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ABSTRACT Perenniporia fraxinea can colonize living trees and cause severe damage to
standing hardwoods by secreting a number of carbohydrate-activate enzymes (CAZymes),
unlike other well-studied Polyporales. However, significant knowledge gaps exist in under-
standing the detailed mechanisms for this hardwood-pathogenic fungus. To address this
issue, five monokaryotic P. fraxinea strains, SS1 to SS5, were isolated from the tree species
Robinia pseudoacacia, and high polysaccharide-degrading activities and the fastest growth
were found for P. fraxinea SS3 among the isolates. The whole genome of P. fraxinea SS3
was sequenced, and its unique CAZyme potential for tree pathogenicity was determined
in comparison to the genomes of other nonpathogenic Polyporales. These CAZyme fea-
tures are well conserved in a distantly related tree pathogen, Heterobasidion annosum.
Furthermore, the carbon source-dependent CAZyme secretions of P. fraxinea SS3 and a
nonpathogenic and strong white-rot Polyporales member, Phanerochaete chrysosporium
RP78, were compared by activity measurements and proteomic analyses. As seen in the
genome comparisons, P. fraxinea SS3 exhibited higher pectin-degrading activities and
higher laccase activities than P. chrysosporium RP78, which were attributed to the
secretion of abundant glycoside hydrolase family 28 (GH28) pectinases and auxiliary
activity family 1_1 (AA1_1) laccases, respectively. These enzymes are possibly related
to fungal invasion into the tree lumens and the detoxification of tree defense substan-
ces. Additionally, P. fraxinea SS3 showed secondary cell wall degradation capabilities
at the same level as that of P. chrysosporium RP78. Overall, this study suggested mech-
anisms for how this fungus can attack the cell walls of living trees as a serious patho-
gen and differs from other nonpathogenic white-rot fungi.

IMPORTANCE Many studies have been done to understand the mechanisms underly-
ing the degradation of plant cell walls of dead trees by wood decay fungi. However,
little is known about how some of these fungi weaken living trees as pathogens.
P. fraxinea belongs to the Polyporales, a group of strong wood decayers, and is
known to aggressively attack and fell standing hardwood trees all over the world.
Here, we report CAZymes potentially related to plant cell wall degradation and
pathogenesis factors in a newly isolated fungus, P. fraxinea SS3, by genome sequenc-
ing in conjunction with comparative genomic and secretomic analyses. The present
study provides insights into the mechanisms of the degradation of standing hard-
wood trees by the tree pathogen, which will contribute to the prevention of this se-
rious tree disease.
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The vast majority of organic carbon in a terrestrial ecosystem is first accumulated in
plant cell walls via photosynthesis. Wood decay fungi are well known to be primar-

ily responsible for the depolymerization of complex plant cell wall polymers, including
various polysaccharides and recalcitrant lignin (1), and recent meta-omics analyses of
decayed woods provided evidence of their roles in natural environments (2). Some
wood decay fungi have also been reported to aggressively invade standing trees as se-
rious pathogens and to damage and fell living trees by structurally weakening their
cell wall, which consists of a thin primary cell wall layer and a thick secondary cell wall
layer, in turn causing the necrosis of living cells (3). Therefore, such tree pathogens rep-
resent pioneer degraders in a terrestrial carbon cycle. However, the molecular mecha-
nisms of how these tree pathogens infect living trees, overcome tree defense systems,
weaken the cell walls, and, finally, kill the cells in living trees remain largely unknown,
except for those of a softwood pathogen, Heterobasidion annosum (4).

Many white-rot Polyporales, including Phanerochaete chrysosporium, Ceriporiopsis sub-
vermispora, Trametes versicolor, and Phlebiopsis gigantea, possess an impressive ability to
degrade dead trees, such as stumps, fallen trees, and woody debris; hence, they are called
wood decay fungi (5–8). A combination of genomic, transcriptomic, and proteomic analy-
ses of these fungi showed that a series of carbohydrate-active enzymes (CAZymes) was
secreted to degrade plant cell wall components such as cellulose, hemicellulose, and lignin
in dead trees (9). Unlike the above-mentioned representative wood decay Polyporales,
Perenniporia fraxinea is capable of colonizing living hardwood trees and causes mortality
and severe mechanical damage by exhibiting the white-rot type of wood decay (10). In
urban environments, fungus-related diseases have led to hazardous situations for a broad
range of hardwoods, including downed trees or limbs of planted black locusts, oaks, ashes,
and flowering cherries, throughout North America, Europe, and Asia (10–14). However,
knowledge of the genetic information and the molecular mechanisms possessed by this
hardwood pathogen is limited to date.

