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Abstract Research to control yield losses from

Sclerotinia (Sclerotinia sclerotiorum) in oilseed rape

(Brassica napus) has focused on stem resistance.

However, resistance to leaf infection against this

pathogen would also be beneficial, both in limiting

additional plant leaf damage and in reducing inoculum

build up within-crop and resultant spread onto stems.

Three B. napus breeding populations, C2 (NC-8 9

RQ-001-NCA-8 NC2-7), C5 (cv. Charlton9 RQ-001-

NCA-8 NC2-7) and C6 (cv. Charlton 9 NC4-5), were

screened for leaf resistance (based on mean lesion

diameter) under controlled environment conditions.

Each population consisted of parents (P1 and P2), F1,

F2, BC1P1 and BC2P2, except for C5 that lacked

BC1P1. Moderate broad sense heritability for leaf

resistance (0.45) to S. sclerotiorum was only found in

population C6, where genetic variance was mostly

non-additive. Analyses of generation means and

variances indicated that both dominance and complex

epistatic interactions were present in C6. Bivariate

analysis revealed a positive genetic covariance

between the non-additive effects for mean leaf lesion

and cotyledon lesion diameters, and significant neg-

ative covariance of residuals, which supports a

common genetic control of cotyledon and leaf resis-

tance to S. sclerotiorum. These results will guide

breeders in selection and development of genotypes

with both cotyledon and leaf resistance against this

important pathogen worldwide.

Keywords Sclerotinia sclerotiorum � Brassica
napus � Additive-dominance model � Bivariate

Introduction

Sclerotinia stem rot (Sclerotinia sclerotiorum) is a

devastating disease affecting host oilseed rape (Bras-

sica napus L.) and mustard (B. juncea L.) worldwide,

including in Australia, North America, China and

Europe. In Australia, it causes up to 24% yield loss

(Garg et al. 2008), translating into an estimated

AU$10 million yield loss per annum (Murray and

Brennan 2012). The mode of germination for this

pathogen is usually myceliogenic or carpogenic; the

former of these causes direct stem infection, generally

from soil, while the latter infects through airborne
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ascospores (Singh et al. 2008a, b, 2010). In Western

Australia, up to 29% of oilseed rape crops are infected

by this pathogen in any one season (Khangura et al.

2014). While most losses come directly from S.

sclerotiorum attack on adult plant stems, infection of

leaves of seedlings and older Brassicaceae plants also

occurs and is also important (Garg et al. 2008, 2010b;

Hims 1979; Laemmlen 2001; Delourme et al. 2012;

Uloth et al. 2013, 2014; Barbetti et al. 2014; You et al.

2016). The expression of disease severity differs

across different isolates/pathotypes (Ge et al.

2012, 2015), different plant age/growth stages (e.g.,

Li et al. 2006b; Uloth et al. 2014), and different plant

components e.g., cotyledon, leaf and stem (e.g., Garg

et al. 2008, 2010b; You et al. 2016; Uloth et al. 2013;

Ge et al. 2015).

Mitigation strategies include cultural practices,

fungicide application and host resistance. Cultural

control is less-than-ideal for avoiding infested stubbles

and carry-over inoculum from previous crops (Garg

et al. 2008, 2010d; Barbetti et al. 2015b; Uloth et al.

2015a; Barbetti 2019). Fungicides (e.g., prothiocona-

zole ? tebuconazole) are widely used for control of

Sclerotinia, but they are relatively expensive (Barbetti

et al. 2015b) and unreliable. It is difficult to synchro-

nise application timing with dispersal of ascospores

(Bolton et al. 2006). The most common recommen-

dation is that fungicides should be applied during

flowering when infected petals drop (Lee 2014), but

petal infestation is often unrelated to stem infection,

particularly in Australia (Uloth et al. 2013; You et al.

2016). These limitations of cultural and chemical

practices emphasise the need for effective host resis-

tance. However, even then, the use of Sclerotinia-

resistant varieties should be integrated with other

management options (Barbetti et al. 2014, 2015b;

Barbetti 2019).

