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ABSTRACT

The existence of human enteric pathogens (HEPs) on the edible parts is a well-known fact as
evidenced by large number of outbreaks caused by them.HEPs have the ability to exist on
plants even under unfavourable conditions by means of attachment, invasion and subsequent
colonization. Plant microbiome of phyllo sphere and rhizosphere help the HEPs to expand,
survive and exist on plants. They help in growth, occurrence and stress resilience. Some
plants are also known to develop innate immune response against enteric pathogens to break
their pathogen cycle.

In recent scenario, many foodborne diseases occurring all over the globe have been linked to
contamination of leafy greens and fresh produce by enteric pathogens. Direct consumption of
fresh vegetables and fruits including tomato, sprouts, lettuce, spinach etc. are the cause of
food borne illnesses. Improper processing, preparation, and handling of food are also a major
cause. Improper storage andtransportation of fresh produce from one country to another are
also major causes of many outbreaks. The majority of research work hascentred on
postharvest microbial infection as a main issue.Humansare at potent risk as the consumption
of such contaminated plant parts as it is hazardous to human health. This review summarizes
the updated information on the existence of HEPs on fresh produce and its subsequent impact
on human health, as well as puts light on association of HEPs with plants through molecular

and in silico studies.
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INTRODUCTION

The word enteric means ‘related to
intestine’. Remaining intact in the stomach
and get dissolved in the intestine is referred
to as enteric. Enteric pathogens are the
microbes that cause “enteric disease” [1].
The enteric disease is characterised by
passing loose or unformed stools occurs
three or more times in a day which is also
called as diarrhoea and in addition, many
intestinal infections can occur affecting the
absorption of nutrients and their movement
from small intestine to the blood supply [2].
It can also disrupt the absorptive and
barrier function of intestine [3].

In recent years, the infection caused by
enteric pathogens linked to fresh fruits and
vegetables has arose a concern towards it.
Mainly the food borne outbreaks caused by
consuming lettuce, sprouts, spinach, radish,
carrots etc. [4, 5, 6, 7, 8]. An in-depth study
revealed that enteric pathogens survive in
soil, water and, manure [9]. Fresh produce
is contaminated during the harvesting
process as well as cutting tools used during
harvesting may contaminate the produce
[9]. The accessibility and attainability of
modern tools and techniques has led to the
detailed study of HEPs colonization and
survival on edible plant parts. Some
bioinformatic and molecular tools have
been used nowadays for advance study
[10]. The main factor behind increasing

risk of outbreaks is the harvesting,

processing and distribution process of fresh
produce. The factors on which the
expansion, existence and survival of HEPs
depend are environmental conditions, early
or late fruit ripening, pre and post
harvesting process, plant immune response
development, resistance  of  enteric
pathogens by plants and so on [9].

This review focuses and emphasizes on the
sources of contamination through which
enteric pathogens enter into leafy greens,
their survival and existence strategies,
biofilm matrix formation and molecular
mechanisms of colonization. It also
discusses genomic comparison between
host plants and pathogens colonizing on
them and, immune response of plants
developed against such colonization.
FOOD BORNE OUTBREAK CAUSED
BY HUMAN ENTERIC PATHOGENS
The occurrence of two or more than two
cases caused by the same disease resulting
by the indigestion of same food is called as
food borne disease outbreak. This can be
detected on the basis of the epidemiological
data as well as clinical information. The
outbreak can be confirmed when the causal
organism is known. Causal organism can
be bacteria, virus, protozoa or helminths
[11].

As the per the records (1980-2016), main
causal agents for food borne outbreaks are
Salmonella

species, E. coli species,

I9BPAS, January, 2021, 10(1)

146



Sakshi and Indu Gaur®

Review Article

Yersinia species, Vibrio species, Listeria
monocytogenes [12]. The outbreaks caused
worldwide by HEPs are summarised in
Table 1 [13, 14, 15]. Infection can be
caused when these microbes invade and
multiply in the intestinal tract and release
toxin. The incubation period can last from
few hours to days and may vary from one
to another pathogen. Mode of subsequent
transmission is usually from person to

person through faecal-oral path [16].

