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Some of the most damaging tree pathogens can attack woody
stems, causing lesions (cankers) that may be lethal. To identify the
genomic determinants of wood colonization leading to canker
formation, we sequenced the genomes of the poplar canker patho-
gen, Mycosphaerella populorum, and the closely related poplar leaf
pathogen,M. populicola. A secondary metabolite cluster unique to
M. populorum is fully activated following induction by poplar
wood and leaves. In addition, genes encoding hemicellulose-
degrading enzymes, peptidases, and metabolite transporters were
more abundant and were up-regulated in M. populorum growing
on poplar wood-chip medium compared with M. populicola. The
secondary gene cluster and several of the carbohydrate degradation
genes have the signature of horizontal transfer from ascomycete
fungi associated with wood decay and from prokaryotes. Acquisition
andmaintenance of the gene battery necessary for growth in woody
tissues and gene dosage resulting in gene expression reconfiguration
appear to be responsible for the adaptation of M. populorum to
infect, colonize, and cause mortality on poplar woody stems.
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Domestication of forest trees, in contrast to agricultural crops,
has become prevalent only during the last few centuries and

often encompasses a transition from wild, complex ecosystems to
homogeneous and intensively managed plantations that are fre-
quently composed of a single tree species (1). The recent ability
to use modern genetic and genomic techniques with conven-
tional breeding promises to speed up tree domestication (2).
Poplar has emerged as an extremely versatile tree with natural
attributes favorable to its domestication. The ease of vegetative
propagation and the breeding of interspecific hybrids with broad
adaptability, improved growth, and disease resistance has con-
tributed to the widespread use of poplar for a variety of commercial
products, including lumber, paper, and bioenergy feedstock (3).
One of the challenges of poplar domestication has been the
emergence of pathogens that were innocuous in their natural
pathosystems, but can cause severe losses in plantations. Native
poplars still vastly outnumber planted trees, and this large res-
ervoir of a naturally coevolved pathosystem in close proximity
to intensively managed clonal plantations could destabilize the
host–pathogen equilibrium, leading to new disease epidemics (4).
A native endemic fungus on northeastern and north-central

North American poplars, Mycosphaerella populorum (anamorph =
Sphaerulina musiva; class Dothideomycetes) occurs in natural
stands of native Populus deltoides, causing necrotic foliar lesions,

but rarely resulting in early defoliation (5). With the introduction of
exotic poplar species at the beginning of the 20th century and the
intensification of hybrid poplar cultivation in North America,
M. populorum has emerged as a stem-infecting pathogen, causing
stem cankers that lead to weakening and breakage of the tree trunk,
often resulting in plantation failure (Fig. 1A) (6, 7). The pathogen
can attack a broad range of susceptible hybrid poplars and has also
expanded its geographic range. It has recently been reported, to our
knowledge, for the first time west of the Rocky Mountains and in
Argentina and Brazil (6–8). This disease has become the most im-
portant factor limiting poplar plantations in eastern North America
and could threaten the poplar industry worldwide (6, 9).

Significance

Some of the most damaging tree diseases are caused by
pathogens that induce cankers, a stem deformation often lethal.
To investigate the cause of this adaptation, we sequenced the
genomes of poplar pathogens that do and do not cause cankers.
We found a unique cluster of genes that produce secondary
metabolites and are co-activated when the canker pathogen is
grown on poplar wood and leaves. The gene genealogy is dis-
cordant with the species phylogeny, showing a signature of
horizontal transfer from fungi associated with wood decay.
Furthermore, genes encoding hemicellulose-degrading enzymes
are up-regulated on poplar wood chips, with some having been
acquired horizontally. We propose that adaptation to colonize
poplar woody stems is the result of acquisition of these genes.
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A sister species to this pathogen, Mycosphaerella populicola
(anamorph = S. populicola; class Dothideomycetes), is also en-
demic on native poplars, causing a leaf spot symptom on Populus
balsamifera and Populus trichocarpa, but has a much broader
geographical distribution than M. populorum (6, 10). This patho-
gen is considered a lower threat to poplar plantations because it
does not cause stem cankers under natural conditions or in
plantations and it has a narrow host range (11).
To identify genetic factors underlying the canker symptom, we

sequenced and compared the genomes of these two closely re-
lated pathogens with different natural host ranges and etiological
characteristics. This provided a unique opportunity to contrast
the evolutionary consequences of the adaptation of a tree path-
ogen to different hosts and the ability to gradually transition from
natural to domesticated ecosystems. Our results show that the
genome of M. populorum has evolved a broader battery of genes
and has acquired genes through horizontal transfer that are absent
in its sister species. These genes are enriched in functions that
allow M. populorum to infect woody tissues.

