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Abstract

Parasitic species demonstrate a wide range of population structures and life cycle
plan, including various transmission modes, life cycle complication, survivabil-
ity, and dispersal ability with and without the presence of their hosts. A promi-
nent feature of hosts and parasites is based on their genetics which can be
regulated by coevolution. Infections measured under laboratory conditions have
shown that the environment in which hosts and parasites interact might substan-
tially affect the strength and specificity of selection. An effective defense response
is the precursor of evolution in plant immunity which restricts the potential onset
of disease by microbial pathogens (parasites). In plants, the primary immune
response, pathogen-associated molecular pattern (PAMP)-triggered immunity
(PTI), is one of the best examples of evolution to acknowledge general character-
istics of microbial pathogens. Such type of coevolution was manifested in host-
parasite interactions, but the knowledge is very less. The behavior of parasite and
environmental factors also affects the host-parasite interactions. The environ-
mental conditions such as moisture content, temperature, wind velocity, and
availability of food are major factors in host-parasite interaction. The environ-
ment provides a suitable condition for the establishment of host and their para-
site. In this book chapter, we are focusing on coevolution, environmental effect,
and specificity during host-parasite interactions.

S. K. Yadav - J. S. Patel - S. Singh
Department of Botany, Banaras Hindu University, Varanasi, India

G. Kumar - A. Mukherjee - A. Maharshi - H. B. Singh - B. K. Sarma (<)

Department of Mycology and Plant Pathology, Institute of Agricultural Sciences, Banaras
Hindu University, Varanasi, India

e-mail: birinchi@bhu.ac.in

© Springer Nature Singapore Pte Ltd. 2020 245
R. Kumar, A. Gupta (eds.), Seed-Borne Diseases of Agricultural Crops:

Detection, Diagnosis & Management,

https://doi.org/10.1007/978-981-32-9046-4_10


http://crossmark.crossref.org/dialog/?doi=10.1007/978-981-32-9046-4_10&domain=pdf
https://doi.org/10.1007/978-981-32-9046-4_10
mailto:birinchi@bhu.ac.in

246 S.K.Yadav et al.

10.1 Introduction

Plants always interact with various microbes without having a somatically adaptive
immune system against them. However, in presence of these microbes, the plant
populations do not frequently subject to devastating disease epidemics. Disease
development through seed-borne inoculum is the best result of host (plant) and
parasite (pathogen) interaction in the nature. The study of these interactions is
known as epidemiology. Seed-borne diseases are one of the main factors for the
great economic loss in agriculture in various forms. Losses might start early from
reduced germination, and it may include inadequate seedling vigor due to imma-
ture seed and crop damage at the level of seedling growth, development to harvest,
and storage. In many instances, the losses occur due to previous crop produced
from infested seeds. In that case the pathogens survive in soil and on debris of crop
and weeds which results in further attack on subsequent susceptible crops.
Sometimes, the inoculum is available in very poor quantity and unable to infect
plants. Therefore, it takes too much time to accomplish a detectable level of disease
in the crops (Sheppard 1998). To overcome these losses, plants need to show dis-
ease resistance against various seed-borne diseases. It is a very complex procedure
that provides various potential barriers to inhibit the pathogen invasion. The dis-
ease resistance (R) genes are one of the main defense mechanisms which activate
the defense responses, namely, localized cell death during the encounter with
pathogenic microbes carrying respective avirulence genes (Dangl and Jones 2001;
Allen et al. 2004).

The coevolution in host-parasite interaction is reciprocal natural selection
between host resistance and parasite infection potential (Thompson 1999). The
hypothesis proposed that the reciprocal natural selection totally relies on frequency
(Bell and Smith 1987; Hamilton et al. 1990), in which the parasites are picked out
to minimize the common host’s resistance, and accordingly the hosts having rare
resistance genes are favored for selection (Carius et al. 2001). The other interaction
of nearby species provides crude materials for coevolutionary change (Thompson
1999). The local host-parasite interactions are also dependent on adjacent popula-
tions because these populations have different strategies for their resistance and
virulence genes. Therefore, the new resistance and virulence genes may enter
in local populations through gene flow (Gandon et al. 1998). Local extinctions,
founder effects, and genetic drift also have the ability to determine the interactions
and lead to shape a large-scale picture (Thrall and Burdon 1997; Burdon and Thrall
1999; Thompson 1999; Carius et al. 2001).

