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Abstract of a thesis submitted in partial fulfilment of the requirements for the 
Degree of Doctor of Philosophy (Plant Pathology) 

Leptosphaeria diseases of oilseed rape and swede: Identification and Epidemiology 

by 

Suhaizan Lob 

Leptosphaeria maculans and L. biglobosa cause stem canker and dry rot disease on brassica crops. 
Although the disease has been reported to be present in New Zealand brassica cropping areas a 
comprehensive assessment of the causal agent and epidemiology has not been carried out. The aim 
of this study was to determine the causal agent(s) and to investigate the epidemiology under New 
Zealand conditions. Sampling of the disease tissue characteristic to stem canker/dry rot collected 
from different regions revealed that both Leptosphaeria maculans and L. biglobosa are present. 
Leptosphaeria maculans was the predominant species accounting for 97% (n=127) of the colonies 
recovered with the remaining 3% (n=4) identified as L. biglobosa. Initial species identification 
based on colony morphology was confirmed using molecular methods (species-specific PCR and 
sequencing). Leptosphaeria maculans was recovered from both symptomatic oilseed rape (OSR) 
and swede plants. Determination of the mating type ratio from 39 representative isolates of L. 
maculans showed that the population deviated from the expected 1:1 mating type ratio, being 5:1 
ratio (MAT1-1:MAT1-2), with differences between regions. The previously sequenced avirulence 
alleles Avr1, Avr6, and Avr4-7 were present in the L. maculans with Avr6 being the most common 
and amplified from all 39 isolates. The most common allele structure was a single Avr6 (n=20), 
followed by multiple avirulence alleles Avr1, 6 (n=3), Avr1, Avr6, 4-7 (n=12), and Avr4-7, 6 (n=4). 

Pathogenicity tests using conidial suspensions of different L. maculans isolates showed that this 
species is pathogenic on both OSR and swede, with no correlation between pathogenicity and crop 
origin observed. Leaf lesions which developed on the L. maculans inoculated seedlings were 
characteristic of the reported symptoms being pale grey lesions with abundant pycnidia. 
Leptosphaeria maculans progressed systemically from the leaf lesions into the petiole and the 
adjoining stem to cause stem lesions. Stem lesions were first observed 42 day-post inoculation 
(dpi) on OSR and swede in the greenhouse experiments. The systemic progression was verified by 
isolation of the pathogen from the symptomless petiole and stem of inoculated plants, and also 
from the observation of fungal hyphae in the same tissue under fluorescent microscopy. At 65 dpi, 
some of the inoculated OSR and swede plants were killed. Swede was more susceptible than OSR, 
regardless of the tolerance ranking of cultivars. Mating type did not influence disease development 
in either OSR or swede. Although L. biglobosa was also pathogenic on OSR and swede, 
developing characteristic leaf lesions, stem/tuber lesions did not develop on inoculated plants after 
65 dpi.  

Stem cankers developed both from systemic infection following leaf inoculation and also from 
direct conidial inoculation of the stem at the six-leaf stage for both swede and OSR. Symptom 
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expression resulting from direct infection was more severe on swede compared to OSR. Mature 
leaves of seven month old swede plants were not susceptible to either ascospore or conidial 
infection and dry rot symptoms did not develop on the bulbs indicating no systemic progression. 
Direct inoculation of mature swede bulbs with either ascospores or conidia resulted in the 
development of dry rot symptoms. Symptoms developed four weeks earlier with ascospore 
inoculation compared with conidia.    

Spore trapping conducted in 2012-2013 using a 7-day Burkard and Rotorod spore sampler trapped 
ascospores of L. maculans/L. biglobosa in the field. Ascospores of both species were confirmed by 
nested-PCR using species-specific primers of the DNA extracted from the melinex tape, and 
showed that ascospores from both species were released concurrently. In field experiments, the 
effects of different stubble management practices on disease development in OSR were studied in 
two years. In 2012, there was no significant difference (P=0.844) in the disease incidence between 
stubble treatments (in direct drill, slashing and disking plots) and was probably due to cross-
contamination by ascospores between plots. In 2013, the disease incidence in the direct drill 
treatment (72.7%) was significantly higher than in the ploughing (39.3%) and disking treated plots 
(36.0%). Results showed that the development of stem canker in the field resulted from systemic 
progression, with the timing of leaf lesion development coinciding with the timing of ascospore 
release. Systemic progression was verified by isolation of L. maculans from the symptomless 
petiole and stem of the plants which developed leaf lesions.  

The effect of the combination of burial and treatment of the OSR stubble with 5% urea on the 
development of pseudothecia was studied. The results showed that burial stimulated stubble 
degradation, with urea having no significant effect (P=0.234) on stubble weight. The combination 
of urea and burial reduced pseudothecial development with no fruiting bodies recovered from the 
stubble after 17 weeks. Both bacterial and fungal diversity assessed using denaturing gradient gel 
electrophoresis (DGGE) differed across assessment times. The burial treatment affected the carbon 
utilisation profile, analysed using the MicroRespTM system, of the soil microbial community 
associated with the stubble at the April (8 weeks) assessment, but urea application had not effect.  

Overall findings from this study showed that both ascospores and conidia of L. maculans were able 
to cause stem canker/dry rot disease. The disease was initiated by ascospores in the field with the 
high risk period of ascospore release between May-August. The disease can be reduced by 
targeting and eliminating the overwintering inoculum and hence primary spore production. From 
this study, a combination of 5% urea application and burial of the stubble after harvest was 
indicated as a method to reduce inoculum carry over. 
 
Keywords: Leptosphaeria maculans, L. biglobosa, pseudothecia, ascospores, conidia, urea, burial, 
7-day Burkard spore sampler, Rotorod, disease progression, management practices, PCR-DGGE, 
MicroResp. 
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Chapter 1 
General introduction 

 
1.1 Brassicas 
Brassica is a genus of plants in the family Brassicaceae. This genus consists of several important 
and commercially valuable species which are grown worldwide (Pratap & Gupta, 2009). Brassicas 
are cool-season annuals, which are high in protein and highly digestible. The major commercially 
grown species are:- B. rapa (Chinese cabbage and turnip), B. juncea (Indian mustard), B. nigra 
(black mustard), B. oleracea (kale, cabbage, broccoli and cauliflower), B. carinata (Abyssinian 
mustard), B. elongate (elongated mustard), B. fruticulosa (Mediterranean cabbage), B. tournefortii 
(Asian mustard) and B. napus (rapeseed, oilseed rape/canola and swede), which are used to 
produce industrial and edible oils, vegetables for human consumption (Pratap & Gupta, 2009) and 
pasture for animal feed (Murray Kelly, PGG Wrightsons, pers. comm., 2011). Of these, oilseed 
rape (OSR) is increasingly grown in a number of countries for the production of vegetable oil for 
human consumption, animal feed as protein-rich press cake and rapeseed meal produced after 
extraction of the oil for human consumption, and for biodiesel production (http://www.gmo-
safety.eu/science/oilseed-rape/272.cooking-oil-animal-feed-biodiesel.html; Retrieved 11/08/2014). 
From an economic perspective, OSR is the third most important source of vegetable oil after 
soybean and palm oils. It is also the world’s second leading source for protein meal. Increasingly 
OSR is also being planted in large areas worldwide including China, United States, Canada, 
Australia, United Kingdom (UK), other European and Asian countries as a source of biodiesel 
(Fernando et al., 2007). 

 
1.1.1 Brassica industry in New Zealand 
Brassica also play an important role in New Zealand’s economy. New Zealand grows 
approximately 300 000 ha of forage brassica each year (Donkers, 2010) with the significant 
proportion of which is grown in Canterbury, on the East Cost of the South Island (Walker et al., 
2011). About 30-40% of the area grown for the dairy industry while the remaining 60-70% is 
grown for the sheep, beef and deer industries (Dumbleton et al., 2012). These forage brassicas 
include swede, kale, turnips and leaf turnips and are important crops due to their potential as high 
quality forage and their role as feedstock during winter. New Zealand also has approximately 2 500 
ha of OSR (2 000 hectares being autumn-planted and the remaining spring-planted) for the 
production of biodiesel in four main areas, being Manawatu, North and South Canterbury, North 
Otago and Southland (Ashleigh Pace, Biodiesel New Zealand, pers. comm., 2011). Additionally, 
New Zealand also grows vegetable brassicas (cabbage, cauliflower, Chinese cabbage, mustard and 
bokchoy) for seed production and human consumption which is mainly on the Canterbury Plains 
(http://www.southpacificseeds.co.nz/Cabbage.html; Retrieved 12/12/2011). On average, 5 500 
tonnes of brassica seed is produced in New Zealand every year with two thirds of which, valued at 
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$13M, exported to the USA, UK, Asia, Europe and Australia (Zijll de Jong et al., 2010). For 
human consumption, New Zealand produces approximately 92 000 tonnes of vegetable brassicas, 
with value for domestic sales being worth $80 million and a small export market with a value of 
$2.7 million (Controlling a vegetable pest, http://www.plantandfood.co.nz/growingfutures/case-
studies/controlling-vegetable-pest; Retrieved 29/04/2015). The main growing areas for vegetable 
brassicas are throughout the country primarily near major population centres (Beck, 1991).  

 
1.2 Phoma stem canker  
Brassicas are susceptible to a range of diseases of which phoma stem canker or blackleg is one of 
the most important. It has been reported as being widely spread and causes serious losses in many 
regions such as in Europe, Australia and North America (West et al., 2001; Howlett, 2004). It can 
infect a broad range of species and cultivars, including B. juncea, B. rapa, B. nigra, B. oleracea 
and B. napus, and is now considered the most serious disease on winter OSR in the UK (Fitt et al., 
2006a, 2006b). Phoma stem canker has also been reported to cause up to 70% yield loss of 
cauliflower and broccoli in central Mexico (Moreno-Rico et al., 2001). The disease is also able to 
infect brassica weeds such as wild turnip, shepherds purse and hedge mustard (McKenzie & 
Dingley, 1996). 

The disease is caused by fungi from the genus Leptosphaeria (Mendes-Pereira et al., 2003), with 
the main causal species being Leptosphaeria maculans (Desm.) Ces. & De Not. and Leptosphaeria 
biglobosa Shoemaker & Brun. Until recently the L. maculans species complex was divided into 
two groups of isolates based on their pathogenicity to OSR, group A which contained highly 
virulent isolates and group B isolates which were weakly virulent (Williams & Fitt, 1999). Group 
A isolates were found to produce a non-host specific phytotoxin, sirodesmin PL (Tox+) in culture 
filtrate whilst group B did not produce sirodesmin PL (Tox0) (Fitt et al., 2006a). Somda et al. 
(1997) reported in their study that under in vitro conditions, reproducible differences in 
pseudothecial morphology and mating behaviour among the isolates were evident indicating that 
these groups represent two distinct species. Based on these observations and other distinct 
morphological differences, Shoemaker & Brun (2001) reclassified the group B isolates as a new 
species, L. biglobosa, whilst retaining L. maculans for the group A isolates. The two species can be 
distinguished by their pseudothecial morphology (Somda et al., 1997; Shoemaker & Brun, 2001). 
Pseudothecia of L. maculans form closely packed on stem bases with the whole pseudothecium 
exposed and the ostioles remaining open after release of ascospores (Toscano-Underwood et al., 
2003). Pseudothecia of L. biglobosa differed from L. maculans because they were usually found 
scattered on the upper stem, with the pseudothecium buried under the epidermis with only the top 
of the neck exposed. Similar to L. maculans, the ostioles also remained open after ascospore release 
(Toscano-Underwood et al., 2003).  

Both of these pathogens have a world-wide distribution, most probably due to their transmission in 
seed of B. oleracea, B. napus, B. rapa and other brassica species (West et al., 2001). They are 
present on most continents and often co-exist within the same fields, as is the case in Europe 
(France, Germany and Hungary) and North America (West et al., 2001, 2002a). However, in some 

http://www.plantandfood.co.nz/growingfutures/case-studies/controlling-vegetable-pest
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countries such as Australia and the UK only one species (L. maculans) is predominant (West & 
Fitt, 2005). In China, Russia and Poland, L. biglobosa has caused widespread disease on OSR since 
the mid-1990s (Jedryczka et al., 1994; West et al., 2000) resulting in large yield losses. However, 
the main disease causing species can vary within a country, for example Karolewski et al. (2002) 
reported differences in the distribution of Leptosphaeria species in Poland where L. maculans was 
found to infect OSR cropping areas in western Poland and only L. biglobosa was found in eastern 
Poland. In Australia, although both species are present the majority of isolates from infected plants 
were L. maculans (Plummer et al., 1994; West et al., 2001) and this species was the most 
economically important pathogen in the main OSR growing area (West et al., 2001). Differences in 
the Leptosphaeria species distribution within a particular country could be attributed to differences 
in climatic conditions between regions (Toscano-Underwood et al., 2003; Evans et al., 2008) 
especially differences in temperature after onset of leaf spotting (Stonard et al., 2010). Of the two 
species, L. maculans is considered the most important in most countries, since it is associated with 
the damaging stem base canker (West et al., 2001). Currently, L. maculans poses an increasing 
threat to the production of OSR in Asian regions especially in countries where OSR and vegetable 
brassicas are grown annually on a large scale (Fitt et al., 2006a). 

The first report of this pathogen in New Zealand was by Cunningham in 1927. In this study, over 
400 isolates of the anamorph, Phoma lingam (L. maculans) were isolated from swede and turnip 
with dry rot disease symptoms (Cunningham, 1927). Furthermore, in 1957 the sexual stage, L. 
maculans, was also identified in New Zealand (Smith & Sutton, 1964). Recently, a survey carried 
out in 2009/2010 by Dr Ian Harvey (Plantwise) and FAR reported blackleg from all brassica 
growing areas in New Zealand (Richard Chynoweth, FAR, pers. comm., 2011). The survey found 
that the disease was present in approximately 50% of OSR fields, some with over 40% of plants 
infected. However, the identification of the disease was by symptoms only, with identification of 
the causal agent to species level not determined. In addition, seven isolates of L. maculans are held 
in the ICMP culture collection (LandCare Research); however these isolates were collected prior to 
2001, when only L. maculans was recognised. To date, L. biglobosa has not been reported from 
New Zealand. 

 
1.2.1 Symptoms 
In general, Leptosphaeria species infection causes cankers that result in decline and dieback of the 
host plants but the extent of the symptoms vary from one host to another. This is a devastating 
disease of brassicas and is found infecting OSR of different types (winter and spring) and varieties 
(West et al., 2001) in all growing areas. In New Zealand, forage brassica crops are also often 
severely infected. Leptopshaeria species also cause dry rot disease on swede and turnip. 
Characteristic symptoms of L. maculans infection on OSR are large pale lesions with abundant 
pycnidia on leaves (Section 2.3.2, Figure 2.3A) and it is associated with basal stem cankers 
(Section 2.3.2, Figure 2.3B), while L. biglobosa produces small dark lesions with few, if any, 
pycnidia (Section 2.3.2, Figure 2.3C) and is associated with upper stem lesions (Section 2.3.2, 
Figure 2.3D; Toscano-Underwood et al., 2001; West et al., 2001). On swede, L. maculans is 
reported to produce similar leaf lesions as observed on OSR leaves and dry rot lesions on bulbs, 
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which are brown-black, dry and cracked lesions with pycnidia (Section 2.3.2, Figure 2.3E-G; 
http://www.agriseeds.co.nz/downloads/Brassica Diseases.pdf, Retrieved 18/09/2014). To date, 
there is no information in the scientific literature regarding the disease symptoms caused by L. 
biglobosa on swede.  

The symptoms in OSR caused by L. maculans arise from the ascospores released from the previous 
year’s infected stubble. They germinate on leaves and infect through stomata and wounds, causing 
leaf spots, which initially appear as pale grey spots, often turning pale brown and containing many 
pycnidia (Section 2.3.2, Figure 2.3A). The spots can enlarge to 1-2 cm in diameter and eventually 
the centres of the lesions may break or completely fall out, creating holes in the leaves (West et al., 
2001; Brun et al., 1997). Fungal penetration through the leaf laminar to the petiole and along the 
stem results in the formation of a basal stem canker (West et al., 2001). Stem cankers caused by 
this species are light brown in colour and often have distinct dark margins (West et al., 1999). 
Within the stem base lesions, L. maculans colonises the stem cortex, wood and pith tissues (West et 
al., 2002a; Wouw et al., 2008), weakening the stems such that crops can lodge and senesce early, 
with considerable yield loss (West et al., 2001, 2002a; Fitt et al., 2006a). This fungus is also 
reported to be associated with root rot disease in B. napus as it has been isolated from the diseased 
roots of B. napus in the UK (Sosnowski et al., 2001; Evans et al., 2003).  

Leaf lesions caused by L. biglobosa are generally different from those of L. maculans (Brun et al., 
1997; Toscano-Underwood et al., 2001), since they are smaller, have dark margins with light 
brown centres (Section 2.3.2, Figure 2.3C) and contain few, if any, pycnidia which are formed only 
on old leaf lesions (Brun et al., 1997; Toscano-Underwood et al., 2001). The fungus spreads from 
the leaf lamina along to the petiole and into the upper stem where it produces a lesion that is 
usually confined to the stem cortex (West et al., 2002a; Wouw et al., 2008). However, this species 
does not always show external symptoms in stems (West et al., 1999). Both basal stem cankers and 
upper stem lesions caused by these two species may girdle the stem, disrupting water transport, and 
leading to lodging and yield loss (Davies, 1986). Leptosphaeria maculans can also cause a dry rot 
of swede and turnip tubers, forming large brown/black dry cracked lesions. Whether L. biglobosa is 
also able to infect and cause similar symptoms in both crops has not been investigated. 

 
1.2.2 Disease cycle  
Phoma stem canker is generally considered to be a monocyclic disease (Salam et al., 2007). The 
primary inoculum is from pseudothecia containing ascospores which develop on infected stubble 
left in the field after harvest (West et al., 2001). Both L. maculans and L. biglobosa undergo rapid 
sexual recombination as this is an important part of disease cycle which enables the creation of 
genetic diversity within the population to allow the fungus to adapt to new resistance sources and 
for the production of ascospores, which are the primary inoculum (Dilmaghani et al., 2013). Both 
of these fungi exhibit bipolar heterothallism (Shoemaker & Brun, 2001) but most studies have 
focussed on L. maculans. Leptosphaeria maculans has a single mating type (MAT) locus with two 
idiomorphs, MAT1-1 and MAT1-2, which means that two isolates of alternative idiomorphs are 
required for sexual recombination to occur (Fernando et al., 2007). 

http://www.agriseeds.co.nz/downloads/Brassica%20Diseases.pdf
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The different idiomorphs carried by the isolates can be determined using molecular methods. To 
identify the two mating types a multiplex PCR assay is available, which uses primers for each 
mating type. This PCR produces one of two products, either 686 bp indicating the MAT1-1 
idiomorph or 443 bp indicating the MAT1-2 idiomorph (Cozijnsen & Howlett, 2003; Voigt et al., 
2005). Molecular studies in different countries have shown that the frequency and distribution of 
the mating type varies from country to country. Most L. maculans populations analysed for mating 
type diversity have been shown to conform to an approximate 1:1 ratio indicating that regular 
sexual recombination occurs (Gout et al., 2006a; Dilmaghani et al., 2013). In Mexican populations 
from vegetable brassicas (broccoli, cauliflower and cabbage), however, the mating type ratio 
diverged greatly from the typical 1:1 ratio indicating that there was a lack of sexual reproduction in 
that population and greater natural selection for one type (Dilmaghani et al., 2013). The ratio of the 
mating type idiomorphs was 19:9 in Ojocaliente, 19:11 in Agauscalientes, 12:14 in Asientos and 
27:3 in Salamanca, with the MAT1-1 idiomorph being dominant in three out of four regions 
(Dilmaghani et al., 2013). These ratios indicate that random mating does not occur in this 
population and instead there is a high rate of clonal multiplication, which suggests that the sexual 
stage of the L. maculans lifecycle in these Mexican populations is not essential for disease 
epidemics, possibly being associated with the short cropping rotations used. 

In OSR, disease epidemics are initiated in late autumn/winter (Salam et al., 2003) when ascospores 
within the pseudothecia are released after wetting by rain or dew. There are differences in the 
period and timing of ascospore release in different regions but it usually coincides with seedling 
emergence. In Australia, spore release is induced by rainfall events in late autumn/early winter 
(April-June) which coincides with the sowing time of OSR (McGee, 1977). In contrast, in Canada 
and Europe, even though ascospore release starts in autumn, it decreases throughout the long cold 
winter and reaches a peak only after the winter, when the ascospores can infect leaves of new OSR 
crops in spring (Alberta Environmental Centre, 1993; Jedryczka et al., 1999).  

Ascospores can remain viable within pseudothecia in infected OSR stubble for up to 4 years, 
depending on the rate of decomposition of the stubble (Kharbanda & Tewari, 1996). They will 
discharge earlier in regions with higher rainfall compared with dry areas. The optimum temperature 
for development of pseudothecia for both L. maculans and L. biglobosa is between 5 and 20°C, 
with the optimum temperature for pseudothecial maturation being between 15 and 20°C (Naseri et 
al., 2009). However, at temperatures below 10°C pseudothecia of L. maculans mature faster than 
those of L. biglobosa.  

In the field only one or two ascospores of Leptosphaeria species are needed to initiate a lesion 
under optimum temperatures (from 5 to 24°C) and wetness durations, ranging from 8 to 72 h 
(Wood & Barbetti, 1977; Biddulph et al., 1999; Toscano-Underwood et al., 2001).  After dispersal 
to leaves, the ascospores adhere and penetrate the leaf via a wound or leaf stomata then the hyphae 
grow asymptomatically for up to two weeks after penetration (Huang et al., 2005). The fungus then 
necrotrophically colonizes the intercellular spaces between the mesophyll cells (Howlett, 2004) and 
causes the first leaf spot symptoms within a few days (Lô-Pelzer et al., 2009b).  
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The pathogen also produces asexual fruiting bodies (pycnidia) in the leaf lesions (Hammond et al., 
1985). The pycnidia contain conidia, which are considered to be a source of secondary inoculum 
that leads to secondary development of further leaf lesions but not stem lesions (Lô-Pelzer et al., 
2009b). Conidia are spread by rain splash to other leaves on the same plant or to the adjacent plants 
in the same field. This stage of infection occurs mainly during the winter. Nevertheless, conidia are 
not generally considered to affect yield loss because the secondary leaf lesions are minor (Hall, 
1992). Secondary spread by conidia is more common in Australia than in Canada and Europe 
(Thürwächter et al., 1999). Under controlled conditions, conidia were only able to infect wounded 
plant parts (Hammond et al., 1985) and very high concentrations were required to infect older 
leaves (Vanniasingham & Gilligan, 1989).  

From the primary leaf lesions, the fungus grows asymptomatically in the vessels and cortex down 
the petiole (Sexton & Howlett, 2001) during spring. Finally the pathogen will colonize and kill the 
stem cells, producing blackened cankers that contain pycnidia and pseudothecia (Gladders & Musa, 
1980; Hammond et al., 1985; West et al., 2001). Cankers may completely girdle the stem bases 
(Howlett, 2004) killing the plants during summer or immediately before harvest time. Ascospores 
are usually produced in the diseased canker tissue during late summer when two compatible mating 
types are present, and will remain in the stubble after harvest to start the new disease cycle.   
The disease cycle outlined is based mainly on research conducted on OSR, with little research 
having been conducted on swede or turnip. The disease cycle is thought to be similar in these 
crops, however, the main cause of dry rot symptoms in swede or turnip bulbs has been 
hypothesised to be through water splash of conidia produced on leaf lesions infecting through 
cracks which develop on the shoulders of developing bulbs (PGG Wrightsons Seeds, 2009). 
Systemic growth of the pathogen has not been reported for these hosts. 

 
1.2.3 Identification 
Identification of L. maculans and L. biglobosa has mostly depended on morphological criteria of 
spores or colony growth in culture media and disease symptoms on the host plant. However, more 
recently molecular tools have been developed for species identification.  

Under culture conditions, isolates of L. maculans generally have a relatively slow germ tube 
extension from germinating conidia and produce sirodesmin in vitro. They did not produce water-
soluble pigments in liquid culture, and spent culture media have relatively low pH (Koch et al., 
1989). On PDA, L. maculans has small colonies without pigment. When pycnidia are produced on 
mature colonies, the conidia are seen as white and pink spores masses (Kuusk et al., 2002). In 
contrast, isolates of L. biglobosa tend to exhibit more rapid growth and germ tube extension and 
fail to produce sirodesmin in vitro. They produce pigment in liquid culture and increase the pH of 
spent culture media (Koch et al., 1989). When grown on PDA, the colonies were observed to be 
relatively large with yellow or brown pigment.  

The morphology of the pseudothecia and pycnidia produced are difficult to distinguish between 
species. However, pseudothecia and pycnidia of the same species can be differentiated on the basis 
of morphology and colour, as pseudothecia were found to be dark and globose, whereas pycnidia 



7 

 

were brown to black and had longer necks with pink cirri extruding from their ostioles (Mengistu et 
al., 1993). It is difficult to differentiate L. maculans and L. biglobosa based on spore morphology 
since they have very similar looking spores. Ascospores of L. maculans are long, fusoid in shape, 
smooth, brownish with oil-like drops inside (guttules), straight to slightly curved, have large (6-7 
µm) globoid appendages and are 5 septate (Magyar et al., 2006). According to Plummer et al. 
(1994) pseudothecia and ascospores of Australian L. maculans isolates classified as aggressive or 
nonaggressive (A or NA) in a pathogenicity assays were not distinguishable under the microscope, 
with the size and shape of pycnidia being variable between isolates. Even though L. maculans and 
L. biglobosa differ in colony and biochemical characteristics, it is still difficult to identify them to 
species level based on these morphological and biochemical characteristics since these can vary 
between isolates and under different incubation conditions (Morales et al., 1993).  

Molecular methods have been used to identify isolates to species and subspecies level. 
Leptosphaeria maculans was initially divided into two pathotypes (A and B groups or A and NA 
groups), corresponding to the two species L. maculans (A) and L. biglobosa (B or NA), on the 
basis of restriction fragment length polymorphism (RFLP) or random amplified polymorphic DNA 
(RAPD) analysis using primers p14 (5’-GCCGTCTACG-3’) and p17 (5’-GGCATCGGCC-3’) 
(Voigt et al., 2001), in addition to the secretion of sirodesmin PL in culture (Goodwin & Anis, 
1991; Koch et al., 1991; Voigt et al., 1998). Subsequently, the two species were distinguished 
based on differences in the sequence of the internal transcribed spacer (ITS) segments of the rRNA 
gene region and other taxonomically useful genes such as the genes encoding β-tubulin and actin 
(Balesdent et al., 1998; Voigt et al., 2005). The ITS region is useful for the study of taxonomic 
relationships between closely-related organisms because the ITS sequences (ITS1 and ITS2) that 
separate the genes for the 18S, 5.8S and 26S RNAs have changed relatively rapidly through 
evolutionary processes (Hillis & Dixon, 1991). Species-specific primers targeted at the ITS region 
have been developed to distinguish isolates of the two species (Vincenot et al., 2008). Similarly, 
the two species can be distinguished by the size of the PCR fragment generated using primers PN3 
and PN10 which amplify the ITS region (Vincenot et al., 2008). The primer pairs generate a PCR 
fragment sized 555-560 bp for L. maculans and 580-585 bp for L. biglobosa.  

Leptosphaeria biglobosa is a more complex group than L. maculans because it has six different 
subclades (Vincenot et al., 2008; Wouw et al., 2008) while L. maculans has only two subclades, 
‘lepidii’ and ‘brassicae’ (Mendes-Pereira et al., 2003). Leptosphaeria maculans ‘brassicae’ is 
associated with OSR worldwide. Leptosphaeria biglobosa ‘brassicae’ is associated with OSR in 
most countries apart from Australia where ‘brassicae’ is absent, however, L. biglobosa 
‘canadensis’, ‘acciaustralensis’ and ‘australensis’ have been found in Australia and are associated 
with OSR (Vincenot et al., 2008; Wouw et al., 2008). There is no information regarding the 
subclade structure of either L. maculans or L. biglobosa populations in New Zealand.  

 
1.2.4 Control strategies 
Since phoma stem canker is such an important disease of brassicas, including OSR, there is a great 
deal of research being carried out to develop effective and sustainable control strategies. Several 
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methods, which depend on the stage of infection, are already being implemented in OSR cropping 
areas. Aubertot et al. (2006) proposed the concept of integrated avirulence management (IAM) to 
enhance the durability of specific resistance and limit the inoculum size of the fungal pathogen 
through a combination of cultural, physical, chemical and biological disease control practices. 
Since the structure of the pathogen population is affected by variation in climate and agronomic 
practices (Stonard et al., 2010), it is important to take into account all those factors when 
developing a control strategy. 
 
1.2.4.1 Resistant cultivars 
Plants are exposed to a wide variety of microbial pathogens. In response, they express numerous 
defence mechanisms which are usually induced by pathogen attack. Appropriate regulation of 
defence responses is important for plant fitness, as activation of defence responses has deleterious 
effects on plant growth. There are two types of resistance to L. maculans that occur in OSR 
cultivars; 1) quantitative resistance which is also known as race non-specific resistance that usually 
occurs at the adult plant stage, and 2) qualitative resistance which is also known as race-specific 
resistance that occurs from the seedling to adult plant stages (Delourme et al., 2004; Pirie, 2008). 
Numerous studies have been carried out to determine the relationship between these types of 
resistance, however, without conclusive evidence; some studies have found a significant 
relationship whereas more recent studies have suggested that they are under different genetic 
controls (Fernando et al., 2007). 

The first type, quantitative or non-race specific confers partial resistance through the action of 
many genes, each with small effects (Fernando et al., 2007). This type of resistance is much more 
difficult to manipulate than qualitative resistance and only confers partial resistance. However, it is 
more durable than race-specific resistance which can break down after three or four years when 
under high selection pressure (Hayward et al., 2012; Delourme et al., 2006). Quantitative trait loci 
(QTL) have been mapped using the whole genome average interval mapping approach (Raman et 
al., 2012). In OSR cv. Major, three QTLs have been found, one of which is associated with 
seedling resistance and is located in the resistance gene (Rlm1) on the linkage group N7 and the 
other two which are linked with field resistance and are found on the LG12 and LG21 linkage 
groups (Fernando et al., 2007). In a doubled haploid (DH) population derived from a cross between 
cv. Major and cv. Stellar, a total of seven QTLs were identified that were associated with cotyledon 
and stem resistance, with a major locus (LEM1) being involved in cotyledon resistance (Ferreira et 
al., 1995). A major field resistance QTL (LmFr1) was detected in the cross between the cv. Westar 
and cv. Cresor (Dion et al., 1995). In another study a major locus (LmR1) was found to be 
associated with resistance to L. maculans at the cotyledon stage in the cv. Shiralee (Mayerhofer et 
al., 1997). 

The second type, qualitative or race specific resistance can be effective as early as the cotyledon 
stage and occurs as a result of major genes which interact with matching genes in the pathogen, in 
accordance with Flor’s gene-for-gene hypothesis (Fernando et al., 2007; Dilmaghani et al., 2009; 
Wouw et al., 2010b). The fundamental idea of this hypothesis is that for each gene conferring 
resistance (R gene) in the host plant, there is a specific gene for avirulence (Avr gene) present in the 
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pathogen which is recognised by the R gene rendering the pathogen avirulent (Fernando et al., 
2007; Wouw et al., 2010b). These resistance genes are very efficient in controlling the pathogen 
when they are faced with a relatively avirulent population of the fungus. 

The first Avr genes and R genes identified in the L. maculans and B. napus interaction were found 
by Mengistu et al. (1991) during studies on the differential interactions between cultivar and isolate 
pairs in cotyledon infection assays. To date a total of 12 Avr genes (AvrLm1-12) have been 
identified in L. maculans (Wouw et al., 2010b), seven of these genes have been mapped to two 
gene clusters, AvrLm1-2-6 and AvrLm3-4-7-9, on separate chromosomes and three have been 
cloned, AvrLm1, AvrLm6 and AvrLm4-7 (Wouw et al, 2010a).  

The AvrLm1 and AvrLm6 alleles result in avirulence to the resistance genes Rlm1 and Rlm6, 
respectively. It has been reported that there is a genetic linkage between the AvrLm1 and AvrLm6 
avirulence alleles (Wouw et al., 2010a). An Australian study showed that the strong selection 
pressure exerted on the AvrLm1 locus, due to extensive sowing of a cultivar with Rlm1, led to not 
only the rapid increase in the frequency of isolates with virulent avrLm1 alleles but also an increase 
in the virulent avrLm6 allele towards Rlm6 although cultivars with the resistance gene Rlm6 had 
not been sown (Wouw et al., 2009; Rouxel et al., 2003). This finding suggested that the linkage 
and genomic location of AvrLm1 and AvrLm6 may have led to a selective sweep, whereby selection 
at AvrLm1 affected the frequency of avrLm6 alleles through ‘hitchhiking’ (Wouw et al., 2010a). 
However, if the target of the selection pressure in the field is altered, the outcome may change as 
was shown by Brun et al. (2010), who found that repeated sowing of cultivars containing Rlm6 in 
localised field trials led to an increase in avrLm6 isolates and a corresponding increase in isolates 
avirulent at the AvrLm1 locus.  

Another avirulence gene, AvrLm4-7, differs slightly in that it overcomes the resistance conferred by 
two separate R genes, Rlm4 and Rlm7. This is very unusual in that the product produced by 
AvrLm4-7 interacts with two different R proteins and that mutation of a single nucleotide is enough 
to escape Rlm4 mediated recognition of AvrLm4-7 (Parlange et al., 2009). The basis for virulence 
toward Rlm7 is complex and not yet completely understood; it is still unclear whether Rlm4 and 
Rlm7 represent allelic forms of the same resistance gene as these genes are clustered in the same 
linkage group (Delourme et al., 2004). 

The mechanisms by which the Avr genes work is that they code for small protein molecules with 
N-terminal signals known as effectors (Wouw et al., 2010a). Effectors are normally produced by 
the pathogen to allow disease progression to occur, these molecules may alter the host cell structure 
and function, facilitate infections and induce defence responses. The effectors encoded for by the 
Avr genes in L. maculans have avirulence functions which are strongly induced during primary leaf 
infection (Gout et al., 2006b; Parlange et al., 2009). The AvrLm1, AvrLm6 and AvrLm4-7 proteins 
of L. maculans are effector molecules with avirulence function. AvrLm6 and AvrLm4-7 encode 
small, secreted proteins (SSPs) with six and eight cysteine residues, respectively, whilst the 
AvrLm1 protein which is also a SSP, has only one cysteine (Wouw et al., 2010a). Mutations are 
able to occur in these Avr gene regions, which result in virulence to the corresponding resistance 
genes and, therefore, disease occurrence in the host plant (Parlange et al., 2009). 
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Information on the presence and frequency of avirulence alleles in L. maculans population is very 
useful as it plays an essential role in the prediction and management of possible disease epidemics. 
A study by Balesdent et al. (2005) analysed a collection of representative L. maculans populations 
from Canada, Europe and Australia where this disease is a major threat, to determine the 
differences in Avr frequency for AvrLm1, AvrLm2, AvrLm3, AvrLm7, AvrLm8 and AvrLm9 in terms 
of race structure, diversity and complexity. A total of 26 races were identified in the isolate 
collection, with the largest races found in Australia (18 races) followed by Europe (eight races) and 
Canada (six races). The most frequently found avirulence alleles in all population were AvrLm1, 
AvrLm5, AvrLm6, AvrLm7 and AvrLm8. The isolates originating from Europe, in comparison to 
Australia and Canada, had much higher allele frequencies for AvrLm7 and AvrLm8, but AvrLm3 
and AvrLm9 were completely absent. Isolates from Australia and Europe both had low frequencies 
of AvrLm2, whereas isolates originating from Canada had the lowest frequency of AvrLm8. 

Other studies have shown that L. maculans populations in France have higher than 99% frequency 
of AvrLm6 and AvrLm7, and that AvrLm2 and AvrLm9 were fixed in the population (Balesdent et 
al., 2006). AvrLm1, AvrLm4, AvrLm5 and AvrLm8 were polymorphic and AvrLm3 was only present 
in the populations at very low frequencies. In American populations, AvrLm1 was absent or very 
rare in some locations, but was seen to be important in Georgia and Mexico (Dilmaghani et al., 
2009). AvrLm2 was absent or rare in Chile and Georgia but prevalent in Mexico and Saskatchewan, 
varying in frequency between sites. AvrLm3 had a similar distribution to AvrLm2 however it was 
absent in Mexico. AvrLm4 was extremely variable between populations, whereas AvrLm6 and 
AvrLm7 were prevalent in all populations from Mexico, Georgia and Chile, and AvrLm9 was rare 
or absent. 

To date, resistant cultivars are the most environmentally friendly, most inexpensive and reliable 
method for controlling phoma stem canker disease to be employed by farmers and industry 
(Fernando et al., 2007). However, the presence and frequency of the different avirulence alleles in 
L. maculans populations in New Zealand is unknown. 
 
1.2.4.2 Cultural and Physical Control 
Cultural and physical control practices include crop rotation, stubble management, altered sowing 
date and altered plant density (Aubertot et al., 2006). Stubble management by tillage and crop 
rotation are good methods to reduce carryover of inoculum from previous infected crops. Tillage 
can lower the inoculum density through burial or destruction of crop debris which bears the 
pseudothecia (Aubertot et al., 2006). Different methods of tillage will act differently on reducing 
the inoculum density and should incorporate the residues into the top 10 cm of soil (Schneider et 
al., 2006). Studies in Canada have shown that burial helps to enhance the breakdown of the debris 
(Turkington et al., 2000) and therefore reduces the numbers of pseudothecia and hence airborne 
dispersal (Thürwächer et al., 1999). The resulting reduction in primary leaf lesions helps to reduce 
the density of secondary inoculum (conidia). Crop rotation is also effective, since residues levels 
are generally reported to be lower after 3-4 years indicating that a 4 year crop rotation interval is 
adequate to reduce phoma stem canker (Aubertot et al., 2006). There are conflicting reports of the 
effects of tillage on disease risk as ploughing can bury the stubble and then bring it up to the soil 
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surface the following year (Schneider et al., 2006). Raking and then burning the infected residues is 
also recommended (Barbetti & Kangura, 1999). 

Ascospores from infected residues can be dispersed by wind up to several kilometres. In Western 
Australia, separation between fields by at least two kilometres is recommended (Barbetti & 
Kangura, 1999), but the greatest risk for ascospore infections is within 500 m (West et al., 2001) of 
the source as the inoculum density decreases with distance from the source due to deposition or 
dilution (Barbetti et al., 2000; Aubertot et al., 2006). However, in Canada and Hungary, which 
have different weather conditions, only a small number of ascospores (0.2-0.4% of the total 
ascospore concentration) travelled more than 500 m, and the area of maximum infection through 
ascospores was restricted to less than 50 m from the source (Guo & Fernando, 2005; Magyar et al., 
2006). When resistant cultivars are planted, the minimum distance between crops can be closer. In 
addition, the increasing acreage of OSR cropping makes it increasingly difficult to have a large 
separation between crops and therefore potential inoculum sources (Barbetti & Kangura, 1999). In 
New Zealand this is potentially further compounded by the wide spread use of different brassica 
species. Sowing date is also crucial. Delaying the sowing date can mean that the seedlings emerge 
after the peak ascospore release period (McGee, 1977), while sowing earlier than normal allows the 
crop to produce enough leaves and reach a less susceptible stage by the time ascospores are 
released, so both methods can reduce the risk of infection. 

 

1.2.4.3 Chemical 
Chemicals can be used in several ways for the control of stem canker, including seed treatments 
(Marcroft & Potter, 2008), coated fertiliser granules or fungicide sprays to foliage or infected crop 
stubble (West et al., 2001). However, chemical controls are expensive and the application of 
fungicide foliar sprays are used only in Western Europe (West et al., 2002b) or in countries where 
the potential yields are high (Aubertot et al., 2006). Using chemical control is impractical and 
uneconomic in countries where yields are low (West et al., 2001). Different chemical treatments 
are used in different countries. In Canada, carbathin, thiram and iprodione are used as seed 
treatments (West et al., 2001) whilst propiconazole is used as a foliar spray (Kharbanda et al., 
1999). In parts of Europe, iprodione is also used as a seed treatment (West et al., 2001) with foliar 
sprays of difenoconazole, carbendazim, or flusilazole alone or in mixtures also being used 
(Gladders et al., 1998).  

Foliar fungicide applications only have an impact on final canker severity when applied at the 
optimal time (West et al., 2002b). In the UK, the optimal time for foliar fungicide spray is soon 
after the onset of significant leaf spots (West et al., 2002b). It is obvious that for effective control, 
disease assessments are needed at every growth stage, so it is important to identify the first onset of 
symptoms to enable successful timing of fungicide applications (Aubertot et al., 2006). Salam et al. 
(2003) developed a model to predict pseudothecial maturity and ascospore release that could be 
used as a decision support tool for advising on sowing date and foliar spray application. The model 
is very accurate under Western Australia conditions, and with slight modifications has potential to 
be applied in different regions under different weather conditions. Recently, Huang et al. (2011) 
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reported that the fungicides flusilazole plus carbendazim were effective in decreasing lesion size 
and the amount of L. maculans DNA in leaves of B. napus cv. Courage and cv. Canberra under 
controlled environment conditions. However, this fungicide did not significantly reduce either the 
size of leaf lesions or the amount of L. biglobosa DNA from lesions in greenhouse grown plants. 
Their finding was in agreement with an earlier study done by Steed et al. (2007) which found that 
treatment with flusilazole plus carbendazim in autumn decreased the severity of phoma leaf spots 
and consequently decreased the severity of stem canker caused by L. maculans in the following 
summer. Chemical treatment of the stem canker-infected stubble with a number of different 
fungicides (nuarimol, propoconazole and triadimenol), herbicides (glyphosate and trifluralin) and a 
surfactant (Agral-90) has also been reported to inhibit or eliminate the source of the primary 
inoculum (Petrie, 1995). In terms of the effects of herbicides applications, these  are more likely 
due to a direct fungitoxic effect on the pathogen or the metabolic transformation by the plant of the 
herbicide into a more fungitoxic compound  (Duke et al., 2007). Other chemicals such as 
fluquinconazole, flutriafol or glyphosate-ammonium have also been shown to delay pseudothecial 
maturation and ascospore discharge (Wherrett et al., 2003; Marcroft & Potter, 2008). 

Despite the widespread use of these fungicides to reduce disease severity, there is little information 
about the sensitivity of the pathogen to different fungicides (Eckert et al., 2010). Eckert et al. 
(2010) determined the effects of different fungicides on spore germination, germ tube growth and 
mycelial growth of L. maculans and L. biglobosa. They reported that L. maculans and L. biglobosa 
differed in their sensitivity to fungicides. Ascospore germination was not affected by any of the 
fungicides tested, although a significant decrease in the subsequent germ tube length was reported 
for both L. maculans and L. biglobosa with all the fungicides used in the experiment (Eckert et al., 
2010). Conidial germination of L. maculans was completely inhibited by all fungicides tested, 
while for L. biglobosa the germination was decreased by application of only flusilazole and 
tebuconazole (Eckert et al., 2010). Similarly mycelial growth of L. maculans isolates was more 
sensitive to all the fungicides tested, with smaller ED50 values compared to the L. biglobosa 
isolates.  

A readily available alternative to fungicides is application of urea. Unlike other chemicals that are 
usually sprayed on plants during the cropping season to control disease spread, urea is generally 
applied onto diseased plant residues after harvest. Inoculum production by plant pathogenic fungi is 
reduced by application of urea to the infested plant residue. Urea application to leaf litter in autumn 
was shown to reduce pseudothecial formation and ascospore production of the apple scab pathogen 
Venturia inaequallis (Cimanowski et al., 1997; Thakur & Sharma, 1999; Carisse et al., 2000; 
Meszka & Bielenin, 2002; Lian et al., 2007) and the pathogen of citrus greasy spot , 
Mycosphaerella citri (Mondal & Timmer, 2003). Similarly, Khonga & Sutton (1991) reported that 
application of 5% urea to maize straw resulted in a 97% reduction of Gibberella zeae pseudothecia 
production. For L. maculans, Humpherson-Jones & Burchill (1982) also reported that the same 
urea concentration (5%) sprayed on OSR and turnip stubble prior to pseudothecial formation was 
>90% effective in preventing further development of pathogen inoculum. However, Khangura 
(2004) reported that neither 5% nor 10% urea applied to OSR residues had any effect on ascospore 
production. 
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1.3 Soil microbial community 
Soil is one of the most diverse habitats on earth containing a wide diversity of living organisms 
including bacteria and fungi (Giller et al., 1997). Bacteria and fungi are both found to be abundant 
in terrestrial ecosystems and act as the primary decomposers of organic matter in soils (Van Veen 
& Kuikman, 1990). Although tillage or incorporation of infected stubble into soil has been shown 
to help to reduce L. maculans inoculum production (Aubertot et al., 2006), the relationship between 
incorporation of infected stubble in soil and changes in population structure and functional 
diversity of the associated microbial community in relation to carbon source utilisation over time is 
poorly understood. Naseri et al. (2008b) reported that fungi including Fusarium spp., Stachybotrys 
chartarum and Trichoderma spp. were associated with buried stubble and their isolation frequency 
increased with burial time. However, the microbes identified were restricted to culturable fungi and 
as such only represent a small proportion of the total soil microbial community. Molecular 
techniques such as polymerase chain reaction (PCR) followed by denaturing gradient gel 
electrophoresis (DGGE), terminal restriction fragment length polymorphism (T-RFLP), and, more 
recently, next generation sequencing can be used to determine the soil microbial diversity. Of these 
methods DGGE has been widely used to determine the diversity of soil microbial communities in 
different ecosystems (Perkiomaki et al., 2003; Brodie et al., 2003; Gomes et al., 2003), and in 
agricultural soils under different management practices (Wakelin et al., 2012; Ferrocino et al., 
2014; Wu et al., 2014). This method has several advantages in that it is a relatively rapid, accurate, 
and inexpensive method that allows comparisons with a large number of samples (Hoshino et al., 
2008; Nakatsu, 2007). In DGGE, the DNA strands are separated based on their sequence 
composition which is different from the commonly used electrophoresis methods that separate 
nucleic acid fragments by size (Hovig et al., 1991). Initial amplification of target genes by PCR 
produces DNA fragments of different lengths which are composed of the different sequences 
associated with different species; these are then separated using a gel composed of a linear gradient 
of denaturant such as urea and formamide (Nakatsu, 2007). The PCR products are held together by 
a GC clamp which is incorporated into the amplimers during PCR. The separation of the PCR 
products yields a genetic profile of community structure, which can provide an estimate of the 
number of species within the populations (represented by each band) and their relative abundance 
(represented by band intensity) within the amplified community (Nakatsu, 2007). The fingerprint 
profiles obtained from DGGE are representative of the proportions of PCR products; however they 
may not directly correlate to the proportion of any species within the community (Chandler et al., 
1997).  

The abilities of soil microbes to utilise different carbon sources and the effects of management 
practices can have implications for degradation of crop debris and therefore pathogen survival. A 
basic method to assess the function and activity of soil microbial communities is to measure the 
amount of carbon dioxide (CO2) that is being respired by the microorganisms that are decomposing 
the organic substrate (Anderson, 1982). The different members of the soil microbial community 
have different abilities to utilise specific substrates. Information about the size of the microbial 
biomass and how soil communities’ respond to different conditions (abiotic or biotic) can be 
determined by measuring substrate induced respiration (SIR) which calculates the amount of CO2 
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before and after addition of a substrate (Anderson & Domsch, 1978). Measuring the respiration of a 
large number of carbon sources using conventional methods is very laborious and time consuming 
as the method uses 5-150 g of soil incubated in 0.1-2.5 L glass jars (Campbell et al., 2003). An 
alternative method, which is able to test multiple C sources, involves the production of a soil 
extract containing the microbial community in an aqueous suspension which is then inoculated into 
a microtitre test plate containing different carbon solutions (Garland & Mills, 1991). This method 
has frequently used commercially available test plates such as BioLogTM or EcologTM plates. The 
technique has been widely used because of the simplicity of the method and large amount of 
information yielded on the microbial communities (Campbell et al., 2003). Nevertheless, this 
method also has several disadvantages due to its use of soil extracts rather than soil (Konopka et 
al., 1998). To overcome these weaknesses, Campbell et al. (2003) developed a new method which 
is a combination of the two previous methods. It and is known as the microrespirometry method or 
the MicroRespTM system which is carried out in 96-well microtitre plates using the whole soil 
system. This MicroRespTM system measures the SIR and has been broadly applied to assess the 
community level physiological profile (CLPP) of microbial communities from soil under different 
land uses and subjected to abiotic and biotic disturbances (Chapman et al., 2007). 

1.4 Aim and objectives of this research 
To date, no detailed study has been done on L. maculans and L. biglobosa in New Zealand. In 
contrast to many other countries where OSR is the main brassica crop cultivated, a large variety of 
brassica species are grown in New Zealand, which may in turn affect the population and 
epidemiology of the pathogen(s). The overall aims of this study were to identify the species and 
subspecies present using morphological and molecular methods and to assess the distribution of the 
pathogens by means of a survey. The epidemiology of the disease in OSR and brassica was also 
investigated. To achieve these aims, five objectives were developed as outlined below: 

1. To investigate the species and subclade composition of Leptosphaeria populations that 
cause blackleg in brassica crops in New Zealand.  

2. To determine the pathogenicity of isolates to OSR and swede cultivars. 
3. To evaluate disease progression from primary leaf lesions to secondary stem cankers in 

OSR and swede. 
4. To determine the timing of L. maculans and/or L. biglobosa ascospore release from OSR 

stubble subjected to different management practices and subsequent disease incidence 
under natural field conditions.  

5. To determine the effect of burial and urea application on: 
 The maturation of pseudothecia on diseased stubble,  
 The diversity and carbon utilisation profiles of the associated soil microbial 

communities. 
 
 



Result from this Chapter have been published in a modified form as:- 15 

Lob, S., Jaspers, M. V., Ridgway, H. J., & Jones, E. E. (2013). First report of Leptosphaeria 
biglobosa as a stem canker pathogen of brassicas in New Zealand. Plant Disease, 97(8), 1113-
1114.  
 

Chapter 2 
Species and subclade composition of Leptosphaeria spp. 

populations in New Zealand. 
 

2.1  INTRODUCTION 
Leptosphaeria maculans and L. biglobosa are the causal agents of the stem canker disease on 
brassica crops worldwide (West et al., 2001). Leptosphaeria maculans has also been reported to 
cause dry rot disease of swede (Cunningham, 1927; Humpherson-Jones, 1983). Additionally, 
Humpherson-Jones (1983) reported the isolation of avirulent isolates of L. maculans from swede 
and based on more recent reclassification (Shoemaker & Brun, 2001) these are likely to be L. 
biglobosa isolates. However, there are very limited reports in the literature on the occurrence of dry 
rot disease of swede and whether both species cause this disease. Overseas, research has mainly 
focused on OSR as it is a major crop, however in New Zealand, forage brassicas are as, if not more, 
economically important. Forage brassicas are grown annually as food for stock during winter 
(Donkers, 2010) while OSR is grown for vegetable oil for human and animal consumption and 
biodiesel production. 

In most countries the main causal agent of stem canker disease of OSR has been determined as L. 
maculans since it is associated with the damaging basal stem canker which results in severe yield 
loss (West et al., 2001) but both pathogens can often co-exist within the same fields, as is the case 
in Europe (France, Germany and Hungary) and North America (West et al., 2001; Karolewski et 
al., 2002). Both L. maculans and L. biglobosa can be further divided into subclades based on 
sequences of the internal transcribed spacer (ITS) or fragments of the actin or β-tubulin genes. To 
date, two subclades have been identified for L. maculans (Mendes-Pereira et al., 2003), whilst L. 
biglobosa has six subclades (Vincenot et al., 2008; Wouw et al., 2008). The different subclades are 
often associated with specific host plants or geographic origins. Of these, L. maculans ‘brassicae’ 
and L. biglobosa ‘brassicae’ are commonly isolated from OSR in most regions of the world, except 
for China in the case of L. maculans ‘brassicae’, and Canada and Australia in the case of L. 
biglobosa ‘brassicae’ (Fitt et al., 2008; Vincenot et al., 2008). Whether both species are present in 
New Zealand, and which is the main causal agent under New Zealand conditions is still unknown. 

Leptosphaeria maculans and L. biglobosa are heterothallic fungi, with sexual reproduction 
requiring the presence of two mating types (MAT) with two idiomorphs, MAT1-1 and MAT1-2 
(West et al., 2001). To allow for in vitro production of ascospore for infection studies, isolates of 
the two mating types needed to be identified. Most of the L. maculans populations analysed for 
mating type diversity overseas have been shown to conform to an approximate 1:1 ratio, which 
indicated that regular sexual recombination occurs in the field (Gout et al., 2006a; Dilmaghani et 
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al., 2012). However, the relative proportion of the two mating types in New Zealand population is 
unknown. 

The genetic characteristics of L. maculans have also been reported to include disease resistance 
with B. napus, which represents a typical gene for gene relationship; for each seedling resistance 
gene (R gene) in the plant there is a corresponding avirulence gene (Avr gene) in the fungus 
(Balesdent et al., 2005). To date, a total of 12 avirulence genes (Avr1-12) have been identified in L. 
maculans (Balesdent et al., 2005; Yu et al., 2005). These genes have been mapped into two gene 
clusters, AvrLm 1-2-6 and AvrLm 3-4-7-9. Of these, three avirulence genes AvrLm1, AvrLm6 and 
AvrLm4-7 have been cloned (Balesdent et al., 2005; Yu et al., 2005). Each of the cloned avirulence 
genes confers avirulence to the resistance genes Rlm1, Rlm6 and, Rlm4 and Rlm7, respectively. 

The overall objectives of this Chapter were, 1) to identify the pathogen species, 2) to optimise a 
method of spore production for subsequent experiments, 3) to assess the best method for longterm 
storage and 4) to investigate the proportion of the two mating types as well as the presence of the 
three cloned avirulence genes in L. maculans population isolated from the different brassica crops 
sampled in different locations in New Zealand. 

 
2.2 MATERIALS AND METHODS 
2.2.1 Survey and sample collections 
To determine species present in New Zealand and the pathogen population structures, isolations 
were carried out and the isolates identified following the process illustrated in Figure 2.1. Isolates 
were recovered from OSR/forage brassica material showing typical L. maculans/L. biglobosa 
disease symptoms, including leaf lesions, stem cankers and dry rot. Since symptoms on diseased 
plants can indicate the identity of the causal agent, as either L. maculans or L. biglobosa, visual 
symptom appearance was also noted for each sample. Samples were supplied by field staff from 
PGG Wrightson Seeds, Foundation of Arable Research (FAR), Plant & Food Research and 
Biodiesel NZ (Pure Oil NZ) from field crop sites throughout New Zealand and were sent to Lincoln 
University, where they were stored at 4ºC and processed within 2 days of being received. In 
addition, samples from local field sites were collected. 
 

2.2.2 Isolation of Leptosphaeria species cultures from the infected brassica 
tissues. 
2.2.2.1 Fungal isolation 
Small pieces of OSR/forage brassica diseased tissue (0.5 cm × 1.0 cm) from leaves, stems and 
tuber/bulb were surface sterilized by immersion in sodium hypochlorite solution (0.2% available 
chlorine), 1 min for leaf tissue and 2 min for stem or tuber/bulb, and rinsed in sterile water, 1 min 
for leaf tissue and 2 min for stem or tuber/bulb tissue. The sterilized plant tissues were dried on 
sterilized filter paper and then placed in Petri dishes containing potato dextrose agar (PDA; 
DifcoTM, New Jersey, USA) amended with streptomycin (5 mg/mL; Sigma Aldrich) and penicillin 
(5 mg/mL; Sigma Aldrich) and incubated at 15°C in the dark for 7-10 days. The resulting fungal 
colonies were examined for characteristics typical of L. maculans and L. biglobosa. Leptosphaeria 
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maculans isolates produce felty grey to white aerial mycelium while L. biglobosa isolates produce 
abundant and fibrous aerial mycelium, associated with the production of yellow to brown 
pigmentation in the media (Somda et al., 1996) after 7 days incubation. Likely cultures were 
subcultured onto PDA and incubated for 14 days under the same conditions as described 
previously. Cultures characteristic of L. maculans or L. biglobosa were then identified to species 
level (Section 2.2.5.). 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 2.1 Diagram of the iterative identification pathway of pathogen species. 
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2.2.2.2 Production of single spore isolates  
Single spore isolates were required for the isolates gained from the above survey, to allow 
completion of subsequent studies on population structures of the pathogen species, which used 
PCR amplification and sequencing of PCR products.  

Single spore isolates were obtained by pouring 10 mL sterile distilled water (SDW) amended with 
0.1% (v/v) surfactant Tween 80 (BDH Chemicals Ltd. Poole England) onto the 14-day old 
sporulating cultures and rubbing the colony surfaces with a sterile glass rod to dislodge the conidia. 
The conidial suspensions were then filtered through sterile MiraclothTM (CALBIOCHEM®, 
Germany) into 15 mL tubes. Conidial concentration in a resulting suspension was determined using 
a haemocytometer, with four counts for each suspension. Based on these counts, the conidial 
suspensions were then diluted to 103 and 102 conidia/mL by serial dilution, and an aliquot (100 µL) 
from each concentration was spread onto the surface of 2% water agar (WA) amended with 
streptomycin (5 mg/mL) and penicillin (5 mg/mL). Three replicate plates for each concentration 
and each isolate were incubated under continuous cool white fluorescent light at room temperature 
(20-31°C) for 5 days. The plates were examined under a stereo microscope (Nikon, SMZ1000) and 
single colonies produced from a single spore were then subcultured onto separate fresh PDA plates 
and incubated at 15°C in the dark for 14 days. 

For each of the original isolates, one single spore isolate was selected and these were stored using 
the best method determined in Section 2.2.3, and used for all subsequent experiments. In addition, 
four L. maculans isolates from the International Collection of Microorganism from Plants (ICMP; 
isolates ICMP 8344, ICMP 10655, ICMP 10665 and ICMP 13554) were used for morphological 
comparisons during the identification processes and for pathogenicity experiments. 

 
2.2.3 Long-term storage of isolates 
A robust method for long-term storage of isolates was required to ensure their continued viability. 
A number of methods have been used in previous studies to ensure the long-term survival of 
Leptosphaeria spp. cultures. Two methods from other studies with slight modification were 
assessed for the long-term storage of four randomly selected isolates of L. maculans (isolates Lm 
168, Lm 171, Lm 180 and Lm 185). These used mycelial plugs of single spore isolates taken from 
the edge of actively growing cultures that were stored by either of the methods: 

a. Inoculated onto PDA slopes, incubated at 15°C for 7 days in 24 h darkness to 
allow fungal grow and then stored at 4°C (Kuusk et al., 2002). 

b. Stored in 20% glycerol at -80°C (Kuusk et al., 2002). 
 
After different time periods (1, 2, 3, 5, 9 and 12 months), these stored cultures were plated out onto 
three replicate plates of PDA for each isolate per treatment and incubated under continuous cool 
white fluorescent light at room temperature. After 14 days incubation, colony morphology was 
assessed and colony diameter measured in two perpendicular directions using a digital calliper 
(Mitutoyo UK Ltd.), and the mean values used for statistical analysis. From each replicate plate a 
conidial suspension was produced as described in Section 2.2.2.2 and the conidial concentration 
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determined using a haemocytometer. The best method will be used for long-term storage of 
cultures for the remainder of the study. 

 
2.2.4 Optimising methods for conidial production 
To obtain enough conidia for the subsequent experiments, different methods for conidial 
production were tested. Five representative L. maculans isolates (Lm 147, Lm 157, Lm 102, Lm 
143 and ICMP 13554) were subcultured onto two different agars, V8-juice agar (Appendix A.1) 
and PDA, incubated under two different conditions using (a) single cool-white fluorescent light 
tube and a single black light tube (Philips TL 40W/80WRS F 40 BLB) in a 20°C incubator (Li et 
al., 2004, 2006a) with 12:12 h light:dark or (b) continuous cool white fluorescent light (100-150 
µE.s-1.m-2) under a light bank at room temperature (20-31°C; Chen & Fernando, 2006a, 2006b). 
There were three replicates for each isolate per treatment. After 9 days incubation, the colony 
diameters in two perpendicular directions and conidial production were assessed as described 
previously. 

 
2.2.5 Identification of Leptosphaeria spp. isolates based on morphology 
characteristics. 
The single spore isolates produced in Section 2.2.2.2 were initially grouped into L. maculans or L. 
biglobosa based on their culture morphology after 14 days growth on PDA at 15°C in 24 h 
darkness. Leptosphaeria maculans isolates characteristically produce white mycelium with a dark 
green underside and pycnidia, with no pigment produced in the growth media. Leptosphaeria 
biglobosa isolates produce white fluffy mycelium and pycnidia, and also produce yellow pigment 
in the growth media. The colonies of L. maculans grow more slowly than those of L. biglobosa, 
with diameter growth of approximately 0.4-1.5 mm/day and 1.6-3.1 mm/day, respectively 
(Humpherson-Jones, 1983). To confirm the species identity representative isolates for both 
morphological groups were selected. 

 
2.2.6 Identification of Leptosphaeria spp. isolates by molecular techniques 
2.2.6.1 Isolates selection 
To confirm morphological identification (Section 2.2.5) of isolates as either L. maculans or L. 
biglobosa, species-specific polymerase chain reaction (PCR) using species-specific primers 
(LmacF, LmacR and LbigF) was done. Forty representative L. maculans isolates from different 
regions and host plants, including two ICMP isolates, as well as four L. biglobosa isolates (three 
recovered during sampling and one ICMP isolate), were identified using species-specific PCR. In 
addition, one isolate each from the other species commonly isolated from brassica leaf lesion/stem 
cankers (Alternaria spp., Fusarium spp. and Phoma spp.) were included in the PCR. For further 
confirmation of pathogen species identity, the ITS, actin and β-tubulin genes regions of four 
randomly selected L. maculans isolates and all four L. biglobosa isolates was amplified and PCR 
products were sequenced. 
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2.2.6.2 Genomic DNA extraction 
Single spore isolates were grown on PDA and incubated at 15°C in 24 h darkness for 7 days. Five 
mycelia plugs were cut from the edge of each actively growing culture and subcultured in potato 
dextrose broth (PDB; DifcoTM New Jersey, United State) in deep Petri dishes (25 mm depth; 
Labserv, Thermo Fisher Scientific). These PDB cultures were incubated at 15°C in 24 h darkness. 
After 5 days or when the mycelia had grown to approximately 2-3 cm in diameter, the cultures 
were harvested using sterile micropipette tips and transferred onto a sterile MiraclothTM on top of 
10-20 absorbent paper towels. The Miracloth™/paper towel layers were folded and pressed for a 
few second until excess PDB was absorbed. The agar plugs were removed from the pressed 
mycelia and the remaining mycelia were wrapped in aluminium foil, labelled, snap frozen in liquid 
nitrogen and stored at -80°C until used for DNA extraction. 

The extraction of the genomic DNA was done using the Puregene® system (Gentra systems, 
Minneapolis, USA). Approximately 100 mg of freeze-dried mycelium was ground to a fine powder 
in liquid nitrogen using a mortar and pestle. The ground mycelium was placed into a pre-cooled 1.7 
mL tube and 500 µL of Cell Lysis solution added, mixed by pipetting the mixture several times and 
incubated in a water bath at 65°C for 1 h. The tubes were then removed from the water bath, 
inverted 10 times and 1.5 µL of RNAse (10 mg/mL, Invitrogen) added. The samples were inverted 
25 times to mix and incubated at 37°C for 15-30 min. The tubes were cooled to room temperature 
and 167 µL of Protein Precipitation solution was added to each cell lysate and mixed by vortexing 
for 20 s. The tubes were centrifuged at 16,000 g for 3 min and the supernatants transferred to new 
1.7 mL tubes. The DNA was precipitated by adding 500 µL of ice-cold isopropanol to each tube, 
inverting 30-50 times and centrifuging at 16,000 g for 1 min to pellet the DNA. The supernatants 
were decanted and the tubes were drained carefully onto clean absorbent paper towels. Then, the 
DNA pellets were washed by adding 300 µL ice-cold 70% ethanol, inverting the tubes gently (~10 
times), and then centrifuged at 16,000 g for 1 min. The ethanol was carefully decanted and the 
DNA pellets in each tube were air-dried for 15 min. Finally, 30 µL of sterile nanopure water 
(SNW) was added to each tube. 
 

2.2.6.3 DNA concentration 
The DNA concentration in each tube was determined by spectrophotometry (Nanodrop 3.0.0 
spectrophotometer; Nanodrop Technologies Inc., Delaware, USA). All DNA samples were diluted 
to 20-25 ng/µL using SNW for use in PCR. 
 

2.2.6.4 Species-specific PCR  
For the species identification, DNA from the L. maculans/L. biglobosa isolates was amplified using 
two forward species-specific primers, LmacF (5’ – CTTGCCCACCAATTGGATCCCCTA – 3’) 
and LbigF (5’ – ATCAGGGGATTGGTGTCAGCAGTTGA – 3’), and a single reverse primer 
LmacR (5’ - GCAAAATGTGCTGCGCTCCAGG – 3’) (Liu et al., 2006). Amplification of the 
DNA extract was done in a 25 µL final volume which contained 1 × PCR buffer (Roche 
Diagnostics, Basel, Switzerland), 200 µM of each dNTP, 5 pmoles of each of the primers, 1 U 
FastStart Taq DNA polymerase (Roche Diagnostics, Basel, Switzerland) and 20-25 ng/µL DNA. A 
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negative control in which SNW was added instead of DNA was included in every PCR. Samples 
were briefly vortexed and centrifuged at 3,220 g for approximately 5 s before placing into the PCR 
machine (Applied Biosystem Veriti, 96 Wells Thermo Cycler). The PCR temperature regime used 
was, 95°C for 3 min of denaturation period, followed by 30 cycles of 95°C for 15 s, 70°C for 30 s 
and 72°C for 1 min, followed by an additional extension period of 72°C for 10 min (Liu et al., 
2006). 

After amplification, the PCR products (7 µL of each) were separated on a 1% agarose gel using 1× 
TAE buffer (40 mM Tris acetate, 2 mM Na2EDTA, pH 8.5) at 10 V/cm for 45 min. A 1 Kb Plus 
DNA LadderTM (0.1 ng/µL; Invitrogen, California) molecular weight marker was loaded in the first 
lane of each gel and the negative control loaded in the last lane. Then, the agarose gel was 
transferred to plastic container containing ethidium bromide (0.5µg/mL), allowed to stain in a 
shaker for 15 min and then destained in water for 10 min. The stained gels were photographed 
under UV light using FireReader UVITEX Cambridge. 
 

2.2.6.5 PCR and sequencing of ITS, β-tubulin and elongation factor regions  
For further species confirmation, the ITS, actin and β-tubulin gene regions of four isolates from 
each L. maculans and L. biglobosa were amplified using paired primers for each region (Table 2.1) 
and performed as described in above section. The PCR temperature regime for ITS was 94°C for 3 
min, then 30 cycles of 94°C for 30 s, 50°C for 30 s, 72°C for 1 min and final extension at 72°C for 
10 min. The PCR temperature regime for actin and β-tubulin gene regions was 5 min at 95°C, 
followed by 30 cycles of 30 s at 95°C, 1 min at 52°C, and 1 min at 72°C with a final extension of 5 
min at 72°C. The PCR products were also separated on a 1% agarose gel as described above. 
 
