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A B S T R A C T

The hypersensitive response (HR) is a defense action against pathogen ingression. Typically, HR is predictable
with the appearance of the dead, brown cells along with visible lesions. Although death during HR can be limited
to the cells in direct contact with pathogens, yet cell death can also spread away from the infection site. The
variety in morphologies of plant cell death proposes involvement of different pathways for triggering HR. It is
considered that, despite the differences, HR in plants performs the resembling functions like that of animal
programmed cell death (PCD) for confining pathogen progression. HR, in fact, crucially initiates systemic signals
for activation of defense in distal plant parts that ultimately results in systemic acquired resistance (SAR).
Therefore, HR can be separated from other local immune actions/responses at the infection site. HR comprises of
serial events inclusive of transcriptional reprograming, Ca2+ influx, oxidative bursts and phyto-hormonal sig-
naling. Although a lot of work has been done on HR in plants but many questions regarding mechanisms and
consequences of HRs remain unaddressed.We have summarized the mechanistic roles and cellular events of
plant cells during HR in defense regulation. Roles of different genes during HR have been discussed to clarify
genetic control of HR in plants. Generally existing ambiguities about HR and programmed cell death at the
reader level has been addressed.

1. Introduction

Plant resistance to attacking pathogens is escorted by the fast and
multilayered defense responses. The distinct constituents of defense
responses include use of chemical arsenal and structural barriers e.g.
hydrolytic enzymes, lignin deposition and changes in cell wall proteins
etc. [1]. The Array of defense actions is activated after recognition of
pathogen elicitors by specific receptors. A defense response can be
specifically or nonspecifically induced by multiple types of biotic or
abiotic elicitors. Pathogen Associated Molecular Patterns (PAMPs) is
the prime tier of the plant innate immunity that involves the recogni-
tion of microbial patterns by different types of host extracellular Pattern
Recognition Receptors (PRRs) such as Receptor Kinases (RKs), Receptor

Like Kinases (RLKs) and Receptor-Like Proteins (RLPs) [2]. The elicitors
from pathogens include carbohydrates, glycoproteins or lipids and ef-
fectors are coded by particular strains. In case of suppression of PTI
(PAMPs triggered immunity) by invading pathogens through effectors,
plants employ Effector Triggered Immunity (ETI) that is second line of
defense [3,4]. The pathogenic effectors are recognized by resistance
proteins (R) [5]. This recognition complex triggers downstream signals
that results in the activation of ETI [6]. PTI and ETI may protect the
plants from the attack of approximately 99% phytopathogens (Table 1)
[7].

As a survival strategy, recognition of invading biotrophic pathogens
by the plant trigger immune responses frequently complemented by a
type of cell death called as the hypersensitive response (HR) [8,9]. Very
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commonly, fungi, oomycetes, bacteria and viruses are inducers of HRs
but it can also be induced by insects or nematodes [10]. Similarly,
contacts between parasitic plants and their hosts have also presented
evidence of cell death although it is unclear that whether it is an ab-
solute HR or not [11,12]. Generally, the dead, brown cells, with visible
lesions are attributes of HR. Although death during HR can be limited to
the tissue region in direct interaction with a pathogen yet it can also

inflate away from the original infection site [13]. Genetic manipulation
of HR reveals that it is widespread phenomenon under strict control
toprevent cell death away from the infection site and exhibit apoptosis
resembling attributes [8,14]. As a part of the immune plan, leakage of
cellular contents during HR alerts neighboring cells to be ready for
dealing with the potential invasion(s). Mostly, HR cell death in plants
has been focused in plant defense against biotrophic or hemibiotrophic

Table 1
Genes located at different sites in plant tissues are induced by different molecules and play crucial role in HR. The key functions of these genes have been elaborated
by different workers. Starting from pathogen recognition by receptor and finalizing HR to restrict infection is categorically attributed to putative functions of these
genes [90–93,96–98,100–108,110,111].
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pathogens. However, necrotrophic pathogens are well able to hijack HR
for benefit. HR, in fact, crucially initiates systemic signals for defense
activation in distal parts of plant that ultimately results in resistance.
This is called as systemic acquired resistance (SAR) [15]. Therefore, HR
can be separated from other local immune actions/responses at the
infection site. HR comprises of serial events inclusive of transcriptional
reprograming, Ca2+ influx, oxidative bursts, phyto-hormonal signaling,
mitogen activated protein kinases (MAPK) etc. [16].

