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Abstract

Fungi that decay wood have characteristic associations with certain tree species,
but the mechanistic bases for these associations are poorly understood. We studied
substrate-specific gene expression and RNA editing in six species of wood-decaying
fungi from the ‘Antrodia clade’ (Polyporales, Agaricomycetes) on three different
wood substrates (pine, spruce, and aspen) in submerged cultures. We identified
dozens to hundreds of substrate-biased genes (i.e., genes that are significantly
upregulated in one substrate relative to the other two substrates) in each species,
which are correlated with host ranges. Rapid evolution of substrate-biased genes is
associated with gene family expansion, gain and loss of genes, and variation in cis-
and trans- regulatory elements, rather than changes in protein coding sequences.
We also demonstrated widespread RNA editing events in the Antrodia clade, which
differ from those observed in the Ascomycota in their distribution, substitution
types, and the genomic environment. Moreover, we found that substrates could
affect editing positions and frequency, including editing events occurring in mRNA
transcribed from wood-decay related genes. This work shows the extent to which
gene expression and RNA editing differ among species and substrates, and provides

clues into mechanisms by which wood-decaying fungi may adapt to different hosts.

Introduction

Wood-decaying fungi form an ecologically important guild, which is largely
composed of species of Agaricomycetes (Basidiomycota) [1-4]. Two major modes of
wood decay occur in Agaricomycetes: (1) white rot, in which all components of plant

cell walls (PCW) are degraded, and (2) brown rot, in which a non-enzymatic
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mechanism causes initial depolymerization of PCW carbohydrates, and sugars are
selectively extracted without removal of large amounts of lignin [5-10]. There is
considerable variation in host ranges of wood-decaying Agaricomycetes; some
species occur only on particular hosts, while others have broad substrate ranges,
sometimes including both conifers and hardwoods [11-13]. However, the
mechanisms that determine host ranges in wood-decaying fungi are not well
understood.

Regulation of gene expression and RNA editing (post-transcriptional
modification of RNA sequences) both enable organisms to modulate genomic
information. Various species have been shown to use transcriptional regulation to
adjust to changes in their environments [14-17], but the role of RNA editing in such
responses has not been widely studied [18, 19]. Transcriptomic analyses have been
performed on different substrates for several wood-decaying Agaricomycetes,
including both white rot (Phanerochaete chrysosporium, Phanerochaete carnosa,
Pycnoporus cinnabarinus, Dichomitus squalens, Heterobasidion annosum) [20-25]
and brown rot species (Postia [Rhodonia] placenta, and Wolfiporia cocos) [20, 23,
26, 27], and genome-wide RNA editing has been studied in the white rot fungus
Ganoderma lucidum [28]. The latter study identified 8,906 putative RNA editing
sites, without significant bias among substitution types, but did not investigate
condition-specific RNA editing events. We recently studied transcriptional regulation
and RNA editing in the brown rot fungus Fomitopsis pinicola [29], showing that it is
able to modify both transcription and RNA editing levels on different wood types in
diverse genes encoding enzymes with known or potential function in wood decay
(including laccase, benzoquinone reductase, aryl alcohol oxidase, cytochrome

P450s, and various glycoside hydrolases).
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The prior studies, including our work on F. pinicola, demonstrate that wood-
decaying Agaricomycetes can adjust gene expression on different substrates, but,
due to sampling limitations and lack of standardization across studies, they do not
permit comparative analyses of the diversity and evolution of substrate-specific
responses. In the present work, we studied transcriptomes of six closely related
species of brown rot fungi in the “Antrodia clade” of the Polyporales, which we grew
on pine, aspen, and spruce sawdust in submerged cultures. Three of the species are
most often found on angiosperms/hardwoods (Daedalea quercina, W. cocos,
Laetiporus sulphureus) and two are almost always found on conifers/softwood
(Antrodia sinuosa, Postia [Rhodonia] placenta), while F. pinicola is usually found on
conifers, but also occurs on hardwoods [30]. Thus, this set of species presents an
opportunity to explore the evolution of substrate-specific gene expression and RNA

editing in wood-decaying fungi.

