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SUMMARY

Quantitative disease resistance (QDR) is the predominant form of

resistance against necrotrophic pathogens. The genes and mech-

anisms underlying QDR are not well known. In the current study,

the Arabidopsis–Alternaria brassicae pathosystem was used to

uncover the genetic architecture underlying resistance to

A. brassicae in a set of geographically diverse Arabidopsis acces-

sions. Arabidopsis accessions revealed a rich variation in the host

responses to the pathogen, varying from complete resistance to

high susceptibility. Genome-wide association (GWA) mapping

revealed multiple regions to be associated with disease resist-

ance. A subset of genes prioritized on the basis of gene annota-

tions and evidence of transcriptional regulation in other biotic

stresses was analysed using a reverse genetics approach employ-

ing T-DNA insertion mutants. The mutants of three genes,

namely At1g06990 (GDSL-motif lipase), At3g25180 (CYP82G1)

and At5g37500 (GORK), displayed an enhanced susceptibility rel-

ative to the wild-type. These genes are involved in the develop-

ment of morphological phenotypes (stomatal aperture) and

secondary metabolite synthesis, thus defining some of the

diverse facets of quantitative resistance against A. brassicae.

Keywords: Arabidopsis, CYP82G1, GORK, GWA mapping,

necrotrophs, quantitative resistance.

INTRODUCTION

Fungal pathogens are one of the highly evolved groups of micro-

organisms affecting various plant species and strongly differ in

important life history traits, such as dispersal mechanisms, type of

reproduction and modes of parasitism. Pathogenic fungi obtain

resources from their hosts principally in two different ways: as bio-

trophs or necrotrophs. Necrotrophic pathogens extract nutrients

from dead cells of the host killed during invasion. In crops, eco-

nomic damage caused by fungal diseases is estimated to be above

US$200 billion annually (Birren et al., 2002). A recent survey has

indicated that losses caused by necrotrophic pathogens far exceed

those resulting from biotrophic pathogens (Murray and Brennan,

2009). Broad host-range necrotrophs (BHNs), such as Sclerotinia

sclerotiorum and Botrytis cinerea, can infect more than 300 differ-

ent plant species. BHNs typically deploy a diverse arsenal of effec-

tors, including cell-wall degrading enzymes (CWDEs), phytotoxic

compounds and reactive oxygen species (ROS), to induce necrosis.

The diversity of virulence strategies thus warrants a multifaceted

defence by the host to successfully ward off the attack (Roux

et al., 2014). In contrast, narrow host-range necrotrophs (NHNs),

such as Cochliobolus victoriae, Pyrenophora tritici-repentis and

Stagonosporum nodorum, tend to rely on host-specific toxins

(HSTs) that are directed at specific targets present only in some

species or subtypes of a particular species (Condon et al., 2013;

Lorang et al., 2012). The recognition of these HSTs by the host

machinery thus leads to susceptibility. Plant disease resistance

can be either qualitative, which is conferred by single resistance

(R) genes, or quantitative, which is mostly mediated by multiple

genes. Host resistance against BHNs is known to be usually quan-

titative (St Clair, 2010). Some of the quantitative resistance loci

(QRLs) for the paradigmatic BHNs, such as B. cinerea,

S. sclerotiorum and Plectosphaerella cucumerina, have been iden-

tified, but the underlying mechanisms of most of these QRLs are

unknown (Denby et al., 2004; Llorente et al., 2005; Micic et al.,

2004; Rowe and Kliebenstein, 2008). Few genes which recognize

the HSTs of NHNs have been identified (Faris et al., 2010; Friesen

et al., 2007; Liu et al., 2012; Lorang et al., 2007). Unlike NHNs,

necrotrophs such as Alternaria brassicae and Alternaria brassici-

cola infect only the members of the Brassicaceae family, including

the wild and cultivated species (Sharma et al., 2002). These

necrotrophs thus represent an intermediate class between BHNs

and NHNs. The genetic architecture of resistance to these necrotr-

ophs is relatively unexplored when compared with that of BHNs

and NHNs. There are currently no known resistance loci identified

in any of the natural hosts (Brassica crops) for resistance to

A. brassicae.

Arabidopsis has been used as a model host to study the host–

pathogen interactions of many plant pathogens. Arabidopsis has a*Correspondence: Email: jagreet@south.du.ac.in
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very extensive global distribution, and local adaptation to various

environments has led to substantial phenotypic variation in its

natural populations (Koornneef et al., 2004). Also, an extensive

catalogue of genetic variation [approximately 250 000 single

nucleotide polymorphisms (SNPs)] in approximately 1300 acces-

sions has been developed (Horton et al., 2012). Most of the Arabi-

dopsis accessions tested with A. brassicicola have shown

complete resistance to the pathogen (Kagan and Hammerschmidt,

2002; Mukherjee et al., 2009). In comparison, in an earlier work

on a few accessions of Arabidopsis, a number of highly suscepti-

ble and resistant accessions were found (Rajarammohan et al.,

2017). In the crosses between highly susceptible and resistant

accessions, both major and minor loci conferring resistance were

mapped. Further, it was hypothesized that different loci/mecha-

nisms conferring resistance might exist in different accessions of

Arabidopsis.

The major objectives of this study were as follows: (i) to inves-

tigate whether there is variation for resistance against

A. brassicae amongst a set of diverse Arabidopsis accessions; (ii)

to study the genetic architecture underlying this variation (if any);

and (iii) to obtain insights into the genes and mechanisms

involved in the mediation of resistance against A. brassicae.

