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Alternaria blight, caused by Alternaria brassicae, causes
considerable yield loss in Brassica crops. While several blight-
resistant varieties have been developed using resistance
sources from host germplasm, none of them are entirely
successful in imparting durable resistance. This has prompted
the exploration of novel gene pools of nonhost plant species.
Nonhost resistance (NHR) is a durable form of resistance,
comprising pre- and postinvasion layers of defense. We aimed
to identify the molecular basis of NHR to A. brassicae and
identify the layers of NHR operating in a nonhost, chickpea
(Cicer arietinum). To elucidate the layers of NHR operating
against A. brassicae, we compared the histopathology and
infection patterns of A. brassicae in C. arietinum and Brassica
juncea. Delayed conidial germination, impeded hyphal
growth, suppressed appressorium formation, and limited
hyphal penetration occurred in the nonhost plant compared
with the host plant, implying the involvement of the pre-
invasion layer of NHR in C. arietinum. Next, we investigated
the molecular basis of robust NHR, in C. arietinum challenged
with A. brassicae, by microarray-based global transcriptome
profiling. Genes involved in stomatal closure, cuticular wax
biosynthesis, cell-wall modification, and secondary metabo-
lite production (contributing to preinvasion NHR) as well as
reactive oxygen species (ROS) and cell death (contributing to
postinvasion NHR) were found to be upregulated. Consistent
with transcriptomic analysis, the morpho-pathological anal-
ysis revealed stomatal closure, ROS accumulation, and lo-
calized cell death in C. arietinum as the defense strategies
against A. brassicae. Thus, we identified NHR-contributing
genes with potential applications in blight resistance gene
transfer to B. juncea.
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Alternaria blight, caused by the fungal pathogen Alternaria
brassicae, is one of the most damaging diseases of oilseed
brassicas throughout the world (Conn et al. 1990; Kadian and
Saharan 1983; Singh Saharan et al. 2016). A. brassicae is a
highly infectious and cosmopolitan necrotrophic fungus
(Jasalavich et al. 1995; Kadian and Saharan 1983; Tewari
1991). It reduces the yield of B. juncea by up to 47% in
Brassica-growing regions (Meena et al. 2010). A. brassicae
infects the host plant at all stages of growth, including the
seeds. The sources of primary infection are infected seeds and
plant debris. However, under normal conditions, the pathogen
spreads through the air and through soil-borne spores, resulting
in secondary infection (Thomma 2003). The spores land on the
plant surface in the form of conidia, which then develop into
germ tubes. The germ tubes grow and penetrate directly or
through the stomata into the host epidermal cells by forming
appressoria (Cho et al. 2006; Yang et al. 2005). The infection
progresses with the appearance of lesions in the form of nu-
merous black sooty spots, leading to severe disease manifes-
tation (Kadian and Saharan 1983; Kolte 1985; Kolte 2002)
(Supplementary Fig. S1).

Alternaria blight is currently managed by chemical fungi-
cides. However, in the recent past, efforts have been made to
utilize various conventional breeding and modern bio-
technological approaches for developing blight-resistant Bras-
sica varieties by exploiting host resistance sources. However,
the major bottleneck is the nonavailability of durable resistance
sources against A. brassicae within the available Brassica crop
germplasm. Until this date, no successful and durable strategies
have been identified for developing blight-resistant Brassica
crops. Hence, there is a need to effectively utilize novel sources
of A. brassicae resistance from nonhost plant species.

Nonhost resistance (NHR) is the most durable and effective
form of plant immunity against all the isolates of a fungal
pathogen (Bettgenhaeuser et al. 2014; Heath 2000; Mysore and
Ryu 2004). NHR is expressed by all the variants of a plant
species to a given fungal pathogen (Nirnberger and Lipka
2005). However, resistance (R) gene—mediated resistance is
cultivar-specific and less stable (Gill et al. 2015; Zellerhoff
et al. 2010). NHR against fungal pathogens is known to involve
multiple layers of resistance, which are mainly divided into
preinvasion or postinvasion resistance (Gill et al. 2015; Heath
2000; Zellerhoff et al. 2010). Preinvasion NHR is the layer of
resistance wherein the pathogen fails to penetrate the plant,
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while postinvasion NHR operates once the pathogen enters the
plant. Reactive oxygen species (ROS) generation and the hy-
persensitive response (HR) are the main events that occur
during postinvasion NHR. These postinvasion responses further
check the growth of a fungal pathogen inside the plant (Fonseca
and Mysore 2019; Lee et al. 2017). NHR, being a robust and
multilayered resistance response, provides a potential option
for developing disease-resistant crops.

The transfer of genes involved in NHR against A. brassicae
from nonhost plants is a promising strategy for developing
blight-resistant oilseed Brassica varieties. This warrants the
identification of the genes involved in NHR and an un-
derstanding of the mechanism by which NHR operates against
A. brassicae in nonhost plants. To this end, the prerequisite is to
choose potential nonhost plants that can provoke robust and
exploitable mechanisms and the underlying genes that are
easily transferable to the host plant for imparting durable re-
sistance. Therefore, we first aimed to identify a potential non-
host plant for A. brassicae. Second, we set out to understand the
pre- or postinvasion events occurring during the interaction of
A. brassicae with the nonhost plant at a morpho-pathological
level. At the molecular level, the genes and pathways re-
sponsible for NHR against A. brassicae are largely unknown.
Therefore, we also investigated the transcriptomic changes
occurring after pathogen challenge, to identify the genes in-
volved in pre- or postinvasion NHR, by performing microarray
and quantitative real-time PCR (RT-qPCR) analysis. In this
study, we identified the pre- and postinvasion NHR mecha-
nisms operating in C. arietinum against A. brassicae.

RESULTS

Identification of a nonhost plant for A. brassicae.

We compared the evolutionary distance between nine dif-
ferent plant families belonging to monocots and eudicots af-
fected by A. brassicae (Supplementary Fig. S2). We found that,
apart from the Brassicaceae family, which is a host for
A. brassicae, several members of the Fabaceae family, in-
cluding Cyamopsis tetragonoloba (guar), Phaseolus lunatus
(lima bean), and Pisum sativum (pea), are also infected by this
pathogen (Plantwise Knowledge Bank). Interestingly, however,
Cicer arietinum (chickpea), which belongs to the Fabaceae
family as well, is not infected by A. brassicae. We explored the
intercropping practices of C. arietinum with Brassica crops in
agricultural fields of India by surveying the literature. Inter-
cropping practices involve the cultivation of two different
species together for an extended period (Shekhawat et al. 2012;
Singh et al. 2010). We found that, in many parts of India,
C. arietinum is intercropped with Brassica spp. and that this
cropping pattern is being followed for several decades
(Supplementary Table S1). A. brassicae infects Brassica
plants but cannot infect C. arietinum growing in the same field
(Plantwise Knowledge Bank), even though the pathogen gets
enough chances to interact with C. arietinum during the course
of its evolution. Hence, we speculated that NHR mecha-
nisms against A. brassicae might be operating in C. arietinum
and, accordingly, we selected it as the nonhost plant for this
study.

