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Abstract

Background The recent availability of genome-wide sequencing
techniques has allowed systematic screening for molecular signatures of
adaptation, including in non-model organisms. Host-pathogen interac-
tions constitute good models due to the strong selective pressures that
they entail. We focused on an adaptive event which affected the poplar
rust fungus Melampsora larici-populina when it overcame a resistance
gene borne by its host, cultivated poplar. Based on 76 virulent and
avirulent isolates framing narrowly the estimated date of the adaptive
event, we examined the molecular signatures of selection.

Results Using an array of genome scan methods, we detected
a single locus exhibiting a consistent pattern suggestive of a selective
sweep in virulent individuals (excess of differentiation between virulent
and avirulent samples, linkage disequilibrium, genotype-phenotype sta-
tistical association and long-range haplotypes). Our study pinpoints a
single gene and further a single amino acid replacement which may have
allowed the adaptive event. Although the selective sweep occurred only
four years earlier, it does not seem to have affected genome diversity
further than the immediate vicinity of the causal locus.

Conclusions  Our results suggest that M. larici-populina under-
went a soft selective sweep and possibly a prominent effect of outbreed-
ing and recombination, which we speculate have increased the efficiency

of selection.

Keywords: Population genomics, plant-pathogen interactions, co-

evolution, genome-wide association studies, genome scan.
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Background

Understanding adaptation in response to natural
or anthropic forces is one of the major goals of
the study of molecular evolution. In most cases,
evolutionary research focuses on historical events
that occurred in a more or less distant past, such
as domestication [1, 2, 3], divergence of popula-
tions [4, 5, 6], adaptation to environmental con-
ditions [7, 8, 9] or speciation [10]. In compari-
son, few biological models allow to address the
evolutionary process in contemporary or at least
very recent events (but see e.g. [11]). Due to
their highly dynamic nature, host-pathogen in-
teractions offer opportunities to study adapta-
tion processes at work. Indeed, host-pathogen
interactions evolve constantly and rapidly, due to
strong and reciprocal selection pressures, chang-
ing environmental conditions and, recently, an-
thropic interactions [12, 13]. Microorganisms
pathogenic to plants are considered as capable

of extremely fast evolution [14, 15, 16].

It has been shown that the fate of an infection
depends on a complex interplay of mechanisms
involving both partners of the interaction. The
pathogen produces molecules manipulating the
host to allow entry and co-optation of resources,
but also aiming at preventing the activation of
the host defence machinery [17, 18]. Plants have
developed both non-specific and specific immu-
nity systems to detect pathogens and prevent in-
fection [19]. Plant immunity systems are based

on resistance genes which target molecules char-

acteristic of a given pathogen species or even
strain. Molecules produced by pathogens and
enabling host defence responses (thereby pre-
venting successful infection) are named aviru-
lence factors. In contrast with non-specific im-
munity, such host resistance genes allow com-
plete resistance against the targeted pathogens.
Selective pressures on genes controlling these
systems can be strong and lead to fast co-
evolution [20, 21]. In particular, genes coding for
proteins interacting directly to determine com-
plete immunity, such as pairs constituted of resis-
tance proteins and avirulence factors, are likely
to be exposed to the strongest selective pressures
[19, 22].

The strength of selective pressure caused by
total host resistance can be extremely high if re-
sistance entails a substantial reduction of eco-
logical niche. This is typically the case when
disease-resistant hosts are dominant in the en-
vironment. Then a mutation restoring viru-
lence is expected to undergo an extremely fast
increase in frequency toward fixation, result-
ing in a strong selective sweep of genomic vari-
ation. However, experimental evidence and
modelling suggest that relatively mild selective
sweeps could be expected [23], because selection
of variants already segregating in the population
(soft selective sweep) is expected to be actually
faster than selection of a newly occurring muta-
tion (hard selective sweep).

Identifying genomic regions subjected to se-

lection has long been of interest to evolutionary
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biologists [24]. The recent emergence of high-
throughput sequencing technologies offering a
genome-wide coverage [25] provides opportuni-
ties to detect loci involved in adaptation. Mod-
ern sequencing techniques allow to dramatically
increase both the number of loci characterized
and the number of individuals used in population
samples. The rationale underlying the search
for the signatures of adaptation in molecular
data has been proposed long before genome se-
quencing became routine [26], while more recent
methodologies have been introduced to leverage
the wealth of data that became available thanks
to whole-genome sequencing. Essentially it boils
down to scanning the genome to pinpoint genes
or regions exhibiting characteristic footprints left
by selective sweeps [27, 28]. These footprints in-
clude a deformation of the allele frequency spec-
trum, an excess of linkage disequilibrium and a
reduction in genetic diversity around the selected
region. It can also include an excess of differen-
tiation in allelic frequencies between individuals
from different subpopulations (e.g. if the sweep
only affected a single subpopulation). Note that
any one of these can be potentially mimicked by
demographic effects such as non-equilibrium or
undocumented substructure that can result in an
inflated rate of false or true positives, especially
for methods that rely on an assumed model [29].
We can expect however that combining differ-
ent complementary methods looking for differ-
ent genomic signatures can increase power, re-

duce sensitivity to confounding factors (which

are unlikely to affect different methods in a sim-
ilar manner) and increase precision of the detec-
tion of selective sweeps [30]. Finally if one can
show a statistical association between a selected
trait and a genotype (like in a QTL or a GWAS
analysis), this provides powerful complementary
evidence.

We propose to adopt this approach to detect
the determinants of a recent adaptation event
in a plant pathogenic fungus. We focus on the
poplar rust fungus, Melampsora larici-populina,
which is a major threat for cultivated poplar in
Europe [31]. Melampsora larici-populina needs
two hosts from unrelated genera to complete its
life cycle: Populus on which it performs several
asexual reproduction cycles during summer and
autumn and Lariz on which it performs a single
sexual reproduction cycle once a year in spring.
Melampsora larici-populina is particularly dam-
aging on cultivated poplar hybrids, mostly be-
cause of their intensive monoclonal cultivation
over several decades [32]. Many poplar cultivars
carrying qualitative resistances were bred, but
M. larici-populina eventually overcame all resis-
tances. The most significant resistance break-
down event occurred in 1994 and targeted the
RMIp7 resistance, which was at the time carried
by most cultivated poplars in Northern France
and Belgium. This event has led to the invasion
of France by virulent individuals in less than five
years [33].

In this article we focus on this resistance

and we denote M. larici-populina isolates that
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can successfully infect poplar hosts harbouring
RMIp7 as virulent, as opposed to avirulent iso-
lates.

An analysis of the French population structure
of M. larici-populina showed a strong impact of
the resistance breakdown [34]. The analysis of
594 isolates from a laboratory collection sampled
before and after the resistance breakdown iden-
tified three genetic groups. These groups have
been named ‘wild’ (isolates sampled in a region
where cultivated poplars are sparse), ‘fossil’ (iso-
lates sampled before the breakdown and shortly
afterwards) and ‘cultivated’ (isolates sampled
only after the breakdown). All isolates from the
two former groups were found to be avirulent
and nearly all isolates from the latter group were
found to be virulent. Furthermore, signatures of
population expansion have been detected in the
‘cultivated’ group over time [34].

In this study we selected 76 isolates from
the three genetic groups found in [34], spread
into four samples corresponding each to a given
year. We defined two samples in the ‘cultivated’
(virulent) group, one immediately after the re-
sistance breakdown and another four years af-
ter, after completion of the putative selective
sweep (fixation of the virulence allele in the M.
larici-populina population). Using over a mil-
lion single-nucleotide polymorphisms (SNPs), we
conducted several genome scan approaches to de-
tect specific regions of the genome potentially in-
volved in virulence. Genome scan methods con-

sistently highlighted a common candidate, which

is the first ever described putative avirulence
gene in M. larici-populina. However, in spite
of the potential strength of selective pressure
to overcome resistance, molecular diversity in-
dicates a relatively mild population bottleneck
and the signature of selective sweep are rather

locally restricted.

Results

Sampling and polymorphism detection

In order to characterize the resistance break-
down, 76 isolates were selected from a previous
population genetics study investigating temporal
evolution of Melampsora larici-populina strains
throughout France (Additional file 1: Table S1).
Four samples framing the breakdown event were
defined based on the population structure de-
scribed in [34].

of isolates sampled the same year, though not

Each sample was constituted

necessarily from the same location: a 1993 sam-
ple (n=18) from the ‘fossil’ group, a 1994 sam-
ple (n=18) from the ‘cultivated’ group, a 1998
sample (n=21) from the ‘cultivated’ group and a
2008 sample (n=19) from the ‘wild’ group. Note
that M. larici-populina isolates are isolated at a
stage of their life cycle where they are dikary-
otic (two unmerged nuclei per spore cell) and
can therefore be treated as diploid. The viru-
lence profile of those isolates was determined and
showed that all isolates from the 1993 and 2008

samples were avirulent while all isolates from the
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1994 sample were virulent as well as all but one
from the 1998 sample (Additional file 1: Table
S1).

The genome of those 76 M. larici-populina iso-
lates was sequenced with the Illumina technology
(150 bp paired reads). An average of 68 million
reads were generated per isolate (ranging from
26 to 143 million reads). On average, 78% of
the reads aligned on the chromosomes of version
2 of the reference genome [35] generating a se-
quencing depth of 80X (£ 24) (Additional file
1). In total, the site calling procedure identified
81,174,498 fixed sites and 1,125,506 SNPs cov-
ering more than 80% of the total length of the
18 chromosomes (Additional file 2: Table S2).
The remaining 19% of sites were not called due
to missing data or, much less frequently, sites
with more than two alleles. The amount of vari-
ation is higher than previously identified [36],
with more than 1% of sites with enough data

exhibiting polymorphism.

