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Abstract 

Next generation sequencing technology allows rapid re-sequencing of individuals, as well as the 

discovery of single nucleotide polymorphisms (SNPs), for genomic diversity and evolutionary 

analyses. By sequencing two Isolates of the fungal plant pathogen Leptosphaeria maculans, the 

causal agent of blackleg disease in Brassica crops, we have generated a resource of over 76 million 

sequence reads aligned to the reference genome. We identified over 21,000 SNPs with an overall 

SNP frequency of one SNP every 2,065 bp. Sequence validation of a selection of these SNPs in 

additional isolates collected throughout Australia indicates a high degree of polymorphism in the 

Australian population.  In preliminary phylogenetic analysis isolates from Western Australia clustered 

together and those collected from B. juncea stubble were identical. . These SNPs provide a novel 

marker resource to study the genetic diversity of this pathogen. We demonstrate that re-sequencing 

provides a method of validating previously characterised SNPs and analysing differences in important 

genes, such as the disease related avirulence genes of L. maculans. Understanding the genetic 

characteristics of this devastating pathogen is vital in developing long-term solutions to managing 

blackleg disease in Brassica crops. 
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Introduction 

The most economically damaging pathogen of Brassica species, particularly canola (Brassica napus; 

rapeseed; oilseed rape), is Leptosphaeria maculans (Howlett et al. 2001). L. maculans, a filamentous 

Ascomycete, is the causal agent of phoma stem canker, commonly referred to as blackleg. In late 

stages of infection it spreads through the stem vasculature causing lesions and leading to poor 

growth, lodging and eventually plant death. This fungus is found in canola-growing regions world-wide 

such as Australia, Canada and Europe. Increased production of canola in these regions has led to a 

rise in the severity of the disease (Marcroft and Bluett 2008). In Australia alone L. maculans infection 

is responsible for an estimated $100 million (AUD) in crop losses each year, with average losses 

ranging from 15 – 48 % (AOF 2012) and significant efforts are underway to improve resistance to this 

disease (Tollenaere et al. 2012; Kaur et al. 2009).  

Understanding the characteristics of L. maculans is vital for developing an effective and sustainable 

approach to the management of blackleg disease on Brassica species. Given the threat imposed by 

this pathogen on the global rapeseed industry, it is imperative to gain more insight into the genetic 

structure of this fungus. Such information will assist in developing resistant Brassicas and eventually 

reduce crop losses. The completion of the L. maculans genome sequence (Rouxel et al. 2011) was a 

significant development in the study of this fungal pathogen and provides a reference genome to 

which molecular markers can be physically mapped. This has been highly useful in other plant 

pathogens with sequenced genomes, such as the wheat pathogen Stagonospora nodorum (Hane et 

al. 2007) and the cereal pathogen Fusarium graminearum (Cuomo et al. 2007). Importantly, a 

reference genome also allows mapping of whole genome re-sequencing data, which is becoming a 

high-throughput, cost-effective method to study genome-wide diversity, particularly for the relatively 

small, lower complexity genomes of many fungal species. By re-sequencing the genome of different 

L. maculans Isolates variations in genome sequence and structure can be elucidated.  

Previously genetic analyses of blackleg populations were performed using AFLP (Barrins et al. 2004), 

microsatellite and minisatellite markers (Hayden et al. 2007). SNPs (single nucleotide polymorphisms) 

are increasingly popular for studying genomic evolution and diversity (Lai et al. 2012; Batley and 

Edwards 2007; Duran et al. 2009). Sequence variation can have a major impact on how an organism 

develops and responds to the environment. The high heritability of SNPs makes them an excellent 

indicator of genetic diversity and phylogeny in pathogenic fungal species, such as L. maculans. 

Additional features of SNPs such as stability during evolution, low mutation rate and their high density 

in the genome also make them the tool of choice for such analyses (Appleby et al. 2009; Hayward et 

al. 2012b; Duran et al. 2010). Current large-scale SNP genotyping assays, such as the Illumina 

GoldenGate assay, are cost-effective and flexible for analysing large numbers of SNPs across 

multiple individuals (Edwards et al. 2012). To date, no previous studies have implemented the use of 

SNPs in genetic analyses of L. maculans. 

Advances in genome sequencing technologies have revolutionised plant and fungal genomics 

(Edwards et al. 2013; Lee et al. 2012; Marshall et al. 2010). They have made genome sequencing, re-
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sequencing and SNP discovery highly accessible, high-throughput and cost-effective (Batley and 

Edwards 2009; Hayward et al. 2012a; Hayward et al. 2012c). The process of whole genome re-

sequencing involves aligning millions of short sequence reads generated on a single next-generation 

sequencing run to a reference genome sequence. Once this has been achieved, it is possible to 

identify genetic variation between individuals, which can be linked to variation in phenotype to provide 

molecular genetic markers and insights into gene function (Imelfort et al. 2009; Batley and Edwards 

2009). 

Here we describe the re-sequencing of two L. maculans Isolates for the identification of 21,814 SNPs. 

We demonstrate the application of a novel SNP calling method, SGSautoSNP (Lorenc et al. 2012) 

and its robustness and sensitivity in identifying polymorphisms in L. maculans. We describe the use of 

these SNPs for phylogenetic analysis, genome analysis, including SNP properties and density in 

relation to genomic position and predicted function.   
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Experimental methods 

Fungal samples 

The Isolates 04MGPP021 and 06MGPP041 (Raman et al., 2012), were used for next-generation 

sequencing, initial SNP prediction and validation. For simplicity, these are referred to as Isolates 21 

and 41 respectively herein.  A further set of 22 Isolates from various spatiotemporal sources, were 

used for validation of the SNPs and initial assessment of polymorphism (Table 1). 