Materials and Methods

Culture conditions

Cultures of five species, with published genomes available on the Joint Genome
Institute (JGI) MycoCosm portal (URLs below), were obtained from the USDA Forest
Products Laboratory (Madsion, WI), including A. sinuosa (LD5-1)
[https://genome.jgi.doe.gov/Antsil/Antsil.home.html], P. placenta (Mad-698-R)
[https://genome.jgi.doe.gov/Pospll/Pospll.home.html], W. cocos (MD104 SS-10)
[https://genome.jgi.doe.gov/Wolcol/Wolcol.home.html], L. sulphureus (93-53-55-1)

[https://genome.jgi.doe.gov/Laesul/Laesul.home.html], and D. quercina (L-15889



106 SS-12) [https://genome.jgi.doe.gov/Daequl/Daequl.home.html]. All strains are

107 monokaryons, except P. placenta, which is a dikaryon. Culturing and harvesting of
108 mycelium was conducted as in our prior study of F. pinicola (FP-58527)

109 [https://genome.jgi.doe.gov/Fompi3/Fompi3.home.html]. Briefly, two-liter flasks
110 containing 250 ml of basal salts media [26] were supplemented with 1.25 g of

111 Wiley-milled wood of quaking aspen (Populus tremuloides), loblolly pine (Pinus

112 taeda), or white spruce (Picea glauca) as the sole carbon source. Triplicate cultures
113 for each substrate were inoculated with mycelium scraped from malt extract agar
114 (2% w/w malt extract, 2% glucose w/w, 0.5% peptone, 1.5% agar) and placed on a
115 rotary shaker (150 RPM) at 22-24 °C. Five days after inoculation, the mycelium and
116 adhering wood were collected by filtration through Miracloth (Calbiochem, San

117 Diego, CA) and stored at -80 C°.

118

119 RNA extraction and library construction

120

121 Total RNA of samples from submerged culture was purified as described previously
122 [29, 31]. Plate-based RNA sample prep was performed on a PerkinElmer Sciclone
123 NGS robotic liquid handling system (PerkinElmer, Inc., Waltham, MA) using the

124 lllumina TruSeq Stranded mRNA HT sample prep kit utilizing poly-A selection of
125 mRNA following the protocol outlined by lllumina in their user guide (lllumina, Inc.,
126 San Diego, CA). Total RNA starting material was 1 ug per sample and 8 cycles of
127 PCR were used for library amplification. The prepared libraries were quantified using
128 the KAPA Biosystems (Wilmington, MA) next-generation sequencing library qPCR kit
129 and run on a Roche LightCycler 480 real-time PCR instrument (Roche Diagnostics

130 Corp., Indianapolis, IN). The quantified libraries were then multiplexed and prepared
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for sequencing on the lllumina HiSeq sequencing platform utilizing a TruSeq Rapid
paired-end cluster kit, v4. Sequencing of the flowcell was performed on the lllumina
HiSeq2000 sequencer using HiSeq TruSeq SBS sequencing kits, v4, following a
1x101 indexed run recipe.

Sequencing of one aspen sample from D. quercina, one pine sample from A.
sinuosa, and one pine sample from P. placenta failed (Table S1). However, at least
two biological replicates were obtained for each condition. RNAseq data are
available via the JGl genome portal [https://genome.jgi.doe.gov/portal/] and have
been deposited at DDBJ/EMBL/GenBank under the following accessions: SRP145276-
SRP145283 (D. quercina: BOZCB, BOZGO, BOZCA, BOZGP, BOZHW, BOZHY, BOZGS,
BOZHX), SRP145284-SRP145291 (A. sinuosa: BOZNU, BOZCZ, BOZHG, BOZCO,
BOZNS, BOZNT, BOZHH, BOZCW), SRP145298-SRP145306 (W. cocos: BOZBY,
BOZHU, BOZGG, BOZGH, BOZGN, BOZBX, BOZHT, BOZBW, BOZHS), SRP145308-
SRP145315 (P. placenta: BOZHZ, BOZGT, BOZGU, BOZNB, BOZNA, BOZCG, BOZCH,
BOZCC), and SRP164792, SRP164796, SRP164797, SRP164799-SRP164802 (L.
sulphureus: BOZHB, BOZCU, BOZHA, BOZCT, BOZNG, BOZCS, BOZHC, BOZNC,

BOZNH). RNAseq data for F. pinicola were taken from our prior study [29].