To explore the mechanism of the ability of P. fraxinea to degrade living trees, five mono-
karyotic strains of P. fraxinea were isolated from natural environments. Among them, P. fraxi-
nea strain SS3 showed fast growth and a high polysaccharide-degrading capacity compared
to the other four strains; hence, genomic and proteomic analyses were performed on this
strain. A draft genome sequence of P. fraxinea SS3 was obtained by whole-genome sequenc-
ing, and a set of genes that encode CAZymes was annotated. The CAZyme compositions of
the P. fraxinea genome were compared to those of the genomes of phylogenetically related
nonpathogenic Polyporales and another tree pathogen, H. annosum, which belongs to a dif-
ferent order, Russulales (8). In addition, carbon source-dependent CAZyme secretion by P. frax-
inea SS3 was monitored using polysaccharide-degrading activity measurements along with a
well-studied model wood degrader of the Polyporales, Phanerochaete chrysosporium, which
does not infect living trees. Finally, a proteome secreted by P. fraxinea was analyzed by liquid
chromatography-tandemmass spectrometry (LC-MS/MS) and compared with that of P. chryso-
sporium to elucidate CAZymes related to the degradation of the plant cell wall by the hard-
wood tree pathogen.

RESULTS
Isolation and selection of P. fraxinea monokaryotic strains. We isolated five

monokaryotic strains, SS1 to SS5, from a P. fraxinea fruiting body grown on a Robinia pseu-
doacacia tree. The internal transcribed spacer (ITS) regions of the strains were analyzed,
and the best hits from a BLASTn search showed 99.2 to 100% identity to previously
reported P. fraxinea strains (see Table S1 in the supplemental material). A phylogenetic tree
of the ITS sequences showed that all strains are closely related to P. fraxinea, compared to
the outgroups of Perenniporia vicina and P. martius (11, 15), indicating that they belong to
P. fraxinea (Fig. 1A). The five isolates were cultivated on a potato dextrose agar (PDA) plate,
and the growth of the mycelium of P. fraxinea SS3 was found to be relatively faster than
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that of the other isolates (Fig. 1B and Fig. S1). To evaluate the ability of the pathogen to de-
grade plant components, five strains, SS1 to SS5, were grown in liquid medium containing
wood powder as the sole carbon source in biological triplicates, and the plant polysaccha-
ride-degrading activities in each culture supernatant were measured for cellulose and xylan
(Fig. 1C). As a result, both cellulase and xylanase activities were similar among strains SS1
to -4, while strain SS5 displayed significantly low activities. Overall, strain SS3 seemed to be
a monokaryotic strain with robust growth and high wood degradation activities; therefore,
this strain was selected for further analysis.

Genomic analysis of P. fraxinea SS3. The genomic DNA of monokaryotic P. fraxi-
nea strain SS3 was extracted, the whole genome was sequenced, and the total output
data comprised 6.15 Gbp. The total assembled size of the draft genome was found to
be 32.6 Mbp (GC content, 52.5%), as shown in Table 1. The genome includes 571 scaf-
folds with an N50 length of 255,461 bp, 7,796 annotated genes, and an average mRNA
size of 1,540 nucleotides (nt). Its genome features are similar to those of the previously
disclosed genomes of other wood decay fungi deposited in the MycoCosm portal (16).
The putative functions of these genes were annotated based on a BLAST homology
search (17) and a dbCAN database search (18) (Data Set S1).

Four hundred seventy-five CAZyme genes were annotated in the genome of P. frax-
inea SS3, and the number of CAZy families was compared to those of other reported
Polyporales, a brown-rot fungus, Postia placenta, and the white-rot fungi P. chrysospo-
rium, C. subvermispora, and T. versicolor, together with a plant-pathogenic Russulales
member, H. annosum (Fig. 2). Clustering analysis of the numbers of genes of represen-

TABLE 1 Genome summary of P. fraxinea strain SS3

Parametera Value for P. fraxinea SS3
Assembled genome size (Mbp) 32.6
GC content (%) 52.5
No. of assembled scaffolds 571
Scaffold N50 length (bp) 255,461
No. of annotated gene models 7,798
Avg CDS length (bp) 1,543
aCDS, coding DNA sequence.

FIG 1 (A) Phylogenetic tree of P. fraxinea species, including five strains, SS1 to SS5, isolated from a P. fraxinea fruiting body, using the ITS
region sequences. (B) Time course of mycelial growth of the five P. fraxinea strains SS1 to SS5 grown on agar plates. (C) Major wood
polysaccharide-degrading activities in the culture supernatants of the five P. fraxinea strains grown in liquid culture containing poplar wood
powder as a sole carbon source for 7 days. PASC cellulase activities and xylanase activities are shown on the left and right, respectively. The
averages and standard deviations were calculated from three independent biological replicates. Student’s t test was performed.
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tative CAZymes for plant cell wall degradation clearly showed that P. fraxinea SS3 pos-
sesses characteristic CAZymes different from those of other white-rot and brown-rot
Polyporales and rather similar to those of H. annosum, which strongly indicates that
tree pathogens utilize common specialized CAZymes. When we observed the details of
the glycoside hydrolase (GH) families, there was no significant difference with respect
to the number of genes encoding conventional fungal cellulases (19) such as cellobio-
hydrolase (CBH) and endoglucanase (EG) classified into GH7, GH6, GH5_5, GH12, and
GH45 between P. fraxinea SS3 and other white-rot fungi (20). Interestingly, the GH7
genes in the genome of P. fraxinea SS3 (mRNA6940, mRNA3133, and mRNA5626) have
unique domain structures that lack carbohydrate-binding modules (CBMs) of family 1
(CBM1) (Fig. S2), the accessory domain of which is known to introduce a catalytic do-
main to the substrate surface (19). It has been known that nonpathogenic white-rot
fungi have a GH7 domain with CBM1 at the C-terminal region; therefore, all of the GH7
sequences from P. fraxinea SS3, P. chrysosporium, C. subvermispora, T. versicolor, and
H. annosum were analyzed, and it was found that a GH7 cellulase from T. versicolor and
H. annosum also lacks CBM1 (Fig. S2). These results indicated that the cellulase system