Growth conditions 

L. maculans Isolates were grown on 20% Campbell’s V8 juice (Australia), 2% agar with 10 µg/mL 

Rifampicin and 30 µg/mL Chloramphenicol in a growth cabinet at room temperature in a 12 hr/12 hr 

dark/light cycle. Light was provided by one GE 18 Watt (Tri-tech F18T8/865) bulb and one Crompton 

18 Watt (F18T8 BLB blacklight blue) bulb. For long term storage at room temperature, 5 mm agar 

plugs and/or filter discs (Grade AA, WhatmanTM) of each Isolate, derived from culture plates, were 

stored in sterile water or in microfilm-sealed (Parafilm) 1.5 mL microcentrifuge tubes (Interpath 

Services) placed in a container of silica beads, respectively.  

 

Microprep DNA extraction  

For DNA extractions, 50 mL liquid cultures of 10% V8 juice supplemented with 10 µg/mL Rifampicin 

and 30 µg/mL Chloramphenicol were inoculated with a filter disc or plug  and grown as above for 2-3 

weeks. Fungal tissue was harvested by draining each liquid culture through an autoclaved piece of 

miracloth (Calbiochem) placed in a filter funnel. Mycelial tissue in the miracloth was squeezed to get 

rid of excess liquid and stored in sterile 15 mL centrifuge tubes (Cellstar) at -80 °C for DNA 

extractions. 

 

A microprep protocol (Fulton et al. 1995) was followed for fungal genomic DNA extraction, with the 

following modifications. After incubation at 65 °C,  each sample was washed with 750 µL of Phenol: 

Chloroform and centrifuged for 5 mins at 10,000 rpm. The DNA samples were resuspended in 50 µL 

of DNase-RNase free water, quantified using a Nanodrop (ND-1000 spectrophotometer) and 

visualized for integrity on a 1% TAE-agarose gel containing ethidium bromide.  

 

Next generation sequencing 

Sequence libraries were prepared for the Isolates 21 and 41 using the Illumina paired end (PE) and 

mate pair (MP) Genomic DNA Sample Prep Kit (Illumina, San Diego, USA) according to the 

manufacturer’s instructions. One PE and one MP library was made for Isolate 41, as well as one MP 

library from Isolate 21. The insert sizes for the libraries were selected to be ~ 500 bp for PE libraries 

and ~2,500 – 3,000 bp for MP libraries. The Illumina GAIIx platform provided by the AGRF (Australian 

Genome Research Facility) was used to generate paired end and mate pair short sequence reads of 

100 bp length. The three libraries were run on seperate lanes of the sequencer. Upon completion of 
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sequencing, the sequence reads were quality trimmed to ensure accurate mapping and SNP 

prediction. 

SNP prediction  

Illumina paired sequence reads for Isolates 21 and 41 were aligned to the L. maculans (‘brassicae’) 

Isolate v23.1.3 reference genome (Rouxel et al. 2011) using SOAPaligner 2  (Li et al. 2009). The 

SOAP –r 0 parameter was used to allow a sequence read to align to the genome only once, as well 

as the –M 2 parameter, allowing only two mismatches to the reference genome. The software 

SGSautoSNP (Lorenc et al. 2012), was used for SNP prediction between the two L. maculans 

Isolates with default parameters.  

SnpEff variant analysis 

The snpEff variant annotation tool (Cingolani et al. 2012) was used to predict the effect of the 

identified SNPs on the annotated genome of L. maculans within different genomic DNA sequences, 

including putative exons, introns, and gene upstream and downstream sequences. The patterns of 

codon usage and the ratio of transitions/transversions resulting from SNPs were also recorded.  

SNP validation 

In order to validate the SNP prediction and ensure no ascertainment bias in the isolates used for SNP 

identification, a selection of 20 SNPs, with a SNP score of 2 or more from SGSautoSNP, were chosen 

for PCR and sequencing (Table 2). These were located on different SuperContigs of the v23.1.3 

reference genome ranging from the largest (SC0 – 4.26 Mbp) to one of the smallest (SC60 – 6,199 

bp). These were subsequently annotated as SNP 1-20 (Table 2). Primers were designed to achieve a 

product size of 200 – 400 bp. 

PCR reactions were carried out in 20 µL containing 1 x Reaction Buffer with 20 mM MgCl2 (Scientifix, 

Victoria, Australia), 10 mM dNTPs (Scientifix, Victoria, Australia), 2 units of iTAQ DNA Polymerase 

(Scientifix, Victoria, Australia), 0.1 mM of each primer and 20 ng of DNA template. The cycling 

conditions were as follows: 94 °C for 3 mins, follo wed by 30 cycles of 94°C for 30 s, 58°C for 40 s an d 

72°C for 30 s and a final extension at 72°C for 4 m ins. PCR products were visualized on a 1% TAE-

Agarose gel containing ethidium bromide (0.5 µg/mL). The GeneRuler™ 1 kb DNA Ladder or the 

GeneRuler™ 100 bp DNA Ladder were used as size standards (both ThermoScientific, MA, USA; 0.5 

µg/ µL, 50 µg ) .  