Identification and classification of substrate-biased genes

Raw reads were filtered and trimmed using the JGI QC pipeline. Using BBDuk
(https://sourceforge.net/projects/bbmap/), raw reads were evaluated for sequence
artifacts by kmer matching (kmer=25), allowing 1 mismatch, and detected artifacts
were trimmed from the 3' end of the reads. RNA spike-in reads, PhiX reads and

reads containing any Ns were removed. Quality trimming was performed using the
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phred trimming method set at Q6. Finally, following trimming, reads under the
length threshold were removed (minimum length 25 bases or 1/3 of the original
read length, whichever is longer). Filtered reads from each library were aligned to
the corresponding reference genome using HISAT [32]. featureCounts [33] was used
to generate the raw gene counts using gff3 annotations and mapped bam files. Only
primary hits assigned to the reverse strand were included in the raw gene counts (-s
2 -p --primary options, because dUTPs strand RNAseq was used). FPKM (fragments
per kilobase of transcript per million mapped reads) normalized gene counts were
calculated by Cufflinks [34]. Based on recommendations from a previous study [35],
edgeR [36] was subsequently used to determine which genes were differentially
expressed between pairs of conditions using FDR (False Discovery Rate) < 0.05 and
fold change = 4 as cutoff for genes with FPKM >1 in at least one sample.
“Substrate-biased genes” were defined as ones that are significantly
upregulated on one substrate relative to the other two substrates, by the criteria
listed above (Fig. S1). For each pairwise comparison of substrates there are three
possible outcomes (e.g., for pine vs. aspen, a gene could be upregulated on pine,
upregulated on aspen, or not differentially expressed). Thus, with three substrates,
there are 27 possible expression patterns, of which 15 correspond to substrate-
biased genes (Fig. S1). Substrate-biased genes were further divided into “shared
substrate-based genes” and “uniquely substrate-based genes”. For example, a gene
that is upregulated on pine vs. aspen and pine vs. spruce is a pine-biased gene; if
that gene is also upregulated on spruce vs. aspen it would be considered a shared
biased gene, but if it is not differentially expressed on spruce vs. aspen then it

would be uniquely pine-biased (Fig. S1).



180

181

182

183

184

185

186

187

188

189

190

191

192

193

194

195

196

197

198

199

200

201

202

203

204

SignalP 4.0 [37] was used to search for secretory signal peptides in substrate-
biased genes using the eukaryotic parameters. TMHMM 2.0 [38] was used to predict
and characterize transmembrane domains in substrate-biased genes. Functional

categories enriched with substrate-biased genes were identified using GOseq [39].

Analysis of RNA editing sites

Mapped strand-specific RNAseq reads were divided into sense- and antisense-strand
groups and RNA editing sites were called separately for each group. Putative RNA
editing sites from each sample were identified using JACUSA [40], with options to
filter rare variants (ratio between reads with variant and total reads at specific
position below 10%), variants with mapping quality less than 20, variants within 5bp
of read start/end, indels or splice sites, and filtered variants with over 3 alleles per
read pileup. In addition, reads were required to harbor at most 5 mismatches and
variant sites to be covered by at least 2 reads. To further reduce false positives, a
score threshold of 1.15 for variants was added. Sites that have the same position
and type in all biological replications were determined, and only these reproducibly
identified variants were analyzed. Thus, we minimized false positives due to
potential sequencing and mapping errors. Annotation and functional consequences
of RNA editing sites were assessed with SnpEff [41]. The nucleotides flanking editing
sites were visualized using WebLogo3 [42]. Functional categories enriched in

differentially edited genes were identified using GOseq [39].