10.1.1 Pseudomonas syringae pv. tomato

The bacterial speck disease caused by Pseudomonas syringae pv. tomato is gener-
ally found growing epiphytically. The host range of the pathogen is very broad even
though its population falls in absence of susceptible hosts (Preston 2000). Several
economically important diseases are caused by Pseudomonas syringae in number of
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its host plants. P. syringae pv. tomato can survive on seeds of tomato inside the seed
cavities and lead to the infection of whole tomato fruit (Devash et al. 1980).
Generally infested seeds develop visible symptoms and sometimes remain symp-
tomless. However, infested plants growing in high relative humidity develop high
amount of pathogen population and serve as source of infection (McCarter et al.
1983). A number of reports suggest that it is a seed-borne disease (Bashan et al.
1982). Each strain of P. syringae has some sort of host specificity, and only few of
the plant species get infected, sometimes only few cultivars of a plant species (Xin
and He 2013). Moisture, cool condition, and temperature around 12-25 °C favors
the disease spread; however, this can depend on pathovar of the pathogen. The dis-
ease is seed-borne, and rain splashes are majorly involved in its dispersal to other
noninfected plants (Hirano and Upper 1990). Though being a plant pathogen, P.
syringae can facilitate itself as saprophyte around the phyllosphere in the unfavor-
able condition (Hirano and Upper 2000). P. syringae strains, which are saprophytic
in nature, have the ability to act as biocontrol agent in postharvest rot disease
(Janisiewicz and Marchi 1992). The ability of pathogen to cause disease can be
divided into a number of categories such as overcoming the host resistance, ability
to go inside the plant, forming biofilm, and producing some proteins having ice-
nucleating properties (Ichinose et al. 2013). P. syringae is planktonic in nature, able
to invade the plant, and with the help of pili and flagella can move toward its host.
The main insertion site for P. syringae is through natural opening sites and wounds,
and it is also able to break the cell wall. The way of movement of bacteria toward
the plant is not well-studied, but some of the studies showed the chemotactic move-
ment toward the plant and caused the infection (Ichinose et al. 2013). P. syringae
isolates adopt type III secretion system (T3SS) for its virulence. The effector pro-
teins of T3SS are a major cause to modify the host immune system in favor of the
pathogen for infection. The hrp gene clusters are the major group of T3SS effector
proteins and codes Hrp secretion apparatus. Some other ways like production of
phytotoxins such as coronatine of pathovar Pto and Pg have the ability to suppress
the host immunity and invade the host plant (Ichinose et al. 2013).

Certain polysaccharides produced by P. syringae causes the adherence of the
pathogen to the plant cell surface. The communicating phenomenon ‘quorum sens-
ing’ is reported for the bacteria to communicate the other bacterial cells nearby.
When the level of quorum sensing molecules crosses the threshold, the bacteria
starts biofilm formation and expression of genes related to virulence. Some highly
viscous compounds such as DNA and polysaccharides are secreted by P. syringae,
which create the protective environment for growth of the pathogen (Ichinose et al.
2013). P. syringae majorly causes cell wall damage by chilling in plants greater than
any other organisms or minerals. The plants which are devoid of any antifreeze pro-
teins are majorly damaged by —4 to —12 °C temperature, and in this condition,
water remains as supercooled liquid in plants. P. syringae have ability to cause
freezing of water on slightly higher temperature, i.e., —1.8 °C (28.8 °F) (Maki et al.
1974), but ice nucleation is generally reported at lower temperature (—8 °C). The
epithelial cells are injured by freezing, which causes nutrient availability to bacteria
from plants. Certain ice-nucleating genes coding ice-nucleating proteins
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translocated to bacterial membrane and act as nuclei for ice formation (Fall and
Wolber 1995). Two races of the P. syringae in tomato (0 and 1) have been described
around the world (Lawton and MacNeill 1986). Due to development of resistant
tomato varieties, a selection pressure created on race 0 causes appearance of new
race 1 even on heterozygous nature of Pto gene in tomato (Buonaurio et al. 1996).
The appearance of new race of P. syringae due to newer resistant varieties of tomato
plant is a well-known complicated mechanism of plant-pathogen interaction (Mew
et al. 1992). The development of newer race is advantageous for the pathogen
(Pohronezny et al. 1992). The selection pressure increases due to introduction of
newer imported resistant varieties and hybrids. Certain countries like the Balkan
Peninsula and the Mediterranean, where tomato is grown intensively, observe the
seed-borne nature of the P. syringae. However, unwillingly introduction of the
pathogen with imported infected seeds cannot be excluded for the newer race devel-
opment as it was reported earlier in other countries. The host plant resistance
increases due to introduction of resistance genes in plants to improve control of P.
syringae (MilijaSevi¢ et al. 2009). A report found that ABA signaling pathway is the
major target of effectors secreted by pathogen. Modulation of PP2C gene expression
affected hypersensitive reaction toward ABA, which is otherwise helpful to bacterial
multiplication. ABA level is found to be increased during bacterial colonization.
However, exogenous application of ABA enhances susceptibility reaction. As per
the data shown by de Torres-Zabala et al. (2007), the virulence strategy of pathogen
due to presence of effector protein leads to suppresion in host defense responses.