PCR products were silica-purified (Boyle and Lew 1995) and eluted in 20 µL of DNAse RNAse free 

UltraPure™ H2O (GIBCO-Invitrogen, CA, USA). An aliquot was then run on a 1% TAE-Agarose gel 

containing ethidium bromide (0.5 µg/mL) for visual quantification. For all downstream applications, 

tubes were centrifuged at 13,200 rpm for 5 mins prior to use to pellet silica beads. Purified PCR 

products were directly sequenced using the PD Sanger sequencing service at the Australian Genome 

Research Faculty (AGRF), Brisbane. Geneious Pro (Drummond et al. 2012) was used to align and 
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assemble all sequenced SNP regions per Isolate to  the reference SuperContig used to identify the 

SNPs. 

Phylogenetic analysis 

Data from SNPs 1, 2, 3, 5, 6, 7, 8, 9, 11, 14, 15, 16, 17 and 18 for each isolate, including the 

reference, was used to produce an unrooted dendrogram computed based on the Euclidean distance 

of the Isolates, using the R project for statistical computing (The R Foundation for Statistical 

Computing version 2.13.0, 2009). Isolate 7 was eliminated from the tree due to insufficient sequence 

data. Both alignments and assemblies were scanned manually to detect novel SNPs in the flanking 

regions of the existing annotated SNPs. A ‘dudi.pca’ principal component analysis was conducted 

using the R project for Statistical Computing (The R Foundation for Statistical Computing version 

2.13.0, 2009).  

 

Results  

Sequencing 

To generate a SNP resource for L. maculans genome analysis we performed whole genome next 

generation sequencing (NGS) on two blackleg Isolates.  In total, 76,313,272 short sequence reads of 

100 bp were generated, of these 29,051,680 reads were from Isolate 21 (average insert size 3,000 

bp) and 47,261,592 reads were from both libraries of Isolate 41 (19,120,582 from MP (average insert 

size 2,500 bp) and 28,141,010 from PE (average insert size 480 bp). Predicted genome coverage for 

these Isolates was high when sequence tags were aligned to the reference genome (Rouxel et al. 

2011): 140x coverage for Isolate 41 and 86x coverage for Isolate 21. The minimum genome coverage 

was 4x and the maximum was 602x with the mean coverage being 28.308. The highest coverage was 

seen in SuperContigs 1 – 40. No significant difference in coverage was observed between AT and GC 

rich regions, with the average read coverage being uniform across the genome.  

SNP discovery 

SNP prediction using SGSAutoSNP (Lorenc et al. 2012) revealed 21,814 SNPs between Isolates 21 

and 41 (Supplementary Table 1). This indicates an abundance of SNPs in the L. maculans genome, 

with an average of one SNP every 2,065 bp. SGSAutoSNP records only those SNPs where the 

polymorphism is present in a minimum of two unique, overlapping sequence reads per individual, 

minimising false-positive SNP calls due to possible sequence errors. To further provide a measure of 

confidence in SNP prediction this software also generates a SNP score: representing the minimum 

number of sequences per individual containing the polymorphism. In this study, the SNP score ranged 

from 2 to 43, with an average of 6.96.  

 

For each SNP, the directionality of the change cannot be inferred from the data, thus polymorphisms 

were grouped alphabetically, that is, A>G and G>A were grouped as A>G and so on (Table 3). A 
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greater number of transitions (A>G or C>T) (17,663) than transversions (A>C, A>T, C>G or G>T) 

(4,151) were identified. This was consistent across all SuperContigs, with an average ratio of 4:1 

transitions to transversions (Table 4).  

 

SNP validation 

As an initial validation of the predicted 21,814 SNPs between Isolates 21 and 41, 20 SNPs were 

selected for amplification and direct Sanger sequencing of PCR products. These SNPs were chosen 

to represent a range of SGSautoSNP scores, including the lowest possible score of 2, up to 23, with 

an average of 10.5. Amplification was successful for 18 (90%) of the predicted SNPs and 14 of these 

were amplified and sequenced in a further 22 Isolates (Table 1) to check for ascertainment bias.  

 

Of the 18 SNPs amplified in Isolates 21 and 41 all were shown to be true polymorphisms, following 

alignments of the obtained sequences to the L. maculans whole genome shotgun sequences using 

Geneious Pro (Drummond et al. 2012). This gave an accuracy of 100% for SGSAutoSNP-based SNP 

prediction. Of the 14 SNPs which were subsequently analysed across 22 samples, six were within 

coding regions and eight within intergenic regions. Eight of the 14 SNPs were transitions, five were 

transversions, and one was a tri-allelic variant which was both a transition and a transversion. The 

polymorphism information content (PIC) of these, representing the usefulness of each SNP as a 

marker for population genetic and phylogenetic analysis, ranged from 0.06 to around 0.5 for different 

SNPs with an average of 0.33. This indicates that the tested SNPs provide a good level of 

polymorphic information for use in downstream phylogenetic studies. There was no observable 

difference in the PIC values according to SNP type (transition/transversion) or location in the genome 

(Table 4). Similarly no observable difference in PIC values could be seen based on the SNP score. 

