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This study used a versatile temperature-control device to assess the effect of temperature (12–40°C) and duration (2–

12 weeks) of flooding on the survival of Leptosphaeria spp. in canola (Brassica napus) stubble. Canola basal stems

with blackleg symptoms were submerged in water in small glass jars containing 20 cm3 soil on a thermogradient plate

capable of simultaneously maintaining up to 96 independent temperature regimes. Flooded stems were sampled at

2-week intervals, surface-sterilized, and incubated on V8-juice agar for 10 days to recover the pathogen. Flooding for

2 weeks substantially reduced pathogen recovery relative to non-flooded controls and the pathogen was not recovered

after 6 weeks of flooding, irrespective of temperature. The pathogen was eliminated slightly more rapidly at flooding

temperatures >20°C than at 12–16°C. There was no difference between Leptosphaeria maculans and L. biglobosa in

their ability to survive flooding. Stem tissues degraded most rapidly during the first 2 weeks of flooding, corresponding

to a quick decline in pathogen survival during the same period. These results indicate that a paddy rice crop following

winter rapeseed may minimize the impact of blackleg by eradicating the inoculum of Leptosphaeria spp. in stubble.
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Introduction

Blackleg disease, caused by Leptosphaeria maculans and
L. biglobosa, is a serious constraint to canola (also
known as oilseed rape or rapeseed) production in many
countries (West et al., 2001; Fitt et al., 2008), including
Australia, Canada and most of Europe. However, in
China, the disease is reportedly caused only by L. biglob-
osa, a less aggressive pathogen species (Fitt et al., 2006).
Worldwide, the two species coexist in many regions,
with L. maculans typically causing cortical infection near
the base of the stem (basal stem canker) and L. biglob-
osa resulting in more superficial stem lesions or pith
damage (Johnson & Lewis, 1994). In western Canada,
both species may be found in association with basal-stem
canker symptoms, with L. biglobosa at lower frequencies
(Dilmaghani et al., 2009). Often, canola crops infected
by L. biglobosa can still be harvested with minimal yield
losses under most growing conditions (Fitt et al., 2006).
The difference in distribution and prevalence of the two
Leptosphaeria spp. may be attributed to variation in cli-
mate, cultivar choice, cropping system, disease manage-
ment practices, or interactions of all these factors (West
et al., 2001).
Leptosphaeria species do not survive in the soil (West

et al., 2001) but can reside for many years in infected

crop residue in the field or on canola seed (Bailey et al.,
2003). There is concern in China about the potential
introduction of L. maculans and its impact on oilseed
rape production in the country (Chen et al., 2010). In
China, the production of oilseed rape is concentrated in
several eastern and central provinces along the Yangtze
River (Fitt et al., 2008). In these areas, winter oilseed
rape is often followed by a paddy rice crop, which is
flooded for several weeks during spring and summer (Wu
et al., 2009) at temperatures ranging from 20 to 33°C
(World Meteorological Organization, 2012). Because of
the relatively warm temperatures and high rainfall during
this period in these regions, cotton and corn may also be
grown following winter oilseed rape. It has not been doc-
umented whether these unique flooding conditions can
affect the survival of L. maculans and L. biglobosa inoc-
ulum, in the form of ascospores (Th€urw€achter et al.,
1999) or pycnidiospores (Ghanbarnia et al., 2011), in
rapeseed residue. If flooding negatively affects these
pathogens, paddy rice may be recommended over other
crops to mitigate the risk of blackleg.
Flooding can negatively affect the survival of plant

pathogens. Moore (1949) found that sclerotia of Scleroti-
nia sclerotiorum decayed completely when flooded for 23
–45 days, but also indicated that such conditions would
not be easily satisfied with normal rainfall in the southern
United States. Wet soil conditions tend to result in greater
degradation of canola residue and this may reduce the
longevity of the pathogen (Baird et al., 1999; West et al.,*E-mail: Gary.Peng@agr.gc.ca
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2001). Conversely, Leptosphaeria spp. survive longer
under dry conditions and flooding of infected canola
stubble, even for relatively short periods, impairs the
pathogen’s ability to produce ascospores (Petrie, 1995).
However, it is not known whether the pathogen is killed,
nor what the optimum conditions to eliminate the patho-
gen are. Therefore, the objectives of this study were to: (i)
assess the effect of flooding duration and optimum water
temperature on survival of Leptosphaeria spp. in canola
stubble under controlled conditions; (ii) identify the opti-
mal range of temperature regimes during flooding for
pathogen eradication; and (iii) assess potential differences
in survival between the Leptosphaeria species.

