Gene loss in the fungal canola pathogen Leptosphaeria maculans
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Abstract

Recent comparisons of the increasing number of genome sequences have revealed that variation in gene
content is considerably more prevalent than previously thought. This variation is likely to have a
pronounced effect on phenotypic diversity, and represents a crucial target for the assessment of genomic
diversity. Leptoshaeria maculans, a causative agent of phoma stem canker, is the most devastating fungal
pathogen of Brassica napus (oilseed rape/canola). A number of L. maculans genes are known to present in
some isolates but lost in the others. We analyse gene content variation within three L. maculans isolates,
using a hybrid mapping and genome assembly approach and identify genes which are present in one of the
isolates but missing in the others. In total, 57 genes are shown to be missing in at least one isolate. The
genes encode proteins involved in a range of processes including oxidative processes, DNA maintenance,
cell signalling and sexual reproduction. The results demonstrate the effectiveness of the method and

provide new insight into genomic diversity in L. maculans.
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Introduction



The field of genomics is rapidly advancing, assisted by revolutions in DNA sequencing technology, with an
increasing number of genomes being sequenced to varying degrees of completeness. The availability of
increasingly complete references for a rapidly expanding number of genomes is providing detailed insight
into the variation in gene content between organisms separated by a range of evolutionary distances. Over
the last two decades, comparisons of a number of genome sequences have revealed considerable
variation in gene content between and within species. Variation in gene content is known to be common in
humans (Mills et al. 2011) fungi (Huang et al. 2014; McDonald et al. 2013; Syme et al. 2013) and many
plant species (Morgante et al., 2005; Lai et al. 2010) (Tan et al. 2012; Zhang et al. 2014).

One of the main sources of variation in gene content is gene loss, which is known to occur via several
mechanisms. Pseudogenization appears to commonly result in gene loss on an evolutionary time-scale
(Zheng et al. 2007), with mutation leading to loss of function, removing selection pressure and resulting in
ongoing genetic deterioration. The movement of transposable elements also contributes substantially to
gene inactivation and subsequent loss in many organisms (Oliver and Greene 2009; Oliver 2012; Raffaele
and Kamoun 2012), while unequal or illegitimate recombination events can result in large-scale gene loss
(Devos et al. 2002). Mechanisms by which new genes can arise include duplication or mutation of existing
genes, stable incorporation of foreign sequences (horizontal gene transfer) (Keeling and Palmer 2008; Ma
et al. 2010; Oliver 2012; Richards 2011; Rouxel et al. 2011), or formation of novel genes from non-coding
genomic regions (de novo gene birth) (Carvunis et al. 2012; Tautz and Domazet-LoSo 2011); gene
duplication is the most extensively-studied of these processes. Duplicated genes within an organism are
generally referred to as paralogues and groups of paralogues are often referred to as ‘gene families’. A
substantial proportion of genes within organisms from all major forms of life are paralogues, i.e. they

appear to share their origin with at least one other gene within the genome (Oliver 2012; Zhang 2003).

Variation in gene content is expected to influence many biological processes. In some instances the
biological significance of such variation is well defined; for example, the presence of pathogen ‘effector’ or
‘avirulence’ (Avr) genes and corresponding host ‘resistance’ (R) genes is known to be a critically important
factor for disease development in a range of host-pathogen interactions. Recognition of a specific pathogen
Avr gene by a complementary R gene leads to disease resistance in the host, and the diversification or loss
of Avr genes can therefore benefit the pathogen (Parker and Gilbert 2004). Structural rearrangements
(deletions) and repeat-induced point (RIP) mutations (Fudal et al. 2009) are important mechanisms leading
to the loss of Avr genes, via either deletion of the whole genomic region containing the gene, or substantial
change to the coding sequence which prevents R gene recognition (Fudal et al. 2009; Gout et al. 2007).
The susceptibility of canola (Brassica napus) to the fungal pathogen Leptosphaeria maculans, the
causative agent of phoma stem canker, commonly known as blackleg disease, is in part determined by Avr-

R gene interactions.