 

Phylogenetic analysis 

In order to determine the suitability of the SNPs for phylogenetic analysis and to understand the 

genetic relationships among the L. maculans isolates studied, cluster analysis was performed, based 

on the combined sequences of the 14 SNP loci. Isolate 7 failed to amplify and was discarded from 

further analysis. The Euclidean distances between pairs of accessions were then used to generate a 

dendrogram (Figure 1). On the phylogenetic tree, as indicated in Figure 1, seven of the nine isolates 

collected from Western Australia grouped together in one clade. The phylogenetic tree indicates that, 

based on genetic distance, Isolates 2 and 3 are identical with these SNPs. These isolates were both 

collected from B. juncea. Isolates ‘21’ and ‘41’ that the SNP discovery was performed on are 

considerably genetically different. Isolate 14 is shown to be an outlier.  No association can be 

observed between Isolate similarity and place of collection, year of collection or cultivar source.  

The results from the Principal Component Analysis confirmed the results obtained from the 

phylogenetic analysis. There is a random spread of Isolates along the two principal component axes, 

with no relatedness between isolates. Isolates 21 and 41 are again shown to be different and 14 is an 
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outlier (Figure 2). In contrast, Isolates 2 and 3 group slightly differently. Axis 1 represents principal 

component 1 and axis 2 represents principle component 2.  

 

SNP properties 

Analysis indicates that there is, for the most part, a consistent average SNP frequency across the 

genome of L. maculans, with the majority of SuperContigs over 500,000 bp in length ranging from one 

SNP every 1,166 bp (SuperContig 22) to one SNP every 3,168 bp (SuperContig 10). Exceptions to 

this finding are SuperContigs 30 and 37, which display an unusually low number of polymorphisms; 

being one SNP every 38,715 bp and 17,397 bp, respectively (Figure 3).  

 

To predict the possible functional effect of SNPs in L. maculans, SnpEff was used to determine 

modifying SNP effects, based on the predicted coding regions of the annotated genome. The total 

number of effects that the predicted SNPs have on the genome of L. maculans was 58,434, with a 

ratio of missense/silent mutations of 1.0263. The predicted modifying effects of these SNPs is 

summarised in Table 5. The highest number of SNPs can be seen in upstream and downstream 

regions (~75%) of predicted genes (Figure 4). Coding regions are less affected with only 6.03 % of 

modifying effects being predicted within coding regions.  

 

SNP density 

SNP density can be seen to vary across the supercontigs (Figure 5), including in flanking regions to 

AvrLm genes. SC6 shows a low SNP frequency between bases 190,000 and 245,000 (Figure 5). This 

region contains ~22 predicted genes, including deoxyribonuclease tatD gene, asparagine synthetase, 

exportin-1 and transport-protein sec23, all of which play important roles in cell function and 

metabolism. Isolates 21 and 41 were highly similar to the reference in all these genes, further 

highlighting the likely conservation of these putative genes. No difference in sequence read coverage 

was seen between any of these regions (30-50 x coverage throughout), further suggesting that these 

polymorphisms are valid. The high peak seen at base 970,000 of SC6 shows a SNP frequency of 41 

SNPs/10Kb, which is around 1 SNP every 250 bp. This region contains no predicted genes and may 

show this level of diversity due to low selection pressure in this region. SC12 exhibits a SNP 

frequency of up to 16 SNPs/10Kb at the AvrLm4-7 gene locus.  

 

AvrLm gene regions 

 

Avirulence genes are a sub-class of effector proteins that elicit host immune responses, and are 

involved in resistance and susceptibility of the host to a pathogen such as L. maculans. Alignment of 

sequence tags from Isolates 21 and 41 to the reference genome allowed comparison of previously 

published avirulence genes in L. maculans: AvrLm1 (Gout et al. 2006), AvrLm4-7 (Parlange et al. 

2009), AvrLm6 (Fudal et al. 2007) and AvrLm11 (Balesdent et al. 2013).  A recently documented C-G 
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SNP in the AvrLm4-7 gene at base 358 (Van de Wouw and Howlett 2012) was found between 

Isolates 21 and 41 using the sequence tags generated in this study (Figure 6). In this study, Isolate 41 

was found to contain the virulent C allele (Arginine amino-acid residue) while Isolate 21 has the 

avirulent G allele (Glycine amino-acid residue). An additional previously characterised SNP (Daverdin 

et al. 2012) was identified in the coding region of the AvrLm4-7 gene at base 256 (Figure 6). The SNP 

lies in the first of two exons of the AvrLm4-7 gene and changes the base at this locus from a 

negatively charged D (Aspartic acid) to a neutral N (Asparagine) in Isolate 41.  

Sequence comparison of the genomic region surrounding the AvrLm6 gene showed an absence of 

sequence tags for Isolate 41 in the coding region. Isolate 41 has previously been shown, to lack the 

functional AvrLm6 gene while Isolate 21 possesses it (Raman et al. 2012). An alignment of the non-

coding area around this gene has shown that sequence tags from both L. maculans Isolates are 

present in the close proximity of this gene. An alignment of the sequence tags of Isolates 41 and 21 

showed that no tags matched the AvrLm1 locus. The recently identified AvrLm11 gene (Balesdent et 

al. 2013) was present in both isolates with 100% sequence identity to the reference genome. This has 

not been previously characterised in Australian isolates. 

Housekeeping gene comparison 

 

Sequence comparison within putative housekeeping genes, between Isolates 21 and 41 showed a 

high level of conservation in these Isolates compared to the reference. A number of these genes are 

seen in SuperContig 17 around position 400,000. Isolates 21 and 41 show 100% sequence identity to 

the reference sequence in the following putative (annotated as ‘similar to‘) genes: actin gene, Hsp70 

nucleotide exchange factor fes1, monosaccharide transporter and major facilitator superfamily 

multidrug-resistance gene. Overall, SuperContig 17 has a lower level of SNP frequency than the 

neighbouring SuperContigs, indicating that perhaps a range of important conserved genes are located 

on this scaffold. 