Table 2.1 Nucleotides sequences of the paired primers used for DNA amplification for sequencing 
of the ITS, actin and β-tubulin gene regions. 
 
Primers Sequences Source 
ITS ITS4 (5’ – TCCTCCGCTTATTGATATGC – 3’ 

ITS5 (5’ - GGAAGTAAAAGTCGTAACAAGG – 3’) 
Calderon et al., 
2002; White et al., 
1990  

Actin gene 
region 

5’ – TGGGACGATATGGAIAAIATCTGGCA – 3’ 
5’ – TTAGAAGCACTTNCGGTG – 3’ 

Voigt et al., 2005 

 
β-tubulin 
gene region 

5’ – CARGCYGGTCARTGYGGTAACCA – 3’ 
5’ – GCCTCAGTRAAYTCCATYTCRTCCAT – 3’ 

Voigt et al., 2005 

 
The PCR products were sequenced at the Lincoln University Sequencing Facility using an ABI 
PRISM® 310 Genetic Analyzer (Applied Biosystems, Foster City, California). The resulting 
sequences and chromatographs were analysed using DNAMAN 5.2 (Lynnon Biosoft©) and 
Chromas Lite 2.1© (Technelysium PTY Ltd) software. Sequences obtained from this study were 
aligned with sequences from the NCBI database (www.ncbi.nlm.nih.gov) using MEGA 5. A 
different species was included as an out-group and included in the phylogenetic tree. A neighbour 

http://www.ncbi.nlm.nih.gov/
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joining tree was generated using the sequences of the New Zealand isolates and the sequences of 
representative L. maculans and L. biglobosa isolates used by Vincenot et al. (2008) retrieved from 
GenBank. 

 
2.2.7 Mating types 
Both an in vitro dual plate assay and a PCR-based molecular technique were used to determine the 
mating type locus in the field population. The in vitro dual plate assay was used to assess the ability 
of co-inoculated isolates to produce pseudothecia thereby demonstrating that they were of two 
different mating types. 
 

2.2.7.1 Determination of L. maculans isolates mating type by in vitro dual plates assay 
Initially, an in vitro dual plate assay was used to estimate the proportion of the two mating types in 
the New Zealand population. Ten L. maculans isolates (Lm 102, Lm 124, Lm 135, Lm 141, Lm 
144, Lm 147, T2, ICMP 13554, ICMP 8344, and Lm 177) were randomly selected from the culture 
collection. The method of Mengistu et al. (1993) was used by inoculating V8-juice agar plates with 
agar discs (0.5 cm diameter) taken from the margins of 3-4 weeks old V8-juice agar cultures, 
placing them 1 cm apart (Figure 2.2A). Each isolate was paired with each of the other isolates, with 
three replicates plates set up for each isolate pairing. For the control plates, the same isolates were 
paired together. The plates were then sealed with cling film and incubated at 24°C under 
continuous light for 7 days, after which 20 mL of autoclaved 2% WA cooled to 55°C was poured 
aseptically over each culture. Plates were resealed and placed in a light-proof incubator at 15°C 
with 12:12 h photoperiod under black light:darkness (Mengistu et al., 1993). 

Microscopic assessment of pseudothecial formation was done after 4 weeks. From each replicate 
plate, seven fruiting bodies that formed in the interaction zone between the two isolates were 
picked out using a sterile needle and crushed on a microscope slide, and observed with a 
microscope (Olympus, U-TV0.5XC-3, Tokyo, Japan) at 400× magnification to confirm the 
formation of ascospore. 
 

2.2.7.2 Determination of mating type locus by molecular technique 
The mating type locus was determined for 39 L. maculans isolates identified using the species-
specific primers in Section 2.2.6.4. The genomic DNA extracted in Section 2.2.6.2 for molecular 
identification was used. 

The mating type locus for each isolate was determined by PCR using three primers; MAT P9 (5’ – 
TGGCGAATTAAGGGATTGCTG – 3’) the sequence of which is identical to the region that 
flanks the idiomorphs, MAT P10 (5’ – CTCGATGCAATGTACTTGG – 3’) the sequence of which 
is within the α box of MAT1-1, and MAT P11 (5’ –AGCCGGAGGTGAAGTTGAAGCCG – 3’) 
the sequence of which is identical to the sequence in the HMG domain of MAT1-2 (Cozijnsen & 
Howlett, 2003). Amplification of the genomic DNA was done with slight modification of the 
methods described by Voigt et al. (2005). The amplification conditions were: denaturation for 3 
min at 94°C, followed by 35 cycles of 30 s at 94°C, 30 s at 60°C and 1 min at 72°C with the final 
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extension period of 7 min at 72°C. The resulting PCR products were separated by electrophoresis 
in a 1% agarose gel as described in Section 2.2.6.4. The isolates were grouped into mating type 
locus based on the expected band size of either 686 or 443 bp corresponding to MAT1-1 or MAT1-
2, respectively. 

 
2.2.7.3 Production of ascospore by isolates of the two mating types using the in vitro 
dual plate assay 
Four isolates from each mating type identified in Section 2.2.7.2 were randomly selected and the 
method used in Section 2.2.7.1 used to produce an in vitro dual plates assay. Three replicates plates 
were set up for each pair. In contrast to the methods of Section 2.2.7.1, the plates were initially 
incubated at 24°C with 24 h of cool white fluorescent light (100 to 150 µE s-1m-2) for 7 days. Also, 
an autoclaved wooden toothpick was placed between the two mating types, where the mycelium of 
the two isolates had intermingled prior to the addition of molten 2% WA (Mengistu et al., 1995; 
Figure 2.2B). Plates were resealed and incubated as before. 
 

 
Figure 2.2 In vitro dual plate assay for Leptosphaeria maculans ascospore production. A) Isolates 
of different mating type paired with each other 1 cm apart on V8-juice agar; B) autoclave wooden 
toothpick placed between the colonies of the two different mating types. 
 
Assessment of pseudothecia formation was done after 4 weeks or when black fruiting bodies on the 
surface of the toothpick were observed. From each plate, seven black fruiting bodies were picked 
out from the toothpick under stereo microscope (Nikon, SMZ1000) and crushed on a microscope 
slide, and observed microscopically under compound microscope (Olympus, U-TV0.5XC-3, 
Tokyo, Japan) at 400× magnifications to confirm the presence of ascospore. 
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2.2.8 Determination of the presence of the sequenced avirulence alleles by PCR 
The presence of the sequenced avirulence alleles Avr1, Avr6 and Avr4-7 was determined in 39 L. 
maculans isolates identified using the species-specific primers in Section 2.2.6.4. The genomic 
DNA extracted in Section 2.2.6.2 was used in this experiment. This experiment was done with the 
assistance of a research placement student, Megan Outram, who conducted the PCRs for the 
avirulence genes. 

Determination of avirulence alleles was done using paired primers (Wouw et al., 2010b) for each 
allele as shown in Table 2.2. For each avirulence allele, the PCR mixture contained 1 × PCR 
buffer, 200 µM of each dNTP, 10 µM of the appropriate forward and reverse primers, 1 U of 
FastStart Taq Polymerase and 1 µL of template DNA extracted using the Puregene® DNA 
extraction kit. Each reaction volume was made up to 25 µL with SDW. The amplification 
conditions for each PCR were: initial denaturation for 3 min at 94°C, followed by 35 cycles of 30 s 
at 94°C, 30 s at 58°C and 30 s at 72°C with the final extension period of 7 min at 72°C. The 
resulting PCR products were then separated by electrophoresis in a 1% agarose gel as described in 
Section 2.2.6.4. The avirulence alleles for isolates were determined based on the expected band size 
of 198, 211and 175 bp for AvrLm1, AvrLm6 and AvrLm4-7, respectively. 
 
Table 2.2 Nucleotide sequences of primer pairs used by Wouw et al. (2010b) to amplify AvrLm1, 
AvrLm6 and AvrLm4-7. 

Avr allele Primer pair Sequence (5’-3’) 
AvrLm1 

AVRLM1 qF 
AVRLM1 qR 

GGGTGTTTACTTCGCCTCAC 
CGTTGTAATGAGCGGAACC 

  
AvrLm6 AVRLM6 qF 

AVRLM6 qR 
TATTGGACAAAAGCCGAAGG 
GCGAGAAGCAAGTGGAATGT 

  
AvrLm4-7 AVRLM47int Up 

AVRLM47int Lo 
ATATCTGGAGAAATTCGCTATC 
CCAAGGGTCGGTAGTTATGC 

  
 

 
2.2.9 Data Analysis 
Data for colony diameter and the interactions between the treatments applied were statistically 
analysed using ANOVA by GenStat 14. Data for conidia concentration were log10 transformed to 
improve homogeneity of variance before being analysed. All the means presented were separated 
using Tukey’s HSD test at P≤0.05. 
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2.3 RESULTS 
2.3.1 Sampling  
A total of 334 diseased plant samples were obtained from brassica crops (OSR, swede, turnip, kale, 
rape, broccoli and cauliflower) in Mid Canterbury, South Canterbury, Southland, Otago, Hawkes 
Bay and Palmerston North, thus covering both the North and South Islands. All the samples 
showing typical L. maculans/L. biglobosa disease symptoms, including leaf lesions, stem cankers 
and dry rot (Figures 2.3), were processed at Lincoln University. 

A total of 171 isolates (including isolates from the ICMP collection) were recovered from the 
diseased tissue samples. Of these, 131 were preliminarily identified as L. maculans/L. biglobosa 
based on culture morphology. The remaining isolates recovered were of other fungal species, 
including Fusarium, Alternaria and Phoma species. Of the four ‘L. maculans’ isolates obtained 
from the ICMP culture collection, three were preliminarily identified based on culture morphology 
as L. maculans/L. biglobosa (ICMP 13544, 8344 and 10665) with isolate ICMP 10655 identified as 
Phoma species. The species identity of the four ICMP isolates was confirmed by species-specific 
PCR (Section 2.2.6.4). 

 
2.3.2 Symptoms associated with L. maculans and L. biglobosa 
In most cases, L. maculans was recovered from lesions on OSR leaves which were large, generally 
round in shape, pale grey to brownish in colour with abundant black pycnidia. It was also isolated 
from severe canker of the stem base and also from upper stem lesions (Figure 2.3A, B and D). On 
swede, L. maculans was recovered from dry cracked bulb lesions which had distinct margins, often 
with pycnidia present (Figure 2.3E-G). Leptosphaeria biglobosa was recovered from OSR and kale 
on the upper stem lesion, which had distinct margins similar to those caused by L. maculans 
(Figure 2.3D). No L. biglobosa were recovered from leaf lesions similar to those described as 
characteristic of this pathogen, being small dark lesions without pycnidia (Figure 2.3C). 
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months storage but was different from the growth rate of this isolate at 1, 2 and 12 months, and all 
other isolates at all storage times. There was an interaction (P<0.001) between storage method and 
storage period on the colony growth rate of this pathogen (Table 2.5). The mean growth rate of the 
recovered colonies for isolates stored on PDA slopes (4°C) after one month storage was lower 
(1.87 mm/day) compared to the recovered colonies from -80°C in glycerol at 1 month and both 
storage conditions at all other assessment times (ranged 2.82-4.07 mm/day). An effect (P<0.001) 
was observed for the interaction between isolates, storage methods and storage periods (Table 2.3). 
The highest mean growth rate of the recovered colonies was obtained from isolate Lm 180 stored in 
20% glycerol at -80°C after 3 months storage (6.24 mm/day) which was higher than all treatments 
apart from this isolate stored in 20% glycerol at -80°C after 1, 5 and 9 months and on PDA slopes 
at 4°C after 3 and 5 months, and from isolate Lm 185 after 9 months at -80°C. 

There was an effect (P<0.001) of the storage methods on the colony growth rate with isolates 
stored on PDA slopes showing lower mean growth rate (3.22 mm/day) compared to those stored in 
20% glycerol (3.62 mm/day). There was an effect (P<0.001) of the isolates on the colony growth 
rate, with the mean growth rate obtained from isolate Lm 171 (2.55 mm/day) being the lowest 
compared with the other three isolates, and of these the growth rate of isolate Lm 180 (4.52 
mm/day) was higher than isolates Lm 171 and Lm 185 (Figure 2.5). There was an effect (P<0.001) 
of the storage period on the colony growth rate, with the mean growth rate of L. maculans isolates 
subcultured after one month storage period being lowest (2.34 mm/day) compared to the remaining 
storage periods (3.49-3.94 mm/day; Table 2.3). 
 

 
Figure 2.5 The mean colony growth rate (mm/day) of four Leptosphaeria maculans isolates stored 
either on PDA slopes at 4°C or in 20% glycerol at -80°C and the mean for each isolate across both 
storage conditions. Means for isolates and storage conditions with the same lower case letters are 
not significantly different at P<0.05, and means for colony growth rate across the two storage 
conditions with the same upper case letters are not significantly different P<0.05 according to 
Tukey’s test.  
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Table 2.3 Mean colony growth rates (mm/day) of four Leptosphaeria maculans isolates subcultured onto PDA after storage either on PDA slopes at 4°C or in 
20% glycerol at -80°C and assessed after six different storage periods (month of storage). 
 

 
Lm 

1 month1 2 months1 3 months1 5 months1 9 months1 12 months1 
4°C -80°C Total2 4°C -80°C Total2 4°C -80°C Total2 4°C -80°C Total2 4°C -80°C Total2 4°C -80°C Total2 

168 1.58 a 1.82 
abcd 

1.70 A 3.92 
efghi

jk 

3.72 
bcdefg

hij 

3.82 EF 3.92 
efgh
ijk 

3.53 
abcdef

ghij 

3.72 
EF 

2.90 
abcdefgh 

3.94 
efghijk 

3.42 
CDEF 

4.15 
fghijk 

2.67 
abcdefg 

3.41 
BCDE

F 

3.80 
defgh

ij 

3.01 
abcdefg

h 

3.41 
BCDE

F 
171 1.69a 1.73 

ab 
1.71 A 4.10 

fghij
k 

3.92 
efghijk 

4.01 
EFG 

1.59 
a 

2.48 
abcdef

g 

2.03 A 2.06 
abcde 

2.64 
abcdef

g 

2.35 
ABCD 

2.25 
abcdef 

2.32 
abcdef 

2.29 
ABC 

3.45 
abcd
efghi 

2.33 
abcdef 

2.89 
ABCD

E 
180 1.78 

abc 
5.88 

kl 
3.83 
EF 

4.05 
efghi

jk 

3.75 
cdefgh

ij 

3.90 EF 4.67 
hijkl 

6.24 l 5.46 H 5.03 ijkl 5.46 
jkl 

5.24 
GH 

3.47 
abcdef

ghij 

5.84 kl 4.65 
FGH 

3.91 
efghi

jk 

4.14 
fghijk 

4.03 
EFG 

185 2.43 
abcde

fg 

1.83 
abcd 

2.13 
AB 

3.98 
efghi

jk 

4.05 
efghijk 

4.02 
EFG 

2.74 
abcd
efgh 

4.04 
efghijk 

3.39 
BCDE

F 

3.36 
abcdefgh

i 

3.53 
abcdef

ghij 

3.45 
CDEF 

2.84 
abcdef

gh 

4.37 
ghijkl 

3.60 
DEF 

3.68 
bcdef
ghij 

3.76 
cdefghij 

3.72 
EF 

Mean3 1.87 v 2.82 w  4.01 
yz 

3.86 
xyz 

 3.23 
wxy 

4.07 z  3.34 
wxyz 

3.89 
xyz 

 3.18 
wx 

3.80 xyz  3.71 
xyz 

3.31 
wxyz 

 

Mean4 2.34 Y  3.94 Z  3.65 Z  3.61 Z  3.49 Z  3.51 Z  
*Values within the rows or columns followed by the same letters are not significantly different according to Tukey’s test at P=0.05. 1 Comparisons across interactions between all effects, isolate x storage methods x storage period (a-l). 2 Comparisons across interactions between isolates and storage periods (A-H).  
3 Comparison across interaction between storage periods and storage methods (v-z).  4 Comparison across effect of storage periods (Y-Z).  



30 

 

Colonies grew and produced conidia on PDA for all replicates and for all isolates from both storage 
methods from all storage periods. The mean conidial concentrations produced by the recovered 
colonies for the four L. maculans isolates after storage on PDA slopes (4°C) and in 20% glycerol (-
80°C), subcultured after different storage periods are presented in Figure 2.6 and Table 2.4 with the 
statistical analysis presented in Appendix C.1.2. There was an interaction (P=0.018) between L. 
maculans isolates and the storage methods on conidial production (Figure 2.6). The mean numbers 
of conidia produced by colonies of isolate Lm 171 recovered after storage on PDA slopes (4°C) 
was the lowest (0.16 log10 conidia/mL) and was different from conidial numbers produced by Lm 
180 and Lm 185 from both storage methods (ranged 0.74-0.99 log10 conidia/mL). There was an 
interaction (P<0.001) between L. maculans isolates and storage periods (Table 2.4). The highest 
mean conidial production was by colonies of isolate Lm 185 after 9 months storage (1.56 log10 
conidia/mL) which was different from all isolates after 1 and 2 months, isolate Lm 186 and Lm 171 
after 3 and 12 months and isolate Lm 171 after 9 months storage. There was an interaction 
(P<0.001) between storage method and storage period on the conidia production by L. maculans 
(Table 2.4). The mean conidial concentrations produced by the recovered colonies after storage on 
PDA slopes (4°C) after 1 and 2 months storage, and by the recovered colonies from 20% glycerol 
after 2 months storage were significantly lower (ranging from -0.38 to -0.31 log10 conidia/mL) 
compared to all other storage times and treatments (ranging from 0.16 to1 .23 log10 conidia/mL). 
There was an interaction (P=0.001) between isolate, storage method and storage period (Table 2.4). 
The highest mean conidial concentration was harvested from colonies of isolate Lm 185 recovered 
after 9 months storage in 20% glycerol (-1.58 log10 conidia/mL), which was different from all 
treatments apart from this isolate stored under both storage conditions after 1 and 2 months and 
isolate Lm 168 stored under both storage conditions after 1, 2, 3 and 12 months and on PDA slopes 
after 9 months, and from isolate Lm 171 under both storage conditions after 1, 2 and 3 months and 
after 12 months storage in 20% glycerol. 

There was an effect (P=0.048) of the storage methods on the conidial concentrations, with isolates 
stored on PDA slopes producing lower mean conidial concentration (0.55 log10 conidia/mL) 
compared to storage in 20% glycerol (0.64 log10 conidia/mL). There was an effect (P<0.001) of the 
isolates on the conidial concentration (Figure 2.6) with mean conidial production for isolate Lm 
171 (0.30 log10 conidia/mL) and Lm 168 (0.28 log10 conidia/mL) being similar from each other but 
lower than for isolate Lm 180 (0.95 log10 conidia/mL) and isolate Lm 185 (0.84 log10 conidia/mL). 
There was an effect of storage periods (P<0.001) on the conidial concentration (Table 2.4), with the 
mean conidial production for L. maculans isolates subcultured after 1 and 2 month storage period (-
0.10 and -0.35 log10 conidia/mL, respectively) being lower compared to the remaining storage 
periods (0.80-1.18 log10 conidia/mL). 

Based on these results all L. maculans/L. biglobosa isolates were stored as mycelia plugs cut from 
cultures of the single spore isolates in 20% glycerol at -80°C for the subsequent experiments. 
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Figure 2.6 The mean conidial concentration (log10 conidia/mL) of four Leptosphaeria maculans 
isolates stored either on PDA slopes at 4°C or in 20% glycerol at -80°C and the mean for each 
isolate across both storage conditions. Means for isolates and storage conditions with the same 
lower case letters are not significantly different at P=0.05 and means for conidial concentrations 
across the two storage conditions with the same upper case letters are not significantly different at 
P=0.05 according to Tukey’s test. 
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Table 2.4 Mean conidial concentrations (log10 conidia/mL) of four Leptosphaeria maculans isolates subcultured onto PDA after storage either on PDA slopes 
at 4°C or in 20% glycerol at -80°C and assessed after six different storage periods (month of storage). 
 

Lm 1 month1 2 months1 3 months1 5 months1 9 months1 12 months1 
4°C -80°C Total2 4°C -80°C Total2 4°C -80°C Total2 4°C -80°C Total2 4°C -80°C Total2 4°C -80°C Total2 

168 -0.70 
abc 

-0.53 
abcd 

-0.61 
AB 

-0.87 
ab 

-0.68 
abc 

-0.77 
A 

0.2
0 

cde
fghi 

0.72 
fghijkl

m 

0.46 
CDE 

1.20 
jklm 

1.00 
ijklm 

1.10 
FGHIJ

K 

1.00 
ijklm 

0.87 
hijklm 

0.94 
DEFG
HIJK 

1.00 
ijkl
m 

0.20 
cdefghi 

0.60 
DEFG

HI 

171 -0.39 
abcd

e 

-0.13 
abcde

fg 

-0.26 
AB 

-1.03 
a 

-0.36 
abcde 

-0.69 
AB 

0.4
4 

def
ghij

k 

0.53 
efghij

kl 

0.48 
CDEF 

0.85 
hijklm 

1.10 
ijklm 

0.98 
DEFG
HIJK 

0.54 
efghijk

l 

1.02 
ijklm 

0.78 
DEFG

HIJ 

0.53 
efgh
ijkl 

0.54 
efghijkl 

0.53 
CDEF

G 

180 0.28 
cdef
ghij 

0.83 
ghijkl

m 

0.55 
DEFG

H 

0.90 
hijkl

m 

-0.01 
bcdef

gh 

0.45 
CD 

0.9
6 

hijk
lm 

1.21 
jklm 

1.09 
EFGH

IJK 

1.42 
klm 

0.92 
hijklm 

1.16 
GHIJ

K 

1.17 
ijklm 

1.34 
klm 

1.26 
JK 

1.21 
jklm 

1.17 
ijklm 

1.19 
IJK 

185 -0.63 
abc 

0.45 
efghij

k 

-0.09 
BC 

-0.53 
abcd 

-0.19 
abcde

f 

-0.36 
AB 

0.9
9 

ijkl
m 

1.37 
klm 

1.18 
HIJK 

1.47 lm 1.49 
lm 

1.48 K 1.54 m 1.58 m 1.56 K 1.58 
m 

0.99 
ijklm 

1.29 
JK 

Mean
3 

-0.36 
v 

0.16 
w 

 -0.38 
v 

-0.31 
v 

 0.6
5 x 

0.96 
xyz 

 1.23 z 1.13 z  1.07 
yz 

1.21 z  1.08 
yz 

0.73 xy  

Mean
4 

-0.10 W  -0.35 W  0.80 X  1.18 Z  1.14 YZ  0.90 XY  

*Values within the rows or columns followed by the same letters are not significantly different according to Tukey’s test at P=0.05. 
1Comparisons across interactions between all effects, isolate x storage methods x storage period (a-m). 
2Comparisons across interactions between isolates and storage periods (A-K). 
3Comparison across interaction between storage periods and storage methods (v-z). 
4Comparison across effect of storage periods (W-Z). 
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mean growth rate was from isolate Lm 150 (1.90 mm/day) incubated under continuous cool white 
fluorescent light at room temperature. However, there was no interaction (P=0.269) between 
isolates, media and incubation conditions on the growth rate, with the mean growth rate ranged 
from 0.88 mm/day to 3.76 mm/day. 

The mean conidial production for the five L. maculans isolates grown under two different 
incubation conditions are summarized in Table 2.6 and the statistical analysis presented in 
Appendix C.1.4. There was an interaction (P=0.015) between L. maculans isolate and incubation 
condition on the conidia production. The highest mean conidia production was for isolate Lm 147 
(0.78 log10 conidia/mL) incubated under the light bank at room temperature, and was significantly 
higher than all other isolates in both incubation conditions except isolates ICMP 13544 and Lm 102 
also incubated under the light bank. There was an interaction (P=0.018) between media and 
incubation condition on conidia production by L. maculans. The mean conidial production by the 
isolates subcultured on V8-juice and incubated under the light bank at room temperature (0.91 log10 
conidia/mL) was higher than conidial production on V8 juice agar in the incubator and PDA under 
both incubation conditions. Overall across all incubation treatments there was an effect of isolate 
(P<0.001) on the conidial production of the five L. maculans isolates. Isolate Lm 147 produced a 
higher mean conidial concentration (0.25 log10 conidia/mL) compared to isolates Lm 102, Lm 143, 
Lm 157 but not ICMP 13544. Overall comparison between the two media showed that mean 
conidial production by the L. maculans isolates was higher (P<0.001) when they were subcultured 
on V8-juice agar (0.28 log10 conidia/mL) compared to PDA (-0.95 log10 conidia/mL). Overall 
comparison between the two incubation conditions showed that mean conidial production by the L. 
maculans isolates was higher (P<0.001) when they were incubated under continuous light at room 
temperature (0.14 log10 conidia/mL) than under diurnal light at 20°C (-0.82 log10 conidia/mL). 

There was no interaction (P=0.322) between L. maculans isolates and media on the conidial 
production. On PDA, mean conidial production ranged from -1.40 log10 conidia/mL (isolate Lm 
143) to -0.27 log10 conidia/mL (isolate Lm 147), while on V8-juice agar conidia production ranged 
from -0.15 log10 conidia/mL (isolate Lm 102) to 0.76 log10 conidia/mL (isolate Lm 147). There was 
also no interaction (P=0.056) between isolates, media and incubation condition on conidial 
production with mean conidial concentration ranged from -1.70 to 1.66 log10 conidia/mL. 
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Table 2.5 Mean of colony growth rates (mm/day) of Leptosphaeria maculans isolates subcultured on PDA and V8-juice agar, after  9 days incubation in the 
incubator [single cool-white fluorescent light tube and a single black light tube (Philips TL 40W/80WRS F 40 BLB) with 12:12 h light:dark] at 20°C and 
under a light bank [continuous cool white fluorescent light (100-150 µE.s-1.m-2)] at room temperature (20-31°C). 
 

Isolate Incubator Light bank Mean across incubation conditions Overall mean3 
PDA V8 Mean across 

media1 
PDA V8 Mean across 

media1 
PDA2 V82  

Lm 102 2.39 3.44 2.92 1.25 2.80 2.03 1.82 3.12 2.47 
Lm 143 2.01 3.62 2.82 1.30 3.58 2.44 1.65 3.60 2.63 
Lm 147 2.71 3.24 2.98 1.05 2.82 1.93 1.88 3.03 2.45 

ICMP 13554 2.53 3.52 3.03 1.14 2.66 1.90 1.83 3.09 2.46 
Lm 157 3.58 3.76 3.67 0.88 3.29 2.08 2.23 3.52 2.88 
Mean4 2.65 b 3.52 c  1.12 a 3.03 bc     
Mean5 3.08 A 2.07 B 1.88 Y 3.27 Z  

*Values within the rows or columns followed by the same letters are not significantly different according to Tukey’s test at P=0.05. 
1 Comparisons across interactions between isolates and incubation condition were not significant (P=0.129). 
2 Comparisons across interactions between isolates and media were not significant (P=0.410). 
3 Comparison of overall effects of treatment across isolates were not significant (P=0.278). 
4 Comparison of means for media and incubation condition effects across isolates (a-c) were significant/not significant (P=0.05) 
5 Comparison of overall effect of incubation conditions across isolates (A-B) means were significant (P=0.05) and for comparisons of overall effect of media 
(Y-Z) means were significant (P=0.0501). 
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Table 2.6 Mean conidial concentrations (log10 conidia/mL) of Leptospaheria maculans isolates subcultured on PDA and V8-juice agar, after 9 days 
incubation in the incubator [single cool-white fluorescent light tube and a single black light tube (Philips TL 40W/80WRS F 40 BLB) with 12:12h light:dark] 
at 20°C and light bank [continuous cool white fluorescent light (100-150 µE.s-1.m-2)] at room temperature (20-31°C). 
 

Isolate Incubator Light bank Mean across incubation conditions Overall mean3 
PDA V8 Mean across 

media1 
PDA V8 Mean across 

media1 
PDA2 V82 

Lm 102 -1.21 -1.00 -1.11 a -0.95 0.70 -0.13 bc -1.08 -0.15 -0.62 a 
Lm 143 -1.52 -0.28 -0.90 ab -1.28 0.63 -0.33 ab -1.40 0.17 -0.62 a 
Lm 147 -0.79 0.22 -0.28 ab 0.26 1.30 0.78 c -0.26 0.76 0.25 b 

ICMP 13554 -1.16 -0.84 -1.00 ab -0.15 1.66 0.76 c -0.65 0.41 -0.12 ab 
Lm 157 -1.70 0.12 -0.79 ab -1.01 0.26 -0.37 ab -1.36 0.19 -0.58 a 
Mean4 -1.28 d -0.36 e  -0.62 e 0.91 f     
Mean5 -0.82 A 0.14 B -0.95 Y 0.28 Z  

*Values within the rows or columns followed by the same letters are not significantly different according to Tukey’s test P=0.05. 
1 Comparisons across interactions between isolates and incubation condition (a-c) were significant (P=0.05). 
2 Comparisons across interactions between isolates and media were not significant (P=0.322). 
3 Comparison of overall effects of treatment across isolates (a-b) were significant (P=0.05). 
4 Comparison of means for media and incubation condition effects across isolates (d-f) were significant (P=0.05) 
5 Comparison of overall effect of incubation conditions across isolates (A-B) means were significant (P=0.05) and for comparisons of overall effect of media 
(Y-Z) means were significant (P=0.05). 
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2.3.5 Identification of L. maculans/L. biglobosa isolates by morphological 
characteristics 
Isolates preliminarily identified as L. maculans or L. biglobosa produced different colony 
morphologies (Figure 2.8) as described in Section 2.2.5. Isolates identified as L. maculans 
produced smaller colonies compared with L. biglobosa (approximately 29.8 mm and 45.8 mm 
diameter, respectively, after 14 days growth on PDA at 15°C in continuous darkness).  
Leptosphaeria maculans isolates produced two colony morphologies. The colonies of the first 
morphology (colony morphology A) had characteristically white to greyish dense mycelium with a 
dark green underside, with no pigment produced in the growth media (Figures 2.8E and F). 
Approximately 70% of L. maculans colonies were of this morphology. The colonies of the second 
morphology (colony morphology B) had white, fluffier mycelium with dark green just in the centre 
of the underside (Figure 2.8G and H). Abundant pycnidia were produced on mature colonies, 
usually starting from the centre of the colony. The oozing of conidia was seen as pink cirri (Figure 
2.8I). In contrast, isolates identified as L. biglobosa had characteristic white fluffy mycelium with a 
yellow pigment produced in the growth media after 5 days growth (Figures 2.8C and D). Pycnidia 
were also produced on L. biglobosa colonies but were usually covered with mycelium. 

From the cultures isolated from diseased brassica crop tissue, 127 isolates (including two ICMP 
isolates) were preliminarily identified as L. maculans and 4 isolates (including one ICMP isolate) 
as L. biglobosa based on culture morphology. Species identity of the representative isolates were 
confirmed using molecular techniques. 
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Figure 2.8 Colony morphology of Leptosphaeria species grown on PDA. Leptopshaeria maculans 
(Lm) and Leptosphaeria biglobosa (Lb) colonies isolated from diseased tissue, A) colony surface 
view; B) colony underside view; L. biglobosa colony C) surface and D) underside; L. maculans 
colony A type E) surface and F) underside; L. maculans colony B type G) surface view and H) 
underside; I) pink cirri of L. maculans conidia oozing out of pycnidia on a mature colony indicated 
by the red arrow. 
 

2.3.6 Identification of Leptosphaeria maculans/ L. biglobosa isolates by 
molecular techniques 
Amplification of genomic DNA from four isolates identified as L. biglobosa and 40 representative 
isolates as L. maculans by species-specific PCR yielded a product of approximately 444 bp for L. 
biglobosa and approximately 331 bp for L. maculans isolates (Figure 2.9). A single PCR product of 
the expected size was amplified from the DNA of all but one of the 40 L. maculans isolates (isolate 
Lm 267) using the L. maculans-specific primers. For this isolate repeated attempts failed to amplify 
a PCR product and, therefore, this isolate could not be confirmed as L. maculans even though the 
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Table 2.7 Sequences analysis for ribosomal DNA (ITS), actin gene and β-tubulin gene region for 
Leptosphaeria maculans and Leptosphaeria biglobosa representative isolates. 
 

Species-
Identity 

Gene Isolate Identity from DNA 
sequencing 

GenBank 
Accession no. 

Max 
identity 

L. biglobosa ITS Lb 237 L. biglobosa ‘brassicae’ AJ550859 100% 
Lb 238 L. biglobosa ‘brassicae’ AJ550859 100% 

ICMP 10665 L. biglobosa ‘brassicae’ AJ550859 100% 
Lb 268 L. biglobosa ‘brassicae’ AJ550859 100% 

Actin Lb 237 L. biglobosa ‘brassicae’ AY748949 99% 
Lb 238 L. biglobosa ‘brassicae’ AY748949 99% 

ICMP 10665 L. biglobosa ‘brassicae’ AY748949 99% 
Lb 268 L. biglobosa ‘brassicae’ AY748949 99% 

β-tubulin Lb 237 L. biglobosa ‘brassicae’ AY748997 99% 
Lb 238 L. biglobosa ‘brassicae’ AY748997 100% 

ICMP 10665 L. biglobosa ‘brassicae’ AY748997 99% 
Lb 268 L. biglobosa ‘brassicae’ AY748997 99% 

L. maculans ITS Lm 101* L. maculans ‘brassicae’ GU205260 99% 
Lm 136# L. maculans ‘brassicae’ GU205260 99% 
Lm 146# L. maculans ‘brassicae’ GU205260 100% 

ICMP 13554# L. maculans ‘brassicae’ GU205260 100% 
Actin Lm 101 L. maculans ‘brassicae’ AY748970 99% 

Lm 136 L. maculans ‘brassicae’ AY748970 99% 
Lm 146 L. maculans ‘brassicae’ AY748970 100% 

ICMP 13554 L. maculans ‘brassicae’ AY748970 99% 
β-tubulin Lm 101 L. maculans ‘brassicae’ AY749018 100% 

Lm 136 L. maculans ‘brassicae’ AY749018 100% 
Lm 146 L. maculans ‘brassicae’ AY749018 100% 

ICMP 13554 L. maculans ‘brassicae’ AY749018 100% 
Note: (*) Colony morphology A; (#) Colony morphology B 

 

The neighbour joining tree generated for DNA sequences from the actin gene had two major clades 
and each was further divided into subclades (Figure 2.12; Appendix D.2). Clade I encompassed L. 
biglobosa isolates. All L. biglobosa representative isolates were clustered within the L. biglobosa 
‘brassicae’ subclade and were identical to the type specimen confirming their initial identification. 
Clade II encompassed L. maculans and was divided into two subclades, L. maculans ‘lepidii’ and 
L. maculans ‘brassicae’. All representative L. maculans isolates clustered with L. maculans 
‘brassicae’ and were identical to the type specimen confirming their initial identification. 

The neighbour joining tree for the β-tubulin sequences had a single branch that was further divided 
into clades (Figure 2.13; Appendix D.3). Clade I contained the L. biglobosa isolates. All New 
Zealand L. biglobosa isolates clustered with L. biglobosa ‘brassicae’ confirming initial 
identifications. Only Lb 238 produced a sequence that was identical to the type specimen, whilst 
the other three isolates, although within the same subclade, each had the same two nucleotide 
polymorphisms (Table 2.7). Clade II contained L. maculans isolates. All representative L. 
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OSR stem/stubble, 83.5%, which corresponded with the highest number of samples collected. 
Leptosphaeria maculans was also isolated, although at lower percentage recovery, from OSR 
petiole and leaf, and swede (B. napus) leaf, stem and bulb samples, but was not recovered from any 
kale (B. oleracea) or turnip (B. rapa) plant material. The three L. biglobosa isolates were recovered 
from diseased OSR stem (two isolates) and kale stem (one isolate) in Canterbury where the more 
extensive sampling was carried out. 

The total number of L. maculans isolates obtained from OSR and swede in different regions are 
shown in Figure 2.14. More than 60% (77 isolates) of the L. maculans isolates were isolated from 
OSR plants from Mid Canterbury while the remainder were isolated from Puketitiri (swede, 4%), 
Mid Canterbury (swede, 4%), South Canterbury (OSR, 20%) and Southland (swede, 9%). Turnip 
samples were obtained from Central Otago, Lincoln and Rakaia, swede and kale from Lincoln, and 
forage rape from Lincoln, Palmerston North and Manawatu but neither L. maculans or L. biglobosa 
were isolated from these samples. Similarly, no L. maculans or L. biglobosa isolates were obtained 
from lesions on leaf material from wild turnip, cabbage, cauliflower and broccoli, with isolates 
characteristic of Alternaria spp. or Phoma spp. being isolated from these leaf lesions. 

All three L. biglobosa isolates originated from Mid Canterbury, one isolate each from OSR stem 
cankers from Darfield and Lincoln, and one isolate from a kale (B. oleracea) stem canker from 
Lincoln where more extensive sampling was carried out. Two L. maculans isolates obtained from 
the ICMP culture collection were isolated from a dry rot lesion on a turnip (B. rapa) plant and from 
the stem base of a forage rape (B. napus) plant, from Wairarapa and Mid Canterbury, respectively. 
The L. biglobosa ICMP isolate was from Levin and isolated from a basal rot lesion on a cauliflower 
(B. oleracea var botrytis) plant. Two L. maculans isolates obtained from the Plant and Food 
Culture Collection were obtained from a dry rot lesion on swede (B. napus) from Gore. 

No correlation with cultivar could be done due to the inconsistent numbers of samples from 
different cultivars obtained, and the unspecified cultivars from which some isolates were sourced. 
However, for OSR the majority of isolates were obtained from cultivar ‘Flash’ with this being the 
most frequent cultivar planted (Richard Chynoweth, pers. comm., 2011), with a few also isolated 
from cultivar ‘Ability’. For swede, isolates were obtained from cultivar ‘Dominion’. 
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Figure 2.14 The total number of Leptosphaeria maculans isolates recovered from OSR and swede 
across the four main regions sampled in New Zealand. 
 

2.3.8 Determination of the mating type of L. maculans isolates by in vitro dual 
plates assay 
Microscopy observations on the initial in vitro dual plate assay showed there were no pseudothecia 
formed at the interaction zone between the two colonies, with all spore bearing structures found to 
be pycnidia. This experiment was repeated after confirmation of the mating type of L. maculans 
isolates by PCR (Section 2.3.9). 

 
2.3.9 Determination of mating type locus of L. maculans isolates 
Amplification of genomic DNA of 39 L. maculans isolates using primers for the mating type locus 
yielded products corresponding to the expected sizes of 686 or 443 bp, corresponding to the MAT1-
1 and MAT1-2 mating type idiomorphs, respectively. There was no correlation between the two 
colony morphologies (colony morphology A and B; Section 2.3.5) and mating type, with the ratio 
of colony morphology A:B of the isolates used being 1:1. Overall 32 isolates were identified as 
MAT1-1 and seven isolates as MAT1-2 (Figure 2.15) resulting in a ratio of 5:1 MAT1-1:MAT1-2 for 
the L. maculans population. Of the MAT1-1 isolates, five were collected from the North Island, in 
Puketitiri and Masterton, with the remaining isolates originating from various locations around the 
South Island (Appendix B.2). Results in this study showed that MAT1-1 was the dominant mating 
type recovered from all locations in both North and South Islands. All seven MAT1-2 isolates 
originated from the South Island from either Gore or Lincoln. The proportion of MAT1-1:MAT1-2 
from swede and OSR were 3:2 and 5:2, respectively. 
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Figure 2.15 Distribution of the two mating types in the 39 Leptosphaeria maculans isolates from 
different New Zealand locations. 
 

2.3.10 Production of sexual ascospore by isolates of the two identified mating 
types using the in vitro dual plate assay 
An attempt to produce pseudothecia from selected isolates with confirmed mating type loci, using 
the in vitro dual plate assay and the toothpick method, was successful (Figures 2.16A, B). 
However, not all paired isolates formed pseudothecia. Pseudothecia were formed on the toothpick 
for all of the replicate plates for three isolate pairs, Lm 157 × Lm 183, Lm 161 × Lm 183 and Lm 
161 × Lm 169 (Table 2.8). No pseudothecia were observed on any of the other pairings, including 
the isolates paired with themselves as control plates (Figures 2.16C, D). Pycnidia formed in the 
media on all plates. Pseudothecia that formed on the toothpicks were confirmed to contain 
ascospore by observing crushed pseudothecia under a microscope (400× magnification; Figure 
2.17). 
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Figure 2.17 Crushed pseudothecia of Leptosphaeria maculans obtained on the toothpick from the 
in vitro dual plate assay. A) Crushed pseudothecia at 100× magnification; B) Ascospore contained 
in the asci, C) ascus and D) a single ascospore at 400× magnification. 
 

2.3.11 Determination of the presence of sequenced avirulence genes by PCR 
The number of isolates producing amplimers from L. maculans isolates for the avirulence genes 
that have previously been cloned and sequenced are presented in Figure 2.18. Amplification of the 
AvrLm1 gene yielded a single PCR product of the expected size (198 bp) from the DNA of seven of 
the 39 isolates tested. Three isolates originated from two South Island locations (Lincoln and Gore) 
and four were from a single North Island location (Puketitiri). The ratio of AvrLm1 in accordance 
to mating type idiomorphs was 1:6, with the single MAT1-2 idiomorph containing AvrLm1 
originating from Gore. The expected band of 211 bp, indicating the presence of AvrLm6, was 
amplified from the genomic DNA of all 39 isolates. The expected band of 175 bp for AvrLm4-7 
was amplified from the DNA of 15 of the 39 isolates, all of which were of the MAT1-1 idiomorph. 
Twelve of the isolates originated from four locations in the South Island and three were found from 
a single location in the North Island (Puketitiri). In this study, the most common allele structure 
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was a single allele (AvrLm6), with 20 isolates across both mating type idiomorphs having this allele 
structure. However, across both mating types there were also isolates with multiple avirulence 
alleles, with four isolates containing all three of the targeted avirulence alleles; three isolates had a 
combination of AvrLm1 and AvrLm6, 12 isolates had a combination of AvrLm6 and AvrLm4-7, and 
one isolate had a combination of AvrLm1 and AvrLm6 (Table 2.9). There was no correlation 
between colony morphology (colony morphology A or B; Section 2.3.5) and avirulence allele 
structure. 
 

 
Figure 2.18 Distribution of the three avirulence alleles in L. maculans isolates obtained from seven 
different locations in New Zealand. 
 

Table 2.9 Allele structure based on PCR detection of the three cloned and sequenced avirulence 
(Avr) alleles for 39 Leptosphaeria maculans isolates. 
 

Mating type Allele structure Number of isolates 
MAT1-1 AvrLm1, AvrLm6, AvrLm4-7 4 

AvrLm1, AvrLm6 2 
AvrLm6, AvrLm4-7 12 

AvrLm6 14 
MAT1-2 AvrLm1, AvrLm6 1 

AvrLm6 6 

 
2.4 DISCUSSION 
This study was the first reported to identify the Leptosphaeria species infecting blackleg/dry rot 
brassica samples in cropping areas throughout New Zealand. The results showed that infection by 
Leptosphaeria species is widespread, being present in most of the regions where samples were 
sourced. Both L. maculans and L. biglobosa were isolated from the diseased material. 
Leptosphaeria maculans (syn. Phoma lingam) was first reported as a pathogen of swede in New 
Zealand by Cunningham (1927), however, this is the first report of L. biglobosa in New Zealand. A 
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L. maculans isolate (ICMP 10665) obtained from the ICMP Culture Collection (LandCare 
Research) isolated in 1979 from a basal rot lesion on a cauliflower (B. napus) plant in Levin, New 
Zealand was also identified as being L. biglobosa suggesting that this species is not a recent 
introduction to New Zealand. The incorrect identification of the ICMP isolate as L. maculans 
predates the reclassification of L. maculans group B isolates (nonaggressive) as a new species, L. 
biglobosa (Shoemaker & Brun, 2001). 

In this study, L. maculans appeared to be the dominant species, with 123 isolates of L. maculans 
recovered and only three isolates of L. biglobosa. The L. biglobosa isolates were recovered from 
diseased OSR stems (two isolates) and a kale stem (one isolate) in Canterbury where the more 
extensive sampling may have increased the likelihood of recovery of L. biglobosa if, as 
hypothesised, it is less prevalent. The sampling by consultants/growers in other regions may 
indicate their lack of experience in recognising the less distinct disease symptoms of L. biglobosa 
compared with those of L. maculans. Since L. maculans is reported to be more pathogenic causing 
more severe symptoms compared to L. biglobosa, it is likely that this would not only result in more 
diseased material in the field, but that this material would be more easily recognisable and therefore 
sampled more frequently. This is also supported by the fact that the L. biglobosa isolates that were 
recovered were isolated from stem cankers and not from the less distinct leaf lesions. Further, L. 
biglobosa ascospore have been reported to be released later in the season than those of L. maculans 
(Toscano-Underwood et al., 2003; Huang et al., 2005), resulting in infection and therefore 
symptoms developing later in the season, which may have been prior to the development of L. 
biglobosa symptoms. In Australia, despite extensive sampling with a number of surveys, L. 
biglobosa has been recorded less frequently than L. maculans and in only a few studies (Plummer 
et al., 1994; Sosnowski et al., 2001; Vincenot et al., 2008; Wouw et al., 2008; Elliot et al., 2011). 
For example, Sosnowski et al. (2001a) recovered only two L. biglobosa isolates compared to 38 L. 
maculans isolates from the canola commercial crops. Also, a study by Vincenot et al. (2008) 
reported that from a total of 188 isolates recovered from OSR or cruciferous weeds in Western 
Australia, only 19 isolates were identified as L. biglobosa. However, Wouw et al. (2008) found that 
L. biglobosa distribution was regional; since all 88 isolates obtained from northern New South 
Wales were L. biglobosa ‘canadensis’ while 55 isolates from Victoria were all L. maculans. The 
regional nature of L. biglobosa distribution was also reported in Poland (Jedryczka et al., 1999; 
Huang et al., 2005) and China (West et al., 2000). Findings from this current study that showed 
both of the pathogens species were present is not surprising as the other authors have also reported 
the co-existence of these pathogens in Europe and North America (West et al., 2002a; Fitt et al., 
2006a).  

Leptosphaeria biglobosa was only recovered from OSR and kale stem lesions, and not from any 
swede samples. However, since only three isolates of L. biglobosa were recovered in the current 
sampling the lack of positive isolations from swede may be, as discussed earlier, due to sampling 
bias. For the four L. biglobosa isolates in this study, the sequences of ITS regions and actin gene 
regions, clustered with the L. biglobosa ‘brassicae’ type specimen. However, the sequences of β-
tubulin gene regions showed that only one isolate (Lb 238) was identical to the type specimen 
while the other three each had the same two polymorphic bases. Previous studies by Vincenot et al. 
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(2008) also showed that L. biglobosa had some degree of sequence polymorphism, with discovery 
of six sub-clades (based on DNA sequence information) which were linked to either host 
specificity or geographic location. There was no evidence that the three isolates belonged to a new 
subclade as their sequences were 99.9% similar to Lb 238 and grouped within the ‘brassicae’ 
subclade. Actin and ITS were identical to L. biglobosa ‘brassicae’ as shown in Table 2.7. Vincenot 
et al. (2008) reported that the different subclades of L. biglobosa were different in their 
pathogenicity on OSR cultivar. All the isolates from this study were equally pathogenic on the 
tested crop, except for the ICMP isolate (Chapter 3), further supporting that all L. biglobosa 
isolates found in this study belong to the brassicae subclade. 

For L. maculans isolates, DNA sequences from both the actin and β-tubulin gene regions placed 
them with the L. maculans ‘brassicae’ type specimen. For the sequence of the ITS region, isolate 
Lm 136 was identical to the type specimen and separated from the other three isolates. The 
difference observed was based on the same three nucleotide polymorphisms each for isolates ICMP 
13544, Lm 146 and Lm 101, giving 99.7% similarity with isolate Lm 136. According to Voigt et 
al. (2005), ribosomal RNA has some limitations as an indicator of phylogenetic relationship. In 
contrast, nucleotide sequences of actin and β-tubulin genes are highly conserved, and thus, have 
more often been used in phylogenetic analyses (Voigt & Wöstemeyer, 2000; Voigt et al., 2005). 
There was no evidence that the three isolates polymorphic for their ITS region belonged to a 
different subclade as they grouped with L. maculans ‘brassicae’ in all three neighbour joining trees. 

The two colony morphologies could be easily distinguished, with L. biglobosa producing a yellow 
pigment in the culture media which was not seen with L. maculans (William & Fitt, 1999). 
Sequencing which placed both the L. maculans and L. biglobosa isolates in the subclade ‘brassicae’ 
agreed with overseas studies which have reported ‘brassicae’ as the main L. maculans subclade 
found in most OSR growing regions of the world. It also represents most of the isolates recovered 
from OSR (Voigt et al., 2005). For L. biglobosa, the main subclade associated with OSR 
worldwide, apart from central Canada and Australia, was also reported to be ‘brassicae’ (Vincenot 
et al., 2008; West et al., 2001). Leptosphaeria biglobosa ‘brassicae’ has not been isolated in 
Australia, with L. biglobosa ‘australensis’, ‘occiaustralensis’ and ‘canadensis’ being identified as 
being associated with OSR (Vincenot et al., 2008; Wouw et al., 2008). In this study, isolates 
identified as L. maculans ‘brassicae’ were isolated from both OSR and swede suggesting that the 
same population infect the two brassica crops. Swede and OSR are both the host plant for the 
pathogen and the inoculum could be spread between neighbouring crops of different host types. 
The relative pathogenicity of isolates in relation to origin on these two crops was compared in 
Chapter 3. 

The most successful isolations were obtained from OSR stem lesions which resulted in the highest 
number of L. maculans isolates being recovered from OSR in the Mid Canterbury region followed 
by South Canterbury. The high number of L. maculans isolates was, as previously discussed, 
mainly because the stem lesion symptoms were easily recognisable in the field. In contrast, the 
percentage of successful isolations from OSR leaf lesions was <20% despite the high number of 
samples collected. Even though several reports suggested that L. maculans/L. biglobosa can be 
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identified based on leaf lesion appearance, it is often difficult to accurately distinguish between leaf 
lesions caused by these species and those caused by other pathogens such as Alternaria brassicae 
(Vincenot et al., 2008; West et al., 2002a), Pyrenopeziza brassicae (West et al., 2002a) and Phoma 
species. This was particularly the case initially for small ‘young’ lesions and those of L. biglobosa 
which had few or no characteristic pycnidia. No L. maculans/L. biglobosa isolates were recovered 
from any of the leaf lesions supplied by consultants/growers indicating that they were not 
accurately recognising the symptoms at the field level. However, even with the self-sampling, 
accurate identification (as indicated by the positive isolations) were low initially, but increased with 
experience, enabling the lesions to be more easily distinguished from those caused by other 
pathogens. Similar results were seen for isolations from leaf lesions on kale, fodder rape, turnip and 
swede with L. maculans only isolated from one swede leaf lesion sample. Leptosphaeria maculans 
was also recovered from 28% of swede plants with characteristic dry rot symptoms from Puketitiri 
North Island, Mid Canterbury and Southland. The majority of the swede samples were from the 
North Island and Southland, and were sent by post to Lincoln University for processing. This delay 
in processing resulted in extensive rotting of some of the samples and probably contributed to the 
low recovery of L. maculans on the isolation plates. No L. maculans isolates were recovered from 
dry rot lesions on turnip samples received from the growers, also probably partly due to 
deterioration of the samples caused by the delay in processing. However, one L. maculans isolate 
obtained from ICMP collection was originally isolated in 1998 from a dry rot lesion on turnip from 
Wairarapa indicating that this pathogen is able to cause dry rot in this brassica crop. Therefore, L. 
maculans could be a causal agent for swede disease since more than 10 years ago but this was not 
proved due to lack of sampling and further studies. For some samples where extensive rotting had 
not taken place, L. maculans was not isolated, but Fusarium avenaceum was (confirmed by DNA 
sequencing). It was also frequently isolated from swede samples with characteristic dry rot 
symptoms, especially from samples sent from Southland. Fusarium avenaceum has been reported 
to cause dry rot of rutabaga in cold storage (Peters et al., 2007). It also has been reported that 
Fusarium was the most common genera isolated from brassica, in particular OSR (Fernandez, 
2007). Thus, it is possible this fungal genus could also cause the disease on swede and turnip. 
However, whether it is a secondary pathogen/contaminant or a potential cause of dry rot in swede 
is unclear and warrants further work. 

Of the four L. maculans isolates (ICMP 8344, ICMP 13554, ICMP 10655 and ICMP 10665) 
sourced from the ICMP culture collection (LandCare Research) as reference strains, only two were 
confirmed as L. maculans (ICMP 8344 and ICMP 13554). One isolate, as previously discussed, 
was re-identified as being L. biglobosa (ICMP 10665) whilst the remaining isolate (ICMP 10655) 
was identified as Phoma exigua var. exigua. This particular isolate (ICMP 10655) also had similar 
sequence identity to P. multirostrata. However, the sequences matches cited as P. multirostrata in 
Genbank are from the same study and are probably a misidentification as they had a low percentage 
similarity (95%) to the P. multirostrata type cultures (Aveskamp et al., 2010). Both the ICMP 
misidentified isolates were recovered in the 1970s with identification based on colony morphology 
and the symptoms produced on the infected host, not by molecular tools. In addition, Phoma exigua 
has a worldwide distribution (Aveskamp et al., 2008) and has also been isolated from OSR leaf 
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lesions and stubble similar to those caused by L. maculans/L. biglobosa isolates in the current 
study. 

The experiments using two different media, incubated under two different conditions in this study, 
found that V8-juice agar supported a higher growth rate and higher conidial production by L. 
maculans compared with PDA. V8-juice agar has been used by other researchers for production of 
conidia (Balesdent et al., 2001; Huang et al., 2006a, 2006b) but there are no published comparisons 
between V8-juice agar and PDA for the Leptosphaeria species. Although the growth rate of 
colonies was higher when incubated under light condition 12:12 at a constant 20°C in the 
incubator, conidial production was greatest when incubated at room temperature (20-31°C) under 
the continuous light. Similar methods for producing conidia were reported in other studies in which 
Leptosphaeria spp. conidia were produced under continuous light at temperatures ranging from 20 
to 24°C (Mengistu et al., 1993; Pongam et al., 1999; Moreno-Rico et al., 2001; Li et al., 2004; 
Kutcher et al., 2007). However, whilst those studies reported the incubation conditions used for 
conidial production, they did not report on any comparison of the methods used. The reduced 
growth rate of the L. maculans isolates under the light bank was probably caused by the 
temperatures (up to 31°C) when the experiment was conducted, in comparison with the greater 
growth rate at the constant 20°C in the incubator. In other studies the temperatures under similar 
light sources were maintained at 20-24°C (Mengistu et al., 1993; Pongam et al., 1999; Kutcher et 
al., 2007; Li et al., 2004; Moreno-Rico et al., 2001). In the literature, the widely stated use of 20°C 
for incubation is likely that this is the optimum temperature for mycelial growth of L. maculans. 
However, the fluctuating and high temperatures experienced by the cultures under the light bank 
did not inhibit conidial production in this study. Although, comparison of methods for spore 
production was only conducted for L. maculans, later incubation of L. biglobosa isolates on V8 
juice agar under the light bank was also seen to result in high conidial production. 

In this study, two published methods commonly used for long-term storage of fungal strains were 
assessed for ability to preserve the viability of L. maculans. Long-term storage is crucial for 
ongoing research studies to ensure the long term viability of the isolates without any morphological 
or physiological changes. Higher radial growth was seen for all isolates stored in 20% glycerol at -
80°C compared to isolates stored at 4°C. However, no differences in conidial production were 
observed from the resulting colonies after the two storage methods. In published studies, several 
methods have been used for long-term storage of this pathogen; however, most of these studies did 
not indicate the maximum storage life of these cultures. None of the published studies used -80°C 
to store L. maculans isolates, however, Li et al. (2004), Moreno-Rico et al. (2001) and Kutcher et 
al. (2007) reported storing their isolates until required as conidial suspension at -20°C, although 
they did not specify the maximum period of viable storage. However, in the current study culture 
viability was maintained for cultures stored in glycerol at -80°C for up to 12 months only, with 
additional storage time not tested. Previous studies indicated that cryopreservation either in liquid 
nitrogen or at low temperature (-20°C and -70°C) was able to maintain the stability and viability of 
fungal cells (Espinel-Ingroff et al., 2004). For other fungi including Alternaria spp., storage at -
70°C (Espinel-Ingroff et al., 2004) and -20°C to -80°C for other ascomycetes (Nakasone et al., 
2004) was reported to be a good methods for long-term storage and supported findings of this 
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study. In the current study, although subsequent growth of cultures stored on agar slopes at 4°C 
was slower than that observed for cultures stored in glycerol at -80°C, they still remained viable 
and produced similar numbers of conidia after one year. Agar slopes and agar plugs covered with 
mineral oil at 4°C were also used for long-term storage of L. maculans isolates by Balesdent et al. 
(2005) and Mendes-Pereira et al. (2003) but no indication was given of the length of time the fungi 
remained viable. Based on the overall results, 20% glycerol at -80°C was determined to be the best 
method for maintaining the viability and preserving growth and conidial production of L. maculans 
isolates and was used to store the remaining isolates. 

The data obtained in this study showed that the mating type idiomorph found in New Zealand 
departed from the 1:1 ratio which is expected for random mating in a pathogen population. The 
MAT1-1 idiomorph was dominant (32 isolates) and found in isolates originating from all sampling 
locations, with the MAT1-2 idiomorph only present in South Island isolates (seven isolates) 
representing a 5:1 ratio. Isolate Lm 149 (isolate T2; Appendix B.2) which was used in this chapter 
was also confirmed as having MAT1-1 by Balesdent et al. (2002). Only one mating type (MAT1-2) 
was found in a small-scale study of L. maculans isolates recovered from broccoli in Mexico; all 11 
isolates of L. maculans were MAT1-2 (Moreno-Rico et al., 2001). A larger study by the same 
groups of researcher showed a deviation from the typical 1:1 mating type ratio in Mexican 
populations from Brassica oleracea crops (Dilmaghani et al., 2013). In their study, the mating type 
ratios were found to vary between the four different regions studied, with the MAT1-1 idiomorph 
being dominant in three out of four regions. This was similar to the present study in which MAT1-1 
was dominant in all regions, with MAT1-2 only being found in two regions in the South Island. In 
contrast, the study by Barrins et al. (2004) which also obtained isolates from diseased tissue but 
they found a 1:1 ratio of the two idiomorphs in eight L. maculans populations isolated from OSR. 
This suggested that both mating types had equal fitness and that there was no limit for sexual 
recombination in their pathogen populations. Similarly, Gout et al. (2006a) also found no 
significant departures from the 1:1 ratio between the two mating types in four different fields in 
France using isolates obtained from conidial ooze from individual pycnidia on leaf lesions. The 
uneven numbers of each mating type ratio observed in this study is, however, have also been 
reported in other ascomycetes. Ahmed et al. (1996) reported that a low frequency of one mating 
type (MAT1-2) in Aschochyta fabae could be due to host cultivars. However, in this study the 
isolates were mostly from the same cultivar. 

The isolates used to study mating type ratios in this study, were obtained from diseased plant tissue, 
in contrast to many other studies in which isolates originated from either single ascospore 
recovered from stubble or conidia from pycnidia which developed on primary leaf lesions (Gout et 
al., 2006a; Brazauskiene et al., 2011). Hayden & Howlett (2005) showed that the mating type ratio 
of L. maculans originating from ascospore from pseudothecia in infected stubble or from conidia 
from pycnidia within lesions on the cotyledons of OSR from one site did not significantly differ 
from the 1:1 ratio. Similarly, Brazauskiene et al. (2011) also indicated that the mating type ratio for 
a population of isolates obtained from pseudothecia on stubble was 1:1 for the three regions 
sampled. In their conclusion, they suggested that the levels of genetic diversity for the different 
propagules of L. maculans sampled at the beginning of the disease epidemic within the field are 
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similar, and that future analyses of L. maculans populations can utilise either stubble or cotyledon 
lesions. Of the studies which derived L. maculans populations from isolations from diseased tissue 
these were primarily from leaf lesions (Moreno-Rico et al., 2001; Barrins et al., 2004; Dilmaghani 
et al., 2013). Overseas studies have reported that for OSR, leaf lesions are mainly derived from 
ascospores which, as a product of sexual reproduction, are likely to represent both mating types 
(Barrins et al., 2004). In contrast, the isolates used by Dilmaghani et al. (2013), which deviated 
from the expected 1:1 ratio, were from leaf lesions on vegetable brassicas, and they suggested that 
these infections were not initiated by ascospore infections but rather by conidia. Although 
anecdotal observations (Ian Harvey, pers. comm., 2011) and those of this study (Chapter 5) have 
indicated that the disease cycle in OSR in New Zealand is similar to that reported overseas with 
ascospore being the primary inoculum, the role of ascospore in the primary infection of swede is 
still unclear. It is possible that isolates derived from stem/bulb lesions, as in the current study, may 
deviate from the expected 1:1 ratio due to one of the mating types growing faster, resulting in a 
preferential isolation of one mating type from the lesions. This could suggest that the method used 
to isolate strains could affect the mating type ratio outcome. 

In the current study, the method of sampling and the relatively few isolates used may have affected 
the mating type ratio found. The representative number of isolates used (39 out of the total 127) 
were tissues from a range of brassica crops (OSR, swede and turnip) from different locations. For 
many of these samples, only one or two isolates resulted to represent the L. maculans populations 
in this crop and/or specific location. However, for most other published studies the mating type 
proportion was determined for isolates originating from one population/field and from a single 
brassica crop (OSR). The deviation in expected mating type ratio found by Dilmaghani et al. 
(2013), for L. maculans also used isolates from a range of Brassica oleracea crops (broccoli, 
cauliflower and white cabbage). However, in contrast to the current study each of the studied L. 
maculans populations consisted of 6-30 isolates from a crop. This therefore suggests that mating 
type ratios should be determined for crops for a specific site rather than across different regions 
more useful. In the current study, the mating type ratio for a L. maculans population from OSR at 
one location (FSC experimental plot, Lincoln University) was determined to be 5:2 (10 isolates 
MAT1-1: 4 isolates MAT1-2) whilst for smaller number of swede isolates from Plant & Food 
Research Site in Gore was determined as being 3:2 (3 isolate MAT1-1: 2 isolates MAT1-2) 
(Appendix B.2). Although these are closer to the expected 1:1 distribution compared with the 
mating type ratio for the New Zealand L. maculans population as a whole (5:1), the ratios still 
deviate from the expected 1:1 ratio. Further work is required to determine whether the ratio for L. 
maculans populations from different crops, plant parts and regions differ from the expected 1:1. 

This mating type idiomorph ratio is potentially an indication of a high rate of clonal multiplication 
in this population which suggests that the sexual stage of the L. maculans lifecycle is not essential 
for disease epidemics to occur under New Zealand conditions. This hypothesis contradicts the well 
documented role of ascospore as the main inoculum source for initiation of disease epidemics 
(West et al., 2001). In this study, pseudothecia have been observed in the field on OSR stubble, 
indicating that at least for OSR the leaf lesions observed in the field originated from ascospore 
infections. Ascospore are the vital stage in the pathogen lifecycle and although the current results 
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indicate a limited role for ascospore disease initiation, pseudothecia were observed in the field on 
OSR stubble implying that the OSR leaf lesions observed in the field originated from ascospore 
infections. To further determine the relative role of ascospore and conidia in the disease cycle, the 
timing of ascospore release and subsequent progression of symptoms in OSR crops under New 
Zealand condition was investigated in more detail in Chapter 5. 

Findings from this study have implications for development of control strategies as it implies the 
New Zealand L. maculans population may have limited ability to adapt the selection pressures 
imposed by, for instance, host plants with single resistance genes. Consequently, resistance 
breakdown is unlikely to occur rapidly suggesting the use of cultivars with particular resistance 
genes may be an effective control method for this disease under New Zealand conditions. 
Resistance genes are very effective in controlling stem canker disease of OSR in Europe and 
Australia (Howlett, 2004). Nevertheless, the high evolutionary potential of L. maculans, is still a 
major challenge for OSR breeders and pathologists worldwide in order to deploy sources of 
resistance to stem canker in a manner that maximizes their durability (Howlett, 2004). This control 
strategy has not been employed in New Zealand where the majority of OSR cultivars grown are 
based on selection due to crop yield/quality with the resistance gene (R gene) rating either not 
considered or not known. However for implementation of this control strategy the avirulence group 
present in the New Zealand population needs to be determined. 

Characterisation of avirulence alleles in the L. maculans populations has been well documented for 
many regions of the world (Balesdent et al., 2006; Stachowiak et al., 2006; Dilmaghani et al., 
2009). The most common and effective method used to determine the avirulence alleles in a 
population is using differential brassica lines/cultivars with different Rlm genes (Fernando et al., 
2007). However, many of the necessary differential line/cultivars are not available in New Zealand 
and they could not be imported due to New Zealand’s strict biosecurity laws. Therefore the current 
study determined the presence and frequency of the three likely cloned avirulence alleles, AvrLm1, 
AvrLm6 and AvrLm4-7 (Wouw et al., 2010b). As far as is known, the New Zealand L. maculans 
population has only been subjected to limited R-gene selection through the use of only one cultivar 
with a known Rlm gene, Excellium (Rlm7). This cultivar has only recently been grown in New 
Zealand and to a limited extent. The OSR cultivars widely grown (Flash, Sitro and Compass; 
Richard Chynoweth pers. comm., 2011) have no known R-genes, and similarly there is limited 
information on the presence of R-genes in commonly grown swede cultivars (Highlander, 
Keystone, Dominion etc; Alan Stewart, pers. comm., 2011). Results from PCR-amplification 
showed that all three avirulence alleles were present in the population with these occurring at 
different frequencies from various sampling locations. 

Avirulence allele AvrLm1 which confers avirulence toward the resistance gene Rlm1 was found to 
be present at the lowest frequency of all three studied alleles. It was found in a total of seven 
isolates, three from two South Island locations (Lincoln and Gore) and four from Puketitiri in North 
Island. A study done by Kutcher et al. (2010) in Canada found less than half of the 96 isolates 
studied carried AvrLm1 and the AvrLm1 allele frequency differed between geographic regions in 
western Canada. In the UK a low frequency of AvrLm1 being between 9-16% over a four years 
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period was also reported (Wouw et al., 2010b). However, in Australia and several areas in the 
America continent the incidence of AvrLm1 was low, and absent in isolates cultured from cultivars 
containing the Rlm1 resistance gene (Dilmaghani et al., 2009; Wouw et al., 2009). However, in 
Georgia and Mexico, isolates with the AvrLm1 avirulence gene were common (Dilmaghani et al., 
2009). There are several potential explanations for the low frequency of AvrLm1 in the New 
Zealand population gained from this study. These include that the founding population was virulent 
at this loci, a mutation has occurred at this loci resulting in virulence or alternatively selection 
against these isolates due to use of an OSR cultivar with the resistance gene Rlm1 (Gout et al., 
2006b), however, this is unlikely given the lack of cultivars with known Rlm resistant genes grown 
in New Zealand. 