10.1.2 Xanthomonas campestris pv. campestris

The strains of genus Xanthomonas infect up to 124 monocot and 268 dicot plants
and create severe economic damage in the warm and humid region (Chan and
Goodwin 1999). The black rot disease is caused by Xanthomonas campestris pv.
campestris (Xcc) and also considered as one of the most devastating diseases of
crucifers worldwide infecting most varieties of brassicas including broccoli, cab-
bage, kale, oilseed rape, cauliflower, turnip, radish, and mustard along with model
plant Arabidopsis thaliana (Williams 1980). For all these conditions, Xcc-infected
seeds are the basic source of inoculum. Throughout the germination epicotyl of
seedling gets infected (Alvarez 2000) and the developing cotyledons became black
at the margin, wilt, and fall down. The pathogen strides out through vascular system
of the plants to young stem and leaves. The disease appears in V-shaped chlorotic to
necrotic lesions and extends from the margin of leaves. During the humid environ-
ment, the bacteria oozes out and forms a droplet by the process of guttation through
hydathodes and these droplets may spread through wind, rain, and/or through
mechanical damage to their neighboring plants. The pathogen (Xcc) gains entry
through the wounded leaves and plant roots due to insect damage or through hyda-
thodes which is natural route of infection. Sometimes but rarely the infection also
occurs through stomata. The hydathodes provide a straight path for pathogen to
enter from leaf margin to vascular system of plant and hence systemic infection in
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host. Attack through the suture vein leads to the formation of Xcc-infected seed.
Xcc has the ability to survive in plant debris present in soil up to 2 years, but it
hardly remains in free soil up to 6 months (Alvarez 2000), and it serves as a source
of secondary inoculum. In a significant development, bean flowers inoculated with
X. campestris pv. campestris led to the production of higher level of infested seeds
and are also carried efficiently to seedlings of bean plants (during incompatible
interaction) (Darrasse et al. 2010). This kind of floral pathway might allow the pro-
duction of contaminated seeds by cohort of different bacteria and also sometimes
includes biocontrol agents (Fessehaie and Walcott 2005). Similarly, the type III
secretion system mutants of X. citri pv. phaseoli var. fuscans leads to the production
of infested seeds through the entry from floral pathway and supports the previous
hypothesis strongly (Darsonval et al. 2008). However, the contrasting result was
found when these mutants were applied through vascular system of plants and no
infested seeds were found, as found for wild-type strain.

The interactions between seeds or seedlings of the plants with the bacteria
allowed multiplication of bacteria without any negative result on plants during the
commensal interaction. During the compatible interactions, the seed-borne xantho-
monads colonize on the surface of seedling and have no negative impact on early
endophytic development (Gilbertson and Maxwell 1992). The bacteria do not
require a molecular crosstalk with plants to colonize efficiently because rich amount
of nutrients are available during germinating seeds and seedlings (Nelson 2004).
Practically, the similar results were observed for X. campestris pv. campestris, E.
coli, and X. citri pv. phaseoli var. fuscans in bean seed imbibition to get 14-day-old
seedlings representing incompatible, null interactions and compatible interactions,
respectively. Apart from this the bacterial colonization also does not need a func-
tional T3SS in spermosphere, suggesting that nutrients are not major limiting fac-
tors and T3SS genes are not induced in the presence of nutrient-rich medium (Valls
etal. 2006). This result was reversed in the phyllosphere as the nutrient-rich medium
is a limiting factor (Mercier and Lindow 2000). The bacteria need the expression of
T3SS gene to colonize efficiently in phyllosphere. Both the results suggest that for
effective colonization on seedling, bacteria need different strains than phyllosphere
multiplication, and these environmental parameters are also different for bacteria to
adopt. Certain special interactions between bean plants and bacteria X. citri pv.
phaseoli var. fuscans have occurred during the multiplication in phyllosphere
(Darsonval et al. 2009), where nutrient availability is a major limiting factor for
bacterial colonization. Additionally, the X. citri pv. phaseoli var. fuscans downregu-
late the expression of PR-3 gene in leaves indicating the suppression of plant
defense. This is the sequential action of T3SS effectors to inhibit the defense
response stimulated by PAMPs during compatible interactions (Mishina and Zeier
2007). During the incompatible interaction, no enhanced defense response induc-
tion was observed by X. campestris pv. campestris in bean seedlings. Therefore,
these results indicate that defense responses are induced in early-stage plantlets
when X. campestris pv. campestris and acibenzolar-S-methyl were applied on seed-
ling and leaves as inoculum. The similar defense response induction was also
observed earlier in melon and cowpea seedling (Buzi et al. 2004). This clearly
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showed that wild-type strain X. campestris pv. campestris induces defense responses
following the infiltration inoculation of seedlings, while the mutant in T3SS X.
campestris pv. campestris is unable to induce defense response.