Genetic structure

To assess the genetic structure of our dataset,
we performed a non-parametric structure analy-
sis based on a discriminant analysis of principal
components (DAPC) [37]. The number of ge-
netic groups was assessed based on the Bayesian
information criterion (BIC) values (Additional
file 3: Fig. Sla). The BIC criterion points to
two groups, gathering on one hand the 1993 and

2008 samples (avirulent cluster) and on the other

hand the 1994 and 1998 samples (virulent clus-
ter; Additional file 3: Fig. S1b). We analysed
the results with three and four groups as well,
due to the proximity of BIC values. With three
groups, the avirulent cluster is split in two, sepa-
rating the 1993 and 2008 groups (Additional file
3: Fig. Slc), in a structure identical to [34].
With four groups, a part of 1994 isolates are
separated from the virulent cluster, keeping the
other 1994 isolates together with the whole 1998
sample (Additional file 3: Fig. S1d). This group
of isolates seems to be only partially related to
the region of origin of samples since it includes
all 5 isolates sampled in Belgium, 2 of the 8 iso-
lates sampled in Nord-Pas-de-Calais, 1 of the 3
isolates sampled in Picardie and the single isolate
sampled in Centre. Up to four groups, all assig-
nation coefficients in DAPC analyses are virtu-
ally equal to 1 (Additional file 3: Fig. Sle-g).

In addition, we reconstructed a neighbour-
joining tree based on pairwise distances com-
puted from all SNPs (Fig. 1). This tree
distinguishes three clades: the 2008 sample,
the 1993 sample and a third clade gathering
1994 and 1998 samples. These clades exhibit a
star-like topology, especially the 2008 and 1993
samples (with the exception of a pair of 1993
samples which exhibit high pairwise similarity).
The 1994 and 1998 samples are interspersed
within the third clade that exhibits compara-
tively longer internal branches. The group of
1994 samples that forms a group of its own in

the DAPC analysis with four groups forms a
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subclade, although it does not appear to show
marked pairwise divergence with respect to the
other isolates.

The analysis of genome-wide statistics mea-
suring pairwise differentiation between samples
gives results consistent with the tree structure
(Additional file 4: Table S4i-n). The virulent
cluster (1994 and 1998) is grouped with strong
similarity (D, = 0.0035), as well as the avirulent
cluster (1993 and 2008), but with a lesser sim-
ilarity (D, = 0.0109). Between these two clus-
ters, the pairwise comparison results might have
been influenced with the presence of substruc-
ture within some of the samples with in particu-
lar less similarity between samples 1993 and 1994
than between 1993 and 1998 (D, = 0.0155 and
0.0142, respectively).

The separation of the virulent and avirulent
clusters therefore seems to be the main feature
of population structure, but it actually repre-
sents a small proportion of the total genetic vari-
ance. Weir and Cockerham’s estimation of the
between-cluster fixation index (9/\2) gives a value
of 4% of the total variance (Additional file 4:
Table S4a). In addition, population substruc-
turation is visible in all but one (2008) sample

and especially strong for 1994.

Linkage disequilibrium

Next we investigated patterns of linkage disequi-
librium (LD). Since we used unphased data, all

LD values are based on genotypes (individual

level instead of haplotype). LD is influenced by
recombination rate (which can vary substantially
across genomes, but which we don’t expect to
vary significantly between samples) and by de-
mographic or selective forces. In our case, we
expected an effect of the adaptive event which is
expected to increase LD for virulent isolates due
to the population bottleneck and fast population
growth rate. We compared the LD decay with
physical distance between the four samples (Ad-
ditional file 5: Fig. S2). We found that the aver-
age LD drops below 72 = 0.1 before 95-165 Kbp
according to the sample. The 2008 sample ap-
pears to be the one where LD drops at the fastest
rate and 1994 at the slowest rate (average 72 be-
low 0.2 before 33 kb for 2008 and before 60 kb
for 1994; average 2 of 0.0955 at 100 kb for 2008
and 0.1459 for 1994), the 1998 and 1993 sam-
ples having a slightly slower rate of decay than
2008 (Additional file 5: Table S5). These obser-
vations are compatible with the hypothesis that
the population from which the 2008 sample has
been collected is at equilibrium. In contrast, the
virulent population may have undergone an ex-
pansion following the resistance breakdown, with
the 1994 isolates displaying signatures of a recent
adaptive event, which is attenuated in 1998. Po-
tential substructure in the 1994 and 1998 sam-
ples may also explain long-distance linkage dise-
quilibrium.

A survey of the level of pairwise linkage at the
chromosome level was performed (Additional file

6: Fig. S3). The analysis highlights numerous
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blocks with extended LD that are shared by sev-
eral (and often all) samples, such as, for chr01, a
region between 5.5 and 6.0 Mbp. At a genome-
wide scale, it is visible that the overall levels of
LD are more elevated in sample 1994 and lower

in sample 2008.

Population genomics statistics

At a genome-wide scale, statistics describing nu-
cleotide polymorphism capture the consequences
of demographic history. Besides the population
similarity statistics addressed in a previous sec-
tion, we computed statistics characterizing the
levels and structure of polymorphism (Table 1;
see also Additional file 4: Table S4 for the full
list). We found substantial levels of diversity,
with both fy and 7 around 0.002 per site, or
the whole dataset as well as for the four sam-
ples. The 2008 sample shows the highest value
of Ay which reflects a larger number of polymor-
phic sites, but not a high nucleotide diversity ()
compared with other samples, showing a marked
unbalance of allelic frequencies (with an excess
of singletons and low-frequency variants), as il-
lustrated by the strongly negative values for the
three considered neutrality tests Tajima’s D and
Fu and Li’s D* and F™*, as well as by the marked
star-like structure of the tree (Fig. 1). This ex-
cess of rare alleles might be explained by recent
population expansion, e.g. following a popula-
tion bottleneck. The expansion might still be
older than the bottleneck that affected virulent

isolates, since negative values of neutrality tests
indicate that polymorphism has started to re-

generate.

We expected to find signatures of a strong on-
going bottleneck in sample 1994 and of popula-
tion expansion in 1998. Features of polymor-
phism are compatible with these expectations
but they point to a weak or moderate inten-
sity. Compared with the 1993 sample, the 1994
sample exhibits reduced levels of diversity with
a more marked reduction for Gy (about 10%)
than 7 (about 5%) and, consequently, positive
values for Tajima’s and Fu and Li’s tests of neu-
trality. This is the expected pattern during a
bottleneck. Between 1994 and 1998, diversity
increased consistently. The comparatively large
increase of Oy is reflected by the negative values
of neutrality tests and points to a relatively high

mutation rate.

Fig values indicate a substantial deficit of het-
erozygotes in the whole dataset, likely due to
With the exception of the

2008 sample, we note deviations in both direc-

sample structure.

tions, ranging from -1.2 to +1.9%, with respect
to Hardy-Weinberg equilibrium. This is yet an-
other signature indicating that the populations
we have sampled were likely not at the equilib-

rium and/or exhibit potential substructure.
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Localisation of a avirulence gene candi-
date

In order to identify the locus or loci involved in
the resistance breakdown, we compared the re-
sults of several selective sweep detection meth-
ods addressing different signatures of a selective
sweep event. These signatures fall into three
main categories: deformation of the allele fre-
quency spectrum, excess of differentiation be-
tween virulent and avirulent isolates and ex-

tended linkage disequilibrium.

Allele frequency spectrum

The effect of selection on the allele frequency
spectrum should be captured by Tajima’s D. We
computed Tajima’s D on a sliding window sep-
arately for avirulent and virulent isolates (Fig.
2, first two panels) as well as for all samples
(Additional file 7: Fig. S4) but did not find
any clear peak anywhere in the genome. A
Bayesian, hidden Markov model method aiming
to detect selective sweeps (freq-hmm) was also
applied on the 1998 sample (when the selective
We detected 22

potential selective sweeps on 11 out of 18 chro-

sweep should be completed).

mosomes, containing together a total of 614,822
SNPs (Fig. 2, third panel, Additional file 8: Ta-
ble S5).

Differentiation

For addressing signatures of adaptive differen-

tiation between avirulent and virulent isolates,

we screened the variation of Weir and Cocker-
ham’s 05 (analogous to Fgr) computed per site.
é\Q measures the differentiation between the avir-
ulent (1993 and 2008 samples) and virulent (1994
and 1998) clusters. 0 varies widely along the
genome with clear peaks at different locations,
the highest being in chr15 (position 2,198,745, =
0.92; Fig. 2, fourth panel). A comparison with
other differentiation statistics (Additional file 7:
Fig. S4) shows that the region with the highest
differentiation varies according to the statistic,
with for example Jost’s D and Hedrick’s Ggp
pointing to a region near position 2.61 Mbp of
chr09. It should be noted that HAQ is the only
statistic that separates the effect for divergence
between virulent and avirulent clusters from the
effect of divergence between samples within this

clusters.

To screen for potential loci involved in adap-
tive divergence between virulent and avirulent
isolates, we used a Bayesian method aiming to
detect adaptive divergence based on allele fre-
quency differentiation between samples (Bay-
Pass). The BayPass package [38] provides two
models. The core model is based on the sole XtX
statistic, which is an analogous to Fgr [39]. We
identified 17 candidate SNPs, of which 12 are lo-
cated on chrl5 (Fig. 2, fifth panel), including the
most significant (located at position 2,198,745),
and 9 of the 10 most significant, with positions
ranging from 2,103,540 to 2,253,676 (Additional
file 8: Table S5). The second model of BayPass

(covariate model) allows to incorporate pheno-
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typic information. We set the samples 1993 and
2008 as avirulent and the samples 1994 and 1998
as virulent. The results are nearly identical, with
16 candidate SNPs of which 15 (including the 12
on chrl5) being also detected by the core model.