 

Discussion 

Our results demonstrate that NGS technology and automated SNP prediction is a viable option for 

genotyping efforts in L. maculans. With new barcoding methods that allow the sequencing of multiple 

samples in a single lane, NGS can prove a cost-effective method of producing whole genome 

sequence data in small genomes such as the ~45.12 Mbp genome of L. maculans. We demonstrate 

how this data can be used for genome analysis.  

 

SNP prediction and validation 

 

Combined, the three sequence libraries provided genome coverage of 226x. This is many times the 

coverage necessary for high confidence SNP calling, with current research suggesting that 10 – 30x 

coverage for assembled genomes is sufficient (HGP 2013). High levels of coverage also allow for 



11 

 

confidence in SNP prediction, as SGSautoSNP will disregard loci where a difference in SNP call 

occurs in reads from the same Isolate. Furthermore, re-sequencing of genomes with high coverage 

can potentially provide information on large-scale recombination events, as well as copy number 

variation (CNV) and presence/absence variation (PAV) (Li et al. 2012). 

 

The high frequency of SNPs between the two L. maculans Isolates is consistent with previous SNP 

identification studies in fungi; for example average SNP density was one SNP every 3,449 bp in 

Fusarium graminearum, a plant pathogenic fungus that causes head blight disease in wheat and 

barley (Cuomo et al. 2007). The –r 0 parameter in the SOAPaligner ensures that reads align only 

once and do not align equally well to multiple regions of the genome, thus minimising false SNP calls 

in repetitive regions. This provides confidence in the SNP prediction, further making sure that SNPs 

are only predicted in single-copy regions of the genome. 

 

A higher number of SNPs was observed in upstream and downstream regions of predicted genes, 

rather than coding regions. We expect a higher level of conservation within coding regions (Castle 

2011), as well as even higher conservation at splice sites and start/stop codons. This can also be 

seen in this data with only 0.11% of modifying SNPs in these regions. The transition to transversion 

ratio was shown to be similar to SNP prediction in Candida albicans, where out of 561 SNPs 

predicted, 437 were transitions and 126 were transversions (Forche et al. 2004). Repeat-induced 

point mutations (RIPs) may play a role in the high transition to transversion ratio. Previous studies 

identified regions of high RIP mutation levels in L. maculans, whereby G:C bases are mutated to A:T 

bases as a protective mechanism against the accumulation of repetitive elements in the fungal 

genome (Rouxel et al. 2011; Fudal et al. 2009). The greater number of transitions than transversions 

may also reflect the high frequency of C to T mutation following methylation (Coulondre et al. 1978). 

 

SNP prediction by SGSAutoSNP was found to be correct even for the lowest SNP score of 2, 

whereby a minimum of two aligned sequence reads per Isolate (minimum of four from the two 

Isolates) aligned across the polymorphism. This can be useful in non-model organisms where 

sequence coverage may not be sufficient for genome assembly. On the other hand, high levels of 

coverage were also shown to provide accurate prediction, with a SNP score of 23 (SNP11) 

successfully predicted and validated.  

 

The high SNP validation rate seen here is consistent with previous applications of SGSAutoSNP, 

whereby SNPs from canola and wheat Illumina whole genome sequence reads were predicted with 

an accuracy of over 96% and 93% respectively (Lorenc et al. 2012). We have now shown that 

SGSAutoSNP can be successfully implemented in predicting SNPs in the fungal genome of L. 

maculans. The genomes of these organisms vary greatly in size (L. maculans – 45.12 Mb, Triticum 

aestivum (Wheat) – 16,000 Mb) and in many orders of complexity, with the L. maculans genome 

being haploid and the wheat genome a hexaploid. However the method described in this research 

proves to be a robust method of predicting SNPs and thus creating novel molecular markers in small 
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fungal genomes. A previous study in the ascomycete plant pathogen Ophiognomonia clavigignenti-

juglandacearum (~16 Mbp) identified only 298 SNPs within 8 Isolates using Roche’s GS Mapper, of 

which only 45 could be found to be true polymorphisms (Broders et al. 2011).  

 

The main advantage of the SGSautoSNP prediction method over existing SNP callers is that it does 

not consider the reference for SNP discovery (Lorenc et al. 2012). The reference is needed only to 

assemble the sequence reads, SNPs are called between the assembled reads. Based on the 

validation results, the SNP calling was successful in large contigs (> 4 Mbp) as well as small contigs, 

such as SuperContig 60 (6,199 bp). Alignments of small contigs, ESTs and other sequence data 

could be used in combination to predict SNPs using SGSautoSNP. 

 

Genomic regions of significantly reduced SNP densities can indicate sequence stringency based on 

high functional conservation of coding or regulatory regions between otherwise diverse individuals. 

For example, such regions may represent blocks of house-keeping genes or chromosomal regulatory 

regions required for an organism’s reproduction and/or survival (She et al. 2009). SuperContig 30 

contains all of the assembled L. maculans mitochondrial DNA (Rouxel et al. 2011) thus the low 

diversity between the two sequenced Isolates, compared to the rest of the genome, could be 

explained given that mitochondrial DNA is generally highly conserved within a species (Kocher et al. 