10.2 Differentiation of Molecular Pattern for Microbe
Identification

Similar to animal system, plants also have the innate immune response which is
turned on subsequently after the identification of invading microbes (Niirnberger
et al. 2004; Akira et al. 2006; Spoel and Dong 2012). Some of these microbes have
no targeted effect on plant growth and development. However, among them huge
variety of microbes present in plant’s microbiome are either beneficial or patho-
genic (Berendsen et al. 2012). Beneficial interaction with microbes provides root
colonization, plant growth promotion, and yield and also induces plant defense
either directly or indirectly. Since the beneficial microflora were initially thought to
be alien organisms that modify the immune system of plants for a successful estab-
lishment of mutual relationship with their host (Zamioudis and Pieterse, 2012), it is
important for the plants to not only distinguish the microbes but also to possess the
ability to differentiate them as good or bad and thus react accordingly. This process
is very important during the plant-microbe interaction for their better development
and protection, and also it needs to maximize the same. Similarly, the reverse action
is needed for microbe to regulate host immune system to avoid an array of effective
defense according to their interaction and relationship (Pel and Pieterse 2013).
Identification and differentiation between self and foreign molecule is a very
crucial first step to initiate the effective immune response through pattern recogni-
tion receptors (PRRs) in the host plant cells. The PRRs identify these microbe-
associated molecular patterns (MAMPs), which were earlier known as
pathogen-associated molecular patterns (PAMPs) (Boller and Felix 2009). After
recognition of PAMPs through the plant’s PRRs, plants respond with an enhanced
immune response known as PAMP-triggered immunity (PTI). The PT1 is a first line
of defense in plants effective against their various non-accommodated pathogens
(Jones and Dangl 2006). The most prominent examples of MAMP perception in
plants are recognition of conserved RNA-binding motif of bacterial cold-shock
proteins (Felix and Boller 2003) and 17 amino acid-conserved domain of the Ax21
protein of Xanthomonas through Xa21 receptor of rice (Song et al. 1995; Lee et al.
2009). Pathogens are able to escape themselves from recognition through their
evolutionary adaptations of MAMPs. Apart from this, pathogens also have the
capability to secrete certain proteins known as effector proteins which modulate
the plant’s defense mechanisms and make them susceptible for pathogenesis. The
type III secreted proteins AvrPto and AvrPtoB of P. syringae are well-studied case
of these effector proteins. AvrPto usually binds with kinase domain of EFR, FLS2,
RLKSs, BAKI1, and CERK]1, while AvrPtoB binds FLS2 and degrades them. Hence
the MAMP signaling is blocked (Gohre and Robatzek 2008; Shan et al. 2008;
Xiang et al. 2008; Gimenez-Ibanez et al. 2009). In the course of coevolution
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between hosts and pathogens, the plants develop resistance (R) proteins for the
recognition of particular effectors of pathogens leading toward secondary immune
response known as effector-triggered immunity (ETI) (Fig. 10.1). Hence, the final
result of the combat between hosts and pathogens is known as zigzag model (Jones
and Dangl 2006). It totally depends on balance battle between the capability of
pathogens to inhibit the host’s immune response and the capability of host plant to
identify the pathogens and activate an array of effective defense accordingly. The
recent studies discovered proteins other than effector proteins that inhibit the pri-
mary immune response of infected tissue of host plant. These proteins are present
in both fungal and bacterial pathogens which escape the identification of MAMPs
and interfere before microbe recognition by host plants. In addition to this, certain
microbes modify their MAMPs structure to suppress the MAMPs identification.
Bacteria also adopt similar escape plan from recognition by the host plants. During
the search of TLRS signaling of antagonism, type I secreted alkaline protease AprA
was recognized in the supernatant of Pseudomonas aeruginosa (Bardoel et al.
2011). The zinc metalloprotease AprA belongs to the serralysin family in Gram-
negative bacteria, and most of the members of this family are virulence factors
(Stocker et al. 1995). In human cells, the addition of AprA before flagellin treat-
ment results in weaker induced immune responses, while addition of higher
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concentration of AprA shows no flagellin-induced immune responses. Similarly, in
plants the treatment of P. aeruginosa aprA mutants to A. thaliana shows faster
stomatal closure to that of induced stomatal closure through wild-type bacteria.
Thus, flagellin degradation by AprA enhances the ability of P. aeruginosa to avoid
the recognition by host immune system in both human and plants (Bardoel et al.
2011). Although various MAMPs are widely distributed and conserved in patho-
genic microbes, beneficial microbes also have similar MAMPs-like pathogens.
Therefore, it is important for plants to discriminate between beneficial and patho-
genic microbes to get benefitted in presence of beneficial microbes. Studies are
exploring good evidences which proposed that beneficial microbes are also recog-
nized as potential invaders at the beginning and plant activate their immune
response (Zamioudis and Pieterse 2012). An example of Rhizobium, a beneficial
bacterium that forms symbiotic interaction with leguminous plants where they
form nodules to reside and fix atmospheric nitrogen, is well-known. Initially, the
plants recognize them as a pathogen, resulting in the stimulation and activation of
defense gene expression (Kouchi et al. 2004; Lohar et al. 2006; Zamioudis and
Pieterse 2012). For the successful symbiotic interaction, rhizobia involve them-
selves to avoid recognition in a similar fashion like pathogen. Sinorhizobium meli-
loti and Mesorhizobium loti bring out flagellin molecules that do not induce defense
responses of plants (Felix et al. 1999; Lopez-Gomez et al. 2012). This recent study
supports the importance of avoiding recognition for beneficial microorganisms.
Apart from this, in various Rhizobium species, homologues of AprA are also found
to prevent the recognition. Further, throughout the afterward stages of interaction,
rhizobial colonization in plants and downregulation of expression of defense-
related genes indicate that Rhizobium bacteria become successful to reduce host
plants’ defense responses (El Yahyaoui et al. 2004; Kouchi et al. 2004; Lohar et al.
2006; Moreau et al. 2011). LPS is one of the bacterial molecules from S. meliloti
having the capability to reduce the defense response of the host plant. The cell
culture of plant treated with LPS of S. meliloti initiates a much diluted defense
response in host plants Medicago sativa. In another experiment, the simultaneous
application of LPS of S. meliloti and defense elicitors from yeast shows suppressed
early- and late-induced defense responses in M. sativa. This restrictive capability
of LPS appears very narrow to S. meliloti-M. sativa association because nonhost
plants show usual response toward the LPS of S. meliloti (Albus et al. 2001;
Scheidle et al. 2005; Tellstrom et al. 2007). Plant growth-promoting rhizobacteria
(PGPRs) form nonsymbiotic interaction with plants and enhance plant growth
(Lugtenberg and Kamilova 2009). In similar trend of rhizobia, PGPRs also stimu-
late PTI response in plants (Bakker et al. 2007; Van Wees et al. 2008). Thus, PGPRs
should reduce the degree of identification by host plants for insignificant stimula-
tion of host defense arsenal (Millet et al. 2010). Phase variation is one of the pos-
sible strategies for PGPRs to reduce the recognition during root colonization of
host plants. The reversible switching of two phenotypic stages in bacteria as per
requirement according to environmental condition is known as phase variation
(Davidson and Surette 2008; Van der Woude 2011). Regarding the soft interactions
in between the plant roots and soil-borne mutualistic microbes, lots of more
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mutualistic microbial effectors are still unexplored that have the capability to mod-
ulate the immune response of host for successful interaction of plants and benefi-
cial microbes. In the last few years, the researcher proved that hormone-regulated
network of signaling in plants is the first aim of both pathogenic and beneficial
microbe (Jacobs et al. 2011; Kloppholz et al. 2011; Plett et al. 2011; Pieterse et al.
2012; Zamioudis and Pieterse 2012).

