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Abstract

Sclerotinia sclerotiorum and Leptosphaeria maculans are two of the
most important pathogens of many cruciferous crops. The reaction of
30 genotypes of Camelina sativa (false flax) was determined against both
pathogens. C. sativa genotypes were inoculated at seedling and adult
stages with two pathotypes of S. sclerotiorum, highly virulent MBRS-1
and less virulent WW-1. There were significant differences (P < 0.001)
among genotypes, between pathotypes, and a significant interaction be-
tween genotypes and pathotypes in relation to percent cotyledon disease
index (% CDI) and stem lesion length. Genotypes 370 (% CDI 20.5, stem
lesion length 1.8 cm) and 253 (% CDI 24.8, stem lesion length 1.4 cm)
not only consistently exhibited cotyledon and stem resistance, in contrast
to susceptible genotype 2305 (% CDI 37.7, stem lesion length 7.2 cm),
but their resistance was independent to S. sclerotiorum pathotype. A
Fs-recombinant inbred line population was developed from genotypes
370 x 2305 and responses characterized. Low broad-sense heritability

indicated a complex pattern of inheritance of resistance to S. sclerotio-
rum. Six isolates of L. maculans, covering combinations of five different
avirulent loci (i.e., five different races), were tested on C. sativa cotyle-
dons across two experiments. There was a high level of resistance, with
% CDI < 17, and including development of a hypersensitive reaction.
This is the first report of variable reaction of C. sativa to different races
of L. maculans and the first demonstrating comparative reactions of C.
sativa to S. sclerotiorum and L. maculans. This study not only provides
new understanding of these comparative resistances in C. sativa, but
highlights their potential as new sources of resistance, both for crucifer
disease-resistance breeding in general and to enable broader adoption
of C. sativa as a more sustainable oilseed crop in its own right.
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Camelina sativa (false flax) has potential to become an important
cruciferous oilseed crop due to its high-value products and positive
agronomic traits (Campbell et al. 2013). C. sativa oil has a unique
fatty acid profile, particularly rich in n-3 (omega-3), and has numer-
ous potential markets in food, nutraceuticals, cosmetics, stock feeds,
and industrial products (e.g., wax esters) (Iven et al. 2016; Lawrence
et al. 2016; Nguyen et al. 2013). However, the greatest potential for
C. sativa oil lies in second-generation biofuel, it being a proven low-
cost, nonfood biodiesel feedstock in the northern United States
(Agusdinata et al. 2011). In addition to its oil value, C. sativa has ag-
ronomic features that make it an ideal crop per se for sustainable ag-
riculture. Such qualities include its favorable response to low-input
farming practices, pod shatter resistance, and drought tolerance
(Campbell et al. 2013; Gugel and Falk 2006; Waraich et al. 2013).
These traits, along with its short growth cycle, enable C. sativa to
be sown as an alternative to canola (Brassica napus), in rotation with
cereals in semiarid cropping systems and as demonstrated in the
Great Plains region of the United States of America (Obour et al.
2015). An additional key trait of C. sativa is its resistance to many
common pests and pathogens that cause significant yield losses in
B. napus (Pavlista et al. 2011; Séguin-Swartz et al. 2009).
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Sclerotinia rot (SR, causal agent: Sclerotinia sclerotiorum) and
blackleg (also known as phoma stem canker, causal agent: Leptos-
phaeria maculans) are the two most important diseases of crucifers
worldwide, including canola and mustard (Brassica juncea) (Barbetti
et al. 2015; Delourme et al. 2012; Li et al. 2008; Sivasithamparam
et al. 2005; Uloth et al. 2013). Both pathogens can infect at any stage
of plant/crop development (Khangura and Barbetti 2001; Li et al.
2008; Uloth et al. 2013, 2014, 2015). In Australia, yield loss from
either disease has on occasions exceeded 50% (GRDC 2013;
Sivasithamparam et al. 2005), and SR alone causes losses of AU$
23 million in Western Australia (DAFWA 2015). In comparison with
canola and mustard, relatively few studies have addressed either dis-
ease in C. sativa, despite C. sativa genotypes known to show varia-
tion for resistance to SR (e.g., Eynck and Séguin-Swartz 2009).
Using a high genetic diversity C. sativa germplasm collection
(Ghamkhar et al. 2010), we previously showed variable response
to SR across 30 C. sativa genotypes at the seedling stage, observing a
range of response from mildly susceptible to resistant (Purnamasari
et al. 2015). However, there can be inconsistency in the expression of
resistance against SR depending upon the type of inoculation test adop-
ted (Uloth et al. 2013, 2014) and/or pathotype (Barbetti et al. 2014; Ge
et al. 2012; Neik et al. 2017; Willbur et al. 2017). Previously, Ge et al.
(2012) identified 8 distinct S. sclerotiorum pathotypes from 53 isolates
obtained from the agricultural regions of Western Australia, isolates
taken from infested stems of canola and lupin that showed severe Scle-
rotinia stem rot disease. Accordingly, it is important when defining
SR resistance in C. sativa to use more than one type of inoculation test
and to compare resistance expression utilizing contrasting pathotypes.
Therefore, there remained a clear need to further explore resistance
against S. sclerotiorum within this collection of C. sativa and to deter-
mine the mechanism of resistance to SR. Toward this aim, subsequent
to earlier research of Purnamasari et al. (2015), we first developed a
141 genotype recombinant inbred line (RIL) population from resistant x
susceptible parents identified in that earlier study.

C. sativa has also been reported to exhibit a very high level of re-
sistance to L. maculans (Salisbury 1987; Séguin-Swartz et al. 2009).
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For example, Li et al. (2005) found C. sativa R4175-01W2 devel-
oped no symptoms to 80 isolates of L. maculans. Similarly, Gregor-
ich et al. (2009) found no disease symptoms in four varieties of C.
sativa inoculated with two races of L. maculans. Field trials have
confirmed C. sativa to be very highly resistant or immune to blackleg
disease (Séguin-Swartz et al. 2009). However, notably, these histor-
ical studies have only involved relatively few genotypes and/or L.
maculans races. Hence, there was a clear need to also evaluate a di-
verse C. sativa collection for responses to inoculation with a wider
range of L. maculans races.