The understanding of HR has also been complicated since cell death
due to different causes is a common phenomenon in plants. However,
the fundamentals of HR along with its all consequences are considered
as very conserved among angiosperms during their interactions with
pathogens [17]. In diverse interactions, aspects of HR may change
noticeably [18].

To avoid confusion and bring more clarity, often used term is ‘hy-
persensitive-like cell death’ in case of plant cell death without any ca-
tegorical connection to R-genes, the defense response or disease re-
sistance [19,20]. A growing body of literature about HR has presented
overarching inferences. However, many questions regarding the me-
chanisms and consequences of HRs remain unaddressed. In this review,
we aimed to precisely summarize the existing knowledge about HR and
attempted to throw light on different aspects of HR as a key component
of plant defense responses. Usual ambiguities regarding HR and pro-
grammed cell death (PCD) at reader level has been addressed. The
prospective mechanistic variations in HRs among same/different host
species with interacting pathogens have also been focused.

2. Is HR really needed for plant defense?

The HR in plants leads to rapid cell death in the region of invasion
that limits the pathogen and prepares the plant defense for successive
assaults. Being a very controlled phenomenon, HR involves concerted
metabolic actions and reactions as well as regulators at different levels
that make it efficient defense response [9,21]. A deep look into HR
phenomenon reveals two basic functions attributed to this i.e. Re-
sistance and death (Fig. 1) [22]. Over the years, it has been discussed
intensively whether cell death is a complete and only prerequisite for
HR mediated resistance in plants. An initial and quick defense rejoinder
results in the development of large symptomless resistance, whilst a
moderately primary defense reaction leads to resistance with controlled
and limited HR cell-tissue death. Consequently, a deferred or futile host
challenge to a pathogen for eliciting resistance responses may ends in
systemic HR i.e. heavily stressed plant tissues as well as the partial or
complete defeat of control over invading pathogen(s) [22–24]. The
active plant resistance responses suggests that fight against pathogen
can be effective in presence or absence of PCD but its result may
principally dependent upon the timing and speed of the host responses
(s). Therefore, it can be inferred that plant resistance can be effective
with or without cell death. Generally, in HR, cell death -resistance
coupling can be observed in terms of physiology and genetics (Tables 1
and 2) [9,21,25,26]. So we agree over the essential involvement of cell
death in resistance against biotrophic pathogens [27]. Hence, HR cell

Fig. 1. HR in pepper plants after inoculation of Agrobacterium harbouring dif-
ferent TFs. Ta
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death can be regarded as a result of intense defense responses
throughout the resistance.