1989) and encodes vital metabolic genes. A more likely explanation however, is that more than one 

copy of mitochondrial DNA is present in one or both of the sequenced L. maculans Isolates. This is 

known as heteroplasmy and can be seen in humans (Payne et al. 2012), plants (Tian et al. 2006), 

animals (Kmiec et al. 2006), as well as fungi (Lesemann et al. 2006). This may explain why the 

SGSautoSNP software does not call SNPs in these regions, as its stringency does not allow for 

differences between reads of the same Isolate. This generally works to eliminate false SNP calls due 

to sequence error, however it may in this case lead to the masking of SNPs between Isolates due to 

the presence of SNPs within an Isolate.  

 

Population structure and avirulence gene evolution 

Interestingly during SNP validation, Isolate 10 was unique in displaying a third allele at the SNP6 

locus, making this SNP a tri-allelic polymorphism, thought to be a relatively rare occurrence. Recent 

SNP research conducted in the human genome has found that tri-allelic SNPs within populations are 

present more than twice as often as expected (Casci 2010). This Isolate also displays unique 

polymorphisms for two other SNPs, in an otherwise synchronised polymorphic set. Such recurring 

differences indicate that Isolate 10 possesses a number of Isolate specific alleles.  

 

Few relationships between isolates and collection parameters could be observed. The isolates from 

Western Australia tended to group together in one clade of the phylogenetic tree. This is consistent 

with the findings of Hayden et al. (2007) who also observed geographical separation between western 

and eastern Australian L. maculans populations, using microsatellite and minisatellite markers. In 

addition the isolates collected from B. juncea grouped together. Relatively low sample sizes in this 
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study may preclude any definitive interpretation of the relationships between specific populations. In 

all, the predicted SNPs were highly conserved and polymorphic in the different population Isolates 

that were included in the analysis. These isolates are from geographically distant locations (up to 

3,000 km, from WA to Victoria) and isolated from different growing seasons (from 1987 to 2009). This 

indicates that these SNPs could be useful in tracking the spatio-temporal spread of loci, and 

potentially linked traits, in the Australian population. 

 

These initial data suggest that SNPs (RIP induced or non-RIP induced), PAVs, or partial deletions 

within genes may all play a role in the virulence and avirulence phenotypes seen in previous studies. 

Looking at these changes using re-sequencing data can be a method to identify previously 

uncharacterised AvrLm genes in L. maculans. Identifying regions of the genome that are present in 

one Isolate yet not in the other may help to determine those areas where the stringency of the 

alignment software cannot allow alignment of sequence reads due to a high number of 

polymorphisms, such as in the AvrLm6 gene region. 

Smaller variations, such as SNPs can be rapidly analysed and compared in the re-sequenced 

individuals by simply mapping the sequence reads to the reference genome. The use of the 

SGSautoSNP software in this study has identified previously characterised SNPs in AvrLm4-7, further 

highlighting the usefulness of this approach. This can prove to be a simple method of genotyping 

individuals in important loci of the genome, given that whole-genome sequencing is becoming 

increasingly accessible and affordable. An interesting observation is the differing SNP frequency 

within the immediate location of the AvrLm genes. The AvrLm1, AvrLm6 and AvrLm11 genes exhibit a 

relatively low SNP frequency within their genomic environment, whereas AvrLm4-7 resides in a region 

of higher SNP frequency. This may be due to the high selective pressure from the corresponding 

plant resistance gene acting at the AvrLm4-7 locus, as both isolates were collected from B. napus 

cultivars containing the Rlm4 gene. Prior to 2002 53% cultivars grown in Australia contained Rlm4, 

decreasing to the current 29%. Furthermore, Rlm4 is the most common resistance gene in Australian 

cultivars (Marcroft et al. 2012). This will have led to strong selection pressure towards the AvrLm4 

locus and therefore higher SNP frequency. The mechanism of AvrLm adaptation to resistance gene 

pressure may play a role in sequence divergence around these genes. 

 

Two previously reported SNPs in the AvrLm4-7 gene (Daverdin et al. 2012, Van de Wouw and 

Howlett 2012) was found to be polymorphic between Isolates 21 and 41 using the sequence tags 

generated in this study. One SNP is known to cause a change from virulence to avirulence against 

the resistance genes RLM4 in B. napus (Van de Wouw and Howlett 2012; Parlange et al. 2009). 

Consistent with this, the two Isolates differ in their infection success in B. napus plants containing the 

Rlm4 resistance locus, with Isolate 41 being virulent and Isolate 21 being avirulent (Raman et al. 

2012). The polymorphisms lead to a difference in effector/avirulence protein structure and/or function 

in the Brassica host. It may be possible that the two SNPs (bases 256 and 358) show some 

association and it is likely that they both play a role in the documented virulence/avirulence 

phenotypes.  
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The lack of reads mapping in the AvrLm6 gene may be due to a deletion or substantial polymorphism 

in the gene compared to the reference genome preventing the reads from mapping. Substantial 

polymorphism has previously been shown for Isolate 41 in the AvrLm6 gene region (Van de Wouw et 

al. 2010); with 43 documented RIP like mutations, compared to the reference.  As no tags were 

present for the AvrLm1 locus this indicates that this allele is most likely not present in these Isolates 

and supports previous observations, using a differential set of B. napus lines, that the Isolates 21 and 

41 do not possess the AvrLm1 gene (Harsh Raman, pers. Comm.). The recently identified AvrLm11 

gene (Balesdent et al. 2013) was present in both Isolates with 100% sequence identity to the 

reference genome. Rlm11 has not been commercially released in Australian canola cultivars and 

therefore the gene is unlikely to be under selection pressure in Australian populations.  