Toward meeting these needs, studies were undertaken to: 1) de-
termine the reaction of 30 diverse genotypes of C. sativa against
two different pathotypes of S. sclerotiorum at cotyledon and adult
stages and different races of L. maculans at cotyledon stages; and
2) characterize (at the cotyledon stage) 141 Fs_¢ RILs derived from
crossing a resistant with a susceptible genotype of C. sativa, for
their responses to S. sclerotiorum. We discuss new understanding
of comparative resistances to these diseases in C. sativa and high-
light the value of potential new sources of resistance to both dis-
eases for breeding across a range of oilseed and horticultural
crucifers.

Materials and Methods

Fungal isolates. The isolates of S. sclerotiorum and L. maculans
used in this experiment are listed in Table 1. Criteria for selecting the
isolates were based on their differences in pathogenic potential on C.
sativa. For S. sclerotiorum, two different pathotypes were chosen: 1)
isolate MBRS-1, a very aggressive isolate belonging to the prevailing
pathotype (pathotype 76) occurring in Western Australia (Ge et al.
2012), which has been used extensively for screening of crucifers
(e.g., Uloth et al. 2013) and for C. sativa (Purnamasari et al.
2015); 2) isolate WW-1 (pathotype unknown), a less aggressive iso-
late that causes distinctly different relative resistance/susceptibility
rankings across B. napus genotypes as compared with MBRS-1
(Garg et al. 2010). For L. maculans, isolates chosen were:
UWAI192 (preliminary experiment), as it is a highly virulent isolate
on B. napus genotypes containing single dominant gene-based resis-
tance derived from Brassica rapa subsp. sylvestris (Li et al. 2004a).
Isolates UWAM3, UWAP11, WAC4028, WAC4094, and WAC7803
(second experiment) were chosen based on their avirulent (Avr) loci
for which the isolate is avirulent and represented races Av1-4-5-7-8,
Av1-5-6-7, Av3-5-6, Av1-3-5-6-8, and Av6-9 (Balesdent et al
2005). Furthermore, isolate UWAPI11 is also known to be highly vir-
ulent on B. napus genotypes containing polygenic resistance (Li et al.
2003).

Plant materials. Thirty genotypes of C. sativa obtained from the
N.I. Vavilov Research Institute of Plant Industry, Russia, originating
from five countries (former Czechoslovakia, France, Russia, Swe-
den, and Ukraine), were evaluated (Table 2). These genotypes are
well characterized in relation to agronomic performance, fatty acid
analysis, molecular, ecogeographic analysis, and their cotyledon re-
sistance against S. sclerotiorum MBRS-1 (Campbell et al. 2013;
Ghamkhar et al. 2010; Purnamasari et al. 2015). B. napus ‘Mystic’
and 06P712 were used as check comparisons in S. sclerotiorum stud-
ies, and ‘Mystic’ was used as a check comparison in L. maculans

studies. The response of B. napus ‘Mystic’ and 06P712 to S. sclero-
tiorum has previously been defined with isolates MBRS-1 and/or
WW-1 (Garg et al. 2010; Ge et al. 2012; Li et al. 2006; Uloth et al.
2013, 2014, 2015; You et al. 2016). Furthermore, in the current
study, a 141-line Fs-RIL population was established by single seed
descent from a cross between resistant C. sativa 370 and susceptible

Table 2. Mean stem lesion length (cm) of 30 Camelina sativa and Brassica
napus genotypes inoculated with different isolates of Sclerotinia sclerotiorum
(MBRS-1 and WW-1). A unique relative ranking score for each genotype is
provided within brackets, where 1 represents the most resistant genotype and
the largest relative genotype ranking score represents the most susceptible
genotype.?

Mean lesion length (cm)
and relative
ranking score

Genotype Origin Species MBRS-1 WWw-1
253 Russia C. sativa 1.6 1 12 @14
344 Russia C. sativa 1.7 2) 13 (19
4059 Russia C. sativa 1.7 3) 1.5 (25
2504 Russia C. sativa 1.8 @ 19 (6)
4177 Former C. sativa 1.9 ¢ 1.5 (23
Czechoslovakia

Mystic Australia B. napus 2.3 © 1.1 11
06P712 China B. napus 2.4 7 1.1 (12)
235 Russia C. sativa 2.5 @®) 0.8 (&)
339 Russia C. sativa 2.5 9 1.3 17
1993 Russia C. sativa 26 (10) 04 2)
370 Russia C. sativa 27 (11) 09 (6)
3364 Ukraine C. sativa 28 (12) 1.0 9)
2292 Russia C. sativa 28 (13) 04 (1
4112 Russia C. sativa 28 (14 34 (32
349 Russia C. sativa 29 (15 14 (@21
4182 Russia C. sativa 30 (16) 1.0 (10
4139 Russia C. sativa 32 (17 15 (24
1811 France C. sativa 35 (18) 1.1 (13)
430 Russia C. sativa 39 19 1.0 ®)
4183 Russia C. sativa 41 (20) 0.5 3)
4138 Russia C. sativa 43  (21) 13 (20)
4077 Russia C. sativa 44 (22) 22 (29
1330 Russia C. sativa 49 (23) 09 (@)
3347 Ukraine C. sativa 49 (24 12 (16)
4130 Ukraine C. sativa 50 (25 07 4)
4068 Russia C. sativa 51 (26) 13 (18)
2495 Russia C. sativa 60 @27) 12 (15
4111 Russia C. sativa 6.1 (28 20 (27)
403 Russia C. sativa 64 (29 14 (22
4164 Sweden C. sativa 74 (30) 20 (28)
4074 Russia C. sativa 8.6 (31) 27 (30
2305 Russia C.sativa 117 (32) 27 (31)
Mean 4.0 1.4

2 Significance of genotypes for MBRS-1 P <0.001; Ls.d. (P <0.05) =3.7. Sig-
nificance of genotypes for WW-1 P < 0.001; 1.s.d. (P < 0.05) = 0.8. Signif-
icance of isolates P < 0.001; 1.s.d. (P < 0.05) =0.5. Significance of genotypes x
isolates P < 0.001; 1.s.d. (P < 0.05)=2.7.