Extended homozygosity

Finally, we investigated extended haplotype ho-
mozygosity (EHH), which identifies long-ranging
tracts of homozygosity as a potential signature
of recent positive selection [41]. Since our data
are unphased, we used a variant based on het-
erozygosity of isolates [42]. We computed iEG
(integrated EHH) for all sites of the genome sep-
arately for the four samples (Additional file 10:
Fig. S6), as well as the In(Rsb) statistic which

characterizes the excess of long-range haplotypes

Association genetics

We performed a genome-wide association study
(GWAS) to identify SNPs significantly associ-
We used a method that

efficiently incorporates loci of large effect as co-

of one population with respect to another [42].
We compared sample 1994 to sample 1993, be-
ated with virulence. cause EHH is meant to detect recent or even on-
going selective sweeps, and applied an arbitrary
threshold to pick a proportion of 10™* of SNPs.
This approach yields 101 candidate SNPs, 61 of
them belonging to chrlb and 57 being restricted
to the region between 2 and 2.3 Mbp of chrlb
(Fig. 2, seventh panel, Additional file 10: Table

S6).

factors and increases the power of detection for
small effect loci [40]. The best model included
seven SNPs as cofactors which altogether ex-
plained all the phenotypic variance (Fig. 2, sixth
panel, Additional file 9: Fig. S5b). The first co-
factor included in the model corresponds to the
SNP at position 2,237,229 on chrl5 which was
the most significant in the initial GWAS scan

. . ) Congruence between genome scan meth-
(Fig. 2, sixth panel). This SNP alone captures

ods
69% of the phenotypic variance (Additional file

9: Fig. Sbb), and when treated as a cofactor,
all the signal in the region dropped below sig-
nificance level, suggesting that there is not more
than a single potential causal variant in this re-
gion. We consider the seven above-mentioned
SNPs as candidates, as well as 53 other SNPs
that pass the 1076 threshold in the model with-
out cofactors (Additional file 8: Table S5).

10

A comparison of the SNPs found using the
different methods shows that, of the 15 SNPs
which are shared between the two models of
BayPass, only three located between 2.2 and
2.4 Mbp on chrl5 are shared with GWAS,
including the top GWAS candidate, at position
2,237,229 of chrl5) and none with the other

methods. However, this position is within the
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region (between 2 and 2.3 Mbp) containing
the majority of EHH candidates.
BayPass, GWAS and EHH results, we focused
on the region of chrl5 between positions
2.10 Mbp and 2.30 Mbp (Fig. 3). Taken
together, BayPass and GWAS candidates are

clustered in two regions: in an intergenic region

Based on

near position 2,198,500 which is upstream of
both flanking genes (jgi.plMellp2_3184583

and jgi.plMellp2_3184584) and
in another region spanning three
genes (jgi.pIMellp2_3|1427900,

jgi.plMellp2_3|71388 and
jgi.plMellp2_31104811).  Of these SNPs,
three fall in gene jgi.plMellp2_3|1427900
(positions 2,232,600, 2,233,055 and 2,233,369).
The former falls in the 3’ UTR, the second in an
intron and the latter causes a non-synonymous
change. The top GWAS candidate is located in

an intergenic region at position 2,237,229.

The EHH analysis shows that the iEG in sam-
ple 1994 is consistently high from position 2.16
to 2.24 (including both regions mentioned above)
and decreases rather progressively on the left
side and more abruptly on the right side near
position 2.25 Mbp. The analysis of iEG for
the 1998 sample shows a marked decrease of
EHH, with a reduced plateau which excludes the
jgi.plIMellp2_3|84583 gene (Additional file 11:
Fig. 87).
neck is probably completed in 1998 and that

However, we note that the bottle-

recombination may already have a stronger im-

pact at this point, thereby starting to erode long
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distance homozygosity. In particular, there is
a potential recombination hotspot around posi-
tion 2.25 Mbp, where iEG values are consistently

lower.

Candidate gene

Interestingly, the three SNPs falling in gene
jgi.plMellp2_3|1427900 and the top GWAS
candidate are in strong linkage disequilibrium
(Additional file 12: Table S6). Except for miss-
ing data, all 1994 and 1998 samples have a fixed
homozygous genotype for one of the alleles at
each SNP except 98GC04 which is heterozy-
gous and 98AB07 which is homozygous for the
98ABO07 is the only avirulent of

these two samples, justifying its genotype. Con-

other allele.

versely, all 1993 and 2008 samples are either het-
erozygous or homozygous for the other allele,
with the single exception for 08EA95. There-
fore, these SNPs, including the one causing a
non-synonymous substitution, show a very good
correlation with the genotype pattern expected
if the virulence was caused by a recessive muta-
tion.

The candidate gene encodes a 219-amino acid
protein (ID: 1427900) which is cysteine-rich
(seven cysteine residues) and shows no homol-
ogy to known proteins in M. larici-populina, as
well as in public databases, including in related
Pucciniales species. No N-terminal signal pep-
tide is predicted. Nevertheless the protein is pre-

dicted to be non-classically secreted based on Se-
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cretomeP 1.0 [43] with a NN score of 0.79 (above
the threshold of 0.6).
main was identified with TMHMM v.2.0 [44].

Finally, machine-learning localization prediction

No transmembrane do-

tools point to a non-apoplastic protein with sig-

nal of chloroplast and nuclear localisations.

Discussion

Thanks to a sampling design based on collec-
tion isolates spanning narrowly the estimated
date of the RMIp7 resistance breakdown, we de-
tected consistent molecular signatures pointing
to a small region of chrl5 and, furthermore, to
a specific non-synonymous polymorphism within
the gene encoding protein 1427900.

Due to the likely effect of the resistance break-
down on the demography, we cannot assume de-
mographic equilibrium for any sample except the
2008 sample and even for this sample the neu-
trality test statistics suggest that the population
is not at equilibrium. In addition, due to the
limited availability of collection isolates, the ge-
ographical origins of the four samples are het-
erogeneous, which might cause substructuration
of some of the samples. However, substructura-
tion is expected to cause positive values of Fig
within samples, which does not appear to be the
case except for sample 1994. We assume that the
strong dispersal abilities and the low inbreeding
reproductive system of M. larici-populina pre-
vent isolation by distance at a regional scale [45].

Nevertheless, it seemed desirable to search for
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consistent evidence from complementary meth-
ods to conclude about the localization of an avir-

ulence gene candidate.

The molecular signatures of adaptation de-
tected in the current study are of three forms:
excess of divergence between virulent and avir-
ulent isolates (tested with BayPass), statisti-
cal genotype-phenotype association (tested with
GWAS) and presence of long-range homozygos-
ity (tested with EHH). The first two approaches
are overlapping since the samples are largely col-
inear with the virulence status, but use different
methodologies. EHH, in contrast, is completely
independent and points clearly to the same re-
gion. The differentiation and GWAS methods
tend to be more precise than EHH and point
to one common SNP which is located in an in-
tergenic region. A close survey of the geno-
typic structure at neighbouring SNPs shows that
polymorphism within the gene encoding protein
1427900 (including a non-synonymous mutation)
is strongly correlated to the top SNP and that it
is, furthermore, consistent with a recessive sub-
stitution conferring virulence [46], with all viru-
lent, and no avirulent, isolates being homozy-
The
non-synonymous substitution can be viewed as
the best candidate for determining of the RMIp7

breakdown, although other variants cannot be

gous (with one exception in each case).

excluded at this point. Unfortunately, as an ob-
ligate biotroph, M. larici-populina exhibits fea-
tures that hinders functional investigations (in

particular, no transformation method is avail-
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able). Further investigations will be needed in
order to validate the avirulent character of the
candidate gene (e.g. through the use of heterol-
ogous systems [47]).

In contrast with the three methods pointing to
the candidate region, no selective sweep signa-
tures can be detected in this region through the
analysis of the allele frequency spectrum (freq-
hmm). It seems unlikely that the failure of de-
tecting the region with this kind of method is
purely due to a lack a statistical power, because
the selective sweep state of the HMM actually
decreases in the region. Besides, several other
regions in the genome are highlighted at the level
of sensitivity we chose and none of them are con-
firmed by other methods.

Furthermore, we did not find evidence for a
strong bottleneck with virulent isolates, espe-
cially in the 1994 sample. We expected a strong
bottleneck due to the rapidity of the spread of
virulence [33, 34].

sient reduction of diversity followed by a recovery

Bottlenecks cause a tran-

whose rate depends on several factors, includ-
ing mutation rate and population size [48]. The
1994 sample shows a reduction of diversity com-
pared with 1998, consistent with a bottleneck
that would have recovered already. However the
substantial level of diversity in 1994 (with val-
ues comparable to the other samples), as well
as virulence profiles (three different pathotypes
in 1994) show that the bottleneck was in fact of
weak or moderate intensity. Alternatively, the

bottleneck could be actually older than what we

envision, which would explain why the bottle-
neck signatures are relatively weak. However,
due to active surveillance of rust disease on cul-
tivated poplars [31] it is rather unlikely that a
large population of virulent M. larici-populina
existed for a significant amount of time without

being detected.

The most likely explanation of the low im-
pact of the bottleneck on the allele frequency
spectrum and of the low reduction of diversity
in the virulent genetic group is a soft selective
sweep. Soft selective sweeps occur when adap-
tation is mediated by a mutation which was ac-
tually segregating in the original population and
are thought to be more likely to be involved in
fast evolution [49]. The extent to which soft se-
lective sweeps contribute to adaptive evolution
is debated [50, 51, 52]. In our study, a soft selec-
tive sweep appears as the most likely hypothe-
sis, consistently with the fact that adaptation to
human-introduced host resistance was prone to
trigger fast adaptation by the pathogen. Consis-
tently with this hypothesis, the putatively causal
allele can be found in a heterozygous state in
the 1993 population which predates the putative
breakdown event. In addition to a soft selective
sweep, the life history of M. larici-populina re-
duces inbreeding due to mating types, the need
of two hosts to complete the biological cycle and
high dispersal abilities [53]. These features likely
reduced further the extent of hitch-hiking around
the putative avirulence locus. In particular, this

can explain why the signatures of the selective
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sweep do not expand further than 0.2 Mbp from
the putative selected locus (Fig. 3) and the lack
of strong signatures on pairwise linkage disequi-
librium on chrl5 (Additional file 6: Fig. S3).

Plant effectors classically

searched on the basis of common features such

pathogen are
as secretion signals, small size (< 300 amino
acids), high cysteine content and lack of homol-
ogy in other species [54]. The candidate gene
found in this study shares some but not all these
features. In particular, the lack of a classical
secretion signal would have excluded this gene
from screening analysis based on common
features such as those already performed on M.

larici-populina [53, 55].