 

Conclusions 

This study demonstrates the applicability of whole-genome re-sequencing in small fungal genomes 

such as L. maculans. It allows for SNP prediction and validation, and the use of these novel markers 

as a tool for molecular and phylogenetic analysis. Re-sequencing can also be used to validate known 

mutations, as well as identify putative mutations with modifying effects on the genome. Furthermore, 

combining SGSautoSNP and SnpEff, we demonstrate a useful pipeline in determining whole-genome 

polymorphic trends, such as the transition to transversion ratios, polymorphism directionality and the 

SNP density across chromosomes or contigs.  
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Tables 
 

Table 1 Information about all Isolates used in the study 

Isolate 
Number 

Reference 
number 

Year 
Cultured 

Brassica 
species 
Isolate 

cultured 
from 

Cultivar/line 
Isolate 

cultured from 

Resistance 
genes in 
cultivar # 

Stubble 
collection 

site State Reference 

Reference v23.1.3. Mid-1990 N/A* N/A N/A Europe N/A 
(Balesedent et al. 

2001) 

21' 04MGPP021 2004 B. napus AG-Emblem Rlm4, Rlm9 Bordertown South Australia 

41' 06MGPP041 2006 B. napus Skipton Rlm4, Rlm9 Lake Bolac Victoria 

1 04MGP-P029 2004 B. napus TI1 Pinnacle Rlm3, Rlm9 Geelong Victoria  

2 07VTJH020 2007 B. juncea JC05007 Unknown Horsham Victoria  

3 09SMJ087 2009 B. juncea 
EXCEEDTM 

OasisCL Unknown Kaniva Victoria  

4 05MGPP033 2005 B. napus Skipton Rlm4, Rlm9 Yeelanna South Australia 
(Van de Wouw et 

al. 2010) 

5 89/C16 1988 B. napus Unknown N/A Millicent South Australia  

6 04MGP-S006 2004 B. napus Surpass400 Rlm1, RlmS 
Eyre 

Peninsula South Australia  

7 10SMJ041 2009 B. juncea 
EXCEEDTM 

OasisCL Unknown Tamworth New South Wales  

8 06MGPP019 2006 B. napus ATR-Beacon Rlm3, Rlm4 
Wagga 
Wagga New South Wales  

9 LM300 2002 B. napus TI1 Pinnacle Rlm3, Rlm9 Mt Barker Western Australia  

10 LM592 2003 B. napus TI1 Pinnacle Rlm3, Rlm9 Mt Barker Western Australia  

11 06S012 2006 B. napus ATR-Beacon Rlm3, Rlm4 Bordertown South Australia  

12 06J085 2006 B. napus Unknown N/A Horsham Victoria  

13 05P032 2005 B. napus Skipton Rlm4, Rlm9 Yeelanna South Australia 
(Van de Wouw et 

al. 2010) 

14 IBCN13 (D1) 1991 B. napus Unknown N/A Mt Barker Western Australia 
(Purwantara et al. 

2000) 

15 IBCN15 (D2) 1988 B. napus Unknown N/A Streatham Victoria 
(Purwantara et al. 

2000) 

16 IBCN16 (D3) 1988 B. napus Unknown N/A Mt Barker Western Australia 
(Purwantara et al. 

2000) 

17 IBCN17 (D4) 1988 B. napus Unknown N/A Millicent South Australia 
(Purwantara et al. 

2000) 

18 IBCN18 (D5) 1988 B. napus Unknown N/A Penshurst Victoria 
(Purwantara et al. 

2000) 

19 IBCN75 (D6) 1987 B. napus Unknown N/A Mt Barker Western Australia 
(Purwantara et al. 

2000) 

20 IBCN76 (D7) 1987 B. napus Unknown N/A Mt Barker Western Australia 
(Purwantara et al. 

2000) 

21 D8 2005 B. napus Surpass501TT Rlm1, RlmS Mt Barker Western Australia 
(Marcroft et al. 

2012) 

22 D9 2005 B. napus ATR-Beacon Rlm3, Rlm4 Mt Barker Western Australia 
(Marcroft et al. 

2012) 

23 
PHW1223 

(D10) 1987 B. napus Unknown N/A Mt Barker Western Australia 
(Purwantara et al. 

2000) 
* Isolate v23.1.3 is the result of a series of in vitro crosses between European field Isolates 

(Balesedent et al. 2001). Not all data on these Isolates was available, “-“ denotes an unknown 

variable. IBCN numbers represent the IDs of “International Blackleg Collection Network” Isolates 

# Resistance genes as determined by Marcroft et al. (2012) 
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Table 3 SNP details for all SNPs detected  

SNP type  Base change  SNP Count  % 

Transition A > G 8905 40.82 

Transition C > T 8758 40.15 

Transversion A> C 1088 4.99 

Transversion A > T 1021 4.68 

Transversion C > G 1038 4.76 

Transversion G > T 1004 4.6 

Table 2 Predicted SNPs chosen for validation 
SNP 

# 
Super 
Contig Position 

SNP 
Score 

Base 
Change Forward Primer (5’ to 3’) Reverse Primer (5’  to 3’) 