Results and Discussion
Genome Sequences of the Two Poplar Pathogens. The 29.3-Mb
M. populorum genome is organized into 13 main chromosomes, 8
of which have telomeres on both ends and 5 a telomere at one end.
The assembled genome has an additional 59 small scaffolds with
an average length of 4.5 kb. A total of 10,233 genes was predicted,
10,179 of which were present on the 13 largest chromosomal as-
semblies (SI Appendix, Tables S1 and S2). These 13 chromosomes
account for 99.5% of the gene space and 99.1% of the genome and
represent the near-complete M. populorum genome.M. populorum
chromosome sizes and numbers were confirmed by electrophoretic
and cytological karyotyping (SI Appendix, Fig. S1 and Electrophoretic
and Cytological Karyotypes). The slightly larger M. populicola ge-
nome (33.2 Mb) was composed of 502 scaffolds containing 9,739
predicted genes (SI Appendix, Tables S1 and S2) and showed an
average nucleotidic similarity of 93.4% with the M. populorum ge-
nome (SI Appendix, Fig. S2A). The size difference between the two
genomes (3.8 Mb) is explained mainly by a difference in repeat
content (SI Appendix, Table S3 and De Novo Repeat Identification
and Transposon Annotation).

Host–Pathogen Coevolution, Recent Speciation, and Macrosynteny.
We inferred a divergence time of 6.4 My (95% confidence interval
of 4.0–9.5 My) betweenM. populorum andM. populicola (Fig. 1B).
This overlaps with the estimated divergence time between their
respective natural hosts, Populus deltoides and P. balsamifera/
P. trichocarpa. The first fossils for members of the poplar sections
Tacamahaca (i.e., balsam poplars including P. balsamifera and
P. trichocarpa) and Aigeiros (cottonwoods, P. deltoides) were dated
between 9 and 13 My ago (12), and divergence time between
members of these sections ranged from 6.8 to 7.8 My (13). These
estimations support the hypothesis of coevolution and cospeci-
ation of these two species on their endemic hosts.
The genome organization has been conserved between these

two poplar pathogens, reflecting their relatively recent speciation.
TheM. populorum andM. populicola genomes are highly collinear
and macrosyntenic (SI Appendix, Fig. S2B), contrasting with the
mesosynteny seen in other Mycosphaerella genome comparisons
(14) (SI Appendix, Fig. S2C). The two poplar pathogens show
a strong synteny with 171 (34%) repeat-masked M. populicola
scaffolds aligned to the 13 repeat-masked M. populorum chromo-
somes. Most (95%) of the M. populicola scaffolds have a one-to-
one relationship to a M. populorum single chromosome; i.e., there
are no breakpoints. The orthologous gene content in these syntenic
blocks is conserved, but their order and orientation often vary.
M. populorum and M. populicola have a larger size of syntenic
blocks (46 genes/block in the largest block) than M. populorum
and Dothistroma septosporum (a pine pathogen), which diverged
at least 87 Mya with only 10 genes in the largest block (14)
(SI Appendix, Fig. S2C and Macro- and Microsynteny).