We cannot exclude that the true causal mu-
tation is elsewhere in the same genomic region.
The non-synonymous substitution is the best
candidate a priori, but silent mutations can have
an effect as well, such as mutations in regulatory
elements [56]. Furthermore, our analysis is based
on the current annotation of the genome of the
reference isolate of M. larici-populina (98AG31)
which is actually a virulent individual. It is pos-
sible that the annotation of the avirulence gene
is incorrect in the virulent reference isolate be-
cause of a frame-shifting mutation or that a large
deletion occurred. De novo genome assembly of
an avirulent isolate using a long read sequenc-
ing approach would be required to exclude these

possibilities.

Conclusion

Our study identified the best candidate aviru-
lence gene in Melampsora larici-populina so far,
based on the survey of genomic diversity. By
considering samples framing narrowly the sup-
posed date of the resistance breakdown, we max-
imized power to identify the causal locus. Our
study illustrates the benefit of monitoring the di-
versity of pathogens through collections of living
samples, in order to trace back any significant
evolutionary transition that may occur. In com-
plement, we combined a set of complementary
genome scan methods to increase accuracy of the
screen for adaptation. Our study suggests that
features of the pathogen life-cycle such as sex-
ual reproduction, high dispersal, and high levels
of diversity foster fast adaptation while result-
ing in a genetically diverse virulent population
which has lost virtually none of its potential for

further adaptation.

Methods

Fungal material

Four samples were designed based on the popu-
lation structure previously described in [34] (Ad-
ditional file 1: Table S1). We extracted isolates
from a collection available in the laboratory. To
ensure their purity, genotyping was performed
using 25 microsatellite markers with the method
used in [34]. Virulence profiles were character-

ized on a differential set of nine poplar genotypes
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each carrying a single qualitative resistance to
Melampsora larici-populina (RMlpl:  Populus
x euramericana ‘Ogy’; RMlp2: P. X jackii
RMIp3: ‘Bra-
bantica’; RMlp4: P. x interamericana ‘Unal’;
RMlIpb5: P. x interamericana ‘Rap’; RMIp6: P.

X interamericana ‘84B09’; RMIp7: P. X inter-

‘Aurora’; P. x euramericana

americana ‘Beaupré’; RMIp8: P. x interamer-
tcana ‘Hoogvorst’; RMIp9: P. deltoides ‘L.270-
3’) and on the universal susceptible cultivar P.
X euramericana ‘Robusta’ as positive control.
Poplar plants were grown during 2-3 months in
a glasshouse at 20-24°C, with a 16 hours pho-
We

excised 12-mm discs on leaves (index 7 to 14)

toperiod, as previously described in [57].

and placed them in flotation on deionized water
in 24-well polystyrene cell culture plates, abax-
ial surface up. A suspension (approximately
3.2x10% spores/mL) of each strain was deposited
as 1-pl droplets on each disc. Culture plates were
incubated for 13 days at 19 & 1°C under contin-
uous illumination before scoring. Isolates result-
ing in at least ten pathogenic lesions per leaf disk
were scored as virulent with respect to the cor-
responding resistance. Three replications were

performed.

DNA isolation

The DNA isolation method was performed on
50 mg of urediniospores as previously decribed
in [36, 57]. Quality and quantity of recovered
high molecular weight DNA was assessed by

15

electrophoresis on agarose gel, by spectropho-
tometry (Nanodrop, Saint-Remy-lés-Chevreuse,
France) and with the QuBit fluorometric quan-
titation system (Life Technologies, Villebon-sur-

Yvette, France).

Genome re-sequencing,
mapping

filtering and

DNA was used for sequencing by Beckman Coul-
ter Genomics (Grenoble, France) for 22 isolates
and at the Joint Genome Institute for the re-
maining 54 (Additional file 1: Table S1). Each
library was quantified by qPCR and sequenced
on the Illumina HiSeq2000 platform as paired-
end 150 bp reads.

The reads were mapped on the M. larici-
populina reference genome v2.0, available via
the JGI fungal genome portal MycoCosm [58].
The assembled genome contains 18 chromosomes
(101.4 Mbp) and 493 unmapped scaffolds (8.4
Mbp). The unmapped scaffolds, representing 8%
of the total genome length (average length: 17
Kbp, N50: 36 Kbp), were not considered. All
reads were aligned on the reference genome us-
ing the bwa software version 0.7.13 [59]. We fixed
the maximum number of differences for each read
against the reference to 2. All others options
We used SAM-

tools version 1.3 [60] with default parameters to

were used with default values.

compute the number of mapped reads, perform
genotype calling and export variant call (VCF)

format files.
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SNPs were filtered using EggLib version 3 [61].
Genotypes were assigned based on the difference
of Phred-scaled likelihoods (PL values in VCF
files) between the best genotypes and all oth-
ers as implemented in Egglib (threshold_PL =
30). Genotypes with a depth below 20 or above
200 reads were called as missing to exclude sites
falling potentially in repetitive DNA. After geno-
type calling for all samples, we excluded sites
with more than two alleles overall and less than
10 non-missing isolates in any of the four sam-

ples.

Phylogenetic tree and population struc-
ture

To build a phylogenetic tree of all isolates, we
computed the pairwise distance based on all
SNPs. Pairwise distances were computed as the
rate of pairwise genotypic differences for a ran-
dom subset of sites without missing data for the
two considered isolates, without correction. One
percent of sites was drawn independently for all
pairs of individuals. The tree was reconstructed
using Phylip v 3.696 [62] using the neighbour-
joining method. For representation we used the
Interactive Tree of Life online editor [63]. The
population structure of the isolates was assessed
with DAPC implemented in the Adegenet pack-
age in R [37]. A random subset of 10% of sites
was used. The number of genetic groups was as-
sessed based on decreasing Bayesian information

criterion (BIC) values.

Analysis of polymorphism

Linkage disequilibrium (LD) was computed as r?
using EggLib. Pairwise genotypic LD was com-
puted separately for all four samples and for all
pairs of sites of the same chromosome with a
distance at most 1 Mbp, excluding sites with a
genotype at a frequency above 75% or an overall
frequency of missing data above 10%. To smooth
LD decay curves in the graphical representation,
we computed quantiles (including the median) of
r? values grouped based on windows of 1000 bp
of pairwise distance. We also monitored the win-
dow where the average r? passed below different
thresholds and the average 2 at given distance
points. We also computed pairwise genotypic LD
between all pairs of SNPs of each chromosome
(also separately for the four samples), consider-
ing at most one SNP per Kbp of the reference

genome.

We computed
EgglLib either for individual SNPs, in sliding

windows along the chromosomes or for the whole

summary statistics using

genome (considering the whole set of sites).
We defined window boundaries on the reference
genome and processed complete windows only.
For the sake of symmetry, we shifted window
starting points in order to leave equal stretches
of unanalysed sequence at both ends of each
chromosome. All per-site statistics were ex-
pressed relatively to the number of considered
sites (variable or not) within the considered win-

dow (or overall), ignoring sites excluded due to
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Within-

population statistics were computed within the

an excess of alleles or missing data.

four samples and for the whole dataset. Differ-
entiation statistics were computed for the whole
datasets (four groups) and for pairwise com-
parisons. We measured the divergence between
virulent and avirulent isolates by assessing the
between-clusters differentiation using Weir and
Cockerham’s method where clusters were defined
as the 1993 and 2008 samples (avirulent) on one
hand and the 1994 and 1998 samples (virulent)
on the other hand. Alternatively, we computed
differentiation statistics considering two popula-
tions with respectively virulent and avirulent iso-
lates. In the latter case, based on phenotyping
results, the 98ABO07 isolate was treated as avir-
ulent (Additional file 1: Table S1).

Genome scan methods

BayPass [38] version 2.1 was used with default
parameters. For the covariate model, virulence
status was encoded as an environmental value
with a constant value -1 for avirulent populations
and +1 for virulent populations. All polymor-
phic sites were used. The significant threshold
was set to 1076,

EHH was estimated for all polymorphic sites
with Egglib, separately for all four samples
(note that not all sites were polymorphic in all
samples). The main statistic is iIEG which in-
tegrates the site-wise EHHS statistic [42]. Each

site was treated in turn as the core site and iIEG

was computed by integrating in both directions,
until EHHS reached a threshold of 0.2 (or the
chromosome limit was reached). To identify can-
didates, we computed In(Rsb) as described in
[42] and selected all loci with a In(Rsb) in the
right tail of the distribution (probability density
1074).

GWAS was performed using a mixed-model
approach including multiple loci [40], considering
the virulence as phenotype and the genotypes as
alleles. Since missing data are not supported,
they were imputed by assigning the majority
Only

sites with a minor allele frequency of at least 0.05

genotype to isolates with missing data.

were considered. To incorporate the information
of genetic structure (including the differentiation
between the four samples), we computed a kin-
ship matrix [64] which was included in the model
as the covariance matrix for a random polygenic
effect. We used the mBonf and EBIC criteria to
select the best model from the forward-backward
search [40]. We report P values from the initial
GWAS scan (no cofactor). Candidate loci are de-
termined as those identified as cofactors in the
best multi-locus model and/or which are signifi-
cant at a 1070 threshold in the initial scan.
The freq-hmm method [65] was applied to all
polymorphic sites on allele frequencies using the
folded spectrum mode, independently for all four
samples. The starting value for 6 was set to
Oy as computed for the whole dataset for each
sample. The analysis was performed separately

for all chromosomes and the k parameter (which
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controls the detection rate) was set to 1072,

Candidate gene analysis

The encoded protein was evaluated by compari-
son to proteins of known function in the nonre-
dundant GenBank database. Signal peptide pre-
diction in amino acid sequences was performed
using SignalP 5.0 [66]. Non-classical secretion
was predicted using SecretomeP 1.0 [43] with the
normal threshold of neural network output score
of 0.6 as recommended by the authors. Trans-
membrane domain detection was performed with
TMHMM v.2.0 [44] and PHOBIUS [67]. Poten-
tial subcellular localization was predicted in sil-
ico using online tools APOPLASTP [68] and LO-
CALIZER [69].