method. The pathogens are shedded into
the human faeces and then plants get
exposed to enteric pathogens through direct
contact with the faecal matter or indirect
contact by contaminated irrigation water or
soil or manure [9]. The factors that play

important role in contamination of fresh

fruits and vegetables with HEPs are
contaminated irrigation water,
contaminated seeds, untreated manure,

bioaerosols and insect, fungi, nematode,

SOURCES OF CONTAMINATION protozoa as vectors [17]. Figure 1
There are two ways by which host plant is summarises the various routes of
exposed to HEPs: direct and indirect contamination by HEPs.
Table 1: Outbreaks caused due to by HEP contaminated fresh produce
YEAR CAUSAL PATHOGEN SOURCE REMARKS
2020 Listeria monocytogenes Enoki Mushrooms United States (36 cases)
2019 Salmonella javiana, Cut fruit, Fresh papayas, United States (383 cases)
Salmonella Uganda, Pre-cut melon
Salmonella carrau
2019 E. coli O157:H7 Sunflower chopped salad United States (177),
kits, Romaine Lettuce Canada
2018 Salmonella adelaide, Salmonella Pre-cut melon, Raw United States (101 cases),
Montevideo, Salmonella typhimurium, sprouts, Dried Coconut, France, Belgium,
Salmonella entericaserotype Poona, Rice, Luxembourg (32 cases),
E. coli O157:H7 Romaine lettuce United states (210 cases)
2017 E. coli O157:H7, Salmonella anatum, Leafy Greens, Maradol United States (45 cases)
Papayas
2016 Listeria monocytogenes, Frozen Vegetables, United States (101 cases)
Salmonella reading & Salmonella Packaged Salads, Alfalfa
abony, E. coli 0157 sprouts
2015 Salmonella poona, Listeria Cucumber, Frozen Corn United States (907 cases),
monocytogenes Hungary (32 cases)
2014 Listeria monocytogenes, Salmonella Bean Sprouts, Caramel United States (449 cases),
enteritidis, Salmonella Newport, Apples, Cucumber, Raw Europe (275 cases),
Salmonella agona, Clover Sprouts, Cucumber Denmark, Europe (147
E. coli 0121, Salmonella agona plant cases)
2013 E. coli 0121, Salmonella saintpaul Frozen Food Products, United States (119 cases)
Cucumber
2012 Salmonella braenderup, E. coli Mangoes, Organic spinach United States (189 cases)
0O157:H7, E. coli 026 and Spring Mix blend,
Raw Clover Sprouts
2011 E. coli 0104:H4, Sprouts of fenugreek Germany (3542 cases),
E. coli 0157, Salmonella enteritidis, seeds, Romaine lettuce, United States (325 cases)
Listeramonocytogenes Alfalfa and spicy sprouts,
Turkish pine nuts,
Cantaloupes
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Figure 1: Contributing factors leading to the contamination of fresh produce and leafy greens in the agricultural

The enteric pathogens can gain entry into
an agricultural field throughfarm yard dung
based manure, compost and mixingsewage
in the soilas shown in Figure 2 [18]. The
main source of contamination is the faeces
of animals. The food borne pathogens can
survive in soil as soil plays an important
role in transmission of disease caused by
enteric pathogens [19, 20]. The enteric
pathogens are present in birds, cattle, deer,
dogs, horse, sheep etc. These can be
transmitted into the soil by faeces of the
organism. The three types of soil in which
existence can be examined are sandy soil,
loamy soil and loamy sand soil [21]. The
most optimal soil for the growth is sandy
soil. In soil, temperature and moisture
affects the survival of a pathogen. Low
temperature and high moisture content is
ideal for the pathogen survival [21]. The

most common source by which HEPs are

fields

introduced into the soil is manure. They can
be spread by rain, water current, and
underground spring that contain
contaminated material. The adhesion of
enteric bacteria to the soil can be
influenced by various factors like different
type of soil type, texture of surface, surface
charge and wettability [22]. Addition of
pesticides to the field is also an important
cause of contamination. The pathogen
recovery was greater from the foliage
infection caused by sprinkler irrigation in
which water is applied to the field in way
like rainfall as compared to drip irrigation
[22].

