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Abstract- The pathogens aggression with endless evolutionary pressure refines their molecular strategies to achieve the successful pathogenesis. Sclerotinia
sclerotiorum (Lib) de Bary, a necrotrophic phytopathogen is ubiquitously distributed worldwide and affecting the large number of host species. Several control measures
like fungicides application, cultural practices, crop rotation are the usual practices available to the farmers are in use. But, despite its success, these processes are quite
expensive and indistinctness of fungicides doses and time of application are the major hurdle in their routine use. Although, partial resistance/tolerance has already
been reported in B. napus and B. carinata but not a single source in B. juncea, which hinders the resistance breeding program. However, the recent advancement in
biotechnological interventions are observed more promising in developing the alternatives like fungal growth inhibition, defense response activation, detoxification of the
virulence factors, and RNAi or HIGS for engineered resistance to the Sclerotinia stem rot disease.
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Introduction

Sclerotinia sclerotiorum (Lib.) de Bary is worldwide distributed plant pathogenic
fungus which has the widest host range of any known plant pathogen. It nearly
affects more than 400 species of 275 genera which includes cruciferous
vegetables like cabbage and cauliflower, tomato, potato, sunflower, soybean,
lettuce and also predominantly affects major cilseed crops such as canola (B.
rapa and B. napus) and Indian mustard (Brassica juncea). In global perspectives,
India ranks third in acreage (19.3 %) after Canada and China and in production
(11.12%) after China and Canada [1]. S. sclerotiorum pathogen is a menace for
the oilseed crop right from seedling stage to the end of the flowering stage that
accounts for 10-100% economic damage to the crop based on disease severity in
field condition. Out of various ways, one means of mitigating the deficit between
production and demand of the ocilseed is to reduce the damage caused by the
pathogen to the crop [2]. Resistance breeding program for the stem rot disease is
mainly hindered because of the non-availability of resistant source especially in B.
juncea or the presence of partial resistance/tolerance in very few germplasms of
B. napus and B. carinata. Moreover, limited germplasm availability is the major
hurdle that hampers the scale of screening for identifying the resistance source in
the existing gene pool.

Recent advances in agricultural biotechnology interface have significantly
enhanced the fundamental understanding of host-pathogen interaction and
processes of pathogenesis that substantially helps in devising alternative
strategies for getting wider adoption among the oilseed growers to assist the
sustainable farming system. Therefore, consideration for developing alternative
strategy contrary to the existing one has drastically shifted towards more
promising one based on the recent advances made towards the understanding of
molecular biology of the of host-pathogen interaction for controlling the pathogen
invasion [3]. The invention and utilization of molecular markers in classical
breeding have considerably facilitated the rapid selection procedure of the desired

trait in a population that forms the basis for marker-assisted selection (MAS) in the
molecular breeding program. Transformation methodologies and genome editing
technologies have also been well devised for generating the fertile transgenic and
genome edited oilseed crops, respectively. This review insights the current
molecular aspects and advances in devising the alternative approaches for
controlling the Sclerotinia stem rot disease, a problem of major importance to the
Brassica growing farmers.

The pathogen, Sclerotinia sclerotiorum, and Mode of infection

Sclerotinia sclerotiorum (Lib.) de Bary pathogen has been known since from late
19th century and categorised into the family Sclerotiniaceae, order Heliotales, and
the phylum Ascomycota. As usual feature of the genus, S. sclerotiorum produces
melanized hyphal aggregates (sclerotia) as a resting body [4] at the end of the
infection cycle and survive in the form of sclerotia inside the diseased stem or in
stubbles fell on the ground for prolonged period [5]. S. sclerotiorum is a
necrotrophic, polyphagous fungal plant pathogen which completes their life cycle
in four different stages namely, sclerotia, apothecium, ascospores, and mycelium
[6]. Under favorable conditions, the resting bodies i.e., sclerotia germinates and
infect the host plants either by myceliogenically or carpogenically [7] depending on
the temperature of the environment. Sclerotial germination was observed stopped
below 10°C and partially inhibited at 15°C temperatures [8]. Differential pattern of
sclerotial germination determine the means of infection to the host plants in field
condition. The carpogenically germinating sclerotia involves the production of
apothecia (fruiting bodies) that harbors the ascospores and infects the aerial
portion of the plant through air current whereas myceliogenically germinating
sclerotia infects the ground level tissues through mycelium production [6].
Ascospores usually infect the senescing tissues of the plant [9] especially petals
that fell over the leaf lamina or at leaf axils facilitate the infection process as
reported in case of an outbreak of stem rot disease in B. napus [10,11].
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Fig-1 Infection cycle of the pathogen S. sclerotiorum with potential targets for the disease control in oilseed crop. (A) Sclerotia of S. Sclerotinia from infected stem survives
in soil, (B & C) Under favourable condition Sclerotia germinates either carpogenically or myceliogenically, (D) Carpogenically germinated Sclerotia produce apothecia and
ascospores, (E) Ascospores through air current infects senescing petals and aerial part of the stem, (F) infection spreads from leaf axil to the stem and produces sclerotia at
maturity. Potential targets for disease control are depicted in colored boxes, some of them are in use while rest of them are under development. Myceliogenic germination

leads to ground level infection.