The avirulence allele AvrLm6 which confers avirulence to a single resistance allele Rlm6 was 
present in all of the New Zealand isolates. This is similar to the findings of Balesdent et al. (2005) 
who found that AvrLm6 was one of the most frequently found avirulence alleles in L. maculans 
population originating from Australia, Europe and Canada. Two isolates used in the current study, 
Lm 148 and Lm 149 (G2 and T2, respectively; Appendix B.2) were also used by Balesdent et al. 
(2005) (isolates NzG and NzT, respectively) confirming the presence of AvrLm6 in these isolates. 
Kutcher et al. (2010) found that AvrLm6 was carried by all isolates recovered from OSR in western 
Canada. The frequency of AvrLm6 in French populations was >99% (Balesdent et al., 2006) and it 
was prevalent in all studied populations in Mexico, Georgia and Chile (Dilmaghani et al., 2009). 
This is again likely due to the lack of OSR and brassica cultivars containing Rlm6 resistance being 
grown in New Zealand. 

In this study, 12 isolates out of 15 carried the AvrLm4-7 allele; these isolates originated from four 
locations in the South Island and three isolates were from a single location in the North Island. This 
avirulence allele differs from AvrLm1 and AvrLm6 as it induces resistance responses in plants 
harbouring either Rlm4 or Rlm7 (Parlange et al., 2009). A study by Parlange et al., (2009) indicated 
that the deletion of AvrLm4-7 could be the major event leading to acquisition of virulence towards 
Rlm7 mediated resistance. This study agreed with that concept since isolates which carried 
AvrLm4-7 were virulent on tested OSR cultivar that contained Rlm7 (Excellium; Chapter 3). To 
support this, Parlange et al. (2009) also indicated that AvrLm4-7 has double recognition specificity 
and targeted single-base mutation would only suppressed one of the recognition specificities. Two 
of the isolates Lm 148 and Lm 149 (isolate G2 and T2, respectively) in the present study were also 
included in a study by Balesdent et al. (2005) which addressed as isolate NzG (Lm 148) and NzT 
(Lm 149); the results for these two isolates were the same across the two studies, with isolate Lm 
148 being positive for both AvrLm6 and AvrLm4-7 and isolate Lm 149 containing the single avr 
gene AvrLm6 (Appendix B). Further, Balesdent et al. (2002) reported that T2 was virulent on both 
Rlm4 and Rlm7 lines but unfortunately they did not test isolate G2. Likewise, both G2 and T2 were 
tested on the susceptible cultivar of OSR (Flash) in New Zealand but unfortunately were not 
included in the pathogenicity test on the more resistant cultivar (Excellium) which carried Rlm7. 

The most common pathogen race, based on three avirulence alleles AvrLm1, AvrLm6 and AvrLm4-
7, was the single allele structure of AvrLm6, found in 20 of the 39 tested isolates across the two 



59 

 

mating types. The next most common alleles that were found in 12 isolates were AvrLm4-7, 
AvrLm6, followed by both AvrLm1, AvrLm6 with three isolates. Four isolates were found to have 
all three tested alleles being AvrLm1, AvrLm4-7, and AvrLm6. However, since this study could not 
test for the presence of the other alleles it is difficult to compare the races with other published 
studies. 

Although a large number of crops and regions were sampled it is important to note that this study 
was not a ‘true’ survey since the sampling was not carry out in every brassica cropping area, crop 
type, plant part, and the number of the samples collected from the sampling area was also not 
uniform. Most of the samples which came from outside the Canterbury region were supplied by 
field and research staff from PGG Wrightson Seeds, Foundation of Arable Research (FAR), Plant 
& Food Research and Biodiesel NZ (Pure Oil NZ). Even though the sampling methodology was 
supplied to these people it is likely that different methods were used which may have contributed to 
bias in the results obtained. It also does not represent regions such as Marlborough, North 
Canterbury (Kaikoura and Lewis Pass) and the West Coast of the South Island where although 
farm consultants were contacted but did not provide samples. Only samples from the Canterbury 
region were from self-sampling. As such the data and information found from this study does not 
represent the actual disease situation in every cropping area, however, the results showed that L. 
maculans was isolated from diseased plant material obtained from most of the brassica cropping 
regions sampled in New Zealand, whereas L. biglobosa was less prevalent. Failure to isolate the 
pathogens from the disease material received from some sampling regions was probably caused by 
misidentification of the disease symptoms at the field level or could be due to the problem with the 
samples deterioration during delivery process. 

Results from this study have shown that both L. maculans and L. biglobosa are present in New 
Zealand both being isolated from a range of different brassica crops. However, their relative 
pathogenicity against OSR and swede are unknown and will be determined in next chapter 
(Chapter 3). 
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Chapter 3 
Pathogenicity of L. maculans/L. biglobosa isolates 

 

3.1 INTRODUCTION 
Oilseed rape (OSR) is a major crop worldwide with the cropping area increasing both in New 
Zealand and worldwide (Johnson & Gallacher, 2008) due to its potential as a source of animal and 
human food as well as a source of biodiesel (Fasi et al., 2012; Dumbleton et al., 2012). In addition 
to OSR, forage brassicas such as swede are grown widely with over 300 000 ha of cropping area in 
New Zealand (Dumbleton et al., 2012). With both crops being economically important to New 
Zealand and also significant potential hosts to L. maculans, it is vital to determine if the New 
Zealand populations vary in their pathogenicity to the commonly grown cultivars. Although L. 
biglobosa is known to infect and cause crop losses in OSR (Mendes-Pereira et al., 2003) the 
pathogen has not been recovered from swede and there is no information on its potential 
pathogenicity. In order to ensure the crop establishment, the choice of resistant cultivar is 
significant to the future as this is one of the most effective control strategies for this serious disease 
of brassica crops (Aubertot et al., 2006).  

The resistance characteristics of the OSR cultivars commonly grown in New Zealand were 
important for this study. Cultivar Flash is known to be highly susceptible whilst cv. Excellium is 
reported to be more tolerant (Dekalb Technical Data Sheet, DK Excellium An Innovation in Plant 
Breeding, www.dekalb.co.uk). Cultivar Flash is not reported to have any Rlm genes whilst cv. 
Excellium is reported to have Rlm7 genes (Dekalb Technical Data Sheet, DK Excellium An 
Innovation in Plant Breeding, www.dekalb.co.uk). However, there was no information available on 
the Rlm genes in other New Zealand grown cultivars OSR, cv. Sitro and cv. Compass. As well as 
race specific resistance mediated through plant R genes and corresponding avirulence gene in the 
fungus which provides seedling resistance, polygenic resistance or quantitative resistance to stem 
canker controlled by many genes was also present in OSR. Little or no information was available 
with regards to the susceptibility to L. biglobosa of cultivars of either swede or OSR grown in New 
Zealand. 

Pathogenicity studies of L. maculans and L. biglobosa isolates on OSR have been well documented 
in previous reports (Toscano-Underwood et al., 2001; Vincenot et al., 2008). However, various 
inoculation and assessment methods have been used, which makes comparisons difficult. These 
include the two types of inoculum sources, conidia and ascospores (Li et al., 2006b; Huang et al., 
2006a; Li et al., 2007). Since ascospore production requires isolates of two mating types, ascospore 
inoculum is usually obtained from field samples, and so likely to be a mixture of strains (Li et al., 
2006b). Therefore, for assessment of the pathogenicity of individual isolates, conidia are the better 
option to be used as inoculum and also have been widely used in many studies (Li et al., 2006a, 
2006b; Travadon et al., 2009). Pathogenicity of isolate can be tested on either cotyledon or stem 
(Plummer et al., 1994; Somda et al., 1998). For cotyledon test, Plummer et al. (1994) conducted 
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the inoculation on 7-day old seedlings and lesions were assessed at 13 dpi, while stem inoculation 
was conducted on 4-leaf stage seedlings and symptoms were assessed 5 weeks after inoculation. 

Most overseas studies have investigated the pathogenicity of L. maculans and L. biglobosa but not 
provided information on the brassica crops from which the pathogen were isolated (Fitt et al., 
2006a). In general, authors have not investigated the effects of isolates’ crop origin on relative 
pathogenicity on different brassica crops. Whether isolates from different brassica crops differ in 
their pathogenicity to other brassica crops is unknown. This question is particularly important for 
New Zealand as a wide range of brassica crops are grown in close proximity. 

In this chapter, the pathogenicity of isolates obtained from the different brassica crops and 
locations throughout New Zealand were assessed on cultivars of OSR and swede commonly grown 
in New Zealand to determine their susceptibility to New Zealand isolates of L. maculans and L. 
biglobosa. This will provide information on whether specific isolates are able to infect OSR and 
other forage brassica crops, and therefore whether infected forage brassica crops can act as an 
inoculum sources for subsequent OSR crops and vice versa. Isolates representing the different 
brassica crops, avirulence groups and mating types were selected for this study. 

3.2 MATERIALS AND METHODS 
3.2.1 Pilot study to determine optimum inoculum concentration and 
assessment period 
3.2.1.1 Inoculum preparation 
A pilot study was initially carried out to determine the optimum inoculum concentration and 
assessment periods to be used for the main pathogenicity assay. For this preliminary pathogenicity 
assay, three representative L. maculans isolates, Lm 145, Lm 147 and ICMP 13544 were randomly 
selected from the isolates collected and identified in Chapter 2. Conidial suspensions of each 
isolate were used as inoculum and prepared freshly on the day of inoculation. Conidial suspensions 
were prepared following modification of the method described by Li et al. (2005), whereby single 
spore isolates were grown on V8-juice agar and incubated under continuous cool white fluorescent 
at room temperature (method determined in Chapter 2) for 14 days. The sporulating cultures were 
then flooded with 10 mL sterile water amended with one drop/100 mL of Tween 80 (McNabb et 
al., 1993) and the surface rubbed gently with a sterilised bent glass rod. The resulting conidial 
suspensions were strained through MiraclothTM to remove hyphal fragments and the conidial 
concentration in the resulting suspension was adjusted to 106 conidia/mL based on haemocytometer 
counts. For each isolate, spore viability was determined by dilution plating. Spore suspensions were 
serially diluted and 100 µL from the 10-2 dilution (giving 10 spores/plate) was spread onto three 
replicates PDA plates amended with 1 mL/L Triton-X (Ajax Finechem Rty. Ltd) and incubated at 
15°C in 24 h darkness for 7 days. The percent viability of the spores was determined by counting 
the colony forming units (CFUs) on each plate. 
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3.2.1.2 Inoculation 
The pathogenicity of the same three L. maculans isolates was assessed on swede cv. Highlander 
(seed supplied by PGG Wrightons seeds, Kimihia Research Station) and OSR cv. Flash (seed 
supplied by FAR), which were both reported to be highly susceptible to stem canker disease. Four 
seeds of each cultivar were sown in a 4.5 L pot containing 3-4 month potting mix [400 L 
Horticultural bark (grade 2), 100 L pumice grade 1-4 mm, Osmocote exact N:P:K (16:3.5:10) 1500 
g, horticultural Lime 500 g, Hydraflo 500 g] and placed in a greenhouse at 17-22°C (under natural 
day length) for 10 days (Moreno-Rico et al., 2001). After emergence, the seedlings were thinned to 
leave only one seedling per pot. To determine the best concentration that enabled pathogenicity 
differences to be observed between the isolates, three different conidial concentrations of 105, 106 
and 107 conidia/mL were prepared. Inoculation was conducted by placing a 10 µL droplet of 
conidial suspension which equated to 103, 104 and 105 conidia /10 µL respectively onto freshly 
wounded 10-day old cotyledons. The cotyledons were wounded by pricking with a sewing needle 
size 9 (Ballinger & Salisbury, 1996; Somda et al., 1999) just before inoculation. Control plants 
were inoculated with sterile water instead of a conidial suspension. After the inoculum had dried 
(approximately 2 hours), each seedling was covered with a clear plastic bag, which was sprayed 
with sterile water on the inside, to maintain 100% relative humidity for 72 h. Ten replicates 
seedling were set up for each treatment and arranged in completely randomised design on a bench 
in a greenhouse. 
 

 
Figure 3.1 A) Inoculation of a 10-day old seedling with inoculation point indicated by the red 
arrow; B) inoculated plants covered with clear plastic bags, which had been sprayed with sterile 
water on the insides, to maintain 100% humidity for 72 h. 
 
3.2.1.3 Assessments 
Disease assessment was conducted on the cotyledon (leaf lesion diameter and leaf lesion severity 
score) at 10, 15 and 20 days post-inoculation (dpi). The diameter of the leaf lesion was measured in 
two perpendicular directions using a digital calliper (Mitutoyo UK Ltd.). Leaf lesion severity score 
was assessed at each assessment time using a 0-9 scale with 0: no visible symptom; 1: necrotic 
hypersensitive; 2: grey-green tissue collapse (1 mm diameter) with a distinct margin; 3: collapsed 
spots (2 mm diameter) with a distinct margin; 4: collapsed spots (2-3 mm diameter) with a diffuse 
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margin; 5: collapsed spots (3-4 mm diameter) with a diffuse margin; 6: collapsed spots (5-6 mm 
diameter) with a diffuse margin; 7: collapsed spots (>6 mm diameter) with a diffuse margin and a 
few pycnidia; 8: collapsed cotyledon tissue with a few pycnidia; 9: collapsed cotyledon tissue with 
masses of pycnidia (Li et al., 2005). The disease symptoms were observed weekly and the time 
recorded when the first stem lesions were visible. 

Stem cankers were assessed at 40, 56 and 65 dpi. Assessment for stem canker disease severity 
scores was done using a 0-5 scale with 0: no visible symptom; 1: superficial lesion; 2: necrotic 
lesion extending into inner stem tissue and girdle up to 50% of the stem; 3: necrotic lesion 
extending into inner stem tissue and girdle more than 50% of the stem; 4: whole stem girdled by 
canker with abundant pycnidia; 5: plant killed (Sprague et al., 2009). 

To complete Koch’s postulates, small pieces (0.5 cm × 1.0 cm) of symptomatic tissue from the 
inoculated cotyledon and stem regions (visible cankers or the region close to where the cotyledon 
attached to the stem) were taken from three randomly selected plants for each of the isolate and 
control treatments. The re-isolation process was done following the method described in Chapter 2 
(Section 2.2.2.1). The resulting colonies were identified as L. maculans based on colony 
morphology. 
 

3.2.2 Pathogenicity of isolates from various sources on OSR and Swede  
3.2.2.1 Inoculum preparation 
For the main pathogenicity experiment, 30 L. maculans isolates were selected from the isolates 
obtained in Chapter 2, to represent isolates from different brassica crops, symptoms (leaf lesions, 
stem cankers, dry rot bulb) and geographic regions in New Zealand (Appendix B.1). Two isolate 
from the ICMP culture collection (ICMP 8344 and ICMP 13544) were also included. A conidial 
suspension of each isolate was used as inoculum and prepared freshly on the day of inoculation as 
described in Section 3.2.1.1. 
 

3.2.2.2 Inoculation 
The pathogenicity of these isolates was assessed on susceptible cultivar of OSR (cv. Flash) and 
swede (cv. Highlander). Seedlings of each cultivar were grown in the greenhouse as described in 
Section 3.2.1.2. Inoculation of the isolates was done on 10-day old seedlings following the same 
method described in Section 3.2.1.2. Due to the large number of plants involved, the isolates were 
divided into four batches with each batch consisting of seven to eight randomly selected isolates 
and an untreated control. Isolate Lm 102 was included in each batch as a positive control, to enable 
statistical comparisons between batches. The batches were set up on separate weeks. Each 
treatment combination (isolate and crop type) contained eight replicate plants which were 
randomised within each block and arranged in a randomised complete block design (RCBD). 
 

3.2.2.3 Assessments 
Assessments of the disease symptoms and disease severity were carried out at 15 dpi for leaf 
lesions and 65 dpi for stem cankers as described in Section 3.2.1.3. To complete Koch’s postulates, 
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small pieces (0.5 cm × 1.0 cm) of tissue from the inoculated cotyledon and stem regions (visible 
cankers or the region close to where the cotyledon attaches to the stem) for three randomly selected 
plants were taken from each of the isolate and control treatments . The re-isolation process was 
done following the method described in Chapter 2 (Section 2.2.2.1). 

To investigate differences in pathogenicity on OSR and swede, six randomly selected L. maculans 
isolates (Lm 137, Lm 160, Lm 168, Lm 186 and Lm 221 and the positive control Lm 102 ) were 
assessed on another cultivar of both OSR (cv. Excellium) and swede (cv. Keystone). Both of these 
cultivars had been reported to be more tolerant to stem canker. Inoculation of 10-day old seedlings 
was carried out as described in Section 3.2.1.2 and assessment of the disease symptoms on the 
inoculated plants was done as described in Section 3.2.1.3. 

 
3.2.3 Pathogenicity of L. maculans isolates with known mating type and 
avirulence genes on New Zealand commonly grown OSR cultivars 
3.2.3.1 Inoculum preparation 
Four L. maculans isolates (ICMP 13544, Lm 135, Lm 186 and Lm 141), representing isolates of 
both mating types and different avirulence alleles determined in Chapter 2 (Table 3.2) and one 
isolate from the ICMP collection, were selected from the culture collection. A conidial suspension 
of each isolate was used as inoculum and prepared freshly on the day of inoculation as described in 
Section 3.2.1.1. 
 

3.2.3.2 Inoculation 
The four L. maculans isolates were tested on four OSR cultivars commonly grown in New Zealand, 
cv. Excellium (Rlm7), cv. Flash, cv. Sitro and cv. Compass (unknown Rlm allele) (Jen Linton, FAR, 
pers. comm., 2011). Seeds of each cultivar were grown in the greenhouse as described in Section 
3.2.1.2. Inoculation of the isolates was done on 16-day old seedlings following the same method 
described in Section 3.2.1.2. The eight replicates seedlings were set up for each treatment and 
arranged in a completely randomised design, and grown until 65 dpi. 
 

3.2.3.3 Assessments 
The disease symptoms on the inoculated cotyledon were assessed at 15 dpi. Inoculated plants were 
allowed to grow until 65 dpi to assess stem canker development. Assessment of leaf lesions and 
stem cankers was carried out as described in Section 3.2.1.3. To complete Koch’s postulates, small 
pieces (0.5 cm × 1.0 cm) of tissue from the inoculated cotyledon and stem region (visible cankers 
or the region close to where the cotyledon attaches to the stem) were taken from three randomly 
selected plants for each of the isolate and control treatments. The re-isolation process was done 
following the method described in Chapter 2 (Section 2.2.2.1). 
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3.2.4 Pathogenicity test for L. biglobosa isolates on OSR cultivars. 
3.2.4.1 Inoculum preparation 
Three isolates of L. biglobosa, two isolates (Lb 237 and Lb 238) obtained from the sampling and 
one isolates from the ICMP culture collection (ICMP 10665) were used. A conidial suspension of 
each isolate was used as inoculum and prepared freshly on the day of inoculation as described in 
Section 3.2.1.1. 
  

3.2.4.2 Inoculation 
The pathogenicity of these three L. biglobosa isolates was tested on two different OSR cultivars, 
cv. Flash which is known as being highly susceptible and cv. Excellium which is reported to be 
more tolerant to stem canker disease (Ashley Pace, Biodiesel NZ, pers. comm., 2011). Seedlings of 
each cultivar were grown in a greenhouse as described in Section 3.2.1.2. Inoculation of the 
isolates was done on 10-day old seedlings following the same method described in Section 3.2.1.2. 
The 12 replicates seedling set up for each treatment were arranged in a completely randomised 
design and grown until 65 dpi. 
 

3.2.4.3 Assessments 
The disease symptoms on the inoculated cotyledons were assessed at 15 dpi. Inoculated plants were 
allowed to grow until 65 dpi to assess stem canker development. Assessment of leaf lesions and 
stem cankers was carried out as described in Section 3.2.1.3. To complete Koch’s postulates, small 
pieces (0.5 cm × 1.0 cm) of tissue from the inoculated cotyledon and stem region (visible cankers 
or the region close to where the cotyledon attaches to the stem) were taken from three randomly 
selected plants for each of the isolate and control treatments . The re-isolation process was done 
following the method described in Chapter 2 (Section 2.2.2.1). 
 

3.2.5 Pathogenicity test for L. biglobosa isolates on OSR and swede cultivars. 
3.2.5.1 Inoculum preparation 
Three L. biglobosa isolates, two isolates (Lb 237 and Lb 238) obtained from sampling and one 
isolate (ICMP 10665) from the ICMP culture collection were used. A conidial suspension of each 
isolate was used as inoculum and prepared freshly on the day of inoculation as described in Section 
3.2.1.1. 
 

3.2.5.2 Inoculation 
The pathogenicity of these three L. biglobosa isolates was tested on two different OSR cultivars, 
cv. Flash and cv. Excellium, and one susceptible swede cultivars, cv. Highlander. Seedlings of each 
cultivar were grown in a greenhouse as described in Section 3.2.1.2. Inoculation of the isolates was 
done on 10-day old seedlings following the same method described in Section 3.2.1.2. The eight 
replicates seedlings set up for each treatment was arranged in a completely randomised design. 
Inoculated plants were allowed to grow until 65 dpi. 
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3.2.5.3 Assessment 
The disease symptoms on the inoculated cotyledons were assessed at 15 dpi. Inoculated plants were 
allowed to grow until 65 dpi to assess stem canker development. Assessment on leaf lesions and 
stem cankers was carried out as described in Section 3.2.1.3. To complete Koch’s postulates, small 
pieces (0.5 cm × 1.0 cm) of tissue from the inoculated cotyledon and stem region (visible cankers 
or the region close to where the cotyledon attaches to the stem) were taken from three randomly 
selected plants for each of the isolate and control treatments. The re-isolation process was done 
following the method described in Chapter 2 (Section 2.2.2.1). 

 
3.2.6 Data analysis 
To account for the unbalanced design due to not all plants developing leaf lesions, mean leaf lesion 
diameters were analysed using Generalized Linear Model (GLM) in Minitab 16. Means were 
separated using Tukey’s Honest Significant Difference (HSD) test at P≤0.05. Leaf lesion and stem 
lesion severity scores were analysed by analysis of variance (ANOVA) in GenStat 14 with means 
separated using Tukey’s HSD test at P≤0.05. Data for analysis represented sizes of leaf lesion 
diameters, leaf lesion and stem canker severity scores for each experimental batch in the main 
pathogenicity experiment calculated as ratios with respect to the positive control isolate for each 
batch. Regression analysis was also carried out to determine the association between the different 
disease scores parameters (mean leaf lesion diameter, mean leaf lesions severity score and mean 
stem lesion severity score) for both swede and OSR using Simple Linear Regression analysis in 
GenStat 14.  

3.3 RESULTS 
3.3.1 Pilot Study to determine L. maculans inoculum concentration and 
assessment period 
Conidial viability assessed by dilution plating of conidial suspensions was 100% for all L. 
maculans isolates used in all experiments conducted in this chapter. Leaf lesions characteristic of L. 
maculans were found to develop on the inoculated cotyledon at 10 dpi. The symptoms observed at 
this assessment time included a hypersensitive reaction, restricted lesion around the wound, 
necrosis with distinct margin and some of the inoculated cotyledon had not expressed any symptom 
yet. At 15 dpi, leaf lesions on inoculated plants became more obvious, being larger, pale grey 
necrotic leaf lesions with diffuse margins and the presence of pycnidia. This made the 
measurement of the two lesion diameters easier. The leaf lesion result obtained from this study is 
presented as the mean of two perpendicular diameters. However, by 20 dpi, most of the inoculated 
cotyledon tissue had collapsed and fallen off, thus the measurement of the two leaf lesion diameters 
became more difficult. At this assessment time therefore, only the leaf lesion score was determined. 

Leaf lesion diameters assessed at 10 dpi are summarized in Table 3.1 and the statistical analyses 
are presented in Appendix C.2.1. There was a significant interaction (P=0.000) between isolates 
and conidia concentration on the size of leaf lesions developed. Plants inoculated with isolate Lm 
145 at 105 conidia/10 µL produced the largest mean leaf lesion (4.7 mm) and was significantly 
different from plants inoculated with isolate ICMP 13544 at 104 conidia/10 µL, Lm 147 at 105 
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conidia/10 µL, Lm 147 at 103 conidia/10 µL, Lm 147 at 104 conidia/10 µL, ICMP 13544 at 103 
conidia/10 µL and Lm 145 at 103 conidia/10 µL, but not with Lm 145 at 104 conidia/10 µL and 
ICMP 13544 at 105 conidia/10 µL. There was a significant (P=0.007) isolate effect on the size of 
leaf lesions developed. Plants inoculated with isolate Lm 145 (3.0 mm) produced the largest mean 
leaf lesion that was significantly larger than plants inoculated with isolate ICMP 13544 (2.3 mm), 
but did not differ with respect to isolate Lm 147 (2.5 mm). There was a significant (P=0.000) effect 
of conidia concentration on the size of leaf lesion developed. Plants inoculated with 105 conidia/10 
µL produced the largest mean leaf lesion (3.8 mm) that was significantly different to the other 
lower concentrations, while 103 conidia/10 µL produced the smallest mean leaf lesion (0.8 mm) 
which was significantly different from the greater concentrations. There was no significant 
(P=0.708) interaction between crops and isolates on the size of leaf lesion developed, with the 
mean diameters ranging from 1.8 to 3.3 mm. There was a significant difference (P=0.000) between 
the tested crops with respect to the leaf lesion sizes developed across all isolates and conidia 
concentration used. The mean leaf lesion size on OSR (2.9 mm) was significantly smaller than on 
swede (3.9 mm). There was no significant (P=0.072) interaction between crops and conidia 
concentrations on the size of leaf lesion developed, with the mean diameter ranging from 0.6 to 4.5 
mm. There was no significant (P=0.727) interaction between crops, isolates and conidia 
concentrations on the size of leaf lesion developed, with no leaf lesion developed on either OSR or 
swede inoculated with ICMP 13544 and Lm 145 at 103 conidia/10 µL. The mean diameters for the 
rest of inoculated plants ranged from 1.8 to 5.1 mm. 

Mean diameters of the leaf lesions assessed at 15 dpi are summarized in Table 3.2 and the 
statistical analyses are presented in Appendix C.2.2. There was a significant interaction (P=0.009) 
between isolates and conidia concentration on the size of leaf lesions developed. Plants inoculated 
with isolate Lm 145 at 104conidia/10 µL produced the largest mean leaf lesion (9.9 mm) that was 
significantly different from lesions on plants inoculated with isolate Lm 147 at all conidia 
concentration, ICMP 13544 at 103 conidia/10 µL and Lm 145 at 103 conidia/10 µL, but not with 
Lm 145 at 105 conidia/10 µL and ICMP 13544 at 105 conidia/10 µL or 104 conidia/10 µL. There 
was a significant (P=0.017) isolate effects on the size of leaf lesions developed. Plants inoculated 
with isolate Lm 145 (8.4 mm) produced the largest mean leaf lesion that was significantly larger 
than for plants inoculated with isolate Lm 147 (7.1 mm) but not with isolate ICMP 13544 (7.8 
mm). There was a significant (P=0.000) effect of conidia concentration on the size of leaf lesion 
developed. Plants inoculated with 104 conidia/10 µL produced the largest mean leaf lesion (8.8 
mm) that was significantly different to those inoculated with 103 conidia/10 µL (6.1 mm) but not 
with 105 conidia/10 µL (8.3 mm). There was a significant difference (P=0.000) between tested 
crops with respect to the leaf lesion sizes developed across all isolates and conidia concentration 
used. The mean leaf lesion size on OSR (6.7 mm) was significantly smaller than on swede (8.7 
mm). There was no significant (P=0.327) interaction between crops and isolates on the size of leaf 
lesion developed, with the mean diameters ranging from 5.7 to 9.1 mm. There was no significant 
(P=0.082) interaction between crops and conidia concentration on the size of leaf lesion developed, 
with the mean diameter ranging from 5.5 to 9.9 mm. There was no significant interaction 
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Table 3.1 Mean diameters (mm) of leaf lesion on OSR and swede at 10 day-post inoculation (dpi) with three Leptosphaeria maculans isolates at three 
different conidia concentrations. 
 

Isolates Diameter of leaf lesion (mm)1 Across both crops2 Mean 
across 
OSR3 

Mean 
across 
Swede3 

Mean across 
concentration4 OSR Swede 

103/10 
µL 

104/10 
µL 

105/10 
µL 

103/10 
µL 

104/10 
µL 

105/10 
µL 

103/10 µL 104/10 µL 105/10 µL 

ICMP13544 0.0 2.7 2.8 0.0 3.5 4.7 0.0 E 3.1 BCD 3.7 ABC 1.8 2.7 2.3 Z 
Lm 145 0.0 4.1 4.2 0.0 4.8 5.1 0.0 E 4.4 AB 4.7 A 2.8 3.3 3.0 Y 
Lm 147 1.8 1.9 2.4 2.7 2.4 3.8 2.3 D 2.1 D 3.1 CD 2.1 2.9 2.5 YZ 
Mean5 0.6 2.9 3.1 0.9 3.5 4.5       
Mean6       0.8 o 3.2 n 3.8 m    
Mean7 2.9 h 3.9 g     

*Mean value were separated according to Tukey’ test from Minitab 16, values within the rows or columns followed by the same letters are not significantly 
different. 
1 Comparison across interactions between crops, isolates and conidia concentration were not significant (P=0.727). 
2 Comparison across interactions between isolates and conidia concentration (A-E) were significant (P=0.000). 
3 Comparison across interaction between crops and isolates were not significant (P=0.708). 
4 Comparison on overall effects of isolates (Y-Z) were significant (P=0.007). 
5 Comparison across interaction between crops and conidia concentration were not significant (P=0.072). 
6 Comparison on overall effects of conidia concentration (m-o) were significant (P=0.000). 
7 Comparison on overall effects of crops (g-h) were significant (P=0.000). 
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Table 3.2 Mean diameters (mm) of leaf lesions on OSR and swede at 15 day-post inoculation (dpi) with three Leptosphaeria maculans isolates at three 
different conidia concentrations. 
 

Isolates Diameter of leaf lesion (mm)1 Across both crops2 Mean 
across 
OSR3 

Mean 
across 
Swede3 

Mean across 
concentration4 OSR Swede 

103/µL 104/µL 105/µL 103/µL 104/µL 105/µL 105/µL 106/µL 107/µL 
ICMP13544 5.4 8.6 6.6 6.3 9.9 9.8 5.9 C 9.3 AB 8.2 ABC 6.8 8.7 7.8 YZ 

Lm 145 5.5 9.3 8.3 6.1 10.5 10.8 5.8 C 9.9 A 9.6 A 7.7 9.1 8.4 Y 
Lm 147 5.6 6.1 5.3 8.0 8.2 9.1 6.8 C 7.1 BC 7.2 BC 5.7 8.4 7.1 Z 
Mean5 5.5 8.0 6.7 6.8 9.5 9.9       
Mean6       6.1 n 8.8 m 8.3 m    
Mean7 6.7 h 8.7 g     

*Mean value were separated according to Tukey’s test from Minitab 16, values within the rows or columns followed by the same letters are not significantly 
different. 
1 Comparison across interactions between crops, isolates and conidia concentration were not significant (P=0.993). 
2 Comparison across interactions between isolates and conidia concentration (A-C) were significant (P=0.009). 
3 Comparison across interaction between crops and isolates were not significant (P=0.327). 
4 Comparison on overall effects of isolates (Y-Z) were significant (P=0.017). 
5 Comparison across interaction between crops and conidia concentration were not significant (P=0.082). 
6 Comparison on overall effects of conidia concentration (m-n) were significant (P=0.000). 
7 Comparison on overall effects of crops (g-h) were significant (P=0.017). 
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leaf lesion severity scores. No leaf lesions developed on either swede or OSR inoculated with 
isolate Lm 145 and ICMP 13544 at 103 conidia/10 µL while mean scores from the rest ranged from 
1.70 to 5.50. 

Mean leaf lesion severity scores assessed at 15 dpi are summarized in Table 3.4 and the statistical 
analyses are presented in Appendix C.2.5. There was a significant (P=0.039) interaction between 
crops and conidia concentrations on the leaf lesion scores. The mean leaf lesion severity score on 
swede inoculated at 105 conidia/10 µL was the greatest (7.86) and was significantly larger than for 
the rest of interactions except with swede inoculated at 104 conidia/10 µL (7.60). There was a 
significant interaction (P<0.001) between isolates and conidia concentrations on the leaf lesion 
severity scores. The mean leaf lesion severity score on plants inoculated with isolate Lm 145 at 104 
conidia/10 µL was the greatest (7.65) and only differed significantly from plants inoculated with 
isolate Lm 145 and ICMP 13544 at 103 conidia/10 µL, with scores of 2.50 and 4.20, respectively. 
There was a significant difference (P<0.001) between tested crops with respect to the leaf lesion 
severity scores assessed across all isolates and conidia concentrations used. The mean leaf lesion 
severity score on OSR (5.48) was significantly lower than for swede (6.65). There was no 
significant (P=0.556) effect of isolates on the leaf lesion severity scores with mean scores ranging 
from 5.88 to 6.23. There was a significant (P<0.001) effect of conidia concentration on the leaf 
lesion severity scores. Plants inoculated with 104 conidia/10 µL had the greatest mean leaf lesion 
severity (7.03) which was significantly different to those with 103 conidia/10 µL (4.32) but not with 
105 conidia/10 µL (6.85). There was no significant (P=0.781) interaction between crops and 
isolates on the leaf lesion severity score, with the mean score ranging from 5.17 to 6.73. There was 
no significant interaction (P=0.848) between crops, isolates and conidia concentrations on the leaf 
lesion severity scores, with mean scores ranging from 2.20 to 8.70. 
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Table 3.3 Mean leaf lesion severity scores (0-9 scale) on OSR and swede at 10 day-post inoculation with three Leptosphaeria maculans isolates at three 
different conidia concentrations. 
 

Isolates Leaf lesion severity score (0-9 scale)1 Across both crops2 Mean 
across 
OSR3 

Mean 
across 
Swede3 

Mean across 
concentration4 OSR Swede 

103/µL 104/µL 105/µL 103/µL 104/µL 105/µL 105/µL 106/µL 107/µL 
ICMP13544 0.00 3.60 3.40 0.20 4.50 5.00 0.10 A 4.05 D 4.20 D 2.33 3.23 2.78 

Lm 145 0.00 4.00 4.10 0.00 5.40 5.50 0.00 A 4.70 D 4.80 D 2.70 3.63 2.82 
Lm 147 1.70 2.30 3.10 3.10 2.30 4.40 2.40 BC 2.30 B 3.75 CD 2.37 3.27 3.17 
Mean5 0.57 3.30 3.53 1.10 4.07 4.97       
Mean6       0.83 m 3.68 n 4.25 n    
Mean7 2.47 g 3.38 h     

*Mean value were separated according to Tukey’s test from Genstat 14, values within the rows or columns followed by the same letters are not significantly 
different. 
1 Comparison across interactions between crops, isolates and conidia concentration were not significant (P=0.247). 
2 Comparison across interactions between isolates and conidia concentration (A-D) were significant (P<0.001). 
3 Comparison across interaction between crops and isolates were not significant (P=0.997). 
4 Comparison on overall effects of isolates were not significant (P=0.263). 
5 Comparison across interaction between crops and conidia concentration were not significant (P=0.199). 
6 Comparison on overall effects of conidia concentration (m-n) were significant (P<0.001). 
7 Comparison on overall effects of crops (g-h) were significant (P<0.001). 
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Table 3.4 Mean leaf lesion severity scores (0-9 scale) on OSR and swede at 15 day-post inoculation with three Leptosphaeria maculans isolates at three 
different conidia concentrations. 
 

Isolates Leaf lesion severity score (0-9 scale)1 Across both crops2 Mean 
across 
OSR3 

Mean 
across 
Swede3 

Mean across 
concentration4 OSR Swede 

103/µL 104/µL 105/µL 103/µL 104/µL 105/µL 105/µL 106/µL 107/µL 
ICMP13544 4.30 6.70 5.60 4.10 7.90 7.89 4.20A 7.30 B 6.74 B 5.53 6.63 6.08 

Lm 145 2.20 7.00 6.30 2.80 8.30 8.70 2.50 A 7.65 B 7.50 B 5.17 6.60 5.88 
Lm 147 5.90 5.70 5.60 6.60 6.60 7.00 6.25 B 6.15 B 6.30 B 5.73 6.73 6.23 
Mean5 4.13 w 6.47 xy 5.83 x 4.50 w 7.60 yz 7.83 z       
Mean6       4.32 m 7.03 n 6.85 n    
Mean7 5.48 g 6.65 h     

*Mean value were separated according to Tukey’s test from Genstat 14, values within the rows or columns followed by the same letters are not significantly 
different. 
1 Comparison across interactions between crops, isolates and conidia concentration were not significant (P=0.848). 
2 Comparison across interactions between isolates and conidia concentration (A-B) were significant (P<0.001). 
3 Comparison across interaction between crops and isolates were not significant (P=0.781). 
4 Comparison on overall effects of isolates were not significant (P=0.556). 
5 Comparison across interaction between crops and conidia concentration (w-z) were significant (P=0.039). 
6 Comparison on overall effects of conidia concentration (m-n) were significant (P<0.001). 
7 Comparison on overall effects of crops (g-h) were significant (P<0.001). 
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Although the size of the leaf lesions could not be accurately measured after 15 dpi due to the leaf 
condition, the leaf lesion score could still be assessed until 20 dpi. Mean leaf lesion severity scores 
assessed at 20 dpi are summarized in Table 3.5 and the statistical analyses are presented in 
Appendix C.2.6. There was a significant interaction (P<0.001) between isolates and conidia 
concentration on the leaf lesion severity scores. The mean leaf lesion severity score on plants 
inoculated with isolate Lm 145 at 105 conidia/10 µL was the greatest (8.65) and only differed 
significantly from plants inoculated with isolates Lm 145 and ICMP 13544 at 103 conidia/10 µL 
(scores of 4.90 and 6.00 respectively). There was a significant (P=0.030) effect of isolates on the 
leaf lesion severity scores. The mean leaf lesion severity score on plants inoculated with isolate Lm 
147 (8.25) was significantly greater than for plants inoculated with isolate Lm 145 (7.49) but not 
with ICMP 13544 (7.49). There was a significant (P<0.001) effect of conidia concentrations on the 
leaf lesion severity scores. Plants inoculated with 105 conidia/10 µL had the greatest mean leaf 
lesion severity score (8.47), which was significantly different to those with 103 conidia/10 µL 
(6.35) but not with 104 conidia/10 µL (8.31). There was no significant difference (P=0.150) 
between tested crops with respect to the leaf lesion severity scores assessed across all isolates and 
conidia concentrations used, with mean scores on OSR and swede being 7.50 and 7.92, 
respectively. There was no significant (P=0.582) interaction between crops and isolates on the leaf 
lesion severity scores, with the mean scores ranging from 7.27 to 8.63. There was no significant 
(P=0.161) interaction between crops and conidia concentrations on the leaf lesion scores, with 
mean scores ranging from 6.17 to 8.87. There was no significant (P=0.891) interaction between 
crops, isolates and conidia concentrations on the leaf lesion severity scores, with mean scores 
ranging from 4.30 to 9.00. 

There was a significant effect (P<0.001; Appendix C.2.7) of assessment time on the leaf lesion 
severity scores. Mean leaf lesion severity scores on inoculated plants increased with the delay of 
assessment time. The mean leaf lesion severity score assessed at 10 dpi (2.91) was significantly 
lower than at 15 dpi (6.06) and 20 dpi (7.70), while the mean leaf lesion severity score assessed at 
15 dpi was also significantly lower than at 20 dpi. 
 



76 

 

Table 3.5 Mean leaf lesion severity scores (0-9) on OSR and swede at 20 day-post inoculation with three Leptosphaeria maculans isolates at three different 
conidia concentrations. 
 

Isolates Leaf lesion severity score (0-9 scale)1 Across both crops2 Mean 
across 
OSR3 

Mean 
across 
Swede3 

Mean across 
concentration4 OSR Swede 

103/µL 104/µL 105/µL 103/µL 104/µL 105/µL 105/µL 106/µL 107/µL 
ICMP13544 6.20 7.90 7.70 5.80 8.80 8.56 6.00 A 8.35 B 8.13 B 7.27 7.72 7.49 YZ 

Lm 145 5.50 8.20 8.40 4.30 9.00 8.90 4.90 A 8.60 B 8.65 B 7.37 7.40 7.38 Y 
Lm 147 7.90 8.10 7.60 8.40 8.80 8.70 8.15 B 8.45 B 8.15 B 7.87 8.63 8.25 Z 
Mean5 6.53 8.07 7.90 6.17 8.87 8.72       
Mean6       6.35 m 8.31 n 8.47 n    
Mean7 7.50 7.92     

*Mean value were separated according to Tukey’s test from Genstat 14, values within the rows or columns followed by the same letters are not significantly 
different. 
1 Comparison across interactions between crops, isolates and conidia concentration were not significant (P=0.891). 
2 Comparison across interactions between isolates and conidia concentration (A-B) were significant (P<0.001). 
3 Comparison across interaction between crops and isolates were not significant (P=0.582). 
4 Comparison on overall effects of isolates (Y-Z) were significant (P=0.030). 
5 Comparison across interaction between crops and conidia concentration were not significant (P=0.161). 
6 Comparison on overall effects of conidia concentration (m-n) were significant (P<0.001). 
7 Comparison on overall effects of crops were not significant (P=0.150). 
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Assessment of stem lesion scores was done at three different assessment times. The first stem 
lesions were observed on inoculated plants at 40 dpi for both OSR and swede. Mean stem lesion 
severity scores assessed at 40 dpi are summarized in Table 3.6 and the statistical analyses are 
presented in Appendix C.2.8. There was a significant interaction (P=0.007) between crops and 
isolates on the stem lesion severity scores. The mean stem lesion severity score assessed on swede 
inoculated with isolate Lm 145 was the greatest (1.53 scale) and significantly differ from the other 
interactions except with swede inoculated with isolate ICMP 13544 (1.30). There was a significant 
interaction (P<0.001) between isolates and conidia concentrations on the stem lesion severity 
assessed. The mean stem lesion severity score on plants inoculated with isolate ICMP 13544 at 104 
conidia/10 µL was the greatest (1.50) and significantly different from the other interaction scores 
except with the same isolate at 105 conidia/10 µL (1.30), and with isolate Lm 145 at 104 and 105 
conidia/ 10 µL (0.90 and 0.65, respectively). There was a significant interaction (P=0.009) between 
crops, isolates and conidia concentrations with respect to the stem lesion severity scores. The mean 
stem lesion severity score on swede inoculated with isolate ICMP 13544 at 104 conidia/ 10 µL 
(2.50) was greatest and did not differ significantly from swede inoculated with isolate Lm 145 at 
104 and 105 conidia/10 µL (1.60 and 2.30, respectively), but differed significantly from the rest of 
interaction means. There was a significant difference (P<0.001) between tested crops with respect 
to the stem lesion severity scores assessed across all isolates and conidia concentrations used. The 
mean stem lesion severity score was significantly greater on swede (1.08) than on OSR (0.19). 
There was a significant (P<0.001) effect of isolates on the stem lesion severity scores. The mean 
stem lesion severity score on plants inoculated with isolate Lm 145 (0.87) was significantly greater 
than for plants inoculated with isolate Lm 147 (0.23) but not with ICMP 13544 (0.80). There was a 
significant (P=0.006) effect of conidia concentration on the stem lesion severity scores. Plants 
inoculated with 104 conidia/10 µL had the greatest mean stem lesion severity score (0.88) that was 
significantly different to those with 103 conidia/10 µL (0.37) but not with 105 conidia/10 µL (0.65). 
There was no significant interaction (P=0.132) between crops and conidia concentrations on the 
stem lesion scores assessed, with mean scores ranging from 0.07 to 1.50. 
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Table 3.6 Mean stem lesion severity scores (0-5 scale) on OSR and swede at 40 day-post inoculation with three Leptosphaeria maculans isolates at three 
different conidia concentrations. 
 

Isolates Stem lesion severity score (0-5 scale)1 Across both crops2 Mean 
across 
OSR3 

Mean 
across 
Swede3 

Mean across 
concentration4 OSR Swede 

103/µL 104/µL 105/µL 103/µL 104/µL 105/µL 105/µL 106/µL 107/µL 
ICMP13544 0.00 a 0.50 ab 0.40 ab 0.50 ab 2.50 c 0.90 ab 0.25 AB 1.50 D 0.65 

ABCD 
0.30 P 1.30 Q 0.80 Z 

Lm 145 0.10 a 0.20 a 0.30 ab 0.70 ab 1.60 bc 2.30 c 0.40 AB 0.90 BCD 1.30 CD 0.20 P 1.53 Q 0.87 Z 
Lm 147 0.10 a 0.10 a 0.00 a 0.80 ab 0.40 ab 0.00 a 0.45 ABC 0.25 AB 0.00 A 0.07 P 0.40 P 0.23 Y 
Mean5 0.07 0.27 0.23 0.67 1.50 1.07       
Mean6       0.37 m 0.88 n 0.65 mn    
Mean7 0.19 g 1.08 h     

*Mean value were separated according to Tukey’s test from Genstat 14, values within the rows or columns followed by the same letters are not significantly 
different. 
1 Comparison across interactions between crops, isolates and conidia concentration were not significant (P=0.009). 
2 Comparison across interactions between isolates and conidia concentration (A-D) were significant (P<0.001). 
3 Comparison across interaction between crops and isolates were significant (P=0.007). 
4 Comparison on overall effects of isolates (Y-Z) were significant (P<0.001). 
5 Comparison across interaction between crops and conidia concentration were not significant (P=0.132). 
6 Comparison on overall effects of conidia concentration (m-n) were significant (P=0.006). 
7 Comparison on overall effects of crops (g-h) were significant (P<0.001). 
 



79 

 

Mean stem lesion severity scores assessed at 56 dpi are summarized in Table 3.7 and the statistical 
analyses are presented in Appendix C.2.9. There was a significant interaction (P=0.016) between 
isolates and conidia concentration on the stem lesion severity scores. The mean stem lesion severity 
score on plants inoculated with isolate ICMP 13544 at 104 conidia/10 µL was the greatest (2.45) 
and was significantly different from isolate Lm 147 at all conidia concentrations and isolate Lm 
145 at 103 conidia/10 µL (0.60) but did not differ significantly from the rest of interaction means. 
There was a significant (P<0.001) effect of isolates on the stem lesion severity scores. The mean 
stem lesion severity score on plant inoculated with isolate ICMP 13544 (1.82) was significantly 
greater than for plants inoculated with isolate Lm 147 (0.77) but not with Lm 145 (1.52). There was 
a significant (P=0.018) effect of conidia concentrations on the stem lesion severity scores. Plants 
inoculated with 104 conidia/10 µL had the greatest mean stem lesion severity score (1.73) that was 
significantly different to those with 103 conidia/10 µL (1.00 scale) but not with 105 conidia/10 µL 
(1.37). There was a significant difference (P<0.001) between tested crops with respect to the stem 
lesion severity scores across all isolates and conidia concentrations used. The mean stem lesion 
severity score was significantly greater on swede (2.36) than on OSR (0.38). There was no 
significant (P=0.058) interaction between crops and isolates on the stem lesion severity scores, 
with mean scores ranging from 0.13 to 2.97. There was no significant (P=0.571) interaction 
between crops and conidia concentration on the stem lesion scores, with mean scores ranging from 
0.13 to 2.87. There was no significant interaction (P=0.052) between crops, isolates and conidia 
concentrations on the stem lesion severity scores. No stem lesions developed on OSR inoculated 
with isolate Lm 147 at the highest concentration and mean scores from other interactions ranged 
from 0.10 to 3.80. 
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Table 3.7 Mean stem lesion severity scores (0-5 scale) on OSR and swede at 56 day-post inoculation with three Leptosphaeria maculans isolates at three 
different conidia concentrations. 
 

Isolates Stem lesion severity score (0-5 scale)1 Across both crops2 Mean 
across 
OSR3 

Mean 
across 
Swede3 

Mean across 
concentration4 OSR Swede 

103/µL 104/µL 105/µL 103/µL 104/µL 105/µL 105/µL 106/µL 107/µL 
ICMP13544 0.10 1.10 0.80 2.80 3.80 2.30 1.45 

ABCD 
2.45 D 1.55 

ABCD 
0.67 2.97 1.82 Z 

Lm 145 0.10 0.50 0.40 1.10 3.20 3.80 0.60 
AB 

1.85 BCD 2.10 CD 0.33 2.70 1.52 Z 

Lm 147 0.20 0.20 0.00 1.70 1.60 0.90 0.95 
ABC 

0.90 ABC 0.45 A 0.13 1.40 0.77 Y 

Mean5 0.13 0.60 0.40 1.87 2.87 2.33       
Mean6       1.00 m 1.73 n 1.37 n    
Mean7 0.38 g 2.36 h     

*Mean value were separated according to Tukey’s test from Genstat 14, values within the rows or columns followed by the same letters are not significantly 
different. 
1 Comparison across interactions between crops, isolates and conidia concentration were not significant (P=0.052). 
2 Comparison across interactions between isolates and conidia concentration (A-D) were significant (P=0.016). 
3 Comparison across interaction between crops and isolates were not significant (P=0.058). 
4 Comparison on overall effects of isolates (Y-Z) were significant (P<0.001). 
5 Comparison across interaction between crops and conidia concentration were not significant (P=0.577). 
6 Comparison on overall effects of conidia concentration (m-n) were significant (P=0.018). 
7 Comparison on overall effects of crops (g-h) were significant (P<0.001). 
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Mean stem lesion severity scores assessed at 65 dpi are summarized in Table 3.8 and the statistical 
analyses are presented in Appendix C.2.10. There was a significant interaction (P=0.033) between 
isolates and conidia concentrations on the stem lesion severity scores. The mean stem lesion 
severity score on plants inoculated with isolate ICMP 13544 at 104 conidia/10 µL was the greatest 
(2.60) and was significantly different from those with isolate Lm 147 at all conidia concentrations 
as well as for isolate Lm 145 at 103 conidia/10 µL (0.70) but not from the rest of interaction means. 
There was a significant (P<0.001) effect of isolates on the stem lesion severity scores. The mean 
stem lesion severity score on plants inoculated with isolate ICMP 13544 (2.12) was significantly 
greater than for plants inoculated with isolate Lm 147 (0.88) but not with Lm 145 (1.68). There was 
a significant (P=0.023) effect of conidia concentrations on the stem lesion severity scores. Plants 
inoculated with 104 conidia/10 µL had the greatest mean stem lesion severity score (1.92) that was 
significantly different to those with 103 conidia/10 µL (1.18) but not with 105 conidia/10 µL (1.58). 
There was a significant difference (P<0.001) between tested crops with respect to the stem lesion 
severity scores assessed across all isolates and conidia concentrations used. The mean stem lesion 
severity score was significantly greater on swede (2.64) than on OSR (0.48). There was no 
significant (P=0.094) interaction between crops and isolates on the stem lesion severity scores, 
with mean scores ranging from 0.13 to 3.37. There was no significant (P=0.513) interaction 
between crops and conidia concentrations on the stem lesion scores, with mean scores ranging from 
0.23 to 3.17. There was no significant (P=0.198) interaction between crops, isolates and conidia 
concentrations on the stem lesion severity scores. At this assessment time, there was still no stem 
lesion developed on OSR inoculated with isolate Lm 147 at the highest concentration, although the 
other concentrations caused mean scores ranging from 0.10 to 3.90. 

There was a significant effect (P<0.001; Appendix C.2.11) of assessment time on the stem lesion 
severity scores assessed. There was a significant increase in mean stem lesion severity score from 
40 dpi to 56 dpi but not much change after that. The mean stem lesion severity score at 40 dpi 
(0.63) was significantly lower than at 56 dpi (1.36) and 66 dpi (1.51), while between 56 dpi and 66 
dpi, there was no significant difference.  



82 

 

Table 3.8 Mean stem lesion severity scores (0-5 scale) on OSR and swede at 65 day-post inoculation with three Leptosphaeria maculans isolates at three 
different conidia concentrations. 
 

Isolates Stem lesion score (0-5 scale)1 Across both crops2 Mean 
across 
OSR3 

Mean 
across 
Swede3 

Mean across 
concentration4 OSR Swede 

103/µL 104/µL 105/µL 103/µL 104/µL 105/µL 105/µL 106/µL 107/µL 
ICMP13544 0.40 1.30 0.90 3.30 3.90 2.90 1.85 

ABCD 
2.60 D 1.90 

ABCD 
0.87 3.37 2.12 Z 

Lm 145 0.10 0.50 0.70 1.30 3.70 3.80 0.70 
AB 

2.10 BCD 2.25 CD 0.43 2.93 1.68 Z 

Lm 147 0.20 0.20 0.00 1.80 1.90 1.20 1.00 
ABC 

1.05 ABC 0.60 A 0.13 1.63 0.88 Y 

Mean5 0.23 0.67 0.53 2.13 3.17 2.63       
Mean6       1.18 m 1.92 n 1.58 mn    
Mean7 0.48 g 2.64 h     

*Mean value were separated according to Tukey’s test from Genstat 14, values within the rows or columns followed by the same letters are not significantly 
different. 
1 Comparison across interactions between crops, isolates and conidia concentration were not significant (P=0.198). 
2 Comparison across interactions between isolates and conidia concentration (A-D) were significant (P=0.033). 
3 Comparison across interaction between crops and isolates were not significant (P=0.094). 
4 Comparison on overall effects of isolates (Y-Z) were significant (P<0.001). 
5 Comparison across interaction between crops and conidia concentration were not significant (P=0.513). 
6 Comparison on overall effects of conidia concentration (m-n) were significant (P=0.023). 
7 Comparison on overall effects of crops (g-h) were significant (P<0.001). 
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Lesions produced on OSR stems were mostly dry and cracked while lesions on swede were soft 
and with some dry rot (Figure 3.4). Masses of pycnidia were observed on most of the stem lesions 
which developed on the inoculated swedes (Figure 3.3) whilst pycnidia were only present on a few 
of the lesions which developed on the inoculated OSR. By 55 dpi, some (0.07%) of the inoculated 
swedes were starting to die which increased to 0.1% at 65 dpi, whilst for OSR death of the 
inoculated plants was less than 0.01% at 55 dpi and remained the same at 65 dpi. In all cases, 
fungal colonies morphologically characteristic of the inoculated L. maculans isolates were isolated 
from the leaf lesions which developed at the inoculation point, and from stem cankers, thereby 
confirming Koch’s postulates. On the untreated control plants, no fungal colonies characteristic of 
L. maculans were isolated from the leaves at the inoculation points or the stem regions adjacent to 
the inoculated leaves. 

The results indicated that for subsequent pathogenicity experiments the best time to assess the leaf 
lesions was at 15 dpi, as no lesions were produced for 10 dpi for some treatments, and at 20 dpi 
some of the inoculated cotyledon tissue had already collapsed and fallen off. For stem lesions, 
results from the pilot study indicated that 65 dpi was a suitable time for assessment as the lesions 
became distinct and some had already reached their maximum severity scores. For inoculum 
concentration, results showed that at 103 conidia/10 µL, some of the inoculated cotyledon had not 
developed lesions especially at the early assessment times, while 105 conidia/10 µL seemed to give 
inconsistent results. Therefore, the optimum inoculum concentration was found to be 104 conidia/10 
µL to produce consistent lesions but also to enable differences in isolates to be observed. 
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Table 3.9 Mean diameter of leaf lesion (mm), mean leaf lesion severity scores (0-9 scale) and 
mean stem lesion severity scores (0-5 scale) on OSR (cv. Flash) and swede (cv. Highlander) 
inoculated with a positive control of Leptosphaeria maculans (isolate Lm 102) in four different 
experimental batches. Leaf lesion size is the mean diameter of the lesion based on two 
perpendicular measurements. 
 

Expt. 
Batch 

Diameter of leaf lesion (mm)1 Leaf lesion severity score 
(0-9 scale)2 

Stem lesion severity score (0-5 
scale)3 

OSR Swede OSR Swede OSR Swede 
1 7.0 AB 8.4 A 6.00 b 7.75 b 1.25 3.13 
2 4.9 B 5.6 AB 4.63 ab 4.88 ab 1.63 4.00 
3 7.9 AB 5.6 AB 5.88 b 6.88 b 2.38 4.50 
4 3.7 B 6.8 AB 2.50 a 7.25 b 1.88 4.00 

*Mean value were separated according to Tukey’s test, values within the rows or columns followed 
by the same letters are not significantly different. 
1Comparison across interactions between crop and experimental batches on the leaf lesion size (A-
B) were significant (P=0.025). 
2Comparison across interactions between crop and experimental batches on the leaf lesion severity 
score (a-b) were significant (P=0.021). 
3Comparison across interactions between crop and experimental batches on the stem lesion severity 
score were not significant (P=0.976). 
 
At 10 dpi most of the inoculated plants including those from the positive control exhibited 
symptoms characteristic of L. maculans. However based on the results from the pilot study, 
assessment of the leaf lesion size was done at 15 dpi. The largest leaf lesion size on OSR was from 
batch 3, and for swede from batch 1. Batch 4 had the smallest lesions on OSR while batches 2 and 
3 had the smallest lesions on swede (Table 3.9). The avirulence gene and mating type of each 
isolates also included in the table presented. The mean ratios of leaf lesion diameter sizes on the 
susceptible cultivars of OSR and swede are summarized in Table 3.10 (Appendix C.2.12). There 
was a significant interaction (P=0.000) between isolate and crop on the ratio of leaf lesion size with 
respect to the positive control. The mean leaf lesion ratio for OSR ranged 0.5-1.6 mm and on swede 
ranged 0.3-1.5 mm. The relative ranking of the isolates based on the ratio of the leaf lesion size was 
not the same on OSR and swede. For example whilst isolate Lm 253 produced one of the largest 
mean leaf lesion size ratios on both OSR and swede, isolate Lm 172 which produced the second 
largest mean leaf lesion size ratio on OSR (1.4) produced the second smallest mean leaf lesion size 
ratio on swede (0.6). However, apart from two isolates, Lm 172 and Lm 266 which produced 
significantly larger mean leaf lesion size ratio on OSR compared with swede, there was no 
significant difference in the mean ratio’s produced by the individual isolates on OSR compared to 
swede. On OSR, there was a significant difference in the mean leaf lesion size ratios produced by 
different isolates, with isolates Lm 253, Lm 172, Lm 266 and Lm 173 producing significantly 
larger leaf lesion size ratios compared with 13 other L. maculans isolates (Lm 160, Lm 171, Lm 
148, Lm 135, Lm 143, Lm 141, Lm 137, Lm 221, Lm 157, Lm 152, Lm 227, Lm 122 and Lm 149). 
Similarly on swede, there was a significant difference in the mean leaf lesion size ratios produced 
by different isolates, with isolate Lm 253 producing significantly larger mean leaf lesion score 
ratios compared with 12 other isolates (Lm 266, Lm 172, Lm 186, Lm 101, Lm 175, Lm 177, 
ICMP 13544, Lm 136, Lm 122, Lm 141, Lm 135 and Lm 148). Overall comparison of the effects 
of crops on leaf lesion size ratio showed no significant difference (P=0.698) between OSR (0.9) 
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and swede (1.0). There was a significant effects (P=0.000) of isolate on the leaf lesion diameter 
ratio assessed with mean ratio ranged 0.7-1.5. 

The largest mean leaf lesion severity score for OSR (6.00) and swede (7.75) were from batch 1 and 
the smallest for OSR were from batch 4 (2.5) and swede from batch 2 (4.88) (Table 3.9). The mean 
ratio of leaf lesion severity score on the susceptible cultivar of OSR and swede are summarized in 
Table 3.11 (Appendix C.2.13). There was a significant interaction (P<0.001) between isolate and 
crop on the ratio of leaf lesion score with respect to the positive control. The mean leaf lesion score 
ratios on OSR ranged 0.49-2.35, and on swede ranged 0.19-1.64. The relative ranking of the 
isolates based on the ratio of the leaf lesion score was not the same on OSR and swede. For 
example whilst isolate Lm 253 produced one of the largest leaf lesion score ratios on both OSR and 
swede, isolate Lm 172 which produced the largest leaf lesion score ratio on OSR (2.35) produced 
one of the smallest leaf lesion scores (0.74) on swede. However, apart from isolates Lm 175, Lm 
266 and Lm 172 which produced significantly larger mean leaf lesion score ratios on OSR 
compared with swede, there was no significant difference in the mean ratios produced by 
individual isolates on swede compared with OSR. On OSR there was a significant difference in the 
mean leaf lesion score ratios produced by different isolates, with isolates Lm 266 and Lm 172 
producing significantly larger mean leaf lesion score compared with 13 other isolates (Lm 143, Lm 
141, Lm 135, Lm 171, Lm 177, Lm 101, Lm 227, Lm 160, Lm 137, Lm 152, Lm 157, Lm 148 and 
Lm 186). Similarly on swede, there was a significant difference in the mean leaf lesion score ratios 
produced by different isolates, with isolate Lm 253 producing significantly larger mean leaf lesion 
score ratios compared with isolates Lm 135, Lm 171, Lm 177, Lm 101 Lm 186, Lm 180, Lm 175 
and Lm 172. Overall, there was no significant difference (P=0.406) in the mean ratio of the leaf 
lesion score on OSR (1.00) and swede (0.97). There was a significant effect (P<0.001) of isolate on 
the leaf lesion severity ratio assessed with mean ratio score ranging from 0.42 to1.55. 
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Table 3.10 Pathogenicity of 30 Leptosphaeria maculans isolates on susceptible cultivars of OSR (cv. Flash) 
and swede (cv. Highlander) based on the mean ratio of leaf lesion size relative to the positive control isolate 
(Lm 102) in the same experimental batch, assessed at 15 day-post inoculation. Leaf lesion size (mm) is the 
mean diameter of the lesion based on two perpendicular measurements. 

Isolates Expt. 
Batch 

Avirulence 
gene 

Mating 
type 

Ratio diameter of leaf lesion size 
with positive control1 

Mean across 
isolates2 

OSR Swede 
^Lm 102 All Avr6, Avr4-7 MAT1-1 1.00 1.00 1.00 
Lm 160 3 Avr6 MAT1-2 0.5 a 1.0 abcde 0.7 FG 
Lm 171 3 Avr6 MAT1-2 0.6 ab 1.1 abcdef 0.8 DEFG 
Lm 148 1 Avr6, Avr4-7 MAT1-1 0.6 ab 0.8 abc 0.7 G 
Lm 135 1 Avr1, Avr6, 

Avr4-7 
MAT1-1 0.7 abc 0.8 abc 0.7 EFG 

Lm 143 3 Avr6 MAT1-1 0.7 abc 1.0 abcdef 0.9 CDEFG 
Lm 141 4 Avr6 MAT1-2 0.7 abc 0.8 abc 0.7 DEFG 
Lm 137 2 Avr1, Avr6 MAT1-1 0.7 abc 1.3 cdef 1.0 BCDEFG 
Lm 221 3 Avr1, Avr6, 

Avr4-7 
MAT1-1 0.7 abc 1.3 bcdef 1.0 BCDEFG 

Lm 157 1 Avr6 MAT1-1 0.7 abc 1.0 abcdef 0.9 CDEFG 
Lm 152 3 Avr6, Avr4-7 MAT1-1 0.7 abc 1.0 abcde 0.8 CDEFG 
Lm 227 3 Avr6 MAT1-1 0.7 abc 0.9 abcdef 0.8 CDEFG 
Lm 122 1 Avr6, Avr4-7 MAT1-1 0.8 abc 0.9 abcd 0.9 CDEFG 
Lm 149 2 Avr6 MAT1-1 0.8 abc 1.2 bcdef 1.0 BCDEF 
Lm 136 4 Avr1, Avr6, 

Avr4-7 
MAT1-1 0.9 abcd 0.9 abcd 0.9 CDEFG 

Lm 180 3 Avr6 MAT1-2 0.9 abcd 1.0 abcde 0.9 CDEFG 
ICMP 
8344 

2 Avr6 MAT1-1 0.9 abcd 1.3 cdef 1.1 ABCDE 

ICMP 
13544 

1 Avr6 MAT1-1 0.9 abcde 0.8 abc 0.9 CDEFG 

Lm 168 1 Avr6 MAT1-2 1.0 abcde 0.9 abcd 0.9 CDEFG 
Lm 177 4 Avr6 MAT1-1 1.0 abcdef 0.3 a 0.7 DEFG 
Lm 185 1 n/i n/i 1.0 abcdef 1.0 abcde 1.0 BCDEFG 
Lm 175 4 Avr6 MAT1-1 1.1 abcdef 0.7 ab 0.9 CDEFG 
Lm 103 2 Avr6, Avr4-7 MAT1-1 1.1 abcdef 1.1 abcdef 1.1 BCDEF 
Lm 101 4 Avr6, Avr4-7 MAT1-1 1.2 abcdef 0.7 abc 0.9 BCDEFG 
Lm 145 2 Avr1, Avr6 MAT1-1 1.2 bcdef 1.2 bcdef 1.2 ABC 
Lm 186 4 Avr6, Avr4-7 MAT1-1 1.4 cdef 0.7 abc 1.0 BCDEFG 
Lm 253 2 n/i n/i 1.4 def 1.5 ef 1.5 A 
Lm 172 4 Avr1, Avr6 MAT1-1 1.4 def 0.6 abc 1.0 BCDEFG 
Lm 266 4 Avr6, Avr4-7 MAT1-1 1.5 def 0.8 abc 1.1 ABCD 
Lm 173 2 Avr6 MAT1-1 1.6 f 1.1 abcdef 1.3 AB 

Mean3 0.9 1.0  
*Mean value were separated according to Tukey’s test from Minitab 16, values within the rows or columns 
followed by the same letters are not significantly different. 
1Comparison across interactions between cultivars and isolate were significant (P=0.000). 
2Comparison on overall effects of isolates were significant (P=0.000). 
3Comparison on overall effects of cultivars were not significant (P=0.698). 
^Lm 102 is positive controls isolate and not included in the analysis. 
n/i Not identified 
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Table 3.11 Pathogenicity of 30 Leptosphaeria maculans isolates on susceptible cultivars of OSR (cv. Flash) 
and swede (cv. Highlander) based on the mean leaf lesion severity  score ratio relative to the positive control 
isolate (Lm 102) in the same experimental batch, assessed at 15 day-post inoculation. 