There are significant challenges in developing

resistant varieties. These include differences in

expression of resistance as associated with plant age

or growth stage (Singh et al. 2008a; Uloth et al. 2013),

with different isolates (Ge et al. 2012, 2015), with

temperature differences (Uloth et al. 2015b), and, most

importantly, with pathotype of S. sclerotiorum.

Defined pathotypes of S. sclerotiorum are recom-

mended for controlled screening for resistance, and

pathogen infection is very sensitive to humidity and

mycelia convert quickly towards resting stage once

growth conditions (e.g. nutrition and appropriate

environmental conditions) are not appropriate, even

for a short time (Khan et al. 2020, Ge et al. 2012, 2015;

Ge and Barbetti 2019; Uloth et al.

2013, 2014, 2015a,b; Barbetti et al. 2014, 2015a;

Purnamasari et al., 2015; You et al. 2016).

Many host genotypes with stem resistance to S.

sclerotiorum have been identified. Examples have

been reported in India (Rana et al. 2017, 2019; Atri

et al. 2019), China (Zhao and Meng 2003; Zhao et al.

2004, 2006; Zhang et al. 2011; Wu et al. 2013), and in

Western Australia (Li et al. 2006a, 2009; Uloth et al.

2013; Barbetti et al. 2014, 2015a). Wild and weedy

species (Uloth et al. 2013) and/or their introgressions

into crop Brassica species have also been targeted.

Examples include introgressions into B. juncea (Garg

et al. 2010a; Barbetti et al. 2014; You et al. 2016; Rana

et al. 2017, 2019; Atri et al. 2019) as well as

resistances introgressed from the B-genome of B.

carinata into B. napus (Barbetti et al. 2014; You et al.

2016). In contrast to stem resistance, there has been

little attention on leaf resistance in leafy horticultural

or in broadacre oilseed Brassica crops. Exceptions

include seedling resistance to S. sclerotiorum in

Brassica seedling mixtures grown as salad veg-

etable mixes (Hims 1979), and in seedling-transplant

production systems (Laemmlen 2001).

More recently, there has been interest in locating

leaf resistance in oilseed rape to reduce within-crop

inoculum that readily transfers into stem infections

(You et al. 2016). Uloth et al. (2013) demonstrated

high-level leaf resistances in the field from within a

range of diverse forage and/or vegetable crucifers,

particularly B. rapa var. chinensis ‘Ivory’ and R.

sativus ‘Oriental radish’. In that study, leaf and stem

resistances were not correlated and appeared to be

under separate genetic control. Similarly, You et al.

(2016) showed no correlation between expressions of

stem versus leaf resistances in a field study of 52

Chinese genotypes of B. oleracea var. capitata, 14

Indian B. juncea genotypes carrying wild weedy

Brassicaceae introgression(s) and four carrying

B-genome introgressions, 22 Australian commercial

B. napus varieties, and another 12 B. napus and B.

juncea genotypes, which suggests independent inher-

itance of stem and leaf resistance. Disi et al. (2014)

confirmed the independent inheritance of leaf and

stem resistance in a population derived from B.

oleracea 9 B. incana. Similarly, Uloth et al. (2014)

showed a lack of correlation between lesion size from
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S. sclerotiorum on the cotyledon with the severity of

disease initiated by stem inoculation or natural

infections in a previous field test. While cotyledon

resistance often does not correlate with stem resistance

in the field (Uloth et al. 2014), there are exceptions in

controlled environmental conditions (Garg et al.

2008). You et al. (2016) found one Indian B. juncea

line with introgressions from weedy Brassica species

that displayed a significant level of both stem and leaf

resistance.