Acknowledgements

We are grateful to Jérémy Pétrowski for the
production of biological material for our experi-
ments. We thank Pierre Gladieux, Martin Las-
coux, Christophe Lemaire and Mathieu Siol for

comments on earlier versions of the manuscript.

Funding

This work was supported by the French National
Research Agency (ANR-12-ADAP-0009, GAN-
DALF project). The work within the framework
of the poplar rust genome project (CSP 1416)
conducted by the U.S. Department of Energy

Joint Genome Institute, a DOE Office of Science
User Facility, is supported by the Office of Sci-
ence of the U.S. Department of Energy under
Contract No. DE-AC02-05CH11231. A. Per-
soons was supported by a PhD fellowship from
the Region Lorraine and INRAE and a partial
post-doc fellowship from the Region Grand-Est.
A. Maupetit was supported by a PhD fellow-
ship from the Region Lorraine and INRAE. C.
Louet was supported by a PhD fellowship from
the Region Lorraine and the French National Re-
search Agency (ANR-18-CE32-0001, Clonix2D
project). The IAM laboratory is part of the Lab
of Excellence ARBRE supported by French Na-
tional Research Agency (ANR-11-LABX-0002-
01) which supported A. Persoons through a par-
tial post-doc fellowship.

Availability of data and materi-

als

Sequencing reads for isolates sequenced by
Beckman Coulter Genomics have been de-
posited in Genbank’s Sequence Read Archive
(https://www.ncbi.nlm.nih.gov/sra). Sequenc-
ing reads for isolates sequenced by the JGI are
available on the JGI Genome Portal under Pro-
posal ID 1416 (doi: 10.25585/1488093). Acces-
sion numbers to the SRA and JGI Project IDs,
respectively, are given in Additional file 1: Table
S1.

All scripts used to perform the analysis of

18


https://doi.org/10.1101/2021.04.09.439223
http://creativecommons.org/licenses/by-nc/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2021.04.09.439223; this version posted April 11, 2021. The copyright holder for this preprint (which

was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC 4.0 International license.

polymorphism and processing of genome scan
results, including scripts used to generate fig-
ures, are available in a dedicated git reposi-
tory (https://gitlab.com/demita/mlp-genomics-
virT).

Competing interests

The authors declare that they have no competing

interests.

Authors’ contributions

SD, PF, FH and SDM designed the study. AP,
AM and AA performed experiments and gener-
AL, KWB, HN, CA
and IVG sequenced and analysed part of the iso-
lates. AP and SDM analysed data with contri-
butions of AM, CL and VS. AP, AM, CL, VS,
SD, PF, FH and SDM discussed the results. AP
and SDM wrote the manuscript with contribu-
tions from AM, CL, PF and FH.

ated biological material.

References

[1] Haudry, A., Cenci, A., Ravel, C,
Bataillon, T., Brunel, D., Poncet, C.,
Hochu, 1., Poirier, S., Santoni, S.,
Glemin, S., David, J.: Grinding up
wheat: A massive loss of nucleotide di-

versity since domestication. Molecular Bi-
ology and Evolution 24(7), 1506-1517
(2007). doi:10.1093 /molbev/msm077. Place:

19

Oxford Publisher: Oxford Univ Press
‘WOS:000247943100008

Li, M., Tian, S., Yeung, C.K.L., Meng,
X., Tang, Q., Niu, L., Wang, X., Jin,
L., Ma, J., Long, K., Zhou, C., Cao,
Y., Zhu, L., Bai, L., Tang, G., Gu, Y.,
Jiang, A., Li, X., Li, R.: Whole-genome
sequencing of Berkshire (European native
pig) provides insights into its origin and
domestication. Scientific Reports 4, 4678
(2014). doi:10.1038/srep04678. Place: Lon-
don Publisher: Nature Publishing Group
WOS:000334163600008

Wang, M., Yu, Y., Haberer, G., Marri,
P.R., Fan, C., Goicoechea, J.L., Zuccolo, A.,
Song, X., Kudrna, D., Ammiraju, J.S.S.,
Cossu, R.M., Maldonado, C., Chen, J., Lee,
S., Sisneros, N., de Baynast, K., Golser,
W., Wissotski, M., Kim, W., Sanchez,
P., Ndjiondjop, M.-N., Sanni, K., Long,
M., Carney, J., Panaud, O., Wicker, T.,
Machado, C.A., Chen, M., Mayer, K.F.X.,
Rounsley, S., Wing, R.A.: The genome
sequence of African rice (Oryza glaber-
rima) and evidence for independent do-
mestication. Nature Genetics 46(9), 982
(2014). doi:10.1038/ng.3044. Place:
York Publisher: Nature Publishing Group
WOS:000341579400012

New

Pugach, 1., M.:  Genome-

wide insights into the genetic history of

Stoneking,


https://doi.org/10.1101/2021.04.09.439223
http://creativecommons.org/licenses/by-nc/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2021.04.09.439223; this version posted April 11, 2021. The copyright holder for this preprint (which

was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC 4.0 International license.

human populations. Investigative Genet-
ics 6, 6 (2015). doi:10.1186/s13323-015-
0024-0. Place: London Publisher:
WOS:000363734700002

Bme

Begun, D.J., A K., Stevens,
K., Hillier, L.W., Poh, Y.-P., Hahn,
M.W., Nista, P.M., Jones, C.D., Kern,
A.D., Dewey, C.N., Pachter, L., Myers,
E., Langley, C.H.: Population genomics:

Holloway,

Whole-genome analysis of polymorphism
and divergence in Drosophila simulans.
Plos Biology 5(11), 2534-2559 (2007).
d0i:10.1371 /journal.pbio.0050310.
San Francisco Publisher: Public Library
Science W0OS:000251874700013

Place:

Liti, G., Carter, D.M., Moses, A.M., War-
ringer, J., Parts, L., James, S.A., Davey,
R.P., Roberts, I.N., Burt, A., Koufopanou,
V., Tsai, I.J., Bergman, C.M., Bensasson,
D., O’Kelly, M.J.T., van Oudenaarden, A.,
Barton, D.B.H., Bailes, E., Ba, A.N.N.,
Jones, M., Quail, M.A., Goodhead, I., Sims,
S., Smith, F., Blomberg, A., Durbin, R.,
Louis, E.J.:
mestic and wild yeasts. Nature 458(7236),
337-341 (2009). doi:10.1038/nature07743.
Place: London Publisher: Nature Publish-
ing Group WO0OS:000264285600041

Population genomics of do-

Burke, M.K.: How does adaptation
sweep through the genome? Insights
from long-term selection experiments.

20

[10]

of the Royal Society B-
Biological ~Sciences 279(1749), 5029-
5038 (2012). doi:10.1098/rspb.2012.0799.
Place: London Publisher:
WOS:000310999000023

Proceedings

Royal Soc

Ellison, C.E., Hall, C., Kowbel, D., Welch,
J., Brem, R.B., Glass, N.L., Taylor, J.W.:
Population genomics and local adapta-
tion in wild isolates of a model micro-
bial eukaryote. Proceedings of the National
Academy of Sciences of the United States
of America 108(7), 2831-2836 (2011).
doi:10.1073/pnas.1014971108. Place: Wash-
ington Publisher: Natl Acad Sciences
WOS:000287377000041

Namroud, M.-C., Beaulieu, J., Juge, N.,
Laroche, J., Bousquet, J.: Scanning the
genome for gene single nucleotide poly-
morphisms involved in adaptive population
differentiation in white spruce. Molecu-
lar Ecology 17(16), 3599-3613 (2008).

doi:10.1111/j.1365-294X.2008.03840.x.

Place: Hoboken Publisher: Wiley
WOS:000258220500003

Kulathinal, R.J., Stevison, L.S., Noor,
M.AF.: The Genomics of Speciation
in Drosophila: Diversity, Divergence,
and  Introgression  Estimated  Using
Low-Coverage Genome Sequencing.
Plos Genetics 5(7), 1000550 (2009).

do0i:10.1371 /journal.pgen.1000550.  Place:


https://doi.org/10.1101/2021.04.09.439223
http://creativecommons.org/licenses/by-nc/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2021.04.09.439223; this version posted April 11, 2021. The copyright holder for this preprint (which

was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC 4.0 International license.

[12]

[14]

San Francisco Publisher: Public Library
Science WOS:000269219500046

Le Corre, V., Siol, M., Vigouroux, Y.,
Tenaillon, M., Delye, C.: Adaptive intro-
gression from maize has facilitated the es-
tablishment of teosinte as a noxious weed
in Europe. Proceedings of the National
Academy of Sciences of the United States
of America 117(41), 25618-25627 (2020).
doi:10.1073/pnas.2006633117. Place: Wash-
ington Publisher: Natl Acad Sciences
WOS:000579507500010

A

on

Stukenbrock, E.H.,

Population

T.:

Perspective

Bataillon,
Genomics

the Emergence and Adaptation of New

Plant Pathogens in Agro-Ecosystems.
Plos Pathogens 8(9), 1002893 (2012).
doi:10.1371 /journal.ppat.1002893. Place:

San Francisco Publisher: Public Library

Science WOS:000309816500008

Zaman, L., Meyer, J.R., Devangam, S.,
Bryson, D.M., Lenski, R.E., Ofria, C.:
the
Complex Traits and Promotes
ability. Plos Biology 12(12)
d0i:10.1371 /journal.pbio.1002023.
San Francisco Publisher: Public Library
Science W0OS:000347164000016

Coevolution Drives Emergence of
Evolv-
(2014).

