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ABSTRACT

The current crop production is not sufficient to feed the projected global population of 9.7
billion in 2050. Therefore, there is a demand for radical changes to food diversification by
including plant based protein alternatives such as chickpea. Chickpea has a high protein content
that accounts for almost 20% of its weight and potential health benefits such as reducing
cardiovascular, diabetic and cancer risks. However, the chickpea industry is challenged by
increasing incidences of fungal diseases, including sclerotinia stem rot (SSR) caused by the
phytopathogen Sclerotinia sclerotiorum in some chickpea cropping areas. S. sclerotiorum has
a wide host range and the ability to survive in the soil for a long time, making it a challenging
disease to manage. Under conducive conditions, S. sclerotiorum can cause up to 100% yield
loss in chickpea. Currently, there are no registered fungicides to control sclerotinia in chickpea
in Australia and no known resistant cultivars. This thesis determines the level of resistance of
current Australian chickpea cultivars and a collection of wild chickpea accessions. A
recombinant inbred line population was employed, and major quantitative trait loci for stem
lesion length were identified. Furthermore, RNA sequencing was employed over time to
identify key factors sclerotinia uses in its arsenal to promote disease on a partially resistant and
highly susceptible cultivar. Similarly, this data was analysed on the plant side of the interaction
to identify differential responses in resistant and susceptible plants. Together, this thesis
provides an insight into the chickpea-sclerotinia interaction and resources to improve the

resistance to SSR in future chickpea cultivars.

The wild progenitors are much more diverse than domesticated chickpea; the second chapter
describes how this relates to S. sclerotiorum resistance. Initially, the pathogenicity of nine
Australian S. sclerotiorum isolates were examined and highly aggressive and moderately
aggressive S. sclerotiorum isolates were identified. A screening assay was conducted using
highly aggressive isolate isolates to evaluate 86 wild Cicer accessions (Cicer reticulatum and
echinospermum) and two C. arietinum cultivars (PBA HatTrick and Kyabra) for resistance to
S. sclerotiorum. Wild Cicer accessions Karab 084 and Deste 063 demonstrated consistent
partial resistance to S. sclerotiorum compared to PBA HatTrick and Kyabra. Furthermore,
there were significant differences in responses to S. sclerotiorum across wild Cicer collection
sites, highlighting the importance of considering collection sites in the future search for S.

sclerotiorum resistance. This study demonstrates the first evidence of partial stem resistance



to S. sclerotiorum identified in wild Cicer germplasm, which can be adopted in chickpea
breeding programs to enhance SSR resistance in future chickpea cultivars.

The third chapter assesses the susceptibility levels of Australian chickpea lines, and it
demonstrated that PBA HatTrick is moderately resistant and Kyabra is highly susceptible to S.
sclerotiorum. Two hundred Fe.7 recombinant inbred lines (RILs) derived from a cross of PBA
HatTrick, and Kyabra were phenotyped and genotyped following a stem inoculation method
for SSR resistance to identify genomic regions responsible for SSR resistance. Six QTLs on
chromosomes 1 (QSSR-1), 4 (QSSR4-1, qSSR4-2, qSSR4-3) and 7 (qSSR7-1, qSSR7-2), which
individually accounted for 3.3 - 14.2% of the total estimated phenotypic variation for the
response to SSR inoculation, were identified. After proper validation, these QTLs can be used

for marker-assisted breeding for SSR resistance in chickpea.

In chapter four, a time-course transcriptional analysis of S. sclerotiorum gene expression during
chickpea infection was conducted. The results showed 9,491 and 10,487 §. sclerotiorum genes
were expressed in PBA HatTrick and Kyabra, respectively, relative to in vitro. Analysis of the
upregulated genes revealed the induction of genes encoding carbohydrate-active enzymes,
secondary metabolites, and secreted effectors, which are important during pathogen
colonisation of the host. These findings provide the framework for a better understanding of S.
sclerotiorum interaction with chickpea hosts of varying susceptibility levels. Here, we report
for the first time on the S. sclerotiorum transcriptome during chickpea infection, which could

be important for further studies on the molecular biology of this pathogen.

Chapter five also used the RNA-seq approach to decipher the molecular mechanisms governing
partial resistance to S. sclerotiorum in chickpea. We observed that phenylpropanoid pathway
intermediate enzymes such as alcohol hydrogenase, isoflovanol-2-hydrogenase, chalcone
synthase and cinnamoyl-CoA reductase were expressed earlier in PBA HatTrick compared to
Kyabra. Similarly, early upregulation of enzymes involved in immunity, cell wall resistance
and reactive oxygen species scavengers was observed at the early infection stage in PBA
HatTrick compared to Kyabra. Overall, these results suggests that PBA HatTrick resistance to
S. sclerotiorum in chickpea coincides with an early response to the pathogen and basal
expression of resistance genes. In contrast, Kyabra suffered massive infection due to lagging
response and repressed signal transduction. This study provides a rich resource for functional
characterisation of the genes involved in resistance mechanism and their use in chickpea

breeding.
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CHAPTER 1

General Introduction

1.1. Background

Approximately 821 million people in the world population suffer from hunger and live without
secure food sources due to the effects of global warming, urbanisation and loss of crop diversity
(FAO, 2019). Current food production is not adequate to feed the global population, which is
predicted to reach over nine billion by 2050. Therefore, radical changes related to food
diversification, including other unexploited plant-based foods such as pulses are important

(Berners-Lee et al. 2018).

Pulses are known for their beneficial nutritional profiles for the human diet and their role in
nitrogen fixation; however, they are underexploited in cultivation and consumption and
inadequately researched in areas concerning biotic and abiotic stresses (Robinson et al. 2019;
Foyer et al. 2016). Despite their general niche status globally, legume crops remain staple foods
along with cereals, especially in Africa and South Asia (Foyer et al. 2016). Considering the key
roles pulse crops play in the human diet and soil nutrition, advancing studies on these crops
will significantly impact food security. Pulse crops favourable for human consumption include
butter beans, haricot beans, red kidney beans, black-eyed beans, soyabeans, peas, lentil, lupins

and chickpea (Foyer ef al. 2016).

Chickpea (Cicer arietinum L.) is a grain pulse crop popular for the human diet due to its
multiple uses (Siddique et al. 2000). Chickpea production is third after beans and peas, with
over 10 million tonnes produced annually in the world (Merga and Haji 2019). Chickpea is
exceptionally high in protein content (20% of its weight) and has potential health advantages
such as reduced cancer, diabetic and heart-related ailments (Jukanti et al. 2012). Besides human
nutrition, chickpea crops fix soil nitrogen through symbiotic nitrogen fixation (Flowers ef al.
2010). However, limited research efforts compared to cereal grains and increasing disease
related challenges affect commercial chickpea production. Therefore, it is critical to consider
new disease management strategies, such as developing chickpea genotypes resistant to

diseases for future sustainable food security.

Wild crop relatives offer diverse favourable traits that include resistance to disease (Zhang et

al. 2016). A review by Maxted et al. (2007) found that over 60% of previous studies on wild
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relatives of pulse crops such as soybeans, faba beans, common beans and chickpeas reported
their significance as a source of resistance to abiotic and biotic stresses. The most important
biotic stresses that challenge the chickpea industry are Ascochyta blight and Fusarium wilt.
Other diseases that cabn cause significant yield losses in the chickpea industry include
Phytophthora root rot , root-lesion nematodes, Botrytis grey mould, Powdery mildew, Downy
mildew, Pythium root rot and Sclerotinia stem rot (SSR) (Collard et al. 2003; Kukreja ef al.

2018; Pulse Australia, 2020), the latter being the focus of the current research project.
1.2. History and origin of chickpea

Chickpea was domesticated with other crops including wheat, pea, barley, rye, and lentil as
part of the evolution of agriculture in the Fertile Crescent 12,000-10,000 years ago (Bar-Yosef
1998). The distribution of old races and wild relatives of chickpea occurred in three main
regions: 1) Central Asia, Afghanistan and the Himalayan region (ii) the western Mediterranean,
Ethiopia, Crete and Greece; and (ii1) Asia-minor, Iran and the Caucasus (Singh 1997). The two
types of domesticated chickpeas are small angular seeds referred to as Desi and larger and
rounder seeds referred to as Kabuli (Thudi et al. 2016; Ahmad ef al. 2005). Domestication of
Desi type started in the Mediterranean and spread to southern Europe, northern and eastern
Africa (Knights and Hobson 2016). Domestication of the Kabuli type in India started over
4,000 years ago (Abbo et al. 2003). However, the commencement of chickpea production in
the United States, Canada, and Australia was as recent as the 1950s, 1990s and 1970s,
respectively (Thudi et al. 2016).

1.3. Global production and importance of chickpea

The global area under chickpea cultivation is approximately 14 million hectares, and chickpea
has a mean production of over 10 million tonnes annually (Fig.1) (Merga and Haji 2019; FAO,
2019). India leads the world in chickpea production (65%), followed by Australia, North
America, Africa, Europe and Asia, contributing 35% of world production (FAOSTAT, 2019).
In Asia, yield increased by over 10%, from 700 kg/ha in 1996 to 800 kg/ha in 2019 (FAOSTAT,
2019).
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Figure 1.1: Average chickpea production worldwide from 1961 to 2017. The blue line
represents the area harvested (million hectares), and the red line represents production (million

tons). Illustration adapted from Merga and Haji (2019).

Chickpea is a key player in food security by bridging the gap in the protein level of daily food
rations in developing countries (Merga and Haji 2019). Chickpea offers a source of economical
and affordable carbohydrates and proteins without compromising nutritional value (Malunga
et al. 2014). To improve food security opportunities in the major growing areas, both reducing
chickpea production risks and increasing production levels are critical. In view of the above,
developing chickpea cultivars with improved resistance to devastating diseases such as
Ascochyta blight, Fusarium wilt, Root lesion nematodes, and SSR is critical in achieving world
food security. Previous research shows that domesticated chickpea genotypes have low genetic
diversity, encouraging the search for disease resistance alleles from wild relatives (Abbo ef al.

2003).
1.4. Wild Cicer germplasm gene pool

Wild Cicer species are key sources of alleles that may contribute to resistance to diseases
(Muehlbauer et al. 2006). The wild ancestors of other crops such as lentil, peas, wheat and

barley, have a wide distribution geographically, from the eastern Mediterranean to Asia (Abbo
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et al. 2003). In a Cicer monograph, Van der Maesen (1972) identified 39 Cicer species
including 31 perennials and eight annuals. Among the Cicer species, C. arietinum is the sole
species under domestication and grown worldwide. The wild Cicer had a narrow geographical
range, with the C. reticulatum, which is the immediate progenitor of chickpea, geographically
restricted to the southern province of Turkey (von Wettberg et al. 2018). The region had
significant differences in elevation and soil types despite the narrow geographical range, which
could drive distinct local adaptations (von Wettberg et al. 2018). In addition, the wild Cicer
are not only limited when compared to other crops but the species are endangered due to
overgrazing and habitat change in their natural environments driven by climate change (von
Wettberg et al. 2018). The Grains Research and Development Corporation (GRDC) supported
a group of researchers from the USA, Turkey and Australia to collect wild chickpea accessions
from the chickpea centre of origin in Turkey (Table 1.1). This collection effort significantly
increased the total number of wild Cicer species in the world collection which prior to 2013
had 76 wild relatives and now contains 1,209 accessions (Table 1.1). This allowed scientists
worldwide to assess this germplasm for desirable characteristics of relevance to their

production regions (von Wettberg et al. 2018).

Table 1.1: The number of wild chickpea accessions in Australian Grain Genebank before and
after collection trips in Turkey between 2013 and 2016 has significantly increased the number

of wild accessions.

Species Prior to 2013 2013 -16 Collection
Cicer bijugum 20 85

Cicer pinnatifidum 28 253

Cicer echinospermum 10 282

Cicer reticulatum 18 589

The current wild Cicer species collection provides opportunities to mine potential alleles for
introgression into breeding programs. The number of species in the genus Cicer was recognized
as 45 species with nine annuals and 36 perennials. Importantly, only two of the annual wild
Cicer species (C. reticulatum and C. echinospermum P.H Davis) are in the primary and
secondary gene pools of cultivated chickpea and are readily inter-fertile with C. arietinum (von
Wettberg et al. 2018). A genetic diversity study reported a successful hybridisation of C.

arietinum and the wild species C. reticulatum and C. echinospermum (Croser et al. 2003).
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Alleles that confer resistance to Phytophthora root rot (Knights et al. 2008), Pod borer (Golla
et al. 2020), Ascochyta blight (Collard et al. 2003; Newman et al. 2020), Root-lesion nematode
(Reen et al. 2019), and chilling tolerance (Berger et al. 2005) have been identified in the current
world Cicer collection. Hence, this collection offers the potential for resistance against other
chickpea diseases such as SSR to be investigated. Despite potential undesirable agronomic
traits (Mufioz et al. 2017), genetic diversity and exceptional opportunity to incorporate novel

alleles controlling important characteristics has encouraged research on these wild species.

With SSR, which can cause up to 100 % yield losses in chickpea, becoming an emerging
disease problem in Australia, the wild chickpea germplasm is an important resource that can
be utilised to screen for resistance. (Pulse Australia, 2020). If resistance or partial resistance is
found, breeders can introgress the alleles conferring resistance into domesticated chickpea.
Moreover, the value of wild species in resistance breeding is important to maintain high
productivity, particularly in crops where genetic diversity to the pathogen such as S.
sclerotiorum is low (Kameswara Rao et al. 2003; (Fuhlbohm et al. 2003; Njambere et al. 2008;
Chen et al. 2000).

1.5. Sclerotinia sclerotiorum

Sclerotinia Sclerotiorum (Lib.), the causal agent of SSR, is a necrotrophic cosmopolitan plant
pathogen that infects at least 408 species, including oilseeds, weeds, grasses and pulses (Boland
and Hall 1994; Bolton et al. 2006). SSR in chickpea is an important disease worldwide and can
infect stem, leaves and pods at different developmental stages of the host (Huzar-Novakowiski
etal. 2017). SSR is an important disease in the USA (Chen et al. 2006), Canada (Hilton 2000),
India (Haware 1990) and Australia (Bretag and Mebalds 1987). While chemical control has
been used to control SSR in canola (Derbyshire and Denton-Giles 2016), there are no registered
fungicides to control SSR in Australia (Pulse Australia 2020). Therefore exploring the genetic
basis of resistance to S. sclerotiorum is novel research that will impact breeding programs

focusing on durable, resistant germplasm for environmental and economic benefits.

The source of inoculum for S. sclerotiorum is sclerotia, which are hard, black fungal structures
that are critical to the long-term survival and sexual reproduction of the pathogen (Lane et al.

2019; Brooks et al. 2018). Sclerotia can proliferate carpogenically by producing apothecia from
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which ascospores are liberated and released to colonise host petals or myceliogenically by the
growth of hyphae that infect directly from the base of the plant (Fig. 1.2) (Lane et al. 2019).
The journey after infection through different plant tissues is important to study since S.
sclerotiorum virulence and host defence requirements may shift in response to pathogen

colonisation and host defence mechanisms.
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Figure 1.2: A schematic representation of the disease cycle of Sclerotinia sclerotiorum.

Adapted from Singh et al. (2020).

1.5.1. Sclerotinia sclerotiorum pathogenesis

Dispersal of inoculum is higher under bushy canopies and during the early growth stage of the
host (Bolton et al. 2006). For penetration, the host tissue must be moist. Microscopy studies on
the mode of penetration of S. sclerotiorum showed that the initial attack of the host is by
enzymatic degradation of the cuticle and direct penetration by mechanical pressure (Uloth et
al. 2016). After penetration, the mycelium develops inter and intracellularly and concludes
with oxalic acid (OA) production (Cessna et al. 2000). OA acidified the host environment,
causing chelation of calcium ions and interference with the stomatal closure and starch
hydrolysis (Williams ef al. 2011). Besides OA, the activity of cell wall degrading enzymes,

which are released initially, are also important during S. sclerotiorum pathogenesis (Williams
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et al., 2011). Although mechanical pressure seems to be of major importance in S. sclerotiorum
infection, colonisation by excretion of key enzymes is reported to play key roles during
infection of canola (Oliveira et al. 2015; Seitbarghi et al. 2017; Chittem et al. 2020), soybean
(Westrick et al. 2019) and chickpea (Mwape et al. 2021a). The maceration of the host tissues
and the development of watery soft rot after S. sclerotiorum infection is caused by the excretion
of pectolytic enzymes (Li et al. 2004). As the infection progresses, necrosis shows around the
infection points and extends within the host tissues. After establishment inside the host, small
hyphae appear through the stomata and form a cottony mass on the surface of the host, and
small sclerotia are initiated on the mycelium (Willetts and Wong 1980). Research involving
Brasica napus found that when the host is fully infected, wilting and lodging occur, and

necrotic lesions extend on the stem of the host (Derbyshire and Denton-Giles 2016).

1.5.2. Screening for Sclerotinia sclerotiorum resistance

Knowledge of the range of aggressiveness within the local S. sclerotiorum population offers
useful information for breeding and management (Willbur ez al. 2017). Screening for resistance
using weakly aggressive S. sclerotiorum isolates can increase the risk of false-positive
phenotypes (Denton-Giles ef al. 2018). Therefore, various isolates representing the overall
diversity of S. sclerotiorum isolates present in the environment should be used for resistance
screening assays. Various non-biological methods are used for diagnosis of S. sclerotiorum in
the field, such as looking for a white cottony-looking growth that girdles the stem causing the
plant wilt and die and small black fruiting bodies (Sclerotia) in the stem and soil. A widespread
technique for screening crops for resistance to S. sclerotiorum comprises conducting pathogen-
host biological assays. To identify host genetic resistance, several assays have been developed
to screen for resistance against S. sclerotiorum. Cut petiole inoculation (Zhao et al. 2004),
stem inoculation assays (Denton-Giles et al. 2018) and detached leaf inoculation (Li et al.
2006) have been employed in assessment for SSR resistance in B. napus. Similarly, assays have
been developed to screen soybean, dry bean, and sunflower for SSR resistance (Vuong et al.
2004; Kim et al. 1999). Although previous studies have evaluated screening assays for various
hosts, there is no single widely developed and evaluated assay for S. sclerotiorum resistance

screening in chickpea.

Therefore, the development of a reliable and reproducible phenotyping assay is key in the

search for resistance to S. sclerotiorum in chickpea germplasm. The current study focuses on
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identifying an SSR resistance screening technique in chickpea that will allow dissection of the
defence response in resistant and susceptible chickpea lines and identify critical pathways
responsible for resistance to S. sclerotiorum. The lack of a reliable SSR screening assay and
the absence of cultivars with complete or partial resistance to SSR is a limiting factor in

breeding resistance to SSR in chickpea.

1.6. Management of Sclerotinia sclerotiorum

S. sclerotiorum causes the disease commonly referred to as white mould or sclerotinia collar
rot or SSR (Bardin and Huang 2001). Generally, the fungus invades the host tissues, causes
watery brown rot and growth of white mycelium over the infected tissues, in which sclerotia
eventually form. A large number of sclerotia mount up in the plant stubble or the soil and can
survive for over five years (Brooks et al. 2018). Germination of sclerotia into infective hyphae
or apothecia under favourable conditions and availability of hosts initiates a new infection cycle
(Fig.1.2). Management and elimination of SSR, unfortunately, has no single strategy that can
be used. Some well-known control techniques include site selection, resistant plants and
cultivars, controlling other biotic factors, sanitation, cultural practices, chemical and biological
control (Derbyshire and Denton-Giles 2016). Therefore, a combination of management tools
provides a long term, consistent management of disease while maintaining crop yield and

quality.

1.6.1. Cultural practices

To adhere to sound cultural practices, understanding the basic biology of the pathogen and
awareness of favourable conditions that are unconducive to the persistence of the pathogen and
the disease are required. For instance, management of SSR in soybean involves clean seed,
early planting, soil turnover, and adjustment of plant population to reduce the crop canopy
(Mueller et al. 2002). This practice aims to reduce underground sclerotia and create non-
conducive environs for the pathogen, which spends 90% of its life cycle as sclerotia in the soil
(Adam and Ayers, 1979). Pulse growers reduce the amount of sclerotia within their field
through crop rotation to disrupt the annual lifecycle of S. sclerotiorum and reduce the annual
number of sclerotia in the soil. The growth of a host crop accelerates the build-up of the
sclerotia in the soils for consecutive years without rotation (Brooks et al. 2018). One of the

challenges of crop rotation is the ability of S. sclerotiorum to infect over 400 hosts, comprising
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of common weeds such as shepherd’s purse (Capsella bursa-pastoris), dandelion (Taraxacum
officinale) and wild radish (Raphanus raphanistrum). Hence, an effective crop rotation strategy
to control SSR must include an efficient weed control program to minimise ‘green bridge’

conditions that would allow S. sclerotiorum to persist in the fields (Brooks et al. 2018).

The benefit of soil tillage on the persistence of sclerotia in the soil is reducing apothecia
production by burying the sclerotia (Kharbanda and Tewari 1996). Sclerotia are viable only in
the top 2-3 cm of soil as apothecia cannot grow longer than 3 cm (Brooks et al. 2018). Burying
sclerotia to a depth of up to 15 cm reduces carpogenic germination and apothecia production
(Williams and Stelfox 1980). However, the sclerotia persistence is more remarkable when
buried deep in the soil (Merriman et al. 1979) because tilling in successive years brings the
sclerotia to the topsoil. Hence, this strategy is only successful when the sclerotia remain

suppressed underground until they lose their viability.

1.6.2. Chemical and biological control

There are currently no consistent protocols to control SSR through fungicide applications,
which is in part due to the variability in canopy coverage and timing of fungicide application
following ascospore release (Grau et al. 1994). Constant use of concentrated chemicals may
cause the pathogen to develop fungicide resistance and negatively impact the environment and
non-target species (Mueller et al. 2002; Hawthorne and Jarvis 1973). In Brazil, research
showed that Procymidone and Fluazinam reduced the production of ascospore/apothecium
when sprayed at the onset of flowering in soybean (Sumida et al. 2015). Further research is

recommended on the testing of unregistered fungicides in Australia to control SSR in chickpea.

The use of microbial agents to control pathogens can harm the environment and economical
for integrated management strategies (Mao et al. 1997). The mechanisms of biocontrol are
classified as antibiosis, parasitism or predation, and competition (Fravel 1988). The strategy is
an environmentally acceptable and ecologically viable approach, compatible with many
disease management models for integrated disease management (Smolinska and Kowalska
2018). For the past two decades, there has been intensive research on finding biological control
agents (BCA) for S. sclerotiorum, with only a small number registered to date (Zeng et al.
2012). Currently, no registered labels for fungicide treatments or biocontrol options to control

SSR in chickpea in Australia exist.
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1.6.3. Genetic resistance

Host resistance is regarded as one of the most successful strategies for plant disease
management. Although complete host resistance to S. sclerotiorum has not been reported,
partial resistance has been identified in canola (Khot ef al. 2011; Denton-Giles et al. 2018;
Taylor et al. 2015), soybean (Vuong et al. 2004; Kim et al. 1999; Kull et al. 2003) and
chickpea (Mwape et al. 2021a). Research has demonstrated that S. sclerotiorum pathogenesis
is very complex and involves many secreted toxins, including oxalic acid, cell wall degrading
enzymes and secreted effectors that cause successful host infection (Lyu et al. 2016; Wei et al.

2016).

To identify host resistance genes, quantitative trait loci (QTL) analysis is conducted to find the
positions of alleles correlated to resistance to S. sclerotiorum. For instance, in soybean, 103

QTLs for SSR resistance are reported in the soybean databank (www.soybase.org). Kim and

Diers (2000) identified three QTLs underlying partial resistance in soybean cultivar S19-90.
Further research identified 28 QTLs in four soybean cultivars, some of which were associated
with physiological traits such as flowering time, internode length and lodging, which could be
disease escape mechanisms and not physiological resistance. Although several authors have
identified partial soybean resistance, there are currently no reports on complete SSR resistance.
It is considered that physiological resistance and escape mechanism causes resistance
differences in the response of hosts such as soybean to S. sclerotiorum (Kim et al. 1999).
However, unlike soybean, there has been no research conducted focusing on identifying the

genetic resistance of chickpea against S. sclerotiorum.

Considerable efforts to map genetic loci contributing to SSR resistance in B. napus have been
made. A mapping population derived from crosses between a partially resistant and a
susceptible parent identified resistance in seedling and mature plant stages in B. napus (Zhao
and Meng 2003; Wu et al. 2013). Molecular analysis has also been used to find the host
molecular mechanisms associated with disease resistance phenotype. Genes with presumed
roles in disease resistance, such as two heat shock proteins, glycine-rich protein, a trypsin
inhibitor protein, and a thio-methyltransferase, have been identified and associated with B.
napus resistance against S. sclerotiorum (Wen et al. 2013). Similarly, proteins with a putative
role in key metabolic pathways such as protein folding, ethylene biosynthesis, antioxidant
defence, pathogenesis, protein synthesis, and anthocyanin biosynthesis have also been

identified (Garg et al. 2013; Zhao et al. 2015).
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The absence of complete genetic resistance to SSR in crop hosts has prompted the search for
genetic resistance within wild crop relatives, intending to introduce this resistance across the
species. A high level of resistance against S. sclerotiorum was reported in introgression lines
derived from hybridisation between wild crucifers and Brassica species (Garg et al. 2010).
Screening of the F> population derived from hybridisation of B. napus and with B. oleracea
identified two major QTLs in wild Brassica species that highly influenced resistance to SSR
compared to cultivated genotypes (Taylor et al. 2018). Identification of resistance in wild
relatives of SSR hosts will provide novel genetic resources that can be used in future breeding

programmes to enhance resistance against SSR.

1.7. Research hypotheses and objectives

Considering the present difficulties in predicting SSR outbreaks and lack of complete
resistance in previously studied SSR hosts, it is evident that only a more comprehensive
application of phenotypic and genotypic strategies can contribute to substantial advancements
in developing commercial chickpea cultivars having an adequate level of resistance against S.
sclerotiorum. This task will be most rapidly and efficiently achieved with the assistance of
explicitly expanding our current understanding of the resistance level of the popular
domesticated cultivars and screening wild chickpea relatives for resistance alleles. This
knowledge will better inform breeders how best to incorporate those alleles and have academic
benefit by understanding the molecular pathways involved during the S. sclerotiorum -

chickpea interaction.

This thesis tested the following hypotheses:

1) Wild chickpea germplasm will show a diverse range of responses to S. sclerotiorum
infection compared to domesticated cultivars (PBA HatTrick and Kyabra).

2) Genotyping and phenotyping for S. sclerotiorum infection responses of a recombinant
inbred line population generated from PBA HatTrick and Kyabra will identify loci
associated with resistance to S. sclerotiorum.

3) Analysis of S. sclerotiorum transcriptomes will show use of different strategies during
the infection of resisatn and susceptible cultivars (PBA HatTrick and Kyabra) by the
pathogen.

4) Analysis of the chickpea transcriptomes will show that the two cultivars PBA HatTrick

and Kyabra differ in their responses to S. sclerotiorum infection.
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This thesis’ overall objectives were to explore and identify resistance to S. sclerotiorum in wild

chickpea germplasm and establish the level of susceptibility of two popular Australian

chickpea cultivars. To meet the objectives, the following aims were set:

1y

2)

3)

4)

5)

6)

Develop a rapid, consistent and reliable chickpea screening technique for S.
sclerotiorum resistance (Chapter 2).

Screen a wild chickpea germplasm collection (n= 86) to identify potential sources of S.
sclerotiorum resistance (Chapter 2).

Initiate development of a segregating recombinant inbred line (RIL) population for
resistance to S. sclerotiorum using a parent with identified resistance from the wild
accessions (Chapter 2).

Phenotype an F7 RIL population derived from a cross between the elite cultivars PBA
HatTrick and Kyabra for their response to S. sclerotiorum infection and identify QTLs
associated with S. sclerotiorum resistance (Chapter 3). QTL analysis was based on
genotyping work conducted by Khoo et al., (submitted).

Study global S. sclerotiorum transcriptional changes during chickpea infection of a
moderately resistant (PBA HatTrick) and a susceptible (Kyabra) chickpea cultivar
(Chapter 4).

Analyse chickpea differential gene expression of a moderately resistant (PBA HatTrick)
and a susceptible (Kyabra) chickpea cultivar following S. sclerotiorum infection and
identify pathways that can contribute to the observed resistance to S. sclerotiorum in the

moderately resistant cultivar (Chapter 5).

1.8. Thesis outline and structure

This thesis is prepared following the higher degree by research (HDR) thesis examination

procedures of Curtin University, under Section 1.4 of the guidelines, and presented as a series

of scientific papers, including two accepted for publication and two in preparation for

submission to journals in due course. Each chapter (i.e. chapter 2, 3, 4, and 5) is self-contained,

with an abstract, introduction, methods, results, discussion, conclusion, chapter references and

supplementary materials. Parts of the methods sections in Chapter 4 and Chapter 5 are

relatively similar, considering a single set of RNA sequencing data was generated and used for

molecular studies on S. sclerotiorum infection mechanisms (Chapter 4) and chickpea

mechanisms response to S. sclerotiorum (Chapter 5).
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Chapter 1 introduces chickpea as a pulse crop within the context of taxonomy and economic
relevance. It also describes SSR and the causal pathogen S. sclerotiorum lifecycle, host range,
disease epidemiology and current management strategies and future opportunities in the

management of SSR.

Chapter 2 describes the development of a robust pathology assay to determine the response of
Cicer species to S. sclerotiorum infection. It also identifies S. sclerotiorum isolates with
distinct levels of aggressiveness following inoculation of Cicer germplasm. It identifies wild
Cicer accessions with higher levels of partial resistance than two current popular chickpea

cultivars (PBA HatTrick and Kyabra) (Mwape et al. 2021b).

Chapter 3 describes the genetic dissection of SSR resistance in a segregating chickpea
population derived from Australian cultivars PBA HatTrick and Kyabra and reports the
identified QTLs and genes underlying those QTL regions.

Chapter 4 covers the transcription analysis of S. sclerotiorum gene expression during infection
of two chickpea cultivars (PBA HatTrick and Kyabra). This chapter details the gene expression
patterns, their roles and significance during S. sclerotiorum- chickpea interaction (Mwape et

al. 2021b).