Isolates Expt. 
Batch 

Avirulence 
gene 

Mating 
type 

Ratio Leaf lesion severity score with 
positive control isolate1 

Mean 
across 

isolates2 OSR Swede 
Lm 102^ All Avr6, Avr4-7 MAT1-1 1.00 1.00 1.00 
Lm 143 3 Avr6 MAT1-1 0.49 ab 0.89 abcdefghi 0.69 ABC 
Lm 141 4 Avr6 MAT1-2 0.51 abc 0.86 abcdefghi 0.69 ABC 
Lm 135 1 Avr1, Avr6, 

Avr4-7 
MAT1-1 0.58 abcd 0.73 abcdefg 0.65 AB 

Lm 171 3 Avr6 MAT1-2 0.60 abcde 0.71 abcdefg 0.65 AB 
Lm 177 4 Avr6 MAT1-1 0.65 abcdef 0.19 a 0.42 A 
Lm 101 4 Avr6, Avr4-7 MAT1-1 0.65 abcdef 0.72 abcdefg 0.69 ABC 
Lm 227 3 Avr6 MAT11 0.68 abcdef 0.87 abcdefghi 0.78 ABCD 
Lm 160 3 Avr6 MAT-2 0.72 abcdefg 0.91 abcdefghi 0.82 

ABCDE 
Lm 137 2 Avr1, Avr6 MAT1-1 0.76 abcdefgh 1.49 efghij 1.12 

BCDEFG 
Lm 152 3 Avr6, Avr4-7 MAT1-1 0.77 abcdefgh 0.76 abcdefgh 0.76 ABCD 
Lm 157 1 Avr6 MAT1-1 0.79 abcdefgh 0.85 abcdefgh 0.82 

ABCDE 
Lm 148 1 Avr6, Avr4-7 MAT1-1 0.81 abcdefgh 0.76 abcdefgh 0.78 ABCD 
Lm 186 4 Avr6, Avr4-7 MAT1-1 0.85 abcdefgh 0.71 abcdef 0.79 ABCD 
Lm 122 1 Avr6, Avr4-7 MAT1-1 0.94 abcdefghi 0.92 abcdefghi 0.93 

ABCDEF 
Lm 221 3 Avr1, Avr6, 

Avr4-7 
MAT1-1 0.96 abcdefghi 1.11 bcdefghi 1.03 

BCDEFG 
ICMP 
8344 

2 Avr6 MAT1-1 0.97 abcdefghi 1.54 fghij 1.25 
CDEFG 

ICMP 
13544 

1 Avr6 MAT1-1 0.98 abcdefghi 0.87 abcdefghi 0.93 
ABCDEF 

Lm 168 1 Avr6 MAT1-2 1.06 abcdefghi 0.95 abcdefghi 1.01 
BCDEFG 

Lm 149 2 Avr6 MAT1-1 1.08 abcdefghi 1.36 bcdefghi 1.22 
BCDEFG 

Lm 185 1 n/i n/i 1.08 bcdefghi 0.98 abcdefghi 1.03 
BCDEFG 

Lm 136 4 Avr1, Avr6, 
Avr4-7 

MAT1-1 1.10 bcdefghi 0.91 abcdefghi 1.01 
BCDEFG 

Lm 180 3 Avr6 MAT1-2 1.11 bcdefghi 0.74 abcdefg 0.93 
ABCDEF 

Lm 103 2 Avr6, Avr4-7 MAT1-1 1.19 bcdefghi 1.43 defghi 1.31 DEFG 
Lm 145 2 Avr1, Avr6 MAT1-1 1.27 bcdefghi 1.49 efghiij 1.38 EFG 
Lm 253 2 n/i n/i 1.32 bcdefghi 1.64 hij 1.48 FG 
Lm 173 2 Avr6 MAT1-1 1.43 defghi 1.38 cdefghi 1.41 FG 
Lm 175 4 Avr6 MAT1-1 1.60 ghij 0.71 abcdef 1.15 

BCDEFG 
Lm 266 4 Avr6, Avr4-7 MAT1-1 1.75 ij 0.84 abcdefgh 1.30 DEFG 
Lm 172 4 Avr1, Avr6 MAT1-1 2.35 j 0.74 abcdefg 1.55 G 

Mean3 1.00 0.97  
*Mean value were separated according to Tukey’s test from Genstat 14, values within the rows or columns 
followed by the same letters are not significantly different. 
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1Comparison across interactions between cultivars and isolate (a-j) were significant (P<0.001). 
2Comparison on overall effects of isolates (A-G) were significant (P<0.001). 
3Comparison on overall effects of cultivars were not significant (P=0.406). 
^Lm 102 is positive controls isolate and not included in the analysis. 
n/i Not identified 
 
At 40 dpi some of the inoculated plants including those inoculated with the positive control isolate 
(Lm 102) started to exhibit stem lesion symptoms characteristic of L. maculans. However, based on 
the results from the pilot study, assessment of the stem lesion scores was done at 65 dpi which 
developed more distinct lesions. The mean stem lesion severity score for the positive control isolate 
in all experimental batches ranging from 1.25 to 4.50 score. The mean ratio of stem lesion severity 
score on the susceptible cultivar of OSR and swede are summarized in Table 3.12 (Appendix 
C.2.14), with the avirulence gene and mating type of each isolates also included in the table. There 
was a significant interaction (P<0.001) between isolates and crops on the ratio of stem lesion score 
with respect to the positive control. Isolates Lm 141, Lm 137 and Lm 148 did not produced any 
stem lesions on OSR but all isolates produced lesions on swede. The mean of the leaf lesion score 
ratios for OSR ranged 0.05-1.60, and for swede ranged 0.28-1.16. The relative ranking of the 
isolates based on the ratio of the stem lesion score was not the same on OSR and swede. For 
example whilst isolate Lm 186 produced one of the largest stem lesions score ratios on both OSR 
(1.46) and swede (1.16), isolate Lm 135 produced one of the largest mean stem lesion score ratios 
on swede (1.16) but one of the smallest mean on OSR (0.2). However, there was no significant 
difference in the mean stem lesion score ratios caused by individual isolates on OSR compared 
with swede. On OSR, there was a significant difference in the mean stem lesion score ratios 
produced by different isolates, with isolates Lm 101, Lm 186, Lm 266 and Lm 185 producing 
significantly larger mean compared with isolates Lm 141, Lm 137, Lm 148, Lm 143 and Lm 160. 
On swede there was no significant difference between the mean stem lesion score ratios produced 
by the different isolates. Overall comparison on the effects of crops on the stem lesion score ratio 
showed there was a significant difference (P=0.001) with the mean ratio of the stem lesion score on 
OSR (0.57) was significantly greater than swede (0.76). There was a significant effect (P<0.001) of 
isolate on the stem lesion severity ratio assessed with mean ratio score ranging from 0.14 to 1.31. 

The linear relationship between the mean of leaf lesions diameter, leaf lesion severity score and 
stem lesion severity score were determined using the actual data and presented in Figure 3.5. A 
significant positive linear relationships, as indicated by high coefficient of determination (R2) 
values, were observed between the mean leaf lesion diameter and mean leaf lesion severity score 
for OSR (R2=0.61, P=0.00; Figure 3.4A) and swede (R2=0.71, P=0.000; Figure 3.4B). However, 
the coefficient of determination (R2) values were not significant between mean leaf lesion diameter 
and mean stem lesion severity score were low for both OSR (R2= 0.06; P=0.194; Figure 3.4C) and 
swede (R2=0.12, P=0.065; Figure 3.4D), between the mean leaf lesion severity score and mean 
stem lesion severity score for OSR (R2= 0.00, P=0.773; Figure 3.4E) and swede (R2=0.01, 
P=0.686; Figure 3.4F) indicated that there was no relationship. This result indicated that for 
isolates, assessment of disease severity at the leaf lesion stage did not consistently predict disease 
severity at the stem stage. 
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Table 3.12 Pathogenicity of 30 Leptosphaeria maculans isolates on susceptible cultivars of OSR (cv. Flash) 
and swede (cv. Highlander) based on the mean ratio of the stem lesion severity score relative to the positive 
control isolate (Lm 102) in the same experimental batch, assessed at 65 day-post inoculation.  

Isolates Expt. 
Batch 

Avirulence gene Mating type Ratio stem lesion severity score 
with positive control isolate1 

Mean across 
isolates2 

OSR Swede  
^Lm 102 All Avr6, Avr4-7 MAT1-1 1.00 1.00 1.00 
Lm 141 4 Avr6 MAT1-2 0.00 a 0.97 abcd 0.48 ABCD 
Lm 137 2 Avr1, Avr6 MAT1-1 0.00 a 0.56 abcd 0.28 AB 
Lm 148 1 Avr6, Avr4-7 MAT1-1 0.00 a 0.28 abc 0.14 A 
Lm 143 3 Avr6 MAT1-1 0.05 a 0.50 abcd 0.28 AB 
Lm 160 3 Avr6 MAT1-2 0.11 a 1.06 abcd 0.58 ABCDE 
Lm 145 2 Avr1, Avr6 MAT1-1 0.15 ab 0.84 abcd 0.50 ABCDE 
Lm 253 2 n/i n/i 0.15 ab 0.59 abcd 0.37 ABC 
Lm 135 1 Avr1, Avr6, 

Avr4-7 
MAT1-1 0.2 ab 1.16 abcd 0.68 ABCDE 

Lm 152 3 Avr6, Avr4-7 MAT1-1 0.26 abc 0.78 abcd 0.52 ABCDE 
Lm 136 4 Avr1, Avr6, 

Avr4-7 
MAT1-1 0.27 abc 0.69 abcd 0.48 ABCD 

Lm 157 1 Avr6 MAT1-1 0.30 abc 0.44 abcd 0.37 ABC 
ICMP 
13544 

1 Avr6 MAT1-1 0.30 abc 0.96 abcd 0.63 ABCDE 

Lm 149 2 Avr6 MAT1-1 0.31 abc 0.63 abcd 0.47 ABCD 
Lm 221 3 Avr1, Avr6, 

Avr4-7 
MAT1-1 0.32 abc 0.67 abcd 0.49 ABCD 

Lm 122 1 Avr6, Avr4-7 MAT1-1 0.40 abcd 0.96 abcd 0.68 ABCDE 
Lm 173 2 Avr6 MAT1-1 0.46 abcd 0.94 abcd 0.70 ABCDE 
Lm 177 4 Avr6 MAT1-1 0.60 abcd 0.75 abcd 0.67 ABCDE 
ICMP 
8344 

2 Avr6 MAT1-1 0.61 abcd 0.75 abcd 0.68 ABCDE 

Lm 171 3 Avr6 MAT1-2 0.68 abcd 0.61 abcd 0.65 ABCDE 
Lm 103 2 Avr6, Avr4-7 MAT1-1 0.77 abcd 0.72 abcd 0.74 ABCDE 
Lm 227 3 Avr6 MAT1-1 0.84 abcd 0.72 abcd 0.78 ABCDE 
Lm 180 3 Avr6 MAT1-2 0.89 abcd 0.31 abc 0.60 ABCDE 
Lm 168 1 Avr6 MAT1-2 0.90 abcd 0.84 abcd 0.87 ABCDE 
Lm 175 4 Avr6 MAT1-1 0.93 abcd 0.88 abcd 0.90 ABCDE 
Lm 172 4 Avr1, Avr6 MAT1-1 1.20 abcd 0.75 abcd 0.97 BCDE 
Lm 101 4 Avr6, Avr4-7 MAT1-1 1.40 bcd 0.94 abcd 1.17 CDE 
Lm 186 4 Avr6, Avr4-7 MAT1-1 1.46 cd 1.16 abcd 1.31 E 
Lm 266 4 Avr6, Avr4-7 MAT1-1 1.46 cd 0.69 abcd 1.08 BCDE 
Lm 185 1 n/i n/i 1.60 d 0.96 abcd 1.28 DE 

Mean3 0.57 A 0.76 B  
*Mean value were separated according to Tukey’s test from Genstat 14, values within the rows or columns 
followed by the same letters are not significantly different. 
1Comparison across interactions between cultivars and isolate (a-d) were significant (P<0.001). 
2Comparison on overall effects of isolates (A-E) were significant (P<0.001). 
3Comparison on overall effects of cultivars were significant (P=0.001). 
^Lm 102 is positive controls isolate and not included in the analysis. 
n/i Not identified 
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3.3.3 Pathogenicity of selected L. maculans isolates on more tolerant cultivars 
of OSR and swede 
To assess whether L. maculans isolates were able to infect a more tolerant cultivar of both OSR 
(cv. Excellium) and swede (cv. Keystone) six isolates; Lm 221, Lm 186, Lm 102, Lm 137, Lm 168 
and Lm 160 were selected from the 30 L. maculans isolates included in the main pathogenicity 
experiment to represent the range of pathogenicity based on the stem lesion severity score observed 
on susceptible cultivar of both OSR and swede. No leaf or stem lesions developed on the 
uninoculated control for either OSR or swede with no fungal colonies characteristic of L. maculans 
being isolated from the inoculation point or the stem region adjacent to the inoculated leaf and 
therefore data for the uninoculated controls were not included in the analysis. Koch’s postulate was 
confirmed with L. maculans consistently isolated from the symptomatic tissue on inoculated plants. 

The mean diameter of leaf lesion which developed on the more tolerant cultivar of OSR and swede 
are summarized in Table 3.13 (Appendix C.2.15), with the avirulence gene and mating type of each 
isolates also included in the table. There was a significant interaction (P=0.094) between crops and 
isolates on the size of leaf lesions. The mean diameter of leaf lesion on OSR inoculated with isolate 
Lm 160 (5.6 mm) was the largest and was significantly different from OSR inoculated with isolate 
Lm 102 (3.1 mm), Lm 186 (2.7 mm) and Lm 221 (2.7 mm), and also with swede inoculated with 
isolate Lm 160 (3.2 mm), but not significantly different from the remaining isolate crop 
interactions. There was a significant difference (P=0.028) in the leaf lesion diameter measured on 
both crops across all isolates. The mean diameter of leaf lesion was significantly larger on swede 
(4.3 mm) than on OSR (3.7 mm). There was no significant effect (P=0.639) of isolates on the size 
of the leaf lesion with the mean lesion diameter ranging from 3.6 to 4.4 mm. 
 
Table 3.13 Mean diameter (mm) of leaf lesions on OSR (cv. Excellium) and swede (cv. Keystone) 
inoculated with six Leptosphaeria maculans isolates assessed at 15 days-post inoculation. Leaf 
lesion size is the mean diameter of the lesion based on two perpendicular measurements. 
 
Isolates Avirulence group Mating type Diameter of leaf lesion (mm)1 Mean 

(isolates)2 Excellium Keystone 
Lm 221 Avr1, Avr6, Avr4-7 MAT1-1 2.7 b 5.4 a 4.0 
Lm 186 Avr6, Avr4-7 MAT1-1 2.7 b 4.5 ab 3.6 
Lm 102 Avr6, Avr4-7 MAT1-1 3.1 b  5.4 a 4.3 
Lm 137 Avr1, Avr6 MAT1-1 3.9 ab 3.7 ab 3.8 
Lm 168 Avr6 MAT1-2 4.3 ab 3.8 ab 4.1 
Lm 160 Avr6 MAT1-2 5.6 a 3.2 b 4.4 

 3.7 B 4.3 A  
*Mean value were separated according to Tukey’s test from Minitab 16, values within the rows or columns 
followed by the same letters are not significantly different. 
1 Comparison across interactions between crops and isolate were significant (P=0.000). 
2 Comparison on overall effects of isolates were not significant (P=0.639). 
3 Comparison on overall effects of crops were significant (P=0.028). 
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The mean leaf lesion severity score assessed on the more tolerant cultivars of OSR and swede are 
summarized in Table 3.14 (Appendix C.2.16). There was a significant interaction (P<0.001) 
between crops and isolates on leaf lesion severity score assessed. The mean severity score on OSR 
inoculated with isolate Lm 137 (1.10 score) was the lowest and not significantly different from 
OSR inoculated with isolates Lm 186 (1.70 score), Lm 221 (2.40 score) and Lm 102 (2.60 score), 
and also with swede inoculated with isolates Lm 137 (2.30 score) and Lm 160 (3.20 score), but 
significantly different from the remaining isolate crop interactions. There was a significant 
difference (P<0.001) in the stem lesion severity score assessed on both crops across all isolates 
used. The mean leaf lesion severity score assessed was significantly larger on swede (4.47 score) 
than on OSR (3.05 score). There was a significant effect (P<0.001) of isolates on the leaf lesion 
severity score assessed. The mean severity score on plants inoculated with isolate Lm 137 (1.70 
score) was the smallest and significantly different from the rest of isolates tested, with score 
ranging from 3.45 to 4.55 score. 
 
Table 3.14 Mean leaf lesion severity score (0-9 scale) on OSR (cv. Excellium) and swede (cv. 
Keystone) inoculated with six Leptosphaeria maculans isolates assessed at 15 days-post 
inoculation. 
Isolates Avirulence group Mating type Leaf lesion severity score (0-9 

scale)1 
Mean 

(isolates)2 
Excellium Keystone 

Lm 221 Avr1, Avr6, Avr4-7 MAT1-1 2.40 abc 6.00 f 4.20 b 
Lm 186 Avr6, Avr4-7 MAT1-1 1.70 ab 5.20 def 3.45 b 
Lm 102 Avr6, Avr4-7 MAT1-1 2.60 abcd 5.80 ef 4.20 b 
Lm 137 Avr1, Avr6 MAT1-1 1.10 a 2.30 abc 1.70 a 
Lm 168 Avr6 MAT1-2 4.60 cdef 4.30 bcdef 4.45 b 
Lm 160 Avr6 MAT1-2 5.90 f 3.20 abcde 4.55 b 

Mean (crops)3 3.05 A 4.47 B  
*Mean value were separated according to Tukey’s test from Genstat 14, values within the rows or 
columns followed by the same letters are not significantly different. 
1 Comparison across interactions between crops and isolate were significant (P<0.001). 
2 Comparison on overall effects of isolates were significant (P<0.001). 
3 Comparison on overall effects of crops were significant (P<0.001). 
 
The mean stem lesion severity score assessed on more tolerant cultivars of OSR and swede are 
summarized in Table 3.15 (Appendix C.2.17). There was a significant interaction (P<0.001) 
between crops and isolates on leaf lesion severity score assessed. There was no stem lesion 
developed on OSR inoculated with isolates Lm 102, Lm 186, Lm 221 and Lm 137. Mean severity 
score assessed on swede inoculated with isolate Lm 137 was the lowest (0.20 score) and not 
significantly different from swede inoculated with isolate Lm 102 (0.40 score), and OSR inoculated 
with isolates Lm 160  and Lm 168 but significantly different from the other isolates inoculated on 
swede. There was a significant difference (P<0.001) in the stem lesion severity score assessed on 
both crops across all isolates used. Mean stem lesion severity score was significantly greater on 
swede (1.50 score) than on OSR (0.13 score). There was a significant effect (P<0.001) of isolates 
on the stem lesion severity score assessed. Mean severity score on plants inoculated with isolate 
Lm 137 (0.10 scale) was the smallest and not significantly different from plants inoculated with 
isolates Lm 102, and Lm 160 but significantly different from the other isolates. 
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Table 3.15 Mean stem lesion severity score (0-5 scale) on OSR (cv. Excellium) and swede (cv. 
Keystone) inoculated with six Leptosphaeria maculans isolates assessed at 65 days-post 
inoculation. 
 
Isolates Avirulence group Mating 

type 
Stem lesion severity score (0-5 

scale)1 
Mean 

(isolates)2 
Excellium Keystone 

Lm 221 Avr1, Avr6, Avr4-7 MAT1-1 0.00 a 2.20 d 1.10 b 
Lm 186 Avr6, Avr4-7 MAT1-1 0.00 a 2.90 d 1.45 b 
Lm 102 Avr6, Avr4-7 MAT1-1 0.00 a 0.40 abc 0.20 a 
Lm 137 Avr1, Avr6 MAT1-1 0.00 a 0.20 ab 0.10 a 
Lm 168 Avr6 MAT1-2 0.40 abc 1.80 cd 1.10 b 
Lm 160 Avr6 MAT1-2 0.40 abc 1.50 bcd 0.95 ab 

Mean (crops)3 0.13 A 1.50 B  
*Mean value were separated according to Tukey’s test from Genstat 14, values within the rows or 
columns followed by the same letters are not significantly different. 
1 Comparison across interactions between crops and isolate were significant (P<0.001). 
2 Comparison on overall effects of isolates were significant (P<0.001). 
3 Comparison on overall effects of crops were significant (P<0.001). 
 

 
3.3.4 Pathogenicity of selected L. maculans isolates on four OSR cultivars 
commonly grown in New Zealand 
All four randomly selected L. maculans isolates produced leaf lesions on all four OSR cultivars. No 
leaf lesions developed on the uninoculated control for all cultivars with no fungal colonies 
characteristic to L. maculans being isolated from the inoculation point or the stem region adjacent 
to the inoculated leaf and therefore data for the uninoculated controls were not included in the 
analysis. Koch’s postulate was confirmed with L. maculans consistently isolated from the 
symptomatic tissue on inoculated plants. 

The mean diameter (mm) of leaf lesions on four New Zealand commonly sown OSR cultivars are 
summarized in Table 3.16 (Appendix C.2.18). There was a significant effect (P=0.007) of cultivars 
on the diameter of leaf lesions which developed on the inoculated plants. The mean size of leaf 
lesion developed on cv. Sitro (4.7 mm) was the largest and significantly different from cv. 
Excellium (3.1 mm) which developed the smallest mean leaf lesion, but not significantly different 
from the other two cultivars, cv. Flash (4.2 mm) and cv. Compass (3.9 mm). There was no 
significant effect (P=0.151) of isolates on the diameter of leaf lesions ranging from 3.5 to 4.5 mm. 
There was no significant interaction (P=0.744) between cultivars and isolates on the diameter of 
leaf lesion on the inoculated plant ranging from 2.1 to 5.2 mm. 
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Table 3.16 Mean diameter (mm) of leaf lesion on four OSR cultivars (cv. Flash, cv. Excellium, cv. 
Sitro and cv. Compass) inoculated with four Leptosphaeria maculans isolates assessed at 15 days-
post inoculation. Leaf lesion size is the mean diameter of the lesion based on two perpendicular 
measurements. 
 
Isolates Avirulence 

group 
Mating 

type 
Diameter of leaf lesion (mm)1 Mean 

(isolates)2 Flash Excellium Sitro Compass 
ICMP 
13554 

Avr6 MAT1-1 4.4 3.2 4.4 4.1 4.0 

Lm 135 Avr1, Avr6, 
Avr4-7 

MAT1-1 4.7 3.4 5.2 4.8 4.5 

Lm 186 Avr6, Avr4-7 MAT1-1 4.4 2.1 4.5 2.8 3.5 
Lm 141 Avr6 MAT1-2 3.4 3.5 4.8 4.0 3.9 

Mean (cultivars)3 4.2 AB 3.1 A 4.7 B 3.9 AB  
*Mean value were separated according to Tukey’s test from Minitab 16, values within the rows or 
columns followed by the same letters are not significantly different. 
1Comparison across interactions between cultivars and isolate were not significant (P=0.744). 
2 Comparison on overall effects of isolates were not significant (P=0.151). 
3 Comparison on overall effects of cultivars were significant (P=0.007). 
 
The mean leaf lesion severity score on four New Zealand commonly grown OSR cultivars are 
summarized in Table 3.17 (Appendix C.2.19). There was a significant effect (P=0.005) of isolates 
on the leaf lesion severity score assessed. Plant inoculated with isolate Lm 135 (5.41 score) had the 
greatest mean severity score and only significantly different from isolate Lm 186 but not with 
isolate Lm 141 and ICMP 13544. There was no significant effects (P=0.091) of cultivars on leaf 
lesion severity score assessed on the inoculated plants with the mean score ranging from 4.19 to 
5.12. There was no significant interaction (P=0.989) between cultivars and isolates on the mean 
leaf lesion severity score on inoculated plant with mean score ranging from 3.38 to 5.75 score.  
 
Table 3.17 Mean leaf lesion severity score (0-9 scale) on four OSR cultivars (cv. Flash, cv. 
Excellium, cv. Sitro and cv. Compass) inoculated with four Leptosphaeria maculans isolates 
assessed at 15 days-post inoculation. 
 
Isolates Avirulence 

group 
Mating 

type 
Leaf lesion severity score (0-9 scale)1 Mean 

(isolates)2 Flash Excellium Sitro Compass 
ICMP 
13554 

Avr6 MAT1-1 5.13 4.60 5.50 5.13 5.09 b 

Lm 135 Avr1, Avr6, 
Avr4-7 

MAT1-1 5.50 4.67 5.71 5.75 5.41 b 

Lm 186 Avr6, Avr4-7 MAT1-1 4.50 3.38 3.88 4.25 4.00 a 
Lm 141 Avr6 MAT1-2 4.50 4.13 5.38 5.00 4.75 ab 

Mean (cultivars)3 4.91 4.19 5.12 5.03  
*Mean value were separated according to Tukey’s test from Genstat 14, values within the rows or 
columns followed by the same letters are not significantly different. 
1Comparison across interactions between cultivars and isolate were not significant (P=0.989). 
2 Comparison on overall effects of isolates were significant (P=0.005). 
3 Comparison on overall effects of cultivars were not significant (P=0.091). 
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The mean stem lesion severity score on the four OSR cultivars are summarized in Table 3.18 
(Appendix C.2.20). There was no significant effect (P=0.266) of cultivar on the lesion severity 
assessed on the inoculated plants with the mean score ranging from 0.03 to 0.19 score. There was 
no significant effect (P=0.435) of isolate on the stem lesion severity assessed with mean score 
ranging from 0.06 to 0.19. There was no significant interaction (P=0.119) between cultivar and 
isolate on the stem lesion severity score on the inoculated plant. No stem lesion developed on cv. 
Excellium inoculated with isolates Lm135, Lm 141 and ICMP 13544, cv. Flash inoculated with 
isolates Lm 141 and Lm 186, cv. Compass inoculated with isolate Lm 141, and cv. Sitro inoculated 
with isolate ICMP 13544. The mean stem lesion severity score from the remaining isolate and crop 
interactions ranging from 0.25 to 0.38.   
 
Table 3.18 Mean stem lesion severity score (0-5 scale) on four OSR cultivars (cv. Flash, cv. 
Excellium, cv. Sitro and cv. Compass) inoculated with four Leptosphaeria maculans isolates 
assessed at 65 days-post inoculation. 
 
Isolates Avirulence 

group 
Mating 

type 
Stem lesion severity score (0-5 scale)1 Mean 

(isolates)2 Flash Excellium Sitro Compass 
ICMP 
13554 

Avr6 MAT1-1 0.38 0.00 0.00 0.13 0.13 

Lm 135 Avr1, Avr6, 
Avr4-7 

MAT1-1 0.38 0.00 0.13 0.25 0.19 

Lm 186 Avr6, Avr4-7 MAT1-1 0.00 0.13 0.13 0.13 0.09 
Lm 141 Avr6 MAT1-2 0.00 0.00 0.25 0.00 0.06 

Mean (cultivars)3 0.19 0.03 0.13 0.13  
*Mean value were separated according to Tukey’s test from Genstat 14, values within the rows or 
columns followed by the same letters are not significantly different. 
1Comparison across interactions between cultivars and isolate were not significant (P=0.119). 
2 Comparison on overall effects of isolates were not significant (P=0.435). 
3 Comparison on overall effects of cultivars were not significant (P=0.266). 
 

3.3.5 Pathogenicity of Leptosphaeria biglobosa on OSR 
Conidial viability assessed by dilution plating conidial suspensions was 70% for all L. biglobosa 
isolates. The pathogenicity of three L. biglobosa isolates was tested on susceptible (cv. Flash) and 
more tolerant (cv. Excellium) cultivars of OSR. No leaf or stem lesions developed on the 
uninoculated control plants for either cv. Flash or cv. Excellium, with no fungal colonies 
characteristic of L. biglobosa isolated from the inoculation point or the stem region adjacent to the 
inoculated leaf and therefore were not included in the analysis. All three L. biglobosa isolates were 
able to cause leaf lesions on both cultivars with symptoms observed at 15 dpi (Figure 3.6). No 
pycnidia were observed to develop on leaf lesions on either cv. Flash or cv. Excellium. 
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Figure 3.6 Leaf lesions on OSR cultivars A) cv. Flash; and B) cv. Excellium inoculated with 
Leptosphaeria biglobosa isolate Lb 237 observed at 14 day-post inoculation. 
 

The mean diameters of leaf lesion on the two OSR cultivars are summarized in Table 3.19 
(Appendix C.2.21). There was a significant effect (P<0.001) of isolates on the lesion diameter on 
the inoculated plants. Plants inoculated with isolate ICMP 10655 (1.9 mm) developed the smallest 
mean lesion and was significantly different from isolate Lb 237 (3.4 mm) and Lb 238 (2.8 mm). 
There was no significant effect (P=0.154) of cultivar on the diameter of leaf lesions measured at 15 
dpi. The mean diameter of leaf lesions on cv. Flash (2.5 mm) and cv. Excellium (2.9 mm) were not 
significantly different from each other. There was no significant interaction (P=0.989) between 
cultivar and isolate on the diameter of the leaf lesion on the inoculated plants with mean lesion 
diameter ranging from 1.9 to 3.5 mm. 
 
Table 3.19 Mean diameter (mm) of leaf lesions on two OSR cultivars (cv. Excellium and cv. Flash) 
inoculated with three Leptosphaeria biglobosa isolates, assessed at 14 days-post inoculation. Leaf 
lesion size is the mean diameter of the lesion based on two perpendicular measurements. 
 

Isolates Diamater of leaf lesion (mm)1 Mean (isolates)2 
Flash Excellium 

Lb 237 3.2 3.5 3.4 b 
Lb 238 2.4 3.3 2.8 b 

ICMP 10665 1.9 1.9 1.9 a 
Mean (crops)3 2.5 2.9  

*Mean value were separated according to Tukey’s test from Minitab 16, values within the rows or 
columns followed by the same letters are not significantly different. 
1Comparison across interactions between cultivars and isolate were not significant (P=0.302). 
2 Comparison on overall effects of isolates were significant (P=0.000). 
3 Comparison on overall effects of cultivars were not significant (P=0.154). 
 

The mean leaf lesion severity score of two OSR cultivars are summarized in Table 3.20 (Appendix 
C.2.22). There was a significant effect (P<0.001) of isolates on the lesion severity score on the 
inoculated plants. Plants inoculated with isolate ICMP 10655 (2.54 score) had the lowest mean 
severity score and was significantly different from isolates Lb 238 (3.79 score) and Lb 237 (4.50 
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score). There was no cultivar effect (P=0.123) on the leaf lesion severity score assessed at 15 dpi. 
Mean leaf lesion severity score on cv. Flash (3.39 score) and cv. Excellium (3.83 score) was not 
significantly different from each other. There was no significant interaction (P=0.475) between 
cultivar and isolate on the mean leaf lesion severity score assessed on the inoculated plant with 
mean severity score ranging from 2.50 to 4.67. However, unlike plants inoculated with L. 
maculans, plants inoculated with L. biglobosa did not develop any stem lesions at 65 dpi. 
 
Table 3.20 Mean leaf lesion severity score (0-9 scale) on two OSR cultivars (cv. Excellium and cv. 
Flash) inoculated with three Leptosphaeria biglobosa isolates assessed at 14 day-post inoculation. 
 

Isolates Leaf lesion severity score (0-9 scale)1 Mean (isolates)2 
Flash Excellium 

Lb 237 4.33 4.67 4.50 b 
Lb 238 3.33 4.25 3.79 b 

ICMP 10665 2.50 2.58 2.54 a 
Mean (crops)3 3.39 3.83  

*Mean value were separated according to Tukey’s test from Genstat 14, values within the rows or 
columns followed by the same letters are not significantly different. 
1Comparison across interactions between cultivars and isolate were not significant (P=0.475). 
2 Comparison on overall effects of isolates were significant (P<0.001). 
3 Comparison on overall effects of cultivars were not significant (P=0.123). 
 

3.3.6 Pathogenicity of Leptosphaeria biglobosa on OSR and swede 
No leaf lesions developed on the uninoculated control plants for OSR (cv. Flash and cv. Excellium) 
and swede (cv. Highlander) at either assessment times, with no fungal colonies characteristic of L. 
biglobosa being isolated from the inoculation point or the stem region adjacent to the inoculated 
leaf and therefore were not included in the analysis. All three isolates tested were able to cause leaf 
lesions on both OSR cultivars (cv. Flash and cv. Excellium) and swede cv. Highlander with 
symptoms characteristic to L. biglobosa were observed on all inoculated plants. 

The mean diameter of leaf lesions on two OSR cultivars (cv. Flash and cv. Excellium) and swede 
cv. Highlander measured at 15 dpi is summarized in Table 3.21 (Appendix C.2.23). Mean diameter 
of leaf lesions on all tested cultivars were not significantly different (P=0.777) from each other 
with lesion diameter ranging from 3.0 to 3.4 mm. There was no significant effect (P=0.359) of 
isolate on the lesion diameter on the inoculated plants ranging from 2.9 to 3.7 mm. There was no 
significant interaction (P=0.146) between cultivar and isolate on the diameter of leaf lesion on the 
inoculated plant with mean lesion diameters ranging from 1.3 to 3.9 mm. 
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Table 3.21 Mean diameter (mm) of leaf lesions on two OSR cultivars (cv. Excellium and cv. Flash) 
and swede (cv. Highlander) inoculated with three Leptosphaeria biglobosa isolates assessed at 15 
day-post inoculation. Leaf lesion size is the mean diameter of the lesion based on two 
perpendicular measurements. 
 

Isolates Diameter of leaf lesion (mm)1 Mean across 
isolates2 Highlander Flash Excellium 

Lb 237 3.9 2.7 2.9 3.2 
Lb 238 3.8 3.8 3.5 3.7 

ICMP 10665 1.3 3.7 3.6 2.9 
Mean3 3.0 3.4 3.3  

*Mean value were separated according to Tukey’s test from Minitab 16, values within the rows or 
columns followed by the same letters are not significantly different. 
1Comparison across interactions between cultivars and isolate were not significant (P=0.146). 
2 Comparison on overall effects of isolates were not significant (P=0.359). 
3 Comparison on overall effects of cultivars were not significant (P=0.777). 
 
The mean diameter of leaf lesion on two OSR cultivars (cv. Flash and cv. Excellium) and swede cv.  
Highlander measured at 20 dpi are summarized in Table 3.22 (Appendix C.2.24). Mean diameter of 
leaf lesions on all tested cultivars were not significantly different (P=0.352) from each other, with 
mean lesion diameter ranging from 4.4 to 5.7 mm. There was no significant effect (P=0.436) of 
isolates on the leaf lesion diameter with mean diameter ranging from 4.3 to 5.3 mm. There was no 
significant interaction (P=0.979) between cultivar and isolate on the diameter of leaf lesions with 
mean lesion diameter ranging from 4.0 to 6.3 mm. 
 
There was a significant effect (P<0.0001; Appendix C.2.25) of assessment time on the diameter of 
leaf lesions. Mean diameter of leaf lesions at 20 dpi (4.95 mm) was significantly larger compared 
to 15 dpi (3.3 mm). 
 
Table 3.22 Mean diameter (mm) of leaf lesions on two OSR cultivars (cv. Excellium and cv. Flash) 
and swede (cv. Highlander) inoculated with three Leptosphaeria biglobosa isolates assessed at 20 
day-post inoculation. Leaf lesion size is the mean diameter of the lesion based on two 
perpendicular measurements. 
 

Isolates Diameter of leaf lesion (mm)1 Mean across 
isolates2 Highlander Flash Excellium 

Lb 237 6.1 4.5 5.0 5.2 
Lb 238 6.3 4.7 5.0 5.3 

ICMP 10665 4.5 4.0 4.3 4.3 
Mean3 5.7 4.4 4.8  

*Mean value were separated according to Tukey’s test from Minitab 16, values within the rows or 
columns followed by the same letters are not significantly different. 
1Comparison across interactions between cultivars and isolate were not significant (P=0.979). 
2 Comparison on overall effects of isolates were not significant (P=0.436). 
3 Comparison on overall effects of cultivars were not significant (P=0.352). 
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The mean leaf lesions severity score of two OSR cultivars (cv. Flash and cv. Excellium) and swede 
cv. Highlander assessed at 15 dpi are summarized in Table 3.23 (Appendix C.2.26). There was a 
significant interaction (P=0.026) between cultivar and isolate on the leaf lesion severity score 
assessed on the inoculated plants. Mean leaf lesion severity score on swede inoculated with isolate 
Lb 238 (4.50 score) was the greatest mean and significantly different from swede inoculated with 
isolate ICMP 10665 but not with the rest of interactions. There was a significant effect (P=0.028) 
of isolates on leaf lesion severity score on the inoculated plants. Plants inoculated with isolate Lb 
238 (3.96 score) had the greatest mean severity score and significantly different from isolate ICMP 
10665 (2.38 score) but not with isolate Lm 237 (3.58 score). Mean leaf lesion severity score 
assessed on all cultivars were not significantly different (P=0.915) from each other with mean 
score ranging from 3.17 to 3.42.  
 
Table 3.23 Mean leaf lesion severity score (0-9 scale) on two OSR cultivars (cv. Excellium and cv. 
Flash) and swede (cv. Highlander) inoculated with three Leptosphaeria biglobosa isolates assessed 
at 15 day-post inoculation 
 

Isolates Leaf lesion severity score (0-9 scale)1 Mean across 
isolates2 Highlander Flash Excellium 

Lb 237 4.25 b 2.63 ab 3.88 ab 3.58 xy 
Lb 238 4.50 b 4.25 b 3.13 ab 3.96 y 

ICMP 10665 0.75 a 3.38 ab 3.00 ab 2.38 x 
Mean3 3.17 3.42 3.33  

*Mean value were separated according to Tukey’s test from Genstat 14, values within the rows or 
columns followed by the same letters are not significantly different. 
1 Comparison across interactions between cultivars and isolate were significant (P=0.026). 
2 Comparison on overall effects of isolates were significant (P=0.028). 
3 Comparison on overall effects of cultivars were not significant (P=0.915). 
 
The mean leaf lesions severity score of two OSR cultivars (cv. Flash and cv. Excellium) and swede 
cv. Highlander assessed at 20 dpi are summarized in Table 3.24 (Appendix C.2.27). There was a 
significant effect (P<0.001) of isolates on leaf lesion severity score. Plants inoculated with isolate 
Lb 238 (6.08 score) had the greatest mean severity score and significantly different from isolate 
ICMP 10665 (3.60 score) but not with isolate Lm 237 (5.83 score). Mean leaf lesion severity score 
assessed on all tested cultivars were not significantly different (P=0.637) from each other with 
scores ranging from 4.92 to 5.52. There was no significant interaction (P=0.026) between cultivar 
and isolate on the leaf lesion severity score assessed on the inoculated plants with mean score 
ranging from 2.80 to 6.88. 
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Table 3.24 Mean leaf lesion severity score (0-9 scale) on two OSR cultivars (cv. Excellium and cv. 
Flash) and swede (cv. Highlander) inoculated with three Leptosphaeria biglobosa isolates assessed 
at 20 day-post inoculation 
 

Isolates Leaf lesion severity score (0-9 scale)1 Mean across 
isolates2 Highlander Flash Excellium 

Lb 237 6.88 4.63 6.00 5.83 y 
Lb 238 6.88 6.63 4.75 6.08 y 

ICMP 10665 2.80 4.00 4.00 3.60 x 
Mean3 5.52 5.08 4.92  

*Mean value were separated according to Tukey’s test from Genstat 14, values within the rows or 
columns followed by the same letters are not significantly different. 
1Comparison across interactions between cultivars and isolate were not significant (P=0.077). 
2 Comparison on overall effects of isolates were significant (P<0.001). 
3 Comparison on overall effects of cultivars were not significant (P=0.637). 
 
There was a significant effect (P<0.001; Appendix C.2.28) of assessment time on the leaf lesion 
severity score. Leaf lesion severity score on inoculated plant increased with incubation time. The 
leaf lesion severity score assessed at 15 dpi (3.31 score) was significantly lower than 20 dpi (5.29 
score). No stem lesions developed on the inoculated plant at 65 dpi. 
 

3.4 DISCUSSION 
This is the first comprehensive study on the pathogenicity of different Leptosphaeria maculans and 
L. biglobosa isolates recovered from different sampling locations and from different symptomatic 
OSR and swede tissues in New Zealand (Chapter 2). Of the total number of Leptosphaeria spp. 
isolates obtained in Chapter 2, only a few isolates belong to L. biglobosa which indicated that this 
species was likely to be less important in New Zealand. Nevertheless, the fact that these isolates 
were recovered from the symptomatic tissue in the cropping area showed that it was also one of the 
causal agents of brassicas disease and so assessment on their pathogenicity was essential. All 
selected isolates of L. maculans and L. biglobosa were pathogenic and capable of causing leaf 
lesions on inoculated plants of both crops. Leptosphaeria maculans has been reported as a 
pathogen of both OSR and swede and although L. biglobosa has been reported as a pathogen of 
OSR (Wouw et al., 2008; Vincenot et al., 2008), this is the first report of L. biglobosa 
pathogenicity on swede. Swede was previously only tested with L. maculans isolates which were 
retrieved from other brassica crops and it was confirmed as susceptible to the pathogen 
(Humpherson-Jones, 1983, 1986). 

All three L. biglobosa isolates selected for the pathogenicity study showed that they were all 
pathogenic to susceptible and more tolerant cultivars of OSR, with the disease symptom being 
observed on all inoculated plants. Of the three isolates, isolate ICMP 10665 (from the ICMP 
culture collection) produced the smallest leaf lesion (3.60 mm) and leaf lesion severity score (2.90). 
Leaf lesion size range developed on plants inoculated with L. biglobosa ‘brassicae’ isolates in a 
study done by Vincenot et al. (2008) was 8.73-11.87 mm. This isolate may have lost its virulence 
after more than 30 years in storage. The historical L. maculans isolate which has been kept for at 
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least 33 years used in the study of Li et al. (2006a), showed that the isolate was still capable of 
causing leaf lesion even though the size of leaf lesions which developed was not stated and it was 
not compared with a recent isolate. Consequently, the effects of long-term storage on the 
pathogenicity of isolates warrant further investigation. Leaf lesion symptoms that developed on the 
inoculated plants were characteristic to what has been reported before for L. biglobosa, being small 
dark lesions with dark margins and pycnidia absent (Vincenot et al., 2008). No stem lesions 
developed on the inoculated plants which allowed to grow until 65 dpi unlike plants inoculated 
with L. maculans which started to express stem lesion symptoms at 40 dpi. This finding was similar 
to the Wouw et al. (2008) study which found no hyphae of L. biglobosa ‘canadensis’ observed in 
the inoculated plant stems 10 weeks after inoculation, while hyphae were observed on plants 
inoculated with L. maculans ‘brassicae’. There are a few possible causes of the reduced efficiency 
of L. biglobosa in colonizing the stem. Of these, the inability to produce the toxin sirodesmin PL 
(as does L. maculans) could be one reason (Elliot et al., 2007). In a greenhouse study conducted by 
Elliot et al. (2011), L. biglobosa ‘canadensis’ was reported to cause stem cankers with low internal 
infection severity on both B. juncea and B. napus. In their study, the plants were inoculated by 
spraying the 107 conidia/mL on four-week old seedling. This spraying method provided more 
infection sites on the seedlings which may lead to the formation of stem cankers. This is the likely 
reason for no stem lesions being observed in this study, where plants were inoculated with only one 
conidial droplet at one inoculation point. This suggestion has been supported by Travadon et al. 
(2009) who demonstrated that the disease severity (external necrosis length and necrosis score) 
increased with increasing number of infection sites on cotyledons. Furthermore, a longer incubation 
time (approximately 20 weeks after inoculation) was applied in the Elliot et al. (2011) study 
compared to this study which only had until 65 dpi (9.2 weeks). Another study that supported the 
finding by Elliot et al. (2011) was by Thomas et al. (2009) who also found that L. biglobosa 
‘canadensis’ was capable of causing internal infection on B. juncea and B. napus although the 
disease levels were low. However, the inoculation method and incubation period used in both of 
previous studies were the same and not totally comparable with the present study. Further, the 
pathogenicity of a different subclade to which L. biglobosa ‘canadensis’ belongs, compared to L. 
biglobosa ‘brassicae’ used in this experiment, may account for differences in symptom 
development. In addition, Vincenot et al. (2008) also reported that all L. biglobosa ‘brassicae’ 
isolates used in their study were always ranked as most virulent on all cultivars (cv. Columbus, cv. 
Darmor, cv. Surpass 400 and cv. Westar) tested in comparison to the other subclades. 

The same isolates were selected to test their pathogenicity on susceptible (cv. Flash) and more 
tolerant cultivar of OSR (cv. Excellium) and one susceptible cultivar of swede (cv. Highlander). 
There was no difference in the effect of isolates in terms of leaf lesion size but results for leaf 
lesion severity scores showed that the isolate from ICMP collection was again the least virulent in 
comparison with the other two isolates. Based on this result, it seems that the long term storage 
could have affected the pathogenicity of the ICMP isolate. All host plants tested were equally 
susceptible to L. biglobosa isolates as results showed no statistical differences in the leaf lesion 
sizes and severity scores assessed at both assessment time. Although not statistically different, in 
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both experiments, smaller leaf lesions developed on OSR cv. Flash compared with cv. Excellium, 
with in general a lower disease severity scores. 

In a preliminary experiment, a range of conidial concentrations based on those used in other studies 
(Plummer et al.,1994; Moreno-Rico et al., 2001; Li et al, 2006a) were used to determine the 
optimum concentration to be used in the main experiments. The results showed that an inoculum 
concentration of 104 conidia /10µL (106 conidia/mL) was the optimum concentration, being similar 
to that used in the majority of pathogenicity studies (Plummer et al., 1994; Somda et al., 1998; Li 
et al., 2005, 2006a). Leaf symptom development was variable and not consistent with lower 
inoculum (103 conidia /10µL) concentrations as some of the inoculated plants also did not develop 
any symptoms. A similar result was observed in a previous study by Plummer et al. (1994); two 
isolates did not develop any symptoms on inoculated cotyledons even though the plants were 
inoculated at an earlier seedling stage (7-day old seedling) with 5×103 conidia/10 µL (5×105 
conidia/mL). It is likely that inoculation with conidia suspension need more than 105 conidia/mL to 
consistently develop the symptoms. The higher conidia concentration of 107 conidia/mL (105 
conidia/ 10 µL) on the other hand, did not develop stem lesion for some isolates. It is believed that 
this was because the leaves dropped off before the pathogen reaches the petioles. 

The preliminary experiment also determined the optimum assessment time from the time of leaf 
lesion to stem lesion development. Assessment of the leaf symptom was conducted at three 
different times, 10, 15 and 20 dpi. All selected L. maculans isolates were virulent on tested 
cultivars of OSR and swede, with symptoms characteristic of the pathogen being observed on the 
inoculated plants. At 10 dpi, the leaf lesions that developed were quite small and more similar to a 
hypersensitive reaction. However, there were also some inoculated plants which did not express 
any symptom yet. Nevertheless, the leaf lesions were found to increase in size at 15 dpi and the 
symptoms became more obvious, which made the measurement of the two perpendicular diameters 
easier. However, by 20 dpi, most of the inoculated cotyledons had collapsed and fallen off, so the 
measurement of leaf lesion sizes was not able to be carried out, with only leaf lesion severity scores 
able to be determined. A study by Li et al. (2006a) which used the same scoring scale as with this 
study also found that after 21 dpi leaf lesion assessment was not possible since the inoculated 
cotyledons were dead from the disease. In contrast, a study by Moreno-Rico et al. (2001) was able 
to assess the leaf lesion severity at 23 dpi on cauliflower plants. However, the scoring scale used in 
the Moreno-Rico et al. (2001) study was different from this study. In addition, the difference in 
crop structure could possibly be the reason for the differences observed between these studies. 
Additionally, Moreno-Rico et al. (2001) also indicated that the disease progression in cauliflower 
differs from that observed in OSR, which affirms the above possibility. Based on this result, in 
terms of the inoculated cotyledon condition and the reliable size of the leaf lesion to be measured, 
15 dpi was considered to be the most appropriate time for disease rating on inoculated plants in the 
following pathogenicity tests and was in a similar range of assessment day as a study by Ansan-
Melayah et al. (1995). Moreno-Rico et al. (2001) assessed the inoculated plants at 10, 15, 20, 25 
and 30 dpi to observe the disease progression on wounded and unwounded seedlings. They found 
that all isolates caused disease on wounded plants and by 30 dpi most of the inoculated plants had 
scores above 4.0 which mean that more than 50% of cotyledon area was covered in lesions, and 
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with petiole and stem blackened, according to their disease scale. However, no further comparison 
can be made between Moreno-Rico et al. (2001) study and this pilot study as they only discussed 
the differences in disease expression between wounded and unwounded seedling and did not 
compare the results of the different assessment days which they selected. There were also various 
earlier post-inoculation assessment times reported from other studies, for example 11 dpi (Koch et 
al., 1991) and 10-12 dpi (Kutcher et al., 2007) for seedling tests. Only a very few study have 
presented data on leaf lesion size/diameter (Vincenot et al., 2008); whilst most other studies have 
measured the leaf lesion size for disease scoring purpose only (Li et al., 2006a; Kutcher et al., 
2007). 

The assessment of stem lesion symptoms was assessed at 40, 56 and 65 dpi. Characteristics of L. 
maculans stem lesions were first observed on both OSR and swede at 40 dpi. At this assessment 
time, external stem lesions were observed on 47% of swede and 14% of OSR. Other studies have 
reported the different assessment times for stem lesion symptoms. Moreno-Rico et al. (2001) 
assessed the disease severity score of stem cankers four weeks post inoculation of the 22 days old 
plants’ wounded stems at 1 cm above the soil level. They observed severe stem canker symptoms 
on inoculated plants at 28 dpi. The different inoculation method and host plants used in the 
Moreno-Rico et al. (2001) study provide the possible explanation of their earlier observation of 
stem lesions. They inoculated the cauliflower plant on the stem which obviously could be the 
possible reason for the earlier stem lesion symptom observed in their study. Another example for 
the earlier symptom observed was from Johnson & Lewis (1994) study which also assessed stem 
symptoms four weeks post inoculation which developed after inoculated the four weeks old plants 
on the internode between the cotyledons and the first leaf. Even though Johnson & Lewis (1994) 
used the same host plant type with this current study, the fact that they inoculated the plants on the 
stems could have ensured faster pathogen progress to cause a stem lesion, compared to the current 
study in which the inoculated cotyledon needed a longer time to spread into the stem. Assessment 
of the stem lesion at 49 dpi following the leaf inoculation was reported by Humpherson-Jones 
(1986). The inoculation method used in their study and the current study was comparable but they 
used a higher conidia concentration which ranged from 4×106 to 5×107 conidia/mL. Higher 
inoculum concentrations would potentially speed up the expression of stem lesion on the inoculated 
plants. However, the numbers of plants showing stem lesion symptoms were seen to increase over 
the assessment times in the current study, with stem lesions seen to develop on almost 70% of the 
inoculated swede and 30% of the inoculated OSR at 65 dpi regardless of the conidia concentration. 
Taking into account that 65 dpi was the practical time for plants of both tested crops to express the 
symptoms, based on the number of plants showing symptom and the severity score reached at 65 
dpi, this period of incubation was selected to be used for the disease assessment on stems for the 
following pathogenicity tests. 

Overall, the leaf lesion to stem lesion assessments showed that swede was more susceptible than 
OSR and the significant difference was apparent in most of the results obtained. Based on the stem 
lesion disease severity score, the variability in pathogenicity among L. maculans isolates was 
observed on OSR, while all isolates were equally pathogenic on swede. Contradictory results were 
reported by Humpherson-Jones (1983) who found that disease severity based on stem lesions was 



105 

 

significantly lower on turnip and swede than other hosts including OSR and kale. Humpherson-
Jones (1983) inoculated a seedling at the one-true leaf stage with an oat kernel colonized by mixed 
L. maculans isolates placed at the soil level adjacent to the hypocotyl and assessed after 16-18 
weeks. In contrast, the current study inoculated the cotyledon using the single isolate and plants 
were allowed to grow until 65 dpi. In a separate study conducted by the same author Humpherson-
Jones (1986) using the same inoculation method as his previous study and still found that the 
disease severity based on stem lesions was significantly lower on turnip and swede than other host 
including OSR, broccoli and kale. The longer incubation period applied in those studies could have 
led to the differences observed. The fact that they used mixed isolates could have been due to 
difference in virulence of individual isolates, as was observed in this study. 

In this study, a wide range of L. maculans isolates were tested on susceptible and more tolerant 
cultivars of OSR and swede. There are still limited studies on the pathogenicity of L. maculans on 
swede compared to the extensive studies on OSR. This is because OSR is the most economically 
significant for many countries in comparison to the other brassica such as swede. However, New 
Zealand is unique in that swede and several other brassicas also play an important role for the 
economy due to its role providing supplementary winter feeding (Chakwizira et al., 2012; 
Dumbleton et al., 2012; Trethewey, 2012). Prior to testing L. maculans isolates on more tolerant 
cultivars of OSR and swede, the pathogenicity of 30 L. maculans isolates was tested on susceptible 
cultivars of OSR (cv. Flash) and swede (cv. Highlander). Other studies have tested more L. 
maculans isolates in their pathogenicity tests (Wouw et al., 2009; Kutcher et al., 2007; Chen & 
Fernando, 2006a) and some tested a lesser number of isolates (Li et al., 2006a; Moreno-Rico et al., 
2001). Kutcher et al. (2007) tested 262 of L. maculans isolates on six B. napus differentials and 
separated the isolates into three different pathogenicity groups which indicated the variability of the 
pathogenity of the isolates. However, their findings could only partially support the variability 
observed in the current study as the host plants tested were not from the same line. Even with a 
lesser number of isolates, Moreno-Rico et al. (2001) observed differences in isolates pathogenicity 
and showed that isolates retrieved from broccoli could also infected cauliflower plants. Previous 
studies have used pathogenicity tests to determine the pathogenicity group (PG), the presence of 
avirulence genes and race structure composition of L. maculans population using particular 
differential lines, but this study was conducted to characterise the pathogenicity of isolates from 
other crop on other possible crops in New Zealand. Elliot et al. (2011) tested 152 isolates of  L. 
maculans and L. biglobosa (single spore isolates from ascospores) from various locations in 
Australia on six brassica differentials, inoculated on 4 weeks old plant by spraying the leaves. They 
assessed stem cankers 20 weeks later and found that both species were able to cause stem cankers 
on all six differentials. 

Although all L. maculans isolates were pathogenic, there was some variability with respect to leaf 
and stem lesions. This study incorporated the ratios with respect to a positive control as a measure 
of pathogenicity to eliminate variability in different batches. Inoculation in different batches was 
carried out in four different subsequent weeks. The difference in pathogenicity caused by the 
positive control isolate could be attributed to various factors. For instance, different ranges of 
temperature between weeks and amounts of water received by inoculated plant during watering by 
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casual staff could have affected the results. Even so, significant differences in pathogenicity were 
observed between certain isolates and crop types. The variability in pathogenicity among L. 
maculans isolates was observed in terms of leaf lesion diameter and severity score for both crops 
tested. The variability in pathogenicity observed appeared not to be related to the avirulence genes 
and mating type determined in an earlier chapter. Isolates with the same mating type and avirulence 
genes were randomly scattered within the range from the least to the highest ratio of leaf lesion 
score with respect to the positive control. Two isolates from the ICMP collection were within the 
range of results, which indicated that they were still pathogenic even though they had been kept in 
storage for at least 15 years. Disease severity scores and leaf lesion sizes obtained from this 
pathogenicity test did not always correspond with each other as the disease severity score also 
depended on combinations of different criteria, leaf lesion size, tissue blackening and presence of 
pycnidia (Williams & Delwiche, 1979). However, a linear relationship was still evident between 
the diameter of the leaf lesion and disease severity score on the inoculated cotyledon of OSR and 
swede. In agreement with the results for the ratio of the leaf lesion size with respect to positive 
control, it was also obvious that both tested crops were both susceptible to L. maculans isolates. 

In this study, swede appeared to be more susceptible than OSR and this is the first report where the 
relative susceptibility of these two crops has been compared. Although all isolates were able to 
infect and cause leaf lesion symptoms, some isolates appeared more pathogenic on swede than 
OSR and vice versa. The pathogenicity on a particular crop was also found not to be related to crop 
origin of L. maculans isolates. Because of these results, although only found in a small number of 
isolates, further study is required to investigate in more details the differences in pathogenicity of 
isolates originated from different hosts onto different potential hosts. A study by Somda et al. 
(1996) which tested L. biglobosa (known as B-group in their paper) found that isolates originating 
from B. napus were less pathogenic on cv. Westar (B. napus) than cv. Picra (B. juncea). They 
suggested that the aggressiveness of the isolates depends on the host from which they are obtained. 
However, in the current study there was no correlation between pathogenicity and crop origin 
observed. These results showed that L. maculans which infect one brassica crop can be a source of 
inoculum to infect another brassica crop and it is particularly important for New Zealand which has 
a wide range of brassica crops grown in close proximity. A pathogenicity test using cotyledons or 
leaves for inoculation provides the opportunity for plants to express all possible resistance 
mechanisms. However, this technique also has the disadvantage that the disease rating is restricted 
to the development of leaf symptoms only; resistance in stem tissue may be overlooked (McNabb 
et al., 1993). Nevertheless, this technique has been used to minimize environmental variation as 
well as to accelerate the development of cultivars (McNabb et al., 1993) for many plant breeding 
programmes which found that results from field trials varied greatly with the environment (Rimmer 
& Van den Berg, 1992). Additionally, not all crops showed correlation between leaf lesion severity 
scores and stem lesion severity scores, thus, making the overall prediction of the disease epidemic 
difficult. This has been observed in this study, whereby only OSR showed slight positive 
correlation between size of leaf lesions and stem lesion severity scores, which was not evident for 
swede (Section 3.3.2; Figure 3.4). Findings from Salisbury et al. (1995) agreed with the current 
study since they found a lack of correlation between cotyledon (seedling) resistance and stem (adult 
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plants) in resistance of B. napus and from B-genome species. Inoculation of petioles and stems on 
the other hand, will exclude the expression of leaf resistance (McNabb et al., 1993). Nevertheless, 
results of experiments conducted in controlled environmental conditions may be more reliable 
because of consistent results compared those obtained under field conditions, which are influenced 
by variation in environmental factors such as rainfall and temperature (Moreno-Rico et al., 2001). 
To be able to examine the ability of isolates to cause stem canker on older plants, a separate study 
was conducted in Chapter 4 to assess stem lesion development on plants inoculated on stems. 

There were no effects of crop type on leaf lesion size and leaf lesion scores, but an effect was 
observed on stem lesion scores. In this study, it was found that swede was more susceptible than 
OSR to L. maculans isolates in terms of stem lesion disease severity score ratios with respect to 
positive control. To date, there is still limited information on the pathogenicity of L. maculans or L. 
biglobosa on swede. Even though previous studies have reported various inoculation techniques 
used to screen breeding material for resistance to stem canker (McGee & Petrie 1978; Cargeeg & 
Thurling 1980; McNabb et al., 1993), studies have only been done on OSR. There has been no 
recent study conducted on swede since those of Humpherson-Jones (1983, 1986) who used swede 
as a test host for the pathogenicity tests. The other reports focused on the pathogenicity of isolates 
from OSR and tested them on different cultivars of OSR (Li et al., 2006a; Chen & Fernando, 
2006b). Studies of the pathogenicity of L. maculans isolates obtained from different brassicas crops 
on other brassica crops are still not well documented for most countries, for which the main focus 
is on OSR. In contrast, other than OSR, forage brassicas such as swede are also one of the main 
important crops in New Zealand, in fact, it has been grown in a larger scale, and thus, information 
on the host plant and pathogen interaction for swede is vital. A study in Mexico, however, has 
reported the pathogenicity of L. maculans isolates recovered from broccoli and was tested on 
cauliflower (Moreno-Rico et al., 2001) showing that isolates originating from other brassica crop 
could possibly be pathogenic to another brassica crop. In the current study, results from the stem 
lesion assessments showed that four isolates did not cause any stem lesion on OSR even though 
leaf lesions developed. Individual isolates caused no differences in pathogenicity between the two 
crops. Similar to what was observed for leaf lesion sizes and stem lesion severity score ratios, two 
isolates from the ICMP collection were within the range in terms of stem lesion severity scores. 
Humpherson-Jones (1983) reported that isolates recovered from B. napus, B. oleracea, and B. 
campestris were virulent on cabbage and equally virulent on kale and OSR with more than 90% of 
leaf inoculations causing severe stem cankers. They were less virulent on turnip and swede but still 
resulted in severe cankers (51% and 72%, respectively), but they found no evidence of host 
specificity in any of the isolates tested. They found that the differences in the results obtained did 
not appear to be related to differences in environmental conditions between experiments since the 
standard inoculation of a virulent isolate onto cabbage in each experiment resulted in severe 
infections on all of the inoculated plants. The differences observed between the current study and 
that by Humpherson-Jones (1983) with regards to the susceptibility of swede in comparison with 
OSR was likely due to the different inoculation method used. In the current study, a linear 
relationship between leaf lesion scores and stem lesion scores on OSR was observed, indicating the 
very high possibility that a plant with a leaf lesion symptom will develop a stem lesion. However, a 



108 

 

negative linear relationship between the leaf lesion scores and stem lesion scores was observed on 
swede. In this case, the prediction of disease severity at the end of a growing season is difficult 
since the leaf lesion score does not predict the more damaging stem lesion score for swede but does 
so for OSR. It is likely that disease development is different in swede compared to OSR and this 
was examined in Chapter 4.  

A further test was done on more tolerant cultivars of OSR (cv. Excellium) and swede (cv. 
Keystone) using six selected L. maculans isolates from the 30 isolates used in previous test (on 
susceptible cultivars of OSR and swede). The selected L. maculans isolates were also able to cause 
infection on more tolerant cultivars of both crops. Based on the results for leaf lesion size 
developed on inoculated plants, all isolates were pathogenic. Variability in the isolates was also 
seen for the reported more tolerant cultivars of both crops tested, whereby the three isolates that 
caused the smallest leaf lesion sizes and scores on OSR caused the largest leaf lesion sizes and 
scores on swede and vice versa. Even though all isolates are pathogenic in terms of leaf lesion 
symptoms, in general, the same isolates caused larger leaf lesion sizes (comparison on actual leaf 
lesion size) and greater leaf lesion severity scores on the susceptible cultivars of OSR and swede as 
did to more tolerant cultivars. Although not in the same experiment and so not able to be directly 
compared, it appeared that these cultivars were less susceptible. The separate pathogenicity 
experiment which tested L. maculans isolates on four commonly grown OSR cultivar conducted in 
this study showed that there were no significant differences between the susceptible cultivar (cv. 
Flash) and the more tolerant cultivar (cv. Excellium) of OSR with respect of leaf lesion and stem 
lesion severity score. This study has shown that differences in susceptibility of a wider range of 
swede cultivars grown in NZ also warrant testing. 

In the cv. Excellium, there seems to have been a resistance effect at the adult plant stage for OSR in 
which the inoculation with four of the six isolates did not result in the development of stem lesion 
at 65 dpi. On the susceptible cultivar (cv. Flash) isolate Lm 137 did not produce stem lesions 
although it did produce leaf lesion on both OSR cultivars. Such cases were usually observed on 
plants which conferred greater resistance in the seedling stage (disease rating for cotyledon test 0-
2.9 scale) therefore only very few hyphae grew within the leaves and presumably no or very few 
hyphae reach the stem (Yu et al., 2005). However, it could also be because adult plants were 
resistant and symptoms did not develop from leaf lesions into the stems. Resistance in these plants 
may be based on restricted development of stem lesion in the adult plant only. Thus, it was 
investigated further in Chapter 4 whereby plants were inoculated on stem at six-true leaves stage. 
The seedling cotyledon test is reported to be an effective method used to identify resistance in 
specific isolates of L. maculans and this method has clearly identified 14 races of this fungus in 
Australia (Ballinger & Salisbury, 1996). However, there was little relationship between seedling 
and adult plant reactions of differential lines against individual isolates reported in previous studies. 
For example, some differentials (e.g. cv. Jet Neuf) were susceptible at the seedlings stage but 
resistant at the adult plants stage (Ballinger & Salisbury, 1996). In another study by Hanacziwskyj 
& Drysdale (1984), they found that the seedling susceptibility and good adult plant resistance of cv. 
Jet Neuf, demonstrated that resistance to stem canker in this cultivar increased with age, and 
became highly effective by the fifth leaf stage. To support this study, Ballinger & Salisbury (1996) 
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in their study found brassica cultivar differentials such as cv. Bunyip and cv. Jumbuck which were 
resistant to some isolates as seedlings, were susceptible to the same isolates as adult plants, and 
their results have indicated that seedling resistance and adult plant resistance are under different 
genetic control. The example of an interaction in which seedling and adult plant resistance were 
under  different genetic control was reported for  Wheat-Mycosphaerella graminicola pathosystem 
(Kema & Silfhout, 1997). Other studies done by Roy (1984), Badawy et al. (1991), Pang (1992) 
and Zhu et al. (1993) also found that there was no relationship between seedling and adult plant 
resistances in their studies. It is noteworthy that plants with this type of resistance will be 
overlooked when selection is only conducted at the cotyledon stage. Plants with restricted 
development of stem lesion can be detected using leaf or stem inoculation. Unfortunately these 
techniques require more space and labour (McNabb et al., 1993). In the current study, all isolates 
produced stem/bulb lesions on the more tolerant cultivar of swede, but with lower disease severity 
scores than with the susceptible cultivars; although they could not be directly compared as the tests 
were conducted separately. Comparisons between OSR and swede in general showed that the 
disease severity on swede was always higher than OSR. In glasshouse experiments Humpherson-
Jones (1983) found that there was no evidence of host specificity of virulent isolates causing severe 
cankers on B. oleracea (cabbage and kale), B. campestris (turnip), and B. napus (swede and OSR). 

In New Zealand, the commonly grown OSR cultivars are cv. Flash, cv. Excellium, cv. Sitro and cv. 
Compass (Jen Linton, FAR, pers. comm., 2011). These four cultivars are different from the 
cultivars that are commonly grown overseas such as in the Australia (cv. Darmor, cv. Columbus, 
cv. Surpass 400, cv. Dunkeld and cv. Grouse) (Li et al., 2006b; Vincenot et al., 2008; Wouw et al., 
2009) and Canada (cv. Quinta, cv. Glacier and cv. Jet Neuf) (Rimmer, 2006). Among all the 
commonly grown cultivars in New Zealand, only cv. Excellium has a known Rlm gene which is 
Rlm7, while the others have no known Rlm genes. All cultivars were seen to be susceptible to L. 
maculans isolates. All three cloned avirulence alleles (AvrLm1, AvrLm6 and AvrLm4-7) are present 
in the selected isolates. An avirulence allele is a type of race-specific or qualitative resistance 
which can be effective from cotyledon stage to adult plant stage (Delourme et al., 2004; Pirie, 
2008). In this study, it was found that all isolates selected were able to cause disease symptoms on 
all four New Zealand commonly grown OSR cultivars. The results showed that cv. Excellium 
(Rlm7) was also prone to infection, indicating that the isolates obtained in Chapter 2 which carried 
AvrLm4-7, were probably AvrLm4 and not AvrLm7. Therefore, in terms of leaf lesion sizes 
developed on inoculated plants, the effect of cultivars was observed with cv. Excellium developing 
the smallest leaf lesion sizes compared to cv. Sitro but not with cv. Flash and cv. Compass. Of 
these, even though it was not significantly different, cv. Excellium was consistently the least 
susceptible compared to the other three cultivars in terms of leaf lesion severity scores and stem 
lesion severity scores, with three out of four isolates unable to develop stem lesions on this cultivar. 
Differences in cultivars reaction were also observed in greenhouse and field experiments by 
McNabb et al. (1993) who tested five cultivars of B. napus with different stem canker  resistances 
and found a significant difference among cultivars with leaf rating ranges from 3.5 to 9.5 and stem 
rating ranges from 0.1 to 7.2 (adjusted to 0-10 score for both parameters). A study was done by Li 
et al. (2006a) which tested four spring type cultivars of B. napus, with two of them containing 
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single dominant gene-based resistance and the other two containing polygenic resistance. They 
found that the disease severity was less on cultivars containing polygenic resistance genes and the 
disease responses on either seedling or adult plant was determined by the growth stage of plant 
during the inoculation. This could suggest that cv. Excellium, as well as containing Rlm7 also has 
polygenic resistance genes and requires further investigation in future studies. 

