lateral root growth in plants, while, both auxin and cytokinin can 
become inhibitory towards root growth at relatively higher concentrations (Taiz et al. 
2015). There are several reports on the impact of phytohormone-producing bacteria 
on root growth and development, however, there are very few reports establishing a 
direct correlation between microbe derived phytohormones and root growth or root 
structure architecture. Nonetheless, based on the roles of phytohormones such as 
auxin and cytokinin on root growth and architecture, some speculative correlations 
can be made. For example, it has been seen that auxin or cytokinin-releasing PGPR 
induce increase in root hair density and lateral root length while, in some cases, 
inhibition of primary root length has been observed (Shah et al. 2016; Ghosh et al. 
2017; Kudoyarova et al. 2019). There are also reports on enhancement of the total 
root surface by these microbes. It is obvious that many of these changes can lead to
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increased mineral uptake by roots, thereby increasing root exudation and, possibly, 
facilitating PGPM colonization The role of auxin and cytokinin producing bacteria 
on several aspects of root development has been comprehensively reviewed by Kudo-
yarova et al. (2019). According to this review, the impact of these bacteria on root 
development is two-fold; a positive impact by some strains and a negative impact by 
others. The negative impact has been correlated with the inhibitory roles of higher 
concentrations of auxin and cytokinin on root growth. For example, an increase in 
root biomass and endogenous root auxin levels were observed in wheat plants inoc-
ulated with auxin-producing Paenibacillus illinoisensis IB 1087 and Pseudomonas 
extremaustralis IB-K13-1A (Kudoyarova et al. 2017). Similar observations have been 
reported in wheat inoculated with the salt tolerant PGPR Pseudomomas moraviensis 
(Ul Hassan and Bano 2019) and Azospirillum (Dobbelaere et al. 1999). Similarly, 
drought mitigation in wheat due to enhanced root growth and lateral root formation 
by auxin producing Azospirillum was reported by Arzanesh et al. (2011). Changes in 
the root architecture due to the production of IAA by PGPR was found in the studies 
of Mantelin and Touraine (2003), helping the plants in rapid uptake of water from 
the soil under drought conditions. A beneficial species of fungi, Trichoderma virens, 
inoculated onto Arabidopsis thaliana, changed root architecture by modulating IAA 
concentration (Contreras-Cornejo et al. 2009). There are reports that mutant strains 
deficient in IAA production were impaired in the type of root growth promotion that 
the wild type strain could impart. For example, IAA-deficient mutants of Pseudo-
momas putida whose impact was studied on root growth in canola (Brassica napus) 
(Patten and Glick 2002b). Studies with mutants altered in IAA production and their 
role in modulating root structure architecture in plants has been reviewed by Spaepen 
and Vanderleyden (2011). 

In case of cytokinin producing microbes, Bacillus amyloliquefaciens UCMB5113 
inhibited primary root growth in Arabidopsis thaliana (Asari et al. 2017). This obser-
vation was correlated with, both, bacterial cytokinin production which increased root 
cytokinin levels or the increased auxin levels that were also detected in colonized 
roots (Asari et al. 2017). Similar changes in root growth in Arabidopsis thaliana by 
phytohormone producing, abiotic stress mitigating soil bacteria has been reported 
with Pseudomonas putida GAP-P45 (Ghosh et al. 2017) and with Pseudomonas 
putida AKMP7 (Shah et al. 2016). These studies reported a reduction in primary 
root length of Arabidopsis plants under water-stress conditions, when inoculated 
with the aforementioned strains of bacteria. While, in the former study (i.e., Ghosh 
et al. 2017), bacterial inoculation was positively corelated with water-stress toler-
ance, in the later (Shah et al. 2016), water-stress mediated deterioration was observed 
in plants inoculated with AKMP7.
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6 Impact of PGPM on Plant Phytohormone Metabolism 
and Signalling 

An important aspect of plant-PGPM interaction is the widely reported phenomenon 
of modulation in plant phytohormone levels and metabolism by PGPM. However, the 
precise mechanism leading to such modulations of endogenous phytohormone levels 
in plants by PGPM is not clearly understood. Form the current status of research, it can 
be hypothesized that this may be a key mechanism in PGPM-mediated stress amelio-
ration in plants (Barnawal et al. 2017; Dodd et al. 2010). However, whether these 
modulations occur due to uptake of bacterial phytohormones by plants or due to alter-
ation in plant’s endogenous hormone metabolism induced by bacteria, or a combina-
tion of both, remains unclear. Modulations in plant phytohormone levels have been 
seen in general growth and development as well as stress amelioration processes 
when inoculated with PGPM. For example, Marulanda et al. (2009) reported an 
increase in IAA concentration in clover, inoculated with Pseudomonas putida and 
Bacillus megaterium. This was positively correlated with enhanced plant biomass. 
In another study, Kang et al. (2014a) reported increased levels of endogenous GAs in 
cucumber plants inoculated with PGPR strains like Burkholdera cepacia SE4, Promi-
cromonospora spp. SE188 and Acinetobacter calcoaceticus SE370. Aeromonas 
punctata PNS-1, Serratia marcescens 90–166 and Azospirillum brasilense Sp245 are 
PGPR strains capable of producing auxin and inoculation of these bacteria increased 
the endogenous levels of auxin (Iqbal and Hasnain 2013; Shi et al. 2010). Endoge-
nous levels of IAA in the roots of plants inoculated with Phyllobacterium brassi-
cacearum STM196 and Bacillus sp. LZR216 were higher than the control plants with 
concomitant increase in expression of genes involved in IAA biosynthesis (Contesto 
et al. 2010). Apart from its effects on biosynthesis of phytohormones, PGPR can 
also affect the transport of endogenous auxin by altering the expression of auxin 
transporters which can also regulate the growth stimulating activities. For example, 
inoculation with Bacillus sp. LZR216 decreased the synthesis of PIN and AUX 
(auxin transporters). On the other hand, PIN2 and PIN3 expression is elevated in 
plants inoculated with Bacillus phytofirmans PsJN and mutation in pin2 impacts 
negatively on the growth promotion by these Bacillus species (Poupin et al. 2016; 
Wang et al. 2015). Certain substances with auxin-like activity produced by PGPR 
can also affect the endogenous auxin levels. For example, cyclopeptides produced by 
mutant Pseudomonas aeruginosa exhibit auxin-like activity weakly which enhance 
the lateral root formation and growth compared to the wild-type Pseudomonas that 
are not capable of producing the cyclopeptides (Ortiz-Castro et al. 2011). In-vitro 
studies using Arabidopsis thaliana have shown that volatiles such as acetoin and 
3,4-butanediol produced by Bacillus subtilis GB03and Bacillus amyloliquefaciens 
IN937a alter endogenous auxin levels with increased expression of auxin biosyn-
thetic genes and they also influence the expression levels of IAA transporter genes 
(Ryu et al. 2003; Zhang et al. 2007). 

Several PGPR strains are capable of synthesizing cytokinin as well as altering 
the endogenous levels of cytokinin in their host plants (Tsukanova et al. 2017). For
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instance, elevated levels of endogenous cytokinin were observed in six-week-old 
Arabidopsis thaliana upon seed bacterization with Burkholderia phytofirmans PsJN 
(Su et al. 2016). Exposure of tomato plants to volatiles emitted by Bacillus subtilis 
SYST2 enhanced the expression of cytokinin biosynthetic gene (SlCKX1) and 
endogenous cytokinin levels. Inoculation of Bacillus subtilis (AE016877) increased 
the endogenous cytokinin levels of Platycladus orientalis plants by 97.10% compared 
to its respective control (Liu et al. 2013). Similarly, PGPM inoculation can affect the 
endogenous levels of GAs in plants (Tsukanova et al. 2017). Studies using mutant rice 
plants impaired in biosynthesis of gibberellins shows that PGPR Leifsonia soli SE134 
and Enterococcus faecium LKE12 capable of producing gibberellins can compensate 
the shoot growth compared to its control (Kang et al. 2014b; Lee et al. 2015). There 
are certain strains which do not synthesize gibberellins but are capable of elevating the 
gene expression of GA biosynthetic genes. For instance, Burkholderia phytofirmans 
PsJN increases the expression of AtGA3ox1which is involved gibberellin synthesis 
in Arabidopsis thaliana (Poupin et al. 2013). 

It has been reported that several species of stress-mitigating PGPM are known to 
modulate phytohormone metabolism and homeostasis in the plants exposed to one 
or more of these stresses. Environmental stress on plants can broadly be classified 
into abiotic and biotic stresses. Stress tolerant PGPM are known to help plants in 
amelioration of both these stresses. There is a substantial body of work on the positive 
impact of stress-tolerant PGPR on abiotic stress (drought, salinity, thermal stress 
etc.) tolerance in plants. As far as the role of PGPR in amelioration of biotic stress 
is concerned, they are mostly helpful in limiting the growth of soil pathogens by 
a variety of mechanisms, thus earning them the title of “biocontrol” agents. With 
respect to phythormone signalling, auxin, GA, cytokinin and ABA are considered 
important for PGPM-mediated abiotic stress tolerance, while SA, JA and ethylene 
signalling are considered to be important for the phenomenon of biocontrol. 

Pereyra et al. (2012) have observed that, on inoculation of wheat seedlings with 
Azospirillum under osmotic stress, there were some morphological changes in the 
xylem architecture which was due to the upregulation of indole-3-pyruvate decar-
boxylase gene and increased IAA production in the plants. Enhanced tomerance of 
cucumber plants to salinity and drought waas positively correlated with endogenous 
GA levels when inoculated with Burkholdera cepacia SE4, Promicromonospora 
spp. SE188 and Acinetobacter calcoaceticus SE370 (Kang et al. 2014a). Phyllobac-
terium brassicacearum STM196 has been reported to modulate internal hormonal 
signaling in Arabidopsis thaliana (Contesto et al. 2010; Galland et al. 2012; Bresson 
et al. 2013). Ghosh et al. (2019) observed that when Arabidopsis thaliana plants were 
inoculated with the IAA and cytokinin producing PGPR Pseudomonas putida GAP-
P45, the levels of the four major phytohormones-auxin (IAA), cytokinin (Tz), GA 
and ABA were differently modulated in the roots versus shoots. P. putida GAP-P45 
downregulated endogenous ABA levels in Arabidopsis thaliana under water -stress, 
while elevating IAA and tZ accumulation in shoots and roots. This bacterium caused 
an increase in endogenous GA content in shoot but decrease of the same in root 
tissue of the plants under water-stress was observed. A beneficial species of fungus, 
Trichoderma virens caused alterations in root structure architecture of Arabidopsis



322 N. Dhar et al.

thaliana, by modulating IAA concentration (Contreras-Cornejo et al. 2009). The 
beneficial fungus, Piriformospora indica has been reported to alleviate drought and 
salinity stress in several plants by secretion of the phytohormone cytokinin and its 
cross-talk with plant ABA levels (Ansari et al. 2013). 

7 Hormonal Signaling in Plant-Pathogen Interaction 

In the last two decades, the role of phytohormone signalling in plant-pathogen inter-
action has been widely explored. Apart from the classical growth hormones elab-
orated above, exciting research around the world has extended that repertoire to 
include salicylic acid (SA), jasmonic acid (JA), nitric oxide (NO), strigolactones, 
karrikins etc. Some pathogens may directly secrete hormones or cause alteration 
of hormone levels and signalling components to overcome host defence responses 
with a combination of effectors and interference mechanisms to manipulate avail-
able host resources to their advantage (Bari and Jones 2009; Berens et al. 2017). 
Thus, the nature and magnitude of these interactions determine the overall outcome 
of host-microbial interactions. On the other hand, application of the hormones can 
be used to alter plant–microbe interactions directly or by interference in signalling 
to assess synergistic responses that enhance plant productivity as well as defense 
responses (Delaney et al. 1994; Li et al.  1996; Tjamos et al. 2005; Johansson et al. 
2006). Therefore, a better understanding of plant hormonal responses to pathogens 
during susceptible and resistant interactions will aid in the effective management 
of plant diseases while maintaining crop yields. This part of the chapter examines 
historical and novel developments on plant hormonal changes in response to various 
pathogens in general. We present a brief overview of the known host genetic compo-
nents, defense strategies, and molecular mechanisms underlying defense responses 
about hormone signalling pathways and identify research areas for the future. While 
the main focus of this chapter is on the roles of auxin, cytokinin and GA signalling, 
the major hormones impacting plant -pathogen interaction are SA, JA and ethylene. 
Hence, we first review the roles of these hormones and then move on to the others. 