Various quantitative trait loci (QTL) have been

reported for leaf and/or stem resistance to S. sclero-

tiorum (Zhao and Meng 2003; Mei et al. 2013; Wei

et al. 2014;Wei et al. 2016;Wu et al. 2013, 2016; Rana

et al. 2017, 2019; Atri et al. 2019; Qasim et al. 2020),

across wild Brassica types (B. oleracea, B.juncea etc.)

and B. napus genotypes, suggesting a key role of

quantitative (additive) effects in inheritance of the

disease. However, genotypes of B. napus have shown

a dramatically variable performance (Wu et al. 2016)

and this needs a lot more attention. The quantitative

nature of this trait has been demonstrated by a

moderate to high (57–84%) broad sense heritability

of stem resistance in B. napus (Wu et al. 2013; Wei

et al. 2014; Wei et al. 2016; Qasim et al. 2020).

Epistatic genetic control of resistance is also common

across different host species or diseases i.e. non-

additive genetics was observed for downy mildew

(Pseudoperonospora cubensis) in muskmelon (Cu-

cumis melo) (Shashikumar et al. 2010). Similarly,

multiple epistatic interactions (Disi et al. 2014) for

resistance to S. sclerotiorumwere found at one or more

different plant growth stages for Brassica incana and

Brassica oleracea. More recently, a study that aimed

at understanding the complex nature of resistance in B.

napus against S. sclerotiorum at the cotyledon stage in

three genetic populations was shown to be under non-

additive genetic control (Khan et al. 2020). The same

three populations were investigated here for leaf

resistance and potential genetic correlations of leaf

and cotyledon resistance against S. sclerotiorum in B.

napus. Thus, the potential existence of correlated

genetic factors involved in leaf and cotyledon resis-

tance, will guide breeders in selection and develop-

ment of genotypes with resistance that is effective

across both tissues.

Materials and methods

Crossing populations

The background of four inbred parent lines of B. napus

used in this genetic study (Charlton, NC8, NC4-5, and

RQ-001-NCA-8 NC2-7), and three cross populations

C2, C5, and C6 derived from these parents, were

described previously (Khan et al. 2020). Among the

parents, NC-8 is known to have stem resistance to S.

sclerotiorum (Uloth et al. 2013), and Charlton has both

cotyledon (Garg et al. 2008; 2010b, c; 2013) and stem

(Uloth et al. 2013) resistance. RQ-001-NCA-8 NC2-7

is known to have cotyledon-susceptibility (Khan et al.

2020), while NC4-5 is highly susceptible to stem rot

(Uloth et al. 2013). Control check varieties were B.

napus cv. Mystic and B. napus cv. Rainbow, as used

previously (Khan et al. 2020). B. napus cv. Mystic was

reported to have both cotyledon (Garg et al. 2008;

2010b) and stem resistance (Uloth et al. 2013; 2015a)

to S. sclerotiorum, and B. napus cv. Rainbow was

cotyledon-susceptible (Garg et al. 2008) and stem-

susceptible (Uloth et al. 2015a) to S. sclerotiorum.

Seeds from the three cross populations, including the

inbred parents (P1 and P2), F1, F2, and first backcross

(BC1) of the F1 to each parent, were available (Khan

et al. 2020). Plants previously infected at the cotyledon

stage by S. sclerotiorum (Khan et al. 2020) were

inoculated 3 weeks later on leaves 1, 2, 3, 4 and 5 in

this experiment.

Plants were regularly fertilised and watered as

previously described (Khan et al. 2020). Seeds of

parents, F1, F2, BC1P1, BC1P2 and check varieties

were sown in small pots, measuring 6.6 cm length,

6.6 cmwidth and 9.8 cm depth, and thinned to a single

plant in each pot. Plants were grown in a controlled

environment room with a temperature maintained at

18 ± 1 �C during day (12 h) and 13 ± 1 �C during

night (12 h), and with light intensity of 450 lE/
m2 s- 1, following the protocol of Garg et al. (2008).

