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Abstract Blackleg disease caused by the pathogen
Leptosphaeria maculans is the most devastating disease
of canola (Brassica napus, oilseed rape). This disease
occurs in all canola-growing regions of the world except
China. It has been suggested that L. maculans contam-
inated seed and admixture (associated plant debris)
could lead to a blackleg epidemic in China and as a
consequence, restrictions on importations into China
were placed on canola seed from Australia and Canada
in 2009. We show that canola pods infected by
L. maculans can lead to seed contamination, and resul-
tant seedling infection, which then leads to cankering in
adult plants. The fungus can sexually reproduce over
summer on stubble derived from these plants. Airborne
sexual spores are then released in the following year—
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thus completing the life cycle of the fungus from a
contaminated seed and providing a potential source for
an epidemic, particularly in countries such as China
where canola cultivars do not have high levels of resis-
tance to L. maculans. Furthermore, sexual fruiting bod-
ies can also be produced on admixture. The presence of
blackleg lesions on canola pods correlated with seed
contamination by the blackleg fungus. Viability of
L. maculans is reduced on contaminated seed over a
twelve month period. Surveying blackleg disease in
field trials in Australia showed that the presence and
degree of stem cankers did not correlate with the level of
pod infection. This suggests that pod lesions are likely to
arise as a result of new infection events, rather than the
pathogen moving from pre-existing infections (stem
cankers) onto the pods. Furthermore, pod infections
are likely to be a result of seasonal conditions rather
than specific to regions where canola is cropped at a
high intensity.

Keywords Podinfection - Contaminated seed - Blackleg
disease

Introduction

Blackleg disease (phoma stem canker) is caused by the
fungus Leptosphaeria maculans and is the most serious
disease of Brassica napus (canola, oilseed rape) world-
wide, causing>US$900 M in losses per growing season
worldwide (Fitt et al. 2008). This disease can be
minimised through management strategies such as

@ Springer


http://crossmark.crossref.org/dialog/?doi=10.1007/s10658-015-0827-0&domain=pdf

688

Eur J Plant Pathol (2016) 145:687-695

avoidance of last year’s crop debris (stubble), rotation
with other crops and fungicide applications as well as
breeding for resistance (Marcroft et al. 2004; Aubertot
et al. 2006; Van de Wouw et al. 2015). Resistance to
L. maculans is governed by both minor (qualitative) and
major (quantitative) resistance (Delourme et al. 2006).
Minor gene resistance, expressed in the stem of the adult
plant, is poorly understood but is regarded as isolate-
non-specific and due to the contribution of numerous
genes each with a small additive effect (Delourme et al.
2006; Stuthmann et al. 2007). Major gene resistance is
conferred by single major genes, which are usually
dominant, and interact in a gene-for-gene manner with
L. maculans whereby for each resistance gene in the
host there is a corresponding avirulence gene in the
pathogen (Balesdent et al. 2005). Seventeen resistance
genes (RImi-Rimll, RImS, LepRI-LepR4, BLMRI,
BLMR?2) have been reported (Yu et al. 2005; Delourme
et al. 2006; Yu et al. 2008; Van de Wouw et al. 2009;
Longetal. 2011; Balesdent et al. 2013) and two of these,
Rim2 and LepR3, have been cloned (Larkan et al. 2013;
Larkan et al. 2015). Of the corresponding avirulence
genes, ten have been mapped and seven (Avriml,
AvrLlm2, AvrLm3, AvrLm4-7, AvrLm6, AvrLmJI and
AvrLml1) have been cloned (Balesdent et al. 2005;
Gout et al. 2006; Fudal et al. 2007; Parlange et al.
2009; Ghanbarnia et al. 2012; Balesdent et al. 2013;
Plissonneau et al. 2015; Van de Wouw et al. 2014;
Ghanbarnia et al. 2015). Recently it has been shown that
this major gene resistance is expressed in seed pods as
well as in cotyledons and true leaves (Elliott et al. 2015).

