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Abstract

Background: Rust fungi are an important group of plant pathogens that cause devastating losses in agricultural,
silvicultural and natural ecosystems. Plants can be protected from rust disease by resistance genes encoding
receptors that trigger a highly effective defence response upon recognition of specific pathogen avirulence
proteins. Identifying avirulence genes is crucial for understanding how virulence evolves in the field.

Results: To facilitate avirulence gene cloning in the flax rust fungus, Melampsora lini, we constructed a high-density
genetic linkage map using single nucleotide polymorphisms detected in restriction site-associated DNA sequencing
(RADseq) data. The map comprises 13,412 RADseq markers in 27 linkage groups that together span 5860 cM and
contain 2756 recombination bins. The marker sequences were used to anchor 68.9 % of the M. lini genome
assembly onto the genetic map. The map and anchored assembly were then used to: 1) show that M. /ini has a
high overall meiotic recombination rate, but recombination distribution is uneven and large coldspots exist; 2)
show that substantial genome rearrangements have occurred in spontaneous loss-of-avirulence mutants; and 3)
identify the Avrl2 and AvrM14 avirulence genes by map-based cloning. AvrM14 is a dual-specificity avirulence gene
that encodes a predicted nudix hydrolase. AvrL2 is located in the region of the M. lini genome with the lowest
recombination rate and encodes a small, highly-charged proline-rich protein.

Conclusions: The M. lini high-density linkage map has greatly advanced our understanding of virulence
mechanisms in this pathogen by providing novel insights into genome variability and enabling identification of
two new avirulence genes.
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Background

Rust fungi are an important group of plant pathogens
that cause devastating diseases in agricultural, silvicul-
tural and natural ecosystems. Throughout history rust
epidemics have caused significant losses in cereal pro-
duction and today they are considered a major threat to
global food security due to the recent evolution and
spread of the highly-virulent Ug99 strain of the wheat
stem rust pathogen (Puccinia graminis f. sp. tritici) and
persistent worldwide losses due to wheat stripe rust dis-
ease (caused by Puccinia striiformis f. sp. tritici) [1, 2]. In
addition, many other cultivated plants, including soy-
bean, coffee, poplar and pine, suffer rust diseases that
drastically reduce productivity [3-6] and the recent
incursion of myrtle rust (caused by Puccinia psidii) into
Australia threatens native ecosystems and forestry pro-
duction [7]. Consequently, there is great interest in
understanding how these fungal pathogens infect their
hosts and how plants can be better protected from
rust disease.

The infection of flax (Linum usitatissimum) by the flax
rust fungus (Melampsora lini) has been an important
model system for understanding rust biology since the
pioneering studies of Harold Flor in the late 1930’s and
early 1940’s. Flor determined that the success or failure
of pathogen attack is dictated by a ‘gene-for-gene’ inter-
action between resistance genes in the plant and aviru-
lence genes in the pathogen [8]. When a pathogen
expressing an avirulence gene infects a plant expressing
a corresponding resistance gene, the plant is able to
recognise the presence of the pathogen and trigger a
multifaceted defence response, which includes localised
cell death at the point of attempted infection [9]. Most
disease resistance genes encode cytoplasmic receptor
proteins with a nucleotide binding (NB) site and leucine
rich repeat (LRR) domain [10, 11], whereas avirulence
genes encode small, secreted proteins that are thought
to be part of a diverse array of secreted effectors with
virulence functions that assist in the establishment and
maintenance of pathogen infection [12—15]. Five avirulence
genes (AvrL567, AvrM, AvrB AvrP123 and AvrP4) have
been identified at four different loci in M. lini [16-18].
They encode secreted proteins produced in a specialised
fungal structure called the haustorium, which is a major site
for signal exchange and nutrient acquisition in rust patho-
gens and other biotrophic fungi [19, 20].

Genome sequencing of plant pathogenic fungi has
become an important approach to identify effector genes
that might be important during infection. For species
with relatively small genomes (~40 Mb or less) and a
low percentage of repetitive DNA, high quality reference
genome assemblies have been produced with large scaf-
folds that often represent complete chromosomes from
telomere to telomere [21-25]. By contrast, species with
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larger genomes or a high percentage of repetitive DNA
have proved more difficult to assemble (e.g. [26]). Rust
fungi have repetitive genomes [27-29] that are amongst
the largest known for plant pathogens, with genome
sizes estimated by flow cytometry that range from 77
Mb in Puccinia triticina to 2.5 Gb in Uromyces bidentis
[30-32]. In addition, they produce dikaryotic spores that
are highly heterozygous [29, 33], which makes genome
assembly particularly challenging. The wheat stem rust
(89 Mb) and poplar rust (Melampsora larici-populina;
101 Mb) pathogen genome assemblies were produced by
Sanger sequencing, yet these still contain 392 and 462
scaffolds, respectively [27]. Rust fungal genome assem-
blies produced using next-generation sequencing (NGS)
technologies are considerably more fragmented [29, 34, 35].
For example, the M. lini genome assembly was produced
by Illumina sequencing and contains 21,130 scaffolds,
which together span 189 Mb of the predicted ~220 Mb
genome. The longest scaffold in the assembly is only 239.7
kb and 50 % of the assembly comprises scaffolds of 31.5 kb
or less [28].

One strategy to improve the utility of fragmented
genome assemblies is to anchor the scaffolds onto a gen-
etic linkage map. In recent years, NGS technologies have
been developed that allow simultaneous identification
and scoring of single nucleotide polymorphism (SNP)
markers, the two most commonly-used methods being
the genotyping-by-sequencing (GBS) technique described
by Elshire et al. [36] and restriction-site associated DNA
sequencing (RADseq; [37]). GBS and RADseq are reduced
representation sequencing technologies that rely on re-
striction digest of genomic DNA to reduce sequence
complexity, allowing the high depth of coverage required
for accurate SNP identification to be achieved econo-
mically. Using these technologies to sequence mapping
families it is possible to produce high-density genetic
maps that contain thousands of sequence-characterised
markers, which can be used for quantitative trait loci
(QTL) analysis, map-based cloning, anchoring genome
assemblies and genome-wide analysis of recombination
rate [38-44]. In fungi, QTLs linked to temperature
ensitivity and melanisation have been identified in
Zymoseptoria tritici using RADseq markers [45, 46] and
a GBS-based linkage map was used to anchor the Pyre-
nophora teres f. sp. teres genome assembly [47]. How-
ever, these powerful technologies have yet to be applied
widely in fungal genetics research.

We used RADseq to identify and map genetic markers
in an F, family derived by self-fertilisation of M. lini
strain CH5 [48]. The resulting high-density genetic map
comprises 27 linkage groups that contain 13,412 RAD-
seq markers and nine of the ten avirulence genes known
to segregate in this mapping family. In addition the
map includes the I-I avirulence inhibitor locus, which
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prevents pathogen detection by flax plants containing
the L1, L7, L8, L10 and MI resistance genes [48, 49].
The RADseq marker sequences were used to anchor
68.9 % of the CH5 M. lini genome assembly onto the
genetic map. The genetic map and anchored assembly
were then used to examine recombination frequency
and distribution across the M. lini genome, show that
loss of avirulence in some CHb5-derived mutants is
associated with large-scale chromosomal duplications
and deletions and identify two new avirulence genes
(AvrM 14 and AvrL2) by map-based cloning.

Results

CH5 genetic map

We used RADseq to identify SNP-based markers for
construction of a M. lini genetic map. Genomic DNAs
extracted from strains C and H, their F1 offspring (CH5)
and 77 F, progeny obtained by self-fertilisation of CH5
[48] were digested with PstI or Nsil and used to generate
individually barcoded RADseq libraries that were se-
quenced using 100 bp paired-end Illumina sequencing.
After filtering to remove poor quality reads and PCR
duplicates, on average 2.1 million PstI and 4.4 million
Nsil read pairs per F, individual were retained for
further analysis (Additional file 1). The sequence data
were used to identify 13,617 genetic markers that were
heterozygous in CH5, scored in at least 74 of the 77 F,
individuals and segregated in a pattern not significantly
different from the 1:2:1 ratio expected of a single-copy,
codominant marker (chi-squared test, p > 0.01). After
filtering to remove potential genotyping errors and low-
quality markers (see Additional file 2 for a description of
methods), a genetic map was constructed at a logarithm
of odds (LOD) score of seven that contained 13,412
genetic markers (Additional file 3) in 27 linkage groups
(Additional file 4). The map spanned a total of 5860 cM
and contained 2756 recombination bins. The individual
linkage groups ranged in size from 16 to 480 cM and
contained 72 to 1032 genetic markers (Table 1).

Ten avirulence genes segregate in the CH5 F, family
and confer 16 avirulence specificities (Additional file 5),
with all except AvrN and AvrP inherited from strain H.
Nine of these genes were placed on the genetic map
along with the I-Iavirulence inhibitor (Fig. 1), which
prevents pathogen detection by flax plants containing
the L1, L7, L8, L10 and MI resistance genes [48, 49].
Only AvrLI could not be accurately mapped in this
family as it is inhibited by I-1 [48] and there were too
few F, individuals for which the AvrLI genotype could
be determined based on the infection phenotype alone
(Additional file 5). The avirulence genes and I-1 are
distributed throughout the M. lini genome, with no
clustering observed. Although AvrL567 and AvrLI1 are
both located on LG4, they are at least 133.61 c¢cM apart.
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Similarly, AvrM and AvrN are located at least 58.96 cM
apart on LG5. Significantly, co-segregating markers
were identified for AvrL2, AvrL11, AvrMI, AvrMS3,
AvrM4, AvrN and I-1 (Additional file 4), none of which
had been cloned.

Anchoring the CH5 genome assembly

The RADseq markers were used to anchor the M. lini
CH5 genome assembly [28] onto the genetic map. In
total, 4679 of the 21,310 scaffolds were tagged by RAD-
seq markers, including 1670 (86.6 %) of the 1929 scaf-
folds in the assembly that were >30 kb in length. The
anchored scaffolds had a cumulative length of 130.6 Mb
(68.9 % of the total genome assembly length) and con-
tained 11,666 (71.4 %) of the 16,339 [50] predicted M.
lini protein coding genes. Physical locations of markers
are provided in Additional file 3.