Conidial germination, hyphal development, and
penetration of A. brassicae on nonhost and host plants.
The infection process of A. brassicae on the nonhost
(C. arietinum) and host (B. juncea) was compared to investigate
the factors responsible for the failure of A. brassicae to infect
C. arietinum plants. The histopathological study to understand
the differences in the dynamics of fungal development and the
invasion process on C. arietinum and B. juncea leaves revealed

conidial germination on the leaf surface of both species by 12
and 24 h postinoculation (hpi) (Figs. 1A and K and 2A). Co-
nidial germination on C. arietinum was approximately 47% at
12 hpi and 74% at 24 hpi, compared with 86% and 99%, re-
spectively, on B. juncea (Fig. 2A). Compared with B. juncea,
the frequency of conidial germination was lower, and the pro-
cess of conidial germination was delayed in C. arietinum. At
12 hpi, only one germ tube per conidium emerged in
C. arietinum, while, in B. juncea, more than one germ tube per
conidium emerged (Fig. 1A and K, Supplementary Fig. S3).
The hyphal length on the leaf surface of C. arietinum was
significantly lower (63.22 um) than that on B. juncea
(230.3 um) (Fig. 2C). Lateral branching from aerial hyphae was
evident only at 24 hpi in C. arietinum compared with B. juncea,
in which lateral branching of hyphae appeared at 12 hpi (Fig.
1B and L to N). In addition, repetitive dichotomous branching
of hyphae was not evident in C. arietinum, while, in B. juncea,
the hyphal apices showed repetitive dichotomous branch-
ing, which formed appressoria at 24 hpi (Fig. 1C and O). The
formation of appressoria is the characteristic feature of
A. brassicae for its stomatal penetration into the host plant (Giri
et al. 2013; Mandal et al. 2018). At 24 hpi in B. juncea, fungal
penetration through the stomata was mainly accompanied by
the formation of appressoria (Fig. 1D). In C. arietinum, the
frequency of germ tubes with appressorium formation was less
than 30%, whereas, in B. juncea, more than 70% of germ tubes
formed appressoria at 24 hpi (Fig. 2B). At 24 hpi in
C. arietinum, aerial hyphae were observed growing over the
stomata without any penetration (Fig. 1P). At 24 hpi, in
C. arietinum, only 2.5% of fungal penetration attempts through
the stomata were recorded, while in B. juncea, more than 60%
fungal penetration through the stomata was observed (Fig. 2B).
At 48 hpi, the formation of appressoria and penetration at-
tempts through the stomata were evident in C. arietinum (Fig.
1Q and R) and the frequency of stomatal penetration was very
low (10%) compared with B. juncea (76%) (Fig. 2B). In
B. juncea, direct penetration of fungal hyphae in the junctions
between epidermal cells was evident, whereas no such direct
penetration was seen in C. arietinum until 48 hpi (Fig. 1E).
However, the fungal hyphae led to the formation of swollen
appressoria near the epidermal cell junctions in C. arietinum
(Fig. 1S). In addition, at 48 hpi, the aerial hyphal length was
significantly lower in C. arietinum (256.88 um) than that in
B. juncea (636.02 pm) (Fig. 2C). In B. juncea, the rapid colo-
nization of fungal hyphae within the intercellular spaces was
evident at 48 hpi (Fig. 1F through H); however, no such colo-
nization was observed in C. arietinum (Fig. 1Q through S). At
72 hpi, hyphal differentiation into infection thread-like struc-
tures was observed growing on the leaf surface of C. arietinum
without any extensive hyphal growth or colonization inside the
leaf tissue (Fig. 1T). However, at the same timepoint in
B. juncea, extensive mycelial growth, colonization of fungal
hyphae, and reappearance of small hyphae from the stomata
were observed (Fig. 1I and J). Moreover, by 7 days post-
infection (dpi), no macroscopic disease symptoms were visible
in C. arietinum, whereas severe necrotic lesions were seen in
B. juncea (Fig. 2D).

The microscopic study showed delayed conidial germina-
tion, impeded hyphal growth, suppressed appressorium for-
mation, and limited hyphal penetration and colonization of
A. brassicae on C. arietinum, the nonhost plant. These are the
critical stages involved in the infection process of A. brassicae.
Therefore, the NHR operating in C. arietinum appears to ac-
tively suppress A. brassicae development, penetration, and
colonization. These findings imply that the rapid colonization
of A. brassicae in the host plant occurs within 48 hpi, while the
infection process is arrested in the nonhost plant. Overall, these
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Fig. 1. Comparative microscopic analysis of the infection pattern of Alternaria brassicae on Brassica juncea and Cicer arietinum. Lactophenol aniline blue
staining (0.05%) of B. juncea and C. arietinum leaves inoculated with A. brassicae was performed, followed by observation using a fluorescent microscope
(100x objective). A to J, The infection process of A. brassicae in B. juncea, the host plant. A, Emergence of hyphae from the intercalary and terminal cells of
conidiophores at 12 h postinoculation (hpi). B, Emergence of lateral hyphal branches from aerial hyphae at 12 hpi. C, Repetitive dichotomous branching of the
hyphae and appressorium formation at 24 hpi. D, Penetration of the appressorium and hyphal apices into the stomata at 24 hpi. E, Direct penetration of the
fungus through the spaces between the epidermal cells at 48 hpi. F, Massive growth and branching of fungal hyphae with multiple appressoria at 48 hpi. G and
H, Proliferation of fungal hyphae with appressoria between the epidermal cell junctions. I, Emergence of mature fungal hyphae through stomatal openings at
72 hpi. J, Extensive hyphal growth at 72 hpi. K to T, The infection process of A. brassicae in C. arietinum, the nonhost plant. K, Emergence of hyphae only
from intercalary cells but not from the terminal cells of conidiophores at 12 hpi. L, Growth of hyphae with distended apices on the leaf surface; no lateral hyphal
branches are visible at 12 hpi. M, Emergence of small lateral hyphal branches from aerial hyphae at 24 hpi. N, Formation of elongated lateral hyphal branches,
passing near the stomata at 24 hpi. O, No repetitive dichotomous branching of hyphae; increased diameter of hyphal cells at 24 hpi. P, Fungal hyphae passing
over the stomata without penetrating it at 24 hpi. Q and R, Stomatal penetration of hyphae accompanied with the formation of appressoria at 48 hpi (as
indicated by intense blue staining of the stomatal opening). S, Appressoria were formed from hyphae near the epidermal cell junctions at 48 hpi. T, Hyphal
differentiation led to the formation of infection thread-like structures without extensive hyphal growth at 72 hpi. The experiments were repeated twice, and
consistent results were seen. The arrows indicate the events described in the respective subsections.
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findings allowed us to identify the suitable timepoints at which
the robust NHR response operates in C. arietinum.

Transcriptomic alterations in C. arietinum
after A. brassicae inoculation.