RESULTS

Natural variation in response to A. brassicae in

Arabidopsis accessions

A collection of 176 accessions was selected for this study. These

accessions were chosen as they were genetically diverse and were

collected from throughout the native range of the species (Cao

et al., 2011; Nordborg et al., 2005). Some of the accessions for

which very few seeds were available, had poor germination effi-

ciency and a very late flowering time were not included in the

analysis. A total number of 123 accessions was used for genome-

wide association (GWA) mapping. The geographical location and

disease indices of these accessions are listed in Table S1 (see Sup-

porting Information). The number of infection foci developing into

lesions was considered as a measure of susceptibility (disease

index, DI). DI was normalized to a susceptible control accession

(normalized disease index, NDI; described in Experimental proce-

dures) in each experiment to account for experimental variation.

The accessions exhibited wide variation in their response to the

pathogen (Fig. 1A). Disease susceptibility varied substantially with

the NDI varying from 0 to 1.40. The continuous variation observed

indicated that the trait is quantitative in nature. Significant differ-

ences in the NDI were observed amongst the accessions [analysis

of variance (ANOVA): F 5 37.6265, P < 2.0 3 10216], suggesting

that genetic variation could explain a major part of the phenotypic

variation observed. Subsequently, the broad-sense heritability (H2)

was found to be 0.863 (confidence interval, 0.826–0.895). The

NDI was not correlated with latitude or longitude of the origin of

the collection of accessions (–0.07 < r < 0.13, P > 0.16). In order

to ascertain whether resistance or susceptibility was predominant

in the population tested, the accessions were broadly classified as

resistant (NDI 5 0–0.20), intermediate (NDI 5 0.21–0.75),

Fig. 1 Natural variation in disease resistance to Alternaria brassicae in 123

accessions of Arabidopsis thaliana. (A) Normalized disease index (NDI) scores

of the 123 accessions used in the study. The mean and standard error are

shown (n � 12). (B) Violin plot (box-and-whisker plot overlaid with a kernel

density plot) of the phenotypic variation in the collection of 123 accessions.
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susceptible (NDI 5 0.76–0.95) and highly susceptible

(NDI 5 0.96–1.40) based on their disease reactions. The majority

of the tested accessions were found to be intermediate (48%, or

59 accessions), 23% (28 accessions) were resistant and 29% (36

accessions) were categorized as susceptible and highly susceptible

(Fig. 1B).

GWA mapping of resistance to A. brassicae in

Arabidopsis accessions

To study the genetic basis of resistance to A. brassicae, GWA map-

ping was performed using the NDI scores and the 214 000 SNP

dataset that is commonly employed for GWA studies in Arabidopsis

(Kim et al., 2007). The significance of association was evaluated

using three different models, namely a linear regression model

(LM), a non-parametric test [Kruskal–Wallis test (KW)] and an

accelerated mixed model (AMM). Each of the methods has their

advantages and drawbacks (Korte and Farlow, 2013; Vilhjalmsson

and Nordborg, 2013). The rationale behind the use of three differ-

ent models for GWA mapping was to achieve a balance between

the false-positive (LM and KW) and false-negative (AMM) rates.

GWA mapping using all three models revealed multiple peaks of

moderate significance rather than a single strong association, as

seen in some GWA studies (Fig. 2A–C) (Baxter et al., 2010; Chao

et al., 2012; Meijon et al., 2013). This result suggests that the vari-

ation mapped is polygenic and is controlled by multiple genes. The

most significant SNP association that was consistent across all the

methods was at chromosome 3: 9168769 (P 5 8.95 3 1027).

However, as the trait is known to be quantitative, a set of heuristic

parameters was used to determine additional candidate loci associ-

ated with resistance to A. brassicae (Fig. 2D). Many studies have

developed different criteria to prioritize and validate the candidate

genes (Chan et al., 2010; Verslues et al., 2014).

Arbitrarily, SNPs from the bottom 1% of the P value distribu-

tion of each method (approximately 2000 SNPs) and a minor allele

frequency (MAF) > 10% were considered for further analysis.

Although the ranks of the top SNPs varied between the methods,

there was an overall concordance between the SNPs from the

three methods (Fig. S6, see Supporting Information). The SNPs

that were consistently significant across all three methods were

considered for further analysis. A total of 711 SNP associations (P

values ranging from 8.94 3 1027 to 4.44 3 1023) were found to

be common between the three methods. Previous reports have

shown that, for true associations, multiple SNPs per region are

found to be associated with the trait (Chan et al., 2010; Zhao

et al., 2007). Therefore, we prioritized the list based on the pres-

ence of two or more significant SNPs from a particular genomic

region (Chan et al., 2010), which led to a comprehensive list of

378 SNPs. A final P value cut-off (AMM) of 1 3 1023 was used

to demarcate a set of candidate SNPs. Subsequently, 77 candidate

SNPs were mapped to the genome, leading to the identification of

42 loci associated with disease resistance. The list of candidate

genes was determined after taking into account other SNPs that

were in linkage disequilibrium (LD) with the candidate SNPs. An

LD value of r2 > 0.6 was used to demarcate the SNPs that could

be directly or indirectly associated with the trait. Consequently,

106 candidate genes were identified (Table S4, see Supporting

Information). As there was no a priori information about the

genetics of host response to A. brassicae, it was challenging to

narrow down the list of candidates that could be functionally vali-

dated. Therefore, gene annotations and the expression profiles of

these genes under various biotic stresses from public databases

(Botany Array Resource, GEO and AtGenExpress) were used to

select probable candidate genes. Subsequently, a subset of 16

candidate genes was prioritized based on the evidence from func-

tional annotations (relating to defence responses) or gene expres-

sion profiles (as described above), or both, for functional

validation using a reverse genetics approach.