Chapter 5 includes detailed accounts of host defence-related genes identified in moderately

resistant and susceptible C. arietinum genotypes through RNAseq analysis.

Chapter 6 summarises the conducted research and highlights the importance of the significant
findings of each chapter, further research opportunities identified out of these studies, with

further discussions of implications and benefits to both the scientific community and industry.
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2.1. Abstract

Sclerotinia sclerotiorum is an important fungal pathogen of chickpea (Cicer arietinum L.), and
it can cause yield losses up to 100%. The wild progenitors are much more diverse than
domesticated chickpea, and this study describes how this relates to S. sclerotiorum resistance.
Initially, the pathogenicity of nine Australian S. sclerotiorum isolates was examined on three
Cicer lines to develop a robust phenotyping assay, and significant differences in isolate
aggressiveness were identified, with six isolates being classed as highly aggressive and three
as moderately aggressive. We focussed on two S. sclerotiorum isolates, CU8.20 and CU10.12,
which were highly aggressive and moderately aggressive, respectively. A subsequent
phenotyping assay was conducted using the two isolates to evaluate 86 wild Cicer accessions
(Cicer reticulatum and Cicer echinospermum) and two C. arietinum cultivars for resistance to
S. sclerotiorum. A subset of 12 accessions was further evaluated, and subsequently, two wild
Cicer accessions with consistently high levels of resistance to S. sclerotiorum were examined
using the initially characterised nine isolates. Wild Cicer accessions Karab 084 and Deste 063
demonstrated consistent partial resistance to S. sclerotiorum. There were significant differences
in responses to S. sclerotiorum across wild Cicer collection sites. The Cermik, Karabahce and
Destek sites’ responses to the aggressive isolate CU8.20 ranged from resistant to susceptible,
highlighting a collection site interaction between isolate genotype and chickpea collection site
for sclerotinia stem rot resistance. This is the first evidence of partial stem resistance identified
in wild Cicer germplasm, which can be adopted in chickpea breeding programs to enhance S.

sclerotiorum resistance in future chickpea cultivars.

Keywords: Cicer reticulatum, Cicer echinospermum, Sclerotinia sclerotiorum, wild chickpea,

disease resistance screening, sclerotinia stem rot, crop wild relatives.
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2.2. Introduction

In Australia, chickpea is particularly important as a disease break crop in cereal production
systems and for its ability to form a beneficial relationship with nitrogen-fixing Rhizobia
bacteria (Siddique et al. 2013). Nutritionally, chickpea is high in protein, dietary fibre and
essential minerals, and therefore plays a critical role in the fight to reduce hunger and

malnutrition in many developing countries (Xing ef al. 2020; Jukanti et al. 2012).

Global chickpea production is threatened by various pathogens including Ascochyta rabiei,
Fusarium oxysporum f. sp. ciceri, Phytophthora medicaginis, Pratylenchus thornei, Botrytis
cinerea and Sclerotinia sclerotiorum, causal agents of Ascochyta blight, Fusarium wilt,
Phytophthora root rot, root lesion nematode disease, Botrytis grey mould and Sclerotinia stem
rot (SSR), respectively (Kukreja ef al. 2018). Among other factors, the narrow genetic base of
cultivated cultivars makes chickpea very susceptible and vulnerable to these pathogens, as
novel sources of resistance are difficult to identify in the domesticated chickpea gene pool
(Thudi et al. 2016). Whilst great efforts have been made to incorporate wild sources of
resistance to 4. rabiei (Collard, Pang, and Taylor 2003), P. thornei, (Reen et al. 2019), and P.
medicaginis (Knights et al. 2008) ) into chickpea cultivars, little research efforts have been
employed to improve resistance to S. sclerotiorum. In Australia, SSR can cause up to 100%
yield loss in susceptible chickpea cultivars under favourable conditions (Fuhlbohm et al. 2003;

Pulse Australia, 2020).

The phytopathogen S. sclerotiorum is an economically important necrotrophic fungus with a
remarkably broad host range of over 400 species, including wild plants, cereal, oilseed and
pulse crops (Boland and Hall 1994). S. sclerotiorum is an important pathogen in Canada
(Bardin and Huang 2001), America (Chen et al. 2006), India (Haware, 1990), and Australia
(Fuhlbohm et al. 2003). Previous studies in Australia have demonstrated that the S.
sclerotiorum population is diverse and unpredictable. Their responses depend on existing
environmental conditions (Michael et al. 2020). In chickpea, SSR infects directly from sclerotia
in the soil through myceliogenic germination or from carpogenic germination, resulting in the
release of ascospores in the canopy with both infection strategies causing stem whitening,
wilting and stem breakage (Chen et al. 2006). In Australia, incidences of the disease in pulses
are increasing due to the large area of canola grown, resulting in inoculum (sclerotia) build-up
in the soil (Brooks ef al. 2018). Though previous reports have shown partial resistance to S.

sclerotiorum in some members of the Leguminosae family (Webster et al. 2020; Leite et al.
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2016; Kull et al. 2003), there is no published evidence of S. sclerotiorum resistance in chickpea

to date.

Previous research has demonstrated S. sclerotiorum hosts such as model plants Arabidopsis
thaliana, Brassica napus, and Glycin max manifest SSR symptoms ranging from high
susceptibility to partial resistance to the pathogen, an indication of quantitative resistance
responses (Kim ef al. 1999; Chen and Wang 2005; Perchepied et al. 2010; Denton-Giles et al.
2018). Previous studies have reported mapped quantitative trait loci for resistance to SSR in
pulses such as peanut ( Liang ef al. 2020), pea (Ashtari ef al. 2020), common bean (Porto ef al.
2019) and soybean (Boudhrioua et al. 2020).

Research has demonstrated that crops wild relatives (CWRs) have the genetic potential to
improve S. sclerotiorum resistance in other host crops. CWRs have been shown to harbour
sources of resistance in other S. sclerotiorum hosts such as canola (Taylor et al. 2015) and
sunflower (Qi et al. 2016). Previous studies have shown wild progenitors were used to improve
the breeding of crops such as oat, rice and tomatoes using their wild species Avena sterilis,
Oryza rufipogon and Lycopersicon pimpinellifolium, respectively (Shakiba and Eizenga 2014;
Barrantes et al. 2016; Ociepa 2019). Therefore, understanding the disease resistance potential
of CWRs is critical in sustaining global food security. Currently, there is no strong resistance
to S. sclerotiorum in chickpea. Therefore, to improve the cultivated chickpea cultivars, research

aiming to reintroduce genes from the wild relatives is important (Abbo et al. 2003).

Currently, the management of SSR in agricultural crops relies on crop rotation and timely,
expensive fungicide applications. Therefore, the development of SSR resistant genotypes is
desirable. Von Wettberg et al. (2018) used genotyping-by-sequencing (GBS) data to
demonstrate that approximately 95% of the genetic diversity in the wild chickpea ancestor C.
reticulatum has been lost in domesticated chickpea. Previous studies have shown that wild
Cicer species are a source of novel alleles for resistance to diverse chickpea diseases (Abbo et

al. 2003; Reen et al. 2019; Muioz et al. 2017).

Although crosses of other wild Cicer species have shown low efficacy, the annual species, C.
reticulatum and C. echinospermum, are the only CWRs that are readily cross-compatible with
domesticated chickpea (von Wettberg et al. 2018; Croser et al. 2003; Reen et al. 2019). A
recent collection mission to southeastern Turkey significantly increased the global collection
of C. reticulatum and C. echinospermum accessions. This mission was particularly important,

as these wild accessions are currently threatened by increasing urbanisation and climate change
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(von Wettberg et al. 2018). Further, the authors showed that C. reticulatum and C.
echinospermum each have intrinsic genetic differences and classified them into eight and four
genetic population groups, respectively. This genetic diversity was largely related to the
location of their collection sites. C. reticulatum accessions were located on sandstone in
disturbed mixed pastures, while C. echinospermum accessions were found in open pastures in
basaltic soils at a lower elevation (von Wettberg et al. 2018; Coyne et al. 2020). This
germplasm collection has become of interest in the search for chickpea resistance to biotic and
abiotic stresses and is a valuable resource for chickpea cultivar improvement (Coyne et al.
2020). Resistance to Ascochyta blight, pod-borer (Helicoverpa armigera), and root-lesion
nematode (Pratylenchus thornei) have already been identified in this collection (Newman et

al. 2020; Reen et al. 2019; von Wettberg et al. 2018).

Studies have demonstrated the crossing of chickpea using the wild annual Cicer spp. can
improve the genetic base of cultivated cultivars without compromising their yield or adaptation
(Koseoglu et al. 2017; Singh and Ocampo 1997). Various crossing programs to elite cultivars
have been successfully employed to introduce wild Cicer (C. reticulatum and C.
echinospermum) sources of resistance to Ascochyta blight (Collard et al. 2001), Botrytis grey
mould (Li et al. 2015), and Phytophthora root rot (Knights et al. 2008; Miranda 2019). These
studies indicate that the wild collection harbour useful genes for diverse traits of benefit to the
chickpea industry. An assay previously developed by Akem and Kabbabeh (1999) to screen
chickpea cultivars in Pakistan for S. sclerotiorum resistance under controlled conditions did
not identify any substantial resistance. Most Australian chickpea cultivars are susceptible to S.
sclerotiorum (Chapter 3; Mwape et al. unpublished observations). There is a lack of fungicides
registered or under permit in Australia for S. sclerotiorum control (Pulse Australia 2020).
Consequently, the chickpea industry is seeking solutions to this problem; thus, evaluating the

wild collection for resistance to S. sclerotiorum is of great interest.

To identify novel sources of resistance to SSR in wild chickpea germplasm, we adopted a stem
inoculation strategy previously used to screen Brassica napus germplasm (Denton-Giles ef al.
2018). We used this assay to initially assess differences in the response of a representative
sample of each Cicer spp. (C. arietinum, C. echinospermum and C. reticulatum). The protocol
was subsequently used to assess differences in aggressiveness of nine S. sclerotiorum isolates
on the three Cicer spp. Subsequently, we used one highly aggressive and moderately aggressive
S. sclerotiorum isolate to characterise the resistance response of 19 C. echinospermum and 68

C. reticulatum wild accessions, compared to two popular Australian cultivars (PBA HatTrick
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XT and Kyabra) under greenhouse conditions. Correlations between wild chickpea

geographical location origin and the level of S. sclerotiorum infection was determined.

Additionally, Cicer spp. with partial stem resistance were identified and evaluated with
multiple S. sclerotiorum isolates. Karab 084 and Deste 063 showed consistently high levels
of partial stem resistance relative to the most resistant chickpea control cultivar. This study is
the first evidence of partial stem resistance in wild Cicer germplasm, which can be adopted in

chickpea breeding programs to enhance SSR resistance in future chickpea cultivars.

2.3. Material and Methods

2.3.1. Sources of Sclerotinia sclerotiorum isolates

This study aimed to examine the pathogenicity of nine S. sclerotiorum isolates, which are part
of a world collection genotyped by Clarkson et al. (2017) and previously used to determine
differences in the levels of aggressiveness between the isolates in B. napus (Denton-Giles et
al. 2018). The S. sclerotiorum isolates were collected from B. napus (six isolates) and Lupinus
albus (three isolates) from different Western Australia sites between 2013 and 2014 (Table
2.1). S. sclerotiorum is a broad host range pathogen, and isolates were selected as they belong

to the different intergenic spacer (IGS) and mycelial compatibility groups (MCGs) (Table 2.1).

Mature sclerotia were obtained from the Centre for Crop and Disease Management (CCDM)),
Curtin University, Western Australia. To produce inoculum from actively growing culture,
single sterile sclerotia were dissected and placed in a 9 cm Petri dish containing 39 g/L Potato
Dextrose Agar (PDA) (Becton Dickinson, USA) and incubated at 20 “C for 5-7 days in the
dark. The cultures were subcultured by using a sterile cork borer and forceps to transfer 5 mm
agar plugs from the original plates onto fresh PDA plates, which were incubated for 2 days at
20 °C to source actively growing mycelia for plant inoculation. Plants were inoculated with 5
mm mycelial plugs taken from the leading mycelial edge of the growing S. sclerotiorum

culture.
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Table 2.1: Australian Sclerotinia sclerotiorum isolates used for pathogenicity tests.

Isolate MCG* IGS® g:;?:;ie d Original Host Collection location Zi)iiléc ted
CU4.2 I 7 Yes Brassica napus Mount-Barker, WA 2014
CuUe6.1 11 7 Yes Brassica napus Mount-Barker, WA 2014
CU8.20 III 5 Yes Brassica napus South-Stirling, WA 2014
CUs.24 v 3 Yes Brassica napus South-Stirling, WA 2014
Cu10.12 VI 3 Yes Brassica napus Geraldton, WA 2014
Ccu10.17 vl 5 Yes Brassica napus Geraldton, WA 2014
Cull.4 X 7 No Lupinus albus Eneabba, WA 2014
CUl11.7 X 5 Yes Lupinus albus Eneabba, WA 2013
CUIL.19 XI 5 Yes Lupinus albus Geraldton, WA 2014

*MCG = Mycelial compatibility group from Denton-Giles et al. (2018).
IGS = Intergenic spacer region haplotype from Clarkson et al. (2017).

2.3.2. Assessing Sclerotinia sclerotiorum pathogenicity

The pathogenicity of nine S. sclerotiorum isolates (Table 2.1) was evaluated on C.
echinospermum and C. reticulatum accessions S2Drd 065 and Besev_079, respectively, along
with a domestic desi cultivar (PBA HatTrick). The Cicer accessions S2Drd 065 and
Besev 075 were selected because the Chickpea Innovation Lab (University of California,
Davis, CA, USA) is generating high-quality genome sequences for these accessions as
representatives for C. echinospermum and C. reticulatum, respectively. We chose PBA

HatTrick as it is a popular current Australian C. arietinum cultivar.

In all the experiments, the wild Cicer seeds were cut at the endosperm end with a scalpel blade
to facilitate imbibition for germination. Seeds were sown into 4 L pots with an all-purpose
potting mix (UWA mix, Richgro, Perth, Australia). Plants from each accession/cultivar were
mock-inoculated with PDA only agar plugs, which served as the negative control that should
not produce a stem lesion. At four weeks, plants were fertilised with 2 g Nitrophoska perfkt
fertiliser (Incitec Pivot fertilisers, Victoria, Australia). Stem inoculation was conducted on
eight-week-old plants following a stem inoculation assay previously described in B. napus by
Denton-Giles et al. (2018). A 5 mm PDA plug with S. sclerotiorum mycelium from the leading
edge of the culture was cut using a sterile cork borer, and a sterile metal spatula was used to
transfer the plug onto Parafilm. The plug was placed upright on a strip of Parafilm® and
wrapped around the main stem. Measurements of stem lesion length (mm) were taken at 2, 4,
6, 8, 10, and 12 days post inoculation (dpi) to calculate the area under the disease progress

curve (AUDPC) according to Jeger and Viljanen-Rollinson (2001).
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2.3.3. Screening wild Cicer accessions for S. sclerotiorum resistance

A set of 86 wild Cicer accessions (67 C. reticulatum and 19 C. echinospermum) and two
domestic desi cultivars (PBA HatTrick and Kyabra) (Table 2.2) were screened for S.
sclerotiorum resistance using the ‘highly aggressive’ isolate CU8.20 and the ‘moderately
aggressive’ isolate CU10.12. Inoculation with the moderately aggressive isolate (CU10.12)
was included in case all Cicer accessions were found to equally susceptible to the highly
aggressive (CUS8.20) isolate. Seeds for the cultivars PBA HatTrick and Kyabra and seeds of
the wild accessions were obtained from the Australian Grains Gene Bank (AGG; Horsham,
Victoria). The 86 wild accessions are part of a wild Cicer collection described and characterised

by von Wettberg et al. (2018).

2.3.4. Validation of the partial stem resistance of wild Cicer accessions over time to S.
sclerotiorum

Based on the stem assay results of 86 wild Cicer accessions, 11 wild accessions were further
evaluated using the same highly aggressive isolate (CU8.20) to demonstrate reproducibility.
The selected wild Cicer accessions demonstrated a range of stem lesion lengths in response to
both isolates used in the previous experiment and included a reference C. arietinum cultivar,
PBA HatTrick. Inoculation, data collection and AUDPC calculation were carried out following

the same procedure as previous experiments

2.3.5. Determination of aggressiveness levels of nine S. sclerotiorum isolates on accessions
Karab 084 and Deste 063

In a subsequent investigation, the aggressiveness of nine isolates characterised above was re-
assessed on the two wild Cicer accessions, Karab 084 and Deste 063 identified to have the
greatest resistance. Inoculation, data collection and AUDPC calculation were carried out

following the same procedure as previous experiments.
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Table 2.2: Wild chickpea accessions used in this study, classified according to provinces,
collection site, species, genetic group, names and code number based on von Wettberg et al.

(2018) for material collected in 2013/2014 from southeastern Turkey.

Collection
Province site Species* N’ Prefix® Suffix! and accession code number
Adiyaman
Oyali C. ret 4  Oyali 081, 084, 101, 105
Mardin
Baristepe 1 C. ret 3 Baril 064, 068, 092
Baristepe 2 C. ret 5 Bari2 062, 064, 067,072,074
Baristepe 3 C. ret 4  Bari3 072, 091, 100, 106D
Besevler C. ret 8 Besev 061, 062, 065, 066, 074, 075, 079, 083
Dereici C. ret 8 Deric 062, 065, 066, 069, 070, 072, 074, 075,
Kayatepe C. ret 7  Kayat 061,063, 064,, 066, 070, 077, 080
Sarikaya C. ret 9 Sarik 061,064, 065, 066, 067,073,074, 077, 080
Savur C. ret 1 Savur 063
Diyarbakir
Cermik C. ech 3 Cermi 072,073,075
Kesentas C. ret 3  Kesen 062,065,075
Egil C. ret 3 Egill 065, 066, 073
Kalkan C. ret 4 Kalka 061,064, 066, 074
Gunasan C. ech 2 Guna 062, 100
Urfa
Destek C. ech 3  Deste 063,071,075
Karabahce C. ech 4  Karab 067,084, 085C, 092
Ortanca C. ech 2 Ortan 061, 066
Siv-Diyar C. ech 5 S2Drd 062, 065, 100, 101, 102
Sirnak
CudiA C. ret 4  CudiA 122,124,127,152
CudiB C. ret 4 CudiB 009,016,018, 022C
Sirnak C. ech 1 Sirna 60

@ Abbreviation: C. ret = Cicer reticulatum; C. ech= C. echinospermum ® N= number of accessions

2.4. Experimental design and statistical analysis

2.4.1. Experimental design
To assess the susceptibility of chickpea accessions, the aggressiveness of S. sclerotiorum
isolates and their interactions, randomised complete block designs (RCBD) were applied for

the first three glasshouse experiments and split-plot design was applied for the fourth
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glasshouse experiment. Negative controls with PDA only agar plugs were included for all
experiments. All experimental designs were generated using the experimental design tool

DiGGer in R (Coombes, 2018).

The first experiment for assessing S. sclerotiorum pathogenicity was designed to be an RCBD
with cultivar and isolate as treatments in 12 replicates to compare three chickpea cultivars
(Besev_079, PBA Hatrick, S2Drd _065) and nine isolates (CU4.2, CU6.1, CUS8.20, CU8.24,
Cul10.12, CU10.17,CU11.4, CU11.7, CU11.19).

The second experiment for screening wild Cicer accessions for S. sclerotiorum resistance was
designed to be an RCBD with cultivar and isolate as treatments in four replicates to compare
86 wild Cicer accessions (for details, see Supplementary Table S2) along with domestic desi

cultivars (PBA HatTrick and Kyabra) and two isolates (CU10.12, CUS.20).

The third experiment for validating the partial stem resistance of wild Cicer accessions was
designed to be an RCBD with cultivar as treatments in 12 replicates to compare the
susceptibility of the 11 wild Cicer accessions (Deste 063, CudiA 122, Oyali_105, Sarik 065,
Oyali_084, Egill 065, Karab 084, Besev 074, Besev 079, Deric 062, S2Drd 065) along
with domestic desi cultivar (PBA HatTrick) using the highly aggressive isolate (CU8.20).

The fourth experiment for determining aggressiveness levels of nine S. sclerotiorum isolates
on accessions Karab 084 and Deste 063 was designed to be a split-plot design with cultivar
as main-plot and isolate as sub-plot in 4 replicates to compare two wild Cicer accessions
(Karab 084, Deste 0630) and nine isolates (CU4.2, CU6.1, CUS8.20, CUS8.24, CU10.12,
CuU10.17,CUI11.4, CU11.7, CU11.19).

All experiments were conducted between January 2018 and June 2019 in the Curtin University
field trial area of the Bentley campus. Experiment one and two were conducted in a hoop house

and experiment three and four in a glasshouse under natural light and an average temperature

of ~24 °C.

2.4.2. Statistical analysis

Linear mixed models (LMM) were fitted using ASReml-R (Bulter et al., 2018) to examine the
spatial variations, including local autocorrelations, global trends and extraneous variations and
produce predicted values. As the main objective of the experiments is to determine the

difference between specific pairs of treatments, the cultivar, isolate and the interaction term

52



between cultivar and isolate were fitted as fixed effects (Smith ez al. 2005). The blocking
structures of the experiments were fitted as random effects. Spatial trends and residual
variances with auto-regressive correlations at first-order for rows and columns were examined
and fitted when the global trends and autocorrelations are significant. Likelihood ratio tests
were used for random effects, and conditional Wald tests (Kenward and Roger 1997) were used
for fixed effects. Residual diagnostics were performed to examine the validity of the model
assumption of normality and homogeneity of variance. For each of the fitted models, the
empirical best unbiased linear estimates (eBLUEs) were produced. The R package asremIPlus

(Brien, 2020) was used to compute the least significant difference (LSD with a = 0.05) values.

The Cicer screening data (Exp 2) were also analysed by factorial nested ANOVA in Genstat
(V20) to partition variance within and between species, collection sites and accessions and to
identify interaction with isolate type. Orthogonal contrasts were used to define differences
between wild and domestic Cicer and between the two wild species (C. echinospermum and C.
reticulatum). Block effects were fitted to take advantage of the RCBD, residual plots prepared
to identify outliers, and confirm that the ANOVA expectations of random and independent

error distribution were met.

2.5. Results

2.5.1. A robust S. sclerotiorum phenotyping assay shows significant differences in
aggressiveness across nine genetically distinct S. sclerotiorum isolates on three different
Cicer species

A robust phenotyping assay was developed, which measures the lesion length over time
following inoculation of a chickpea stem with an agar plug containing S. sclerotiorum. This
allowed us to calculate the area under the disease progress curve (AUPDC) to investigate the
response of Cicer germplasm to S. sclerotiorum isolates, which showed differences in the

aggressiveness of S. sclerotiorum isolates on chickpea.

Inoculation of the three representatives of C. reticulatum (Besev 079), C. echinospermum
(S2Drd_065) and C. arietinum (PBA HatTrick) with nine S. sclerotiorum isolates resulted in a
consistent infection in all three genotypes (Fig. 2.1). The genotypes showed significant
differences (P < 0.05, to LSDo.0s = 803.6) with Besev_079 having higher resistance (lower
AUDPC scores) to all the isolates except CU11.19 and CU10.12 compared to PBA HatTrick
and S2Drd 065 (Fig. 2.1A, Supplementary Table S2.1). There were significant differences (P

< 0.05, LSD 005 = 464) between the aggressiveness of the nine S. sclerotiorum isolates (Fig.
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2.1B, Supplementary Table S2.1). Overall, isolates CU8.20, CU10.17, CU4.2, CUS.24,
CU11.7, and CU6.1 caused significantly (P < 0.05, LSD ¢.05 = 464) higher AUDPC values
(1382-2875) than isolates CUI10.12, CUI11.4 and CU11.19 (723-1327) (Fig 2.1B,
Supplementary Table S2.1). Therefore, isolates CU10.12, CU11.4 and CU11.19 were placed
into the moderately aggressive isolate group and isolates CU8.24, CU4.2, CU10.17, CU 6.1,
CU 11.7 and CUS8.20 in the highly aggressive isolate group. The genotypes exhibited
differences (P < 0.05, LSD o05 = 267.9) with Besev_079 showing significantly higher
resistance than PBA HatTrick and S2Drd 065 (Fig. 2.1C). From this initial test, we selected a
highly aggressive isolate (CUS8.20) and a moderately aggressive isolate (CU10.12) for

subsequent screening for S. sclerotiorum resistance in a collection of wild Cicer germplasm.
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Figure 2.1: Aggressiveness of nine Sclerotinia sclerotiorum isolates on C. reticulatum
(Besev_079), C. echinospermum (S2Drd_065) and C. arietinum (PBA HatTrick) based on 12
replicates per Cicer species for each isolate; (A) Mean area under the disease progress curve
(AUDPC) for each isolate by genotype interaction, (B) Mean AUDPC for each isolate on all
three Cicer species and (C) Mean AUDPC for three chickpea genotypes across all S.
sclerotiorum isolates. The vertical bars represent the least significant differences (LSD with o
= 0.05). The control indicates the lesion length of mock-inoculated plants with a PDA-agar
plug without S. sclerotiorum mycelium. Different letters above bars represent significant

differences between treatments at a significance level of 0.05.
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2.5.2. Wild Cicer accessions exhibit a wide range of responses to S. sclerotiorum
inoculation

To investigate resistance levels of 86 wild Cicer accessions and two Australian cultivars to S.
sclerotiorum, the AUDPC value was determined after inoculation with the highly aggressive
(CU8.20) or the moderately aggressive (CU10.12) isolate. We used a factorial nested ANOVA
approach to partition variance within and between species, collection sites and accessions and
to identify interaction with isolate type and orthogonal contrasts to define differences between

wild and domestic Cicer and between the two wild species (Supplementary Table S2.2).

Orthogonal contrasts revealed large differences between wild and domestic responses and
isolate type (Supplementary Table S2.2, P<0.006). C. echinospermum and C. reticulatum were
both more resistant to CU10.12 than domestic chickpea (P<0.001), whereas there was no wild
by domestic differences for the more aggressive CU8.20 (P4ir=0.735). Within these species,
there was a broad range of responses to both isolates which are examined individually (Fig.
2.2A and B, Supplementary Table S2.3) and in terms of interaction (see Fig. 2.3). AUDPC
scores of individual accessions ranged from 67.5 to 897.5 for highly aggressive CUS8.20 (Fig.
2.2A) and 35.0 to 615.0 for moderately aggressive isolate CU10.12 (Fig. 2.2B). There was a
far wider range of responses to the highly aggressive isolate compared to the moderately
aggressive isolate. The cultivar PBA HatTrick had lower AUDPC scores to both isolates
compared to the cultivar Kyabra, with the difference to isolate CU10.12 being significant (Fig.
2.2). Several wild Cicer accessions displayed low mean AUDPC scores to both isolates (C.
echinospermum accession Cermi_073 and C. reticulatum accessions Sarik 073, CudiB 018
and Egill 073). In contrast, accessions Deric_062, Besev_ 074, Deste 063 and S2Drd 065
showed high mean AUDPC scores and were classed as susceptible to both isolates. The
conditional Wald statistic test of the fixed effects from the fitted model provided strong
evidence to suggest that the main effects of accession and isolate are statistically significant
(P-value < 0.001), and the interactive effect between cultivar and the isolate was statistically

significant (P-value = 0.0099).

To visualize this interaction between accessions and isolates directly, we plot mean AUDPC
scores of the aggressive (CUS8.20) against the moderately aggressive (CU10.12) and include a
1:1 line for reference (Fig. 2.3). (Accessions within 1 LSD of the 1:1 line show no significant
isolate interaction, those significantly larger or smaller favour one isolate over the other). Thus,
in domestic chickpea, Kyabra shows no interaction, being consistently sensitive to both

isolates, while PBA HatTrick was resistant to CU10.12 and moderately resistant to CU8.20.
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By plotting species separately and identifying collection site membership, it becomes possible
to visualize the variance partitioning identified by the nested ANOVA model (Supplementary
Table S2.2).

The greater aggression of CU8.20 over CU10.12 is indicated by higher AUDPC scores (i.e.
significantly above the 1:1 line) in most accessions of both wild species (Fig. 2.3A and 2.3B).
Most C. echinospermum accessions showed resistance to the moderately aggressive isolate and
a wide range of responses to the highly aggressive isolate (Fig. 2.3A). Exceptions include
Ortanca accessions, which are moderately resistant to both isolates, and Destek 071, which was
resistant to the aggressive CUS8.20 but sensitive to the less aggressive CU10.12. C.
echinospermum collection sites were mostly similarly resistant to CU10.12 (except for Ortanca
and Destek, mentioned above), but did not discriminate well for responses to the more
aggressive CU8.20. Cermik, Karabahce and particularly Destek responses to CU8.20 ranged
from susceptible to resistant (Fig. 2.3A), highlighting the significant variance within collection
sites. Only the Gunasan, Ortanca and, to a lesser extent, Siv-Diyar accessions responded in a

uniform way.

