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Preface

The famous Sun temple of Konark in India represents the chariot of the Sun God 
(Surya) that is pulled by seven horses. This beautiful structure carved out of stone is 
a good example of management where the seven horses must be controlled for the 
proper movement of the chariot. The charioteer controls the movement of the char-
iot through a “leash” that is tied to each of the horses. Nature too has its own set of 
controls that act as leashes to modulate the nuances of cellular functions. This book 
is dedicated to the understanding of one such group of controls in plants, which 
function as highly effective components of the signal transduction mechanism.

In today’s scenario, human health, food security, natural resources like water, air, 
and soil (pollution as well as conservation) are the pertinent issues affecting man-
kind. Though food security is a major challenge at all levels, it is particularly impor-
tant for the plant biologists, especially in the context of climate change and scarcity 
of arable land. Environmental stresses (both abiotic and biotic) and extensive 
anthropogenic activities have contributed significantly to the drastic decline in crop 
productivity over the years. Researchers have made significant agronomic advances 
by crop improvement through extensive breeding and to some extent by genetic 
manipulation. The genomic and post-genomic eras have witnessed the use of 
advanced tools of gene manipulation and genetic engineering, to target a large num-
ber of genes for imparting stress tolerance in plants. Plant biologists are trying to 
understand and explore the structural and functional relationship of gene(s) and 
gene families, in the context of different physiological and developmental aspects of 
the plant life cycle. However, the efforts to develop stress-tolerant crop varieties 
have not been much successful. In lieu of this, we still require a detailed understand-
ing of the mechanisms underlying stress perception, transduction as molecular sig-
nals, and finally translation into defense or adaptive responses by plants.

Signaling pathways act as “nodes and hubs,” regulating myriad stimuli including 
stress signals. These nodes and hubs also regulate the cross talk and disparate chan-
neling of stress signals and hence fine-tune the stimulus–response-coupling process 
with the generation of adaptive responses. These mechanisms maintain a homeo-
static balance in the living systems in concomitance with stress perception and the 
ensuing responses. There are several controls or molecular switches which turn 
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these biological processes and signaling pathways “on and off.” Posttranslational 
modifications of a protein can act as one of the key molecular switches in an organ-
ism. Protein phosphorylation is one such covalent modification that regulates sig-
naling cascades through the activation or deactivation of the components involved 
in maintenance of a homeostatic state. This process of reversible regulation is car-
ried out through two groups of enzymes, kinases, and phosphatases. Kinases phos-
phorylate target proteins by adding a phosphate to the hydroxyl group on amino 
acid residues, while phosphatases dephosphorylate a phosphorylated protein, 
thereby forming a cellular switch to initiate or terminate diverse cellular processes. 
Protein phosphosites mainly include nine amino acids: tyrosine (Tyr), serine (Ser), 
threonine (Thr), cysteine (Cys), arginine (Arg), lysine (Lys), aspartate (Asp), gluta-
mate (Glu), and histidine (His). Ser-, Thr-, and Tyr- are the most commonly phos-
phorylated residues with profound implications in the regulatory pathways in 
eukaryotic cells.

Protein kinases (PK) are known to be activated by primary stress response path-
ways (such as in Ca2+ signaling) which subsequently elicit either a short-term quick 
response like closing and opening of the stomata or a long-term response like acti-
vation of transcription factors. However, if this response is not switched off and 
persists, the plant would be allocating its resources toward adaptive responses even 
in the absence of stress. Thus, the resource allocation of the plant will tip more 
toward protecting itself rather than a holistic growth response even after the stress 
has been mitigated. This aspect of the regulation of stress response pathways dic-
tates the need for a discussion on protein phosphatases (PPs). These PPs are impor-
tant components which control many regulatory circuits in living organisms by 
modulating the conformation, activity, localization, and stability of substrate pro-
teins. PPs are categorized depending on their biochemical properties. The three 
main families of PP are Ser-/Thr-, Asp-, and Tyr-based. The Ser/Thr-based PPs are 
divided into the phosphoprotein phosphatase (PPP) family and the metallo- 
dependent PPs (PPM/PP2C) family. The Asp-based PPs are divided into the FCP- 
like/CPL and HAD families. The Tyr-based PPs are further divided into the protein 
Tyr phosphatases (PTPs) and dual specificity phosphatases (DsPTPs).

The phosphorylation–dephosphorylation-regulated “cellular switch” that moni-
tors plant physiology, growth, and development has immense potential in crop sys-
tems. Much of the information pertaining to this regulatory mechanism in plants is 
still in the nascent stages, coming largely from model plants, Arabidopsis and rice. 
The use of genetic and biochemical approaches aided by “omic” approaches are 
currently enabling the unraveling of key components involved in the regulation of 
stress tolerance. These key components of phosphorylation–dephosphorylation 
such as kinases or phosphatases could be exploited to develop crop varieties better 
equipped to handle adverse environmental conditions and hence lead to enhance-
ment of agricultural productivity.

This book entitled Protein phosphatases and stress management in plants: 
Functional genomic perspective comprises of 17 chapters contributed by several 
well-known plant biologists working in the field of Protein phosphatases and stress 
management with a special emphasis on Functional Genomic aspect. This book 
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elaborates on the state-of-art scientific advances in the field of “signaling under 
stress conditions,” which will formulate a holistic understanding on the subject.

The first chapter describes the role of ancient chloroplast and mitochondrial PPs, 
the Shewanella-like PPs (SLP1 and SLP2), of bacterial origin. They are remarkably 
conserved in plants, suggesting that they play fundamental roles in chloroplast and 
mitochondrial biology. The detailed functional role of SLP1 and SLP2 is being 
investigated in several plant species, especially in the physiological and functional 
context.

Chapters 2 and 3 elaborate the role of the purple acid phosphatases (PAPs). The 
PAPs are involved in phosphate (Pi) homoeostasis and several other diverse func-
tions such as regulation of seed traits, root development, osmotic, oxidative and salt 
stress tolerance in plants. Chapter 4 discusses the PP2A class of protein phospha-
tases that are composed of three subunits (catalytic “C”; scaffolding “A” and regula-
tory “R”). The Arabidopsis genome encodes multiple isoforms of these subunits 
(3-As, 5-Cs, and 17-Bs subunits), and different combinations of these subunits are 
expected to give rise to almost 255 different PP2A holoenzymes. Though PP2A are 
mostly implicated in the regulation of developmental pathways, but in this chapter, 
authors discuss their possible role in responses to salinity stress.

PP2Cs belonging to PPM family are the largest class of PPs in plants. Arabidopsis 
and rice encode more than 76 and 90 PP2Cs, respectively, that are classified into 10 
or more subgroups (A–K) with diverse functions. The best studied PPs include the 
A-subclade of PP2C, which negatively regulate the ABA signaling pathway. 
Chapters 5 and 6 discuss the role of PP2Cs in regulating diverse abiotic stresses and 
ABA signaling. Chapter 7 presents a detailed insight into the role of PP2A and 
PP2C families in sugar as well as hormone signaling and consequently in the main-
tenance of balance between stress and growth in plants.

The opening and closing of the stomata are governed by guard cell dynamics 
which control their turgid state. Guard cell signaling is one of the most well-studied 
physiological processes in plants, wherein an intricate interplay of PKs and PPs is 
at work. Chapter 8 gives a detailed account of several PPs such as PP1s, PP2As, and 
PP2Cs in the regulation of the stomatal movements. Chapter 9 presents an insight 
into the involvement of several PPs in the regulation of plant responses under salt 
stress in different species. Chapter 10 discusses the role of phosphatases and differ-
ent phosphatase gene families involved in stress signaling pathways, involved in the 
regulation of stress tolerance.

Because crop productivity is directly dependent on the soil fertility and nutrient 
content, mineral nutrient deficiency in plants is an important area which demands 
greater attention from plant biologists. Deficiency of the major- and micro-nutrients 
in the soil leads to a drastic penalty in growth and development, thus affecting the 
crop yield and productivity. A large number of fertilizers are added to different 
crops to enhance the yield and productivity. Among the fertilizers, NPK (nitrogen, 
phosphorus, and potassium) is the most commonly preferred combination. Chapter 
11 presents the role of various PPs in the regulation of responses to the K+ defi-
ciency and the signaling therein. Moreover, this chapter also discusses the impor-
tance of Ca2+-mediated CBL-CIPK (a homologue of the animal PP2B class 
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phosphatase calcineurin) and PP2C modules in the regulation of K+ transport, ABA 
and abiotic stress signaling pathways in the model plant Arabidopsis. Chapter 12 
elaborates the role of PPs in nitrogen response and nitrogen-use efficiency (NUE) in 
different crops. Several PPs such as PP2Cs, PP2As, and others, identified in differ-
ent N uptake, assimilation, and remobilization regulatory pathways, are emerging as 
important candidate genes for genetic manipulation. Chapter 13 elaborates on the 
genome-wide identification of PPs from major cereals and small grain crops, their 
structural organization as well as their involvement in diverse stress regulatory path-
ways. This chapter lays emphasis on PPs from the perspective of crop plants.

Besides regulating the cytoskeletal network comprising of microtubule and actin 
filaments, PPs act as important determinants of cell cycle progression and thus regu-
lators of cell division. Chapter 14 presents the roles of various PPs in mitotic pro-
cesses and cytoskeleton regulation. In addition to abiotic stresses, biotic challenges 
posed by pests and pathogens affect crop productivity drastically. To cope with 
biotic stresses, plants have different layers of defense systems such as pattern- 
triggered immunity (PTI) and effector triggered immunity (ETI). However, paral-
lelly, forces of natural selection aid pathogens in evolving a more effective arsenal 
of defense mechanisms. Successful invasion by pathogens and the consequent 
defense responses in plants solely depends on the host–pathogen interactions, which 
comprise of a large number of components that trigger several signaling pathways. 
Chapter 15 provides an extensive account of involvement of PPs in host–pathogen 
interactions in both host and pathogen systems.

In animals, both Ser/Thr and Tyr phosphorylation–dephosphorylation regulate a 
large number of physiological and developmental processes. However, till date, no 
receptor tyrosine kinase (RTK) has been identified in plants, though several reports 
suggest Tyr phosphorylation by non-canonical Tyr kinases. Tyr dephosphorylation 
by Tyr-specific phosphatases is also not much explored. Based on the genome 
sequence analysis of several plant species, not many PTPs have been identified. 
Chapters 16 and 17 present an account of dual specificity phosphatases (DSPs; 
which act on both phosphorylated Ser/Thr and Tyr) and Tyr-specific phosphatases 
(PTP) in different plants. Their involvement in the regulation of different metabolic 
(starch degradation), physiological (biotic and abiotic stresses), and various devel-
opmental processes is discussed.

Plants need to acquire a large number of reprograming in their biological pro-
cesses that enable them to withstand the changing nature of their environment. 
Based on the extensive work done in the field of stress perception and signal trans-
duction, it is evident that research in the area of signal transduction is a key deter-
minant in the implementation of enhanced stress tolerance in plants. My best efforts 
were rendered toward the inclusion of all aspects of PPs and their role in stress 
management in this book. However, some aspects still await elaboration due to 
space constraint and other limitations. Regardless of this, I firmly believe that this 
book will be able to serve its purpose for students, researchers, and academicians 
seeking an understanding of stress-mediated signaling in the context of PPs.

I express my gratitude to all the authors whose contributions have made it pos-
sible to bring vast information on one platform. I also express my sincere thanks to 
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Chapter 15
Protein Phosphatase Mediated Responses 
in Plant Host-Pathogen Interactions

Anjan Barman and Suvendra Kumar Ray

15.1  Prologue

Autotrophic green plants are generally self-sufficient organisms, which lead a com-
plete sessile life (Li and Cui 2014; Žádníková et al. 2015). Owing to their inherent 
ability of synthesizing and storing energy-rich biomolecules, they attract variety of 
heterotrophs (that include prokaryotic microbes, protozoans as well as metazoans). 
Inability to move and nutrient richness do pose some disadvantages as it makes 
plants readily vulnerable to both abiotic and biotic agents (Raghavendra et al. 2010; 
Macho and Zipfel 2014). To sustain and grow amidst clueless vulnerabilities posed 
by altered environmental perturbations, biotic interventions, etc. necessitate prolific 
tenacity and endurance. Propitiously, plants have been bestowed with abilities to 
sense and respond to these cues elegantly and thrive with much resilience. Presence 
of efficient but complicated cascades of evolutionarily conserved signaling net-
works involving specialized molecular arsenals that remain active both on surface 
and inside the cell is the primary basis of plant’s competence (Jones and Dangl 
2006; Dodds and Rathjen 2010; Schwessinger and Ronald 2012).