Irrespective of the route, all enteric
pathogens come in contact with the plant
parts like leaves, stem, fruits and flowers of
the plant and through this they enter the
plant tissue leading to infiltration and

colonization [23]. Major factors that affect
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the existence of enteric pathogens on plants
are toxic chemicals released by certain
plants, UV radiation and availability of
micronutrients on plant surface inhabited
by these pathogens [24]. Contamination of
edible plant parts by HEPs leads to food
safety hazard [25]. Once consumed by
humans, contaminated fresh produce leads
to disease development in them.
MOLECULAR MECHANISM OF
COLONIZATION OF HEPs ON
PLANTS

The multiplication, entry, growth and,
survival of HEPs into host plant is called
process of colonization. Plants can act as
epiphytes, endophytes and thus play a
significant role as primary host for
colonization of HEPs. There are three steps
involved in the process of colonization i.e.

attachment, invasion and establishment as

demonstrated in Figure 3 [26]. These
pathogens haveability to bind to host
specific receptors. This is attributed to a
large number of adherence factorspresent in
bacterialgenome. The enteric bacteria such
as E.  coli OI157:H7 consist of
protein/factors leading to fimbrial adhesion
[27]. These factors are responsible for the
recognition of glycosylation patterns in the
host receptor proteins [28]. The host
defence response is manipulated by
pathogen through a common mechanism in
which microbial effector protein is injected
into host cell. This mechanism is known as
TTSS i.e. type 3 secretion system which is
a complex that acts as junction between
host cell and pathogen [29, 30]. This
junction mediates the secretion of pathogen

associated effector proteins in host cell.

] N
SURFACE
| RUNOFFS,
EFFLUENTS,
FLOODING
4 A
' 4 ™
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WATER
3 J
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BIOSOLID
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Figure 2: Different sources by which HEPs attacking fresh produce
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Figure 3: Cyclic process of Molecular Colonization

Flagella of E. coli O157:H7 seems to have
similar mechanism to TTSS as utilized by
plant pathogenic bacteria. Process of
colonization by E. coli O157:H7 involves
the binding of host cell to fimbriae, wherein
the structural protein EspA plays critical
role in mediating the host- pathogen
interaction [29, 30, 31]. After binding to
host cell, a pore is created in the membrane
of the host cell and then translocation of Tir
protein takes place. This Tir receptor
recognises a bacterial adhesin known as
intimin [29]. Binding of Tir receptor

tointimin  results  inattachment and
formation of an(A/E) lesion denoting
attaching and effacing lesions that denotes
the close association between HEPs and
host cell [31, 32]. In E. coli O157:H7,
binding takes place with leaf epidermis
followed by expression of TTSS, which
requires the temperature of 37°C [33].

Table 2 shows the summarised form of

different proteins, receptors present in
HEPs and plants.

HecA, agglutinin like protein also plays a
vital role in HEPs plant interaction [34].
Most HEPs invade the plant extracellularly
in the apoplast. For this, pathogens require
motility to invade the external surface as
well as internal plant tissues. Enteric
bacteria aim to abolish the plant innate
immune defence system in order to
establish themselves on plant surface.
Plants recognize enteric pathogen in two
steps. Firstly, PTI (Pattern triggered
immunity) recognizes membrane bound
receptor MAMPs (Microbe associated
molecular pattern) /PAMPs (Pathogen
associated molecular pattern) and secondly,
plant resistance protein recognises the
enteric pathogen effector protein which
leads to Effector triggered immunity [35,
36].
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S.enterica, Shigellaetc, invade the plant
host by using TTSS for delivering effector
protein [37]. Two variants of TTSS are
encoded by Salmonella strain: SPI 1 & SPI
2 which is Salmonella Pathogenicity Island
1 and 2 [38]. For macrophagial invasion
there is requirement of SPI 1, whereas
protection of growing bacterial colony and
maintenance of internal vacuole is done by
SPI 2 [39]. A cascade reaction is then
triggered due to recognition of enteric
pathogen by plant. Plant develops two
types of responses as a result of such
invasion: necrotrophic and biotrophic
response. SA signalling pathway (salicylic
acid) induces effector triggered immunity
that  recognises the  presence  of
biotrophicpathogens [40, 41]. Jasmonic
acid (JA) or ethylene signalling pathway,
induces effector triggered immunity in the
presence of necrotrophic pathogens [41,
42].