C. reticulatum showed a wider range of responses to both isolates (Fig. 2.3B). Accessions
within one LSD of 1:1 line were similarly responsive to both isolates, ranging from consistently
resistant (Sarik 073, Deric 075, CudiB 018) to consistently moderately susceptible
(Bari3_106D, CudiA 127, Bari2 062). Cudi B was the only collection site returning
consistently tolerant accessions to both isolates (but was represented by only two accessions in
this study). Most C. reticulatum accessions had strong isolate response interactions: typically
resistant to CU10.12 but highly or moderately susceptible to CU8.20 (Fig. 2.3B). However,
this behaviour was not well defined by the collection site: most C. reticulatum collection sites
show a wide range of accession responses to CU8.20 (e.g. Kayatepe, Oyali). Only the Kesentas
accessions showed consistent isolate responses: resistant to CU10.12, moderately resistant to
CU8.20. Other collection sites showed the opposite response: stable for CU8.20 but variable
for CU10.12. Thus, Baristepe 1, Cudi A, and Egil accessions were all moderately susceptible
to the highly aggressive CUS8.20 but varied in response to CU10.12 (Fig. 2.3B). Finally, some
collection sites such as Baristepe 2, Sarikaya and Kalkan returned widely different accession

responses to both isolates.
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Figure 2.2: The area under the disease progress curve (AUDPC) for 86 wild Cicer accessions
and two domestic cultivars inoculated with S. sclerotiorum isolate (A) CUS8.20 representing a
highly aggressive isolate (LSDo.os = 383.2). (B) CU10.12 representing moderately aggressive
isolate (LSDo.0s = 307.3). The mean AUDPC scores are derived from four replicates per
accession per isolate, where accessions shaded black represent C. reticulatum, grey represent
C. echinospermum and white represent C. arietinum species. The accessions highlighted with

a hash (#) for both CUS8.20 and CU10.12 indicate the genotypes selected for re-screening.
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Figure 2.3: Interaction between accessions and isolates represented by plotting AUDPC
accession mean values of CUS8.20 (highly aggressive) against CU10.12 (moderately
aggressive) S. sclerotiorum isolates. C. echinospermum (A, A) and C. reticulatum (B, @) are
plotted separately and collection sites identified by unique markers to assist in visualizing the
variance partitioning among isolate interactions within/between species, collection sites within
species and accessions indicated by nested ANOVA. C. arietinum () is included on both A
& B as domestic chickpea controls. Vertical and horizontal error bars represent least significant
difference (LSD with a. = 0.05) values (P < 0.05) for CU8.20 and CU10.12, respectively. A 1:1
line (—) is included for reference to help identify significant interactions among accessions.
(Accessions within 1 LSD of the 1:1 line show no significant isolate interaction, those

significantly larger or smaller are favoured by one isolate over the other).
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2.5.3. Two Cicer echinospermum accessions exhibit robust resistance to S. sclerotiorum

To further evaluate the wild material, 11 Cicer accessions with diverse responses to the two
isolates in the previous experiment were selected, including the moderately resistant C.
arietinum cultivar PBA HatTrick as a control. Analysis of variance for AUDPC of a subset of
the wild Cicer accessions showed Karab 084 and Deste 063 resistance responses to S.
sclerotiorum to be significantly different at 12 dpi (P < 0.05) from nine other accessions (Fig.
2.4, Supplementary Table S2.4), while the mean AUDPC scores were significantly lower for
Karab 084 and Deste 063 compared to Egill 065 and Deric 062 (LSD .05 =226.6; Fig. 2.4).

Based on AUDPC, C. echinospermum accession Karab 084 exhibited strong resistance to S.
sclerotiorum as compared to accessions Besev 074, Oyali 084, Besev 079, S2Drd 065,
Egill 065 and Deric 062 (Fig. 2.4). The two accessions Karab 084 and Deste 063, were
screened for resistance to the previously characterised nine S. sclerotiorum isolates (Fig. 2.5).
The isolate CU8.20 and CU10.12 were found to be significantly (P < 0.05) different in
aggressiveness to both Karab 084 (LSD ¢0s = 537.6) (Fig. 5SA) and Deste 063 (LSD o.05
=797.9) (Fig. 2.5B), confirming our previous findings.
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Figure 2.4: Area under disease progress curve (AUDPC) for 11 selected wild Cicer accessions
and one C. arietinum cultivar (PBA HatTrick) inoculated with the highly aggressive S.
sclerotiorum isolate CU8.20. The mean AUDPC values are derived from 12 replicates per
accession/cultivar. The vertical bar represents the average least significant difference (LSD
with a = 0.05) value across all accessions. Different letters above bars of each genotype time

point represent significant differences at a significance level of 0.05.
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Figure 2.5: The mean area under the disease progression curve (AUDPC) scores for wild Cicer
accessions (A) Karab_ 084 and (B) Deste 063 following inoculation with nine S. sclerotiorum
isolates. The mean AUDPC values are derived from 12 replicates per accession for each isolate.
The vertical bar represents the average least significant difference (LSD with a = 0.05) value
across all isolates. Different letters above bars of each isolate represent significant differences

at a significance level of 0.05.
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2.6. Discussion

This is the first study utilising the recent collection of wild Cicer species (von Wettberg et al.
2018) for the evaluation of Sclerotinia stem rot resistance. In the collection, we identified
accessions with higher levels of partial resistance to S. sclerotiorum, including C. reticulatum
and C. echinospermum, when compared to the cultivated C. arietinum cultivars PBA HatTrick
and Kyabra. Two findings in our present study have important implications for future
investigation of SSR on chickpea. First, a robust stem inoculation assay showed the diverse
pathogenicity levels of Western Australian S. sclerotiorum isolates on chickpea. Second, wild
Cicer accessions with improved resistance compared to moderately resistant domesticated

cultivars were identified.

The status of resistance to SSR has been reported after screening various legume host crops. A
study by Vuong et al. (2004) reported significant differences in S. sclerotiorum resistance in
soybean (Glycine max) and dry bean (Phaseolus vulgaris) cultivars, which were screened
following a cut stem inoculation method. To improve S. sclerotiorum management in pea
(Pisum sativum), screening of a core collection for resistance to SSR under different controlled
conditions identified two partially resistant accessions that could be used in pea breeding
programs (Porter 2012). These reports indicate that partial resistance is an important attribute
in breeding for pulses with SSR resistance and can be a vital resource in optimising breeding

strategies to increase production.

Researchers have developed several methods of screening for SSR resistance on different hosts
(Denton-Giles et al. 2018; Hoffman et al. 2002; Porter 2012). S. sclerotiorum inoculation
methods can use either whole plant or different parts of the plant and inoculation with the
fungus; however, the stem inoculation method has been more reliable (Li ez al. 2009; Bennett
et al. 2016; Denton-Giles et al. 2018). S. sclerotiorum naturally infects its host and limits the
flow of water and nutrients through the xylem (Seifbarghi et al. 2017). Therefore, the stem
inoculation method used in this study simulated the infection strategy naturally employed by
S. sclerotiorum in the field (Denton-Giles et al. 2018; Garg et al. 2010; Uloth et al. 2013). In
the current study, inoculation was conducted on the main stem just before chickpea flowering
(Fuhlbohm et al. 2003). For these reasons, introgression of the identified resistance into

chickpea cultivars would likely reduce natural S. sclerotiorum infection in the field.

The aggressiveness of a pathogen is its relative ability to attack, colonise and cause damage,

and partial resistance of a host to a pathogen can result in a significant reduction of disease
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rather than a total absence of the disease (Denton-Giles et al. 2018; Deacon 1997). Previous
research has reported partial resistance and characterisation of S. sclerotiorum aggressiveness
levels in different hosts, including canola (B. napus) (Denton-Giles et al. 2018), sunflower
(Helianthus annus L.) (Seiler et al. 2017); Vuong et al. 2004), soybean (G. max) (Hoffman et
al. 2002), pea (P. sativum L.) (Porter 2012) and dry beans (P. vulgaris) (Miorini et al. 2019).
A recent study by Miorini ef al. (2019) showed that S. sclerotiorum pathotypes could influence
the outcome of host resistance assays. Therefore, knowledge of the aggressiveness of S.
sclerotiorum isolates on chickpea is an important resource for any future chickpea - S.
sclerotiorum infection study. The distinction in the aggressiveness of S. sclerotiorum isolates
in different plant species was previously shown to be due to the physiological specialisation of
the pathogen (Garg et al. 2010). For instance, two separate studies on B. napus (Taylor et al.
2015; Denton-Giles et al. 2018) and one study on dry beans (Viteri et al. 2015) found S.

sclerotiorum isolates to have different levels of pathogenicity on these host crops.

The nine Australian isolates used in this study showed different levels of aggressiveness in
chickpea, similar to previous isolate aggressiveness classifications found by Denton-Giles et
al. (2018). However, S. sclerotiorum isolate CU11.19 was found to be moderately aggressive
in our study and highly aggressive in B. napus Denton-Giles et al. (2018). This suggests some
degree of isolate-host specialisation, which is reported as a possible S. sclerotiorum
characteristic (Liang and Rollins 2018); however, further work is needed with a greater range
of chickpea genotypes to test this hypothesis. Aggressiveness variations of S. sclerotiorum
when infecting different hosts have been reported in other regions of the world. For instance,
isolates collected from different plant species in the UK exhibited a different range of
aggressiveness when inoculated onto B. napus (Taylor et al. 2015). In the current study,
differential levels of pathogenicity of nine Australian isolates on chickpea were demonstrated,
and the results enabled the selection of two isolates, moderately and highly aggressive, for

screening a collection of wild Cicer germplasm.

In a range of crops, adoption of partial resistance to SSR is an alternative to improve susceptible
cultivars, especially in crop species with low genetic diversity and high disease pressure
(Hoffman et al. 2002; Denton-Giles et al. 2018; Porter 2012). Wild Cicer spp. offer desirable
resistance to multiple chickpea diseases compared to C. arietinum (Croser et al. 2003).
Improved resistance to ascochyta blight and root-lesion nematodes has been found in C.
echinospermum (Newman et al. 2020; Reen et al. 2019; Collard et al. 2003). Despite not

finding total resistance to SSR, our findings demonstrate that wild Cicer accessions also

64



possess promising sources of S. sclerotiorum resistance, with C. echinospermum accession
Karab 084 showing a greater level of resistance among the 88 genotypes assessed. Plant
breeders look for resistance to specific diseases by screening available germplasm for
resistance, but more often than not, complete resistance is not identified (Li et al. 2015). In the
current study, a quantitative continuum of responses to SSR was observed among wild Cicer
accessions. However, it must be recognized that this study represents only the beginning of the
characterization of wild Cicer as a source of resistance. While the numbers of accessions
screened in this study are large in a historical context, far exceeding the world’s germplasm
resource prior to this collection (Berger ef al. 2003) (Berger et al., 2003), there is much more
material that remains to be evaluated in both C. reticulatum and C. echinospermum. Our wild
chickpea germplasm resistance assessment strategy has been employed in previous studies
aiming to identify improved resistance to chickpea diseases from wild Cicer accessions
(Newman et al. 2020; Reen et al. 2019; Croser et al. 2003; Knights et al. 2008). To the authors’

knowledge, this is the first report of resistance to SSR in wild Cicer accessions.

The wild Cicer accessions used in the current study were collected from 21 sites with a narrow
geographical area and a wide range of physical and environmental properties such as location,
altitude, slope, climate and soil type (von Wettberg ef al. 2018). Our data demonstrate that it is
very important to consider the collection site when searching for SSR resistance because there
has clearly been selection for different disease responses across sites. However, these
interactions are complex and resist classification along climatic or even geographic lines. For
instance, accessions from the three Baristepe collection sites showed very different responses
to S. sclerotiorum despite being collected in an apparently homogenous environment within 5
km of each other. S. sclerotiorum is a pathogen with a wide range of hosts (Boland and Hall
1994); hence the disease will vary around the collection sites depending on the
presence/absence of other hosts. While collection sites can have big effects, the present study
indicates they are very hard to understand and probably reflect a complex interaction between
geography, climate and biological history. This suggests that future sampling strategies should
try to balance accessions and collection sites to maximise diversity in respect to SSR.
Therefore, future collection of wild Cicer accessions may need to take passport data into
consideration before embarking on screening studies to avoid unbalanced comparisons where

collection sites are both under or over represented.

A range of tests for SSR resistance has been recommended for screening germplasm for

diseases resistance (Taylor et al. 2015). The results in our study highlight the consistency of

65



found resistance in wild Cicer accession, Karab 084, after re-screening and analysing the rate
of stem lesion development (calculated as AUDPC). Furthermore, the levels of aggressiveness
of nine isolates initially used to develop the assay were also consistent when re-evaluating the
two most resistant accessions (Karab 084 and Deste 063) with these isolates. This assessment
revealed that there was a lack of genotype by isolate interaction. The analysis of resistance
based on S. sclerotiorum responses in multiple experiments increased the confidence of
identifying the most resistant genotype. Thus it can be concluded that an agar plug stem
inoculation method employed herein can be used to robustly screen chickpea germplasm for
partial stem resistance to S. sclerotiorum infection and that this aligns with studies in canola

and other pulses (Denton-Giles ef al. 2018; Webster et al. 2020)

Screening for SSR resistance in the field has been reported to be challenging due as it is highly
dependent upon favourable weather conditions (Denton-Giles et al. 2018). We, therefore,
recommend further studies on developing reproducible assays for field S. sclerotiorum
resistance testing on chickpea. These assays will facilitate validation of the identified wild
Cicer partial stem resistance for durability in the field. It is vital to identify resistance to local
aggressive S. sclerotiorum isolates; however, it will also be interesting to test the resistance of
the identified wild Cicer accessions using other national and international isolates. The
development of recombinant inbred lines by crossing the partially resistant wild accession with
a susceptible domestic cultivar will also enable genetic dissection of the underlying loci

conferring resistance to S. sclerotiorum in wild Cicer species.

In conclusion, we have developed a robust phenotyping assay to screen domestic and wild
Cicer species for their response to S. sclerotiorum infection. Using this approach, wild Cicer
accessions have been identified that show partial levels of resistance to S. sclerotiorum.
Introgression of the resistance into modern chickpea cultivars has the potential to improve
resistance to this economically damaging disease. Furthermore, isolates with distinct levels of
aggressiveness on Cicer species were identified, and these results provide further insight into
the S. sclerotiorum — chickpea interaction and sources of partial resistance to improve future

chickpea cultivars.
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3.1 Abstract

Sclerotinia stem rot (SSR), caused by Sclerotinia sclerotiorum, is an economically important
diseases in chickpea (Cicer arietinum L). No complete resistance is available in chickpea to
this disease, and the inheritance of partial resistance is not understood. Two hundred F7
recombinant inbred lines (RILs) derived from a cross between a partially resistant cultivar PBA
HatTrick, and a highly susceptible cultivar Kyabra were characterised for one year for their
responses to SSR inoculation. Quantitative trait locus (QTL) analysis was conducted for the
area under the disease progress curve (AUDPC) after RIL infection with S. sclerotiorum. Four
QTLs on chromosomes, Ca4 (qSSR4-1, qSSR4-2), Ca6 (qSSR6-1) and Ca7 (qSSR7-1),
individually accounted for between 4.2 and 15.8 % of the total estimated phenotypic variation
for the response to SSR inoculation. Candidate genes located in these QTL regions are
predicted to be involved in a wide range of processes, including phenylpropanoid biosynthesis,
plant-pathogen interaction, and plant hormone signal transduction. This is the first study
investigating the inheritance of resistance to S. sclerotiorum in chickpea. Markers associated

with the identified QTLs could be employed for marker-assisted selection in chickpea breeding.

Keywords: Chickpea, disease resistance, quantitative trait locus analysis, Sclerotinia stem rot,

polygenic disease resistance.
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3.2 Background

Chickpea (Cicer arietinum L.) is a self-pollinated diploid (2n = 2x = 16) pulse crop with a
genome size of approximately 738 Mb (Varshney ef al. 2013). Chickpea is produced in over
50 countries, including India, Australia, USA, Canada, Turkey and Ethiopia, and is third in the
world among pulse crops in production, behind dry bean (Phaseolus vulgaris L.) and field pea
(Pisum sativum L.) (Merga and Haji 2019). Together with other pulse crops such as soybean
(Glycine max L.), lupin (Lupinus spp.), and lentil (Lens culinaris L.), chickpea contributes a
significant amount of protein to a plant-based diet, particularly in low-income countries (Bohra
etal. 2014). Chickpea is also a valuable source of micronutrients such as phosphorous, calcium,
magnesium, iron and zinc (Jukanti et al. 2012). Additionally, through symbiosis with
rhizobacteria, chickpea plants are able to fix up to 80% of their nitrogen requirement (Gaur et
al. 2012).

Chickpea is produced under diverse agro-ecological conditions, and achieving stable yields is
constrained by various abiotic and biotic stresses (Jha ef al. 2014; Abbo et al. 2003). Currently,
chickpea is produced on approximately 14 Mha, with an average production of 760 kg per ha
globally (FAOSTAT, 2019). Research has shown that a chickpea crop that is free from biotic
and abiotic stresses can produce up to 3,500 kg per ha (Merga and Haji 2019). Among the
biotic constraints affecting chickpea are diseases such as Fusarium wilt, Ascochyta blight,
Botrytis grey mould and Sclerotinia stem rot (SSR), caused by Fusarium oxysporum f. sp.
ciceris, Ascochyta rabiei, Botrytis cinerea, and Sclerotinia sclerotiorum, respectively (Knights
and Hobson 2016). Increasing resistance to diseases would both enhance and stabilise yields
in chickpea production throughout the world. In addition, the identification of molecular
markers associated with resistance may help to speed up the breeding process.

In Australia, SSR is a destructive chickpea disease that can cause up to 100% yield loss under
conducive conditions (Pulse Australia, 2020). Fuhlbohm et al. (2003) reported the first
incidence of SSR in chickpea in eastern Australia. Since then, the pathogen S. sclerotiorum has
emerged as a threat in all Australian chickpea growing regions due to its remarkably diverse
hosts that include cultivated crops such as canola and weeds such as wild radish (Boland and
Hall 1994). The cultivation of chickpea as a break crop in rotation with canola (Brassica
napus), an important S. sclerotiorum host, increases the incidence of disease outbreaks in
chickpea crops. In Australia, SSR can be controlled in canola with timely fungicide
applications, but there are no fungicides registered for controlling SSR in chickpea (Pulse

Australia, 2020). Further, the S. sclerotiorum resting structures (sclerotia) can survive in the
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soil for over seven years (Lane et al. 2019; Brooks et al. 2018). Management of SSR in
chickpea requires observing cultural practices such as crop rotation, which can sometimes be
ineffective due to S. sclerotiorum’s broad host range (Boland and Hall 1994). Therefore,
exploring the feasibility of breeding for disease resistance to S. sclerotiorum infection should
be explored.

No sources of resistance to S. sclerotiorum have been identified in chickpea. However, lines
with partial resistance to various chickpea diseases have been identified and were successfully
used in chickpea breeding to develop new resistant cultivars. QTL mapping of an intra-specific
recombinant inbred line (RIL) population identified major and minor QTLs responsible for
both Fusarium wilt and Ascochyta blight resistance (Garg et al. 2018). Single dominant and
recessive genes controlling Ascochyta blight have been reported in chickpea (Li et al. 2017;
Dey and Singh 1993; Tewari and Pandey 1986). Another study involving intraspecific crosses
of desi and kabuli chickpea cultivars identified three QTLs responsible for Botrytis grey mould
(Anuradha et al. 2011) caused by Botrytis cinerea, a closely related pathogen of S.
sclerotiorum.

Cultivated chickpea has a high morphological diversity but narrow genetic variation for trait
improvement (Udupa et al. 1993; Abbo et al. 2003); therefore, research on whether SSR
resistance alleles exist in this narrow gene pool is needed. Recently, a RIL population derived
from Australian cultivars PBA HatTrick and Kyabra, (developed within the plant growth
facilities at University of Western Australia in 2016) was employed to map QTLs associated
with resistance to the root-lesion nematode Pratylenchus thornei (Khoo et al. submitted). The
parents of this population differ in their responses to S. sclerotiorum infection, with PBA
HatTrick having partial stem resistance and Kyabra showing high susceptibility (Mwape et al.
2021a; Mwape et al. 2021b). In the research reported here, the F7 generation of that population
was used to investigate the response of 200 F7 RILs to S. sclerotiorum inoculation and to map

QTLs associated with SSR resistance.

3.3 Materials and Methods

3.3.1 Plant material and growth conditions

The Australian desi chickpea cultivars PBA HatTrick and Kyabra were obtained from the
Australian Grains Genebank (AGG, Horsham, Victoria, Australia). An additional 18 Australian
chickpea cultivars and 29 breeding lines were obtained from Dr. Kristy Hobson of the Chickpea
Breeding Australia (CBA) program at the New South Wales Department of Primary Industries
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(NSW-DPI, Tamworth, NSW, Australia). An F7 recombinant inbred line (RIL) population
(n=200) derived from cultivars PBA HatTrick and Kyabra (Khoo et al., submitted) was used.
One seed per pot were sown in 4 litres (L) pots filled with all-purpose potting mix (UWA plant
biology mix, Richgro, Perth, WA, Australia). Plants were watered regularly for optimal growth,
and at four weeks, they were fertilised with Nitrophoska Perfect™ fertiliser (Incitec Pivot
fertilisers, Victoria, Australia). The experiment to evaluate the 49 chickpea lines was conducted
in a hoop house environment under natural light and an average temperature of 24 °C day/ 18
°C night at the field trial area, Curtin University, Bentley, WA, Australia (32° 0’ 19.272” S,
115° 53’ 38.144” E) between June 2019 and August 2019. The F7 RIL population, along with
their parental lines PBA HatTrick and Kyabra, were screened for SSR response under a
controlled greenhouse environment, under natural light and an average temperature of 24 °C
day/ 18 °C night, at the Shenton Park field station of the University of Western Australia (31°
57°2.2”S,115°47 52.3” E) from September to November 2019.

3.3.2 Sclerotinia sclerotiorum inoculum production

The isolate CUS8.20 is a highly aggressive isolate of S. sclerotiorum collected from B. napus
fields in Western Australia and has been tested and found to be pathogenic to B. napus and
chickpea (Denton-Giles et al. 2018; Mwape et al. 2021a). Single sterile sclerotia were dissected
and germinated on a 9 cm Petri dish containing 39g/L. potato dextrose agar (PDA) (Becton
Dickinson, NJ, USA) and incubated at 20 °C for 5-7 days in the dark to produce inoculum from
actively growing culture. The cultures were further sub-cultured by using a sterile cork borer
and forceps to transfer 5 mm agar plugs from the original plates onto fresh media for two days

at 20 °C to source actively growing mycelia for plant inoculation.

3.3.3. Evaluation of the response to Sclerotinia sclerotiorum infection

Stem inoculation was conducted on eight-week-old plants following a stem inoculation assay
previously described in B. napus by Denton-Giles et al. (2018) and adapted for chickpeas as
described by Mwape ef al. (2021a). Briefly, a 5 mm PDA plug with S. sclerotiorum mycelium
from the leading edge of the culture was cut using a sterile cork borer, and a sterile metal
spatula was used to transfer the plug onto Parafilm. The plug was placed upright on a strip of
Parafilm® and wrapped around the middle of the main stem of an individual plant, with the
mycelium making direct contact with the chickpea stem. Plants were phenotyped by measuring
stem lesion length development over time. The stem lesion length was measured at 3, 7, 10,

14, 17, and 21 days after inoculation (dai) using a ruler. At the end of the assessments, the stem
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lesion length data obtained were used to calculate the area under the disease progress curve

(AUDPC) (Jeger and Viljanen-Rollinson 2001) for each line evaluated.

3.3.4 Experimental design
Randomised complete block designs (RCBD) were applied for both the hoop house evaluation

of the 49 chickpea lines and the glasshouse evaluation of the RIL population to assess the
susceptibility of all the chickpea genotypes to S. sclerotiorum. Negative controls with PDA-
only agar plugs were included for all experiments. The experiment assessing 49 chickpea lines
for S. sclerotiorum resistance was designed with three replicates per line, and the experiment

evaluating the RIL population with four replicates per line.

3.3.5 Statistical analysis

For both the evaluation of the 49 chickpea lines and the RIL population, linear mixed models
(LMM) were fitted using ASReml-R (Butler et al. 2018) to examine spatial variations,
including local autocorrelations, global trends and extraneous variations. The cultivar, isolate,
and the interaction term between cultivar and isolate were fitted as fixed effects (Smith ez al.
2005). The blocking structures of the experiments were fitted as random effects. Spatial trends
and residual variances with auto-regressive correlations at first-order for rows and columns
were examined and fitted when the global trends and autocorrelations were significant.
Likelihood ratio tests were used for random effects, and conditional Wald tests (Kenward and
Roger 1997) were used for fixed effects. Residual diagnostics were performed to examine the
validity of the model assumptions of normality and homogeneity of variance. For each of the
fitted models, the empirical best unbiased linear estimates (eBLUEs) were produced. The R
package AsremlPlus (Brien 2020) was used to compute the least significant difference (LSD
with o = 0.05) values.

3.3.6 Genotyping and linkage mapping
Genotypic data of the RIL population were as described by Khoo et al. (submitted). Briefly,

leaf tissue was sampled from the parents and individual Fs plants. DNA was isolated and
subjected to genotyping-by-sequencing analysis by Diversity Arrays Technology Pty. Ltd.
(Bruce, ACT, Australia) using its chickpea DArTseq (1.0) GBS platform. A linkage map was
constructed using the R package ASMap (Taylor and Butler 2017). Linkage groups were
assigned to chromosomes and oriented based on BLASTn analysis (Altschul et al. 1990) of
GBS sequence tags against the kabuli chickpea reference genome (Version 2.6.3) (Edwards,
2016).
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3.3.7 QTL Mapping

QTL analysis was conducted using the inclusive composite interval mapping (ICIM) method,
which is implemented in the integrated software for QTL mapping (QTL IciMapping v4.1)
available at http://www.isbreeding.net/ (Meng et al. 2015). The QTL mapping was conducted

using the functionality of inclusive composite interval mapping of additive and dominant QTL
(ICIM-ADD) (Li et al. 2007, Zhang et al. 2008). The stepwise regression was performed to
identify the most significant markers and marker-pairs at a significance level of 0.001 and a
scanning step of 1 cM. The threshold LOD (logarithm of the odds) score to declare significant
QTL at a chromosome-wise type I error rate of 0.05 (Churchill and Doerge 1994) were

determined by performing 1,000 permutations.

3.3.8 Candidate gene identification
The CDC Frontier reference genome v2.6.3; http://www.cicer.info/databases.php/

downloads/kabuli2.6.3rawdata.zip (Edwards 2016) was interrogated by filtering out the genes

between the flanking markers of each QTL to identify candidate genes within the same
intervals as the estimated QTL positions. Subsequently, the coding sequences (CDSs) were
translated into amino acid sequences, and the Pfam database (http://pfam.xfam.org/) queried

for putative domains to infer function (Finn et al. 2014; Bateman et al. 2002).

3.3.9 Expression of candidate resistance gene

Gene expression analysis was conducted to assess the candidate genes in the QTL regions
during the infection of the two RIL parents, the moderately resistant (MR: PBA HatTrick) and
susceptible (S: Kyabra) parents, using RNAseq data collected in a previous study (Mwape et
al. 2021b). Briefly, the data was generated by stem inoculation of six-week-old plants with S.
sclerotiorum isolate CU8.20 at 0 (control), 6, 12, 24, 48, and 72 hours post-inoculation with
three biological replicates for each of the treatments. RNA extracted from stem segments was
resequenced by Novogene (Beijing, China) on an Illumina HiSeq 2500 platform. The
sequenced reads were aligned to the reference chickpea genome (Edwards, 2016) and gene
expression analysis was conducted using the Limma package in R v4.0.2. A false discovery
rate (FDR) cut-off of 0.05 was applied, and a log, fold change cut-off of > 1 to indicate
upregulation and < -1 to indicate down-regulation. The RN Aseq data has been deposited as an

NCBI sequence read archive under BioProject ID: PRINA687280.
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3.4 Results

3.4.1 Responses of Australian chickpea cultivars and breeding lines to Sclerotinia stem
rot

A set of 20 cultivars and 29 breeding lines were evaluated for their responses to inoculation
with S. sclerotiorum isolate CU8.20 to determine if there is any resistance to S. sclerotiorum
in the Australian chickpea breeding program. Lesion length measurements over time were used
to calculate the area under the disease progress curve (AUDPC) for each cultivar/breeding line.
The 49 lines showed significant differences (P < 0.05, LSDo.0s = 445.3) in disease responses,
with PBA HatTrick showing the lowest susceptibility with a mean AUDPC of 2,169 and Moti
showing the highest susceptibility with a mean AUDPC of 5,221 (Fig.,1, Supplementary Table
S3.1).

3.4.2 Responses of recombinant inbred line population derived from PBA HatTrick and
Kyabra to Sclerotinia stem rot

The cultivars PBA HatTrick and Kyabra differed in their response to S. sclerotiorum isolate
CUS8.20, with mean AUDPCs of 2,169 and 4,281, respectively (Fig. 1). Therefore, a RIL
population derived from these parents was inoculated with the same isolate to investigate the
underlying genetic control of the partial resistance observed in PBA HatTrick. The Shapiro-
Wilk test of normality ((Shapiro and Wilk 1965; Royston 1982) for the AUDPC of the RIL
population indicated that the data were approximately normally distributed with the Shapiro-
Wilk statistic of 0.9875 (P-value > 0.05)) (Fig. 2). The results showed that the AUDPC values
were different for PBA HatTrick (3329) and Kyabra (3724) and a broader range of AUDPC
variation among the RILs: AUDPC range of 2489 — 4609 (Fig. 2, Supplementary Table S3.1).
The mean AUDPC scores across each individual RIL and the parents showed a continuous trait
distribution with significant differences (LSDo.0s = 885.3) between the parents and among the

RILs (Supplementary Table S3.2).
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Figure 3.1: The mean area under the disease progress curve (AUDPC) scores for Australian
chickpea cultivars and breeding lines following inoculation with an aggressive S. sclerotiorum
isolate. The vertical bar represents the least significant difference (LSD with a = 0.05) value
across all genotypes (y-axis). Indicated in dark blue is the partially resistant cultivar PBA

HatTrick and in white, the susceptible cultivar Kyabra that are the parents of the recombinant

inbred line population used in this study.
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Figure 3.2: Phenotypic distribution of the area under the disease progress curve (AUDPC)
after S. sclerotiorum inoculation of 200 RIL population and the parents. The x-axis shows the
mean AUDPC, and the y-axis shows the RIL population and their parents. The white and black
arrowheads indicate AUDPC scores for the highly susceptible parent (Kyabra) and moderately

resistant parent (PBA HatTrick), respectively.

3.4.3 QTLs for resistance to Sclerotinia stem rot

QTL analysis to detect loci contributing to the observed variation in SSR resistance in the RIL
population was conducted using the mean AUDPC values. In the present study, four QTLs,
with phenotypic variation explained (PVE) ranging from 4.2 - 15.8 %, were detected and
mapped on three chromosomes (Table 1 and Fig. 3): Ca4 (qSSR4-1, qSSR4-2), Ca6 (qSSR6-
1) and Ca7 (qSSR7-1). The most significant of these was qSSR4.1 (PVE = 15.8 %, LOD =
10.6) between markers 11062500|F|0-36:G>A-36:G>A and 8822765|F|0-8:C>T-8:C>T (Fig.
3).
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Table 3.1: List of quantitative trait loci (QTL) associated with resistance response to a highly

aggressive S. sclerotiorum isolate in PBA HatTrick x Kyabra chickpea recombinant inbred line

population (n = 200).