Table 1. Sclerotinia sclerotiorum and Leptosphaeria maculans isolates used in this study

Isolate code Species Date Origin Source (isolate located)

MBRS-1 S. sclerotiorum 2004 Mount Barker, Western Australia Infected stem tissue of B. napus

WW-1 S. sclerotiorum 2004 Walkaway, Western Australia Infected stem tissue of B. napus

UWA192 L. maculans 2002 Mount Barker, Western Australia Infected stem tissue of B. napus cv. Hyola 60
UWAM3 L. maculans 2001 Mount Barker, Western Australia Infected stem tissue of B. juncea cv. Roy 394
UWAPI1 L. maculans 2001 Wongan Hills, Western Australia Infected stem tissue of B. napus cv. Pinnacle
WAC4028 L. maculans 1984 Mount Barker, Western Australia Infected stem tissue of B. napus cv. Wesreo
WAC4094 L. maculans 1984 Western Australia Infected stem tissue of B. napus cv. Wesway
WAC7803 L. maculans 1973 Western Australia Infected leaf tissue of Raphanus raphanistrum
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C. sativa 2305. The two parents for this population were chosen
based on their response to S. sclerotiorum MBRS-1 using cotyledon
inoculation (Purnamasari et al. 2015). All plants were grown in 1-liter
pots in a pasteurized soil mixture composed of finely crushed pine
bark/coco peat/sand at 2.5:1.0:1.5 (wt/wt/wt). Plants were watered
daily and fertilized weekly using Thrive all-purpose soluble fertilizer
at the recommended rate. All experiments were conducted within a
growth room set to 18/14°C (day/night) and with a 16-h light/8-h
dark cycle and light intensity of 320 wmol quanta m=2 ™1,

Screening tests for S. sclerotiorum. Screening test was carried out
using two different methods: 1) cotyledon inoculation for isolate
WW-1; and 2) stem inoculation for isolates MBRS1 and WW-1. In-
oculum preparation and cotyledon assay were performed as de-
scribed by Garg et al. (2008). Briefly, two plants per pot were
grown in 30-cell trays (85-ml Kwikpot Trays, each cell 55 mm in di-
ameter) until cotyledons were fully expanded, equivalent to growth
stage 1.00 on the Sylvester-Bradley and Makepeace (1984) scale.
Seven agar plug discs were cut from actively growing margins of
3-day-old colonies of S. sclerotiorum growing on potato dextrose
agar at 20°C and were used to inoculate 150 ml of sterilized potato
dextrose broth containing peptone (potato dextrose broth 24 g, pep-
tone 10 g, H,O 1 liter). Cultures were placed on a rotary shaker at
150 rpm at 20°C. After 3 days, colonies of S. sclerotiorum were col-
lected and washed twice with deionized water. The fungal mats were
then transferred to 125 ml of the same liquid medium and macerated
using a hand-blender for 3 min. The mycelial suspension was filtered
through four layers of cheesecloth to remove any large mycelial com-
ponents, the density was determined using a hemocytometer, and
concentration was adjusted to 1 x 10° fragments ml~.,

For cotyledon inoculation, a single 5-p.1 droplet of WW-1 myce-
lium suspension was deposited on each lobe of each cotyledon of
the 30 C. sativa genotypes using a micropipette. The inoculum was
shaken often to maintain a homogenous mycelial suspension. Inocu-
lum suspension contained 0.002% Tween 20 wetting agent to help
cotyledons retain the droplets, and Tween was also included with
deionized water used to inoculate control plants of all genotypes.
Plants were kept in the dark in 35-liter clear plastic storage boxes
with a 2.5-cm depth of water at the bottom of the boxes to maintain
high humidity conditions after inoculation. Disease development was
assessed at 72 h postinoculation for S. sclerotiorum on 0-9 disease
severity scale as used previously by Purnamasari et al. (2015), where:
0 =no visible symptoms, 1 = necrotic hypersensitive, 2 = necrotic or
water-soaked lesion (10% of total leaf area), 3 = necrotic or water-
soaked lesion (20%), 4 = necrotic or water-soaked lesion (20 to
30%), 5 = necrotic or water-soaked lesion (30 to 40%), 6 = necrotic
or water-soaked lesion (40 to 50%), 7 = necrotic or water-soaked le-
sion (50 to 60%), 8 = collapsing of cotyledon tissue, and 9 = collaps-
ing of cotyledon tissue with masses of mycelium. The disease scores
were converted into a percent cotyledon disease index (% CDI) using
the method of McKinney (1923), as follows: % CDI = {[(a x 0)+(b x
D+(ex2)+([dx3)Hex4)+... (x9)]x 100}/ [a+b+c+d+...j)x9],
where a, b, ¢, d, e ... j are the numbers of plants with disease scores of
0,1,2,3,4,...9, respectively. There were four replications arranged in
complete randomized block design, and the entire experiment was
fully repeated once.