To estimate the error rate in the genetic map, we com-
pared map positions of 1444 pairs of markers derived
from either overlapping reads from adjacent restriction
sites (220 pairs) or back-to-back reads surrounding a
single restriction site (1220 pairs). Disagreement in
marker placement was observed in just 22 cases: four
were caused by a single missing genotype score; 16 by
potential single genotyping errors; and two by both a
missing score and a potential genotyping error. By
extrapolation, we estimate that just 1.52 % of markers
are misplaced by a mean of 0.84 cM (£0.09 cM; standard
error). There was also a high level of concordance
between the genetic map and the CH5 genome assem-
bly. Of the 739 scaffolds that contained one or more
recombinant marker pairs, 687 showed colinearity in
physical and genetic marker order allowing unambigu-
ous assignment of scaffold orientation relative to the
genetic map (Table 2 and Additional file 6). For another
52 scaffolds, disagreement between physical and genetic
marker order may have resulted from single genotyping
errors as described above. However, 190 scaffolds showed
substantial differences between genetic and physical maps,
including 176 that contained markers in more than one
linkage group and 15 with widely separated markers
from the same linkage group (Table 2 and Additional
files 6 and 7). None of these scaffolds contained markers
positioned in the correct order to indicate a physical
connection between the linkage groups. Therefore, it is
likely that these are chimeric scaffolds resulting from
errors in sequence assembly.

Recombination frequency in the M. lini genome

A total of 8823 recombination events were detected in
the 77 members of our F, mapping family. Of these,
8617 (97.7 %) were single recombination events and
only 103 locations were detected at which two recom-
bination events had occurred between flanking markers
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Table 1 Linkage groups in the CH5 genetic map
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Linkage group Length (cM) Number of markers

Number of bins Largest gap (cM) Mean gap size (cM)

LG1 479.62 999
LG2 47513 1032
LG3 42207 883
LG4 37883 952
LG5 373.16 765
LG6 36961 882
LG7 346.04 768
LG8 29554 599
LG9 29143 725
LG10 270.71 655
LG 257.19 554
LG12 25232 520
LG13 238.96 678
LG14 22981 457
LG15 22736 659
LG16 176.71 400
LG17 159.37 293
LG18 130.74 265
LG19 111.63 276
LG20 100.27 273
LG21 63.56 199
LG22 60.07 123
LG23 48.62 113
LG24 3849 94
LG25 26.81 85
LG26 2017 91
LG27 15.99 72
TOTAL 5860.21 13,412

196 16.70 246
242 17.87 1.97
194 946 2.19
188 13.59 203
166 14.89 2.26
176 1541 2.1
151 16.73 231
132 1447 2.26
135 14.55 217
114 16.40 240
114 13.72 2.28
126 13.29 202
125 15.32 1.93
99 11.53 235
122 11.09 1.88
83 1444 2.16
78 16.55 207
63 799 21
52 11.50 2.19
53 14.37 1.93
31 12.62 212
24 10.00 261
27 4.30 1.87
16 8.79 257
22 5.08 1.28
15 403 144
12 4.03 145
2756

(see Additional file 2 for a description of methods).
This suggests that the region of the genome covered
by the genetic map is close to marker saturation
given the amount of recombination information avail-
able in our F, family. The number of recombination
breakpoints detected per F, individual ranged from
68 to 166 with a mean of 114.6 (Fig. 2a). Amongst
linkage groups, there was a strong positive correl-
ation between physical length and the number of
markers (R*=0.99) and between physical length and
the number of recombination events (R*=0.98; Fig. 2b).
However, within linkage groups recombination events
were not evenly distributed. Although 50 % of markers
were located in bins containing nine markers or less, some
bins contained up to 111 markers (Additional file 8)
suggesting that there may be recombination coldspots
in the genome. To estimate the physical distance be-
tween recombination events across the genome, the

cumulative scaffold length per recombination bin was
calculated (Fig. 2c). Whilst 91.3 % of bins were as-
sociated with a cumulative scaffold length of 100 kb
or less, there were 59 bins (2.1 %) associated with a
physical distance of 200 kb or more (Fig. 1 and
Additional file 8). Comparing regions of the genome
with differing recombination rates, we found an in-
crease in repetitive DNA content from ~20 to ~26 %
as recombination rate decreased, along with a slight
decrease in gene and effector gene content (Fig. 2d).
There were no differences in GC content between
regions with different recombination rates (Additional
file 9). Of the mapped M. lini avirulence genes, most
were located in recombination bins associated with
a physical distance of 50 kb or less (Fig. 2c). The
exceptions were AvrL1l and AvrL2, which were lo-
cated in large recombination coldspots of 477 and
754 kb, respectively.
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Table 2 Scaffold anchoring summary

Anchoring information

Number of scaffolds

Orientation given by a single recombinant
marker pair

Orientation given by multiple recombinant
marker pairs

Genetic order of markers does not match
physical order

Scaffold chimeric between linkage groups
Scaffold chimeric within linkage group

Scaffold chimeric between and within
linkage groups

No recombinant marker pairs on scaffold
<2 markers on scaffold

Total

490

197

52

1938
1812
4679

Analysis of loss-of-avirulence mutants

As one aim of our research was to identify M. lini aviru-
lence genes, we examined five CH5 mutants that had
spontaneously lost either the AvrL2 (MS32, MS38),
AvrMI1 and AvrM4 (MS45, MS48) or AvrN (MS51)
avirulence genes during asexual propagation. Genomic
DNAs from these individuals were used for RADseq
analysis and the 8871 Nsil markers used in genetic map
construction were scored for each line. With the ex-
ception of missing data and a small number of potential
genotyping errors, all NsiI markers were heterozygous in
MS32 and MS38, including those located on LG16 that
co-segregated with AvrL2 in the F, family. Therefore,
loss of AvrL2 in these mutants must have involved a
small-scale mutation event that did not affect the adjacent
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markers. By contrast, loss of heterozygosity (LOH) was
observed for large numbers of markers in MS45, MS48
and MS51 (Fig. 3) suggesting that loss of avirulence in
these mutants was caused by large-scale chromosomal
rearrangements.

Loss of AvrM1 and AvrM4 in MS45 and MS48 was
associated with LOH for 80 consecutive Nsil markers
located between 0 and 32.14 cM in LG19 (Fig. 3a).
These markers were located on 41 different scaffolds
with a cumulative length of 1.12 Mb. To determine the
cause of LOH, total read depth and percentage of reads
from the strain H allele were examined for all Nsil
markers scored in MS45, MS48 and CH5. As shown in
Fig. 4a and b, total read depth was uniform across all
markers in CH5, but in MS45 the region suffering LOH
was characterised by a mean read depth of 25.6
compared to 51.0 for the rest of the genome, consistent
with deletion of part of the strain H-derived chromo-
some that carried AvrM1 and AvrM4. However, this ana-
lysis detected a further change in the genome of MS45
that appeared unrelated to loss of AvrMI and AvrM4; a
region of 64 consecutive Nsil markers located between 0
and 10.93 cM in LG10 had higher read depth than the
rest of the genome (average of 71.9 reads per marker).
These markers were located on 34 scaffolds with a cu-
mulative length of 622 kb. In this region the mean per-
centage of reads from the strain H allele was 65.4 %
compared to 50.0 % for the rest of the genome, consist-
ent with a duplication of this region of the strain H
chromosome. Very similar results were obtained for
MS48 in both abnormal regions (Additional file 10). As
MS45 and MS48 were isolated in the same mutant
screen, it is likely that they are clonal individuals.

In MS51, LOH was observed for all 40 Nsil markers in
LG27 and for 235 consecutive Nsil markers located
between 164.69 ¢cM and the end of LG5 (Fig. 3b). How-
ever, in this case avirulence gene loss was not caused by
chromosomal deletion alone, as the mean read depth in
these two regions was not significantly different to that
seen for the rest of the MS51 genome (two-tailed T-test,
p = 0.001; Fig. 4a, c). Instead, the 261 heterozygous Nsil
markers located from 0 to 164.69 c¢cM in LG5 had both
increased read depth (71.4 compared to 49.6 for the rest
of the genome) and increased percentage of H allele
reads (64.5 % compared to 50.1 % for the rest of the
genome), suggesting that loss of AvrN was associated
with duplication of the strain H chromosome corre-
sponding to LG5 accompanied by deletion of the region
containing AvrN from the equivalent chromosome from
strain C. A similar chromosome duplication and deletion
event could also explain LOH without loss of read depth
as observed for LG27 and suggested that LG5 and LG27
might be adjacent regions of the same chromosome. In-
deed, when re-analysed at LOD6, markers from these
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two linkage groups formed a single group separated by a
gap of 20.72 cM. Altogether, the combined LG5/LG27
deletion in MS51 affected markers on 172 scaffolds with
a cumulative length of 4.24 Mb.

The duplication and deletion events in LG5 and LG27
were not the only large-scale chromosomal changes de-
tected in MS51. Increased read depth was also observed
for 155 Nsil markers located between 190.10 and 308.74
cM in the middle of LG2 and for 179 NsiI markers
located between 126.41 ¢cM and the end of the linkage
group in LG14. In both cases the increased read depth
and decreased percentage of H allele reads compared to
the rest of the genome was consistent with partial dupli-
cation of the chromosomal regions inherited from strain
C (Fig. 4a, ¢), in contrast to the LG5/LG27 duplication
event. The duplication in LG2 affected markers on 69
scaffolds with a cumulative scaffold length of 2.48 Mb,
whereas the duplication in LG14 affected markers on
131 scaffolds with a cumulative length of 2.64 Mb.

Given the duplication and deletions observed in MS45/
48 and MS51, we were interested to know if any of the F,
individuals harboured similar chromosomal changes. Nsil
marker read depth was examined in all 77 individuals and
evidence of H chromosome duplication was observed in
CH5F2-133 (Additional file 11). The duplicated region
affected 72 consecutive Nsil markers located from 113.68
to 158.65 ¢cM in the middle of LG16. This genetic interval
was associated with 53 anchored scaffolds that had a
cumulative length of 1.24 Mb. Interestingly the duplicated
region contained the largest recombination coldspot in
the M. lini genome (LG16; 124.47 cM) and spanned the
map location of the AvrL2 avirulence gene.