Gain and loss of biased expression
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The orthologs and paralogs among and within species were predicted by
OrthoFinder v1.1.8 [43]. The substrate-biased genes and their non-biased orthologs
were modeled as a two-state continuous-time Markov process, with states 1 (biased
expression) and 0 (non-biased expression) on a maximum likelihood tree based on
500 orthologs, which was constructed using FastTree 2 (-gtr -gamma) [44]. If one
copy of a gene family was a substrate-biased gene, the gene family was assigned
as having biased expression. We then assessed the gain and loss of biased
expression along each branch in the tree using the Dollo parsimony approach

implemented in Count software [45].

Co-expression analysis, motif analysis, Ka/Ks and genetic distance

Co-expression network analysis was performed with the Comparative Co-Expression
Network Construction and Visualization tool (CoExpNetViz) [46] using the Pearson
correlation coefficient. The FPKM values were used as the matrix and twelve
transcription factor and transcription factor-related genes in W. cocos were used as
bait genes. The twelve transcription factor and transcription factor-related genes
were retrieved from JGI annotations using GO terms G0O:0006355, GO:0051090, and
G0:0003700. The network was visualized using Cytoscape V3 [47]. We used 1 kb
sequences upstream of co-expressed genes associated with TF 138100 to predict
putative TF binding sites. We performed de novo motif discovery using
frequencymaker and Weeder 2 [48]. We also compared the selection at coding
regions and genetic distances 1 kb upstream of coding regions between W. cocos
and L. sulphureus. Codon alignments, generated with PAL2NAL [49], were used for

selection analyses. The Ka/Ks of ortholog pairs were calculated using the yn00

10
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program from the PAML [50] package with default parameters (icode = 0, weighting
= 0, commonf3x4 = 0). The pairwise genetic distance of upstream regions (1kb) of

CDS was calculated using MEGA-CC [51] with the Jukes-Cantor model.

Results

Transcriptomes are clustered primarily by phylogenetic relatedness

Three substrates, aspen, pine and spruce, were used to explore how brown rot fungi
adjust gene expression on different hosts. Transcriptome analyses show that most
of the annotated genes from each species (e.g., 78%-88% of the annotated genes)
were expressed. We used hierarchical clustering of expression levels in a single-
copy (one-to-one) ortholog dataset to visualize global transcriptomic patterns
among the six species. Each species displayed variation in gene expression across
substrates, but the samples are clustered primarily by fungal species, rather than

substrate type (Fig. 1A).

Magnitude and directionality of shifts in global gene expression on

different substrates varies by species

Changes in global gene expression profiles on different substrates varied
considerably across the six fungal species (Fig. 1B). For example, W. cocos has the
highest fold change (up to log2FC=10) on aspen relative to spruce, whereas F.
pinicola shows the lowest fold change for the same comparison, with most changes

being smaller than log2FC=5 (Fig. 1B). Different fungal species also vary in terms of

11
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the prevalence of up- vs. down-regulation in the same pairwise comparisons. For
instance, on aspen vs. pine, F. pinicola and L. sulphureus show trends mainly
toward up-regulation, while the other four species display both significant up- and

down-regulation (Fig. 1B).

Numbers of substrate-biased genes vary widely across fungal species

The number of substrate-biased genes varied by an order of magnitude across the
six species, ranging from 24 to 310 for aspen-biased genes, 16 to 359 for pine-
biased genes, and 20 to 413 for spruce-biased genes. F. pinicola had the lowest
number of aspen- and pine-biased genes, while L. sulphureus had the fewest
spruce-biased genes. W. cocos had the greatest number of substrate-biased genes
on all three wood types (Fig. 1C and Table S1). The numbers of substrate-biased
genes are not biased by the numbers of annotated genes in each species. For
instance, F. pinicola has a greater gene content and number of expressed genes
than W. cocos, but the numbers of substrate-biased genes in W. cocos are seven to
22 times greater than those of F. pinicola for each substrate (Fig. 1C). The number
of genes with biased expression indicates the degree of sensitivity of species to
different substrates in terms of transcriptomic responses. Most of the substrate-
biased genes in each fungal species are uniquely substrate-biased, not shared
substrate-based, meaning that they are only up-regulated on one substrate type
(see Methods for definition of terms; Fig. 1D and Fig. S1C).