The colonization of the senescent petals promotes the growth of the fungal
pathogen as it serves as a nutritional source to them [12]. The production of
appressoria, a penetrating structure produced by fungus from its hyphal tips is
also called as infection cushion helps in infecting the young tissues of the plant [9].
Oxalic acid, a strong virulence factor produced by the pathogen after interacting
with the host tissue has been observed facilitates the spread of the disease by
their biochemical and physiological influence over host and pathogen [13]. In the
host, acidic nature of the oxalic acid lowers the pH of the middle lamella that
resulted in induce seizure of the Cazt ions that affects stomatal closure by
excessive accumulation of the K+ ions and increased rate of the starch hydrolysis.
In the pathogen, oxalic acid enhances the activity of pectolytic and cellulolytic
enzymes that promote the degradation of host tissues. Brown to white necrotic
lesion forms at the site of infection and as the fungus spreads from the infection
site lesion length also increases and forms sclerotia inside the infected portion of
the stem. The major yield loss occurred by the disease is due to the lodging of the
disease infested plants as the pathogen girdles the infected stem and weaken
their rigidity as reported in case of B. napus [5]. There are several measures some
of them are being used and some are under development for the control of S.
sclerotiorum infection targeting the various steps of the infection cycle [Fig-1]. The
control measures those are being used by farmers involves cultural practices, crop
rotations, fungicide applications, biological agents and resistance breeding but
genetic modification approach is still being at the infancy stage and needs a
momentum to provide an alternative to the existing practices. The disease
symptoms appear after infestation by this devastating necrotrophic pathogen are
preferably called as white mold/Sclerotinia stem rot/stem rot, watery soft rot,
middle stalk rot, head rot, Sclerotinia wilt/root rot, depending on the host it infects.
In winters it affects the plants directly from mycelia and forms hyphal aggregates
called sclerotia in stem and soil (long-term survival structures). During spring,
once the conditions become favorable the sclerotia germinate to form apothecia to
produce ascus and releases ascospores at the end of spring or in early summer.

The mode of infection of this fungus involves invading through the stomata and
sub-stomatal chamber of plants by either ascospores or mycelium which
progresses rapidly through the leaf tissues. Pathogen infestation has also been
found from the early falling of petals that serves as a nutrient source for the
pathogen and subsequently mounts the infection pressure significantly with the
weather conditions. Stem rot disease Infection in oilseed crops begins after the
seedling emergence and prolonged up to maturation stage. Hence, because of the
wider disease infestation arena of the S. sclerotiorum pathogen, results in severe
yield losses ranging from 10-100% based on the disease severity in oilseed crops
has emerged prominently in few years. This has grabbed much more attention of
the Brassica breeders and molecular biologists to explore the molecular aspects
of the pathogenesis and also look into the host susceptibility factors for devising
new strategies to counter the S. sclerotiorum bome diseases.

Biotechnological interventions as a potential solution

Uncertainty in Sclerotinia stem rot disease outoreak and lack of resistant
germplasm for this disease provides an open window for implementing the genetic
engineering approach to tackle the Sclerotinia problem in oilseed crop. However,
transgenes that aimed to tackle the pathogen infection must be tested for its
efficacy for the target trait in particular crop and their overall impact on
environment and consumers before release for its field cultivation. It is always
advisable to use such gene that targets the key aspects of the cellular processes
of the pathogen in more specific ways. A plethora of research has been done on
understanding the molecular basis of host-pathogen interaction that facilitated
identification of the potential candidate genes for countering the fungal disease
including S. sclerotiorum in Brassica species. Some of the identified genes have
already been used to tackle the stem rot disease through genetic engineering
approach by transgenics development and number of diverse candidate genes
and effector candidates are under investigation for targeting the range of
necrotrophic fungi.
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The transgenic strategies mainly aimed to counter the pathogenicity factor Oxalic
acid (OA) in case of S. sclerotiorum, induction of innate immunity by activating the
inbuilt defense pathways, and engineering anti-fungal protein machinery in plants
for inhibiting the S. sclerotiorum growth after infection would be the best-suited
alternatives to the existing control practices [14]. The following section discusses
the various transgenes tested for the pathogen resistance and that could also be
employed in oilseed Brassica improvement program. Further, the other potential
strategies for engineering S. sclerotiorum resistance are also discussed.