Leptosphaeria maculans is reported in all countries
where canola is grown except China (West et al. 2000;
Fittetal. 2008; Liu et al. 2014; Zhang et al. 2014). China
is the major canola producing country in the world,
generating approximately 30 % of the world’s
total production from approximately 8 m hectares
sown to canola annually (Fitt et al. 2008; Liu et al.
2014). Chinese cultivars have been screened
in Australia and have extremely low levels of
resistance to L. maculans (Li et al. 2008). In recent
times, L. maculans has spread into Canada (1975—
1998), Poland (1994-2007) and Mexico (2001). Fitt et
al. (2008) modelled the likelihood of an epidemic in
China and suggested that China take precautions to
prevent this occurring. The main disease threat was
considered to be the import of L. maculans-contaminat-
ed canola seed and associated admixture, which in-
cludes small pieces of crop debris that cannot be easily
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separated from the seed - for instance, sections of the
pod sheath and branches etc. Zhang et al. (2014) has
proposed that it is unlikely that L. maculans could be
efficiently transmitted from contaminated seed to cause
disease on seedlings and that admixture was likely to be
a bigger risk.

In 2009, China restricted the import of canola seed
from countries where L. maculans was present (Zhang
etal. 2014). By 2010 and 2012 an agreement was made
with Canada and Australia, respectively, to import ca-
nola seeds into Chinese ports located in areas where
very little canola is grown. However, for Australia,
restrictions have remained in place for some export ports
due to the high intensity of canola cropping in the
surrounding region and high levels of seed infection as
determined by the Administration of Quality
Supervision, Inspection and Quarantine (AQSIQ).

The aims of the research described in this paper were
to determine the risk of blackleg epidemics from con-
taminated seed and admixture arising from infected seed
pods.

Material and methods

Collection of blackleg infected and clean pods
and admixture of B. napus

A field site at Mt Hope, South Australia was identified
as having high levels of blackleg pod infection follow-
ing several periods of high rainfall during pod set
(August through to October) in 2013. Pods were col-
lected at plant maturity from the B. napus cultivar
ATR- Stingray. This cultivar was chosen as it has no
effective major-gene resistance to Australian isolates of
L. maculans but good minor-gene resistance and is
grown commercially across many regions of Australia
(Marcroft et al. 2012a). Pods were categorised as either
infected if blackleg lesions were visible (Fig. 1a)
(termed infected pods) or clean if no lesions were visible
(termed clean pods). Three hundred infected and 300
clean pods were picked randomly from the field site and
stored in brown paper bags at room temperature under
low humidity until further use (up to 12 months). Seeds
were left within the pods until they were used in
experiments.

Admixture was also collected from the same site.
After harvest of the site by a mechanical harvester, a
seed sample (including admixture) was collected. Seed
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Fig. 1 Leptosphaeria maculans
infected Brassica napus pods,
admixture and the resulting
contaminated seed. (a) B. napus
pods infected with L. maculans at
time of harvest. (b) Sample of
admixture (crop debris) collected
during the harvest of seeds.
Mature pseudothecia are visible
on a piece of pod sheath (arrow).
(c) Seeds plated out to detect
contamination from L. maculans.
The square box indicates seeds
that were in contact with the
lesion on the pod. Hyphal growth
is visible around the contaminated
seed. (d) L. maculans pycnidia on
contaminated seed

and admixture were separated by aspiration and the
admixture was then put in a string bag and placed in a
paddock (field) on bare earth. These conditions enable
development of sexual fruiting bodies (pseudothecia) of
L. maculans. In June of the following year (2014) the
admixture was inspected for the presence of
pseudothecia (Fig. 1b). Pieces of the admixture were
attached to the inside of the lid of a petri dish using
Vaseline®. The pieces of admixture were then moist-
ened to trigger discharge of ascospores, which were then
collected and cultured on 10 % Campbell’s V8 juice
agar.

Relationship between pod infection and seed
contamination

Ten infected and ten clean pods were carefully opened in
a laminar flow hood and using sterile tweezers, each
seed placed in the same order that they appeared in the
pod, onto an agar plate containing 4 strength potato
dextrose medium (Fig. 1c). A separate agar plate was
used for each pod. For infected pods, the positions of
lesions were marked on the plates so that seeds that were
in contact with the lesion could be identified. Plates
were incubated at 22 °C with 12 h photoperiod for 3 days

to allow fungal growth from any contaminated seed.
After 3 days, fungal growth was visible around contam-
inated seed and asexual fruiting bodies (pycnidia) were
present on some seed (Fig. 1c and d). To confirm that
colonies were indeed L. maculans, the Internal
Transcribed Spacer region of ribosomal DNA was am-
plified by PCR as described previously (Van de Wouw
et al. 2008) and sequenced.