Materials and methods

Plant and fungal collection

Thousands of canola basal stems with blackleg symptoms were
collected from a plot of spring canola cv. Westar (susceptible)

on the AAFC Research Farm near Melfort, Saskatchewan, Can-

ada after the 2011 harvest, dried at room temperature for a
month, and cut into c. 2-cm pieces. Only those with >50% dis-

eased area on the cross-section at both ends were used for the

study. Two diseased stem pieces were wrapped in a nylon pouch

(Fig. 1a) and tied with a colour-coded string for easy sample
identification during flooding treatments. To estimate stem deg-

radation, additional stem pieces of random sizes were oven-dried

at 60°C for 3 days to remove moisture, and 1-g samples (dry

weight; DW) placed in pouches tied with a string of a different
colour (Fig. 1a). A total of six pouches of each stem-piece type

were placed in a 100-mL glass jar (a replicate) containing

20 cm3 field soil, and then ‘flooded’ with 50 mL tap water
(Fig. 1b). Jars with flooded stem pieces were placed in the wells

of a custom-made thermogradient plate (TGP; Fig. 2).

The TGP is capable of simultaneously maintaining 96 dif-

ferent diurnal temperature cycles in individual cells (11�2 9

12�0 cm: diameter 9 depth) during a 24-h period (McLaughlin

et al., 1985). Each cell can operate at a constant temperature

or diurnal temperature cycles. In the latter case, cell tempera-

tures would decrease in 12 steps from maximum to minimum
and then increase gradually to maximum within a 24-h cycle.

The temperature control was monitored for a week prior to

the trial, and deviations in all cells were < �1°C. A 14-h light
period was provided with cool white fluorescent tubes during

‘daytimes’, and the in-cell light intensity was 62 lmol

m�2 s�1. The temperature in all cells was monitored through-

out the trial.

Effect of flooding under constant temperature
conditions

Initially, eight constant temperatures: 12, 16, 20, 24, 28, 32, 36
and 40°C, were used to represent common and extreme temper-

ature conditions in paddy rice production areas and diseased

stem pieces were flooded for up to 12 weeks. One pouch of dis-

eased stem pieces was removed from each jar biweekly for the
assessment of pathogen survival. The pouch was rinsed with tap

water for about 1 min to remove soil, and stem pieces then cut

into c. 2- 9 5-mm sections. The sections were surface-sterilized

by placing in 70% ethanol for 5 s and 0�6% NaOCl for 60 s,
then rinsed twice with sterilized water amended with lactic acid

(1-mL 85% acid/L) to discourage bacterial growth. The surface-

sterilized stem sections were dried on autoclaved paper towel
for c. 1 h in a laminar flow hood, and 25 sections placed on V8

juice agar (200 mL V8 juice, 0�75 g CaCO3, 15 g Difco agar in

1 L water) in a 9-cm Petri dish to form an experimental unit.

The agar was amended with 100 ppm streptomycin and 1%
Triton X-100 (Terochem) to reduce bacterial contamination and

slow the growth rate of fungal colonies (Peng & Sutton, 1991)

recovered from the stem pieces. The plates were sealed with

Parafilm and incubated at 22°C under fluorescent light with a
12-h photoperiod. Pathogen survival was assessed based on the

recovery of Leptosphaeria spp. from flood-treated stem pieces

under a stereomicroscope; fungal colonies with pycnidia of

Phoma lingam or pseudothecia of a Leptosphaeria sp. were con-
sidered positive identification of a blackleg pathogen. Non-

flooded stem pieces, kept in paper bags at 20°C in darkness,

were processed using the same surface-sterilization and isolation
protocol described above as controls. The incidence of pathogen

(a) (b)

Figure 1 Pouches (a) of canola stubble pieces ‘flooded’ with 50 mL tap water in a 100-mL glass jar containing 20 cm3 field soil (b).