Here we present results of genome wide gene loss detection in three L. maculans isolates. We utilize a
hybrid mapping and genome assembly approach to investigate gene content variation in three isolates of L.

maculans an important pathogen of canola. The results suggest that genes involved in a number of



biological processes can be influenced by gene loss. These include genes involved in oxidative processes,

DNA maintenance, cell signalling and sexual reproduction.
Methods
Mapping the Illumina resequencing data

The reference sequence (v2) for L. maculans and corresponding annotation (Rouxel et al. 2011) were
downloaded (URGI Unite Recherche Genomique Info 2010).

lllumina DNA sequencing data for two L. maculans isolates 04MGPS021 and 06MGPP041, hereafter
referred to as isolates 21 and 41, were previously described by (Zander et al. 2013). Sequence reads were
mapped to the reference sequence using BWA v.0.6.2 (Li and Durbin 2009) with the following parameters:

bwa aln —n 5 —k 2 -t 4; bwa sampe —n 100.
Coverage calculation and gene loss identification

A custom Java program SGSGenelLoss was used to calculate position-wise coverage across the whole
genome, and then within exons of each individual gene. For gene-specific analysis, both ‘horizontal’ and
‘vertical’ coverage was calculated. Horizontal coverage was measured using frac_exons_covered, defined
as the proportion of exon regions of a gene covered by mapped reads. Values for frac_exons_covered are
in the range of 0 to 1; for a given gene a value of 0 would be returned where no reads map to any exon
position, whereas a value of 1 would be returned where reads map to all exon positions. Vertical coverage
is measured using cov_cat, equivalent to the average coverage depth across exon positions of a gene.
cov_cat shows a continuous distribution, but is split into categories for visualisation purposes, with
categories specified by the user. The categories used for the examples provided here are as follows: 0; >
Ox <= 10x; > 10x <= 20x; > 20x <= 40x; > 40x <= 70x; > 70x. Outline of the methods and details of
calculations used to determine frac_exons_covered and cov_cat are shown in Online Resource 1 and

Online Resource 2.

The results of the exon coverage calculation are visualised as scatter plots by script
graph_chromosomes.R using ggplot2 (Wickham 2009) and as circular plots by script graph_circles.R using
ggbio (Yin et al. 2012).

For minimum coverage estimation, genes were considered lost if frac_exons_covered was equal to zero,
indicating that no reads map to the predicted exonic regions. For actual gene loss calling in isolates 21 and
41 the parameters were relaxed and genes were considered lost if frac_exons_covered was <=0.05 Lost

genes were functionally annotated using Blast2GO (Conesa et al. 2005).

The software package is freely available from:

http://lwww.appliedbioinformatics.com.au/index.php/SGSGeneLoss

Isolate 21 and 41 genome assembly and annotation



Sequencing reads from isolates 21 and 41 were separately assembled using Velvet (Zerbino and Birney
2008) v1.2.10. Prior to the assembly reads were quality trimmed using Trimmomatric (Bolger et al. 2014)
v0.32 (SLIDINGWINDOW:5:20 MINLEN:80). The k-mer values used for the assembly were 55 for isolate
21 and 51 for isolate 41. Resulting genome assemblies (contigs) were compared to the reference sequence
using MEGABLAST (Camacho et al. 2009) (BLAST+ v.2.2.28). Contigs or parts of contigs which did not
match the reference sequence were extracted and the sequences at least 300 bp in length were annotated
using Eugene web server (http://bioinformatics.psb.ugent.be/webtools/EuGene/) (Foissac et al. 2008).