Since canola seed can be stored for up to 12 months
prior to export from Australia, we determined whether
the viability of L. maculans on seed would change over
this time period. At the time of harvest and again at 1, 3,
6, 9 and 12 months post-harvest, seeds were removed
from pods and examined for L. maculans contamination
as described above. The seed remained in the pods and
were stored in paper bags at room temperature until
assessment.

Effect of seed contamination by blackleg on seed
germination, seedling infection, seedling cankering
and seedling death

Directly after harvest, 10 infected and 10 clean pods

were split open in a laminar flow hood and the total
number of seeds counted. All seeds from each pod were
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then sown into punnets (small rectangular plastic con-
tainers) containing sterile potting mix. One punnet was
used per pod. Punnets were placed in a glasshouse
(20 °C with natural daylight) to allow seeds to germi-
nate. Twelve days after sowing, the numbers of germi-
nated seedlings in each punnet were counted and per-
centage of seed germination determined. Seedlings were
grown to the 3™ leaf stage and the presence of leaf
lesions, seedling cankers and mortality rate were
recorded.

Survival and completion of fungal life cycle
from blackleg contaminated seed

Four plants from each punnet (originating from the same
pod) described above were transplanted into 20 cm di-
ameter pots and grown to maturity in a shade house in
Horsham, Victoria. The first four seedlings from each
punnet were selected, regardless of whether blackleg
infection was detected or not. At maturity these plants
were cut at the crown and the cross-sectional area was
visually assessed for disease severity (percentage black-
ening—0, 10, 20 to 100 %) (Marcroft et al. 2012b). This
experiment was undertaken in the shade house at a time
of the year when canola was not sown in the surround-
ing area and at a location remote from canola crops to
reduce any infection from wind-borne ascospores in the
natural environment.

After assessment, the stems of all the mature plants
were placed in a paddock (field) on bare earth, thus
enabling development of pseudothecia of L. maculans.
In June of the following year the stems were inspected
for the presence of pseudothecia. Sections of the stems
that appeared to have pseudothecia were excised and
attached to the inside of the lid of a petri dish using
Vaseline®. The stems were then moistened to trigger
discharge of ascospores, which were then collected and
cultured on 10 % Campbell’s V8 juice agar. To confirm
that the resultant cultures were indeed L. maculans, the
ITS region was amplified using PCR and sequenced, as
described above.

Survey of pod lesions and disease severity
across Eastern Australia

Brassica napus cultivar ATR-Stingray was sown in 21
field sites across eastern Australia (Fig. 2, Table 1). At
maturity, plants from each site were assessed for both
disease severity at the crown, and pod infection. Twenty
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consecutive plants from a single row within a plot were
removed. To determine the percentage of pod infection,
the number of pods on six of the plants was counted and
the average number of pods per plant was determined.
The number of pods with a lesion was then counted on
all 20 plants. This information was used to calculate the
mean percentage of pods with lesions per plant. The
same 20 plants were assessed for disease severity at the
crown, as described above.

Results

Infected pods result in contaminated seeds
and admixture

Directly after harvest, seeds from ten infected and ten
clean pods were removed from the pod casing and
placed on water agar in the same order as in the pod.
From infected pods, 47 % of seeds were contaminated
(Fig. 3). Furthermore, where seeds were in contact with
the lesion in an infected pod, contamination by
L. maculans was always detected. No contaminated
seeds were detected in any of the clean pods at this time.

Seed contamination was assessed at 1, 3, 6, 9 and
12 months post-harvest. By 9 months, the percentage of
contamination was 22 % suggesting that viability of
L. maculans had reduced over time (Fig. 3). At 3 months
and 9 months, three seeds out 0f 246, and three seeds out
of 224, respectively, from clean pods showed contami-
nation. Taken together, these data suggest that visual
assessment of pods at harvest can be used as an indica-
tion of contaminated seed.

Admixture comprising pod sheaths and stems col-
lected during harvest of seeds had pseudothecia
(Fig. 1b). Ascospores were released when the
pseudothecia were moistened.