Functional validation of candidate genes

To determine whether the identified genes influence disease pro-

gression, the knockout effect of the candidate genes was tested

using T-DNA insertion mutants. T-DNA insertion mutants in six of

the candidate genes were not available from the stock centre as

indicated in Table 1. One of the candidate genes (At1g58160)

was annotated to be a pseudogene in the Col-0 accession, and

hence the T-DNA insertion mutant in this gene was not studied.

T-DNA insertions for three candidates were present in the pro-

moter regions. As it is unclear how insertions in the promoter

would affect the activity of the gene, and hence its role in disease

resistance, these mutants were also not considered. Finally, homo-

zygous insertion mutants in the locus of six candidate genes were

obtained from the stock centre (Table 1). Seeds of the mutant line

SALK_104813C (At3g23280) did not germinate and hence could

not be used for further analysis. The presence of homozygous

T-DNA insertions in the genes was confirmed using poly-

merase chain reaction (PCR) and the null mutation was confirmed

by reverse transcription-polymerase chain reaction (RT-PCR)

(Figs S1–S3, see Supporting Information). Disease resistance, as

measured by the normalized cumulative disease index (NCDI),

was determined for the mutants and compared with that of wild-

type Col-0 (Table 2). The mutants showed varying degrees of dis-

ease establishment, as evident from the macroscopic lesions

formed. F-tests derived from linear models for NCDI revealed that

the mutants of genes At3g25180, At5g37500 and At1g06990

were significantly different from the wild-type, while accounting

for variation between experiments and individual replicates. The

effect of experiments and individual replicates was significantly

higher than the effect of the genotype for mutants of the genes

At2g44240 and At2g44270 (Tables 2, S5, see Supporting

Information).

GWA mapping of resistance to Alternaria brassicae 1721

VC 2017 BSPP AND JOHN WILEY & SONS LTD MOLECULAR PLANT PATHOLOGY (2018) 19 (7 ) , 1719–1732



Fig. 2 Manhattan plots of single nucleotide polymorphism (SNP) association with disease resistance phenotype (normalized disease index, NDI) using a linear

regression model (LM) (A), non-parametric test [Kruskal–Wallis test (KW)] (B) and an accelerated mixed model (AMM) (C). SNPs along each chromosome are

represented along the x-axis, and the –log10(P) value is shown along the y-axis. Arabidopsis chromosomes 1–5 are shown in contrasting colours on the x-axis. (D)

Schematic diagram of the pipeline to narrow down the list of SNPs to candidate genes (details given in the text).
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Natural variation at the CYP82G1 locus mediates

resistance to A. brassicae

The gene At3g25180 encodes a cytochrome P450 monooxygenase

(CYP82G1) that catalyses the production of two volatile homoter-

penes, (E,E)-4,8,12-trimethyl-1,3,7,11-tridecatetraene (TMTT) and

4,8-dimethylnona-1,3,7-triene (DMNT), although it produces

TMTT only in planta (Lee et al., 2010). Multiple significant SNPs

were present within the exonic region of At3g25180 (Fig. 3A). For

the highly significant SNP positioned at Chr3–9168769

(P 5 8.94 3 1027), most of the resistant accessions had the

G allele, whereas the susceptible accessions had the alternative

T allele (Fig. 3B). CYP82G1 contained a total of eight non-

synonymous changes, which clearly segregated between 10 highly

resistant and 10 highly susceptible accessions (Fig. S4, see Sup-

porting Information). Four of these non-synonymous changes

were found to have a potentially damaging effect on the pro-

tein structure based on in silico studies (Table S6, see Support-

ing Information). Furthermore, the expression levels of the gene

in a highly resistant and highly susceptible accession on infec-

tion were studied. The gene was significantly up-regulated in

the resistant accession (CIBC-5), whereas it was down-

regulated in the susceptible accession (Zdr1) (Fig. 3C). There-

fore, these preliminary analyses show that the natural variation

in defence against A. brassicae contributed by CYP82G1 seems

to be driven by both expression-level and protein structure-level

changes. To determine whether CYP82G1 mediates resistance

to A. brassicae, a T-DNA insertion mutant (CS436097) was

tested for its response to the pathogen. This was the only inser-

tion mutant available for this gene from the stock centre and

had already been characterized to be a null mutant in a previ-

ous study (Lee et al., 2010). The mutant of the gene At3g25180

Table 1 The subset of 16 candidate genes prioritized from the 106 genes identified in the genome-wide association (GWA) mapping.

Gene Description
P value of most
significant SNP*

Annotated
role in defence†

Expression levels
in biotic stress‡ SALK line

Location
of insertion

AT1G06990 Encodes a GDSL-like lipase superfamily protein 1.79E-04 Yes No SALK_097961C Exon
AT1G58160 Encodes a mannose-binding lectin

superfamily protein (JAX1)
5.44E-05 Yes No Pseudogene in Col-0 —

AT1G79310 Encodes a putative metacaspase (MC7) 2.49E-04 Yes No SALK_148148C Promoter
AT1G79320 Encodes a putative metacaspase (MC6) 2.49E-04 Yes No Not available§ —
AT2G43860 Encodes a pectin lyase-like superfamily protein 2.346E-05 Yes No SALK_098125C Promoter
AT2G44240 Encodes a plant protein of unknown function (DUF239) 1.71E-05 No Yes SALK_075708 Exon
AT2G44270 Encodes ROL5 (repressor of lxr1) 1.71E-05 No Yes SALK_078566C Exon
AT3G10195 Encodes a defensin-like (DEFL) family protein 6.29E-04 Yes No SALK_017693C Promoter
AT3G23280 Encodes a ubiquitin ligase (XBAT35) 6.57E-05 No Yes SALK_104813C Exon
AT3G25180 Encodes a cytochrome P450 monooxygenase (CYP82G1) 8.94E-07 Yes Yes CS436097 Intron
AT3G52600 Encodes a cell wall invertase 2 (CWINV2) 3.34E-05 Yes Yes Not available§ —
AT3G57380 Encodes a glycosyltransferase family 61 protein 2.49E-04 Yes Yes Not available —
AT4G02330 Encodes a pectin methylesterase (PME41) 4.88E-06 Yes Yes Not available§ —
AT5G13190 Encodes a plasma membrane localized

LITAF domain protein (GILP)
8.40E-05 Yes Yes Not available —

AT5G37500 Encodes a guard cell outward potassium channel GORK 1.73E-04 No Yes SALK_144737C Exon
AT5G37610 Encodes a eukaryotic porin family protein 1.90E-05 No Yes Not available§ —

*P value of most significant single nucleotide polymorphism (SNP) from the linear model.