10.2.1 Plant Defense

The evolution of immune system in plant cell reaches to high level that is able to
prevent the attack of the pathogenic microorganism. The common property patho-
genic microorganisms are firstly detected by the primary immune response known
as PAMP-triggered immunity (PTI) by the plant cell. Pathogen acquires some pro-
tein through coevolution of host-microbes interaction to suppress the PAMP-
triggered immunity (PTI) and enhance the growth of pathogen and disease. To
monitor the pathogen effector protein either directly or indirectly, plant cell acquired
surveillance proteins (R proteins) (Chisholm et al. 2006). Pathogen has to overcome
three defense systems to infect the plant: (1) shaped physical barriers, (2), a cell
outer surface investigating system that finds conserved molecules of pathogen, (3)
and a surveillance system that detects effector molecule that pushes into intracellu-
lar host by pathogenic organism.

Bacterial pathogen defeats the primary layer either through natural opening or
wounds or by the help of enzymatic activity through damaging the layer of plant cell
surface. The second layer of defense system is overcome by injecting effectors pro-
tein. The third layer is overcome either by modifying or eliminating existing effec-
tors or by developing new effector. Wilts, galls, specks, spots, cankers, and chlorosis
(yellowing) are produced by pathogenic bacterial infection during disease. For
example, water and nutrient supply is blocked during wilt causing bacterial infec-
tion in vascular tissue. Recently, Xylella fastidiosa are most studied plant patho-
genic bacteria responsible for major decrease in the production of grapes in
California. To break the barriers, some plant pathogenic microbes introduced a wide
range of extracellular virulence components like cutin-degrading enzymes, cell
wall-degrading enzymes, etc. These enzymes are released by a type II secretary
path. Cell wall-degrading enzymes cellulases, pectinases, and endoglucanases are
also released via the same process. These enzymes are important for causing soft rot
in plant cell by bacteria specially the Erwinia genus (Ade et al. 2007).

The plants initiate signal-transduction cascades after the sensation of PAMPs
that start basal defenses. The deposition of callose and silicone for cell wall strenght-
ening, production of ethylene and reactive oxygen species (ROS), trancriptional
activation of different defence gene carrying PR-genes, and post-transcriptional
inhibition of auxin signaling are the various mechanisms that come under basal
defence responses. The bacterial flagellin is a well-described molecule that induces
basal defense in host plants. The bacterial flagellin (fig22) is a 22 amino acid long
peptide which activates basal defense response in plants, namely, generation of ROS
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and alkalinization of the extracellular matrix (Felix et al. 1999). In Arabidopsis the
basal response induced by flg22 also includes closure of stomata to inhibit the bac-
terial entrance. In Arabidopsis, the fig22 is recognized by a transmembrane receptor
kinase PRR FLS2. The fls2 mutant Arabidopsis plants are more sensitive to
Pseudomonas syringae pv. tomato (PstDC3000) infection, when bacteria are used
on leaf surface for infection in comparison to infiltration of bacteria into intercel-
lular spaces of leaf (Zipfel et al. 2004). These experiments suggest that FLS2 is one
of the factors responsible for the activation of initial defense responses and inhibits
the entry of bacterial pathogen Pseudomonas syringae pv. tomato into plants. The
recent reports also indicate that fig22 inhibit the expression of mRNA of certain
auxin receptor genes (Navarro et al. 2006). It is quite interesting that study showing
downregulation was proved through micro (RNA) miR393 via posttranscriptional
modifications. The flg22 enhances the expression of miR393, and downstream
action of miR393 results in the degradation of mRNAs responsible for the action of
auxin receptor genes, AFB2, AFB3, and TIR1. P. syringae is well-known for the
production of auxin for their own benefit. The inhibition of auxin signaling leads to
basal resistance because overexpression of auxin makes it more sensitive to P, syrin-
gae (Navarro et al. 2006). Apart from flagellin, the elongation factor Tu (EF-Tu)
present in profuse amount in increasing bacterial population also functions as acti-
vator of basal defense response in plants (Kunze et al. 2004). EF-Tu is 43 kDa pro-
tein and 18 amino acids present at N-terminus (elf18) of this, also able to induce
basal defense response by itself. In Arabidopsis, elf18 is recognized by EFTu recep-
tor (EFR), a receptor-like kinase (RLK). The intracellular kinase domain and extra-
cellular leucine-rich repeats (LRR) domain of EFR has structural similarities with
FLS2 (Zipfel et al. 2006). Hence, it is clear that the perception and recognition of
bacterial pathogens by plants and subsequent initiation of basal defense is not rely-
ing on a single factor. The basal defense response can also be induced by various
other factors. The plants using multiple PAMPs during the perception of microbes
are totally dependent on the recognition of pathogens and activation of defense
response. The initiation of defense responses in plants is triggered by the perception
of PAMPs; therefore, it is known as PAMP-triggered immunity (PTI) (Jones and
Dangl 2006).