Experimental design

Each of the populations C2, C5 and C6 were

maintained on separate benches. In each population,

there were 13–15 plants (replicates) of each parent,

12–15 plants (replicates) of the F1, 80–95 F2 individ-

uals, and 11–15 individuals of each BC1 for C2 and

C6. There were 20 plants for BC1P2 of C5 and 5 plants
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(replicates) each of the check varieties Mystic and

Rainbow. Thus, in total, there were 167, 156 and 146

plants for C2, C5 and C6, respectively. Pots within

each population were randomised in an experiment 12

columns deep by 20 rows wide, in an arrangement

based on a p-rep design generated by DiGGer

(Coombes 2009).

S. sclerotiorum isolate and culturing

A single isolate of S. sclerotiorum (isolate MBRS-1;

available at The University of Western Australia) was

used for inoculation as previously described (Khan

et al. 2020). This isolate belongs to the highly virulent

pathotype 76, the prevailing pathotype in Western

Australia comprising approximately 74% of the S.

sclerotiorum population (Ge et al. 2012). This same

isolate has been used in other studies to identify

cotyledon (Garg et al. 2008; Garg et al. 2010b; Uloth

et al. 2014), leaf (Uloth et al. 2013) and stem (Li et al.

2006a, 2007, 2009; Ge et al. 2012; Uloth et al.

2013, 2015a, b, 2016) resistances in B. napus and/or B.

juncea genotypes. The isolate was cultured according

to the methods used by Garg et al. (2008), but with

slight modification. Briefly, a single sclerotium of

MBRS-1 was surface sterilized in 1% (v/v) sodium

hypochlorite and 70% ethanol for 4 min followed by

double washing in sterile distilled water for 1 min as

described by Clarkson et al. (2003). The sclerotium

was cut in half and placed cut side down onto potato

dextrose agar (PDA; Merck). S. sclerotiorum was then

sub-cultured and maintained at room temperature

(23 ± 2 �C) on PDA.

Inoculum production

The method used for inoculum production was as

previously described by Garg et al. (2008). Seven

colonised agar plug disks (5 mm2) were cut from

growing edges of three-day-old S. sclerotiorum

colonies and added to 250 mL flasks each having

75 mL of sterilized potato dextrose liquid broth

medium (PDB: 24 g potato dextrose, 10 g peptone

and water to make 1 L). Flasks were shaken on an

Innova 2300 platform shaker (New Brunswick Scien-

tific, Edison, NJ) at 120 rpm/min. Three days later,

colonies of S. sclerotiorum were harvested and

thoroughly washed twice using sterilised deionised

water. The fungal mats obtained were transferred to

125 mL of the same liquid medium and mycelia

macerated in a Breville� food grinder for 3 min.

Macerated mycelial suspension was then filtered

through four layers of muslin cloth and concentration

adjusted with the same liquid medium to 105 hyphal

fragments mL- 1 using a haemocytometer (SUPER-

IOR, Berlin, Germany) counting chamber.

Leaf inoculation and disease assessment

Inoculations were made 5 weeks after sowing on the

same plants as used by Khan et al. (2020) for

cotyledon resistance assessment. Leaf inoculations

followed the technique described by Garg et al.

(2008). A single droplet (10 lL) of mycelial suspen-

sion was deposited by micropipette onto the left and

right lobes of fully expanded leaves of plants. Up to

five fully expanded leaves were inoculated (maximum

ten inoculation sites). The mycelial suspension was

regularly mixed by shaking to prevent clumping of

hyphae. The temperature remained constant

(13 ± 1 �C) and high humidity was maintained by

hand misting inoculated plants with deionized water

and covering trays of 20 plants with a polythene cover

to maintain high humidity for 4 days post-inoculation.

After inoculation, to ensure reliable and consistent

infection, low light intensity of 65 lE/m2 s- 1 was

maintained for 2 days, then plants were returned to the

original light intensity on the third day after inocula-

tion. Those conditions were then maintained until the

end of the experiment. Four days after inoculation,

lesion diameter was recorded to the nearest millimetre

on each leaf lobe. The mean leaf lesion diameter (mm)

at all inoculation sites was used as the leaf resistance

score for each seedling.