Identification of AvrM14

Flor [51] showed that AvrM1 and AvrM4 co-segregated
in a mapping family that used strain H as the avirulence
source and the phenotypic data for the CH5 F, family
were consistent with this observation, although the pres-
ence of the I-1 inhibitor gene precluded scoring of AvrM1
directly in many F, individuals [48]. We identified five
genetic markers located at 1.95 ¢cM in LG19 that co-
segregated with AvrM4 in this family (Additional file 4).
Four markers were located on scaffold 27 (sc27) in the
CH5 genome assembly, which also contained three adja-
cent markers at 3.9 cM, and the fifth marker was the only
marker located on sc3166 (Fig. 5a). These scaffolds were ex-
amined for the presence of genes encoding small-secreted
proteins, which are generally considered candidates
for effectors. However, none of the gene models anno-
tated on the assembly by Nemri et al. [28] fitted these
expectations. Therefore, the region was examined
manually and a candidate gene was identified at 1588—
2336 bp on sc27 that had not been predicted by the
annotation pipeline, but was supported by RNAseq
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transcript assembly data [28] and an incomplete
cDNA sequence obtained from the haustorial cDNA
library made by Catanzariti et al. [17]. This gene
encoded a predicted protein of 166 amino acids with a

20 amino acid predicted signal peptide and showed hom-
ology to proteins of the nudix hydrolase superfamily
(Nudix_Hydrolase_7 domain CDD: cd04664; e-value
6.63e”%).
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Sequences corresponding to the avirulence gene candi-
date were amplified from strain H and strain C genomic
DNA. Sequencing revealed seven nucleotide polymor-
phisms within the coding region (Additional file 12) that
resulted in six amino acid polymorphisms between the
predicted proteins, none of which were located in con-
served residues of the Nudix box motif (Fig. 5b). One of
the nucleotide polymorphisms created a BspEl res-
triction site polymorphism and this was used as the basis
of a cleaved amplified polymorphic sequence (CAPS)
marker. The CAPS marker co-segregated with AvrA4 in
the CH5 F, family and only the strain C (virulence) allele
was found in MS45 and MS48 deletion mutants (Fig. 5c).
Reverse Transcriptase-Polymerase Chain Reaction (RT-
PCR) showed that both alleles of the avirulence gene candi-
date were expressed in CHb5-infected flax leaves 4 days
post-infection and confirmed the presence of a 77 bp intron
in the coding region (Fig. 5d).

To test for recognition of the candidate avirulence
gene by the corresponding M1 and M4 resistance genes,
c¢DNA sequences of the two alleles were used to gener-
ate T-DNA constructs for expression in planta. Con-
structs were produced that contained or lacked the
region encoding the predicted signal peptide, as all flax
resistance genes cloned to date (including M1I) encode
predicted cytoplasmic NB-LRR proteins [52] and the
interaction between M. lini avirulence proteins and their
corresponding NB-LRR proteins occurs inside the plant
cell [17, 18]. Agrobacterium tumefaciens-mediated tran-
sient expression of the strain H-derived allele without
the predicted signal peptide induced strong necrosis in
flax plants containing the M4 resistance gene, slightly
weaker necrosis in flax plants containing the M1 resist-
ance gene and no symptoms in flax plants lacking these
resistance genes, including near-isogenic lines (Fig. 5e
and Additional file 13). Therefore, both the AvrMI and
AvrM4 avirulence specificities are conferred by a single
gene, which we have named AvrMI4-A (GenBank:
KU743880) in keeping with the naming convention pre-
viously established for AvrL567 and AvrP123 [17, 18]. By
contrast, no necrosis or chlorosis was observed on any
of the plants infiltrated with the strain C-derived viru-
lence allele, which we have named AvrM14-B (GenBank:
KU743881). No response was observed when the full-
length AvrM14-A gene was expressed in M1 or M4
plants (Additional file 13).

Identification of AvrL2

The CH5 genetic map showed that AvrL2 co-segregated
with 69 markers at map position 124.47 c¢cM in LG16
(Additional file 4). Co-segregation was observed in 76 of
the 77 F, progeny. However, one individual was hetero-
zygous for all markers that co-segregated with AvrL2 in
the rest of the F, family, yet was virulent on L2 flax
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(CH5F2-105; the infection phenotype of which was
omitted when placing AvrL2 on the genetic map). This
was analogous to the situation seen for the MS32 and
MS38 mutants, suggesting that all three individuals
might have lost AvrL2 avirulence specificity by a similar
process. To identify additional markers that might help
to locate AvrL2, we re-analysed the RADseq data using
different genotyping calling and filtering parameters
that would allow inclusion of multi-copy sequences
(Additional file 2). In addition, as approximately 15 %
of the RADseq reads did not align to the CH5 genome
assembly (Additional file 1), the data were also analysed
by de novo assembly. This led to the identification of
1672 additional markers from reference-aligned reads
and 6398 markers from de novo assembly, five of which
co-segregated with AvrL2 in the 76 F, progeny and
were represented by only the strain C allele in CH5F2-
105, MS32 and MS38. Three of these markers were
located on sc4334 and two were derived from repetitive
sequences that could not be placed accurately in the CH5
genome assembly (Additional file 14).

Scaffold 4334 contained an annotated gene (Mel-
li_sc4334.2) predicted to encode a small, secreted protein.
Two other scaffolds contained closely-related sequences
(sc8713 and sc275; Fig. 6a and Additional file 15) and both
of these contained markers that co-segregated with AvrL2,
suggesting the presence of a small gene family at this loca-
tion. Because of the sequence duplications and assembly
difficulties in this region (Additional files 14 and 15) we
used PCR to confirm the sequences of these candidate
genes in each haplotype. Three genes (AvrL2-A, -B and
-C) were found in homozygous avirulent F, individuals
and two genes (AvrL2-B and -D) were found in homozy-
gous virulent F, individuals (Fig. 6b; GenBank: KU743882,
KU743883, KU743884, KU743885). The coding regions of
AvrL2-A and AvrL2-B are highly related, as are the coding
regions of AvrL2-C and AvrL2-D (Fig. 6b). Between AvrL2-
A/B and AvrL2-C/D there is much lower identity at the
DNA level (<52.0 %), but all four genes share a conserved
72 bp intron within the coding region (Fig. 6¢) and AvrL2-
A, -C and -D encode proteins with conserved N-terminal
sequences (Fig. 6d). The predicted proteins are 150-175
aa in length with relatively long predicted signal peptides
(36—38 aa) as predicted by SignalP v 4.1 [53]. The mature
proteins are rich in proline and charged amino acids and
contain predicted intrinsically disordered regions (Fig. 6d),
but have no homology to other proteins of known
function.

The AvrL2-B coding region was identical in virulent
and avirulent individuals, indicating that this gene was
not responsible for avirulence on L2 flax. We could not
detect expression of AvrL2-B by RT-PCR in either
genotype at 4 days post infection (Fig. 7a) and mapping
of RNAseq reads from CH5-infected flax (5 days post
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infection; [28]) did not detect any specific reads corre-
sponding to this gene. However, AvrL2-A, AvrL2-C and
AvrL2-D were expressed (Fig. 7a), so we developed
sequence characterised amplified region (SCAR) markers
specific to each gene and mapped them in the CH5 F,
family (Fig. 7b). AvrL2-C and -D segregated as alleles
and co-segregated with markers in the recombination
bin spanning the AvrL2 locus, but like the other linked
markers in this bin they were heterozygous in CH5F2-

105, MS32 and MS38. However, AvrL2-A not only co-
segregated with the AvrL2 avirulence phenotype in the
F, family, but was also absent from CH5F2-105, MS32
and MS38, indicating that it was included in the small
deletion event that gave rise to these virulent lines. The
full length cDNA sequence of AvrL2-A was confirmed
by mapping of RNAseq reads from infected flax [28]
onto the genomic sequence and corresponded to a single
clone sequenced from a haustorial-specific cDNA library
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Fig. 7 Identification of Avrl2. a RT-PCR analysis of Avrl2 family gene expression. Gene-specific primers were used to amplify products by PCR.
Products were amplified from genomic DNA (gDNA) extracted from a CH5 F, individual virulent on L2 flax (CH5F2-67, shown as ‘VIR'), a CH5 F,
individual avirulent on L2 flax (CH5F2-68, shown as ‘AVR’) and CH5. Products were also amplified from cDNA made from RNA isolated from flax
leaves 4 days post-infection with CH5. RT+ indicates a cDNA reaction that contained reverse transcriptase whereas RT- indicates an identical
reaction that lacked reverse transcriptase. Approximate product sizes are shown in base-pairs. b Genetic mapping of individual AvrL2 family
members using gene-specific SCAR markers. Multiplex PCR was performed using primers that amplify an internal control fragment of 861 bp.
AvrL2 family members were amplified using gene-specific primers and product sizes are as follows: AvrL.2-A, 733 bp; AvrL2-C, 722 bp; and
Avrl2-D, 722 bp. The phenotype of each individual on L2 flax plants is indicated as ‘A’ for avirulent or V' for virulent. Approximate
product sizes are shown in base-pairs. ¢ Expression of avirulence gene candidates in flax leaves using Agrobacterium tumefaciens-mediated transient
transformation. Expression constructs were generated using the full-length Avrl2-A ¢cDNA sequence (full-length) or a sequence that lacked
the region encoding the first 36 amino acids (dSP36). Constructs were expressed in near-isogenic flax lines that contained or lacked the
L2 resistance gene (B12 x L2, shown as ‘L2’; or Bison, respectively). Plants were photographed 8 days after infiltration. d Expression of
avirulence gene candidates in Nicotiana tabacum leaves using Agrobacterium tumefaciens-mediated transient transformation. Expression
constructs were generated using the full-length AvrL2-A cDNA sequence (full-length) or sequences that lacked the region encoding the
first 20, (dSP20), 26 (dSP26), 32 (dSP32) or 36 (dSP36) amino acids. For co-infiltrations, cultures containing AvrL2 and L2 constructs were
mixed together in equal ratio. Leaves were photographed 5 days after infiltration

J

[17]. To test for avirulence function, AvrL2-A expression
constructs were generated using cDNA sequences that
contained or lacked the region encoding the predicted
signal peptide. Initially the signal peptide was predicted
using SignalP v4.1 [53], which suggested a signal peptide
cleavage site between amino acids 36 and 37 (D-score
0.57). When expressed in flax leaves by Agrobacterium
tumefaciens-mediated transient transformation, no symp-
toms were observed for either construct when expressed
in plants that lacked the L2 resistance gene (Fig. 7c and
Additional file 13). However, when expressed in L2 flax
plants, the AvrL2-A full-length construct induced strong
necrosis of infiltrated leaves and the construct lacking the
predicted signal peptide-encoding region (dSP36) induced
chlorosis and weak necrosis. The weak response to the
dSP36 construct was unexpected given that avirulence
protein recognition is thought to occur inside the plant
cell [17, 18]. However, at 36 amino acids the signal peptide
predicted by SignalP v4.1 is unusually long. Therefore, we
tested three other constructs that lacked the region encod-
ing the N-terminal 20 (dSP20), 26 (dSP26) or 32 (dSP32)
amino acids, the latter corresponding to a signal peptide
predicted by PrediSi [54]. When co-expressed with L2
in Nicotiana tabacum, the AvrL2-A full-length, dSP20,
dSP26 and dSP32 constructs all elicited a strong necrotic
response, whereas no response was observed upon co-
expression of AvrL2-A dSP36 and L2 (Fig. 7d). We
therefore conclude that AvrL2 avirulence specificity is
conferred by the AvrL2-A gene.