3. Biochemical and cellular signals involved in HR

After pathogen recognition, host plants experience multi types of
biochemical and cellular signals as well as defense responses inclusive
of ionic flux, activation of kinase cascades, ROS (reactive oxygen spe-
cies) burst, variations in phyto-homonal levels, transcriptional repro-
gramming [28–33]. However, it is not easy to evaluate the individual
differentiated role of any of the earlier mentioned processes as fully
accountable for cell death and resistance during HR. The ion fluxes are
initial obvious cellular proceedings taking place across the plasma-
lemma and a ROI (reactive oxygen intermediates) burst [34]. Oxidative
burst is induced by ion fluxes and sequentially needed for induction of
defense marker genes and production of antimicrobial metabolites
[34–36]. An important clue in understanding this phenomenon is ex-
clusively yielded by plant-biotrophic pathogen interaction as this
cannot be observed in the case of necrotrophic pathogens. The dying
plant cells after biotrophic pathogen attack might discharge few of the
mentioned signals that themselves may be antibiotics or disinfectants
[37]. In hand evidence suggests presence of some pathogenic particles
in living plant cells adjacent to necrotic area. Besides, antioxidants can
also control number of HR-lesions in case of TMV attack [38]. Such
findings highlight that resistance as well as cell death can be separated
physiologically. Vacuolar processing enzyme (VPE) is essentially re-
quired for vacuolar collapse triggered PCD during N gene-mediated HR
in TMV attack. Loss of function of VPE distinctly blocked HR-type ne-
crosis and enhanced TMV growth [39]. This proposes that some PCD
types would also limit virus attack. Likewise, nutrient adjustment i.e.,
addition of sulfate to growing tobacco plants can also reduce number of
necrotic lesions as compared to lesion number in plants growing in
sulfate deficiency [40]. In Erwinia amylovora inoculated apple leaves,
cell death in the HR continued through ROS, ethylene and VPE path-
ways mediated signaling cascade. So we see the commonality despite
obvious differences in terms of HR among genetically different culti-
vars. Interestingly, HR phenotypically resembled in both resilient and
vulnerable apple cultivars along with ROS mediated development of
micro as well as macro lesions but maximum VPE expression was de-
tected in resistant cultivar [41]. It was also documented that in vitro
bacterial survival could be reduced by H2O2 [42]. Besides oxidative
burst, pathogen like E. amylovora may also cause cell death effects
linked with modifications of plasmalemma H + -ATPase, the reduced
ATP production and fast obliteration of mitochondrial functions [43].
Such physiological changes collectively or individually perturb attri-
butes of living cells and culminate in their death. So any increase/de-
crease in mentioned physiological attributes may check HR and con-
firmed that cell death is a consequence not the cause of plant resistance
to a pathogen. It means that if we manage physiological attributes by
chemical means or some genetic manipulation, HR type -cellor -tissue
death would control pathogen invasion by inhibiting its growth. Such
uncoupling of cell death and immunity has been observed in fungus/
bacteria-plant interactions [40,44,45]. The experimental procedures
have also elaborated that strengthened cell wall during HR cell death
plays positive role in plant-pathogen interactions. Histochemical ana-
lyses demonstrate the strengthening of the cell wall as a fragment of HR
PCD-mediated defense [46]. The relative expression level of xyloglucan-
specific endo-β-1,4-glucanase inhibitor-protein 1 gene (CaXEGIP1) validate
molecular mechanism of cell wall reinforcement and signaling during
HR mediated PCD [47]. The target of CaXEGIP1 is plant xyloglucan-
modifying enzymes. Therefore, its expression starts cell death and re-
lated defense signaling. Similarly, CaPKc1 is induced by pathogen at-
tack and take part in ATP production for catering energy needs of HR
and defense responses [21].

Topical advances in genomics and proteomics techniques facilitate
us in observing modulations in plant gene expression and proteins. High

throughput transcriptomic and proteomic analyses unveiled the various
molecular and biochemical alterations during plant-pathogen interac-
tion. Several defense linked genes have been discovered, cloned and
even their ectopic expressions have been recorded. This strategy of
isolating HR-related genes and measurement of their relative expression
levels is an effective strategy in plants (Tables 1 and 2). For instance,
specific cDNAs from Xcv or P. capsici infected leaves presented several
induced transcripts of Capsicum annuum encoding LRR, chitinase, stel-
lacyanin, PR-5 and by abiotic elicitor treatment [48]. Spatio-temporal
expression arrays of some defense linked and HR-related genes in dif-
ferent plants have been noticed as inducible defense responses i.e.
CabZIP53, CaZNF830, CaWRKY40b, CaWRKY22 [2,3,19,26,28–30].
Besides, many genes are not constitutively expressed in plants with
special reference to HR. Many membrane-localized receptor protein and
genes are exclusively expressed during HR and regulate defense. Such
genes and proteins include Membrane-Located Receptor-Like Protein
1(MRP1), receptor-like kinase 1 (RLK1), Mildew Resistance Locus O
(CaMLO1-2) etc.(Table 1) [49,50]. Transgenic expression of RLK1 in
pepper pointedly conceded virulent and avirulent bacterial pathogen-
induced cell death in tobacco, complemented by superoxides production
and induction of Lesions Simulating Disease (LSD) gene [51]. Never-
theless, the transcriptional fluctuations may not reveal regulatory pro-
cesses at the whole cell level due to different alterations at the post-
transcriptional and post-translational level [21]. Micro- or macro-arrays
of the plant transcriptome and proteome help in quantitative appraisals
of protein expressions among infected and healthy plants. Combined
genetic and proteomic strategies exposes incompatible interfaces reg-
ulating the plant resistance responses to pathogens.