Although the number of substrate-biased genes varies among species, their
functions may be conserved to some extent. For example, although the number of

aspen-biased genes from the six species are variable, eight GO terms were present

12
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304

among the biased genes of all species, such as “monooxygenase activity” (including
non-orthologous genes encoding cytochrome P450s) (Fig. 1E; see caption for all
eight GO terms).

Among the substrate-biased genes, there are 17 to 210 “orphan” genes (i.e.,
genes that are unique to single species) per species (Fig. S2A). Because they are
absent from five other genomes, it is unlikely that they reflect annotation errors.
Around 10% of these biased orphan genes are predicted to have a signal peptide,
and 15% have transmembrane domains (Fig. S2B). We examined GO enrichment
among biased orphan genes belonging to P. placenta (Fig. S2C), which has the
greatest number of biased orphan genes among the six species. Some enriched GO
terms (molecular function), such as monooxygenase activity, are potentially

associated with wood decay.

Gene expression bias turns over rapidly within orthogroups and is

correlated with host ranges

To investigate the evolutionary pattern of biased expression, we first assessed the
orthology status of all substrate-biased genes among the six studied species. Most
(76-81%) of the substrate-biased genes from each species have orthologs in each of
the other species (Fig. 2A). However, most orthogroups show substrate-biased
expression in only one or a few species (Fig. 2A).

We mapped the substrate-biased genes and their orthologs on the
organismal phylogeny. Generally, the presence and absence of biased expression
are very dynamic for each orthogroup (Fig. 2B). We further used our orthogroup

classification to quantify the turnover (gain and loss) of biased expression for each

13
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329

orthogroup. To avoid the effect of gene gains and losses, we removed orthogroups
in which there are missing orthologs in individual species. Biased expression
displays rapid turnover across clades. For example, W. cocos has a net gain of
substrate-biased expression on all substrate types, while F. pinicola and L.
sulphureus have lost the most substrate-biased expression, but on different hosts
(Fig. 2B).

To test whether biased gene expression is associated with substrates ranges
(i.e., hardwood or softwood), we analyzed the correlations among expression of
single-copy biased genes. Consistent with the global expression pattern (Fig. 1A),
samples from the same species are clustered together independent of substrates.
However, the species as a whole are clustered according to their host ranges (Fig.
2C). Thus, the three species most often found on hardwoods (D. quercina, W. cocos,
and L. sulphureus) form one cluster, while the two conifer specialists (A. sinuosa
and P. placenta) form another cluster, and F. pinicola, which is found often on
hardwoods and softwoods, is separated from all other species. In four of the six
species, expression patterns on conifers cluster together, although in F. pinicola the
aspen and pine expression profiles are clustered, and in A. sinuosa the aspen and

spruce profiles are clustered (Fig. 2C).

Gene duplications and mutations in cis-regulatory elements are correlated

with turnover of substrate-biased expression

To assess the relationship between gene duplication and evolution of substrate-

biased expression, we counted the number of paralogs of each substrate-biased

gene across the six fungal species. For all species, gene families containing

14
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substrate-biased genes are significantly larger than those lacking substrate-biased
genes (Fig. 3A), suggesting that gene duplication facilitates neofunctionalization
and emergence of biased expression.

To test whether origins of substrate-biased expression are related to the
divergence in protein sequences, we analyzed Ka/Ks among ortholog pairs between
W. cocos and L. sulphureus (Fig. 3B), which have very different numbers of biased
genes (Fig. 1C). We divided the orthologs from the two species into two groups: the
“biased” group was made up of substrate-biased genes from W. cocos and their
non-biased orthologs in L. sulphureus, while the “non-biased” group was made up of
orthologs that are non-biased in both species (as a control). Ka/Ks values of ortholog
pairs in the biased group are no higher than those in the non-biased group (Fig. 3B).
Thus, there is no evidence that the origin of biased expression in W. cocos is driven
by divergence in coding sequences.