Reduced Gene Content in M. populorum and M. populicola. The
genomes of M. populorum and M. populicola have the smallest
gene content (10,233 and 9,739 protein models predicted, re-
spectively) (SI Appendix, Table S2) within the 18 Dothideomycetes
fungal genomes analyzed recently (14). It is unlikely that the
reduced gene sets in these poplar pathogens result from in-
complete genome coverage and/or assembly; the M. populorum
andM. populicola assemblies encompass 96.0% and 94.4% of the
Core Eukaryotic Genes Mapping Approach (15) eukaryotic gene
space, respectively.
A total of 8,548 homologous genes between the two poplar

pathogens was clustered in groups of two to six proteins (SI
Appendix, Clusters of Homologous Proteins). Within this core
gene set, a large number of lineage-specific genes are present,
with ∼7% (719 genes in M. populorum and 749 in M. populicola)
of their respective gene content shared exclusively between
the two poplar pathogens. We found that 8.3% (850) of
the gene models in M. populorum and 7.2% (703) of those in
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Fig. 1. M. populorum and M. populicola symptoms and divergence time
estimate. (A, Top Left) M. populorum branch canker and leaf spots on a
P. deltoides × P. trichocarpa clone. (Top Right) M. populicola leaf-spot
symptoms on P. trichocarpa. (Bottom) M. populorum stem canker on
P. deltoides × P. maximowiczii (Left) and P. deltoides × P. trichocarpa (Right)
that caused the trunk to break at the canker. Photo provided by Harry
Kope. (B) Maximum-likelihood phylogeny of M. populorum, M. populicola,
and 16 other ascomycete fungi. All nodes received a bootstrap support of
100% except one, indicated with a 94% value. Colored stars: calibration
points in million years (SI Appendix, Phylogenomic Analysis).

3452 | www.pnas.org/cgi/doi/10.1073/pnas.1424293112 Dhillon et al.

http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1424293112/-/DCSupplemental/pnas.1424293112.sapp.pdf
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1424293112/-/DCSupplemental/pnas.1424293112.sapp.pdf
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1424293112/-/DCSupplemental/pnas.1424293112.sapp.pdf
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1424293112/-/DCSupplemental/pnas.1424293112.sapp.pdf
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1424293112/-/DCSupplemental/pnas.1424293112.sapp.pdf
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1424293112/-/DCSupplemental/pnas.1424293112.sapp.pdf
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1424293112/-/DCSupplemental/pnas.1424293112.sapp.pdf
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1424293112/-/DCSupplemental/pnas.1424293112.sapp.pdf
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1424293112/-/DCSupplemental/pnas.1424293112.sapp.pdf
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1424293112/-/DCSupplemental/pnas.1424293112.sapp.pdf
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1424293112/-/DCSupplemental/pnas.1424293112.sapp.pdf
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1424293112/-/DCSupplemental/pnas.1424293112.sapp.pdf
www.pnas.org/cgi/doi/10.1073/pnas.1424293112


M. populicola were unique; i.e., they did not have homologs in
the other fungal genomes available in the National Center for
Biotechnology (NCBI) nonredundant database (SI Appendix,
Fig. S3A). Only ∼9% of the unique genes encode putative se-
creted proteins, and only 4–5% carry known functional domains
(SI Appendix, Fig. S3B). Many of these unique genes represent
putative transcription factors as inferred from zinc-ion binding
and nucleic-acid–binding gene ontology terms. Similar lineage-
specific enrichments in transcription factors have been found
in the fungal obligate biotrophs Melampsora larici-populina and
Puccinia graminis (16).
To further study gene family expansions and contractions in

these two genomes, we compared them to 10 Dothideomycetes
genomes, resulting in an analysis of 16,909 OrthoMCL gene
families (SI Appendix, Fig. S3C). A large majority (∼99.5%) of
these gene families were contracted in the two poplar pathogens,
with only 32 (0.18%) of them expanded in M. populorum and 23
(0.13%) in M. populicola; 34 (0.2%) additional OrthoMCL gene
families were expanded in both fungi (SI Appendix, Fig. S3D;
Dataset S1). More than 91% of the genes included within these
expanded gene families had RNA-seq transcript support, 66.2%
with gene-count values (fragments per kilobase of exon per
million fragments mapped) up to 10.0 (Dataset S1). Strikingly,
among these expanded gene families, those encoding peptide
and amino acid transporters are significantly overrepresented
(SI Appendix, Fig. S3E). This suggests that these two poplar
pathogens have diversified their potential for nitrogen assimila-
tion, as observed in other obligate biotrophs (16, 17).