Contaminated seeds can lead to infected seedlings,
cankered mature plants and sexual fruiting bodies
on stubble

Directly after harvest, seeds were sown to determine
germination rates and ability for contaminated seed to
lead to infected seedlings. Seeds sown from infected
pods had a lower germination percentage (75.6 %) than
seeds from clean pods (98.2 %). Furthermore, of the 203
seedlings that germinated from infected pods, eight
seedlings (3.9 %) died by the 3™ leaf stage from
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Fig. 2 Location of field sites
where B. napus cultivar

ATR- Stingray was assessed for L.
maculans infected pods. Numbers
refer to locations listed in Table 1

blackleg infection and a further four plants (1.9 %)
displayed blackleg leaf lesions. No blackleg symptoms
were visible on any seedlings grown from seed from the
clean pods (221 seeds in total).

Four seedlings grown from seed of each pod
were grown to maturity and assessed for disease
severity as well as plant mortality. Plants grown
from the seed originating from infected pods had
an average stem canker disease severity score of
26 %, with seven of the 40 plants having scores>
90 %. Furthermore, five of the 40 plants (12.5 %)
grown from seed originating from infected pods
died. In contrast, plants grown from the seed orig-
inating from clean pods had a very low average
disease severity score (0.5 %) with two of the 40
plants having a disease severity score of 10 %. No
plants died.

Stems of all forty plants were placed on bare earth
over the summer. Two stems from plants originating
from infected seed produced sexual fruiting bodies and
ascospores were captured when stems were moistened.

Taken together, these data show that contaminated
seed can result in infected seedlings, stem cankers in
mature plants and sexual reproduction on stubble. Thus
L. maculans can complete its life cycle from contami-
nated seed and on admixture.

South Australia

New South Wales

Pod infection is not specific to crops in particular
regions of south eastern Australia

A three-year survey of levels of pod infection
across 21 field sites in south eastern Australia
(Table 1) sown to cultivar ATR-Stingray was con-
ducted. In 2013, the percentage of pods infected
with blackleg ranged from 0 % on plants at four
sites to 41 % at Mt Hope, South Australia. In
2014, the percentage of pods infected with black-
leg was much lower, ranging from 0 % at 18 sites
to 9 % at Mt Hope. In 2015, the percentage of
pod infection was low in NSW and Vic (ranging
from 0—4 %) but higher in SA (ranging from 0 to
23 %). Plants at 15 sites had blackleg pod infec-
tions in 2013, but no pod infections in 2014. In
both 2014 and 2015, no pod infection was detect-
ed in any Victorian sites. The only site that had
pod infection every year was Mt Hope in SA.
Plants at Mt Hope had 41 % pod infection in
2013 and this decreased to 9 % in 2014 while plants
at Lockhart and Kaniva had 11 % and 15 %, re-
spectively, in 2013 and no infection in 2014. These
changes in pod infection are possibly due to envi-
ronmental factors such as rainfall events during pod
set (August-October). Mt Hope, Lockhart and
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Table 1 Percentage of blackleg infected pods and stem canker disease severity in Brassica napus cultivar ATR- Stingray across south

eastern Australian sites in 2013, 2014 and 2015

State Site® 2013 2014 2015°
Disease Blackleg infected Disease Blackleg infected Disease Blackleg infected
severity (%) pods (%) severity (%) pods (%) severity (%) pods (%)
New South Wales Beckom (1) 24 8 22 0 17 0
Cootamundra (2) 8 1 11 0 7 4
Cudal (3) 55 0 0 0 21 3
Gerogery (4) 3 0 3 2 4 0
Grenfell (5) 5 0 9 0 32 0
Lockhart (6) 14 10 9 0 39 0
Parkes (7) 36 1 8 0 42 0
South Australia  Arthurton (8) 5 10 2 0 0 6
Bordertown (9) 3 11 2 0 5 0
Mt Hope (10) 7 41 6 9 5 23
Riverton (11) 1 8 4 0 2 18
Spalding (12) 4 3 0 0 0 0
Turretfield (13) 11 6 13 2 3 3
Victoria Charlton (14) 0 3 0 0 - -
Diggora (15) 3 3 1 0 5 0
Hamilton (16) 4 1 0 0 0 0
Kaniva (17) 14 15 0 0 10 0
Minyip (18) 7 2 0 0 7 0
Streatham (19) 8 1 0 0 9 0
Wunghnu (20) 20 1 10 0 3 0
Yarrawonga (21) 10 0 18 0 13 0