To elucidate the transcriptomic responses of C. arietinum
after A. brassicae infection, we performed a microarray study.
The transcriptomic study was carried out for two timepoints
after A. brassicae infection, 24 and 48 hpi. These two time-
points were selected after observing the infection process of
A. brassicae in C. arietinum plants.

Identification of differentially expressed genes (DEGs). The
DEGs with log, fold change (FC) > 1 (P < 0.05) for
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pathogen-treated samples over the control samples were
identified. The putative annotations for the DEGs were extracted
from the chickpea transcriptome database (CTDB) (Verma et al.
2015). The unannotated DEGs were not considered in the final
list. The complete list of DEGs for both timepoints is provided in
Supplementary File S1. The overview of the transcriptomic
changes indicating the total number of up- and downregulated
DEGs at both timepoints is presented in Figure 3. The data
showed the differential expression of 305 transcripts at 24 hpi
and 3,498 transcripts at 48 hpi. At 24 hpi, in comparison with
mock-treated samples, among 305 DEGs, 91 were upregulated
and 214 were downregulated. Similarly, at 48 hpi, 2,140
DEGs were upregulated and 1,358 DEGs were downregulated
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Fig. 2. Cicer arietinum exhibits nonhost resistance against Alternaria brassicae. A, Frequency of spore germination, B, germ tubes with appressorium
formation and stomatal penetration, and C, hyphal length elongation were quantified. Lactophenol aniline blue staining (0.05%) was performed on leaf samples
collected at 12, 24, and 48 h postinoculation (hpi). Fungal structures were observed in the leaf samples using a light microscope. Spore germination was
quantified from nine independent plants, and three leaves from each plant were taken. Appressorium formation and germ-tube penetration were scored from 30
random microscopic fields on 10 independent leaves. Hyphal length was measured as an average of 50 random spores from seven independent leaves.
Experiments were repeated at least twice, and consistent results were observed. One-way analysis of variance with Tukey’s correction was applied; significant
differences (P < 0.05) are indicated by different letters. D, The phenotypes of C. arietinum and Brassica juncea leaves inoculated with A. brassicae at a spore
concentration of 5 x 10* spores/ml. The inoculated plants were kept in 100% humidity for 3 days after inoculation, after which the humidity was reduced to
70% till the end of the experiment. The photographs were taken at 7 days postinoculation under a 0.5x objective of a Stereozoom AZ100 microscope.
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compared with the mock control (Fig. 3A). Furthermore, a
comparison of both timepoints revealed that 63 and 2,112
DEGs were uniquely upregulated at 24 and 48 hpi, respectively,
while 109 and 1,253 DEGs were uniquely downregulated at 24
and 48 hpi, respectively. Among the common genes, only 28
DEGs were upregulated and 105 were downregulated for

both timepoints (Fig. 3B). As indicated by the presence of a
considerably larger number of transcripts at 48 hpi, the mod-
ulation of the transcriptome response after A. brassicae treat-
ment seems to be more robust at 48 than at 24 hpi.

The expression profiles of the top 20 upregulated and top
fivedownregulated genes after pathogen infection at 24 and
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Fig. 3. Overview of differentially expressed genes in Cicer arietinum upon inoculation with Alternaria brassicae. A, Number of up- and downregulated
differentially expressed genes (DEGs) at 24 and 48 h postinoculation (hpi). B, Venn diagrams show the number of common and unique genes up- and
downregulated at 24 and 48 hpi. C and D, Heat maps show the expression level of the top 20 upregulated and top five downregulated genes at 24 and 48 hpi. The
alteration in the transcriptome was studied in C. arietinum inoculated with A. brassicae at 24 and 48 hpi. The DEGs were obtained at 24 and 48 hpi over the
mock control. For A through D, DEGs with a minimum fold change (FC) cut-off = 1 (log,-transformed values) and P < 0.05 were considered for analysis. Heat
maps were generated, through Morpheus software, using the FC values. The scale bar indicates the range of FC. Genes commonly modulated at 24 and 48 hpi

are in a different shade in the text.
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48 h are shown in Figure 3C and D and Supplementary Table
S2. At 24 hpi, most of the up- and downregulated DEGs were
under the category of genes encoding enzymes such as protein
disulfide isomerase-like protein, nucleoside triphosphate hy-
drolases, cytosine methyltransferase MET1, peptidase S41,
protein tyrosine phosphatase-like, carboxyl-terminal domain
phosphatase-like 2, and haloacid dehalogenase-like hydrolase.
This indicates the reprogramming of genes related to catalytic
activities, phosphatase activities, and other protein modifi-
cations at 24 hpi. At 48 hpi, the gene encoding the sugar
transporter nodulin MtN3 family protein (orthologous
to AtSWEET7 in Arabidopsis) was highly expressed in
C. arietinum. Other members of the SWEET family of sugar
transporters in Arabidopsis, rice, and grapevine have been as-
sociated with plant defense and pathogenesis (Chen 2014; Chen
etal. 2010, 2012). Among the top upregulated genes, most were
related to the defense response, e.g., genes encoding cysteine-
rich receptor-like protein, RNI-like super family protein
DREB2A-interacting protein 2, and senescence-associated
gene 101. Our results suggest that the C. arietinum tran-
scriptome at 24 hpi is significantly different from that at 48 hpi.

To validate the results from microarray data, RT-qPCR anal-
ysis was performed for the 11 genes from the list of upregulated
genes at both the timepoints. The relative expression levels of
these genes obtained from RT-qPCR are represented in Figure 4.
The RT-qPCR analysis depicting the expression pattern of these
genes authenticated the microarray data.

Functional annotation of DEGs. We also categorized the
DEGs obtained at 24 and 48 hpi on the basis of gene ontology
(GO), using the Arabidopsis orthologs for C. arietinum DEGs.
The DEGs at 24 and 48 hpi were categorized into biological
process, molecular function, and cellular component, using the
GO tool from The Arabidopsis Information Resource (TAIR).
We found overlap in the enrichment of up- and downregulated
DEGs (for both the timepoints) in GO biological processes such
as metabolic and cellular processes, in GO molecular function,
such as enzymatic activity, protein-binding activity, and trans-
ferase activity, and GO cellular components, such as nucleus,
cytoplasm, and the intracellular component (Fig. 5; Supple-
mentary Fig. S4). Besides the TAIR GO annotation database,
we used agriGO as a tool to further subcategorize the different
biological processes. At 48 hpi, the C. arietinum transcriptome
exhibited the upregulated DEGs explicitly related to subcate-
gories such as response to biotic stress, immune response, and
programmed cell death (PCD) (Fig. 5); however, these cate-
gories were not found to be enriched at 24 hpi (Supplementary
Table S3). These results indicate that the heightened defense
response is activated at 48 hpi.

Differential expression of defense- and
phytohormone-related genes.