1 0 369650 15 A/G CATACTGCAGATTGAGGATGC GCTACGTTTGCCCTCATTC 

2 20 433691 8 C/T ACGCCCTCGGTTAGCTC ATCGGTCTCGGAGTGGTC 

3 25 259169 5 A/T 
GAGGCTTGAAATAGTGAGGTAC

G CATCCATCACAGCGCAG 

4 30 115 6 T/G GGAGCTAGTAAGCGATGTCG 
AGGTAAACCATAGGTTACCAT

ACCC 

5 5 996624 4 A/G CGTCAACTCTACCGACTCG ACGCTGCCAGCTTGG 

6 60 506 2 A/T GCTCTTGGGAACCTATCTTCC CGACGCTGACGTGCC 

7 9 1524477 8 C/T CGACTCTGCAAGACACCG CCTGATGGGACTTGAGCC 

8 9 789721 11 A/G 
CTTGTATCGAGATAGGTGGACT

G 
GGTGGATTACTCTACTTGGAG

GC 

9 2 838930 13 A/C 
AGGGATTGTACACTGTGATTAC

CAG GATGAGCGTGGACTCGG 

10 4 1281059 15 C/T 
CATACACTGCAACTTGATGGAT

G TGAATGTTCTTGCGTTGCC 

11 4 1362010 23 G/T GCCGAGCACAGAAGAGC 
CGTTGAGGTTAGAGGTGGAG

TG 

12 8 169231 14 C/T CCCGAGCCACTACCACTAC 
GCGATATAGGAGAACATGTG

CC 

13 2 889136 13 A/G 
CTAGAGAACATGGACGGTACTC

TAG 
ACACACTCTTAGTCTCACGCA

C 

14 8 1296096 14 A/G 
CTTGGACAATAGAGACATTCAG

TG GGGGCGGCTGGATTG 

15 12 352844 10 A/G GGGCAAGAGAGCGAATG GCACAAACACCGTAGGCC 

16 12 838085 18 C/G TCGCCCTGTATAGCTATTTCG GCATCACTGTATACCGCCG 

17 12 1107690 5 C/G GCGGGTTGAGGTTGCC CGCACGGGTGAAGGAAG 

18 14 1268037 11 A/G CGGCGCGTCAAAGAC CCTCACCGCTGTTGGC 

19 14 852465 6 G/T CGTCGTCGGCTACCACAG GCACATGCAATCGCAAGAG 

20 3 562718 5 C/T CGTCTCACGACCCTTCATG 
CTCGTCCACCTCTACAACAAC

G 
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SNP Count - Number of each SNP type predicted; % - percent value overall 

 

 

Table 4 Properties of the validated SNPs  

SNP number SuperContig Position  Genic location Base changes PIC SNP Score 

SNP1 0 369650 CDS - Syn G >A 0.4352 15 

SNP2 20 433691 CDS - Syn C > T 0.1472 8 

SNP3 25 259169 Intergenic A > T 0.4862 5 

SNP5 5 996624 CDS - Nonsyn G > A 0.1472 4 

SNP6 60 506 Intergenic A > T/G 0.4966 2 

SNP7 9 1524477 Genic - Syn C > T 0.3085 8 

SNP8 9 789721 Intergenic A > G 0.0671 11 

SNP9 2 838930 Intergenic A > C 0.3299 13 

SNP11 4 1362010 Intergenic G > T 0.4898 23 

SNP14 8 1296096 Intergenic A > G 0.4959 14 

SNP15 12 352844 CDS - Nonsyn G > A 0.4445 10 

SNP16 12 838085 Intergenic G > C 0.2188 18 

SNP17 12 1107690 Intergenic C > G 0.4133 5 

SNP18 14 1268037 CDS – Nonsyn G > A 0.0643 11 

Position - nucleotide position on the supercontig; CDS - coding region of a gene; PIC - Polymorphism 

Information Content (Botstein et al. 1980); Syn – synonymous change; Nonsyn – non-synonymous 

change) 

 

 

 

Table 5 Modifying SNP effects 

Type (alphabetical order) Count Percent 

Downstream 22,583 38.65 

Intergenic 10,234 17.51 

Intron 825 1.41 

Non Synonymous Coding 1,782 3.05 

Splice Site Acceptor 5 0.01 

Splice Site Donor 5 0.01 

Start Lost 8 0.01 

Stop Gained 39 0.07 

Stop Lost 8 0.01 

Synonymous Coding 1,743 2.98 

Synonymous Stop 9 0.02 

Upstream 21,193 36.27 
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Figures 

 

Fig. 1  Dendrogram showing the relationship between 24 Australian isolates as well as the reference 

(Ref) Leptosphaeria maculans isolate, v23.1.3. Highlighted in red are two isolates cultured from 

Brassica juncea rather than B. napus. Highlighted in blue are the isolates that were cultured from 

sites in WA.  

 

Fig. 2 PCA showing relationship between blackleg Isolates used in this study. Highlighted in red are 

two isolates cultured from Brassica juncea rather than B. napus. Highlighted in blue are the isolates 

that were cultured from sites in WA. Ref refers to the reference isolate, v23.1.3.. 

 

 

Fig. 3  SNP density within the L. maculans genome. SuperContigs >20,000 bp are included. Change 

rate denotes the frequency of SNP changes per bp (e.g. 1 change every 3,000 bp) 

 

Fig. 4  SNP distribution variation within the L. maculans genome.  Percentage (%) of SNPs within 

different genomic regions 

 

Fig. 5  SNP frequency (Changes/10Kb) plotted against SuperContig position. Position of AvrLm genes 

is shown  

 

Fig. 6  Alignment of AvrLm4-7 genes from the reference, Isolate 21 and Isolate 41. The two SNPs in 

Isolate 41 are shown 
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