FIG 2 Heatmap and hierarchical tree of CAZyme genes predicted in the genome of P. fraxinea SS3
(Perfr) compared to other reported fungal genomes, including Phanerochaete chrysosporium RP78 ver
2.2 (Phach), Ceriporiopsis subvermispora (Cersu), Trametes versicolor (Trave), Heterobasidion annosum
(Hetan), and Postia placenta (Pospl). The CAZy family and the putative function of the genes are
shown, and the corresponding possibly related metabolism is indicated as a colored star on the right
of the heatmap. All of the predicted genes are described in Data Set S1 in the supplemental material.
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of P. fraxinea SS3 is unique among those of other Polyporales but is conserved in tree
pathogens.

For hemicellulose degradation, there was also no difference in the numbers of
xylan-degrading enzymes (e.g., GH10 and GH11 endoxylanases, GH51 and GH95 arabi-
nofuranosidases, and GH115 glucuronidase) (21, 22) and mannan-degrading enzymes
(e.g., GH2 mannosidase, GH5_7 mannanase, and GH27 a-galactosidase) (21) between
P. fraxinea SS3 and other white-rot fungi. However, the number of the major hemicellu-
lases, which are thought to be involved in the degradation of the primary cell wall
hemicelluloses, was unique in P. fraxinea SS3. Four GH74 xyloglucanase genes were
located in the genomes of P. fraxinea SS3 and P. chrysosporium, while no or only one
GH74-encoding gene was found in the genomes of other wood decay fungi (Fig. 2).
Regarding pectin-degrading enzymes, the numbers of genes encoding GH28 pectinase
and carbohydrate esterase (CE) family 8 (CE8) pectin methylesterase were not different,
while two CE12 pectin/xylan acetylesterases were predicted only in the genomes of
P. fraxinea SS3 and H. annosum. In the case of oxidoreductases involved in plant degra-
dation categorized into auxiliary activity (AA) families, P. fraxinea SS3 and H. annosum
had a larger number of AA1 laccases than other Polyporales. In contrast, the numbers
of genes in other AA families, such as the AA2 fungal peroxidase (POD) playing central
roles in lignin degradation (23), AA3 and AA5 H2O2 supply enzymes for the POD (23),
and the AA9 lytic polysaccharide monooxygenase (LPMO) involved in cellulose and
hemicellulose degradation (24), were almost the same as those in other nonpatho-
genic white-rot fungi. Overall, the CAZyme potential of P. fraxinea SS3 seems to sup-
port a greater pectin degradation ability and more laccases than a common nonpatho-
genic white-rot Polyporales fungus and was similar to that of the distantly related tree
pathogen H. annosum.

Comparison of the CAZyme activities of P. fraxinea SS3 to those of a model
white-rot Polyporales fungus. To assess the features of the CAZyme-encoding genes
predicted in the P. fraxinea SS3 genome, P. fraxinea SS3 and P. chrysosporium RP78 were
cultivated in synthetic medium containing glucose, cellulose, or wood powder as the
sole carbon source for 5 days, and the CAZyme activities in the culture supernatants
were measured using purified polysaccharides as the substrates in biological triplicates
(Fig. 3). The protein concentrations in six culture supernatants were measured, and P.
fraxinea SS3 secreted relatively higher concentrations proteins than P. chrysosporium
RP78 (Fig. S3). The highest protein concentration was detected in cellulose medium for
both fungi, followed by wood- and glucose-containing media. The mycelium grew well
in glucose medium, but the levels of secreted proteins were very low, probably due to
carbon catabolite repression, which is often observed in wood decay fungi (25, 26).