Gene Content and Expression in M. populorum and M. populicola
Reflect Differences in Etiology and Pathogenicity. The high simi-
larity in genome organization and gene number observed be-
tween M. populorum and M. populicola raise the possibility that
differences in the etiology of the diseases caused by these
pathogens are due to subtle contrasts in gene dosage (i.e., the
number of copies of a given gene) and expression. To investigate
whether this could explain canker formation inM. populorum, we
analyzed gene content and expression of gene families known to
be involved in interaction with plant hosts, including those cod-
ing for secondary metabolism proteins, plant cell-wall–degrading
enzymes, and transporters. We compared RNA-seq expression
profiles of both fungi grown on artificial media enriched with
host-derived carbon sources (poplar leaf extract or poplar wood
chips). Inoculation of host-derived media has been widely used
to efficiently mimic conditions occurring during host infection
and colonization by fungal pathogens (18). Even if artificial
media does not completely mimic the structure and dynamics of
the nutritional environment that exists in planta (18, 19), we expect
that our simplified model of growth on poplar-enriched artificial
media can provide a convenient way to compare factors involved in
leaf and woody tissue invasion, breakdown, and assimilation.
All gene families examined had more copies in M. populorum

than in M. populicola. Furthermore, expanded gene families
systematically showed a higher number of genes that were up-
regulated in M. populorum when interacting with host com-
pounds, suggesting a gene dosage effect probably acting at the
level of gene expression (SI Appendix, Fig. S4A).
A unique horizontally transferred M. populorum nonribosomal peptide
synthetase-polyketide synthase hybrid cluster strongly induced by poplar.
A total of 31 and 29 secondary metabolite clusters were pre-
dicted in M. populorum and M. populicola, respectively. This is
slightly higher than any other fungi sequenced in the Capnodiales
(14, 20). In addition to the 26 syntenic clusters present in the two
genomes, five M. populorum [one nonribosomal peptide synthe-
tase (NRPS), two polyketide synthases (PKS), two NRPS–PKS
hybrids] and three M. populicola (three PKS) clusters were lineage
specific (SI Appendix, Clusters of secondary metabolite genes).
One of the two unique NRPS–PKS clusters found on

M. populorum scaffold 6 showed a strong induction pattern during
growth on media amended with poplar tissues. This cluster is

∼20- and ∼40-fold overexpressed for the leaf-extract and wood-
chip treatments, respectively, compared with the control (skim
milk) (SI Appendix, Table S4; Fig. 2A). This shows that the ex-
pression of this gene cluster is coregulated following induction
by poplar leaves or wood. Homologs of these genes were also
present in the M. populicola and other Dothideomycetes
genomes, but were not organized in a coregulated gene cluster as
seen in M. populorum.
Secondary metabolite cluster identification with antiSMASH

(21) indicated that the first part of the predicted M. populorum
cluster (five key genes and one gene coding for a fungal-specific
transcription factor) was homologous to the Penicillium expan-
sum chaetoglobosin biosynthesis cluster (22) (Fig. 2A). RNAi
silencing of the P. expansum hybrid NRPS–PKS gene completely
eliminated chaetoglobosin production (23). Chaetoglobosins are
known to have phytotoxic, antifungal, and antibacterial activities,
which may benefit the fungus during host interaction and while
fending off competitors (24, 25). As chaetoglobosins are pro-
duced by fungi exhibiting different lifestyles—broad host range
(P. expansum), narrow host range (Diplodia maydis), and endo-
phytes (Chaetomium spp.)—they presumably serve different
roles in these diverse interactions.
Similarity searches against all publicly available fungal