The pathogenic bacteria adopt one strategy to overcome the defense of plants
which is the secretion of coronatine (COR), a small molecule and virulence factor
that mimics as jasmonic acid hormone secreted by plants (Melotto et al. 2006).
COR-mediated inhibition of stomatal closure is induced by suppression of PAMP-
stimulated abscisic acid (ABA) signaling within guard cell. The bacterial mutant
lacking coronatine shows diminished virulence to that of wild-type bacteria during
the inoculation onto the plant leaf surface for infection. The colonization on host
plants and inhibition of basal defense response through particular effector proteins
is another strategy for causing disease also reported in bacterial pathogens. These
effectors are normally translocated straight into the host cell from bacterial cell
employing type III secretion system (T3SS), most common in Ralstonia sola-
nacearum, Erwinia, all Pseudomonas pathovars, and Xanthomonas (Hueck 1998).
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When T3SS effectors minimize or stop basal defense signaling, plants adopt
secondary defense response and recognize the existing T3SS effectors within the
plant cell, a best example of coevolution (Fig. 10.1). This recognition system uses
the receptors present inside the plant cell, encoded by resistance (R) gene. Most of
the R proteins present in plants include nucleotide-binding site and leucine-rich
repeat (NBS-LRR). The NBS-LRR proteins regulate resistance against majority of
plant pathogens. Stimulation of R protein by effector protein of pathogen triggers
the initiation of programmed cell death (PCD) at the site of pathogen infection and
surrounding tissues in plants. This R protein-regulated resistance is known as
effector-triggered immunity (ETI), and localized PCD is known as hypersensitive
response (HR). Apart from the stimulation of PCD, R protein-regulated resistance
also includes the generation nitric oxide (NO) and reactive oxygen species (ROS)
which further have the capability of signaling molecule and antimicrobial activity.
ROS along with NO induce the transcriptional activation of defense genes and HR
in plants. The superoxide anion (O,”) and NO in combination form highly toxic
peroxynitrite (ONOO~), which participates either directly or indirectly in death of
pathogens and host plant’s cell (Saito et al. 2006). Here the pathogens evolve them-
selves for self-defense by secreting various enzymes, free radical scavengers, and
production of antioxidants to fight against abovementioned plant defense mole-
cules. An emerging new theory explores the capability of certain R proteins to
trigger gene silencing through small interfering RNA (siRNA) in pathogens. The
RPS2 is a R protein in Arabidopsis which has been experimentally proven to
enhance siRNA nat-siRNAATGB?2 to silence the PPRL gene (Katiyar-Agarwal
et al. 2006). The RPS2-mediated disease resistance is diminished by overexpres-
sion of PPRL gene in P. syringae. Therefore, it seems that the signaling pathway
mediated by RPS2 downregulates the expression of PPRL, and full elicitation of
RPS2-mediated signaling needs the degradation of PPRL mRNA through
siRNA. Now, the bacterial pathogens had any coevolution to enhance their patho-
genesis against siRNA, and miRNA-regulated resistance is still yet to be explored.
The recognition of bacterial effector molecule by plant R proteins at molecular
level might be either direct or indirect. The model representing direct recognition
is also known as “ligand-receptor model.” This model hypothesized that the R pro-
teins act as receptor and bind to ligand effector proteins of the pathogen directly
(Deslandes et al. 2003). The model representing indirect recognition is known as
“guard model” which shows the spots of changes occur in host plant protein by
effectors. This model is very common in bacterial pathogens and often has been
explored for effector molecules like AvrPtoB, AvrRpt2, AvrRpml/AvrB, and
AvrPphB in P. syringae (Kim et al. 2002; Mackey et al. 2002; Axtell and Staskawicz
2003; Ade et al. 2007).