Discussion

We have developed a high-density genetic map for the
flax rust fungus (M. lini) that contains 13,412 RADseq
markers in 27 linkage groups. As 97.7 % of the 8823
recombination events detected were single recombin-
ation events, it is likely that the region of the genome
covered by the map is close to marker saturation given
the amount of recombination information available in

the CH5 F, family. Despite the high marker density, the
map contains 27 linkage groups whereas the M. lini
haploid genome contains 18 chromosomes [55]. In part,
this may be due to the fact we selected markers for map
construction that are codominant, predicted single-copy
sequences with no strong segregation distortion. There-
fore, linkage groups might be broken in regions where
markers could not be developed (due to lack of sequence
diversity or excessive diversity between the parental strains)
or in regions composed entirely of repetitive DNA, pro-
vided that sufficient recombination occurred in the region
to produce a genetic gap that exceeded the 20 cM threshold
used in map construction. Gaps exceeding 20 cM are also
expected in regions of strong segregation distortion such as
fungal mating type loci, two of which are expected to be
heterozygous in every member of the CH5 F, family [56].
Nevertheless, despite M. [ini having a repetitive genome
[28], at least nine chromosomes are represented by a single
linkage group and the high marker density, low level of
missing data (0.78 %; Additional file 16) and low estimated
marker misplacement rate (1.52 %) makes this genetic map
a valuable tool for genomics research.

Genetic maps have been used to anchor a number of
fungal genome assemblies, including Fusarium grami-
nearum and Pyrenophora teres f. sp. teres [47, 57, 58]. F.
graminearum has a high quality genome assembly [24],
99.8 % of which could be anchored using a genetic map
of just 235 markers [57]. By contrast, we were only able
to anchor 68.9 % of the M. lini genome assembly onto
the genetic map and provide unambiguous orientation
to 687 scaffolds. This is due to the fact that the number
of genetic markers required to anchor a genome assem-
bly is inversely proportional to the size of sequence
scaffolds. Although the RADseq markers are an average
of 16.4 kb apart (generating a dense genetic map), 50 %
of the assembly is comprised of scaffolds of 31.5 kb or
less (a highly fragmented genome assembly), which
limits improvement of the anchored assembly.
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During the anchoring process we identified 190 scaffolds
that contained markers from different linkage groups, or
different parts of the same linkage group. The strict align-
ment parameters used make it unlikely that this is due to
incorrect marker placement on the reference genome and
none of these markers showed aberrant segregation or
high read depth that would indicate they were derived
from multi-copy sequences. Instead, the most likely
explanation is that the scaffold sequences are chimeric, a
common error in assemblies of complex genomes result-
ing from the inability of sequence assemblers to resolve
repetitive DNA stretches from short read sequence data
[59, 60]. Scaffolding errors are very difficult to detect by
analysis of the assembly alone, prompting some authors to
suggest that genetic maps are an essential component of
any genome sequencing project [61-63].

Recombination is an essential part of the meiotic cell
division process and at least one recombination event
(or crossover) is required per chromosome pair to en-
sure proper segregation of homologous chromosomes
during the first meiotic division. However, as aberrant
segregation can lead to severe genetic disorders (such as
Down syndrome in humans), in most species recombin-
ation is tightly controlled to produce a low number of
widely spaced recombination events on each chromo-
some [64]. In Caenorhabditis elegans, Arabidopsis thali-
ana and many mammalian species, only 1-2 crossover
events occur per chromosome pair [65—68]. By contrast,
we saw an average of 114.6 recombination breakpoints
per F, individual and for the largest linkage group (LG1)
up to 22 breakpoints were detected in some F, individ-
uals. Based on the former observation, we infer an
average of 6.4 recombination events per chromosome
pair during meiosis in M. lini, which is in excess of the
number of recombination events thought to be required
for correct chromosome disjunction alone. High re-
combination rates may be typical for fungi as an average
of 90.5 recombination events per meiosis have been
detected across the 16 chromosome pairs of a diploid
Saccharomyces cerevisiae strain [69] and many fungi
have relatively large genetic maps given the physical size
of their genome. For example, a genetic map of 3006 cM
has been constructed for the 90 Mb genome of the pine
fusiform rust fungus, Cronartium quercuum f. sp. fusi-
forme [30, 70]. This is the only other rust fungus for
which a comprehensive genetic map currently exists and
the size of the map suggests a comparable rate of recom-
bination to that seen here in M. [ini. Understanding
what controls recombination is an active area of research
in many species (see [64, 71]), but we know very little
about what controls this process in filamentous fungi.
The high rate of fungal recombination is of great bene-
fit in experimental studies as it means that high-
resolution mapping can be conducted using relatively

Page 14 of 20

small population sizes. In a biological sense, the rapid
shuffling of alleles and potential for intragenic recom-
bination (including at avirulence loci) might produce
new genetic combinations that are better adapted to
changing environmental conditions.

Despite an overall high rate of recombination in the
M. lini genome, some regions were devoid of recombin-
ation and 59 coldspots were identified in which a recom-
bination bin was associated with a physical region of 200
kb or more (Fig. 2c). In many species strong suppression
of recombination is observed at centromeres, which are
sites of sister chromatid adhesion during cell division
and play a major role in ensuring that chromosomes
segregate correctly during mitosis and meiosis [72, 73].
Therefore, some of the coldspots observed in the M. lini
genome might correspond to centromeric regions. How-
ever, as some linkage groups contained more than one
coldspot (Fig. 1), other explanations are possible. Low
recombination rates have been associated with non-
centromeric heterochromatin and other repeat-rich
regions [74, 75] and we observed an increase in mean
repetitive DNA content as recombination rate decreased
(Fig. 2d). Alternatively, lack of recombination could be
caused by chromosomal inversions, translocations or
regions of low sequence homology that are specific to
the parental combination used to construct the CH5 F,
mapping family.

We used genetic markers to examine five mutants that
arose spontaneously during asexual propagation of strain
CHS5 (see [76]) and, in three cases, found that conversion
to virulence was associated with large-scale chromo-
somal alterations. In MS45 and MS48, over 1 Mb of
sequence that contained the AvrM14 gene was deleted
from the strain H chromosome corresponding to the
end of LG19 (Figs. 3a and 4) and a small duplication of
the strain H chromosome corresponding to the end of
LG10 was also observed in these mutants. The relation-
ship between these two events is currently unknown, but
perhaps deletion of LG19 can only be sustained if there
is an associated duplication of a function located on
LG10. Alternatively, the tip of the LG10 chromosome
could have replaced the region deleted from the LG19
chromosome during a translocation event.

MS51 sustained the most substantial and complex
chromosomal rearrangements of the mutants examined.
In this mutant, loss of AvrN was associated with deletion
of over 4 Mb from the strain C chromosome corre-
sponding to LG27 and half of LG5 (Fig. 3b). The
deletion in LG5 began in a large recombination coldspot
at 164.69 cM that might represent a centromere, suggesting
that the deletion may involve loss of a complete chromo-
some arm. In addition we observed duplication of the entire
strain H chromosome corresponding to LG5/LG27 and du-
plication of strain C sequences corresponding to the central
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region of LG2 and the end of LG14 (Fig. 4). Again, the rela-
tionship between these changes is unclear. However, the
fact that deletion of LG5/27 from the strain C-derived
nucleus was accompanied by duplication of LG5/27 from
the strain H-derived nucleus suggests that there may be
physical association or communication between the two
haploid nuclei, which have traditionally been considered
separate entities in this dikaryotic life stage. Chromosome
length polymorphisms and dispensable chromosomes have
been observed in many fungal species [77, 78] and loss of
heterozygosity has been associated with changes in patho-
genicity in the oomycete pathogen, Phytophthora capsici
[79], but to our knowledge this is the first demonstration of
gross chromosomal changes affecting virulence in a rust
fungus. Large-scale chromosomal changes may impose a
fitness cost in the field. However, it will be interesting to
determine whether such changes contribute to genome
evolution in natural populations of rust fungi, particularly
for heteroecious species that require two host species to
complete their life cycle in regions where reproduction is
necessarily asexual due to absence of the sexual stage host.

A major aim of our research was to identify genes con-
trolling avirulence in M. lini and to this end we identi-
fied co-segregating markers for six avirulence genes and
the /-1 inhibitor gene, none of which had been cloned.
In addition, we successfully identified the AvrM14 and
AvrL2 genes by map-based cloning. Notably, although
recognised by allelic host resistance genes that encode
highly homologous proteins [80-82], AvrL2 is unrelated
to AvrL567 and similarly AvrM14 is unrelated to AvrM.
AvrM14 is a dual specificity avirulence protein that is
recognised by both the flax M1 and M4 resistance pro-
teins. Significantly, AvrM14 has homology to proteins of
the nudix hydrolase superfamily and is the first rust
avirulence protein for which a prediction of biochemical
function can be made from the protein sequence alone.
Nudix hydrolases are commonly found in both prokary-
otes and eukaryotes and are responsible for hydrolysing
a wide range of organic pyrophosphates [83]. Several
nudix hydrolases have been implicated in plant-pathogen
interactions. The Phytophthora sojae Avr3b avirulence
protein has proven nudix hydrolase activity [84] and effec-
tors from Colletotrichum truncatum (CtNUDIX; [85]) and
Ralstonia solanacearum (Hpx26; [86]) are predicted nudix
hydrolase proteins. An Arabidopsis thaliana nudix hydro-
lase has also been identified that negatively regulates plant
defence signalling (NUDT7; [87]). Therefore, secreted
pathogen nudix hydrolases might play an important role
in manipulating defence activation and cell death re-
sponses by the plant, thereby facilitating infection.

AvrL2 is located in the region of the M. lini genome
with the lowest recombination rate, which may be a
centromere or other heterochromatic or repeat rich re-
gion. A number of avirulence genes have been identified
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in repetitive regions with unique characteristics, such
as Leptosphaeria maculans effectors in AT-rich iso-
chores [22] and Phytophthora infestans effectors in
gene-sparse genomic regions [88]. The region sur-
rounding AvrL2 shares neither of these characteristics
(Additional file 17). However, we found at least two
independent mutants in which conversion to virulence
was associated with deletion of the AvrL2-A gene and
another individual that contained duplication of the AvrL2
locus and surrounding region. This suggests that the
AvrL2 locus is prone to rearrangement, reminiscent of L.
maculans AvrLml and several Magnaporthe oryzae aviru-
lence genes that are located in unstable genomic regions
[89-91]. By contrast, virulence alleles at the AvrL567,
AvrM, AvrP123 and AvrP4 loci all result from sequence di-
versification leading to the production of avirulence
protein variants that are not recognised by flax plants
containing the corresponding resistance genes [92]. Of
these cloned avirulence genes, only AvrL2 is located in a
recombination coldspot, therefore the genomic context
that influences recombination rate may also shape evolu-
tion at different M. lini avirulence loci.