genomes revealed that the full cluster is shared only with the
ascomycetes Penicillium oxalicum (synonym: Penicillium decum-
bens). P. oxalicum is a saprophytic fungus commonly associated
with wood decay and possesses improved lignocellulose
degradation abilities (26). The striking conservation in synteny
and gene sequence as well as the sporadic distribution of the full
cluster in only two groups of the fungal phylogeny (Dothideo-
mycetes and Eurotiales) raises the possibility that this cluster was
acquired through horizontal gene transfer (HGT) (Fig. 2B). To
test this hypothesis, individual phylogenies were reconstructed
for all of the 11 M. populorum cluster genes and their respective
homologs identified across different fungal genomes. Most of
the M. populorum secondary metabolite cluster proteins were
found nested within a group of Eurotiomycetes fungi, including
P. oxalicum, as expected under the hypothesis that the cluster
was transferred from a Eurotiomycetes ancestor through a
horizontal transfer event (Fig. 2B; Dataset S2; SI Appendix,
Origin and evolutionary history of the chaetoglobosin-like gene
cluster in M. populorum). This unique and highly expressed cluster
could have been transferred from fungi with wood-decaying
abilities to early Mycosphaerella and may contribute to the ability
of M. populorum to infect woody tissues, an activity missing in
M. populicola.
Enzyme arsenal facilitates wood colonization. Microscopy analyses of
young stems and branches indicated that infection byM. populorum
results in wood colonization (7, 27, 28). Fungal growth was not
limited to the cortex, periderm, and phloem, but also invaded
and expanded within xylem elements. Hyphae of M. populorum
were observed growing in the cell lumens of xylem vessel mem-
bers and fibers (28), suggesting that differences in the ability to
infect woody tissues could be related to wood cell-wall–degrading
gene families. The genes targeting plant cell-wall components
found in the two poplar pathogens could ensure at least a par-
tial cellulose digestion and possibly allow these pathogens to
use cellulose as a carbon source during host penetration (14)
[SI Appendix, Fig. S4B and Carbohydrate-active enzymes (CAZy);
Dataset S3A].
Selective retention of horizontally acquired genes from

exchanges between fungi as well as from prokaryote donors have
recently been shown to play an important role in the reconfig-
uration of carbohydrate metabolism of filamentous plant and
animal associated fungi (29–31). Several gene families related to
hemicellulose and pectin degradation and fungal cell-wall mod-
ification are significantly enriched in the canker pathogen,
M. populorum (SI Appendix, Fig. S4B). None of these genes arose
from a recent lineage-specific gain inM. populorum, as they were
found in other Dothideomycetes lineages. Instead, they were
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most likely inherited from ancient gene duplications before the
M. populorum/M. populicola split, followed by a loss in the
M. populicola lineage (Dataset S4). Eleven of these genes had
significant similarities with bacterial genes, suggesting a possible
ancient prokaryote origin (Dataset S4). Phylogenetic approaches
showed that two genes potentially involved in cellulose degra-
dation, including an Aryl-alcohol/glucose oxidase, were probably
inherited in Dothideomycetes fungi through a horizontal gene
transfer from a bacterial donor (SI Appendix, Fig. S5 and HGT of
CAZy and AA genes). Additionally, one gene encoding a puta-
tively secreted cutinase showed a clear footprint of HGT from
a Basidiomycota donor to ascomycete fungi, including members
of the genus Fusarium and M. populorum (SI Appendix, Fig. S5
A–D and HGT of CAZy and AA genes).
The two poplar pathogens also encode several homologs of

ligninolytic enzymes and lytic polysaccharide mono-oxygenases
[Auxiliary Activity (AA) enzyme families] (32), including per-
oxidases and glucose/methanol/choline oxidoreductases. More
than half of those (61% inM. populorum and 63% inM. populicola)
are predicted to be secreted (Dataset S3B). Secreted multi-
copper oxidases are considered to be “attack” enzymes, involved
in melanin and lignin depolymerization, that contribute to the
reduction of host lignification in response to pathogen infection