Indirect recognition model is supported by the interaction of two R proteins
RPMI1 and RPS2 with RIN 4 protein in Arabidopsis. Especially RPM1 interacts
with the phosphorylated form of RIN4 induced by the interaction with AvrRpm1
and AvrB effector proteins of the P. syringae (Mackey et al. 2002). Additionally,
indirect recognition model can also be elaborated with the interaction of RPS5
protein of Arabidopsis with PSB1 protein. PSB1 protein is also part of Arabidopsis
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itself cleaved by a cysteine protease effector AvrPphB of P. syringae. Cleaved
product of PBS1 is recognized by R protein RPSS5 leading to activation of HR
(Ade et al. 2007).

These traits related to resistance are introduced into the plants through resistance
breeding. Pathogens also have the mechanism to overcome such type of resistance
by developing new pathogenic strains that leads to the next round of resistance
breeding. This everlasting battle during host-pathogen interaction has received
much more attention from researchers. Recently, various studies provided the
insight lying behind this phenomenon. Similar to suppression of PTI, bacteria also
have developed the mechanism to suppress ETI. The development of a new effector
is one of these mechanisms to suppress R gene-mediated hypersensitive response
related to disease resistance. Hop-AB1 and HopZ3 are two effector proteins of P.
syringae pv. syringae which are able to suppress programmed cell death initiated by
some other effector molecules in N. benthamiana (Vinatzer et al. 2006). HopAB1
and HopZ3 mutants from P. syringae pv. syringae restores its capability to provoke
the HR. Similarly, some other effectors from Pst DC3000 such as AvrPtoB,
HopPtoE, AvrPphEPto, AvrPpiB1Pto, and HopPtoF are capable to retard effector-
triggered programmed cell death in tobacco. P. syringae pv. phaseolicola also has
the ability to suppress the effector-triggered PCD via altered effector in bean in a
cultivar-specific manner. Recently immunity-associated protein AtMIN7 was found
to be destroyed by an effector HopM1 from P. syringae leading to the development
of disease in the model plant Arabidopsis (Nomura et al. 2005). Coevolution of Avr
gene in context to host R gene defines the suppression of effector-triggered HR, an
important component of ETI leading to development of disease by bacterial patho-
gen P. syringae.

10.2.2 Host Specificity

Host specificity of pathogens basically depends upon growth, colonization, and
infection ability to their respective hosts (Kirzinger and Stavrinides 2012). Bacterial
pathogens show various mechanisms of host specificity by modulating their
genome-like duplication, point mutation and horizontal gene transfer (HGT), etc.
Certain bacterial pathogens have very broad host range, and the earlier studies of
symbiotic bacteria determine a single regulatory gene for the host specificity
(Mandel et al. 2009). Divergent gene expression of bacterial single regulatory gene
expands the successful colonization on various host species. The regulation of gene
expression might be the key factor for host specificity in bacterial pathogens con-
tributing to the emergence of new disease due to development of new pathogenic
strains. The molecular interactions of hosts and pathogens are the key factors that
demonstrate host specificity in bacterial pathogens (Pan et al. 2014). Very small
changes in host-pathogen interactions might cause great modification in host range
and state of disease intensity in bacterial strains (Killiny and Almeida 2011). The
interaction of bacteria with other organisms is greatly diversified from the biofilm
formation to mutual interaction and up to pathogenic associations. The formation
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and synthesis of certain specific proteins play an important role in such plant patho-
gen interactions. Among them certain proteins are toxic and enter within host cells
and modify their physiology and colonization for the production of effector proteins
leading to disease development (Tseng et al. 2009). The allelic difference in effector
molecules in all pathogens is also an important factor in host specificity (Alfano and
Collmer 2004). The genetic engineering strategies are not so easy due to plant
defense response, inhibition of bacterial “vir” factors, and production of certain
antimicrobial compounds for effective disease management required for the protec-
tion of host (Melchers and Stuiver 2000). A considerable amount of protection
against various diseases has been accomplished, but the resistance against broad
range remains to be explored (Rivero et al. 2012).

10.2.3 Environmental Effects

A prominent aspect of hosts and parasites basically depends on genetics of organ-
isms, and hence it can be determined by coevolution. In laboratory conditions the
evaluation of infection is determined by the environment in which hosts and para-
sites interact with other. The interaction of hosts and parasites is also regulated by
environmental conditions for the strength and specificity. Additionally, the various
constituents of interaction for host-parasite fitness are differentially manipulated by
environment. In spite of all these conditions, the environmental variations are not
frequently included in experiments studying the coevolution and theoretical mod-
els. However, most of the interactions of host-parasite occur in heterogeneous envi-
ronments; hence it is important to include fluctuating environments during the
theoretical and experimental studies of host-parasite coevolution (Wolinska and
King 2009).