Oxalic acid degrading enzymes confers Sclerotinia resistance

In host-pathogen interaction, secretions play a crucial role and serve primary
signal molecules in establishing the biological linkages. Oxalic acid (OA), a known
pathogenicity factor of the S. sclerotiorum [4], secretion and synthesis in pathogen
after host infection and its association with virulence determination have been
known for very long [15-20]. Several studies have demonstrated that heterologous
expression of the oxalic acid degrading enzymes, confers resistance to S.
sclerotiorum in susceptible hosts including oilseed (B. napus) [21,22], sunflower
[23-25), tomato (Solanum lycopersicum) [26], and soybean (Glycine max) [27,28].

Oxalic acid oxidases (OxOs) enzymes present in plants are basically members of
germin family of proteins and a subset of cupin superfamily [29-32]. Germin-like
proteins (GLPs) is ubiquitously present throughout the plant kingdom including
dicot and monocots whereas cupins are present in all kingdoms including bacteria,
fungi, and plants. However, not all GLPs are having the OxO activity but the
germins isolated from true cereals as referred by Hill [33] including rice, wheat,
oat, barley, rye, maize, and pine were known to have OxO activity y [34,35].
Cupins of microbial origin with OxO activity have also been reported from bacteria
and fungi [36] and their enzymatic activity degrades the oxalic acid into carbon
dioxide and a lethal by-product formic acid that might be toxic to the plant cells.
Hence, OxO which degrades oxalate into CO2 and H20; [37] like the cupins
present in wheat and barley are preferred in making transgenics for Sclerotinia
stem rot disease resistance. The produced H20 on catalysis of oxalate plays a
crucial role in basal defense response through signal cascading and provides
rigidity to the cell wall during lignification of the infested tissues by cross-linking
the cell wall constituents and apart from this it is also having the direct role in
pathogen impairment [38].

For the very first OxO from Barley root were expressed in B. napus and observed
it contributes resistance to wilting induced by the oxalic acid application [21] but
none of the transgenics were found resistant to Sclerofinia stem rot disease in
field condition. The overexpressing OxO gene (gf-2.8) from wheat in transgenic
lines of soybean [27] has shown a great reduction in lesion length development
and disease progression in the inoculated cotyledon and stem indicating that the
ectopic expression of the OxO gene even in heterologous species imparted
resistance to the Sclerotinia stem rot disease. Furthermore, Wheat OxO gene (gf-
2.8) overexpressing lines of sunflower plants were also shown the decrease in
disease and lesion length progression [25]. The other wheat OxO gene (gf-2.1)
derived transgenics in B. napus has shown a 44% reduction in lesion size in vitro
challenged leaves whereas about 80% reduction in disease reported in stem
assay under field condition [22]. Interestingly, in case of tree species, the
overexpression of the germin protein of wheat in hybrid poplar tree species
reported conferring resistance to the Septoria musiva, an oxalic acid producing
pathogen [39]. In addition to it, the OxO-transgenic maize exhibited enhanced
insect resistance [40]. These results indicate that the germin family OxO proteins
generating H20; after oxalate degradation are remarkable best suited and have
wider applicability in developing transgenics for developing resistance against the
continuum of insect-pests and pathogens in plants.

Antifungal proteins mediated approach

Antimicrobial peptides or proteins (AMPs) [41] are an integral part of the innate
immunity in all the living organism that determines resistance/tolerance to varied
microbes. These AMPs are usually cysteine-rich, small sized (<50 aa) proteins
and most of them have shown broad-spectrum activity against both prokaryotic
and eukaryotic microbes and some are specific against the fungal pathogen [42].
The effectiveness of AMPs is solely depended on the nature of the microbes with