Apart from other opposing factors, negative biotic interventions (e.g., due to 
pathogens, parasites, herbivores) pose significant threat to plant’s survivability and 
productivity (Maron and Crone 2006; Maron and Kauffman 2006; Brown and 
Hovmøller 2002; Mordecai 2011). For instance, microbial pathogens comprising of 
viruses, bacteria, fungi, and nematodes affect plant health significantly (Williamson 
and Gleason 2003; Berger et  al. 2007; Scholthof et  al. 2011; Dean et  al. 2012; 
Mansfield et al. 2012; Boyd et al. 2013; Malcolm et al. 2013). The extent of distress 
caused by pathogens is, however, resultant of plant’s inherent capacity (conferred 
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by plant’s innate immunity) to circumvent the former’s assault (Veronese et  al. 
2003; de Wit 2007; Dodds and Rathjen 2010). In a way, it’s similar to “tug-of-war” 
episodes between the pathogen and the plant’s defense ploys where victory may be 
on either side (Boller and He 2009). Plants explicitly lack a circulatory immune 
system comprising of specialized cells to fend themselves, which is unlike in higher 
eukaryotic organisms, e.g., mammals (Macho and Zipfel 2014; Couto and Zipfel 
2016). Nevertheless, adroit innate immune responses initiating at their cell surfaces 
significantly guard plants from numerous invading pathogens (Dodds and Rathjen 
2010). Interestingly, we have just begun to unravel fragments of such a dexterous 
mechanism awake in plant’s defense.

Innate immune responses are clearly eloquent signaling networks that initiate at 
plant’s cell surfaces (Faulkner and Robatzek 2012; Macho and Zipfel 2014; Mithoe 
and Menke 2018). These responses may proceed via two distinct branches, i.e., 
PAMP (pathogen-associated molecular patterns)-triggered immunity (PTI) and 
effector-triggered immunity (ETI), depending on the nature of pathogenic elicitor/
factors involved (Muthamilarasan and Prasad 2013; Thomma et al. 2011; Macho 
and Zipfel 2014). At the initial phases, PAMP (or MAMP) and effector-mediated 
elicitations are said to have distinct differences (Jones and Dangl 2006; Tsuda and 
Katagiri 2010; Zhang et al. 2010; Peng et al. 2018); however, this dichotomy may 
not be so rigid due to considerable resemblances in both (Thomma et al. 2011; Peng 
et al. 2018; Adachi and Tsuda 2019; Kadota et al. 2019). Importantly, downstream 
events of PTI and ETI do converge at some points resulting in identical defense 
responses (Navarro et al. 2004; Peng et al. 2018; Kadota et al. 2019). The signals of 
pathogenic origin are perceived by host of receptor molecules, called pattern recog-
nition receptors (PRRs), spanning the plant cell membranes, which have an extra-
cellular domain and a transmembrane domain and may have an inner cytoplasmic 
domain (Macho and Zipfel 2014; Saijo et  al. 2018). Extracellular domain of the 
receptors can recognize specific conserved molecular patterns present on microbial 
cell surfaces (called microbe-associated molecular patterns, MAMPs or PAMPs) 
(Felix et al. 1993, 1999; Newman et al. 1995; Meyer et al. 2001; Kunze et al. 2004; 
Gust et al. 2007; Miya et al. 2007) or fragmented components of pathogenic origin, 
pathogen-driven wounds of the plant itself (also called damage-associated molecu-
lar patterns) (Matzinger 2002; Boller and Felix 2009). Extracellular domains of the 
receptors can transmit recognition signals through cytoplasmic domains or through 
other transitional mediators into interior of the cell (Zipfel 2009; Monaghan and 
Zipfel 2012). Cytoplasmic domains of PRRs are generally associated with kinase 
functions as they phosphorylate target sites on signal transducer molecules down-
stream, before immunogenic responses emanate (Becraft 2002; Monaghan and 
Zipfel 2012). All PRRs may not possess a kinase domain; PRRs with associated 
cytoplasmic kinase domains are called Receptor-Like Kinases (RLKs), and those 
lacking a kinase domain are referred to as Receptor-Like Proteins (RLPs) (Couto 
and Zipfel 2016; Boutrot and Zipfel 2017). RLPs are said to rely on RLKs for intra-
cellular signaling as they are devoid of own kinase domains (Tor et al. 2009).

Phosphorylation events mediated by protein kinases (PKs) are indispensable for 
triggering plant immune responses along with several other physiological processes 

A. Barman and S. K. Ray



291

in plants (Luan 1998; Becraft 2002; Tena et al. 2011; Xu and Zhang 2015). PKs 
generally phosphorylate hydroxyl groups on different amino acids in downstream 
signal proteins, although some PKs may need to undergo autophosphorylations for 
their own activation (Johnson et al. 1996). PKs associated with PRRs of plants and 
animals are largely members of non-RD kinase family which may not require auto-
phosphorylation for their activation (Dardick and Ronald 2006). RD refers to amino 
acids arginine (R) and aspartate (D), respectively. Notably, depending on the pres-
ence or absence of arginine residue before conserved aspartate group in their cata-
lytic groove, PKs are categorized into RD and non-RD types, respectively. Findings 
indicate arginine residue preceding aspartate, facilitate proper phosphotransfer 
(Dardick and Ronald 2006). In eukaryotes, serine, threonine and tyrosine residues 
are preferred targets of PK aided phosphorylations (Luan 2003; Jha et al. 2017). 
PKs are classified according to specific amino acid(s) residues they phosphorylate, 
i.e., serine/threonine kinases (add phosphates at serine and threonine groups), tyro-
sine kinases (add phosphates at tyrosine residues), and dual-specificity kinases 
(phosphorylate at both serine/threonine and tyrosine moieties) (Luan 2003; Jha 
et al. 2017). During PRR stimulation by PAMP/effectors, activated kinases phos-
phorylate at specific sites of signal relay proteins, thereby inducing downstream 
signaling events (Chinchilla et al. 2007; Zipfel 2009; Roux et al. 2011). This may 
follow recruitment of cellular responses releasing defense-related compounds, anti-
microbials for arresting pathogenic progression, with concomitant inhibition of 
plant growth, sometimes leading to programmed cell death (Luan 1998; Taguchi 
et al. 2003; Chinchilla et al. 2007; Naito et al. 2008; Park et al. 2008). The arrest of 
plant growth and cell death is explained by the fact that there is significant overlap 
amidst the signaling machinery involved in defense as well as many physiological 
responses, and as such continued inappropriate trigger of defense responses can 
lead to deleterious consequences (Lang and Mansell 2007; Park et  al. 2008; 
Segonzac et al. 2014). Occasionally, over-intensification of such defense responses 
may induce characteristic hypersensitive reactions (HR) in plants, manifested by 
irreversible regressive changes in cellular integrity (Morel and Dangl 1997; Coll 
et al. 2011; Schwessinger et al. 2011; Camagna and Takemoto 2018). In this con-
text, it is extremely important that during defense responses, kinase-mediated phos-
phorylations are strictly regulated (Park et al. 2008; Virshup and Shenolikar 2009; 
Segonzac et al. 2014; Couto et al. 2016; Withers and Dong 2017).

Removal of phosphate moieties is an important means for regulation of kinase- 
activated immune triggers (Keyse 2000; Liu et al. 2007; Park et al. 2008). A class of 
enzymes, called protein phosphatases (PPs), performs dephosphorylation of signal 
relay proteins and hence regulates kinase activities, thus interrupting immune sig-
naling in plants (Gómez-Gómez et al. 2001; Couto et al. 2016; Rahikainen et al. 
2016; Shubchynskyy et  al. 2017). Protein phosphatases are prevalent across all 
domains of life (Luan 1998; Keyse 2000; Kennelly 2002; Shi 2009) and possess 
intrinsic capacity to counteract kinase functions by dephosphorylating at specific 
target sites (Luan 2003; Bartels et al. 2010; Uhrig et al. 2013). Protein phosphatase 
functions are recognized as crucial for regulation of several signaling cascades 
involved in physiological as well as developmental pathways in living organisms 
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(Shi 2009; Virshup and Shenolikar 2009; Chen et al. 2017). Their pivotal roles in 
regulation of plant innate immune responses have been reinforced by several reports 
in recent times (Gómez-Gómez et al. 2001; Park et al. 2008; Segonzac et al. 2014; 
Shubchynskyy et al. 2017; Liu et al. 2018).

Plant protein phosphatases (plant PPs) being an inbuilt regulatory component 
play decisive role in culmination of plant immune responses stimulated by protein 
kinases (Schweighofer and Meskiene 2015). The precision with which kinase activ-
ities are impeded by plant PPs decides duration of immune reaction and hence 
degree of injuries caused to the plant tissues (Park et al. 2008; Segonzac et al. 2014). 
Inactivation of PRR signaling in the absence of relevant elicitors is another impor-
tant task carried out by plant PPs (Couto et al. 2016; Liu et al. 2018). Plant PP func-
tions in turn may be regulated by certain known or unknown plant metabolites 
during immune responses. For instance, signaling cascades of abscisic acid, jas-
monic acid and salicylic acid were shown to influence specific phosphatase activi-
ties in different plants earlier (Kenton et al. 1999; Lorenzo et al. 2001; Wang et al. 
2012) indicating intriguing crosstalks. Comprehensive studies have revealed high 
specificity of phosphatases for substrate recognition (Schweighofer and Meskiene 
2015) which might explain for their precise regulatory role. Further, inhibitions or 
defects in PP activities have manifested conspicuous effects on plant’s defense as 
well as survivability (Luan 1998; Park et al. 2008; Wang et al. 2012). Considering 
these, relevance of plant PPs in plant defense programming impels for a close glance.

Reported studies on phytopathogenic microbe interaction with plant hosts have 
highlighted decisive role of plant PPs in immune signaling. Few notable illustra-
tions are representative Arabidopsis thaliana PPs involved in the former’s defense 
responses against Pseudomonas syringae (Couto et al. 2016; Shubchynskyy et al. 
2017), Botrytis cinerea (Schweighofer et  al. 2007), Golovinomyces spp. (Wang 
et al. 2012), and Heterodera schachtii (Sidonskaya et al. 2016); Oryza sativa PP 
responding to Xanthomonas oryzae (Park et  al. 2008); etc. In the same manner, 
protein phosphatase (PP) equivalents in pathogenic microbes may play crucial role 
in aiding their successful interaction with respective host (Underwood et al. 2007; 
Jiang et al. 2011; Macho et al. 2014; Liu et al. 2016; Yang et al. 2018). Instances of 
pathogenic PP equivalents targeting plant immune signaling network have been evi-
dent from different studies (Espinosa et al. 2003; Macho et al. 2014). The intriguing 
interplay between components of pathogen origin and plant immune complexes 
with necessary involvement of PPs highlights a sophisticated control mechanism of 
plant immune system. Further, surfacing innovations like PPs in both host and 
pathogen reinstate dynamic paradigms in these interaction processes, providing 
new grounds for scientific explorations.

In view of emerging significances of plant PPs, in this chapter, we focus our 
discussion on important features of known plant protein phosphatases with a pri-
mary emphasis on their roles in the plant-microbial pathogen interaction course. We 
are also stating about PP equivalents in few known pathogen species and citing our 
present understandings on involvement of these PP equivalents in plant host- 
pathogen communications.
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15.2  Protein Phosphatases in Plant

Reversible phosphorylation events are central to numerous cellular signal transduc-
tion processes including immune signaling in plants. PKs and PPs are indispensable 
facets of these processes. Genome sequencing initiatives have afforded significant 
details of protein kinases (Kinome) as well as PPs in several plant species (Krupa 
et al. 2006; Rudrabhatla et al. 2006; Wang et al. 2007; Schweighofer and Meskiene 
2015). In Arabidopsis thaliana itself, nearly 112 genes encode PPs, whereas for 
PKs, there are above 1000 genes (Kerk et al. 2002; Wang et al. 2003). There appears 
distinct variation amidst numbers of kinases as against phosphatases in plants as in 
case of other eukaryotes (Wang et al. 2007; Shi 2009; Smoly et al. 2017). Also, PPs 
have been found to be far more diverse in terms of structural resemblances, catalytic 
properties, substrate specificities, etc. than that of PKs (Luan 2003).