Data analysis

A linear mixed model for mean leaf lesion diameter

was fitted using ASReml-R (v. 3.0) software (Butler

et al. 2009), which produced residual maximum

likelihood (REML) estimates of the variance param-

eters and best linear unbiased prediction (BLUP) of

the random effects. In each population, a pedigree file

was used for generating genetic relationships. Both

additive (predicted breeding values) and non-additive

genetic effects were included in the mixed model

analysis of mean leaf lesion diameter.
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Analysis of generation means and variance for

mean leaf lesion diameter followed the method of

Mather and Jinks (1982), and was applied to popula-

tions C2 and C6 where all generations (P1, P2, F1, F2,

and BC1P1 and BC1P2) were available. This analysis

was conducted in Indo-stat, version 7.5 software

(http://www.indostat.org, Hyderabad, India) and SAS

(SAS Institute 1999).

Scaling tests (Mather and Jinks 1982) were under-

taken for populations C2 and C6 (in which all

generations were present), to assess the validity of

the additive-dominance model for leaf lesion diame-

ter. The values of A, B, C and D were used to

determine if a simple additive-dominance model was

adequate to explain the observations, or if non-allelic

interactions were present.

The parameters m (mid-point), [d] (additive), and

[h] (dominance) and terms for additive 9 additive [i],

additive 9 dominance [j] and dominance 9 domi-

nance [l] non-allelic interactions were fitted following

Mather and Jinks (1982). The significance of each

parameter was assessed using a t-test.

We utilised bivariate analysis in ASREML-R, as

described in Ganesalingam et al. (2013), to test for

genetic covariance between leaf resistance scores

(mean leaf lesion diameter) and cotyledon resistance

scores (mean cotyledon lesion diameter) which were

previously reported in Khan et al. (2020) in population

C6. Firstly, a univariate model was conducted with a

diagonal variance structure for the effects of genotype

on each trait. This was followed by an unstructured

covariance bivariate model that allowed for covari-

ance of non-additive genetic effects and residuals.

Results

Analysis of variance

A wide range of mean leaf lesion diameter was

observed across the parents, F1, F2, and available

backcrosses to each parent. Susceptible genotypes

showed necrosis and water soaked lesions while more

resistant genotypes confined the lesion to the inocu-

lation droplet location. Moderate broad-sense heri-

tability for mean leaf lesion diameter was evident in

population C6, and the genetic variance was mostly

non-additive (Table 1).

Scaling tests (test of the additive-dominance

model)

Populations C2 and C5 did not show any significant

genetic effects for mean leaf lesion diameter, so we

report results for C6 only (Table 2). The significant

value of parameter C for population C6 shows the

inadequacy of the additive-dominance model, and

indicates the presence of epistasis.

Effects and magnitude of epistatic interactions

The additive, dominance and interaction parameters

for mean leaf lesion diameter were further explored for

population C6 (Table 3). Highly significant domi-

nance [h] effects were observed and additive 9

additive interaction effects [i] were also significant

for this population. The type of dominance for mean

leaf lesion diameter expressed in the F1 was above the

mid-point in the direction of susceptibility (Table 1;

Fig. 1).

Bivariate analysis comparing cotyledon with leaf

disease

The loglikelihood for the diagonal variance model

(-675.2676) significantly increased in the unstruc-

tured covariance bivariate model (-673.3301)

(P\ 0.05) which included covariance of non-additive

genetic effects and residuals for mean leaf lesion and

cotyledon lesion diameter in population C6. As

expected (following Khan et al. 2020) for C6, there

was a significant non-additive genetic variance for

cotyledon lesion diameter (5.1 ± 1.7). The non-addi-

tive genetic variance for leaf lesion diameter

(4.5 ± 2.3) was also significant. The benefit of the

bivariate analysis arose from a positive genetic

covariance between the non-additive effects for mean

leaf lesion and cotyledon lesion diameter (1.9 ± 1.5,

correlation r = 0.40), and significant negative covari-

ance of residuals (-2.4 ± 1.2, r = -0.30). The

predicted total genetic values for mean leaf lesion

diameter and mean cotyledon lesion diameter for

population C6 in the unstructured covariance bivariate

model are shown in Fig. 1.
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Discussion