Figure 2 A thermogradient plate unit with 96 independently

temperature-controlled wells.
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recovery from the 25 stem sections incubated in a Petri plate

(experimental unit) was calculated as the pathogen isolation fre-
quency to represent pathogen survival.

A parallel study was conducted simultaneously under the

same constant temperature conditions to assess the impact of

flooding on degradation of stem tissues. At each of the 2-week
sampling intervals for 12 weeks, a separate pouch of stem pieces

(1 g DW) was removed and rinsed with tap water for 1 min.

The flood-treated stem pieces were then transferred to small alu-
minium trays (7 9 2 cm: diameter 9 depth) and placed in an

oven at 60°C for 3 days to dry. Pouches containing 1 g of stem

pieces dried at 60°C for 2 days prior to the trial but not

exposed to flooding were used as controls and dried with treated
samples under the same conditions. Immediately after drying,

the DW of the stem pieces from each individual pouch was

recorded.

Effect of flooding under variable temperature
conditions

To further determine the reaction of Leptosphaeria spp. to vari-

able flooding temperatures, diurnal temperature cycles were pro-
grammed on the TGP, based on the results from the constant-

temperature trial. Four temperature regimes, i.e. 4/12, 12/20,

20/28 and 28/36°C, were used to represent common and
extreme minimum/maximum temperature conditions in eastern

and central China during spring and summer. The temperatures

in each cell decreased in 12 steps from maximum to minimum

and then increased gradually to the maximum within a 24-h
cycle. This pattern of temperature change was intended to

mimic daily temperature fluctuation in the natural environment.

The temperature control was monitored throughout the trial

and other conditions on TGP were the same as in the constant-
temperature trial. To assess pathogen survival under flooding,

replicated pouches of diseased stem pieces under varying temper-

ature regimes were sampled at 1, 2, 4, 6 and 8 weeks after
flooding, and processed similarly as described above to estimate

pathogen survival. Non-flooded diseased stem pieces were used

as controls.

Characterization of Leptosphaeria spp. isolates from
flood-treated stem pieces

To determine the fungal species isolated from flood-treated stem

tissues, cultures grown on V8-juice agar for 2 weeks were
flooded with water and scrubbed with a bent glass rod to dis-

lodge the pycnidiospores. The concentration of the spore suspen-

sion was estimated using a haemocytometer and adjusted to

2 9 107 mL�1. Canola cv. Westar, which has no known major
resistance genes to L. maculans, was sown in a soilless planting

mix (one part sand to 12 parts of a 1:2 sphagnum peat moss:

vermiculite mixture amended with 1% (w/v) of 16-8-12 (N-P-K)
and 0�2% of 0-20-0 controlled-release fertilizers) in 12-pack

multiport seeding flats. At 7 days after planting, each cotyledon

was wounded with a pipette tip and inoculated with 10 lL of

pycnidiospore suspension of each isolate. As controls, additional
plants were wounded and received a 10-lL droplet of sterile dis-

tilled water. Disease severity was assessed using a 0–9 scale

(Williams, 1985) at 12 days after inoculation (El Hadrami et al.,
2010). Cotyledons of four plants were inoculated with each iso-
late and an average severity of 5 or greater indicated a virulent

L. maculans isolate.
The results of the cotyledon assay were verified by confirming

L. maculans isolates using a polymerase chain reaction (PCR)

in a 25-lL reaction volume containing 4 ng DNA, 19 thermo-

pol reaction buffer, 200 lM dNTP, 0�2 lM L. maculans species-
specific forward and reverse primers (Mahuku et al., 1996), 1�0
U long amplification Taq DNA polymerase and 15 lL nucle-

ase-free sterile water (Applied Biosystems) in a 200-lL PCR

tube. PCR amplification used the following thermal cycling
parameters: initial denaturation at 95°C for 2 min, followed by

38 cycles of 95°C for 1 min, annealing at 58°C for 1 min, elon-

gation at 72°C for 1 min and a final extension at 72°C for
10 min. PCR products were visualized on 1% (w/v) agarose

gels (ABI) stained with GelGreen (0�05 lg mL�1) after electro-

phoresis in 1 9 TAE (tris–acetic acid–ethylenediamine tetraace-

tic acid, pH 8�0) buffer at 100V for 45 min for a single-banded
diagnostic amplicon corresponding to the molecular size

(377 bp) of L. maculans (Kaczmarek et al., 2009).