In this chapter, it was demonstrated that all L. maculans isolates tested were able to cause infection 
on young seedlings of either susceptible or more tolerant cultivars of OSR and swede. 
Pathogenicity of L. biglobosa isolates, however, warrants further investigation on more tolerant 
swede cultivars. The results showed that this pathogen species was able to cause infection on the 
susceptible cultivar of this crop and was equally pathogenic as on OSR. Even though, there was no 
L. biglobosa isolate retrieved from swede during the sampling in Chapter 2, this study indicated 
that it could be the possible causal agent which could cause a disease threat in the field. The L. 
maculans infection mechanism on adult plant stages could be different from the result observed on 
cotyledon stages and this was examined in Chapter 4. 
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Chapter 4 
Leptosphaeria maculans disease progression in OSR and swede 

 

4.1 INTRODUCTION 
The disease cycle of L. maculans on OSR has been extensively studied (Hammond et al., 1985; 
Hammond & Lewis 1987; Rouxel & Balesdent, 2005). Pseudothecia develop on diseased stem 
debris left after harvest, releasing ascospores during favourable conditions in autumn/winter to start 
the disease epidemic. The airborne ascospores infect the cotyledons and leaves causing the 
characteristic primary leaf lesions. The pathogen then grows endophytically within the petioles 
throughout winter and spring, growing into the stems where it becomes necrotrophic resulting in 
the production of secondary stem cankers in summer (Travadon et al., 2009; Hammond et al., 
1985; Nathaniels & Taylor, 1983). Additionally, abundant pycnidia containing asexual spores 
(conidia) developed on the leaf lesions. However, the role of conidia in the pathogen disease cycle 
is still not well understood. The conidia, through splash dispersal, have been reported to initiate 
new infections on other leaves, or neighbouring healthy seedlings (Dominiak-Olson, 2009) and 
potentially could directly infect the stem resulting in stem canker development. There are 
contradictory reports in the literature on the role of conidia produced on leaf lesions in the 
subsequent production of the damaging secondary stem cankers or whether the pathogen grows 
systemically within the plant tissue to cause the stem cankers. In Europe, it is believed that the 
disease epidemic is initiated by the ascospore shower, thus, resulting the severe yield loss (West et 
al., 2001; Fitt et al., 2006a). In Australia the disease occurs in combination with conidia, while in 
Western Canada, stem canker incidence has been observed in years with no ascospores detected in 
the field (Guo & Fernando, 2005). For this reason, this study aimed to look at the New Zealand 
situation with regards to the role of ascospores and conidia in disease epidemics. 

Unlike OSR which has been extensively studied worldwide, the disease cycle of the pathogen on 
swede has not been researched widely. Although Lammerink & Hart (1985) and Smith (1960) 
reported the susceptibility of swede to L. maculans (Phoma lingam) they did not investigate the 
disease cycle. Humpherson-Jones (1986) showed that inoculation of swede seedlings with L. 
maculans colonised oat kernels placed at soil level resulted in stem canker formation, however, this 
inoculation strategy does not reflect natural infection, on which where ascospores are thought to 
initiate primary infection of seedling cotyledons and leaves, in a similar way to disease initiation on 
OSR (Ian Harvey, pers. comm., 2011). However, the mechanism by which the disease progresses 
from the initial leaf lesions to damaging dry rot symptoms on bulbs has not been established. 
Endophytic growth of the pathogen from the primary leaf lesion to infect the bulb has not been 
demonstrated. Anecdotal evidence (Ian Harvey, pers. comm., 2011) has indicated that conidia 
which form on the leaf lesions are splash dispersed to infect the stem or the developing bulb. The 
study by Gowers & Armstrong (1998) to screen for dry rot resistance in swede breeding lines 
reported that inoculation of swede bulbs by spraying the base of the neck with L. maculans conidial 
suspension or wound inoculation with a conidial drop resulted in the development of dry rot 
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symptoms in susceptible lines. Alternatively, bulb infection could be the result of direct penetration 
of the developing bulb by ascospores released from diseased debris. However, differences in the 
infection capability between ascospores and conidia either at the cotyledon or bulb stage has not 
been studied for swede. 

Under New Zealand growing conditions, there is still limited information regarding the infection 
and development of the pathogen both on OSR and swede crops. Leptosphaeria maculans is a 
heterothallic fungus (Travadon et al., 2009) with opposite mating types required for sexual 
reproduction. The interactions between the mating types during infection was investigated by 
Travadon et al. (2009) who reported that inoculation of cotyledons with L. maculans isolates of the 
same mating type (MAT1-2) resulted in competition influencing colonisation efficiency. 
Consequently, another studies will be conducted to determine whether inoculation with isolates 
representing the two mating type’s influences disease progression, especially resulting in the 
development of damaging stem cankers/dry rot of bulbs, has not been established. 

The overall aim of this chapter was to determine the mechanism(s) by which the pathogen 
progresses from primary leaf lesions to secondary stem/bulb cankers and whether the process is 
similar in swede as has been established for OSR. The relative infection capabilities of ascospores 
and conidia, either at the cotyledon or bulb stage (of swede), and whether they have different 
effects on secondary stem/bulb canker development will be determined. 
 

4.2 MATERIALS AND METHODS 
4.2.1 Disease progression in OSR and swede plant tissue 
Leptosphaeria maculans disease progression from primary leaf lesions to the development of the 
stem cankers on both OSR and swede was determined in a greenhouse experiment. 
 

4.2.1.1 Inoculum preparation 
For this experiment, plants were inoculated with two L. maculans isolates from either the same 
mating type [isolates Lm 169 plus Lm 183 (both MAT1-2)] or two isolates one from each of the 
mating types [isolates Lm 169 (MAT1-2) plus Lm 161 (MAT1-1)]. The two isolates representing 
the different mating types were selected based on the results of Section 2.3.10 in Chapter 2, 
whereby in vitro dual plates assay resulted in the production of pseudothecia containing ascospores. 
The L. maculans isolates were subcultured onto V8-juice agar and incubated as described in 
Section 3.2.1.1. Conidial suspensions adjusted to 106 conidia/mL were used as inoculum (Section 
3.2.1.1). 
 

4.2.1.2 Inoculation 
The selected L. maculans isolates were used to inoculate susceptible cultivars of OSR (cv. Flash) 
and swede (cv. Highlander). Seeds of each cultivar were planted as described in Section 3.2.1.2 and 
allowed to grow until they had developed two fully expanded leaves. The first true leaf was 
wounded using a sewing needle (size 9) immediately prior to inoculation (Ballinger & Salisbury, 
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1996; Somda et al., 1999). For each isolate combination, inoculation was conducted by placing a 
10 µL conidial suspension (106 conidial/mL) droplet from each isolate onto the same wounded area 
(Figure 4.1). After the inoculum had dried (approximately 2 h), each inoculated plant was covered 
with a clear plastic bag for 72 h to maintain 100% humidity. Control plants were inoculated with 
sterile water instead of the conidial suspensions. Forty two replicate seedlings were set up for each 
treatment and arranged in a completely randomised design on a bench in the greenhouse. 
 

 
Figure 4.1 Inoculation of an OSR seedling on the first true leaf with 10 µL of a 106 conidia/mL 
suspension of a Leptosphaeria maculans from each pairing isolate, indicated by the red arrow. 
 

4.2.1.3 Assessments 
The first assessment of leaf lesions was carried out at 14 day-post inoculation (dpi). At this 
assessment time, the diameter of the leaf lesion was measured in two perpendicular directions using 
a digital calliper (Mitutoyo UK Ltd.) and used to calculate the mean lesion diameter. Disease 
severity of leaves was assessed using the 0-9 scale described in Chapter 3 (Section 3.2.1.3). 
Assessments were also carried out at 28 dpi for leaf lesions, and at 42 dpi, 56 dpi, 70 dpi, and 90 
dpi for the stem lesions. Leaf lesions were assessed at 14 dpi and 28 dpi only on leaves which 
remained on the inoculated plant. Stem lesion severity was assessed using the 0-5 scale described 
in Chapter 3 (Section 3.2.1.3). At each assessment time, six plants were randomly harvested, three 
plants for isolation to confirm the causal agent and three plants for fluorescent microscopy analysis 
(Section 4.2.1.4). To complete the Koch’s postulates, samples from the edge of the disease lesions 
from the inoculated plants were surface sterilised and plated on PDA as described in Section 
3.2.1.3 and assessed for characteristic growth of L. maculans based on colony morphology. To 
determine the endophytic growth of L. maculans, at each assessment time, tissue samples were also 
taken from the symptomless petiole and a section of the stem at the point where the inoculated leaf 
attaches to the stem and surface sterilised and plated on PDA as described previously. Tissue 
samples from the inoculation point on control plants were also sampled to ensure no L. maculans 
infection. 
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4.2.1.4 Fluorescent microscopy analysis 
From three plants per treatment at each assessment time, tissue samples from the leaf, petiole and 
stem were cut, fixed and stained for microscopic observations following the method described by 
Williamson et al. (1998) with slight modifications. Small pieces of tissue were aseptically cut from 
each plant part, from regions with or without disease symptoms, and fixed overnight in 10 mL of 
Carnoy solution (ethanol/chloroform/glacial acetic acid; 6:3:1, v/v/v) in a Universal bottle. The 
Carnoy solution was then discarded and the plant tissue softened and cleared in 20 mL of 1 N 
NaOH at 60°C for 1 h. Plant tissues was blotted with paper towels to remove the excess NaOH, 
placed on a glass slide and a drop of 0.1% aniline blue prepared in 0.1 N K3PO4.H2O placed onto 
the plant tissue. A cover slip was placed on the tissue and gently squashed to give optimal 
resolution of the sample under fluorescent microscope (Olympus, U-TV0.5XC-2, Japan) at 400× 
magnification with the excitation wavelength of 460-495 nm and emission wavelength of 510-550 
nm to observe the presence of fungal hyphae. 
 

4.2.2 Pathogenicity of L. maculans conidia inoculated onto stems of OSR and 
swede 
The greenhouse experiment was conducted to determine whether L. maculans conidia inoculated 
onto the stem of OSR and swede plants resulted in the production of characteristic stem cankers. 
 

4.2.2.1 Inoculum preparation 
Four L. maculans isolates Lm 136, Lm 168, Lm 171 and Lm 221 shown to be pathogenic when 
inoculated on leaves (Chapter 3) were selected as they were representative of South and North 
Island isolates, mating types, and crop origins. Isolate Lm 136 and Lm 221 were originally 
recovered from swede from Puketitiri, Hawke’s Bay (both isolates are MAT1-1), isolate Lm 168 
from OSR from Lincoln, Canterbury (MAT1-2), and isolate Lm 171 from swede, Lincoln 
Canterbury (MAT1-2) (Appendix B.2). 
 

4.2.2.2 Inoculation 
The ability of the selected L. maculans isolates to directly infect the stem and cause cankers was 
tested on both susceptible and more tolerant cultivars of both OSR (cv. Flash and cv. Excellium) 
and swede (cv. Highlander and cv. Keystone). For each cultivar, four seeds were sown in 4.5 L pots 
containing 3-4 months potting mix [400 L Horticultural bark (grade 2), 100 L pumice grade 1-4 
mm, 16:3.5:10 (N:P:K) 1500 g, horticultural Lime 500 g, Hydraflo 500 g] as stated in Section 
3.2.1.2, and placed in a greenhouse at 17-22°C (under natural day length). After emergence, the 
seedlings were thinned to one seedling per pot. The plants were watered each day and allowed to 
grow until they had six fully expanded leaves (approximately five weeks old). The stem of each 
plant was wounded using a sterile toothpick at the axil of the first true leaf. Inoculation was 
conducted by placing a 10 µL droplet of a 106 conidia/mL conidial suspension of one of the isolates 
on the wounded area. After the inoculum had dried (approximately 2 h), each inoculated plant was 
covered with a clear plastic bag, the inside of which has been sprayed with sterile water, for 72 h to 
maintain 100% humidity. Control plants were inoculated with sterile water instead of a conidial 
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suspension. The eight replicate seedlings for each treatment and were arranged in a completely 
randomised design on a bench in a greenhouse. 
 

4.2.2.3 Assessments 
Inoculated plants were grown for six weeks to allow the appearance of typical stem cankers. Six 
week-post inoculation the stems of the plants were cut transversely across at the point of 
inoculation to assess the severity of the internal lesion. The percentage coverage of the internal 
stem lesion was determined and used to determine the severity of the stem canker  using a 0-6 scale 
with; 0) no symptom; 1) 1-5% of internal stem tissue infected; 2) 6-25% of internal stem tissue 
infected; 3) 26-50% of internal stem tissue infected; 4) 51-75% internal stem tissue infected; 5) 76-
100% of internal stem tissue infected; and 6) plant dead (Ballinger & Salisbury, 1996). To 
complete Koch’s postulates, the stem lesion pieces were surface sterilised in 20% sodium 
hypochlorite for two min, and washed in sterile distilled water (SDW) twice for one min. The edge 
of the lesions were cut aseptically, plated onto PDA and incubated at 15°C for 8-10 days. The 
resulting colonies were identified as L. maculans based on colony morphology. Tissue samples 
from the inoculation point of control uninoculated plants were also plated onto PDA to ensure no L. 
maculans infection. 
 

4.2.3 Comparison of lesion development from ascospores and conidia 
inoculation of mature swede plants 
A shade house experiment was conducted to investigate the development of symptoms caused by 
two different spore types, ascospore and conidia, on mature leaves and bulbs of mature swede 
plants.  
 

4.2.3.1 Inoculum preparation 
4.2.3.1.1 Conidial suspension 
For this experiment, one L. maculans isolate (isolate Lm 168) was randomly selected. Colonies 
grown on V8-juice agar were used to produce the conidial suspension for inoculation as described 
in Section 3.2.1.1. 
 

4.2.3.1.2 Ascospore suspension 
An ascospore suspension was used as inoculum in this experiment and freshly prepared on the day 
of inoculation. Attempts to produce ascospores using the in vitro dual plate assay as described in 
Section 2.2.7.3 were unsuccessful with no ascospores obtained from the pseudothecia which 
developed on the toothpick after one month storage at 4°C even though ascospores were initially 
observed before storage. It is believed that the ascospores had discharge during the storage period. 
Therefore, the ascospores for the experiment were obtained from pseudothecia which developed on 
OSR stem lesions in the field. The suspension was prepared following the method described by Li 
et al. (2004). Leptosphaeria maculans infected oilseed rape stubble (approx. 10 cm length) were 
collected from an infected field plot (Iversen 12, Lincoln University) and stored at 8ºC until use. 
Pieces (3-4 cm length) were immersed in SDW for 60 s. The OSR stubble pieces were then 



116 

 

attached to the underside of 9 cm diameter Petri dishes lids using Vaseline® which were placed 
over the Petri dish bases and incubated at 4°C for 1 h. After incubation, the Petri dish bases were 
flooded with 5 mL of cold SDW and ascospores were dislodged from the dish using a paint brush. 
The concentration of ascospores in the suspension was adjusted to 104 ascospores/mL based on 
haemocytometer counts and stored immediately on ice until used for inoculation. 
 

4.2.3.2 Inoculation 
Four seeds of the susceptible swede cultivar (Highlander) were sown in 6 L pots containing 12-14 
months potting mix [400 L Horticultural bark (grade 2), 100 L pumice grade 1-4 mm, 15:3.9:9.1 
(N:P:K) 2 500 g, horticultural Lime 500 g, Hydraflo 500 g] and grown in a shade house during 
summer (January 2013) to spring (October 2013). After emergence, the seedlings were thinned to 
one seedling per pot. Seedlings were allowed to grow through autumn-winter until they produced 
mature bulbs (August 2013). Inoculation of the swede plants was then conducted on either of two 
different inoculation points, on the swelling area of the bulb or on the mature leaf. For leaf 
inoculations, the swede bulbs were covered with plastic bags for 48 h to avoid the inoculum 
dropping on the bulbs. The leaf was punctured with a needle size 9 (Ballinger & Salisbury, 1996; 
Somda et al., 1999) immediately before inoculation. Inoculation was conducted by placing a 10 µL 
droplet of either a conidial suspension at 104 conidia/10 µL or ascospore suspension at 102 
ascospores/10 µL onto the freshly wounded area. For bulb inoculation, the bulb was punctured with 
the sterile toothpick (1 cm into the flesh) immediately before inoculation. Inoculation was 
conducted by placing a 10 µL droplet of either 104 conidia /10 µL suspension or 102 ascospores/10 
µL suspension onto the freshly wounded area. Control plants for all treatments were inoculated 
with SDW instead of inoculum suspension. The inoculation points were covered with Parafilm® for 
two days to avoid cross contamination. Ten replicate plants were set up for each inoculation 
point/inoculum type and plants arranged in a completely randomised design and incubated in the 
shade house. Inoculated plants were not watered for 48 h to avoid any possibility of cross 
contamination from adjacent plants. 
 

4.2.3.3 Assessments 
Disease symptoms produced on the inoculated plants were recorded weekly until disease symptoms 
were observed on all the inoculated plants. Fifteen weeks after inoculation, all plants were 
harvested, the bulbs were cut transversely and the disease severity on the inoculated plant was 
assessed using the 0-6 scale described in Section 4.2.2.3. To confirm the causal agent and complete 
the Koch’s postulates, samples from the edges of the disease lesions developed on the inoculated 
plants were surface sterilised and plated on PDA as described in Section 3.2.1.3 and assessed for 
characteristic growth of L. maculans based on colony morphology. Tissue samples from the 
inoculation point of uninoculated control plants were also sampled to ensure no pre-existing L. 
maculans infection. 
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Table 4.1 Overall assessment of the presence of visible disease symptoms, recovery of 
characteristic Leptosphaeria maculans colonies and presence of characteristic pathogen structures 
observed using fluorescent microscopy from different tissues from OSR and swede plants assessed 
after different days of post inoculation (dpi) with Leptosphaeria maculans isolates. 
 

Dpi Plant part Visible disease 
symptoms 

L. maculans recovered 
from tissue 

Microscopy 
observation 

14 Leaf + + + 
Petiole - - - 
Stem - - - 

28 Leaf + + + 
Petiole - + + 
Stem - - - 

42 Leaf + + + 
Petiole - + + 
Stem + - - 

56 Leaf + NA NA 
Petiole - NA NA 
Stem + + + 

70 Leaf + NA NA 
Petiole - NA NA 
Stem + + + 

90 Leaf + NA NA 
Petiole - NA NA 
Stem + + + 

+ Indicates presence of visible disease symptom, L. maculans isolation or characteristic pathogen 
structures. 
-  Indicates absence of disease symptom, L. maculans isolation or characteristic pathogen structures. 
NA Not applicable as pathogen isolation and microscopic analysis of the leaf and petiole tissue 
stopped once the stem lesion was observed. 
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being significantly smaller than on swede (16.9 mm). For both OSR and swede, L. maculans 
colonies were recovered from all of the symptomatic leaf and from attached (symptomless) petiole 
tissues samples, but no colonies were recovered from symptomless stem tissues harvested at 28 dpi 
(Table 4.1). Similarly, intercellular fungal hyphae spreading through the leaf (Figure 4.4B) and 
symptomless petiole tissue samples (Figure 4.4C) were observed by fluorescent microscopy for 
both OSR and swede. No intercellular fungal hyphae were observed in the symptomless stem tissue 
samples for either OSR or swede. 
 
Table 4.2 Mean leaf lesion diameters (mm) on OSR (cv. Flash) and swede (cv. Highlander) at 14 
days after inoculation with two Leptosphaeria maculans isolates from the same mating type 
[isolates Lm 169 and Lm 183 (MAT1-2)] or from the opposite mating type [isolates Lm 169 
(MAT1-2) and Lm 161 (MAT1-1)]. 
 

Crops Leaf lesion diameter (mm)1 Mean (crops)2 
Lm 169 × Lm 183 Lm 169 × Lm 161 

OSR 3.7 3.6 3.6 
Swede 3.8 3.5 3.7 

Mean (isolates)3 3.7 3.6  
1 Comparisons across interactions between isolates combination and crop were not significant 
(P=0.680). 
2 Comparison of overall effects of treatment across isolates combination were significant 
(P=0.636). 
3 Comparison of overall effect of treatment across crop were not significant (P=0.924). 
 
 
Table 4.3 Mean leaf lesion diameter (mm) on OSR (cv. Flash) and swede (cv. Highlander) at 28 
days post inoculation with two Leptosphaeria maculans isolates from the same mating type 
[isolates Lm 169 and Lm 183 (MAT1-2)] or from the opposite mating type [isolates Lm 169 
(MAT1-2) and Lm 161 (MAT1-1)]. 
 

Crops Leaf lesion diameter (mm)1 Mean (crops)2 
Lm 169 × Lm 183 Lm 169 × Lm 161 

OSR 10.7 a 13.0 a 11.8 y 
Swede 17.7 b 16.2 b 16.9 z 

Mean (isolates)3 14.2 14.6  
* Values within the rows or columns followed by the same letters are not significantly different 
according to Tukey’s test. 
1Comparisons across interactions between isolates combination and crop (a-b) were significant 
(P=0.027). 
2 Comparison of overall effects of treatment across isolates combination were not significant 
(P=0.604). 
3 Comparison of overall effect of treatment across crop (y-z) were significant (P<0.001).  
 
The mean leaf lesion severity score at 14 dpi on OSR (cv. Flash) and swede (cv. Highlander) 
inoculated with two L. maculans isolates either of the same mating type or different mating types 
are presented in Table 4.4 (Appendix C.3.3). Overall comparison between L. maculans isolate 
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combinations showed no significant difference (P=0.116) in the mean leaf lesion severity score 
observed on plants inoculated with isolates of the same mating type (3.29 score) and different 
mating types (2.63 score). Similarly, overall comparison between crops also showed no significant 
difference (P=0.742) in the mean leaf lesion severity score observed on OSR (2.89 score) and 
swede (3.03 score). There was no significant interaction (P=0.792) between isolate combinations 
and crop types on the leaf lesion scores observed with mean scores ranging from 2.50 score to 3.31 
score. 
 
The mean leaf lesion severity score at 28 dpi on OSR (cv. Flash) and swede (cv. Highlander) 
inoculated with two L. maculans isolates either of the same mating type or different mating types 
are presented in Table 4.5 (Appendix C.3.4). Overall comparison between L. maculans isolate 
combinations showed no significant difference (P=0.394) in the mean leaf lesion severity score 
observed on plants inoculated with isolates of the same mating type (6.94 score) and different 
mating type (6.63 score). Similarly, overall comparison between crops also showed no significant 
difference (P=0.172) in the mean leaf lesion severity score observed on OSR (6.53 score) and 
swede (7.04 score). There was no significant interaction (P=0.196) between isolate combinations 
and crops on the leaf lesion severity scores observed, with mean scores ranging from 6.61 score to 
7.44 score. 
 
Table 4.4 Mean leaf lesion score (0-9 scale) on OSR (cv. Flash) and swede (cv. Highlander) at 14 
days post inoculation with two Leptosphaeria maculans isolates from the same mating type 
(isolates Lm 169 and Lm 183: MAT1-2) or from opposite mating types [isolates Lm 169 (MAT1-2) 
and Lm 161 (MAT1-1)]. 
 

Crops Leaf lesion score 1 Mean (crops)2 
Lm 169 × Lm 183 Lm 169 × Lm 161 

OSR 3.28 2.50 2.89 
Swede 3.31 2.75 3.03 

Mean (isolates)3 3.29 2.63  
1 Comparisons across interactions between isolates combination and crop were not significant 
(P=0.792). 
2 Comparison of overall effects of treatment across isolates combination were significant 
(P=0.116). 
3 Comparison of overall effect of treatment across crop were not significant (P=0.742).  
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Table 4.5 Mean leaf lesion score (0-9 scale) on OSR (cv. Flash) and swede (cv. Highlander) at 28 
days after inoculation with two Leptosphaeria maculans isolates from the same mating type 
(isolates Lm 169 and Lm 183; MAT1-2) or from opposite mating types [isolates Lm 169 (MAT1-2) 
and Lm 161 (MAT1-1)]. 
 

Crops Leaf lesion score 1 Mean (crops)2 
Lm 169 × Lm 183 Lm 169 × Lm 161 

OSR 6.44 6.61 6.53 
Swede 7.44 6.64 7.04 

Mean (isolates)3 6.94 6.63  
1 Comparisons across interactions between isolates combination and crop were not significant 
(P=0.196). 
2 Comparison of overall effects of treatment across isolates combination were significant 
(P=0.394). 
3 Comparison of overall effect of treatment across crop were not significant (P=0.172). 
 
The total number of inoculated plants left for stem lesion assessment and plants showing stem 
lesion symptoms at each assessment day are summarised in Table 4.6. Stem lesions were first 
observed on the inoculated plants at 42 dpi. However, stem lesions were only observed on two 
OSR and one swede plants inoculated with the combination of L. maculans isolates from the 
different mating types. No stem lesion developed on OSR and swede inoculated with L. maculans 
isolates from same mating type at this assessment time. Due to very low number of plants 
developed stem lesion either on OSR or swede at 42 dpi, and it is important to keep the plants with 
stem lesion for later assessment in case no more stem lesion develop on inoculated plants, fungal 
isolation and microscopy analysis were done using the stem tissue from plants which developed 
leaf lesion during the leaf lesion assessment time. At 56 dpi, stem lesions was observed for swede 
plants inoculated either with L. maculans isolates of the opposite mating type (eight plants) or the 
same mating type (11 plants; Figure 4.5B). For OSR, stem lesions were observed on two plants 
inoculated with L. maculans isolates from the opposite mating types, while visible stem lesions was 
only observed on one plant inoculated with L. maculans isolates of the same mating type (Figure 
4.5A). At this assessment time (56 dpi) L. maculans colonies were recovered from the symptomatic 
stem tissue of representatives OSR and swede plants, as well as the positive observation of 
intercellular fungal hyphae in the symptomless stem tissue for the representative plant samples of 
both OSR and swede (Figure 4.4F). The number of swede plants with stem lesions from 
inoculation with isolates of the same mating type and different mating type increased at 70 dpi with 
16 plants and 10 plants, respectively. There was no increase in the number of stem lesions that 
developed on OSR plants inoculated with isolates of different mating type, but one additional OSR 
plant inoculated with isolates of same mating type developed lesion by the time 70 dpi assessments 
was carried out. At 90 dpi, there was an increased number of plants showing stem lesions with 18 
and 14 swede plants inoculated with same mating type and different mating type, respectively with 
stem lesions. However, for OSR only one additional number of plant inoculated with same mating 
type developed stem lesion, but no additional plants inoculated with isolates from different mating 
type. Although stem lesions were scored at each assessment time, due to the low number of plants 
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developed stem lesions for each treatment for most assessment times, the data were only analysed 
at 90 dpi. 

The stem lesion disease severity scores at 90 dpi are presented in the Table 4.7 (Appendix C.3.5). 
Overall comparison between L. maculans isolate combinations showed no significant difference 
(P=0.609) in the mean stem lesion severity score on plants inoculated with the same mating type 
(2.00 score) and different mating types (1.75 score). However, overall comparison between crops 
showed there was a significant difference (P<0.001) in the mean stem lesion severity score 
observed with score on OSR (0.62 score), which was significantly less than for swede (3.12 score). 
There was no significant interaction (P=0.495) between isolate combinations and crop types on the 
stem lesion severity scores observed, with the scores ranging from 0.58 score to 3.42 score. 
 
Table 4.6 The total number of plants showing stem lesions on OSR (cv. Flash) and swede (cv. 
Highlander) after inoculation with two Leptosphaeria maculans isolates from the same mating type 
(isolates Lm 169 and Lm 183; MAT1-2) or from opposite mating types [isolates Lm 169 (MAT1-2) 
and Lm 161 (MAT1-1)] at four different assessment times. 
 

Isolates combination Crop Number of plants with visible stem lesions 
42 dpi/ 30 

plants 
56 dpi/ 24 

plants 
70 dpi/ 18 

plants 
90 dpi/ 12 

plants 
Same mating types (Lm 

169 × Lm 183) 
OSR 0 1 2 2 

Swede 0 11 16 12 
Different mating types 

(Lm 169 × Lm 161) 
OSR 2 2 2 2 

Swede 1 8 10 9 
 
 
Table 4.7 Mean of stem lesion score (0-5 scale) on OSR (cv. Flash) and swede (cv. Highlander) 90 
days after inoculation with two Leptosphaeria maculans isolates from the same mating type 
(isolates Lm 169 and Lm 183; MAT1-2) or from the opposite mating type [isolate Lm 169 (MAT1-
2) and: Lm 161 (MAT1-1)]. 
 

Crops Stem lesion score (0-5 scale)1 Mean (crops)2 
Lm 169 × Lm 183 Lm 169 × Lm 161 

OSR 0.58 0.67 0.62 a 
Swede 3.42 2.83 3.12 b 

Mean (isolates)3 2.00 1.75  
*Mean values within the rows or columns followed by the same letters are not significantly 
different according to Tukey’s test. 
1Comparisons across interactions between isolates combination and crop were not significant 
(P=0.495). 
2 Comparison of overall effects of treatment across isolates combination were not significant 
(P=0.609). 
3 Comparison of overall effect of treatment across crop (a-b) were significant (P<0.001). 
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Table 4.8 The internal stem lesion score on OSR (cv. Flash and cv. Excelium) and swede (cv. 
Highlander and cv. Keystone) inoculated with four different Leptosphaeria maculans isolates at the 
axil of the first true leaf at six leaves stage, assessed at six weeks post inoculation. 
 

Crops/cultivars Isolates1 Mean2 
Lm 136 Lm 168 Lm 171 Lm 221 

OSR (Excelium) 0.75 a 0.75 a 0.63 a 0.38 a 0.63 x 
OSR (Flash) 1.13 ab 0.88 ab 1.00 ab 0.63 a 0.91 x 

Swede (Highlander) 5.50 f 3.50 de 4.57 ef 4.25 e 4.46 z 
Swede (Keystone) 2.38 cd 2.00 bc 2.00 bc 1.50 abc 1.97 y 

Mean3 2.44 B 1.78 A 2.05 AB 1.69 A  
*Values within the rows or columns followed by the same letters are not significantly different 
according to Tukey’s test. 
1 Comparisons across interactions between isolates and crop cultivar (a-f) were significant 
(P=0.011). 
2 Comparison of overall effects of treatment across isolates (x-z) were significant (P<0.001). 
3 Comparison of overall effect of treatment across crop’s cultivar (A-B) were significant (P<0.001). 
 

4.3.3 Comparison of lesion development from ascospore and conidia 
inoculation of mature swede plants 
Conidia and ascospores were used to inoculate swede (cv. Highlander) on both leaves and bulbs of 
mature plants to determine whether both spore types and inoculation timing results in the 
development of dry rot symptoms in mature bulbs. The viability of inoculum suspensions was 
approximately 100% for the conidial suspension and approximately 80% for the ascospore 
suspension. No symptoms characteristic of L. maculans was observed on any of the leaves or bulbs 
of the uninoculated control plants. No leaf lesion symptoms characteristic of L. maculans were 
observed on the mature leaves inoculated with either conidia or ascospores, with all leaves falling 
off nine weeks after inoculation. Dry rot symptoms characteristic of L. maculans were not observed 
on any of the swede bulbs from any of the plants on which the leaves were inoculated with either 
ascospores or conidia at any assessment up to the final harvest (15 weeks post inoculation). Both 
conidia and ascospore caused lesions on the inoculated bulbs, with the lesions developing being a 
soft rather than dry cracked rot lesions usually found in the field. However, the timing for the 
disease expression was different between the two spore types (Table 4.9, Figure 4.7), with the first 
lesions observed on bulbs seven weeks post inoculation with ascospores, and 11 weeks post 
inoculation with conidia. For inoculation with ascospores, 30% of the swede plants had developed 
lesions on the bulbs seven weeks after inoculation, increasing to 70% nine weeks post inoculation 
and reaching 100% at 11 weeks post inoculation. For inoculation with conidia, 60% of swede 
plants had developed lesions on the bulbs at 11 weeks post inoculation, and reached 100% at 15 
weeks after inoculation. Leptosphaeria maculans colonies were recovered from all of the samples 
taken from the edges of diseased tissues on the inoculated plants. 
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Table 4.9 The percentage of swede plants which developed characteristic dry rot lesions symptoms 
on the bulbs after inoculation of bulbs with Leptosphaeria maculans conidia or ascospores, 
assessed at different weeks after inoculation. 
 

Week after 
inoculation 

Percentage of plants with characteristic dry rot lesions on bulbs 
Conidia Ascospores 

5 ND ND 
7 ND 30 
9 ND 70 

11 60 100 
15 100 100 

ND = no disease symptoms 

 

All plants were harvested at 15 weeks post inoculation and scored for internal disease and re-
isolation of the pathogen (Figure 4.8). There was no significant effect (P=0.152; Appendix C.3.7) 
of inoculum types on the internal severity score. For bulbs inoculated with conidia the internal 
disease score (48.8% lesion coverage of the internal tissue) was not significantly different to that 
recorded for bulbs inoculated with ascospore (70.0% lesion coverage of the internal tissue).  
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4.4 DISCUSSION 
The results of this study showed that stem cankers on both OSR and swede can originate from 
systemic growth of L. maculans from the seedling leaf lesions into the petiole and into the main 
stem, or directly via conidial infection of wounded stems. For OSR, both infection routes have been 
reported. Systemic growth of the pathogen from the leaf lesion into the adjoining stem is well 
documented (Hammond et al., 1985; Hammond & Lewis, 1987; Zhou et al., 1999; Sun et al., 2000; 
West et al., 2002a; Kaczmarek & Jedryczka, 2011) with direct infection from conidia splashed 
from the abundant pycnidia which develop on the leaf lesions germinating and penetrating the new 
healthy seedling (Dominiak-Olson et al., 2009) or through natural splits of hypocotyl or wounded 
plant parts of OSR (Bokor et al., 1975; Barbetti, 1976; Sosnowski et al., 2001b). However, this is 
the first report of systemic infection from primary leaf lesions resulting in the formation of dry rot 
symptoms for swede. To date, conidia produced on leaf lesions, being washed and germinating to 
infect through cracks on the shoulder of developing bulbs, was believed to be the main infection 
route (PGG Wrightsons Seed, 2009). Similarly, Gower & Armstrong (1998) showed infection of 
swede bulbs wounded using a hypodermic syringe and inoculated with a drop of conidial 
suspension, but did not report on systemic infection or whether dry rot symptoms could originate 
from direct ascospore infection of the bulbs. In this study, it was shown that infection of wounded 
bulb tissue by both conidial and ascospore suspensions resulted in the development of dry rot 
symptoms.  

This study has shown that L. maculans moved systemically from the inoculation point on the first 
true leaf, growing through the petiole into the adjacent stem for both OSR and swede, with this 
being the first study on the systemic infection in swede. This route of infection is reported in the 
literature to be the main pathway of fungal progression in OSR (Hammond et al., 1985; Hammond 
& Lewis, 1987; Zhou et al., 1999; Sun et al., 2000). In this current study, the leaf lesions which 
developed on the inoculated plants were characteristic of the reported symptoms caused by L. 
maculans (Toscano-Underwood et al., 2001). At day/night temperatures of around 18/12°C, the 
establishment of infection and colonization of the mesophyll was seen within 10 days of 
inoculation (Hammond et al., 1985). This was similar to the result in the current study in which leaf 
lesions were visible at 10 dpi under greenhouse conditions. The leaf lesions which developed on 
both tested crop types enlarged in diameter from 14 dpi to 28 dpi, with more abundant pycnidia 
produced on the lesions at 28 dpi, and collapse of the cotyledon tissue was observed. Although no 
difference was seen at the initial assessment time (14 dpi) in the disease severity assessed by leaf 
lesion diameter between OSR and swede, by 28 dpi severity on swede was higher than for OSR, as 
seen in Chapter 3. The inoculated leaves abscised from the plant by 35 dpi onwards. Sprague et al. 
(2007) found that the first leaf that attached to the inoculated petiole had senesced and dropped off 
from most of the inoculated plants by 20 dpi, which was 15 days earlier than seen in the current 
study. The earlier abscission time found in their study was probably due to the different inoculation 
method used whereby they inoculated the petiole of the first expanded leaf, whereas, in the current 
study inoculation was done on the leaf itself.  Inoculation of the petiole may have shortened the 
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time required for the pathogen to colonize and destroy the petiole tissue resulting in leaf fall. The 
other reason may be due to differences in the temperature range at inoculation or during the 
incubation period with the current study conducted under glasshouse conditions with variable 
temperature (17-22°C under natural day length) whilst the study of Sprague et al. (2007) was 
conducted under controlled environment conditions with 20°C/15°C and 12 h lights. Since stem 
cankers were subsequently observed in the current study, it can be concluded that systemic growth 
of the fungal hyphae was completed into the petiole before abscission of the inoculated leaf, as 
reported by Hammond & Lewis (1986). However, no macroscopic symptoms were observed on the 
petiole with any infection of that plant part remaining undetected, which agrees with the 
observations of Hammond et al. (1985).  

The current study found that the first stem lesions were visible at 42 dpi. In their study Hammond 
et al. (1985) reported that stem lesions were first visible at 77 days after inoculation for plants 
grown at 18°C/12°C (day/night). They also reported that the timing of fungal growth from one 
plant part to another varied with temperature, although this only resulted in minor differences in the 
timing. The higher temperatures of 17-22°C (under natural day length) used in the current study 
may have resulted in earlier development of stem lesions, being 32 days earlier than that reported 
by Hammond et al. (1985). This finding is also supported by other studies which indicated that 
higher temperatures accelerated the expression of disease symptoms leading to rapid canker 
development in winter (Brunin & Lacoste, 1970) and spring (Barbetti, 1975a) rape cultivars and 
also on different OSR cultivars (Nathaniels & Taylor, 1983). Therefore, the disease progression in 
the field could be different from what was observed in the greenhouse and was further investigated 
under field conditions in Chapter 5.  

In the disease progression study, by 14 dpi fungal hyphae likely to be L. maculans were already 
widespread within the leaf tissue but were not yet observed in the petiole and stem. At 28 dpi, 
fungal hyphae were observed in the symptomless petiole tissue of inoculated plants with L. 
maculans also being recovered from the tissue, indicating that the fungal hyphae were likely to be 
those of L. maculans. These findings agree with previous work reporting systemic growth of L. 
maculans from the initial leaf lesion through the petiole for OSR, but there is no information on 
systemic progression for swede. Using scanning electron microscopy, Hammond et al. (1985) 
observed fungal hyphae to invade the leaf lamina and grow down the petiole, usually between the 
cells of the lower cortex or within the xylem vessels, with heavy colonization occasionally causing 
the necrosis of cortical cells behind the hyphae front. Although the main purpose of the present 
study was to determine the timing of disease progression in swede compared with the well 
characterised pattern reported for OSR, microscopy observations showed that the pattern of 
colonisation by L. maculans on swede was similar to OSR, in the same experiment and in 
published studies. The results indicated that L. maculans has the same infection strategies on OSR 
and swede, thus it could be suggest that the same disease control methods would be effective for 
both crops.  
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No difference in disease levels either in the development of leaf lesions at 14 dpi or stem canker at 
90 dpi were observed for swede or OSR plants inoculated with either isolates of the same mating 
type (MAT1-2) or different mating type isolates. Swede was more susceptible compared to OSR, as 
also found in the Chapter 3. There are no similar studies which have compared disease 
development on swede that were caused by combinations of isolates representing the different 
mating types.  

Conidia were shown to be able to directly infect the stems of OSR in the current study, agreeing 
with the results of Hammond et al. (1985). However, there was greater disease severity on both 
swede cultivars, especially on the susceptible cultivar (cv. Highlander) in comparison with both 
OSR cultivars when inoculated on the stems at the six-leaf stage. A similar pattern in susceptibility 
between swede cultivars, and between swede and OSR were observed in Chapter 3 following the 
cotyledon inoculation of the seedlings. However, the results regarding the relative susceptibility of 
the two OSR cultivars were contradictory between these two studies. There was no difference in 
the symptom development between the two OSR cultivars with direct inoculation of the stem, 
however in contrast, cv. Flash was observed to be more susceptible than cv. Excellium with leaf 
inoculation (Chapter 3). This may indicate that disease progression from primary leaf lesions is 
slower in cv. Excellium although the stem tissue is equally susceptible when directly infected. In 
OSR, there are two types of resistance reported. The first one is qualitative resistance which 
operates at the seedling stage (Ansan-Melayah et al., 1998; Dion et al., 1995; Ferreria et al., 1995; 
Mendes-Pereira et al., 2003) and the second one is quantitative resistance operating at the adult-
plant stage (Rimmer, 2006). Since both OSR cultivars develop leaf lesions after inoculation 
(Chapter 3), it is likely that the difference observed in susceptibility in Chapter 3 is due to 
quantitative resistance resulting in slower systemic progression of the pathogen in the stem tissue. 
Since this experiment was done on wounded plant stem (Huang et al., 2003a), the wounding may 
have enabled L. maculans to overcome any resistance to pathogen infection. Hammond et al. 
(1985) reported that attempts to infect undamaged stems or petiole bases with ascospores or conidia 
were unsuccessful. Moreno-Rico et al. (2001) however reported different effects between weakly 
aggressive group B isolates (subsequently reclassified as L. biglobosa) and highly aggressive 
isolates L. maculans group A isolates. Inoculation with group B conidia resulted in lower disease 
on unwounded stems of 22 day-old cauliflower plants than on wounded stems, whereas similar 
disease levels were observed on unwounded and wounded stems with group A conidia. However, 
inoculation of wounded plants produced the most consistent results compared to unwounded plants 
which were often highly variable (Moreno-Rico et al., 2001).  

Six weeks after inoculation all the inoculated plants from both swede cultivars had developed 
internal lesions, however 19% of the OSR plants of the susceptible cultivar (cv. Flash) and 38% 
from the more resistant cultivar (cv. Excellium) did not show any external or internal lesions. As all 
inoculated plants in the earlier study of this chapter developed leaf lesions, this difference is 
probably not due to single gene race specific resistance based on the presence of resistance (R) 
gene in the plant and a corresponding avirulence (Avr) gene in the pathogen. The difference in stem 
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lesion development is more likely to be due to partial resistance or quantitative resistance being 
expressed at the adult-plant stage for OSR cultivars, and in particular for cv. Excellium, compared 
to swede. Different L. maculans isolates also had different levels of pathogenicity with regards to 
development of stem lesions after inoculation with conidia. Variability in isolates’ pathogenicity 
has been shown in other studies (Sosnowski et al., 2001a). As shown in Chapter 3 with leaf 
inoculation, the relative pathogenicity did not correlate with the crop type from which these isolates 
originated. Interestingly the relative pathogenicity of isolates based on stem lesion development 
after leaf inoculation (Chapter 3) also did not correspond to the stem lesion development from 
direct conidial inoculation of wounded stems. Based on stem canker development after leaf 
inoculation, isolate Lm 168 was one of the most pathogenic, whilst in this experiment it was one of 
the least pathogenic. In contrast isolate Lm 221 was one of the least pathogenic in both 
experiments. This is likely to be regulated by different minor genes.   

Results showed that no dry rot symptoms developed from inoculation of mature leaves with either 
ascospores or conidia. No leaf lesions developed at the inoculation point on the leaf and it is likely 
that the pathogen did not progress into the adjoining stem since no L. maculans isolates were 
recovered from the adjoining swede stem. Similar results were reported by Hammond & Lewis 
(1987) whose inoculation of 78-day old OSR seedlings did not result in any systemic growth of the 
pathogen. Plants were found to become progressively more resistant to infection during 
development, with lesions formed rapidly on the youngest leaves, but as the leaves aged lesion 
development and subsequent systemic infection gradually declined (Hammond & Lewis, 1987). 
Although a susceptible cultivar (cv. Highlander) was used in this experiment, the results indicated 
that the inoculated leaves were probably at a maturity stage resistant to both conidial and ascospore 
infection. This could have implications regarding understanding of the disease cycle on swede and 
how infections occur in the field. If ascospore release does not correlate with the presence of 
susceptible young leaves in the field then it is unlikely that systemic growth from primary leaf 
lesions is the mechanism by which dry rot symptoms are initiated in swede bulbs. Similarly, this 
may also limit the likelihood of infections of the developing bulbs through splash dispersal of 
conidia produced on primary leaf lesions. However, if a few successful ascospore initiated 
infections have developed, they may produce sufficient conidia for splash dispersal down to the 
bulb and to neighbouring swede bulbs, thereby resulting in moderate dry rot symptom 
development.  

Dry rot symptoms are most likely to arise through direct ascospore infection of the bulb, as was 
demonstrated in this study. The timing of ascospore release in the field under New Zealand 
conditions has not been determined and was investigated in Chapter 5. However, if seedling 
emergence coincides with ascospore release, it is expected that dry rot of the bulbs would develop 
from systemic infection. In Chapter 3, inoculation of young leaves on swede seedlings resulted in 
stem lesions causing the death of plants prior to bulb development. It is unclear, however, whether 
lower inoculum concentrations would result in leaf lesions but not plant death, allowing bulbs to 
form and if these would subsequently develop dry rot lesions. Hammond & Lewis (1987) 
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suggested that infection probably increases with increasing inoculum load which may also increase 
the amount of systemic growth and resulting size of stem lesions and death of seedlings. Further 
investigation is needed into whether ascospore infection of swede seedling leaves results in dry rot 
symptoms in subsequently developing bulbs. 

Both ascospores and conidia inoculated onto mature swede bulbs resulted in the production of 
similar lesions for both spore types, being a soft rot lesion with pycnidia developing at later stages 
of disease development. These symptoms were slightly different to what has characteristically been 
reported for L. maculans infection in the field, being dry cracked lesions with presence of pycnidia 
(PGG Wrightson Seeds, 2009). However, L. maculans was isolated from these lesions, indicating 
that it was the causal agent. Environmental conditions during the incubation period in the shade 
house could have influenced the development of the lesions. On OSR, Barbetti (1975a) reported 
that in wet and cold weather, the cankers that developed were more like a soft rot and smaller than 
those that developed in dry warmer weather. However, the isolation of bacteria along with L. 
maculans from these samples indicated the possibility that secondary bacterial infection resulted in 
the soft rot symptoms. Although Barbetti (1975a) reported symptom development on a different 
crop it seems likely their results showed that the weather and environmental conditions could have 
affect symptom development on inoculated swede plants. Additionally, inoculation of the bulb 
tissue by creating a wound to a depth of 1 cm using a sterile toothpick may have enable infection 
by secondary pathogens such as bacteria, resulting in a more soft rot type lesion. 

A previous study by Gower & Armstrong (1998) also reported the development of dry rot 
symptoms in swede bulbs inoculated with conidia, but this is the first report of dry rot development 
on mature bulbs inoculated with ascospores. Both studies were conducted on wounded swede bulbs 
and it is not known whether ascospore infection would occur with non-wounded tissue. However, 
infection in the field is unlikely to be restricted by the absence of wounds as cracks regularly 
develop commonly on the shoulders of the bulbs during growth. Other wounds caused by insects or 
mechanical factors are also likely to facilitate infection. In their studies, Gower & Armstrong 
(1998) sourced their mature swede plants from a field site, transplanting them into pots for the 
glasshouse experiments. Since they do not report the inclusion of uninoculated control plants, there 
is always a risk that the plants could have been already infected from natural inoculum in the field 
prior to harvesting. In the current study the plants were grown in the shade house away from any 
infected material, and in addition none of the uninoculated control plants developed any symptoms.  

Higher disease severity was observed with ascospore inoculation, with expression of disease 
symptoms occurring four weeks earlier than with conidia. Ascospores are reported to be more 
pathogenic with respect to leaf lesion development in OSR (West et al., 2001; Salam et al., 2003, 
2007) with fewer ascospores required to cause a lesion, but there is no information for swede. The 
minimum number of conidia or ascospores which results in bulb infection is not known and future 
work is needed to investigate this factor. However, care must be taken when directly comparing 
ascospores and conidia; in this experiment the sources of inoculum were different. Ascospores 
were produced from field sourced infected stubble and, therefore, the inoculum may comprise 
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many isolates with varying pathogenicity, compared to conidia which were produced from a single 
spore isolate. Attempts to produce ascospores using the in vitro dual plate method described in 
Chapter 2 (Section 2.2.7.3) for the same isolates as used for conidial production failed; initially the 
pseudothecia produced contained some ascospores but after one month storage at 4°C no 
ascospores were recovered. Huang et al. (2006a) also reported that only small numbers of 
ascospores were produced using the in vitro dual plate method, thereby limiting the range of 
experiments that could be conducted using these as sources of inoculum.  

Overall, this study has provided information on the systemic progression of L. maculans. These 
results were well supported by previous studies on systemic progression of the pathogen in OSR 
(Hammond et al., 1985; Hammond & Lewis, 1987; Zhou et al., 1999; Sun et al., 2000; West et al., 
2002a; Kaczmarek & Jedryczka, 2011) but this study had expanded the knowledge of the pathogen 
progression with respect to swede. The pathogen can grow systemically from the initial leaf lesion 
to the development of stem canker on both OSR and swede. Infection by conidia on the stem at 
older plant stage also resulted to the severe stem canker on OSR and swede indicating that conidia 
are likely play an important role in disease epidemics. Inoculation of mature swede bulbs with 
ascospores and conidia resulted to the formation of bulb lesions. Although ascospore infection 
expressed symptoms earlier than infection by conidia, the results indicated that conidial infection 
could be a main infective propagule component of the L. maculans disease cycle on swede. Even 
though mature leaves did not develop symptoms when inoculated with both spore types and 
showed no systemic progression, this study has highlighted their roles in being able to cause 
disease even at the mature plant stage; this is especially important for swede since direct infection 
that occurs at bulb stage can destroy the main yield component of the crop. Information on the 
pathogen progression, ability of infection and pathogen life cycle on both OSR and swede are 
crucial in developing effective control strategies of stem canker disease.    
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Chapter 5 
Spore release from diseased plant debris/stubble: timing and 

effect of management practices 
 

5.1  INTRODUCTION 
In OSR, stem canker is generally considered to be a monocyclic disease (Salam et al., 2007). The 
disease epidemic is initiated by airborne ascospores of L. maculans/L. biglobosa. These pathogens 
survive as saprophytes on the infected stubble left in the field after harvest. Pseudothecia 
containing ascospores form on the stubble, with pseudothecia maturation and ascospore release 
being reported to be related to the weather conditions after harvest (Khangura et al., 2007). The 
release of ascospores can be triggered by rainfall or heavy dew and high humidity (West et al., 
2001; Salam et al., 2003; McGee, 1977). Depending on the environmental and weather conditions, 
the mature pseudothecia release a succession of ascospore showers which can continue for a period 
of 3-4 months, or longer, with the peak usually occurring 1-2 months after the onset of release 
(McGee, 1977; Thürwächter et al., 1999). The period and time of ascospore release varies between 
different regions but it usually coincides with seedling emergence. In Australia, Eastern Canada 
and Western Europe, ascospores are released in late autumn or early winter to infect winter OSR 
seedlings (McGee, 1977; West et al., 2001). In contrast, the long cold winters in Western Canada 
and Eastern Europe cause an interruption in ascospore release, which starts in autumn, decreases in 
winter and reaches a peak in the following spring, when the ascospores infect new spring OSR 
crops (Jedryczka et al., 1999). In New Zealand, autumn-sown OSR and forage brassicas are more 
frequently infected than spring-sown OSR (Ian Harvey, PLANTwise, pers. comm., 2011) 
indicating a similar situation to Australia, Eastern Canada and Western Europe. 

Measurement of ascospore concentrations in the air and information on the seasonal discharge 
patterns is crucial for understanding the epidemiology and for formulating strategies for disease 
management (Salam et al., 2003). From the numerous studies conducted both under controlled 
environmental conditions and in the field (Hershman & Perkins, 1995; McGee, 1977; McGee & 
Petrie, 1979; Pérès et al., 1999a; Petrie, 1995; Rempel & Hall, 1993; Thürwächter et al., 1999), 
ascospore discharge patterns have been reported to vary between locations within a season (Rempel 
& Hall, 1993; Thürwächter et al., 1999) and between seasons within a location (Petrie, 1995; 
Thürwächter et al., 1999). Obviously, this variability makes it difficult to formulate stem canker 
management strategies which have led to the development of systems or simulation models for 
forecasting ascospore release to predict risk periods. A number of investigations carried out in 
France (Pérès et al., 1999a, 1999b; Poisson & Pérès, 1999) and England (West et al., 1999) related 
weather factors to the maturity of pseudothecia and subsequent ascospore release. These studies 
indicated that temperature and wetness are the main factors influencing the maturation of 
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pseudothecia. The first simple model simulation (Sporacle Model) developed by Salam et al. 
(2003) was used to predict the onset of L. maculans/L. biglobosa pseudothecia maturity in relation 
to temperature and rainfall after harvest. This model has been tested in four locations in Western 
Australia which characteristically has a Mediterranean climate (Salam et al., 2003) and later the 
sensitivity of this model was also proven to be effective in a more diverse environments in 
Australia (Western Australia and New South Wales), Canada, France, Poland and the UK (Salam et 
al., 2007). 

After dispersal, ascospores adhere to the leaves, germinating in moist or humid conditions with the 
hyphae infecting the leaves via stomata or wounds. Leaf lesions are first observed 2 weeks later 
(Huang et al., 2005). From the primary leaf lesions, the fungus grows endophytically in the vessels 
and cortex, down the petiole (Sexton & Howlett, 2001) and finally colonises and kills the stem 
cells, where they produce cankers that contain pseudothecia and pycnidia (West et al., 2001). Stem 
cankers are light brown in colour and often have distinct dark margins (West et al., 1999) with L. 
maculans characteristically producing lower stem cankers and L. biglobosa upper stem cankers. 

In New Zealand, the mechanisms of disease infection, from the timing of ascospore release to the 
appearance of disease symptoms is still not well understood. The aim of this study was to 
determine the timing of ascospore release by L. maculans and/or L. biglobosa from OSR stubble 
under natural field conditions. The Sporacle simulation model developed by Salam et al. (2003) 
was used to estimate the onset of pseudothecia maturation under New Zealand conditions. Disease 
progression, from development of leaf lesions to the production of stem cankers, was also 
investigated. 

 
5.2 MATERIALS AND METHODS 
All experiments were conducted at the Iversen 12 trial plot, Field Service Centre at Lincoln 
University. 
 

5.2.1 Spore trapping 2011 (Vaseline® coated slide) 
In 2011, a preliminary experiment was set up in a field plot (11 m × 55 m), in which the previous 
season’s OSR crop was infected with stem canker disease; the aim was to determine the pattern of 
ascospore release in the field. The previous crop (1st season crop) was harvested in the early 
autumn (17th March) leaving the stubble (10 cm height). The same field site was then replanted 
with OSR cv. Flash at 120 seeds/m2 (FAR, Harvest Snippets Issue 3, 2012) by direct drilling on 
11th April 2011 (2nd season crop). The plot was divided into eight subplots, each 5 m × 12.5 m in 
size. Weekly releases of ascospores were trapped, from 30th May to 27th September, using 
Vaseline® coated slides that were secured using fold-back stationery clips (Figure 5.1A) onto eight 
bamboo sticks, which were placed randomly, one in each subplot. The slides were spread with 
Vaseline® white petroleum jelly using a round paint brush size 10. In each subplot, the slides were 
placed at two different heights, 30 cm and 80 cm above the ground and at two different 
orientations; horizontal and vertical (Figure 5.1B and C). Two slide orientations were used to 
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sodium hypochlorite solution for 1 min (leaf tissue) and 2 min (petiole/stem tissue) and rinsed for 1 
and 2 min, respectively, in SDW. These tissues were placed on PDA amended with streptomycin (5 
mg/mL) and penicillin (5 mg/mL) and incubated at 15°C in darkness for 7-10 days after which they 
were examined for colonies characteristic of L. maculans and L. biglobosa growing from the tissue, 
as described in Section 2.2.2.1. Visual observation of the disease progression was continued until 
stem lesions characteristic of L. maculans/L. biglobosa were observed. Once stem lesions were 
observed in the field, five representative symptomatic plants were harvested for pathogen isolation 
to verify the causal agent using the methods previously described. 
 

5.2.3 Spore trapping 2012 (Burkard spore sampler)  
In 2012 an existing spring variety of OSR crop (1st season of spring variety crop, named as Plot 1) 
was harvested in early March leaving the stubble to a height of 30 cm. The plot was then sprayed 
with herbicide, Roundup® (4 L/ha) 47 days before sowing to control weeds and any volunteer 
plants. The plot was replanted with OSR cv. Flash with the sowing rate described in Section 5.2.1 
by direct drilling in late April (2nd successive year but 1st year of autumn variety). Spore trapping in 
this plot was conducted using a 7-day Burkard spore sampler (Burkard Scientific Ltd, Uxbridge, 
Middlesex, UK) as shown in Figure 5.2. The Burkard spore sampler was placed in the middle of 
the plot, with the ascospores being trapped on the melinex tape wrapped around the sampler drum 
from 22nd May to 13th September. Air was sampled at 10 L/min with the standard orifice size 2 mm 
× 14 mm, and the drum rotated at 2 mm/h. The melinex tape was changed every seven days, and 
the tape was divided into seven equal sections (48 mm each) each representing one day. Each one 
day section was then cut in half along the direction of rotation. One half was mounted on a glass 
slide and the numbers of ascospores characteristic of L. maculans/L. biglobosa ascospores were 
counted using a microscope (Olympus U-TV0.5XC-3) at 400× magnification. The number of 
ascospores were counted from two randomly selected longitudinal transects and multiplied by the 
factor needed to give the total number of spores, following the method described by Lacey & West 
(2006). Ascospore release in the field was presented as the total number of ascospores trapped in 
one week. The other half of the melinex tape was placed in a 1.6 mL tube and stored at -20°C for 
DNA extraction and PCR analysis (Kaczmarek et al., 2009; Section 5.2.3.1). The number of 
ascospores trapped at each weekly interval was compared with the temperature and rainfall data 
obtained from the nearest weather station at Lincoln (Lincoln Broadfield EWS) from The National 
Climate Database (http://cliflo.niwa.co.nz/), to enable ascospore release to be correlated with 
weather events. 
 
 
 

http://cliflo.niwa.co.nz/
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Figure 5.2 Burkard spore sampler placed on the ground in the OSR experimental plot. 

5.2.3.1 Molecular detection of L. maculans and/or L. biglobosa in spore traps 
5.2.3.1.1 Fungal DNA extraction from melinex tape 
Ascospores of L. maculans and L. biglobosa cannot be distinguished by morphology. Thus, a 
nested PCR method was used to determine the presence of each species for selected sampling 
dates. Fungal DNA was extracted from the other half of melinex tape from the Burkard spore 
sampler obtained in Section 5.2.3 following the method of Kaczmarek et al. (2009). The melinex 
tape was placed in a sterile 1.6 mL tube with glass beads (0.15 g; particle size 425–600 µm; Sigma, 
UK). To each tube 1000 µL CTAB buffer (Appendix A.2) and 0.2 volumes (200 µL) of 5% 
sarcosyl was added and the tubes placed in FRITSCH Pulverisette 23 (John Morris Scientific Ltd) 
cell disrupter twice for 5 min each at 26 oscillation/s allowing tubes to cool on ice for 1 min in 
between. The tubes were then incubated for 30 min at 70°C and centrifuged for 5 min at 11400 g. 
The supernatant (approx. 700 µL) was transferred to a clean 1.6 mL tube, 800 µL of 
chloroform:isoamyl alcohol (24:1),) added mixed by inversion 50 times before  centrifugation for 
10 min at 11400 g. The top aqueous layer (approx. 450 µL) was transferred to a clean 1.6 mL tube, 
an equal volume of 100% isopropanol added and mixed by inversion 20 times, before being placed 
on ice for 10 min. The DNA was recovered by centrifugation for 5 min at 11400 g. The supernatant 
was discarded and the DNA pellet was washed with 200 µL ice-cold 70% (v/v) ethanol, then 
centrifuged for 1 min at 11400 g.  The tubes were then inverted on a paper towel to dry. The DNA 
pellet was re-hydrated by adding 50 μL of 1 mM TE (tris-ethylenediamine tetraacetic acid, pH 7.5; 
Sigma, UK) buffer at room temperature overnight. The DNA was stored at -20°C until use. 
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5.2.3.1.2 Nested PCR 
A nested PCR method was used, whereby genomic DNA was first amplified using the general 
primers ITS4 and ITS5 for the internally transcribed spacer (ITS) region of the rRNA (White et al., 
1990). Each 25 µL PCR contained 2 µL of DNA template, 1.5 mM MgCl, 1 U Faststart Taq 
Polymerase (Roche), 200 µM of each dNTP, 5 pmol ITS4 primer and 5 pmol ITS5 primer, with 
sufficient 1× PCR buffer to make the volume up to 25 µL. The DNA amplification was performed 
using a PCR machine (Applied Biosystem Veriti, 96 Wells Thermo Cycler) with initial denaturing 
at 95°C for 3 min, followed by 40 cycles of 95°C for 30 s, 60°C for 30 s and 72°C for 2 min, 
followed by a final extension at 72°C for 10 min (White et al., 1990). After the first amplification, 
PCR products were diluted 1:50 with nanodropsterile water. One µL of the diluted PCR product 
was used as template for the second amplification using the same PCR conditions except that 10 
pmol of each species-specific primers (LmacR, LmacF and LbigF) were used (Liu et al., 2006; 
Section 2.2.6.4). The thermal cycle comprised initial denaturing at 95°C for 2 min, followed by 30 
cycles of 95°C for 15 s, 70°C for 30 s and 72°C for 1 min, followed by a final-extension at 72°C 
for 10 min (Liu et al., 2006). The PCR products were separated in a 1.2% agarose gel at 10 V/cm in 
1 × TAE [20 mL of 50 × TAE stock (Appendix A.5) were diluted into 980 ml of Milipore water] 
and stained with ethidium bromide (0.5 µg/mL) for 10 min before being photographed under UV 
light using the FireReader UVITEX Cambridge. A PCR product of 331 bp indicated the presence 
of L. maculans and 444 bp indicated the presence L. biglobosa. To confirm identity, the PCR 
products were sequenced and the resulting sequences compared with those in GenBank database 
(http://blast.ncbi.nlm.nih.gov/Blast.cgi) using the BLAST function. 
 

5.2.4 Disease development and progression in the field  
During the experimental period, there was low emergence of both OSR and ryegrass in the trial 
plot. In order to obtain plants for the disease progression assessments, the plots were transplanted 
with young OSR seedlings obtained from a field site in Darfield which had no history of phoma 
stem canker. The young seedlings were transplanted in the middle of the overall plot (25 × 10 
plants), with 10 cm planting distance between plants. Disease progression was assessed in this 
experimental plot using the method described in Section 5.2.2 except that 20 of the transplanted 
plants with leaf lesions were randomly selected to evaluate the disease incidence. Pathogen 
isolations from symptomatic leaves and stem lesions and also asymptomatic tissue from the petiole 
and adjoining stem region were also carried out as described in Section 5.2.2. 

 
5.2.5 Effect of stubble management practices on ascospore release and disease 
development in OSR field experiments 
5.2.5.1 Field experiment 1 (2012) 
This experiment investigated the effects of different stubble management practices on L. 
maculans/L. biglobosa spore release, disease incidence and disease severity in the field. The 
experiment was conducted in two experimental plots, a 41 m × 18 m (Plot 2, 2nd successive OSR 
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crop) and a 55 m × 11 m (Plot 3, 3rd successive OSR crop). In March 2012 the existing OSR crops 
were harvested leaving the stubble to a height of 30 cm. Plots were sprayed with herbicide 
Roundup® (4 L/ha) on 13th March to clear out weeds and volunteer OSR plants. Three stubble 
management practices were applied to the experimental plots:- i) direct drill (standing stubble), ii) 
disking which mixed the stubble trash into the top 3-5 cm of soil, and iii) slashing to leave the 
slashed stubble on the soil surface, based on the advice of Richard Chynoweth (FAR). Both 
experimental plots were divided into nine subplots with three replicates (3 × 3 experimental design) 
for each stubble management practice and arranged in a completely randomised design. The size of 
the subplots differed between the two experimental plots due to the original size of the main plots. 
For experimental Plot 2 each subplot was 9 m × 4.2 m and separated by a guard strip 6 m wide 
lengthwise and 2.2 m wide along the width of the plot. For experimental Plot 3 each subplot was 13 
m × 2.1 m and also separated by a guard strip 6 m wide lengthwise and 2.2 m wide along the width 
of the plot. After the management practices were carried out in each subplot, OSR cv. Flash was 
planted on 30th April, by direct drilling with the sowing rate described in Section 5.2.1. The guard 
strip separating each subplot was planted with ryecorn to act as a barrier to prevent cross 
contamination of spores between subplots. The ryecorn was planted at the same time as the OSR by 
direct drilling with sowing density 120 kg/ha (http://www.wholesaleseeds.co.nz/grasses/rahu-
ryecorn.html). 

In these experiments there was low emergence for both OSR and ryecorn. In order to obtain plants 
for the disease progression assessments, the plots were transplanted with young OSR seedling 
obtained from a field site in Darfield (as in Section 5.2.4). The young seedlings, which were 
visually disease free, were transplanted into the middle of the each subplot in Plot 2 and 3 (5 × 10 
plants) with 10 cm planting distance between plants. To determine the effect of the different 
treatments on ascospore release from the infected stubble the ascospores were trapped using a 
Rotorod spore sampler. Due to the limited number of the Rotorod spore samplers, the spore 
trapping was only carried out in Plot 3. 
 
5.2.5.1.1 Ascospore spore trapping (Rotorod spore sampler) 
Ascospore trapping was conducted in Plot 3, in the third successive year planted in OSR. Three 
Rotorod spore samplers (Aerobiology Company, Nepean, Ontario, Canada) were placed 30 cm 
above the ground (Ghanbarnia et al., 2011) in the middle of three randomly selected subplots, one 
Rotorod spore sampler for each of the stubble management practices (Figure 5.3A). The clear 
polystyrene rods used as a trapping surface in the Rotorod sampler were dipped in 20% (v/v) 
Hexane Silicone suspension (20 mL silicone added to 80 mL of Hexane and mixed well to suspend 
according to the manufacturer’s protocol) and allowed to dry before being placed in the retracting 
head of the spore sampler (Figure 5.3B). The spore samplers were set up to operate at 10% 
sampling rate (6 min/h) and changed weekly, with the position of the each Rotorod randomly 
rotated between the three subplots for that treatment each week between 29th May and 5th October 
2012. The numbers of ascospores characteristic of L. maculans/L. biglobosa were counted on the 
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6th November 2012. The plot was then sprayed with Roundup® (4 L/ha) and irrigated 2-3 times to 
retain soil moisture before the stubble management practices were applied. The plot which was 20 
m × 47 m in size was divided into nine subplots, 11 m × 4.2 m for each subplot. The subplots were 
separated by guard strips 6 m wide lengthwise and 2.2 m wide along the width of the plot. Each 
stubble management treatment was replicated three times (3 × 3 experimental design) and arranged 
in a completely randomised design. The guard strips separating subplots were  planted with ryecorn 
on 28th January 2013 by direct drilling with sowing density 120 kg/ha to act as a barrier to prevent 
cross contamination of ascospores between subplots. Ryecorn was planted two months earlier than 
the OSR to allow it to reach sufficient height to prevent ascospore cross contamination. The three 
stubble management practices were applied to the subplots and these were: i) ploughing which 
mixed the stubble trash to a depth of about 20 cm resulting in the burial of the stubble trash and so 
removal from the soil surface; ii) disking which mixed the stubble trash into the top 3-5 cm soil 
depths; and iii) direct drilling whereby the 10 cm stubble was left standing. Ploughing and disking 
were conducted on 21st March 2013. Subplots for standing stubble were sprayed with Roundup® (4 
L/ha) for the second time before planting with OSR. OSR seeds were planted by direct drilling on 
the 25th March with the sowing rate described in Section 5.2.1. 
 

5.2.5.2.1 Ascospore trapping (Rotorod spore sampler) 
To determine the effects of the management practices on the spore release and disease 
development, three Rotorod spore samplers were set up in each of three randomly selected subplots 
representing each management practice as described in Section 5.2.5.1.1. 
 