This study has provided critical new understanding of

patterns of inheritance for leaf resistance against S.

sclerotiorum in B. napus. For the first time, we show

genetic correlation of resistance in cotyledon and leaf

tissue, which for resistance in leaf and cotyledon

tissue. There have been previous studies comparing

expression of leaf and stem resistances (e.g., Bradley

et al. 2006). However, the current study is the first to

include comparisons between expression of leaf and

cotyledon resistances, and, importantly, these were

based on the same plants in the same genetic

populations. Previous studies were either based on

detached and/or excised leaves (Mei et al. 2011; Wu

et al. 2013; Disi et al. 2014) or natural infections as

part of a stem rot experiment (Uloth et al. 2013; You

et al. 2016). Both leaf resistance (this study) and

cotyledon resistance (Khan et al. 2020) in population

C6 were non-additive; leaf resistance was mostly due

to dominance and additive 9 additive epistasis

(Table 3), whereas cotyledon resistance was due to

dominance 9 dominance epistasis (Khan et al. 2020).

Population C6 showed moderate heritability (broad

sense) for leaf resistance to S. sclerotiorum, supporting

the notion that oilseed rape has significant potential for

selection, based on leaf resistance, to this devastating

pathogen (Uloth et al. 2013, 2014; You et al. 2016).

Population C2, however, had a low broad sense

heritability (Table 1) and since, neither one of the

parents (NC-8 or RQ-001-NCA-8 NC2-7) had leaf

resistance reported before, a further testing for this

population is recommended. One of the major reasons

for higher variance in F1 might be, the fact that both

the parents in C2 cross were introgression lines which

can bring in degree of variation in F1 due to structural

heterozygosity inherent in the parents. Further, it

would be prudent to research their behaviour for stem

resistance also, as NC-8 (P1) is reported to have stem

resistance (Uloth et al. 2013). Since, no significant

genetic effects observed for C2 or C5, we did not

discuss these further. Importantly, the resistances

identified in this study and that of Khan et al. (2020)

are highly relevant, as pathotype 76 that we used in

both studies makes up to three quarters of the total S.

sclerotiorum isolates in Western Australia (Ge et al.

2012). Critically, Barbetti et al. (2014) showed that the

stem resistance could be either isolate-dependent or

isolate-independent, the latter being ideal forT
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commercial exploitation of host resistance to multiple

prevailing pathotypes.

This study supports previous work on cotyledons

(Khan et al. 2020) that host resistance is non-additive

and a simple additive-dominance model does not

adequately explain leaf and cotyledon resistance to S.

sclerotiorum. For population C6 (leaf resistance), the

same sign (±) for dominance 9 dominance [l] and

dominance effects [h] indicates a complementary type

of epistatic genetic control. However, a significant

component of genetic variance was due to additive 9

additive [i] interactions which are the result of

interactions between homozygous loci and can be

fixed as selfing progresses beyond F2. Non-additive

genetic control for inheritance of resistance has been

reported for other diseases, for example, against

downy mildew (Pseudoperonospora cubensis) in

muskmelon (Cucumis melo) (Shashikumar et al.

2010). Hence, while our findings are not unique across

all diseases, they are unique for explaining leaf

resistance to S. sclerotiorum in oilseed rape (B. napus)

and corroborate our earlier reports for inheritance

patterns of cotyledon resistance (Khan et al. 2020).

The current study showed covariance of non-

additive genetic effects and residuals for mean lesion

diameter on cotyledons and leaves in population C6.

Based on the same pathotype 76, Uloth et al. (2014)

reported a correlation (r = 0.22) between cotyledon

and leaf resistances across diverse crucifer species

(Uloth et al. 2014). Other studies for leaf and stem

resistances show either no correlation (e.g., Uloth et al.