15.2.1  Types, Key Features

PPs are classified into three major families according to target amino acid moieties 
they dephosphorylate: serine/threonine-specific phosphoprotein phosphatase 
[removes phosphates from Ser/Thr residues], phosphotyrosine phosphatase (PTP) 
[removes phosphates from Tyr residues], and dual-specificity phosphatase (DSP) 
[removes phosphates from Ser/Thr and Tyr residues] (Luan 2003; Schweighofer 
and Meskiene 2015). Further categorization of PPs into subfamilies can be on the 
basis of occurrence of peculiar regulatory and functional domains or accessory reg-
ulatory subunits associated with their catalytic sites (Luan 2003). In fact, the numer-
ous regulators that associate with these enzymes also serve as crucial determinants 
for their subcellular localization, substrate specificity, and alteration of phosphatase 
activity (Virshup and Shenolikar 2009).

The Protein Ser/Thr Phosphatase (PSP) group of enzymes include three broad 
categories, namely, phospho protein phosphatases (PPP), metal-dependent phos-
phatases (PPM), and aspartate-based phosphatases (FCP and SCP) (Uhrig et  al. 
2013; Schulman 2014). The members of PPP group harbor a common catalytic 
domain (about 280 residues) although their noncatalytic N- and C-termini may 
manifest marked diversity. Further, they can form diverse kinds of holoenzymes by 
associating with different regulatory subunits (Barford et  al. 1998). PPP family 
embraces protein phosphatase 1 (PP1), PP2A, PP2B (also called calcineurin), PP4, 
PP5, PP6, and PP7 (Shi 2009). The metal-dependent phosphatase (PPM) group 
includes those members depending on divalent cations (e.g., Ca2+, Mg2+, Mn2+, etc.) 
for their activities (Luan 2003). PP2C and pyruvate dehydrogenase phosphatase are 
representatives of PPM family as they require manganese/magnesium ions 
(Mn2+/Mg2+) for their functioning (Shi 2009). Historically, PSPs were classified as 
per their substrate specificities and pharmacological properties into two types, 
namely, Type I phosphatase (PP1) and Type 2 phosphatase (PP2) (Luan 2003). PP1 
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targets beta subunit of phosphorylase kinase, whereas PP2 prefers alpha subunit of 
their target enzymes. PP2 type further comprises members which may require diva-
lent cations for their functions (like the PPM type) (Luan 2003). Aspartate-based 
phosphatases (FCP and SCP) are found to have only a single target site—the 
C-terminal domain of RNA polymerase II, which carries tandem repeats of a serine- 
rich heptapeptide (Shi 2009). FCP and SCP group of phosphatases are called nuclear 
localized PPs having crucial role in RNA polymerase II recycling during transcrip-
tion processes, and their mutations have been often associated with survivability 
defects in cells (Archambault et al. 1998; Cho et al. 2001; Moorhead et al. 2007). 
They were characterized initially in animal cells, and their homologues are antici-
pated to occur in plant cells too (Cho et al. 2001). The mechanisms of dephosphory-
lation in PPP and PPM types have common features which markedly differ from 
aspartate-based phosphatases (Shi 2009).

Phosphotyrosine phosphatases (PTPs) were initially considered to be limited 
to animal kingdom, where they serve diverse functions (Luan 2003). The first plant 
PTP (AtPTP1) to be characterized was in Arabidopsis back in 1998 (Xu et al. 1998). 
Following that, vital functions of PTPs in plants have been critically realized (Luan 
et al. 2001; Shankar et al. 2015). Based on selectivity for amino acid residues, PTPs 
can be assorted into two distinct groups: tyrosine-specific PTPs and dual- specificity 
PTPs (DsPTPs). Tyrosine-specific PTP dephosphorylates only tyrosine residues 
but not phosphoserine/threonine, whereas the DsPTPs remove phosphate from both 
(Stone and Dixon 1994; Tonks and Neel 1996). PTPs harbor a preserved catalytic 
domain in their active site consisting of [H/VCX5RS/T] as signature motif (Shankar 
et  al. 2015). Cysteine in this domain has active role in the reaction path (Zhang 
1998). Tyrosine-specific PTPs embrace receptor-like PTPs and intracellular PTPs of 
which only the latter is reported from plants (Luan et al. 2001). PTPs are further 
grouped into four clusters, on the grounds of amino acid residues present in their 
catalytic domains, as type 1, 2, and 3 (cysteine-based) PTPs and Asp-based phos-
phatases (Neel and Tonks 1997; Alonso et al. 2004). In terms of protein sequence 
content, DsPTPs share modest homology with Tyr-specific PTP but possess the 
common CX5R motif in their catalytic site [V/IHCXAGXGRS/T] (Onoda et  al. 
1989). Members of DsPTPs include MKP, PTEN cluster of phosphatases in plants 
(Luan et  al. 2001). Genome-wide studies across different plant species however 
indicate lower number of tyrosine-specific PTPs than DsPTPs (Shankar et al. 2015). 
One of the indications might be DsPTPs are more specific than tyrosine-specific 
PTPs or tyrosine-specific PTPs may have very limited targets.

While all the three PPs are important for cellular dynamics, PSPs particularly 
seem to dominate in most dephosphorylation events in Arabidopsis (Wang et  al. 
2007), rice (Singh et al. 2010), and maize (Wei and Pan 2014), which might prob-
ably be the case for plants as a whole. Arabidopsis genome has 92 PSPs (off 112 PPs 
in total), rice contains 107 PSPs (out of 132 PPs in total), and maize genome repre-
sents 130 PSPs out of 159 total PPs altogether. Interestingly, in human (Liberti et al. 
2013) and mouse (Forrest et  al. 2003) genomes, PTPs predominate in contrast 
to PSPs.
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15.2.2  Functional Attributes

PPs regulate key cellular processes principally via reversal of phosphorylations car-
ried out by numerous PKs in animal as well as plant cells. Their crucial role in 
growth, development, differentiation, defense, and stress management across living 
organisms is palpable from a myriad of research descriptions. Since phosphorylation- 
dephosphorylation cycles form heart of most biochemical reactions within cell, sig-
nificance of PPs can be precisely envisaged. The fundamental processes of cell such 
as chromosomal DNA replication, transcription, translation, DNA repair, etc. rely 
on functions of specific PPs. For instance, chromosomal DNA replication essen-
tially requires PP2A activity during initiation stages (Lin et  al. 1998). Likewise, 
involvement of PP1 (a PSP) during RNA polymerase II-driven transcription 
(Washington et  al. 2002), regulation of protein translation and cell growth by 
PPM1G (another member of PSP) (Liu et al. 2013) and PP2A engagement in DNA 
repair dictated by replication stress (Feng et  al. 2009) are few examples among 
many. For an extensive description on functions of animal PPs, a number of litera-
tures are available (Millward et  al. 1999; Barr et  al. 2011; Chen et  al. 2017). In 
plants, apart from fundamental processes, regulatory role of PPs in cell division and 
differentiation, photosynthesis, hormonal signaling, growth, metabolism, etc. has 
been well established (Schweighofer and Meskiene 2015). Besides these, PPs play 
critical role in the regulation of plant’s responses to stress brought about by abiotic 
as well as biotic factors. Regarding PP-mediated abiotic stress management in 
plants, some excellent reviews may be referred (Bartels and Sunkar 2005; País et al. 
2009). Corresponding to plant’s responses towards negative biotic interventions, 
exquisite mechanisms for regulation of plant immune signaling have become gradu-
ally obvious from several notable findings (Gómez-Gómez et al. 2001; Park et al. 
2008; Segonzac et al. 2014; Shubchynskyy et al. 2017; Liu et al. 2018). These esti-
mations indicate PP’s negative regulatory role in plant immune reactions towards 
phytopathogens which, on the contrary, remarkably alleviate host damages. Some 
members of PSP family were earlier shown to impede immune responses in several 
plant species, e.g., Glycine max, Solanum tuberosum, Solanum lycopersicum, 
Nicotiana tabacum, etc., when pathogenic stress was absent; it eventually prevented 
redundant immune signaling in these hosts (País et  al. 2009). A range of PP2A 
members downregulates fungal component-induced immune responses in 
S. tuberosum, S. lycopersicum, and Helianthus annuus by desensitizing phosphory-
lation cascades as a protective measure for the host (País et  al. 2009). Xb15, a 
PP2C-type phosphatase in rice, keeps a check on defense responses induced by a 
serious bacterial pathogen in rice (Park et al. 2008) about which we are elaborating 
in the following section. Importantly, PP2C group of enzymes are said to constitute 
the largest group of PSP cluster executing a myriad of signal regulations in plants 
(Kerk et al. 2008; Singh et al. 2010). The A. thaliana MKP2, a DsPTP-type phos-
phatase, exhibits differential mode of immune signal regulation in response to a 
biotrophic and a necrotrophic pathogen, respectively (Lumbreras et al. 2010), which 
further suggests inherent flexibility in functions of PPs.
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New reports on plant PP functions have been quite frequent, thanks to the 
advancements in the genomics as well as phosphoproteomics research. The next 
section of this chapter illustrates plant PPs specifically involved in plant immune 
function regulations against a variety of phytopathogenic microbes.

15.3  Response of Plant Protein Phosphatases (PPs) Towards 
Varied Pathogens

Plant RLKs and RLPs located at the cell surfaces play prominent role in activating 
immune responses via phosphorylation(s) at target components as and when patho-
gen derived PAMPs or MAMPs are encountered. The activated signal cascades lead 
to a set of cellular responses for dampening pathogen progression. A host of inhibi-
tory substances that are dispensed out for the purpose can however injure host cells/
tissues in the vicinity if immune triggers continue for long duration unchecked 
(Lang and Mansell 2007). Since PKs can’t reverse phosphorylations, therefore PPs 
must act to diffuse immune triggers.

Dephosphorylation is also essential for regenerating active RLKs/RLPs to pre-
pare for next set of immune signaling at cell surfaces. Although PPs’ function 
opposes that of PKs, the former maintain a proper balance of the immune response 
threshold necessary for pathogen inhibition while also restoring safety of host cells/
tissues. This section takes into account of some known plant PPs (as appears in 
Table 15.1) and their roles in regulating host defense responses to different micro-
bial pathogens.

15.3.1  Plant PPs Responding Towards Bacterial Pathogens

Several treacherous bacterial pathogens are known to negatively impact plant’s 
health and survivability. Evolutionarily, selection and maintenance of resistance 
genes by plants to combat most pathogenic invasion has been in continuum. The 
sophisticated innovations in plant innate immune system are an outcome of such a 
gradual process. Here are few illustrations of bacterial phytopathogens whose elici-
tations of plant immune signals are known to be precisely regulated by PPs.