MapMan was used, as an additional microarray data analysis
tool, to elucidate the genes and pathways involved in the de-
fense response against A. brassicae. The transcriptomic data in
terms of the number of upregulated genes related to the defense
response against the pathogen differed considerably between 24
and 48 hpi (Supplementary Fig. S5). At 24 hpi, only a few
genes related to defense processes, which are mainly involved
in pathogen detection, protein degradation via ubiquitination,
and RNA-mediated silencing, were found to be upregulated
(Fig. 6A; Supplementary Table S4). Intriguingly, some defense-
related genes were also found to be downregulated (Fig. 6A). In
addition, at 48 hpi, the transcriptomic response was majorly
altered for the genes encoding proteins involved in signaling,
protein degradation via ubiquitination, pathogenesis-related
protein, heat-shock protein, cell-wall modification, and sec-
ondary metabolism. Most of the genes related to biotic stress

pathways were found to be upregulated at 48 hpi, including
those encoding proteins functioning as immune receptors (Fig.
6B). The expression of genes encoding different receptor-like
kinases (RLKSs), which play a crucial role in the perception of
signals from a pathogen and activation of defense response, was
also upregulated. Likewise, the expression of genes involved in
the ubiquitination-mediated defense response, systemic acquired
resistance-mediated disease resistance and NHR were found
to be upregulated (Fig. 6B).

Further, the transcriptome analysis revealed that the genes
involved in hormone biosynthesis, transport, and signaling
were upregulated at 48 hpi after A. brassicae infection (Sup-
plementary Fig. S6). We observed the upregulation of various
genes associated with abscisic acid (ABA) biosynthesis, ABA
transport, and the ABA-mediated signaling pathway (Supple-
mentary Table S5), indicating involvement of ABA in the plant
defense response against A. brassicae infection. In addition, we
also observed the differential expression of genes associated
with other hormones, such as cytokinin, ethylene, jasmonic
acid, and others. Overall, these results indicate that the in-
teraction of A. brassicae with C. arietinum impacts the ex-
pression of genes underlying the hormones related to defense
and growth processes.

Identification of the genes involved
in the pre- and postinvasion layers of NHR.

We identified a few DEGs from the transcriptomic data that
might be involved in the preinvasion layer of NHR, as assessed
from the literature (Supplementary Fig. S7). A. brassicae
penetrates directly by digesting the cuticle or through the sto-
mata into host epidermal cells. We observed that genes in-
volved in stomatal closure and stomatal opening were up- and
downregulated, respectively, at both timepoints (Supplemen-
tary Table S6). At 24 hpi, open stomata 1 (OSTI), which en-
codes the calcium-independent ABA kinase and is involved in
stomatal closure (Kim et al. 2018; Mustilli et al. 2002), was
upregulated. At 48 hpi, the gene encoding protein phosphatase
2ca (PP2CA), involved in stomatal closure, was upregulated.
FAMA, the gene involved in stomatal development, thereby
helping in plant defense against fungal pathogens (Li et al.
2018), was also upregulated. Besides this, the expression of
genes involved in cuticle development and wax biosynthesis,
which might be involved in preinvasion NHR, was upregulated
as well. Taken together, these findings support that stomatal
closure and cuticle thickening might be preinvasion NHR
strategies that prevent A. brassicae entry inside C. arietinum
tissues.

Additionally, secondary metabolites play an important role
as chemical barriers during pre- or postinvasion defense
against a pathogen. The DEGs were mapped onto different
pathways involved in secondary metabolism (Supplementary
Fig. S8). At 48 hpi, genes related to the production of sec-
ondary metabolites, i.e., flavonoids, phenylpropanoids, alka-
loids, carotenoids, and lignins, were found to be upregulated.
Further, the cell wall is the primary physical barrier prevent-
ing the pathogen from entering inside the plant cell. DEGs
involved in cell-wall modifications such as cell-wall thick-
ening and cell-wall lignification were also found to be upre-
gulated at 48 hpi. The expression of genes encoding cinnamyl
alcohol dehydrogenase 5 (the key enzyme involved in lignin
biosynthesis and cell-wall lignification) (Tronchet et al. 2010)
and callose synthase 3 (involved in callose deposition)
(Ellinger and Voigt 2014) was validated by RT-qPCR (Sup-
plementary Fig. S9). Thus, during pre- or postinvasion de-
fense, C. arietinum might be inducing the expression of genes
related to secondary metabolite production and cell-wall
modification.
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Fig. 4. Validation of microarray data by quantitative real-time PCR (RT-qPCR) analysis. A and B, Transcript expression of the 11 selected genes from the
microarray data were quantified by RT-qPCR in Cicer arietinum samples harvested at 24 and 48 h postinoculation (hpi) after Alternaria brassicae inoculation.
The expression values were normalized against CaACTIN2 as a reference gene. The graphs indicate the log, fold change (FC) values for all the genes, which
were calculated over the mock control. The data were obtained as the mean of three biological replicates. Error bars indicate the standard error of the mean.
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Postinvasion NHR directs HR-mediated cell death to further
limit fungal pathogen growth. For example, we identified a
couple of upregulated DEGs at 48 hpi, SAG101 and NHO1 (Fig.
6B), that might contribute to postinvasion defense through the
manifestation of HR-mediated cell death (Lu et al. 2001;
Maeda et al. 2010; Makandar et al. 2015). Moreover, the ac-
cumulation of ROS, leading to cell death and HR, is the com-
mon manifestation of NHR used by the plant to limit nonhost
pathogen growth (Greenberg and Yao 2004). ROS are signaling
molecules that activate the defense response against a nonhost
pathogen (Miller et al. 2010; Rojas et al. 2012). HR restricts
pathogen growth by triggering rapid and localized cell death at
the infection site (Oh et al. 2006). At 24 hpi, we observed the
upregulation of the cupredoxin superfamily protein, which is
involved in the oxidation-reduction process and ROS genera-
tion. Further, the enrichment of biological processes related to
PCD and HR was found at 48 hpi (Supplementary Fig. S10).
Some of the prominent upregulated genes were radical-induced
cell deathl (RCDI), downy mildew resistant 6 (DMRG6; en-
coding a putative 20G-Fe(II) oxygenase involved in the
ROS-mediated defense response), and flavin-dependent mon-
ooxygenase 1 (FMOI; involved in PCD at the infection site)
(Supplementary Table S8). These results highlight that the
postinvasion defense response of C. arietinum involves ROS
generation, HR, and cell death at the infection site to prevent
the growth of A. brassicae.

Experimental validation of the processes related
to pre- and postinvasion NHR in C. arietinum.