Positio

QTL Chromosom Left Right LOD* PVE®  Additive
name € Marker Marker (%) effect#
(cM)
1106250 10.618 15.821
qSSR4-1 4 0 0 8822765 8 9 -193.286
100.010
q55R4-2 4 74 5825802 5826178 3.0732 4.238 6
1314441 104.794
q455R6-1 6 2 5825910 3 32097 4.6532 8§
2996733 2996737
q55R7-1 7 46 3 0 4.7374 6.7445 -126.295

LOD" = Logarithm of the odds PVEP =Phenotypic variance explained LG = Linkage group
#: The negative effects indicate that the favourable allele was derived from PBA HatTrick, and the positive
additive effects indicate that the favourable allele was derived from Kyabra.
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Figure 3.3: Genetic positions of the QTLs associated with Sclerotinia stem rot resistance on

chromosomes Ca4, Ca6 and Ca7. Resistance is expressed using the area under the disease

progress curve (AUDPC) derived from the stem lesion length measurements for 200 F;

individuals of the PBA HatTrick x Kyabra population. On the right side of the chromosome

are the markers and their LOD, while on the left side are their corresponding positions in
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centimorgans (cM). The red dots indicate the marker positions in cM. The names of the major
QTLs, their flanking markers and confidence intervals are depicted in blue. The blue dashed

line indicates the significance threshold with a logarithm of the odds (LOD) score of 2.5.

3.4.4 Candidate genes in QTL regions

To determine which genes underlying the QTLs might be involved in the resistance response
to S. sclerotiorum infection, the physical regions in the chickpea cultivar CDC Frontier
reference genome were assessed. A total of' 52, 102, 622 and, 351 genes in the intervals between
the flanking markers for QTLs qSSR4-1, gSSR4-2, qSSR6-1, and qSSR7-1 were identified,
respectively (Supplementary Table S3.3).

Genes involved in the plant hormone signal transduction pathway, including auxin-induced
protein  (LOC101514996), three ethylene transcription factors (LOC101502435,
LOC101502737 and LOC101504146), and signal recognition particle protein
(LOC101512174), were identified in the region for gqSSR4-1 (Supplementary Table S3.3 and
S4). Other genes located in this region related to disease resistance were a WAT 1-related
protein (LOC101504468), an F-box/LRR-repeat protein 17 (LOC101514669), a calmodulin-
like protein (LOC101491221), which is involved in plant-pathogen interactions, a glutathione
reductase (LOC101514119) involved in glutathione metabolism, and a beta-carotene isomerase
(LOC101489176) involved in carotenoid biosynthesis (Supplementary Table S3.3).

In the region of qSSR4-2, genes involved in the biosynthesis of secondary metabolites, purine
metabolism, metabolic pathways, biosynthesis of antibiotics, phenylpropanoid biosynthesis,
oxidoreductase and plant-pathogen interaction were identified (Supplementary Table S3.4).
Genes related to disease-resistance pathways identified in this region included ethylene-
responsive transcription factor (LOC101505675), calcium-dependent protein kinase 4-like
(LOC101502238), cellulose synthase-like protein (LOC101514030, LOC101514359, and
LOC101506417) peroxidase 5-like (LOC101492647), aminoacylase-1 (LOC101489624),
uricase-2 isozyme 1-like (LOC101500535), WAT 1-related protein (LOC101497530), and
serine/threonine-protein kinase (LOC101499994) (Supplementary Table S3.3)

The highest number of genes was identified in the gSSR6-1 region. These genes are involved
in pathways including plant hormone signal transduction, biosynthesis of antibiotics,
biosynthesis of secondary metabolites, phenylalanine metabolism, ABC transporters, and
plant-pathogen interaction pathways (Supplementary Table S3.4). Genes involved in plant
hormone signal transduction included serine/threonine-protein kinase (LOC101489210,

LOC101489210, LOC101489533, and LOC101494601), signal recognition particle subunit
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(LOC101498515, and LOC101504832), two-component response regulator (LOC101509325
and LOC101497765), putative ETHYLENE INSENSITIVE 3-like 4 protein (LOC101500668)
and histidine kinase 3-like (LOC101506212). Genes involved in plant-pathogen interaction
included calcium-dependent protein kinase (LOC101493107) and respiratory burst oxidase
(LOC101491892) (Supplementary Table S3.3).

Genes involved in plant resistance, including plant hormone signal transduction, biosynthesis
of antibiotics, plant-pathogen interaction, phenylpropanoid biosynthesis and metabolism and
oxidative phosphorylation, were identified in the region of qSSR7-1 (Supplementary Table
S3.4). Five genes that play a role in plant hormone transduction included two-component
response regulators ARR2 (LOC101510188) and protein TIFY 3B (LOC101502388), which
were located in the qSSR7-1 region. Plant-pathogen interaction pathway-related genes
including pfo-interacting protein (LOC101511806) and squidulin (LOC101501000), defence
response pathway (ABA-responsive protein ABRI18-like: LOCI101511589 and
LOC101511270) and those involved in the biosynthesis of antibiotics (dihydrolipoyl
dehydrogenase, alpha-aminoadipic semi-aldehyde synthase, ATP-citrate synthase beta chain
protein 2-like and 1-deoxy-D-xylulose-5-phosphate synthase) were identified in the region of
qSSR7-1.

3.4.5 Differential expression of candidate genes between moderately resistant and
susceptible parents

The list of candidate genes was narrowed to assess the expression of the genes underlying the
QTLs. A time course from 0 to 72 hours post-inoculation with S. sclerotiorum isolate CU8.20
was generated for both the moderately resistant (MR) cultivar PBA HatTrick and the
susceptible (S) cultivar Kyabra. Of the 1,127 genes across the four QTLs, 120 genes showed
differential expression patterns between non-inoculated (time 0) and inoculated samples (time
points 6-72 hpi) for both parents (Fig. 4, 5 and 6). There were 10, 8, 47 and 55 differentially
expressed genes in the qSSR4-1, gSSR4-2, qSSR6-1 and qSSR7-1 regions, respectively.

The ethylene-responsive transcription factor (LOC101502737) was identified in the qSSR4-1
region and was expressed earlier in the MR parent than in the S parent (Fig. 4). The peroxidase
5-like (LOC101492647), Armadillo repeat-containing protein 6 (LOC101513382) and WAT -
related protein (LOC101497530) were upregulated while glycerol-3-phosphate dehydrogenase
(LOC101495780) downregulated in the MR line only (Fig. 4)

87



Transcriptional regulator SUPERMAN-like LOC101506837-

**RING-H2 finger protein ATL16-like LOGC101503381 -

Probable inorganic phosphate transporter LOC101502114-

Photosystem Il reaction center W protein, chloroplastic-like LOC101513777-
GABA transporter 1-like LOC101512501-

qSSR4-1 Ethylene-responsive transcription factor LOC101504146-
Ethylene-responsive transcription factor LOC101502737-
Ethylene-responsive transcription factor LOC101502435-
Calmodulin-like protein 11  LOC101491221-

*BEACH domain-containing protein IvsA LOC101492182-

*WAT1-related protein At3g30340-like LOC101497530 -

Gene name /Gene ID

Uncharacterized protein LOC101504168-
Uncharacterized protein LOC101500107-
qSSR4-2 Uncharacterized LOC101497946 LOC101497946 -
Probable L-type lectin-domain containing receptor kinase LOC101508552-

#Peroxidase 5-like LOC101492647-

*Glycerol-3-phosphate dehydrogenase LOGC101495780 -

*Armadillo repeat-containing protein 6 LOC101513382-

6122448726 122448 72
MR S

Hours post inoculation

Figure 3.4: Heat maps showing the patterns of expression of all the differentially expressed
genes (relative to 0 hpi) identified in the regions of QTLs, gSSSR4-1 and qSSR4-2. Positive
LogFC values (shown in green) represent upregulation relative to expression at the time of
inoculation, LogFC values of 0 (shown in black) represent no significant change in expression
and negative LogFC values (shown in red) represent down-regulation of expression at 6, 12,
24, 48 and 72 hpi for moderately resistant (MR: PBA HatTrick) and susceptible (S: Kyabra)
chickpea parent lines. The genes with different patterns of expression between parents are
marked with asterisks. The vertical axis represents the genes, and the horizontal axis represents
the chickpea line and time points.

Of the genes located in qSSR6-1, sucrose synthase (LOC101494314), serine/threonine-protein
kinase  (LOC101511372 and LOC101503660), monothiol glutaredoxin-S2-like
(LOC101503006 and LOC101503330), mitochondrial thiamine pyrophosphate carrier-like
(LOC101495703), F-box protein (LOC101497457), chitotriosidase-1-like (LOC101501002),
basic 7S globulin-like (LOC101500045), alpha-aminoadipic semialdehyde synthase
(LOC101500267), alkaline/neutral invertase A, mitochondrial (LOC101491074) and ABC
transporter (LOC101511590) were differentially expressed in the MR line only. A
pathogenicity related protein (LOC101512575) located in qSSR6-1 was upregulated earlier (24
hpi) in the MR line compared to the S line (72 hpi) (Fig. 5).
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Among the genes differentially expressed in qSSR7-1 were a leucine-rich repeat receptor-like
kinase (LOC101503887), probable WRKY transcription factor 11 (LOC101513839),
pathogen-associated molecular pattern-induced protein A70 (LOC101492689), alpha-
trehalose-phosphate  synthase (LOC101507748), calcium-binding protein CMLA45
(LOC101505709), homeobox-leucine zipper protein (LOC101489128), probable
serine/threonine-protein kinase (LOC101514185), a probable WRKY transcription factor 11
(LOC101513839) and a caffeoyl shikimate esterase (LOC101510635) (Fig. 6). A probable F-
box protein (LOC101501001) located in the qSSR7-1 region was differentially expressed at
24-72 hpi in the MR line and 24 hpi in the S line (Fig. 6).
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Figure 3.5: Heat maps showing the patterns of expression of all the differentially expressed
genes identified in the regions of QTLs gSSR6-1. The green colour represents the upregulated,
black no significant change in expression and red colour down-regulated genes at 6, 12, 24, 48
and 72 hpi for moderately resistant (MR: PBA HatTrick) and susceptible (S: Kyabra) chickpea
lines. Marked with the red asterisks are the genes with different patterns of expression between
parents. The vertical axis represents the genes, and the horizontal axis represents the chickpea

line and time points.
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Figure 3.6: Heat maps showing the patterns of expression of all the differentially expressed
genes identified in the regions of QTLs gSSR7-1. The green colour represents the upregulated,
black no expression and red colour down-regulated genes at 6, 12, 24, 48 and 72 hpi for
moderately resistant (MR: PBA HatTrick) and susceptible (S: Kyabra) chickpea lines. Marked
with the red asterisks are the genes with different patterns of expression between parents. The
vertical axis represents the genes, and the horizontal axis represents the chickpea line and time

points.
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3.5 Discussion

This study investigated the inheritance of resistance to S. sclerotiorum in a bi-parental mapping
population derived from Australian cultivars PBA HatTrick and Kyabra, following the
evaluation of 49 cultivars and 200 breeding lines. Evaluation of the 49 chickpea lines identified
cultivar PBA HatTrick as having the lowest mean AUDPC scores, whereas cultivar Kyabra
was one of the more susceptible cultivars and had a significantly different AUDPC score from
PBA HatTrick. As such, the bi-parental RIL population was employed to dissect the genetic
inheritance of the partial resistance identified in PBA HatTrick. Our findings indicate that
resistance to S. sclerotiorum in chickpea is a complex quantitative trait and is affected by
several genes with small effects, which is consistent with previous studies in B. napus (Yin et
al. 2010), soybean (Arahana et al. 2001), common bean (Ender and Kelly 2005), and sunflower
(Yue et al. 2008). Breeding cultivars that are resistant to SSR is important for crops such as
chickpea, which is a highly valued crop for human consumption (Kottapalli et al. 2009). Thus,
it is important to identify SSR resistance-related genes through QTL mapping from the current
chickpea germplasm. This finding provides direct genetic resources for genetic improvement
of SSR resistance and the knowledge required for developing effective strategies for SSR
resistance breeding.

To date, complete resistance to S. sclerotiorum has not been identified in crop hosts. However,
partial resistance has been reported in B. napus (Denton-Giles et al. 2018), soybean (Kim ef al.
1999), sunflower, dry bean (Vuong et al. 2004) and chickpea (Mwape et al. 2021). Partial
resistance to S. sclerotiorum was found in chickpea line PBA HatTrick, while the Kyabra line
showed high susceptibility to SSR compared to other Australian cultivars and breeding lines
(Fig. 1). Similar findings of partial resistance to S. sclerotiorum in the PBA HatTrick line and
high susceptibility in the Kyabra line compared to a subset of wild chickpea germplasm were
reported previously by Mwape et al. (2021). The ability of PBA HatTrick to maintain durable
partial resistance in the field remains to be tested.

A stem inoculation assay measures the host-pathogen interaction under a consistent favourable
environment but does not measure escape mechanisms such as early flowering, early maturity,
and canopy size. Here we used a highly reproducible stem inoculation technique that has
previously been used for SSR resistance screening of canola and chickpea under controlled
environment conditions (Denton-Giles et al. 2018; Mwape et al. 2021). The frequency

distribution of RILs for SSR on length (calculated as AUDPC) depicted a distribution for a

92



continuous trait indicating that genetic control of resistance to S. sclerotiorum may be complex.
There were significant differences in AUDPC among RILs (LSD ¢.05s = 885.3), with 32% of
phenotyped lines showing higher resistance to S. sclerotiorum than the moderately resistant
parent PBA HatTrick (Fig. 2; Supplementary Fig. S2).

In recent years, extensive efforts have been made using identified partial resistance to detect
the loci controlling resistance to S. sclerotiorum in soybean (McCaghey et al. 2017; Arahana
et al. 2001) canola (Qasim et al. 2020), pea (Ashtari Mahini et al. 2020) peanut (Liang et al.
2021) and dry bean (Miklas 2007), an indication of the importance of understanding the genetic
basis of SSR resistance. In the present study, we mapped four QTLs: two on chromosome Ca4
(qSSR4-1 and qSSR4-2), one on chromosome Ca6 (qQSSR6-1) and one on chromosome Ca7
(qSSR7-1). Each of these explained between 3.5 and 14.2 % of the phenotypic variation, with
the favourable alleles contributed by both parents (Fig. 3; Table 1). The detection of some
QTLs with favourable alleles from PBA HatTrick and some with favourable alleles from
Kyabra is consistent with the observation that some lines had more extreme phenotypes than
the parents (Fig. 2). There were 18 RILs that had the favourable alleles from both parents and
showed overall higher levels of resistance compared to PBA HatTrick. This is the first QTL
report for resistance to S. sclerotiorum in chickpea to the best of our knowledge.

The earlier mapped resistance loci in chickpea included those for resistance to Ascochyta
blight, Fusarium wilt and Botrytis grey mould (Deokar ef al. 2019) (Sabbavarapu et al. 2013;
Anuradha et al. 2011; Garg et al. 2018). A chickpea genomic region on Ca4 has consistently
been reported to contain QTLs for Ascochyta blight resistance (Sharma and Ghosh 2016) and
Fusarium wilt (Garg et al. 2018). In the present study, QTLs with major effects (QSSR4-1 and
qSSR4-2), explaining the phenotypic variance of 8.8 - 14.2%, were located on chromosome
Ca4. Genes involved in known pathways involved in plant disease responses such as plant-
pathogen interaction, phenylpropanoid pathways and plant hormone signalling were located in
these regions. Our findings and previous studies on chickpea fungal diseases show that the Ca4
genomic region may be highly associated with disease resistance. The chickpea chromosomes
Ca4 and Ca7 have also been reported to harbour QTLs responsible for Ascochyta blight
resistance (Deokar et al. 2019).

The identified SNP markers associated with the S. sclerotiorum resistance loci could be
adopted for marker-assisted selection by chickpea breeding programs, which will allow them
to retain the partial resistance that exists in the breeding program whilst also incorporating
novel sources of partial stem resistance such as those identified in a collection of wild Cicer

germplasm (Mwape et al. 2021a). Investigation into the genomic regions of QTLs identified
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several candidate genes that were differentially expressed in response to S. sclerotiorum. With
the help of the RNA sequencing data, we were able to identify some genes that may play
important roles in resistance to S. sclerotiorum. For instance, a gene involved in the thiamine
biosynthesis pathway (LOC101495703) was identified in the region of qSSR6-1. Thiamine is
known to play a key role in enhancing anti-oxidative capacity in the plant; thus, an increase in
plant thiamine increases resistance to biotic stresses (Zhao et al. 2011; Zhou et al. 2013).
Thiamine metabolism was associated with modulation of the redox environment, reducing the

disease progress during S. sclerotiorum infection in Arabidopsis (Zhou et al. 2013).

A putative ethylene-responsive factor (ERF) gene present in the qSSR4-1 region showed an
early upregulation in the MR compared to the S parent. ERF transcription factors play
important roles in plant development and response to biotic and abiotic stresses (Licausi ef al.
2013). Overexpression of ERF genes enhanced resistance to S. sclerotiorum in broccoli (Jiang
et al. 2019). Plant calcium-dependent protein kinases (CDPKs) are important in downstream
calcium signalling and regulating diverse plant immune responses, including production of
ROS, transcription reprogramming of genes and hypersensitive response (Gao et al. 2014).
Previous research reported CDPK positively regulates resistance to S. sclerotiorum and
Pseudomonas syringae through promoting H>O, accumulation and phosphorylation in
tomatoes (Wang et al. 2015).

Members of the plant WRKY transcription factor family are implicated in regulating defence-
related genes in response to fungal pathogens (Yang et al. 2009). A WRKY transcription factor
identified in the QTL regions qSSR6-1 showed upregulation during infection at 24 hpi (Fig.
5). Other candidate genes identified in gSSR7-1 regions encode auxin response factors (ARFs)
known for their signalling role during plant growth and development and have been linked to
disease resistance (Li ef al. 2016; Yamada 1993). In Arabidopsis, auxin signalling mutants that
had defects in response to auxin showed increased susceptibility to B. cinerea and
Plectosphaerella cucumerina, indicating that auxin signalling is important resistance to these
necrotrophs (Llorente et al. 2008).

Plants have receptors that harbour a C-terminal LRR domain and can directly or indirectly
perceive pathogen effectors to activate multiple defence signal transduction pathways that may
result in a hypersensitive response to limit pathogen growth (Sagi ef al. 2017). Genes with LRR
domains were identified in the QTL regions of Ca4 and Ca7. Another domain is known to play

a role in pathogen recognition and downstream signalling is the zinc finger protein (Carpita
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and Gibeaut 1993). Zinc finger protein-encoding genes were identified in the region of QTL
qSSR7-1.

Peroxidases are known for their role in the resistance-related oxidative burst response in plants
(Dmochowska-Boguta et al. 2013). Four peroxidase proteins were identified in the gSSR7-1
region; however, they did not show differential expression during infection at 6-72 hpi. The
plant hormone abscisic acid (ABA) is known to promote resistance in some plant-pathogen
interactions and susceptibility in others and is linked with salicylic acid (SA), jasmonic acid
(JA) and ethylene (ET) signalling to affect pathogen resistance (Wang et al. 2012). Two ABA
response proteins were identified in the regions of qSSR7-1 (Supplementary Table S3.3 and
were shown to be upregulated in both lines at 12-72 hpi. Three Arabidopsis mutants with
defects in ABA signalling showed a complete loss of resistance to S. sclerotiorum (Perchepied
et al. 2010). This suggests that ABA signalling may be involved in partial chickpea defence
against S. sclerotiorum.

Putative candidate genes with defence functional categories related to pathogenesis-related
(PR) genes were identified at qSSR7-1. Pathogen-associated molecular pattern-induced
proteins A70 and pathogenesis-related proteins (PR1 and PR2) were identified in the gSSR7-1
region (Supplementary Table S3.2). PR proteins produce glycosidic fragments, which weaken
and decompose fungal cell walls containing glucans, chitin and proteins (Ali et al. 2018). PR-
1 genes involved in signalling and plant defences were identified within regions of QTLs
qSSR6.1 (Supplementary Table S3.2).

The markers closely linked with SSR resistance QTLs identified in this study could facilitate
identifying the genes that contribute to the partial resistance phenotype and may be used to
retain these through pyramiding in one genotype. The QTLs identified in this study can

facilitate marker-assisted breeding for SSR resistance.
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4.1. Abstract

Sclerotinia sclerotiorum, the cause of Sclerotinia stem rot (SSR), is a host generalist
necrotrophic fungus that can cause major yield losses in chickpea (Cicer arietinum) production.
This study used RNA sequencing to conduct a time course transcriptional analysis of S.
sclerotiorum gene expression during chickpea infection. It explores pathogenicity and
developmental factors employed by S. sclerotiorum during interaction with chickpea. During
infection of moderately resistant (PBA HatTrick) and highly susceptible chickpea (Kyabra)
lines, 9,491 and 10,487 S. sclerotiorum genes, respectively, were significantly differentially
expressed relative to in vitro. Analysis of the upregulated genes revealed enrichment of Gene
Ontology biological processes, such as oxidation-reduction process, metabolic process,
carbohydrate metabolic process, response to stimulus, and signal transduction. Several gene
functional categories were upregulated in planta, including carbohydrate-active enzymes,
secondary metabolite biosynthesis clusters, transcription factors and candidate secreted
effectors. Differences in expression of four S. Sclerotiorum genes on cultivars with different
levels of susceptibility were also observed. These findings provide a framework for a better
understanding of S. sclerotiorum interactions with hosts of varying susceptibility levels. Here,
we report for the first time on the S. sclerotiorum transcriptome during chickpea infection,

which could be important for further studies on this pathogen's molecular biology.

Keywords: Sclerotinia sclerotiorum, Cicer arietinum, CAZymes, secondary metabolites,

secreted effectors, transcription factors, infection.
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4.2. Background

Sclerotinia sclerotiorum is a necrotrophic fungal pathogen with a remarkably broad host range
of over 600 plant species (Boland and Hall 1994; Liang and Rollins 2018). The hosts of S.
sclerotiorum include economically important crops such as Brassica napus (canola), Glycine
max (soybean), Phaseolus vulgaris (common beans), Pisum sativum (field pea), Helianthus
annuus (sunflower) and Cicer arietinum (chickpea) (Boland and Hall 1994). Research on
genetic and molecular management of various fungal pathogens in chickpeas, such as
Aschochyta rabiei and Fusarium oxysporum f. sp. ciceris, has led to the identification of genetic
and pathological variabilities leading to shifting from cultural practices to the development of
new genetic and molecular management approaches (Kukreja et al. 2018). However, limited
information is available on the molecular biology of S. sclerotiorum during chickpea infection,
despite the fact that, in a conducive environment, a disease caused by Sclerotinia species can

cause up to 100% chickpea yield loss (Fuhlbohm et al. 2003).

S. sclerotiorum is generally described as a necrotroph. As such, it derives its energy from dead
plants to complete its lifecycle; this contrasts with biotrophs, which feed on living plant cells.
However, recent studies indicate that S. sclerotiorum undergoes a brief biotrophic phase soon
after penetration (Kabbage et al. 2015). Expression of biotrophy-related genes, including those
with Lysin Motif (LysM) domains, within the first 24 hours post-inoculation (hpi) during the
S. sclerotiorum - B. napus interaction has been reported (Seifbarghi ef al. 2017). Furthermore,
previous studies have shown that S. sclerotiorum integrin-like protein (SS/7L) and chorismate
mutase (SsCml) may suppress host defence signalling during the biotrophic phase (Kabbage
et al. 2015; Seifbarghi et al. 2017; Tang et al. 2020). The pathogenesis journey through the two
phases requires regulation of metabolic, virulence and defence enzymes in response to
challenges associated with the type of host tissue, nature of energy source, acidity, and

oxidative stress (Zhu et al. 2013; Kabbage et al. 2013).

The S. sclerotiorum reference genome has revealed several potential pathogenicity and
virulence factors, including cell wall degrading enzymes (CWDES), metabolites,
detoxification enzymes and candidate secreted effectors (Li et al. 2011; Xiao et al. 2013;
Derbyshire et al. 2017). We refer to pathogenicity factors as genes that are essential for causing
disease and virulence factors as genes that contribute in a quantitative manner to pathogen
aggressiveness; any genes that have an impact on growth away from the plant host are referred

to in this article as ‘developmental factors’, and these may also be pathogenicity or virulence
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factors at the same time (Bolton ez al. 2006; Amselem et al. 2011; Casadevall and Pirofski
1999). Amselem et al. (2011) compared the genomes of S. sclerotiorum and its relative B.
cinerea and found a variety of putative secreted enzymes, including carbohydrate-active
enzymes (CAZymes) such as xylanases, pectinases, polygalacturonases (PGs), hemicellulases,
and cellulases. CAZymes play a crucial role in host cell wall degradation to simpler monomers
that serve as a carbon source (Kubicek et al. 2014). Disruption of the S. sclerotiorum CAZymes
arabinofuranosidase/p-xylosidase and an endo-B-1, 4-xylanase showed reduced or lost
virulence (Yajima et al. 2009), an indication of their importance in the growth and virulence of

the pathogen.

Secreted effector candidates have also been found in S. sclerotiorum. These are proteins that
manipulate host cell functions and suppress plant defence to promote infection (Derbyshire et
al. 2017). Some of these candidates have been functionally characterised. For example,
secreted protein SsSSVPI manipulates plant energy metabolism for full virulence (Lyu et al.
2016). Disruption of SsSSVPI in S. sclerotiorum significantly reduces virulence in B. napus
and Arabidopsis thaliana, compared to the wild type (Lyu et al. 2016). S. sclerotiorum strains
lacking SSITL cause rapid induction of plant defence genes associated with the salicylic acid
and jasmonic acid/ethylene signalling pathway, suggesting SSITL as a possible effector that
plays a key role in suppressing host immunity at an early stage of infection (Kabbage et al.

2015; Casadevall 2007).

Transcription factors (TFs) act as pivotal regulators of gene expression by binding to gene
promoters to activate or repress expression (Amselem et al. 2011). Several S. sclerotiorum
transcription factors have been characterised. For example, in response to reduced acidity, the
S. sclerotiorum gene encoding a zinc finger transcription factor (Pacl) triggers oxalic acid
(OA) biosynthesis, causing an increase in expression of exo-polygalacturonase (Sspg!), which
is involved in pectin degradation, a significant constituent of the plant cell wall (Poussereau et
al. 2001). Although not directly involved in pathogenicity, Pacl plays a role in OA and Sspg!
accumulation.

Recent studies of S. sclerotiorum gene expression on different hosts found that a gene encoding
oxaloacetate acetylhydrolase (Ssoahl), known to be vital for OA production, was expressed in
a similar pattern during infection of B. napus (Fuhlbohm et al. 2003; Kubicek et al. 2014) and
P. vulgaris (Oliveira et al. 2015). However, Ssoahl expression was not observed during G.

max infection (Westrick et al. 2019). Intrinsic host immunity may also affect the pattern of .
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sclerotiorum gene expression as demonstrated in B. napus, where a gene encoding a
polygalacturonase, Sspgl, was upregulated in a resistant cultivar, with no upregulation in a
susceptible cultivar relative to in vitro (Chittem et al. 2020). These discrepancies indicate that
S. sclerotiorum gene expression may depend on the host species and intraspecific differences
in levels of resistance.

Our study aimed to (1) understand further how the S. sclerotiorum transcriptome is deployed
in planta relative to in vitro conditions; (2) catalogue upregulated and downregulated genes in
the S. sclerotiorum - chickpea pathosystem; and (3) evaluate the differences in gene regulation
during S. sclerotiorum infection of a moderately resistant and a susceptible chickpea line. The
current study hypothesised that (i) S. sclerotiorum would deploy an array of factors to facilitate
chickpea infection, and (ii) S. sclerotiorum will express genes that are specific to moderately
resistant and susceptible cultivars. This study reveals the activation of primary S. sclerotiorum
pathogenesis factors, including CAZymes and affiliated proteins, putative secreted effector
proteins, secondary metabolites and genes involved in regulating the production of and

tolerance to reactive oxygen species (ROS) such as catalases and peroxidases.

4.3. Material and Methods

4.3.1. Plant material

Two desi chickpea cultivars with different levels of susceptibility to S. sclerotiorum were used
as hosts in this study (Mwape et al. 2021a). One seed per pot of moderately resistant (PBA
HatTrick) and highly susceptible (Kyabra) chickpea cultivars were planted in 5 cm pots with
an all-purpose potting mix (UWA mix, Richgro, Perth, Australia) and grown for eight weeks in
a plant growth chamber with a 16-hour photoperiod, a 22/16°C day/night temperature, and 60%
relative humidity. Once germinated, seedlings were watered as necessary and fertilised at four
weeks with Nitrophoska perfekt™ fertiliser (Incitec Pivot fertilisers, Victoria, Australia). These
two cultivars are herein referred to as the MR line (moderately resistant PBA HatTrick) and S

line (susceptible Kyabra).

4.3.2. Fungal material preparation and inoculation

An aggressive S. sclerotiorum isolate CUS8.20 was previously found to be aggressive in B.
napus (Denton-Giles et al. 2018) and chickpea (Mwape et al. 2021a). The isolate CU8.20
culture was prepared from dry sclerotia, which were cut in half and placed mycelium-side down
on potato dextrose agar (PDA) (Becton Dickinson, USA) and incubated at 20°C for 5-7 days

in the dark plates. Subsequently, a mycelial plug was cut from actively growing edges of the
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PDA culture and sub-cultured in a fresh PDA plate at 20°C for two days. Only plates with
consistent mycelial growth were used for inoculation. Eight-week-old plants were infected
following a stem inoculation assay that involved cutting a 5 mm plug from the actively growing
mycelium and placing it in the middle of the plant stem. The plug was secured using Parafilm®
to maintain moisture. The in vitro control samples were generated by inoculating potato
dextrose broth (PDB) with 5 mm minimal media agar plugs and incubated at 26 °C with shaking
at 160 rpm for 96 h.