For cellulose degradation measurements, microcrystalline cellulose (Avicel), car-
boxymethyl cellulose (CMC), and phosphoric acid-swollen cellulose (PASC) were used
as the substrates for determining cellobiohydrolase, endoglucanase, and whole-cellu-
lase activities, respectively, and the amount of released reducing end products was
measured by a dinitrosalicylic acid (DNS) method (Fig. 3A to C) (27). As expected, cellu-
lose in the culture medium strongly induced cellulase activities in both fungi com-
pared to medium containing complex wood or glucose. Interestingly, P. fraxinea SS3
showed significantly higher CMC- and PASC-degrading activities than those of P. chrys-
osporium RP78, while the Avicelase activities were almost the same between the two
fungi. These results could be attributed to the enriched endo-acting cellulases of
P. fraxinea SS3 (Fig. S2). Glucuronoxylan and glucomannan were used as the substrates
to measure representative wood hemicellulose degradation (Fig. 3D and E). P. fraxinea
SS3 showed the same levels of xylan- and mannan-degrading activities as those of
P. chrysosporium RP78 when the fungi were grown on cellulose medium. Among other
hemicellulose degradation potentials (Fig. 3F and G), the pectinase activities in the cel-
lulose medium of P. fraxinea SS3 were significantly higher than those of P. chrysospo-
rium RP78, consistent with the comparison of their genomes. On the other hand, the
mannan-, pectin-, and xyloglucan-degrading activities of P. fraxinea SS3 in wood me-
dium were relatively lower than those of P. chrysosporium RP78. Additionally, b-1,3-
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glucanase activities toward b-1,3/1,6-glucan, which is often found in the fungal cell
wall, were significantly weaker in the culture supernatant of P. fraxinea SS3 than in that
of P. chrysosporium RP78 (Fig. 3H). Moreover, laccase activities were detected only in P.
fraxinea SS3 (Fig. 3I), and these activities were strongly induced in the wood-containing
medium, followed by the glucose and cellulose media, respectively, which were not
detected in the P. chrysosporium RP78 culture supernatant, as expected by the genome
analysis. Overall, the CAZyme potential found in the P. fraxinea SS3 genome and
CAZyme activities were well correlated.

FIG 3 CAZyme activities in the culture supernatants of P. fraxinea SS3 or P. chrysosporium RP78 grown in
liquid culture containing glucose, cellulose, or poplar wood powder as the sole carbon source for 5 days.
Microcrystalline cellulose-degrading activities (Avicelase) (A), carboxymethyl cellulose-degrading activities
(CMCase) (B), phosphoric acid-swollen cellulose-degrading activities (PASC cellulase) (C), glucurono-
xylanase (D), mannanase (E), pectinase (F), xyloglucanase (G), b-1,3-glucanase (H), and laccase (I) activities
are shown. The averages and standard deviations were calculated from three independent biological
replicates. Student’s t test was performed for comparison of P. fraxinea SS3 and P. chrysosporium RP78
under the same culture conditions. N.D, not determined.
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Proteomic analysis of P. fraxinea SS3. To determine the compositions of CAZymes
of P. fraxinea SS3 responsible for the significantly different CAZyme activities from those of
P. chrysosporium RP78, the culture supernatants in biological triplicates were analyzed by
LC-MS/MS. Two hundred thirty proteins were detected overall, and 156, 133, and 177 pro-
teins were identified in the glucose-, cellulose-, and wood-containing culture media, respec-
tively (Fig. 4A). The identified proteins met our criteria, requiring a minimum of two unique
peptides per detected protein. Exponentially modified protein abundance index (emPAI)
values (28) were calculated accordingly for each protein in the data set (Data Set S2).
Proteomics analysis of the culture supernatant of P. chrysosporium RP78 grown on glucose-,
cellulose-, and wood-containing media was also performed; the numbers of secreted pro-
teins in each sample were determined to be 223 (glucose), 213 (cellulose), and 331 (wood),
and the total number of detected proteins was 384 (Fig. 4A). Overall, the total number of
proteins detected in P. chrysosporium RP78 was higher than that in P. fraxinea SS3. Next, the
predicted functions of the detected proteins were categorized into CAZy families such as
GHs, AAs, CEs, polysaccharide lyases (PLs), and CBMs (Fig. 4B). As a result, P. fraxinea SS3 pro-
duced more abundant CAZymes than P. chrysosporium RP78 under all of the culture condi-
tions. In addition to CAZymes, P. fraxinea SS3 produced 25, 12, and 13 hypothetical proteins
in the glucose-, cellulose-, and wood-containing culture media, respectively (Table S2), and
they are thought to be potential candidates for plant cell wall degradation or tree pathoge-
nesis. Clustering analysis of the expression of all of the detected CAZymes clearly indicated
that differences in the carbon-dependent secretion of CAZymes were similar in both fungi
(Fig. 4C); i.e., the expression patterns in cellulose and wood media are categorized as being
closer than those under glucose conditions for both fungi. However, CAZymes that were
induced in the presence of cellulose and wood in the two fungi seemed highly different.
To gain further insight into the detailed CAZyme secretion profiles of P. fraxinea SS3
and P. chrysosporium RP78, the 10 most abundant proteins were compared (Table S3).
Regarding the cellulose-degrading system, GH7 CBH/EG and AA9 LPMO were abundantly
secreted by both fungi. In the culture supernatant of P fraxinea SS3, GH6, GH12, and GH45
were also abundantly secreted in cellulose and wood cultures. All of the GH7 cellulases lack-
ing CBM1 (mRNA6940, mRNA3133, and mRNA5626) were produced by P. fraxinea SS3, while
P. chrysosporium RP78 abundantly produced the GH7 cellulases associated with the CBM1
domain (Protein ID 2971601 and 137372). Since GH7 cellulases are often determined to be
dominant proteins in cellulose cultures of wood-decaying fungi (29, 30), the secretion pat-
terns of the two fungi in cellulose-containing medium were compared by SDS-PAGE
(Fig. S4). The major protein bands detected in the cellulose medium of P. fraxinea SS3 and
P. chrysosporium RP78, which were thought to be cellulases, showed different apparent mo-
lecular weights of approximately 40 kDa and 60 kDa, respectively. These results confirmed
that the two fungi utilize different GH7-involved cellulase systems and that P. fraxinea SS3
has a greater cellulose-degrading ability than other white-rot Polyporales fungi.