Stem inoculation of S. sclerotiorum was carried out in a controlled
environment using the method described by Li et al. (2006), which is
a combination of the methods used by Li et al. (2004b) and Buchwaldt
etal. (2005). About 5 mm diameter mycelial disks from an actively
growing 48-h culture grown on glucose-rich medium (peptone
10 g, glucose 20 g, agar 18 g, KH,PO, 0.5 g, H,O 1 liter, pH 6.0 be-
fore autoclaving) was placed onto the stem above the first node by
wrapping with Parafilm tape. The same diameter disk of glucose-
rich medium without fungal inocula was used for control treated
plants. Five plants of each genotype were used for inoculation when
50% of the plants had at least one open flower. Plants were irrigated
by overhead misting immediately postinoculation for 10 min and
the misting repeated on each of the following 3 days to maintain
conducive conditions for S. sclerotiorum. Stem lesion lengths
were measured with a linear ruler 3 weeks after inoculation, as this
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particular time provides disease data that are independent from plant
maturity (Li et al. 2007a). The experiment was arranged as a complete
randomized block design and fully repeated once.

Screening tests for L. maculans. Screening test for L. maculans
was carried out in two experiments. Experiment 1 was an initial ex-
periment using 30 genotypes of C. sativa with L. maculans
UWAI192, and the results of this experiment enabled the selection
of six genotypes that were rated as resistant (two genotypes), inter-
mediate (two genotypes), and susceptible (two genotypes) based
on the rank order of % CDI (LSD test). These six genotypes were
again challenged with five isolates covering five different races of
L. maculans to confirm the response of C. sativa to these races (Ex-
periment 2). Conidial suspensions for L. maculans were prepared as
described by Li et al. (2005). Agar strips (0.5 x 1 cm) from actively
growing cultures containing mature pycnidia were each transferred to
1 ml deionized water and left until a suspension of conidia was evi-
dent. V8 agar plates (V8 juice 150 ml, CaCO5 1.5 g _agar 15 g, H,O
1 liter) were spread evenly with 100 1 of the conidial suspension and
incubated at 22°C under a single cool-white fluorescent light tube
and a single black light tube. After 7 days, the culture was flooded
with 10 ml of deionized water and gently rubbed with a glass rod.
The conidial suspension was filtered with Mira cloth (Calbiochem,
La Jolla, U.S.A.), density determined with a hemocytometer, and
the concentration adjusted to 1 x 107 spores ml~!.

Fully developed cotyledons (equivalent to Sylvester-Bradley
[1984] growth stage 1.00) of C. sativa were inoculated using stan-
dard procedures as developed for B. napus (Li et al. 2005). Cotyle-
dons were punctured once with a stainless-steel needle before
inoculation at the puncture point by deposition of 5 .l of the conidial
suspension onto each half-cotyledon. Disease severity was scored
14 days postinoculation using a scale modified from Williams
(1985): 0 = no visible symptoms, 1 = necrotic hypersensitive, 2 =
small lesion expanding in inoculation spot (<0.5 mm), 3 = small
lesion expanding in inoculation spot (0.5-1 mm), 4 = collapsed spot
(1 mm), 5 = collapsed spot (2-3 mm), 6 = collapsed spot (3—4 mm),
7 = collapsed spot (4-5 mm), 8 = collapsed spot (>5 mm), and 9 =
cotyledon has died. The disease scores were converted into a per-
cent cotyledon disease index (% CDI) as described above. For
each experiment, there were four replications arranged in complete
randomized block design, and the entire experiment was repeated
once.

Statistical analyses. GenStat software (18th ed.; VSN Interna-
tional) was used for statistical analysis of data. The statistical ¢ test
in GenStat was used to compare the disease data from the original
and repeat experiments in each study. As there were no differences
between the experiments detected (i.e., P > 0.05), data for both exper-
iments in each study were pooled and analyzed as a single dataset.
The % CDI for S. sclerotiorum MBRS-1 (Table 3) was extracted
from Purnamasari et al. (2015). The % CDI for cotyledons and lesion
length for stems were analyzed using analysis of variance (ANOVA).
Fisher’s least significant differences (P < 0.05) were used to separate
significant differences between means and calculate the genotype
rank order. The latter was a unique relative ranking score for each ge-
notype, provided within brackets, where 1 represents the most resistant
genotype and the largest relative genotype ranking score represents
the most susceptible genotype. This rank order then was used to clas-
sify the genotypes into the most resistant genotypes, intermediate-
resistant, and the most susceptible genotypes. Regression analysis
was undertaken using the regression function in Microsoft Excel to de-
termine the relationship between cotyledon assays and stem inocula-
tion. The broad-sense heritability (H?) for % CDI was calculated
from the ANOVA table by a method described by Fehr (1991), as fol-
lows: H? = (GV/PV) x 100%; EV = MS; GV = (MS, —~ MS,)/R; PV =
EV + GV, where GV is genotypic variance, PV is phenotypic variance,
EV is environmental variance, MS; is mean square error, MS, is mean
square genotype, and R is the number of replicates.

Results

Response of C. sativa genotypes to S. sclerotiorum. Stem
inoculation. For plants inoculated with S. sclerotiorum isolates



MBRS-1 and WW-1, there were significant effects (P <0.001) of ge-
notype with regard to the severity of stem lesions (expressed as lesion
length) at 3 weeks postinoculation (wpi) (Table 2, Fig. 1). For
MBRS-1, genotype 253 was the most resistant with mean stem lesion
length 1.62 cm, while genotype 2305 was the most susceptible with
lesion length 11.73 cm. For WW-1, the most resistant was genotype
2292 with stem lesion length of 0.4 cm, and the most susceptible
was genotype 4112 with stem lesion length of 3.4 cm. There were
differences in virulence between the two S. sclerotiorum isolates (P
< 0.001) across both C. sativa and B. napus genotypes. Isolate
MBRS-1 was more virulent with a mean stem lesion length of
4 cm as compared with WW-1 with a mean stem lesion length of
1.4 cm. Moreover, there was a significant interaction between ge-
notype and isolates (P < 0.001), indicating that the genotype re-
sponse is influenced by isolate pathotype. For example, genotype
4412 was a middle-ranking genotype against MBRS-1 but ranked
32nd for WW-1 based on lesion length (LSD test, Tables 2 and
3). However, some especially susceptible genotypes (e.g., 4074
and 2305) were similarly susceptible against either isolate. In addi-
tion, B. napus ‘Mystic’ and 06P712 were among the most resistant
genotypes from B. napus or C. sativa, with mean stem lesion length
approximately 2.3 for MBRS-1 and 1.1 for WW-1.