The AvrL2 family proteins have no homology to pro-
teins of known function and this is a common feature of
pathogen avirulence proteins. However, they do contain
several small predicted intrinsically disordered regions,
which are known to provide structural flexibility in many
proteins involved in cell signalling pathways by allowing
them to adopt different conformations in response to
post-translational modification and nucleic acid or pro-
tein binding [93, 94]. The predicted 114 amino acid,
mature AvrL2-A protein contains three small intrinsic-
ally disordered regions that together comprise 36 % of
the protein sequence (Fig. 6d). Disordered regions have
been identified in a number of pathogen effectors. Struc-
tural studies have shown that the oomycete Avr3a and
Avh5 effectors contain N-terminal disordered regions
[95, 96] and the bean rust RTP1p effector contains a
predicted N-terminal disordered domain [97]. Moreover,
intrinsically disordered regions are enriched in predicted
bacterial effectors, leading Marin et al. [98] to propose
these may be commonly occurring regions in pathogen
effectors that provide the protein flexibility required to
enter plant cells, mimic host functions or evade detec-
tion by the plant immune system.

Conclusions

The generation of a high-density genetic map has greatly
improved the utility of the fragmented M. lini genome
assembly and we have used these genetic resources to-
gether to identify two new avirulence genes by map-based
cloning. We have also identified RADseq markers that co-
segregate with six other avirulence genes and the I-1
inhibitor, which will greatly facilitate future identification
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of these important genes. The genetic map and anchored
assembly have been used to examine recombination rate
and frequency across the M. lini genome and the ability to
use marker read depth and allele frequency information to
calculate DNA copy number has provided novel insights
into chromosome rearrangements that occur during asex-
ual reproduction. Taken together, our data suggest that
variability in the M. lini genome can be achieved through
a high overall recombination rate, consistent with reports
of high genetic diversity in natural, sexually reproducing
M. lini populations [99], and an ability of the asexual
stage to withstand small- and large-scale chromosomal
duplications and deletions, which can both impact
upon the virulence phenotype. Several mapping families
have been produced for other rust fungi, including the
wheat stem rust, poplar rust and pine fusiform rust
fungi [70, 100, 101]. Approaches like those described
here may facilitate genome analysis and avirulence gene
cloning in these rust fungi and other species.

Methods

Fungal material and DNA extraction

M. lini strains C and H, their F1 hybrid CH5, and an F,
family of 77 individuals obtained by self-fertilisation of
CHS5 have been described previously [48]. Spontaneous
M. lini loss-of-avirulence mutants were identified as
rare, single uredinial pustules recovered from flax lines
containing the L2, M4 or N resistance genes after inocu-
lation with strain CH5 (which is heterozygous for AvrL2,
AvrM14 and AvrN). The MS32 and MS38 mutant lines
were recovered from L2 flax, MS45 and MS48 were
recovered from M4 flax and MS51 was recovered from
N flax. All mutant individuals were tested on the full set
of flax differential lines and shown only to have gained
virulence for the resistance gene present in the host line
on which they were recovered (except MS45 and MS48,
which were also virulent on M1 flax).

Genomic DNA was extracted from approximately
100 mg of vacuum-dried urediospores according to
Nemri et al. [28], except that after isopropanol pre-
cipitation the DNA was resuspended in 350 pl of 10
mM Tris—HCl pH 7.4 buffer and further purified
with the DNeasy Blood and Tissue kit (Qiagen)
using a custom protocol. Samples were mixed with
an equal volume of Buffer AL and an equal volume
of ethanol before centrifugation through a DNeasy
mini spin column at 15,000 g for 1 min. The column
was sequentially washed with 500 pl of Buffer AW1,
then with 500 ul of Buffer AW2 and dried by centri-
fugation at 15,000 x g for 3 min. DNA was eluted
twice by applying 200 pl Buffer AE to the spin
column, incubating at room temperature for 10 min
and collecting the eluate by centrifugation at 7000 g
for 1 min.
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RADseq library construction, SNP identification and
genetic map construction

RADseq libraries were prepared using a protocol adapted
from that of Etter et al. [102] and described in full in
Additional file 2. In brief, genomic DNA (300 ng) was
digested with either PstI (CTGCAG recognition site)
or Nsil (ATGCAT recognition site) and ligated to bar-
coded adapter molecules in a single step reaction. Pooled
samples were sonicated and 300-600 bp fragments were
isolated by agarose gel electrophoresis and purified. After
end-repair and dA-tailing, a second barcoded adapter was
ligated to the sheared ends and 400—600 bp size fragments
were isolated. The RADseq libraries were amplified before
sequencing on an Illumina HiSeq2000 DNA sequencer
using 100 bp paired-end sequencing at the Ramaciotti
Centre for Genomics, University of New South Wales,
Sydney Australia.

RADseq data were analysed using the STACKS v1.04
pipeline [103]. The STACKS genotyping data were con-
verted to MSTmap format and error-checked using a
custom Python script (StacksToMSTmap; available from
[104]) and the CH5 genetic map was constructed using
MSTmap [105]. A set of three custom Python scripts
(CHIcheck, DRcheck and BPcheck; available from [104])
were purpose-written to supplement MSTmap and pro-
vide map error-checking and analysis functions. A
complete description of these processes is provided in
Additional file 2.

Avirulence gene identification and sequence analysis
Candidate avirulence gene sequences were amplified
from M. lini genomic DNA by PCR using primers based
on the sequences of scaffolds containing co-segregating
markers (Additional file 18). PCR products were am-
plified using 7aq polymerase and sequenced directly, or
were amplified using Phusion® High-Fidelity DNA poly-
merase (New England Biolabs), dA-tailed and cloned
into pGem®-T Easy (Promega) according to manu-
facturer’s instructions before Sanger sequencing. Genes
were predicted using FGENESH [106] with Puccinia
genome-specific parameters. Signal peptides were pre-
dicted using SignalP 4.1 [53] (AvrMI4 and AvrL2) or
PrediSi [54] (AvrL2 only). Similarity searching was per-
formed by BLAST analysis [107] of sequences in the
GenBank database and Clustal Omega [108] was used
for multiple sequence alignments. Predicted intrinsically
disordered regions were identified using the Genesilico
MetaDisorder server [109].

CAPS and SCAR markers

For AvrM14, PCR products were amplified from gen-
omic DNA using primers C34-1 and C34-4 and the
products were digested with BspEl. For AvrL2 family
members, multiplex PCR was performed using primers
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C34-1 and C34-4 to amplify an internal control frag-
ment and gene-specific primers to amplify a product
that acted as a dominant marker for gene presence.
Primer sequences, product sizes and uses can be found
in Additional file 18.

Gene expression analysis

Approximately 3—4-week-old flax (Linum usitatissimum)
cv. Hoshangabad plants were inoculated with CH5 ure-
diospores according to Lawrence et al. [48]. Ten infected
leaves were collected 4 days post-infection and RNA was
extracted using the RNeasy Plant Mini kit (Qiagen) ac-
cording to manufacturer’s instructions. RNA was treated
with DNase I (Promega) before first strand cDNA syn-
thesis using SuperScript® III reverse transcriptase (Life
Technologies) essentially according to manufacturer’s in-
structions. Products were amplified from genomic DNA
or ¢cDNA by PCR using primers that flanked introns
(Additional file 18).

In planta transient expression assays

PCR products were amplified from cDNA using primers
that would amplify the full coding region, or just the re-
gion encoding the predicted mature protein (Additional
file 18). In the latter case an artificial ATG codon was
inserted in-frame immediately upstream of the avirulence
gene sequence to initiate translation. All products were
amplified using Phusion® High-Fidelity DNA polymerase
(New England Biolabs), dA-tailed and cloned into
pGEM*-T Easy (Promega) according to the manufacturer’s
instructions. For all AvrMI4 constructs, AvrL2-A full-
length and AvrL2-A dSP36 the cloned sequences were
verified by Sanger sequencing before insertion of the cod-
ing region as an EcoRI fragment between the Cauliflower
Mosaic Virus (CaMV) 35S promoter and Agrobacterium
tumefaciens nopaline synthase terminator sequences in
the pTN35S plant expression vector [18]. For AvrL2-A
dSP20, dSP26, dSP32 and another version of the full-
length AvrL2-A gene, sequences were PCR amplified as
described above and cloned into pENTR/D-TOPO (Invi-
trogen), then transferred into pEarleyGate-102 [110] using
LR clonase (Invitrogen). This inserted the sequence be-
tween the CaMV 35S promoter and A. tumefaciens octo-
pine synthase terminator of pEarleyGate-102, utilising the
natural AvrL2-A stop codon to prevent translation of C-
terminal protein tags that are also present in this vector.
The L2 expression construct has been described previ-
ously [81]. Expression vectors were transformed into A.
tumefaciens strain GV3101 (pMP90) and cultures were
prepared at an optical density (600 nm) of 1.0 in a buffer
containing 10 mM MgCl,, 10 mM 2-(N-morpholino)
ethanesulphonic acid pH 5.6 and 200 pM acetosyringone
for plant infiltration. For co-infiltration experiments, cul-
tures at an optical density (600 nm) of 1.0 were mixed in
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equal ratio. Cultures were syringe-infiltrated into 3-4
week old flax plants or approximately 8 week old Nicoti-
ana tabacum plants. Infiltrated flax plants were kept in
the glasshouse (23 °C by day/13 °C by night, ambient light
and relative humidity) for 8—-10 days to allow symptoms
to develop. At least six leaves on at least three flax plants
were infiltrated per experiment and each experiment was
repeated at least three times. Infiltrated tobacco plants
were kept in a 25 °C growth room with a 16 h day length
for 5 days and at least three leaves on either one or two
plants were infiltrated per experiment and the experiment
was repeated twice.