8 Role of Salicylic Acid (SA), Jasmonic Acid (JA), 
and Ethylene (ET) Signaling in Plant Defense 

Salicylic acid (SA) is a plant hormone that plays a central role in plant defense 
response to pathogens, not only locally, but also during systemic defense response 
(SAR) in the face of a challenge from multiple pathogens (Delaney et al. 1994; Cao  
et al. 1997). SA-mediated defense responses are most effective against biotrophic 
and hemibiotrophic pathogens with a diminished role against necrotrophic pathogens 
(Glazebrook 2005). In plants, pathogen infection induces biosynthesis of SA mainly
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through the upregulation of the SA biosynthetic Isochroismate Synthase 1/Salicyclic 
Acid Induction Deficient (SID2) gene from the precursor chorismate, which is synthe-
sized in the chloroplast. This induces downstream responses like the production 
of reactive oxygen species (ROS), hypersensitive response (HR), lignification of 
the cell wall, production of secondary metabolites like antimicrobials, etc. Interest-
ingly, pretreatment of plants with SA induces resistance to various pathogens (Gong 
et al. 2017), while plants expressing the Pseudomonas putida NahG (encoding the 
enzyme salicylate hydroxylase that converts SA to catechol) resulted in increased 
susceptibility to pathogens (Liu et al. 2014; Zheng et al. 2019). Activation of SA 
mediated defense responses by applying beneficial microbes, including the rhizo-
sphere endophytic PGPR strain Paenibacillus alvei K165 to increase resistance in 
the host plants (Tjamos et al. 2005). Furthermore, transcriptional reprogramming 
following pathogen infection has been shown to involve SA signaling with various 
pathogens employing effector molecules to infect the host plant by altering hormone 
signaling as an infection strategy (Bari and Jones 2009). Verticillium dahliae Isocho-
rismate synthase (VdIsc1) is one such effector protein employed by the pathogen to 
suppress SA levels in the host during early infection stages (Liu et al. 2014). When 
cotton plants were inoculated with a VdIsc1 deletion mutant, the host SA and SAG 
levels and the SA marker, PR1, were significantly up-regulated. Other pathogen 
effectors like VdSCP41 target the master immune regulators calmodulin-binding 
protein 60-like g (CBP60g) and SAR Deficient 1 (SARD1), which in turn regulate the 
defense responses in multiple plant species by binding directly to the promoters of 
SA signaling components (Qin et al. 2018). Thus, SA signaling plays a significant 
role during plant-microbial interactions with SA perception, and microbe-mediated 
alterations of the host SA levels determine the host resistance mechanisms to various 
pathogenic and beneficial microbes in general. 

Another class of plant hormones that plays an important role in multiple processes 
like biotic stress, abiotic stresses, and plant development includes the jasmonates and 
jasmonic acid (JA), structurally similar to the metazoan prostaglandins (Chini et al. 
2007). In plants, JA is synthesized in chloroplasts through the octadecanoid pathway 
and is indispensable for resistance against various pests, including herbivory, insects, 
and necrotrophs, as well as in plant reproduction, including pollen fertility (Xie et al. 
1998; Berens et al. 2017). Though the JA signaling pathway genes are activated 
quickly in response to this pathogen, the levels of active JA and JA-Ile are notice-
able at a later stage in the progression of the disease, indicating an active role for 
the hormone in fungal defense response. Moreover, JA pathway mutants (like jar1, 
coi1, and cyp94B3) exhibit increased fungal resistance with reduced tissue coloniza-
tion and lower fungal biomass in roots (Scholz et al. 2018). Lignin polymerization, 
which is involved in such resistance responses during fungal infection, has been 
reported to be induced by pathogen infection in a manner involving JA signalling 
leading to increased resistance in mutants defective in the lignin polymerization 
enzyme laccase1 (Hu et al. 2018, 2019). Enhancement of JA signalling through 
involving a negative regulator of JA signaling Homeodomain Transcription Factor 1 
(HDTF1) has been linked to increased resistance of cotton to V. dahliae and Botrytis 
cinerea (Gao et al. 2016). Other transcriptional regulators like the plant-specific
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homeodomain-leucine zipper (HD-ZIP) family protein HB12 and the plant-specific 
NAC transcription family member ATAF1 are involved in the negative regulation 
of JA mediated defense responses (He et al. 2016, 2018a, b), underscoring the fact 
that transcriptional reprogramming during defense responses to pathogen actively 
involves JA mediated signal responses. JA signaling pathway is activated upon 
fungal infection in a manner that requires stearoyl acyl-carrier-protein desaturase 
(SSI2), leading to activation of defense responses and heightened resistance (Gao 
et al. 2013a, b). JA signaling pathway has also been linked to pathogen resistance 
responses through the mediator complex that comprises the conserved multiprotein 
cofactor of RNA polymerase II and regulates transcription through 20–30 subunits 
that form four mediator subcomplexes. This complex communicates with hormone 
signaling to influence multiple plant processes like development, flowering, non-
coding RNA processing, secondary metabolism, and defense response to various 
abiotic and biotic stresses (An and Mou 2013; Li et al.  2018). Multiple studies have 
shown that the absence of JA leads to the activation of SA-mediated response for resis-
tance against pathogenic fungal infection (Johansson et al. 2006), while pretreatment 
of plants with JA before subsequent infection leads to resistance against this fungal 
pathogen by activating basal defense responses (Johansson et al. 2006; Gao et al. 
2013a). Though the JA signaling pathway genes are activated quickly in response to 
this pathogen, the active JA and JA-Ile levels show noticeable changes in only the 
later part of pathogen infection. Thus, pretreatment of plants with JA before subse-
quent infection leads to resistance against this fungal pathogen by activating basal 
defense responses (Johansson et al. 2006; Gao et al. 2013a). Reciprocal regulation 
of JA-SA mediated defense responses has been observed during the Verticillium wilt 
of plants (Li et al. 2014). 

Ethylene (ET) is a gaseous plant hormone usually associated with senescence 
and cell death processes in plants which manifest as chlorosis/yellowing of the 
foliage from the loss of chlorophyll. Necrotrophic pathogen infection in plants results 
in similar cell death processes leading to the establishment and successful prop-
agation of the pathogen. Thus, it is not surprising that plant defense response to 
necrotrophic pathogens has been shown to extensively involve ethylene signaling 
(Broekaert et al. 2006), with evidence of increased ET levels coinciding with the 
onset of disease symptoms (Cronshaw and Pegg 1976). The ethylene biosynthetic 
enzyme 1-aminocyclopropane-1-carboxylate synthase (ACS6) has been reported to 
be induced upon pathogen infection, further confirming the role of ethylene during 
pathogen infection (Wang et al. 2004; Zhou et al. 2012). Increased ethylene produc-
tion has been observed in susceptible cultivars than tolerant potato cultivars upon 
exposure to fungal culture filtrate and toxin. At the same time, inhibition of the host 
ET signaling abrogated this toxin-induced and ET-mediated symptom development 
in the host (Mansoori and Smith 2005). Ethylene production followed pathogen 
infection, and ET signaling components are required for defense response against 
fungal pathogens. In contrast, treatment of the pathogen-challenged host with the 
ethylene precursor molecule 1-aminocyclopropane-1-carboxylic acid (ACC) resulted 
in increased host resistance underlined by increased fresh weight of the inoculated 
plants (Johansson et al. 2006). Interestingly, silencing of the ET receptor genes Never
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Ripe (SlNr) and SlETR4 resulted in reduced disease incidence, severity, and reduced 
fungal biomass indicative of enhanced resistance to fungal infection (Pantelides 
et al. 2010a). Pathogen resistance through lignification of the cell-wall also involves 
ET signaling with Ethylene Response Factor-like gene (ERF1 like) and Ethylene 
Response Factor 6 (GhERF6) transcription factors shown to bind to the GCC-box 
element in the promoters of the defense-related genes and positively regulate defense 
against fungal pathogens (Guo et al. 2016; Yang et al. 2015). However, the role of 
ET during fungal infection has been contradictory, with some studies indicating 
a dual role for ET in resistance and the promotion of wilt. In this context, it is 
interesting to note that impaired perception of ET in the Arabidopsis etr1-1 mutant 
led to a significant reduction in pathogen growth and increased resistance during 
Verticillium wilt ET, with a similar result achieved upon application of the ET 
inhibitor aminoethoxy vinyl glycine (AVG) either before or at the time of inoculation 
(Pantelides et al. 2010b; Robison et al. 2001a). On the other hand, plants transformed 
with a catabolic enzyme—the bacterial ACC deaminase gene under root-specific to 
inhibit ET synthesis, significantly reduced or delayed disease symptoms by targeted 
degradation of the ET precursor ACC, resulting in an overall reduction of disease 
symptoms (Robison et al. 2001b). Such dual nature of ET signaling can be explained 
by the fact that initial perception of the pathogen may be activating ET signaling and 
ET biosynthesis at the site of infection to limit the spread of the pathogen, but once 
the pathogen has already been established in a host, it might aid in the establishment 
of the necrotrophic phase of the pathogen. 

9 Role of Cytokinin (CK), Auxin (AUX), Gibberellic Acid 
(GA), Brassinosteroid (BR), Nitric Oxide (NO), 
and ß-Aminobutyric Acid (BABA) in Pathogen 
Resistance 

A decrease in the cytokinin levels in the tracheal fluid and the above-ground tissue 
in cotton plants and tomato plants treated with a pathogenic strain of Verticillium 
spp. in symptom development has been reported (Misaghi et al. 1972; Patrick et al. 
1977). A decrease in water potential in the root leading to a reduction in CK levels 
has been proposed to underline the visible yellowing of the leaves due to chlorosis 
and loss of pigments during Verticillium wilt (Patrick et al. 1977). Up-regulation of 
cytokinin degrading enzymes leading to a decrease in the host cytokinin levels, partic-
ularly trans-zeatin [tZ], has been documented to concur with Verticillium-induced 
premature senescence (Reusche et al. 2013). Taken together, these results indicate 
that reduced cytokinin levels most likely promote infection caused by a necrotrophic 
pathogen or during the necrotrophic phase in the life cycle of a pathogen laying the 
framework for efficient colonization of the host leaves by active induction of senes-
cence (Reusche et al. 2013). This is supported by the fact that external application 
of synthetic cytokinins and inhibition of the cytokinin degrading enzymatic activity
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led to reduced symptoms and proliferation of the fungus on the host (Reusche et al. 
2013). Thus, cytokinin levels seem to play a role during plant defense responses to 
specific pathogens that promote senescence as a strategy for enhancing pathogenicity 
on susceptible hosts. 

Many microbes produce/secrete bioactive molecules, including hormones as 
secondary metabolites, including the model bacterial pathogen Pseudomonas 
syringae and the fungal pathogen Verticillium dahliae. Recent work has shown that 
volatile compounds (VCs) from Verticillium spp. cause preferential allocation of 
resources driving the root growth over shoot growth by manipulating auxin (AUX) 
signaling pathways in the host plant. Various approaches, including chemical inhi-
bition of the AUX signaling pathway using an auxin efflux inhibitor, compromised 
this change in growth pattern, further underscoring the role of AUX during pathogen 
infection. Indeed, several components of the AUX signaling pathway, including TIR1, 
TIR3, AUX1, and AXR1, were subsequently shown to be involved in the regulation of 
resistance to both fungal and bacterial pathogens in the host plants (Li et al. 2018). 

GA signalling has been shown to be involved in a few instances of disease 
pathology, including the bakanae disease on rice (Studt et al. 2013) and during the 
infection by rice dwarf virus (Zhu et al. 2005). In this regard, the DELLA proteins 
that negatively regulate the GA signaling pathway involved in plant growth are fast 
emerging as plant defense response regulators that balance plant growth during biotic 
and abiotic stress (Hou et al. 2010). Recent work has shown that increased bioac-
tive GA through induction of GA biosynthetic genes combined with suppression of 
DELLA genes contribute to hyper GA signaling seems to increase the susceptibility 
of the defense compromised ndr1-1 mutant in Arabidopsis while promoting a faster 
transition to flowering in response to pathogen infection (Dhar et al. 2019). 

A class of steroid hormones that are found in both plants and animals includes 
the recently discovered brassinosteroids (BR) is perceived by cell surface recep-
tors in plants in contrast to that found in the animal counterpart and is primarily 
involved in plant growth, development, cell differentiation, and photomorphogen-
esis (Wang et al. 2012). However, a role for BR signaling in plant defense is starting 
to emerge, with its role in balancing defense and development attracting further 
attention. Epibrassinolide treatment in longer-term seemed to positively regulate 
resistance to fungal pathogen in tomato and cotton while activating the JA signaling 
pathway (Krishna 2003; Gao et al. 2013b; Roos et al. 2014; Bibi et al. 2017). Studies 
have shown that both pathogen infection and epibrassinolide significantly elevated the 
level of the enzymes involved in carbohydrate metabolism, including sucrose phos-
phate synthase (SPS), vacuolar/cell wall-bound acid invertase (AI), and cytosolic 
sucrose synthase (SuSy), helping to negate the pathogen-induced osmotic stress in 
the host, thus contributing to host resistance (Goicoechea et al. 2000; Bibi et al.  2014). 
Various components of BR signaling, including BAK1 that encodes an LRR-RLK 
associated with the BR receptor Brassinosteroid Insensitive 1 (BRI1), is required for 
resistance against the fungus in multiple species (Fradin et al. 2009; Gao et al. 2013a; 
Roos et al. 2014). Yet another RLK Suppressor of BIR1 (SOBIR1) that is associated 
BAK1-interacting receptor-like-kinase 1 (BIR1) and hence an integral component 
of BR signaling in plants is required for resistance against various pathogens and
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regulates plant defense responses through its interaction with multiple receptor-like 
proteins (RLPs) (Liebrand et al. 2013; Zhou et al. 2019). Taken together, these find-
ings suggest that BR signalling might play a more significant role in plant defense 
response than previously expected for a hormone that initially came to prominence 
for its primary involvement in plant growth and development. 