For hemicellulases, GH10 xylanases were highly produced by both fungi in the cel-
lulose- and wood-containing media (Table S3), consistent with the measured CAZyme
activities (Fig. 3D). Notably, two GH28 pectinases (mRNA5111 and mRNA3447) were
abundant in the cellulose medium of P. fraxinea SS3, supporting the observed signifi-
cantly high pectin-degrading activity of this fungus (Fig. 3F). A CE12 pectin/xylan ace-
tylesterase (mRNA3979), found in the genomes of pathogenic fungi (Fig. 2), was
detected in the glucose and cellulose media of P. fraxinea SS3 and was not detected in
any medium of P. chrysosporium RP78 (Data Set S2). Moreover, a large proportion of
AA1 laccase (mRNA6925) was detected in the wood medium of P. fraxinea SS3, which
explained the observed high laccase activity in the culture supernatant (Fig. 3I). In the
case of lignin degradation, an AA2 manganese peroxidase (MnP) (mRNA3095) was
secreted by P. fraxinea SS3 in glucose and cellulose media, and H2O2 supply enzymes
such as AA3_2 aryl alcohol oxidase/glucose oxidase and AA5_1 glyoxal oxidase (GLOX)
were also secreted into the same media (Data Set S2). Meanwhile, an MnP (protein ID
3589) was secreted by P. chrysosporium RP78 in wood medium along with AA3_2 aryl
alcohol oxidase/glucose oxidase, AA3_3 alcohol oxidase, AA3_4 pyranose oxidase, and
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FIG 4 Venn diagrams of proteomes (unique peptide counts of $2) secreted by P. fraxinea SS3 (A) and P. chrysosporium RP78 (B) cultivated in glucose-,
cellulose-, or poplar wood powder-containing medium for 5 days. Percentages represent ratios to the total number of detected proteins, 230 and 384, in
all of the culture supernatants of P. fraxinea SS3 and P. chrysosporium RP78, respectively. (C) Clustering analysis of CAZymes secreted by P. fraxinea SS3 and
P. chrysosporium RP78 grown on glucose, cellulose, and poplar wood powder media by using the emPAI values from biological triplicates as the expression
levels. All of the detected proteomes are referred to in Data Set S3 in the supplemental material.
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AA5_1 GLOX. Additionally, the high b-1,3-glucanase activity in P. chrysosporium RP78
was thought to be due to a large portion of secreted GH152 b-1,3-glucanases (thau-
matin-like proteins [Protein ID 2983557 and 3003339]) (Fig. 3H). These results indicated
that we successfully identified important CAZymes for the degradation of plant cell
wall substrates by P. fraxinea SS3.

DISCUSSION

The detailed mechanisms underlying most plant pathogens that damage plant leaves
have been comprehensively analyzed (31), while little is known about tree pathogens that
seriously damage tree xylem, which contains more recalcitrant plant cell walls than leaves.
Few studies have described the CAZyme potential encoded in the genomes of plant
pathogens (32). Several comparative genome analyses of tree pathogens have been
reported for serious conifer pathogens of the species Heterobasidion (4, 33) and tree patho-
gens of the species Armillaria belonging to the Agaricales (34). Here, we report the ge-
nome-wide identification of CAZymes potentially related to plant cell wall degradation and
pathogenesis factors in P. fraxinea. P. fraxinea belongs to the Polyporales, a group of strong
wood decayers, and this fungus is known to aggressively attack and fell standing hard-
wood trees all over the world (10–14).