†Gene annotations from TAIR 10 and gene ontology (GO) terms.

‡mRNA expression levels in various biotic stresses from public databases.

§Not available at the time of the experiment.

Table 2 Normalized cumulative disease index (NCDI) values and significance of the genotype terms for the T-DNA insertion mutants.

Line NCDI (mean 6 SE) % increase in susceptibility F value P value: genotype

At3g25180 0.280 6 0.03 110.5263158 40.7498 2.41E-05
At5g37500 0.300 6 0.03 125.5639098 29.3237 7.16E-05
At1g06990 0.201 6 0.02 51.12781955 6.8566 0.019371
At2g44240 0.082 6 0.02 238.34586466 5.0509 0.04125
At2g44270 0.161 6 0.08 21.05263158 0.7882 0.39774
Col-0 0.133 6 0.02 – – –

Summary of disease indices (NCDI) and P values of an F-test from a linear model comparing each mutant separately with wild-type Col-0. The model is

described in Experimental procedures and the expanded table can be found as Table S5 (see Supporting Information).
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(CS436097) caused >110% increase in susceptibility relative to

the wild type (Col-0) (Fig. 3D,E, Table 2).

Stomatal closure regulated by a Guard cell outward

rectifying K1 channel (GORK) aids in resistance to

A. brassicae

The gene At5g37500 contains multiple nominally significant SNPs

(Fig. 4A). It encodes a Guard cell outward rectifying K1 channel

(GORK) of the Shaker family of K1 channels, which is involved in

stomatal opening and closure. Sorting the accessions based on the

alleles (G and A) of the most significant SNP in this region posi-

tioned at Chr5-14892180 (P 5 1.73 3 1024) showed a clear

demarcation between the resistant and susceptible accessions

(Fig. 4B). A mutant containing the T-DNA insertion in At5g37500

showed a highly significant increase in susceptibility relative to the

wild-type (>125% increase in susceptibility) (Fig. 4C,D, Table 2).

Fig. 3 Functional analysis of the gene At3g25180. (A) Local association plot (accelerated mixed model, AMM) zoomed in on region 21 (chromosome 3) containing

the gene At3g25180. (B) Boxplot of normalized disease index (NDI) sorted by the alleles (G and T) at the single nucleotide polymorphism (SNP) position

Chr3-9168769. (C) Expression pattern of At3g25180 in CIBC-5 and Zdr1, at 2 and 4 days post-infection (dpi), with reference to (w.r.t.) mock infected (distilled

water). The mean values (6 standard deviation) of three biological replicates are shown. *P < 0.05 by Mann–Whitney U-test. (D) Representative images of infected

leaves of the mutant (At3g25180) and wild-type (Col-0) at 7 dpi. (E) Boxplot showing normalized cumulative disease index (NCDI) of wild-type (Col-0) and mutant.
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Possible role of the GDSL-motif containing lipase

(At1g06990) in resistance to A. brassicae

The intergenic region between At1g06980 and At1g06990 con-

tains two nominally significant SNPs (Fig. 5A). The gene

At1g06990 encodes a GDSL-motif esterase/acyltransferase/lipase.

GDSL-motifs containing lipases, such as GLIP1 and GLIP2, have

been implicated in resistance to A. brassicicola (Kwon et al., 2009;

Lee et al., 2009). Sorting the accessions based on the alleles

(G and T) of the most significant SNP in this region positioned at

Chr1-2145568 (P 5 1.79 3 1024) showed a clear demarcation

between the resistant and susceptible accessions (Fig. 5B). The

mutant in the exonic region of this gene showed a nominal

increase (>54%) in susceptibility (Fig. 5C,D, Table 2).

DISCUSSION

Multiple genes govern variation in resistance to

A. brassicae in Arabidopsis

In the current study, we studied the extent of variation in a set of

diverse accessions of Arabidopsis and analysed the genetic archi-

tecture of Arabidopsis responses to A. brassicae, a necrotrophic

pathogen affecting Brassicaceae crops. We observed a continuous

variation in the disease responses of the accessions, which is

indicative of the quantitative nature of resistance (Fig. 1). This var-

iation encompasses the whole range of resistance responses from

completely resistant to highly susceptible accessions, which is

unlike the reports for the other BHNs, such as B. cinerea and

S. sclerotiorum, where complete resistance is not known (Denby

et al., 2004; Perchepied et al., 2010). The availability of a whole

gamut of variation for resistance in diverse Arabidopsis accessions

thus presents an excellent genetic model to study the mechanisms

of resistance against A. brassicae. Very few population-wide stud-

ies for disease resistance have been carried out in Arabidopsis.

Except for a recent study which aimed to unravel the quantitative

basis of resistance to B. cinerea (Corwin et al., 2016), other stud-

ies have focused on resistance to bacterial and biotrophic patho-

gens (Aoun et al., 2017; Aranzana et al., 2005; Huard-Chauveau

et al., 2013; Nemri et al., 2010). This study is one of the first

instances in which GWA mapping has been utilized to dissect the

underlying genetic basis of disease resistance to necrotrophic

fungi in Arabidopsis.