On C. sativa, symptoms included wilting of leaves as early as
4 days postinoculation (dpi) and a necrotic and bleached lesion
by 1 wpi. At 3 wpi, the most resistant response showed as a very
small lesion, accompanied with a hypersensitive-type reaction
(Fig. 1A and B). In contrast, stems of some other C. sativa geno-
types showed intermediate-sized necrotic lesions (2 to =6 cm
length), demonstrating moderate resistance (Fig. 1C-E). The
most susceptible and severely affected plants were observed af-
ter inoculation with MBRS-1, and showed the lesion extending
and girdling the stem (>6 cm), causing stem collapse and plant
death (Fig. 1F and G).

Cotyledon inoculation: Response of 30 C. sativa genotypes
against two S. sclerotiorum isolates. Cotyledon lesion data for isolate
WW-1 (current study) and by way of comparison, isolate MBRS-1
(extracted from Purnamasari et al. 2015) are presented (Table 3).
There were differences between genotypes in relation to % CDI at
3 dpi following inoculation with pathogenic versus less pathogenic
isolates (P < 0.001), as was observed with stem inoculation. Based
on the % CDI values, the most resistant genotypes were 370, 1993,
and 253, with mean % CDI ranging from 20.5 to 24.8, whereas
2305 was the most susceptible genotype, with mean % CDI 37.7.
There were also differences between the two isolates (P < 0.001),
with mean % CDI for MBRS-1 of 51.7 compared with mean %
CDI for WW-1 of 6.3. Furthermore, there was a significant host x
isolate pathotype interaction for cotyledon inoculation, similarly as
reported above for stem inoculation (P = 0.002). In addition, B. napus
‘Mystic’ was found to fall within the susceptible group, with a mean %
CDI of 34.

Response of C. sativa RILs population against S. sclerotiorum
MBRS-1. The response of the set of 141 Fs5_¢ RIL population to S.
sclerotiorum was also evaluated along with resistant parent (C. sativa
370) and susceptible donor (C. sativa 2305). There were significant
genotypic differences between the tested RILs as well as between the
parents for their resistance responses to cotyledon inoculation (P <
0.001). The parents were consistently different in terms of their reac-
tion to S. sclerotiorum, with the resistant versus susceptible parent
having % CDI values of 41.3 and 68.1, respectively. The % CDI
of the RIL population lines ranged from 29.5 to 82, with the majority
falling into the range 50-70 (Fig. 2). Of the RILs evaluated, 30 RILs
were considered to belong to the resistant category. The broad-sense
heritability of S. sclerotiorum resistance was 36%, which indicated
that there was a low genetic variance for SR resistance in C. sativa.

Comparison of stem and cotyledon inoculation assays. There was
a significant quadratic relationship between mean stem lesion length
and % CDI for MBRS-1 (r = 0.57, P < 0.001, n = 31; Fig. 3). The
relative rankings of some genotypes were similar for mean stem le-
sion length and % CDI, and for this, examples included genotypes
253,4111, and 2305 (Tables 2 and 3). In contrast, regression analysis

showed no significant relationship between mean stem lesion length
and % CDI where the less virulent S. sclerotiorum isolate WW-1 had
been used (r = 0.22).

Response of C. sativa genotypes to L. maculans. Experiment 1.
The response of 30 genotypes of C. sativa screened against L macu-
lans isolate UWA192 in the initial pathogenicity experiment in-
cluded various symptoms such as a small dark brown/black
necrotic area around the point of inoculation on cotyledons (Fig. 4),
and the lesions ranged from these necrotic hypersensitive lesions to
larger brown necrosis (=1 mm) around the inoculated area. Despite
the relatively small differences in lesion size, these genotypic differ-
ences were significant (P < 0.001) in relation to % CDI by 14 dpi
(Table 4). B. napus ‘Mystic’, the positive inoculation comparison,
showed the greatest disease reaction with % CDI of 61.5. Among
C. sativa genotypes, 2305 had the greatest % CDI (13.9 at 14 dpi),
while 4139 was lowest with a % CDI of 7.6.

Experiment 2. To further investigate the variability in resistance
against L. maculans, six C. sativa genotypes (two each of resistant,
intermediate, and susceptible genotypes) were screened using five
different L. maculans isolates, representing races Av1-4-5-7-8,
Av1-5-6-7, Av3-5-6, Av1-3-5-6-8, and Av6-9. There was a signifi-
cant effect of fungal isolate, genotype, and an isolate x genotype in-
teraction (all P < 0.001) in terms of the disease responses across the

Table 3. Percent cotyledon disease index (% CDI) of 30 Camelina sativa ge-
notypes and Brassica napus ‘Mystic’ inoculated with Sclerotinia sclerotio-
rum isolates (MBRS-1 or WW-1). A unique relative ranking score for each
genotype is provided within brackets, where 1 represents the most resistant
genotype and the largest relative genotype ranking score represents the most
susceptible genotype.?