4.3.3. Sample collection

S. sclerotiorum mycelium (in vitro samples) was collected from PDB and flash-frozen in liquid
nitrogen. Inoculated plant stem sections were collected by cutting the stem 1 cm above and
below the point of inoculation or the lesion at 6, 12, 24, 48, and 72 hours post-inoculation (hpi),
immediately put in an Eppendorf tube and flash-frozen in liquid nitrogen within 10 s of
collection and stored at -80 °C until RNA extraction. Each treatment (time point /cultivar)
consisted of three biological replicates. Six stem sections were collected from four individual

plants and pooled for one biological replicate.

4.3.4. RNA extraction and sequencing

The fungal mats and the infected stem samples were ground into a fine powder with liquid
nitrogen pre-cooled in an RNAse-free mortar and pestle. Total RNA was extracted from
inoculated chickpea stem tissues and S. sclerotiorum mycelium following the Trizol™ Reagent
protocol (Invitrogen Corp., Carlsbad, CA, USA). RNA quantity and quality were assessed
using the Qubit fluorometry assay (Invitrogen Corp., Carlsbad, CA, USA). Novogene
performed library preparation (150 bp paired-end) and sequencing on an [llumina HISEq 2500

platform.

4.3.5. RNA sequencing data quality control
Quality assessment on raw fastq reads and cleaned reads were conducted using the FastQC tool

(V. 0.11.8) (www.bioinformatics.babraham.ac.uk/projects/fastqc). Trimmomatic v.0.38 was

used to trim low-quality base calls and filter adapters and low quality reads (Bolger et al. 2014).
The following trimmomatic parameters were used, ILLUMINACLIP: TruSeq3-SE: 2:30:10
MINLEN: 36 LEADING: 3 TRAILING: 3 SLIDINGWINDOW: 4:15.
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4.3.6. Read alignment

The trimmed reads were split between the pathogen (S. sclerotiorum strain 1980 genome,
Bioproject PRINA348385, assembly ASM185786v1) (Derbyshire et al. 2017) and the host
(Cicer arietinum, Bioproject PRINA190909, assembly ASM33114v1) (Varshney ef al. 2013)
using BBSplit tool v.38.12 (https://sourceforge.net/projects/bbmap/). Quality filtered S.

sclerotiorum in planta and in vitro reads were aligned to the reference genomes using HISat2
v2.1.0 (Kim et al. 2015). The resulting alignments in SAM format were then converted to BAM
format, sorted and indexed using SAMtools v.0.1.19 (Li et al. 2009). The number of reads that
mapped to each gene in the reference (read counts/gene counts) were generated using HTseq

package v 0.12.4 (Anders et al. 2015).

4.3.7. Differential gene expression analysis

The S. sclerotiorum in planta differential gene expression analysis was conducted using edgeR
and limma Bioconductor packages in R v4.0.2 (Robinson et al. 2010; Ritchie ef al. 2015). The
raw count data were normalised using the Trimmed Mean of M-values (TMM) method.
Principle coordinate analysis (PCoA) plots were generated using the plot-MDS () function from
limma and the heatmap.2 () function from gplots to determine the relatedness of the biological
replicates. Pairwise contrasts were performed using quasi-likelihood F tests (Lun et al. 2016).
A false discovery rate (FDR) cut-off of 0.05 was applied, and a log> fold change cut-off of >2
to indicate upregulation and <-2 to indicate down-regulation. Differentially expressed genes
(DEGs) were considered at each time point for each host in relation to the in vitro/vegetative

growth culture (hypothetical time-point 0).

4.3.8. Gene Ontology enrichment analysis of DEGs

S. sclerotiorum gene ontology (GO) terms were derived from a previous InterPro annotation
(Derbyshire et al. 2017). To test for significantly enriched (GO) categories, we used the R
Bioconductor package TopGO (2007) to implement the classical method and Fisher's exact test
with a P-value threshold of < 0.05 (Alexa and Rahnenfiihrer,2006). GO terms for the full S.

sclerotiorum total gene list were used as the background list for enrichment analysis.

4.3.9. CAZymes and secreted protein effector analysis

CAZymes were predicted using DBCan2 web server v8.0 (Zhang et al. 2018). The S.
sclerotiorum strain 1980 protein sequences were used as the input for CAZymes prediction
(GCA _001857865) (Derbyshire et al. 2017). The CAZymes prediction was made using three
databases, HMMER, DIAMOND and Hotpep (Zhang et al. 2018). Only those CAzymes
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identified by at least two databases and with positive SignalP scores were considered for
analysis. This study considered previously predicted effectors by Derbyshire et al. (2017) and
Guyon et al. (2014).

4.3.10. Validation of RNA-seq data using reverse transcription-quantitative PCR

RNA-Seq data was validated by performing reverse transcription quantitative polymerase
chain reactions (RT-qPCRs) on five upregulated genes and one downregulated gene. Two-time
points were chosen to represent the early stage (12 hpi) and late stage (48 hpi) of MR and S
line infection. RNA samples used for qPCR validation were the same samples used for [llumina
sequencing. The RNA samples were reverse transcribed using the First-Strand cDNA Synthesis
Kit for RT-PCR (AMV) (NEB Inc. Ipswitch, MA) according to the manufacturer's instruction.
The cDNA samples were then diluted at 1:20 before qPCR. Real-time quantification for MR
line was performed with 1Taq Universal SYBR Green Supermix and S line with PowerUp
SYBR Green master mix with the following cycling conditions: 95 °C for 2 min, then 95 °C
for 15 sec, 60 °C for 30 sec and 72 °C for 15 sec, repeated 40 cycles, followed by 72 °C for 2
min. The relative expression of genes was calculated using the 27 " method (Livak and
Schmittgen 2001) with the fungal B-tubulin gene (sscle 02g015170) used as an endogenous
control. Three biological replicates were used, and three technical replicates per biological
replicate to determine the expression levels for the six genes relative to fungal B-tubulin. The
qPCR experiment consisted of three biological replicates per sample and three technical

replicates per biological replicate.

4.4. Results and discussion

4.4.1. Processing and filtering of transcriptome data

RNA-seq was used to compare S. sclerotiorum gene expression between samples taken during
infection of two C. arietinum lines and during growth in vitro. Between 1.8 to 61.8 % of
sequence reads derived from the infected moderately resistant (MR) line samples collected
between 6 — 72 hpi mapped to the reference genome of S. sclerotiorum. On the other hand,
between 0.7% to 68.1% of sequence reads derived from infected susceptible line samples
collected between 6- 72 hpi mapped back to the S. sclerotiorum genome (Table 4.1). At 72 hpi,
the average percentage of reads mapping to the fungal genome in the S line was higher (68.1%)
than in the MR line (61.8%), suggesting that the S line tissues may be more heavily colonised
than those of the MR line (Table 4.1). The larger lesions found on the S line at the later stage

of infection during the current study (results not shown) and greater abundance of fungal RNA
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in the S line samples together suggest that it exhibited greater levels of fungal colonisation than
the MR line. Such differences have been reported in previous S. sclerotiorum transcriptome

studies (Seifbarghi ef al. 2017; Oliveira et al. 2015; Westrick et al. 2019; Chittem et al. 2020).

Table 4.1: Summary of the Illumina sequence reads generated by RNA — seq obtained from
inoculation of a moderately resistant (MR) chickpea line PBA HatTrick and a susceptible (S)

chickpea line Kyabra. The values for each time point are the averages of the three biological

replicates.

Hours post S Trimmomatic BBSplit reads separation

Host inoculation reads retention
(hpi) read pairs (%) S. sclerotiorum C. arietinum

MR 6 67,354,385  98.7 1,207,201 (1.8%) 66,147,184 (98.2%)
12 68,680,857  98.76 5,929,006 (8.6%) 62,751,851 (91.4%)
24 61,114,985 9891 28,078,637 (45.9%) 33,036,348 (54.1%)
48 56,616,306  98.85 40,566,767 (71.7%) 16,049,538 (28.3%)
72 63,109,260  98.92 39,012,318 (61.8%) 24,096,941 (38.2%)

S 6 58,025,893  98.4 414,371 (0.7%) 57,611,521 (99.2%)
12 72,896,961  98.4 1,851 043 (2.5%) 71,045,918 (97.5)
24 54,049,381 98.4 18,414,027 (31.%) 35,635,354 (65.9%)
48 60,727,165  98.5 36,714,863 (60.4%) 24,012,301 (39.5%)
72 57,636,636 98.5 39,273,084 (68.1%) 18,363,551 (31.9%)

*%*20, 961,027 **40,875,050
Invitro 0 56,566,082 96.8 53,907,476 (95.3%) NA

**averages number of reads

The similarity of the three biological replicates and the accuracy of the RNA-seq analysis was
demonstrated using classic multidimensional scaling (MDS), which shows the MDS plot of
distances between gene expression profiles (Fig. 4.1). The MDS showed a distinct grouping of
samples grown in vitro and in planta at the early (6-12 hpi), the mid (24 hpi) and late (48-72
hpi) stage of infection (Fig. 4.1). There was a clear distinction between the S. sclerotiorum
transcriptomes at 24 and 48-72 hpi, an indication of the significant differences in the types of

genes expressed at these time points.
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Figure 4.1: A multidimensional scaling (MDS) plot showing the relatedness of Sclerotinia
sclerotiorum samples used for RNA-Seq analysis. Samples were collected from moderately
resistant (MR) and susceptible (S) chickpea lines at 6, 12, 24, 48 and 72 hours post inoculation
(hpi), as well as samples from an in vitro culture. The symbol Arepresents the MR, m the S
and e the in vitro samples. The x and y-axis represent Euclidean dimensions, distinct colours

represent each treatment, and individual dots represent each sample.

4.4.2. Validation of RNA-seq data using reverse transcription-quantitative PCR

To validate the accuracy of the RNA-seq data, five upregulated genes and one downregulated
gene in both chickpea lines at 12 hpi (early infection stage) and 48 hpi (late infection stage)
were quantified using reverse transcription quantitative polymerase chain reaction (RT-qPCR)
(Fig. 4.2). Six genes that according to RNA-seq analysis, five were significantly upregulated
(sscle_05g041810, sscle 11g084430, sscle 08g067130, sscle 04g033880 and
sscle 01g003110) and one was significantly downregulated (sscle 16g108230) , were
randomly selected for validation. These genes, their putative functions and the primer
sequences are listed in Supplementary Table S4.1. The expression patterns for each gene in
our qPCR assay (Fig. 4.2A) were similar to the expression observed in the RNA-seq data (Fig.
4.2B). These results thus show a correlation between our qPCR and RNA-seq data.
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Figure 4.2: Reverse transcription-quantitative PCR (RT-qPCR) validation of RNA sequencing
(RNA-Seq) data in the moderately resistant (MR) and susceptible (S) chickpea lines following
infection with Sclerotinia sclerotiorum. Logy(fold change) (LogFC) values were generated for
qPCR samples by comparing the expression of genes at each time point of infection vs the in
vitro control sample using the 2 At method (Fig. 4.2A). LogFC values were generated for
RNA-Seq samples by comparing the average raw read counts at each time point of infection
vs in vitro/vegetative growth culture (Fig. 4.2B). Pairwise contrasts were performed using
quasi-likelihood F tests. The data are presented as means + standard error (SE) from three

biological replicates for 12 hpi (early stage of infection) and 48 hpi (late stage of infection).

4.4.3. Genotype-specific and genotype non-specific differential gene expression during
Sclerotinia sclerotiorum infection of chickpea

Based on the distinct differences between the in planta and in vitro samples demonstrated in
the MDS plot (Fig. 4.1), we expected that many S. sclerotiorum genes would be differentially
expressed in planta relative to in vitro, irrespective of the susceptibility level of the host line.
Therefore, we first assessed whether there were significant differences in read counts for each
of the infection time points for each host relative to in vitro. We identified upregulation of
2,150 and 3,593 and downregulation of 7,341 and 6,894 S. sclerotiorum genes during MR and
S line infection, respectively (Fig. 4.3 A and B, Supplementary Table S4.2, Fig. S4.1). There

were 171 common genes upregulated in the MR line (Fig. 4.3A) and 230 common genes
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upregulated in the S line (Fig. 4.3B). A comparative analysis of the upregulated genes between
the MR and S genotypes during the early stage (6-12 hpi) and late stage (48-72 hpi) of infection
revealed that 511 genes were differentially expressed relative to in vitro at the same time points
on both the MR and S lines (Fig. 4.3C, Supplementary Table S4.3). A gene encoding an alcohol
oxidase (SsAOX; sscle 03g024060) was the most upregulated gene common to the two
chickpea genotypes (Fig. 4.3D). An alcohol oxidase in Cladosporium fulvum has been
suggested to be a key component in the detoxification of antifungal compounds released from
the plant cell wall during infection (Segers et al. 2001). Similarly, two putative hydrophobic
cell surface proteins (sscle 12g091650 (logFC = 9.6-12.5) and sscle 09g070510 (LogFC =
7.3-8.6) were the most highly upregulated at an early stage of infection relative to in vitro
across both cultivars. The gene sscle 12g091650 contains a hydrophobic surface binding
protein A (HsbA) domain (PF12296) which was originally identified in Aspergillus oryzae as
a surface protein that plays a key role in both the adhesion to and degradation of hydrophobic
surfaces (Ohtaki et al. 2006). Similarly, sscle 09g070510 contains a repeated fasciclin domain
(PF02469) which has been reported in Magnaporthe oryzae to be important in adhesion and
binding to hydrophobic surfaces (Liu ef al. 2009). Our findings suggest these two genes might

have a role during the S. sclerotiorum biotrophic phase during chickpea infection.
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Figure 4.3: Venn diagram and graph showing upregulated Sclerotinia sclerotiorum genes
during interaction with chickpea. Venn diagram shows the number of common and unique
genes at time points 6, 12, 24, 48, and 72 hpi in (A) moderately resistant (MR), and (B)
susceptible (S) lines (C) Comparison of MR and S genes (D).A graph showing expression
pattern during the time course of infection of the most highly expressed common gene between

MR and S line.

The current study demonstrates common genes between MR and S line when compared to in
vitro (Supplementary Table S4.3). Further, comparing the transcription changes in MR and S
lines, we found 82 and 251 genes upregulate in MR only and S only, respectively (Additional
files: Fig. S4.2, Supplementary Table S4.4). There were 42 genes with known functions
expressed either in MR or S line only and are involved in cell wall degradation, secondary
metabolites, transportation, detoxification, and signalling (Supplementary Fig. S4.2). The
common gene and these exclusively upregulate genes are discussed in various sections below.
To note are two genes upregulated in the MR only which are involved in sugar glucose and
carboxylate catabolism, metabolism and anabolism (sscle 01g005580 and sscle 05g040510)
(Supplementary Fig. S4.2), indicating the importance of hydrolytic activities during infection
of chickpea. Previous research has found pentose phosphate is critical in fungal pathogens for
supplying cells with NADPH for detoxification of ROS and virulence (Liu et al. 2009;
Stincone et al. 2015). A gene involved in the pentose-phosphate pathway (sscle 01g005580)
was upregulated in the MR line only. The full virulence of S. sclerotiorum requires
detoxification of ROS, an important component of the host defence response (Stotz et al. 2011),
suggesting that S. sclerotiorum upregulation of sscle_01g005580 may be a managing strategy
of host resistance responses.

Expression analysis of the MR versus S line at each time point showed that there were only
four genes that were differentially expressed between genotypes at any given time point
(Supplementary Table S4.2). This included two genes downregulated in the MR relative to the
S line (upregulated in the S line) at 6 hpi and the other two upregulated in the MR relative to
the S line (downregulated in S line) at 48 hpi. The genes sscle 09g073140 (logFC = 5.1, pag;
=0.02) and sscle 04g033530 (log FC = 4.2, p.¢=0.04) were differentially expressed at 6 hpi
and sscle 16g111070 (logFC=5.3, pagj = 0.004) and sscle 05g047520 (logfC = 5.3) were
differentially expressed at 48 hpi. These four genes are predicted in the S. sclerotiorum genome,
but they have no known functional domains. Therefore, it is not possible to speculate much on

their role during specific interactions between MR and S chickpea genotypes.
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We also performed an analysis where we included the genotype x time point interaction. The
final design as a factor and found that this interaction was not significant for any genes (Padj =
0.05), suggesting that all genes had temporally similar expression patterns between the two
lines. We did not include hosts (C. arietinum) differentially expressed genes in the current
manuscript, as this will form a discrete study along with other data in future. However, the
limited differences in expression of S. sclerotiorum genes between the two hosts would suggest
that they present a qualitatively similar environment to the pathogen despite one of them, the

MR line, reducing the extent of pathogen growth.

4.4.4. Gene Ontology term enrichment analysis of upregulated genes identifies multiple
biological and molecular functions associated with infection

Gene Ontology (GO) enrichment analysis is a powerful technique for analysing differential
gene expression data to gain insight into the broader biological processes (BP), molecular
functions (MF) and cellular components (CC) of genes. S. sclerotiorum expressed genes in the
current study were significantly enriched with a wide range of upregulated (Supplementary
Table S4.5, Supplementary Fig. S4.3) and downregulated (Supplementary Table S4.5,
Supplementary Fig. S4.4) GO categories.

The BPs highly enriched during the early stage of infection included oxidation-reduction
process (GO:0055114), protein metabolic process (GO:0019538), proteolysis (GO:0006508),
cellular response to stimulus (GO:0051716) signal transduction (GO:0007165), carbohydrate
metabolic process (GO:0005975) and metabolic processes (GO:0008152) (Supplementary
Table S4.5). Early defence of Aschochyta rabiei in chickpea has been associated with a strong
accumulation of reactive oxygen species (ROS) in resistant chickpea cultivars compared to
susceptible chickpea cultivars (Sambasivam et al. 2020). Similarly, previous research found A.
thaliana enhanced host ROS increased resistance to S. sclerotiorum, and coordinately S.
sclerotiorum genes involve in response to oxidative stress were overexpressed (Ding et al.
2020). The BP category oxidation-reduction process (GO:0055114) was highly enriched
exclusively in genes upregulated in the MR line at 6 hpi and 48 hpi, suggesting that S.
sclerotiorum may focus on regulating the environment redox status during MR line infection
to counter host resistance responses.

GO term enrichment analysis also provided an insight into the temporal aspects of the S.
sclerotiorum-chickpea interaction. Genes involved in cellular communication (GO:0007154),
signalling (GO;0023052), response to stimulus (GO:0050896), and signal transduction
(GO:0007165) were enriched in genes upregulated in both lines at the early stage of infection
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(6-24 hpi; Fig. 4.3C), indicating the importance of rapid adaptation to in planta growth. Among
genes upregulated in both lines at the late stage of infection (48-72 hpi; Fig. 4.3 C), the enriched
GO categories included carbohydrate metabolic process (GO:0005975) and metabolic process
(GO:0008152), among others, an indication of the importance of utilisation of energy sources
during the necrotic phase of S. sclerotiorum infection. The most significantly enriched GO
categories in the current study grouped into carbohydrate-active enZYmes (CAZymes),
proteases, transporters, transcription factors and other secondary metabolites. Genes were
categorised based on their functions and predicted roles to simplify the study, as discussed

below.

4.4.5. Genes involved in the degradation of the host cuticle

The plant cuticle is the first physical barrier to pathogen invasion and is composed of lipid-
derived polyester and cuticular waxes (Heredia and Dominguez 2009). In the current study, S.
sclerotiorum genes encoding cutinases and lipases were upregulated throughout infection.
Interestingly, four S. sclerotiorum genes encoding lysophospholipase (sscle 02g020060),
carboxylesterase (sscle 03g027590), GDSL-lipase-acylhydrolase (sscle 01g004820), and
triacylglycerol lipase (sscle 01g008640) were significantly upregulated at the late stage of
infection, specifically in the S line (Supplementary Table S4.6). This suggests the induction of
lipolytic enzymatic activity in S. sclerotiorum may depend on the immunity of the host. Lipases
were also reported to act as virulence factors in the fungal phytopathogen B. cinerea (Reis et

al. 2005), suggesting S. sclerotiorum lipases may play a role in virulence.

Table 4.2: The number of in planta upregulated S. sclerotiorum genes involved in the cell wall

and cuticle degradation.

Number of upregulated genes in the

Substrate CWDE category category
Lipid/cutin Cutin 14
Polysaccharides Cellulose 19
Arabinogalactan 6
Hemicellulose 16
Mannan 7
Pectin 16
Starch 3
Proteins/peptides Protein 17
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4.4.6. Genes involved in the degradation of the host cell wall

As a necrotroph, degradation of the host cell wall is important during S. sclerotiorum infection
to achieve the required plant cell death for growth and development (Lehtinen 1993). A portion
of the numerous cell wall degrading enzymes (CWDESs) identified in the S. sclerotiorum
genome (Amselem et al. 2011), including those involved in the degradation of lipids, cellulose,
arabinogalactan, hemicellulose, mannan, pectin, starch and proteins, were upregulated during
infection of chickpea (Table 4.2, Supplementary Table S4.6). After breaching the cuticle,
polygalacturonases (PGs) are often the first lytic enzymes produced by a pathogen (Alghisi
and Favaron 1995; ten Have ef al. 1998). A putative exo-PG (sscle 05g046840, LogFC=3.2-
8.2) was the most upregulated relative to in vitro in the current study in both chickpea cultivars
relative to in vitro throughout the infection (Supplementary Table S4.6). Four previously
characterised PGs: endo-PGs Sspgl (sscle 16g108170) and Sspg3 (sscle 09g070580), and
exo0-PGs Ssxpgl (sscle 02g018610) and Ssxpg?2 (sscle 04g035440) were also upregulated in
the current study, relative to in vitro (Supplementary Table S4.5). Infiltration of purified endo-
PG into plant leaf tissues causes rapid loss of cell wall integrity followed by cell death (Bashi
et al. 2012; Kars et al. 2005), suggesting the importance of Sspg/ and Sspg3 in tissue
maceration during S. sclerotiorum infection. Orthologs of Ssxpg/ and Ssxpg2 in B. cinerea
(BcPG1 and BcPG?2) showed necrosis inducing activities and disruption of either of the genes
reduced virulence(Stincone et al. 2015; Wilson et al. 2007), an indication of the significant role
ex0-PGs play in lesion development and host colonisation.

Proteases are hydrolytic enzymes that act as important virulence factors in many fungal plant
pathogens by degrading host proteins that are involved in the immune response (Franceschetti
et al. 2017). The in planta upregulation relative to in vitro of non-aspartyl acid protease (acp!;
sscle 11g082980) was observed at all time points, peaking in expression at 24 hpi in both lines
(LogFC= 7.2-7.9) (Supplementary Table S4.5). Several factors control acpl/ induction,
including glucose levels, nitrogen starvation and acidification (Poussereau et al. 2001).
Previous studies found upregulation of acp! at a later stage of S. sclerotiorum infection in H.
annuus cotyledons (Poussereau et al. 2001), G. max petioles (Westrick et al. 2019), and B.
napus leave (Seifbarghi et al. 2017), suggesting that acp/ has a possible role in virulence on
multiple plant species and that it responds to cues present at different infection stages in
different hosts. Another gene encoding an aspartyl protease, sscle 07g058540, was upregulated
at all stages of infection in the current study, with a peak expression relative to in vitro at 24
hpi (Supplementary Table S4.5). The gene sscle 07g058540 is a homologue of several

aspergillopepsin-like proteins (cd06097) in aspergillosis of humans, which act as a cofactor for
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the persistence of colonisation (Rementeria et al. 2005). Putting this all together,
sscle 07g058540 may be a catalyst that assists S. sclerotiorum growth and development during

infection.

4.4.7. S. sclerotiorum secondary metabolite synthesis and detoxification enzymes

Secondary metabolite (SM) polyketide synthases (PKSs) and non-ribosomal peptide synthases
(NRPSs) were the major enzymes associated with SM synthesis in S. sclerotiorum and make
up to 47.2% of the upregulated SM biosynthesis clusters in the current study (Supplementary
Table S4.6). The SM biosynthesis gene expressed at the highest level (LogFC = 7.6-9.2) was a
gene encoding the PKS responsible for dihydroxy naphthalene (DHN) melanin biosynthesis
(PKS13; sscle_03g031520) at 6-12 hpi as compared to the in vitro control, indicating a possible
role in penetration during chickpea infection (Supplementary Table S4.6). In a previous study,
disruption of S. sclerotiorum genes involved in melanin biosynthesis showed no change in
pathogenicity; however, slower development of mycelial and hyphal branching was observed
(Liang et al. 2018). The current results indicate the importance of melanin to aid appressoria

mediated penetration of S. sclerotiorum.

Table 4.3: Sclerotinia sclerotiorum detoxification enzymes upregulated (LogFC) in planta

relative to in vitro.

MR? line hpi* S® line hpi*
Gene ID Description 6 12 24 48 72 6 12 24 48 72
sscle 01g003110 Glutathione S-transferase 3.6 3.5 49 36 41 - 25 52 31 38
sscle 01g005000 Glutathione S-transferase - - 37 31 29 - - 32 - -
sscle_08g067590  Glutathione S-transferase - - - 28 29 - - - - -
sscle 02021570 Laccase 43 - - - - 46 45 - - -
sscle_01g005590 Cytochrome P450 - - - 33 29 - - - 29 3.1
sscle 04g033880  Cytochrome P450 41 42 56 49 59 - 22 23 26 57

® moderately resistant line; ® susceptible line; * hpi = hours post-inoculation.

Glutathione S-transferases (GSTs) play critical roles in the detoxification of xenobiotic
chemicals in fungi by reducing them to glutathione (Gullner et al. 2018). The S. sclerotiorum
GST most upregulated relative to in vitro in this study was a UDP-glucosyltransferase (Ssbgt/;
sscle 01g003110, LogFC = 3.6-5.2) (Table 4.3). Ssbgt! plays a role in the degradation of the
antimicrobial compound brassinin through glycosylation and is induced in response to the

presence of a cultivar of plant phytoalexins (Sexton et al. 2009).
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Other GSTs induced in planta in the current study were sscle 01g005000 (logFC =2.9-3.7) in
both lines and sscle 082067590 (logFC = 2.8-2.9) in the MR line, at 24-72 hpi (Table 4.3).
Disruption of GST genes AbGSOTI and AbUre2pBI in the host generalist brassica pathogen
Alternaria brassicicola led to reduced virulence (Calmes et al. 2015). This indicates the
importance of xenobiotic compound detoxification during fungal infection. The greatest
upregulation of GSTs was observed in the MR line, possibly a reflection of host resistance

exerted by the release of host defence-related antifungal compounds during infection.

Benzoic acid derivatives are aromatic compounds arising from the plant defence - ketoadipate
pathway (Harwood and Parales 1996). The CYP enzyme, benzoate 4-hydroxylase, from
Aspergillus niger, was reported to play a role in the hydroxylation of benzoic acid to 4-
hydroxybenzoate (Faber et al. 2001). An S. sclerotiorum CYP gene, sscle 01g005590,
encoding benzoate 4-hydroxylase, was upregulated at 48-72 hpi in both chickpea lines (Table
4.3), which may suggest higher pressure from host defence toxins at the late stage during S.

sclerotiorum-chickpea interaction.

4.4.8. Sclerotinia sclerotiorum signalling pathways are vital during chickpea infection

A total of 24 S. sclerotiorum transcription factors were upregulated in the current study
(Supplementary Table S4.7). Two functionally characterised S. sclerotiorum TFs Pacl
(sscle_06g049830) (Rollins 2003), and Ssfkhl (sscle 06g049780) (Fan et al. 2017) were
upregulated in planta. Pacl was upregulated at 12 hpi in the S line only (LogFC = 2.8) during
chickpea infection (Supplementary Table S4.6). Pacl triggers oxalic acid (OA) biosynthesis in
response to increased pH and reduces the ambient pH, which in turn causes an increase in Sspg/
and acpl expression and promotes sclerotial development (Rollins 2003). The upregulation of
Pacl on the S line may suggest that S line tissues were more alkaline than those of the MR
line.

Fungal histidine kinases play a vital role in controlling signalling pathways that regulate
osmotic and oxidative stress responses, cell cycle control and virulence (Amselem ef al. 2011).
We found that the two-component sensor histidine kinase Shkl (sscle 16g107650) was
upregulated at 12-72 hpi relative to inoculum in both lines (Supplementary Table S4.7). A
previous study showed disruption of Shk/ led to reduced and altered hyphal growth and failed
sclerotia formation (Duan ef al. 2013). Although Shk/ mutants exhibited normal virulence, they
showed sensitivity to osmotic stress and increased resistance to fungicides, which suggest that

Shkl likely works upstream of the MAPK cascade to control these processes.
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4.4.9. A substantial portion of putative effectors are upregulated on both host cultivars

during infection

We compared the S. sclerotiorum expressed genes with the 523 secreted proteins identified in
the S. sclerotiorum genome (Derbyshire et al. 2017) to determine specific temporal changes in
their regulation during chickpea infection. Of these, 173 were upregulated in both cultivars,
and 148 downregulated, with nine of the upregulated genes observed in the MR cultivar only
and 27 in the S cultivar only (Supplementary Table S4.8). Of the identified S. sclerotiorum
secreted proteins, 78 were predicted to be candidate effectors by Guyon et al. (Guyon et al.
2014) and 70 by Derbyshire et al. (Derbyshire et al. 2017). Of these candidate effectors, 32
were upregulated, and 40 downregulated on both hosts during the current study (Supplementary
Table S4.9).

In addition to putative candidate effectors, we also considered the expression of experimentally
characterised S. sclerotiorum effectors. Previous studies showed that S. sclerotiorum small
cysteine-rich secreted protein SsSSVPI (sscle 01g003850) plays an essential role during
infection by interfering with host respiration and inducing localised tissue necrosis (Lyu ef al.
2016). In the current study, SsSSVPI was upregulated at 48 hpi in the MR line and 72 hpi in
the S line (logFC = 5.1 and 5.7), respectively (Supplementary Table S4.9). S. sclerotiorum
SsSSVPI mutants showed reduced virulence in B. napus and A. thaliana (Lyu et al. 2016).
Similarly, SsSSVPI upregulation was previously reported during the late stage of infection in
B. napus (Fuhlbohm et al. 2003; Lehtinen 1993) and at all-time points in G. max (Westrick et
al. 2019). The earlier induction SsSSVP1 of in the MR line (48 hpi) compared to the S line (72
hpi) may suggest that temporal regulation of expression of SsSSVPI may depend on host

susceptibility level.