5.2.5.2.2 Disease development and progression in the field 
Once the first leaf lesions characteristic of L. maculans/L. biglobosa infection were observed, 
disease incidence for each treatment was assessed as described in Section 5.2.5.1.2. Disease 
incidence was evaluated by examining 10 randomly selected plants within each of five areas (30 
cm × 60 cm), at the four corners and the centre of each subplot (50 plants). Disease progression and 
pathogen isolation from 10 representative plants to verify the causal agent was carried out as 
described in Section 5.2.2. At the end of the growing season, 25 plants were randomly harvested 
from the centre (1 m × 1 m) of each subplot to determine the disease incidence and the disease 
severity based on development of stem base cankers. The disease incidence for the lower stem 
canker (characteristic of L. maculans) was evaluated as the percentage of infected plants out of the 
total number of plants harvested from each subplot. Disease incidence for upper stem lesions 
(characteristic of L. biglobosa) was very low compared to lower stem lesions, and was not 
assessed. For severity of the lower stem cankers, the external symptoms was assessed using the 0-5 
scale describe in Chapter 3 (Section 3.2.1.3). For the internal stem canker symptom, the stems were 
cut horizontally through the canker and the extent of the internal canker lesion assessed using the 0-
6 scale described in Chapter 4 (Section 4.2.2.3). Isolations were carried from the edges of the stem 
lesions for representative plants sampled from each treatment as described in Section 5.2.2 to verify 
the causal agent. 
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5.2.6 Blackleg Sporacle Model 
To try and predict the onset of pseudothecial maturity and therefore ascospore release in the field 
across the different experimental plots for each year (2011-2013) the Blackleg Sporacle model 
described by Salam et al. (2003) was used. This model uses the temperature and rainfall data from 
harvest time to predict the risk of L. maculans/L. biglobosa ascospore release. Each day is 
determined as being suitable or not suitable for progression of pseudothecial maturation, with days 
being categorised as being suitable when the mean daily temperature for 10 preceding days is 
<22°C and the total rainfall for the seven preceding days is ≥4 mm. The onset of pseudothecial 
maturity is estimated to occur when approximately 43 suitable days have occurred. In New 
Zealand, harvesting for OSR is usually during November to January. However, the harvesting date 
for OSR in experimental plots was slightly different from the commercial practice due to 
requirements of the existing experiment, thus, the commencement date for determining the number 
of favourable days for pseudothecia maturation (FPM) was standardized to start on the 1st January 
for all three years of spore trapping. Using this model, the expected dates for the first release of 
ascospores was compared with the date when ascospores were actually trapped using the spore 
samplers in the experimental field plots. To improve understanding, in this study, the mean 
maximum daily temperature (Tmax) was used as well as the mean daily temperature (Tmean) 
specified by Salam et al. (2003) to determine the expected date of onset of pseudothecial maturity. 
Data from both temperature ranges were collected from the nearest weather station at Lincoln 
(Lincoln Broadfield EWS) from The National Climate Database (http://cliflo.niwa.co.nz/). 
 

5.2.7 Statistical analysis 
Data for disease incidence and disease severity were submitted to square root transformation to 
improve homogeneity of variance before analysis by ANOVA using GenStat 14. All the means 
were separated using Tukey’s HSD test at P≤0.05 and presented as the mean of back transformed 
data.  

 
5.3 RESULTS 
5.3.1 Ascospore trapping 2011 (Vaseline® coated slides)  
No ascospores characteristic of L. maculans/L. biglobosa were trapped using Vaseline® coated 
slides in 2011. The period favourable for pseudothecia maturation (FPM) predicted by the Sporacle 
Model forecast the onset of pseudothecia maturation for this year to be on 10th March, using the 
mean daily temperature (Tmean) data and the 21st April using the mean daily maximum 
temperature (Tmax) data (Table 5.1). Therefore, ascospores were expected to have been released 
within the trapping period, indicating that the Vaseline® coated slide method was unsuitable for 
trapping field released ascospores of L. maculans/L. biglobosa.  

 

http://cliflo.niwa.co.nz/
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5.3.2 Ascospore trapping 2012 (Burkard spore sampler)  
Ascospores characteristic of L. maculans/L. biglobosa were trapped in 2012 using the Burkard 
spore sampler during 16 weeks from 22nd May (4 weeks after sowing) until 13th September (20 
weeks after sowing). The number of ascospores trapped were low (<1.5 ascospores/m3) for all 
weeks except for weeks 15 and 16 weeks after sowing (7th–14th and 14th–21st August) when 
ascospore numbers reached 2.7 and 8.1 ascospores/m3, respectively (Figure 5.4). These two peaks 
in ascospore concentrations coincided with high total weekly rainfall (63.6 and 34.6 mm/week, 
respectively) during the trapping period. The maximum daily temperature was 7.8-18.7°C and the 
minimum daily temperature -0.6-7.8°C during the trapping period and there was no clear 
relationship with ascospore numbers trapped. Based on the mean daily temperature (Tmean), the 
Sporacle Model forecasted the 43 days FPM for this year to be the 10th March (Table 5.1), with 
ascospores being trapped from the first date the Burkard spore sampler was placed in the field on 
22nd May (73 days after the expected date of first ascospore release). Based on the mean daily 
maximum temperature (Tmax), the 43 days FPM for this year was predicted to be the 15 th March, 
68 days before ascospore trapping was initiated in the field.  
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Table 5.1 The dates when 43 days favourable for Leptosphaeria maculans/L. biglobosa pseudothecial maturation (FPM) had occurred, and the total number 
of FPM days determined from 1st January to the start date of spore trapping for 2011, 2012 and 2013 assessed based on the mean daily temperature and 
maximum daily temperature. 
 

  Based on Tmean (°C) Based on Tmax (°C) 
Year of spore 

trapping 
Spore sampler Date when 43 FPM 

days was reached 
No. of FPM days at the 

date when spore trapping 
started 

Date when 43 FPM days 
was reached 

No. of FPM days at the  date 
when spore trapping started 

2011a Vaseline® coated slide 10th March 97 21st April 69 
2012b 7-day Burkard/Rotorod 10th March 63 15th March 60 
2013c Rotorod 25th April 62 25th May 38 

*A day was determined as being favourable for pseudothecia maturation (FPM) when the daily rainfall for the preceding 7 days ≥4 mm and the mean daily 
temperature for the preceding 10 days <22°C. 
a Spore trapping started on 30th May 
b Spore trapping started on 22nd (7-day Burkard spore sampler) and 29th May (Rotorod spore sampler) 
c Spore trapping started on 20th May  
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Figure 5.4 Total weekly Leptosphaeria maculans/L. biglobosa ascospore concentrations 
(ascospores/m3) trapped in an experimental plot using a 7-day Burkard spore sampler over a 16 
weeks trapping period, from 22nd May until 13th September 2012 shown by the blue bar. The total 
weekly rainfall recorded from the nearest weather station (Lincoln Broadfield EWS) is shown by 
the red line. 
 
5.3.2.1 Molecular detection of L. maculans and/or L. biglobosa in spore traps 
Low DNA concentrations were recovered from the June and July samples corresponding to low 
ascospore counts on the same melinex tape as assessed by microscopy, while higher DNA 
concentrations were recovered from the August samples where microscopic assessments had 
indicated high ascospore numbers. Bands of 331 bp, indicating presence of L. maculans DNA, 
were observed for all months tested (June-September), whilst bands of 444 bp, indicating presence 
of L. biglobosa DNA, were detected only in the June and July samples. Positive amplimers were 
not produced from all days tested within each month (Figure 5.5). Comparison of the sequences 
obtained from randomly selected 331 bp and 444 bp products showed they were 100% identical to 
a reported sequences of L. maculans ‘brassicae’ (DQ133891) and L. biglobosa ‘brassicae’ 
(DQ133893) in GenBank, respectively. 
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Figure 5.6 Total weekly Leptosphaeria maculans/L. biglobosa ascospore concentrations 
(ascospores/m3) trapped in an experimental plot using Rotorod spore samplers over an 18 week 
trapping period, from 19th May until 5th October 2012, shown by the blue bar. The weekly total 
rainfall recorded from the nearest weather station (Lincoln Broadfield EWS) is shown by the red 
line. Data are the means for three replicate spore traps. 
 

5.3.3.2 Ascospore trapping 2013 
Ascospores were detected using the Rotorod sampler from 8 weeks after sowing (20 th-24th May) 
until 17 weeks after sowing (19th-23rd July) with none detected after this period (Figure 5.7). 
Overall results showed that the ascospore concentrations detected in 2013 were lower than in 2012. 
From 20th May to 23rd July, the numbers of ascospores trapped were less than 1.0 ascospores/m3 at 
each assessment time. In general the ascospore concentration was slightly higher in the first week 
of trapping compared with the remaining assessment times but no obvious peak was seen. Based on 
the mean daily temperature (Tmean), the Sporacle Model forecasted the 43 days FPM for this year 
to be 10th March (Table 5.1) with ascospores being trapped from the first date the Rotorod samplers 
were placed in the field on 20th May (24 days after the expected date of first ascospore release). 
Based on the mean daily maximum temperature (Tmax), the 43 days FPM for this year was 
predicted to be the 25th May, only 5 days before ascospore trapping was initiated in the field.  
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Figure 5.7 Total weekly Leptosphaeria maculans/L. biglobosa ascospore concentrations 
(ascospores/m3) trapped in an experimental plot using Rotorod spore samplers over a 14 week 
trapping period, from 20th May until 17th September 2013 shown by the blue bar. The weekly total 
rainfall recorded from the nearest weather station (Lincoln Broadfield EWS) is shown by the red 
line. Data are the means for three replicate spore traps.  
 

5.3.3.4 Disease development 
For 2012, there was no significant difference in the disease incidence of leaf lesions between 
experimental Plot 3 (third OSR crop; incidence of 30-40%) and Plot 2 (second OSR crop; 23-
26.7%) (P=0.495; Appendix C.4.1). There was no significant effect of stubble management 
practices (P=0.844) in disease incidence for the three stubble management practices across the two 
experimental plots. There was no significant interaction (P=0.844; Appendix C.4.1) between plots 
and stubble management practices on the disease incidence assessed in this year.  

There was a significant effect (P<0.001) of stubble management practices on incidence of leaf 
disease (Figure 5.8) in 2013. The mean disease incidence from the subplots with no stubble 
management (direct drill) was the highest (72.7%), and was significantly higher compared with 
disking and ploughing practices (36.0% and 39.3%, respectively). There was no significant effect 
(P=0.270) of the assessments times (8-16 weeks after sowing) on the disease incidence. The 
maximum disease incidence (56.7%) was observed 16 weeks after sowing (5th assessment) but it 
was not significantly different to the first (50.0%), second (41.1%), third (46.7%) and fourth 
(52.2%) assessments. There was no significant (P=0.299) interaction between stubble management 
practices and assessment week on the disease progression (Appendix C.4.2; Appendix E.9). 
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Figure 5.8 Mean disease incidence based on the presence of leaf lesions on OSR plants sowen after 
three stubble management practices, disking, ploughing and direct drilling assessed 8-16 weeks 
after sowing in a 2013 field experiment. Mean disease incidence (%) with different letters are 
significantly different at P<0.05 according to Tukey’s test. Disease incidence determined from 10 
randomly selected OSR plants from each of three replicate plots per treatment.  
 
Assessment of the disease severity of the stem lesions at the end of growing season showed that 
there was no significant difference (Appendices C.4.3 and C.4.4) between stubble management 
practices for both external (P=0.298) and internal severity score (P=0.781). For the disking, 
ploughing and direct drilling treatments the external disease severity score was 1.12 score, 1.19 
score and 1.07 score, respectively while the internal disease severity score was 1.17 score, 1.36 
score and 1.48 score, respectively. Leptosphaeria maculans was isolated from the entire 
representative stem lesion obtained from the experimental plot. 
 

5.3.4 Disease progression in the field (2011, 2012 and 2013) 
Data of disease progression in OSR experimental plots in 2011, 2012 and 2013 is summarized in 
Table 5.2. For 2011, the first leaf lesions typical of L. maculans infection were observed in the 
second week of July, 12 weeks after sowing. During the first observation, 20% of the sampled 
plants had leaf lesions typical of L. maculans with the pathogen being isolated from these leaf 
lesions. Disease incidence had increased to 80% by 16 weeks after sowing and L. maculans was 
isolated from 100% of the lesions sampled. Very few leaf lesions typical of L. biglobosa were 
observed during this assessment week and attempts to isolate L. biglobosa from these leaf lesions 
were unsuccessful. Leptosphaeria maculans was isolated from the symptomless petioles from 50% 
of the plants with typical leaf lesions in the first week of August and from the symptomless stems 
from 30% of the plants with typical leaf lesions in the second week of September. The first lower 
stem lesion was observed at the end of September, 24 weeks after sowing. Upper stem cankers 
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characteristic of L. biglobosa were only observed 29 weeks after sowing, with L. biglobosa being 
isolated from all these stem lesions. Incidence of L. biglobosa upper stem lesions was low, being 
less than 10% in sampled plants. 

A similar pattern of disease progression was observed in 2012. The first leaf lesions typical of L. 
maculans were visible in the third week of July, 12 weeks after sowing, with L. maculans being 
isolated from all plants with typical lesions. At the end of August, 18 weeks after sowing, L. 
maculans was isolated from symptomless petioles from 30% of plants with typical leaf lesions. 
Leptosphaeria maculans was isolated from the symptomless stems from 100% of plants with 
typical leaf lesions in the first week of October (23 weeks after sowing). At 19 weeks after sowing, 
leaf lesions typical of L. biglobosa had been observed, but attempts to isolate the pathogen were 
unsuccessful. The first lesions on the lower stems were observed 27 weeks after sowing, at the end 
of October with L. maculans being isolated from all these stem lesions. However, due to the time 
constraint to prepare the plot for the next trial, the crop was harvested once the lower stem cankers 
had been observed with no upper stem lesions being observed.  

For 2013, the disease progression pattern differed slightly from that observed in 2011 and 2012. 
The first leaf lesions typical of L. maculans were visible in the fourth week of May, 7 weeks after 
sowing, with L. maculans being isolated from all the plants with typical leaf lesions. Leaf lesions 
typical of L. biglobosa were observed one week later but attempts to isolate the pathogen were 
unsuccessful. Three weeks later (early June, 10 weeks after sowing) symptomless petioles of plants 
with leaf lesions typical of L. maculans and L. biglobosa yielded 40% and 10% isolates, 
respectively. The time taken by the pathogen to reach the stem from the petiole was longer for this 
season than the previous season, with L. maculans isolated from 40% of the plants with typical leaf 
lesions at the end of September (26 weeks after sowing). The first lesions on the lower stems were 
observed 33 weeks after sowing, in the middle of November which was 7 weeks after the pathogen 
was first isolated from the symptomless stem. At this stage, isolation L. maculans from the 
representative diseased stem was 100% successful. After harvest, lower stem lesions typical of L. 
maculans were observed as well as upper stem lesions typical of L. biglobosa. However, upper 
stem lesion incidence was very low, being approximately 10% of the total of plants harvested from 
all subplots. Leptosphaeria maculans was isolated from 60% of representative plants with typical 
lower stem lesions and L. biglobosa was isolated from 40% of representative plants with upper 
stem lesions.  
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Table 5.2 Observations of Leptosphaeria maculans (Lm)/ L. biglobosa (Lb) disease progression on 
OSR experimental plots from 2011 to 2013. 
 
Disease progression Weeks after sowing (date) 

2011 2012 2013 
Leaf lesion typical of Lm 
observed 

12 (6th July) 12 (20th July) 7 (20th May) 

Lm isolated from 
symptomless petiole 

16 (3rd August) 18 (31st August) 10 (5th June) 

Lm isolated from 
symptomless stem 

21 (6th Sept) 23 (5th Oct) 26 (27th Sept) 

Lower stem lesion observed 
(typical of Lm) 

24 (27th Sept) 27 (29th Oct) 33 (15th Nov) 

Upper stem lesion observed 
(typical of Lb) 

29 (1st Nov) - During harvesting time 
(January 2014) 

 

5.4 DISCUSSION 
This research is the first report on the timing of ascospore release of L. maculans/L. biglobosa from 
OSR debris under New Zealand conditions, and was collected together with information on disease 
progression in OSR which is crucial to understand the pathogens’ disease cycle and the relationship 
with environmental conditions.  

Ascospores characteristic of L. maculans and L. biglobosa were trapped using both Burkard and 
Rotorod spore samplers; these were confirmed as L. maculans and L. biglobosa using the nested 
PCR method. This confirmed that the sexual cycle of both pathogens takes place under field 
conditions, causing primary infection of OSR. Although the teleomorph stage of the stem canker 
pathogen has been reported by Smith & Sutton (1964) to be present in New Zealand, this is the first 
report of the timing of ascospore release in the field. In a previous study, no ascospores were 
detected using a Burkard spore sampler placed into field sites with crop debris from a previous 
infected swede crop, over the trapping period November-February (Sanderson & Harvey, 2008). 
The following year the trapping was repeated at one site, with ascospores only detected at the 
sample time in January following heavy rain. 

The chronological patterns of ascospore release, as shown by ascospores trapping with the Rotorod 
and Burkard spore samplers, were generally similar, although lower ascospore numbers were 
trapped using the Burkard spore sampler. This difference is probably related to differences in the 
ascospore inoculum concentration between the two experimental plots rather than differences in the 
sampling efficiencies of the two samplers. The plot where the Burkard spore sampler was placed 
was planted in a second successive OSR crop, in comparison to the plot where the Rotorod spore 
sampler was placed which was planted in a third successive OSR crop. This plot was also adjacent 
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to another second year OSR plot. In addition, the first OSR crop in the Burkard plot was a spring 
crop, which is generally regarded as less susceptible to infection by L. maculans/L. biglobosa than 
an autumn crop, due to the emergence of the susceptible seedling stage not coinciding with 
ascospore release (Li et al., 2004). The continuous cropping of OSR, especially without any stubble 
management, as occurred in these experimental plots, is known to increase the disease risk in 
subsequently planted crops due to the increased production of ascospores from the infected stubble 
remaining after harvest (Khangura et al., 2007) and probably accounts for the differences in the 
two sampling methods.  

The results from using the Rotorod spore sampler in 2012 showed that there was one peak of 
ascospore release in July, but most ascospores were detected in August. Similar results were seen 
with the Burkard spore sampler, with the highest ascospore concentration detected in August. 
Ascospore release patterns found in this study for 2012 were comparable to those reported in 
Australia, Eastern Canada and Western Europe. At four locations in Western Australia ascospore 
discharge started in July, reached a peak in August and declined in September, with no ascospores 
detected in October (Khangura et al., 2007). Similarly, in another study in Western Australia the 
highest ascospore concentrations were observed in June, July and August, with numbers declining 
in September and October (Bokor et al., 1975). West et al. (2001) reported that ascospore release in 
England and Poland started in late September or October continuing until late December when the 
temperature decreased to below 15°C; these seasonal effects were in the equivalent months in New 
Zealand. In Hungary, dissemination of ascospores started in late October with very high ascospore 
concentrations (2400 ascospores/m3) detected when temperature decreased to below 17°C (Magyar 
et al., 2006). Although the relevant time of year when ascospores were released was similar 
between the current study and that of Magyar et al. (2006), there were some differences; the 
concentration of ascospores trapped probably differed due to the higher temperatures observed 
during the current study (up to 20°C) compared to their study. The very high ascospore 
concentrations trapped by Magyar et al. (2006) could be also attributed to the size of the 
experimental plot used, as their study was conducted in 30 ha plot where no tillage practice had 
been applied, probably resulting in more inoculum, while the current study was conducted in a 
much smaller experimental plot. Low ascospore concentrations were also detected using the 
Rotorod spore sampler in 2013 from a similar sized plot, with less than 1 ascospore/m3 detected at 
each sample time. Similar low ascospore concentrations were reported by Gharbarnia et al. (2009) 
from a 50 × 60 m plot, in which 0.06 ascospores/cm3/h were trapped using Rotorod and Burkard 
spore sampler. The similar size of the experimental plots used in both studies suggested that the 
low ascospore concentration detected is at the levels expected. However, due to the very low 
numbers of ascospores detected in 2013 compared with 2012, no obvious pattern of ascospore 
release could be discerned.  

The reason for the very low number of ascospores detected in 2013 could be due to low infection 
levels in the stubble remaining from the previous OSR crop as a result of the OSR cropping 
sequence. However, although the experimental plot used in 2013 had previously been planted in a 
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spring OSR crop in the first year followed by an autumn crop in the second year which would 
potentially have resulted in a lower level of disease carryover in the infected stubble, this was 
similar to the cropping sequence for the 2012 field plot used for Burkard spore trapping where 
higher ascospore counts, especially in August, were detected. Alternatively the environmental 
conditions during 2013 could be less conducive to either pseudothecial production on stubble or 
release of any ascospores which develop. 

Based on the FPM day predicted by Sporacle Model, the predicted date for pseudothecia 
maturation in 2011 and 2012 were earlier than in 2013. The chosen value of 4 mm of rainfall in the 
preceding week as a condition necessary for occurrence of FPM days implies that conditions do not 
have to be very wet to be suitable for pseudothecia maturation (Salam et al., 2003). However, it 
maybe that the dryer, warmer conditions early in 2013 (January-March) than normal had delayed 
pseudothecial maturation, which was predicted as being in May, but also that it resulted in fewer 
mature pseudothecia developing overall. This could mean that when conditions were favourable for 
ascospore release there were fewer ascospores ready for released and, therefore fewer, trapped. It is 
likely that in New Zealand, the environmental conditions after harvesting time could limit 
pseudothecia maturation in some years, and, therefore, contribute to the less inoculum being 
available in the field to cause the disease.  

However, it is important to note that the model predictions may not apply in all situations, even 
though the 43 days of FPM worked well when Salam et al. (2007) tested the model. For example, 
Toscano-Underwood et al. (2003) reported that mature pseudothecia could be produced within 2-3 
weeks on naturally infested OSR stubble at 15-20°C when exposed to continuous wetness. In 
addition, the model alone, cannot predict the effects of stem canker disease on crop yield because 
there are other factors that influence disease development (Salam et al., 2003). In particular, the 
model does not predict the numbers of ascospores that will be released from crop residue, but only 
the start of the dissemination. For these reasons, the model is probably not useful as a guide to 
manage the stem canker crops (Salam et al., 2003). In the current study, spore trapping was not 
started until May because of the time taken ensure sufficient emergence of seedlings and also the 
time taken to allow the ryecorn to reach the appropriate height to prevent cross contamination of 
ascospores from adjacent subplots. The Sporacle model predicted that pseudothecial maturation 
occurred up to 54 days prior to initiation of spore trapping in 2012 and 25 days in 2013. Since 
ascospores were trapped at the first assessment time in both years it is highly likely that ascospores 
were being released prior to initiation of the spore trapping. It is also possible that the peak of 
ascospore release was prior to the start of the field trapping. Nevertheless, the results of the study 
still demonstrate that ascospores are released in the field under New Zealand conditions, coinciding 
with the susceptible seedling stage. 

In the present study, ascospore release appeared to coincide with rain events, with higher ascospore 
numbers trapped in weeks during or immediately after rainfall. In a study on seasonal and diurnal 
patterns of L. maculans ascospore dispersal, Guo & Fernando (2005) reported that the peak of 
ascospore release was associated with rain events, with ascospore dispersal continuing for up to 3 
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days after each rain event depending on conditions. However, they also found that ascospores were 
also released in days without rain, but most of them were trapped between 9.00 pm and 4.00 am 
when the temperature was 13-18°C and the relative humidity >80% (Guo & Fernando, 2005). In 
another study by Huang et al. (2005), which used diseased winter OSR stems collected from field 
sites in both England (4-5 growing seasons) and Poland (3 growing seasons), ascospores of L. 
maculans and L. biglobosa continued to be released until late spring in each season. Ascospores 
were released mainly on days with more than 0.5 mm rainfall with air temperature >0°C (Huang et 
al., 2005). However, their spore trapping was not conducted under actual field conditions but in an 
outdoor site at the laboratory facilities where the Burkard spore sampler was surrounded with free-
draining trays containing OSR diseased stems.  

In the current study, spore trapping attempts in 2011 using Vaseline® coated slides were 
unsuccessful, possibly due to the passive nature of this sampling method. In contrast, the Rotorod 
and Burkard spore samplers which successfully trapped ascospores actively draw in air increasing 
the probability of spore trapping when low numbers are released. Even though no ascospores were 
trapped in the experimental plot in 2011, disease symptoms characteristic of L. maculans and L. 
biglobosa developed on OSR plants in this plot. Leptosphaeria maculans and L. biglobosa were 
isolated from symptomatic leaf lesions and upper stem lesion, respectively, indicating the presence 
of spores of both pathogens in this year. This indicated that spore trapping in the field as well as 
observations on the disease development provided useful information in relation to disease 
epidemics in natural field situations.  

In 2011, leaf lesions were first observed in July although the Sporacle Model forecasted that the 
onset of ascopore release was March-April. In this year, OSR plants were sown in April with the 
observed decrease in subsequent temperatures likely to have delayed seedling emergence (end of 
May) and affected plant growth. Consequently, there were no young seedlings available to trap the 
ascospores during the initiation of ascospore release; alternatively, lack of symptoms could have 
been due to the environmental conditions not being conducive for infection. A similar pattern of 
disease development was observed in 2012. Although ascospores were trapped in May, leaf lesions 
typical of L. maculans were not observed on the transplanted seedlings until almost 2 months later, 
on 20th July. As in 2011, OSR was sown at the end of April in 2012, and again slower plant 
growth/emergence may account for the delay in the appearance of leaf lesions in the field. 
Furthermore, seedling emergence in 2012 was very low with limited seedlings available for 
infection until the plots were transplanted with OSR seedlings collected from Darfield in June. A 
study conducted in Poland, found that leaf lesions appeared 1 month after ascospores were first 
detected (Magyar et al., 2006). In the current study in 2012, although ascospore trapping was only 
initiated in May, leaf lesions were first observed 4-6 weeks later. Huang et al. (2003a), reported 
that the germination of L. maculans and L. biglobosa ascospores increased with increasing 
temperature (5-20°C), with the greatest germination at 20°C. This could explain the delay in leaf 
lesion expression in 2011 and 2012 when the mean daily maximum temperature during the period 
from ascospore detection (May) to leaf lesion appearance (July) was less than 15°C (Appendix E.9, 



158 

 

 

10, 11). Another study by Huang et al. (2005) found that the time taken from first ascospore release 
to the expression of initial leaf symptoms was only 1-3 weeks over the study period 1998-2004. 
Magyar et al. (2006) also reported that leaf lesions appeared 12 days after the first observation of 
ascospores in the spore trap. Results from current study found that, in 2013 the leaf lesions were 
observed in the first week of spore trapping, however since the Sporacle Model forecasted the 
initiation of ascospore release from the 25th April to the 25th May, it is highly likely that ascospores 
were released prior to the start of spore trapping in the field. Additionally, in 2013, OSR was sown 
in March, earlier than in the previous two seasons with the temperatures still warm and conducive 
to plant growth, ensuring that young seedlings were available for infection by ascospores 
throughout the date forecasted by the Sporacle Model or the date that ascospores were trapped in 
the field. 

Leaf lesions typical of L. biglobosa, being small light brown lesions with dark margins (Toscano-
Underwood et al., 2001), were observed in the field in all years of study. However, L. biglobosa 
was not isolated from these leaf lesions, with fungi morphologically identified as Alternaria spp. 
and Phoma exigua being isolated instead. These fungal species are known to cause leaf lesion 
symptoms similar to L. biglobosa, making early identification of L. biglobosa infections difficult 
(West et al., 2002a; Vincenot et al., 2008). It is possible that the other faster-growing fungi may 
have masked presence of L. biglobosa since the nested PCR method showed that L. biglobosa 
spores were detected in June and July from the melinex tape used in the Burkard spore sampler. 
Later in the season, L. biglobosa was isolated from typical upper stem cankers which developed on 
a few plants, albeit in lower numbers than lower stem cankers typical of L. maculans. 

The results from visual observation on the symptom development in the field, isolation of the 
causal agent and molecular method verified that both L. maculans and L. biglobosa infected OSR 
under New Zealand conditions. Whilst microscopic analysis of the samples enabled the presence 
and numbers of ascospore characteristic of L. maculans/L. biglobosa to be determined, the 
ascospores of the two species cannot be distinguished by morphology (Kaczmarek et al., 2009). 
However, DNA of both species was detected by nested PCR using species-specific primers (Liu et 
al., 2006). Leptosphaeria maculans and/or L. biglobosa were detected in each of the samples 
tested. Leptosphaeria maculans was detected in the 27 June; 15, 16 and 31 August; and 1 and 3 
September samples, whilst L. biglobosa detected in the 29 and 30 June and 15 July samples. 
Therefore this study indicates that ascospores of both pathogen species are released at the same 
time, in contrast to that of Toscano-Underwood et al. (2003) who reported that in the UK, 
ascospores of L. biglobosa were released in spring, later than those of L. maculans. Although the 
molecular method indicated the presence of L. biglobosa ascospores in June and July of 2012, no 
leaf lesions typical of L. biglobosa were observed until September. Leptosphaeria biglobosa has 
been reported to develop leaf lesions more slowly than L. maculans, with the time taken between 
ascospore release and appearance of leaf lesions reported to be at least 1 month and up to 18 weeks 
in comparison to 1-3 weeks for L. maculans (Huang et al., 2005). Although L. biglobosa isolate 
were not recovered from the leaf lesions, the appearance of the upper stem lesion and positive 
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isolation from the representative upper stem lesion collected in 2011 and 2013 confirmed the 
infection by L. biglobosa.   

Leptosphaeria maculans was found to penetrate the host plant through the leaf lamina to reach the 
petiole 3-6 weeks after leaf lesions were observed in the field. At this stage, the pathogen did not 
express any visible symptoms on petioles, but was isolated from symptomless tissue onto PDA 
with subsequent identification based on colony morphology. Similar results were observed in the 
glasshouse infection studies (Chapter 4) in which L. maculans was found to colonize petiole tissue 
28 days after leaf inoculation and the adjoining stem 56 days after inoculation without expressing 
any symptoms. Hammond & Lewis (1986) described five distinct infection stages leading to stem 
canker development following initiation of leaf lesions in the field. Further, the timing of the early 
phases in the sequence had a major effect on the late phases and the final outcome of the epidemic. 
In the current study, the inoculated pathogen was observed to have moved through the petiole into 
the stem, resulting in the formation of lower stem cankers 12-15 weeks later in 2011 and 2012, 
with a longer period of 26 weeks taken in 2013 from when first leaf lesion symptoms were 
observed. Results reported by Huang et al. (2005) were similar to that observed in 2013, with stem 
cankers being observed 23-28 weeks after the appearance of leaf lesions. Differences in the relative 
susceptibility of the OSR cultivar used in the study of Huang et al. (2005) and this study could 
have affected the result; however this does not account for differences between years in the current 
study as the same OSR cv. Flash was used throughout. The reason for the discrepancy in the 
pathogen development between the seasons may be due to differences in the mean monthly 
temperature during the period in which the pathogen progressed from petiole to stem; the 
temperature for this period in 2013 was slightly lower than in 2011 and 2012 (Appendix E.1, E.2 
and E.3). The delayed rates of pathogen progression in the plant tissue, as found by isolations from 
stem tissue also reflected the rates of disease expression on the stem; the pathogen could be isolated 
7 weeks prior to stem lesions being observed in 2013 compared with 3 weeks for 2011 and 2012. 

No significant differences were observed in incidence of plants with leaf lesions with respect to the 
three different stubble management practices conducted in 2012. Due to the low emergence of the 
ryecorn which acted as a barrier plant in this year, it was likely that ascospores were able to cross-
contaminate adjacent experimental subplots, thereby masking any treatment differences. The 
experimental methods were modified in the repeat experiment in 2013 to overcome the low 
emergence of the barrier plant, with significant differences observed in disease incidence between 
the different stubble management practices. The disease incidence in subplots without any stubble 
management practice (direct drill) was the highest, being 33.3% higher than ploughing and 36.7% 
higher than disking subplots. Ploughing and disking are stubble management practices which 
incorperates the stubble into the soil; this enhances the stubble degradation and consequently 
reduces the inoculum concentration. However, the lower stem canker severity assessments, based 
on the external and internal symptom scores, were not affected by the treatments in the 2013 
growing season. Clearly, development of leaf lesions is not a reliable predictor of stem lesions. 
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This outcome agrees with statements by Salam et al. (2003), who concluded that other factors, 
including environment, influenced disease development. 

Although the pattern of ascospore discharge was only recorded for two seasons, 2012 and 2013, the 
results of this study have provided indicated risk periods for infection under New Zealand 
conditions. Application of the Sporacle Model, the simulation model developed by Salam et al. 
(2003) to predict pseudothecial maturation and hence the onset of ascospore release has indicated 
its potential for forecasting the risk period of ascospore release in the field. It may help with design 
of disease management strategies, but this needs to be further validated for use under New Zealand 
conditions. Furthermore, the evaluation of methods for incorporating stubble into the soil, either by 
disking or ploughing, appeared to have potential for decreasing infection, and so this was further 
investigated in the next chapter (Chapter 6). 
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Chapter 6 
Effects of urea and burial treatment on pseudothecial 

maturation and diversity and function of the associated 
microbial community 

 

6.1 INTRODUCTION 
Studies on OSR indicate that the primary inoculum source of L. maculans/ L. biglobosa is from 
previously infected OSR stubble or crop debris left in the field after harvest (McGee & Petrie, 
1979; Cozijnsen & Howlett, 2003; Khangura, 2004). Pseudothecia containing ascospores are 
produced on the diseased material providing the primary inoculum to infect subsequently planted 
brassica crops. Any method that can increase the degradation of the stubble will reduce the 
carryover of the pathogen into subsequent crops. Tillage has been suggested as an effective method 
of reducing the association between the crop and pathogen and relatively easy for farmers to 
employ (Guo et al., 2005). The effect of different tillage systems on inoculum production and 
disease severity was assessed in the previous chapter (Chapter 5). Incorporation of the stubble into 
the soil through tillage, as well as acting as a physical barrier to ascospore dissemination, is 
reported to aid in the decomposition of the diseased plant residue through the action of soil 
microbial populations (Guo et al., 2005). Soil microbes are known to be important in the 
breakdown of organic material in soil, including stubble. Naseri et al. (2008b) reported that 
survival and inoculum production of L. maculans decreased with increasing burial time in soil and 
this was suggested to be due to soil microbes which act to degrade the plant debris and also inhibit 
the pathogen. However, only the culturable fungal communities associated with the buried stubble 
were determined in this study, and it is unknown how the microbial community changes both in 
diversity but also in function with respect to ability to utilise different carbon compounds and, 
therefore, degrade plant debris in soil. 

Urea has been reported to reduce production of pseudothecia and, therefore, ascospores of a range 
of pathogens. For example, results from laboratory and field experiments showed that urea 
application to grapefruit (Citrus paradise Macfad.) leaves reduced the production of pseudothecia 
and ascospores of the citrus greasy spot disease pathogen (Mycosphaerella citri) but did not affect 
the rate of leaf decomposition (Mondal & Timmer, 2003). Other studies has reported that urea 
application on apple leaves was able to inhibit the pseudothecial formation and ascospore 
production of apple scab disease pathogen, Venturia inaequalis, but there was no indication 
regarding the leaf decomposition rate (Cimanowski et al., 1997; Thakur & Sharma, 1999; Meszka 
& Bielenin, 2002; Lian et al., 2007). Green et al. (2006) showed that application of urea on sour 
cherry leaves at two application rates (2.5% and 5%) reduced the development of the cherry leaf 
spot pathogen, Blumeriella jaapii. They found that the urea application accelerated litter 
decomposition and reduced ascospore production. Similarly, Humpherson-Jones & Burchill (1982) 
reported that urea (5%) sprayed on OSR and turnip stubble reduced pseudothecial formation by 



162 

 

 

over 90%. In contrast, Khangura (2004) reported that application of urea at two concentrations (5% 
and 10%) to L. maculans infected stubble did not inhibit pseudothecial production. However, in 
both studies the stubble were incubated on the soil surface and whether incorporation into soil 
would inhibit pseudothecial production and/or increase stubble degradation through stimulation of 
the soil microbial community was not investigated. 

The aim of this chapter was to determine the effect of burial in combination with urea application 
on pseudothecial maturation of L. maculans/ L. biglobosa on diseased stubble, and to determine 
their effect on the population diversity and catabolic function of the soil microbial community 
associated with the stubble. The diversity of both the fungal and bacterial community was 
determined using PCR-DGGE. The MicroResp™ system which enables the carbon utilisation 
profile of the soil microbial community based on whole soil samples to be determined (Campbell et 
al., 2003) was used. 
 

6.2 MATERIALS AND METHODS 
6.2.1 Effect of urea application and burial treatment on pseudothecial 
maturation. 
To determine the effect of burial and urea application on pseudothecial maturation on OSR stubble, 
an in vitro pot assay with slight modifications to the methods from Naseri et al. (2008b) was 
conducted. 
 

6.2.1.1 In vitro pot assay  
An in vitro pot assay was conducted in 2013 to assess the effects of incubation of infected stubble 
pieces with or without urea treatment and either buried in soil or incubated on the soil surface on 
the maturation of pseudothecia. In January 2013, OSR stubble was collected from a paddock in 
Cave (Pleasant Point, Mid Canterbury) which was infected with L. maculans/L. biglobosa stem 
canker. Stubble with obvious stem canker lesions were collected after the current OSR crop was 
harvested by cutting the remaining stems at ground level. The collected stubble were dried at room 
temperature for five days, the section containing a stem lesion was cut into 10 cm length and stored 
in a paper bag in a cold room (10°C) until used. Four treatments were included; 1) stubble pieces 
treated with 5% urea buried in soil at 10 cm depth; 2) stubble pieces treated with 5% urea and 
placed on the soil surface; 3) non treated stubble pieces buried in soil at 10 cm depth; and 4) non 
treated stubble pieces placed on the soil surface. Five pre-weighed stubble pieces were placed in 
replicate nylon mesh bags (20 cm × 15 cm). For the urea treatment, stubble pieces were sprayed 
with 5% urea one week prior to placing in the mesh bags. 

Field soil from the same experimental plot used in Chapter 5 (Wakanui Silt loam, pH 6.0, full soil 
analysis in Appendix E.5) was collected from the top 10 cm, sieved (2 mm mesh) and dried at room 
temperature overnight before used. For the buried treatment, a layer of soil (3 cm depth) was placed 
at the bottom of plastic pots (6 L size), and one replicate mesh bag containing stubble either treated 
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with urea or untreated were placed flat on the soil surface and covered with soil to a depth of 10 
cm. For the surface treatment, separate pots were filled with 10 cm soil and one replicate mesh bag 
containing either stubble treated with urea or untreated placed on the soil surface. The pots were 
placed in a completely randomised design on plastic mesh trays laid on a gravel floor in a caged 
area at the Lincoln University nursery allowing the trays to be exposed to the natural environment 
to imitate field conditions. The experiment was set up in the last week of February and conducted 
for six months. For each treatment six replicate mesh bags, one from each of six pots were 
randomly harvested after 8 (end of April), 17 (end of June) and 26 weeks (end of August). After 
harvest, the stubble pieces were re-weighed. To assess if the treatments affected the time taken for 
subsequent maturation of the pseudothecia the stubble pieces were incubated to promote 
pseudothecial maturation. The five stubble pieces from each bag were soaked separately in sterile 
distilled water overnight at room temperature after which the stubble pieces were placed on the 
surface of field soil (sourced as previously described, moistened with SDW) placed to a depth of 3 
cm in a plastic container (11 × 17 × 7 cm). Twenty four plastic containers were set up, each 
containing the five stubble pieces from one mesh bag. Each plastic container was then covered with 
a clean plastic bag which had been sprayed with SDW to provide 100% relative humidity. The 
containers were then placed in an incubator at 15°C under 12 h photoperiod (fluorescent NEC T8 
FL20SSBR/18-HG, Japan; black light NEC T5 8W/FL8BL, Japan) in a completely randomised 
design. The maturation of pseudothecia was assessed after two and four weeks of incubation. At 
each assessment time, three containers (each representing a separate mesh bag) for each treatment 
were randomly selected and three stubble pieces randomly selected from each container. From each 
of the three stubble pieces, seven fruiting bodies which were characteristic of L. maculans/L. 
biglobosa pseudothecia (21 fruiting bodies observed per replicate mesh bag) were picked out under 
a dissecting microscope (Nikon, SMZ1000) and placed on a glass slide. In some treatments and 
assessment times seven fruiting bodies were not available from each stubble piece and therefore the 
maximum number available were selected. Two drops of 0.1% Trypan blue (w/v) in lactophenol 
were added onto the glass slide and covered with a long cover slip (22 mm × 50 mm). A gentle 
pressure was applied to crush the fruiting bodies which were then observed under a microscope 
(Olympus, U-TV0.5XC-3, Tokyo, Japan) at 400× magnifications. The presence of ascospores 
(indicating pseudothecium) or conidia (indicating pycnidium) were recorded for each of the seven 
fruiting bodies. The maturation of pseudothecia was assessed using the scale used by Naseri et al. 
(2008b) with slight modification as presented in Table 6.1. 
 
 
 
 
 
 
 



164 

 

 

Table 6.1 Categories of pseudothecial maturation of Leptosphaeria maculans/L. biglobosa on OSR 
stubble based on the stage of development of asci and ascospores in that pseudothecium, modified 
from the table presented in Naseri et al. (2008b).  
 

Pseudothecial 
maturation scale 

Stage of development 

A Immature, empty pseudothecium with no asci and no ascospores 
B Pseudothecium with immature and empty asci 
C Pseudothecium with asci containing less than eight ascospores or eight 

immature ascospores with less than six cells 
D Pseudothecium with asci containing eight fully developed ascospores (six 

cells) 
E Pseudothecium mature, but empty after the discharge of ascospores. 
P1 Pseudothecia absent with only pycnidia containing conidia observed 
O2 Pseudothecia containing ascospores from other fungi (ie. Pleospora 

herbarum) observed 
1 If no pseudothecia were observed on the piece of OSR stem with only pycnidia (P), containing 
conidia, then this was recorded. 
2 If pseudothecia containing ascospores from other fungi were present on the piece of OSR stem 
debris, then this was recorded. 
 
At each harvesting time (8, 17 and 26 weeks), the soil associated with each mesh bag was collected 
and placed in two separated zip-lock bags. One bag was stored at 4°C until used for assessing 
catabolic function of the microbial community using the MicroRespTM system and the other bag 
stored at -80°C until used for microbial community diversity analysis using PCR-DGGE. 

 
6.2.2 Statistical analysis 
Regression analysis with the logit link function in GenStat 14 was used to analyse the binomial 
data for the number/presence of pseudothecia picked out from the stubble, and the proportion of 
mature pseudothecia from the total number of pseudothecia picked out from the stubble. Data for 
stubble weight reduction were statistically analysed using ANOVA by GenStat 14. All means were 
separated using Tukey’s Honest Significant Difference (HSD) test at P≤0.05. 
 

6.2.3 Effect of urea and burial on the soil microbial community diversity 
associated with infected OSR stubble 
The microbial community diversity from the soil samples obtained in Section 6.2.1.1 was 
determined using denaturing gradient gel electrophoresis (DGGE) of PCR-amplified DNA 
fragments. Soil was also collected from the field site in August to determine the microbial 
community in the control soil. 
 

6.2.3.1 Soil DNA extraction 
Microbial DNA was extracted from the soil using the PowerSoil™ DNA isolation kit (Mo Bio, 
Laboratories Inc., Carlsbad, CA) following the manufacturer’s procedure. 
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6.2.3.2 PCR amplification for bacterial and fungi 
For bacteria, DNA extracts from the soil were amplified using primer 357 F GC (5’-Gcclamp-CCT 
ACG GGA GGC AGC AG-3’) and primer 518 R (5’- ATT ACC GCG GCT GCT GG-3’). 
Amplification of the DNA extract was performed in a 25 µL final volume which contained 1 × 
PCR buffer (Roche Diagnostics, Basel, Switzerland), 200 µM of each dNTP, 5 pmol of each of the 
primers, 1 U of FastStart Taq DNA polymerase (Roche Diagnostics, Basel, Switzerland) and 20-25 
ng/µL DNA. SNW was used as a negative control instead of DNA template and also included in 
every PCR. Samples were briefly vortexed and centrifuged at 3 220 g for approximately 5 s before 
placing into the PCR machine (Applied Biosystem Veriti, 96 Wells Thermo Cycler). The PCR 
temperature regimes used was, 95°C for 3 min of denaturation period, followed by 35 cycles of 
94°C for 1 min, 55°C for 1 min and 72°C for 1 min, followed by an additional extension period of 
72°C for 7 min. The PCR product was cooled down to 4°C. The amplification was then verified 
using 1% agarose and visualised using UV light as described in Section 2.2.6.5 (Chapter 2). 

For fungi, a nested PCR was used whereby the DNA extract was first amplified using primers AU2 
(5’-TTT CGA TGG TAG GAT AGD GG-3’) and AU4 (5’-RTC TCA CTA AGC CAT TC-3’). 
Amplification of the DNA extract was performed in a 25 µL final volume as described above. The 
PCR temperature regimes used was, 95°C for 3 min of denaturation period, followed by 35 cycles 
of 94°C for 1 min, 50°C for 1 min and 72°C for 1 min, followed by an additional primer-extension 
period of 72°C for 7 min. After the first amplification, PCR products were diluted to 1:10 with 
SNW. For the second amplification, 1 µL of the diluted PCR product was used as a template and 
amplification performed as described above but using primers FF-390 (5’-CGA TAA CGA ACG 
AGA CCT-3’) and FRI-GC (5’-Gcclamp-GCA CGG GCC GAI CCA TTC AAT CGG TAI T-3’). 
PCR was done by initial denaturation at 95°C for 3 min, followed by 8 cycles of denaturation at 
95°C for 30 s, annealing at 55°C for 30 s (touchdown 1°C per cycle), extension at 72°C for 1 min, 
and followed by 27 cycles of denaturation at 95°C for 30 s, annealing at 47°C for 30 s, extension at 
72°C for 1 min and with final extension at 72°C for 7.5 min. The PCR products were then verified 
using 1% agarose and visualised using UV light as describe in Section 2.2.6.5 (Chapter 2). 
 

6.2.3.3 DGGE  
DGGE was done in a Cipher DGGE Electrophoresis System (CBS Scientific) that was assembled 
according to the manufacturer’s instructions. For separation of amplification products generated 
using the bacteria specific primer set an 8% polyacrylamide gel (37.5:1 ratio of acrylamide to 
bisacrylamide) was prepared with a denaturing gradient of 45-65% in 1 × TAE (Appendix A.6). 
The denaturing gradient was prepared using urea and formamide as the denaturants. The gel was 
poured into a casting frame with Gelbond™ (Serva Electrophoresis GmbH) as a backing. The 
acrylamide mix was polymerised using 70 µL of 10% ammonium persulfate (APS; Appendix A.7) 
and 12 µL of tetramethylenediamine (TEMED) as catalysts. A stacking gel was prepared by 
pouring 5 mL of 8% polyacrylamide with 0% denaturant onto the top of the gradient gel. The gel 
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was loaded with 10 µL of PCR product combined with DGGE loading dye at a 1:1 ratio. The gel 
was run for 16 h at 90 V and 60°C in 1 × TAE. 

For amplification products generated using primers specific for fungi, a 25-55% gel gradient was 
used. The gel was silver stained as follows. The gel was fixed for three minutes in Cairn’s 1 × 
fixation solution (Appendix A.9), stained for 10 minutes in silver stain (Appendix A.10), rinsed in 
water for 2 minutes and then developed for 40 min or until the bands were clearly seen on the gel. 
The developer was discarded and the gel was placed in fixer for 5 min. For preservation, the gel 
was soaked in Cairn’s preservation solution (Appendix A.12) for 7 min (Muyzer & Smalla, 1998) 
and then dried for overnight at 60°C. 
 

6.2.3.4 Data Analysis 
Analysis of bacterial and fungal community was performed using the software package Phoretix 
1D Pro Gel Analysis (Totallab, UK) following the instructions of the provider. The results of 
matching across many gels were presented as a dendrogram that show all the band and lane 
similarities. The species richness of microbial community in different assessment times were 
analysed using ANOVA by GenStat 14. All means were separated using Tukey’s Honest 
Significant Difference (HSD) test at P≤0.05. 

 
6.2.4 Effect of urea and burial on the soil microbial function associated with 
the infected OSR stubble 
The microbial community in the soil associated with the infected OSR stubble is likely to be 
affected by the different treatments. The effect of these treatments on the microbial diversity 
assessed using PCR-DGGE and the carbon utilisation profile using the MicroRespTM system was 
assessed. 
 

6.2.4.1 Catabolic function of the soil microbial community 
The MicroRespTM system was used to assess the carbon utilisation profiles of the soil microbial 
community associated with the infected OSR stubble for the different soil treatments. A 
modification of the method described by Campbell et al. (2003) was used whereby deep well 
microtitre plates with a volume of 1.2 mL (Thermo LifeScience, Basingstoke, United Kingdom) 
were filled with soil and aqueous carbon sources sealed to a colorimetric carbon dioxide (CO2) 
trap. 
 

6.2.4.2 Soil water content 
The water content of a representative sample of the soil used in this experiment was determined. 
Soil was sieved to 2 mm on collection and stored at ‘field fresh’ moisture content in clean zip-lock 
bags at 4°C until used. The gravimetric water content (GWC) was assessed to enable calculation of 
the optimum percent moisture with the target range for use in the MicroRespTM system being 20-
40% moisture (Dr Steve Wakelin, AgResearch, pers. comm., 2013). A pre-weighed crucible was 
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filled with soil reweighed to enable the weight of field moist soil to be determined. The crucibles 
containing the soil were then dried for 24 h at 110°C after which they were reweighed. The GWC 
was determined using the below equation:- 
 

% moisture = (g field moist soil) – (g dry soil) × 100 
(g field moist soil) 

 

6.2.4.3 Optimum soil moisture 
To ensure adequate soil moisture for microbial processes, the optimum soil moisture was 
determined. The soil was initially adjusted to approximately <40% GWC. Empty 96 deep well 
microtitre plates with a volume of 1.2 mL (Thermo LifeScience, Basingstoke, United Kingdom) 
were weighted. The soil sample was loaded into the wells (0.45 g per well) of the 96 well plate 
using the ‘MicroResp loading device’ after which the microtitre plate with soil was reweighed. A 
30 µL aliquot of glucose solution (0.33 M) was added to each well and an increasing amount of 
water added to the wells in each row, that is, 0 µL added to row A and 20 µL, 40 µL, 60 µL, 80 µL, 
100 µL, 120 µL and 140 µL added to the soil samples in each subsequent row (B-H), respectively. 
The microtitre plates were sealed to a CO2 trap plate for assessing CO2 emission using a double 
sided silicone rubber seal gasket with interconnecting holes between the corresponding wells and 
incubated at 25°C for 4-5 h.  

To prepare the colorimetric CO2 traps, 150 L of warm (50°C) 1% Noble agar (Difco, Becton, 
Dickinson and Co) containing cresol red (12.5 ppm wt/wt) and potassium chloride (150 mM) and 
sodium bicarbonate (2.5 mM) was used to fill each well of shallow well microtitre plates 
(Campbell et al., 2003). Prior to use, the CO2 trap plates were placed in a desiccator and kept in the 
dark to prevent the absorbance of CO2. Immediately prior to sealing to the soil microplate, the 
absorbance of the colorimetric gel trap plate was measured at 590 nm (Thermo Scientific, 
Multiskan Go spectrophotometer) and then following incubation of the MicroResp™ plates for 4 h 
at 25°C. The difference in absorbance at 590 nm (A590) initially and after incubation was calculated 
and the optimum soil moisture was determined by plotting the change in absorbance against total 
moisture added, with the optimum moisture determined as being 100 µL/well. 
 

6.2.4.4 Catabolic function of the microbial community assessment 
To determine the carbon utilisation profiles (CUP’s) for the different soil treatments, deep well 
microtitre plates were filled with 0.45 g of sieved soil from each of the treatments. Six soil 
replicates were used for each treatment and assessment time (April, June and August). Plates were 
pre-incubated for 7 days at 20°C to ensure available carbon in each soil was utilised, priming each 
soil for reception of carbon compounds. The response to 22 carbon sources, including eight sugars 
(L arabinose, D-fructose, D-galactose, D-glucose, D-xylose, maltose, sucrose and raffinose) at 30 
mg/mL soil water, six amino acids (L-proline, glycine, L-alanine, L-serine, arginine, and tyrosine) 
at 15 mg/mL soil water, the amino acid (cysteine) at 7.5 mg/mL soil water, three organic acids 
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(citric, glycolic ,and tartaric acids) at 30 mg/mL soil water, triton-X 100, glycerol, urea and D-(+) 
glucosamine hydrochloride all at 30 mg/mL soil water was measured. The C sources were pipetted 
into relevant wells in a total of 100 µL of water, this providing optimising soil moisture as 
determined (Section 6.2.3.3). Two water-only controls were included. The microtitre plates were 
sealed to a CO2 trap using a double sided rubber seal and incubated at 25°C as described in Section 
6.2.3.3. Immediately prior to sealing the absorbance of the CO2 trap was measured at 590 nm and 
following 4 h incubation. 
 

6.2.4.5 Analysis 
Change in absorbance for MicroResp™ data were calculated for each C source across all soils.  
Data were normalised since not all C sources were used at the same rate. A resemblance matrix was 
created on normalised data using Euclidean distances. Permutational multivariate analysis of 
variation (PERMANOVA) analysis was used to identify significant differences between the soil 
treatments and assessment times according to catabolic function. Ordination by non-metric 
multidimensional scaling (MDS) was used to present the distances (similarity) in patterns of CUP’s 
among samples (Clarke, 1993). Pearson correlation test was used to determine the contribution of 
individual C-substrates towards distances between samples for each of the carbon sources. Bubble-
plots of three C-substrates (tyrosine, cysteine and triton x-100), selected because they had the 
highest contribution in differentiating the catabolic function between buried and non-buried soil 
treatments in the April assessment, were superimposed onto MDS plots. Data was analysed using 
PRIMER version 6 (Primer-E Ltd, Plymouth, UK). 
 

6.3 RESULTS 
6.3.1 Effect of urea application and burial treatment on pseudothecial 
maturation. 
6.3.1.1 Stubble weight  
The effects of urea treatments and incubation period, the interaction between assessment time and 
urea treatments, between stubble position (burial/surface) and urea treatment, and between 
incubation period, stubble position and urea treatment on the percentage reduction in OSR stubble 
weight are summarized in Table 6.2 (Appendix C.5.1). There was a significant interaction 
(P=0.045) between stubble position and urea treatment on the percentage reduction in stubble 
weight  with the reduction in weight of stubble placed on the soil surface with or without urea (26.8 
% and 26.1%, respectively) being lower compared to stubble buried at 10 soil depth with or 
without urea (38.7% and 41.4%, respectively). There was a significant interaction (P=0.030) 
between assessment time, stubble position and urea treatment on the percentage reduction in 
stubble weight. The percentage reduction in weight of the stubble placed on the soil surface with or 
without urea (17.7% and 17.9%, respectively) assessed in April was the lowest and significantly 
different from the remaining treatments and assessment times. The percentage reduction in weight 
of the stubble buried treated without urea (55.7%) assessed in August was the highest and 
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significantly different from the other treatments at all assessment times. There was a significant 
effect (P<0.001) of assessment time on the percentage reduction in stubble weight. The greatest 
reduction in stubble weight was in August (26 weeks of incubation; 41.5 %) which was 
significantly different from June (17 weeks of incubation; 35.0%) and April (8 weeks of 
incubation; 23.2%), with April being significantly lower than for the June assessment. There was 
no significant effect (P=0.234) of urea treatment on the percentage reduction in stubble weight with 
32.7% and 33.8% reduction in weight of stubble treated with urea and without urea, respectively. 
There was no significant interaction (P=0.066) between assessment times and urea treatment on the 
percentage reduction in stubble weight with the percentage reduction ranging from 23.0 to 43.4%.  

The effects of stubble position, and interaction between assessment time and stubble position on 
the percentage reduction in OSR stubble weight are summarized in Figure 6.1 (Appendix C.5.1). 
There was a significant interaction (P<0.001) between assessment time and stubble position on the 
percentage reduction in stubble weight. The percentage reduction in weight of stubble placed on 
the soil surface assessed in April (17.8%) was the lowest and significantly different from the other 
treatments and assessment times. The highest percentage reduction was for stubble buried in soil 
assessed in August (51.5%) which was significantly higher than either buried or surface incubated 
stubble at all other assessment times. There was a significant effect (P<0.001) of stubble position 
on the percentage reduction in stubble weight. The highest percentage reduction in stubble weight 
was observed for stubble buried in soil (40.1%) in comparison to stubble placed on the soil surface 
(26.4%).  
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Table 6.2 Mean percentage (%) reduction in weight of OSR stubble treated with or without 5% urea, placed either on the soil surface or buried at 10 cm soil 
depth, and harvested at three different assessment times (weeks after incubation).  
 

Incubation periods Treatments Mean3 
Urea Mean2 Non-urea Mean2 

Surface1 Burial1 Surface1 Burial1 
April (8 weeks) 17.7 a 29.4 b 23.5 17.9 a 28.0 b 23.0 23.2 x 
June (17 weeks) 30.6 b 39.6 c 35.1 29.2 b 40.7 cd 34.9 35.0 y 

August (26 weeks) 31.9 b 47.2 d 39.6 31.1 b 55.7 e 43.4 41.5 z 
Mean4 26.8 A 38.7 B  26.1 A 41.4 B   
Mean5 32.7  33.8   

*Means within the rows or columns followed by the same letters are not significantly different according to Tukey’s test at P=0.05. 
1 Comparisons across interactions between all effects; assessment time x urea treatment x stubble position (a-d) were significantly different (P=0.030). 
2 Comparisons across interactions between assessment time and urea treatment were not significantly different (P=0.066). 
3 Comparison across effects of assessment time (x-z) were significantly different (P<0.001). 
4 Comparison across interaction between stubble position and urea treatment (A-B) were significantly different (P=0.045). 
5 Comparison across effects of urea treatment were not significantly different (P=0.234). 
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Figure 6.1 Mean percentage (%) reduction in weight of OSR stubble incubated on the soil surface 
or buried at 10 cm soil depth across both urea treatments (with or without 5% urea) and assessed 
after three different times (weeks). Means for assessment time across stubble position with the 
same lower case letters were not significantly different at P<0.05, and means stubble position 
across all assessment times with the different upper case letters were significantly different at 
P<0.05 according to Tukey’s test.  
 

6.3.1.2 Pseudothecium maturation and survival 
At each assessment time, in addition to pseudothecia and pycnidia of Leptosphaeria species, 
pseudothecia of Pleospora species (Marlene Jaspers, pers. comm., 2013) were also observed. 
However, the number of pseudothecia of Pleospora species was very low, being less than 0.002% 
of the assessed fruiting bodies.  

The mean number of Leptosphaeria species pseudothecia (out of a maximum of 21 for each 
replicate mesh bag) picked out from the OSR stubble harvested in April (8 weeks after treatment) 
are summarized in Table 6.3 (Appendix C.5.2). There was an interaction (P=0.039) between urea 
treatment and incubation period with the mean number of pseudothecia ranging from 15 to 18. 
There was a significant interaction (P=0.013) between stubble position and incubation period with 
the mean number of pseudothecia from surface treatments after 2 and 4 weeks incubation being 21, 
and significantly higher than for buried treatments after 2 and 4 weeks incubation (9 and 11, 
respectively). At this assessment, there was a significant effect (P<0.001) of the urea treatment on 
the number of pseudothecia picked out from the stubble. The mean number of pseudothecia picked 
out from the stubble treated with 5% urea was 15 while without urea was 17. There was a 
significant effect (P=0.028) of incubation periods on the mean number of pseudothecia picked out 
from the stubble. The mean number of pseudothecia picked out from the stubble after 2 weeks of 
incubation was 16 while after 4 weeks of incubation was 17. There was a significant effect 
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(P<0.001) of stubble position on the mean number of pseudothecia picked out from the stubble. 
The mean number of pseudothecia picked out from the stubble buried in soil was 10 while stubble 
on the surface was 21. There were no significant interactions (P=0.059) between stubble position 
and urea treatments with the mean number of pseudothecia ranging from 7 to 21. There was no 
significant interaction (P=0.972) between stubble position, incubation period and urea treatment 
with the mean number of pseudothecia ranging from 6 to 21.  

The mean proportion of pseudothecia which were classified as mature (stages D and E; Table 6.1) 
after two different incubation times are summarized in Table 6.4 (Appendix C.5.3). Figure 6.2 
showed the representative pseudothecia maturity stages, stage B and D. There was a significant 
interaction (P=0.010) between urea treatments and incubation periods with the proportion of 
mature pseudothecia ranging from 0.23 to 0.78. At the April assessment, there was a significant 
effect (P=0.010) of urea treatment on the proportion of mature pseudothecia. The mean proportion 
of mature pseudothecia from the stubble treated with 5% urea was 0.49 while from the stubble 
without urea treatment was 0.52. There was a significant effect (P<0.001) of incubation period on 
the proportion of mature pseudothecia. The mean proportion of mature pseudothecia from the 
stubble after 2 weeks of incubation was 0.30 while after 4 weeks of incubation was 0.74. There was 
a significant effect (P<0.001) of stubble position on the proportion of mature pseudothecia. The 
mean proportion of mature pseudothecia from the buried stubble was 0.32 while from surface-
placed stubble was 0.63. There was no significant interaction (P=0.227) between stubble position 
and incubation period with the proportion of mature pseudothecia ranging from 0.09 to 0.81. There 
were no significant interactions (P=0.349) between stubble position and urea treatments with the 
proportion of mature pseudothecia ranging from 0.29 to 0.69. There was no significant interaction 
between stubble position, incubation period and urea treatment (P=0.970) with the proportion of 
mature pseudothecia ranging from 0.06 to 0.82. 

Pycnidia of Leptosphaeria species was observed on the stubble but only at low frequency (0.08%). 
No pycnidia were observed on either stubble incubated on the soil surface without urea treatment 
after both incubation periods or stubble on the soil surface treated with urea surface treatment after 
4 weeks incubation. Means presented are based on the total number of pseudothecia picked out 
from the stubble (7 pseudothecia from each of three stubble pieces) for each of six replicates for 
each treatment. 
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Table 6.3 Effect of treatment with urea and incubation on the surface or buried in soil on the 
number of pseudothecia of Leptosphaeria maculans/ L. biglobosa picked out from three OSR 
stubble pieces per treatment harvested in April (8 weeks after treatment) assessed after 2 or 4 
weeks incubation at 15°C under 12 h photoperiod (fluorescent NEC T8 FL20SSBR/18-HG, Japan; 
black light NEC T5 8W/FL8BL, Japan). Means presented are based on the total number of 21 
pseudothecia (7 pseudothecia from each of three stubble pieces) for each of six replicates for each 
treatment. 
 

Incubation 
periods 

Treatments Mean3 
Urea Mean2 Non-urea Mean2 

Surface1 Burial1 Surface1 Burial1 
2 weeks 20±0.52 7±3.33 15±2.43 21±0.00 10±1.86 16±1.84 16±1.48 
4 weeks 21±0.00 6±3.84 16±2.69 21±0.00 14±0.48 18±1.12 17±1.38 
Mean4 21±0.29 7±2.30  21±0.00 12±1.21   
Mean5 15±1.76  17±1.10   

1 Mean across interactions between incubation periods, urea treatment and stubble position.  
2 Mean across interactions between incubation periods and urea treatment.  
3 Mean across effects of incubation periods.  
4 Mean across interaction between urea treatment and stubble position. 
5 Mean across effects of urea treatment.   
 
Table 6.4 Effect of treatment with urea and incubation on the surface or buried in soil on 
proportion of pseudothecia of Leptosphaeria maculans/ L. biglobosa harvested in April (8 weeks 
after treatment), classified as mature (stages D and E) and assessed after 2 or 4 weeks incubation at 
15°C under 12 h photoperiod (fluorescent NEC T8 FL20SSBR/18-HG, Japan; black light NEC T5 
8W/FL8BL, Japan). Means presented are based on the total number of pseudothecia picked out 
from the stubble (7 pseudothecia from each of three stubble pieces) for each of six replicates for 
each treatment. 
 
Incubation 

periods 
Treatments Mean3 

Urea Mean2 Non-urea Mean2 
Surface1 Burial1 Surface1 Burial1 

2 weeks 0.33±0.12 0.06±0.05 0.23±0.08 0.57±0.04 0.11±0.05 0.36±0.08 0.30±0.06 
4 weeks 0.82±0.04 0.72±0.15 0.79±0.05 0.81±0.05 0.52±0.11 0.70±0.07 0.74±0.04 
Mean4 0.58±0.09 0.35± 0.15  0.69±0.05 0.29±0.09   
Mean5 0.49± 0.08  0.52±0.06   

1 Mean across interactions between incubation periods, urea treatment and stubble position.  
2 Mean across interactions between incubation periods and urea treatment.  
3 Mean across effects of incubation periods.  
4 Mean across interaction between urea treatment and stubble position. 
5 Mean across effects of urea treatment.   
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the field control soil from the August assessments. Within each of the assessment times, the 
bacterial communities in the different urea treatments clustered together.   
 
The PERMANOVA analysis for the bacterial community in the soil samples from the different 
treatments and assessment times is summarized in Table 6.5. The result showed there was a 
significant interaction (P<0.001) between incubation period and soil depth, between incubation 
periods and urea treatment, between soil depth and urea treatment, and between incubation periods, 
soil depth and urea treatment. There was a significant effect (P<0.001) of incubation period, 
stubble position and urea treatment on the bacterial community profile. Species richness analysis 
also showed that there was a significant effect (P<0.001; Appendix C.5.6) of assessment time on 
the bacterial species richness observed in this study. The highest species richness for the bacterial 
community was in April (54.83) and decreased over the assessment time, being 48.33 and 45.92, 
respectively in June and August. 
 
Table 6.5 Permutational MANOVA analysis of the bacterial diversity in the soil associated with 
OSR stubble treated with or without 5% urea and either buried in soil or incubated on the soil 
surface, and assessed in April, June and August. 
 
Source P (Perm.) Sq. root (C. V) 
Date1 0.0001 33.797 
Stubble position2 0.0001 12.481 
Urea3 0.0001 15.031 
Date*Stubble position 0.0001 18.488 
Date*Urea 0.0001 23.672 
Stubble position*Urea 0.0005 16.121 
Date*Stubble position*Urea 0.0001 24.730 
1 Assessments conducted in April, June and August 
2 Stubble was placed either on soil surface or buried in soil (10 cm) 
3 Stubble either treated with or without 5% urea 
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6.3.2.2 Fungal community 
The fungal community profile from the soil associated with the different OSR stubble treatments in 
the in vitro pot assay is summarized in Figure 6.4. A similar profile to that observed for the 
bacterial community structure between treatments was observed for the fungal community. The 
fungal communities can be separated into two major branches, group I and group II. The first group 
separated the fungal community in control field soil from the fungal communities in the other 
treatments at all assessment times. In the second group, a sub-branch separated the fungal 
communities from the April assessment from the June and August assessments which were more 
similar to each other. As seen with the bacterial communities, the fungal communities for each 
assessment time clustered together and within each of the assessment time the communities in the 
different urea treatments clustering together.   