(33). M. populicola has a similar content of secreted laccase genes
as M. populorum, except for a gene encoding a vanillyl-alcohol
oxidase (Dataset S3B). Within the Dothideomycetes genomes,
genes encoding vanillyl-alcohol oxidases have been gained only
by the canker pathogen M. populorum and the pine needle path-
ogen D. septosporum (Dataset S4) (14, 20). An additional differ-
ence between the two poplar pathogens is an enrichment in genes
encoding chloroperoxidases with a total of 16 gene models in
M. populorum vs. 10 inM. populicola (Dataset S3B). Several plant-
pathogenic ascomycetes that also occur as leaf litter-inhabiting
saprophytes use extracellular chloroperoxidases to catalyze lignin
chlorination, whereby the major structures in lignin are not only
chlorinated, but also cleaved by these enzymes (34).
Expression of the ligno-cellulolytic enzyme arsenal and carbon assimila-
tion. We observed a major difference in the gene expression
profile of the two poplar pathogens that is correlated with the
ability of M. populorum to partially degrade lignocellulose
compounds and grow in woody tissues (Fig. 3A). Genes encoding
carbohydrate active enzymes are more differentially expressed in
M. populorum grown on the wood-chip medium compared with M.
populicola. Twenty-one percent of the 214 genes encoding carbo-
hydrate-active [including AA (32)] enzymes in M. populorum were
significantly up-regulated during growth on wood-chip medium
relative to the skim-milk and the leaf-extract media; only 7.5% were
down-regulated (Fig. 3B). By contrast, only 4.2% of the 194 car-
bohydrate active enzymes were significantly up-regulated in M.
populicola but 14.1% were down-regulated (Fig. 3B). Differential
regulation thus appears to represent a key functional contrast be-
tween these two pathogens during colonization of wood.
A large majority of up-regulated transcripts encode enzymes

targeting the three most important carbohydrates in hardwood:
cellulose, xylan, and pectin. The two genes encoding lytic poly-
saccharide mono-oxygenase enzymes (family AA9; formerly
GH61) are strongly up-regulated when M. populorum was grown
on the wood-chip medium (SI Appendix, Fig. S6). Enzymes of
this AA9 family act in concert with classical cellulases to enhance
lignocellulose degradation by oxidatively cleaving glycosidic bonds
on the surface of cellulose (35). Activation of this partial cellulosic
system in M. populorum is complemented by the up-regulation of
full xylanolytic machinery. β-Xylosidases, α-arabinofuranosidases,
and α-methylglucuronidases are part of the degradation machinery
that is capable of the complete hydrolysis of xylan, the major poly-
saccharide component of hemicellulose accounting for 15–30% of
the cell-wall content in poplar (3). The same cellulosic and
xylanolytic systems in M. populicola were reduced (one β-xylosidase,
one α-D-galactosidase, and one α-L-fucosidase missing) and not
up-regulated under the wood-chip treatment (Datasets S3A and
S4). In vitro measurement of the xylanase, β-glucosidase, and
cellobiohydrolase activities using pNP-coupled glycosides con-
firmed the activation of these wood-degradation abilities in
M. populorum grown on wood-chip medium compared with
M. populicola (SI Appendix, Fig. S7 and Enzymatic Activities:
Strains and Experiments). Up-regulation of genes encoding enzymes
involved in cellulose, xylan, and pectin degradation correlates well
with growth profiles on artificial media enriched for these complex
molecules, as M. populorum grows better than M. populicola on
media enriched with these products (SI Appendix, Fig. S8 and
Growth Profiling on Artificial Media).
Hemicellulose and pectin accessory esterases are another set