Data analysis

All experiments used a completely randomized design (CRD)
with four replicates, and were conducted twice. SAS v.9.1 was

used for statistical analysis. Data on the isolation frequency of

pathogen and stem-tissue degradation from repeated trials

showed homogeneity of virulence (P = 0�5187–0�5242) based on
the Bartlett test, and were therefore pooled prior to analyses.

Logarithm transformation was used to improve the normality of

incidence data. Effects of flooding temperature, duration and

their interaction on pathogen isolation frequency were deter-
mined based on analysis of variance (ANOVA). Means were com-

pared using the LSD test when treatment effects were significant

(P � 0�05). When the interaction between flooding temperature

and duration was significant, CONTRAST was used to compare the
effect of flooding temperature over several ranges. Non-trans-

formed data were used in results.

Results

Effect of flooding under constant temperature
conditions

Throughout the trial period, temperature deviations in
all cells were < �1°C at any time and in general, devia-
tions were corrected automatically within minutes. Under
all temperature conditions, there was a significant reduc-
tion in the frequency of pathogen isolation from diseased
stem pieces relative to non-flooded controls. After only
2 weeks of flooding, pathogen isolation was reduced sub-
stantially (Fig. 3). Although the pathogen was still recov-
ered from some of the stem pieces after 4 weeks, it was
generally at a low frequency and only at lower tempera-
tures (12 and 16°C). After 6 weeks, the pathogen was no
longer isolated, irrespective of temperature. In general,
the temperature during flooding affected pathogen recov-
ery, while flooding duration or its interaction with tem-
perature had no impact (Table 1).
In all flooding temperature and duration treatments,

there was a significant decrease in stem tissue DW rela-
tive to non-flooded controls (ANOVA, P < 0�0001). The
reduction of DW was most rapid during the initial
2 weeks of flooding for most of the temperatures tested
(Fig. 4), and the decreasing trend was less substantial in
subsequent weeks, except under 36°C (P = 0�05) which
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resulted in the maximum DW reduction. Flooding dura-
tion and its interaction with temperature also affected
degradation (ANOVA, P < 0�0001), which, at longer flood-
ing durations, was highest at 36°C (CONTRAST, P = 0�05).

Effect of flooding under variable temperature
conditions

The pattern of pathogen isolation frequency from dis-
eased stem pieces flooded under variable temperature
regimes was similar to that under constant temperature
conditions, except that the pathogen was no longer
recovered after 3 weeks, regardless of temperature
(Fig. 5). Pseudothecia were observed only occasionally
on non-flooded stem tissues. Temperature and its interac-
tion with flooding duration influenced pathogen recovery
(Table 1), but flooding duration longer than 4 weeks
generally killed the pathogen (P = 0�1968). With 1 week
of flooding, pathogen isolation frequency was slightly
higher in the cold temperature regime (4/12°C) than at
warm (20/28°C) and hot (28/36°C) temperatures (CON-

TRAST, P � 0�05).

Differentiation of Leptosphaeria spp. isolated from
flood-treated stem tissues

Only six Leptosphaeria spp. isolates were recovered from
flooded canola stem samples during the entire study.
They were tested, along with an additional four isolates
recovered from non-flooded stem tissues, on cotyledons
of cv. Westar. Seven of these isolates, including four
from flooded samples, were highly aggressive and caused
the death of all inoculated cotyledons 12 days after treat-
ment. The remaining three isolates (possibly L. biglob-
osa) showed relatively low aggressiveness, with an
average disease severity >5. Leptosphaeria maculans spe-
cies-specific primers amplified the DNA of those isolates
that caused severe infection on Westar with a visible

band at about 380 bp, but not that of other isolates
which caused little infection on cotyledons.