4. Morpho-ultrastructural modifications during HR

It is not easy to arrange cytological events in a proper order that
lead to HR. In plant-biotrophic pathogen interaction i.e. Vigna un-
guiculata-Uromyces vignae, the events have been observed in a sequence.
In the first step, nucleus migrated to the site of penetration causing
streaming of the cytoplasm. Later on, organelles presented Brownian
movement with condensation of the nucleus and dismantling of the
protoplast. Finally, cytoplasm was collapsed ending at death of infected
cell [52–54]. The apoptotic bodies had also been observed in isolated
plant protoplasts [55]. The timing of these events is very quick. Such
time limitations parallel to quick responses render it difficult to observe
intermediate events in fixed tissues.

During hypersensitive response, plant cells facing pathogen attack
reinforce their cell walls by deposition of some phenolic compounds,
phytoalexins production, and accrual of pathogenesis-related (PR)
proteins. The understanding of the pathogen plant interactions that
result in the HR may lead to the discovery of effective methods for
disease control [56] and plant-herbivore interactions. Genetic control
over HR cell death is unveiled by the activation of plant defense asso-
ciated genes and defense responses upon recognition of pathogen
[57–59]. The morpho-ultrastructural modifications accompanying PCD
during plant-microbe interactions are limited to some model plants and
pathogens. It has been confirmed that autophagy also performs a pro-
minent function in plant immune responses and impeding autophagy
enhanced susceptibility virus attack by enhancing its propagation [60].
Similarly, elicitors i.e. Fumonisin B1 or harpins can also initiate HR and
induce physiological alterations related to disease resistance [61]. Pa-
thogens virulence factors e.g. harpins (involved in type III secretion
system, T3S) impairs the integrity of the plant cell. Type III proteins
results in compromised the plant cell physiology of and promote the
disease [2,62]. The available evidence reveals that exogenous applica-
tion of harpin coordinately induce micro-HR and systemic resistance to
pathogens [63]. The comparative account of plant molecular as well as
cytological markers may offer distinction between HR and necrosis
(Fig. 1). These events do support fate of living cells till death but still
the question is what to do of dead cells? Where those dead cells would
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be disposed off? Resistance is associated with cell death but it never
means that cell death is total resistance. Therefore, the correlation be-
tween cytological events, PCD and HR must be focused for functional
evaluation and mechanistic assessments. Furthermore, signals from the
plant as well as the pathogen can interfere to distress progress to death
of cells. Consequently, evaluating cell death in the interaction per-
spective may help in our understanding.

5. Plant HR like cell death is different from developmental PCD
and mammalian apoptosis

Programmed cell death (PCD) is the term used for organized anni-
hilation of a cell that is very significantly important in different plant
developmental pathways such as embryogenesis, senescence etc.
[64,65]. During HR, it offers a defense reaction against pathogens in-
gression and takes part in plants responses to environmental stresses
[66]. Apoptosis is a genetically controlled type of PCD in mammals that
is characteristically recognizable. Even though different pathogens of
plants and fungi display developmental PCD with confirmed morpho-
logical as well as genetic resemblances yet some questions on homology
with mammalian apoptosis are still need to be answered [9,13]. Based
on its ubiquitous nature and involvement in plant metabolism [67], as
well as some common attributes with apoptosis, it is considered HR cell
death is endogenously regulated. But a robust and constant association
of HR with immunity differentiates it from the PCD taking part in plant
development [9,68]. This gives rise to a cross-talk between develop-
mental PCD and defense HR. The first evidence of discriminated re-
sponse comes from genetic regulation of processes. The gene works
individually or as a web may activate defense or developmental pro-
cesses and vice versa. For instance, Pontier et al. [67] described low
transcript levels of SAG12 in transgenic tobacco cells around the HR
lesions induced by bacteria and TMV. Oppositely this gene is considered
as a marker gene for senescence in Arabidopsis. This reveals an obvious
difference in response leading to differential contribution of this gene in
plants. Corroboration of available data helps us to agree that HR is a
precise kind of plant PCD progressed as a defense.