Predicted genes were functionally annotated using Blast2GO. The annotated genes in isolates 21 and 41
were compared using BLASTP (BLAST+ v2.2.28)

PCR validation

Fragments of the mating type alleles MAT1-1 and MAT1-2 were amplified from each isolate (v23.1.2, 21
and 41) using PCR primers previously described by (Cozijnsen and Howlett 2003). The three primers used
were: one with a sequence identical to that of the region the flanking idiomorph (primer 1), one identical to
sequences within the alpha-box of MAT1-1 (primer 2) and one identical to sequences in the HMG domain
of MAT1-2 (primer 3). The expected amplified fragment sizes were: 688 bp for the MAT1-1 locus and 443
bp for the MAT1-2 locus.

primer 1 TGGCGAATTAAGGGATTGCTG

primer 2 CTCGATGCAATGTACTTGG

primer 3 | AGCCGGAGGTGAAGTTGAAGCCG

Results

Gene loss between isolates 21, 41 and v23.1.3 (isolate for which a published reference sequence was
available) was investigated. The method used was a combination of read mapping and genome de novo

assembly.
Estimating minimal coverage requirements

The reliability of read mapping as gene loss detection tool is dependent on the sequencing depth and the
resulting coverage of the reference genome. If sequencing coverage is too low, segments of the genome
may not be represented by chance, resulting in false calling of gene loss. To estimate the minimum
coverage required to achieve reliable results, dataset 41 was split to produce datasets representing 1x, 2X,
5x, 10x, 15x, 20x, 30x, 40x and 60x coverage. Each dataset was used to predict gene loss and the number
of genes lost plotted as the function of coverage (Fig. 1). The resulting curve plateaus between 10x and
15x coverage, which can be considered an appropriate coverage necessary to achieve accurate results.
This is in agreement with the Lander-Waterman statistics (Lander and Waterman 1988); which predicts that
at 5x sequencing coverage 0.67% of the genome is not represented, whereas at 10x coverage only

0.0045% of the genome is not represented.


http://bioinformatics.psb.ugent.be/webtools/EuGene/

Gene loss in isolates 21 and 41

Isolates 21 and 41 were sequenced to 64.6x and 62.5x coverage respectively. The total number of genes
predicted to be lost, compared to the reference sequence, was 20 for isolate 21, and 33 for isolate 41. The
list of all predicted lost genes is presented in Table 1 and visualized in Fig. 2. Functional annotation of the
lost genes in isolate 21 suggests that they include Avrl (Fig. 3), cytochromes P450 and glycosyltransferese
(Table 1). Functional annotation of genes lost in isolate 41 suggests the genes lost include: Avrl, Avr6,
MAT1-2, cytochromes P450, helicases, kinase and phosphotransferase (Table 1). The function of many
(51.4%) genes lost in isolates 21 and 41 is unknown. In total 16 genes were absent in both isolate 21 and

41: four genes were absent only in isolate 21 and 17 genes were absent only in isolate 41.

The spatial distribution of genes lost suggests that genes were lost either in isolation or as contiguous
losses of multiple genes. Out of 20 gene lost in isolate 21, 8 (40%) neighboured another gene lost. Out of

33 genes lost in isolate 41, 18 (54.5%) also neighboured another gene lost.
PCR amplification of MAT locus

During PCR, the MAT locus was amplified in all three isolates; v23.1.3, 21 and 41. A 688 bp fragment was
amplified in isolates 21 and v23.1.3 confirming presence of MAT1-2 allele whilst a 443 bp fragment
corresponding to the MAT1-1 allele was amplified in isolate 41

Gene loss in isolate v23.1.3

Sequencing reads for isolates 21 and 41 were assembled using Velvet. The total assembly length for
isolate 21 was 34 Mbp and for isolate 41 was 33.1 Mbp. The N50 values were 2422 and 5743 respectively.
Upon comparison with the available reference sequence for isolate v23.1.3 a total of 0.68 Mbp and a total

of 0.63 Mbp of sequence were present in isolates 21 and 41 respectively but missing in isolate v23.1.3.