Recently the gaseous hormone nitric oxide (NO) has been implicated in ROS and 
defense signalling in plants. Verticillium infection and Vd toxins have been known 
to induce cell death with the active involvement of ROS (Jia et al. 2007), while 
Vd toxin alters hormone balances during Verticillium infection (Pegg and Brady 
2002). However, both NO and H2O2 are produced in cotton suspension cells treated 
with Vd toxin have been known to produce both NO and H2O2, with the upregula-
tion of defense associated redox proteins glutathione S-transferases (GSTs) proteins 
associated with the NO signaling pathway (Jia et al. 2007). Leaves of Arabidopsis 
plants treated with the Vd toxin produce NO with peak activity around an hour post-
treatment which is abrogated in the NR deficient nia1 x nia2 mutant (Shi and Li 2008). 
Additionally, the Vd toxin-induced NO production results in the depolymerization 
and destabilization of the cortical microtubules rather than the actin microfilaments 
inside the cell, resulting in HR-like cell death along with the activation of the host 
defense responses (Shi et al. 2009). Yet another study with Vd toxins and mutant 
analysis has shown that H2O2 functions upstream of NO as a result of modulation of 
dynamic microtubule cytoskeleton through the blockage of NO production, mediated 
by nitrate reductase, leading to activation of defense against the fungal pathogen V. 
dahliae infection (Yao et al. 2012). Further work has shown that the downregulation 
of defense-related SA and NO hormone levels in the VIGS-mediated silencing of 
the coiled-coil (CC)–NBS–LRR-type gene (GbRVd) in cotton predisposes them to 
be susceptibility against Verticillium infection (Yang et al. 2016). 

Yet another active chemical, ß-aminobutyric acid (BABA), emerging as a novel 
plant growth regulator, has been shown to induce resistance to various pathogens. It 
prevents disease symptoms, including stunting of plants during Verticillium wilt 
of the oilseed rape by activating higher synthesis and accumulation of phenyl-
propanoids (Kamble et al. 2013). This heightened resistance is underlined by a change 
in vascular architecture and storage of resistance-enhancing phenolics, leading to the 
containment of the pathogen by inhibiting colonization of the shoot (Kamble et al. 
2013). 

10 How Indispensable Are Microbe-Derived 
Phytohormones for Plant Responses to Microbes? 

As described above, phytohormones play a key role in the interaction between plants 
and associated microbes, whether beneficial or pathogenic. Both plants and microbes 
biosynthesize phytohormones and several microbes release them into their colo-
nizing habitats. These phytohormones and other chemicals released by the microbes
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modulate the endogenous metabolic and signaling networks within the plant, thus 
impacting the way they respond to the presence of microbes in their vicinity. As 
described above, several studies involving plant and microbial mutants have identified 
the importance of microbe-derived phytohormones in plant responses to their asso-
ciated microbiota. While these studies help establish the connection between plant 
and microbial phytohormone signaling networks, further studies need to be done to 
understand the precise mechanisms underlying the responses of plants to microbe-
derived phytohormones. However, it is clear now that the different classes of plant 
hormones not only have specific roles in impacting plant physiology, development 
and stress tolerance, but with accumulating evidence, they also seem to help plants 
in interacting with their biotic environment. Thus, phytohormone based signalling 
mechanisms between plants and associated microbiota are intricately interconnected, 
sharing multiple pathway components with overlapping functions to maintain a well-
oiled cellular machinery that helps the sessile organisms in deriving benefit from 
soil microbiota and safe-guarding them from the continuous barrage of omnipresent 
pathogenic microbes in nature. 
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Iron Toxicity Tolerance in Rice: Roles 
of Auxins and Gibberellins 

Olumide Samuel Daramola, Abraham Attah Shaibu, 
and Vimal Kumar Semwal 

Abstract Rice is subjected to high iron (Fe) levels in acidic lowland soils which 
results in disturbance of basic metabolism, several changes in physiological processes 
and as a consequence reduction in productivity. In response to Fe toxicity in soils, 
rice like other plants produce a number of hormones (also known as phytohormones), 
including auxins, gibberellic acids and cytokinins. These hormones are organic 
substances that regulates plant growth and development, and play important role 
in rice defence against Fe toxicity. These hormones are part of signal-transduction 
pathway that stimulates reactions for Fe toxicity responses. The biosynthesis, trans-
port, redistribution and conjugation of these plant hormones in rice has been shown 
not only to reduce high Fe inside rice plant tissue, but also to alleviate the adverse 
effect of Fe toxicity. In the present review, we discuss the conditions that enhances Fe 
toxicity in rice, effects of Fe toxicity in rice and tolerance strategies to Fe toxicity in 
rice. A special attention has been paid on the role and mechanism of phytohormones 
in enhancing tolerance and overcoming Fe toxicity-induced adverse effects. 

1 Introduction 

Rice is one of the most important staple food crops for more than 4 billon people 
worldwide (Jaggard et al. 2010). It is an indispensable crop for food security, 
providing significant amount of daily caloric intake, and major source of employ-
ment for billions of households in Asia, Africa and Americas (Ma et al. 2007). As the 
threat to food security continue to increase due to the increasing human population 
and climate change, rice is a highly strategic and priority crop that must increase in 
production and yield to feed the estimated 9.1 billion people by 2050 (Jaggard et al. 
2010).
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Although an important crop for food security worldwide, rice is currently facing 
several biotic and abiotic stresses which has limited its yield and productivity in all 
rice ecosystems. Among the different abiotic stresses, soil nutrient toxicities is one of 
the principal factors that have limited the growth and productivity of rice (Sikirou et al. 
2015; Swamy et al. 2016; Sahebi et al. 2018; Melandri et al. 2021; Kirk et al. 2021). 
About 100 million hectares of the 128 million hectares cultivated to lowland rice 
worldwide is constrained by some sort of nutrient toxicity (Brady 1982; Becker and 
Asch 2005). Among the nutrient toxicities, iron toxicity is known as the most widely 
distributed nutritional disorder in rice production, and the most important constraint 
to rice production on acid soils (Neue et al. 1998; Dobermann and Fairhurst 2000; 
Kirk et al. 2021). Although there are several approaches and interventions including 
application of mineral nutrients and development or selection of tolerance cultivars, 
the role of phytohormones is considered an important factor in rice defense system 
under iron toxicity stress. 

Plant hormones such as salicylic acid (SA) plays a role in rice defense; jasmonates 
(JAs), and ethylene (ET) reported to act as signals to trigger and mediate a diverse 
array of defense responses (Spoel and Dong 2012). Plants encounter various abiotic 
and biotic environmental stresses during the different growth stages of their life cycle 
and under stresses, plants have developed some sophisticated mechanisms to sense 
changes in environmental conditions and adapt their growth and development to 
adjust to different stress conditions (Dong-Lei et al. 2013). In the past, researchers 
found that growth-controlling hormones, such as auxin, gibberellic acids (GAs), 
brassinosteroids (BRs), and abscisic acid (ABA), are actively involved in plant immu-
nity and thereby fine-tune immunity and growth and development in plants (Bari and 
Jones 2009; Grant and Jones 2009). It is known that a dozen mutants with consti-
tutive activation of defense often reduce growth, whereas mutations in genes that 
function in growth and development often alter disease resistance. Therefore, activa-
tion of plant defense responses could generally utilize the growth and development 
primarily due to hormone pathways. This is often called defense primarily due to 
hormone pathways. 

Current knowledge about the hormone-based defense signaling pathways and the 
interaction between the immunity and growth largely rely on scientific studies. For 
example, Arabidopsis as a monocotyledonous plant and rice one of the most impor-
tant staple food crops for which the entire genome has been sequenced, are consid-
ered model plants to study general biological processes in cereal crops and other 
plants. In contrast to the extensive studies on phytohormones signaling mechanisms 
in Arabidopsis, relatively limited information is available on molecular mechanisms 
of immune responses and roles of hormones in rice, although several rice resistance 
genes have been cloned and functionally characterized. Researchers working on rice 
are increasingly making efforts to understand roles of phytohormones in acquisi-
tion of Fe-toxicity tolerance. In present review we focus on briefly describing the 
Fe-toxicity responses and its effects on rice productivity with emphasis on roles of 
major phytohormones in acquisition of Fe Toxicity tolerance in rice.
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2 Soil and Environmental Conditions that Enhances Fe 
Toxicity in Rice 

The occurrence of Fe toxicity in rice depends on the prevailing soil and environmental 
conditions. Although Fe toxicity in rice can occur in wide range of soil types including 
acid clay soils (Alaily et al. 1998), peat soils (Deturck 1994), sulfate soils (Tinh 1999), 
valley-bottom soils (Sahrawat and Diatta 1995), podzols, arisols, gleysols, ferralsols 
and fluvisols (Cherif et al. 2009; Yang et al. 2018), it is most common in acid sulfate 
soils and waterlogged soil conditions (Becker and Asch, 2005). Depending on the 
soil type, Fe content can range between 20,000 and 550,000 mg kg−1 (0.2 to 55%), 
with highest concentration at 2–15 cm soil depth (Audebert and Sahrawat 2000; 
Audebert and Fofana 2009). Also, about 1500 ppm Fe can be added to exposed 
soil sites through the interflow of Fe from the upland slopes, thereby increasing soil 
soluble Fe content (Yoshida 1981; Zahra et al. 2021). However, the concentration of 
soil soluble Fe that is accessible to, and can affect the rice plant ranges between 10 
and >2000 mg L−1 depending on the soil and environmental conditions, (Benckiser 
et al. 1983; Singh et al. 2009). 

Several soil conditions including conditions for reduction of Fe3+ to Fe2+ partic-
ularly in waterlogged paddy rice conditions (Prade et al. 1990), increased amount of 
extractable and exchangeable soil Fe2+ (Ponnamperuma 1972; Nugraha et al. 2016), 
reduced content of soil clay material (Das et al. 1997; Rajkumar et al. 1997; Sharma 
and Dubey 2004), low soil pH, low soil fertility, increased soil organic matter, soil 
aeration, temperature and redox buffer content (Ponnamperuma 1972; Onaga et al. 
2013; Nugraha et al. 2016), reduced soil cation exchange capacity, the presence of 
stress factors (Becker and Asch 2005; Sahrawat 2010; Bashir et al. 2010), increased 
population and activities of soil fungi and microorganisms (Bonneville et al. 2004), 
and edaphic soil characteristics such as Fe:Mn, K:Fe and Fe:Zn ratio (Zancani et al. 
2007; Abhilash et al. 2009) have been reported to enhance the severity of Fe toxicity 
in rice. High concentration (100–1000 mg L−1) of soluble Fe2+ are found in acid soils, 
with up to 5000 Mg Kg−1 in acid sulfate soils (Ponnamperuma 1972; Harmsen and 
Van Breemen 1975). Fe is reported to be freely available in large amount (2000 Mg 
Kg−1) at pH less than 5, causing Fe toxicity to the rice plant (Da Silveira et al. 
2007; Onaga et al. 2013). Similarly, the activities of soil microorganisms such as the 
production of organic acids, regulation of Fe oxidation, mobilization of Fe oxides, 
and reduction process in the root zone influences Fe solubility and availability (Frei 
et al. 2016; Vejchasarn et al. 2016). Some facultative soil microbial populations 
including Pseudomonas, Bacillus megaterium, B. pumilus , Geobacter, Clostridium, 
and Bacillus sp., play a major role in the conversion of Fe3+ oxides in the soil thereby 
enhancing Fe toxicity (Ponnamperuma 1972; Bonneville et al. 2004). 

Poor water management and other environmental factors such as poor drainage 
(Audebert and Fofana 2009) and increased industrial discharge (Deka and Sarma 
2012) results in deterioration of soil properties which promotes the uptake of Fe2+ in
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soil, thereby enhancing Fe toxicity. Substantial amount of Fe is released into the envi-
ronment through several anthropogenic activities including textile and steel indus-
trial activities, sludge disposal in water treatment plants, laundry bluing, pigment 
manufacturing, and tanneries (Jayaweera et al. 2008; Xing and Zhang 2010). 