GWA studies have been used extensively in Arabidopsis, and

various statistical methods have been developed to correct for

population structure-dependent confounding. In this study, three

different statistical models were used for GWA mapping. The

combinatorial use of three different models allowed for a balance

between false-positive and false-negative rates. A total of 106

candidate genes mapping to 42 loci were identified to be associ-

ated with resistance to A. brassicae. The presence of multiple

peaks of nominal significance, rather than a single strong peak,

indicated that the variation mapped is polygenic and additive. It is

Fig. 4 Functional analysis of the gene At5g37500. (A) Local association plot (accelerated mixed model, AMM) zoomed in on region 38 (chromosome 5) containing

the gene At5g37500. (B) Boxplot of normalized disease index (NDI) sorted by the alleles (G and A) at the single nucleotide polymorphism (SNP) position

Chr5-14892180. (C) Representative images of infected leaves of the mutant (At5g37500) and wild-type (Col-0) at 7 days post-infection (dpi). (D) Boxplot showing

normalized cumulative disease index (NCDI) of wild-type (Col-0) and mutant.
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possible that low-frequency alleles with a large effect may be

present in some accessions, but did not appear in the GWA map-

ping as minor alleles (MAF < 10%) were excluded from the study.

This is supported by the observation that there are very few highly

resistant accessions, which may contain these low-frequency

alleles of major effect. Furthermore, quantitative trait locus (QTL)

mapping in biparental populations for resistance to A. brassicae

revealed major loci at different genomic positions which were not

identified in GWA mapping (Rajarammohan et al., 2017). These

loci might therefore represent the minor alleles of large effect.

The genes identified in GWA mapping, such as CYP82G1, may

represent loci that are likely to be broadly important in the natural

populations. Therefore, the variation defined in this study may

serve to uncover both common loci of minor effects and rare loci

of large effects.

Novel genes influencing disease resistance to

A. brassicae

The gene At3g25180 encodes a cytochrome P450 monooxygenase

(CYP82G1) that catalyses the production of two volatile homoter-

penes, TMTT and DMNT, although it produces TMTT only

in planta (Lee et al., 2010). DMNT and TMTT are constituents of

the volatile blend that is induced on herbivore or pathogen attack

in many angiosperms (Mumm et al., 2008; Tholl et al., 2011).

Although CYP82G1 catalyses the production of DMNT and TMTT

in vitro, it is known to act as a TMTT synthase in vivo because

Arabidopsis leaves lack E-nerolidol, the precursor of DMNT (Herde

et al., 2008). Cytochrome P450s in Arabidopsis have been studied

extensively, and many have been implicated in the biosynthesis of

various secondary metabolites (Bak et al., 2011). A recent study

has also suggested a possible role for CYP82G1 in long-chain alkyl

glucosinolate biosynthesis in response to allyl glucosinolate treat-

ment (Francisco et al., 2016). CYP82G1 is the only member of the

G subfamily of the CYP82 family of proteins in Arabidopsis.

CYP82C2, a member of the same family, has been shown to be

involved in resistance to a BHN, B. cinerea (Liu et al., 2010).

Homoterpenes have been shown to play a role in defence against

microbial pathogens. DMNT is formed in the roots by an inde-

pendent pathway, where it is induced by the root-rot necrotrophic

pathogen Pythium irregulare and thus contributes to root defence

(Sohrabi et al., 2015). Further, it was shown that the germination

of zoospores of P. irregulare was inhibited in medium supple-

mented with DMNT. However, medium supplemented with TMTT

did not affect either mycelial growth or spore germination of

A. brassicae (Rajarammohan et al., unpublished data). TMTT is

induced by virulent Pseudomonas syringae and methyl jasmonate

application, but the absence of TMTT did not alter the defence

response of the plants against the virulent pathogen (Attaran

et al., 2008). Also, TMTT has been shown to induce defence gene

expression in lima bean leaves (Arimura et al., 2000). Therefore,

CYP82G1, which catalyses the production of TMTT, might modify

Fig. 5 Functional analysis of the gene At1g06990. (A) Local association plot (accelerated mixed model, AMM) zoomed in on region 2 (chromosome 1) containing

the gene At1g06990. (B) Boxplot of normalized disease index (NDI) sorted by the alleles (G and T) at the single nucleotide polymorphism (SNP) position

Chr1-2145568. (C) Representative images of infected leaves of the mutant (At1g06990) and wild-type (Col-0) at 7 days post-infection (dpi). (D) Boxplot showing

normalized cumulative disease index (NCDI) of wild-type (Col-0) and mutant.
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the defence response to A. brassicae by priming the plant against

pathogen invasion. In addition, CYP82G1 may also be involved in

as yet unknown defence response pathways.

The gene At5g37500 encodes a GORK of the Shaker family of

K1 channels involved in stomatal closure (Ache et al., 2000). The

gene is also known to be up-regulated in the case of water depri-

vation and cold stress (Becker et al., 2003; Hosy et al., 2003).

Plants actively close their stomata in response to pathogen inva-

sion through the activation of anion channels, membrane depola-

rization and subsequent activation of potassium channels

(Sawinski et al., 2013). Studies have shown that pathogens modu-

late stomatal function to gain access to the host. A well-studied

example is that of a toxin (coronatine) that is secreted by Pseudo-

monas syringae, which relaxes guard cells to aid host penetration

(Melotto et al., 2006; Zeng and He, 2010). Fusicoccin, a toxin pro-

duced by Fusicoccum amygdali, also targets H1-ATPases to per-

turb stomatal closure (de Boer and de Vries-van Leeuwen, 2012).