% CDI and relative ranking score

Genotype MBRS-1° WW-1

370 38.9 (1) 2.1 “4)
1993 417 ) 59 (14)
4068 42 3) 9 29)
430 454 4) 4.5 6)
349 46.2 5) 5.2 (10)
253 479 ©) 17 3)
4139 48.3 (7) 8.3 23)
4059 48.6 ) 8.7 (28)
4112 49.3 ) 5.2 )
344 50.4 (10) 7.6 (20)
4130 51 (11 6.9 (18)
403 51.4 (12) 1.4 )
4182 51.7 (13) 5.9 (12)
4074 51.7 (14) 8 22)
3364 52 (15) 4.2 5)
235 52 (16) 1.4 (€9
4183 52.8 a7 6.3 (15)
4164 52.8 (18) 8 21)
1330 52.8 (19) 7.6 (19)
339 53.1 (20) 4.5 @)
3347 53.1 20 8.7 27
2495 53.8 22) 6.6 (16)
4077 53.8 23) 6.9 (17)
1811 54.2 24) 5.2 (11)
2504 54.5 25) 10.4 (30)
4177 54.5 (26) 10.4 31
4138 56.3 27 4.5 ®)
4111 56.6 (28) 8.7 (25)
2292 57.3 29) 8.7 (26)
Mystic 59.7 (30) 8.3 24)
2305 69.4 (€20] 5.9 (13)
Mean 51.7 6.3

2 Significance of genotypes for MBRS-1 P < 0.001; 1.s.d. (P < 0.05) = 9.9.
Significance of genotypes for WW-1 P < 0.001; L.s.d. (P < 0.05) = 4. Signif-
icance of isolates P < 0.001; 1.s.d. (P < 0.05) = 1.4. Significance of genotypes x
isolates P = 0.002; 1.s.d. (P <0.05) =7.9.

b Data extracted from Purnamasari et al. (2015).
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genotypes and isolates tested (Table 5). Overall, all genotypes of C.
sativa were highly resistant to all isolates, with mean % CDI < 17. In
comparison, B. napus ‘Mystic’ was moderately to highly susceptible
to all test isolates, as evidenced by the development of large necrotic
lesions, with a mean % CDI of 66.4. Furthermore, among the L. mac-
ulans isolates, UWAP11 caused the most severe disease symptoms,
with mean % CDI of 25.6, while WAC4094 caused least disease
symptoms with mean % CDI of 18. All L. maculans isolates caused
a hypersensitive response (HR) on most C. sativa genotypes that was
categorized as a disease score of 1 (Fig. 4B). Moreover, nonspread-
ing lesions could also be observed at some infection sites (Fig. 4C
and D). In some plants in some genotypes, all isolates except
WAC4094 caused severe infection with a score of 4 (Fig. 4E). The
responses of some C. sativa genotypes were isolate-dependent, such
as genotypes 370, 3364, and 4139. In contrast, genotype 2305 was
consistently susceptible in relation to % CDI against the four isolates
used in this study.

Discussion

Our study provides an evaluation of the relative resistances in a set
of 30 genetically diverse genotypes of C. sativa to two important

diseases in the Brassicaceae, SR and blackleg. We were able to con-
firm the results of our cotyledonary testing against SR with stem in-
oculation, confirm resistance of C. sativa genotypes against two
distinct pathotypes providing new evidence of the high value of

Mean = 58.4

50 1 C2105
45 1 Ls.d (0.05) =20

No. of RIL lines

0-30 31-40 41-50 51-60 61-70 71-80 81-90
Percentage of cotyledon disease index of C. sativa RIL population

Fig. 2. The proportion for 141 genotypes from the Camelina sativa 370 x 2305
recombinant inbred line (RIL) population against Sclerotinia sclerotiorum.

Fig. 1. The range of stem lesion symptoms on Camelina sativa genotypes caused by Sclerotinia sclerotiorum. A and B show hypersensitive-type reaction, displaying the high level of
resistance. C to E show intermediate-sized stem lesions representing moderate/intermediate resistance. F and G show a large lesion girdling the stem, indicating extreme susceptibility.
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C. sativa as a resistance source to this pathogen. Additionally, the
current study confirmed the outstanding performance of C. sativa
against L. maculans, with genotypes displaying a highly resistant re-
action to L. maculans (% CDI 7.6-18.8). The current study high-
lighted the six isolates of L. maculans tested, representing a
diverse range of different Avr allele combinations, readily elicited
a HR reaction. We believe this is the first report of variable C. sativa
response to L. maculans isolates; in contrast to other studies that
found no symptoms on C. sativa following L. maculans inoculation
(e.g., Gregorich et al. 2009; Li et al. 2005; Salisbury 1987).

For S. sclerotiorum, this study builds upon our previous cotyle-
donary stage inoculation testing of C. sativa (Purnamasari et al.
2015). In the field, stems at the flowering stage are severely damaged
by SR, and the stem inoculation method we used provided the first
realistic measure for SR resistance on C. sativa. Further, previous
studies have emphasized the importance of carrying out a range of
tests with plants at different stages of maturity (Bradley et al. 2006;
Neik et al. 2017; Taylor et al. 2015), as we have done. Our study high-
lights the importance of using distinct pathotypes of S. sclerotiorum
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Fig. 3. Correlation of data for stem lesion length 3 weeks after inoculation and % CDI 3
days after inoculation on 30 genotypes of Camelina sativa when inoculated with
Sclerotinia sclerotiorum MBRS-1. Note: % CDI data has been extracted from
Purnamasari et al. (2015).

Table 4. Severity of disease on cotyledons (% CDI) of 30 Camelina sativa
genotypes and Brassica napus ‘Mystic’ following inoculation with Leptos-
phaeria maculans UWA192. A unique relative ranking score for each geno-
type is provided within brackets, where 1 represents the most resistant
genotype and the largest relative genotype ranking score represents the most
susceptible genotype.?