Discussion

This study demonstrates that flooding rapidly reduces the
survival of the blackleg pathogen in canola stubble. Both
L. maculans and L. biglobosa may be eliminated after
6 weeks under a wide range of flooding-temperature con-
ditions. This disease is generally monocyclic (Hall,
1992); the early infection of cotyledons by ascospores or

Table 1 Summary of statistical analysis – effect of flooding

temperature and duration on survival of blackleg pathogens

(Leptosphaeria spp.) in canola stubble

Factors

Constant T Variable T

d.f. P-value d.f. P-value

Temperature (T) 8 <0�0001 4 <0�0001
Duration (D) 5 0�6999 4 0�1968
T 9 D 40 0�9999 16 <0�0001
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stubble flooded under constant temperature conditions for 0–
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conidia from rapeseed residues (Huang et al., 2007;
Khangura et al., 2007; Ghanbarnia et al., 2009, 2011)
tends to cause the most severe symptoms and crop yield
losses (Khangura & Barbetti, 2002). Suppression or elim-
ination of the initial inoculum reduces the incidence of
early infection and consequently alleviates the disease
impact. Throughout this study, pseudothecia or pycnidia
were never observed on any of the treated stem tissues.
A previous study also found that ascospore production
by L. maculans was reduced substantially after only
1 day of flooding of infested stubble (Petrie, 1995).
Taken together, it is clear that flooding in paddy rice
fields could be detrimental to L. maculans or L. biglob-
osa.
The idea of using flooding to eliminate plant pathogen

inoculum is not new. Moore (1949) assessed flooding as
a means to destroy sclerotia of S. sclerotiorum and found
that sclerotia decayed in submerged soils after
4–6 weeks. Stover (1954) reported up to 85% eradica-
tion of Fusarium oxysporium f. sp. cubense inoculum
after c. 6 weeks of flooding. These fungal pathogens pro-
duce resistant structures such as sclerotia and chlamy-
dospores that can survive for years under natural soil
conditions. In contrast, the blackleg pathogen colonizes
rapeseed stubble in the form of mycelium, pseudothecia
and pycnidia (Hall, 1992), structures less tolerant of
adverse conditions than are sclerotia or chlamydospores.
Therefore, it was not surprising that, in the current
study, the blackleg pathogen was largely eliminated after
4 weeks of flooding. Flooding temperature also affected
the survival of F. oxysporium f. sp. cubense; at 13°C, the
pathogen survived 10–20 times longer than at 24–36°C
(Stover, 1954). Although pathogen isolation frequency
was higher on stem tissues flooded under cool tempera-
tures (12°C constant or 4/12°C variable) than at >20°C
constant temperature or >20/28°C variable temperatures
after 1–2 weeks, all treatments reduced pathogen inci-
dence by more than 80% relative to non-flooded con-
trols. This indicated that flooding rapidly inactivates
blackleg pathogens in canola stubble at a wide range of
temperatures.
The DW data indicated rapid degradation of flooded

canola stem tissues. Although the process was affected
by temperature and flooding duration, as implied in
other studies (Baird et al., 1999; West et al., 2001), the
rate of decomposition (reduction in DW) was quickest
during the first 2 weeks of flooding. This rapid stem-tis-
sue degradation coincided with the low pathogen recov-
ery observed after 2 weeks of flooding, implying the two
events are related. In dry summers or cold winters,
blackleg pathogens remained viable in canola residues
for many years in western Australia (Khangura & Barb-
etti, 2002) and intact debris continues to support
L. maculans. Conversely, in an environment where wet
soils are prevalent and the debris is decomposed more,
the pathogen is less capable of producing inoculum
(Baird et al., 1999). Based on the present data, degrada-
tion of rapeseed stubble would be expected to occur rap-
idly in most paddy rice fields under a range of

temperature conditions, especially during the hot summer
season. Thus, the probability of the pathogen surviving
and producing ascospores for the winter rapeseed crop
would be low.
The present study also indicates that flooding tempera-