The GORK mutant has been reported to show limited stomatal

closure in response to abscisic acid (ABA) and jasmonic acid (JA)

(Becker et al., 2003). A previous study in Brassica juncea (Giri

et al., 2013) and studies from our laboratory (Mandal et al., 2017)

have shown that A. brassicae preferentially penetrates through

stomatal openings. The culture filtrate of A. brassicae caused

infection-like symptoms on both resistant and susceptible acces-

sions and mimicked the spore inoculation symptoms very closely.

Application of this culture filtrate to wild-type (Col-0) plants

resulted in stomatal opening (Fig. S5A,B, see Supporting Informa-

tion). Therefore, A. brassicae may employ as yet unknown effec-

tors, which may target stomatal opening/closure through direct or

indirect interaction with GORK to establish itself in the host. The

enhanced susceptibility of the mutant may therefore result from

the limited stomatal closure, which might increase the accessibility

of the host to the invading pathogen.

GDSL-type esterases/lipases are a class of hydrolytic enzymes

that can bind to a broad range of substrates and are known to

have regiospecificity and stereoselectivity (Lai et al., 2017). They

have been implicated in plant development, morphogenesis and

defence responses (Brick et al., 1995; Ling et al., 2006; Oh et al.,

2005). A secretome analysis in Arabidopsis identified GDSL lipase-

like 1 (GLIP1) as a secreted lipase, which is a component of dis-

ease resistance against A. brassicicola. The GLIP1 protein was

found to directly affect the spore germination of A. brassicicola by

disrupting the structure of the fungal cell wall (Oh et al., 2005).

Secondarily, GLIP1 has also been shown to regulate local and sys-

temic resistance through the ethylene signalling pathway (Kwon

et al., 2009). GLIP2, another GDSL-motif containing protein, is

known to play a role in resistance to Erwinia carotovora via the

negative regulation of auxin signalling (Lee et al., 2009). CaGLIP1

in hot pepper, which also harbours a GDSL-motif, has been shown

to be involved in the pathogen and wounding stress response

(Hong et al., 2008; Kim et al., 2008). In addition, ESM1, which

contains a GDSL-motif, has been shown to be a myrosinase-

associated protein that alters the hydrolysis of glucosinolates and

favours the production of isothiocyanates (Zhang et al., 2006). As

multiple members of the GDSL-motif containing family of proteins

have been implicated in biotic stress responses, At1g06990, which

also contains a GDSL-motif, may mediate resistance against

A. brassicae via certain unknown pathways, and thus warrants

further investigation.

Poland et al. (2009) described several possible hypotheses

related to the mechanisms underlying quantitative disease resistance

(QDR) genes or QRLs. One of the possible hypotheses was the con-

ditioning of resistance by genes regulating morphological and devel-

opmental phenotypes. One of the potential candidates, At5g37500

(GORK), is involved in stomatal opening, but also seems to partici-

pate in defence against A. brassicae, as evident from the enhanced

susceptibility of the mutant. The gene At3g25180 (CYP82G1) is

involved in the biosynthesis of secondary metabolites which might

participate in the chemical defence against pathogens. The initial list

of candidates contained genes from various biological processes,

which are directly or indirectly involved in defence-related functions.

Various disease resistance genes or leucine-rich repeat (LRR)-

domain-containing genes were also present in the initial list of can-

didates. This shows that there might be a repertoire of receptors

involved in the recognition of effectors from necrotrophic pathogens.

Therefore, we cannot rule out the possibility of the role of the other

candidates in mediating QDR against A. brassicae. The list of likely

candidates identified as contributing to QDR provides the raw

genetic material to unravel the multiple facets of QDR against

A. brassicae. The present study, whilst revealing certain novel genes

and mechanisms involved in defence against A. brassicae, also high-

lights the complexity of QDR against necrotrophs.

The genes identified in this study need to be confirmed for

their role in disease resistance against A. brassicae by the analysis

of additional mutants in the genes and the performance of global

transcriptomic studies to unravel the underlying mechanisms.

Some of the mutations of the candidate genes did not result in

any significant difference in CDI relative to wild-type plants. This

could be attributed to the genetic background of the mutation

(Col-0), or to the small effect contributed by the gene towards the

phenotype (as is the case in many quantitative traits). Alterna-

tively, the natural variation in these genes might have resulted in

a change-of-function variation rather than a complete loss-of-

function (T-DNA insertion), leading to failure by this validation

method. The creation of site-specific mutations in different acces-

sions using the Clustered Regularly Interspaced Short Palindromic

Repeats (CRISPR)-Cas9 system might be able to help validate the

role of such variants in disease resistance. Finally, there is a possi-

bility that the candidate might be a false positive picked up in the

association mapping. Also, the other nearby genes that did not
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have any functional annotations, but were in LD with the genes

tested in this study, may contribute to disease resistance.

To the best of our knowledge, the current study is the first

report of GWA mapping of disease resistance to the necrotrophic

fungus A. brassicae in Arabidopsis. The A. brassicae–Arabidopsis

pathosystem is well adapted to study the genetic bases of QDR as

it displays a huge variation in resistance, ranging from complete

resistance to extreme susceptibility. Analysis of the natural varia-

tion in response to A. brassicae in Arabidopsis accessions has

revealed multiple genes which might be involved in disease resist-

ance. In addition, A. brassicae is a pathogen that specifically

affects the Brassicaceae family to which Arabidopsis also belongs.

The further dissection of the mechanisms underlying resistance

conferred by the genes identified in this study, such as CYP82G1,

may help to develop resistance in the cultivated brassicas.

EXPERIMENTAL PROCEDURES

Plant materials and fungal culture conditions

The natural accessions of Arabidopsis thaliana used in this study were

obtained from the Arabidopsis Biological Resource Center (ABRC), Colum-

bus, OH, USA (Table S1 contains the list of accessions, their geographical

locations and DIs). The plants were grown at 22 8C and 60% humidity

under a 10-h/14-h light/dark cycle for 5 weeks before challenging them

with the pathogen.