respect to membrane composition and protein structure of the organism [43].
Arange of AMPs isolated from various organism was expressed in S. sclerotiorum
susceptible oilseed Brassica species and tested for their efficacy towards
delivering resistance to the targeted pathogen. Overexpression of the AMPs from
White pine (PmAMP1) in B. napus has shown ~80% reduction in lesion length
after S. sclerotiorum inoculation and surprisingly the developed transgenic lines
were also found resistant to other major pathogens Alternaria Brassicae and
Leptosphaeria maculans [44]. In connotation with the previous findings, the
transgenic B. juncea lines expressing PmAMP+ has harbored the enhanced
resistance to A. Brassicae, a major fungal pathogen of oilseed crops [45]. The
multifacet role of the AMPs in imparting resistance/tolerance to a number of. the
pest and pathogens entail its broad-spectrum utility for developing inherent
immunity in susceptible host plants. In addition to AMPs, plant-specific lipid
transfer proteins (LTPs) has also been observed contributing Sclerotinia
resistance. These LTPs are basically involved in the transfer of phospholipid
between the cell membrane and functions both in cellular constituent biosynthesis
as well as in defense response pathways against invading pathogen [46]. The
recent studies on LTP transgene expression in B. napus showed the enhanced
level of resistance to SR disease. The ectopic expression of an LTP from Brazilian
upland rice has demonstrated a reduced level of lesion size on infected leaves
and a greater percentage of germination as compared to susceptible control
plants [47]. Contrary to this, the ectopic expression of motherwort LTP resulted in
a comparatively lesser reduction in lesion size over the infected leaves. In both the
cases plant defense mechanism involved H202 synthesis and increased level of
PR-2 synthesis in transgenic lines [48]. The other set of transgenes encoding
proteins of antifungal nature, chitinases are also known to directly inhibit the
fungal growth by breaking down the chitin present in their cell wall. Although it
plays an important role in defense response in many cases it has been found the
induction of chitinase doesn't respond equally effective in defying the pathogen
invasion. The overexpression of chitinases from tomato and Nicotiana
benthamiana in B. napus resulted in resistance to S. sclerotiorum and several
pathogens in variable manners [49]. The significant resistance to stem rot disease
was observed in transgenic B. napus lines carrying overexpressing gene construct
for the chitinase gene from the chitin depleting fungus Trichoderma viride [50].

By modulating the host cell physiology

Programmed cell death (PCD) is the intricate feature in most of the host-pathogen
interactions and it determines the susceptibility or resistance associated with the
necrotrophic or biotrophic nature of the invading pathogens respectively [51].
Oxalic acid (OA) in case of Sclerotinia pathogenesis is thought to be a major
elicitor for the apoptosis that leads to host susceptibility. Hence the one way to
stop S. sclerotiorum pathogenesis is to either inhibit the apoptosis-promoting
genes induced after infection or ectopically express the genes that prevent
apoptosis in host cells. The effect of ectopic expression of the cell death
regulatory genes in heterologous species was first demonstrated by Dickman, et
al, [52] in N. benthamiana by expressing individually four different cell death
regulatory genes isolated from Caenorhabditis elegans (ced-9), humans (bcl-2
and hcl-xl), and Orgyia pseudotsugata multiple nucleopolyhedroviruses (op-iap)
and observed the transgenic plants were resistant to S. sclerotiorum and other
necrotrophic fungal pathogens. The reported apoptotic genes are further needed
to be tested in oilseed crop to check their efficacy against various pathogens and
pests for yield improvement in oilseed Brassica crop.

Host-induced gene silencing (HIGS) approach

The building of natural resistance to S. sclerofiorum in transgenic Brassica lines
through genetic engineering means is an alternative strategy in contrast to the
existing methods of control measures for stem rot disease in cilseed crops. The
HIGS (host-induced gene silencing) strategy [53] will be served as more exciting
means to promote the innate immunity in transgenic lines. HIGS concept involves
the incorporation of precursor miRNA construct into host plant and in planta
expression of that in association with host RNAi machinery leads to the production
of processed miRNA that suppresses the specific target gene in the fungal
pathogen.
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Usually, the HIGS approach incorporates the nucleic acid-based fungicide within
the plant system. A recent study involved the in-planta expression of micro RNA
for chitinase genes of S. sclerotiorum in tobacco leaves exhibited 87% reduction in
disease severity [54]. In the other study targeting of cyp 51, a conserved gene in
Fusarium species by HIGS resulted in complete immunization to F. graminearum
[55]. Indeed, a gene-specific feature of this technology involves targeting the
lifesaving gene of the pathogen as most of the fungicides targeting the product of
the same gene and act very efficiently.

Conclusion

There are numerous control measures like fungicides application, crop rotation,
and cultural practices have been in use to counter the Sclerotinia stem rot disease
in oilseed Brassica. But due to one and other reason despite their effectiveness
farmers are looking for a new and sophisticated approach that significantly
reduces the crop damage from this devastating pathogen.

An alternative to the existing practices will meet the grower demands in terms of
devising insightful novel ideas by incorporating the natural resistance or innate
immunity in plants to S. sclerotiorum through genetic engineering approach in
developing the resistant transgenic oilseed lines. Furthermore, the fundamental
understandings about molecular aspects of S. sclerotiorum pathogenesis process
are much more needed for its effective utilization in more applied research.

Application of review: The current effort of advanced genomics approach will
certainly benefit the oilseed researchers with a new set of genes and effector
candidates to combat the Sclerotinia stem rot disease in near future

Review Category: Molecular Genetics of Oilseed Crops
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SR: Stem Rot

RNAi: RNA interference

HIGS: Host-induced gene silencing
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