#Numbers in parentheses refer to site location in Fig. 2

®_refers to site where data not collected

Kaniva had 130, 109 and 141 mm of rain, respec-
tively, during pod set in 2013; whereas in 2014,

Fig. 3 The percentage of
contaminated seeds detected from
L. maculans infected pods (black
bars) and clean pods (white bars)
at several times after pods were
removed from plants. Error bars
represent the standard error from
ten pods
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only 31, 54 and 47 mm of rain, respectively
(Australian Bureau of Meteorology).
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Pod infection is not correlated with disease severity

Aswell as pod infection, stem canker disease severity of
B. napus cultivar ATR- Stingray was assessed at the
sites described above in 2013 (Table 1). Disease severity
scores ranged from 0 to 55 % across all sites. The
percentage of blackleg infected pods was plotted against
disease severity and the linear regression calculated
(Fig. 4). A R? value of 0.0215 was obtained suggesting
there was no correlation between the presence of pod
lesions and stem canker disease severity.

Discussion

Leptosphaeria maculans has spread into all canola
growing regions except China (Fitt et al. 2008). An
epidemic in China may occur if contaminated seeds
and/or admixture fall from trucks during movement of
seed from the ports through agricultural areas where
canola is grown. Currently trade restrictions are in place
preventing import of canola seeds into China from
Australian ports including Wallaroo and Port Adelaide,
South Australia and Albany, Western Australia, due to
high intensity of canola cropping in those surrounding
areas and the high levels of seed infection as determined
by AQSIQ. Our data collected in three years—2013,
where rainfall was high during pod set, and 2014 and
2015 where rainfall was low, suggest that pod infection
and subsequent seed contamination may depend on
seasonal rainfall, rather than intensity of canola
cropping or levels of canker disease severity. Our data
suggest that restrictions on certain Australian ports may

Disease severity (%)

not be an effective measure for minimising export of
contaminated seed.

We have shown that contaminated seed can lead to
infected seedlings when grown in glasshouses. This is
consistent with findings in Western Australia and
Canada where contaminated seed was sown into fields
and the resultant seedlings developed blackleg lesions
and resultant mature plants had stem cankers (Wood and
Barbetti 1977; Chigogora and Hall 1995). These exper-
iments had been carried out to investigate the impact of
contaminated seed leading to new infections in
neighbouring fields. In the current study we have been
interested in whether contaminated seed can lead to an
epidemic in a country or geographic region where
L. maculans has not previously been reported. For this
to occur, the fungus must undergo the sexual cycle. Our
data show that cankered plants grown from contaminat-
ed seed can lead to the production of sexual fruiting
bodies and therefore L. maculans can complete its life
cycle. Furthermore, admixture can also lead to the
production of sexual fruiting bodies. As mentioned
previously, Fitt et al. (2008) modelled the probability
and spread of a blackleg epidemic in China with the
assumption that contaminated seed and/or admixture
could lead to the release of ascospores. Our data support
these assumptions.

Previously Chigogora and Hall (1995) showed a
correlation between the severity of stem cankers and
pod infection. This is inconsistent with our findings.
We assessed both stem canker severity and pod
infection on individual plants while Chigogora and
Hall (1995) looked at entire plots, which could explain
the difference in results. Our data suggest that pod
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infection is likely to result from spores released as a
result of rainfall during the podding growth stage, rather
than from growth up the plant from the stem canker into
the pods. It is not known whether the spores causing this
infection are ascospores or pycnidiospores.

Whether L. maculans is growing on the surface of the
seed only or whether it can infect the seed as well is
unknown. In the current study, six seeds from 470
(1.3 %) collected from clean pods were contaminated
with L. maculans. This suggests that the fungus might
have entered the seed pod but not caused a lesion. Our
data show that the viability of L. maculans decreases
dramatically over a 9 month time-frame following har-
vest. This is relevant as seed is often stored prior to
export. Therefore, decreases in the viability of
L. maculans on contaminated seed decreases the risk
of an epidemic after export. In the current study, seeds
were maintained in the pod and therefore protected from
the environment. If the seeds were not maintained with-
in the pod, the viability may have decreased even
further.
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