Single-spore cultures were established from an isolate (J3) collected

from the experimental field station in the village of Jaunty, New Delhi,

India. The A. brassicae isolate was maintained on radish root sucrose agar

(RRSA) medium (Thakur and Kolte, 1985). The fungal cultures were regu-

larly subcultured and kept at 22 8C under a 12-h/12-h light/dark cycle. The

pathogen was periodically passaged through B. juncea var. Varuna (its

natural host) to preserve the virulence of the strain. The fungus re-isolated

from infected tissue was used for the pathogenicity assays.

Pathogen bioassay

Bioassays were carried out using spores from 15-day-old cultures. Cultures

were flooded with distilled water to collect the spores. The spore suspen-

sion was filtered, and the spore concentration was adjusted to (3–

5) 3 103 spores/mL before inoculation. Five-week-old Arabidopsis plants

were infected by the drop inoculation method. Four drops of a 5-mL spore

suspension were applied onto the adaxial surface of each of the 8–10 sim-

ilarly aged leaves. Inoculated plants were kept at 100% humidity at

20 6 1 8C under a 10-h/14-h light/dark cycle. The plants were evaluated

for symptoms at 7 days post-infection (dpi).

Disease evaluation

The disease was discerned by the formation of necrotic lesions encircled

by chlorotic halos at the spots of inoculation. The number of necrotic

lesions was used to calculate a DI for each accession.

A total of 123 accessions of A. thaliana were screened for resistance

to A. brassicae. Two independent experiments were performed, with each

experiment containing six to eight plants of every accession. Therefore, at

least 12 independent replicates were available for each accession. The

block design was a completely random unbalanced design owing to the

unequal number of replicates. The unequal number of replicates resulted

from the retarded growth of some plants of the accessions, which were

then not taken forward for infection assays. In addition, Gre-0, a previ-

ously characterized susceptible accession, was included in all the experi-

ments to serve as a control. Inoculations were performed on 8–10 leaves

of each plant of each accession. The accessions were quantitatively eval-

uated using a DI score based on the number of necrotic spots developing

post-inoculation (McKinney, 1923). The DI score was calculated as

follows:

DI5

PK
n51 nsð Þ

K 3 nsmax

where DI is the disease index, K is the total number of leaves (usually

eight), ns is the number of necrotic spots/leaf and nsmax is the maximum

number of necrotic spots/leaf (usually four).

nsmax, denoting the maximum number of necrotic spots per leaf, is

usually a constant value (four spots), as each leaf is inoculated at four

sites with 5 mL of spore suspension. The DI scores were calculated individ-

ually for each plant of each accession. The DI scores thus calculated were

normalized to the DI score of the control accession (Gre-0) in each experi-

ment to minimize the effect of experimental variation on the phenotype.

This was denoted as NDI. The median value of the NDI scores of each

accession was used for association mapping. The effect of the experiment

(replicates) on the phenotype was determined using a generalized linear

model (GLM):

NDI 5 Aa1 Pp1 Eap

The accession genotype (A) and replicates (P) were both denoted as fixed

effects and the residual error was assumed to be normal. An ANOVA

using the F-test was conducted on the GLM to determine the effect of

experimental replicates on the phenotype. The ‘heritability’ package in R

was used to calculate the broad-sense heritability (H2). Assuming that all

differences between the accessions are genetic, H2 was estimated as

described in Kruijer et al. (2015).

GWA analysis of disease resistance

GWA mapping was performed using the GWAPP web interface (http://

gwas.gmi.oeaw.ac.at) (Seren et al., 2012). All three models, namely LM,

KW and AMM, were used with the default settings to identify associations

between the phenotype of 123 accessions and the 206 000 SNPs available

on the web interface.

Validation of putative candidate genes

T-DNA knockout lines in the Col-0 background were identified in the SALK

and GABI-Kat library and obtained from ABRC (Alonso et al., 2003;

Kleinboelting et al., 2012). The homozygosity of the mutants was con-

firmed using standard PCR-based indel markers developed by the SALK

Institute Genomic Analysis Laboratory (http://signal.salk.edu/tdnaprimers.

2.html) (the list of primers used for confirmation is given in Table S2, see
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Supporting Information). The plants were grown and infected as described

above for the natural accessions.

The differences in the disease resistance phenotype between the

T-DNA insertion mutants and the wild-type plants may be small.

Therefore, to determine the differences in the disease phenotype, the

mutants were scored using a cumulative disease index (CDI) calculated

from the number of necrotic spots and the size of each spot using the

formula:

CDI5

PK
n51 ns 3ssð Þ

K3nsmax3ssmax

where CDI is the cumulative disease index, K is the total number of

leaves, ns is the total number of necrotic spots/leaf, ss is the size of the

necrotic spot, nsmax is the maximum number of necrotic spots/leaf (usually

four) and ssmax is the maximum size of the necrotic spot.

Three independent experiments were carried out, with each experi-

ment containing six plants of each mutant. Therefore, 18 independent

replicates were available for each mutant as well as the wild-type. A

randomized block design was adopted for this experiment, with each

experiment indicative of a block. The CDI was scored for each individ-

ual plant in each experiment. The accession Zdr-1 was used as a sus-

ceptible control in these experiments, as we found the disease

phenotype of Zdr-1 to be robust and even more susceptible than Gre-0

during the screening of 123 accessions. Therefore, for the validation

experiments, the CDI scores were normalized to the CDI score of the

susceptible accession Zdr-1 in each experiment to minimize the effect

of experimental variation on the phenotype. This was denoted as the

normalized CDI (NCDI) and was used for comparisons with the wild-

type. In order to estimate the effect of the experimental variation on

the phenotype, a GLM was used:

NCDI 5Ll1 Ee1 P Eeð Þ1 Ll : Ee1 Eaep

The fixed effects were denoted by L, E and P, which represent the mutant

genotype, experimental block and individual plant, respectively. The indi-

vidual plant was also included as a fixed factor in the model to account

for the variation observed between plants of the same genotype. The

residual error was assumed to be normal. An ANOVA using the F-test was

conducted on the GLM to determine the effects of the experiments on the

phenotype.