Rod-shaped, Gram-negative bacterium Xanthomonas oryzae pv. oryzae (Xoo) is 
the causal agent of lethal bacterial leaf blight (BLB) disease in rice. Rice resistance 
to Xoo is known to be conferred by the xa21 gene in rice that encodes a cell surface 
localized RLK engaged in the downstream defense signaling processes (Song et al. 
1995). The cytoplasmic kinase of Xa21 is a ser/thr kinase (Song et al. 1995) that is 
predicted to phosphorylate at serine/threonine residues of downstream relay pro-
teins. At the membrane, Xa21 associates with XB24 (called Xa21 binding protein 
24) protein (Chen et  al. 2010). XB24 generally ensures Xa21 inactive state by 
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assisting in autophosphorylation of serine and threonine residue(s) on Xa21 (Chen 
et al. 2010). When Xoo is sensed, association of XA21 kinase and XB24 is relieved 
leading to Xa21 activation (Chen et al. 2010). Xa21 activation relays a series of 
downstream processes culminating in vigorous resistance response. Recently, a 
tyrosine-sulfated protein (RaxX) of Xoo origin was identified that might be one of 
the ligand activating Xa21-mediated defense responses in rice (Pruitt et al. 2015). 
The Xa21-mediated trigger is finally dampened by a PP called Xb15 (Park et al. 
2008) [an illustration appears in Fig. 15.1]. Xb15 (the Xa21 binding protein 15) 
belongs to PP2C cluster of PSP, which requires metal ion (Mg2+) for their activities 
(Park et al. 2008). It is plasma membrane localized as is Xa21 and both are said to 
interact there (Park et al. 2008). Interestingly, Xb15 requires a specific binding site 
at Xa21 juxtamembrane (JM) domain that carries a serine residue at 697th position 
(Park et al. 2008). Binding of Xb15 to Xa21 via JM domain didn’t inhibit latter’s 
kinase activity, and probably dephosphorylations at other sites might be required 
(Park et  al. 2008). Park and associates (2008) eventually proved requirement of 
Xb15 in termination of Xa21- mediated defense responses against Xoo. Their study 

Fig. 15.1 Schematic representation of O. sativa PP2C-type Protein Phosphatase, XB15 regulating 
XA21 (a typical RLK)-mediated immune responses towards pathogenic Xoo strains; redrawn after 
Macho and Zipfel (2014), with some modifications. The well-known rice RLK, XA21 along with 
co-receptor OsSERK2 forms the PRR complex that senses Xoo PAMPs at the cell surface. 
Activated PRRs subsequently initiate intracellular defense signaling cascades, e.g., PTI in its 
downstream. XB24, an ATPase which generally remains bound to XA21, detaches from XA21 
upon PRR activation (Chen et al. 2010). XB15 phosphatase next interacts with the activated XA21 
and dephosphorylates it, thereby halting XA21-mediated defense signaling (Park et al. 2008). All 
these interactions are said to occur in the plasma membrane (Park et al. 2008)
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also indicated significance of Xb15 function in negatively regulating cell death in 
O. sativa during Xa21-triggered immunity.

Xb15 has significant similarity with Arabidopsis PP2C members, namely, POL, 
PLL4, and PLL5 (Park et al. 2008). However, the role of these Arabidopsis PP2Cs 
(Song and Clark 2005; basically in plant organ development) seems distinctly dif-
ferent from that of Xb15 (Park et al. 2008) suggesting occurrence of peculiar func-
tions even within highly similar PP2C representatives.

Pseudomonas syringae, the rod-shaped Gram-negative bacterium, infects almost 
all economically important crop plant species. It is said to be most usual phyto-
pathogen and has more than 60 pathovars constituting the P. syringae species com-
plex (Xin et al. 2018). In the model plant A. thaliana, a set of virulence experiments 
with P. syringae pv. tomato strain DC3000 (Pto DC3000) gave insight into the role 
of AP2C1 (a PP2C phosphatase) in downregulation of defense response to Pto 
DC3000 (Shubchynskyy et  al. 2017). Upon treatment with elf18 and flg22 
(MAMPs), induction of MAPK or MPK (mitogen-activated protein kinase) activity 
was much pronounced in A. thaliana ap2c1 mutant line (Shubchynskyy et al. 2017). 
In fact, out of MPK3, MPK4, and MPK6 members, MPK6 was maximally activated 
in the absence of functional AP2C1 (Shubchynskyy et al. 2017) suggesting high 
affinity of AP2C1 for MPK6. Additionally, ap2c1 mutation resulted in enhanced 
callose deposition in response to Pto DC3000 (Shubchynskyy et al. 2017). This may 
imply that AP2C1 phosphatase might be regulating Pto-induced callose formation 
in A. thaliana through a yet uncovered mechanism. MAPK cascades are vital in 
plant stress responses and development. They form crucial arsenals in plant’s innate 
immunity (Lumbreras et  al. 2010). In general, MAPK signal cascade follows a 
series of activation, where MAPK kinase kinases (MAPKKKs) activate MAPK 
kinases (MAPKKs), which in turn activate MAPKs (Bigeard and Hirt 2018). Some 
MAPKs are thought to regulate nuclear gene expression via transcription factors 
during cell’s specific defense responses (Andreasson et al. 2005; Yoo et al. 2008; 
Bigeard and Hirt 2018). For instance, MPK4 (one of the Arabidopsis MAPKs) acti-
vates the WRKY nuclear transcription factors WRKY25 and WRKY33 via stimula-
tion of an intermediate substrate MKS1, in response to pathogenic elicitations 
(Andreasson et  al. 2005). Likewise, A. thaliana MAPKs MPK3/MPK6 regulate 
ERF6 transcription factor-mediated gene expression while positively effecting plant 
immunity against fungal pathogen B. cinerea (Meng et al. 2013). PSPs, which gen-
erally dephosphorylate (and thus regulate) MAPKs, incorporate PP2A and PP2C 
group of phosphatases (Alessi et al. 1995).

In an earlier study, MKP1 (MAP kinase phosphatase 1) in A. thaliana was shown 
to negatively regulate MPK6 activation in response to Pto DC3000 (Bartels et al. 
2009). MKP1 is a member of DsPTP phosphatase cluster (Bartels et al. 2009). Apart 
from some PSPs, PTPs and DsPTPs too can negatively regulate MAPKs (Kondoh 
and Nishida 2007). Generally, MKPs regulate MAPKs via dephosphorylations at 
both phosphothreonine and phosphotyrosine residues concurrently within the 
MAPK TXY (Thr-Xaa-Tyr) activation motif, thereby thwarting downstream signal-
ing cascades (Patterson et al. 2009). In their study, Bartels et al. (2009) observed 
that mutation of mkp1 gene in the A. thaliana Columbia (Col) accession caused 
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growth defects and uninterrupted immune signaling in response to Pto DC3000. 
Further, increased level of pathogenesis-related (PR) gene expression along with 
compounds like salicylic acid and camalexin followed by enhanced resistance to 
Pto DC3000 observed in the same experiments demonstrated conspicuous regula-
tory role of MKP1 (Bartels et al. 2009). Their work also highlighted cooperative 
antagonistic function of Protein Tyrosine Phosphatase 1 (PTP1; a member of PTP) 
along with MKP1 towards Arabidopsis MPK6, although PTP1 alone may not be 
sufficient to repress MPK6 signaling (Bartels et al. 2009). MKP1 was again investi-
gated for its competence to diminish Pto DC3000 PAMP-induced defense responses 
in A. thaliana Wassilewskija (Ws) accession (Anderson et al. 2011). Genetic analy-
ses revealed that MKP1 was more specifically antagonizing activation of MPK6 by 
Pto DC3000 PAMP than that of an earlier predicted MAP kinase, MPK3 (Anderson 
et al. 2011). The study also established predominant role of MPK6  in the host’s 
resistance response to P. syringae when mkp1 was mutated (Anderson et al. 2011). 
Independent studies have thus unveiled A. thaliana MPK6 to be the common sub-
strate for PSP as well as DsPTP phosphatases although their mechanisms of regula-
tion are distinct. In a seminal work (Anderson et  al. 2014) involving metabolic 
profiling of mkp1 mutant versus wild-type A. thaliana, intact MKP1 activity was 
correlated with the ability of A. thaliana to induce type III secretion system-medi-
ated Pto DC3000 virulence in contrast to mkp1 mutant line. This uncovered yet 
another intriguing role of PPs in regulating resistance response of plant towards 
pathogen.

Delving into molecular detail of immunogenic elicitations owing to P. syringae 
has provided some crucial information. P. syringae PAMPs induce PRR complex 
FLS2/BAK1 or EFR/BAK1 (as well as others) on cell surface during its interaction 
with A. thaliana (Chinchilla et  al. 2007; Heese et  al. 2007; Schulze et  al. 2010; 
Schwessinger et al. 2011; Roux et al. 2011; Sun et al. 2013). In the absence of elici-
tors, PRRs also associate with a receptor-like cytoplasmic kinase (RLCK), BIK1, in 
the cytoplasm along with other signaling proteins (Lu et  al. 2010; Zhang et  al. 
2010). BIK1 (Botrytis-Induced Kinase1), which is a member of serine/threonine 
kinase family, associates with PRRs and plays a critical role in defense signaling 
(like PTI) against a variety of pathogens in A. thaliana (Lu et al. 2010; Zhang et al. 
2010; Laluk et al. 2011; Couto et al. 2016). Post PAMP perception, PRR-BAK1 
complex phosphorylates BIK1 leading to its release (Lu et al. 2010; Zhang et al. 
2010). Activated BIK1 next phosphorylates proteins involved in the cascade of 
immediate PTI responses such as reactive oxygen species (ROS) liberation to 
restrict pathogenic progression (Kadota et al. 2014; Li et al. 2014). Regulation of 
the immune triggers due to BIK1 has been found to be under strict control of a 
plasma membrane- localized PP2C-type phosphatase, PP2C38, in A. thaliana 
(Couto et al. 2016). PP2C38 dephosphorylates BIK1 and inhibits its downstream 
signal relay, thereby putting a halt on PAMP-induced ROS burst (Couto et al. 2016) 
[as depicted in Fig. 15.2]. As per findings of Couto and associates (2016), PP2C38 
remains linked to BIK1 (in plasma membrane) until it (PP2C38) is phosphorylated 
at its 77th serine residue by BIK1 (upon stimulated via PAMP-induced PRR-BAK1 
complex), finally releasing activated BIK1 from association. Their work also 
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Fig. 15.2 Schematic representation of plant protein phosphatase-mediated regulation of immune 
signaling elicited by bacterial PAMP such as flagellin. In the event of flagellin perception (e.g., 
P. syringae flg22), stimulated PRR complex (FLS2/BAK1) in turn activates cytoplasmic RLCK, 
BIK1, via phosphorylation (Couto et al. 2016). Prior to PAMP perception, a PP2C phosphatase, 
PP2C38 is said to maintain dephosphorylation status of BIK1 and thus inhibit defense signaling 
downstream. Upon PAMP perception, PP2C38 dissociates from BIK1, allowing BIK1 to trigger 
subsequent defense responses like generation of ROS via activation of membrane-localized 
NADPH oxidase, RBOHD (Couto et al. 2016; Zipfel and Oldroyd 2017). Flagellin is also reported 
to activate MAPK kinase pathway via BAK1 (Heese et al. 2007), although the appropriate link 
between events of MAPK pathway and upstream PRR dynamics is still elusive (Yan et al. 2018). 
Activated MAPKs can induce subsequent defense responses via activation of nuclear transcription 
factors to promote expression of defense-related genes. In connection with findings of Bartels et al. 
(2009), MKP1, a PTP-type phosphatase, can be predicted to dampen MAPK signaling via its 
phosphatase-mediated functions. The figure has been redrawn from Zipfel and Oldroyd (2017), 
with added modifications. Findings of Bartels et al. (2009), Heese et al. (2007), and Yan et al. 
(2018) have significantly inspired the modifications incorporated
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indicated that PP2C38 inhibits BIK1 trigger (by remaining bound to it) in the 
absence of threshold elicitations by PAMPs, thus maintaining basal resistance in 
A. thaliana. Akin to BIK1, at the upstream of PRR signaling, BAK1 (the RLK that 
forms PRR complex with variety of PRRs like FLS2, EFR, PEPRs, etc.) is also 
under the control of a different protein phosphatase, PP2A (Segonzac et al. 2014). 
PP2A associates with BAK1 and negatively regulates its phosphostatus in the 
absence of PAMP elicitations, thus regulating basal resistance response (Segonzac 
et al. 2014). Once PRR complex (along with BAK1) perceives P. syringae PAMPs 
and gets triggered, PP2A phosphatase functions undergo suppression allowing 
BAK1 to initiate signaling cascades downstream through phosphorylation of BIK1 
and so on. Interestingly, unlike PP2C38, PP2A remains constitutively bound to 
BAK1 during PRR signaling downstream, without affecting BAK1 kinase function 
(Segonzac et al. 2014). PP2A enzymes are generally trimeric and comprise variants 
of all the constituent subunits, i.e., C (catalytic), A (scaffold), and B (regulatory 
subunit) (Trotta et al. 2011). PP2A in Arabidopsis consists subunit A1, the regula-
tory B subunits B’η/ζ and the catalytic subunit C4, respectively (Segonzac et al. 
2014). Segonzac and associates (2014) generated Arabidopsis lines carrying mutants 
of pp2a-c4 and pp2a-a1 and found enhanced resistance of these mutant lines 
towards Pto DC3000 demonstrating critical role of specific subunits in the defense 
responses against the pathogen.