Genotype % CDI and relative ranking score
4139 7.6 (1)
430 8.3 )
1330 8.7 3
370 9 “4)
4183 9 %)
4130 9.4 6)
4177 9.4 @)
4068 10.8 ®)
3347 11.1 ©)
4077 11.1 (10)
2504 11.1 (11)
4112 11.5 (12)
4164 11.5 13)
3364 11.5 (14)
403 11.8 (15)
4138 11.8 (16)
339 11.8 (17)
349 12.2 (18)
1993 12.2 (19)
253 12.2 (20)
1811 12.2 1)
344 12.5 (22)
4074 12.5 (23)
4059 12.9 (24)
4182 12.9 (25)
235 12.9 (26)
2292 13.2 27)
2495 13.2 (28)
4111 13.2 (29)
2305 13.9 30)
Mystic 61.5 @31

4 Significance of genotypes for % CDI: P < 0.001; 1.s.d. (P < 0.005) = 4.04.

Fig. 4. Responses on cotyledons of Camelina sativa and Brassica napus to inoculation with Leptosphaeria maculans. A, No symptoms formed on C. sativa (disease score =0). B,
Necrotic hypersensitive reaction (disease score = 1). C, Very small necrotic tissue surrounding the inoculation point on C. sativa (disease score = 2). D, Small necrotic tissue around
the inoculation point on C. sativa (disease score = 3). E, Necrotic tissue with diameter 1 mm on C. sativa (disease score = 4). F, Disease symptoms on B. napus ‘Mystic’ (disease
score = 7).
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with varying abilities to overcome particular host resistance(s) and/or
associated resistance mechanisms of certain genotypes, and in order to
identify pathotype-independent host resistance in C. sativa.

Overall, we found C. sativa genotypes expressed good resistance,
with 18 genotypes having stem lesions 1.6 to 3.5 cm, equivalent to
the top-ranked resistances for the two B. napus genotypes tested,
‘Mystic’ and OP6712. Previously, using the same stem inoculation
technique, ‘Mystic’ and 06P712 were found to be the top-ranked re-
sistant B. napus genotypes tested in Uloth et al. (2015) and in You
et al. (2016). Although the relative resistance rankings of C. sativa
genotypes varied depending upon different inoculation technique
and/or isolates, some genotypes (highly resistant or highly suscepti-
ble) displayed consistent responses regardless of the inoculation
technique or pathotype of S. sclerotiorum. However, other genotypes
with moderate level resistance, such as genotypes 2292 and 4068,
were less consistent across different screening studies. This inconsis-
tency is to be expected for genotypes with moderate level resistance
as environment influences resistance expression (Sun et al. 2005,
Uloth et al. 2013). However, You et al. (2016) did identify a few Chi-
nese B. oleracea var. capitata genotypes that expressed extremely
high-level combined stem and leaf resistance. Genotypes 370 and
253 will be particularly significant for developing new SR-resistant
C. sativa genotypes, as they have resistance mechanism(s) that appear
to be effectively independent of environmental settings, to S. sclerotio-
rum pathotypes, and/or plant component (i.e., cotyledon or stem).

There was noteworthy correlation between mean stem lesion
length and the mean % CDI across C. sativa genotypes for S. sclero-
tiorum MBRS-1, although not for WW-1. This is supported by Garg
et al. (2008), who showed cotyledon resistance was well correlated
with stem resistance for a set of B. napus genotypes. The correlation
across different plant components (e.g., cotyledon or stem) makes
these highly resistant C. sativa genotypes potential sources of resis-
tance to target and exploit in developing new commercial Brassica-
ceae cultivars with more effective combined seedling and adult
plant resistance. This outcome is particularly significant as many
other studies have shown cotyledon, leaf, and stem resistances are
generally expressed differently across different plant components.
For example, You et al. (2016) found no correlation between expres-
sions of stem versus leaf resistance, suggesting independent inheri-
tance. Similarly, Uloth et al. (2013) found no correlation between
seedling cotyledon and adult plant stem resistance following artificial
inoculation, nor with naturally occurring leaf infection across a sim-
ilar diverse range of cruciferous genotypes in field studies. The cor-
relation in the current study between cotyledon and stem resistance in
C. sativa for highly virulent isolate of S. sclerotiorum suggests a
common basal resistance mechanism that operates against this path-
ogen in both plant stages. Eynck et al. (2012) has shown monolignol
biosynthesis is linked with S. sclerotiorum resistance in C. sativa,
and a strong induction of monolignol genes in resistant genotypes en-
hances lignin synthesis at the pathogen inoculation site, thus restrict-
ing the development and expansion of the pathogen within the plant.
Similarly, Uloth et al. (2016) highlight the importance of lignin pro-
duction in impeding S. sclerotiorum reaching the stem vascular and

xylem tissues in highly resistant B. carinata, B. juncea, and B. napus.
Further studies to confirm the role of monolignol genes in resistance
in C. sativa to S. sclerotiorum would be instructive.

When we challenged the susceptible X resistant RIL population by
inoculation at the cotyledonary stage, the 141 Fs RILs differed for %
CDI following S. sclerotiorum inoculation. However, the estimate of
broad-sense heritability for SR resistance in this population was
36%; lower than in previous studies, such as the 67% found in B.
napus by Zhao et al. (2006) in relation to stem resistance (using pet-
iole inoculation) or the 61% found by Wu et al. (2013) in relation to
leaf resistance (at seedling stage). Nevertheless, the high heritability
values in those studies were not reflected when dissecting the genetic
variance responsible for a phenotypic variation of SR resistance.
These and other studies found all QTLs identified through biparental
RIL mapping studies to be minor effect QTLs, explaining =10% of
the variance for SR resistance (Wei et al. 2014; Wu et al. 2013; Yin
et al. 2009; Zhao et al. 2006). Similarly, genome wide association
studies (GWAS) for SR resistance identified only a few loci that col-
lectively explain 16.5% of the phenotypic variance while the ob-
served broad-sense heritability was 61.7% (Wu et al. 2016). All of
the available studies and the low broad sense heritability of resistance
to S. sclerotiorum in C. sativa suggest the resistance mechanism for
SR in this species is a very complex genetic trait determined by many
genes each of little effect. One strategy to uncover the molecular
mechanism for resistance to S. sclerotiorum in C. sativa may be to
identify candidate genes through the histological approach of tran-
scriptomic sequencing followed by a candidate gene approach. For
example, by using candidate gene-based association mapping strat-
egy, Rana et al. (2017) found that marker-trait associations could ex-
plain 30% of the phenotypic variation in B. juncea and B. fruticulosa
introgression lines to S. sclerotiorum.