Additional files

Additional file 1: RADseq and genetic marker summary. Table showing
the numbers of read pairs retained for analysis per CH5 F, individual after
pre-processing and removal of PCR duplicates for the Nsil and Pstl
RADseq sequencing libraries. The numbers of markers of each type

used in the CH5 genetic map are also shown. (DOCX 19 kb)

Additional file 2: RADseq library construction and computational
methods. Detailed methods for RADseq library construction and
sequencing, genetic marker identification, genetic map construction
and genetic map analysis. (DOCX 41 kb)

Additional file 3: Markers used in the CH5 genetic map. Table showing
detailed information for all RADseqg-derived markers in the CH5 genetic
map, including marker sequences. (XLSX 1656 kb)

Additional file 4: Linkage groups in the CH5 genetic map. Graphic
representations of the 27 linkage groups in the CH5 genetic map,
including the positions of the /-1 avirulence inhibitor gene and all
mapped avirulence genes. (PDF 6048 kb)

Additional file 5: Gene segregation ratios in the CH5 F, mapping
family. Segregation ratios of avirulence genes and the /-1 inhibitor gene
in the CH5 F, family as obtained by Lawrence et al. [48]. (DOCX 17 kb)

Additional file 6: Anchored scaffolds in the M. lini genome assembly.
Table showing the numbers of markers, assignment to genetic linkage
group and orientation information for each anchored scaffold in the M.
lini genome assembly. (XLSX 255 kb)

Additional file 7: Within-linkage group chimeric scaffolds. Comparison
of physical and genetic maps for scaffolds that are: (A) within-linkage
group chimeras; or (B) within- and between-linkage group chimeras. The
positions of genetic markers are shown as vertical bars on the physical
maps and these are joined to their corresponding positions in the
genetic maps by a dotted line. For each gap in the genetic map, the
number of markers shown represents those present in recombination
bins that lie between the bins containing the markers that flank the
chimeric breakpoint. (PDF 838 kb)

Additional file 8: Recombination bins in the CH5 genetic map. Table
showing the number of markers, number of scaffolds, cumulative scaffold
length and sequence characteristics for each recombination bin in the
CH5 genetic map. (XLSX 215 kb)

Additional file 9: Gene, repeat and nucleotide content in regions of the
M. lini genome with different recombination rates. The 2756
recombination bins in the CH5 genetic map were ordered by increasing
cumulative scaffold length and grouped to produce ten genome
fractions of approximately equal physical size (mean 11,654 kb), with
group 1 representing regions of the genome with the highest
recombination rate and group 10 representing regions of the genome
with the lowest recombination rate. Gene density, effector density and
the percentage of GC, N and repeat-masked DNA were then determined
for each genome fraction. (DOCX 15 kb)

Additional file 10: Loss of heterozygosity in MS48. Graphs showing: (A)

read depth and percentage of H allele reads per marker across the CH5
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genetic map; and (B) mean read depth and mean percentage of H allele
reads per marker in regions of chromosome duplication or deletion in
the loss-of-AviM 14 mutant, MS48. (PDF 139 kb)

Additional file 11: Chromosome duplication in CH5F2-133. Graphs
showing: (A) read depth and percentage of H allele reads per marker
across the CH5 genetic map; and (B) mean read depth and mean
percentage of H allele reads per marker in a region of chromosome
duplication in the CH5 F; individual, CH5F2-133. (PDF 137 kb)

Additional file 12: AvrM14 sequences. DNA sequences of AvrM14-A and
AvrM14-B and their alignment to sc27. (PDF 377 kb)

Additional file 13: Agroinfiltration of avirulence gene constructs. The
response of flax cultivars and near-isogenic lines to expression of avirulence
gene candidates (AvrM14-A, AviM14-B and Avrl.2-A) using Agrobacterium
tumefaciens-mediated transient transformation. (PDF 2637 kb)

Additional file 14: RADseq markers that co-segregate with AvrL2 and
for which only the strain C allele is present in CH5F2-105, MS32 and
MS38. Table showing marker sequences and their scaffold location in the
M. lini genome assembly. (DOCX 16 kb)

Additional file 15: Avr.2 family DNA sequences. Alignment of Avrl2
coding regions with their closest matching scaffolds in the M. fini
genome assembly. Polymorphic nucleotides are shaded. (PDF 337 kb)

Additional file 16: Genotyping scores used to make the CH5 genetic
map. Table showing the number of markers, number of genotyping
scores of each type and number of missing/corrected genotyping scores
for each linkage group in the CH5 genetic map. (XLSX 12 kb)

Additional file 17: Sequence characteristics in the regions surrounding
avirulence genes. Table showing the number of scaffolds, cumulative
scaffold length and sequence characteristics of scaffolds that contain
and/or contain markers that co-segregate with avirulence genes and the
I-1 inhibitor gene. (DOCX 16 kb)

Additional file 18: Primers used for PCR amplification of avirulence gene
sequences. Table showing primer sequences, amplicon lengths and uses of
all primers used to amplify AvriM14 or AviL.2 sequences. (DOCX 20 kb)

Abbreviations

CaMV: Cauliflower mosaic virus; CAPS: Cleaved amplified polymorphic
sequence; GBS: Genotyping by sequencing; LRR: Leucine-rich repeat;
LOD: Logarithm of odds; LOH: Loss of heterozygosity; NB: Nucleotide-
binding; NGS: Next-generation sequencing; QTL: Quantitative trait loci;
RADseq: Restriction site-associated DNA sequencing; SCAR: Sequence
characterised amplified region; SNP: Single nucleotide polymorphism

Acknowledgements

This research was supported by the Australian Research Council Discovery
Projects DP120104044 and DP130104098. The authors would like to thank
Justin Borevitz (Research School of Biology, Australian National University) for
providing RADseq adapters, Kim Newell (CSIRO Agriculture) for technical
assistance, Teresa Neeman (Statistical Consulting Unit, Australian National
University) for statistical advice and John Evans (Research School of Biology,
Australian National University) for providing financial support to CA during
writing of this manuscript.

Funding

This research was supported by the Australian Research Council Discovery

Projects DP120104044 and DP130104098. The funding body played no role
in the design of the study, the collection, analysis and interpretation of the
data or in writing the manuscript.

Availability of data and materials

RADseq marker sequences are provided in Additional File 3 and markers
have been annotated on the M. lini genome assembly [50]. The raw
sequence reads used for marker identification and genotyping have been
deposited in the National Center for Biotechnology Information Short Read
Archive under BioProject PRINA335917. The sequences of AviM14-A and -8,
and Avrl2-A, -B, -C and -D have been deposited as GenBank accessions
KU743880-KU743885, respectively.

Page 18 of 20

Authors’ contributions

CA, GL, AH, JE, PD and DJ designed experiments. CA, MAK, A-MC, AN, NU
and GL conducted experiments. CA and CJ wrote scripts for computational
analysis. CA wrote the manuscript with contributions from GL, PD and DJ. All
authors edited and approved the manuscript.

Competing interests
The authors declare that they have no competing interests.

Consent for publication
Not applicable.

Ethics approval and consent to participate
Not applicable.

Author details

'Research School of Biology, The Australian National University, 134 Linnaeus
Way, Acton, ACT 2601, Australia. 2ANU Bioinformatics Consulting Unit, The
John Curtin School of Medical Research, The Australian National University,
131 Garran Road, Acton, ACT 2601, Australia. >CSIRO Agriculture, GPO Box
1600, Canberra, ACT 2601, Australia. “Current address: ARC Centre of
Excellence in Plant Energy Biology, The University of Western Australia, 35
Stirling Highway, Crawley, WA 6009, Australia. *Current address: KWS SAAT
SE, Grimsehlstrale 31, Einbeck 37574, Germany.

Received: 19 April 2016 Accepted: 11 August 2016
Published online: 22 August 2016

References

1.

Singh RP, Hodson DP, Huerta-Espino J, Jin Y, Bhavani S, Njau P, et al. The
emergence of Ug99 races of the stem rust fungus is a threat to world
wheat production. Annu Rev Phytopathol. 2011,49:465-81.

Wellings CR. Global status of strip rust: a review of historical and current
threats. Euphytica. 2011;179:129-41.

Avelino J, Christancho M, Georgiou S, Imbach P, Aguilar L, Bornemann G, et
al. The coffee rust crises in Columbia and Central America (2008-2013):
impacts, plausible causes and proposed solutions. Food Sec. 2015;7:303-21.
Kolmer JA, Ordonez ME, Groth JV. The rust fungi. In: Encyclopedia of Life
Sciences (ELS). Chichester: John Wiley and Sons, Ltd; 2009. doi:10.1002/
9780470015902.20021264.

Li X, Esker PD, Pan Z, Dias AP, Xue L, Yang XB. The uniqueness of the
soybean rust pathosystem: an improved understanding of the risk in
different regions of the world. Plant Dis. 2010;94:796-806.

Pinon J, Frey P. Interactions between poplar clones and Melampsora
populations and their implications for breeding durable resistance. In: Pei
MH, McCracken AR, editors. Rust Diseases of Willow and Poplar. Wallingford:
CAB International; 2005. p. 139-54.

Carnegie AJ, Cooper K. Emergency response to the incursion of an exotic
myrtaceous rust in Australia. Australas Plant Pathol. 2011;40:346-59.

Flor HH. Host-parasite interaction in flax rust-its genetics and other
implications. Phytopathol. 1955,45:680-5.

Hammond-Kosack KE, Jones JDG. Resistance gene-dependent plant defense
responses. Plant Cell. 1996,8:1773-91.

Bernoux M, Ellis JG, Dodds PN. New insights in plant immunity signalling
activation. Curr Opin Plant Biol. 2011;14:512-8.

Takken FL, Goverse A. How to build a pathogen detector: structural basis of
NB-LRR function. Curr Opin Plant Biol. 2012;15:375-84.

Hogenhout SA, Van der Hoorn RAL, Terauchi R, Kamoun S. Emerging
concepts in effector biology of plant-associated organisms. Mol Plant
Microbe Interact. 2009;22:115-22.

Koeck M, Hardham AR, Dodds PN. The role of effectors of biotrophic and
hemibiotrophic fungi in infection. Cell Microbiol. 2011;13:1849-57.

Okmen B, Doehlemann G. Inside plant: biotrophic strategies to modulate
host immunity and metabolism. Curr Opin Plant Biol. 2014;20:19-25.

Win J, Chaparro-Garcia A, Belhaj K, Saunders DG, Yoshida K, Dong S, et al.
Effector biology of plant-associated organisms: concepts and perspectives.
Cold Spring Harb Symp Quant Biol. 2012,77:235-47.

Barrett LG, Thrall PH, Dodds PN, van der Merwe M, Linde CC, Lawrence GJ,
et al. Diversity and evolution of effector loci in natural populations of the
plant pathogen Melampsora lini. Mol Biol Evol. 2009;26:2499-513.


dx.doi.org/10.1186/s12864-016-3011-9
dx.doi.org/10.1186/s12864-016-3011-9
dx.doi.org/10.1186/s12864-016-3011-9
dx.doi.org/10.1186/s12864-016-3011-9
dx.doi.org/10.1186/s12864-016-3011-9
dx.doi.org/10.1186/s12864-016-3011-9
dx.doi.org/10.1186/s12864-016-3011-9
dx.doi.org/10.1186/s12864-016-3011-9
http://dx.doi.org/10.1002/9780470015902.a0021264
http://dx.doi.org/10.1002/9780470015902.a0021264

Anderson et al. BMC Genomics (2016) 17:667

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31

32.

33.

34.

35.

36.

37.

38.

Catanzariti A-M, Dodds PN, Lawrence GJ, Ayliffe MA, Ellis JG. Haustorially
expressed secreted proteins from flax rust are highly enriched for avirulence
elicitors. Plant Cell. 2006;18:243-56.