The PERMANOVA analysis for the fungal community in the soil samples from the different 
treatments and assessment times is summarized in Table 6.5. The result showed there was a 
significant interaction between incubation period and soil depth (P=0.0001), between incubation 
period and urea treatment (P=0.0001), between soil depth and urea treatment (P=0.0283), and 
between incubation periods, soil depth and urea treatment (P=0.0002). There was a significant 
effect (P<0.02) of incubation period, soil depth and urea treatment on the fungal community 
profile. Species richness analysis also showed that there was a significant effect (P=0.027; 
Appendix C.5.5) of assessment time on the fungal species richness observed in this study. The 
highest species richness for the fungal community was in August (41.50) with lower species 
richness observed in June (37.42) and April (39.17).  
 
Table 6.6 Permutational MANOVA analysis of the fungal diversity in the soil associated with the 
OSR stubble treated with or without 5% urea and either buried in soil or incubated on the soil 
surface, and assessed in April, June and August. 
 
Source P (Perm.) Sq. root (C. V) 
Date1 0.0001 28.603 
Stubble position2 0.0129 8.311 
Urea3 0.0002 12.378 
Date*Stubble position 0.0001 17.714 
Date*Urea 0.0001 17.446 
Stubble position*Urea 0.0283 10.058 
Date*Stubble position*Urea 0.0002 26.262 
1 Assessment conducted in April, June and August 
2 Stubble was placed either on soil surface or buried in soil (10 cm) 
3 Stubble either treated with or without 5% urea 
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observed in the April assessment (P=0.005) as seen in Figure 6.6A. For the June and August 
assessments, CUPs did not significantly vary (P=0.141 and P=0.616, respectively) (Figures 6.6B 
and C). Overall results showed that there was a significant effect (P<0.01) of assessment time and 
stubble position on the CUP’s of the soil microbial communities best visualised with differences 
between the assessment times April, June and August (Figure 6.5A). A separation between the 
CUPs of the microbial communities associated with the buried and surface-placed stubble was also 
indicated in Figure 6.5B; however, this is secondary to the time effect. There was no significant 
effect (P=0.993) of urea application on the microbial catabolic function, with the CUPs of the 
microbial communities associated with or without 5% urea treatments being similar (Figure 6.5C). 
There was no significant interaction between assessment date and urea treatment (P=0.606), 
stubble position and urea treatment (P=0.702), or between assessment time, stubble position and 
urea treatment (P=0.713). Pearson correlation test analysis (Appendix C.5.5) showed that most of 
the carbon sources had a strong contribution to the difference in the microbial catabolic function 
associated with the buried and surface-incubated stubble in April. Figure 6.9 illustrates the 
differences in the catabolic utilisation of three carbon sources (triton x-100, tyrosine and cysteine) 
with highest contribution to the differences in the microbial catabolic function between buried and 
surface incubated stubble determined for the April assessment. 
 
Table 6.7 Permutational MANOVA analysis table for the carbon utilisation profile of the soil 
microbial communities associated with stubble treated or not with urea and either buried in soil or 
incubated on the soil surface at three assessment times in an in vitro pot assay assessed using the 
MicroRespTM system. 
 
Source P (Perm.) Sq. root (C. V) 
Overall result   
Date1 0.001 1.4785 
Stubble position2 0.005 1.2813 
Urea3 0.993 -0.6561 
Date*Stubble position 0.002 1.8983 
Date*Urea 0.606 -0.5187 
Stubble position*Urea 0.702 -0.6501 
Date*Stubble position*Urea 0.713 -0.9541 
Pair-wise test for each 
assessment time 

  

April, June 0.011  
April, August 0.002  
June, August 0.009  
Pair-wise test for effect of 
stubble position at each 
assessment time 

  

April 0.005  
June 0.141  
August 0.616  
1 Assessments conducted in April, June and August 
2 Stubble was placed either on the soil surface or buried in soil (10 cm) 
3 Stubble either treated with or without 5% urea. 
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the current study and those of Turkington et al. (2000) maybe due to the differences in time period 
between each assessment and the total incubation period, whereby in the current study the 
assessments were every ~2 months for a total of 6 months, whilst in the study of Turkington et al. 
(2000) assessments were carried out every ~3-5 months over 15 months. Further, whilst the current 
study was conducted in pots containing soil that was not replanted, Turkington et al. (2000) placed 
their crop debris in a field site which was replanted in barley followed by peas and this may have 
influenced the degradation of the crop debris. Another possible reason could be in the method used 
to determine residue weight whereby the stubble was weighed after air drying at room temperature 
and storage for 1 month at 4°C in Turkington et al. (2000), whereby stubble weight was determined 
immediately after harvest in the current study. Despite using the same methods the reduction in 
weight of buried stubble in current study was also greater than that reported by Naseri et al. 
(2008b) with less than 20% reduction in the first four months and 34% after six months compared 
with over 25% and 50% after 2 and 6 months, respectively in the current study. The decomposition 
of organic material is known to be dependent on the residue quality and also the interaction with 
the microbial community within that microhabitat. Dilly et al. (2004) reported that 30% of wheat 
straw and 80% of rye straw had decomposed after 6 months, with differences in the microbial 
communities associated with the two crop debris types. Differences in environmental factors such 
as soil moisture and temperature between the studies are likely to be one of the main drivers for 
decomposition of crop debris (Lupwayi et al., 2004). Differences between the OSR cultivar used 
for stubble in the studies (current study used OSR cv. Flash) whereas Naseri et al. (2008b) study 
used stubble from mixture of OSR cultivars could also account for variation in the rate of 
decomposition. 

Urea did not have any effect on the reduction in stubble weight at any of the assessment times. 
Similarly, Turkington et al. (2000) also reported that urea treatment had no effect on residue weight 
when applied at a lower rate (2%) to surface incubated stubble. In a recent study on the effects of 
addition of different N sources on the litter decomposition in legume and non-legumes forest, urea 
addition was shown to significantly accelerate litter decomposition rates of non-legume forest 
leaves (Lv et al., 2013). In the Lv et al. (2013) study, two forest soil types were used while in the 
current study, the soil was obtained from an OSR experimental plot and may explain the 
differences observed between the studies. Most forest ecosystems are N limited, thus addition of 
external N are believed to induce a positive priming effect on the activities of microbial community 
which has been reported to be the most pronounced in soils characterized by low nutrient 
availability, especially N (Craine et al., 2007; LeBauer & Treseder, 2008). The availability of N in 
the soil used in current study maybe sufficient for microbial degradation processes since it was 
obtained from an experimental agricultural plot.  

Pseudothecia of L. maculans/L. biglobosa are sometimes difficult to identify, as they can be 
confused with pycnidia of their own species or pseudothecia of other fungi (Lo-Pelzer et al., 
2009b). In this study, both pycnidia and pseudothecia of L. maculans/L. biglobosa were observed 
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on the stubble as well as pseudothecia from other dothideomycetes fungi such as Pleospora spp. 
Although Pleospora herbarum pseudothecia were only found at a very low frequency, it has been 
previously reported that pseudothecia of Pleospora herbarum are commonly found on brassica 
stubble (Smith & Sutton, 1964). In the present study, squashing of the fruiting bodies allowed 
pycnidia and pseudothecia to be distinguished based on the presence of either conidia or 
ascospores. However, it was not possible to distinguish between L. maculans and L. biglobosa. 

Pseudothecial production on the stubble recovered in April was lower on the buried stubble across 
both urea treatments compared to on stubble placed on the soil surface for both urea treatments 
indicating an inhibitory effect of incorporation of the stubble into soil on pseudothecial 
development. The survival of these pathogens between seasons is known to be closely dependent 
on the availability of host crop residues. For instance, in a country which has mild and wet weather 
such as in the UK, the OSR residue on the soil surface completely decomposed within 2 years 
restricting the production of pathogen spores (West et al., 1999; Huang et al., 2003). However, in 
Canada, L. maculans pseudothecia may survive on OSR stubble for up to 7 years after harvest with 
inoculum being produced throughout this period (Petrie, 1995). The reduction in pseudothecial 
recovery in the burial treatment is consistent with the reduction in  stubble weight observed for this 
treatment showed that burial increases the decomposition of the stubble and hence reduces L. 
maculans/L. biglobosa survival and inoculum production. 

At the first assessment time (April), urea application in combination with stubble burial reduced the 
production of pseudothecia on the stubble. Additionally, whilst for the other treatment 
combinations increasing the incubation of the harvested stubble pieces from 2 to 4 weeks increased 
the frequency of pseudothecia found on the stubble, no such increase was observed for the burial 
and urea treatment combination. However, although lower numbers of pseudothecia were produced 
for the two burial treatments, increasing the incubation time from 2 to 4 weeks increased the 
proportion of mature pseudothecia with over 50 and 70% of the pseudothecia produced 
subsequently reaching the mature stage for the burial and burial and urea treatment, respectively. In 
the second (June) and last (August) assessments, the burial and urea treatment combination 
completely inhibited pseudothecial production on the stubble. Urea application (5%) to OSR 
stubble was shown by Humpherson‐Jones & Burchill (1982) to reduce ascospore production by L. 
maculans by more than 97%. Similarly, Petrie (1995) reported that urea application suppressed 
ascospore production when applied prior to pseudothecial formation, but was ineffective when 
applied to stubble where pseudothecial formation had been initiated. Khangura (2004) however, 
reported that application of 5-10% urea was not effective in reducing the ascospore production on 
OSR residue. In all these studies, urea treated stubble was subsequently incubated on the soil 
surface. In contrast in the current study, urea had no effect on pseudothecial production and 
subsequent maturation on surface stubble, only having an effect on stubble incorporated into the 
soil. This is the first study to show that urea in combination with soil incorporation can reduce L. 
maculans/L.biglobosa pseudothecial production after 2 months incubation. Whether lower urea 
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application rates would also be effective would be worth investigating. The difference in the 
effectiveness of 5% urea to inhibit L. maculans/L.biglobosa pseudothecial production on surface 
stubble found in this study and others may be related to variation in climatic conditions such as 
rainfall and temperature. For Venturia inaequalis, urea application has been shown to reduce 
pseudothecial and ascospore production from infected leaves, with this being partly attributed to 
increased decomposition of the leaves by microorganisms (Burchill, 1968; Crosse et al., 1968; 
Miller et al., 1986). This was not seen in the present study. A more direct effect of urea on 
pseudothecial production was suggested by Crosse et al. (1968) whereby the increase in pH 
associated with the degradation of urea was suggested to stimulate fluorescent Pseudomonas and 
other urease producing organisms which directly inhibited pseudothecial production. In the current 
study, at each assessment time both the fungi and bacteria community structure associated with the 
urea applications clustered although the overriding difference was between assessment times. 
Another possible explanation is that urea was directly toxic to L. maculans/L. biglobosa as was 
indicated for V. inaequalis by Ross & Burchill (1986) and for the citrus greasy spot pathogen, 
Mycosphaerella citri (Mondal & Timmer, 2003). 

In June all the pseudothecia produced on the stubble placed on the soil surface matured after 2 
weeks incubation while in August all the fruiting bodies observed were already degraded indicating 
that all the ascospores had been released from the pseudothecia. The results were consistent across 
this experiment and the field experiment (Chapter 5) whereby ascospores were detected throughout 
May and August, and no more ascospores detected beyond that periods. Differences in 
environmental conditions between the field and the protected gravel area where the pot assay was 
conducted, as well as the influence of a subsequently planted OSR crop in the field experiment 
could have influenced both pseudothecial production and subsequent maturation explaining minor 
variations seen between the field and pot experiments.  

Catabolic function of the soil microbial community associated with the stubble pieces was only 
affected by stubble position and assessment time. At the April assessment, the difference was due 
to higher utilisation of the majority of the carbon sources (Appendix C.5.4) by the microbial 
community associated with the buried stubble compared with the surface-stubble. The microbial 
population at the soil surface would experience a wider variation (both daily and seasonally) in soil 
temperatures and soil moisture than soils found at greater depths (Brady & Weil, 2002), which in 
turn would influence the soil microbial community composition and activity (Kieft et al., 1993; 
Zogg et al., 1997; Lundquist et al., 1999; Schimel et al., 1999). At the later assessment this 
difference was lost, with microbial utilisation of the carbon sources being similar between the 
stubble placement treatments. Further the carbon utilisation profile differed between the microbial 
communities at each assessment time. This may be associated with a seasonal effect on the 
microbial community, but is more likely to be a result of a change in the microbial community 
structure associated with the degrading stubble. From the DGGE gels, a change in both the 
bacterial and fungal community structures was observed over the assessment period, suggesting a 
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succession in the microbial community. Although the microbial community utilisation profile in 
the buried and surface stubble treatments in the April assessment differed, limited differences in the 
community structure were seen for both the bacteria and fungi. However, analysis of the DGGE 
gels only assessed presence/absence of bands (species) and not abundance, and the differences in 
carbon utilisation maybe associated with differences in relative abundance or activity of key 
species. Although in many studies on soil microbiology, DGGE has been used to analyse 
differences in abundance of microbial species, this was not carried out in the present study. The 
method described in this study used a nested PCR approach for fungi. Although nested PCR is 
useful for improving amplification of ‘difficult’ templates or those with low abundance of target 
micro-organisms (Wang et al., 2014) the high thermocycling in nested PCR can result in skewed 
community structures. This is mainly due to the exaggeration of amplification biases and higher 
representation of products derived from random or mismatched PCR products on the DGGE gel 
(Wang et al., 2014). Furthermore, there may be issues when comparing microbial communities in 
soil samples that have different physical and chemical characteristics where these factors may 
influence DNA extraction or subsequent PCR efficiencies. For example, as in the current study the 
application of urea (a chaotrope) to the soil could, if not completely removed from the samples 
during the DNA extraction, potentially inhibit the polymerase in the PCR process (Wilson, 1997). 
Urea application on the stubble had no significant effect on the microbial carbon utilisation 
patterns. This may as previously discussed, because nitrogen levels in the soil were not limiting and 
therefore not having and effect on microbial community.   

For the bacterial community the main driver for the community structure was the assessment time.  
This may indicate that environmental conditions were the strongest influence on the community as 
the analysis grouped the bacterial community profile from the treated soil collected in August 
together with the control field soil which was also collected in August. Seasonal variation in 
temperature and also the amount of rainfall is likely to affect the bacterial community structure. 
This hypothesis could have been strengthened if the control soil were collected at each assessment 
times to enable comparison between seasons. The bacterial community in June samples were more 
similar to April than August. The availability of organic compounds from the stubble will decrease 
as decomposition continues over the assessment times period. In addition the composition of the 
organic compounds in the stubble debris will also change over this period. Dilly et al. (2004) 
suggested based on their results that the number of DNA bands increased as decomposition of 
straw litter progressed that a more diverse bacterial community developed to decompose substrates 
with lower nutritional availability. However, in the present study species richness decreased in the 
later assessment times. Decomposition of crop debris types with different composition are likely to 
influence the bacterial community differently with the bacterial community associated with slowly 
decomposing wheat straw reported to be more diverse than the community associated with more 
rapidly decomposing crop material such as rye litter (Dilly et al., 2004).   
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The fungal community from the control field soil was different from the fungal community 
associated with the stubble at all assessment times, and this is probably due to the presence of the 
crop debris. Eggins & Pugh (1962) showed succession of fungal colonisers occurring on plant 
debris, with the early colonisers referred to as ‘sugar fungi’. These fungi are able to grow on crop 
debris that contains a large percentage of cellulose, hemicellulose and other polysaccharides, 
together with recalcitrant substrates such as lignin (Eggins & Pugh, 1962; Pérez et al., 2002). The 
difference in the fungal community structure between the first assessment (April) and the 
subsequent assessments is likely to be due to this. By the June and August assessments fungi able 
to break down the recalcitrant substrates, are likely to be colonising the stubble having started to 
displace the initial colonisers. In natural soil environments, organic matter is initially decomposed 
by primary saprophytes and other common cellulolytic and sugar fungi, such as, Fusarium 
oxysporum and Phoma spp. (Harper & Lynch, 1985; Kjoller & Struwe, 1987). These fungi were 
then followed by fungi such as Cephalosporium acremonium and Pithomyces charatum, and 
eventually by secondary soil-borne saprophytes such as Penicillium and Trichoderma species 
(Swift, 1976). The indication is that in the present study fungal community structure shifted across 
the experimental period driven by the substrate composition and availability in the stubble and the 
surrounding soil. Identification of the fungal species was beyond the scope of this study, thus, 
comparison of the species present at the different assessments with those found in previous study 
could not be done. The fungal community found in this study was also likely to be affected by the 
different treatments. For example, at each separate assessment time the fungal community from the 
urea treatments clustered together. This fungal diversity pattern could be partially influenced by the 
addition of nitrogen from the urea. Many studies on soil microbial communities indicated that the 
nitrogen application to soil directly altered the microbial community structure (Zhao et al., 2014).  

In general, the change in both the bacterial and fungal community structure over the assessment 
period and with treatment were similar, with the main drivers of both communities being the 
assessment time, with the urea treatment appearing to have a lesser effect on the community 
diversity. Interestingly, for both fungal and bacterial communities, within each of the assessment 
times the community diversity tended to cluster according to the different treatments suggesting 
that the reproducibility between replicates was relatively high. In general with increasing 
assessment time (August versus April) there was greater separation between the communities in the 
different treatments. Overall, however the main driver for changes in the microbial community 
structure was assessment times and as discussed earlier the quantity and availability of C sources 
play an important role in driving changes in the microbial community. Although DGGE is widely 
used by many researchers to study microbial diversity in different ecosystems, it has to be noted 
that the diversity assessment is only estimation (Dilly et al., 2004). Nevertheless, this method is a 
useful and has been widely used as semi-quantitative measure of microbial diversity in soil 
ecosystems (Dilly et al., 2004) to contribute understanding on the relationship between community 
structure and their function.  
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Chapter 7 
Concluding discussion 

 
The overall aim of this research was to study the epidemiology of L. maculans/L.biglobosa the 
causal agents of stem canker and dry rot disease which is one of the most important diseases of 
brassica crops worldwide. This is the first comprehensive study of this disease to identify the causal 
agent(s) under New Zealand conditions. The sampling conducted in this study identified that both 
L. maculans and L. biglobosa are present, with subsequent pathogenicity experiments confirming 
them as causal agents of stem canker disease of brassicas, which in this study focussed on OSR and 
swede. Of the 126 Leptosphaeria spp. isolates recovered in this study, the majority were identified 
as L. maculans (123 isolates) and the rest were L. biglobosa (three isolates). Additionally, two 
isolates from the ICMP collection were identified as L. maculans and one isolate from the ICMP 
collection was identified as L. biglobosa. Two isolates from PFR Lincoln were also identified as L. 
maculans. These results indicated that L. maculans was the most prevalent species, and the results 
of Chapter 3 showed that it was also the more pathogenic species. For this reason Chapters 4-6 
concentrated mainly on L. maculans.  

In Chapter 2, the ratio of the two mating type (MAT1-1:MAT1-2) idiomorphs of the L. maculans 
population was determined. The mating type proportion in L. maculans was 5:1 deviating from the 
expected 1:1 ratio for pathogens that undergo frequent sexual reproduction and may suggest that 
asexual reproduction is more frequent in this population. This was unlikely to be due to the loss of 
one of the mating types in the population as both mating type idiomorphs were present. 
Demonstration that pairing isolates with compatible mating types resulted in the production of 
pseudothecia indicated that mutation in the mating type (MAT) locus was also unlikely especially 
as pseudothecia were also observed to develop on OSR stubble (Chapter 6), and to produce and 
release ascospores (Chapters 5 and 6). They had also been observed previously on OSR stubble 
(Ian Harvey, pers. comm., 2011) and brassica stem residue by Smith & Sutton (1964) in New 
Zealand.  

Leptosphaeria maculans isolates obtained in this study were recovered from the diseased tissue. 
Previously, several pathogen isolation methods have been used for mating type distribution studies. 
This included the isolation from single ascospores ejected from the infected stubble (Gout et al., 
2006a) and from a particular crop in single location (Barrins et al., 2004). These different isolation 
methods could generate bias in the mating type proportion of the recovered isolates. To account for 
the bias this study also determined the mating type ratio from smaller scale populations. The 
mating type ratio in isolates obtained from OSR diseased tissue in a single location (Lincoln 
University experimental plot) and from swede crop in Gore still showed that the ratio deviated 
from 1:1. Nevertheless, the number of isolates representing these separate populations were still 
relatively small (less than 20 isolates) and may not fully represent the population in that particular 
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location. Future work to determine the mating type ratio in L. maculans populations should 
evaluate larger number of isolates (at least 40 isolate from each crop and location) representing 
single populations. To evaluate whether the results obtained in this study are due sampling bias 
future work should compare populations isolated directly from symptomatic tissue (such as leaf 
lesions and stem cankers), as well as individuals originating from conidia and ascospores. 

Cultural practices have been reported to cause the predominance of one mating type as they may 
limit pseudothecia development and maturation and therefore subsequent ascospore release in the 
field (Dilmaghani et al., 2013). However, since the cultivation time for OSR in New Zealand is 
approximately 10 months and leaf lesions are frequently observed on the cotyledons of young 
seedlings in the field presumably from ascospore infections, this is probably not the case in New 
Zealand for OSR. For swede, the cultivation time for this crop under New Zealand conditions is 
generally 5-8 months which maybe enough time for sexual recombination to occur. Additionally, 
although grazing of the forage swede crop by livestock in winter generally results in limited plant 
material being left, dry rot diseased material would likely not be grazed by animals allowing L. 
maculans to undergo sexual reproduction in this crop debris and providing an inoculum source for 
subsequently planted brassicas.  

In the previous study by Hayden et al. (2007), microsatellite and minisatellite analyses were used 
to determine differences in regional genotypes of L. maculans in Australia and a study by Gout et 
al. (2006a) used these techniques to determine the L. maculans population structure in OSR in 
France. This method allowed an evaluation of spatial distribution of the mating type alleles and 
genetic variability within and among field populations. This method would be useful to apply to 
New Zealand populations of L. maculans and would facilitate the testing of several hypotheses 
which are; the field populations were randomly mating, populations from different fields were 
genetically separable, and that disease epidemics are initiated by ascospores. The determination of 
mating type proportion in each population is crucial as these could then be used to compare the life 
cycle of the pathogen between different forage brassica crops and indicate which spore type is 
more important as a primary inoculum to initiate the disease epidemic. 

The presence of pseudothecia on OSR stubble in the field indicated that leaf lesions could originate 
from ascospore infections. Results from this thesis have confirmed that the disease cycle of L. 
maculans on OSR in New Zealand is similar to that seen overseas. In addition to OSR this work 
investigated infection of swede, a crop for which the disease cycle of L. maculans has not been 
widely studied and is unclear. Results from the disease progression study in greenhouse experiment 
(Chapter 4) showed that, for both OSR and swede, the stem/tuber lesion resulted from the systemic 
progression from the leaf lesion. Both ascospores and conidia were able to infect mature tubers and 
result in dry rot symptoms. Young leaves were susceptible to conidia infection, however mature 
(seven months old) leaves were not susceptible to infection by either conidia or ascospores. In the 
field studies (Chapter 5) data from the Sporacle model predicted that pseudothecia are mature from 
late March-April and therefore potential for ascospores to be released from this date. This would 
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not coincide with young swede seedlings, which are planted from November-January, but could 
infect the leaves of 3-4 month old swede plants. Both the susceptibility of swede plants at different 
ages and the pattern of ascospore release would need to be determined in swede field experiments. 
In addition, timing of ascospore release in this study was determined from OSR stubble and not 
swede crop debris. In the field, dry rot lesions start developing on swede around June-July with, in 
comparison, stem cankers developing on OSR from November onwards. There is therefore a 
potential that pseudothecial production is initiated and hence mature earlier on swede compared 
with OSR debris resulting in different timings of ascospore release from the different crop debris 
types. However, it has been suggested by PGG Wrightsons that the planting date for swede should 
be in December (http://www.pggwrightsonseeds.com/uploads/Forage Focus No. 13 Swedes 
Growing high yielding crop.pdf; retrieved 17/09/2014) to allow plants to mature before ascospores 
release which may help to reduce disease. The scarcity of information about the disease cycle on 
swede is not unique and for other forage brassicas, such as turnip, there is also very little 
information. To reduce disease incidence on these crop further investigation is required.  

All three previously sequenced avirulence alleles were present in the New Zealand L. maculans 
population. The most frequent allele was the single AvrLm6 allele, found in all 39 isolates, but 
isolates carrying all three avirulence alleles were also identified. Information regarding resistance 
genes (Rlm) in brassica crop cultivars grown in New Zealand is still limited. The only known Rlm 
gene is Rlm7 from OSR cv. Excellium, but since all isolates tested, including ones positive for the 
Avr4-7 allele, were pathogenic to this cultivar it indicates that the Avr7 allele is either not present or 
only present at very low rates in the population. To determine a complete picture of the allele 
diversity present in L. maculans populations overseas studies have used differential OSR cultivars 
(Balesdent et al., 2002, 2005; Fernando et al., 2007; Kutcher et al., 2010a). This approach would 
be useful to determine the avirulence alleles present in the L. maculans population in New Zealand, 
and their relative occurrence. This information would be useful not only for selection of OSR 
cultivars resistant to the local pathogen population for use in New Zealand but also inform brassica 
breeding programs. This may also indicate whether there are any regional differences, for examples 
North and South island, in the frequency of the difference avirulence groups.  

Leptosphaeria maculans isolates were able to cause characteristic leaf and stem lesions on both 
susceptible and more tolerant cultivars of OSR and swede. The pathogenicity was unrelated to 
mating type. Asymptomatic growth of the pathogen observed in both glasshouse and field grown 
plants confirmed the reports by previous studies (Hammond et al., 1985; Hammond & Lewis, 
1987). Stem lesions on both OSR and swede started to develop at 42 dpi. Swede was more 
susceptible than OSR with respect to development of both leaf and stem lesions regardless of the 
tolerance ranking of the cultivar. Leptosphaeria biglobosa isolates also caused leaf lesions on 
inoculated plants and symptoms were characteristic to those reported with no pycnidia formed in 
the lesion. Unlike L. maculans, L. biglobosa did not produce any stem lesions at 65 dpi. Whether L. 
biglobosa is able to result in dry rot symptoms was not verified as L. biglobosa was not isolated 
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from swede (Chapter 2), and no stem cankers resulted from leaf inoculation of seedlings. Whether 
direct inoculation of tubers would result in development of dry rot symptoms was not determined 
but warrants investigation. Breeding of new cultivars with resistance to L. maculans may be an 
effective control strategy as long as it was done to minimise the creation of more virulent isolates. 
This scenario has been reported in Australia whereby introduction of OSR cultivars with sylvestris-
derived resistance (cv. Surpass 400) has been overcome by the pathogen, resulting in severe yield 
losses after three years (Sprague et al., 2006).  

In Chapter 4 the ability of L. maculans conidia to cause stem cankers on wounded OSR stems was 
shown. There have been varying reports on the role of conidia in initiating disease and subsequent 
development in different country. For example, in Western Australia, conidia has been reported to 
be a reliable inoculum source to initiate the primary leaf lesions with the co-existence of ascospore 
in the field (Li et al., 2006a, 2006b) while outside Australia, conidia are considered to be less 
important for the disease epidemic (West et al., 2001). Result showed that direct conidial 
inoculation of OSR and swede stems at the six-leaf stage resulted in the development of stem 
cankers which killed the plants six weeks post inoculation. In this experiment, the stem cankers 
which developed on swede were more severe than on OSR with more inoculated swede being 
killed. This correlated with the other results of this study whereby swede were consistently more 
susceptible to infection compared with OSR. Overall, this result has shown that the conidia were 
able to infect the stems at the older plant stage. Although work has shown that for conidial 
infection stems need to be wounded (Huang et al., 2003a) in the field wounds can occur on stems 
through natural splitting, environmental damage or insect activities.    

From the results of Chapters 3 and 4, mature leaves were not susceptible to conidial and ascospore 
infection. It is unclear whether the dry rot on swede bulb results from systemic infection from 
primary leaf lesions initiated by ascospores or direct infection on mature swede bulb by 
ascospore/conidia. In this study, both conidia and ascospores caused lesions when inoculated on the 
swelling area of the mature swede bulb. In contrast, inoculation with conidial/ascospore 
suspensions onto the mature leaf did not result in leaf or bulb lesions. Furthermore, the pathogen 
could not be isolated from the stem of plants with inoculated leaves, indicating it was unlikely that 
the pathogen progressed to the bulb from the leaf.  

Despite these results the disease cycle for swede is still not clear. There are several aspects that 
need to be investigated to improve understanding on the interaction between the pathogen and 
swede crop. Future work should assess whether infection occurs when using ascospore either by 
direct inoculation or an ascospore shower, on different plant stages until the formation of the 
mature swede bulb. It is also important to determine whether ascospores produced in in vitro are of 
equivalent infectivity to field produced ascospores. The role of conidia on swede also still needs 
further investigation using a similar infection assay of different plant stages until bulb maturity. It 
is important to know at what stage the seedling is susceptible to either ascospore or conidia 
infection and whether systemic progression from the leaf lesion occurs. If condia are highly 
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infective then the disease epidemic could actually be caused by abundant pycnidia produced on just 
a few leaf lesions. This method has been applied by (Marcroft et al., 2005) to study the susceptible 
stage of OSR to the conidial infection of L. maculans and found that the most susceptible stage of 
OSR was between the 1-3 leaves stage.  

Worldwide, L. maculans/L.biglobosa infections of brassicas are initiated by ascospores as the 
primary inoculum (Kaczmarek & Jedryczka, 2011). The results in Chapter 5 are the first study of 
the timing of ascospore release under New Zealand field conditions and showed that ascospores for 
both species were released from May to August. The finding of ascospores of both pathogen 
species (confirmed by species specific PCR) released at the same time contrasts with reports from 
other countries. For example, Fitt et al. (2006b) reported that ascospores of L. biglobosa were 
release later than ascospores of L. maculans. A possible criticism is that the trapping was started 
too late and missed early release of L. maculans ascospores. Extension of the spore trapping to an 
earlier start date would further clarify whether L. maculans ascospores are released concurrently 
with L. biglobosa under New Zealand conditions. Prediction of the timing for pseudothecia 
maturation using the Sporacle model (Salam et al., 2003) indicated that pseudothecia would have 
matured as early as March. Thus, future work should start ascospore trapping in January to ensure 
that even very low numbers of ascospores are trapped. This, combined with, species-specific 
nested-PCR, would, determine whether ascospores of both species are released prior to May. As 
discussed earlier, this information would contribute to understanding the disease cycle of the 
pathogen on swede and the risk period for infection. Ascospore infection by L. biglobosa was not 
confirmed by isolation of the pathogen from leaf lesions. However, results from greenhouse 
experiment (Chapter 3) showed that L. biglobosa isolates were less pathogenic, thus corresponds 
with the results of the survey (Chapter 2) where it was less often recovered.  

Chapter 5 examined factors affecting the production of pseudothecia and the consequent ascospore 
release, as well as the disease progression in the field. The field experiment was in agreement with 
the greenhouse experiment (Chapter 4) showing that the stem canker resulted from systemic 
infection. Results also showed that in the plots with management practices such as ploughing and 
disking, the disease incidence were less compared to the no-tillage plots.  

The in vitro pot assay showed that application of 5% urea in combination with soil incorporation of 
the stubble inhibited production of pseudothecia on the stubble after 26 weeks. This was likely to 
be due to both a direct effect of the urea on the formation of pseudothecia and the increased stubble 
degradation due to increased microbial activity in the buried soil. These results suggested that this 
is a potential control strategy for L. maculans disease, whereby farmers could spray the stubble 
after harvest with 5% urea and incorporate the stubble into the top of 10 cm of soil, thereby 
reducing inoculum carry over between seasons. This method is an inexpensive option compared to 
fungicide application which is usually only cost effective for high value crops and is generally not 
used in New Zealand (Aubertot et al., 2006). Further, since fungicides are generally only effective 
at preventing spore infection and since ascospores were released over a long time period protection 
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of susceptible plants would require frequent fungicide application. In contrast, targeting and 
eliminating the overwintering inoculum and hence primary spore production, as with this suggested 
control strategy, would be a more effective way to reduce disease risk. Findings from this study 
showed that the microbial diversity differed across assessment times with the result indicating that 
the availability of organic substrate is the main factor driving the change in microbial diversity 
between assessment times. Application of urea did not affected the microbial function or catabolic 
activity, however, burial did. The complex interactions between soil microbial properties and the 
maturation of pseudothecia together with the effect of urea and burial needs to be further verified in 
the field. It is necessary to test whether a lower concentration of urea would be equally effective as 
the 5% urea concentration. It may also be important to test the effect on different soil types and 
under different environmental conditions, for instance, in wet cool climate (southland) versus dryer 
climate (Canterbury). Climate variations are likely to influence stubble degradation and also the 
interaction between urea and burial, and pseudothecial development. The degradation rate also 
depends on the quality of the debris as observed by Dilly et al. (2004) and this could affect the 
survival of the pathogen, hence, it would be useful to include different types of brassica crop debris 
in the future work. 

In summary, sampling confirmed that both L. maculans and L. biglobosa are present in New 
Zealand and are both able to infect swede and OSR. The survey provided isolates for a New 
Zealand’ culture collection to be used for further studies on this disease. This study has provided 
valuable new information on the disease epidemiology of L. maculans and L. biglobosa under New 
Zealand conditions which can help to build disease control strategies. This study also proposed a 
potential management practice that can be applied to commercial fields and reduce the disease 
level. 
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Appendix A 
Recipes 

 

A.1 V8-juice agar (1L) 
 200 mL V8-juice (Campbell Soup Company Ltd., Toronto, Ont., Canada) 
 0.75 g CaCO3 
 15 g agar 
 800 mL distilled water (Chen and Fernando, 2006) 

A.2 CTAB buffer 
 2 mL of 1 M Tris (pH 8) 
 4 mL of 0.5 M EDTA 
 16 mL of 5 M NaCl 
 2 g of CTAB 
 Milipore water added to make up to a total volume of 100 mL 

A.3 0% denaturing PolyAcrylamide (PA) 
 20 mL of 40% Acrylamide:Bisacrylamide (37.5:1) (Bio-Rad) 
 1 mL of 50 × TAE 
 2 mL of glycerol 
 Make up to the total volume of 100 mL with Milipore water and stored in the dark at room 

temperature 

A.4 100% denaturing PolyAcrylamide (PA) 
 20 mL of 40% Acrylamide:Bisacrylamide (37.5:1) (Bio-Rad) 
 42 g Urea 
 40 mL of Formamide 
 1 mL of 50 × TAE 
 2 mL of glycerol 
 Make up to the total volume of 100 mL with Milipore water, dissolved on low heat (≤37°C) 

and stored in the dark at room temperature 

A.5 50 × TAE 
 242 g TRIS base 
 57.1 mL glacial acetic acid 
 100 mL 0.5 M EDTA (pH 8) 
 Make up to the total volume of 1 L with Milipore water 
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A.6 1 × TAE 
 10 mL 50 × TAE buffer 
 490 mL Milipore water 

A.7 10% Ammonium Persulfate (APS) 
 100 mg of APS (in a 1.7 mL tube) 
 1 mL of Milipore water 

A.8 Cairn’s 8 × fixation solution 
 400 mL of 96% ethanol 
 20 mL of acetic acid 
 80 mL of Milipore water 

A.9 Cairn’s 1 × fixation solution 
 250 mL of Cairn’s 8 × fixation solution 
 Make up to the total volume of 2 L with Milipore water 

A.10 Silver stain (for 1 gel, prepared fresh just before staining) 
 250 mL of Cairn’s 1 × fixation solution 
 0.5 g silver nitrate  

A.11 Developer 
 500 mL of Milipore water 
 15 g of sodium hydroxide (NaOH) 
 0.5 mL of formaldehyde 

A.12 Cairn’s preservation solution 
 250 mL of 96% ethanol 
 100 mL of glycerol 
 650 mL of Milipore water 
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Appendix B 
Culture collection 

 

B.1 Region and crop plant source of Leptosphaeria maculans and L. biglobosa isolates 
obtained in the sampling collection 
 

Isolates Place Crop/plant parts Species 

Lm 101 Makikihi OSR (stem) Leptosphaeria maculans 

Lm 102 Makikihi OSR (stem) Leptosphaeria maculans 

Lm 103 Makikihi OSR (pycnidia) Leptosphaeria maculans 

Lm 104 Makikihi OSR (pycnidia) Leptosphaeria maculans 

Lm 117 FSC, Lincoln University OSR (leaf lesion) Leptosphaeria maculans 

Lm 118 FSC, Lincoln University OSR (leaf lesion) Leptosphaeria maculans 

Lm 119 FSC, Lincoln University OSR (leaf lesion) Leptosphaeria maculans 

Lm 120 FSC, Lincoln University OSR (leaf lesion) Leptosphaeria maculans 

Lm 122 FSC, Lincoln University OSR (leaf lesion) Leptosphaeria maculans 

Lm 123 FSC, Lincoln University OSR (leaf lesion) Leptosphaeria maculans 

Lm 124 FSC, Lincoln University OSR (leaf lesion) Leptosphaeria maculans 

Lm 125 FSC, Lincoln University OSR (leaf lesion) Leptosphaeria maculans 

Lm 135 Puketitiri, Hawkes Bay Swede (stem 
lesion) 

Leptosphaeria maculans 

Lm 136 Puketitiri, Hawkes Bay Swede (dry rot) Leptosphaeria maculans 

Lm 137 Puketitiri, Hawkes Bay Swede (leaf lesion) Leptosphaeria maculans 

Lm 140 PFR Gore Site Swede (dry rot) Leptosphaeria maculans 
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B. 1 continued 

Lm 141 PFR Gore Site Swede (dry rot) Leptosphaeria maculans 

Lm 142 PFR Gore Site Swede (dry rot) Leptosphaeria maculans 

Lm 143 PFR Gore Site Swede (dry rot) Leptosphaeria maculans 

Lm 144 PFR Gore Site Swede (dry rot) Leptosphaeria maculans 

Lm 145 PFR Gore Site Swede (dry rot) Leptosphaeria maculans 

Lm 146 PFR Gore Site Swede (dry rot) Leptosphaeria maculans 

Lm 147 PFR Gore Site Swede (dry rot) Leptosphaeria maculans 

Lm 1481 PFR Gore Swede Leptosphaeria maculans 

Lm 1491 PFR Gore Swede Leptosphaeria maculans 

ICMP 135542 Masterton, Wairarapa Turnip (dry rot) Leptosphaeria maculans 

ICMP 83442 Methven, Mid 
Canterbury 

OSR (stem) Leptosphaeria maculans 

Lm 152 Makikihi OSR (stem) Leptosphaeria maculans 

Lm 155 FSC, Lincoln University OSR (leaf lesion) Leptosphaeria maculans 

Lm 157 PFR Gore Site Swede (dry rot) Leptosphaeria maculans 

Lm 159 FSC, Lincoln University OSR (stem base 
lesion) 

Leptosphaeria maculans 

Lm 160 FSC, Lincoln University OSR (stem base 
lesion) 

Leptosphaeria maculans 

Lm 161 FSC, Lincoln University OSR (stem base 
lesion) 

Leptosphaeria maculans 

Lm 162 FSC, Lincoln University OSR (stem base 
lesion) 

Leptosphaeria maculans 

Lm 163 FSC, Lincoln University OSR (stem base 
lesion) 

Leptosphaeria maculans 
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B. 1 continued 

Lm 165 FSC, Lincoln University OSR (stem base 
lesion) 

Leptosphaeria maculans 

Lm 167 FSC, Lincoln University OSR (stem base 
lesion) 

Leptosphaeria maculans 

Lm 168 FSC, Lincoln University OSR (stem base 
lesion) 

Leptosphaeria maculans 

Lm 169 FSC, Lincoln University OSR (stem base 
lesion) 

Leptosphaeria maculans 

Lm 170 FSC, Lincoln University OSR (stem base 
lesion) 

Leptosphaeria maculans 

Lm 171 PFR Lincoln Swede (dry rot) Leptosphaeria maculans 

Lm 172 PFR Lincoln Swede (dry rot) Leptosphaeria maculans 

Lm 173 FSC, Lincoln University OSR (stem base 
lesion) 

Leptosphaeria maculans 

Lm 174 FSC, Lincoln University OSR (petiole) Leptosphaeria maculans 

Lm 175 FSC, Lincoln University OSR (stem base 
lesion) 

Leptosphaeria maculans 

Lm 177 FSC, Lincoln University OSR (petiole) Leptosphaeria maculans 

Lm 178 FSC, Lincoln University OSR (stem base 
lesion) 

Leptosphaeria maculans 

Lm 180 FSC, Lincoln University OSR (stem base 
lesion) 

Leptosphaeria maculans 

Lm 181 FSC, Lincoln University OSR (stem base 
lesion) 

Leptosphaeria maculans 

Lm 182 FSC, Lincoln University OSR (stem base 
lesion) 

Leptosphaeria maculans 

Lm 183 PFR Gore Site Swede (dry rot) Leptosphaeria maculans 

Lm 184 Darfield (Field 1) OSR (leaf lesion) Leptosphaeria maculans 

Lm 185 Darfield (Field 1) OSR (leaf lesion) Leptosphaeria maculans 

Lm 186 Darfield (Field 1) OSR (leaf lesion) Leptosphaeria maculans 
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B. 1 continued 

Lm 221 Puketitiri, Hawkes Bay Swede (stem 
lesion) 

Leptosphaeria maculans 

Lm 224 PFR Gore Site Swede (dry rot) Leptosphaeria maculans 

Lm 227 Darfield (Field 1) OSR (leaf lesion) Leptosphaeria maculans 

Lm 232 FSC, Lincoln University OSR (stem base 
lesion) 

Leptosphaeria maculans 

Lm 233 FSC, Lincoln University OSR (stem base 
lesion) 

Leptosphaeria maculans 

Lm 234 FSC, Lincoln University OSR (stem base 
lesion) 

Leptosphaeria maculans 

Lm 236 FSC, Lincoln University OSR (stem base 
lesion) 

Leptosphaeria maculans 

Lb 237 PFR Lincoln Kale (stem) Leptosphaeria biglobosa 

Lb 238 FSC, Lincoln University OSR (stem lesion) Leptosphaeria biglobosa 

ICMP 106652# Levin, Wellington Cauliflower Leptosphaeria biglobosa 

Lm 253 Puketitiri, Hawkes Bay Swede (dry rot) Leptosphaeria maculans 

Lm 256 FSC, Lincoln University OSR (upper stem 
lesion) 

Leptosphaeria maculans 

Lm 257 FSC, Lincoln University OSR (upper stem 
lesion) 

Leptosphaeria maculans 

Lm 258 FSC, Lincoln University OSR (upper stem 
lesion) 

Leptosphaeria maculans 

Lm 259 FSC, Lincoln University OSR (upper stem 
lesion) 

Leptosphaeria maculans 

Lm 263 FSC, Lincoln University OSR (upper stem 
lesion) 

Leptosphaeria maculans 

Lm 265 Darfield (Field 2) OSR (upper stem 
lesion) 

Leptosphaeria maculans 

Lm 266 Darfield (Field 2) OSR (upper stem 
lesion) 

Leptosphaeria maculans 

Lm 267 Darfield (Field 2) OSR (stem base 
lesion) 

Leptosphaeria maculans 
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B. 1 continued 

Lb 268 Darfield (Field 2) OSR (stem base 
lesion) 

Leptosphaeria biglobosa 

Lm 269 Darfield (Field 2) OSR (stem base 
lesion) 

Leptosphaeria maculans 

Lm 272 FSC, Lincoln University OSR (stem base 
lesion) 

Leptosphaeria maculans 

Lm 273 FSC, Lincoln University OSR (stem base 
lesion) 

Leptosphaeria maculans 

Lm 274 FSC, Lincoln University OSR (stem base 
lesion) 

Leptosphaeria maculans 

Lm 275 FSC, Lincoln University OSR (stem base 
lesion) 

Leptosphaeria maculans 

Lm 276 FSC, Lincoln University OSR (stem base 
lesion) 

Leptosphaeria maculans 

Lm 278 FSC, Lincoln University OSR (stem base 
lesion) 

Leptosphaeria maculans 

Lm 280 FSC, Lincoln University 
 

OSR (stem base 
lesion) 

Leptosphaeria maculans 

Lm 281 FSC, Lincoln University OSR (stem base 
lesion) 

Leptosphaeria maculans 

Lm 282 FSC, Lincoln University OSR (stem base 
lesion) 

Leptosphaeria maculans 

Lm 283 FSC, Lincoln University OSR (stem base 
lesion) 

Leptosphaeria maculans 

Lm 284 FSC, Lincoln University OSR (stem base 
lesion) 

Leptosphaeria maculans 

Lm 285 FSC, Lincoln University OSR (stem base 
lesion) 

Leptosphaeria maculans 

Lm 286 FSC, Lincoln University OSR (stem base 
lesion) 

Leptosphaeria maculans 

Lm 287 FSC, Lincoln University OSR (stem base 
lesion) 

Leptosphaeria maculans 

Lm 288 FSC, Lincoln University OSR (stem base 
lesion) 

Leptosphaeria maculans 

Lm 289 FSC, Lincoln University OSR (stem base 
lesion) 

Leptosphaeria maculans 

Lm 290 FSC, Lincoln University OSR (stem base 
lesion) 

Leptosphaeria maculans 
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B. 1 continued 

Lm 291 FSC, Lincoln University OSR (stem base 
lesion) 

Leptosphaeria maculans 

Lm 292 FSC, Lincoln University OSR (stem base 
lesion) 

Leptosphaeria maculans 

Lm 293 FSC, Lincoln University OSR (stem base 
lesion) 

Leptosphaeria maculans 

Lm 294 FSC, Lincoln University OSR (stem base 
lesion) 

Leptosphaeria maculans 

Lm 295 FSC, Lincoln University OSR (stem base 
lesion) 

Leptosphaeria maculans 

Lm 296 FSC, Lincoln University OSR (stem base 
lesion) 

Leptosphaeria maculans 

Lm 297 FSC, Lincoln University OSR (stem base 
lesion) 

Leptosphaeria maculans 

Lm 298 Supermarket Swede (dry rot) Leptosphaeria maculans 

Lm 299 Supermarket Swede (dry rot) Leptosphaeria maculans 

Lm 300 Supermarket Swede (dry rot) Leptosphaeria maculans 

Lm 301 FSC, Lincoln University OSR (stem base 
lesion) 

Leptosphaeria maculans 

Lm 302 FSC, Lincoln University OSR (leaf lesion) Leptosphaeria maculans 

Lm 303 FSC, Lincoln University OSR (leaf lesion) Leptosphaeria maculans 

Lm 304 Plant originated from 
Darfield, planted in 
Lincoln University 

OSR (symptomless 
petiole) 

Leptosphaeria maculans 

Lm 305 Plant originated from 
Darfield, planted in 
Lincoln University 

OSR (symptomless 
petiole) 

Leptosphaeria maculans 

Lm 306 FSC, Lincoln University OSR (symptomless 
petiole) 

Leptosphaeria maculans 

Lm 307 FSC, Lincoln University OSR (symptomless 
petiole) 

Leptosphaeria maculans 

Lm 308 Darfield (Field 2) OSR (upper stem 
lesion) 

Leptosphaeria maculans 
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B. 1 continued 

Lm 309 Darfield (Field 2) OSR (upper stem 
lesion) 

Leptosphaeria maculans 

Lm 310 Pleasant Point, Timaru OSR (stem base 
lesion) 

Leptosphaeria maculans 

Lm 311 Pleasant Point, Timaru OSR (stem base 
lesion) 

Leptosphaeria maculans 

Lm 312 Pleasant Point, Timaru OSR (stem base 
lesion) 

Leptosphaeria maculans 

Lm 313 Pleasant Point, Timaru OSR (stem base 
lesion) 

Leptosphaeria maculans 

Lm 314 Pleasant Point, Timaru OSR (stem base 
lesion) 

Leptosphaeria maculans 

Lm 315 Pleasant Point, Timaru OSR (stem base 
lesion) 

Leptosphaeria maculans 

Lm 316 Pleasant Point, Timaru OSR (stem base 
lesion) 

Leptosphaeria maculans 

Lm 317 Pleasant Point, Timaru OSR (stem base 
lesion) 

Leptosphaeria maculans 

Lm 318 Pleasant Point, Timaru OSR (stem base 
lesion) 

Leptosphaeria maculans 

Lm 320 Pleasant Point, Timaru OSR (stem base 
lesion) 

Leptosphaeria maculans 

Lm 321 Pleasant Point, Timaru OSR (stem base 
lesion) 

Leptosphaeria maculans 

Lm 322 Pleasant Point, Timaru OSR (stem base 
lesion) 

Leptosphaeria maculans 

Lm 323 Pleasant Point, Timaru OSR (stem base 
lesion) 

Leptosphaeria maculans 

Lm 324 Pleasant Point, Timaru OSR (stem base 
lesion) 

Leptosphaeria maculans 

Lm 325 Pleasant Point, Timaru OSR (stem base 
lesion) 

Leptosphaeria maculans 

Lm 326 Pleasant Point, Timaru OSR (stem base 
lesion) 

Leptosphaeria maculans 

Lm 327 Pleasant Point, Timaru OSR (stem base 
lesion) 

Leptosphaeria maculans 

Lm 328 Pleasant Point, Timaru OSR (stem base 
lesion) 

Leptosphaeria maculans 
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B.1 continued 

Lm 329 Pleasant Point, Timaru OSR (stem base 
lesion) 

Leptosphaeria maculans 

Lm 330 Pleasant Point, Timaru OSR (stem base 
lesion) 

Leptosphaeria maculans 

1 Culture obtained from Plant & Food Research (PFR), Plant & Food culture codes are Lm 148 = 
G2 and Lm149 =T2. 
2 Culture obtained from ICMP culture collection # originally identified as L. maculans 
*Field service centre (FSC) 
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B.2 Mating type and avirulence genes of Leptosphaeria maculans isolated from different location and crop/plant parts. 
Isolate  Origin Crop/plant parts Species-specific primer Mating Type Avr1 Avr6 Avr4-7 
Lm 101 Makikihi OSR (stem) Leptosphaeria maculans MAT1-1  √ √ 
Lm 102 Makikihi OSR (stem) Leptosphaeria maculans MAT1-1  √ √ 
Lm 103 Makikihi OSR (pycnidia) Leptosphaeria maculans MAT1-1  √ √ 
Lm 104 Makikihi OSR (pycnidia) Leptosphaeria maculans MAT1-1  √ √ 
Lm 122 FSC, Lincoln 

University 
OSR (leaf lesion) Leptosphaeria maculans MAT1-1  √ √ 

Lm 135 Puketitiri, Hawkes Bay Swede (stem lesion) Leptosphaeria maculans MAT1-1 √ √ √ 
Lm 136 Puketitiri, Hawkes Bay Swede (dry rot) Leptosphaeria maculans MAT1-1 √ √ √ 
Lm 137 Puketitiri, Hawkes Bay Swede (leaf lesion) Leptosphaeria maculans MAT1-1 √ √  
Lm 141 PFR Gore Site Swede (dry rot) Leptosphaeria maculans MAT1-2   √  
Lm 143 PFR Gore Site Swede (dry rot) Leptosphaeria maculans MAT1-1  √  
Lm 145 PFR Gore Site Swede (dry rot) Leptosphaeria maculans MAT1-1 √ √  
Lm 148 PFR Gore Swede (dry rot) Leptosphaeria maculans MAT1-1  √ √ 
Lm 149 PFR Gore Swede (dry rot) Leptosphaeria maculans MAT1-1  √  
ICMP 
13554 

Wairarapa Turnip (dry rot) Leptosphaeria maculans MAT1-1  √  

ICMP 8344 Mid Canterbury OSR stem Leptosphaeria maculans MAT1-1  √  
Lm 152 Makikihi OSR (stem) Leptosphaeria maculans MAT1-1  √ √ 
Lm 157 PFR Gore Site Swede (dry rot) Leptosphaeria maculans MAT1-1  √  
Lm 159 FSC, Lincoln 

University 
OSR (stem base lesion) Leptosphaeria maculans MAT1-1  √ √ 

Lm 160 FSC, Lincoln 
University 

OSR (stem base lesion) Leptosphaeria maculans MAT1-2   √  
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B.2 continued 

Lm 161 FSC, Lincoln 
University 

OSR (stem base lesion) Leptosphaeria maculans MAT1-1  √  

Lm 162 FSC, Lincoln 
University 

OSR (stem base lesion) Leptosphaeria maculans MAT1-1  √  

Lm 168 FSC, Lincoln 
University 

OSR (stem base lesion) Leptosphaeria maculans MAT1-2  √  

Lm 169 FSC, Lincoln 
University 

OSR (stem base lesion) Leptosphaeria maculans MAT1-2   √  

Lm 171 PFR Lincoln Swede (dry rot) Leptosphaeria maculans MAT1-2   √  
Lm 172 PFR Lincoln Swede (dry rot) Leptosphaeria maculans MAT1-1 √ √  
Lm 173 FSC, Lincoln 

University 
OSR (stem systemic 

from leaf) 
Leptosphaeria maculans MAT1-1  √  

Lm 175 FSC, Lincoln 
University 

OSR (stem base lesion) Leptosphaeria maculans MAT1-1  √  

Lm 177 FSC, Lincoln 
University 

OSR (petiole) Leptosphaeria maculans MAT1-1  √  

Lm 178 FSC, Lincoln 
University 

OSR (stem base lesion) Leptosphaeria maculans MAT1-1  √  

Lm 180 FSC, Lincoln 
University 

OSR (stem base lesion) Leptosphaeria maculans MAT1-2   √  

Lm 183 PFR Gore Site Swede (dry rot) Leptosphaeria maculans MAT1-2  √ √  
Lm 186 Darfield (Field 1) OSR (leaf lesion) Leptosphaeria maculans MAT1-1  √ √ 
Lm 221 Puketitiri Swede (stem lesion) Leptosphaeria maculans MAT1-1 √ √ √ 
Lm 227 Darfield (Field 1) OSR (leaf lesion) Leptosphaeria maculans MAT1-1  √  
Lm 234 FSC, Lincoln 

University 
OSR (stem base lesion) Leptosphaeria maculans MAT1-1  √  

Lm 236 FSC, Lincoln 
University 

OSR (stem base lesion) Leptosphaeria maculans MAT1-1  √  
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B.2 continued 

Lm 265 Darfield (Field 2) OSR (upper stem lesion) Leptosphaeria maculans MAT1-1  √ √ 
Lm 266 Darfield (Field 2) OSR (upper stem lesion) Leptosphaeria maculans MAT1-1  √ √ 
Lm 267* Darfield (Field 2) OSR (stem base lesion) n/i n/i n/i n/i n/i 
Lm 269 Darfield (Field 2) OSR (stem base lesion) Leptosphaeria maculans MAT1-1  √ √ 

n/i Not identified 
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Appendix C 
Statistical analyses 

 

C.1 Chapter 2 
C.1.1 Analysis of variance (ANOVA) of the effect of different long-term storage methods 
after different storage periods on the growth rate (mm/day) of Leptosphaeria maculans 
isolates. 
 
Source of variation  d.f. Sum of  
  squares     Mean square   F ratio    P-value 
Isolates 3  72.0288  24.0096  67.78       <.001 
Storage methods 1  5.8336  5.8336  16.47       <.001 
Storage period 5  36.7793  7.3559  20.76       <.001 
Isolates* Storage methods 3  14.1236  4.7079  13.29       <.001 
Isolates*Storage period 15  29.3445  1.9563  5.52       <.001 
Storage methods*Storage period 5  9.1057  1.8211  5.14       <.001 
Isolates* Storage methods 
*Storage period 15  25.3692  1.6913  4.77       <.001 
Residual 96  34.0076  0.3542     
Total 143  226.5923       
 
 
C.1.2 Analysis of variance (ANOVA) of the effect of different long-term storage methods 
after different storage periods on the conidial production (log10) of Leptosphaeria 
maculans isolates. 
 
Source of variation d.f.           Sum of  
            squares     Mean square   F ratio   P-value 
Isolates 3      13.30718     4.43573   51.97        <.001 
Storage methods 1  0.34140     0.34140  4.00        0.048 
Storage period 5  51.42152     10.28430  120.48        <.001 
Isolates* Storage methods 3  0.90057  0.30019  3.52        0.018 
Isolates*Storage period 15  5.01965  0.33464  3.92        <.001 
Storage methods*Storage period 5  2.81382  0.56276  6.59        <.001 
Isolates* Storage methods 
*Storage period 15  3.59452  0.23963  2.81        0.001 
Residual 96  8.19445  0.08536     
Total 143  85.59311       
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C.1.3 Analysis of variance (ANOVA) of the effect of different culture media and 
incubation conditions on the growth rate (mm/day) of different Leptosphaeria maculans 
isolates. 
 
Source of variation d.f. Sum of  
  squares      Mean square   F ratio     P-value 
Isolates 4  1.5811  0.3953  1.32         0.278 
Media 1  28.9607  28.9607  96.84         <.001 
Condition 1  15.1626  15.1626  50.70         <.001 
Isolates*media 4  1.2162  0.3040  1.02         0.410 
Isolates*condition 4  2.2746  0.5686  1.90         0.129 
Media*condition 1  4.0363  4.0363  13.50         <.001 
Isolates*media*condition 4  1.6122  0.4031  1.35         0.269 
Residual 40  11.9617  0.2990     
Total 59  66.8053       
 
 
C.1.4 Analysis of variance (ANOVA) of the effect of different culture media and 
incubation conditions on the conidial production (log10) by different Leptosphaeria 
maculans isolates. 
 
Source of variation d.f. Sum of 
  squares      Mean square   F ratio       P-value 
Isolates 4  7.2401 1.8100 7.77          <.001 
Media 1 22.5888 22.5888 96.97          <.001 
Condition 1 13.8108 13.8108 59.29          <.001 
Isolates*media 4 1.1259 0.2815 1.21          0.322 
Isolates*condition 4 3.2632 0.8158 3.50          0.015 
Media*condition 1 1.4142 1.4142 6.07          0.018 
Isolates*media 
*condition 4 2.3463 0.5866 2.52          0.056 
Residual 40 9.3182 0.2330    
Total 59  61.1075       
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C.2 Chapter 3 
Pilot study to determine the optimum conidia concentration and assessment 
time 

C.2.1 Analysis by General Linear Model (GLM) of the effect of inoculation of OSR and 
swede with three Leptosphaeria maculans isolates at three different conidia concentration 
on leaf lesion diameter (mm) assessed at 10 day-post inoculation analysed using Minitab 
16. 
 
Source                             d.f     Seq SS    Sum of 
       squares       Mean square     F ratio    P-value  
Crops                      1     26.916     24.422    24.422          14.42   0.000 
Isolates                   2     15.691     17.245       8.622            5.09   0.007 
Conidia  
concentration              2    333.163       285.308           142.654         84.21   0.000 
Crops*Isolates             2       2.163         1.175        0.587           0.35   0.708 
Crops* 
Conidia concentration     2       7.563         9.081        4.541           2.68   0.072 
Isolates* 
Conidia concentration     4    106.271       104.057     26.014         15.36   0.000 
Crops*Isolates* 
Conidia concentration     4        3.472         3.472        0.868           0.51   0.727 
Error                             148    250.726        250.726      1.694 
Total                             165    745.967 
 
 
C.2.2 Analysis by General Linear Model (GLM) of the effect of inoculation of OSR and 
swede with three Leptosphaeria maculans isolates at three different conidia concentration 
on leaf lesion diameter (mm) assessed at 15 day-post inoculation analysed using Minitab 
16. 
  
Source                        d.f       Seq SS        Sum of 

  squares      Mean square    F ratio     P-value 
Crops                 1     188.521       147.893        147.893          27.96        0.000 
Isolates              2     107.785      44.554          22.277             4.21        0.017 
Conidia  
concentration       2     133.185   169.249          84.624           16.00        0.000 
Crops*Isolates   2        8.946      11.924            5.962             1.13        0.327 
Crops* 
Conidia concentration   2      27.117      26.972          13.486             2.55        0.082 
Isolates* 
Conidia concentration   4      74.714      75.107          18.777             3.55        0.009 
Crops*Isolates* 
Conidia concentration   4        1.325         1.325            0.331             0.06        0.993 
Error                           143    756.300       756.300            5.289 
Total                           160  1297.893 
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C.2.3 Analysis by General Linear Model (GLM) of the effect of inoculation of OSR and 
swede with three Leptosphaeria maculans isolates at three different conidia concentration 
on leaf lesion diameter (mm) across both assessment times analysed using Minitab 16. 
 
Source                     d.f       Seq SS        Sum of 
                         squares       Mean square     F ratio        P-value  
Day post inoculation         1   1451.3         1451.3     1451.3              245.42         0.000 
Error                              286   1691.3         1691.3             5.9 
Total                              287   3142.6 
 
 
C.2.4 Analysis of variance (ANOVA) of the effect of inoculation of OSR and swede with 
three Leptosphaeria maculans isolates at three different conidia concentration on leaf 
lesion severity score (0-9 scale) assessed at 10 day-post inoculation. 
 
Source of variation d.f.(m.v.)    Sum of 
               squares       Mean square  F ratio    P-value 
Crops 1              37.356           37.356   18.61      <.001 
Isolates 2                5.411             2.706   1.35      0.263 
Conidia concentration 2            402.344         201.172   100.21      <.001 
Crops*Isolates 2                0.011             0.006   0.00      0.997 
Crops*Conidia concentration 2                6.544             3.272   1.63      0.199 
Isolates*Conidia concentration 4             141.056          35.264   17.57      <.001 
Crops*Isolates* 
Conidia concentration 4               10.989            2.747   1.37      0.247 
Residual 161(1)         323.200           2.007     
Total 178(1)         922.570       
 
 
C.2.5 Analysis of variance (ANOVA) of the effect of inoculation of OSR and swede with 
three Leptosphaeria maculans isolates at three different conidia concentration on leaf 
lesion severity score (0-9 scale) assessed at 15 day-post inoculation. 
 
Source of variation d.f.(m.v.)    Sum of 
                                                                            squares     Mean square     F ratio       P-value 
Crops 1              62.291            62.291          19.86        <.001 
Isolates 2                3.696              1.848            0.59        0.556 
Conidia concentration 2            276.459          138.230           44.07        <.001 
Crops*Isolates 2                1.553              0.777             0.25        0.781 
Crops*Conidia concentration 2              20.783             10.391            3.31        0.039 
Isolates*Conidia concentration 4            176.693             44.173          14.08        <.001 
Crops*Isolates* 
Conidia concentration 4                4.318               1.079            0.34        0.848 
Residual 161(1)        504.989              3.137     
Total        178(1)      1047.441  
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C.2.6 Analysis of variance (ANOVA) of the effect of inoculation of OSR and swede with 
three Leptosphaeria maculans isolates at three different conidia concentration on leaf 
lesion severity score (0-9 scale) assessed at 20 day-post inoculation. 
 
Source of variation d.f.(m.v.)     Sum of 
                                                                             squares     Mean square     F ratio     P-value 
Crops 1                 7.836           7.836              2.10        0.150 
Isolates 2               26.734         13.367              3.58        0.030 
Conidia concentration 2             166.875         83.438            22.32        <.001 
Crops*Isolates 2                 4.060           2.030              0.54        0.582 
Crops*Conidia concentration 2               13.831           6.915              1.85        0.161 
Isolates*Conidia concentration 4               86.687         21.672              5.80        <.001 
Crops*Isolates* 
Conidia concentration 4                 4.183          1.046               0.28        0.891 
Residual 161(1)        601.822          3.738     
Total 178(1)        911.307       
 
 
C.2.7 Analysis of variance (ANOVA) of the effect of inoculation of OSR and swede with 
three Leptosphaeria maculans isolates at three different conidia concentration on leaf 
lesion severity score (0-9 scale) across three assessment times. 
 
Source of variation d.f.            Sum of 
                                                                          squares         Mean square     F ratio       P-value 
Day post inoculation 2           2123.199       1061.600            196.75       <.001 
Residual 534           2881.318             5.396     
Total 536           5004.518       
 
 
C.2.8 Analysis of variance (ANOVA) of the effect of inoculation of OSR and swede with 
three Leptosphaeria maculans isolates at three different conidia concentration on stem 
lesion severity score (0-5 scale) assessed at 40 day-post inoculation. 
 
Source of variation d.f.            Sum of 
                                                                          squares       Mean square       F ratio       P-value 
Crops 1            35.5556         35.5556              47.29         <.001 
Isolates 2            14.5333           7.2667                9.67         <.001 
Conidia concentration 2              8.0333           4.0167                5.34         0.006 
Crops*Isolates 2              7.7778           3.8889                5.17         0.007 
Crops*Conidia concentration 2              3.0778           1.5389                2.05         0.132 
Isolates*Conidia concentration 4            18.4333           4.6083                6.13         <.001 
Crops*Isolates* 
Conidia concentration 4            10.5889           2.6472                3.52         0.009 
Residual 162          121.8000           0.7519     
Total 179          219.8000       
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C.2.9 Analysis of variance (ANOVA) of the effect of inoculation of OSR and swede with 
three Leptosphaeria maculans isolates at three different conidia concentration on stem 
lesion severity score (0-5 scale) assessed at 56 day-post inoculation. 
 
Source of variation d.f.            Sum of 
                                                                          squares        Mean square       F ratio       P-value 
Crops 1            176.022         176.022              89.33          <.001 
Isolates 2              35.100           17.550                8.91          <.001 
Conidia concentration 2              16.133             8.067                4.09           0.018 
Crops*Isolates 2              11.411             5.706                2.90           0.058 
Crops*Conidia concentration 2                2.178             1.089                0.55           0.577 
Isolates*Conidia concentration 4              24.867             6.217                3.16           0.016 
Crops*Isolates* 
Conidia concentration 4              18.889             4.722                2.40           0.052 
Residual 162            319.200             1.970     
Total 179            603.800       
 
 
C.2.10 Analysis of variance (ANOVA) of the effect of inoculation of OSR and swede with 
three Leptosphaeria maculans isolates at three different conidia concentration on stem 
lesion severity score (0-5 scale) assessed at 65 day-post inoculation. 
 
Source of variation d.f.             Sum of 
                                                                           squares       Mean square       F ratio       P-value 
Crops 1            211.250         211.250             101.28       <.001 
Isolates 2              46.978           23.489               11.26       <.001 
Conidia concentration 2              16.178             8.089                 3.88       0.023 
Crops*Isolates 2              10.000             5.000                 2.40       0.094 
Crops*Conidia concentration 2                2.800             1.400                 0.67       0.513 
Isolates*Conidia concentration 4              22.522             5.631                 2.70       0.033 
Crops*Isolates* 
Conidia concentration 4              12.700             3.175                1.52        0.198 
Residual 162            337.900             2.086     
Total 179            660.328       
 
 
C.2.11 Analysis of variance (ANOVA) of the effect of inoculation of OSR and swede with 
three Leptosphaeria maculans isolates at three different conidia concentration on stem 
lesion severity score (0-5 scale) across three assessment times. 
 
Source of variation                     d.f.               Sum of 
                                                                         squares         Mean square       F ratio       P-value 
Day post inoculation                    2             77.602           38.801               13.74         <.001 
Residual 523         1476.984             2.824     
Total 525         1554.586       
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Pathogenicity of isolates from various sources on a susceptible cultivar of OSR 
(cv. Flash) and swede (cv. Highlander) 
 
C.2.12 Analysis by General Linear Model (GLM) of the effect of inoculation of 
susceptible cultivar of OSR and swede with 29 Leptosphaeria maculans isolates at 104 

conidia/10 µL concentration on the leaf lesion diameter (mm) assessed at 15 day-post 
inoculation based on the ratio with regards to the positive control isolate (Lm 102) 
analysed using Minitab 16. 
 