The colonization of leafy parts by HEPs
involves another molecular mechanism.
The initial attachment or colonization
occurs inrhizosphere as well as in the aerial
parts of plants primarily stem, leaves and
flowers. This initial attachment is mediated
by curli, fimbriae and flagella associated
factors/proteins [43]. From trichomes and
root hairs, plant metabolites are released,
which act as a chemical signal for

movement of bacteria to the root surface

[44]. Attachment to rhizosphere leads to

biofilm formation [45]. Adaptation and
survival of these pathogens leads to biofilm
formation, whereas stress conditions
including limitation of nutrients leads to
upregulation of ycfR genes. ycfR genes are
the genes present mainly in E. coli species
that performs mainly two functions i.e.
stressful  condition and
of biofilm [46].

synthesis process get downregulated and

stability  in
emergence Protein
energy metabolism rate gets low during this
4). In
seedlings, E. coli O157:H7 colonizes the

process  (Figure developing
root junctions which are epidermal in
nature [47].

For example, internalization of E. coli
occurs when it is treated by the route of
contaminated irrigation water and it is
found on lettuce leaves. E. coli O157:H7
can also internalize radish sprouts through
stomata and inside tissues of hypocotyls
and cotyledons [48]. Salmonella strains
have also been reported on lettuce plant
[49]. Some S.enterica sero var colonize
lettuce plant epiphytically and some
endophytically (e.g. S. enteric sero var
Dublin) [49]. Salmonella contaminate
tomato plants through injured stems and
flowers [50]. Inner cortex of root and root
cells were colonized by Salmonella. Enteric
bacteria are also able tocolonizecitrus plants in
the root region as well as in xylem [51]. For
example, orange is colonized by Salmonella

and E. coli O157:H7 [51, 52].
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Table 2: Receptors and proteins present in plants and enteric pathogens in response to each other

PATHOGENS

RECEPTOR, PROTEINS IN

RECEPTOR, GENE, PROTEININ

PATHOGENS PLANTS
E. coli O157:H7 T3SS protein, Intimin protein, Tir NBS- LRR
receptor

Salmonella typhimurium &
Salmonella Enteritidis

T3SS -1 AND TTSS -2, SP1 and
SP2, SP4, Effector proteins

MPKS3, MPK4,MPK6

E. coli

LPS, PRR

PR1 Gene, BGL2 promoter

Salmonella species

FLS2 receptor

PR1, PR2, PR4, PR5 Gene

tachment 1ot

phyllosphere
% Curli/timbriae/flagella

Cellulose preduction

a@% 2

I
_—

Upregulation of genes
involved in nutrient
imitation, strass responses,
and biofilm modulation
Adaptation
and survival

Downregulation of protein
synthesis and overall energyl
metabolism

Biohlm modulators,
flagella, and curli imbriae

Artachment to the
rhizoplane

Figure 4: Molecular process of colonization by HEPs into leafy greens

FORMATION OF BIOFILMS BY HEPs
Bacterial biofilm is a structure that consists
of community of cell of bacteria
surrounded by polymeric matrix which is
attached to the surface of colonization [53].
Steps involved in the formation of biofilm
are landing of single free floating bacteria
on the surface followed by accumulation of
bacterial cells. As the dispersion ofbiofilms
occurs, free floating bacteria get released
leading to further spread and colonization.
Biofilm consists of ninety seven percent
water and thirty five percent dry weight of
When bacterial cell is

bacterial cells.

attached to the host cell surface, formation

of a slimy layer takes place. The enteric

bacteria  produce a  variety  of

exopolysaccharides and  proteinaceous
components. This acts as an extracellular
matrix meant for providing protection to
the bacteria. This extracellular matrix has
nucleic acids, cell debris, protein and
exopolysaccharides which is collectively
known as  Extracellular

substances (EPS) [54].