3 Symptoms of Fe Toxicity in Rice 

The typical visual symptom of Fe toxicity in rice is the copper coloration of the plant 
leaves regarded as ‘leaf bronzing’ and stunted overall vegetative growth (Fig. 1,

Fig. 1 Typical Fe toxicity effects on rice leaves stunted growth severe leaf bronzing at late vegetative 
stage in Suakoko, Liberia in 2020 wet season (a), irrecoverable damage and death of rice plants due 
to artificially induced Fe toxicity stress in a pot-based study in Ibadan, Nigeria in 2020 dry season 
(b) and severe chlorophyll loss and bronzing symptoms at reproductive stage at Edozighi, Nigeria 
in 2021 wet season (c)
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Yamanouchi and Yoshida 1981; Bode et al. 1995). This symptom is usually first 
noticed as tiny brown spots spreading from the leaf tip to the base of older rice leaves 
with higher transpiration rates, and eventually becomes a rusty brown dry spot on 
the entire leaves as the severity of toxicity increases (Yamanouchi and Yoshida 1981; 
Fairhurst et al. 2007). Leaf bronzing is usually associated with other symptoms and 
different growth defect depending on the growth stage of the rice plant. Fe toxicity 
during the seedling stage results in stunted rice plant with reduced tillering (Fig. 1a) 
Abraham and Pandey 1989), while toxicity during the vegetative stage results in 
reduced plant height and dry matter accumulation (Abu et al. 1989). During the 
reproductive stage Fe toxicity in rice is usually associated with delayed flowering 
(Ayotade 1979), reduced number of panicle (Singh et al. 1992) and increased spikelet 
sterility (Virmani 1977). Although leaf bronzing is often used to indicate Fe toxicity 
stress level in rice (Lantin and Neue 1989; Bode et al. 1995), some studies, have 
however, reported significant reduction in rice yield due to Fe toxicity without the 
occurrence of leaf bronzing (Li et al. 2001; Sahrawat 2005; Sikirou et al. 2018; Onaga 
et al. 2013).

4 Effect of Fe Toxicity on Cellular Damage and Rice Yield 

Fe toxicity is responsible for significant yield reduction in rice, and sometimes under 
severe condition can result in complete crop failure (Audebert and Sahrawat 2000). 
Between 10 and 90% reduction in rice yield was reported due to Fe toxicity in 
rice (Audebert and Fofana 2009; Cherif et al. 2009). Excess Fe in the soil causes 
oxidative burst which is toxic to the root of the rice plant, and can affect the uptake 
of other nutrients, such as phosphorus, zinc and copper (De Dorlodot et al. 2005). 
Hence, Fe toxicity- induced yield reduction in rice is often associated with poor soil 
nutrient status (Ottow et al. 1983). Absorption of excess Fe by the rice plant have 
also been reported to reduce the root and shoot length (Verma and Pandey 2017). 
Excessive uptake of Fe by the root of the rice plant, and it subsequent translocation 
to the shoot and leaves causes irreversible damage of different cellular components 
such as proteins, DNA, nucleic acids, and membrane lipids, which can induce cell 
death (Thongbai and Goodman 2000; Blokhina et al., 2003). Also, excess Fe2+ act 
as a catalyst in the Fenton reaction and generates ROS which is harmful to the 
rice plant and can result in cellular damage (Fang et al., 2001; Onaga et al. 2016). 
The free radicals generated due to Fe toxicity can also oxidize chlorophyll, thereby 
reducing the chlorophyll content (Monteiro and Winterbourn 1988). In addition, the 
oxidative burst occasioned by excess accumulation of Fe result in the disruption 
of the energization of the thylakoid membrane (Verma and Pandey 2017), thereby 
reducing the efficiency of photosystem II (Li et al. 2019). Combined effects of free 
radicals on cellular macro molecules and membranes leads to accelerated cell/ tissue 
and in some cases whole plant death leading to loss of biomass and grain yield in 
rice crop.
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5 Adaptation and Tolerance Strategies to Fe Toxicity 
in Rice 

Rice plant employs different strategies to cope with the constraint of Fe toxicity. 
These include physiological and morphological mechanisms to avoid, survive, and/or 
tolerate the adverse effect of excess Fe in the soil and in the plant (Tanaka et al. 1966; 
Kabayashi et al. 2014). For adaptation to Fe toxicity, rice plant use tolerance mech-
anisms including avoidance of excess Fe2+ by creating a physical barrier through 
enzymatic oxidation or the release of oxygen in the root, internal storage and distri-
bution Fe2+ in shoot (Gross et al. 2003; Curie and Briat 2003), tolerance of excess 
Fe uptake involving antioxidants and free radicals through Fenton reaction (Li et al. 
2019; Imam et al.  2017). Rice plant can also employ physiological root-based toler-
ance mechanism by retaining excess Fe in roots (Becker and Asch 2005). Oxidative 
stress under Fe toxicity condition can also be reduced in rice through biochemical and 
physiological processes including oxidation of chlorophyll; catalyzing hydroxyl radi-
cals; releasing of root exudates, ROS and oxidant enzymes such as dehydroascorbate 
reductase, ascorbate peroxide, catalase and peroxidase (Muller et al. 2015; Audebert 
and Sahrawat 2000; Wu et al.  2014; Drame et al. 2010). Adaptation to excess Fe in 
rice can also be through molecular mechanism via different genes and transporter 
such as OsA1 to OsA10, OsZIP1 to OsZIP10 to control uptake, absorption, trans-
portation, and translocation of Fe (Rout et al. 2015; Dos Santos et al. 2017; Kim and 
Guerinot 2007; Kar et al. 2021). Hence, physiological, and biochemical processes 
exist that can mitigate stress effects and confer Fe toxicity tolerance in rice. 

6 Management Strategies of Fe Toxicity in Rice 

The influx of Fe2+ and mobility of Fe in the rhizosphere can be reduced by manage-
ment strategies at the landscape level of the lowland rice field or through cultivar 
selection. The negative effects of Fe toxicity in rice leaf tissue can also be reduced 
by management strategies that employs the mineral nutrient application and adaptive 
germplasm selection (Becker and Asch 2005). Fe toxicity caused by the influx of 
reduced Fe from adjacent slopes can be managed at the landscape level by engaging 
strategies that reduces the amount and the solute charge of interflow water, which 
can be achieved by planting deep-rooting upland vegetation rather than bare fallow 
(Bognonkpe and Becker 2003; Van de Giesen et al. 2005). In West Africa for example, 
the cultivation of banana in the hydromorphic fringe of a valley was reported to effi-
ciently intercept the inflow of water and the nutrients it contained (Bognonkpe and 
Becker 2000). The construction of irrigation and drainage canals on the valley fringe 
has also been reported as an efficient way of intercepting interflow. Regardless of the 
origin of Fe toxicity, several crop and soil–water management strategies including 
measures that prevent rapid drop of pH in both soil and rhizosphere (Ottow et al. 1983; 
Becker and Asch 2005), re-oxidation or removal of Fe in both soil and rhizosphere
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(Beyrouty et al., 1994; Baggie and Bah 2001; Becker and Asch 2005), application of 
mineral nutrients that strengthens the rice plant (Mitra et al. 1993; Sahrawat 2000), 
and avoidance of excessive influx of Fe into the root of the rice plant (Audebert and 
Saharawat 2000; Becker and Asch 2005) can effectively prevent the build of Fe2+ 

and minimizes the adverse effect of Fe toxicity in rice (Becker and Asch 2005). At 
the plant level, the use of tolerant rice cultivars is one of the most common strategies 
adopted to address the problem of Fe toxicity. Several rice cultivars with different 
degrees of adaptation to Fe toxicity have been developed by breeders (WARDA 1993; 
Wissuwa 2005; Wan et al. 2005). 

7 Hormonal Responses to Fe Toxicity 

Phytohormones play critical roles in abiotic stress tolerance in crops and other plants 
including Fe toxicity tolerance in rice. The major roles of phytohormones Fe toxicity 
tolerance in rice and other crops are summarized in sections below and Fig. 2 and 
Table1. 

Auxin 

AUX1 and PIN expression change during Fe toxicity; 
important in the regulation of root system architecture 

and lateral root development under Fe toxicity.  

Gibberellins 

Regulate nitric oxide level; 
Regulate Fe transport and 

distribution between root and 
shoot in response to Fe toxicity 

Cytokinin 

Affect root growth 

Phytohormones 

Fig. 2 Summary of the roles of phytohormones in iron toxicity tolerance in rice and other crop 
plants
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Table 1 Phytohormones involved in Fe toxicity tolerance in crops and other plants and summary 
of their mechanisms in improving Fe toxicity tolerance 

Phytohormones Plants Adaptive mechanism/reaction References 

Auxin 

Wheat Regulation of phytosiderophore which 
limits iron acquisition in root via auxin 
signalling derived from shoot with 
expression of TaSAMS and TADMASI genes 

Kabir et al. (2016) 

Arabidopsis AUX1 function in ethylene-mediated 
tolerance of lateral root to Fe toxicity 

Li et al. (2015) 

Arabidopsis Auxin NAA promoted lateral root initiation 
and alleviated inhibition of lateral root 
formation due to Fe toxicity condition 

Li et al. (2015) 

Arabidopsis Auxin IAA promoted the frequency of 
lateral root initiation under Fe toxicity 
condition 

Li et al. (2015) 

Gibberellins 

Rice Regulation of Fe transport and translocation 
between roots and shoot of seedlings 
through the inhibition of OSYSL2 gene 
expression 

Wang et al. (2017) 

Rice Bacillus pumilus-produced gibberellin 
affected iron partitioning in lowland rice by 
increasing iron concentration in the roots 
and decreasing iron concentration in the 
shoot 

Torries (2009) 

7.1 Role and Mechanism of Auxin in Enhancing Tolerance 
to Fe Toxicity 

Auxin is one of the most important plant growth hormones because it is required for 
the induction of cell division and growth of plant tissue (Asgher et al. 2015). It is 
regarded as one of the major regulators of plant development, with essential roles 
in plant developmental processes like cell elongation, leaf expansion, formation and 
growth of plant root, flower and fruit development, formation of auxiliary bud, abscis-
sion, apical dominance, phototropism and differentiation of vascular tissue (Taiz and 
Zeiger 2002; Zhao et al. 2010). Research studies (Tyburski et al. 2009; Krishna-
murthy and Rathinasabapathi 2013) has shown that auxin signaling and transport 
plays significant role in plant tolerance to abiotic stresses. 

The role of auxin under conditions of iron toxicity is one of the most important 
auxin stress signaling functions described (Fukaki and Tasaka 2009; Peret et al. 2009). 
Studies (Kobayashi and Nishizowa 2012; Gayomba et al. 2015) have reported the 
involvement of Auxin in the complex signaling cascades that regulates plant response 
to iron toxicity (Fig. 2, Table 1). The study of Kabir et al. (2016) showed that auxin 
group IBA and IAA significantly increased in the root of wheat plant in response
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to iron stress. Auxin modulate gene expression in response to iron availability and 
function as a positive regulator of iron acquisition gene (Fukaki and Tasaka 2009). 
Auxin signaling is important in the regulation of root system architecture and lateral 
root development under iron toxicity (Casimiro et al. 2003; Peret et al. 2009). Auxin 
formed the basic machinery for basipetal auxin transport in Arabidopsis which is 
critical for lateral root initiation (De smet et al. 2007). This was made possible by 
the reduction in expression of PIN2 protein in root tips with consequence arrest of 
lateral root initiation near the growing tip of the primary root in early response to 
excess iron. These modulation in hormone homeostasis help root system architecture 
to adjust rapidly to resist excessive iron absorption and avoid serious iron toxicity 
(Li et al. 2015; De smet et al.  2007). The promotion of lateral root development and 
alleviation of excess iron-mediated inhibition of lateral root formation in Arabidopsis 
was linked to the increase of auxin in the root tip (Casimiro et al. 2003). Auxin 
resistant 1 (AUX1)- an auxin influx carrier regulates lateral root initiation under the 
condition of iron toxicity stress. AUX1 was reported to function in ethylene-mediated 
tolerance of lateral root to iron toxicity in Arabidopsis (Li et al.  2015). According to 
the study of Lewis et al. (2011), ethylene-mediated lateral root formation is dependent 
on auxin pathway Auxin signaling was also reported to drive iron toxicity tolerance 
in wheat (Kabir et al. 2016). AUX1 expression and accumulation in the lateral root 
apex of Arabidopsis stimulate lateral root elongation for adaptation to iron toxicity 
condition (Giehl et al. 2012). Auxin effect is possibly through ethylene because 
ethylene production is promoted in the presence of high level auxin via the synthesis 
of ACC synthase (Kim et al. 1992). 