Unlike the plant PPs discussed above, WIN2, a PP2C member belonging to 
A. thaliana, was demonstrated to positively regulate host resistance responses 
against Pto DC3000/hopW1-1 strain (P. syringae strain expressing hopW1-1 effec-
tor) infection (Lee et al. 2007). Interestingly, P. syringae strains expressing func-
tional hopW1-1 were found to have restricted host range with respect to certain 
accessions of A. thaliana. Yeast two-hybrid screening has manifested interaction of 
WIN2 and hopW1-1 effector, and it is predicted that hopW1-1 may be regulated via 
dephosphorylation mechanism carried out by WIN2. Another protein WIN3 (which 
is not a phosphatase) was also referred to assist in the resistance response against 
Pto DC3000/hopW1-1. The resistance due to WIN2 further correlated with eleva-
tion of salicylic acid (SA) level in the host pointing towards some role of WIN2 in 
SA synthesis process (Lee et  al. 2007). Further, disabling WIN2 expression via 
RNA interference resulted in diminished resistance of Arabidopsis towards 
HopW1-1 effector-mediated induction (Lee et al. 2007). Although precise mecha-
nism of WIN2 and HopW1 interplay remains to be investigated fully, WIN2 repre-
sents a suitable illustration of a plant PP regulating functions of a specific pathogenic 
effector.

An Arabidopsis PP2C-type phosphatase (PIA1) was reported to specifically rec-
ognize a P. syringae (DC3000)T3E molecule AvrRpm1 and induce NB-LRR 
(nucleotide-binding leucine-rich receptor) protein RPM1 for subsequent signaling 
downstream (Widjaja et al. 2008). However, Pto DC3000 strain secreting another 
T3E AvrB escaped PIA1 recognition. PIA1 was shown to be negatively regulating 
AvrRpm1-induced defense responses in the host, indicating that PIA1 might be 
negatively controlling RPM1-mediated immune responses which may unanimously 
benefit Pto DC3000 (AvrRmp1) strains for proliferation within host (Widjaja et al. 
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2008). pia1 mutation was demonstrated to enhance host resistance towards Pto 
DC3000 (AvrRmp1), while AvrRmp1-stimulated expression of pathogenesis-
related genes was reduced (Widjaja et  al. 2008). PIA1 thus displays differential 
mode of immune regulation relying on the kind of P. syringae effectors, further 
illustrating its specialized functionality.

Immune responses in Arabidopsis towards bacterial wilt pathogen, Ralstonia 
solanacearum (GMI1000), were shown to involve regulatory function of the MKP2 
phosphatase (a DsPTP member) (Lumbreras et al. 2010). mkp2 mutant Arabidopsis 
displayed delayed wilt symptom development in response to GMI1000 infection, 
suggestive of negative regulatory role of MKP2 in the pathogen-induced defense 
signaling (Lumbreras et al. 2010). Further, out of MPK3 and MPK6 members in the 
MAPK cascade elicited by the pathogen, MKP2 interacts with MPK3 specifically 
during GMI1000 infection and regulates HR (Lumbreras et al. 2010). A differential 
mode of MKP2 regulation in response to another necrotrophic pathogen was 
reported, in the same work of these authors (Lumbreras et al. 2010).

In solanaceous crop tomato, a variant of FLS2 pattern recognition receptor, FLS3 
was found to recognize another epitope of P. syringae flagellin called flgII-28 (Cai 
et al. 2011; Clarke et al. 2013; Hind et al. 2016). FLS3 associates with and depends 
on BAK1 (tomato orthologue) for downstream immune signal transduction in simi-
lar way as FLS2 does, although distinct players may engage in signaling events at 
some points (Hind et al. 2016). It can be predicted that tomato PP2A orthologue 
might be regulating BAK1 in tomato in an analogous way (Segonzac et al. 2014) in 
response to P. syringae MAMP elicitations.

Interestingly, BAK1 as an RLK serves as a co-receptor (in fact as the central 
kinase) of several PRRs across different plant species and assists in perception of 
varied PAMPs of phytopathogenic bacteria, finally triggering immune responses 
like PTI downstream (Yasuda et al. 2017). BAK1 regulation in these cases also can 
be thought of to be via phosphatases like PP2A (Segonzac et  al. 2014) in simi-
lar manner.

The A. thaliana FLS2 receptor (a PRR with cytoplasmic Ser/Thr kinase domain) 
that senses bacterial flagellin MAMP flg-22 and initiates immune signaling down-
stream is reported to be negatively regulated by KAPP (Kinase Associated Protein 
Phosphatase), a member of PP2C phosphatase cluster (Stone et al. 1994; Gómez- 
Gómez et al. 2001). KAPP remains bound to kinase domain of FLS2, maintaining 
dephosphorylated status of the latter in the absence of flagellin MAMP elicitor 
(Gómez-Gómez et al. 2001). Overexpression of KAPP was correlated with reduced 
flagellin perception by FLS2, a condition resembling fls2 null mutation in 
Arabidopsis (Gómez-Gómez et al. 2001).

The causative agent of destructive “black rot” disease, Xanthomonas campestris 
pv. campestris (Xcc), usually infects most cruciferous vegetables including A. thali-
ana (Meyer et al. 2005; Akimoto-Tomiyama et al. 2018). Recently, the role of two 
chloroplast-localized PP2C-type representatives (belonging to subgroup K) has 
been correlated with regulation of Xcc-mediated virulence in Arabidopsis  (Akimoto- 
Tomiyama et al. 2018). The Arabidopsis PP2C subgroup K orthologues, AtPP2C62 
and AtPP2C26, were shown to negatively regulate immune responses towards Xcc 
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infection. In fact, AtPP2C62 and AtPP2C26 double mutant Arabidopsis lines sig-
nificantly prevented pathogenic proliferation in the host revealing the role of these 
PP2Cs in Arabidopsis immunity (Akimoto-Tomiyama et al. 2018). Further investi-
gation suggested that both these PP2Cs respond when Xcc’s type III secretion sys-
tem (TTSS) was intact. Growth of Xcc TTSS mutants were not affected in the PP2C 
mutant Arabidopsis host fostering possibility of PP2Cs being target of some Xcc 
T3E (TTSS released effector) executing intriguing counter-defense tactic. 
Additionally, PR1 gene activation and expression in the PP2C-disabled host in 
response to Xccs (carrying intact TTSS as well as lacking TTSS) indicated precise 
regulation of initial defense responses by these PP2Cs in Arabidopsis (Akimoto- 
Tomiyama et al. 2018).

15.3.2  Plant PPs Responding Towards Fungal Pathogens

Of all known phytopathogens, fungal pathogens are said to impact plants most pro-
fusely leading to considerable losses in plant productivity (Knogge 1996). In fact all 
the flowering plants of the planet can be infected by fungal pathogens (Knogge 
1996). Pathogenic fungi have evolved refined arsenals to evade physical barriers 
while intruding plant tissues (Ferreira et al. 2006; Rodriguez-Moreno et al. 2018). 
Likewise, plant hosts have developed defense strategies to counteract pathogenic 
infringements by employing cascades of armories which can be triggered and regu-
lated as and when necessary (Hammond-Kosack and Jones 1996; Ferreira et  al. 
2006). Plant PPs being an important part of defense contingent play decisive role in 
regulating plant immune triggers against fungal pathogen perception like we have 
mentioned above for bacterial pathogens.

Botrytis cinerea commonly referred to as gray mold is a necrotrophic ascomy-
cete infesting up on more than 200 plant species (Dean et al. 2012). B. cinerea may 
preferentially induce programmed cell death in the host prior to infection (van 
Baarlen et  al. 2007). In A. thaliana, MAPK signaling cascade is triggered, once 
upstream PRRs perceive DAMPs such as oligogalacturonides (OGs; polysaccha-
rides released by fungal polygalacturonases acting on plant cell wall) (Hahn et al. 
1981; Ridley et al. 2001; Ferrari et al. 2007). Importantly, release of OGs during 
B. cinerea infection in Arabidopsis and other hosts is also reported (Poinssot et al. 
2003; Zhang et al. 2014). Activation of MAPK members down the lane via series of 
phosphorylations finally leads to stimulation of PTI-related events which may 
accompany ROS release, ion fluxes, induction of defense-related genes, accumula-
tion of antimicrobials, etc. as described in various studies involving DAMP- 
mediated elicitations in different plants (Davis et  al. 1986; Mathieu et  al. 1991; 
Thain et al. 1995; Galletti et al. 2008, 2011; Ferrari et al. 2013). Among the partici-
pating MAPKs, MPK6 was found to contribute greatly towards immune signaling 
(Galletti et al. 2011). Arabidopsis AP2C1 phosphatase (a PP2C member) was found 
to negatively regulate MPK6 activity along with MPK4 (Schweighofer et al. 2007). 
A physical association between AP2C1 and MAPKs (in fact AP2C1/MPK4 and 
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AP2C1/MPK6) indicated possibilities of direct regulation by AP2C1 (Schweighofer 
et al. 2007). AP2C1 suppresses resistance to B. cinerea-induced immune response 
supported by the fact that in ap2c1 mutant background, B. cinerea proliferation was 
highly inhibited as against in wild-type Arabidopsis (Schweighofer et  al. 2007). 
MAPK activities were highly pronounced in the absence of functional AP2C1, 
whereas ap2c1 expression level was elevated post B. cinerea infection (Schweighofer 
et  al. 2007). Since MAPKs are multitasking signaling machineries involved in 
numerous cellular functions, a tight control of MAPK immune signaling via phos-
phatases like AP2C1 might be inevitable to make them available for other tasks.

In one study, pp2a-b′γ (gene encoding PP2A-B’γ) mutant A. thaliana was dem-
onstrated to be more susceptible to B. cinerea infection as compared to wild-type 
plant (Trotta et al. 2011). PP2A being hetero-trimeric, its regulatory subunit B has 
been found to be highly variable. The A and C subunits associating with distinct B 
subunits are thought to confer substrate specificity to PP2A and also dictate its sub-
cellular localization (Goldberg 1999). Probably, combinations of these variable sub-
units in different ways endow diversity as well as specificity in PP2A for regulating 
versatile signaling cascades (Trotta et  al. 2011). Notably, B’γ is a subfamily of 
B-regulatory subunit, and along with PP2A holoenzyme, it has been implicated in 
negative regulation of untimely death and inappropriate immune responses in 
Arabidopsis (Trotta et al. 2011).

In response to B. cinerea, a DsPTP member of Arabidopsis, MKP2 was demon-
strated to regulate defense responses in host (Lumbreras et al. 2010). Interestingly, 
mkp2 mutant Arabidopsis host displayed enhanced susceptibility towards necrotro-
phic B. cinerea infection (Lumbreras et al. 2010). This is in contrast to the response 
manifested by the same MKP2 phosphatase towards a biotrophic bacterial pathogen 
communicated in the same report (Lumbreras et al. 2010). MKP2 selectively inter-
acted with MPK6 member during HR reaction elicited by B. cinerea infection 
(Lumbreras et al. 2010). MKP2 is a classic example of plant PP possessing inherent 
potential to differentially regulate variable pathogen-induced defense responses 
in host.