Transcriptome analysis revealed the upregulation of genes in-
volved in stomatal closure, in C. arietinum upon inoculation with
A. brassicae, at 24 and 48 hpi. We therefore quantified the ex-
pression of OST1 (at 24 hpi), PP2CA, and FAMA (at 48 hpi) genes
in C. arietinum after inoculation with A. brassicae by RT-qPCR.
The expression of these genes was upregulated to a similar level as
that observed in the microarray study (Fig. 7A, B, and C).
Moreover, to investigate whether stomatal closure is one of the
NHR strategies in C. arietinum for combating A. brassicae, we
observed the intensity of stomatal closure in mock-treated and
A. brassicae—treated C. arietinum plants at 24 and 48 hpi. For this,
the stomatal aperture index (SAI) was calculated by measuring the
width and length of the stomata by light microscopy. The SAI
values for A. brassicae—treated plants were significantly lower
than those of mock-treated plants at both 24 and 48 hpi (Fig. 7D),
implying substantial stomatal closure in C. arietinum after
A. brassicae inoculation. This indicates that the preinvasion NHR
in C. arietinum may lead to stomatal closure in order to prevent
penetration of A. brassicae.

Our microarray study also revealed the upregulation of genes
related to ROS-induced cell death in C. arietinum upon
inoculation with A. brassicae. We further validated the ex-
pression of a few genes related to ROS generation and defense-
induced cell death by RT-qPCR analysis (Supplementary Fig.
S11). Next, we confirmed the presence of ROS-associated cell
death, a postinvasion NHR mechanism, at the infection site in
C. arietinum. The accumulation of ROS, assessed by staining
mock-treated and A. brassicae—treated C. arietinum leaves at
24, 48, and 72 hpi with 3,3’-diaminobenzidine (DAB), revealed
very low H,O, accumulation at 24 hpi, which slowly increased
at 48 and 72 hpi in A. brassicae—treated plants compared with
the mock-treated ones. However, we did not observe any
macroscopic cell death or visible HR symptoms in C. arietinum
after A. brassicae inoculation (Fig. 2D). The extent of micro-
scopic cell death in C. arietinum was assessed by trypan blue
staining and localized cell death, in the form of small blue
spots, was observed on the leaf. Cell death was much less at
24 hpi compared with 48 hpi and a slight increase was observed

by 72 hpi (Fig. 7E). Interestingly, the pattern of ROS accu-
mulation consistently corresponded to cell death. These results
suggest that postinvasion NHR in C. arietinum leads to ROS
accumulation and highly localized microscopic cell death to
restrict the growth of A. brassicae.

DISCUSSION

NHR is considered an effective and powerful source of du-
rable resistance (Gill et al. 2015; Heath 2000; Zellerhoff et al.
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Fig. 5. Gene ontology enrichment analysis for functional categorization of
genes in Cicer arietinum upon inoculation with Alternaria brassicae. A to
C, Enrichment of gene ontology (GO) terms for cellular component, bi-
ological process, and molecular function in C. arietinum at 48 h post-
inoculation. For GO enrichment, Arabidopsis orthologs of differentially
expressed C. arietinum genes (log, fold change > 1, P < 0.05) were obtained
from the Chickpea Transcriptome Database. The genes were classified
among various GO categories, and GO enrichment was performed using the
TAIR GO tool. The bar diagram represents the enriched broad GO terms. In
each pair of bars, the lower one indicates the percentage distribution of
upregulated genes, and upper one indicates the percentage distribution of
downregulated genes under the respective GO terms. More precise func-
tional categorization of the transcripts falling under different subcategories
was performed by agriGO singular enrichment analysis with default
settings.
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Fig. 6. Expression analysis of defense-related transcripts in Cicer arietinum after inoculation with Alternaria brassicae. A and B, Expression level of genes
involved in defense after A. brassicae inoculation, at 24 and 48 h postinoculation (hpi). The differentially expressed genes (DEGs) were obtained at 24 and 48

hpi compared with the mock control. The DEGs with a minimum fold change (FC) cut-off of 1 (log,-transformed values) and P < 0.05 were considered for the
analysis. The list of genes was curated manually and by using agriGO. Heat maps were generated through Morpheus software, using the FC values. Genes

commonly modulated at 24 and 48 hpi are in a different shade in the text.
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2010). Owing to its robust nature, NHR can be utilized as a
resistance source to develop crops with durable resistance to
necrotrophic fungal pathogens. Various studies have reported
on the host-necrotrophic pathogen interaction involving
A. brassicae and B. juncea (Giri et al. 2013; Mandal et al. 2018;
Singh Saharan et al. 2016). Here, we successfully identified the
suitable timepoints at which the robust NHR response operates

in the nonhost C. arietinum, and, for the first time, we illus-
trated the interaction of A. brassicae with this nonhost. Using
morpho-pathological analysis together with transcriptomics,
we identified NHR-contributing genes and the NHR layers
operating in the resistance of C. arietinum to A. brassicae. The
transcriptome study of C. arietinum against A. brassicae re-
flects the robust changes in the defense response at later stages
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Fig. 7. Nonhost resistance in Cicer arietinum exhibits stomatal closure and cell death-mediated defense response against Alternaria brassicae. A to C,
Transcript expression of the CaOST1 gene was quantified at 24 h postinoculation (hpi) and the expression of CaPP2CA and CaFAMA genes was quantified at
48 hpi after inoculation with A. brassicae by microarray analysis and quantitative real-time PCR (RT-qPCR). For RT-qPCR, the expression values were
normalized against the reference gene CaACTIN2. Graphs indicate the log, fold change values calculated over the mock control. The data were obtained as the
mean of three biological replicates. Error bars indicate the standard error of the mean. Student’s ¢ test was applied and significant differences (at P < 0.05) were
observed compared with the mock control (indicated by asterisks). D, The frequency of stomatal closure was observed by microscopic analysis in C. arietinum
after inoculation with A. brassicae. The stomatal aperture index was calculated for mock-treated and A. brassicae—treated leaves at 24 and 48 hpi. Six leaves
from three different plants were used for analyzing the stomata. One-way analysis of variance with Tukey’s correction was applied; significant differences
(P <0.05) are indicated by different letters. E, Cell death was detected by trypan blue staining in C. arietinum plants inoculated with A. brassicae at 24, 48, and
72 hpi. The photographs were obtained using the 1x objective of a Stereozoom AZ100 microscope. Six biological replicates were used for estimating
cell death. All the experiments were repeated twice, and consistent results were observed.
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of infection. The commonly upregulated genes at early and conidiospore germination was delayed in C. arietinum com-

later timepoints included nucleo-binding site leucine-rich re- pared with B. juncea. Consistent with earlier studies, the hyphal
peat (NBS-LRR) and RLK genes, which are involved in path- development and penetration events were well-established in
ogen detection and downstream signaling in order to activate a the host plant one day after infection (Giri et al. 2013; Mandal

robust defense response (De Young and Innes 2006; Greeff et al. 2018; Tsuneda and Skoropad 1978). However, in
et al. 2012; Marshall et al. 2012; McHale et al. 2006). This C. arietinum, poor hyphal growth, suppressed appressorium

suggests that the early detection of the pathogen and the timely formation, and limited penetration of hyphae were observed,
activation of the downstream signaling cascade in C. arietinum indicating the involvement of preinvasion NHR in C. arietinum
could be the integral component involved in NHR mechanisms (Fig. 1). The preinvasion defense mechanisms preventing fun-
against A. brassicae. NHR mechanisms involve pre- or post- gal penetration in nonhosts mainly involve processes like the
invasion layers of resistance against a pathogen (Gill et al. accumulation of secondary metabolites, stomatal closure, cu-
2015; Heath 2000; Lee et al. 2017; Zellerhoff et al. 2010). ticular wax deposition, and cell-wall thickening (Fonseca and
Mysore 2019; Lee et al. 2017) (Fig. 8). Secondary metabolites,