7.2 Role and Mechanism of Gibberellic Acids in Enhancing 
Tolerance to Fe Toxicity in Rice 

Gibberellins are carboxylic acids component synthesized from acetyl coenzyme A. 
Gibberellins regulate various plant growth and developmental processes including 
flowering, germination, dormancy, expansion of leaves, cell elongation, chlorophyll 
biosynthesis and fruit senescence (Jiang et al. 2007). Gibberellins is also respon-
sible for the regulation of the activities of nitrogen assimilation enzymes and metal 
transport and translocation (Wang et al. 2017). Few studies has reported the role of 
gibberellins in the regulation of plant responses to Iron toxicity (Table 1; Fu and 
Harberd 2003; Gayomba et al. 2015). The study of Guo et al. (2015) showed that the 
application of exogenous gibberellic acids decreased iron plauque. Bacillus pumilus-
produced gibberellin affected iron partitioning in lowland rice by increasing iron 
concentration in the roots and decreasing iron concentration in the shoot. Similarly, 
in a recent study, exogenous application of gibberellic acid decreased translocation 
of iron to shoot through the inhibition of OSYSL2 gene expression involved in iron 
transport in rice, this was made possible through the amendment of iron homeostasis
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by negative regulation of iron translocation from rice root to the shoot (Wang et al. 
2017). 

8 Conclusion and Prospects 

Fe toxicity is a major constrains to lowland rice production globally. It is one of 
the major challenges for sustainable rice production particularly in highly weathered 
soils in inland valley of Sub Saharan Africa. Large genetic variation exists in avail-
able rice germplasm for Fe toxicity tolerance. Several QTLs related to tolerance to 
iron toxicity stress are known for both vegetative and reproductive growth stages 
of rice. Some of these QTL co-localize with previously reported QTL that were 
mapped under more chronic iron stress, suggesting that they were associated with 
‘universal’ defense mechanisms. However, most QTLs had rather small effects and 
were distributed throughout the genome, confirming the complexity of the genetics 
behind adaptation to varying iron toxic conditions. Further, QTLs were associated 
with either exclusion or inclusion mechanisms of iron tolerance. As demonstrated in 
few scientific literatures cited, iron exclusion via oxidation at the root surface is an 
important adaptive trait under iron toxicity stress. The trait appears to be favored by 
root architecture and can be genetically dissected within the IR29/Pokkali mapping 
population reported. Pyramiding this trait with further shoot based adaptive traits 
may be effective in the breeding for iron toxicity tolerance. The progress in conven-
tional rice breeding under abiotic stresses coupled with the characterization of QTL 
mapping populations and their subsequent use in marker-assisted breeding is seen 
to accelerate the process of developing appropriate germplasm that will provide 
the quantitative traits linked with the genetic loci are related to well-understood 
and clearly described adaptation mechanisms (exclusion, avoidance, tolerance). The 
understanding of improved crop adaptation for a range of iron stress situations needs 
to be translated into repeatable and robust tools for the screening of improved rice 
cultivars. Phytohormones like auxins, gibberellins and cytokinin play critical roles 
in Fe toxicity tolerance and downstream signal transduction pathways regulating 
expression of favorable genes contributing to stress avoidance and tolerance. More 
studies are needed to elucidate protective roles of these phytohormones in acquisition 
of Fe toxicity tolerance in rice. Integrated approaches by using highly tolerant vari-
eties supported by best agronomic approaches described above at farmers field could 
mitigate stress effects and contribute towards sustainable lowland rice production in 
Fe toxic soils.
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Abstract Our chapter is devoted to the biological screening of new effective substi-
tutes of plant hormones auxins and cytokinins among synthetic low molecular weight 
heterocyclic compounds, derivatives of pyridine, pyrimidines, pyrazolotriazinones, 
oxazoles, oxazolopyrimidines and isoflavonoids. The auxin-like and cytokinin-like 
activity of chemical low molecular weight heterocyclic compounds, derivatives of 
pyridine, pyrimidine, pyrazole, isoflavones, oxazolopyrimidine and oxazole was 
studied. A specific bioassay on auxin-like activity showed a high stimulating effect of 
the chemical heterocyclic compounds, derivatives of pyridine, pyrimidine, pyrazole 
and isoflavones used at the concentration 10–8 M on the formation of adventitious 
roots on the 14th-day-old leaf petioles isolated from seedlings of haricot bean (Phase-
olus vulgaris L.) cultivar Belozernaya, which was similar or higher of the effect 
of plant hormones auxins IAA and NAA used at the same concentration 10−8 M. 
A specific bioassay on cytokinin-like activity showed a high stimulating effect of 
the chemical heterocyclic compounds, derivatives of pyridine, pyrimidine, pyrazole, 
isoflavones, oxazolopyrimidine and oxazole used at the concentrations 10–8 M and 
10–9 M on the growth of biomass of 16th-day-old cotyledons isolated from seeds 
of muscat pumpkin (Cucurbita moschata Duch. et Poir.) cultivar Gilea, which was 
similar or higher of the effect of plant hormone cytokinin Kinetin used at the same 
concentrations 10–8 M and 10–9 M. The results obtained confirmed the inducing 
auxin-like and cytokinin-like effect of chemical low molecular weight heterocyclic 
compounds, derivatives of pyridine, pyrimidine, pyrazole, isoflavones, oxazolopy-
rimidine and oxazole on plant cell elongation, division, and differentiation that are 
the basic processes of plant growth. The practical application of derivatives of pyrim-
idine, pyrazole, isoflavones, pyridine, oxazolopyrimidine and oxazole as new plant 
growth regulators was proposed.
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1 Introduction 

The successful development of modern agriculture is based on practical application of 
high-intensive technologies of plant growing. Today, natural plant growth regulators, 
such as plant hormones or their synthetic analogs having phytohormone-like activity 
are widely used in the agricultural practice to accelerate plant growth, increase plant 
productivity, and to protect plant against biotic and biotic stress factors causing 
adverse effects on plant growth and yield (Basra 2000; Rademacher 2015; Meena 
2015; Haggag et al. 2015; Wania et al. 2016; Denancé et al. 2013). 

The very promising approach is the development of new classes of plant growth 
regulating substances having high physiological activity at low concentrations, broad 
specificity of action in various agricultural crops and lack of toxic effect for environ-
ment, animal and human health. The great theoretical and practical interest for plant 
biologists is study of specificity of plant growth regulating activity of new bioactive 
compounds of chemical or natural origin, for this purpose, various specific for plant 
hormone-like activity bioassays are used. 

The best known auxin-like and cytokinin-like bioassays are based on the key role 
of plant hormones auxins and cytokinins in control of plant cell division, elongation, 
and differentiation that are basic processes of plant organogenesis, i.e. the formation 
of the plant vegetative and reproductive organs such as leaf, stem, root, flower, fruit 
and seed, as well as the formation of the adventitious roots on the isolated stem 
and leaf cuttings, increase in the biomass of cotyledons isolated from plant seeds, 
delaying of leaf senescence (Lam-Son and Sikander 2014; Zhao 2010; Enders and 
Strader 2015; Mok and Mok 2001; Gyulai and Heszky 1995; Basu  1972; Chen and 
Leisner 1985; Pop et al. 2011; Pandey et al. 2011; Takatsuka and Umeda 2014). 

Considerable attention is currently being given to the study of the plant growth 
regulatory activity of synthetic low molecular weight heterocyclic compounds, 
derivatives of pyridine, pyrimidine, pyrazole, isoflavones, oxazolopyrimidine and 
oxazole, which have already found practical application in the agriculture as effec-
tive substitutes of traditional plant growth regulators, herbicides, fungicides and 
antimicrobial agents (Minn et al. 2008; Cansev et al. 2016; Sergiev et al. 2004; Corsi  
et al. 2011; Whittingham et al. 2010; Baum and Chen 1987; Chang and Baum 1990; 
Newton and Waldeck 2000). 

The advantage of application of synthetic low molecular weight heterocyclic 
compounds is their high efficiency at their application at very low concentrations 
and ecological safety due to lack of toxic effect on the human, animal and plant 
cells; in addition, they are widely used in medical practice as therapeutic agents 
for treatment of nervous, allergic, gastroesophageal, cancer, bacterial, viral, fungal, 
infectious, and inflammatory diseases (Jain et al. 2006, 2016; Kumar et al. 2014; 
Quin and Tyrell 2010). 

Today the new classes of the plant growth regulating substances are elaborated 
on the base of synthetic low molecular weight heterocyclic compounds synthesized 
in the V.P. Kukhar Institute of Bioorganic Chemistry and Petrochemistry of National 
Academy of Sciences of Ukraine. Our numerous researchers showed that synthetic
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low molecular weight heterocyclic compounds, derivatives of pyridine, pyrimidine, 
pyrazole, isoflavones, oxazolopyrimidine and oxazole revealed a high stimulating 
auxin-like and cytokinin-like effect on seed germination and vegetative growth of 
various crops (Tsygankova et al. 2017a, b, 2018a, b, c, d, 2019). Since synthetic 
low molecular weight heterocyclic compounds are applied at very low non-toxic for 
human, animal and plant concentrations, it is possible to prevent the negative effects 
on environmental pollution of pesticides used in high concentrations and with a long 
half-life (Nicolopoulou-Stamati et al. 2016). 

The main task of our present work was study of auxin-like and cytokinin-
like activity of synthetic low molecular weight heterocyclic compounds, deriva-
tives of pyridine, pyrimidine, pyrazole, isoflavones, oxazolopyrimidine and oxazole 
using specific bioassays on the isolated organs of haricot bean and pumpkin plants 
(Tsygankova et al. 2018e). 

2 Materials and Methods 

2.1 Bioassay on Auxin-Like Activity 

As is known, the major plant hormones auxins are involved in control of plant 
embryogenesis, seed germination, cell elongation and division in plant hypocotyls 
and coleoptiles, apical dominance, cambium cell division, plant tropisms, growth 
and development of root system, promotion of fruit setting and prevention of leaf 
abscission (Zhao 2010; Enders and Strader 2015; Gyulai and Heszky 1995; Basu  
1972; Pop et al. 2011; Pandey et al. 2011; Takatsuka and Umeda 2014). 

In our work to study auxin-like activity of chemical heterocyclic compounds, 
derivatives of pyridine, pyrimidine, pyrazole, and isoflavones we used specific 
bioassay conducted on the leaf petioles isolated from seedlings of haricot bean 
(Phaseolus vulgaris L.) cultivar Belozernaya (Tsygankova et al. 2018e). As is known, 
this bioassay is based on key role of auxins in regulation of formation of adventitious 
roots on the stem and leaf cuttings (Basu 1972; Pop et al. 2011; Pandey et al. 2011). 
The activity of chemical low molecular weight heterocyclic compounds, derivatives 
of pyridine, pyrimidine, pyrazole and isoflavones was compared with the activity of 
plant hormones auxins IAA and NAA. 

The chemical structure, name and molecular mass (MM) of plant hormones auxins 
IAA (1H-Indol-3-ylacetic acid) and NAA (1-Naphthylacetic acid), and tested chem-
ical heterocyclic compounds, derivatives of pyrimidine (compounds № 1–3), pyra-
zole (compounds № 4–6), isoflavones (compounds № 7–9), and pyridine (compound 
№ 10) are shown in the Table 1. 

To study auxin-like activity of synthetic low molecular weight heterocyclic 
compounds, seeds of haricot bean (Phaseolus vulgaris L.) cultivar Belozernaya were 
sterilized in 1% KMnO4 solution for 3 min and 96% ethanol solution for 1 min and 
washed three times in the sterilized distilled water. After this procedure seeds were
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placed in the cuvettes (each containing 15–20 seeds) on the perlite moistened with 
distilled water. Then seeds were placed in the thermostat for their germination in 
darkness at the temperature 23 °C during 48 h. Sprouted seedlings were placed in 
the plant growth chamber in which seedlings were grown for 10 days at the 16/8 h 
light/dark conditions, at the temperature 23–25 °C, light intensity 3000 lx and air 
humidity 60–80%. To stimulate the formation of roots on the leaf petioles isolated 
from haricot bean seedlings they were cut at a distance of 4.3 mm from their base and 
then were placed immediately to a depth of 3 cm in separate glass test-tubes 30 cm 
in length containing either distilled water (control), or water solution of chemical 
heterocyclic compounds used at the concentration 10−8 M, or water solution of plant 
hormones auxins IAA and NAA used at the same concentration 10−8 M. After 14th 
days the indices of total roots number (pcs) and total length of roots (mm) calculated 
per one experimental haricot bean leaf petiole were determined and compared with 
the analogical indices of control leaf petiole on which the formation of adventitious 
roots should not be observed.

2.2 Bioassay on Cytokinin-Like Activity 

Plant hormones cytokinins take an important part in control of embryo patterning, 
seed germination, de-etiolation, cell cycle control and protein synthesis, chloro-
plast differentiation, overcoming of apical dominance, releasing of lateral buds from 
dormancy, flower and fruit development and delaying of leaf senescence (Wania et al. 
2016; Lam-Son and Sikander 2014; Mok and Mok 2001; Chen and Leisner 1985). 