The percentage increase in susceptibility for each mutant was calcu-

lated with respect to the wild-type (Col-0) as:

% increase5
NCDI Mutantð Þ2NCDI Col20ð Þ

NCDI Col20ð Þ 3100

Quantitative RT-PCR assays

Total RNA was extracted from the leaves collected from six plants in

each experiment using an RNeasy plant mini kit according to the

manufacturer’s recommendations (Qiagen, Gaithersburg, MD, USA).

On-column DNase digestion was carried out to remove gDNA contami-

nation. First-strand cDNA was synthesized from 1 mg of total RNA

using an MMLV Reverse Transcriptase First-Strand cDNA Synthesis

Kit (Epicentre Biotechnologies, Madison, WI, USA) according to the

manufacturer’s protocol.

Each reaction contained 10 ng of cDNA, 1 pmol of each primer

(Table S1) and 2 3 SYBR Select Master Mix (ThermoFisher Scientific, Wal-

tham, MA, USA). PCRs were carried out using the standard setting in a

QuantStudio 6 Flex Real-Time PCR System (ThermoFisher Scientific, Wal-

tham, MA, USA). The mean cycle threshold (Ct) values of the genes were

calculated from replicate wells. The mean Ct values of the target genes

were normalized to the Ct values of the endogenous control (TIP41-like

gene, At4g34270) for each sample (denoted by dCt). Further, to calculate

the relative expression levels, the dCt values of the infected samples were

normalized to the mock (distilled water)-inoculated samples of each time

point. These values from the three individual biological experiments were

subjected to data standardization and compared using a described

method (Willems et al., 2008). Subsequently, a Mann–Whitney U-test

(non-parametric test) was used to test the statistical significance of the

fold changes. The sequences of the primers used in quantitative PCR are

listed in Table S3 (see Supporting Information).
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SUPPORTING INFORMATION

Additional Supporting Information may be found in the online

version of this article at the publisher’s website:

Fig. S1 Confirmation of T-DNA insertion in At3g25180. (A)

Position of the T-DNA insertion in the gene At3g25180. (B)

Confirmation of T-DNA insertion using polymerase chain reac-

tion (PCR)-based indel markers developed from the SALK Insti-

tute Genomic Analysis Laboratory. (C) Confirmation of null

allele by checking the expression levels of At3g25180 in cDNA

of wild-type and T-DNA mutant.

Fig. S2 Confirmation of T-DNA insertion in At5g37500. (A)

Position of the T-DNA insertion in the gene At5g37500. (B)

Confirmation of T-DNA insertion using polymerase chain reac-

tion (PCR)-based indel markers developed from the SALK Insti-

tute Genomic Analysis Laboratory. (C) Confirmation of null

allele by checking the expression levels of At5g37500 in cDNA

of wild-type and T-DNA mutant.

Fig. S3 Confirmation of T-DNA insertion in At1g06990. (A)

Position of the T-DNA insertion in the gene At1g06990. (B)

Confirmation of T-DNA insertion using polymerase chain reac-

tion (PCR)-based indel markers developed from the SALK Insti-

tute Genomic Analysis Laboratory.

Fig. S4 Non-synonymous changes in the coding region of

At3g25180. (A) The gene model of At3g25180 with the

approximate positions of the non-synonymous variants in the

different exons of the gene. (B) Segregation of the alleles cor-

responding to the non-synonymous variants in At3g25180

(CYP82G1) in 10 highly resistant and 10 highly susceptible

accessions.

Fig. S5 Response of wild-type (Col-0) to culture filtrate of

Alternaria brassicae. (A) Panel representing stomatal opening in

response to treatment (3 h) with culture filtrate (CF) of

A. brassicae and potato dextrose broth (PDB) in 4-week-old

wild-type Col-0 leaves, Scale bar, 500 mm. Leaves were stained
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with 20 mM propidium iodide (PI) prior to treatment (CF and

PDB). (B) Boxplot showing the stomatal aperture index (SAI)

for the CF-treated and mock (PDB)-treated leaves of Col-0.

Data from two independent biological experiments, with the

number of stomata measured for SAI indicated in the figure.

Fig. S6 Venn diagram depicting the overlap between the top

2000 single nucleotide polymorphisms (SNPs) from each

method, namely the linear regression model (LM), Kruskal–

Wallis test (KW) and accelerated mixed model (AMM).

Table S1 Accessions used in the current study together with

their geographical location and normalized disease index (NDI).

Table S2 List of primers used to confirm the homozygosity of

the T-DNA insertion mutants.

Table S3 List of primers used in quantitative polymerase chain

reaction (qPCR).

Table S4 Candidate genes (106) identified after prioritization

of the single nucleotide polymorphisms (SNPs) arising from

genome-wide association (GWA) mapping.

Table S5 P values of F-tests of T-DNA insertion mutants. A

summary table of P values of each term in the linear model for

each mutant against wild-type Col-0.

Table S6 In silico prediction of the effect of non-synonymous

changes in the coding region of At3g25180. Predictions shown

with two different commonly used algorithms: SIFT (Kumar

et al., 2009) and POLYPHEN 2.0 (Adzhubei et al., 2010).
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