Preinvasion NHR. including phytoalexins, play a crucial role in inhibiting ap-
In the preinvasion stage, the first step is conidial germination. pressorium formation, hyphal development, and differentiation

Our histology study of A. brassicae showed that the process of (Ahuja et al. 2012; Grayer and Harborne 1994; Iriti and Faoro
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nonhost resistance (NHR) in chickpea against A. brassicae. The genes with fold change > 1 were identified and were categorized into the pre- or postinvasion
layer of NHR based on the literature. During preinvasion NHR, the fungal pathogen fails to penetrate the plant. Genes encoding the proteins involved in
stomatal closure, cuticle thickening by wax deposition, and secondary metabolite synthesis are highly induced after A. brassicae inoculation in C. arietinum. A.
brassicae mainly enters through the stomata or, at some point, directly enters the cell after cuticle digestion. Our study indicated stomatal closure to be one of
the crucial preinvasion NHR mechanisms that prevents pathogen entry into C. arietinum. Cuticle thickening may also contribute to limiting the direct
penetration of the fungus in the plant. The accumulation of secondary metabolites such as phytoalexins on the leaf surface inhibits appressoria and hyphal
development, which is required for fungal penetration. Furthermore, postinvasion NHR can halt fungal growth, even after the fungus enters the junctions
between the epidermal cells. The cell wall acts as a barrier that prevents fungal entry inside the cell. The genes encoding proteins involved in cell-wall
modification, including cell-wall thickening and lignification, are induced, indicating that chickpea prevents fungal entry inside the cell by reinforcing the cell-
wall modification machinery. We also found that postinvasion NHR in C. arietinum involves reactive oxygen species (ROS) accumulation and cell death to
further prevent the growth of A. brassicae. Genes involved in ROS and cell death are induced in C. arietinum, leading to a robust defense response against
A. brassicae. The genes encoding proteins involved in pre- and postinvasion resistance are shown in the model figure. Diamonds represent phytoalexins
and indicate their secretion on the leaf surface and in the apoplastic space.
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2009; Ishiga et al. 2015; Mert-Turk 2002). Genes involved in
secondary metabolism were upregulated in C. arietinum during
early and late stages of pathogen infection. We speculate that
poor hyphal growth and suppressed appressorium formation in
C. arietinum might be due to the accumulation of secondary
metabolites in the form of antimicrobial compounds. Further-
more, the stomata represent the primary entry point for
A. brassicae penetration into the host plant (Giri et al. 2013;
Mandal et al. 2018; Singh Saharan et al. 2016). Transcriptomic
data from our study revealed that, in C. arietinum, the genes
involved in stomatal closure, e.g., OSTI and PP2CA (Brock
et al. 2010; Galbiati et al. 2011; Kim et al. 2018; Lim et al.
2015; Rusconi et al. 2013), were upregulated after inoculation
with A. brassicae. PP2CA forms a complex with OST1 that
contributes to ABA-mediated stomatal closure and its role has
also been implicated in the plant defense response (Lim et al.
2015; Melotto et al. 2017; Toum et al. 2016). The role of ABA
in stomatal immunity against pathogens has been well-studied
(Lim et al. 2015). We observed the upregulation of ABA-
biosynthesis genes after A. brassicae infection. During pre-
invasion NHR against A. brassicae, ABA might be involved in
promoting stomatal closure through OSTI and PP2CA, which
act as a core component of the ABA signaling pathway (Lim
et al. 2015; Melotto et al. 2017). This was consistent with the
microscopic observation of stomatal closure in C. arietinum
upon inoculation with A. brassicae (Fig. 7B). Thus, the pre-
invasion NHR in C. arietinum involves stomatal closure to
prevent the entry of A. brassicae (Fig. 8).

In addition, A. brassicae can sometimes directly enter the
host plant by digesting the cuticle. However, only a few re-
sistant host species with a high content of cuticular waxes can
deter this (Conn and Tewari 1989; Skoropad and Tewari 1977).
In C. arietinum, the genes involved in cuticular wax bio-
synthesis, RDRI and ACP4 (Leibman et al. 2018; Xia et al.
2009), were also upregulated after A. brassicae inoculation.
Thus, the preinvasion NHR strategy of C. arietinum might also
involve modulating the cuticular wax content on the plant
surface to restrict A. brassicae entry. Cell-wall thickening and
lignification restrict fungal entry inside the cell (Bellincampi
et al. 2014; Lahlali et al. 2016). A. brassicae successfully
penetrates cells by digesting the cell wall of the host plant
(McRoberts and Lennard 1996). A tremendous upregulation of
genes related to cell-wall modification was found following
A. brassicae inoculation of C. arietinum, suggesting that the
plant cell wall may act as a critical barrier against A. brassicae
infection, leading to resistance. Our histopathological and
transcriptome analysis findings collectively demonstrated the
involvement of the preinvasion layer of NHR in C. arietinum
against A. brassicae (Fig. 8).

Postinvasion NHR.

In C. arietinum, the frequency of hyphal penetration attempts
was 10%, indicating the presence of postinvasion NHR, which
further arrests the growth of A. brassica inside the plant. ROS
and defense-induced cell death are the critical components of
postinvasion NHR (Fonseca and Mysore 2019; Ishiga et al.
2005; Lee et al. 2017). In the interaction of a nonhost plant and
a necrotrophic fungal pathogen, ROS-mediated cell death is
considered a crucial NHR mechanism (Azevedo et al. 2008;
Ishiga et al. 2015; Loehrer et al. 2008). The NBS-LRR-based
detection of pathogens leads to the downstream activation of
PCD (Coll et al. 2011). Genes involved in ROS generation and
cell death were upregulated in C. arietinum after A. brassicae
inoculation. Consistent with this, DAB staining revealed the
gradual accumulation of ROS in C. arietinum after A. brassicae
inoculation. H,O, accumulation has been found to initiate
defense-induced cell death after pathogen infection in nonhost

plants (Able et al. 2003; Hiickelhoven et al. 2001; Lamb and
Dixon 1997). Here, trypan blue staining showed localized cell
death in C. arietinum at the infection site (Fig. 7C). The gradual
increase in ROS accumulation is concurrent with the progres-
sion of localized cell death. Rapid defense-related cell death
further limited growth and colonization of A. brassicae in
C. arietinum. Thus, the postinvasion NHR mechanism operat-
ing in C. arietinum involves the accumulation of ROS accom-
panied by localized cell death (Fig. 8).

