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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 IA A-lysine synthase, responsible for conju-
gation of auxin (Glass and Kosuge 1986). These pathways have been summarized in
Fig. 1.

Tryptophan
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Indole-3-acetic acid Indole-3-acetamide

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 isopenteny! 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 (Bomke 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; Cassén 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

Itis 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 (Kudoyarovaetal. 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 ITAA
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 UCMBS5113
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 (Igbal 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 GBO3and 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



Role of Phytohormones in Plant-Microbial Interaction 321

instance, elevated levels of endogenous cytokinin were observed in six-week-old
Arabidopsis thaliana upon seed bacterization with Burkholderia phytofirmans PsJIN
(Su et al. 2016). Exposure of tomato plants to volatiles emitted by Bacillus subtilis
SYST2 enhanced the expression of cytokinin biosynthetic gene (SICKX1) 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 AfGA3ox1which 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
etal. 2013). Ghosh et al. (2019) observed that when Arabidopsis thaliana plants were
inoculated with the TAA 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
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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 (Vdlscl) 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 VdIscI deletion mutant, the host SA and SAG
levels and the SA marker, PRI, 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 (SARDI), 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 jarl,
coil, 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 laccasel (Hu et al. 2018, 2019). Enhancement of JA signalling through
involving a negative regulator of JA signaling Homeodomain Transcription Factor 1
(HDTF1I) 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
(8S12), 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 l-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 (SINr) and SIETR4 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 (ERFI 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 etrl-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 B-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 ndri-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 (Al), 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 BAK/ 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 (SOBIR]) that is associated
BAK-interacting receptor-like-kinase 1 (BIRI) 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 H, O, are produced in cotton suspension cells treated
with Vd toxin have been known to produce both NO and H,0,, 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 nial 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 H,O, 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 (GDRVA) in cotton predisposes them to
be susceptibility against Verticillium infection (Yang et al. 2016).

Yet another active chemical, B-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 etal. 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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