Annotation of sequence found in isolate 21, but not isolate v23.1.3, resulted in discovery of eight genes
which are lost in v23.1.3 (Table 2). Annotation of sequence found in isolate 41, but not isolate v23.1.3,
resulted in the discovery of 19 genes missing in v23.1.3. Amino acid sequences of genes predicted to be
lost in isolate v23.1.3 are available in Online Resource 3. All of the genes annotated for isolates 21 and 41
were found on separate contigs. Sequence comparisons suggest that out of 27 genes found in the re-
sequenced isolates, but absent in v23.1.3, seven are present in both isolates. This is further confirmed by
functional annotation; the seven corresponding genes found in isolates 21 and 41 have the same functional
annotation (Table 2). The corresponding genes are: genel 21-genel2 41, gene2_21-genel0Q_41,
gene3_21-genell_41, gened 21-genel9 41, gene6_21-gene3 41, gene7_21-genel7_41 and
gene_8 21-gene8_41. The genome assembly of isolate 21 was found to contain one unique gene,
gene5_21, of an unknown function. The genome assembly of isolate 41 was found to contain 12 unique
genes, which include genes encoding proteins annotated as eonyl-hydratase, transmembrane protein

pft27, coproporphyrinogen Il oxidase. Among the genes unique to isolate 41 is the MAT-1-1 allele. The



predicted sequence is 440 amino acids in length and 99% identical to the published sequence (Cozijnsen
and Howlett 2003).

Discussion

We present analysis of gene content variation in three L. maculans isolates. Gene content variation was
analysed by a combination of read mapping and assembly. The genome assemblies obtained for isolates
21 and 41 and are smaller in size compared to the published reference sequence which is 45 Mbp in length
(Rouxel et al. 2011). This may result from different assembly algorithms used. Roughly 30% of the L.
maculans genome is composed of repetitive elements (transposons) (Rouxel et al. 2011) which are unlikely

to be assembled by Velvet.

The v23.1.3 isolate (for which a published reference genome is available) differs by a total of 28 genes with
isolate 21 and 52 genes in isolate 41. The higher number of differences between isolate v23.1.3 and isolate
41 is consistent with the published observations, suggesting that isolate 41 is a more distant relative of
v23.1.3 than isolate 21 (Zander et al. 2013).

Two classes of genes found in the L. maculans genome have previously been shown to display
presence/absence variation: the mating type (MAT) locus and avirulence (Avr) genes, and these genes
were used to verify results obtained. L. maculans contains a single mating type (MAT) locus, with two
alternate forms, which must be different for two isolates to mate (Venn 1979). MAT1-1 is 1,368 bp long,
containing a 45-bp intron and encoding a protein of 441 amino. The MAT1-2 is 1,246 bp, encoding a
predicted protein of 397 amino acids (Cozijnsen and Howlett 2003). The reference sequence isolate
v23.1.3 is known to contain MAT1-2 (Fitt et al. 2006) . The results found here suggest that isolate 41 is the
opposite MAT1-1 mating type. The results were validated using PCR. The PCR results confirmed in silico

gene loss predictions.

Two of the predicted lost genes are classified as avirulence genes, which have previously been shown to
display presence/absence variation between isolates (Fudal et al. 2009; Gout et al. 2006; Gout et al. 2007;
Van de Wouw et al. 2010; Zander et al. 2013). Our analysis suggests that both isolates 21 and 41
demonstrate differential AvrLm gene loss (Fig. 3), with AvrLm1 predicted to be absent in both isolates,
AvrLm4-7 and AvrLm11 present in both isolates, while AvrLm6 is present in isolate 21, but absent in isolate
41. The results are in full agreement with published observations of the virulence specificity of these
isolates (Raman et al. 2012; Zander et al. 2013). The loss of AvrLm1 is most likely due to a larger deletion
of a whole genomic region including the AvrLm1 locus (Fudal et al. 2009; Gout et al. 2007). The loss of
AvrLm6 might be due to a larger genomic deletion or repeat induced point (RIP) mutations, which can lead

to functional loss of a gene (Fudal et al. 2009; Van de Wouw et al. 2010).