We surmise that the NHR mechanisms of C. arietinum
against A. brassicae involve an aggressive preinvasion defense,
followed by a moderate postinvasion defense. Several studies
have reported the interspecific transfer of genes from nonhost
to host plants to confer resistance against fungal pathogens (Lee
et al. 2017). For example, interspecific transfer of the Arabi-
dopsis WRR4 gene encoding the toll interleukin 1 receptor-
NBS-LRR protein in B. napus and B. juncea confers disease
resistance against the white rust pathogen Albugo candida
(Borhan et al. 2010). In another study, the gene encoding stil-
bene synthase from grapevine was transferred into tobacco.
Stilbene synthase is involved in the biosynthesis of resveratrol,
a phytoalexin compound. The transgenic tobacco forming
resveratrol confers durable resistance against Botrytis cinerea
(Hain et al. 1993). Based on these reports, there is a possibility
of utilizing some of the NHR-related genes identified in our
study in developing Brassica transgenics carrying blight-
resistant genes. It would be interesting to test the functional
relevance of these NHR-related genes, which can serve as
promising candidates for developing blight-resistant Brassica
cultivars.

MATERIALS AND METHODS

Plant material and growth conditions.

The Cicer arietinum cultivar PUSA372 and Brassica juncea
(L.) Czern and Coss cultivar Varuna were used in this study.
C. arietinum and B. juncea seeds were sown in pots (5 x 5
inches in height and diameter) containing a 3:1 (vol/vol) mix-
ture of soil containing agro peat (Prakruthi Agri Cocopeat In-
dustries, Bengaluru, India) and vermiculite (Keltech Energies
Ltd., Nagpur, India). Pots were then transferred to a growth
chamber (Conviron, Winnipeg, Canada) (8-h light and 12-h
dark cycle) at 22°C, with a constant photon flux light intensity
of 200 uE m™2 s™! and relative humidity of up to 70%. The
plants were irrigated alternately with water and Hoagland so-
lution (Himedia Laboratories, Mumbai, India) thrice a week by
pouring at the bottom of the pots, till the start of the stress
treatment.

Pathogen inoculum preparation and plant inoculation.

A. brassicae had been isolated from infected leaves of the
B. juncea cultivar Varuna grown in the field of the Indian
Council of Agricultural Research Directorate of Rapeseed-
Mustard Research, Bharatpur, India. The details of this strain
are also described by Swain et al. (2017). The fungus was
maintained on the control host plant throughout the study. A
pure single-spore culture was generated for each experiment on
potato dextrose agar (PDA) (Himedia Laboratories). For in-
oculum preparation, A. brassicae was subcultured from 10-day-
old culture on PDA medium incubated at 28°C in the dark
(Supplementary Fig. S12). The conidial suspension was pre-
pared in autoclaved distilled water by scraping the mycelia and
spores from the surface of the actively proliferating fungal
culture. The whole suspension was filtered, using a five-layered
muslin cloth, to eliminate most of the mycelial debris. Next,
the spore suspension was washed twice by centrifugation at
1,000 x g for 10 min to obtain a clear suspension. The spores

Vol. 32, No. 12, 2019/ 1609



were resuspended in sterile water with 0.05% Tween-20
(Himedia Laboratories) as a wetting agent. By using a hemo-
cytometer, the final concentration of the spore suspension was
adjusted to 5 x 10* spores per milliliter for inoculation (Sharma
et al. 2007). Leaves of 25-day-old C. arietinum and B. juncea
plants (n = 10) were inoculated with the spore suspension by
spraying until the whole plant was drenched entirely with the
spore suspension. The inoculated plants were maintained at
22°C with 100% relative humidity. Control plants of C. arie-
tinum and B. juncea were sprayed with sterile water containing
the same amount of 0.05% Tween-20.

Histopathological features of A. brassicae infection.

Infected C. arietinum and B. juncea leaf samples were col-
lected at 12, 24, 48, and 72 hpi. The leaves were decolorized in
acetic acid/ethanol (1:3) solution by overnight incubation at
25°C. After this, the leaves were washed with autoclaved dis-
tilled water twice and. then. were stained with 0.05% lacto-
phenol aniline blue for 30 min. Lactophenol aniline blue
comprised 20 ml of phenol (Sigma Aldrich, St. Louis), 20 ml of
lactic acid (Fisher Scientific, Navi Mumbai, India), 40 ml of
glycerol (Fisher Scientific), 20 ml of autoclaved distilled water,
and 50 mg of aniline blue (Himedia). After staining, the leaves
were mounted on a glass slide with 40% glycerol. Observations
were made by 100x bright field microscopy with a Nikon 801
microscope (Nikon Instruments Inc., Melville, NY, U.S.A.)
fitted with a monochrome high-resolution digital camera.
Quantitative observations, such as spore germination and hy-
phal length elongation, were made at 20x magnification and,
for germ tube penetration and appressorium formation, at 40x
magnification, using a Nikon 80i microscope. The photographs
of disease symptoms of infected C. arietinum and B. juncea
plants were taken at 7 dpi.

For Calcofluor staining, leaves were placed on a clean glass
slide and one drop each of Calcofluor (Sigma Aldrich) and 10%
potassium hydroxide were placed over the leaf samples, fol-
lowed by the mounting of cover slips. After 1 min, the slides
were examined, under a 4',6-diamidino-2-phenylindole filter at
380 nm excitation and 420 nm emission wavelengths, by a
fluorescence microscope at 20x magnification (Nikon Instru-
ments Inc.). For image analysis (for example, calculating the
hyphal length), NIS Element software was used (Nikon).

Transcriptome profiling by microarray analysis.

Leaf tissues were harvested from mock control plants and
pathogen-treated plants at 24 and 48 hpi. Microarray analysis
for mock control and 24-hpi samples was performed in three
biological replicates; two biological replicates were used for
48-hpi samples. One biological replicate was obtained by
pooling leaf samples from four different plants, as suggested in
a previous study (Kendziorski et al. 2005). RNA was isolated
from the pooled leaf samples. The chip study was conducted
at Genotypic Technology Pvt. Ltd. (Bangalore, India). A
customized chickpea microarray chip (Agilent AMADID-
037094; Agilent Technologies, Palo Alto, CA, U.S.A.) con-
taining the 60-mer oligonucleotide probe was used. The source
of the probe was RNA. The array specifications details for
AMADID-37094 include, 62,976 as the total number of the
probes, 1,319 as the total Agilent control probe. The total
number of transcripts in chickpea were 43,389 (CTDB) (Verma
et al. 2015), out of which 40,000 nonredundant transcripts were
covered in the chip, corresponding to 92% of the transcriptome
covered in the microarray study.

RNA isolation.

Total RNA for all the leaf samples was isolated using
the TRIzol reagent (Invitrogen, Carlsbad, CA, U.S.A.), was
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purified using the RNeasy minikit (Qiagen, Hilden, Germany),
and was quantified with a NanoDrop ND-1000 spectropho-
tometer (Thermo Scientific, Waltham, MA, U.S.A.). RNA
quality was assessed using a Bioanalyzer (Agilent Technolo-
gies). Samples with RNA integrity numbers >8 were used in
this study.