2013; You et al. 2016) or low to moderate correlation

e.g., r = 0.15 (Zhao and Meng 2003), r = 0.18–0.46

(Wu et al. 2013) and r = 0.31 (Disi et al. 2014). The

practical significance of testing different plant growth

stages in controlled environments for resistance to this

pathogen in oilseed Brassicas, and its relevance to

field application, was also demonstrated by Singh et al.

(2008a).

Our results concur with those for partial resistance

identified by Zhao and Meng (2003) in an F2
population of B. napus at the seedling stage against

S. sclerotiorum. Additive control of resistance against

S. sclerotiorum was reported by Mei et al. (2013) in a

Table 2 Scaling test in population C6

Parameter A B C D

C6 -7.64 -5.46 -25.89** -6.4

**Highly significant at P = 0.01 based on t-test

Table 3 Estimates of the

additive, dominance and

interaction parameters for

mean leaf lesion diameter

for C6

**Highly significant at

P = 0.01 and *significant at

P = 0.05 based on t-test

Parameter Type of gene action (digenic model) C6

m Mid-parent -1.35*

[d] Additive -0.94

[h] Dominance 16.09**

[i] Additive 9 additive 12.79*

[j] Additive 9 dominance -1.09

[l] Dominance 9 dominance 0.31

Dominance degree -4.14

0.0
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4.0
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Fig. 1 Predicted values for mean leaf lesion diameter and mean

cotyledon lesion diameter (mm) in population C6 from bivariate

analysis, allowing for covariance of genetic effects and

residuals. Parent Charlton (closed diamond), parent NC4-5

(open diamond), F1 (cross), control variety Mystic (open

triangle), control variety Rainbow (closed triangle), F2 progeny

(open circles), and BC1 progeny (closed circles). Average

standard error of mean cotyledon and leaf lesion diameter in F2
and BC1 single plants was 1.65 mm and 1.64 mm, respectively

123

Euphytica (2020) 216:188 Page 7 of 11 188



B. oleracea F2 population and byWu et al. (2016) in B.

napus accessions. Further, multiple epistatic control

(additive 9 additive, additive 9 dominance, and

dominance9 dominance) for leaf or stem resistance to

this pathogen in B. napus has also been reported (Disi

et al. 2014). Partial resistance to this pathogen is found

in other crops, such as in soybean (Glycine max) (e.g.,

Kim & Diers 2000) and in sunflower (Helianthus

annuus) (e.g., Amoozadeh et al. 2013, 2015). Additive

genes for resistance were also found in dry bean

(Phaseolus vulgaris) (Fuller et al. 1984), cauliflower

(B. oleracea var. botrytis) (Baswana et al. 1991) and

more recently (for leaves/stem) in B. napus (Wu et al.

2013). This evolving nature of resistance to S.

sclerotiorum demands continued efforts, such as

challenging new host genotypes with prevailing

pathotypes, if we are to have more practical and

effective solutions to include in existing plant breed-

ing pipelines. Moreover, dominance and additive 9

additive epistatic interactions for leaf and stem

resistance to this pathogen were reported by Disi

et al. (2014) in Brassica interspecific cross progeny.

Importantly, we used the same isolate (pathotype 76)

as previously used for cotyledon (Garg et al.

2008, 2010b; Uloth et al. 2014; Khan et al. 2020),

leaf (Uloth et al. 2013; You et al. 2016) and stem (Li

et al. 2006a, 2007, 2009; Ge et al. 2012; Uloth et al.

2013, 2015a, b, 2016) resistances in B. napus and/or B.

juncea genotypes. This allows a comparison of

resistance across these studies, and therefore potential

common genetic and/or phenotypic expression in host

genotypes across growth stages (e.g., cotyledon,

leaves and stem). Different phenotypic expression at

different growth stages is common for other diseases,

for example such as blackleg (Leptosphaeria macu-

lans) in B. napus (Li et al. 2006b), downy mildew

(Peronospora parasitica) in broccoli (Brassica oler-

acea L. italica group) (Dickson and Petzoldt 1993),

and Pseudomonas syringae (pv. tomato or maculicola)

(Kus et al. 2002) and Cauliflower mosaic virus

(Leisner et al. 1993) in Arabidopsis.