polymeric

Enteric pathogens (Salmonella enterica and
Escherichia coli) persist and resist to
disinfection  treatment by  attaching
themselves to the plant and by formation of

biofilms as in figure 5.EPS of these
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bacterial biofilms also consists of amyloid
curli and fimbriae. Curli/ amyloid fimbriae
are the main protein components of such
EPS as these help in adherence and
colonization of the bacterial cells to plant
surface [S5]. O-antigen capsular proteins
are also present in these enteric pathogens
for biogenesis of biofilms by aiding in their
attachment and subsequent colonization
[S1]. Similarly, flagellar rotation and
functionality is also very important for
biofilm formation, as flagella helps in
initial attachment of bacteria to plant
surface.The process of bacterial attachment
is biphasic. In the first phase, attachment is
weak, unspecific supported by electrostatic
and hydrophobic interactions. In second
phase the attachment is irreversible and
strong (attachment to leaves, fruits, roots)
called as firm attachment. This step

involves cellulose formation. The cellulose

part of EPS of biofilm serves as adherence
factor for S. Enteric and E. coli.

Four categories of genes are involved in
HEPs attachment, interaction and biofilm
formation by HEPs [57, 58, 59, 60, 61] as
synopsized in table3. These categories
include genes for biogenesis of biofilm,
chemotaxis and movement, genes involved
in adhesion and genes for virulence
properties [64]. Genes in bacteria that are
involved in colonization of plants include
bacterial cellulose synthase gene (bcs). It
consists of bcsA, besB and besC genes, of
which bcsA gene is present in Escherichia
coli [53]. There are some genes that play
role in biogenesis of bacterial motility
organs like flagella. Similar genes i.e. fliN
is present in K-12 strain of E.coli and fliC
is present in Salmonella enterica. Similarly,
agfAB is a gene present in S. enteric sero
var enteritidis whose function is regulation

and aggregation of fimbriae [S3].

Figure 5: Formation of biofilm on leaf surface by Salmonella sp.
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Table 3: Genes entangled in interaction of enteric pathogen to plants
ENTERIC PATHOGENS GENES PROPERTY OF GENES
E. coli K-strain, E. coli 0157:H7 &S. enteric ycfR gene Development of biofilm, abiotic stress
forbearance, molecular colonization
S. enteric sero varTyphimurium & Saintpaul ycfR gene Helpful to adhesion to leaves of spinach,
tomato, grapes.
Salmonella species SirA gene Existence of pathogen on spinach species
E.coli k-12 strain, O157:H7 ybiM gene Attachment to leaves of lettuce plants
Salmonella enteric fliC gene Adherence to lettuce plants
E. coli K-12 strain fliN gene Biosynthesis of flagella, affinity to attach to
lettuce leaves
Salmonella species agf gene Adhesion to lettuce plant
E.coli strain csg gene Adhesion to seeds of alfalfa plant
S. entericasero var Enteritidis agfAB gene Regulation and aggregation of fimbriae

Some additional factors also play important
role in attachment of S.enterica and E.coli
to plant surface. Plant surface consists of
polysaccharide and glycoproteins such as
pectin and cellulose. Studies showed that
cellulose provide good factor for bacterial
attachment. Nature and age of leaves
determines the roughness of surface. Old
leaves contaminated fast as compared to
younger leaves. Some sites on which
bacteria colonize and attack are epidermal
cell wall junctions, stomata, trichomes,
folding in veins and depression or beneath
the cuticle. They are rich in nutrient and
water and are protected from stress.
Presence of trichomes on plant surface
helps in attachment of enteric pathogens to
various plant parts through open bases and
stalks that are broken. Sites where
microbial biofilms of HEPs can be formed
are root surface, leaves, between
intracellular spaces of plant tissue etc.
More bacteria get attached to the lower leaf
surface (abaxial side) than upper surface

(adaxial side). Because on the lower

surface, there is abundance of stomata and

greater number of trichomes present and it
has thin cuticle layer which is easier to
invade. Also, lower leaf surface is less
exposed to UV radiations and it has more
availability of micronutrients secreted by
plant. The bacteria once attached to the
plant surface are protected from various
factors of environmental stress i.e. UV
rays, desiccation, temperature fluctuations,
rainfall, disinfectants etc. [56].