Labeling.

Double-stranded cDNA was prepared through reverse tran-
scription of the total RNA (500 ng concentration). At 40°C, the
oligo dT primer tagged to a T7 polymerase promoter was used
for cDNA synthesis. This cDNA was used as a template for
cRNA synthesis. In vitro transcription was carried out, and the
dye Cy3 CTP was inserted for cRNA synthesis. Labeling was
performed with the Quick-Amp labeling kit (Agilent Tech-
nologies). cDNA synthesis and in vitro transcription were
carried out at 40°C. Qiagen RNeasy columns (Qiagen) were
used for the purification of labeled cRNA. The quality and
quantity were evaluated by Nanodrop ND-1000.

Hybridization and scanning.

At 60°C, the labeled and purified cRNA (600 ng concen-
tration) was fragmented. Then, the gene expression hybridiza-
tion kit (Agilent Technologies) was used for the hybridization
of cRNA on the chickpea GXP_8X60K microarray chip
(AMADID: 037094). This step was done at 65°C for 16 hin a
SureHyb microarray hybridization chamber (Agilent Technol-
ogies). Hybridized slides were washed with gene expression
wash buffers (Agilent Technologies) and, then, were scanned
using a microarray scanner (Agilent Technologies).

Data analysis.

The quantification of images was done by Feature extraction
software (version 11.5; Agilent Technologies). Gene Spring
GX software (version 12.1; Agilent Technologies) was used for
the analysis of raw data. Microarray data normalization was
performed using the RMA algorithm in Gene Spring GX, and
differential expression values were obtained for each sample.
Cluster analysis was performed after percentile shift normali-
zation. Percentile shift normalization is a global normalization,
in which the locations of all the spot intensities in an array are
adjusted. This normalization considers each column in an ex-
periment independently and computes the percentile of the
expression values for this array, across all spots (where n ranges
from O to 100 and n = 75 is the median). It subtracts this value
from the expression value of each entity. Principal component
analysis provides the correlation between the replicates of the
microarray dataset for all samples. The FC expression values
for pathogen-treated samples at 24 and 48 hpi were extracted
with respect to the mock-treated samples as the control. For
statistical analysis, the unpaired Student’s ¢ test was used (Gene
Spring GX version 12.1). The microarray data has been sub-
mitted to the National Center for Biotechnology Information
(NCBI) Gene Expression Omnibus database (submission ID:
GSE119865). For further analysis, the DEGs at both timepoints
with FC >1 (log,) and P < 0.05 were used for further analysis.

Transcript annotation and expression analysis in silico.
The annotation data for DEGs was obtained from the CTDB
(Verma et al. 2015). A NCBI BLASTN search query was used
for the annotation of a few other DEGs against the chickpea
database (taxid: 3827). The hierarchical clustering of DEGs
was performed using the Pearson coefficient correlation algo-
rithm. The common and unique DEGs for both timepoints were
viewed by generating Venn diagrams (Venny 2.1.0, Bioinfo GP,
The National Center for Biotechnology Spanish National Re-
search Council). For all the DEGs in chickpea, the Arabidopsis



orthologous genes were obtained from CTDB (Verma et al.
2015). The TAIR GO tool was used for the classification of
DEGs into different GO categories. More specific categoriza-
tion of genes into different GO biological processes and GO
enrichment analysis was performed by agriGO singular en-
richment analysis, with the following TAIR10 settings in the
background: statistical test method, Fisher; multi test adjust-
ment method, false discovery rate with 0.05 level of signifi-
cance (agriGO tool, functional pathway analysis was done by
the MapMan Image Annotator module. FC values of DEGs
were used for generating a heat map by using the Morpheus tool
from GENE-E software.

RT-qPCR analysis.

RT-gPCR was performed, for the expression analysis of
selected genes, by using the ABI Prism 7000 sequence de-
tection system (Applied Biosystems, Foster City, CA, U.S.A.).
Three biological replicates and two technical replicates were
used. Total RNA was isolated from mock-treated and
pathogen-treated leaf samples (100 to 150 mg of fresh weight)
by using TRIzol reagent (Thermo Fisher Scientific). The RNA
quality and quantity were assessed by Nano Drop (Thermo
Scientific). About 5 pg of DNase-treated RNA was used for
the synthesis of cDNA, using the Verso cDNA synthesis kit
(ThermoFisher Scientific). The gene-specific primers were
designed for RT-qPCR (Supplementary Table S9). The re-
action mixture contained template cDNA, each of the specific
primers (10 mM per milliliter), and SYBR green PCR master
mix (Thermo Fisher Scientific). Cycle threshhold values
obtained from CaActinl (EU529707.1), as the endogenous
control, were used for data normalization (Reddy et al. 2016).
FC values for all the genes were estimated by comparative
cycle threshold (Crt) values relative to those of the mock-
treated samples (Livak and Schmittgen 2001). Student’s ¢ test
was used for evaluating the statistical significance at P value
< 0.05.

Measurement of stomatal aperture.

Pathogen- and mock-treated leaf samples stained with lac-
tophenol aniline blue (as described above) were used for ex-
amining the stomata. Stomata were observed at 40x objective
under a bright field microscope (Nikon 80i). For image analysis
and measurement, NIS Element software was used. The length
and width of stomatal apertures were measured. The SAI was
estimated by dividing the width of the stomatal aperture by the
length of the stomatal aperture.

Detection of ROS and cell death.

ROS detection was according to the protocol of Thordal-
Christensen et al. (1997), with slight modifications. Pathogen-
and mock-treated leaf samples were dipped in DAB solution
(1 mg/ml) (Himedia) in 50 mM Tris-acetate buffer at pH 5.0,
overnight in the dark at 25°C. The leaves were then decolorized
to remove chlorophyll in acetic acid/ethanol (1:3) solution
overnight at 25°C. Then, the leaves were mounted with 40%
glycerol and were visualized at 1x magnification under a
stereo-zoom microscope (Nikon AZ100; Olympus Corpora-
tion, Tokyo) mounted with a digital camera (Nikon Digital
Sight DS-Ril).

For cell death estimation, trypan blue staining was used.
Pathogen- and mock-treated leaf samples were incubated, in
0.02% trypan blue solution (Himedia), overnight with constant
shaking. After two washes with autoclaved distilled water, the
leaves were destained in acetic acid/ethanol (1:3) solution
overnight at 25°C. The leaf samples were observed at 1x
magnification under a stereo-zoom microscope (Nikon AZ100)
mounted with a digital camera (Nikon Digital Sight DS-Ril).

Statistical analysis.

The total number of biological replicates used in each ex-
periment are given in legends of each figure. The error bars
represent the values of mean + standard error of the mean. For
statistical analysis, two-way or one-way analysis of variance
with Tukey’s correction was applied, and significant differ-
ences (P < 0.05) (indicated by different letters) were de-
termined using SigmaPlot version 14.0 (Systat Software Inc.,
Chicago).
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