ture is a factor contributing to pathogen mortality;
higher temperatures tend to eliminate the pathogen in
canola stem tissues more rapidly. Variable temperatures
were used to mimic the pattern of daily temperature
change under natural conditions, and the effect was simi-
lar to that of constant temperatures, with extremely low
pathogen survival after 1 week of flooding at 20/28°C
and 28/36°C. This reinforces the view that higher flood-
ing temperatures eliminate the blackleg pathogen in
canola residues more effectively than lower temperatures.
In the regions of China where paddy rice often follows
winter rapeseed, the average low and high temperatures
during late spring and summer range from 20 to 25°C
and 28 to 33°C, respectively (World Meteorological
Organization, 2012). Based on the present results, these
temperatures during flooding are optimal for degradation
of rapeseed stubble and inactivation of blackleg pathogen
inoculum. Therefore, if blackleg disease is a concern in
any of these areas, crop rotation with paddy rice should
be recommended over a dry-land crop following winter
rapeseed to reduce pathogen inoculum. In contrast,
flooding duration appears to be a less important factor
for pathogen survival, because there was little recovery
of the pathogen from flood-treated stem tissues after
4 weeks. Petrie (1995) pointed out that a flooding dura-
tion of less than 6 days might still allow the blackleg
pathogen to resume inoculum production on stubble. In
this present study, pseudothecia or pycnidia were not
observed on stem tissues after more than 1 week of
flooding. This result possibly implies that the conditions
in paddy rice fields are sufficient to prevent L. maculans
or L. biglobosa from producing ascospores or pycni-
diospores as initial inoculum, probably contributing to
reduced blackleg severity on rapeseed (Lô-Pelzer et al.,
2009).
The research by Baird et al. (1999) showed that the

thickness of stem tissue affects rate of decomposition;
thicker stubble remains intact for a longer time and thus
may allow longer survival of the blackleg pathogen. Cau-
tion should be exercised when extrapolating the data
because diseased stem tissues used in the current study
were from spring canola, which can be thinner than
those of typical winter rapeseed plants because of a
much shorter growing season (West et al., 2001). To ver-
ify this, infested stubble from winter rapeseed could be
tested under similar conditions. Additionally, although
the thermogradient plate provided reliable temperature
control for the current experiments, field trials in winter
rapeseed/paddy rice versus dry-land crop rotations would
provide invaluable validation. In some cases, light tillage
may be used to help break up stubble of winter rapeseed
to make the flooding more effective at degrading smaller
residue pieces (Baird et al., 1999). Throughout the study,
non-flooded stem sections generally did not show 100%
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pathogen recovery and sometimes the isolation rate was
even below 50%. This may have been the result of the
use of stem tissues that were not fully colonized by the
pathogen. This shortcoming was alleviated somewhat by
selecting more severely diseased stem tissues in later tri-
als.
Because of the extremely low recovery of Leptosphae-

ria isolates from flood-treated stem samples, the results
were inconclusive in terms of relative survival between
L. biglobosa and L. maculans under these flooding con-
ditions. In an earlier study, however, both species were
found coexisting in diseased canola cv. Westar stems in
western Canada (Dilmaghani et al., 2009). Furthermore,
testing of 334 basal stem canker samples from 2010
commercial canola fields in western Canada using a mul-
tiplex PCR method by the Canadian Food Inspection
Agency indicated an approximate ratio of 3:1 for
L. maculans (62) and L. biglobosa (199) (unpublished
internal report). It is highly possible that both species
were present in the stem samples used in the current
study. The observation that none of the samples pro-
duced any Leptosphaeria sp. colony after 6 weeks of
flooding indicates that the treatment is possibly effective
against both L. maculans and L. biglobosa. Planting
paddy rice after winter rapeseed should also reduce the
survival of L. biglobosa, which causes sporadic blackleg
problems on certain rapeseed cultivars in China (Fitt
et al., 2008; Chen et al., 2010). However, the flooding
treatment did not reduce the aggressiveness of L. macu-
lans relative to isolates from non-flooded tissues (data
not shown); all L. maculans isolates caused severe infec-
tion on cv. Westar. Flooding can cause rapid disintegra-
tion of canola stubble and limit the survival of both
L. maculans and L. biglobosa. Although this information
may be relevant to parts of the Canadian prairies where
spring flooding is also frequent, especially along the Red
River valley of Manitoba, it provides direct support for
the use of paddy rice in rotation with winter rapeseed in
areas where blackleg is a problem and paddy rice is an
option to reduce the initial pathogen inoculum and dis-
ease impact. Conditions in paddy rice fields (extensive
periods of flooding at temperatures >20°C) are generally
conducive for eliminating most pathogen inoculum
within a season, thus substantially mitigating the risk of
blackleg disease.
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