Another notable fungal pathogen Cladosporium fulvum is responsible for tomato 
leaf mould disease and generally affects the foliage tissues. Sometimes, stems, 
flowers and petals may be also infested by this biotrophic fungus (Butler and Jones 
1949; Jones et  al. 1997). In several occasions, Nicotiana benthamiana plant has 
been recruited for C. fulvum and tomato “gene to gene” interaction studies by tran-
sient expression methodologies in the wild-type or virus-induced mutant host (Van 
der Hoorn et al. 1999; He et al. 2004; Gabriels et al. 2007; Chakrabarti et al. 2009). 
In one instance, immune function of PP2A catalytic subunit PP2Ac in N. benthami-
ana could be ascertained by studying host response towards fungal pathogen C. ful-
vum in the PP2Ac orthologue mutant background (He et al. 2004). Generally, two 
subfamilies of PP2Ac subunits have been recognized, namely, I and II (He et al. 
2004). In the work of He et al. (2004), the subfamily I PP2Ac silencing was achieved 
using a Potato virus X (PVX) vector construct. Researchers co- expressed an effec-
tor Avr9 (from C. fulvum) along with cf9 [the known resistance gene of tomato 
(R-gene)] in the leaf tissues of N. benthamiana carrying mutation in PP2Ac 
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orthologue and distinctly observed strong, rapid HR (hypersensitivity response) 
accompanied by full disintegration of infiltrated leaf areas (He et al. 2004). A mech-
anistic role of PP2Ac in the regulation of HR phenotype during effector- R gene 
interaction is thus highlighted by this study. Additionally, PVX-induced PP2Ac 
mutation in N. benthamiana was observed to cause localized cell death as well as 
elevated expression of PR genes, even in the absence of other pathogenic invasion, 
suggesting pivotal immunoregulatory role of PP2Ac in the normal plant (He 
et al. 2004).

The causal agent of sharp eyespot disease in wheat (Triticum aestivum) is a lethal 
necrotrophic fungus known as Rhizoctonia cerealis, which has worldwide distribu-
tion (Chen et al. 2008; Hamada et al. 2011; Lemañczyk and Kwaśna, 2013). The 
catalytic subunits of wheat PP2A orthologue, namely, TaPP2Ac-4B and 
TaPP2Ac-4D, were recently correlated with regulation of defense functions against 
R. cerealis pathogen (Zhu et al. 2018). Both TaPP2Ac-4B and TaPP2Ac-4D cata-
lytic subunits were determined to be members of subfamily II type. Expression 
levels of both these subunits were found to be elevated in response to R. cerealis in 
a susceptible wheat cultivar ‘Wenmai 6’ as against the resistant cultivar line 
‘CI12633’. Barley stripe mosaic virus (BSMV)-based gene silencing of TaPP2Ac-4B 
and TaPP2Ac-4D subunits in the host manifested enhanced resistance of wheat 
plant towards R. cerealis infection. A marked increment in the expression levels of 
some PR genes as well as ROS-quenching enzymes in TaPP2Ac-mutant wheat 
plants indicated appreciable antagonistic role of TaPP2Ac-4B and TaPP2Ac-4D 
subunits during PTI-related responses against R. cerealis infection (Zhu et al. 2018).

Chitin being cell wall constituent of all pathogenic fungi, in general, serves as a 
primordial elicitor (PAMP or MAMP) of plant immune signaling by activating 
RLKs (Kaku et al. 2006; Sánchez-Vallet et al. 2015). In the event of fungal chitin 
perception, a study revealed that the phosphorylation cycle that regulates chitin 
elicitor receptor kinase 1 (CERK1; an RLK)-mediated immune signaling in 
Arabidopsis required crucial function of a predicted PSP called CIPP1 (CERK1- 
interacting protein phosphatase 1) (Liu et al. 2018). The seminal work of Liu et al. 
(2018) has highlighted a suitable mechanism for protein phosphatase-mediated 
regulation of a chitin-induced RLK. The mechanism forwarded by Liu et al. (2018) 
is as follows [as can be seen through Fig. 15.3]: CERK1 in unexcited state generally 
undergoes autophosphorylation at its 428th Tyrosine residue and forms complex 
with BIK1. On perceiving chitin, CERK1 is triggered and activates BIK1 next by 
phosphorylating it and releasing it from the complex. Along with BIK1, stimulated 
CERK1 is also said to induce MAPKs for subsequent immune responses down-
stream. On the other hand, triggered CERK1 is also thought to deploy CIPP1 for 
removing phosphate at 428th Tyrosine residue which ultimately dampens CERK1 
stimulation. Dephosphorylated CERK1 detaches from CIPP1, and consequently 
CERK1-triggered immune responses are inhibited. CIPP1 phosphatase activity thus 
interrupts continued immune signaling due to CERK1, and subsequent damages to 
host are prevented. Meanwhile, CERK1 can again autophosphorylate itself at Tyr428 
and participate readily in the next cycle of chitin-induced immune signaling.
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In respect of defense response towards powdery mildew pathogen, Golovinomyces 
spp., one study (Wang et al. 2012) assessed interaction of an atypical Arabidopsis 
resistance factor RPW8.2 with the PP2C member PAPP2C (phytochrome- associated 
protein phosphatase type 2C) in yeast and in planta. RNA interference-mediated 
downregulation of papp2c in RPW8.2 active Arabidopsis background manifested 
prominent HR-induced cell death (Wang et al. 2012) indicative of PAPP2C immune 
regulatory function. Investigators (Wang et al. 2012) concluded PAPP2C’s role as a 
negative regulator of SA (salicylic acid)-mediated defense responses against the 
powdery mildew disease agent through association with RPW8.2 in some way, yet 
to be understood fully.

Utilization of protein phosphatase inhibitors has been another imperative 
approach for studying regulatory role of phosphostatus during signal transductions 

Fig. 15.3 Schematic showing how the PSP-type phosphatase, CIPP1 (belonging to A. thaliana), 
dampens chitin (fungal MAMP)-elicited immune trigger via a chitin specific RLK, CERK1 (Liu 
et al. 2018). The scheme of the CIPP1 function follows like this: (1) The unexcited state of CERK1, 
a RLK (in A. thaliana cell membrane), in the absence of chitin MAMP; CIPP1 (the CERK1- 
interacting protein phosphatase 1; a PSP phosphatase) and BIK1 (a RLCK) remains unbound to 
CERK1 at this state. (2) CERK1 undergoes autophosphorylation at its 428th Tyrosine residue and 
forms complex with BIK1. (3) On sensing chitin, triggered CERK1 phosphorylates BIK1 and 
activates it; activated BIK1 then detaches from CERK1. (4) Stimulated CERK1 as well as BIK1 
may further induce MAPKs for subsequent defense responses downstream. (5)Triggered CERK1 
is said to deploy CIPP1 for dephosphorylating its 428th Tyrosine residue which ultimately dimin-
ishes CERK1 stimulation. Dephosphorylated CERK1 then detaches from CIPP1 and consequently 
CERK1-triggered immune responses are halted (adapted from Liu et al. 2018)

A. Barman and S. K. Ray



309

(Weiser and Shenolikar 2003). Several key information regarding roles of PPs, e.g., 
during defense responses, have been elucidated using PP inhibitors (Felix et  al. 
1994; MacKintosh et al. 1994; Agrawal et al. 2000; Rakwal et al. 2008; Bajsa et al. 
2011). For instance, in one study, soybean (Glycine max L.) cotyledons were sub-
jected to treatment with a glucoside derivative obtained from the soybean pathogen 
Phytophthora megasperma f. sp. glycinea, which induced synthesis of some 
defense-related compounds (belonging to isoflavonoid group) as an initial host 
defense response (MacKintosh et al. 1994). It needs to mention that P. megasperma 
f. sp. glycinea causes root and stem rot of soybean and preferably attacks soybean 
plants in the water-logging field conditions (Hahn et al. 1985).

MacKintosh et al. (1994) could monitor production of similar isoflavonoid com-
pounds in soybean cotyledons, when the cotyledons were initially cut and then 
treated with specific protein phosphatase inhibitors (PPIs). Use of specific PPIs 
(e.g., okadaic acid, acanthifolicin, etc.) indicated inhibition of PP1 and PP2A phos-
phatases (MacKintosh et al. 1994). Importantly, these PPIs were active inducers of 
isoflavonoid production too. An abrupt rise in alkalinization (may be a result of 
ionic flux) due to PPI treatment as against lowered alkalinity when kinase inhibitor 
was used suggested some regulatory role of protein phosphatases (MacKintosh 
et al. 1994). Further, sustained PPI treatment led to expression of particular defense- 
related proteins [like phenylalanine ammonia-lyase (PAL)], whereas application of 
kinase inhibitor diminished their expression, pointing towards PP-mediated regula-
tion of defense responses (MacKintosh et al. 1994). This further implicate predict-
able role of PP1 and PP2A phosphatases in the regulation of defense response 
against P. megasperma in soybean.

15.3.3  Plant PPs Responding Towards Other 
Known Pathogens

Apart from bacterial and fungal pathogens, other eukaryotic microbial pathogens do 
impact plant health immensely rendering considerable economic losses. For exam-
ple, parasitic nematodes as agricultural pathogen affect growth, survivability as well 
as productivity of diverse plant species (Abad et al. 2008; Lin et al. 2016). As an 
illustration, obligate biotrophic nematode Meloidogyne spp. infects over 3000 plant 
species from varied plant families worldwide and causes characteristic root-knot 
disease (Caboni et  al. 2012). Likewise, cyst-forming nematodes representing the 
genera Heterodera and Globodera, respectively, also parasitize and negatively 
affect health of numerous plants (Williamson and Gleason 2003). Plant immune 
mechanisms can moreover recognize parasitic nematode insults through latter’s 
characteristic nematode-associated molecular patterns (NAMPs) like in case of 
various microbial pathogens (such as PAMPs/MAMPs) (Manosalva et  al. 2015; 
Choi and Klessig 2016). In fact, parasitic nematodes from several taxonomic groups 
exudes certain small molecules known as “ascarosides,” which serve as potent 
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elicitors of plant defense responses involving MAMP-triggered immunity and vari-
ous downstream signaling pathways (Manosalva et  al. 2015). The ascaroside-
induced immune triggers in variety of plants are said to render them resistant to 
varied microbial pathogens including nematode infections (Manosalva et al. 2015). 
Apart from that, parasitic nematode penetration into plants during infection may 
release DAMPS, which in turn can stimulate PTI-like defense responses in the latter 
(Holbein et  al. 2016). Importantly, activation of both PTI and ETI branches of 
immunity can be stimulated by parasitic nematode infestation in plant host. In fact, 
modulation in the ETI branch of immunity during nematode infection has been 
studied much extensively, although reports on specific cell surface-based PRRs rec-
ognizing NAMPs are rare (Holbein et al. 2016; Sidonskaya et al. 2016). Induction 
of hypersensitive responses (HR) as well as PCDs (programmed cell death) by para-
sitic nematodes has also been indicated in different studies (Melillo et  al. 2006; 
Leonetti 2018; Matuszkiewicz et al. 2018). However, it needs mention that reports 
on protein phosphatase-mediated regulation of nematode-induced resistance 
responses in the plant hosts are quite meager (Holbein et al. 2016).

A recent study made by Sidonskaya et al. (2016) has enlightened the role of a 
protein phosphatase in the Arabidopsis defense response against the parasitic cyst 
nematode Heterodera schachtii. Pathogenic sugar beet cyst nematode H. schachtii 
(HS) can generally parasitize upon plant species belonging to Brassicaceae as well 
as Chenopodiaceae, including A. thaliana (Sijmons et al. 1991). Juvenile stages of 
HS penetrates entire root region of hosts manipulating its peculiar stylet (Wyss 
1992; Goellner et al. 2001) and thereby reaches inside of the plant causing signifi-
cant damages to host tissues in its path (Sidonskaya et al. 2016). The characteristic 
initial syncytial cell (ISC) within host where HS attaches serves as the early feeding 
site of the nematode before its subsequent developmental stages resume (Wyss 
1992; Wyss and Grundler 1992; Wyss and Zunke 1986). In the entire course of 
infection and migration of HS inside the plant host, the high degree of mechanical 
injuries afflicted to host tissues with liberation of host cell damaging secretory prod-
ucts (like cellulases or other cell wall degrading enzymes/factors) by HS is said to 
trigger plant immune signaling significantly which may involve specific RLPs, 
MAPK cascades, etc. (Sidonskaya et al. 2016). In their study, Sidonskaya and asso-
ciates (2016) witnessed transient but distinct expression levels of MAPKs, i.e., 
MPK3/MPK6, in A. thaliana root epidermal cells when stimulated by artificial 
wounding; cellulase treatment in the same cells resulted in the distinct expression of 
MPK6 kinases. This is suggestive of probable events ensuing out of HS-mediated 
wounding as well as secreted products of HS in A. thaliana. Arabidopsis MAPK 
phosphatase AP2C1 (a PP2C member) has been correlated with negative regulation 
of HS triggered MAPKs- MPK3 and MPK6  in the same study made by these 
authors. The same group reported that mutant ap2c1 A. thaliana lines, while 
responding to HS infection, manifested elevated levels of MPK3 and MPK6 expres-
sions. This accompanied enhanced resistance to HS infections followed by drop in 
the progression of both syncytia and nematode developments in the ap2c1 mutant 
Arabidopsis. Interestingly, their study has further indicated decisive role of 
AP2C1  in the negative regulation of plant defense during initial phases of HS 
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infection as development of HS-induced syncytia was markedly inhibited in the 
ap2c1 mutant Arabidopsis which eventually affected nematode development. 
Importantly, the evidence relating to activation of specific MAPKs in the Arabidopsis 
defense response to HS infection process has also been revealed through their work.