Additional genes predicted to be lost from one or both isolates include: two cytochrome P450s, two DNA
repair helicases and a serine threonine protein kinase (Table 1). Cytochrome P450 enzymes (P450s) are
heme-thiolate proteins found in all life forms from prokaryotes (archea, bacteria) to eukaryotes (fungi,
insects, plants and animals, including humans). These enzymes catalyse regio- and stereospecific
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conversions of a wide range of lipophilic compounds to more hydrophilic derivatives by introducing an
oxygen atom derived from molecular oxygen (CreSnar and Petri¢ 2011). Currently over 8700 different
cytochrome P450s have been identified from 113 fungal species (Park et al. 2008). Cytochrome P450 is
implicated in a range of fungal processes including, but not limited to; antibiotic detoxification (George et al.
1998), napthalene metabolism and detoxification of polycyclic aromatic hydrocarbons (Cerniglia et al. 1978;
da Silva et al. 2004; Sutherland 1992), giberellin biosynthesis (Rojas et al. 2001) and toxin biosynthesis
(Bhatnagar et al. 2003). The L. maculans reference genome is predicted to contain 62 distinct P450 genes
(Park et al. 2008). The two genes found to be lost: G085580.1 (lost in isolate 41 only) and G085620.1 (lost
in both isolates) are both annotated as E class P450, group | (Park et al. 2008). Further characterization of
these genes may provide information regarding the influence of gene loss on the fungal phenotype.

Helicases are enzymes capable of separation of double-stranded nucleic acid (DNA or RNA), and are
involved in a number of biological processes including replication, recombination, transcription and
translation. The number of helicase genes in eukaryotic organisms is relatively high, with approximately 1%
of genes in eukaryotic genomes predicted to encode RNA or DNA helicases (Wu 2012). Furthermore,
redundancy of genes coding for helicases has been observed. For example in rice a total of 115 helicase
genes have been identified, several of which were redundant (Umate et al. 2011) suggesting that gene loss
may affect helicase genes without a pronounced effect on the phenotype.

Genes coding for protein kinases belong to large families and their products possess diverse functions.
They are also thought to exhibit a rapid birth-death cycle (Hardie 1999; Rudrabhatla et al. 2006; Zheng et
al. 2011). Therefore protein kinases are expected to be affected by gene loss.

Our results support previous observations suggesting that avirulence (AvrLm) genes are subject to
presence/absence variation. Results presented here also suggest that gene loss influences additional
genes in L. maculans, including genes possibly involved in oxidative processes, DNA maintenance, cellular
signalling and sexual reproduction. The spatial distribution of genes lost suggests that genes can be lost

either in isolation or as consecutive losses of multiple genes presumably as a part of larger deletion.

A software package SGSGenelLoss was developed to facilitate gene loss detection in L. maculans
However, SGSGenelLoss can be used to detect variation in gene content in a number of species. The

software allows both detection and visualization of gene loss and is freely available.
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Table 1 List of genes identified as lost in resequenced Leptosphaeria maculans isolates relative the reference genome. Genes deemed less confident by the

authors (length <300 aa and without EST evidence at the time of prediction pipeline were marked with a *). The Avr genes are shown in bold.

Isolate 21 Protein description Isolate 41 Protein description
G030170.1* Predicted protein
G037480.1* Predicted protein
G043120.1* Predicted protein
G046740.1* Predicted protein
G049660.1 M1 protein (AvrLm1) G049660.1 M1 protein (AvrLm1)
G049920.1* Predicted protein
G049930.1 Predicted protein
G049940.1 M6 protein (AvrLmé6)
G076370.1* Predicted protein
G070000.1* Histidine triad
G079780.1* Predicted protein G079780.1* Predicted protein
G081630.1* Predicted protein G081630.1* Predicted protein
G081640.1* Predicted protein G081640.1* Predicted protein
G082370.1* Predicted protein
G082540.1* Glucose-6-phosphate isomerase G082540.1* Glucose-6-phosphate isomerase
G085580.1 Cytochrome p450 G085580.1 Cytochrome p450
G085590.1 Transferase family protein G085590.1 Transferase family protein
G085610.1* Predicted protein G085610.1* Predicted protein
G085620.1 Benzoate 4-monooxygenase cytochrome G085620.1 Benzoate 4-monooxygenase cytochrome p450
p450
G085630.1 Carboxylesterase family protein
G086520.1 DNA repair helicase
G086530.1 DNA repair helicase
G090230.1* Predicted protein G090230.1* Predicted protein
G098080.1 Serine threonine protein kinase
G098090.1 Predicted protein
G103490.1* Phosphotransferase family protein
G104510.1* Predicted protein G104510.1* Predicted protein
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G109260.1 Het domain-containing protein
G110260.1* Predicted protein G110260.1* Predicted protein
G113050.1 Tpr domain protein G113050.1 Tpr domain protein
G113060.1 Predicted protein G113060.1 Predicted protein
G113080.1 Predicted protein G113080.1 Predicted protein
G114280.1 Predicted protein
G114380.1 Pyridoxamine phosphate oxidase
G114390.1 Mating-type matl-2 protein
G116710.1 Glycosyltransferase family 34 protein
G123850.1* Predicted protein G123850.1* Predicted protein
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Table 2 List of genes identified as lost in the reference genome (v23.1.3) relative to the re-sequenced