In our work to study cytokinin-like activity of chemical heterocyclic compounds, 
derivatives of pyridine, pyrimidine, pyrazole, isoflavones, oxazolopyrimidine and 
oxazole we used specific bioassay conducted on the cotyledons (i.e. food-storage 
organs) isolated from seeds of muscat pumpkin (Cucurbita moschata Duch. et Poir.) 
cultivar Gilea (Tsygankova et al. 2018e). As is known, this bioassay is based on key 
role of cytokinins in regulation of cell division in isolated plant organs, which leads 
to an increase in their biomass (Mok and Mok 2001; Chen and Leisner 1985). The 
activity of chemical heterocyclic compounds was compared with the activity of plant 
hormone cytokinin Kinetin. 

The chemical structure, name and molecular mass (MM) of tested chemical hete-
rocyclic compounds, derivatives of pyridine, pyrimidine, pyrazole, isoflavones are 
shown in the Table 1. 

The chemical structure, name and molecular mass (MM) of plant hormone 
cytokinin Kinetin (N-(2-Furylmethyl)-7H-purin-6-amine), and tested chemical hete-
rocyclic compounds, derivatives of oxazolopyrimidine (compounds № 1–4) and 
oxazole (compounds № 5 and 6) are shown in the Table 2. 

To study cytokinin-like activity of synthetic low molecular weight heterocyclic 
compounds, seeds of muscat pumpkin (Cucurbita moschata Duch. et Poir.) cultivar 
Gilea were sterilized in 1% KMnO4 solution for 3 min and 96% ethanol solution for 
1 min and washed three times in the sterilized distilled water. After this procedure
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seeds were placed in the cuvettes (each containing 20–25 seeds) on the filter paper 
moistened with distilled water. Then seeds were placed in the thermostat for their 
germination in darkness at the temperature 25 °C during 96 h. The 4th-day-old 
pumpkin seedlings were separated from cotyledons using sterile scalpel. The isolated 
cotyledons were weighted and placed in the cuvettes (each containing 20 seeds) 
on the filter paper moistened with distilled water (control) or with water solution 
of chemical heterocyclic compounds, derivatives of pyridine, pyrimidine, pyrazole, 
isoflavones used at the concentration 10−8 M or with water solution of derivatives 
of oxazolopyrimidine and oxazole used at the concentration 10−9 M, or with water 
solution of plant hormone cytokinin Kinetin used at the same concentrations 10−8 M 
or 10−9 M. Then isolated cotyledons were placed in the plant growth chamber in 
which they were grown during 16 days or six weeks at above mentioned conditions. 
To determine indices of growth of biomass (g) of cotyledons isolated from seeds of 
pumpkin, they were washed with sterilized distilled water and weighted.

3 Statistical Analysis 

All experiments were performed in three replicates. Statistical analysis of the data 
was performed using dispersive Student’s-t test with the level of significance at P ≤ 
0.05, the values are mean ± SD (Bang et al. 2010). 

4 Results and Discussion 

4.1 Study of Auxin-Like Activity of Derivatives of Pyridine, 
Pyrimidine, Pyrazole and Isoflavones 

The conducted researches showed that chemical heterocyclic compounds, derivatives 
of pyridine, pyrimidine, pyrazole and isoflavones used at the concentration 10−8 M 
revealed expressive auxin-like activity on the formation of adventitious roots on the 
14th-day-old leaf petioles isolated from seedlings of haricot bean (Phaseolus vulgaris 
L.) cultivar Belozernaya (Fig. 1). 

Conversely, the formation of roots on the control haricot bean leaf petioles treated 
with distilled water was not observed. Among all heterocyclic compounds, the deriva-
tives of pyrazole and isoflavones, which include compounds№7, 8, 10–12 showed the 
greatest stimulating effect on the formation of adventitious roots on the 14th-day-old 
leaf petioles isolated from haricot bean seedlings (Fig. 1). 

The data of the statistical analysis of the indices of average total root number 
(pcs) and average total root length (mm) calculated per one experimental 14th-day-
old haricot bean leaf petiole treated with water solution of chemical heterocyclic 
compounds at the concentration 10−8 M or with water solution of auxins IAA and
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Fig. 1 The auxin-like effect of chemical heterocyclic compounds, derivatives of pyrimidine, 
pyrazole, isoflavones, pyridine, and auxins IAA and NAA on the formation of adventitious 
roots on the 14th-day-old leaf petioles isolated from seedlings of haricot bean (Phaseolus 
vulgaris L.) cultivar Belozernaya. 1—Compound 6-Methanesulfonyl-imidazo[1,2-a]pyrimidine-
5-ylamine, 2—Compound 1-Benzyl-5-methanesulfonyl-3-phenyl-1H-pyrimidine-2,4-dione, 3— 
Compound 4-Benzylamino-5-p-tolyl-5H-pyrrolo-[3,2-d]pyrimidin-7-yl)-phosphonic acid diethyl 
ester, 4—Compound Ethyl 2-(4-oxo-7-methyl-4,7-dihydro-3H-pyrazolo[3,4-d][1,2,3]triazin-3-
yl)acetate, 5—NAA (1-Naphthylacetic acid), 6—IAA (1H-Indol-3-ylacetic acid), 7—Compound 
5-Hydrazino-1-phenyl-1H-pyrazole-4-carbo hydrazide, 8—Compound 3-Ethyl-7-methyl-3,7-
dihydro-4H-pyrazolo[3,4-d][1,2,3]triazin-4-one, 9—Compound (1H-pyrrolo[2,3-c]pyridin-3-yl)-
acetic acid), 10—Compound 5-Hydroxy-7-methoxy-6-(methoxymethyl)-2-phenyl-4H-chromen-
4-one, 11—Compound 5-Hydroxy-7-methoxy-6-(methoxymethyl)-3-(2-methoxyphenyl)-4H-
chromen-4-one, 12—Compound 5-Hydroxy-7-methoxy-8-(methoxymethyl)-3-(4-methoxy 
phenyl)-4H-chromen-4-one 

NAA used at the same concentration 10−8 M as compared to indices obtained on the 
control haricot bean leaf petiole treated with distilled water are shown in the Table 
3. 

It was found that the chemical heterocyclic compound №12 revealed the highest 
auxin-like stimulating effect on formation of the roots on the 14th-day-old haricot 
bean leaf petioles, the indices of the total root number increased at the 146% and 
total root length increased at the 9.18 times as compared to control haricot bean leaf 
petioles treated with distilled water (Table 3). 

The high auxin-like stimulating effect on the formation of roots on the 14th-day-
old haricot bean leaf petioles revealed also the chemical heterocyclic compounds: 
the compound №10, the indices of the total root number increased at the 129% and 
total root length increased at the 8.45 times as compared to control haricot bean leaf 
petioles; the compound №11, the indices of the total root number increased at the 
117% and total root length increased at the 7.34 times as compared to control haricot 
bean leaf petioles; the compound №7, the indices of the total root number increased 
at the 96% and total root length increased at the 5.79 times as compared to control



New Auxin and Cytokinin Related Compounds … 365

Table 3 The auxin-like effect of chemical heterocyclic compounds, derivatives of pyrimidine, 
pyrazole, isoflavones, and pyridine on the average total root number (pcs) and average total root 
length (mm) formed on the 14th-day-old haricot bean leaf petioles 

№ compound The average total root number per one 
leaf petiole (pcs) 

The average total root length per one 
leaf petiole (mm) 

Control (distilled water) 

1 29 ± 0.76* 138 ± 1.22* 
2 43 ± 0.31* 165 ± 1.97* 
3 67 ± 1.18* 288 ± 0.35* 
4 23 ± 1.48* 34 ± 2.79* 
5 79 ± 0.64* 476 ± 2.87* 
6 62 ± 0.47* 172 ± 0.39* 
7 96 ± 0.62* 579 ± 1.95* 
8 83 ± 1.66* 645 ± 1.57* 
9 35 ± 0.44* 526 ± 2.13* 
10 129 ± 0.32* 845 ± 0.76* 
11 117 ± 1.19* 734 ± 2.31* 
12 146 ± 1.55* 918 ± 0.53* 

Note * Significant differences from control values, p≤ 0.05, n = 3, (-)−decreasing; (+)—increasing 
Compound №1—6-Methanesulfonyl-imidazo[1,2-a]pyrimidine-5-ylamine, Compound 
№2—1-Benzyl-5-methanesulfonyl-3-phenyl-1H-pyrimidine-2,4-dione, Compound №3— 
4-Benzylamino-5-p-tolyl-5H-pyrrolo-[3,2-d]pyrimidin-7-yl)-phosphonic acid diethyl ester, 
Compound №4—Ethyl 2-(4-oxo-7-methyl-4,7-dihydro-3H-pyrazolo[3,4-d][1,2,3]triazin-
3-yl)acetate, Compound №5—NAA (1-Naphthylacetic acid), Compound №6—IAA 
(1H-Indol-3-ylacetic acid), Compound №7—5-Hydrazino-1-phenyl-1H-pyrazole-4-carbo 
hydrazide, Compound №8—3-Ethyl-7-methyl-3,7-dihydro-4H-pyrazolo[3,4-d][1,2,3]triazin-
4-one, Compound №9—(1H-pyrrolo[2,3-c]pyridin-3-yl)-acetic acid), Compound №10—5-
Hydroxy-7-methoxy-6-(methoxymethyl)-2-phenyl-4H-chromen-4-one, Compound №11—5-
Hydroxy-7-methoxy-6-(methoxymethyl)-3-(2-methoxyphenyl)-4H-chromen-4-one, Compound 
№12—5-Hydroxy-7-methoxy-8-(methoxymethyl)-3-(4-methoxy phenyl)-4H-chromen-4-one 

haricot bean leaf petioles; the compound №8, the indices of the total root number 
increased at the 83% and total root length increased at the 6.45 times as compared 
to control haricot bean leaf petioles; the compound №3, the indices of the total root 
number increased at the 67% and total root length increased at the 2.88 times as 
compared to control haricot bean leaf petioles (Table 3). 

The high auxin-like stimulating effect on formation of roots on the 14th-day-old 
haricot bean leaf petioles revealed also plant hormones auxins: the compound №5 
(NAA), the indices of the total root number increased at the 79% and total root length 
increased at the 4.76 times as compared to control haricot bean leaf petioles, and the 
compound №6 (IAA), the indices of the total root number increased at the 62% and 
total root length increased at the 1.72 times as compared to control haricot bean leaf 
petioles (Table 3).
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The lower auxin-like stimulating effect on the formation of the roots on the 14th-
day-old haricot bean leaf petioles revealed the chemical heterocyclic compound 
№2, the indices of the total root number increased at the 43% and total root length 
increased at the 1.65 times as compared to control haricot bean leaf petioles; the 
compound №9, the indices of the total root number increased at the 35% and total 
root length increased at the 5.26 times as compared to control haricot bean leaf 
petioles; the compound №1, the indices of the total root number increased at the 
29% and total root length increased at the 1.38 times as compared to control haricot 
bean leaf petioles; the compound №4, the indices of the total root number increased 
at the 23% and total root length increased at the 34% as compared to control haricot 
bean leaf petioles (Table 3). 

Obviously, that the high auxin-like activity of tested chemical heterocyclic 
compounds, derivatives of pyrimidine, pyrazole, isoflavones, and pyridine may be 
explained by their inducing auxin-like effect on plant cell elongation, division, and 
differentiation that are the basic processes of the formation of the adventitious roots 
on the leaf petioles isolated from seedlings of haricot bean (Phaseolus vulgaris L.) 
cultivar Belozernaya. 

4.2 Study of Cytokinin-Like Activity of Derivatives 
of Pyridine, Pyrimidine, Pyrazole and Isoflavones 

The obtained results showed that derivatives of pyridine, pyrimidine, pyrazole and 
isoflavones used at the concentration 10−8 M revealed the expressive cytokinin-
like activity on the growth of biomass of cotyledons isolated from seeds of muscat 
pumpkin (Cucurbita moschata Duch. et Poir.) cultivar Gilea during 16 days, which 
was similar or higher of the activity of plant hormone cytokinin Kinetin used at the 
same concentration 10−8 M (Fig. 2). 

It was found also that some chemical heterocyclic compounds used at the concen-
tration 10−8 M revealed nonspecific for this bioassay auxin-like activity, which was 
manifested in formation of the roots on the six-week-old cotyledons isolated from 
seeds of pumpkin (Fig. 3). 

The obtained data of the statistical analysis of indices of average biomass of the 
30 cotyledons (g) and average length of one root per 30 cotyledons (cm) of the 
six-week-old cotyledons isolated from seeds of pumpkin are presented in the Table 
4. 