Two S. sclerotiorum necrosis and ethylene-inducing (NEP) proteins (SsNEPI and SsNEP?2)
were characterised in a previous study on Nicotiana benthamiana and were reported to function
as necrotrophic effectors (Dallal Bashi et al. 2010). The previous study showed upregulation
of both genes at mid to later stages of infection with SSNEP2 expressed at a higher level than
SsNEP1. In the current study, SSNEP1 (sscle_04g039420) was not differentially expressed, and
SsNEP2 (sscle 12g090490) was upregulated at the later stages of infection (48 hpi in MR and
at 48-72 hpi In S lines) relative to in vitro (Supplementary Table S4.9). Orthologs of these two
genes in B. cinerea (BcNEPI and BcNEP2) are both proteins capable of inducing necrosis in

dicotyledonous but not monocotyledons host (Schouten et al. 2008).
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4.4.10. Expression of genes related to oxalic acid production and reactive oxygen species
regulation

Oxalic acid (OA) has roles in weakening the host cell wall, activating hydrolytic enzymes,
suppressing the oxidative burst and intensifying programmed cell death (PCD) leading to full
colonisation (Kim et al. 2008). A gene encoding oxalate decarboxylase (Ss-odc2:
sscle 09g069850) was highly upregulated at the very early stage (6 - 24 hpi) of infection
(LogFC = 6.5-8.4) and showed lower expression at the later stage (LogFC = 3.8-4.2) of
infection relative to in vitro, in both chickpea lines (Table 4.4). Ss-odc?2 protects the pathogen
cells by preventing excess accumulation of OA (Heard ef al. 2015). A previous study suggested
that an alternative route of OA biosynthesis may be utilised during S. sclerotiorum early stages
of infection (Li et al. 2004). Expression of Ss-odc2 without the induction of Ssoahl in the
current study may support previous findings that OA is not the only source of acidification or
determinant of S. sclerotiorum virulence expression (Xu et al. 2015), or alternatively, the host
tissue was already acidic enough for growth.

An S. sclerotiorum gene, sscle_09g069850, with a bicupin domain, was previously reported to
be a possible oxalate oxidase enzyme (Kim ez al. 2011). This gene was highly upregulated at
6-12 hpi (logFC= 7.6-8.7) and expression decreased at 48-72 hpi (logFC = 3.8-4.2) with no
expression at 24 hpi, in both chickpea lines, relative to in vitro (Table 4.4). A previous study
suggested that oxalate oxidases play a role in inducing programmed cell death (Kim et al.
2008). The pattern of sscle 09g069850 expression in the current study may suggest
involvement in both the biotrophic and necrotic stages during chickpea interaction.

Catalases and peroxidases are also important S. sclerotiorum ROS scavengers (Schaffer and
Bronnikova 2012). Three catalases, sscle 03g026200 (Sscatl), sscle 04g037170, and
sscle 15g104430, were upregulated during the late stage of infection (48 -72 hpi) in the MR
and 72 hpi in the S line (Table 4.4). The most upregulated catalase during the current study was
the previously characterised Scat! (sscle 04g037170). Scatl mutants show slower radial
growth, a higher number of small sclerotia and hypovirulence (Yarden et al. 2014). The
upregulation of catalases and peroxidases was observed at an early stage in the MR line and
later stage in the S line during infection, suggesting S. sclerotiorum induces ROS scavengers

depending on the host speed of employing defence responses.
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Table 4.4: Sclerotinia sclerotiorum reactive oxygen scavenging (ROS) enzymes upregulated

(LogFC) during chickpea infection relative to in vitro.

MR? line hpi* SP line hpi*

Gene ID Description 6 12 24 48 72 6 12 24 48 72
sscle 15g104430  Catalase - - - 51 57 - - - - 4.5
sscle 04g037170  Catalase - - - 56 58 - - - - 4.7
sscle 03g026200 Catalase - - - - - - - - - 2.9
sscle 09g069850  Oxalate decarboxylate 84 6.5 - 41 42 82 81 - - 3.8
sscle 04g035020  Peroxidase - 35 35 43 5.1 - - 53 54 47
sscle 15g102360  Peroxidase 36 - - - - 41 38 - - -

sscle 09g070530  Peroxidase 4.1 - - - - - 36 - - 3.6
sscle 08g065740  Peroxidase heme-thiolate 4.5 - - - - 46 - - - -

® moderately resistant line; ® susceptible line; * hpi = hours post-inoculation.

4.5. Conclusion

The current study demonstrates there were differences in S. sclerotiorum genes expression in
MR and S line when compared to in vitro with 82 and 251 genes upregulated in MR only and
S only, respectively (Supplementary Fig. S4.2 and Supplementary Table S4.3). Our study
demonstrates a continuum of activities that occurs during infection and colonisation of C.
arietinum by S. sclerotiorum. In support of our study hypothesis, we observed significant
upregulation of S. sclerotiorum genes in planta irrespective of the host's susceptibility level.
To our knowledge, this is the first RNA-seq study to investigate in planta gene expression in
S. sclerotiorum during C. arietinum infection. The current findings showed that S. sclerotiorum
induced numerous virulence factors, including CAZymes, transportation enzymes,
detoxification enzymes, metabolites and putative secreted effector proteins during penetration
and subsequent proliferation through the host.

In conclusion, the present study provides an insight into global transcriptional changes in S.
sclerotiorum during infection of chickpea cultivars differing in their susceptibility to the
pathogen. Our findings further emphasise the role of CAZymes and proteases, in addition to
secreted effectors, transporters and detoxifying enzymes during the growth and development
of S. sclerotiorum within chickpea plants. Temporal changes in expression have demonstrated
that S. sclerotiorum specific gene expression may depend on host susceptibility level. Detailed
investigation of the identified genes could elucidate their precise roles and determine if they

represent viable targets for disease management.
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5.1. Abstract

Sclerotinia sclerotiorum is a necrotroph pathogen with a remarkable host range and causes
Sclerotinia stem rot (SSR) in chickpea (Cicer arietinum L.). Molecular mechanisms governing
resistance against this pathogen in chickpea are poorly researched, therefore limiting molecular
breeding. We used an RNA sequencing approach to study the molecular processes leading to
S. sclerotiorum resistance in chickpea. The transcriptome of a moderately resistant (PBA
HatTrick) and a susceptible (Kyabra) chickpea line after Sclerotinia sclerotiorum infection was
analysed across a time course of 6-72 hours post inoculation. Our analysis shows that chickpea
resistance to S. sclerotiorum is related to timely activation of pathways, including pathways
linked to plant-pathogen interaction, phenylpropanoid pathway, plant hormone signal
transduction, and scavenging reactive oxygen species. Early induction of key enzymes in these
pathways appeared to be an important defence mechanism of chickpea plants against S.
sclerotiorum. Generally, our findings support a model where plant resistance to pathogens
depends on the speed of responses to the pathogen invasion. The extent and time of expression
of defence related genes against S. sclerotiorum may be vital in discriminating moderately
resistant from susceptible chickpea genotypes. Here, we report for the first time a transcriptome
study of chickpea genotypes with varying susceptibility levels in response to S. sclerotiorum
infection. This study provides a rich resource and a framework for better understanding the
mechanisms of interaction between C. arietinum and S. sclerotiorum that will be useful to the

design of molecular breeding strategies in chickpea.

Key words: Cicer arietinum, S. sclerotiorum, gene expression, genotype, defence
machanisms.
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5.2. Introduction

Chickpea (Cicer arietinum L.) is a self-pollinated pulse crop with immense value as a source
of protein, carbohydrates, phosphorous, calcium, magnesium, iron and zinc (Jukanti et al.
2012). However, chickpea production is constrained by various biotic stresses, including
sclerotinia stem rot (SSR), caused by the fungus Sclerotinia sclerotiorum, which can cause up
to 100% yield losses under favourable conditions (Pulse Australia, 2020). S. sclerotiorum is a
necrotroph with a diverse host range and prolonged survival of resting sclerotia (Boland and
Hall 1994, Brooks et al. 2018, Lane et al. 2019). Although there is no complete resistance to
S. sclerotiorum, partial resistance has been reported in chickpea (CHAPTER 2; Mwape ef al.
2021a). S. sclerotiorum control in most crop hosts depends heavily on fungicide application.
However, there are no fungicides registered for controlling S. sclerotiorum on chickpea in
Australia (Pulse Australia, 2020). Another way of combating diseases like S. sclerotiorum is
through breeding. Advancing our understanding of the fundamental molecular mechanisms
responsible for SSR resistance may facilitate the improvement of genetic resistance in

chickpea.

S. sclerotiorum is known to secrete an array of molecules during infection, such as oxalic acid
and cell wall degrading enzymes (CWDE’s) that facilitate the killing of the host tissues to
derive nutrients (Kim et al. 2008; Yu et al. 2017). S. sclerotiorum exhibits a biphasic feeding
strategy with a short biotrophic phase during the early stages followed by a transition to the
necrotrophic stage (Kabbage et al. 2015). In return, hosts use multifaceted strategies to defend
themselves against the invasion of this pathogen, which consist of pathogen recognition plant
intracellular resistance (R) genes, signal transduction by mitogen-associated protein kinase
(MAPK) and defence responses including transcription factors (Piffanelli ef al. 1999; Uloth et
al. 2013; Wang et al. 2019). Overexpression of MAPK gene was found to significantly enhance
resistance to Botrytis cinerea and S. sclerotiorum in Brassica napus and by possibly regulating

jasmonic acid mediated defence response (Wang et al. 2009).

Pathogen perception in the host is coordinated in part through pathogen-associated molecular
pattern (PAMP) recognition by plant cell surface receptors termed pattern recognition receptors
(PRRs) or recognition of plant virulence molecules (Zipfel 2014). The host R gene products
are responsible for recognition of the pathogen virulence factors, which results in effector-

triggered immunity (ETI), and recognition of PAMPs by PRRs results in PTI (Jones and Dangl
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2006). The interaction between pathogen effectors and in plant resistant genes leads to
activation of ETI, a model referred to “gene for gene interaction” (Newman and Derbyshire
2020). On the contrary, the necrotrophic pathogen causes elicitation of host defence by
inducing necrotic effectors that result to host programmed cell death for their own advantage,

an interaction known as ‘inverse gene-for-gene interaction’ (Tan et al. 2010).

Host damage-associated molecular patterns (DAMPs) triggers host immunity (Andersen et al.
2018). Wall-associated kinases (WAKSs) detect DAMPs that result from cellular damage
associated with pathogen infection. Plant receptors with leucine-rich repeats detect pathogen
effectors that play a role in facilitating infection (Dangl et al. 2013). The polygalacturonase
inhibitor proteins (PGIPs) are leucine-rich proteins that inhibit fungal polygalacturonases,
therefore reducing the potential of pathogen destruction; they may also trigger plant defence
responses induced by oligogalaturonides (Ferrari et al. 2008, Ferrari et al. 2013, Dallal et al.
2012). A previous study on the interaction between S. sclerotiorum and Phaseolus vulgaris
showed that the pathogen’s endo-polygalacturonases contribute to the infection process by
promoting the release of plant oligogalaturonides, which are signalling molecules that may

cause host cell death, and may also activate plant defences such as PGIPs (Oliveira ef al. 2010).

Current research indicates that plant defence to S. sclerotiorum involves various biological
processes, including defence-related proteins, redox homeostasis, lipid and calcium signalling
(Cao et al. 2016). Initiating PTI and ETI is connected to the signalling pathway that results in
the upregulation of host defence-associated genes (Lewis et al. 2015; Zipfel 2014). The
hormones such as jasmonic acid (JA), salicylic acid (SA), ethylene (ET), abscisic acid (ABA)
and auxin role as immune signalling molecules (Wang et al. 2012). Previous research has
shown that SA, JA, and ET signalling pathways are involved in defence against S. sclerotiorum
(Guo and Stotz 2007). An investigation of S. sclerotiorum infection of B. napus found that
proteins related to ET and JA signalling were induced; however, limited SA responsive proteins
were differentially regulated following infection (Zhao ef al. 2009). Previous studies have also
shown that SA can antagonise the JA signalling pathway, a phenomenon that has been identified
during S. sclerotiorum infection in oilseed rape (Wang et al. 2012). In general, JA and ET act
synergistically to cause defence, leading to improved host resistance to pathogens (Glazebrook

2005).
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Previous research showed that resistance against S. sclerotiorum in soybean is linked to
increased antifungal activities associated with the phenylpropanoid pathway (Ranjan et al.
2019). The study showed the downregulation of genes involved in phenylpropanoid pathways,
including phenylalanine ammonia-lyase (PAL), chalcones synthase and flavonol synthase
(FLS), in resistant genotype compared to the susceptible genotype (Ranjan ef al. 2019). On the
other hand, genes involved in anthocyanin and phytoalexin biosynthesis, including isoflavone
synthase (IFR), were upregulated in resistant line (Ranjan et al. 2019). Accumulation of
metabolites cinnamic, caffeic acid, ferulic, and benzoic in the resistance line compared to the

S line was observed (Ranjan et al. 2019)

Previous studies have shown that S. sclerotiorum produces CWDE’s that enhances its
pathogenicity (Amselem et al. 2011). Studies have shown that CWDE’s S. sclerotiorum
pathogenicity relies on oxalic acid (OA) production and other virulence factors that target the
host responses (Kim et al. 2008; Cessna et al. 2000). Reactive oxygen species (ROS),
hormones and nitric oxide (NO) and are vital signalling molecules that the host rapidly
generates after pathogen recognition (Wendehenne et al. 2004). Previous studies suggest that
NO has several roles in disease resistance, including regulating defence gene expression and
interfering with ROS signalling pathways to modulate cell death (Perchepied ef al. 2010). Host
ROS mediated defence plays a key role through cross-talk with other mechanisms to reduce its
spread to further pant tissues. However, overproduction of ROS in plant cells can become a
serious threat by causing oxidative damage to major macromolecules such as DNA, lipids and
proteins, when production and eradication of ROS are disturbed (Das and Roychoudhury
2014). Plants produce different anti-oxidative scavengers to cope with the excessive
accumulation of ROS (Alscher et al. 1997). The enzymatic ROS scavengers include superoxide
dismutases (SODs), peroxidases, glutathione-S-transferases (GSTs) and glutathione reductases
(GRs) (Kumar et al. 2009). Understanding the mechanisms involved in chickpea responses

against S. sclerotiorum is important in designing chickpea resistant breeding strategies.

RNA sequencing is an essential means of understanding the molecular defence mechanisms in
hosts against pathogens. Following such studies, the selection of candidate chickpea genes to
further study their functional roles in resistance through gene editing can reduce the required
time required to develop highly resistant genotypes. In the current study, we hypothesised that
two chickpea cultivars (PBA HatTrick and Kybra) will differentially regulate genes involved

in the response to S. sclerotiorum infection. The analysed significant transcriptional changes of
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moderately resistant and highly susceptible chickpea genotype. Our study provides an
understanding of the molecular mechanisms underlying partial resistance against S.

sclerotiorum found in chickpea (CHAPTER 2; Mwape et al. 2021a).

5.3. Materials and Methods

This section followed similar procedures as described in CHAPTER 4 (Mwape ef al. 2021b).

5.3.1. Plant material

This study used two chickpea desi cultivars with varying susceptibility levels to S.
sclerotiorum. The moderately resistant (PBA HatTrick) and highly susceptible (Kyabra)
chickpea seeds were sown in 4L pots with an all-purpose potting mix (UWA mix, Richgro,
Perth, Australia) and grown as described in CHAPTER 4 (Mwape et al. 2021b). These two
lines are referred to as the MR line (moderately resistant PBA HatTrick) and S line (susceptible
Kyabra) in the current study.

5.3.2. Fungal material preparation and inoculation

An aggressive S. sclerotiorum isolate CU8.20 that was previously reported to be aggressive in
B. napus (Denton-Giles et al. 2018) and chickpea (CHAPTER 2; Mwape et al. 2021a) was
used in the study. The isolate CU8.20 culture was prepared by cutting sclerotia in half, placing
side down on potato dextrose agar (PDA) (Becton Dickinson, USA) and incubated at 20°C for
5-7 days in the dark plates. Consequently, a mycelial plug was cut from actively growing edges
of the PDA culture and sub-cultured for two days in a fresh PDA plate at 20°C. Infection was
conducted as described in CHAPTER 2 (Mwape et al. 2021a).

5.3.3. Sample collection and RNA extraction

The stem samples were harvested at 0 (un-inoculated plants), 6, 12, 24, 48, and 72 hours post
inoculation (hpi) and processed as described in CHAPTER 4 (Mwape ef al. 2021b). There was
a mock-inoculated replicate (stem inoculated with a PDA plug non-inoculated plants samples
that represented time point 0). Each treatment (time point /cultivar) consisted of three
biological replicates. Six stem sections were collected from four individual plants and pooled

for one biological replicate.
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5.3.4. Bioinformatics pipeline

The quality checks followed a similar protocol as described in CHAPTER 4 (Mwape et al.
2021b). Trimmomatic v0.38 was used to trim low-quality bases calls and filtering adapters and
low-quality reads (Bolger et al. 2014). The trimmomatic parameters used were as described in
CHAPTER 4 (Mwape et al. 2021b). The trimmed reads were split between the pathogen (S.
sclerotiorum strain 1980 genome, Bioproject PRINA348385, assembly ASMI185786v1)
(Derbyshire et al., 2017) and the host (Bioproject PRINA190909, assembly ASM33114v1)
(Varshney et al. 2013) using BBSplit tool v38.12 (https://sourceforge.net/projects/bbmap/).

Quality filtered C. arietinum reads were aligned using HISAT2 v2.1.0 (Kim ef al. 2015), and
result from alignments in SAM format converted to BAM format using SAMtools v0.1.19 (Li
et al. 2009).

5.3.5. Differential gene expression analysis

Differential gene expression analysis was conducted using edgeR and Limma Bioconductor
packages in R (Robinson et al. 2010, Ritchie et al. 2015). Pairwise contrasts were performed
using quasi-likelihood F tests (Lun et al. 2016). A false discovery rate (FDR) cut-off of 0.05
was applied. A log2 (fold change) of > 1 indicated upregulation and < -1 indicated down-
regulation. Differentially expressed genes (DEGs) at each time point relative to un-inoculated

samples (time 0) were examined.

Functional enrichment analysis (KEGG and Gene Ontology ) was conducted using DAVID
V6.8 (Data for Annotation, Visualization and Integrated Discovery) and the inputs were the
locus tags of the respective genes (Huang ef al. 2007). All transcript locus tags from the RNA
sequencing study were used as the background population, and a minimum count of five hits
was established to find categories with a p value of <0.05. The similarity or divergence in the
expression of genes between time points and genotypes was generated using the online tool

jvenn v1.6 (Bardou ef al. 2014).

5.3.6. Reverse transcription quantitative real-time PCR

RNA sequencing expression results were confirmed by conducting a reverse transcription
quantitative real-time PCR (RT-qPCR) on samples collected 0, 24 and 72 hpi on three
replicates per time point. RNA from these samples were reverse transcribed into cDNA using
the AMV First Strand cDNA Synthesis Kit (NEB Inc., Ipswitch, MA, USA) and oligo-DT

primer following the manufacturer’s instructions. RT-qPCR was performed using the iTaq
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universal SYBR green one-step kit (Bio-Rad, Hercules, CA, USA). Each reaction consisted of
10 uL of iTaq universal SYBR green mix, 1 pL of 1:10 — fold diluted cDNAs, and 4 puL of
gene-specific forward and reverse primers in the final volume of 20 pL. Primers were designed

using Geneious software (https://www.geneious.com/) to amplify gene fragments that were

approximately 100-250 bp in length and with a melting temperature of 60 °C. The primer list
is presented in Table 5.1. RT-qPCR was performed on a CFX 384 real-time PCR system (Bio-
Rad, Hercules, CA, USA). The cycling conditions: 95 °C for 2 min, then 95 °C for 15 sec, 60
°C for 30 sec and 72 °C for 15 sec, repeated 40 cycles, followed by 72 °C for 2 min. The relative

expression of genes was calculated using the 222 method (Livak and Schmittgen 2001) with

the chickpea Ubiquitin gene (AJO01901) used as an endogenous control.

Table 5.1: Primers used in the RT-qPCR validation analysis.

Gene ID Function Primer sequence
LOC101499159 serine decarboxylase-like forward ATCACTGGTAGCCGTTGTGG
reverse TGCACCAATTCCAGCATCAC
LOC101501659  Shikimate-o-hydroxycinnamoyl transferase forward ATCAACGGAGGAGCTGGTTG
reverse TAAATCCTCGCCAACCCTGG
LOC101513347 Spermidine-hydroxycinnamoyl transferase forward GCTAAGTTAGCGCGTGGAGA
reverse CAAATCACGCCCCAACCAAC
LOC101493509 peroxidase 5 -like forward TACAATCAGGGCGCAGAGAC
reverse GAGCTCCAGAAAGTGTCACCA
LOC101508209 pectinase 2 like forward TGAACGCTGCCCCAAAGAAT
reverse CGACACTTTTGCTACCGGTG
LOC101501627 Cyanogenase-beta- glucosidase-like forward ACTGGTTTGTGCCACTCTCG
reverse ACTTTGGTAACCGTGCTCCA
LOC101514256 Peroxidase forward CACAAGCCAAACCTCCTCCT
reverse AGTGAAGACGAAGCAAGCCA
LOC101510953 glucose-1-phosphate adenylytransferase forward ACGATCTGCTACACCTGCTG
reverse TATGTGCGAGCGATGTGACG
AJ001901 Ubiquitin forward CGCAGACTCCGTGCAGAAC
reverse CGAACATTGCATCGATCTCAT
5.4. Results

5.4.1. Mapping and overview of RNA sequencing data

To investigate the molecular responses involved in the chickpea- S. sclerotiorum interaction, a
time course of infection was conducted between 0 and 72 hours post inoculation (hpi) on a
moderately resistant (MR line) chickpea cultivar PBA HatTrick and a susceptible (S line)
cultivar Kyabra. These two parental chickpea lines were previously shown to have differential
responses to S. sclerotiorum infection in terms of lesion development over time (Mwape et al.
2021a; Mwape ef al. 2021b; CHAPTER 2 and 3). The molecular signatures on the pathogen
side of the interaction were described in CHAPTER 4 (Mwape et al. 2021b). Here we
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investigate the molecular responses of the MR and S line by comparing RNA sequencing data
of infected samples relative to uninfected time point zero (Table 5.2). Sequence reads were
aligned to both the plant and fungal genomes, and between 31.9 and 99.2 % of reads mapped
back to the host reference genome and 0.7 to 68.1% mapped back to the S. sclerotiorum genome

(Table 5.2).

Table 5.2: Summary of the sequence metrics of RNA-seq.

BBSplit reads separation

Hours post Total raw Trimmomatic

Host inocula‘tion read pairs reads retention

(hpi) (%) S. sclerotiorum C. arietinum

MR 6 67,354,385 98.7 1,207,201 (1.8%) 66,147,184 (98.2%)
12 68,680,857 98.76 5,929,006 (8.6%) 62,751,851 (91.4%
24 61,114,985 98.91 28,078,637 (45.9%) 33,036,348 (54.1%)
48 56,616,306 98.85 40,566,767 (71.7%) 16,049,538 (28.3%)
72 63,109,260 98.92 39,012,318 (61.8%) 24,096,941 (38.2%)

S 6 58,025,893 98.4 414,371 (0.7%) 57,611,521 (99.2%)
12 72,896,961 98.4 1,851 043 (2.5%) 71,045,918 (97.5)
24 54,049,381 98.4 18,414,027 (31%) 35,635,354 (65.9%)
48 60,727,165 98.5 36,714,863 (60.4%) 24,012,301 (39.5%)
72 57,636,636 98.5 39,273,084 (68.1%) 18,363,551 (31.9%)

**averages number of reads *MR: moderately resistant cultivar PBA HatTrick °S: susceptible cultivar Kyabra

5.4.2. Principle Component Analysis

The relatedness of the three biological replicates and the RNA sequencing analysis consistency
were confirmed by multidimensional scaling (MDS) plots (Fig. 5.1). Of the early time point
samples, 6 hpi was the most closely related to un-inoculated control samples (time zero), with
successive time points showing greater differences with time zero. There was a clear distinction
between the C. arietinum transcriptome between the two early time points (6-12 hpi), 24 hpi
(mid-stage) and late time points (48-72 hpi). The S line samples at 72 hpi also were more
closely related to the 48 hpi samples of both the S and MR line than the 72 hpi MR samples
(Fig. 5.1).
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Figure 5.1: A multidimensional scaling (MDS) plot showing the similarity among the genes
expression patterns of moderately resistant (MR) and susceptible (S) lines at 0 (uninfected
stems), 6, 12, 24, 48 and 72 hours post-inoculation (hpi). The distinct colours signify each
treatment, and individual circles and triangles signify individual samples for MR and S lines,

respectively.

5.4.3. Expression profile of C. arietinum genes during infection

During the interaction of the host and the pathogen, genes implicated in host defence responses
may be observed at different stages of pathogen infection. Comparative analysis of
differentially expressed genes (DEG’s) was performed during infection in both MR and S lines
and between these two lines at a single time point. In total, 9339 and 7382 genes (logFC down-
<1 > up-) were significantly (Adj. P < 0.05) differentially expressed in the MR and S lines,

respectively, in at least one time point during infection, relative to the control (Supplementary
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Table S5.1). The number of genes upregulated at 6, 12, 24, 48, and 72 hpi were 105, 565, 3681,
3657, 3850 and 134, 379, 3078, 3509, 3338 in MR and S lines respectively (Fig. 5.3;
Supplementary Table S5.1). The number of genes downregulated at 6, 12, 24, 48, and 72 hpi
were 96, 164, 1211, 1560, 1410 and 22, 112, 986, 1128, 896 in MR and S lines. There were 47
and 78 upregulate genes differentially expressed at all time points in the MR and S lines,
respectively (Fig.5.3A and B).
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Figure 5.2 Venn diagram showing upregulated chickpea genes during S. sclerotiorum infection
at time points 6, 12, 24, 48, and 72 hpi in (A) moderately resistant (MR) and (B) susceptible
(S) chickpea lines.

5.4.4. Validation of RNA sequencing data using RT-qPCR

To validate the RNA sequencing data’s accuracy, seven upregulated genes and one
downregulated gene showing distinct expression patterns in both MR and S lines compared to
un-inoculated samples (time-0) were selected randomly and quantified using SYBR Green-
based RT-qPCR (Table 5.1). Compared to the control (uninfected sample), the expression
patterns of all eight genes were similar between RNA sequencing and RT-qPCR (Fig. 5.2).
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Figure.5.3: qRT-PCR validation of relative expression levels of selected chickpea genes
differentially expressed during Sclerotinia sclerotiorum interaction. Log fold change (LogFC)
values were generated for gPCR samples by comparing the expression of genes at each time
point of infection vs the uninfected (0 - time) sample (Fig. A). LogFC values were generated
for RNA sequencing samples by comparing the average raw read counts at each time point of
the infection versus the uninfected stem sample (Fig. B). The MR represent moderatetely

resistant line (PBA HatTrick) and S represents susceptible line (Kyabra).
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5.4.5. Gene Ontology classification

Many of the downregulated genes did not appear to have significant functional categories
associated with plant defence. Therefore the focus was on gene ontology (GO) analysis for
differentially upregulated genes at 6, 12, 24, 48 and 72 hpi was performed to functionally
categorise the transcripts into three principal categories: biological processes (BP), molecular
function (MF) and cellular component (CC) (Fig. 5.4). There were no significant GO categories
enriched at 6 hpi in both genotypes. In the BP category, response to stress, oxidation-reduction
process, immune response, primary metabolic processes, secondary metabolic process, cellular
metabolic process and catabolic process were the most enriched categories in both genotypes
at 6-72 hpi (Fig. 5.4). The most enriched MF categories in both chickpea genotypes at 6-12 hpi
were catalytic activity, binding, transcription regulator activity and oxidoreductase activity
(Fig. 5.4). Generally, the MR line showed a higher number of upregulated genes in some BP
categories such as response to stress, cellular metabolic process and primary metabolic process,
and MF categories such as catalytic activities and hydrolase activities (Fig. 5.4 A). The BP
categories, response to stimulus, response to stress and cellular metabolic processes showed a
high number of upregulated genes at 12 hpi, followed by fewer genes as the infection

progressed in the S line (Fig 5.4 B).

5.4.6. Functional classification of DEGs shows early upregulation of defence-associated
genes occurs in the moderately resistant chickpea cultivar during S. sclerotiorum infection
The identified significantly upregulated genes were assigned to specific plant pathways in
which they may function, as described in the KEGG database (Kanehisa and Goto 2000). The
KEGG categories with the highest number of expressed transcripts in both genotypes included
metabolic pathway, biosynthesis of secondary metabolites, glutathione metabolism,
biosynthesis of antibiotics and phenylpropanoid biosynthesis (Supplementary Table S5.2). The
analysis showed differences in expression of genes involved in plant-pathogen interaction
pathway, with upregulation occurring earlier in the MR line at mid-stage of infection (12-24
hpi) and later (48 -72 hpi) in the S line (Supplementary Table S5.2). Similarly, the expression
of genes involved in the plant hormone transduction pathway showed upregulation at 12 — 72
hpi in the MR line and downregulation at 12, 48 and 72 hpi in the S line (Supplementary Table
S5.2). At 24 hpi, the analysis showed 47 transcripts involve in plant hormone transduction

pathways were upregulate and 41 downregulated in the S line (Supplementary Table S5.2).
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Figure 5.4 Significantly enriched gene ontology (GO) categories of the upregulated chickpea

genes in (A) MR line PBA HatTrick and (B) S line Kyabra at different time points (12, 24, 48

and 72 hpi) following infection with S. sclerotiorum. The y-axis indicates the percentage of

genes annotated to each process, and the x-axis represents GO processes in the cellular

component, molecular function, and biological process enriched (FDR < 0.05).