The novel P. fraxinea strains SS1 to SS5 were identified in this study, and the most ro-
bust P. fraxinea strain, SS3, was selected for further investigation using a combination of
genomic, biochemical, and proteomic analyses. Overall, a complete set of CAZymes for
the degradation of plant cell walls is encoded in the P. fraxinea SS3 genome as well as
those of several well-studied white-rot Polyporales, and key features of CAZyme potential
in the genome of P. fraxinea SS3 as a pathogen were determined (Fig. 2). For example, P.
fraxinea SS3 possesses genes with higher pectin-degrading potentials in its genome,
unlike other Polyporales (Fig. 2), as reported in previous studies describing other tree-
pathogenic white-rot fungi (4, 33, 34). Consistent with this, P. fraxinea SS3 showed stron-
ger pectin-degrading activities than the nonpathogenic wood decay fungus P. chrysospo-
rium RP78 (Fig. 3), which was thought to be due to the high level of secretion of the
GH28 pectinases mRNA5111 and mRNA3447 (see Table S3 in the supplemental material).
In addition, our results suggested that a CE12 pectin/xylan acetylesterase is involved in
the high pectin degradation activity and pathogenesis since only P. fraxinea SS3 and
H. annosum possess CE12 pectin/xylan acetylesterases in their genomes among the
wood decay fungi (Fig. 2). CE12 mRNA3979 was secreted by P. fraxinea SS3 during wood
component degradation (Data Set S1). Pectic polysaccharide is known to be abundant in
the primary cell wall; hence, the observed pectin degradation ability is thought to be im-
portant for microbial invasion (31). Why a tree pathogen like P. fraxinea SS3 possesses
high pectic polysaccharide-degrading potential is an intriguing question since tree xylem
consists mainly of a secondary cell wall, with a negligible amount of primary cell wall.
Our explanation is that pectic polysaccharides are distributed in cell wall adhesion region
and the pit membrane as well as the primary cell wall in the xylem (35), which must be
removed during fungal invasion within the lumens of the xylem. Therefore, the strong
pectic polysaccharide-degrading capacity of these tree-pathogenic fungi may enable fun-
gal invasion through the cell wall lumens in the xylem in a living tree, although further
genetic studies will be needed to clarify the contributions of these CAZymes to the
above-described fungal pathogenesis.

In contrast to the series of CAZymes for pectin degradation, the numbers of xylanases
and mannanases encoded in the genomes of pathogenic and nonpathogenic fungi were
comparable (Fig. 2), and the xylanase activities of P. fraxinea SS3 were comparable to those
of P. chrysosporium RP78 (Fig. 3). Xylan and mannan are abundant in the secondary cell
wall, and therefore, both fungi are capable of degrading secondary cell wall hemicelluloses.
Regarding the degradation of cellulose, enriched in the secondary cell wall, there was also
no significant difference in the numbers of conventional cellulases encoded in the
genomes of P. fraxinea SS3 and other white-rot Polyporales. However, P. fraxinea SS3 pos-
sesses a unique domain structure of GH7 CBH genes that lacked CBM1 (Fig. S2), yet other
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cellulases and hemicellulases such as GH6, GH5_5, and GH10 that had a CBM1 domain
were the same as those of other white-rot wood decay fungi. It is known that a CBM-lack-
ing cellulase can readily access amorphous cellulose rather than crystalline cellulose (29),
and indeed, the endoglucanase activities in the culture supernatants of P. fraxinea SS3
grown in all of the cultures including glucose, cellulose, or wood as the sole carbon source
were significantly higher than those of P. chrysosporium RP78, a strong white-rot fungus
(Fig. 3). High endoglucanase activities might be important for tree pathogens, yet how
they function in tree pathogenesis processes such as fungal invasion and xylem cell wall
degradation is still elusive. Regarding lignin degradation, one AA2 MnP and several H2O2

supply enzymes were detected in the secretomes of both fungi (Data Set S2). These results
suggested that P. fraxinea SS3 is able to decompose all of the major components of the
secondary cell wall dominantly existing in tree xylem as efficiently as other strong wood
decayers in the Polyporales group.

In addition to the above-mentioned GHs, many AA1_1 laccases, which oxidize a broad
range of phenolic compounds, were encoded in the genome of P. fraxinea SS3, and
mRNA6925 and mRNA5962 were abundantly secreted by this fungus during the degrada-
tion of plant cell wall components (Fig. 2 and 3 and Table S3). Although it has been sug-
gested that a higher number of laccase genes present in the genomes of tree-pathogenic
fungi is correlated with tree pathogenesis, their function is still elusive (4, 33). It is known
that defense substrates of polyphenols are filled in the xylem cells, called a reaction zone,
which functions in response to microbial attack (36), and pathogenic fungi need to detoxify
the polyphenols. Indeed, pathogenic fungi, i.e., Ganoderma adspersum, move through the
lumens filled with phenols in hardwoods (37, 38), yet the details of the defense substances
in trees and the detoxification mechanisms in these fungi need further studies.

In conclusion, we isolated P. fraxinea SS3 from a natural environment and successfully
determined that the hardwood-pathogenic Polyporales have strong CAZyme potential,
equivalent to those reported for strong wood decayers at the genomic and secretomic lev-
els. Notably, this pathogenic fungus has substantial degradation activities toward pectin
distributed in the primary cell wall, membrane pit, and cell wall adhesions, while there was
no significant difference found in the degradation of the secondary cell wall components,
which are also abundant in dead trees. In addition to plant cell wall degradation, we suc-
cessfully identified AA1_1 laccases, which were highly produced from the tree-pathogenic
fungi, potentially contributing to a system to detoxify defense substances produced by liv-
ing trees. Altogether, the present study provides insights into the mechanisms of the deg-
radation of standing hardwood trees by this tree pathogen and suggests the potential of
CAZymes to differentiate tree-pathogenic fungi from nonpathogenic fungi. These results
will contribute to a fundamental understanding of interactions between fungi and trees,
which is important for the carbon cycle in nature and applications for preventing fungus-
related diseases in the future.