Place:

Raffaele, S., Kamoun, S.:

lution

Genome evo-

in filamentous plant pathogens:

21

[16]

why bigger can be better. Nature Re-
views Microbiology 10(6), 417-430 (2012).
doi:10.1038/nrmicro2790. Place:
Publisher: Nature
WOS:000304189900016

London

Publishing  Group

J.L., E.K.,
Wu, C.-h., Kamoun, S.:
age of EvoMPMI:

ular

A

The coming of

Upson, Zess, Bialas,
evolutionary molec-

plant-microbe interactions across

multiple timescales. Current Opinion
in Plant Biology 44, 108-116 (2018).
doi:10.1016/j.pbi.2018.03.003. Place:
don Publisher: Current Biology Ltd

WOS:000444359500015

Lon-

Frantzeskakis, L., Kusch, S., Panstruga, R.:

The need for speed: compartmentalized

phy-
topathogens. Molecular Plant Pathology
20(1), 3-7 (2019). doi:10.1111/mpp.12738.
Hoboken Publisher: Wiley
WOS:000453710700001

genome evolution in filamentous

Place:

A
B.:

Immune

Koenig,
S., Hube,

in host

Mueller, R.,

Fungal factors involved

Mogayvero,

modulation
and exploitation during infection. Cel-
lular Microbiology 23(1), 13272 (2021).
doi:10.1111/cmi.13272. Place: =~ Hoboken
Publisher: Wiley WOS:000578639200001

evasion,

Meisrimler, C.-N., Allan, C., Eccer-
sall, S., Morris, R.J.: Interior de-
sign: how plant pathogens optimize


https://doi.org/10.1101/2021.04.09.439223
http://creativecommons.org/licenses/by-nc/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2021.04.09.439223; this version posted April 11, 2021. The copyright holder for this preprint (which

was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC 4.0 International license.

[19]

[21]

their living conditions. New Phytologist.
doi:10.1111/nph.17024. Place:  Hoboken
Publisher: Wiley WOS:000592646100001

Jones, J.D.G., Dangl, J.L.: The plant
immune system. Nature 444(7117), 323—
329 (2006). doi:10.1038/nature05286. Place:
London Publisher:  Nature Publishing
Group WOS:000242018300039

Tellier, A., Moreno-Gamez, S., Stephan,
W.:
Footprints of Host-Parasite Coevolution
Under Arms Race and Trench Warfare Dy-
namics. Evolution 68(8), 2211-2224 (2014).
doi:10.1111/ev0.12427. Place:  Hoboken
Publisher: Wiley WOS:000340470600005

Speed of Adaptation and Genomic

Ebert, D., Fields, P.D.:
co-evolution and its genomic signature.
Nature Reviews Genetics 21(12), 754-
768 (2020). doi:10.1038/s41576-020-0269-1.
Place: Berlin Publisher:
WOS:000563801400001

Host-parasite

Nature Research

Brown, J.K.M., Tellier, A.: Plant-Parasite
Coevolution: Bridging the Gap between Ge-
netics and FEcology. In: VanAlfen, N.K.,
Bruening, G., Leach, J.E. (eds.) Annual
Review of Phytopathology, Vol 49 vol. 49,
pp- 345-367. Annual Reviews, Palo Alto
(2011). doi:10.1146/annurev-phyto-072910-
095301. ISSN: 0066-4286 Journal Ab-
breviation: Rev. Phytopathol.
WO0S:000294828400017

Annu.

22

23]

[24]

[25]

Messer, P.W., Petrov, D.A.: Popula-
tion genomics of rapid adaptation by
soft selective sweeps. Trends in Ecol-

ogy & Evolution 28(11), 659-669 (2013).
doi:10.1016/j.tree.2013.08.003. Place: Lon-
don Publisher: Elsevier Science London
WOS:000326666200007

Haasl, R.J., Payseur, B.A.: Fifteen years
of genomewide scans for selection: trends,
lessons and unaddressed genetic sources
of complication. Molecular Ecology 25(1),
5-23 (2016). doi:10.1111/mec.133309.
Place: Hoboken Publisher: Wiley
WOS:000367908800002

Mardis, E.R. Next-generation
DNA sequencing methods. An-
nual Review of Genomics and Hu-
man  Genetics 9,  387-402  (2008).

do0i:10.1146/annurev.genom.9.081307.164359.

Place: Palo Alto Publisher: Annual Re-
views WOS:000259629000020
Lewontin, R., Krakauer, J.: Distribution

of Gene Frequency as a Test of The-
ory of Selective Neutrality of Polymor-
phisms. Genetics 74(1), 175-195 (1973).
Place:  Baltimore Publisher:
WOS:A1973Q085100013

Genetics

Nielsen, R., Williamson, S., Kim, Y., Hu-
bisz, M.J., Clark, A.G., Bustamante, C.:
Genomic scans for selective sweeps us-
ing SNP data. Genome Research 15(11),


https://doi.org/10.1101/2021.04.09.439223
http://creativecommons.org/licenses/by-nc/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2021.04.09.439223; this version posted April 11, 2021. The copyright holder for this preprint (which

was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC 4.0 International license.

[28]

[29]

[30]

1566-1575 (2005). doi:10.1101/gr.4252305.
Place: Cold Spring Harbor Publisher: Cold
Spring Harbor Lab Press,
Dept W0OS:000232889400012

Publications

Aguileta, G., Lengelle, J., Marthey, S.,
Chiapello, H., Rodolphe, F., Gendrault,
A., Yockteng, R., Vercken, E., Devier,
B., Fontaine, M.C., Wincker, P., Dossat,
C., Cruaud, C., Couloux, A., Giraud, T.:
Finding candidate genes under positive
selection in Non-model species: examples

of genes involved in host specialization in

pathogens. Molecular Ecology 19(2),
202-306  (2010).  doi:10.1111/j.1365-
294X.2009.04454 x. _eprint:

[32] Gerard, P.R., Husson,

886 (2010).
Publisher:
Advancement of Science Section: Report.
Accessed 2021-03-02

d0i:10.1126/science.1183863.

American Association for the

[31] Pinon, J., Frey, P.: Structure of Melamp-

sora larici-populina populations on wild
and cultivated poplar. European Journal of
Plant Pathology 103(2), 159-173 (1997).
doi:10.1023/A:1008650128568. Place: Dor-
drecht Publisher: Kluwer Academic Publ
WOS:A1997WV 48300006

C., Pinon, J.,
Frey, P.: Comparison of genetic and

virulence diversity of Melampsora larici-

https://onlinelibrary.wiley.com/doi/pdf/10.1111/ j.p1365—

294X.2009.04454.x. Accessed 2021-03-02

Siol, M., Wright, S.I., Barrett, S.C.H.:

The population genomics of plant
adaptation. New Phytologist 188(2),
313-332 (2010). doi:10.1111/j.1469-

8137.2010.03401 .x.

_eprint:

opulina populations on wild and culti-
vated poplar and influence of the alter-
nate host. Phytopathology 96(9), 1027—
1036 (2006). doi:10.1094/PHYTO-96-1027.
St Paul Publisher: Amer Phy-
topathological Soc WOS:000240089500014

Place:

https://nph.onlinelibrary.wiley.com/doi/pdf/ {%311}1(%?{269-0-’ Fabre, B., Andrieux, A,

8137.2010.03401.x. Accessed 2021-03-02

Grossman, S.R., Shylakhter, 1., Karlsson,
E.K., Byrne, E.H., Morales, S., Frieden,
G., Hostetter, E., Angelino, E., Garber, M.,
Zuk, O., Lander, E.S., Schaffner, S.F., Sa-
beti, P.C.: A Composite of Multiple Signals
Distinguishes Causal Variants in Regions of
Positive Selection. Science 327(5967), 883—

23

Gladieux, P., Barres, B., Frey, P., Halkett,
F.: The genetic structure of the plant
pathogenic fungus Melampsora larici-
populina on its wild host is extensively
impacted by host domestication. Molec-
ular Ecology 20(13), 2739-2755 (2011).
do0i:10.1111/j.1365-294X.2011.05138.x.

Place: Hoboken Publisher: Wiley-Blackwell

WOS:000292200700008


https://doi.org/10.1101/2021.04.09.439223
http://creativecommons.org/licenses/by-nc/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2021.04.09.439223; this version posted April 11, 2021. The copyright holder for this preprint (which

was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC 4.0 International license.

[34]

[35]

Persoons, A., Hayden, K.J., Fabre, B.,
Frey, P., De Mita, S., Tellier, A., Halkett,
F.: The escalatory Red Queen:

tion extinction and replacement following

Popula-

arms race dynamics in poplar rust. Molec-
ular Ecology 26(7), 1902-1918 (2017).
doi:10.1111/mec.13980. Place:  Hoboken
Publisher: Wiley WOS:000399639200017

Duplessis, S., Cuomo, C.A., Lin, Y.-C.,
Aerts, A., Tisserant, E., Veneault-Fourrey,
C., Joly, D.L., Hacquard, S., Amselem, J.,
Cantarel, B.L., Chiu, R., Coutinho, P.M.,
Feau, N., Field, M., Frey, P., Gelhaye,
E., Goldberg, J., Grabherr, M.G., Kodira,
C.D., Kohler, A., Kuees, U., Lindquist,
E.A., Lucas, S.M., Mago, R., Mauceli, E.,
Morin, E., Murat, C., Pangilinan, J.L.,
Park, R., Pearson, M., Quesneville, H.,
Rouhier, N., Sakthikumar, S., Salamov,
A.A., Schmutz, J., Selles, B., Shapiro,
H., Tanguay, P., Tuskan, G.A., Henris-
sat, B., Van de Peer, Y., Rouze, P., El-
lis, J.G., Dodds, P.N., Schein, J.E., Zhong,
S., Hamelin, R.C., Grigoriev, I.V., Szabo,
L.J., Martin, F.: Obligate biotrophy fea-
tures unraveled by the genomic analysis
of rust fungi. Proceedings of the National
Academy of Sciences of the United States
of America 108(22), 9166-9171 (2011).
doi:10.1073/pnas.1019315108. Place: Wash-
ington Publisher: Natl Acad Sciences
WOS:000291106200053

24

[36]

[38]

[39]

Persoons, A., Morin, E., Delaruelle, C.,
Payen, T., Halkett, F., Frey, P., De Mita,
S., Duplessis, S.: Patterns of genomic vari-
ation in the poplar rust fungus Melamp-
sora larici-populina identify pathogenesis-
related factors. Frontiers in Plant Science
5, 450 (2014). doi:10.3389/fpls.2014.00450.
Place: Lausanne Publisher:
dia Sa W0OS:000343857100001

Frontiers Me-

Jombart, T., Devillard, S., Balloux, F.: Dis-
criminant analysis of principal components:
a new method for the analysis of geneti-
cally structured populations. Bmc Genetics
11, 94 (2010). doi:10.1186/1471-2156-11-94.
Place: London Publisher: Biomed Central
Ltd WOS:000283851700001

Gautier, M.: Genome-Wide Scan for
Adaptive  Divergence and  Associa-
tion with Population-Specific Covari-
ates. Genetics 201(4), 1555 (2015).
doi:10.1534 /genetics.115.181453. Place:
Bethesda Publisher: Genetics Society

America WOS:000366386500021

Guenther, T., Coop, G.: Robust Identi-
fication of Local Adaptation from Allele
Frequencies. Genetics 195(1), 205 (2013).

doi:10.1534 /genetics.113.152462. Place:
Bethesda Publisher: Genetics  Society
America WOS:000324174200017

Segura, V., Vilhjalmsson, B.J., Platt,
A., Korte, A., Seren, U., Long, Q.


https://doi.org/10.1101/2021.04.09.439223
http://creativecommons.org/licenses/by-nc/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2021.04.09.439223; this version posted April 11, 2021. The copyright holder for this preprint (which

was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC 4.0 International license.