EPSof biofilms also helps in the interaction
of the one cell with another. Through
quorum sensing molecules these enteric
bacteria converse with each other. The last
stage leads to formation of microcolonies
that has multi-layered cells that resemble to
3D structure.Bacterial cells from the
biofilms are able to survive the adverse
environmental conditions as mentioned
above.EPS formation is therefore very
crucial for biofilm formation as it also acts
as a physical barrier for bacterial cells.S.
enterica and E. colihave been found to
survive in the host plant and niches of the
environment due to their ability to form

biofilms.
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GENOMIC COMPARISON BETWEEN
HEPs AND PLANTS

The techniques used in the study of
colonization of plants by enteric pathogens
include bioinformatics as well as molecular
techniques. The genomic comparison
between plants and enteric pathogens is
done by alignment based search techniques
and by wusing specific software and
bioinformatics-based tools [S4]. We can
compare the genome of sequenced enteric
bacteria with the plant genome using in
silico genomic comparison technique [67].
To know the interaction between HEPs and
plant we take an enteric bacteria containing
protein with a known sequence and
structure. By use of specific software we
can assess if there is a possibility of their
binding with a known receptor molecule of
a plant. If they match and bind, then it is
confirmed that enteric bacteria has the
ability to interact with the plant. This is
called as in silico genomic comparison
[68]. The comparison can also be done by
using RBH analysis (Reciprocal Best Hit)
[69]. It is used to identify putative
orthologous genes. This geneshares similar
sequence and function with one or more
genes of other organism [70]. In RBH, we
take pair of gene sequences from two
different genomes and by using sequence
alignment method, best match is obtained
and analysed. Organism containing putative

orthologs means having RBH with identical

sequence and they are determined to
perform same biochemical function [71].
Protein sequence alignment is used to
measure the similarity between 2 hosts by
matching the structural similarity of their
individual proteins [72]. Interactome level
similarity is based on the protein-protein
interaction between HEPs and host plant. It
is also used to understand the genetic
interactions. The protein-protein interaction
graph (PPI graph) of one individual is
being compared by other individual [73].
Distributional similarity is used to verify
the similarity between Salmonella-protein
pairs and plant-protein  pairs  [73].
Homology based transfer is for discovering
interaction of the sequence similarity
between plant and human enteric pathogen.
This can be done by plant enteric orthologs
in which the genes present in these two
different species are evolved from same
ancestral gene [73]. Another way is plant-
enteric pathogen homology in which they
have same structural similarity but do not
have common ancestry. BLAST is used for
such protein sequence correlation and
match the statistical significance. It is used
to know evolutionary relationship [74, 75].
PLANT DEFENSE SYSTEM
ACTIVATED BY HEPs

Plants are not natural hosts for human
pathogens. Despite this the enteric
pathogens have the ability to invade and

internalize plant tissues, although being non
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plant pathogenic.The immunity which gets

activated when an enteric pathogen
attempts to colonize or invade plants is
referred to as plant innate immunity [76].
Two ways by which this immune response
is triggered in plants have been classified as
Pattern Triggered Immunity (PTI) and
Effector Triggered Immunity (ETI) [77,
78].

There are some proteins and factors that are
involved in the interaction of HEPs with
plants. Microbe associated molecular
pattern (MAMPs) and pathogen associated
molecular pattern (PAMPs) are present in
HEPs which have specific roles in
recognising the pattern  recognition
receptors (PRRs) on plant surfaces. This
process when a plant cell is encountered
and bound by the HEPthrough
MAMP/PAMP-PRR interaction mediates
or triggers PTI as revealed in Figure 6
[76]. This triggered PTI activates MAPK
cascade which further helps in expression
of defence related genes in plant cells [79].
Products of such gene products involve
various defence enzymes and many other
factors leading to various physiological
changes in plant to resist bacterial
colonization. Flagellin plays a structural
role in bacteria which helps the bacteria to
attach as well as provide motility to
bacteria. FLS2 (flagellin sensitive 2)
receptor on plants recognises flagellin.