MATERIALS ANDMETHODS
Isolation and identification of monokaryotic strains of P. fraxinea. To isolate monokaryotic

strains of P. fraxinea, basidiospores of P. fraxinea were collected from a fruiting body grown on a Robinia
pseudoacacia tree on the campus of Hokkaido University, Sapporo, Japan, and spread onto potato dex-
trose agar (PDA; Nihon Pharmaceutical Co., Ltd., Tokyo, Japan). The colonies were separated and grown
several times until five single filamentous fungi were isolated (P. fraxinea strains SS1 to SS5). The internal
transcribed spacer (ITS) region, including 5.8 rRNA, was amplified by a colony PCR method using Kod Fx
polymerase (Toyobo Co., Ltd., Osaka, Japan). Primer set ITS1 and ITS4 was used as previously described
(39). The ITS sequences were searched using NCBI BLASTn (https://blast.ncbi.nlm.nih.gov/Blast.cgi
?PROGRAM=tblastn&PAGE_TYPE=BlastSearch&LINK_LOC=blasthome), and all of the best hits showed
.99% identity to Vanderbylia fraxinea (synonym of P. fraxinea) (see Table S1 in the supplemental mate-
rial). Phylogenetic tree analysis (1,000 bootstraps) was performed with the BLASTn best-hit ITS sequen-
ces of five identified single spores (Table S1) and the previously reported ITS sequences of P. fraxinea
(11, 15) by using MEGA7 software (40).

Fungal culture conditions for analysis of secreted proteins. To select a strain for the following ge-
nomic and proteomic analyses from the 5 monokaryotic strains of P. fraxinea, P. fraxinea SS1 to SS5 were
grown in 100 mL of modified Highley medium (41) containing 1 wt% poplar wood ground powder
(,0.5 mM) as a carbon source in a 500-mL Erlenmeyer flask for 5 days at 26.5°C at 150 rpm. The growth
of the five strains was within the exponential growth phase under these cultivation conditions. To
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compare the selected monokaryotic strain of P. fraxinea SS3 with a model wood-decaying fungus, P.
chrysosporium RP78 (42), both strains were grown in 100 mL of modified Highley medium (41) contain-
ing 0.5 wt% glucose, 1 wt% cellulose, and 1 wt% poplar wood ground powder (,0.5 mm) as a carbon
source in a 500-mL Erlenmeyer flask for 5 days at 26.5°C at 150 rpm.

The culture supernatant was collected by filtration with a glass filter (Advantec GA-100; Toyo Roshi
Kaisha, Ltd., Japan), and the protein concentration was estimated by the Bradford method (Bio-Rad
Laboratories, Inc., CA). The protein patterns of the supernatants were visualized by SDS-PAGE (Bio-Rad
Laboratories, Inc., CA) and Coomassie brilliant blue (CBB) R-250 staining (Quick CBB; Fujifilm Wako Pure
Chemical Corporation, Osaka, Japan). The collected supernatants were used for plant polysaccharide
degradation assays and proteomic analyses.

Plant polysaccharide degradation activity assays. For enzyme activity assays of the culture super-
natants, 45 mL of the crude protein sample was mixed with 50 mL of the substrates described below and
5 mL of 1 M sodium acetate (pH 5.0) in a total reaction volume of 100 mL. Both soluble and insoluble
polysaccharides were adjusted to contain 2 wt% microcrystalline cellulose (Avicel PH-101 Fluka; Sigma-
Aldrich, Inc., St. Louis, MO), 2 wt% carboxymethyl cellulose (CMC 4M; Megazyme, Ireland), 2 wt% glucur-
onoxylan (xylan from beech; Sigma-Aldrich, St. Louis, MO), 2 wt% mannan (Megazyme, Ireland),
2 wt% pectin (pectin from citrus; Nacalai Tesque, Kyoto, Japan), and 2 wt% b-1,3/1,6-glucan (laminarin,
Sigma-Aldrich, MO and Sigma-Aldrich). Additionally, 1 wt% xyloglucan (tamarind gum; Tokyo Chemical
Industry Co., Ltd., Tokyo, Japan) and 1 wt% phosphoric acid-swollen cellulose (PASC) were used due to
high viscosity. PASC was prepared by using Avicel and 85% phosphoric acid (Nacalai Tesque, Kyoto,
Japan) as described in a previous report (43). The reaction mixture was incubated for 16 h at 37°C, and
the reducing end product was measured by a dinitrosalicylic acid (DNS; Fujifilm Wako Pure Chemical
Corporation, Osaka, Japan) assay at 540 nm (27). The molar equivalent of reducing sugar was estimated
by using the glucose standard. One unit of enzyme activity was defined as 1 mM glucose released per
min. For laccase activity assays, 2,6-dimethoxyphenol (DMP) was used as a substrate (44). The slope of
the absorbance change at 470 nm over time was determined by using a UV-visible (UV-Vis) spectropho-
tometer (V-730; Jasco Corporation, Tokyo, Japan). One unit of laccase activity was defined as the oxida-
tion of 1 mmol of the substrate per min. The molar extinction coefficient (« ) of oxidized DMP at 470 nm
is 14,800. The average and standard deviation were calculated based on three biological replicates, and
Student’s t tests were performed to compare samples of P. fraxinea SS3 and P. chrysosporium RP78 under
the same culture conditions.