Dodds PN, Lawrence GJ, Catanzariti A-M, Ayliffe MA, Ellis JG. The
Melampsora lini AvrL567 avirulence genes are expressed in haustoria and
their products are recognized inside plant cells. Plant Cell. 2004;16:755-68.
Garnica DP, Nemri A, Upadhyaya NM, Rathjen JP, Dodds PN. The ins and
outs of rust haustoria. PLoS Pathog. 2014;10:21004329.

Mendgen K, Hahn M. Plant infection and the establishment of fungal
biotrophy. Trends Plant Sci. 2002;7:352-6.

Kémper J, Kahmann R, Bélker M, Ma LJ, Brefort T, Saville BJ, et al. Insights
from the genome of the biotrohpic fungal plant pathogen Ustilago maydis.
Nature. 2006;444:97-101.

Rouxel T, Grandaubert J, Hane JK, Hoede C, van de Wouw A, Couloux A, et
al. Effector diversification within compartments of the Leptosphaeria
maculans genome affected by Repeat-Induced Point mutations. Nat
Commun. 2011;2:202.

Amselem J, Cuomo CA, van Kan JA, Viaud M, Benito EP, Couloux A, et al.
Genomic analysis of the necrotrophic fungal pathogens Sclerotinia
sclerotiorum and Botrytis cinerea. PLoS Genet. 2011;7:21002230.

Cuomo CA, Guldener U, Xu JR, Trail F, Turgeon BG, Di Pietro A, et al. The
Fusarium graminearum genome reveals a link between localised
polymorphism and pathogen specialization. Science. 2007;317:1400-2.
Goodwin SB, M'barek SB, Dhillon B, Wittenberg AH, Crane CF, Hane JK, et al.
Finished genome of the fungal wheat pathogen Mycosphaerella graminicola
reveals dispensome structure, chromosome plasticity, and stealth
pathogenesis. PLoS Genet. 2011;7:¢1002070.

de Wit PJ, van der Burgt A, Okmen B, Stergiopoulos |, Abd-Elsalam KA,
Aerts AL, et al. The genomes of the fungal plant pathogens Cladosporium
fulvum and Dothistroma septosporum reveal adaptation to different hosts
and lifestyles but also signatures of common ancestry. PLoS Genet. 2012;
8:21003088.

Duplessis S, Cuomo CA, Lin Y-C, Aerts A, Tisserant E, Veneault-Fourrey C, et
al. Obligate biotrophy features unraveled by the genomic analysis of rust
fungi. Proc Natl Acad Sci U S A. 2011;108:9166-71.

Nemri A, Saunders DGO, Anderson C, Upadhyaya NM, Win J, Lawrence GJ,
et al. The genome sequence and effector complement of the flax rust
pathogen Melampsora lini. Front Plant Sci. 2014;5:98.

Zheng W, Huang L, Huang J, Wang X, Chen X, Zhao J, et al. High genome
heterozygosity and endemic genetic recombination in the wheat stripe rust
fungus. Nat Commun. 2013;4:2673.

Anderson CL, Kubisiak TL, Nelson CD, Smith JA, Davis JM. Genome
size variation in the pine fusiform rust pathogen Cronartium
quercuum fsp. fusiforme as determined by flow cytometry. Mycologia.
2010;102:1295-302.

Ramos AP, Tavares S, Tavares D, do Céu Silva M, Loureiro J, Talhinhas P.
Flow cytometry reveals that the rust fungus, Uromyces bidentis (Pucciniales),
possesses the largest fungal genome reported-2489 Mbp. Mol Plant Pathol.
2015;16:1006-10.

Tavares S, Ramos AP, Pires AS, Azinheira HG, Caldeirinha P, Link T, et al.
Genome size analyses of Pucciniales reveal the largest fungal genomes.
Front Plant Sci. 2014;5:422.

Upadyaya NM, Garnica DP, Karaoglu H, Nemri A, Sperschneider J, Xu B, et al.
Comparative genomics of Australian stem rust isolates reveals extensive
polymorphism in candidate effector genes. Front Plant Sci. 2015,5:543.
Cantu D, Govindarajulu M, Kozik A, Wang M, Chen X, Kojima KK, et al.
Next generation sequencing provides rapid access to the genome of
Puccinia striiformis f. sp. tritici, the causal agent of wheat stripe rust.
PLoS One. 2011;6:224230.

Cristancho MA, Botero-Rozo DO, Giraldo W, Tabima J, Riano-Pachén DM,
Escobar C, et al. Annotation of a hybrid partial genome of the coffee rust
(Hemileia vastatrix) contributes to the gene repertoire catalog of the
Pucciniales. Front Plant Sci. 2014;5:594.

Elshire RJ, Glaubitz JC, Sun Q, Poland JA, Kawamoto K, Buckler ES, et al. A
robust, simple genotyping-by-sequencing (GBS) approach for high diversity
species. PLoS One. 2011,6:219379.

Baird NA, Etter PD, Atwood TS, Currey MC, Shiver AL, Lewis ZA, et al. Rapid
SNP discovery and genetic mapping using sequenced RAD markers. PLoS
One. 2008;3:¢3376.

Deokar AA, Ramsay L, Sharpe AG, Diapari M, Sindhu A, Bett K, et al. Genome
wide SNP identification in chickpea for use in development of a high

39.

40.

42.

43.

45.

46.

47.

48.

49.

50.

52.

53.

54.

55.

56.

57.

58.

59.

60.

62.

63.

64.

Page 19 of 20

density genetic map and improvement of the chickpea reference genome
assembly. BMC Genomics. 2014;15:708.

Groenen MAM, Wahlberg P, Foglio M, Cheng HH, Megens H-J, Crooijmans
RPMA, et al. A high-density SNP-based linkage map of the chicken
genome reveals sequence features correlated with recombination rate.
Genome Res. 2009;19:510-9.

International Cassava Genetic Map Consortium (ICGMC). High-resolution
linkage map and chromosome-scale genome assembly for cassava (Manihot
esculenta Crantz) from 10 populations. G3 (Bethesda). 2015;5:133-44.

Jia J, Zhao S, Kong X, Li Y, Zhao G, He W, et al. Aegilops tauschii draft
genome sequence reveals a gene repertoire for wheat adaptation. Nature.
2013;496:91-5.

Reddy UK, Nimmakayala P, Levi A, Abburi VL, Saminathan T, Tomason
YR, et al. High-resolution genetic map for understanding the effect of
genome-wide recombination rate on nucleotide diversity in
watermelon. G3 (Bethesda). 2014;4:2219-30.

Spindel J, Wright M, Chen C, Cobb J, Gage J, Harrington S, et al. Bridging
the genotyping gap: using genotyping by sequencing (GBS) to add high-
density SNP markers and new value to traditional bi-parental mapping and
breeding populations. Theor Appl Genet. 2013;126:2699-716.

Yang H, Tao Y, Zheng Z, Zhang Q, Zhou G, Sweetingham MW, et al. Draft
genome sequence, and a sequence-defined genetic linkage map of the
legume crop species Lupinus augustifolius L. PLoS One. 2013;8:264799.
Lendenmann MH, Croll D, Palma-Guerrero J, Stewart EL, McDonald BA. QTL
mapping of temperature sensitivity reveals candidate genes for thermal
adaptation and growth morphology in the plant pathogenic fungus
Zymoseptoria tritici. Heredity. 2016;116:384-94.

Lendenmann MH, Croll D, Stewart EL, McDonald BA. Quantitative trait locus
mapping of melanization in the plant pathogenic fungus Zymoseptoria
tritici. G3 (Bethesda). 2014;4:2519-33.

Leboldus JM, Kinzer K, Richards J, Ya Z, Yan C, Friesen TL, et al. Genotyping-
by-sequencing of the plant-pathogenic fungi Pyrenophora teres and
Sphaerulina musiva utilizing lon Torrent sequence technology. Mol Plant
Pathol. 2015;16:623-32.

Lawrence GJ, Mayo GME, Shepherd KW. Interactions between genes
controlling pathogenicity in the flax rust fungus. Phytopathol. 1981;71:12-9.
Jones DA. Genetic properties of inhibitor genes in flax rust that alter
avirulence to virulence on flax. Phytopathol. 1988;78:342-4.

M. lini genome assembly. http://webapollo.bioinformatics.csiro.au:8080/
melampsora_lini/. Accessed 24 Dec 2015.

Flor HH. Inheritance of smooth-spore-wall and pathogenicity in Melampsora
lini. Phytopathol. 1965;55:724-7.

Dodds P, Thrall P. Recognition events and host-pathogen co-evolution in
gene-for-gene resistance to flax rust. Funct Plant Biol. 2009;36:395-408.
Petersen TN, Brunak S, von Heijne G, Nielsen H. SignalP 4.0: discriminating
signal peptides from transmembrane regions. Nat Methods. 2011,8:785-6.
Hiller K, Grote A, Scheer M, Miinch R, Jahn D. PrediSi: prediction of signal
peptides and their cleavage positions. Nulc Acids Res. 2004;32:W375-9.
Boehm EWA, Bushnell WR. An ultrastructural pachytene karyotype for
Melampsora lini. Phytopathol. 1992;82:1212-8.

Lawrence GJ. Multiple mating type specificities in the flax rust Melampsora
lini. Science. 1980;209:501-3.

Gale LR, Bryant JD, Calvo S, Giese H, Katan T, O'Donnell K, et al.
Chromosome complement of the fungal plant pathogen Fusarium
graminearum based on genetic and physical mapping and cytological
observations. Genetics. 2005;171:985-1001.

Ellwood SR, Liu Z, Syme RA, Lai Z, Hane JK, Keiper F, et al. A first genome
assembly of the barley fungal pathogen Pyrenophora teres f. teres. Genome
Biol. 2010;11:R109.

Nagarajan N, Pop M. Sequence assembly demystified. Nat Rev Genet.
2013;,14:157-67.

Treangen TJ, Salzberg SL. Repetitive DNA and next-generation sequencing:
computational challenges and solutions. Nat Rev Genet. 2012;13:36-46.
Fierst JL. Using linkage maps to correct and scaffold de novo assemblies:
methods, challenges, and computational tools. Front Genet. 2015;6:220.
Lewin HA, Larkin DM, Pontius J, O'Brien SJ. Every genome sequence needs
a good map. Genome Res. 2009;19:1925-8.

Mascher M, Stein N. Genetic anchoring of whole-genome shotgun
assemblies. Front Genet. 2014;5:208.

Berchowitz LE, Copenhaver GP. Genetic interference: Don't stand so close to
me. Curr Genomics. 2010;11:91-102.


http://webapollo.bioinformatics.csiro.au:8080/melampsora_lini/
http://webapollo.bioinformatics.csiro.au:8080/melampsora_lini/

Anderson et al. BMC Genomics (2016) 17:667

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

Tsai CJ, Mets DG, Albrecht MR, Nix P, Chan A, Meyer BJ. Meiotic crossover
number and distribution are regulated by a dosage compensation protein
that resembles a condensin subunit. Genes Dev. 2008,22:194-211.
Pardo-Manuel de Villena F, Sapienza C. Recombination is proportional
to the number of chromosome arms in mammals. Mamm Genome.
2001;12:318-22.