The traits of life history are not only dependent on specific genotype but also
mediated by environmental conditions. The phenomena “reaction norm” result into
versatile phenotypes from a single genotype according to environmental conditions
(Stearns 1992). During extreme cases or non parallel slopes of reaction norm, if
genotype A is better than genotype B under one set of environmental conditions and
the case is opposite in another set of environmental conditions, the cross is known
as genotype-by-environment interaction. Subsequently, the genotypic variation is
conserved in population, if there is any possibility of adaptation under different
environmental conditions throughout time and/or space (Byers 2005). Several stud-
ies have proposed continuously that the environmental conditions modify the
strength of selection during host-parasite interactions and the host genotype experi-
ence less or more problem during infection according to environmental settings
(Sandland and Minchella 2003). In 1960, the concept of “disease triangle” was sug-
gested for consequence of disease in hosts (plants). Three factors basically involved
in this concept for the regulation are the hosts, the parasites, and the environment.
Before 20 years, the scientists of plant breeding group recognized another term
“genotype-by-environment interactions” in the research field of host-parasite inter-
actions. This term advocated that comparative resistance of cultivars to their
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particular parasitic strains is governed by environmental conditions (Browder 1985).
One of the best examples of this concept is in oat cultivar which gets fewer infec-
tions by rust fungus during the winter season, while high infection rate is found in
summer season. However, this conventional process is entirely reversed during the
infection of the same cultivar with another fungal strain.

The experimental studies are going on in the field of host-genotype-environ-
ment (H-G-E) interactions and parasite-genotype-environment (P-G-E) interac-
tions under various conditions along with different genotypes of hosts and parasites
(HG-PG-E). The statistical tests of these three-way interactions were conducted in
barley growth and aphid reproduction. The various genotypes and presence of rhi-
zobacterium (the rhizobacterium is taken as “environment” in this experiment)
both affect the growth in barley and reproduction in aphid resulting in substantial
HG-PG-E interactions (Tetard-Jones et al. 2007). The environment (rhizobacte-
rium here) substantially changed the selection specificity in 31 out of 92 performed
tests.

The nutrient availability and temperature are environmental factors tested most
frequently during host-parasite interactions. Temperature greatly affects the physi-
ological, biochemical, and behavioral processes in both hosts and parasites. In sev-
eral studies, the temperature enhances development of parasites and exploitation of
hosts and therefore disease occurrence (Thomas and Blanford 2003). The nutrient
variability is able to alter specificity of hosts and parasites. For example, certain
susceptible host genotypes can use the supplementary food during nutrient variabil-
ity for their defense, while the rich nutrient availability might provide more suitable
environment for parasite infection in other hosts (Laine 2007).

10.2.4 Epigenetics and Transgenerational Resistance

Plants can achieve immunity within their own lifetime, and pathogen interaction
with plants also results in epigenetic modifications in cell that lead to immunization
in the next generations. A study shows that the treatment of Arabidopsis with the
-amino-butyric acid (BABA), a SAR inducer component, and the avirulent strains
of P. syringae pv. tomato inoculated on tomato plant led to enhanced disease resis-
tance up to the next generation with faster and stronger expression of SA-dependent
defense-related genes (Luna et al. 2012; Slaughter et al. 2012). Offspring from
primed plants also shows enhanced resistance to the biotrophic oomycete
Hyaloperonospora arabidopsidis. This phenotype persists in further one stress-free
generation followed by increased resistance during pathogen attack in the next
upcoming generations (Slaughter et al. 2012). Mutation in the nprl gene can block
the transgenerational resistance (Luna et al. 2012).

Transgenerational resistance of plants is regulated by certain epigenetic modifi-
cations such as DNA methylation and chromatin rearrangements. Control of trans-
generational stress memory takes place through somatic homologous recombination
of gene. Arabidopsis plants treated with flg22 or ultraviolet C show enhanced
somatic homologous recombination in both parental and in the next four subsequent
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generations (Molinier et al. 2006). Further studies focusing on the molecular mech-
anism of passing immunological memory to its subsequent generations are still in
progress for better disease control mechanism in plants (Henry et al. 2013).

10.3 Conclusion

Plants have various cell surface receptors to discriminate the different PAMPs com-
mon in most of the microbes. Apart from isolating bacterial PAMP receptors, the
research in host-parasite coevolution field is rapidly progressing toward the recogni-
tion of PAMPs and their respective receptors. Several PAMPs have been identified
with their own receptor. An individual microorganism will efficiently be distin-
guished by several PAMP receptors. Many labs are specifying the enzymatic activi-
ties of effector molecules and recognizing their targets in host. The recognition of
effector molecule targets will open the molecular action of PTI because the primary
action of effector molecules is inhibition of PTI. Apart from this, the pathogen
effector molecules may also contain virulence components which can be necessary
for disease incidence. The battle between host-parasite interactions is a continuous
process for their coevolution. In the coming years, there may be some new mecha-
nisms revealed about host-parasite interactions. Explanation of mechanisms
involved in controlling the coevolution of host-parasite interactions will be greatly
affected by new techniques including rapid genome sequencing, gene editing, and
development of computational methods along with bioinformatics to study the
available genome information. Concurrent researches that make use of post-
genomic technologies including system biology perspective will finally provide
understanding of expression of all genes and proteins in hosts and parasites that are
expressed during the battle of resistance simultaneously. These technologies will be
very helpful to explore the complicated interactions between various pathways
expressed during coevolution of hosts and parasites. Finally, the complete percep-
tion of molecular basis of host-parasite interactions will permit execution of these
explored researches to make the hosts more resistant by adding novel combination
of genes that are durable and identify various range of parasites.
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