The indices of average biomass (g) and average length of one root (cm) per 30 six-
week-old cotyledons of pumpkin treated with 10−8 M water solution of compound 
№1 were in average higher of the analogical indices of cotyledons of pumpkin treated 
either with distilled water (control) or with 10−8 M water solution of cytokinin 
Kinetin (compound №6) as follows: according with average biomass—at the 121% 
as compared with control and at the 109% as compared with cytokinin Kinetin;
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Fig. 2 The cytokinin-like effect of chemical heterocyclic compounds, derivatives of pyri-
dine, pyrimidine, pyrazole, isoflavones, and plant hormone cytokinin Kinetin on the growth of 
biomass of 16th-day-old cotyledons isolated from seeds of muscat pumpkin (Cucurbita moschata 
Duch. et Poir.) cultivar Gilea. C—Control (distilled water), I—Compound 6-Methanesulfonyl-
imidazo[1,2-a]pyrimidine-5-ylamine, II—Compound 1-Benzyl-5-methanesulfonyl-3-phenyl-1H-
pyrimidine-2,4-dione, III—Compound 4-Benzylamino-5-p-tolyl-5H-pyrrolo-[3,2-d]pyrimidin-
7-yl)-phosphonic acid diethyl ester, IV—Compound Ethyl 2-(4-oxo-7-methyl-4,7-dihydro-3H-
pyrazolo[3,4-d][1,2,3]triazin-3-yl)acetate, V—Compound 5-Hydrazino-1-phenyl-1H-pyrazole-
4-carbo hydrazide, VI—Kinetin (N-(2-Furylmethyl)-7H-purin-6-amine), VII—Compound 
3-Ethyl-7-methyl-3,7-dihydro-4H-pyrazolo[3,4-d][1,2,3]triazin-4-one, VIII—Compound 
5-Hydroxy-7-methoxy-6-(methoxymethyl)-2-phenyl-4H-chromen-4-one, IX—Compound 
5-Hydroxy-7-methoxy-6-(methoxymethyl)-3-(2-methoxyphenyl)-4H-chromen-4-one, X— 
Compound 5-Hydroxy-7-methoxy-8-(methoxymethyl)-3-(4-methoxy phenyl)-4H-chromen-4-one, 
XI—Compound (1H-pyrrolo[2,3-c]pyridin-3-yl)-acetic acid) 

according with average length of one root—at the 12.7 times as compared with 
control and at the 4.25 times as compared with cytokinin Kinetin (Table 4). 

The indices of average biomass (g) and average length of one root (cm) per 30 six-
week-old cotyledons of pumpkin treated with 10−8 M water solution of compound 
№2 were in average higher of the analogical indices of cotyledons of pumpkin treated 
either with distilled water (control) or with 10−8 M water solution of cytokinin 
Kinetin (compound №6) as follows: according with average biomass—at the 128% 
as compared with control and at the 116% as compared with cytokinin Kinetin; 
according with average length of one root—at the 15.9 times as compared with 
control and at the 5.3 times as compared with cytokinin Kinetin (Table 4). 

The indices of average biomass (g) and average length of one root (cm) per 30 six-
week-old cotyledons of pumpkin treated with 10−8 M water solution of compound 
№3 were in average higher of the analogical indices of cotyledons of pumpkin treated 
either with distilled water (control) or with 10−8 M water solution of cytokinin 
Kinetin (compound №6) as follows: according with average biomass—at the 120% 
as compared with control and at the 108% as compared with cytokinin Kinetin; 
according with average length of one root—at the 17.5 times as compared with 
control and at the 5.8 times as compared with cytokinin Kinetin (Table 4).
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Fig. 3 The auxin-like effect of chemical heterocyclic compounds, derivatives of pyrimidine, 
pyrazole, isoflavones, and pyridine on the formation of roots on the six-week-old cotyle-
dons isolated from seeds of muscat pumpkin (Cucurbita moschata Duch. et Poir.) cultivar 
Gilea. I—Compound 6-Methanesulfonyl-imidazo[1,2-a]pyrimidine-5-ylamine, II—Compound 
1-Benzyl-5-methanesulfonyl-3-phenyl-1H-pyrimidine-2,4-dione, III—Compound Ethyl 2-
(4-oxo-7-methyl-4,7-dihydro-3H-pyrazolo[3,4-d][1,2,3]triazin-3-yl)acetate, IV—Compound 
5-Hydrazino-1-phenyl-1H-pyrazole-4-carbo hydrazide, V—Compound 3-Ethyl-7-methyl-3,7-
dihydro-4H-pyrazolo[3,4-d][1,2,3]triazin-4-one, VI—Compound 5-Hydroxy-7-methoxy-6-
(methoxymethyl)-2-phenyl-4H-chromen-4-one, VII—Compound 5-Hydroxy-7-methoxy-6-
(methoxymethyl)-3-(2-methoxyphenyl)-4H-chromen-4-one, VIII—Compound 5-Hydroxy-
7-methoxy-8-(methoxymethyl)-3-(4-methoxy phenyl)-4H-chromen-4-one, IX—Compound 
(1H-pyrrolo[2,3-c]pyridin-3-yl)-acetic acid) 

The indices of average biomass (g) and average length of one root (cm) per 30 six-
week-old cotyledons of pumpkin treated with 10−8 M water solution of compound 
№4 were in average higher of the analogical indices of cotyledons of pumpkin treated 
either with distilled water (control) or with 10−8 M water solution of cytokinin 
Kinetin (compound №6) as follows: according with average biomass—at the 123% 
as compared with control and at the 112% as compared with cytokinin Kinetin; 
according with average length of one root—at the 12.9 times as compared with 
control and at the 4.3 times as compared with cytokinin Kinetin (Table 4). 

The indices of average biomass (g) and average length of one root (cm) per 30 six-
week-old cotyledons of pumpkin treated with 10−8 M water solution of compound 
№5 were in average higher of the analogical indices of cotyledons of pumpkin treated 
either with distilled water (control) or with 10−8 M water solution of cytokinin 
Kinetin (compound №6) as follows: according with average biomass—at the 130% 
as compared with control and at the 118% as compared with cytokinin Kinetin;
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Table 4 The cytokinin-like and auxin-like effect of chemical heterocyclic compounds, derivatives 
of pyrimidine, pyrazole, isoflavones, and pyridine on the growth of biomass (g) and length of roots 
(cm) formed on the six-week-old cotyledons isolated from seeds of pumpkin 

№ compound The average biomass of the 30 
cotyledons (g) 

The average length of one root per 
30 cotyledons (cm) 

Control (distilled water) 45.63 ± 0.29* 1.12 ± 0.45* 
1 55.27 ± 0.86** 14.23 ± 1.27** 
2 58.64 ± 0.53** 17.78 ± 0.66** 
3 54.91 ± 1.64** 19.56 ± 1.14** 
4 56.26 ± 1.52** 14.45 ± 0.93** 
5 59.67 ± 0.83** 13.21 ± 1.24** 
6 50.48 ± 1.18** 3.35 ± 1.57** 
7 57.61 ± 0.45** 11.24 ± 1.14** 
8 55.22 ± 0.69** 13.15 ± 1.78** 
9 61.34 ± 1.94** 10.23 ± 1.44** 
10 66.27 ± 1.12** 14.61 ± 1.26** 
11 57.49 ± 1.19** 12.45 ± 0.89** 

Note ** Significant differences from control values*, p ≤ 0.05, n = 3, (-)−decreasing; (+)— 
increasing 
Compound №1—6-Methanesulfonyl-imidazo[1,2-a]pyrimidine-5-ylamine, Compound 
№2—1-Benzyl-5-methanesulfonyl-3-phenyl-1H-pyrimidine-2,4-dione, Compound №3— 
4-Benzylamino-5-p-tolyl-5H-pyrrolo-[3,2-d]pyrimidin-7-yl)-phosphonic acid diethyl ester, 
Compound №4—Ethyl 2-(4-oxo-7-methyl-4,7-dihydro-3H-pyrazolo[3,4-d][1,2,3]triazin-
3-yl)acetate, Compound №5—5-Hydrazino-1-phenyl-1H-pyrazole-4-carbo hydrazide, 
Compound №6—Kinetin (N-(2-Furylmethyl)-7H-purin-6-amine), Compound №7—3-Ethyl-
7-methyl-3,7-dihydro-4H-pyrazolo[3,4-d][1,2,3]triazin-4-one, Compound №8—5-Hydroxy-
7-methoxy-6-(methoxymethyl)-2-phenyl-4H-chromen-4-one, Compound №9—5-Hydroxy-7-
methoxy-6-(methoxymethyl)-3-(2-methoxyphenyl)-4H-chromen-4-one, Compound №10—5-
Hydroxy-7-methoxy-8-(methoxymethyl)-3-(4-methoxy phenyl)-4H-chromen-4-one, Compound 
№11—(1H-pyrrolo[2,3-c]pyridin-3-yl)-acetic acid) 

according with average length of one root—at the 11.8 times as compared with 
control and at the 3.9 times as compared with cytokinin Kinetin (Table 4). 

The indices of average biomass (g) and average length of one root (cm) per 30 six-
week-old cotyledons of pumpkin treated with 10−8 M water solution of compound 
№7 were in average higher of the analogical indices of cotyledons of pumpkin treated 
either with distilled water (control) or with 10−8 M water solution of cytokinin 
Kinetin (compound №6) as follows: according with average biomass—at the 126% 
as compared with control and at the 114% as compared with cytokinin Kinetin; 
according with average length of one root—at the 10.0 times as compared with 
control and at the 3.6 times as compared with cytokinin Kinetin (Table 4). 

The indices of average biomass (g) and average length of one root (cm) per 30 six-
week-old cotyledons of pumpkin treated with 10−8 M water solution of compound 
№8 were in average higher of the analogical indices of cotyledons of pumpkin treated
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either with distilled water (control) or with 10−8 M water solution of cytokinin 
Kinetin (compound №6) as follows: according with average biomass—at the 121% 
as compared with control and at the 109% as compared with cytokinin Kinetin; 
according with average length of one root—at the 11.7 times as compared with 
control and at the 3.9 times as compared with cytokinin Kinetin (Table 4). 

The indices of average biomass (g) and average length of one root (cm) per 30 six-
week-old cotyledons of pumpkin treated with 10−8 M water solution of compound 
№9 were in average higher of the analogical indices of cotyledons of pumpkin treated 
either with distilled water (control) or with 10−8 M water solution of cytokinin 
Kinetin (compound №6) as follows: according with average biomass—at the 134% 
as compared with control and at the 122% as compared with cytokinin Kinetin; 
according with average length of one root—at the 9.1 times as compared with control 
and at the 3.0 times as compared with cytokinin Kinetin (Table 4). 

The indices of average biomass (g) and average length of one root (cm) per 30 six-
week-old cotyledons of pumpkin treated with 10−8 M water solution of compound 
№10 were in average higher of the analogical indices of cotyledons of pumpkin 
treated either with distilled water (control) or with 10−8 M water solution of cytokinin 
Kinetin (compound №6) as follows: according with average biomass—at the 145% 
as compared with control and at the 131% as compared with cytokinin Kinetin; 
according with average length of one root—at the 13.0 times as compared with 
control and at the 4.4 times as compared with cytokinin Kinetin (Table 4). 

The indices of average biomass (g) and average length of one root (cm) per 30 six-
week-old cotyledons of pumpkin treated with 10−8 M water solution of compound 
№11 were in average higher of the analogical indices of cotyledons of pumpkin 
treated either with distilled water (control) or with 10−8 M water solution of cytokinin 
Kinetin (compound №6) as follows: according with average biomass—at the 125% 
as compared with control and at the 113% as compared with cytokinin Kinetin; 
according with average length of one root—at the 11.1 times as compared with 
control and at the 3.7 times as compared with cytokinin Kinetin (Table 4). 

The obtained results suggest that high cytokinin-like and auxin-like activity of 
chemical heterocyclic compounds, derivatives of pyridine, pyrimidine, pyrazole, 
isoflavones may be explained by their inducing cytokinin-like and auxin-like effect 
on plant cell division and elongation resulting in increasing growth of biomass of 
the cotyledons isolated from seed of muscat pumpkin (Cucurbita moschata Duch. et 
Poir.) cultivar Gilea and formation of the adventitious roots on the isolated cotyledons. 

4.3 Study of Cytokinin-Like Activity of Derivatives 
of Oxazolopyrimidine and Oxazole 

The obtained results showed that according to the indices of growth of biomass 
of cotyledons isolated from seeds of muscat pumpkin (Cucurbita moschata Duch. 
et Poir.) cultivar Gilea during 16 days all tested chemical compounds, derivatives
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of oxazolopyrimidine and oxazole used at the concentration 10−9 M showed the 
expressive cytokinin-like activity, which was similar or higher of the activity of plant 
hormone cytokinin Kinetin used at the same concentration 10−9 M. 