Segura J, Ferretti L, Ramos-Onsins S, Capilla L, Farré M, Reis F, et al.
Evolution of recombination in eutherian mammals: insights into
mechanisms that affect recombination rates and crossover interference.
Proc R Soc B. 2013;280:20131945.

Salomé PA, Bomblies K, Fitz J, Laitinen RAE, Warthmann N, Yant L, et al. The
recombination landscape in Arabidopsis thaliana F, populations. Heredity.
2012;108:447-55.

Mancera E, Bourgon R, Brozzi A, Huber W, Steinmetz LM. High-
resolution mapping of meiotic crossovers and non-crossovers in yeast.
Nature. 2008;454:479-86.

Kubisiak TL, Anderson CL, Amerson HV, Smith JA, Davis JM, Nelson CD. A
genomic map enriched for markers linked to Avr1 in Cronartium quercuum f.
sp. fusiforme. Fungal Genet Biol. 2011,48:266-74.

Mézard C, Jahns MT, Grelon M. Where to cross? New insights into the
location of meiotic crossovers. Trends Genet. 2015;31:393-401.

Ma J, Wing RA, Bennetzen JL, Jackson SA. Plant centromere organization: a
dynamic structure with conserved functions. Trends Genet. 2007,23:134-9.
Talbert PB, Henikoff S. Centromeres convert but don't cross. PLoS Biol. 2010;
8:21000326.

de Massy B. Initiation of meiotic recombination: how and where?
Conservation and specificities among eukaryotes. Annu Rev Genet. 2013;47:
563-99.

Henderson IR. Control of meiotic recombination frequency in plant
genomes. Curr Opin Plant Biol. 2012;15:556-61.

Lawrence GJ, Dodds PN, Ellis JG. Rust of flax and linseed caused by
Melampsora lini. Mol Plant Pathol. 2007,8:349-64.

Stuckenbrock EH, Croll D. The evolving fungal genome. Fungal Biol Rev.
2014,28:1-12.

Zolan ME. Chromosome-length polymorphism in fungi. Microbiol Rev. 1995;
59:686-98.

Lamour KH, Mudge J, Gobena D, Hurtado-Gonzales OP, Schmutz J, Kuo A,
et al. Genome sequencing and mapping reveal loss of heterozygosity as a
mechanism for rapid adaptation in the vegetable pathogen Phytophthora
capsici. Mol Plant Microbe Interact. 2012;25:1350-60.

Anderson PA, Lawrence GJ, Morrish BC, Ayliffe MA, Finnegan EJ, Ellis JG.
Inactivation of the flax rust resistance gene M associated with loss of a repeated
unit within the leucine-rich repeat coding region. Plant Cell. 1997,9:641-51.

Ellis JG, Lawrence GJ, Luck JE, Dodds PN. Identification of regions in alleles of
the flax rust resistance gene L that determine differences in gene-for-gene
specificity. Plant Cell. 1999;11:495-506.

Lawrence GJ, Anderson PA, Dodds PN, Ellis JG. Relationships between rust
resistance genes at the M locus in flax. Mol Plant Pathol. 2010;11:19-32.
McLennan AG. The nudix hydrolase superfamily. Cell Mol Life Sci.
2006;63:123-43.

Dong S, Yin W, Kong G, Yang X, Qutob D, Chen Q, et al. Phytophthora
sojae avirulence effector Avr3b is a secreted NADH and ADP-ribose
pyrophosphorylase that modulates plant immunity. PLoS Pathog.
2011;7:21002353.

Bhadauria V, Banniza S, Vandenberg A, Selvaraj G, Wei Y. Overexpression of
a novel biotrophy-specific Colletotrichum truncatum effector, CtNUDIX; in
hemibiotrophic fungal phytopathogens causes incompatibility with their
host plants. Eukaryot Cell. 2013;12:2-11.

Tamura N, Murata Y, Mukaihara T. Isolation of Ralstonia solanacearum hrpB
constitutive mutants and secretion analysis of hrpB-regulated gene products
that share homology with known type Il effectors and enzymes.
Microbiology. 2005;151:2873-84.

Bartsch M, Gobbato E, Bednarek P, Debey S, Schultze JL, Bautor J, et al.
Salicylic acid-independent ENHANCED DISEASE SUSCEPTIBILITY1 signaling in
Arabidopsis immunity and cell death is regulated by the monooxygenase
FMOT and the nudix hydrolase NUDT7. Plant Cell. 2006;18:1038-51.

Raffaele S, Win J, Cano LM, Kamoun S. Analyses of genome architecture and
gene expression reveal novel candidate virulence factors in the secretome
of Phytophthora infestans. BMC Genomics. 2010;11:637.

Farman ML. Telomeres in the rice blast fungus Magnaporthe oryzae: the
world of the end as we know it. FEMS Microbiol Lett. 2007,273:125-32.

90.

91.

92.

93.

94.

95.

96.

97.

98.

99.

102.

104.

105.

107.

108.

Page 20 of 20

Huang J, Si W, Deng Q, Li P, Yang S. Rapid evolution of avirulence genes in
rice blast fungus Magnaporthe oryzae. BMC Genet. 2014;15:45.

Gout L, Kuhn ML, Vincenot L, Bernard-Samain S, Cattolico L, Barbetti M, et
al. Genome structure impacts molecular evolution at the AvriLmT avirulence
locus of the plant pathogen Leptosphaeria maculans. Environ Microbiol.
2007,9:2978-92.

Ravensdale M, Nemri A, Thrall PH, Ellis JG, Dodds PN. Co-evolutionary
interactions between host resistance and pathogen effector genes in flax
rust disease. Mol Plant Pathol. 2011;12:93-102.

van der Lee R, Buljan M, Lang B, Weatheritt RJ, Daughdrill GW, Dunker AK,
et al. Classification of intrinsically disordered regions and proteins. Chem
Rev. 2014;114:6589-631.

Wright PE, Dyson HJ. Intrinsically disordered proteins in cellular signalling
and regulation. Nat Rev Mol Cell Biol. 2015;16:18-29.

Sun F, Kale SD, Azurmendi HF, Li D, Tyler BM, Capelluto DG. Structural basis
for interactions of the Phytophthora sojae RXLR effector Avh5 with
phosphatidylinositol 3-phosphate and for host cell entry. Mol Plant Microbe
Interact. 2013;26:330-44.

Yaeno T, Li H, Chaparro-Garcia A, Schornack S, Koshiba S, Watanabe S, et al.
Phosphatidylinositol monophosphate-binding interface in the oomycete
RXLR effector AVR3a is required for its stability in host cells to modulate
plant immunity. Proc Natl Acad Sci U S A. 2011;108:14682-7.

Pretsch K, Kemen A, Kemen E, Geiger M, Mendgen K, Voegele R. The rust
transferred proteins—a new family of effector proteins exhibiting protease
inhibitor function. Mol Plant Pathol. 2013;14:96-107.

Marin M, Uversky VN, Ott T. Intrinsic disorder in pathogen effectors: protein
flexibility as an evolutionary hallmark in a molecular arms race. Plant Cell.
2013,25:3153-7.

Barrett LG, Thrall PH, Burdon JJ, Nicotra AB, Linde CC. Population structure
and diversity in sexual and asexual populations of the pathogenic fungus
Melampsora lini. Mol Ecol. 2008;17:3401-15.

. Pernaci M, De Mita S, Andrieux A, Pétrowski J, Halkett F, Duplessis S, et al.

Genome-wide patterns of segregation and linkage disequilibrium: the
construction of a linkage genetic map of the poplar rust fungus
Melampsora larici-populina. Front Plant Sci. 2014;5:454.

. Zambino PJ, Kubelik AR, Szabo LJ. Gene action and linkage of avirulence

genes to DNA markers in the rust fungus Puccinia graminis. Phytopathol.
2000;90:819-26.

Etter PD, Bassham S, Hohenlohe PA, Johnson EA, Cresko WA. SNP discovery
and genotyping for evolutionary genetics using RAD sequencing. In:
Orgogozo V, Rockman MV, editors. Molecular Methods for Evolutionary
Genetics, Methods in Molecular Biology, vol. 772. New York: Humana Press;
2011. p. 157-78.

. Catchen JM, Amores A, Hohenlohe P, Cresko W, Postlethwait JH. Stacks:

building and genotyping loci de novo from short-read sequences. G3
(Bethesda). 2011;1:171-82.

MAPcheck code repository. https://bitbucket.org/cameronjack/mapcheck.
Accessed 1 Dec 2015.

Wu 'Y, Bhat PR, Close TJ, Lonardi S. Efficient and accurate construction of
genetic linkage maps from the minimum spanning tree of a graph. PLoS
Genet. 2008;4:21000212.

. Solovyev V, Kosarev P, Seledsov |, Vorobyev D. Automatic annotation of

eukaryotic genes, pseudogenes and promoters. Genome Biol. 2006;7
Suppl 1:10.1-10.12.

Altschul SF, Gish W, Miller W, Myers EW, Lipman DJ. Basic local alignment
search tool. J Mol Biol. 1990;215:403-10.

Sievers F, Wilm A, Dineen D, Gibson TJ, Karplus K, Li W, et al. Fast, scalable
generation of high-quality protein multiple sequence alignments using
Clustal Omega. Mol Syst Biol. 2011;7:539.

. Kozlowski LP, Bujnicki JM. MetaDisorder: a meta-server for the prediction of

intrinsic disorder in proteins. BMC Bioinf. 2012;13:111.

. Earley KW, Haag JR, Pontes O, Opper K, Juehne T, Song K, et al. Gateway-

compatible vectors for plant functional genomics and proteomics. Plant J.
2006;45:616-29.


https://bitbucket.org/cameronjack/mapcheck

	Abstract
	Background
	Results
	Conclusions

	Background
	Results
	CH5 genetic map
	Anchoring the CH5 genome assembly
	Recombination frequency in the M. lini genome
	Analysis of loss-of-avirulence mutants
	Identification of AvrM14
	Identification of AvrL2

	Discussion
	Conclusions
	Methods
	Fungal material and DNA extraction
	RADseq library construction, SNP identification and genetic map construction
	Avirulence gene identification and sequence analysis
	CAPS and SCAR markers
	Gene expression analysis
	In planta transient expression assays

	Additional files
	show[Abbreviation]
	Acknowledgements
	Funding
	Availability of data and materials
	Authors’ contributions
	Competing interests
	Consent for publication
	Ethics approval and consent to participate
	Author details
	References