We also examined genetic distances in the 1-kb region upstream of each CDS
(where the DNA sequences may impact transcription), using the same biased and
non-biased groups. For each substrate, the genetic distances of the biased groups
are higher than that in non-biased groups, with the results being significant for pine-
and spruce-biased genes (Mann-Whitney U-tests) (Fig. 3C). These results suggest
that divergence of cis-regulatory elements may be involved in the generation of

biased expression.

Transcription factors orchestrate substrate-biased expression

Transcriptional changes have been suggested to follow the activity and expression

of transcription factors (TFs) [52]. We found a significant positive correlation
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(Spearman’s rho = 0.93, p=0.008) between the number of TF-related biased genes
(i.e, TF genes and their regulators that display substrate-biased expression) and
total biased genes among the six species (Fig. 4A). We further explored the
expression relationship between TF-related genes and total biased genes in
individual species. A total of 12 TF-related uniquely substrate-biased genes (10 TFs
and two regulators of TFs) were identified among the substrate-biased genes in W.
cocos. 61% of the substrate-biased genes in W. cocos co-express with these 12 TF-
related genes. Moreover, three out of the 12 TF-related biased genes, which co-
express with 31% of the substrate-biased genes, were predicted to respond to
environmental changes (Fig. 4 B). Specifically, ID 138100 and ID 17498 are
predicted to respond to pH, while ID 104855, which contains a P450 domain,
responds to iron. pH impacts the process of wood decay, by modifying the
solubilization of ferric iron via oxalic acid chelation, which is central to the
hydroquinone redox cycle that drives the Fenton reaction [53-57]. Furthermore, TFs
could be co-expressed with their potential regulators in the network. For instance,
there is one TF and one TF regulator (TFR) in each panel of Fig. 4B. To assess
whether co-regulated genes possess a common regulatory signature, we searched
for putative TF binding sites by de novo motif discovery in the 105 co-expressed
genes associated with TFR 138100. We thus identified 25 highly conserved motifs
ranging from 6nt to 10nt (Figure 4B and Table S1), further suggesting the these co-
expressed genes might be regulated by the same TF/TFRs. Together, these results
suggest that differential expression of trans-elements appears to be important in

regulation of biased expression.

RNA editing is widespread in brown rot Polyporales
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We analyzed RNA editing in five out of the six studied species (P. placenta was
excluded as the sequenced strain is diploid). The number of normalized RNA editing
sites is in the range of 10.8-98.9 sites/million reads (Fig. 5A). A. sinuosa, L.
sulphureus, and F. pinicola have similar RNA editing levels, with 59.3-98.9
sites/million reads on the three substrates, but D. quercina and W. cocos have only
10.8-27.6 sites/million reads on each substrate (Fig. 5A). All 12 RNA editing types
were found in each species, with more transitions than transversions observed (Fig.
S3). Furthermore, the nucleotides surrounding the RNA editing sites (x1bp), either
upstream or downstream, exhibit a relatively conserved preference for the same
type of RNA editing across all five species (Figs. 5B and S4), which suggests the
existence of common mechanisms of RNA editing in Polyporales of the Antrodia
clade.

The RNA editing level varied from 10% to 90% at different editing sites (sites
with frequency below 10% were filtered out), with the half of the total editing sites
having frequency less than 40% (two examples in Fig. S5). Very few sites have an
editing level in the range of 90-91%, with the maximum proportion (0.02%) found in
A. sinuosa on aspen.

Genomic locations of RNA edited sites have fluctuating proportions among
the five species we analyzed (Fig. S6). For instance, on aspen, the proportion of RNA
editing sites in coding regions from A. sinuosa is significantly higher than that from
W. cocos (Fisher test, p= 0.0059) (Fig. S6). Overall, 35-65% of RNA editing sites
occurred in coding regions among the five species. Liu et al. identified 323 genes in
F. graminearum that had stop (codon)-loss events [58], and Zhu et al. identified 66

such genes in Ganoderma lucidum [28]. In contrast, we found fewer than five
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events of stop (codon)-loss events in each species (Table S2). We also analyzed the
frequency of RNA editing at synonymous and non-synonymous sites in each
species. The editing level of missense edits was significantly higher than that of
synonymous editing sites in F. pinicola (Fig. 5C), but not in the other four species,
which suggests that RNA editing in some species could be adaptive. Of the
missense edits, 54%-65% resulted in changes of physicochemical properties of
amino acid residues (Fig. 5D).