isolates

Isolate 21 | Protein description

genel 21 | Extracellular aldonolactonase protein

gene2_21 | Hypothetical protein SETTUDRAFT_40572

gene3_21 | Integral membrane pthll-like protein

gened4_21 | Pyruvate carboxylase subunit a

gene5 21 | Hypothetical protein COCCADRAFT_9848

gene6_21 | Beta and beta-prime subunits of DNA dependent RNA-
polymerase

gene7_21 | Scp-like extracellular

gene8 21 | Dnal domain containing protein

Isolate 41

genel 41 | Enoyl- hydratase

gene2_41 | Transmembrane protein pft27

gene3_41 | Beta and beta-prime subunits of DNA dependent RNA-
polymerase

gened4 41 | Chromosome segregation ATPase family protein

gene5 41 | Cellular morphogenesis protein

gene6_41 | N/A

gene7_41 | Het domain-containing protein

gene8_41 | Dnal domain containing protein

gene9 41 | Arf GTPase activating protein

genel0_41 | Hypothetical protein SETTUDRAFT_40572

genell 41 | Integral membrane pthl1-like protein

genel2 41 | Extracellular aldonolactonase protein

genel3_41 | Hypothetical protein PTT_20052

genel4 41 | mRNA binding protein pumilio 2

genel5_41 | DNA binding protein with alpha box domain (MAT-1-1)

genel6_41 | Coproporphyrinogen Il oxidase

genel7_41 | Scp-like extracellular

genel8_41 | Transcription factor bhlh protein

genel9 41 | Pyruvate carboxylase subunit a
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Fig 1 Minimum coverage estimation. Number of lost genes at different levels of coverage (1x, 2Xx, 5x%, 10x,
15x, 20x, 30x, 40x, 60x)

Fig 2 Graphical representation of genes lost for isolates 21 and 41. The picture is composed of three
tracks. From the inner track they correspond to: positions of genes lost (blue lines) in isolate 21, positions
of genes lost in isolate 41 (blue lines), graphical representations of all contigs (grey rectangles), which have
annotated genes

Fig 3 AvrLm gene loss in L. maculans. Plots visualising lost AvrLm genes in isolates 41 and 21. Each dot
represents a gene. Coordinate on the x-axis is the position along the contig. Coordinate on the y-axis is the
fraction of the total number of positions within exons of the gene covered by mapped reads. Coverage
category (cov_cat) is the average coverage depth across exons of the gene (see Methods for details).
Isolate 41 shows loss of two AvrLm genes present on Supercontig 6 — AvrLm1 and AvrLm6 (a). Isolate 21
shows loss of one AvrLm gene present on Supercontig 6 — AvrLm1 (b)

Online Resource 1 Details of exon coverage calculation used in gene loss detection

Online Resource Gene loss identification pipeline. First, sequencing reads are mapped to the reference
sequence (a). Then, coverage across exons within the annotated genes is calculated (see Methods for
details) (b). Finally, genes with sufficiently low coverage are classified as lost (c)
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