of overexpressed genes in M. populorum grown on wood-chip
medium that may play an important role in the colonization of
woody tissues. These enzymes are involved in xylan de-acetylation
and include carboxylesterase, rhamnogalacturonan acetylesterase,
and feruloyl esterase enzymes (Dataset S3A). Feruloyl esters are
found in cell walls of poplar stem and branch tissues, forming
complex cross-links between linear polysaccharide chains such
as xylan, lignin, and structural proteins and act as a physical
barrier hindering microbial degradation of polysaccharide poly-
mers (36). Xylan esterases working in concert with xylanases are
required for effective biodegradation of xylan (37). As observed
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Fig. 2. Chaetoglobosin-like cluster unique to M. populorum. (A) Transcript
abundance comparison (log2-fold change ratio) between the control me-
dium and the poplar leaf-extract (green) and the poplar wood-chips (or-
ange) media for the 11 genes of the cluster; in contrast with other genes
of scaffold 6 in M. populorum, log2-fold values of 8 genes located outside
the cluster at the 5′- and 3′-ends are given. Asterisk indicates a significant
change in gene expression (Cuffdiff q-value < 0.01) between the leaf-extract
and the wood-chips treatment compared with the control (skim milk).
(B) Maximum-likelihood (ML) phylogeny of cluster genes (3,707 variable amino
acid sites from the five congruent datasets corresponding to the chaeto-
globosin-like proteins) and ML species phylogeny (five congruent protein
datasets and 1,535 variable amino acid sites) for the five taxa most closely
related to theM. populorum protein clusters (i.e., P1 group; see SI Appendix,
Origin and evolutionary history of the chaetoglobosin-like gene cluster in M.
populorum). Structure and conservation of the cluster is given with the
legend used for Fig. 2A; lines between genes indicate homolog pairs be-
tween M. populorum and M. populicola. The chaetoglobosin-like cluster is
absent from M. populicola and all other members of the Dothideomycetes.
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in M. populorum, the coexpression of xylanases and deacty-
lating esterases facilitates this canker-causing pathogen in the
degradation of xylan as opposed to M. populicola.
Along with the differential up-regulation of plant cell-wall–

degrading enzymes in M. populorum, transmembrane sugar
transporter genes are also activated; these may be required for
the assimilation of the products from the degradation activities
(Fig. 3). Of the 49 sugar transporters found in the M. populorum
genome, the transcription of 8 (16.3%) was significantly up-
regulated during growth on the wood-chip treatment, whereas
only 2 (4.1%) were significantly down-regulated (Fig. 3B). An
opposite trend was observed for M. populicola, with only three
sugar transporters (of 41; 7.3%) being significantly up-regulated
and nine (21.9%) down-regulated (Fig. 3B).
The mobilization of starch from the host and the synthesis of

fungal-specific products such as α-glucan were also up-regulated
in the wood-chip treatment for M. populorum (SI Appendix,
Stealth pathogenicity and the CAZy GH13 family). A gene cluster
homologous to the α-glucan cluster found in other ascomycete
fungi (38, 39) showed a tissue-dependent coexpression and a
strong up-regulation in the canker pathogen M. populorum when
grown on the wood-chips medium, whereas in M. populicola this
cluster was up-regulated only on the leaf-extract medium (SI
Appendix, Fig. S9 and Stealth pathogenicity and the CAZy GH13
family). This subtle difference in host tissue recognition between
the two poplar pathogens also hints at an increased potential of
M. populorum to interact with woody tissues.
Nitrogen assimilation via proteolysis. Nitrogen constitutes an im-
portant limiting factor for fungal growth in woody tissues (40,
41). The unique protein degradation/assimilation pathway active
in the canker pathogen M. populorum allows it to harvest ni-
trogen from wood, giving it access to a niche in a woody envi-
ronment. Plant pathogen genomes are generally enriched in
secreted trypsin and subtilisin-like peptidases (MEROPS sub-
families S01 and S08) that play a role in pathogenicity and direct
degradation of plant cell-wall components, such as hydroxyproline-
rich glycoproteins (42, 43). An underrepresentation of these
subfamilies in M. populorum and M. populicola is balanced by

an increase in tripeptidyl-peptidases (S53) and amino-peptidases
(M28) (SI Appendix, Tables S5 and S6 and Peptidases). Another
abundant peptidase family in the M. populorum and M. populicola
genomes is the atypical secreted oligo-peptidases (M03B) (SI
Appendix, Tables S5 and S6). These oligo-peptidases display a
signal peptide, whereas the fungal M03B peptidases are gen-
erally not secreted and are actively involved in the degradation
of oligo-peptides in the intracellular compartment (SI Appen-
dix, Fig. S10A). Furthermore, genes encoding these atypical
secreted oligo-peptidases are expressed by both M. populorum
and M. populicola in the leaf-extract and wood-chip treatments
with a high up-regulation pattern induced by the leaf-extract
medium for M. populorum (SI Appendix, Fig. S10B). On the other
hand, the nitrate and nitrite assimilation systems were down-reg-
ulated in M. populorum growing on wood-chip medium. This was
counteracted by an up-regulation of the di- and tripeptidyl pep-
tidases, which helps the fungus to derive N nutrition through the
protein degradation pathway. However, the transcriptional control
of the nitrate/nitrite assimilation pathway inM. populicola was not
repressed during its interaction with the host tissues (SI Appendix,
Fig. S10C). This shows that the usual path of nitrogen assimilation
(nitrate/nitrite uptake) seen in a wide range of fungi (from sapro-
phytic to endophytic and necrotrophic fungi) has been abandoned
by M. populorum in favor of nitrogen uptake via the protein
degradation pathway.
A similar trend was observed for transporters involved in small