E.coliand S. enterica also consists of the

flagellin which mediates their colonization
through FLS2 binding. Arabidopsis
thaliana consists of fls2 which is a Leucine
rich repeat (LRR) region and also harbours
elongation factor Tu receptor [80]. Both act
as PRR for enteric bacterial PAMP/ MAMP
flagellin, thereby contributing to resistance
against bacterial pathogens. Few enteric
pathogens also consist of LPS, curli, pili,
flagella and peptidoglycans which are
homologous to PAMPs of plant pathogenic
bacteria. Curli can also function as PAMP
and LPS present in S.oyphimurium is a
strong PAMP in tobacco plant [81].

Another way of inducing plant immune
response is through secretion of effector
molecules by pathogens that leads to ETI.
Various research outcomes have shown that
HEPs also secrete such effector molecules
on colonizing their host plants. These
effector molecules are injected into plant
cell in order to take control of the cellular
system of plant. These effector molecules
are detected by NBB-LRR Proteins i.e.
Nucleotide binding leucine rich repeat [82].
These NB-LRR proteins belong to class of
resistance proteins that act as intracellular
sensor proteins. This is followed by
activation of resistance genes (R genes)
which causes ion-flux. It causes the
potassium ion and hydroxide ion efflux and
H+ and Ca2+ ion influx. All such
physiological
Hypersensitive Response (HR) [83]. HR

changes result ina
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then causes oxidative burst by the
production of ROS (Reaction Oxygen
Response) leading to cell death. ROS also
triggers the lignin and callose deposition
near the surrounding cells by which
infection is not spread to the neighbouring

cells [84]. The plant cell also responds in

the formation of nitric oxide, signalling
molecules like salicylic acid (SA),
jasmonate (JA) and ethylene. Biofilm
formation is also inhibited by JA. In this
way, pathogen infection is resisted by the
plants and further infection spread is

prevented.

Salmonella

I Inductian of 277,

Stomatal closure/ antimicrobials/
extracellular alkalinization/ plant defense

Induction of
BGL2 promoter
and PRT genec

NUCLEUS

[ Stomatal closure/ antimicrobialsf plant defense ]

Figure 6: Development of plant innate immunity in response to HEPs

Plants also induce stomatal defence in
response to HEPs [85]. When the
flagellated enteric bacteria are detected by
the plant, stomatal closure is induced to
prevent the entry of HEPs as stomatal
openings are the sites of gaseous exchange
and nutrient leakage from plants [86]. For
restricting bacterial colonization stomatal
defence

closure is used as plant

mechanism. LPS (lipopolysaccharide) and

flg22 (bacterial flagellin peptide) in E. coli
have been found to mediate stomatal
closure in a variety of host plants [85].

There are also other ways to stop the
infection caused by enteric pathogens. The
HRalso triggers different types of ETI
leading toSystemic Acquired resistance
(SAR) in plants to prevent any future
colonization and invasion by same bacteria

[87]. To achieve this, HR activates the
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transcription of phytoalexins and chitinases
that degrade the cell wall of pathogen. HR
also activates the hormonal signalling
through SA, JA and ethylene as mentioned
above.

Depending on the type and manner in
which plant immune response is generated
by a pathogen, HEPs can be categorised
into two types:necrotrophic pathogens and
biotrophic Pathogens. Nectropic pathogens
induce the JA —pathway and biotrophic
pathogens induce the SA- pathway. JA-
pathway and SA-pathways induce the
transcription of PR-genes i.e. pathogenesis
related genes which are defence related
genes of plant. PR-genes lead to expression
of PR-proteins as discussed above [88]. In a
nutshell, PTT is represented as first line of
defence and ETI is represented as an
amplified and accelerated response. Rapid
response is the sum of PTI and ETI which
together leads to HR.

CONCLUSION

Human enteric pathogens on plant parts is
the linkage between pathogens present in
the intestine to the plant’s consumable
parts. Plant serve as a host for the HEPs
where it can live and thrive, flourish and
nurture. It has been proved that enteric
pathogens are adapted to the plant surface
and they are also able to invade the plant
parts.