We detected 100 RNA editing sites in W. cocos that are shared by samples
from all three different substrates. RNA editing at these sites is probably not
dependent on substrate, and should be evident in W. cocos transcriptomes from
diverse conditions. We searched for these 100 sites in EST sequences reported in
the original publication of the W. cocos genome [8], which were produced on varous
culture media (not milled wood), using the same strain as in the present study. In
total, 69 out of 100 sites, with the same transitions, are found in the EST data.
Given that only frequencies above around 50% can be called in EST analyses, these

results support the identification of RNA editing sites in our RNAseq data.

RNA editing exhibits substrate specificity

There is considerable overlap among RNA-editing sites on the different substrates
(Fig. 6A). In each of the five species we studied, the largest category of edited sites
were those that occur on all substrates (100 to 907 sites, avg. 634 sites).
Nevertheless, each species also had numerous sites that were edited only on a

single substrate (29-433 sites, avg. 142 sites).
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To further explore response of RNA editing to different substrates, we
analyzed dynamic trajectories of shared sites from L. sulphureus, which has a
relatively high number of shared sites on different substrates (Fig. 6A). Editing
levels varied greatly across three different substrates in this species (e.g., “example
1” in Fig. 6B).

We identified the differentially RNA edited genes (DREGS) in all five species,
which were defined as genes having unigue nonsynonymous editing sites on one
substrate relative to the other substrates (Fig. 6C). None of the DREGs were found
among the substrate-biased genes, indicating that these two modes of gene
regulation at the RNA level are independent during wood decay. Some DREGs have
annotations that suggest potential roles in wood-decay. For example, there are
several DREGs that encode glycosyl transferases (GT2, GT15), glycoside hydrolases
(GH3, GH13, GH5, GH30, GH79) and decay-related oxidoreductases (AA3: GMC
oxidoreductase) (Table S3). GO enrichment analysis of DREGs revealed four terms:
iron ion binding, monooxygenase activity, oxalate oxidase activity, and
glucosylceramidase activity (Fig. 6C). There is much evidence that the first three
activities play key roles during wood decay by brown rot fungi [20, 23, 26], while
glucosylceramidase (GH30) activity is involved in decomposition of hemicellulose

[59, 60].

Discussion

The Antrodia clade is an ecologically important group of brown rot wood-decay
fungi, with diverse and well-characterized substrate preferences [1]. Thus, the

Antrodia clade presents an excellent system in which to explore mechanisms of
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substrate-specificity and host-switching in wood decay fungi. Changes in gene
expression on different substrates have been studied in individual species from
Polyporales and Russulales [20-24, 26, 29, 62, 63], but the evolution of substrate-
biased gene expression has not been addressed in a simultaneous, comparative
study. Moreover, it is not clear if other forms of regulation at the transcriptional
level could be involved in wood decay, such as RNA editing and methylation.

We first measured genome-wide gene expression employing one to one
orthologs across six fungi species belonging to the Antrodia clade on three different
substrates. If variation in gene expression is primarily adaptive, the clustering of
expression patterns would be mainly based on substrates. In fact, clustering of
global expression patterns in response to the three different substrates reflected
the fungal phylogeny, with transcriptomes from each species forming a distinct
group (Figs. 1A). Thus, variation in expression patterns of six-species orthologs is
mainly associated with the random accumulation of neutral mutations rather than
environmental adaptations. However, the clustering patterns do not exclude the
possibility of stabilizing selection [64].