The obtained data of the statistical analysis of indices of growth of biomass 
of isolated cotyledons of pumpkin showed that the highest cytokinin-like activity 
revealed the compounds, derivatives of oxazolopyrimidine: the compound №2—2,5-
diphenyl[1,3]oxazolo[5,4-d]pyrimidin-7(6H)-one and compound №4—7-amino-5-
(4-ethylphenyl)-2-phenyl[1,3]oxazolo[5,4-d]pyrimidine, as well as the compound, 
derivative of oxazole: the compound №6—2-tolyl-5-(piperidin-1-ylsulfonyl)-1,3-
oxazole-4-carbonitrile (Fig. 4). 

Among the derivatives of oxazolopyrimidine, the compound №4—7-amino-5-(4-
ethylphenyl)-2-phenyl[1,3]oxazolo[5,4-d]pyrimidine, which contains amino group 
at the 7th position of pyrimidine fragment, showed the highest cytokinin-like activity; 
the indices of growth of biomass of the isolated cotyledons of pumpkin grown on 
the 10−9 M water solution of compound №4 were higher at the 40% and 19% of the 
indices of growth of biomass of the isolated cotyledons of pumpkin grown either on

Fig. 4 The cytokinin-like effect of chemical heterocyclic compounds, derivatives of oxazolopy-
rimidine (compound №1—7-amino-2,5-diphenyl[1,3]oxazolo[5,4-d]pyrimidine, compound 
№2—2,5-diphenyl[1,3]oxazolo[5,4-d]pyrimidin-7(6H)-one, compound №3—5-(4-ethylphenyl)-
2-phenyl[1,3]oxazolo[5,4-d]pyrimidin-7(6H)-one, compound №4—7-amino-5-(4-ethylphenyl)-
2-phenyl[1,3]oxazolo[5,4-d]pyrimidine), and derivatives of oxazole (compound №5—2-phenyl-
5-(piperidin-1-ylsulfonyl)-1,3-oxazole-4-carbonitrile and compound №6—2-tolyl-5-(piperidin-1-
ylsulfonyl)-1,3-oxazole-4-carbonitrile), and plant hormone cytokinin Kinetin (N-(2-Furylmethyl)-
7H-purin-6-amine) on the growth of the biomass of cotyledons isolated from seeds of muscat 
pumpkin (Cucurbita moschata Duch. et Poir.) cultivar Gilea (the biomass was weighted with the 
interval of each 4 day)
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the distilled water (control) or on the 10−9 M water solution of cytokinin Kinetin, 
respectively (Fig. 4).

The high cytokinin-like activity demonstrated also the compound №2— 
2,5-diphenyl[1,3]oxazolo[5,4-d]pyrimidin-7(6H)-one, which contains phenyl 
substituent at the 5th position of pyrimidine fragment; the indices of growth of 
biomass of the isolated cotyledons of pumpkin grown on the 10−9 M water solution 
of compound №2 were higher at the 38% and 17% of the indices of growth of 
biomass of the isolated cotyledons of pumpkin grown either on the distilled water 
(control) or on the 10−9 M water solution of cytokinin Kinetin, respectively (Fig. 4). 

The lower cytokinin-like activity showed the compound №3—5-(4-ethylphenyl)-
2-phenyl[1,3]oxazolo [5,4-d]pyrimidin-7(6H)-one, which contains 4-ethylphenyl 
substituent at the 5th position and oxygen at the 7th position of pyrimidine frag-
ment; the indices of growth of biomass of the isolated cotyledons of pumpkin grown 
on the 10−9 M water solution of compound №3 were higher at the 28% and 9% of 
the indices of growth of biomass of the isolated cotyledons of pumpkin grown either 
on the distilled water (control) or on the 10−9 M water solution of cytokinin Kinetin, 
respectively (Fig. 4). 

The lower cytokinin-like activity showed also the compound №1—7-amino-2,5-
diphenyl[1,3] oxazolo[5,4-d]pyrimidine, which contains phenyl substituent at the 
5th position and amino group at the 7th position of pyrimidine fragment; the indices 
of growth of biomass of the isolated cotyledons of pumpkin grown on the 10−9 M 
water solution of compound №1 were higher at the 22% and 4% of the indices of 
growth of biomass of the isolated cotyledons of pumpkin grown either on the distilled 
water (control) or on the 10−9 M water solution of cytokinin Kinetin, respectively 
(Fig. 4). 

Among the compounds, derivatives of oxazole the compound №6—2-tolyl-5-
(piperidin-1-ylsulfonyl)-1,3-oxazole-4-carbonitrile, which contains tolyl substituent 
at the 2th position of oxazole, showed the highest cytokinin-like activity; the indices 
of growth of biomass of the isolated cotyledons of pumpkin grown on the 10−9 M 
water solution of compound №6 were higher at the 54% and 31% of the indices of 
growth of biomass of the isolated cotyledons of pumpkin grown either on the distilled 
water (control) or on the 10−9 M water solution of cytokinin Kinetin, respectively 
(Fig. 4). 

At the same time the compound №5—2-phenyl-5-(piperidin-1-ylsulfonyl)-1,3-
oxazole-4-carbonitrile that contains phenyl substituent at the 2th position of oxazole 
revealed lower cytokinin-like activity; the indices of growth of biomass of the isolated 
cotyledons of pumpkin grown on the 10−9 M water solution of compound №5 were  
higher at the 23% of the indices of growth of biomass of the isolated cotyledons of 
pumpkin grown on the distilled water (control) (Fig. 4). 

The conducted specific bioassay on cytokinin-like activity showed that among 
heterocyclic compounds, derivatives of oxazolopyrimidine and oxazole the highest 
activity on the growth of biomass of cotyledons isolated from seed of muscat 
pumpkin (Cucurbita moschata Duch. et Poir.) cultivar Gilea demonstrated the
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compounds: the compound №2—2,5-diphenyl[1,3]oxazolo[5,4-d]pyrimidin-7(6H)-
one, which contains phenyl substituent at the 5th position of pyrimidine frag-
ment, the compound №4—7-amino-5-(4-ethylphenyl)-2-phenyl[1,3]oxazolo[5,4-
d]pyrimidine, which contains amino group at the 7th position of pyrimidine 
fragment, and the compound №6—2-tolyl-5-(piperidin-1-ylsulfonyl)-1,3-oxazole-
4-carbonitrile, which contains tolyl substituent at the 2th position of oxazole. It 
is obvious that cytokinin-like activity on the growth of the biomass of cotyledons 
isolated from seed of muscat pumpkin (Cucurbita moschata Duch. et Poir.) cultivar 
Gilea of chemical compounds, derivatives of oxazolopyrimidine may depend on 
substituents at the 5th and 7th positions of pyrimidine fragment, while as activity of 
compounds, derivatives of oxazole may depend on substituents at the 2th position of 
oxazole. 

Thus, the conducted studies showed that synthetic low molecular weight hete-
rocyclic compounds, derivatives of pyridine, pyrimidine, pyrazole, isoflavones, 
oxazolopyrimidine and oxazole revealed similar to plant hormones auxins and 
cytokinins activity (Tsygankova et al. 2018e). 

It is possible to assume that the molecular mechanisms of auxin-like and cytokinin-
like activity of derivatives of pyridine, pyrimidine, pyrazole, isoflavones, oxazolopy-
rimidine and oxazole might be associated with their regulatory action (by analogy 
with plant hormone auxin) on the network of key auxin-binding proteins (ABPs) that 
may be the auxin receptors involved in auxin signalling and transport, network of 
auxin response transcription factors (ARFs) that are DNA-binding proteins, which 
recognize and bind to auxin responsive cis-acting promoter elements (AuxREs) in 
early/primary auxin response genes, and network of transcription factors that bind 
to promoter elements in genes encoding protein-enzymes responsible for plant cell 
division and extension (Komaki and Sugimoto 2012; Lavy and Estelle 2016; Leyser  
2017; Majda and Robert 2018). 

Otherwise, there could be an alternative mode of action related to the inhibitory 
effect of synthetic low molecular weight heterocyclic compounds, derivatives of 
pyridine, pyrimidine, pyrazole, isoflavones, oxazolopyrimidine and oxazole on the 
activity of a key enzyme IAA-oxidase, which is involved in the enzymatic destruction 
(degradation) of auxin (Hare 1964). As a result, the level of endogenously synthe-
sized auxin IAA is increased in the plant cells, and auxin transport, perception, and 
signaling are restored leading to improved plant cell division and extension that are 
the main processes of plant growth and development (Komaki and Sugimoto 2012; 
Lavy and Estelle 2016; Leyser  2017; Majda and Robert 2018). 

Obviously also, that the cytokinin-like effect of synthetic synthetic low molec-
ular weight heterocyclic compounds, derivatives of pyridine, pyrimidine, pyrazole, 
isoflavones, oxazolopyrimidine and oxazole can be related to their direct influence 
on the metabolism of endogenous plant hormones or their inhibitory effect on the 
activity of an enzyme cytokinin oxidase, which is involved in the enzymatic destruc-
tion (degradation) of endogenous plant cytokinins (Avalbaev et al. 2012). As a result, 
the level of endogenously synthesized cytokinins is increased in the plant cells, 
and cytokinin transport, perception and signal transduction are restored (Kieber and 
Schaller 2018) leading to improved plant cell division and increased synthesis of
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photosynthetic pigments such as chlorophylls and carotenoids, and delayed leaf 
senescence (Zwack and Rashotte 2013). 

In support of the bottom concept indicate published works (Tandon and Arya 
1982; Liu et al. 1996) which showed the effect of exogenously applied synthetic 
analogs of auxin on the decrease in the activity of IAA-oxidase and vice versa on 
the increase in the level of synthesis of endogenous auxin IAA in plant cells. 

The authors of the work (Gaspar et al. 1996) also suggested that synthetic auxins 
might affect the level of synthesis of endogenous auxin modifying directly synthesis 
of enzyme IAA-oxidase and indirectly through effectors of IAA-oxidase. 

Similar studies were conducted in work (Šimonová et al. 2005) that showed that 
synthetic 2-R substituted benzothiazole derivatives demonstrated dominant auxin-
like plant growth promoting activity. Based on obtained results, showing that the plant 
growth promoting activity of synthetic benzothiazole compounds can be correlated 
with the activity of IAA synthetase, the authors have proposed that the mode of 
action of synthetic 2-R substituted benzothiazole derivatives as auxin-like substances 
is due to their possible regulation of synthesis or degradation of endogenous auxin 
indole-3-acetic acid (IAA) in plants. 

The assumptions discussed in the works (Tandon and Arya 1982; Liu et al. 1996; 
Gaspar et al. 1996; Šimonová et al. 2005) are consonant with our early published work 
(Tsygankova et al. 1999), which testified in favor of the indirect, mediated through 
endogenous phytohormones action of synthetic derivatives of pyridine—lutidine N-
oxide (Ivin) and pyrimidine—6-methylthiouracil (Methyur) on plant cell extension, 
and published works of other authors (Yip and Yang 1986; Murthy et al. 1995, 
1998; Hutchinson and Saxena 1996) that showed the effect of exogenously applied 
synthetic multi-dimensional plant growth regulator Thidiazuron (TDZ; N-phenyl-
1,2,3-thidiazole-5ylurea) on increase in concentrations of endogenous cytokinins, 
auxin, ethylene and ABA in plant cells. 

Authors of work (Hutchinson and Saxena 1996) suggested that the powerful 
cytokinin-like regulatory effect of TDZ on plant growth is associated with its influ-
ence on the metabolism of endogenous plant hormones, either directly or indirectly 
through prevention the breakdown of endogenous purines by inhibiting cytokinin 
oxidase, due to which plant cell division and regeneration occur. 

5 Conclusion 

The auxin-like and cytokinin-like activity of synthetic low molecular weight hete-
rocyclic compounds, derivatives of pyridine, pyrimidine, pyrazole, isoflavones, 
oxazolopyrimidine and oxazole was studied. With this aim the specific bioassay 
on auxin-like activity conducted on the leaf petioles isolated from seedlings of 
haricot bean (Phaseolus vulgaris L.) cultivar Belozernaya and the specific bioassay 
on cytokinin-like activity conducted on the cotyledons isolated from seeds of muscat 
pumpkin (Cucurbita moschata Duch. et Poir.) cultivar Gilea were used. It was shown



New Auxin and Cytokinin Related Compounds … 375

that synthetic low molecular weight heterocyclic compounds used at the concentra-
tions 10−8 M and 10−9 M demonstrated a high auxin-like and cytokinin-like activity, 
which was manifested in intensification of growth of isolated plant organs. The 
obtained results suggested the expressive auxin-like and cytokinin-like inducing 
effect of synthetic heterocyclic compounds on plant cell division, elongation, and 
differentiation that are the basic processes of plant growth. 

This study confirmed the perspective of practical application of synthetic low 
molecular weight heterocyclic compounds, derivatives of pyridine, pyrimidine, pyra-
zole, isoflavones, oxazolopyrimidine and oxazole as a new effective plant growth 
regulating substances. 
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