In the current study, the outstanding resistance of C. sativa geno-
types to L. maculans (% CDI 7.6-18.8) and isolate independence of
this reaction was confirmed. Previously, C. sativa, as a distantly re-
lated species of canola, has been reported to exhibit high resistance to
L. maculans in field trials (Salisbury 1987; Séguin-Swartz et al.
2009). Furthermore, Li et al. (2005) found that 80 isolates of L. mac-
ulans did not cause any symptoms on a single C. sativa genotype.
Similarly, Gregorich et al. (2009) found that there were no disease
symptoms in four varieties of C. sativa inoculated with two specific
races of L. maculans that were virulent to B. napus. Our study also
highlighted the six isolates of L. maculans tested, representative of
races with diverse Avr allele combinations, readily elicited a HR.
This outcome may be due to the inherent genetic diversity present
in our C. sativa panel, a germplasm collection known to have higher
genetic variability than previously reported from other C. sativa
germplasm reports (Ghamkhar et al. 2010) or to the relatively limited
genotypes used in previous studies. Bohman et al. (2004) found a sin-
gle genotype of Arabidopsis thaliana that showed evident disease
symptoms to L. maculans out of 168 genotypes. Nevertheless, in
the current study, as all C. sativa genotypes showed a strong resis-
tance reaction and the disease symptoms were greatly restricted com-
pared with the B. napus control, it could be concluded that C. sativa

Table 5. Response of six Camelina sativa genotypes for five different races of Leptosphaeria maculans. A unique relative ranking score for each genotype is
provided within brackets, where 1 represents the most resistant genotype and the largest relative genotype ranking score represents the most susceptible genotype.?

Host
Isolate Race® 370 430 2305 3364 4111 4139 Mystic Mean
UWAM3 Av1-4-5-7-8 13.2 (4) 12.5 (3) 16.3 (6) 11.5(1) 13.5(5) 12.2 (2) 71.9 (7) 21.6
UWAPI11 Av1-5-6-7 16 (3) 17 (5) 18.4 (6) 14.6 (2) 16.3 (4) 11.1 (1) 86.1 (7) 25.6
WAC4028 Av3-5-6 11.5 (1) 12.5(2) 18.8 (6) 15.6 (5) 13.5 () 14.2 (4) 47.2(7) 19.1
WAC4094 Av1-3-5-6-8 104 (1) 104 (2) 13.2 (6) 10.8 (4) 104 (3) 12.2 (5) 58.3 (7) 18
WAC7803 Av6-9 18.4 (6) 13.53) 16.3 (5) 11.1 (2) 16 (4) 11.1 (1) 73.6 (7) 22.9

a Significance of genotypes for UWAM3; P < 0.001; 1.s.d. (P < 0.005) = 8.6. Significance of genotypes for UWAP11; P < 0.001; Ls.d. (P < 0.005) = 6.3. Sig-
nificance of genotypes for WAC4028; P < 0.001; 1.s.d. (P < 0.005) = 10. Significance of genotypes for WAC4094; P < 0.001; Ls.d. (P < 0.005) = 4.8. Signif-
icance of genotypes for WAC7803; P < 0.001; Ls.d. (P < 0.005) = 7.3. Significance of L. maculans isolates; P < 0.001; 1.s.d. (P < 0.005) = 2.7. Significance of

isolates x genotypes; P < 0.001; L.s.d. (P < 0.005) =7.1.

b Race indicating the avirulence loci for which the isolate is avirulent and has been characterized as proposed in Balesdent et al. 2005.
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shows a nonhost response to L. maculans. Furthermore, as there are
different reports about the association between seedling and adult re-
sistance response in B. napus (Li et al. 2003, 2004a; Long et al. 2011;
Van de Wouw et al. 2009), further study is required to explore the
relationship between C. sativa with L. maculans.

The genetic basis and mechanisms involved in the resistance of C.
sativa to L. maculans are not yet well defined or understood. The cur-
rent studies showed that the HR plays a critical role in this resistance
reaction. Previously, the development of HR around the inoculation
site has been known as the major characteristic of the resistance to L.
maculans, both on cotyledons and stems, in Brassicaceae species
such as B. napus, A. thaliana, Capsella bursa-pastoris, and Diplo-
taxis muralis (Chen and Séguin-Swartz 1999; Li et al. 2007b,
2008). This rapid ‘suicide strategy’ prevents further colonization of
L. maculans and therefore the pathogen is confined to an area around
the point of inoculation. It is possible that nonspecific activation of
defenses in the early hours postinoculation, such as camalexin pro-
duction, has an essential role in C. sativa resistance mechanism
against L. maculans. A similar mechanism has been reported in A.
thaliana, in which camalexin production partially contributes to re-
sistance of A. thaliana to L. maculans (Bohman et al. 2004). As
the current study confirmed the potential of C. sativa as an important
source of blackleg resistance, further studies to elucidate the resis-
tance mechanism(s) will almost certainly identify novel R-genes,
particularly as the complete genome sequencing data for C. sativa
is now available (Kagale et al. 2014).

In conclusion, C. sativa genotypes exhibited excellent resistance
to these two economically devastating pathogens of crucifers. Most
genotypes in C. sativa showed a level of resistance at or greater than
the top-resistance rank with B. napus ‘Mystic’ and 0P6712 when in-
oculated with S. sclerotiorum and significantly greater resistance
than B. napus ‘Mystic’ when inoculated with L. maculans. C. sativa
resistance to these diseases will be a highly valuable source for im-
provement of crucifers and should also lead to broader adoption of
C. sativa as a more sustainable oilseed crop in its own right in the fu-
ture, especially in Australia and other countries where both diseases
are devastating to canola and other Brassicaceae crops.
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