The plant-pathogen interaction pathway plays a key role in the recognition of specific

pathogens and initiates programmed response to counteract infection. In the current study, 30

genes involved in this pathway were upregulated in both genotypes (Fig. 5.7). Two genes

147



encoding WRKY33 were induced earlier upon inoculation in the MR (12-72 hpi) as compared
to the S line (24-72 hpi) (Fig. 5.7). Similarly, four genes involved in plant-pathogen interaction
pathways upregulated earlier in MR includes probable LRR receptor-like kinase, disease-
resistant protein RPM1-like,calmodulin-like protein 3, calcium-dependent protein kinase 26-
like, and one calcium-binding protein CM38-like was upregulated only in the MR line. Two
genes encoding calcium-binding proteins (LOC101510992, LOC101505073) were
upregulated within 24 hpi in the MR line and later stage of infection in both lines.

Phytohormones are central regulators of plant defence. In the current study, 23 genes involved
in the plant hormone signal transduction pathway were expressed in both genotypes during S.
sclerotiorum infection (Fig. 5.8). Two auxin-responsive proteins (LOC101511547 and
LOC101503044) were downregulated at 12 -72 hpi (Fig. 5.8). Two putative indole -3-acetic
acid protein and an ethylene receptor, upregulated in MR line only while two ethylene-
responsive transcription factors, two auxin-responsive proteins and an auxin-induced protein,

were upregulated earlier in MR (12-72 hpi) and later in S line (24-72 hpi) (Fig. 5.8).

Exposure of chickpea genotypes to S. sclerotiorum resulted in earlier upregulation of genes
involved in the phenylpropanoid pathway, including chorismate mutase (CM), chalcones
synthase (CHS), cinnamoyl-CoA-reductase (CCR), isoflavone reductase (IFR), Caffeoyl-CoA
O-methyltransferase (COMT and CCO0oAOMT), and phenylalanine ammonia-lyase (PAL).
The study showed earlier upregulation of a gene encoding PAL (LOC101496077),
Flavonoid3'-monooxygenase-like (LOC101510693 and  LOCI101505076), CM
(LOC101513066) and CCR (LOC101496560) in MR line only. We observed upregulation of
PAL, Isoflavone4'-O-methyltransferase, Isoflavone reductase, and CHS at an earlier stage (12-

24 hpi) in MR and at a later stage (24-72 hpi) in the S line.
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Phenylpropanoid biosynthesis pathway

ShikimateO-hydroxycinnamoyl transferase-like (HCT):LOC101501659
Phenylalanineammonia-lyase (PAL):LOC101507594
Phenylalanineammonia-lyase (PAL):LOC101496077
Phenylalanineammeonia-lyase (PAL):LOC101493062

Isoflavone4'-O-methyl transferase:LOC101495151
Isoflavone4’-0O-methyl transferase-like:LOC101494823
Isoflavone4’-0-methyl transferase-like:LOC101494507

Isoflavone2'-hydroxylase:LOC101503091

Isoflavone2’-hydroxylase:CYP81E3

Isoflavone synthase:CYP93C3

Isoflavone reductase:LOC101492554

Isoflavone reductase:IFR

Isoflavone reductase:CAIFR

Isoflavone reductase-like:LOC101508417

Isoflavone-7-O-methyl transferase:LOC101499605

Isoflavone-7-O-methy Itransferase:LOC101505606

Isochorismate synthase:LOC101496294

Flavonol3-O-glucosyltransferase:UGT89B5

Flavonoid3'-monooxygenase-like:LOC101510693

Flavin-containing monooxygenase:LOC101505076
FeruloylCoA:LOC101492926

Cinnamoyl-CoA reductase:LOC101514919

Chorismate mutase (CM):LOC101513066

Chalcone synthase (CHS):LOC105852659

Chalcone synthase (CHS):LOC101513808

Chalcone synthase (CHS):LOC101489106

Chalcone synthase (CHS):CHS

Caffeoylshikimate esterase-like (CSE):LOC101506737

Caffeoyl-CoA 3-O-methyltransferase (CCOoAOMT):LOC101500474

Caffeicacid/5-hydroxyferulic acid O-methyltransferase (COMT):LOC101499314

4-coumarate--CoAligase:LOC101491610

4-coumarate--CoAligase (4CL):LOC101509548

4-coumarate--CoAligase (4CL):LOC101501443

Cinnamoyl-CoAreductase (CCR):LOC101496722

Cinnamoyl-CoAreductase {CCR):LOC101496560
Cinnamoyl-CoAreductase (CCR):LOC101496371
Cinnamoyl-CoAreductase {CCR):LOC101489660

Gene description : Gene ID
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Figure 5.5: Heat maps showing the expression pattern of chickpea genes involved in plant-
pathogen interaction pathway in a moderately resistant (MR) and susceptible (S) chickpea line
after infection with S. sclerotiorum. The data represents treatments at 6, 12, 24, 48 and 72 hours
post-infection. The colour gradient represents the logFC in gene expression, upregulated

(green), and no change (black) compared to uninfected control.
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Plant hormone signal transduction pathway

Transcription factor HBP-1b : LOC101499855

Regulatory protein NPR3 : LOC101489007

Regulatory protein NPR3-like : LOC101498401

Putative indole-3-acetic acid-amido synthetase GH3.9 : LOC101497513
Indole-3-acetic acid-induced protein ARG7 : LOC101490217
Indole-3-acetic acid-induced protein ARG7 : LOC101488509
Gibberellin receptor GID1B-like : LOC101501795

% Ethylene receptor 2 : LOC101512933
g Ethylene receptor : LOC101508964
- Ethylene-responsive transcription factor 1B : LOC101513250
_§ Ethylene-responsive transcription factor 1B : LOC101489178 L“"FE
é" Ethylene-responsive transcription factor 1B-like : LOC101515639 s
§ Ethylene-responsive transcription factor 1B-like : LOC101504146 l
E Ethylene-responsive transcription factor 1B-like : LOC101502435
g Ethylene-responsive transcription factor 1B-like : LOC101496212

Auxin-responsive protein IAA32 : LOC101511547
Auxin-responsive protein IAA30 : LOC101490035
Auxin-responsive protein IAA30-like : LOC101515097
Auxin-responsive protein IAA26-like : LOC101489478
Auxin-induced protein X15-like : LOC101492295
Auxin-induced protein 22E-like : LOC101503044
Auxin-induced protein 15A-like : LOC101502357
Abscisic acid receptor PYL4-like : LOC101509736
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Figure 5.6: Heat maps showing the expression pattern of chickpea genes involved in plant
hormone signal transduction pathway in a moderately resistant (MR) and susceptible (S)
chickpea line after infection with S. sclerotiorum. The data represents treatments at 6, 12, 24,
48 and 72 hours post-infection. The colour gradient represents the logFC in gene expression,
upregulated (green), downregulated (red), and no change (black) compared to uninfected

control.
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: Gene ID

Gene description

Caffeicacid/5-hydroxyferulic acid O-methyltransferase (COMT):LOC101499314-

Phenylpropanoid biosynthesis pathway

ShikimateO-hydroxycinnamoyl transferase-like (HCT):LOC101501659 -
Phenylalanineammonia-lyase (PAL):LOC101507594-
Phenylalanineammonia-lyase (PAL):LOC101496077-
Phenylalanineammonia-lyase (PAL):LOC101493062-

Isoflavone4’-O-methyl transferase:LOC101495151 -
Isoflavone4’-O-methyl transferase-like:LOC101494823-
Isoflavone4’-O-methyl transferase-like:LOC101494507-

Isoflavone2’-hydroxylase:LOC101503091 -
Isoflavone2'-hydroxylase:CYP81E3-

Isoflavone synthase:CYP93C3-

Isoflavone reductase:LOC101492554-

Isoflavone reductase:IFR-

Isoflavene reductase:CAIFR

Isoflavone reductase-like:LOC101508417 -
Isoflavone-7-0O-methyl transferase:LOC101499605-
Isoflavone-7-O-methy Itransferase:LOC101505606-
Isochorismate synthase:LOC101496294-
Flavonol3-O-glucosyltransferase:UGT89B5-
Flavonoid3'-monooxygenase-like:LOC101510693-
Flavin-containing monooxygenase:LOC101505076-
FeruloylCoA:LOC101492926 -

Cinnamoyl-CoA reductase:LOC101514919-
Chorismate mutase (CM):LOC101513066-
Chalcone synthase (CHS):LOC105852659-
Chalcone synthase (CHS):LOC101513808
Chalcone synthase (CHS):LOC101489106-
Chalcone synthase (CHS):CHS-

Caffeoylshikimate esterase-like (CSE):LOC101506737 -
Caffeoyl-CoA 3-O-methyltransferase (CCOoAOMT):LOC101500474-

4-coumarate--CoAligase:LOC101491610-
4-coumarate--CoAligase (4CL):LOC101509548-
4-coumarate--CoAligase (4CL):LOC101501443-
Cinnamoyl-CoAreductase (CCR):LOC101496722 -
Cinnamoyl-CoAreductase (CCR):LOC101496560-
Cinnamoyl-CoAreductase (CCR):LOC101496371-
Cinnamoyl-CoAreductase (CCR):LOC101489660-
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Figure 5.7: Heat maps showing the expression pattern of chickpea genes involved in
phenylpropanoid pathway in a moderately resistant (MR) and susceptible (S) chickpea line
after infection with S. sclerotiorum. The data represents treatments at 6, 12, 24, 48 and 72 hours

post-infection. The colour gradient represents the logFC in gene expression, upregulated

(green), downregulated (red), and no change (black) compared to uninfected control.

5.4.7. Reactive oxygen species-related genes upregulated earlier in moderately resistant
chickpea genotype during Sclerotinia sclerotiorum infection

In the current study, both chickpea lines upregulated genes involved in ROS scavenging

enzymes, including L-ascorbate oxidase, Glutathione S-transferase (GST), peroxidases, and

linoleate 13S-lipoxygenase (LOX) (Table 5.3). Our study showed early expression of genes

encoding GST (LOC101508320) and peroxidases (LOC101514256) in MR compared to the S
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line (Table 5.3). A gene encoding a GST (LOC101499254) was upregulated in the MR line

only (Table 5.3).
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Figure 5.8: Upregulated chickpea genes that are
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5.5. Discussion

Host gene expression upon infection with pathogens has been broadly studied in several

agricultural plant species using various transcriptomic approaches (Casassola et al., 2013).

Identifying differentially expressed genes in response to infection can contribute to uncovering
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critical components of defence responses, knowledge of which is essential for the development
of disease-resistant crops. This study reveals several biological processes induced in MR and
S chickpea lines upon S. sclerotiorum inoculation, which we can infer are involved in response
to S. sclerotiorum.

Plants resist pathogen infection by activating several defence mechanisms. The plant immunity
system relies on the ability to recognise the pathogen, execute signal transduction and respond
through defence related pathways that involve many genes (Andersen et al. 2018). In the
current study, the two chickpea genotypes upregulated plants defence related pathways such as
plant hormone signal transduction, phenylpropanoid biosynthesis and plant-pathogen
interaction. Signal transduction pathways, including calcium ion signalling, hormone
production, and transcriptional factor activity, inhibit pathogen reproduction and make further
infection activities difficult (Antolin-Llovera et al. 2012). The speed that a plant detects and
respondto pathogen invasion is reported as the basis of resistance mechanisms (Andam et al.
2020). In the current study, early upregulation of defence-related genes in the MR line was
observed compared to the S line. Previous studies demonstrated that resistance to necrotrophic
pathogens depends on the regulation of different hormones such as ethylene and auxins
(Glazebrook 2005). In the current study, genes involved in hormonal signal transduction,
including auxin-responsive protein, auxin-induced proteins, and ethylene-responsive
transcriptional factors 1 (ERF1), showed early upregulation in MR compared to the S line.
General auxin signalling was found to be involved in resistance to Plectospaerella cucumerina
and Botrytis cinerea in Arabidopsis (Llorente et al. 2008). Similarly, expression of ERF1 in
Arabidopsis conferred resistance upon B. cinerea infection (Berrocal-Lobo ef al. 2002). The
earlier upregulation of ERF1 and auxin-related genes in the MR genotype may suggest an early

response to S. sclerotiorum, which activates basal immunity in the MR genotype.

Receptors activate signalling mechanisms such as calcium fluctuation to trigger responses to
pathogenic microbes (Poovaiah et al. 2013). Calmodulin like proteins (CaM), calcium-binding
proteins (CBPs) and calcium-dependent protein kinases (CDPKs) detect calcium to trigger a
range of transcriptional factors such as calmodulin-binding transcription activator, which is
involved in ROS production. Genes encoding CaM, CBPs and CDPKs were upregulated in
both genotypes, an indication of calcium signalling and hormone activation in responses to S.
sclerotiorum infection. A CDPK encoding gene was upregulated earlier in the MR line
compared to the S line (Fig. 5.7). CDPKs play a key role in the phosphorylation of WRKY

transcription factors, which are involved in ETI. Similarly, two probable WRKY33 were
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induced at an early stage of infection in the MR line (Fig. 5.7). Zhao et al. (2009) demonstrated
that S. sclerotiorum infection of a partially resistant B. napus cultivar resulted in rapid induction
of a WRKY33 orthologue. In 4. thaliana, wrky33 mutants were found to be more susceptible
to B. cinerea and Arabidopsis brassicicola, corresponding to reduced expression of the plant

defence genes (Zheng et al. 2006).

In chickpea, multiple enzymes are involved in the phenylpropanoid pathway and the genes
encoding these enzymes are induced in response to pathogen attack (Kavousi e al. 2009). The
phenylpropanoid metabolism is initiated by phenylalanine ammonia-lyase (PAL) and gives rise
to compounds such as including lignin, phytoalexin, and antioxidants flavonoids and
isoflavonoids (Dixon and Paiva 1995; Yadav ef al. 2020). PAL encoding genes play a critical
role in cell wall-mediated immunity and broad-spectrum disease resistance through the high
production of lignin, phenyl and phytoalexins (Yadav et al. 2020). The current study
demonstrated the upregulation of PAL in both genotypes. It is interesting to note the early
induction of PAL in MR compared to S line, with one gene encoding PAL induced exclusively
in MR line (Fig 5.7).Thus, PAL may play a role in the moderate resistance characteristic of the
MR chickpea genotype. These results show that the production of PAL leading to
phenylpropanoid biosynthesis in MR line is an early defence response against S. sclerotiorum.
Two other genes, IFR and CHS, were induced earlier in MR. These results are similar to
previous studies that reported genes encoding IFR and CHS enzymes to be induced to a higher
degree in resistant chickpea and Medicago sativa lines than in susceptible lines (Tiemann et al.
1991) and during infection of Medicago truncatula with the foliar necrotrophy Phoma
medicaginis (Kamphuis et al. 2012). Rapid and high accumulation of antifungal compounds
such as phytoalexins medicarpin and maackiain were found to be significant traits during
chickpea resistance to Ascochyta rabiei (Weigand et al. 1986). Upon infection, the extent and
timing of expression of defence-related genes are two vital factors affecting the outcome of the
interaction (Sun et al. 2019). Therefore, the earlier upregulation of the phenylpropanoid
pathway enzymes in the MR line compared to the S line may indicate that the phenylpropanoid

pathway plays a key role in the defence response to S. sclerotiorum.

Reactive oxygen species (ROS) play an essential role in plants, including immune signalling
during biotic stress (Das and Roychoudhury 2014b). S. sclerotiorum is reported to produce
genes encoding necrosis and ethylene- inducing peptides that induce host cell death, an
outcome that is favourable for the necrotrophic lifestyle of S. sclerotiorum (Liang and Rollins

2018). To overcome such stress, plants secrete enzymes that detoxify ROS and maintain redox
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homeostasis. The glutathione metabolism pathway, known to play a critical role in
detoxification of ROS and signalling in plant defence against biotic stress (Hasanuzzaman et
al. 2017), was upregulated at an early stage in both lines (Table 5.4). Our study shows an early
upregulation of ROS scavenging genes, including peroxidases and glutathione S-transferases
(GSTs). Some GST and peroxidases were upregulated at an early stage of infection in MR
compared to the S line, suggesting that early response to oxidative stress may be a resistance
strategy employed by the MR chickpea line. Further, proteins that play a role in calcium
signalling transduction were detected in the MR line but not the S line at 6 - 24 hpi. Calcium-
binding proteins play a crucial role in downstream signalling by regulating the plant responses
to abiotic and biotic stress (Sanders et al. 2002). These findings show activation of ROS
scavengers and antioxidants in the resistance to S. sclerotiorum to offset the pathogen’s
production of an oxidative state. Therefore, this study proposes that the early pathogen
recognition in the MR line is the principals behind a timely response and an overall partial

resistance to S. sclerotiorum.

5.6. Conclusion

The current study highlights the regulation of defence response in chickpea following S.
sclerotiorum infection, thus providing valuable insight into the molecular interaction between
chickpea and S. sclerotiorum. Importantly, this study highlights numerous differentially
expressed proteins controlling host responses to pathogen infection and reveals that in the
moderately resistant line, transcripts related to phenylpropanoid pathway, hormonal
homeostasis and plant defence signals appear to contribute to a successful defence against S.
sclerotiorum. Functional characterisation of these chickpea genes would validate their role in
disease resistance, the knowledge that may prove useful for the development of SSR resistant

chickpea cultivars.

The data discussed herein leads us to the conclusion that moderate resistance to S. sclerotiorum
observed in the PBA HatTrick cultivar is linked to early pathogen recognition and prompt
initiation of plant-pathogen interaction and signalling genes. Overall, RNA sequencing analysis
revealed critical factors that are potentially involved in chickpea resistance and highlights the

importance of early response and redox regulations upon S. sclerotiorum infection.
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CHAPTER 6

General discussion

A major focus in global agriculture in the past decade is oriented towards increased pulse
production. Chickpea (Cicer arietinum L.) ranks third among the pulse crops after dry beans
and peas in terms of production globally (FAOSTAT, 2019) and belongs to a group of pulses
that are a source of food to the global population (Smykal et al. 2018). Chickpea is known for
its importance in sustainable agriculture due to its potential as a major source of human
nutrients and medicinal benefits that include reducing cancer, cardiovascular ailments and
diabetes risks (Jukanti et al. 2012). Further, chickpea is important as a rotational crop with

cereal crops due to its nitrogen-fixing ability.(Aslam et al. 2003).

Counteracting chickpea nutritional and yield benefits is the presence various biotic stresses
including Sclerotinia sclerotiorum, the causal agent of Sclerotinia stem rot (SSR). SSR is a
destructive disease with the potential of causing substantial yield losses as an emerging disease
in chickpea (Pulse Australia, 2020). Lack of effective disease control measures and inadequate
resistance in the cultivated germplasm limits the management of the disease. Poorly
characterised resistance mechanisms against this pathogen further confine the strategies that
can be undertaken to design durable resistance or effective disease control measures.
Furthermore, S. sclerotiorum is a host generalist phytopathogen (Kabbage ef al. 2013), thus
making cultural control options through crop rotations difficult if host crops are being grown

1n succession.

There is a growing interest in broadening the genetic diversity of cultivated crops using their
wild relatives to break linkage drag and/or introduce new adaptive traits. Owing to the narrow
genetic diversity of chickpea, it is important to understand adaptive differences between wild
and domesticated chickpea to develop an understanding of how wild traits can be exploited to
improve crop performance (Varshney et al. 2013; Abbo et al. 2003). Several research studies
have shown that wild Cicer species offer superior sources of genetic resistance and diversity,
and therefore are a novel resource for chickpea improvement (Abbo et al. 2003; Reen et al.
2019; Newman et al. 2020; Muiioz et al. 2017). The purpose of this PhD research was (i) to
explore wild and domestic Cicer responses upon S. sclerotiorum infection, (ii) to identify

valuable loci for resistance to SSR, (iii) to study S. sclerotiorum transcriptome during chickpea
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infection and (iv) to define the underlying molecular mechanism(s) of resistance in chickpea

against SSR.

A literature review (Chapter 1) reveals one of the main limitations for chickpea production in
Australia is the lack of resistance to pests and diseases such as Ascochyta blight, Botrytis grey
mould, Phytophthora root rot, root-lesion nematodes and SSR (Pulse Australia, 2020). There
is also a knowledge gap in the current resistance status of Australian chickpea cultivars to SSR,
and there is limited knowledge on the molecular interplay between S. sclerotiorum and
chickpea. This issue has partly arisen due to low research resources directed to pulse grains
studies compared to their counterpart, cereal grains. Also, the low genetic diversity of
domesticated chickpea is a limitation in the breeding programs (Abbo et al. 2003), which is
reflected in the recent effort by researchers to visit the ancestral origin of chickpea in Turkey
to collect wild relatives as a source of novel genetic alleles (von Wettberg et al. 2018).
Addressing this disease-based limitation in the chickpea industry is difficult. The novel genetic
and phenotypic diversity of wild and domesticated chickpea has not yet been extensively
explored to identify germplasm resistance and valuable loci for resistance to S. sclerotiorum

infection.

Furthermore, there are no registered fungicides in Australia to control SSR in chickpea (Pulse
Australia, 2020). Expanding our knowledge in these areas is, therefore, of utmost importance.
In addition, the wild Cicer collection is a valuable germplasm resource to explore for any
favourable alleles responsible for resistance to biotic and abiotic stresses affecting the chickpea
industry (Croser et al. 2003). Consequently, dissection and characterisation of S. sclerotiorum
resistance in the wild Cicer collection and domesticated elite cultivars may also make important
contributions to the broader knowledge of S. sclerotiorum management in pulse crops and other

hosts.

With these conclusions in mind, the research in this thesis aimed to comprehensively explore
the physiological resistance and genetic resistance of a collection of wild Cicer and elite
cultivated chickpea cultivars to S. sclerotiorum. In addition, this thesis aimed to characterise
the molecular mechanisms used by this pathogen to infect chickpea and the genetic and
molecular defence responses employed by chickpea upon invasion by S. sclerotiorum. To fulfil

this overall aim, several key research objectives were completed, including:
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1) In addition, this thesis aimed to characterise the molecular mechanisms used by this
pathogen to infect chickpea and the genetic and molecular defence responses employed
by chickpea upon invasion by S. sclerotiorum (Chapter 2; Mwape et al. 2021a).

2) The identification of quantitative trait loci (QTLs) responsible for S. sclerotiorum
resistance in a segregating population derived from crosses of Australian elite cultivars
PBA HatTrick and Kyabra (Chapter 3).

3) Investigation of the global transcription changes of S. sclerotiorum genes during chickpea
infection (Chapter 4; (Mwape et al. 2021b).

4) Exploration of the responses of chickpea upon infection by S. sclerotiorum and
identification of defence-related genes expressed during interaction with the pathogen
(Chapter 5).

Here, is a general discussion of the implications of the current research on knowledge
development in research, focusing on identifying SSR resistance in chickpea. In addition, the
summary provides an outlook of several experiments that could be carried out in future to build

on the research reported in this thesis.

6.1. Characterisation of S. sclerotiorum isolates and development of a chickpea
inoculation assay

A pathogen's aggressiveness is its relative ability to colonise the host and cause damage
(Miorini et al. 2019). It is well documented that isolates of S. sclerotiorum worldwide vary in
aggressiveness on different hosts (Ge ef al. 2012; Taylor et al. 2015; Willbur et al. 2017). The
research in this thesis reports a study of the relative aggressiveness of nine S. sclerotiorum
isolates, previously collected in regions of Western Australia (WA) (Denton-Giles ef al. 2018),
on wild and domesticated chickpea accessions (Mwape et al. 2021a). The nine isolates were
found to be pathogenic on all Cicer germplasm; however, there were significant differences in
the level of their aggressiveness. Until the current report in this thesis, little was known about
the variation of aggressiveness in the S. sclerotiorum isolates collected in WA concerning
chickpea as a host. This permitted selection of the highly aggressive and moderately aggressive

isolates for subsequent SSR resistance screening.

Screening methods for SSR need to show consistent results, discriminatory power and be both
cost and time effective. Stem inoculation with a mycelial plug has been reported in previous
studies and is designed to simulate the natural S. sclerotiorum infection in the field (Denton-
Giles et al. 2018; Taylor et al. 2015). The results of the host resistance assay can be influenced

by the pathogen population-specific traits and the effectiveness of the inoculation method. In

166



Chapter 2, a stem inoculation method was successfully employed to assess the aggressiveness
of S. sclerotiorum isolates and perform a resistance evaluation assay (Mwape et al. 2021a).
This project successfully developed a reproducible, rapid, and reliable method of screening
chickpeas for SSR resistance that can identify the reaction of chickpea genotypes to SSR. The
development of this assay was a prerequisite of this project to quickly screen a large number
of Cicer lines and establish resistance levels of the genotypes against SSR. The resulting stem
inoculation assay thus proved to be invaluable, especially as it led to the discovery of varying
responses of wild Cicer and domesticated germplasm to SSR (Chapter 2; Mwape et al. 2021a).
Further, the developed assay was a useful tool in identification of QTLs responsible for SSR
resistance (Chapter 3), in the study of in planta S. sclerotiorum gene expression during
chickpea infection (Chapter 4; Mwape et al. 2021b) and resistance responses of chickpea after
SSR infection (Chapter 5). Therefore, this thesis makes substantial contributions towards
addressing knowledge gaps in relation to screening techniques in the search for SSR resistance

in chickpea germplasm.

6.2. Wild Cicer as a potential source of high resistance to sclerotinia stem rot

Perhaps the most significant scientific contribution of this thesis was the advances made in
identifying sources of SSR resistance in a wild Cicer germplasm collection. The improvement
of chickpea cultivars is limited by a lack of genetic diversity caused by genetic bottlenecks
with domestication; however, approximately 95% of the missing genetic variation is present in
wild chickpea progenitors (Abbo et al. 2003; von Wettberg et al. 2018). Many wild Cicer
accessions (67 C. reticulatum and 19 C. echinospermum) were screened for resistance to highly
aggressive and moderately aggressive S. sclerotiorum isolates, using a stem inoculation assay
developed in the initial stage of this project. The search for resistant sources in the wild Cicer
species to test whether the wild germplasm can provide better sources of resistance to chickpea
diseases in comparison to cultivated species has been demonstrated in previous studies
(Newman et al. 2020; Reen et al. 2019; Knights et al. 2008; Amalraj et al. 2019). It is
noteworthy that the two domesticated genotypes (PBA HatTrick and Kyabra) showed
consistent responses irrespective of the isolate's aggressiveness, suggesting that they should be
preferentially used as standards in disease screening programs and commercial breeding
programs for SSR resistance. On average, the wild Cicer accessions exhibited a higher level of
resistance to SSR than the cultivated cultivars (C. arietinum) assessed in this study. The current

study revealed a range of resistance to both isolates within wild Cicer accessions and therefore
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we could confidently accept our hypothesis that the wild chickpea germplasm hold some
resistance to S. sclerotiorum compared to domesticated cultivars (PBA HatTrick and Kyabra).

Further, this demonstrates the benefit of screening chickpea genotypes with a cultivar of S.
sclerotiorum isolates to precisely identify the responses of different host genotypes. Whereas
such a spectrum of isolates is not readily available, it is best to use a highly pathogenic isolate,
such as the one used in this research project (CU 8.20). This concept is also demonstrated in
previous research during screening various S. sclerotiorum hosts (Denton-Giles et al. 2018;
Taylor et al. 2015; Miorini et al. 2019; Viteri et al. 2015). Therefore, this study supports our
hypothesis that the wild Cicer germplasm can provide a better source of resistance to SSR than

those available in commercial cultivars.

Accessions screened in this study originated from a narrow geographical area that nevertheless
covered diverse physical and environmental scales based on soil type, elevation and climate
that affect genetic differences more than geographical sites (von Wettberg et al. 2018). It is
noteworthy that analysis of this new collection for resistance against SSR based on the 21 wild
Cicer collection sites in Turkey (von Wettberg et al. 2018) demonstrated some important
inferences. Karalbahce and CudiB showed the greatest resistance, while those from Savur and
Sirnak showed high susceptibility to SSR. This study indicates that future research should
consider wild Cicer accessions' collection sites when evaluating S. sclerotiorum resistance.
Chapter 2 reports, for the first time, the assessment of this new wild Cicer collection from
Turkey for resistance to SSR (Mwape ef al. 2021a). While only 89 accessions of the wild Cicer
collection have been evaluated in this project, there are 335 available accessions in Australia
currently. Future work should thus focus on evaluating the remaining accessions to identify
additional accessions that harbour partial resistance. Such an extensive dataset could be
employed to conduct a genome-wide association study (GWAS) or to determine if genomic
selection can be utilised to incorporate SSR resistance into future chickpea cultivars.
Nevertheless, the knowledge and data achieved in this project offer breeders the chance to
choose from resistant wild Cicer accessions and use this germplasm in their crossing program

to aid the development of future SSR resistant cultivars.

6.3. Identification of quantitative trait loci controlling resistance

A significant achievement of this study was the identification of quantitative trait loci (QTLs)
controlling resistance to S. sclerotiorum in chickpea using an F7 population derived from

crosses of elite chickpea cultivars (PBA HatTrick x Kyabra), as described in Chapter 3. Based
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on the linkage mapping, novel QTLs were identified on three different chromosomes. QTLs
with major effects were identified in Ca4 and Ca7, and two QTLs with minor effects were
located on Cal and Ca7. These genomic regions can be targeted for developing SSR resistant
chickpea cultivars through marker-assisted breeding (MAB). Further work to identify plausible
candidate genes for S. sclerotiorum resistance should be a high priority for future research
work. We therefore accept out hypothesis that the RIL population generated from crossing the
two chickpea cultivars (PBA HatTrick and Kyabra) will show higher resistance levels to S.

sclerotiorum compared to their parents.