peptide and protein uptake (Fig. 3B). Both M. populorum and
M. populicola show an expansion of oligo-peptide transporters
and amino acid transporters that may be required for the as-
similation of proteolysis degradation products (SI Appendix, Fig.
S3E; Dataset S5). Peptide and amino acid transporter genes that
are transcriptionally up-regulated by M. populorum on the wood-
chip medium are likely to be involved in the transport of small
peptides that are released by the action of peptidases induced
under the same experimental conditions (SI Appendix, Table S7).
This implies that M. populorum has the potential to activate a
unique protein degradation/assimilation pathway during growth

A

B

Fig. 3. Comparison of gene expression in M. populorum and M. populicola during growth on an artificial medium enriched with skim milk (control), poplar
leaf extract, and wood chips. (A) Log2-fold change ratio of the gene expression values between one-to-one orthologs of M. populorum and M. populicola
(mean of samples from 1, 2, and 7 days of infection as replicates). Genes encoding carbohydrate active enzymes (CAZy) and sugar transporters are highlighted
with red circles and yellow triangles, respectively. (B) Number of genes encoding CAZy, sugar transporters, peptidases, and nitrogen transporters that are sig-
nificantly up- and down-regulated (with Cuffdiff q-value < 0.05) when M. populorum (Left) and M. populicola (Right) were grown on the wood-chip medium.
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on wood-chip medium, suggesting a reliance on proteolysis for
nutrition while growing in contact with wood.

Conclusions. Our comparative genomic analyses show that relatively
few genomic changes—acquisition of novel functions via HGT,
gene family expansion, and gene expression reprogramming—
could enable a tree pathogen to exhibit novel disease etiology.
Genomic innovation through trans-specific exchange of genetic
material is proposed as a significant driver of adaptation to infect
woody tissues in the canker pathogenM. populorum. Gene arsenal
dosage observed across all gene families examined suggests that
after divergence from M. populicola a rapid reorganization of
the protein machinery in M. populorum enabled it to use poplar
woody tissues. This can have major impacts on tree domesti-
cation because it transforms an innocuous coevolved pathogen
into one that causes severe mortality and economic damage to
plantation forestry.

Materials and Methods
Fungal Strains, Genome Sequencing, and Annotation. The M. populorum
SO2202 (NCBI taxonomy ID: 692275) and M. populicola p0202b (NCBI

taxonomy ID: 1136490) strains sequenced in this study were deposited in
the culture collection of the Centraalbureau voor Schimmelcultures (CBS)
(CBS_133246 and CBS_133247). The M. populorum genome was sequenced
at the Joint Genome Institute on both the Roche 454 and Illumina Solexa
platforms. The M. populicola genome was sequenced on the IBIS platform
(Laval University) with Roche 454 technology.

Illumina RNA-Seq Analysis. RNA-seq data were generated with an Illumina (GAII)
sequence from poly(A+) mRNA. Treatments consisted of M. populorum and
M. populicola grown on YNB-minimal liquid media (HIMEDIA) enriched with
skim milk, poplar leaf extract, or wood chips. Fungal material was harvested 1, 2,
and 7 d after inoculation. Poly(A+) mRNA extraction, library construction, and
postrun analyses are described in SI Appendix, Illumina RNA-Seq Experiments.

Detailed materials and methods for all experiments and results are shown
in SI Appendix and Datasets S1–S7.
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