Conceivably, the most convincing proof of HR as a PCD process is
the presence of disease lesion mimics mutants [56]. Similarly, im-
munity in A. thaliana is triggered by a bacterial acetyltransferase
without HR [69]. These are different but parallel lines of facts con-
firming dependence/independence of HR over some other process.
Facts advocate discrete signaling pathways may possibly lead to the cell
death and trigger defense gene(s) that characterize parasite/pathogen-
specific immunity associated genes taking part in regulation of re-
sponses. For example, the promoter of BnLSC54 has been detected ac-
tive in Arbidopsis thaliana before Peronospora parasitica mediated HR. It
is noteworthy that this gene is inducible by senescence [70]. It is no-
teworthy that studies using cell death inhibition support that PCD can
be uncoupled from the activation of defense genes [71]. Researchers
believe that PCD in HR and pathogen confinement are two distinct
plant defense responses [72,73]. So we can consider that HR is a kind of
PCD and can be described as default state upon pathogen invasion into
cell. It seems that biotrophic plant pathogens resemble intra-cellularly
with some animal viruses that can surmount HR in susceptible hosts
[9,74]. Thorough investigations unveiling gene regulatory mechanisms
would offer an in depth elucidation of interconnected pathways in-
volved in the regulation of HR and PCD. Experimentation by using
transgenic/mutant plants may shed more light on the interconnected
phenomena regulated by a diverse range of biochemicals.

6. Plant proteases and hypersensitive response

Living cells require Proteases at the post-translational level to carry
on irreversible hydrolytic reactions for the production of new protein
products [72,75]. The proteases perform hydrolysis functions but very
significantly these ubiquitous enzymes can also impact the activity of

proteins, regulate their localization, manage protein-protein interac-
tions, and take part in cellular information processing, cell death and
immunity [75–77]. The plant proteases are associated with the reg-
ulation of host immune reactions to microbial infection including PCD
[78]. Apoptosis in animal and HR in plants shares specific character-
istics. This provided a clue that some sort of conservation of the mo-
lecular components involved in PCD is present across the both king-
doms [72]. Approximately 140 cysteine proteases have been observed
in plant genomes and categorized into five discrete clans. Misas-Vil-
lamil et al. [79], have documented the CA and the CD clan in context of
plant-pathogen interactions. Belonging to CA clan, PLCPs (papain-like
cysteine proteases) are mainly secreted into the apoplast that de-
termines the success of infection or a plant defense response [80]. For
instance, the plant CathB (Cathepsin B) is activated in apoplast and
regulates defense-associated HR and basal disease resistance [81,82]. It
was proved that E. amylovora and Psuedomonas syringae elicited HR was
interrupted by loss of function of CathB that enhanced disease severity.
Likewise, a decline in CathB transcripts can also impair functioning of
NB-LRR in potato and compromise HR [83]. Importantly, AtCathB1-3
genes work excessively for positive regulation of HR [82]. Although
CathB is not regarded as a universal regulator of HR yet its involvement
in defense HR appears to be pathogen-specific. Additionally, Pip1 and
Rcr3 also mediate pathogen perception in tomato. C. fulvum secretes
Avr 2 (effector) into the apoplast and it make complexes with Rcr3 and
Pip1. The mentioned complexes perceived by the Cf-2, a receptor-like
protein (RLP) trigger HR which helps in resistance to C. fulvum [84].
Correspondingly, VPEs are also needed for an HR-like cell death trig-
gered by Fusarium moniliforme [85].Interestingly, VPEs may be reck-
oned as player during compatible interactions not dependent upon cell
death [86]. Metacaspases also belong to CD clan and [72] found in
plants, fungi and bacteria. In Arabidopsis, AtMC1 has been found up-
regulated upon pathogen encounter and required for cell death phe-
notype. AtMC2, in contrast to MC1, work as a negative regulator of HR
[87]. Because MC1 is a strong HR mediator, plant cells require its apt
activation under discrete stress conditions. Correspondingly AtMC4,
take part in HR-like cell death response triggered by P. syringae as well
as fungal mycotoxin FB1 [88,89].

7. Conclusion

The research focus upon improvement in plant resistance to pa-
thogens and pests has significantly enhanced interest in signal trans-
duction and related responses at all levels during HR against disease
attack. Particularly the molecular as well as biochemical events during
the defense activation against pathogen invasion has led to the identi-
fication and functional characterization of genes and metabolic path-
ways taking part in PCD and HR for better understanding the process.
But many questions remain to be addressed. So far, despite resem-
blances in PCD among animals and plants, need is to explore the
therapeutic significance of these resemblances and differences for
managing microbial ingression in different crops. Likewise, expression
of anti-PCD genes in plants should be focused to search for broad-
spectrum resistance patterns among different plant-microbe interac-
tions. Engineering of pro-PCD genes for induction of HR is also a viable
option for improving plant defense against biotrophic pathogens. The
exogenous application of synthetic compounds already detected in
plant HR induction can be applied for plant protection and durable
resistance.
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