DNA preparation and sequencing of P. fraxinea SS3. The selected strain, P. fraxinea SS3, was grown
in potato dextrose broth. The collected mycelium was crushed by using a crushing device (mT-12; Taitec,
Saitama, Japan), and the genomic DNA was extracted by using IsoplantII (Nippon gene Co., Ltd., Japan). The
obtained DNA was treated with RNase A (Nippon Gene Co., Ltd., Japan). The quality and quantity of the DNA
were confirmed by spectrometry and agarose gel electrophoresis. The qualified DNA was cut into fragments
by using a restriction enzyme. The construction of the DNA libraries included processes of end repair, phos-
phorylation, the addition of A to 39 tails, the ligation of index adaptors, purification, and PCR amplification
according to the manufacturer’s instructions (Illumina). The library was sequenced by using the Hiseq4000
system (Illumina, Inc., CA) with a 150-bp paired-end sequencing strategy.

Genome assembly and gene annotations. The acquired DNA sequences were assembled by using
Platanus v1.2.4 (45) after trimming the adaptor sequences. Only scaffolds of .1 kbp were used for the
genome assembly of P. fraxinea SS3. The protein-encoding genes were predicted by a homology search.
Known proteins from the UniProt database (46) were aligned against the genome assembly using
GhostX (47) to roughly identify the gene locations. The detailed gene structures were then determined
using Spaln (48). Among the predicted gene candidates, those with in-frame stop codons and those
with low coverage (,60%) for the reference proteins were removed to construct the final gene set. For
CAZyme analysis, the obtained amino acid sequences predicted in the genome sequence of P. fraxinea
SS3 were applied for dbCAN analysis (18). Some CAZyme genes were manually curated. All detected pro-
tein sequences were searched using BLASTp with an E value of 10215 using the default parameters of
blast2go version 5.2 software (17) to annotate putative functions (2). Signal peptide secretion was pre-
dicted using SignalP version 5.0 (http://www.cbs.dtu.dk/services/SignalP/) (49). The theoretical Mw and
pI of the corresponding proteins were calculated by using the ExPASy server (https://web.expasy.org/
compute_pi/). Heatmap analysis was performed by using Heatplus in the Bioconductor package.

Proteomic analysis of secreted proteins. One-hundred-microgram equivalents of crude secreted
proteins of the three fungi under three culture conditions from three independent biological replicates
were prepared for proteomic analyses by using a previously described method (41). Tryptic digestion
was performed by using 1 mg/mL trypsin (proteomics grade; Sigma-Aldrich, Inc., St. Louis, MO) over-
night at 37°C, and trypsin-digested peptides were desalted by using Ziptip (Merck KGaA, Darmstadt,
Germany). The peptides dissolved in a 0.1% formic acid solution were applied to the nanoLC1000 system
(Thermo Fisher Scientific, IL) equipped with a C18 column (catalog no. NTCC-360/75-3-125; Nikkyo
Technos, Tokyo, Japan) connected to a hybrid linear ion trap-orbitrap mass spectrometer (Q-Exactive
plus; Thermo Fisher Scientific, IL) and then monitored at a scan range of 300.0 to 2,000.0 m/z. Raw MS/
MS data were analyzed by using Proteome Discoverer software version 2.1 (Thermo Fisher Scientific, IL)
with the following settings: the peptide mass tolerance was set at 10 ppm, and the fragment mass toler-
ance was set at 0.8 Da. Fixed modifications of carbamidomethyl at Cys and dynamic modifications of oxi-
dation at Met were used for the database search. The annotated genes of P. fraxinea SS3 were used for a
database search. We omitted the proteins with unique peptides of ,2 fragments for the stringent
screening of proteins determined by proteomics in each secretome. Based on the acquired LC-MS/MS
spectra, the abundance of each protein was semiquantitatively calculated using the emPAI value (28).
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The averages and standard deviations of the area values were estimated from 3 biological replicates
obtained by LC-MS/MS, and the emPAIs represent the values from 3 biological replicates.

Data availability. The ITS sequences of P. fraxinea SS1 to SS5 were deposited in the NCBI database
(DDBJ/EMBL/GenBank accession no. LC556223 to LC556227).
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