Source                          d.f           Seq SS         Sum of 
              squares        Mean square      F ratio    P-value  
Cultivar                           1    0.00750         0.01044          0.01044            0.15       0.698 
Isolate              28   13.00041      12.27943          0.43855            6.35       0.000 
Cultivar*Isolate    28   13.21740      13.21740          0.47205            6.84       0.000 
Error               322   22.23375        2.23375          0.06905 
Total               379   48.45906 
 
 
C.2.13 Analysis of variance (ANOVA) of the effect of inoculation of susceptible cultivar 
of OSR and swede with 29 Leptosphaeria maculans isolates at 104 conidia/10 µL 
concentration on the leaf lesion severity score (0-9 scale) assessed at 15 day-post 
inoculation based on the ratio with regards to the positive control isolate (Lm 102). 
 
Source of variation                     d.f.(m.v.)        Sum of 
                                                                           squares     Mean square    F ratio       P-value 
Cultivar 1                   0.1310        0.1310            0.69          0.406 
Isolate 28                 37.1188        1.3257            6.99          <.001 
Cultivar*Isolate 28                 24.6558        0.8806            4.64          <.001 
Residual 405(1)            76.7959        0.1896     
Total 462(1)          138.4797       
 
 
C.2.14 Analysis of variance (ANOVA) of the effect of inoculation of susceptible cultivar 
of OSR and swede with 29 Leptosphaeria maculans isolates at 104 conidia/10 µL 
concentration on the stem lesion severity score (0-5 scale) assessed at 65 day-post 
inoculation based on the ratio with regards to positive control isolate (Lm 102). 
 
Source of variation d.f.           Sum of 
                                                                         squares           Mean square       F ratio       P-value 
Cultivar 1  4.1038  4.1038                 10.92         0.001 
Isolate 28  37.9812  1.3565                   3.61         <.001 
Cultivar*Isolate 28  26.3664  0.9417                   2.51         <.001 
Residual 406  152.6056  0.3759     
Total 463  221.0570       
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Pathogenicity of six Leptosphaeria maculans isolates on a more tolerant 
cultivar of OSR (cv. Excellium) and swede (cv. Keystone) 

C.2.15 Analysis by General Linear Model (GLM) of the effect of inoculation of more 
tolerant cultivar of OSR and swede with six Leptosphaeria maculans isolates at 104 

conidia/10 µL on the diameter (mm) of leaf lesions assessed at 15 day-post inoculation 
analysed using Minitab 16. 
 
Source                           d.f          Seq SS           Sum of 
                squares       Mean square    F ratio    P-value  
Cultivar                         1     7.618                8.672           8.672             4.99        0.028 
Isolate              5     7.737               5.920           1.184             0.68        0.639 
Cultivar*Isolate    5    83.885           83.885        16.777             9.65        0.000 
Error               84   145.974       145.974           1.738 
Total               95   245.214 
 

C.2.16 Analysis of variance (ANOVA) of the effect of inoculation of more tolerant cultivar 
of OSR and swede with six Leptosphaeria maculans isolates at 104 conidia/10 µL on the 
leaf lesion severity score (0-9 scale) assessed at 15 day-post inoculation. 
 
Source of variation d.f.           Sum of 
                                                                         squares        Mean square           F ratio       P-value 
Cultivar 1  60.208  60.208                  19.01        <.001 
Isolate 5  116.542  23.308                    7.36        <.001 
Cultivar*Isolate 5  161.142  32.228                  10.17        <.001 
Residual 108  342.100  3.168     
Total 119  679.992       
 

C.2.17 Analysis of variance (ANOVA) of the effect of inoculation of more tolerant cultivar 
of OSR and swede with six Leptosphaeria maculans isolates at 104 conidia/10 µL on the 
stem lesion severity score (0-9 scale) assessed at 65 day-post inoculation. 
 
Source of variation d.f.           Sum of 
                                                                         squares        Mean square          F ratio       P-value 
Cultivar 1  56.0333  56.0333                  62.13         <.001 
Isolate 5  29.4667  5.8933                    6.53         <.001 
Cultivar*Isolate 5  27.0667  5.4133                    6.00         <.001 
Residual 108  97.4000  0.9019     
Total 119  209.9667       
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Pathogenicity of four Leptosphaeria maculans isolates on four New Zealand 
commonly grown OSR. 
 
C.2.18 Analysis by General Linear Model (GLM) of the effect of inoculation of four New 
Zealand commonly grown OSR (cv. Flash, cv. Excellium, cv. Compass and cv. Sitro) with 
four Leptosphaeria maculans isolates at 104 conidia/10 µL on the diameter (mm) of leaf 
lesions assessed at 15 day-post inoculation analysed using Minitab 16. 
 
Source                          d.f         Seq SS              Sum of 
                squares       Mean square    F ratio    P-value  
Cultivar                           3    43.185    39.270            13.090         4.29       0.007 
Isolates                           3    18.817    16.533             5.511         1.81       0.151 
Cultivar*Isolates     9    18.084    18.084             2.009         0.66       0.744 
Error                101   308.193   308.193           3.051 
Total                116   388.280 
 

C.2.19 Analysis of variance (ANOVA) of the effect of inoculation of four New Zealand 
commonly grown OSR (cv. Flash, cv. Excellium, cv. Compass and cv. Sitro) with four 
Leptosphaeria maculans isolates at 104 conidia/10 µL on the size of leaf lesion severity 
score (0-9 scale) assessed at 15 day-post inoculation. 
 
Source of variation                    d.f.(m.v)        Sum of  
                                                                         squares      Mean square        F ratio       P-value 
Cultivar 3             17.076            5.692                2.21          0.091 
Isolates 3             35.017          11.672                4.54          0.005 
Cultivar.Isolates 9               5.344            0.594                0.23          0.989 
Residual 105(7)      270.212            2.573     
Total 120(7)      326.628       
 

C.2.20 Analysis of variance (ANOVA) of the effect of inoculation of four New Zealand 
commonly grown OSR (cv. Flash, cv. Excellium, cv. Compass and cv. Sitro) with four 
Leptosphaeria maculans isolates at 104 conidia/10 µL on the size of stem lesion severity 
score (0-5 scale) assessed at 65 day-post inoculation. 
  
Source of variation d.f.          Sum of 
                                                                        squares      Mean square     F ratio       P-value 
Cultivar 3  0.39844  0.13281           1.34          0.266 
Isolates 3  0.27344  0.09115           0.92          0.435 
Cultivar.Isolates 9  1.44531  0.16059           1.62          0.119 
Residual 112  11.12500  0.09933     
Total 127  13.24219       
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Pathogenicity of three Leptosphaeria biglobosa isolates on two OSR cultivars 
(cv. Flash and cv.Excellium). 
 
C.2.21 Analysis by General Linear Model (GLM) of the effect of inoculation of two OSR 
cultivars (cv. Flash and cv. Excellium) with three Leptosphaeria biglobosa isolates at 104 
conidia/10 µL on the leaf lesion diameter (mm) assessed at 15 day-post inoculation 
analysed using Minitab 16. 
 
Source                           d.f          Seq SS            Sum of 
                squares        Mean square    F ratio    P-value  
Cultivar                         1             2.630    2.630             2.630            2.08        0.154 
Isolate              2           27.151              27.151          13.576          10.75        0.000 
Cultivar*Isolate    2             3.079    3.079             1.539            1.22        0.302 
Error               66         83.376             83.376             1.263 
Total               71       116.236 
 

C.2.22 Analysis of variance (ANOVA) of the leaf lesion severity score (0-9 scale) of two 
OSR cultivars (cv. Flash and cv. Excellium) inoculated with three Leptosphaeria biglobosa 
isolates at 104 conidia/10 µL assessed at 15 day-post inoculation. 
 
Source of variation d.f.            Sum of 
                                                                          squares      Mean square           F ratio       P-value 
Cultivar 1  3.556  3.556                   2.44          0.123 
Isolate 2  47.194  23.597                  16.19         <.001 
Cultivar*Isolate 2  2.194  1.097                    0.75         0.475 
Residual 66  96.167  1.457     
Total 71  149.111       
 

 

Pathogenicity of three Leptosphaeria biglobosa isolates on two OSR cultivars 
(cv. Flash and cv. Excellium) and one swede cultivar (cv. Highlander). 
 

C.2.23 Analysis by General Linear Model (GLM) of the effect of inoculation of two OSR 
cultivars (cv. Flash and cv. Excellium) and one swede cultivar (cv. Highlander) inoculated 
with three Leptosphaeria biglobosa isolates at 104 conidia/10 µL on the diameter (mm) of 
leaf lesion assessed at 15 day-post inoculation analysed using Minitab 16. 
 
Source                            d.f       Seq SS            Sum of 
              squares       Mean square   F ratio    P-value  
Cultivar                          2          0.164              1.595         0.797    0.25        0.777 
Isolate               2      4.689            6.572         3.286             1.04        0.359 
Cultivar*Isolate     4        22.483            22.483         5.621             1.79        0.146 
Error                          51      160.503          160.503         3.147 
Total                          59      187.839 
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C.2.24 Analysis by General Linear Model (GLM) of the effect of inoculation of two OSR 
cultivars (cv. Flash and cv. Excellium) and one swede cultivar (cv. Highlander) inoculated 
with three Leptosphaeria biglobosa isolates at 104 conidia/10 µL on the diameter (mm) of 
leaf lesion assessed at 20 day-post inoculation analysed using Minitab 16. 
 
Source                             d.f        Seq SS        Sum of 
         squares    Mean square     F ratio    P-value  
Cultivar                          2         18.283        11.899    5.950            1.07      0.352 
Isolate               2           7.955          9.404    4.702            0.85      0.436 
Cultivar*Isolate     4     2.384          2.384    0.596            0.11      0.979 
Error                          39       216.508     216.508    5.551 
Total                          47       245.130 
 
 
C.2.25 Analysis of variance (ANOVA) of the effect of inoculation of two OSR cultivars 
(cv. Flash and cv. Excellium) and one swede cultivar (cv. Highlander) inoculated with three 
Leptosphaeria biglobosa isolates at 104 conidia/10 µL on the leaf lesion severity score (0-9 
scale) assessed at 15 day-post inoculation. 
 
Source of variation       d.f.           Sum of  
                                                                         squares     Mean square    F ratio     P-value 
Cultivar 2  0.778  0.389  0.09  0.915 
Isolate 2  32.861  16.431  3.78  0.028 
Cultivar*Isolate 4  51.639  12.910  2.97  0.026 
Residual 63  274.000  4.349     
Total 71  359.278       
 
 
C.2.26 Analysis of variance (ANOVA) of the effect of inoculation of two OSR cultivars 
(cv. Flash and cv. Excellium) and one swede cultivar (cv. Highlander) inoculated with three 
Leptosphaeria biglobosa isolates at 104 conidia/10 µL on the leaf lesion severity score (0-9 
scale) assessed at 20 day-post inoculation. 
 
Source of variation d.f.(m.v.)   Sum of  
                                                                          squares     Mean square        F ratio       P-value 
Cultivar 2               4.614           2.307                 0.45          0.637 
Isolate 2             89.693         44.846                 8.83          <.001 
Cultivar*Isolate 4             45.210         11.302                 2.22          0.077 
Residual 59(4)      299.800            5.081     
Total 67(4)      420.118       
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C.2.27 Analysis by General Linear Model (GLM) of the effect of inoculation of two OSR 
cultivars (cv. Flash and cv. Excellium) and one swede cultivar (cv. Highlander) inoculated 
with three Leptosphaeria biglobosa isolates at 104 conidia/10 µL on the diameter (mm) of 
leaf lesion diameter (mm) across both assessment times analysed using Minitab 16. 
 
Source                             d.f     Seq SS     Sum of 
        squares     Mean square      F ratio    P-value  
Day post inoculation        1        69.97      69.970         69.970            17.13     0.000 
Error              106      432.97          432.969          4.085 
Total              107      502.94 
 
 
C.2.28 Analysis of variance (ANOVA) of the effect of inoculation of two OSR cultivars 
(cv. Flash and cv. Excellium) and one swede cultivar (cv. Highlander) inoculated with three 
Leptosphaeria biglobosa isolates at 104 conidia/10 µL on the leaf lesion severity score (0-9 
scale) across both assessment times. 
 
Source of variation d.f.           Sum of  
                                                                         squares       Mean square     F ratio       P-value 
Day post inoculation 1  138.290    138.290          24.49         <.001 
Residual 138  779.395  5.648     
Total 139  917.686       
 

C.3 Chapter 4 
C.3.1 Analysis by General Linear Model (GLM) of the effect of inoculation of OSR and 
swede with two Leptosphaeria maculans isolates from the same mating type or from the 
opposite mating type at 104 conidia/10 µL on leaf lesion diameter (mm) assessed at 14 day-
post inoculation analysed using Minitab 16. 
 
Source                             d.f      Seq SS    Sum of 
       squares    Mean square      F ratio    P-value  
Isolates 
combination           1       0.562        0.519          0.519               0.23    0.636 
Crops          1       0.042        0.021          0.021               0.01    0.924 
Isolates combination 
*Crops       1       0.395     0.395          0.395               0.17    0.680 
Error                   84   193.035    193.035          2.298 
Total                   87   194.034 
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C.3.2 Analysis by General Linear Model (GLM) of the effect of inoculation of OSR and 
swede with two Leptosphaeria maculans isolates from the same mating type or from the 
opposite mating type at 104 conidia/10 µL on leaf lesion diameter (mm) assessed at 28 day-
post inoculation analysed using Minitab 16. 
 
Source                             d.f     Seq SS    Sum of 
       squares     Mean square       F ratio    P-value  
Isolates combination     1         0.00            4.36               4.36           0.27      0.604 
Crops          1     617.27        596.21           596.21        36.99      0.000 
Isolates combination*Crops    1       81.96          81.96            81.96           5.08      0.027 
Error                  89    1434.48      1434.48            16.12 
Total                  92    2133.71 
 
 
C.3.3 Analysis of variance (ANOVA) of the effect of inoculation of OSR and swede with 
two Leptosphaeria maculans isolates from the same mating type or from the opposite 
mating type at 104 conidia/10 µL on leaf lesion severity score (0-9 scale) assessed at 14 
day-post inoculation. 
 
Source of variation d.f.          Sum of 
                                                                        squares      Mean square    F ratio       P-value 
Isolates combination 1  16.000  16.000          2.50          0.116 
Crops 1  0.694  0.694          0.11          0.742 
Isolates*Crops 1  0.444  0.444          0.07          0.792 
Residual 140  894.611  6.390     
Total        143        911.750  

 
C.3.4 Analysis of variance (ANOVA) of the effect of inoculation of OSR and swede with 
two Leptosphaeria maculans isolates from the same mating type or from the opposite 
mating type at 104 conidia/10 µL on leaf lesion severity score (0-9 scale) assessed at 28 
day-post inoculation. 
 
Source of variation d.f.          Sum of 
                                                                         squares     Mean square    F ratio       P-value 
Isolates combination 1  3.674  3.674           0.73          0.394 
Crops 1  9.507  9.507           1.89          0.172 
Isolates*Crops 1  8.507  8.507           1.69          0.196 
Residual 140  704.639  5.033     
Total           143        726.326 
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C.3.5 Analysis of variance (ANOVA) of the effect of inoculation of OSR and swede with 
two Leptosphaeria maculans isolates from the same mating type or from the opposite 
mating type at 104 conidia/10 µL on leaf lesion severity score (0-5 scale) assessed at 90 
day-post inoculation. 
 
Source of variation d.f.          Sum of 
                                                                        squares      Mean square        F ratio       P-value 
Isolates combination 1  0.750  0.750             0.27          0.609 
Crops 1  75.000  75.000           26.58          <.001 
Isolates*Crops 1  1.333  1.333             0.47          0.495 
Residual 44  124.167  2.822     
Total         47        201.250 
 
 
C.3.6 Analysis of variance (ANOVA) of the effect of inoculation of two cultivars of OSR 
and swede inoculated with four Leptosphaeria maculans isolates at 104 conidia/10 µL at 
six-leaf stage on the internal stem canker severity score (0-5 scale) assessed at six-week 
post inoculation. 
 
Source of variation d.f.(m.v.)    Sum of 
                                                                            squares        Mean square     F ratio    P-value 
Isolates    3               10.8425           3.6142            7.80       <.001 
Cultivar 3             291.7175         97.2392        209.73       <.001 
Isolates*Cultivar 9                10.5721           1.1747           2.53       0.011 
Residual                                        111(1)             51.4643           0.4636     
Total      126(1)           357.8740 

 

C.3.7 Analysis of variance (ANOVA) of the effect of inoculation of swede cv. Highlander 
with ascospores (102 conidia/10 µL) and conidial suspension (104 conidia/10 µL) of 
Leptosphaeria maculans isolates on the internal lesion severity score (0-5 scale). 
 
Source of variation d.f.          Sum of 
                                                                        squares         Mean square     F ratio       P-value 
Inoculums types 1  1806.2             1806.2            2.30          0.152 
Residual 14  10987.5               784.8     
Total 
 
 
 
 
 



 

 

246 

 

 

C.4 Chapter 5 
C.4.1 Analysis of variance (ANOVA) of the effect of three stubble management practices 
in Plot 2 and Plot 3 on the disease incidence (square root transformation) in the 2012 field 
experiment. 
 
Source of variation d.f.            Sum of 
                                                                         squares         Mean square   F ratio       P-value 
Plot 1  10.10  10.10           0.50          0.495 
Treatment 2  7.03  3.51           0.17          0.844 
Plot*Treatment 2  7.01  3.50           0.17          0.844 
Residual 12  244.28  20.36     
Total 17  268.42       
 
 
C.4.2 Analysis of variance (ANOVA) of the effect of three stubble management practices 
in on the disease incidence (square root transformation) in the 2013 field experiment 
assessed at five weekly intervals. 
 
Source of variation d.f.           Sum of 
                                                                         squares     Mean square        F ratio       P-value 
Treatments 2  63.095  31.548           19.45          <.001 
Week 4  8.837  2.209             1.36          0.270 
Treatments*Week 8  16.396  2.049             1.26          0.299 
Residual 30  48.649  1.622     
Total         44       136.978 
 
 
C.4.3 Analysis of variance (ANOVA) of the effect of three stubble management practices 
on the external disease severity score (square root transformation) in the 2013 field 
experiment. 
 
Source of variation d.f.           Sum of  
                                                                         squares     Mean square       F ratio       P-value 
Treatments 2  1.4449  0.7224           1.22         0.298 
Residual 222  131.8150  0.5938     
Total 224  133.2599       
 
 
C.4.4 Analysis of variance (ANOVA) of the effect of three stubble management practices 
on the internal disease severity score (square root transformation) in the 2013 field 
experiment. 
 
Source of variation d.f.          Sum of  
                                                                        squares       Mean square      F ratio      P-value 
Treatments 2  0.4607  0.2304           0.25         0.781 
Residual 222  206.9309  0.9321     
Total 224  207.3917       
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C.5 Chapter 6 
 
C.5.1 Analysis of variance (ANOVA) of the effect of burial and 5% urea treatment on the 
percentage reduction in of OSR stubble weight in in vitro pot assay assessed at three 
different assessment (harvesting) times.  
  
Source of variation  d.f. Sum of  
                                                                          square       Mean square          F ratio        P-value 
Incubation periods 2  4103.09  2051.55               162.92          <.001 
Stubble position 1  3368.26  3368.26               267.48          <.001 
Urea treatment 1  18.24  18.24                   1.45          0.234 
Incubation period* 
Stubble position 2   355.93  177.97                 14.13          <.001 
Incubation period* 
Urea treatment 2  71.86  35.93                   2.85          0.066 
Stubble position*Urea treatment 1  52.66  52.66                   4.18          0.045 
Incubation period* 
Stubble position*Urea treatment 2  93.49  46.74                   3.71          0.030 
Residual 60  755.54  12.59     
Total 71  8819.07       
 

C.5.2 Analysis of deviance (Generalized Linear Model) of the effects of burial and 5% 
urea treatment on the number of pseudothecia picked out from the stubble after two 
different incubation periods. 
 
                            Mean        Deviance      Approx. 
Change d.f.      Deviance     deviance        ratio          chi pr 
Stubble position  1       356.260      356.260       356.26        <.001 
Urea treatment  1         25.899        25.899         25.90        <.001 
Incubation periods  1           4.826          4.826           4.83        0.028 
Stubble position*Urea treatment  1           3.561          3.561           3.56        0.059 
Stubble position*Incubation periods  1           6.184          6.184           6.18        0.013 
Urea treatment*Incubation periods  1           4.282          4.282           4.28        0.039 
Stubble position*Urea treatment 
*Incubation periods 1            0.001          0.001           0.00        0.972 
Residual  32          72.418          2.263     
Total  39         473.433        12.139     
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C.5.3 Analysis of deviance (Generalized Linear Model) of the effects of burial and 5% 
urea treatment on the proportion of matured pseudothecia from the total number of 
pseudothecia picked out from the stubble after two different incubation periods. 
 
                               Mean       Deviance   Approx. 
Change d.f.        Deviance     deviance        ratio          chi pr 
Stubble position  1         49.878         49.878         49.88         <.001 
Urea treatment  1           6.610           6.610           6.61         0.010 
Incubation periods  1       103.430       103.430       103.43         <.001 
Stubble position*Urea treatment  1           0.876           0.876           0.88         0.349 
Stubble position*Incubation periods  1           1.460           1.460           1.46         0.227 
Urea treatment*Incubation periods  1           6.695           6.695           6.69         0.010 
Stubble position*Urea treatment 
*Incubation periods 1           0.001           0.001           0.00         0.970 
Residual  32         93.092           2.909     
Total  39       262.042           6.719     
 
C.5.4 Pearson correlation analysis using Primer6 of 22 carbon sources used to determine 
the microbial function in the soil associated with burial and 5% urea treatment. 

Carbon sources Pearson correlation  
MDS1 MDS2 

Water standard -0.366 0.015 
raffinose -0.375 -0.166 
L-proline -0.442 -0.170 
L-serine -0.549 0.303 
arginine -0.552 -0.477 

D-fructose -0.573 -0.638 
glycoloc -0.577 0.168 

L-arabinose -0.590 -0.334 
glycerol 50% -0.652 -0.349 
D-galactose -0.675 -0.448 

tartaric -0.708 -0.123 
L-alanine -0.730 0.289 
citric acid -0.732 -0.092 

a -D-glucose -0.742 -0.155 
D-(+)-glucosamine hydrochloride -0.747 -0.003 

glycine -0.795 0.121 
Water standard -0.825 0.102 

Urea -0.838 0.298 
maltose -0.849 -0.120 
sucrose -0.851 0.177 

D -Xylose -0.856 -0.121 
cysteine -0.860 0.308 
tyrosine -0.899 0.124 

triton x-100 -0.903 0.163 
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C.5.5 Analysis of variance (ANOVA) of the effect of assessment times on the species 
richness of the bacterial and fungal community associated with burial and 5% urea 
treatment in in vitro pot assay.  
 
Source of variation       d.f.          Sum of  
                                                      square         Mean square       F ratio          P-value 
Bacteria 
Assessment time             2            510.389           255.194             34.06            <.001 
Residual                         33           247.250               7.492     
Total                           35   757.639 
 
Fungus 
Assessment time              2            100.72                50.36              4.02             0.027 
Residual                          33           413.58                12.53     
Total                            35    514.31 
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Appendix D 
Sequences analyses 

D.1 Nucleotide sequences of the ITS region amplified using primers ITS4 and 
ITS5 for representative isolates of Leptosphaeria species collected during 
sampling. 
D.1.1 Leptosphaeria maculans 
Lm 101 

GGTCAAGAGCTTAAAAAGTGTCTTGATGGATGCCAACAACCATGACAAGAGGCGCAAAATGTGCTGCCTCCAG

GCCAATGTGCCGGCTGCCAATTGTTTCAAGGCGAGTCCCAAGTGGAACAAACACCCAACACCAAGCAGAGCTT

GAGGGTACAAATGACGCTCGAACAGGCATGCCCCATGGAATACCAAGGGGCGCAATGTGCGTTCAAAGATTCG

ATGATTCACTGAATTCTGCAATTCACACTACTTATCGCATTTCGCTGCGTTCTTCATCGATGCCAGAACCAAG

AGATCCGTTGTTGAAAGTTGTAATTTATTACATTGTTACTGACGCTGACTGCAATTGCAAGTGGTTTTAGGGG

ATCCAATTGGTGGGCAAGCCCACCAAGGAAACAAATAGTACGCAAAAAACATGGGTAGAATCAAAGTAGACTG

CCGCCACTGATCGAGGCGGCAGTGCTTTGAAAATGAGTAATGATCCTTCCGCAGGTTCACCTACGGAAACCTT

GTTACGACT 

 
Lm 136 
GTCAGAGCTTGTGTCTTGATGGATGCCAACAACCATGACAAGAGGCGCAAAATGTGCTGCCTCCAGGCCAATG

TGCCGGCTGCCAATTGTTTCAAGGCGAGTCCCAAGTGGAACAAACACCCAACACCAAGCAGAGCTTGAGGGTA

CAAATGACGCTCGAACAGGCATGCCCCATGGAATACCAAGGGGCGCAATGTGCGTTCAAAGATTCGATGATTC

ACTGAATTCTGCAATTCACACTACTTATCGCATTTCGCTGCGTTCTTCATCGATGCCAGAACCAAGAGATCCG

TTGTTGAAAGTTGTAATTTATTACATTGTTACTGACGCTGACTGCAATTGGAAGTGGTTTTAGGGGATCCAAT

TGGTGGGCAAGCCCACCAAGGAAACAAATAGTACGCAAAAAACATGGGCAGAATCAAAGTAGACTGCCGCCAC

TGATCGAGGCGGCAGTGCTTTGAAAATGGGTAATGATCCTTCCGCAGGTTCACCTACGGAAACCTTGTTACGA

CT 

 
Lm 146 
TGTCTTGATGGATGCCAACAACCATGACAAGAGGCGCAAAATGTGCTGCGCTCCAGGCCAATGTGCCGGCTGC

CAATTGTTTCAAGGCGAGTCCCAAGTGGAACAAACACCCAACACCAAGCAGAGCTTGAGGGTACAAATGACGC

TCGAACAGGCATGCCCCATGGAATACCAAGGGGCGCAATGTGCGTTCAAAGATTCGATGATTCACTGAATTCT

GCAATTCACACTACTTATCGCATTTCGCTGCGTTCTTCATCGATGCCAGAACCAAGAGATCCGTTGTTGAAAG

TTGTAATTTATTACATTGTTACTGACGCTGACTGCAATTGCAAGTGGTTTTAGGGGATCCAATTGGTGGGCAA

GCCCACCAAGGAAACAAATAGTACGCAAAAAACATGGGTAGAATCAAAGTAGACTGCCGCCACTGATCGAGGC

GGCAGTGCTTTGAAAATGAGTAATGATCCTTCCGCAGGTTCACCTACGGAAACCTTGTTACG 

 
ICMP 13554 
TGTCTTGATGGATGCCAACAACCATGACAAGAGGCGCAAAATGTGCTGCGCTCCAGGCCAATGTGCCGGCTGC

CAATTGTTTCAAGGCGAGTCCCAAGTGGAACAAACACCCAACACCAAGCAGAGCTTGAGGGTACAAATGACGC

TCGAACAGGCATGCCCCATGGAATACCAAGGGGCGCAATGTGCGTTCAAAGATTCGATGATTCACTGAATTCT

GCAATTCACACTACTTATCGCATTTCGCTGCGTTCTTCATCGATGCCAGAACCAAGAGATCCGTTGTTGAAAG

TTGTAATTTATTACATTGTTACTGACGCTGACTGCAATTGCAAGTGGTTTTAGGGGATCCAATTGGTGGGCAA

GCCCACCAAGGAAACAAATAGTACGCAAAAAACATGGGTAGAATCAAAGTAGACTGCCGCCACTGATCGAGGC

GGCAGTGCTTTGAAAATGAGTAATGATCCTTCCGCAGGTTCACCTACAAACCTTGTTACGA 
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D.1.2 Leptosphaeria biglobosa 
Lb 237 

CAAGAGCTAATAAAATATCTTGATGGATGCCAACAATCATAGCAAGAGGCGCAAAATGTGCTGCGCTCCAGGC

CAATATGCCGGCTGCCAATTGTTTTCAGGCGAGTCCAGTCTGCGCAAGCACAGAGAACATTCACCCAACACCA

AGCAGAGCTTGAGGGTACAAATGACGCTCGAACAGGCATGCCCCATGGAATACCAAGGGGCGCAATGTGCGTT

CAAAGATTCGATGATTCACTGAATTCTGCAATTCACACTACTTATCGCATTTCGCTGCGTTCTTCATCGATGC

CAGAACCAAGAGATCCGTTGTTGAAAGTTGTAATTATTACATTGTTACTGACGCTGACTGCAATTACAAGTGG

TTTGAATTGTCCTTTTGGCAGGCAAGCCCACCAAGGAAACAAATAGTACGCAAAAAACATGGGTAGAATCAGA

AAGGAAAGGGACAGAAATTAAGCCAAAGGCTCAACTGCTGACACCAATCCCCTGATAGAAGGGTAATGATCCT

TCCGCAGGTTCACCTACGGAAACCTTGT 

 

Lb 238 
GAGTCAGAGCTAATAAAATATCTTGATGGATGCCAACAATCATAGCAAGAGGCGCAAAATGTGCTGCGCTCCA

GGCCAATATGCCGGCTGCCAATTGTTTTCAGGCGAGTCCAGTCTGCGCAAGCACAGAGAACATTCACCCAACA

CCAAGCAGAGCTTGAGGGTACAAATGACGCTCGAACAGGCATGCCCCATGGAATACCAAGGGGCGCAATGTGC

GTTCAAAGATTCGATGATTCACTGAATTCTGCAATTCACACTACTTATCGCATTTCGCTGCGTTCTTCATCGA

TGCCAGAACCAAGAGATCCGTTGTTGAAAGTTGTAATTATTACATTGTTACTGACGCTGACTGCAATTACAAG

TGGTTTGAATTGTCCTTTTGGCAGGCAAGCCCACCAAGGAAACAAATAGTACGCAAAAAACATGGGTAGAATC

AGAAAGGAAAGGGACAGAAATTAAGCCAAAGGCTCAACTGCTGACACCAATCCCCTGATAGAAGGGTAATGAT

CCTTCCGCAGGTTCACCTACGGAAACC 

 

ICMP 10665 
CAAGAGCTAATAAAATATCTTGATGGATGCCAACAATCATAGCAAGAGGCGCAAAATGTGCTGCGCTCCAGGC

CAATATGCCGGCTGCCAATTGTTTTCAGGCGAGTCCAGTCTGCGCAAGCACAGAGAACATTCACCCAACACCA

AGCAGAGCTTGAGGGTACAAATGACGCTCGAACAGGCATGCCCCATGGAATACCAAGGGGCGCAATGTGCGTT

CAAAGATTCGATGATTCACTGAATTCTGCAATTCACACTACTTATCGCATTTCGCTGCGTTCTTCATCGATGC

CAGAACCAAGAGATCCGTTGTTGAAAGTTGTAATTATTACATTGTTACTGACGCTGACTGCAATTACAAGTGG

TTTGAATTGTCCTTTTGGCAGGCAAGCCCACCAAGGAAACAAATAGTACGCAAAAAACATGGGTAGAATCAGA

AAGGAAAGGGACAGAAATTAAGCCAAAGGCTCAACTGCTGACACCAATCCCCTGATAGAAGGGTAATGATCCT

TCCGCAGGTTCACCTACGGAAACC 

 

Lb 268 
CAGAGCTAATAAAATATCTTGATGGATGCCAACAATCATAGCAAGAGGCGCAAAATGTGCTGCGCTCCAGGCC

AATATGCCGGCTGCCAATTGTTTTCAGGCGAGTCCAGTCTGCGCAAGCACAGAGAACATTCACCCAACACCAA

GCAGAGCTTGAGGGTACAAATGACGCTCGAACAGGCATGCCCCATGGAATACCAAGGGGCGCAATGTGCGTTC

AAAGATTCGATGATTCACTGAATTCTGCAATTCACACTACTTATCGCATTTCGCTGCGTTCTTCATCGATGCC

AGAACCAAGAGATCCGTTGTTGAAAGTTGTAATTATTACATTGTTACTGACGCTGACTGCAATTACAAGTGGT

TTGAATTGTCCTTTTGGCAGGCAAGCCCACCAAGGAAACAAATAGTACGCAAAAAACATGGGTAGAATCAGAA

AGGAAAGGGACAGAAATTAAGCCAAAGGCTCAACTGCTGACACCAATCCCCTGATAGAAGGGTAATGATCCTT

CCGCAGGTTCACCTACAAACCTTGTTACGAC 
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D.2 Nucleotide sequences of the actin gene region amplified using actin gene 
primers for representative isolates of Leptosphaeria species collected during 
sampling. 
D.2.1 Leptosphaeria maculans 
Lm 101 

GCACCCCGTCCTCCTCACCGAGGCTCCCATCAACCCCAAGTCCAACCGTGAGAAGATGACCCAGATCGTCTTC

GAGACTTTCAACGCACCCGCCTTCTACGTCTCCATCCAGGCTGTCCTGTCCCTGTACGCCTCTGGACGTACCA

CCGGTATCGTGCTCGACTCCGGTGACGGTGTCACCCACGTTGTCCCCATCTACGAGGGTTTCGCGCTTCCCCA

CGCCATTTCCCGTGTCGACATGGCTGGTCGTGATCTGACTGATTACCTCATGAAGATCCTGGCTGAGCGTGGT

TACACCTTCTCCACCACGGCCGAGCGCGAAATCGTCCGTGACATCAAAGAGAAGCTCTGCTACGTTGCGCTCG

ACTTTGAGCAGGAGATCCAGACTGCCAGCCAGTCTTCCAGCTTGGAGAAGTCGTACGAACTTCCCGACGGACA

GGTCATCACCATTGGGAACGAGCGTTTCCGTGCTCCTGAGGCTCTTTTCCAGCCTTCTGTGCTTGGTCTTGAA

AGCGGTGGTATCCACGTCACCACTTTCAACTCCATCATGAAGTGCGATGTCGATGTCAGGGATCTCTACGGCA

ACATCGTCATGGTACGTGATTGACGCACTCACAGTCATATTC 

 

Lm 136 

CATCTGCTGGAAGGTGGAGAGCGAGGCGAGAATGGAACCACCGATCCAGACGGAGACTTGCGCTCAGGAGGAG

CGATGATCTTGACCTTCATGGATGAGGGTGCAAGAGCGGTGATTTCCTTCTGCATGCGGTCGGAGATACCAGG

GTACATGGTGGTACCACCAGACTATGTCCTTGTTAGTGCGGAATATGACTGTGAGTGCGTCAATCACGTACCA

TGACGATGTTGCCGTAGAGATCTTTCCTGACATCGACATCGCACTTCATGATGGAGTTGAAAGTGGTGACGTG

GATACCACCGCTTTCAAGACCAAGCACAGAAGGCTGGAAAAGAGCCTCAGGAGCACGGAAACGCTCGTTCCCA

ATGGTGATGACCTGTCCGTCGGGAAGTTCGTACGACTTCTCCAAGCTGGAAGACTGGCTGGCAGTCTGGATCT

CCTGCTCAAAGTCGAGCGCAACGTAGCAGAGCTTCTCTTTGATGTCACGGACGATTTCGCGCTCGGCCGTTGG

AGAAGGTGTAACCACGCTCAGCCAGATCTTCATGAGGTAATCAGTCAGATCACGACCAGCCATGTCGACAC 

 

Lm 146 

ATCCACATCTGCTGGAAGGTGGAGAGCGAGGCGAGAATGGAACCACCGATCCAGACGGAGTACTTGCGCTCAG

GAGGAGCGATGATCTTGACCTTCATGGATGAGGGTGCAAGAGCGGTGATTTCCTTCTGCATGCGGTCGGAGAT

ACCAGGGTACATGGTGGTACCACCAGACTATGTCCTTGTTAGTGCGGAATATGACTGTGAGTGCGTCAATCAC

GTACCATGACGATGTTGCCGTAGAGATCTTTCCTGACATCGACATCGCACTTCATGATGGAGTTGAAAGTGGT

GACGTGGATACCACCGCTTTCAAGACCAAGCACAGAAGGCTGGAAAAGAGCCTCAGGAGCACGGAAACGCTCG

TTCCCAATGGTGATGACCTGTCCGTCGGGAAGTTCGTACGACTTCTCCAAGCTGGAAGACTGGCTGGCAGTCT

GGATCTCCTGCTCAAAGTCGAGCGCAACGTAGCAGAGCTTCTCTTTGATGTCACGGACGATTTCGCGCTC 

 

ICMP 13554 

GCACCCCGTCCTCCTCACCGAGGCTCCCATCAACCCCAAGTCCAACCGTGAGAAGATGACCCAGATCGTCTTC

GAGACTTTCAACGCACCCGCCTTCTACGTCTCCATCCAGGCTGTCCTGTCCCTGTACGCCTCTGGACGTACCA

CCGGTATCGTGCTCGACTCCGGTGACGGTGTCACCCACGTTGTCCCCATCTACGAGGGTTTCGCGCTTCCCCA

CGCCATTTCCCGTGTCGACATGGCTGGTCGTGATCTGACTGATTACCTCATGAAGATCCTGGCTGAGCGTGGT

TACACCTTCTCCACCACGGCCGAGCGCGAAATCGTCCGTGACATCAAAGAGAAGCTCTGCTACGTTGCGCTCG

ACTTTGAGCAGGAGATCCAGACTGCCAGCCAGTCTTCCAGCTTGGAGAAGTCGTACGAACTTCCCGACGGACA

GGTCATCACCATTGGGAACGAGCGTTTCCGTGCTCCTGAGGCTCTTTTCCAGCCTTCTGTGCTTGGTCTTGAA

AGCGGTGGTATCCACGTCACCACTTTCAACTCCATCATGAAGTGCGATGTCGATGTCAGGGATCTCTACGGCA

ACATCGTCATGGTACGTGATTGACGCACTCACAGTCATATTCCGCACTAACGGACATAGTC 
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D.2.2 Leptosphaeria biglobosa 
Lb 237 

GAGAGCACCCCGTCCTGCTCACCGAGGCTCCCATCAACCCCAAGTCCAACCGTGAGAAGATGACCCAGATCGT

CTTCGAGACCTTCAACGCACCAGCCTTCTACGTCTCCATCCAGGCCGTCCTGTCCCTGTACGCTTCTGGACGT

ACCACCGGTATCGTGCTTGACTCCGGTGACGGTGTCACCCACGTTGTCCCCATTTACGAGGGTTTCGCGCTTC

CCCATGCCATCTCTCGTGTCGACATGGCTGGTCGTGATCTCACTGATTACCTCATGAAGATTCTGGCTGAGCG

TGGATACACCTTCTCCACCACTGCCGAGCGCGAAATCGTTCGTGACATCAAGGAGAAACTGTGCTACGTTGCT

CTCGACTTTGAGCAGGAGATCCAGACTGCCAGCCAGTCCTCCAGCTTGGAGAAGTCCTACGAACTTCCCGATG

GACAGGTCATCACCATTGGCAACGAGCGTTTCCGTGCTCCTGAGGCTCTTTTCCAGCCTTCTGTGCTCGGTCT

TGAGAGCGGTGGCATCCACGTCACCACCTTCAACTCCATCATGAAGTGCGATGTCGATGTCAGGAAAGACCTC

TACGGCAACATCGTCATGGTACGTTCTGCACGCATTCACTGACAATTTTTTCGCTGACAAAGACACAGTCTGG

TGGTACCACCATGTACCCCGGTATCTCCGACCGCATGCAGAAGGAATCACTGCTCTTGC 

 

Lb 238 
AGGAGCACCCCGTCCTGCTCACCGAGGCTCCCATCAACCCCAAGTCCAACCGTGAGAAGATGACCCAGATCGT

CTTCGAGACCTTCAACGCACCAGCCTTCTACGTCTCCATCCAGGCCGTCCTGTCCCTGTACGCTTCTGGACGT

ACCACCGGTATCGTGCTTGACTCCGGTGACGGTGTCACCCACGTTGTCCCCATTTACGAGGGTTTCGCGCTTC

CCCATGCCATCTCTCGTGTCGACATGGCTGGTCGTGATCTCACTGATTACCTCATGAAGATTCTGGCTGAGCG

TGGATACACCTTCTCCACCACTGCCGAGCGCGAAATCGTTCGTGACATCAAGGAGAAACTGTGCTACGTTGCT

CTCGACTTTGAGCAGGAGATCCAGACTGCCAGCCAGTCCTCCAGCTTGGAGAAGTCCTACGAACTTCCCGATG

GACAGGTCATCACCATTGGCAACGAGCGTTTCCGTGCTCCTGAGGCTCTTTTCCAGCCTTCTGTGCTCGGTCT

TGAGAGCGGTGGCATCCACGTCACCACCTTCAACTCCATCATGAAGTGCGATGTCGATGTCAGGAAAGACCTC

TACGGCAACATCGTCATGGTACGTTCTGCACGCATTCACTGACAATTTTTTCGCTGACAAAGACACAGTCTTG

GTACCACCATGTAC 

 

ICMP 10665 
GCACCCCGTCCTGCTCACCGAGGCTCCCATCAACCCCAAGTCCAACCGTGAGAAGATGACCCAGATCGTCTTC

GAGACCTTCAACGCACCAGCCTTCTACGTCTCCATCCAGGCCGTCCTGTCCCTGTACGCTTCTGGACGTACCA

CCGGTATCGTGCTTGACTCCGGTGACGGTGTCACCCACGTTGTCCCCATTTACGAGGGTTTCGCGCTTCCCCA

TGCCATCTCTCGTGTCGACATGGCTGGTCGTGATCTCACTGATTACCTCATGAAGATTCTGGCTGAGCGTGGA

TACACCTTCTCCACCACTGCCGAGCGCGAAATCGTTCGTGACATCAAGGAGAAACTGTGCTACGTTGCTCTCG

ACTTTGAGCAGGAGATCCAGACTGCCAGCCAGTCCTCCAGCTTGGAGAAGTCCTACGAACTTCCCGATGGACA

GGTCATCACCATTGGCAACGAGCGTTTCCGTGCTCCTGAGGCTCTTTTCCAGCCTTCTGTGCTCGGTCTTGAG

AGCGGTGGCATCCACGTCACCACCTTCAACTCCATCATGAAGTGCGATGTCGATGTCAGGAAAGACCTCTACG

GCAACATCGTCATGGTACGTTCTGCACGCATTCACTGACAATTTTTTCGCTGACAAAGACACAGTCTGGTGGT

ACCACCATGTACCCCTATCTCCGACCGCATGCAGAAGGTCACTGCTCTTGCACCCT 

 

Lb 268 
GCACCCCGTCCTGCTCACCGAGGCTCCCATCAACCCCAAGTCCAACCGTGAGAAGATGACCCAGATCGTCTTC

GAGACCTTCAACGCACCAGCCTTCTACGTCTCCATCCAGGCCGTCCTGTCCCTGTACGCTTCTGGACGTACCA

CCGGTATCGTGCTTGACTCCGGTGACGGTGTCACCCACGTTGTCCCCATTTACGAGGGTTTCGCGCTTCCCCA

TGCCATCTCTCGTGTCGACATGGCTGGTCGTGATCTCACTGATTACCTCATGAAGATTCTGGCTGAGCGTGGA

TACACCTTCTCCACCACTGCCGAGCGCGAAATCGTTCGTGACATCAAGGAGAAACTGTGCTACGTTGCTCTCG

ACTTTGAGCAGGAGATCCAGACTGCCAGCCAGTCCTCCAGCTTGGAGAAGTCCTACGAACTTCCCGATGGACA

GGTCATCACCATTGGCAACGAGCGTTTCCGTGCTCCTGAGGCTCTTTTCCAGCCTTCTGTGCTCGGTCTTGAG

AGCGGTGGCATCCACGTCACCACCTTCAACTCCATCATGAAGTGCGATGTCGATGTCAGGAAAGACCTCTACG

GCAACATCGTCATGTACGTTCTGCACGCATTCACTGACATTTTTTCGCTGACAAAGACACAGTCTGGTGGTAC

CACCATGTA 
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D.3 Nucleotide sequences of the β-tubulin gene region amplified using β-
tubulin gene primers for representative isolates of Leptosphaeria species 
collected during sampling. 
D.3.1 Leptosphaeria maculans 
Lm 101 

CTACTCATACGGACGGCGCCGAACTAACTCGACCTAGGCTCTCTACGATATCTGCATGAGGACCCTCAAGCTG

AACAACCCTTCATACGGTGACCTGAACCACCTCGTCTCCGCCGTCATGTCGGGTGTCACCACCTGCCTGCGTT

TCCCTGGTCAGCTCAACTCCGATCTCAGGAAGTTGGCTGTCAACATGGTGCCCTTCCCCCGTCTCCACTTCTT

CATGGTCGGATTCGCTCCCCTTACCAGCCGCGGTGCCCACTCCTTCCGCGCCGTCACCGTTCCCGAGCTCACC

CAGCAGATGTTCGACCCCAAGAACATGATGGCTGCGTCCGACTTCCGTAACGGTCGCTACCTGACCTGCTCTG

CCTACTTCCGTGG 

 

Lm 136 

CAACGAGGTATGTCTTGATCTCCACTACTCATACGGACGGCGCCGAACTAACTCGACCTAGGCTCTCTACGAT

ATCTGCATGAGGACCCTCAAGCTGAACAACCCTTCATACGGTGACCTGAACCACCTCGTCTCCGCCGTCATGT

CGGGTGTCACCACCTGCCTGCGTTTCCCTGGTCAGCTCAACTCCGATCTCAGGAAGTTGGCTGTCAACATGGT

GCCCTTCCCCCGTCTCCACTTCTTCATGGTCGGATTCGCTCCCCTTACCAGCCGCGGTGCCCACTCCTTCCGC

GCCGTCACCGTTCCCGAGCTCACCCAGCAGATGTTCGACCCCAAGAACATGATGGCTGCGTCCGACTTCCGTA

ACGGTCGCTACCTGACCTGCTC 

 

Lm 146 

GGTCAGGTAGCGACCGTTACGGAAGTCGGACGCAGCCATCATGTTCTTGGGGTCGAACATCTGCTGGGTGAGC

TCGGGAACGGTGACGGCGCGGAAGGAGTGGGCACCGCGGCTGGTAAGGGGAGCGAATCCGACCATGAAGAAGT

GGAGACGGGGGAAGGGCACCATGTTGACAGCCAACTTCCTGAGATCGGAGTTGAGCTGACCAGGGAAACGCAG

GCAGGTGGTGACACCCGACATGACGGCGGAGACGAGGTGGTTCAGGTCACCGTATGAAGGGTTGTTCAGCTTG

AGGGTCCTCATGCAGATATCGTAGAGAGCCTAGGTCGAGTTAGTTCGGCGCCGTCCGTATGAGTAGTGGAGAT

CAAGACATACCTCGTTG 

 

ICMP 13554 

TCTTGATCTCCACTACTCATACGGACGGCGCCGAACTAACTCGACCTAGGCTCTCTACGATATCTGCATGAGG

ACCCTCAAGCTGAACAACCCTTCATACGGTGACCTGAACCACCTCGTCTCCGCCGTCATGTCGGGTGTCACCA

CCTGCCTGCGTTTCCCTGGTCAGCTCAACTCCGATCTCAGGAAGTTGGCTGTCAACATGGTGCCCTTCCCCCG

TCTCCACTTCTTCATGGTCGGATTCGCTCCCCTTACCAGCCGCGGTGCCCACTCCTTCCGCGCCGTCACCGTT

CCCGAGCTCACCCAGCAGATGTTCGACCCCAAGAACATGATGGCTGCGTCCGACTTCCGTAACGGTCGCTACC

TGACCTGCTCTGCCTACTTCCGTGGT 
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D.3.2 Leptosphaeria biglobosa 
Lb 237 

GCGCATCCTTTGTTACCCAAGAAACGCGCCAAACTGACTTGACCTAGGCCCTGTACGATATCTGCATGAGGAC

CCTTAAGCTGAACAACCCTTCATATGGCGATTTGAACCACCTCGTCTCCGCCGTCATGTCGGGTGTGACCACC

TGCCTGCGTTTCCCTGGTCAGCTCAACTCCGATCTCCGCAAGTTGGCTGTCAACATGGTGCCCTTCCCCCGTC

TCCACTTCTTCATGGTTGGATTCGCTCCCCTCACCAGCCGTGGTGCCCACTCCTTCCGCGCCGTCACCGTTCC

CGAGCTCACCCAGCAGATGTTCGACCCCAAGAACATGATGGCGGCCTCTGACTTCCGTAACGGTCGCTACCTG

ACCTGCTCCGCTTACTTCCGCGGAAAG 

 

Lb 238 

TGCGCATCCTTTGTTACCCAAGAAACGCGCCAAACTGACTTGACCTAGGCCCTGTACGATATCTGCATGAGGA

CCCTGAAGCTGAACAACCCTTCATATGGCGATTTGAACCACCTCGTCTCCGCCGTCATGTCGGGTGTCACCAC

CTGCCTGCGTTTCCCTGGTCAGCTCAACTCCGATCTCCGCAAGTTGGCTGTCAACATGGTGCCCTTCCCCCGT

CTCCACTTCTTCATGGTTGGATTCGCTCCCCTCACCAGCCGTGGTGCCCACTCCTTCCGCGCCGTCACCGTTC

CCGAGCTCACCCAGCAGATGTTCGACCCCAAGAACATGATGGCGGCCTCTGACTTCCGTAACGGTCGCTACCT

GACCTGCTCCGCTTACTTCCGCGGAAA 

 

ICMP 10665 

TGCGCATCCTTTGTTACCCAAGAAACGCGCCAAACTGACTTGACCTAGGCCCTGTACGATATCTGCATGAGGA

CCCTTAAGCTGAACAACCCTTCATATGGCGATTTGAACCACCTCGTCTCCGCCGTCATGTCGGGTGTGACCAC

CTGCCTGCGTTTCCCTGGTCAGCTCAACTCCGATCTCCGCAAGTTGGCTGTCAACATGGTGCCCTTCCCCCGT

CTCCACTTCTTCATGGTTGGATTCGCTCCCCTCACCAGCCGTGGTGCCCACTCCTTCCGCGCCGTCACCGTTC

CCGAGCTCACCCAGCAGATGTTCGACCCCAAGAACATGATGGCGGCCTCTGACTTCCGTAACGGTCGCTACCT

GACCTGCTCCGCTTACTTCCGCGGAAA 

 

Lb 268 

TGCGCATCCTTTGTTACCCAAGAAACGCGCCAAACTGACTTGACCTAGGCCCTGTACGATATCTGCATGAGGA

CCCTTAAGCTGAACAACCCTTCATATGGCGATTTGAACCACCTCGTCTCCGCCGTCATGTCGGGTGTGACCAC

CTGCCTGCGTTTCCCTGGTCAGCTCAACTCCGATCTCCGCAAGTTGGCTGTCAACATGGTGCCCTTCCCCCGT

CTCCACTTCTTCATGGTTGGATTCGCTCCCCTCACCAGCCGTGGTGCCCACTCCTTCCGCGCCGTCACCGTTC

CCGAGCTCACCCAGCAGATGTTCGACCCCAAGAACATGATGGCGGCCTCTGACTTCCGTAACGGTCGCTACCT

GACCTGCTCCGCTTACTTCCGCGGAAAG 

 

 

 

 

 

 



 

 

256 

 

 

D.4 Nucleotide sequences of the ITS region amplified using primers ITS4 and 
ITS5 for representative isolates of non-Leptosphaeria species collected during 
sampling. 
D.4.1 Phoma exigua var. exigua 
ICMP 10655  

AACAAGGTTTCCGTAGGTGAACCTGCGGAAGGATCATTACCTAGAGTTGTAGGCTTTGCCTACCATCTCTTAC

CCATGTCTTTTGAGTACCTTCGTTTCCTCGGCGGGTCCGCCCGCCGATTGGACAAACTTAAACCCTTTGTAAT

TGAAATCAGCGTCTGAAAAAACATAATAGTTACAACTTTCAACAACGGATCTCTTGGTTCTGGCATCGATGAA

GAACGCAGCGAAATGCGATAAGTAGTGTGAATTGCAGAATTCAGTGAATCATCGAATCTTTGAACGCACATTG

CGCCCCTTGGTATTCCATGGGGCATGCCTGTTCGAGCGTCATTTGTACCTTCAAGCTCTGCTTGGTGTTGGGT

GTTTGTCTCGCCTTTGCGTGTAGACTCGCCTTAAAACAATTGGCAGCCGGCGTATTGATTTCGGAGCGCAGTA

CATCTCCCGGTTTGCACTCATAACGACGACGTCCAAAAAGTACTTTTTACACTCTTGACCTCGG 

 

Isolate 250  

CTGCGGAAGGATCATTACCTAGAGTTGTAGGCTTTGCCTACCATCTCTTACCCATGTCTTTTGAGTACCTTCG

TTTCCTCGGCGGGTCCGCCCGCCGATTGGACAAACTTAAACCCTTTGTAATTGAAATCAGCGTCTGAAAAAAC

ATAATAGTTACAACTTTCAACAACGGATCTCTTGGTTCTGGCATCGATGAAGAACGCAGCGAAATGCGATAAG

TAGTGTGAATTGCAGAATTCAGTGAATCATCGAATCTTTGAACGCACATTGCGCCCCTTGGTATTCCATGGGG

CATGCCTGTTCGAGCGTCATTTGTACCTTCAAGCTCTGCTTGGTGTTGGGTGTTTGTCTCGCCTTTGCGTGTA

GACTCGCCTTAAAACAATTGGCAGCCGGCGTATTGATTTCGGAGCGCAGTACATCTCGCGCTTTGCACTCATA

ACGACGACGTCCAAAAAGTA 

 

D.4.2 Alternaria infectoria/ Lewia infectoria 
Isolate 105  

GCTGGGCACTGCTTCACGGCGTGCGCGGCGGGGCCGGCCCTGCTGAATTATTCACCCGTGTCTTTTGCGTACT

TCTTGTTTCCTGGGTGGGCTCGCCCGCCCTCAGGACCAACCACAAACCTTTTGCAATAGCAATCAGCGTCAGT

AACAACGTAATTAATTACAACTTTCAACAACGGATCTCTTGGTTCTGGCATCGATGAAGAACGCAGCGAAATG

CGATACGTAGTGTGAATTGCAGAATTCAGTGAATCATCGAATCTTTGAACGCACATTGCGCCCTTTGGTATTC

CAAAGGGCATGCCTGTTCGAGCGTCATTTGTACCCTCAAGCTTTGCTTGGTGTTGGGCGTCTTTTGTCTCCAG

TTCGCTGGAGACTCGCCTTAAAGTCATTGGCAGCCGGCCTATTGGTTTCGGAGCGCAGCACAAGTCGCGCTCT

TTGCCAGCCAAGGTCAGCGTCCAGCA 

 

D.4.3 Fusarium avenaceum 
Isolate 245  

TCGGCGGATCAGCCCGCGCCCCGTAAAACGGGACGGCCCGCCAGAGGACCCAAACTCTAATGTTTCTTATTGT

AACTTCTGAGTAAAACAAACAAATAAATCAAAACTTTCAACAACGGATCTCTTGGTTCTGGCATCGATGAAGA

ACGCAGCAAAATGCGATAAGTAATGTGAATTGCAGAATTCAGTGAATCATCGAATCTTTGAACGCACATTGCG

CCCGCTGGTATTCCGGCGGGCATGCCTGTTCGAGCGTCATTTCAACCCTCAAGCCCCCGGGTTTGGTGTTGGG

GATCGGCTCTGCCTTCTGGCGGTGCCGCCCCCGAAATACATTGGCGGTCTCGCTGCAGCCTCCATTGCGTAGT

AGCTAACACCTCGCAACTGGAACGCGGCGCGGCCATGCCGTAAAACCCCAACTTCTGAATGTTGACC 
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D.5 Nucleotide sequences of the β-tubulin gene region amplified using β-
tubulin gene primers for representative isolates of non-Leptosphaeria species 
collected during sampling. 
D.5.1 Fusarium avenaceum 
Isolate 241  

TCTGGCGAGCATGGCCTTGACAGCAATGGTGTCTACAACGGCACCTCGGAGCTTCAGCTCGAGCGCATGAGCG

TCTACTTCAACGAGGTATGTTTCAGATAGTTGATTCCACGAGAACTGTAGGCTGACGCACATAGGCTTCCGGC

AACAAGTACGTCCCTCGTGCCGTCCTCGTCGATTTGGAGCCCGGTACCATGGATGCCGTCCGCGCTGGTCCTT

TCGGTCAGCTTTCCGACCCG 

 

Isolate 245  

CTGCTTTCTGGCAGACCATCTCTGGCGAGCATGGCCTTGACAGCAATGGTGTCTACAACGGCACCTCGGAGCT

TCAGCTCGAGCGCATGAGCGTCTACTTCAACGAGGTATGTTTCAGATAGTTGATTCCACGAGAACTGTAGGCT

GACGCACATAGGCTTCCGGCAACAAGTACGTCCCTCGTGCCGTCCTCGTCGATTTGGAGCCCGGTACCATGGA

TGCCGTCCGCGCTGGTCCTTTCGGTCAGCTTTCCGACCCGAC 
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Appendix E 
Field experiment 

E.1 Annual weather data for 2011 collected from the nearest weather station at Lincoln (Lincoln Broadfield EWS) to the experimental plot at 
Iversen 12, Field Service Centre, Lincoln University. 
Year  Stats_Code Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec Annual 

2011 Total Rainfall (mm) 37.2 33 59.2 73 51.2 42.2 21 66.6 29.8 105 53.8 58 630 

2011 Wet Days - Number Of Days With 1mm 

Or More Of Rain 7 7 9 6 6 8 4 6 6 10 7 6 82 

2011 Mean Daily Maximum Air Temperature 

(°C) 21.5 21.9 20.3 15.9 15.2 12 11.2 12.2 14 15.1 18 19.2 16.4 

2011 Mean Daily Minimum Air Temperature 

(°C) 11.6 12 10 6.7 7.3 4 0.7 0.9 3.6 7.2 7.8 11.1 6.9 

2011 Extreme Maximum Air Temperature (°C) 32.6 34.4 29.8 24.8 23.1 17.8 16.3 20.7 19.9 24.9 27.6 27.4 34.4 

2011 Extreme Minimum Air Temperature (°C) 4.9 6.9 3.4 -2.4 -0.3 -1.6 -3.7 -2.7 -2 -0.8 0.3 3.6 -3.7 

2011 Days Of Occurrence: Screen Frost 0 0 0 2 3 5 13 14 3 1 0 0 41 

2011 Lowest Maximum Air Temperature (°C) 15.3 14.7 14.3 10 10.4 8.4 4 5.6 10.1 8 13.1 12.4 4 

2011 Highest Minimum Air Temperature (°C) 17.2 16.2 17.8 13.1 13.2 11.9 5.5 6.8 11.1 11.4 13.9 16.6 17.8 

2011 Days With Maximum Air Temperature   

>25°C 7 7 5 0 0 0 0 0 0 0 2 1 22 
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E.2 Annual weather data for 2012 collected at the nearest weather station at Lincoln (Lincoln Broadfield EWS) to the experimental plot at 
Iversen 12, Field Service Centre, Lincoln University. 
Year  Stats_Code Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec Annual 

2012 Total Rainfall (mm) 30.6 71.6 36.6 23.8 9.8 74.8 44 107 29 70 52.8 32 582 

2012 Wet Days - Number Of Days With 1mm 

Or More Of Rain 4 9 6 3 3 8 6 11 3 8 5 5 71 

2012 Mean Daily Maximum Air Temperature 

(°C) 21.1 19.5 18.5 18.1 14.3 10.5 11.5 12.5 15.2 16.5 16.3 21.7 16.3 

2012 Mean Daily Minimum Air Temperature 

(°C) 10.5 11.8 8.3 6.6 3.9 0.6 1.4 5.4 4.8 5.9 6.7 11.6 6.4 

2012 Extreme Maximum Air Temperature (°C) 27.7 27 27 26.2 22.2 20 20.1 20.5 22.7 23.4 23.8 29.3 29.3 

2012 Extreme Minimum Air Temperature (°C) 3.4 6.4 2.6 1.5 -3 -6.3 -3.7 -0.8 -1.9 -1 -0.8 3.4 -6.3 

2012 Days Of Occurrence: Screen Frost 0 0 0 0 5 11 13 1 5 1 1 0 37 

2012 Lowest Maximum Air Temperature (°C) 15 16 12.8 11.1 10.4 0.7 5.9 8.3 9.7 8.6 9.4 14.1 0.7 

2012 Highest Minimum Air Temperature (°C) 15.4 16.9 14.3 12.7 10.7 6.1 8.2 11.6 11.1 10.1 12 17.6 17.6 

2012 Days With Maximum Air Temperature   

>25°C 6 2 3 1 0 0 0 0 0 0 0 7 19 
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E.3 Annual weather data for 2013 collected at the nearest weather station at Lincoln (Lincoln Broadfield EWS) to the experimental plot at 
Iversen 12, Field Service Centre, Lincoln University. 
Year  Stats_Code Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec Annual 

2013 Total Rainfall (mm) 29.8 21.2 41.8 58.8 109.2 208.7 30 41 30.6 71 44.6 64.2 750.9 

2013 Wet Days - Number Of Days With 1mm 

Or More Of Rain 5 2 3 7 12 11 8 7 8 8 5 10 86 

2013 Mean Daily Maximum Air Temperature 

(°C) 23.5 21.6 21.1 17.1 14 11.2 13.4 13.7 14.3 17.9 18.8 21.3 17.3 

2013 Mean Daily Minimum Air Temperature 

(°C) 11.6 10.8 11.1 7.5 5.6 2.8 2.3 5.5 4.7 6.9 9.7 11.5 7.5 

2013 Extreme Maximum Air Temperature (°C) 31.6 27.4 29 24.1 22.5 20.1 19.8 19.2 20.1 25.2 27.2 28.7 31.6 

2013 Extreme Minimum Air Temperature (°C) 2.5 3.1 4.2 0.5 -1.3 -3.9 -3.9 -0.7 -1.7 -0.5 1.3 4.6 -3.9 

2013 Days Of Occurrence: Screen Frost 0 0 0 0 2 7 11 1 1 1 0 0 23 

2013 Lowest Maximum Air Temperature (°C) 14.9 15.6 13.7 12.5 6.8 4 7 10.6 8.8 6.8 12.9 15.2 4 

2013 Highest Minimum Air Temperature (°C) 19.4 16 14.4 13.8 12 10.1 10.3 10.1 9.9 13.8 13.8 17.7 19.4 

2013 Days With Maximum Air Temperature   

>25°C 12 5 6 0 0 0 0 0 0 2 2 2 29 
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E.4 Disease incidence (%) based on presence of leaf lesions on OSR plants sowed after 
three stubble management practices, disking, ploughing and direct drill (standing stubble) 
assessed weekly for  five weeks (8-16 weeks after sowing) in 2013 field experiment. 
Disease incidence determined from 10 randomly selected OSR plants from each of three 
replicate plots per treatment at each assessment time. 
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Appendix F 
In vitro pots assay 

F.1 Total number of pseudothecia of Leptosphaeria species at the different maturity stages 
and other types of fruiting bodies picked out from the stubble subjected to different stubble 
position and treated with or without 5% urea assessed in April and June; after incubation at 
15°C under 12 h photoperiod (fluorescent NEC T8 FL20SSBR/18-HG, Japan; black light 
NEC T5 8W/FL8BL, Japan) for 2 or 4 weeks. 
Month Weeks of 

incubation 
Bag no. Pycnidia1 OP2 A B C D E 

April 2 weeks B1 9 0 0 7 2 1 2 
  B5 0 0 4 1 0 1 0 
  B6 0 0 0 0 0 0 0 
  B7 6 0 5 5 2 0 3 
  B15 1 0 6 6 0 0 1 
  B17 0 0 0 6 0 0 0 
  UB2 0 0 0 0 0 5 0 
  UB6 16 0 1 3 0 1 0 
  UB9 0 0 0 0 0 0 0 
  UB15 0 0 0 0 0 0 0 
  UB16 4 0 7 5 4 1 0 
  UB18 0 0 1 0 1 0 0 
  S19 0 0 1 3 7 10 0 
  S23 0 0 3 0 3 15 0 
  S27 0 1 0 1 6 12 1 
  S28 0 0 2 0 6 10 3 
  S32 0 0 0 0 7 13 1 
  S35 0 0 0 2 9 9 1 
  US20 2 0 2 7 3 7 0 
  US25 0 0 1 0 10 10 0 
  US27 0 0 2 3 8 5 3 
  US29 3 0 5 8 5 0 0 
  US30 1 0 1 9 2 5 3 
  US31 0 0 0 2 2 14 3 
 4 weeks B1 8 0 1 3 1 0 8 
  B5 7 0 0 8 3 3 0 
  B6 0 0 0 0 0 0 0 
  B7 6 0 1 3 3 7 1 
  B15 6 0 0 1 3 11 0 
  B17 0 0 0 0 0 0 0 
  UB2 0 0 0 0 0 0 0 
  UB6 11 0 0 1 0 0 2 
  UB9 0 0 0 0 0 0 0 
  UB15 12 0 2 3 2 6 1 
  UB16 7 0 2 3 2 6 1 
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F.1 continued 

  UB18 0 0 0 0 0 0 0 
  S19 0 0 0 0 3 12 6 
  S23 0 0 0 1 2 16 2 
  S27 0 0 0 0 6 13 2 
  S28 0 0 0 4 4 12 1 
  S32 0 0 0 1 2 10 8 
  S35 0 0 0 2 2 17 0 
  US20 0 0 0 0 2 13 6 
  US25 0 0 0 1 2 14 4 
  US27 0 0 0 1 4 7 9 
  US29 0 0 0 2 3 14 2 
  US30 0 0 0 3 4 13 1 
  US31 0 0 0 0 1 11 9 

June 2 weeks B4 0 0 0 0 0 9 12 
  B10 0 0 0 0 0 0 7 
  B14 0 0 0 0 0 0 7 
  B18 0 0 0 4 0 2 1 
  B3 0 0 0 0 0 0 7 
  B12 0 0 0 0 0 4 10 
  UB5 7 0 0 0 0 0 0 
  UB3 0 0 0 0 0 0 0 
  UB8 0 0 0 0 0 0 0 
  UB10 0 0 0 0 0 0 0 
  UB13 0 0 0 0 0 0 0 
  UB17 0 0 0 0 0 0 0 
  S36 0 0 0 0 0 1 20 
  S33 0 0 0 0 0 0 21 
  S29 0 0 0 0 0 7 14 
  S30 0 0 0 0 0 0 21 
  S26 0 0 0 0 0 5 16 
  S24 0 0 0 0 0 0 21 
  US21 0 0 0 0 0 0 21 
  US35 0 0 0 0 0 0 21 
  US32 0 0 0 0 0 0 21 
  US24 0 0 0 0 0 0 21 
  US34 0 0 0 0 0 0 21 
  US19 0 0 0 0 0 0 21 

1 Pycnidia of Leptosphaeria species 
2 Pseudothecia from other species 
*A-E are the pseudothecia maturity stage of Leptosphaeria species modified from the table 
presented in Naseri et al. (2008b).  
**B - Stubble buried without urea treatment; UB – Stubble treated with 5% urea and buried in 10 
cm soil depth; S – Stubble placed on the surface without urea treatment; US – Stubble treated with 
5% urea and placed on the surface. 
 
 

 