Other than the MAPK-AP2C1 partners, no such distinct PK-plant PP collabora-
tions have been reported for plant immune function regulations against nematode. 
However, in a couple of occasions, some coordination of either PK or plant PPs in 
response to nematode infection has been appreciated. For instance, in A. thaliana, 
peroxisome localized PP2A phosphatase comprising B′θ subunit manifested ele-
vated expression level in response to infection with root-knot nematode pathogen 
Meloidogyne incognita (Kataya et al. 2015). Whether PP2A-B′θ subunit had direct 
or indirect role in regulation of host immune responses against M. incognita is not 
clear, nor it is known regarding specific RLPs/RLKs involved in the nematode 
recognition.

In one instance, the role of Arabidopsis orthologues for co-receptor BAK1  in 
tomato (i.e., SlSERK3A and SlSERK3B) defense response towards M. incognita 
infection was ascertained by VIGS (Virus-Induced Gene Silencing) using tobacco 
rattle virus (TRV)-based vectors (Peng and Kaloshian 2014). Silencing of both 
SlSERK3A and SlSERK3B in tomato resulted in enhanced susceptibility of the host 
towards M. incognita infection (Peng and Kaloshian 2014) suggesting that tomato 
BAK1 orthologue might be an intermediary kinase component in the defense sig-
naling pathway. A corresponding PP for regulation of defense responses to M. incog-
nita has not been found out yet.

A recent study has identified an Arabidopsis RLK designated as NILR1 to be 
specifically responsive to both parasitic nematodes HS and M. incognita (Mendy 
et al. 2017). Further, dependence of NILR1 on BAK1 co-receptor for PTI signaling 
downstream was revealed in the same study. Authors have found Arabidopsis lines 
carrying mutation in nilr1 to be highly susceptible to both HS and M. incognita 
infections (Mendy et al. 2017). However, no PP counterparts have yet been estab-
lished with respect to role in regulation of NILR1-mediated immune signaling.

In addition to agents cited above, few unicellular protozoan species are recog-
nized to negatively impact health of several plant species (Camargo et  al. 1990; 
Dollet 1994; Camargo 1999; Santos et  al. 2007). As opposed to that, significant 
beneficial effects of rhizospheric protozoan species towards plants have also been 
ascertained (Bonkowski 2003). In respect of protozoa-aided pathogenicity in plants, 
a diverse bunch of trypanosomatids specialized in infecting plants is known and 
constitutes the group Phytomonas (Jaskowska et  al. 2015). Three species of 
Phytomonas are designated plant agonizers: e.g., Phytomonas staheli, which causes 
fatal wilt of coconut palm (Cocos nucifera) and sudden and slow wilt of oil palm 
(Elaeis guineensis); P. leptovasorum which infects coffee plants; and P. françai 
which causes empty root syndrome in cassava (Manihot esculenta) (Parthasarathy 
et al. 1976; Di Lucca et al. 2013). P. staheli and P. leptovasorum are said to reside 
in the phloem tissues of the host (Stahel 1931;Parthasarathy et al. 1976). In recent 
documentations, P. francai has been listed as not so lethal parasite and thus hardly 
may pose threat to food security (Jaskowska et  al. 2015). However, clear 
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understandings on various aspects relating to these phytomonads in terms of their 
mode of infection, adaptation to host, induction of host defense signals, etc. are still 
inadequate (Jaskowska et al. 2015). In this context, direct or indirect involvement of 
plant PPs in the regulation of immune responses towards phytomonads is yet to be 
unveiled. Whether phytomonad-conserved molecular patterns can equally serve as 
PAMPs or MAPMs still remains to be confirmed.

15.4  Pathogenic Protein Phosphatases Involved in Virulence

A number of plant protein phosphatases, though not exhaustive, like Xb15, PP2C38, 
PP2A homologues, etc. have been associated with regulation of plant immune func-
tions induced by various types of microbial pathogens. Nevertheless, these enzymes 
have a significant host-protective function. In the same manner, plant pathogenic 
microbes too possess protein phosphatase equivalents executing diverse functions 
in them. PPs regulate essential cellular processes including growth, proliferation, 
metabolism as well as cell survivability in microbes too. Readers may refer some of 
the literatures for host of PP functions in microbes (Dickman and Yarden 1999; 
Lammers and Lavi 2007; Cutler et al. 2010; Ariño et al. 2011; Du et al. 2013; Chen 
et al. 2016). A number of animal pathogenic microbes rely on specific PP functions 
for their pathogenicity in target hosts (Chen et al. 2016). Likewise, protein phospha-
tases of plant pathogenic microbes have also been implicated in their virulence 
functions within specific hosts (Du et al. 2013; Liu et al. 2016). However, it needs 
mention that pathogenic microbes recruit a variety of virulence factors including 
T3Es, type 2 secretion system released proteins as well as several others targeting 
host defense (Abramovitch et al. 2006), although only some of those may have been 
fully characterized and demonstrated to have PP-related function. Bypassing the 
detailed illustration of PP types in plant pathogenic microbes, here we emphasize on 
some of the distinct PPs of phytopathogenic origin that have been shown to have 
crucial role in virulence function of the former. Extensive outlines on plant patho-
gen origin PP types and their role in other functions can be found elsewhere 
(Kennelly 1998, 2001, 2002; Deutscher and Saier 2005; Standish and Morona 2014).

15.4.1  Examples of Bacterial PPs Required for Virulence

Xanthomonas gardneri (Xg), which causes bacterial spot disease of pepper, 
expresses the T3E protein AvrBs7. AvrBs7 is known to be recognized by corre-
sponding host dominant resistance gene product, Bs7, that initiates resistance 
response outcomes like HR.  Potnis and associates (2012) in their study found 
AvrBs7 of Xg to contain a putative protein tyrosine phosphatase (PTP) active site 
domain which was essentially required for its cognition by host [Capsicum annuum 
cv. Early Calwonder (ECW)]-encoded Bs7. Mutation of the cysteine residue (at 

A. Barman and S. K. Ray



313

265th position) to serine in the PTP domain of AvrBs7 resulted in abrogation of HR 
responses, indicating PTP domain to be crucial for host recognition via Bs7 for 
downstream defense signaling (Potnis et al. 2012). Another species of Xanthomonas, 
X. euvesicatoria (Xe), responsible for bacterial spot disease in pepper as well as 
tomato (Potnis et  al. 2012; Kyeon et  al. 2016), which expresses AvrBs1.1 (a Xe 
secreted T3E) is also recognized by the common host resistance protein Bs7 (Potnis 
et  al. 2012). Interestingly, AvrBs1.1 and AvrBs7 both possess a consensus PTP 
domain with important role in virulence mechanism of Xe and Xg, respectively. 
Importantly, alteration in the ten amino acid sequence of AvrBs1.1 catalytic domain 
eliminated induction of HR suggesting distinct recognition site on AVrBs1.1 and 
AvrBs7, respectively, for Bs7 (Potnis et al. 2012). Likewise, other xanthomonads 
comprising Xcc strains 33,913, 8004 and B100 are known to produce AvrBs1.1 
effector proteins (also referred to as XopH in recent classification; White et  al. 
2009) that share PTP domains essential for virulence in respective hosts (Potnis 
et al. 2012).

Genome of P. syringae pv. tomato DC3000 (Pto DC3000) encodes a T3E pro-
tein, HopPtoD2, that was determined to possess a PTP domain within (Bretz et al. 
2003). HopPtoD2 was shown to be translocated into A. thaliana cells by TTSS 
machinery of Pto DC3000 during infection process. Mutation in the PTP domain of 
HopPtoD2 was found to significantly diminish Pto DC3000-mediated virulence in 
Arabidopsis (Bretz et al. 2003) entailing worth of PTP domain in this T3E. HopPtoD2 
later also renamed HopAO1 (Underwood et al. 2007) was shown to suppress HR in 
certain non-plant hosts when expressed ectopically (Bretz et  al. 2003; Espinosa 
et  al. 2003). Arabidopsis plant expressing HopAO1 (with intact PTP domain) 
allowed TTSS mutant Pto DC3000 to proliferate remarkably in the transgenic plant 
as compared to wild-type host (Underwood et al. 2007).

Constitutively expressed HopAO1 could further block flg22 (PAMP)-mediated 
immune responses in transgenic Arabidopsis, permitting multiplication of Pto 
DC3000 therein (Underwood et al. 2007). Further investigations on HopAO1 have 
revealed a precise mechanism of its function. The Arabidopsis PRR, EF-Tu receptor 
(EFR), is usually activated by elf18 (a PAMP) via addition of phosphoryl group at a 
Tyrosine residue [situated at 836th position] (Macho et  al. 2014). Activated EFR 
subsequently initiates downstream defense signaling towards Pto DC3000. In the 
seminal work of Macho et al. (2014), HopAO1 was shown to suppress host immune 
responses by minimizing EFR phosphorylation (Macho et  al. 2014) probably 
through its phosphatase activity [Fig. 15.4]. HopAO1 certainly demonstrates an 
intriguing armory which evolved in P. syringae to evade host defenses.

15.4.2  Examples of Fungal PPs Required for Virulence

The fungal pathogen for rice blast disease, Magnaporthe oryzae (Mo), expresses a 
putative dual-specificity phosphatase (DsPTP), MoYVH1, which has been impli-
cated in the vegetative growth and conidial production of Mo as well as in its 
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virulence mechanism (Liu et al. 2016). Mutation in MoYVH1 manifested defects in 
fungal hyphae growth and reduced pathogenicity in rice plant along with other cel-
lular deficiencies in Mo (Liu et al. 2016). Liu and associates (2016) demonstrated 
ROS scavenging role of MoYVH1, the counter-mechanism thought to be crucial for 
successful establishment of Mo infection (Liu et  al. 2016). A recent study has 
revealed MoYVH1 to be important for expression of several extracellular enzymes 
in Mo, needed for altering host defense (Liu et al. 2018). The same study indicated 
requisite of MoYVH1 translocation to nucleus and its interaction with other factors 

Fig. 15.4 Mechanism of P. syringae type 3 effector HopOA1 (possessing PTP catalytic domain) 
mediated suppression of plant cell immune responses. HopAO1 effector with tyrosine phosphatase 
activity is introduced by P. syringae into plant cell via TTSS (Bretz et al. 2003; Underwood et al. 
2007). HopAO1 has been independently shown to inhibit RLKs FLS2 (that recognizes flagellin 
(MAMP), e.g., flg22 peptide) and EFR (that recognizes bacterial elongation factor (MAMP), e.g. 
elf18 peptide)-triggered signaling due to binding of respective MAMPs to them (Underwood et al. 
2007; Macho et al. 2014). Inhibition of RLKs results in halting of subsequent PTI responses down-
stream. In some non-plant host species (like Nicotiana benthamiana), HopAO1 has been further 
shown to negatively affect MAPK signaling cascades (Bretz et al. 2003; Espinosa et al. 2003). 
Phosphatase function of HopAO1 is indeed a boon to P. syringae for restricting host defenses and 
thus advantageous for its own proliferation. Abbreviations: TTSS, type 3 secretion system; T3E, 
type 3 secreted effector; PTI, PAMP/MAMP triggered immunity
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for modulating ROS pathway (Liu et al. 2018). Likewise in an earlier study, the role 
of MoPPG1 [which encodes the putative PP2A catalytic subunit (PP2Ac) in Mo] 
could be associated with Mo virulence in rice plant host (Du et al. 2013). MoPPG1 
mutation diminished penetrability of Mo into host and thus reduced its pathogenic-
ity (Du et al. 2013). Deletion of MoPPG1 further resulted in defective vegetative 
hyphal growth, conidiation as well as impaired expression levels of several Mo 
pathogenicity effectors (Du et  al. 2013) indicating significance of PP2Ac in the 
blast pathogen.