[41]

[42]

[43]

Nordborg, M.:

mixed-model approach for genome-wide

An efficient multi-locus

association studies in structured popu-
lations. Nature Genetics 44(7), 825-144
(2012). doi:10.1038/ng.2314. Place:
York Publisher: Nature Publishing Group
WOS:000305886900021

New

Sabeti, P.C., Varilly, P., B.,
Lohmueller, J., Hostetter, E., Cotsapas,
C., Xie, X., Byrne, E.H., McCarroll, S.A.,
Gaudet, R., Schaffner, S.F., Lander, E.S.:

detection and

Fry,

Genome-wide character-
ization of positive selection in human
populations. Nature 449(7164), 913-12
(2007).  doi:10.1038/nature06250. Place:
London Publisher:  Nature Publishing

Group WOS:000250230600049

Tang, K., Thornton, K.R., Stoneking, M.:
A new approach for using genome scans to
detect recent positive selection in the hu-
man genome. Plos Biology 5(7), 1587-1602
(2007).  doi:10.1371/journal.pbio.0050171.
Place: San Francisco Publisher: Public
Library Science W0OS:000249124400022

Bendtsen, J.D., Jensen, L.J., Blom, N.,
G., Brunak, S.

based prediction of non-classical and lead-

von Heijne, Feature-
erless protein secretion. Protein Engineer-
ing Design & Selection 17(4), 349-356
(2004). doi:10.1093/protein/gzh037. Place:

25

[44]

[45]

Oxford Publisher: Oxford Univ Press
WO0OS:000223473600007

Krogh, A., Larsson, B.,
G., E.L.L.
transmembrane protein topology with a
hidden Markov model:
complete Journal of Molec-
Biology 305(3), 567-580 (2001).
do0i:10.1006/jmbi.2000.4315. Place: London
Publisher:
Science Ltd WOS:000167760800017

von Heijne,
Sonnhammer, Predicting
Application to
genomes.

ular

Academic Press Ltd- Elsevier

Barres, B., Halkett, F., Dutech, C.,
Andrieux, A., Pinon, J., Frey, P.: Ge-
netic structure of the poplar rust fungus
Melampsora larici-populina: Evidence
for isolation by distance in Europe and
Infection

577587

recent founder effects overseas.
Genetics and Evolution 8(5),

(2008).  doi:10.1016/j.meegid.2008.04.005.
Place: Amsterdam Publisher: Elsevier
WOS:000260160900009

Flor, H.: Current Status of Gene-
for-Gene  Concept.  Annual  Review
of Phytopathology 9, 275 (1971).

doi:10.1146/annurev.py.09.090171.001423.
Place: Palo Alto Publisher:
Reviews WOS:A1971K 729400017

Annual

C., Petre,

Show me the way:

S.:

rust effector tar-

Lorrain, B., Duplessis,
gets in heterologous plant systems. Cur-

rent Opinion in Microbiology 46, 19—


https://doi.org/10.1101/2021.04.09.439223
http://creativecommons.org/licenses/by-nc/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2021.04.09.439223; this version posted April 11, 2021. The copyright holder for this preprint (which

was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC 4.0 International license.

[48]

[49]

[50]

25 (2018). doi:10.1016/j.mib.2018.01.016.
Place: London Publisher: Current Biology
Ltd WOS:000454967500006

Nei, M., Maruyama, T., Chakraborty, R.:
Bottleneck Effect and Genetic-Variability in
Populations. Evolution 29(1), 1-10 (1975).
doi:10.1111/j.1558-5646.1975.tb00807 .x.
Soc Study
Evolution WOS:A1975W198800001

Place: Lawrence Publisher:

Hermisson, J., Pennings, P.S.: Soft
sweeps and beyond: understanding
the patterns and probabilities of se-

lection footprints under rapid adapta-
tion. Methods in Ecology and Evolution
8(6), 700-716 (2017). doi:10.1111/2041-
210X.12808. Place: Hoboken Publisher:

Wiley WOS:000402919100005

J.D.
thusiasm for soft selective sweeps. Na-
5, 5281 (2014).
do0i:10.1038 /ncomms6281. Place: London
Publisher:
WOS:000343985900005

Jensen, On the unfounded en-

ture Communications

Nature Publishing Group

Harris, R.B., Sackman, A., Jensen, J.D.:
On the unfounded enthusiasm for soft
IT:
evidence from humans, flies, and viruses.
Plos Genetics 14(12), 1007859 (2018).
d0i:10.1371 /journal.pgen.1007859.
San Francisco Publisher: Public Library
Science WOS:000455099000035

selective sweeps Examining recent

Place:

26

[52]

[53]

Garud, N.R., Messer, P.W., Petrov,
D.A.: Detection of hard and soft
selective sweeps from Drosophila

melanogaster population genomic data.
PLOS Genetics 17(2), 1009373 (2021).
doi:10.1371 /journal.pgen.1009373. Pub-
lisher: Public Library of Science. Accessed
2021-03-08

Lorrain, C., dos Santos, K.C.G., Germain,
H., Hecker, A., Duplessis, S.:
in understanding obligate biotrophy in
rust fungi. New Phytologist 222(3), 1190—
1206 (2019).  doi:10.1111/nph.15641.
Place: Hoboken Publisher: Wiley
WOS:000466797100007

Advances

Win, J., Chaparro-Garcia, A., Belhaj, K.,
Saunders, D.G.O., Yoshida, K., Dong, S.,
Schornack, S., Zipfel, C., Robatzek, S.,
Hogenhout, S.A., Kamoun, S.: Effector bi-
ology of plant-associated organisms: con-
cepts and perspectives. Cold Spring Harbor
Symposia on Quantitative Biology 77, 235—

247 (2012). doi:10.1101 /sqb.2012.77.015933

Hacquard, S., D.L., Lin, Y.-C,
Tisserant, E., Feau, N., Delaruelle, C.,
Legue, V., Kohler, A., Tanguay, P., Pe-
tre, B., Frey, P., Van de Peer, Y., Rouze,
P., Martin, F., Hamelin, R.C., Duplessis,
S.:

Encoding Small Secreted Proteins Iden-

Joly,

A Comprehensive Analysis of Genes

tifies Candidate Effectors in Melampsora


https://doi.org/10.1101/2021.04.09.439223
http://creativecommons.org/licenses/by-nc/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2021.04.09.439223; this version posted April 11, 2021. The copyright holder for this preprint (which

was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC 4.0 International license.

[57]

larici-populina (Poplar Leaf Rust). Molecu-
lar Plant-Microbe Interactions 25(3), 279
293 (2012). doi:10.1094/MPMI-09-11-0238.
St Paul Publisher: Amer Phy-
topathological Soc WOS:000300043400002

Place:

Romani, F., Moreno, J.E.: Molecular mech-

anisms involved in functional macroevo-

lution of plant transcription factors.
New Phytologist. do0i:10.1111/nph.17161.
Place: Hoboken Publisher: Wiley

WOS:000614898900001

Pernaci, M., De Mita, S., Andrieux, A.,
Petrowski, J., Halkett, F., Duplessis, S.,
Frey, P.:

regation and linkage disequilibrium:

Genome-wide patterns of seg-
the
construction of a linkage genetic map of
the poplar rust fungus Melampsora larici-
populina. Frontiers in Plant Science 5, 454
(2014). doi:10.3389/fpls.2014.00454. Place:
Lausanne Publisher: Frontiers Media Sa

WOS:000343836800001

Grigoriev, 1.V., Nikitin, R., Haridas, S.,
Kuo, A., Ohm, R., Otillar, R., Ri-
ley, R., A., Zhao, X., Ko-
rzeniewski, F., Smirnova, T., Nordberg,
H., Dubchak, I., Shabalov, I.:
Cosm portal: gearing up for 1000 fungal
genomes. Nucleic Acids Research 42(D1),
699-704 (2014). doi:10.1093/nar/gkt1183.
Oxford Publisher: Oxford Univ
Press W0OS:000331139800103

Salamov,

Myco-

Place:

27

[59]

[61]

Li, H,

curate

R.:

read

Fast and ac-
with

Durbin,
short
Burrows-Wheeler transform.
25(14), 1754-1760
doi:10.1093/bioinformatics/btp324.
Oxford Publisher: Oxford Univ Press
WOS:000267665900006

alignment
Bioin-
(2009).