It has been reported repeatedly that when

HEPs come in contact of plants, they cause

many food borne outbreaks. The most

common enteric pathogens that cause food-

borne outbreak are Escherichia coli,
Salmonella enterica, Listeramono
cytogenes, Campylobacter, Clostridium

perfringens, Staphylococcus aureus. The
consumption of contaminated fruits and
vegetables with these pathogens lead to
food borne illnesses. Tomato, spinach,
lettuce, sprouts etc. are mostly get infected
by enteric bacteria and cause food borne
illness. Millions of people have been
affected in United States, Canada, Europe,
Asia due to food borne outbreaks over the
diarrhoea,

last decade. Enteritis,

campylobacteriosis, listeriosis, salmon-
llosis and shigellosis are the major food
borne outbreaks occurred all over the
globe.

The different routes of enteric pathogens
into the plants are: enteric pathogens get
engulfed or attracted by the plant roots
from the soil and through roots it gets
transported through plants edible parts. It
could also enter plant parts through manure
into the agricultural field as farm yard dung
based manure provides the best source of
enteric pathogens. The water used for
irrigation purpose can be infected with the
livestock waste and untreated sewage
water, both of which consist of noxious
gases, have odour, and consist of harmful

enteric pathogens. Also, the faecal matter

of birds and animals consist of enteric
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pathogens. Human faecesalso contain
enteric pathogens, so insects act as vectors
in transferring such enteric pathogens from
human faeces to plants. Seedscan also get
contaminated by such insects and such
seeds when dropped into the agricultural
land infect the soil which again becomes
entry route for contamination of other
Crops.

The unhealthy tissue of plant provides the
best part for growth of enteric pathogen as
it provides safety and macronutrients and
micronutrients for its existence. The enteric

pathogen when get associated with the

plant’s fruit, stem, flowers they affect the

plant tissue through infiltration and
colonization. Colonization process
comprises of adhesion, development,

existence and reproduction. The steps in the
process of molecular colonization is
adhesion 1i.e. the adherence of enteric
bacteria to the lineament on surface of
plant. Bacteria through their chemotactic
response towards the root surface help them
to move inside by their motility organs. The
bacteria enter through the injured part or
wounded part. These bacteria synthesize
extracellular polymeric substance i.e. EPS
that support the bacterial attachment to the
surface of the plant and also help in other
stages of colonization process. The
structure of enteric bacteria such as
fimbriae, flagella, surface of cell containing

EPS help in attachment process. Root hairs,

trichomes, wounds, leaf veins, leaf cut
sections, shoot hydathodes are considered
as the access sites for enteric bacteria.
Enteric bacteria colonize the xylem and
phloem tissue of the plant as well as root
cortex through the apex of root i.e. root cap
and root hairs. The intercellular spaces of
the plant have rich source of nutrients
various

containing amino acids,

carbohydrates, macronutrients and
micronutrients that help the enteric bacteria
in further colonization.

When enteric bacteria get attached to the
plant surface it leads to the formation of
biofilm. Biofilm formation is a key process
that helps in existence of enteric bacteria on
the plant surface. In response to these
pathogens, plant also showsimmune
response. Plant when acknowledge enteric
pathogen on their surface, undergo various
physiological changes in order to break the
cycle of pathogen. Stomata, wax, cuticle,
cell wall, trichomes etc. act as barrier for
the invasion by enteric bacteria. Plant
generates a response that is triggered by
pathogen molecules and categorised as PTI,
ETI or HR.

The various stages during which fresh
produce is infected by HEPs are growing or
expanding, reaping, postharvest handling,
manufacturing and allocating or dividing.
So, various measures should be taken to

avoid the contamination of plants by HEPs.

Ready to eat food, raw food etc. should be

I9BPAS, January, 2021, 10(1)

159



Sakshi and Indu Gaur®

Review Article

avoided. The fruits and vegetables should
be washed and sanitized properly before
consumption.Handling of food should be
done properly. The foods should be cooked
properly and raw and cooked food should
be separated so that no cross contamination
of pathogens occurs. Thus, by taking few
safety measures in our day to day life we
can avoid HEPs to contaminate plants and
thus food borne outbreak can be controlled.
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