Aspergillus flavus (Afl) is an opportunistic, saprophytic fungal pathogen of sev-
eral crops that produces mycotoxin aflatoxin (Klich 2007; Yang et  al. 2018). 
AflCDC14, a DSP-type phosphatase in Afl, has been connected with virulence func-
tion of this pathogen (Yang et al. 2018). Afl strains carrying AflCDC14 deletion were 
compromised in growth and conidium morphology with associated reduction in 
amylase activity (Yang et  al. 2018). AflCDC14 deletion mutant manifested viru-
lence deficiency, thus indicating requirement of AflCDC14 phosphatase function in 
Afl virulence (Yang et al. 2018).

The Fusarium head blight (FHB) disease agent of several cereal crops, Fusarium 
graminearum (Fg), was shown to depend on PP2C phosphatase functions for its 
virulence at least in two occasions (Jiang et  al. 2010, 2011). The representative 
PP2C members, namely, FgPtc1p and FgPtc3, were independently demonstrated to 
be important for Fg pathogenicity functions (Jiang et al. 2010, 2011). FgPtc1p dele-
tion resulted in delayed hyphal development as well as reduced virulence of the 
pathogen in wheat plants (Jiang et al. 2010). In the same manner, mutation in FgPtc3 
locus affected aerial hyphae development in the FHB pathogen and also obstructed 
the ability of Fg to infect wheat flowering head, thereby minimizing Fg virulence 
(Jiang et al. 2011).

15.5  Plant Protein Phosphatases as Targets 
of Pathogen Maneuvering

Plant protein phosphatases being at the heart of immune regulatory network seem to 
associate more often with respective PRRs, RLKs, RLCKs as well as intracellular 
receptors like NB-LRRs. Therefore, responses of plant PPs towards pathogens 
appear somewhat indirect. However, there are instances when pathogenic virulence 
factors are reported to target or manipulate plant PPs to their advantage. We high-
light few of such known instances below.

TTSS-secreted T3Es belonging to AvrE family are virulence factors of some 
notable phytopathogenic bacteria such as Pseudomonas, Pantoea, Ralstonia, 
Erwinia, Dickeya, Pectobacterium, etc. (Jin et al. 2016). A yeast two-hybrid screen 
revealed interaction of an AvrE effector WtsE, from the causal agent of Stewart’s 
wilt in maize, Pantoea stewartii subsp. stewartii (Pss), with PP2A phosphatase of 
maize plant host (Jin et al. 2016). More specifically, WtsE interacts with the B′ regu-
latory subunit of hetero-trimeric maize PP2A (Jin et al. 2016). Likewise, one more 
AvrE family member, AvrE1 secreted by P. syringae DC3000 strain (Pto DC3000), 
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was shown to interact with B′ regulatory subunit of Arabidopsis PP2A homologue 
(Jin et  al. 2016). Loss-of-function mutation in Arabidopsis PP2A homologue 
impaired Pto DC3000 virulence in the host indicating requirement of PP2A protein 
for pathogen’s advantage (Jin et al. 2016). Chemical inhibition of PP2A activities 
further revealed halting of pathogenicity functions due to WtsE and AvrE1, respec-
tively (Jin et  al. 2016). Another Pto DC3000-secreted T3E member, HopM1, 
belonging to same AvrE family and sharing functional redundancy with AvrE1 was 
also found to have impaired virulence in the PP2A mutant host background (Jin 
et al. 2016). Interestingly, evolution of T3Es targeting plant PPs to get hold of its 
hosts may indicate that pathogen virulence functions are evolving rapidly with 
novel mechanisms to counteract plant host immune functions.

Dependence of Pto DC3000 on Arabidopsis MAPK phosphatase 1 (MKP1) for 
initial infection processes in A. thaliana was revealed from the work of Anderson 
et al. (2014). Their study demonstrated requirement of intact MKP1 in the host for 
induction of genes required for TTSS and release of effectors by Pto DC3000 lead-
ing to pathogenicity. Arabidopsis mkp1 mutant lines were more resistant to Pto 
DC3000, and TTSS induction in the pathogen was also impaired in the mutant host 
(Anderson et al. 2014). Authors (Anderson et al. 2014) have connected some bioac-
tive chemical signaling mechanism which was diminished in the mkp1 mutant host 
to be responsible for inactivation of TTSS induction that is otherwise functional in 
the wild-type Arabidopsis expressing MKP1.

The late blight disease pathogen, Phytophthora infestans, was shown in a study 
to rely on host protein phosphatase (PP1c) isoforms for its virulence in potato and 
model plant N. benthamiana (Boevink et al. 2016). P. infestans-extruded effector 
Pi04314 was demonstrated to specifically target PP1c isoforms and cause reposi-
tioning of PP1cs for the pathogen’s successful virulence establishment in the hosts. 
Loss-of-function mutation in the pp1c isoforms significantly diminished virulence 
function of P. infestans as well as pathogen colonization, suggesting critical depen-
dence of the pathogen on this type of host PP. The investigators further hypothesize 
cooperative action of both Pi04314 and PP1c as a probable mechanism for progres-
sion of late blight disease (Boevink et al. 2016).

Plant pathogens have been known to manipulate host biochemical pathways such 
as hormone (e.g., abscisic acid, jasmonic acid, etc.)-mediated signaling networks to 
establish their pathogenicity. For instance, phytopathogenic Pto DC3000 can induce 
abscisic acid (ABA) signaling in its host (de Torres-Zabala et al. 2007). Pto DC3000 
was also correlated with production of a phytotoxin coronatine which happens to be 
a jasmonate analogue enabling the pathogen to activate jasmonic acid (JA) pathway 
as well (Mine et al. 2017). Interestingly, ABA and JA pathways were shown to arrest 
signaling of MAPKs, MPK3 and MPK6, which form essential components of 
Arabidopsis defense response pathway (Mine et al. 2017). On the other hand, ABA 
was found to activate a group of PP2C phosphatases (HAI1, HAI2, HAI3, ABI1 
clade) (de Torres-Zabala et al. 2007; Mine et al. 2017), some of which were instru-
mental in negatively regulating both MPK3 and MPK6 (Mine et  al. 2017) 
[Fig. 15.5a]. In the absence of ABA/JA signaling in the host, Pto DC3000 could 
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Fig. 15.5 Illustration of the mechanism through which P. syringae manipulates A. thaliana’s 
ABA/JA signaling pathways to dampen host defense responses against the pathogen. (a) Generally, 
when A. thaliana cells are under stimulation of own ABA and JA molecules, subsequent induction 
of ABA/JA hormonal signaling pathways occurs within the cell. Interestingly, ABA and JA path-
ways are known to arrest signaling of MAPKs, MPK3 and MPK6 (which form important arsenals 
of Arabidopsis defense response pathway), via recruitment of some PP2C-type phosphatases (that 
may include HAI1, HAI2, HAI3, ABI1 clade) (de Torres-Zabala et al. 2007; Mine et al. 2017). (b) 
In the absence of A. thaliana’s own ABA/JA molecules, P. syringae deploys its own ABA/JA ana-
logues and activates ABA/JA signaling within the host cell. Induction of ABA/JA signaling ulti-
mately serves the pathogen in achieving suppression of host defense responses via recruitment of 
host PP2C phosphatase-mediated negative regulation of MAPKs, MPK3 and MPK6, as above (de 
Torres-Zabala et al. 2007; Mine et al. 2017)
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induce both ABA and JA cascades to achieve PP2C-mediated suppression of MAPK 
defense signaling for its subsequent colonization and virulence in the host (Mine 
et al. 2017) [Fig. 15.5b]. Loss-of- function mutation in PP2C members resulted in 
elevated resistance in the host towards Pto DC3000, indicating pathogen’s reliance 
on the specific PP for virulence (de Torres-Zabala et al. 2007).

15.6  Conclusion

With gradual increase in the accumulating evidences, it can be perceived that pro-
tein phosphatases (PP) have significant importance in plant host-pathogen interac-
tion processes. Considering large repertoire of PKs and also diverse clusters of PPs 
in plant genomes, studying specific PK-PP couples in immune functions necessi-
tates colossal efforts. In spite of several hurdles, genome-wide studies have, how-
ever, predicted homologues/orthologues of PKs as well as PPs in several plant 
species. Since the demonstration of the first purified plant protein phosphatase in the 
1980s (Lin et al. 1980), after almost four decades, the amount of progress made in 
plant PP research has been encouraging, even though there is still a long way to go. 
The advances in the genomics and allied disciplines have been assisting immensely 
in this regard (Xing and Laroche 2011; Shazadee et al. 2019). Hopefully, in days to 
come, it would be plausible to correlate specific PK-PP couples to particular set of 
immune signaling targeted at distinct pathogens in most events of host-pathogen 
interactions.

Plant PPs being structurally versatile and in some cases forming heteromeric 
composites via combination of variable classes of subunits or domains make them 
quite unpredictable in function. For example, how O. sativa PP2C member Xb15 
distinctly functions from Arabidopsis PP2C repertoires like Poll, PLL4 and PLL5, 
although they belong to the same family of PPs, can itself suggest the degree of 
specificity and precision these regulatory proteins uphold (Park et  al. 2008). In 
occasions, alteration of a subunit would distinguish immune regulatory function of 
plant PPs in response to specific but different pathogens (Trotta et al. 2011; Segonzac 
et al. 2014).

Nonetheless, model plant Arabidopsis and its genome information as well as 
some of the pathogenic model organisms like P. syringae, B. cinerea, and H. schachtii 
have afforded paramount contributions towards understanding of plant immune 
functions and their role in immune regulations. Several intriguing aspects relating to 
plant PP functions have been realized progressively. Distinct role of PPs in both 
plant and pathogenic agents has further accentuated significances of PPs during 
host-pathogen communications. Interestingly, pathogenic effectors targeting plant 
PPs have also been revealed. Some pathogenic effectors with expanded PP func-
tions have further intrigued researchers, for evolution of pathogenic counter-defense 
mechanisms akin to this seems quite extravagant, although much remains to be 
known in this regard.
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Complexity of host genomes followed by difficulties in executing genetic studies 
such as gene silencing and gene knockout procedures due to apparent lack of suit-
able vectors/agents has considerably limited the extent of research to only model 
hosts. Hopefully, in days to come, intensive research in this theme would ameliorate 
these challenges to great extents.

Determination of pathogen PP equivalents and inventorying their roles in viru-
lence mechanisms in hosts would be rewarding in the near future while designing 
suitable strategies to engineer virulence resistances in the hosts. Some of the plant 
PPs are serving as susceptible markers by being targets of pathogenic effectors. 
Engineering resistant isoforms/equivalents of such susceptible PPs from different 
cultivars/species may be one of the strategies that could benefit agronomy immensely 
in the near future. Albeit our discussion on PPs aligned primarily towards plant 
host-pathogen interaction events only, a substantial understanding on PPs as a whole 
will be indispensable to realize the intriguing signaling cascades regulated by them 
or yet unknown mechanisms that regulate them. In days to come, it may be specu-
lated that PPs might serve as potential molecular tool for selecting superior cultivars 
of plants species and hence contribute towards agronomy and plant breeding signifi-
cantly. We hope in the near future that continued explorations in regard to protein 
phosphatase repertoires (that may be from both plant and pathogen) would surely 
enrich our understandings on the complicated paradigms of plant-microbe interac-
tions, more in detail.
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