Place:

formatics

Li, H., Handsaker, B., Wysoker, A., Fen-
nell, T., Ruan, J., Homer, N., Marth,
G., Abecasis, G., Durbin, R.: The Se-
quence Alignment/Map format and SAM-
tools. Bioinformatics 25(16), 2078-2079
(2009). doi:10.1093/bioinformatics/btp352.
Place: Oxford Publisher: Oxford Univ
Press WOS:000268808600014

De Mita, S., Siol, M.: EggLib: process-
ing, analysis and simulation tools for popu-
lation genetics and genomics. Bmc Genetics
13,27 (2012). d0i:10.1186/1471-2156-13-27.
Place: London Publisher: Biomed Central
Ltd WOS:000303986900001

Felsenstein, J.: Evolutionary Trees

from Dna-Sequences - a Maximum-
Likelihood Approach. Journal of
Molecular ~ Evolution  17(6), 368—
376 (1981). doi:10.1007/BF017343509.

York Publisher:
WOS:A1981MG91100007

Place: New Springer

Letunic, I., Bork, P.: Interactive Tree
Of Life (iTOL) v4: recent updates
and new developments. Nucleic Acids


https://doi.org/10.1101/2021.04.09.439223
http://creativecommons.org/licenses/by-nc/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2021.04.09.439223; this version posted April 11, 2021. The copyright holder for this preprint (which

was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC 4.0 International license.

[64]

[65]

[67]

Research  47(W1), (2019).
doi:10.1093/nar/gkz239. Ox-
ford Publisher: Oxford Univ Press
WOS:000475901600036

256-259

Place:

Korte, A., Farlow, A.: The advantages and
limitations of trait analysis with GWAS:
a review. Plant Methods 9, 29 (2013).
doi:10.1186/1746-4811-9-29. Place: London
Publisher: Bmec WOS:000322897300001

Boitard, S., C., Futschik,
A.: Detecting Selective Sweeps: A New
Approach Based on Hidden Markov Mod-

Schloetterer,

els. Genetics 181(4), 1567-1578 (2009).
doi:10.1534 /genetics.108.100032. Place:
Bethesda Publisher: Genetics  Society

America WOS:000270213700033

Armenteros, J.J.A., Tsirigos, K.D., Son-
derby, C.K., Petersen, T.N., Winther,
O., Brunak, S., von Heijne, G., Nielsen,
H.
predictions using deep neural networks.
Nature Biotechnology 37(4), 420 (2019).
do0i:10.1038/s41587-019-0036-z. Place: New
York Publisher: Nature Publishing Group
WOS:000463006000022

SignalP 5.0 improves signal peptide

Kaell,
E.L.L.:
membrane topology and signal peptide
prediction - the Phobius
Acids Research 35,
do0i:10.1093 /nar/gkm?256.

L., Krogh, A.,

Advantages of combined trans-

Sonnhammer,

web server.

429-432

Place:

Nucleic
(2007).

28

[68]

[69)]

Oxford Publisher: Oxford Univ Press
WOS:000255311500081

Sperschneider, J., Dodds, P.N., Singh,
K.B., Taylor, J.M.: APOPLASTP: pre-
diction of effectors and plant proteins
in the apoplast using machine learning.
New Phytologist 217(4), 1764-1778 (2018).
doi:10.1111/nph.14946. Place:  Hoboken
Publisher: Wiley WOS:000424284400032

Sperschneider, J., Catanzariti, A.-M., De-
Boer, K., Petre, B., Gardiner, D.M.,
Singh, K.B., Dodds, P.N., Taylor, J.M.:
LOCALIZER: subcellular localization pre-
diction of both plant and effector pro-
teins in the plant cell. Scientific Reports
7, 44598 (2017). doi:10.1038/srep44598.
Place: Berlin Publisher:
WOS:000396543100002

Nature Research


https://doi.org/10.1101/2021.04.09.439223
http://creativecommons.org/licenses/by-nc/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2021.04.09.439223; this version posted April 11, 2021. The copyright holder for this preprint (which
was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC 4.0 International license.

Table 1: Genome-wide diversity statistics. Statistics are defined in Additional file 4: Table S3.
1993 1994 1998 2008 Whole dataset

S 669871 607716 705365 787963 1125506
Oy 0.00199 0.00182 0.00204 0.00231 0.00248
m 0.00193 0.00184 0.00192 0.00184 0.00199
D -0.12 0.05 -0.22 -0.77 -0.65
D* 0.21 0.33 -0.05 -0.56 -0.34
F* 0.11 0.29 -0.14 -0.76 -0.58
g -0.015 0.019 -0.012  -0.004 0.055
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Figure 1: Unrooted neighbour-joining tree of all isolates based on genomic distances. The distances
are expressed in number of differences per compared position (due to missing data, the number of
compared positions is less than the number of polymorphic sites and varies between comparisons).
Coloured disks indicate sample membership. Isolates of the 1994 sample that are assigned to a
specific group by the DAPC analysis are indicated by an additional red circle.
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Figure 2: Selective sweep signatures in the Melampsora larici-populina genome. Tajima’s D and
Weir and Cockerham’s 65 are computed over 1000-bp overlapping windows (step: 250 bp). Each
value is placed at the window midpoint. For selective sweep detection methods, the test statistic is
given for all SNPs. Significant or outlier values are indicated by larger red disks and their position is
outlined by a blue vertical line. For the GWAS results, the SNPs which are significant as cofactors
are indicated by a star and the SNPs only passing the threshold in the model without cofactors by
red disks.
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Figure 3: Focus on the candidate region. For all statistics, all genes (full genic region) are indicated
by grey frames. The significance threshold is indicated by a dotted line for BayPass and the GWAS.
GWAS P values from step 1 (without cofactor) are given. Significant SNPs are denoted by red
circles (for EHH, significance is assessed by the In(Rsb) ratio of iEG 1994 to iEG 1993) and a red
star for the top GWAS SNP. The bottom panel replicates the gene localization (upper frames are
forward genes and lower frames are reverse genes). Bars show non-synonymous mutations found
in the whole dataset. The one non-synonymous mutation found to be significant in any test is
denoted by a purple triangle on all panels.
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Additional Files

Additional file 1

Table S1. Characteristics of sampled isolates
and sequencing results. The pathotype column
gives the index of all tested resistances that each
sample was able to overcome (tested resistances:
RMIpl to RMIp9). If none, a value of 0 is given.
For each isolate, the accession number for se-
quencing reads is given, either to Genbank’s Se-
quence Read Archive (SRA) or as a Project ID
within the JGI Genome Portal.

Additional file 2

Table S2. Detection of polymorphic sites. The
table shows, for all 18 chromosomes, the ref-
erence chromosome length, the number of un-
called positions, the number of called positions,
the number of fixed positions (where only one
allele is present, whether or not it is the refer-
ence allele) and the number of variable positions.
The proportions of uncalled, called, fixed and
variable positions are given with respect to the
chromosome length and the proportions of fixed
and variable positions are given with respect to

the number of called positions.

Additional file 3

Figure S1. Result of the DAPC analysis. a
Selection of the number of groups (‘clusters’ in
the figure) using the Bayesian information crite-

rion (BIC). Representation of the number of iso-

lates of each samples assigned to each group in
the analysis with b two groups, c three groups
and d four groups. Membership coefficients of
each isolate in the analysis with e two groups, f
three groups and g four groups. In panels e-g,
the four samples are separated by thick lines and

the colours identifying groups are arbitrary.

Additional file 4

Table S3. List of statistics computed in this
study. Table S4. Genome-wide statistics. More

details are given in the file.

Additional file 5

Figure S2. Pairwise values of 72 between all
pairs of site. Table S5. Linkage disequilibrium

decay statistics.

Additional file 6

Figure S3. Pairwise linkage disequilibrium for
all chromosomes. Each page of this document
contains a half-matrix representing a chromo-
some. For a given chromosome, one SNP per
Kbp has been selected and the genotypic 72 has
been computed for all pairs and is represented on
a grayscale (a legend is included in each page).
The physical position of SNPs is expressed in
Mbp at the bottom of each half-matrix. The
analysis has been performed separately for the
four samples. If a Kbp window didn’t have any

suitable SNP, the row is white.
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Additional file 7

Figure S4. Diversity statistics over a sliding
window. This figure completes Fig. 2 with ad-
ditional statistics: éW D per sample and ad-
ditional population differentiation statistics, in-
cluding values computed per site. The panel for
Oy is cropped to a maximal value of 0.01, dis-

carding larger values.

Additional file 8

Table S5. Results of selective sweep detection
methods. Spreadsheet providing the list of SNPs
passing thresholds for the five selective sweep de-
tection methods. The first sheet gives the list of
SNPs significant with at least two methods (dis-
carding SNPs common to the variants of Bay-
Pass only). For BayPass core and covariate mod-
els the list of SNPs is provided with their indi-
vidual P value. For GWAS, the list of candidate
SNPs comprised 54 SNPs passing the threshold
in the model without cofactors, and the 7 SNPs
declared as cofactors in the best models (their
rank is indicated). Only one SNP is in common.
For EHH, the value of iEG in the 1994 test and
the In(Rsb) for the 1994 to 1993 comparison are
given. For freq-hmm, candidate selection sweep
regions are specified by their coordinates along
with the maximum posterior probability within

the region.

Additional file 9

Figure S5.
GWAS forward-backward procedure. Each step

corresponds to the forward inclusion (until the

Variance partitioning along the

criterion is reached) and then to the backward

elimination of loci as cofactors.

Additional file 10

Figure S6. Results of the EHH analysis. The
six first panels represent iEG (integrated hap-
lotypic EHH) along the genome for the four
samples and the virulent and avirulent clusters.
The last four panels represent the In(Rsb) ratio

statistic for pairwise comparisons.

Additional file 11

Figure S7. Details of EHH statistics in the fo-
cus region. The figure template corresponds to
Fig. 3. The iEG is given for all four samples
along with In(Rsb) for three comparisons: 1994
to 1993, 1994 to 2008, and 1998 to 1993. Signif-
icant values for 1994 and 1998 iEG are denoted
by red circles and are based to the In(Rsb) com-

parison to 1993.

Additional file 12

Table S6.
on chrlb. The genotypes are given in a
plain text table (space separated). The top
GWAS candidate as well as three nearby SNPs

Genotypes of candidate SNPs
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highlighted by BayPass falling within gene
jgi.plMellp2_3]1427900 are presented.
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