The positive covariance of resistance across cotyle-

dons and leaves in population C6 is in contrast with

previous observations of the independent inheritance

of seedling vs. mature plant resistance either through

intensive phenotypic evaluations (Uloth et al. 2013;

Disi et al. 2014; You et al. 2016) or through molecular

studies (Zhao and Meng 2003; Zhang et al. 2011).

Molecular evidence for unique resistance QTLs at the

seedling stage relative to the adult plant stages (Zhao

and Meng 2003; Zhang et al. 2011) was in agreement

with phenotypic expressions observed by Uloth et al.

(2013), You et al. (2016) and Taylor et al. (2018), all of

whom failed to find any significant correlation in

resistance between these two plant stages. Further-

more, You et al. (2016), who used a diverse set of 52

Chinese genotypes of B. oleracea var. capitata, 14

Indian B. juncea genotypes carrying wild weedy

Brassicaceae introgression(s) and four carrying

B-genome introgression, 22 Australian commercial

B. napus varieties, and another 12 B. napus and B.

juncea genotypes, found independent inheritance of

cotyledon vs. adult plant resistances. Also, Disi et al.

(2014) confirmed the generally independent nature of

inheritance for both leaf and stem resistances in a

study of a population derived from B. oleracea 9 B.

incana. Similarly, Uloth et al. (2014) reported a lack of

correlation between lesion size from S. sclerotiorum

on the cotyledon with the severity of stem disease

initiated either by stem inoculation or by ‘natural’

ascospores in the field. However, in contrast, there are

examples that complement our study, showing low

(e.g., Uloth et al. 2014) to significant moderate (e.g.,

Garg et al. 2008; Wu et al. 2013) correlation between

cotyledon and adult disease ratings in independent

trials. Importantly, You et al. (2016), found an Indian

B. juncea line carrying weedy introgression that

displayed a significant level of both stem and leaf

resistance. More recent evidence demonstrates Sclero-

tinia resistance is under the influence of uncharacter-

ized multiple (quantitative) genes (Rana et al. 2017).

Rana et al. (2017, 2019) and Atri et al. (2019) focused

on introgression of such resistances, first into B.

juncea using either B. fruticulosa or E. cardaminoides

(Erucastrum cardaminoides) and, later, proposed

introduction of such resistances into B. napus. Fur-

thermore, the integration of resistance QTL identified

by Li et al. (2015) could also help to locate genes for

early/and or adult plant stage resistances.

Similar as with Zhao et al. (2006) and Khan et al.

(2020), we found some transgressive segregants in

population C6 that showed particular potential as

breeding material. Such resistance could be fixed by

selfing in later generations, as done for Chinese

cabbage (B. rapa ssp. pekinensis) in the F5 for

resistance against club root (Plasmodiophora brassi-

cae) (Niemann et al. 2017). One advantage of

screening for resistance to S. sclerotiorum at the
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cotyledon or leaf stages is that such screening is more

rapid and efficient than field screening on adult plants

(Taylor et al. 2015). However, such an approach is

dependent upon there being significant correlation

between the relevant growth stages.

In conclusion, the positive correlation we found

between resistances expressed at the leaf stage in the

current study to that of cotyledons in the same

genotypes in the Khan et al. (2020) study could be

utilised for further genetic studies. Leaf resistance

against S. sclerotiorum, along with cotyledon resis-

tance, would be beneficial not only in limiting plant

leaf damage and in protecting young plants, but also

would reduce inoculum build up within-crop and

reduce spread onto stems. We believe this study, for

the first time, will guide breeders in selection and

development of genotypes with combined cotyledon

and leaf resistance against prevailing/characterised

pathotypes of S. sclerotiorum. Overall, the use of

characterised pathogens, selectable genetic variation,

and combined cotyledon/leaf resistances makes the

outcome of this study readily available and of practical

relevance for B. napus breeders in developing effec-

tive host resistances.
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