Using the available chickpea reference genome sequences and physical locations identified for
the major SSR partial resistance QTL, candidate genes linked to disease resistance in chickpea
were identified. A set of these disease resistance genes was found to be located within Ca4 and
Ca7. The chickpea candidate genes identified in both genomic locations are involved in
pathways such as plant-pathogen interactions, phenylpropanoid biosynthesis, and signalling.
Genes involved in signalling pathways, plant development or presently uncharacterised genes
may govern partial resistance loci in a plant pathosystem (Poland et al. 2009; Nivedita et al.
2017). In this study, several genes co-located in Ca4 and Ca7 may play roles that are related to
the manifestation of partial resistance against SSR in chickpea. This includes pathogenicity
related proteins (PR-1), ethylene-responsive transcriptional factors (ERF), leucine-rich repeat
receptor-like proteins (LRR), glutathione reductase (GR) and serine/threonine—protein kinase.
Therefore, these genomic regions could be significant in understanding disease resistance in
chickpea, and the generation of crosses using the wild materials may be important in
introgressing complementary sources of resistance. However, as this is the primary genetic
study of SSR resistance in chickpea, further studies on validation of molecular markers
associated with SSR resistance QTLs in a large collection of Australian chickpea breeding

germplasm is recommended.

The QTLs identified in Chapter 3 combined explain a relatively small percentage (19.5 %) of
the SSR resistance phenotype. This is in line with observations made in other crops such as
soybean (Guo et al. 2008) and canola (Behla et al. 2017), where many loci explain SSR
resistance in the genome with relatively small effects. The latter has deterred breeding
programs from using molecular markers linked to small effect loci. Still, modern breeding
programs, including the Australian chickpea breeding program at the Department of Primary

Industries (New South Wales), are adopting a technique termed genomic selection that is
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particularly amenable to introgression of traits that are polygenic such as yield and resistance
to SSR and Ascochyta blight. Nevertheless, some breeding programs might still adopt
molecular markers associated with the major QTLs identified in this thesis. If such an approach
is taken, a locus with a major effect is the most likely to be chosen in breeding schemes using
a MAB approach. Quantitative or partial resistance in plants is governed by genes linked with
QTL regions with either major or minor effects (Poland et al. 2009). Both major and minor
QTLs' combined action is more robust as polygenic resistance is complex for pathogen
selection to withstand (Amalraj et al. 2019). Hence, a combination of located candidate genes
with both major and minor effects for SSR resistance could be employed to apply molecular

markers in chickpea breeding programs.

The low level of allelic diversity in the C. arietinum gene pool has hindered efforts by breeders
to produce greater resistance to biotic and abiotic stresses (Singh and Ocampo 1997).
Introducing a range of traits from wild relatives of chickpea can improve the cultivated gene
pool and increase disease resistance. Developing an F7 population from crosses of the partially
resistant wild Cicer reported in Chapter 2 and elite cultivars will enable further QTL analysis.
This population will present a novel source of diverse traits introgressed from a partially
resistant wild parent, which could reveal molecular markers for SSR resistance and potentially
for other adaptable traits between the two parents. Whilst the challenges related to including
wild relatives in crop improvement are important, the findings in this study and future
experiments will provide comprehensive information on the degree of phenotypic differences

and total variances in genetic complexity of SSR resistance in wild and domesticated species.

6.4. Sclerotinia sclerotiorum infection strategies

In addition to identifying QTLs involved in S. sclerotiorum resistance, transcriptome studies
in this research project have laid the foundation for understanding and analysing the interaction
between C. arietinum and S. sclerotiorum at a molecular level through the generation of in
planta transcriptome sequence resources (Chapter 4; Mwape ef al. 2021b and Chapter 5). This
thesis provides the examination of gene expression in S. sclerotiorum during infection of
chickpea genotypes with varying susceptibility levels. The findings from this study emphasise
the role of cell wall degrading enzymes (CWDEs) and the detoxification of host metabolites as
an important process underlying the pathogenesis of S. sclerotiorum in chickpea. In this regard,

some of the reported in planta expressed genes in S. sclerotiorum would be good candidates
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for further functional analysis and determination of their possible role in pathogenesis through

RNA interference approaches such as gene silencing.

Furthermore, changes in the expression pattern of numerous genes overtime involved in
reactive oxygen species (ROS) scavenging at an early stage and late-onset of necrosis inducing
effectors such as SsSSVPI provided support for the two-phase infection approach comprising
of a short biotrophic phase followed by a necrotrophic phase (Kabbage et al. 2015). Several
other predicted (Derbyshire et al. 2017) but uncharacterised S. sclerotiorum putative effectors
were also induced during chickpea infection. We therefore accept our null hypothesis that S.
sclerotiorum uses different strategies during the infection of the two cultivars (PBA HatTrick
and Kyabra).

Follow-up functional analysis using knockout or gene silencing could help determine predicted
effectors' role during infection and disease development. Functional analysis of these genes
would provide a further understanding of disease development events and colonisation of host

tissues.

6.5. Mechanisms of resistance

Identifying beneficial traits in a species aims at translating them into crop improvement
programs. Valuable insight into the resistance mechanisms that are operational in the
moderately resistant (MR) cultivar (PBA HatTrick) compared to the susceptible (S) cultivar
Kyabra in response to S. sclerotiorum infection was obtained using RNA-seq analysis (Chapter
5). Many genes were differentially regulated after infection in both MR and S lines, with a
higher number of genes upregulated at a later stage of infection. At an early stage of infection
(6-24 hpi), genes related to metabolic pathways, including the one involved in the production
of reactive oxygen species, were significantly upregulated in the MR line but not in the S line,
and they could have been responsible for mediating defence responses against the pathogen.
Early expression of sugar metabolism in the MR line indicated that carbon reserves such as
sucrose and starch are accessed and reshuffled earlier in the MR line compared to the S line.
The sugar metabolism activities lead to the formation of glyoxylate and alter the TCA cycle,

which may form a part of the defence responses (Hiickelhoven et al. 1999)

Several genes, especially those known to play important roles in the phenylpropanoid and
(iso)flavonoid pathways, were differentially expressed in the moderately resistant and
susceptible chickpea lines. Recruitment of these pathways leads to the production of antifungal

compounds. Cultivars that naturally produce higher levels of such antifungal compounds might
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harbour higher levels of resistance to SSR infection. Validation of the expression of these genes
and the antifungal metabolites they produce in response to SSR infection could aid in the
breeding of resistant cultivars. The findings in Chapter 4 (Mwape ef al. 2021b ) and 5 add to
the knowledge of S. sclerotiorum and C. arietinum genes that are involved in chickpea
infection, which can be helpful for further studies to exploit genes in the pathogen and host and
establish a sustainable management strategy for SSR in chickpea. Other histology studies
microscopically examine the events occurring soon after the initial interaction between S.
sclerotiorum and chickpea is recommended. In addition, metabolomics approaches to identify

the secondary metabolites with antifungal activity are highly recommended.

6.6. Practical applications for chickpea breeding and future research work

A key goal of this thesis was to get an improved understanding of the phenotypic and genetic
resistance of wild and domesticated chickpea germplasm to S. sclerotiorum with the end goal
to develop resistance to this pathogen in future cultivars. Before the current study, there were
no known wild or domesticated chickpea accessions with partial resistance to S. sclerotiorum.
At present, the wild Cicer germplasm harbours partial resistance to S. sclerotiorum (Chapter 2;
Mwape et al. 2021a). This study has opened a spectrum of possibilities, especially from an
agronomic point of view. For instance, the introgression of identified partial resistance in wild
Cicer accession via hybridisation to develop recombinant inbred lines is underway. Future
work focusing on further enhancing the population to the F7 generation and identifying and
mapping genes governing resistance offer significant potential to enhance SSR management in
chickpea further. It will also be helpful to investigate the genetic and molecular responses in

the new introgressed lines upon S. sclerotiorum infection compared to those found in this study.

In addition, we have identified genetic loci that contribute to partial resistance in cultivar PBA
HatTrick and identified candidate genes located in these regions (Chapter 3). These genomic
regions provide a strong basis for further investigation and fine mapping and validation of the
determined QTLs responsible for SSR resistance. This study also provides breeders with a
tangible tool to develop breeder friendly marker assays for use in selecting among populations
segregating for SSR reaction by converting the DArTseq markers into PCR-based marker
assays of a breeding program’s choice. Comparing QTLs among future studies and sharing

markers and sequence information will help develop S. sclerotiorum resistant chickpea
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cultivars. With further validation, the reported markers in this thesis could be used in marker-
assisted selection in breeding and enhance the efficiency with which the resistance to S.
sclerotiorum is fixed in elite cultivated cultivars. Other than genetic resources, SSR resistance
in other hosts is also reported to be influenced by other plant developmental factors such as the
host flowering time and stem width (Wei ef al. 2014). Therefore, future studies could also focus
on chickpea developmental traits such as flowering time and growth stage to investigate if they

may affect resistance.

Given the high economic importance of the SSR for growers in Australia and elsewhere, the
isolation of underlying resistance genes is crucial for developing SSR resistant cultivars.
However, this research can be replicated with more mapping populations to identify small
effect genes that may have been masked due to a genetic relationship between cultivars PBA
HatTrick and Kyabra. Thus, future studies should exploit RIL mapping populations derived
from parents with wide genetic distances; for instance, a population developed from crosses of
a wild Cicer accession with a domesticated cultivar (Chapter 2). Further, saturating the QTL
regions with closely linked markers will be important for breeders in the introgression of
resistance QTLs into commercial chickpea cultivars by marker-assisted selection and help
reduce linkage drag. The advancement of wide-crossing methods such as embryo culture and
applying new methods of reducing generation period and breeding cycle (Croser ef al. 2016)
will quicken resistance introgression and enable the advancement of robust resistance to this

important chickpea disease.

Development of RIL populations by crossing the partially resistant lines such as Cicer
echinospermum Karab 084 with highly susceptible domesticated cultivars such as Kyabra will
provide additional resources to investigate the genetic control of SSR resistance. Mapping for
QTLs conferring resistance to S. sclerotiorum using a population derived from Karab 084 and
Kyabra currently under development (Chapter 2), will potentially provide additional loci for
SSR resistance or confirm the contribution of resistance loci identified in the current study. A
combination of marker-assisted selection and developing genomic prediction models for SSR
resistance in chickpea probably the most effective method to develop new chickpea cultivars
with greater resistance to S. sclerotiorum. However, there is still a gap for firm genetic sources
of resistance against S. sclerotiorum. Further study is recommended to achieve complete

genetic control over SSR in the chickpea production industry.
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6.7. Final remarks

In the current PhD project, a concerted effort has been made to expand our level of
understanding of the responses of the current wild Cicer collection to SSR, the genetic basis of
chickpea resistance to SSR, the molecular mechanisms employed by S. sclerotiorum during
chickpea infection, and the molecular pathways expressed in chickpea in response to S.
sclerotiorum. These findings provide important information to current and future chickpea
breeding programs to understand the conserved/divergent alleles in the current domesticated
cultivars and in the current collection of wild Cicer that can be exploited to improve SSR
resistance chickpea. This project provides the first evaluation of SSR resistance in the new
collection of wild Cicer accessions. Our results showed some accessions were more resistant
than two popular Australian chickpea cultivars. Additionally, the current data provide an
information repository that will allow linkage with the genetic diversity studies and offer novel
insight into SSR resistance. Introgression of resistance identified in wild Cicer accessions into
cultivated chickpea could ultimately lead to cultivars with enhanced resistance and increased

yields.

The current research identifies S. sclerotiorum resistance loci in domesticated germplasm. It
provides a preliminary report on S. sclerotiorum pathogenesis during chickpea infection and
pathways involved in relation to chickpea defence against S. sclerotiorum infection.
Investigating the transcriptional changes of candidate genes underlying the identified QTLs
and determining sequence difference in these genes could lead to the development of perfect
molecular markers for a breeding program. The outcomes of this research will thus be a first
step to tackle the losses caused by this S. sclerotiorum, especially knowing that this PhD study
was steered by the current lack of registered chemical control options and high variability in

disease outbreaks (depending on environmental conditions) of this cosmopolitan pathogen.

6.8. References

Every reasonable effort has been made to acknowledge the owners of copyright material. I
would be pleased to hear from any copyright owner who has been omitted or incorrectly

acknowledged.

Abbo S, Berger J, Turner NC (2003) Viewpoint: Evolution of cultivated chickpea: four
bottlenecks limit diversity and constrain adaptation. Functional Plant Biology 30,

1081-1087.

174



Amalraj A, Taylor J, Bithell S, Li Y, Moore K, Hobson K, Sutton T (2019) Mapping resistance
to Phytophthora root rot identifies independent loci from cultivated (Cicer arietinum

L.) and wild (Cicer echinospermum P.H. Davis) chickpea. Theoretical and Applied
Genetics 132, 1017-1033.

Aslam M, Mahmood IA, Peoples MB, Schwenke GD, Herridge DF (2003) Contribution of
chickpea nitrogen fixation to increased wheat production and soil organic fertility in

rain-fed cropping. Biology and Fertility of Soils 38, 59—64.

Behla R, Hirani AH, Zelmer CD, Yu F, Fernando WGD, McVetty P, Li G (2017) Identification
of common QTL for resistance to Sclerotinia sclerotiorum in three doubled haploid

populations of Brassica napus (L.). Euphytica 213, 260.

Croser J, Ahmad F, Clarke H, Siddique K (2003) Utilisation of wild Cicer in chickpea
improvement - progress, constraints, and prospects. Australian Journal of Agricultural

Research 54, 429444,

Croser JS, Pazos-Navarro M, Bennett RG, Tschirren S, Edwards K, Erskine W, Creasy R,
Ribalta FM (2016) Time to flowering of temperate pulses in vivo and generation
turnover in vivo—in vitro of narrow-leaf lupin accelerated by low red to far-red ratio
and high intensity in the far-red region. Plant Cell, Tissue and Organ Culture (PCTOC)
127, 591-599.

Denton-Giles M, Derbyshire MC, Khentry Y, Buchwaldt L, Kamphuis LG (2018) Partial stem
resistance in Brassica napus to highly aggressive and genetically diverse Sclerotinia

sclerotiorum isolates from Australia. Canadian Journal of Plant Pathology 40, 551—

561.

Derbyshire M, Denton-Giles M, Hegedus D, Seiftbarghy S, Rollins J, van Kan J, Seidl MF,
Faino L, Mbengue M, Navaud O, Raffaele S, Hammond-Kosack K, Heard S, Oliver R
(2017) The complete genome sequence of the phytopathogenic fungus Sclerotinia
sclerotiorum reveals insights into the genome architecture of broad host range

pathogens. Genome Biology and Evolution 9, 593—618.

Ge XT, Li YP, Wan ZJ, You MP, Finnegan PM, Banga SS, Sandhu PS, Garg H, Salisbury PA,
Barbetti MJ (2012) Delineation of Sclerotinia sclerotiorum pathotypes using

175



differential resistance responses on Brassica napus and B. juncea genotypes enables
identification of resistance to prevailing pathotypes. Field Crops Research 127, 248—
258.

Guo X, Wang D, Gordon SG, Helliwell E, Smith T, Berry SA, Martin SKS, Dorrance AE
(2008) Genetic mapping of QTLs underlying partial resistance to Sclerotinia
sclerotiorum in soybean PI 391589A and PI 391589B. Crop Science 48, 1129-1139.

Hiickelhoven R, Fodor J, Preis C, Kogel K-H (1999) Hypersensitive cell death and papilla
formation in barley attacked by the powdery mildew fungus are associated with
hydrogen peroxide but not with salicylic acid accumulation. Plant Physiology 119,
1251-1260.

Jukanti AK, Gaur PM, Gowda CLL, Chibbar RN (2012) Nutritional quality and health benefits
of chickpea (Cicer arietinum L.): a review. British Journal of Nutrition 108, S11-S26.

Kabbage M, Williams B, Dickman MB (2013) Cell Death Control: The interplay of apoptosis
and autophagy in the pathogenicity of Sclerotinia sclerotiorum. PLoS Pathogens

9,.1003287.

Kabbage M, Yarden O, Dickman MB (2015) Pathogenic attributes of Sclerotinia sclerotiorum:
Switching from a biotrophic to necrotrophic lifestyle. Plant Science 233, 53—60.

Knights EJ, Southwell RJ, Schwinghamer MW, Harden S (2008) Resistance to Phytophthora
medicaginis Hansen and Maxwell in wild Cicer species and its use in breeding root rot

resistant chickpea (Cicer arietinum L.). Australian Journal of Agricultural Research

59, 383-387.

Miorini TJJ, Kamvar ZN, Higgins RS, Raetano CG, Steadman JR, Everhart SE (2019a)
Differential aggressiveness of Sclerotinia sclerotiorum isolates from North and South

America and partial host resistance in Brazilian soybean and dry bean varieties.

Tropical Plant Pathology 44, 73-81.

Miorini TJJ, Kamvar ZN, Higgins RS, Raetano CG, Steadman JR, Everhart SE (2019b)
Differential aggressiveness of Sclerotinia sclerotiorum isolates from North and South

America and partial host resistance in Brazilian soybean and dry bean varieties.

Tropical Plant Pathology 44, 73-81.

176



Muioz N, Liu A, Kan L, Li M-W, Lam H-M (2017) Potential uses of wild germplasms of grain
legumes for crop improvement. [International Journal of Molecular Sciences

18,.18020328.

Mwape VW, Khentry Y, Newman TE, Denton-Giles M, Derbyshire M, Chen K, Berger J,
Kamphuis L (2021a) Identification of sources of Sclerotinia sclerotiorum resistance in
a collection of wild Cicer germplasm. Plant Disease. doi:10.1094/PDIS-02-21-0367-
RE.

Mwape VW, Mobegi FM, Regmi R, Newman TE, Kamphuis LG, Derbyshire MC (2021b)
Analysis of differentially expressed Sclerotinia sclerotiorum genes during the

interaction with moderately resistant and highly susceptible chickpea lines. BMC

Genomics 22, 333.

Newman TE, Jacques S, Grime C, Kamphuis FL, Lee RC, Berger J, Kamphuis LG (2020)
Identification of novel sources of resistance to ascochyta blight in a collection of wild

Cicer accessions. Phytopathology®. 111(2),339-379.

Nivedita, Verma PK, Upadhyaya KC (2017) Lectin protein kinase is induced in plant roots in
response to the endophytic fungus, Piriformospora indica. Plant Molecular Biology
Reporter 35, 323-332.

Poland JA, Balint-Kurti PJ, Wisser RJ, Pratt RC, Nelson RJ (2009) Shades of gray: the world

of quantitative disease resistance. Trends in Plant Science 14, 21-29.

Pulse Australia - APB Chickpea IDM strategies http://www.pulseaus.com.au/growing-
pulses/bmp/chickpea/idm-strategies. Accessed 10 July 2020.

Reen RA, Mumford MH, Thompson JP (2019) Novel Sources of Resistance to Root-Lesion
Nematode (Pratylenchus thornei) in a New Collection of Wild Cicer Species (C.
reticulatum and C. echinospermum) to Improve Resistance in Cultivated Chickpea (C.

arietinum). Phytopathology® 109, 1270-1279. doi:10.1094/PHYTO-02-19-0047-R.

Singh KB, Ocampo B (1997) Exploitation of wild Cicer species for yield improvement in
chickpea. Theoretical and Applied Genetics 95,418-423. doi:10.1007/s001220050578.

177



Smykal P, Nelson MN, Berger JD, Von Wettberg EJB (2018) The Impact of Genetic Changes
during Crop Domestication. Agronomy 8, 119. doi:10.3390/agronomy8070119.

Taylor A, Coventry E, Jones JE, Clarkson JP (2015) Resistance to a highly aggressive isolate
of Sclerotinia sclerotiorum in a Brassica napus diversity set. Plant Pathology 64, 932—

940. doi:10.1111/ppa.12327.

Varshney RK, Song C, Saxena RK, Azam S, Yu S, Sharpe AG, Cannon S, Baek J, Rosen BD,
Tar'an B, Millan T, Zhang X, Ramsay LD, Iwata A, Wang Y, Nelson W, Farmer AD,
Gaur PM, Soderlund C, Penmetsa RV, Xu C, Bharti AK, He W, Winter P, Zhao S,
Hane JK, Carrasquilla-Garcia N, Condie JA, Upadhyaya HD, Luo M-C, Thudi M,
Gowda CLL, Singh NP, Lichtenzveig J, Gali KK, Rubio J, Nadarajan N, Dolezel J,
Bansal KC, Xu X, Edwards D, Zhang G, Kahl G, Gil J, Singh KB, Datta SK, Jackson
SA, Wang J, Cook DR (2013) Draft genome sequence of chickpea ( Cicer arietinum )
provides a resource for trait improvement. Nature Biotechnology 31, 240-246.

doi:10.1038/nbt.2491.

Viteri DM, Otto K, Teran H, Schwartz HF, Singh SP (2015) Use of four Sclerotinia
sclerotiorum isolates of different aggressiveness, three inoculations per plant, and
delayed multiple evaluations to select common beans with high levels of white mold

resistance. Euphytica 204, 457-472. doi:10.1007/s10681-015-1366-7.

Wei D, Mei J, Fu Y, Disi JO, LiJ, Qian W (2014) Quantitative trait loci analyses for resistance
to Sclerotinia sclerotiorum and flowering time in Brassica napus. Molecular Breeding

34, 1797-1804. doi:10.1007/s11032-014-0139-7.

von Wettberg EJB, Chang PL, Basdemir F, Carrasquila-Garcia N, Korbu LB, Moenga SM,
Bedada G, Greenlon A, Moriuchi KS, Singh V, Cordeiro MA, Noujdina NV, Dinegde
KN, Shah Sani SGA, Getahun T, Vance L, Bergmann E, Lindsay D, Mamo BE,
Warschefsky EJ, Dacosta-Calheiros E, Marques E, Yilmaz MA, Cakmak A, Rose J,
Migneault A, Krieg CP, Saylak S, Temel H, Friesen ML, Siler E, Akhmetov Z, Ozcelik
H, Kholova J, Can C, Gaur P, Yildirim M, Sharma H, Vadez V, Tesfaye K,
Woldemedhin AF, Tar’an B, Aydogan A, Bukun B, Penmetsa RV, Berger J, Kahraman
A, Nuzhdin SV, Cook DR (2018) Ecology and genomics of an important crop wild
relative as a prelude to agricultural innovation. Nature Communications 9, 649.

do0i:10.1038/s41467-018-02867-z.

178



Willbur JF, Ding S, Marks ME, Lucas H, Grau CR, Groves CL, Kabbage M, Smith DL (2017)
Comprehensive Sclerotinia Stem Rot Screening of Soybean Germplasm Requires
Multiple Isolates of Sclerotinia sclerotiorum. Plant Disease 101, 344-353.
doi:10.1094/PDIS-07-16-1055-RE.

179



APPENDIX

This section contains supporting information for CHAPTER 2 to 5 of this thesis. Due to the
large and display size of the files, a URL link and password is provided to download them from

cloudstor.

URL https://cloudstor.aarnet.edu.au/plus/s/IN2rFcOAKNSsFZy

Password: VWM _ Thesis2021

180


https://cloudstor.aarnet.edu.au/plus/s/fN2rFc0AKNSsFZy

Appendix 1. CHAPTER 2 Supplementary files

The following supporting information is available for this chapter:

Supplementary Table S2.1. Mean area under disease progress curve (AUDPC) value for each

1solate x cultivar/accession interaction.

Supplementary Table S2.2. Nested analysis of variance (ANOVA) analysis to identify

collection site by isolate interactions.

Supplementary Table S2.3. Mean area under disease progress curve AUDPC for 88 Cicer
accessions inoculated with a highly aggressive (CU8.20) and moderately aggressive (CU10.12)

S. sclerotiorum isolate.

Supplementary Table S2.4. The 12 Cicer genotypes average stem lesion length measured at
6 time points for 12 days post inoculation (dpi) and their mean area under disease progress

curve (AUDPC) after inoculation with a highly aggressive (CU8.20) isolate.
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Appendix 2. CHAPTER 3 Supplementary files

The following supporting information is available for this chapter:

Supplementary Table S3.1: Mean area under disease progress curve (AUDPC), standard
deviation (STD) and least significant difference (LSD) of Australian breeeding lines.

Supplementary Table S3.2: Mean area under disease progress curve AUDPC, standard error
of difference (SED) and least significant difference (LSD) of recombinant inbred lines (RIL)

and their parents (PBA HatTrick and Kyabra).

Supplementary Table S3.3: List of genes identified in the quantitative trait loci (QTL) regions
of recombinant inbred lines (RIL) and their parents (PBA HatTrick and Kyabra).

Supplementary Table S3.4: Kyoto encyclopedia of genes and genomes (KEGG) pathways
identified in the quantitative trait loci (QTL) regions.
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Appendix 3. CHAPTER 4 Supplementary files

The following supporting information is available for this chapter:

Supplementary Table S4.1. Primers used in the validation of RNA sequencing data. (xIsx).

Supplementary Table S4.2. List of differentially expressed S. sclerotiorum genes during the
interaction with moderately resistant (MR) and susceptible (S) chickpea lines at 6, 12, 24, 48
and 72 hours post inoculation ( P. Adj. <0.05; LogFC > 2 indicated upregulated or < 2 indicate

downregulated. (xIsx).

Supplementary. Table S4.3. List of common S. sclerotiorum genes differentially expressed
during the interaction with moderately resistant (MR) and susceptible (S) at 6, 12, 24,48 and

72 post-inoculation relative to in vitro.

Supplementary Table S4.4. List S. sclerotiorum genes differentially expressed exclusively in
moderately resistant (MR) only and susceptible (S) only at 6, 12, 24,48 and 72 post-inoculation

relative to in vitro during chickpea infection.

Supplementary. Table S4.5. Enrichment analysis of S. sclerotiorum upregulated genes during
interaction with moderately resistant (MR) and susceptible (S) chickpea lines at 6, 12, 24, and

72 hours post inoculation relative to in vitro control. (xIsx).

Supplementary Table S4.6. Enrichment analysis of S. sclerotiorum downregulated genes
during interaction with moderately resistant (MR) and susceptible (S) chickpea lines at 6, 12,

24, and 72 hours post inoculation relative to in vitro control. (xIsx).

Supplementary Table S4.7. Description of temporal S. sclerotiorum in planta upregulated
genes involved in cell wall degradation during chickpea infection relative to in vitro control (P.

Adj. <0.05; LogFC > 2).

Supplementary Table S4.8. Secondary metabolite synthesis, cytochrome P450 and
transporter genes upregulated at some time point of the MR and S lines infection in

comparison to in vitro control (P. Adj. <0.05; LogFC > 2).
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Supplementary Table S4.9. S. sclerotiorum transcriptional factors were upregulated at some
time point of the MR and S lines infection in comparison to in vitro control ( P. Adj. <0.05;

LogFC > 2).

Supplementary Table S4.10. Secreted proteins upregulated and downregulated during the
course of MR and S lines infection. (xIsx).

Supplementary Table S11. Predicted S. sclerotiorum putative effector candidates’ upregulated
at some time point MR and S lines infection relative to in vitro control (P. Adj. <0.05; LogFC

> 2). (xIsx).

Supplementary Figure S4.1. Differentially expressed genes in MR and S line at 6, 12, 24, 48
and 72 hpi based on expression pattern relative to in vitro (P. Adj. <0.05; LogFC upregulated
> 2 and downregulated < 2). The colours indicate the fold change with red = upregulated, black

= regulated and green = downregulated genes.

Supplementary Figure S4.2. Differentially expressed genes exclusively in MR only and S
line only at 6, 12, 24, 48 and 72 hpi based on expression pattern relative to in vitro (P. Adj. <
0.05; LogFC upregulated > 2 and downregulated < 2). The colours indicate the fold change

with red = upregulated, black = regulated and green = downregulated genes.

Supplementary Figure S4.3. Heatmap showing the top 20 GO categories of upregulated
genes at 6, 12, 24, 48 and 72 hpi in a moderately resistant (MR) and susceptible (S) chickpea
lines based on —log(10)fold change (enrichment). The colours indicate the enrichment, with

green = high enrichment and red = low enrichment.

Supplementary Figure S4.4. Heatmap showing the top 20 GO categories of downregulated
genes at 6, 12, 24, 48 and 72 hpi in a moderately resistant (MR) and susceptible (S) chickpea
lines based on —log(10)fold change (enrichment). The colours indicate the enrichment, with

green = high enrichment and red = low enrichment.
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Appendix 4. CHAPTER 5 Supplementary files

The following supporting information is available for this chapter:

Supplementary Table S5.1. List of differentially expressed genes during the infection of
moderately resistant (MR; PBA HatTrick) and susceptible (S; Kyabra) Cicer arietinum lines
with S. sclerotiorum at 6, 12, 24, 48, and 72 hours post inoculation ( P. Adj. <0.05; LogFC > 1

indicated upregulated or < 1 indicate downregulated. (x1sx).

Supplementary Table S5.2. Kyoto encyclopedia of genes and genomes (KEGG) pathways
upregulated during chickpea infection with S. sclerotiorum (MR= Moderately resistant; PBA
HatTrick, S = Susceptible; Kyabra) ((xIsx).
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Appendix 5. Oral and poster presentations from this thesis

International scientific conference/presentation

Presented a poster “Phenotypic evaluation Sclerotinia sclerotiorum resistance in a wild Cicer

germplasm under greenhouse conditions” International Conference on Legume Genetics and

Genomics (ICLGG), 13%™ to 17" May 2019- Dijon, France.

National scientific conference/presentation

Presented a poster “Phenotypic evaluation of Sclerotinia sclerotiorum resistance in a wild Cicer

germplasm” Australasian Plant Pathology (APPS), 26™ to 28" November 2019, Melbourne.

Internal presentations from this project

1.

Presented a poster “Phenotypic evaluation of Sclerotinia sclerotiorum resistance in a
wild Cicer germplasm under greenhouse conditions” Curtin HDR symposium, June 12,
2019.

Presented a talk “Characterization and genetic dissection of resistance to Sclerotinia
sclerotiorum in domesticated and wild chickpea” Commonwealth Scientific and
Industrial Research Organization (CSIRO). 29" September 2020.

Presented a talk “Transcription dynamics during Sclerotinia sclerotiorum — chickpea
interplay” Centre for Crop Disease Management (CCDM), Curtin University. 16"
October 2020.

Presented a talk “Transcription dynamics during Sclerotinia sclerotiorum — chickpea
interplay” Commonwealth Scientific and Industrial Research Organization (CSIRO).
16™ November 2020.

Presented a poster “Identification of sources of Sclerotinia sclerotiorum resistance in a
collection of wild chickpea germplasm” GRDC crops update, 25" and 26 February
2021, Perth.
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