Previous studies have found similar patterns in which divergence in gene
expression on the transcriptome scale is positively correlated with phylogenetic
distance [65-67]. For example, in yeast species, Yang et al. [68] found that the
transcriptome-based clustering of nine strains approximates the phylogeny,
irrespective of their environmental origins. The great genetic distance between
yeasts and Polyporales, suggests that a mode of neutral evolution of transcriptome
profiles is a general attribute of fungi. While our result suggests the expression
variations of six-species orthologs among the species are neutral, it does not

exclude the possibility of adaptive evolution in one-to-one orthologs.
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Within each species, dozens to hundreds of genes showed substrate-biased
expression. By analyzing the pattern of biased expression among the six species,
we showed that the rate of gain of biased expression is much higher in the lineage
leading to W. cocos relative to the lineage leading to P. placenta (fold range of 4-45
depending on substrates), although the genetic distance (branch length) to their
most recent common ancestor is almost equal (0.40 vs 0.35) (Fig. 2). This
observation suggests that gain of substrate-biased expression may be under non-
neutral (adaptive) evolution. Analyses of biased expression data revealed the
correlation between species and their host ranges (Fig. 2C). We found that gene
duplication, gain and loss and diversification of cis and trans-regulatory elements
appear to contribute to the evolution of substrate-biased expression, rather than
divergent changes in protein coding sequences (Figs. 3, 4, S2). Similar observations
have been reported in comparisons of orthologs with different phenotypes in human
and mouse, in which phenotypic differences were correlated with changes in non-
coding regulatory elements and tissue-biased expression, rather than changes in
protein sequences [69].

Other than our prior study in F. pinicola [29], there has been only one
genome-wide analysis of RNA editing in basidiomycetes, in fruiting body samples of
the polypore G. lucidum [28]. G. lucidum is a member of the Polyporales, like the
species analyzed here, but it is a white rot species of Polyporaceae, whereas the
present study includes members of the Antrodia clade [70]. As in G. lucidum, all 12
types of RNA editing were found to be present in all five species (Fig. S3), and the
nucleotides flanking the RNA editing sites are relatively conserved between the five
species analyzed here and G. lucidum (Figs. 5B and S4). Compared with RNA editing

of vegetative hyphae in Ascomycetes [58, 71], the RNA editing in basidiomycetes
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has a greater diversity. In ascomycetes, A-to-G editing appeared to be the dominant
form, with >95% of the identified editing sites belonging to this category. In the
basidiomycetes [28, 72], including G. lucidum, Pleurotus ostreatus and the species
in our study, A-to-G is not the only dominant transition and four of twelve possible
editing types (A-to-G, C-to-T, G-to-A, and T-to-C) can account for up to 50% or more
of total editing events. Given that A-to-G editing is dominant in animals and
Ascomycetes, the expansion of editing types in basidiomycetes may suggest the
occurrence of novel mechanisms of RNA editing.

Another difference between ascomycetes and basidiomycetes is that A-to-G
editing sites do not share the same flanking nucleotides. Specifically, in
Ascomycetes the enriched nucleotide upstream of edited sites is a T [58], whereas
in basidiomycetes the enriched upstream nucleotide is a C. In cephalopods
(animals), the enriched nucleotide upstream of the A-to-G editing sites is an A [73].
Orthologs of ADARs, the enzymes that are responsible for A-to-G RNA editing in
animals, have not been found in fungal genomes [58]. Collectively, these
observations suggest that there is much diversity in the enzymes and mechanisms
for recognizing the editing motifs within fungi and between fungi and animals. RNA-
edited genes could be functional in condition-specific processes among kingdoms.
In ascomycetes, edited genes have been suggested to be involved in developmental
regulation [58, 74], while behavioral complexity has been correlated with extensive
editing in cephalopods [75].

To conclude, our study found that dynamic shifts in gene expression are
associated with different substrates in wood decay fungi. The occurrence of
substrate-biased expression is correlated with gene family expansion, divergence in

cis-regulatory elements, and differential expression of transcription factors and their
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regulators. In addition, we observed substrate-specific regulation of RNA editing,
including editing events that cause amino acid replacements in genes implicated in
decay. While our results do not address the functional significance of shifts in
expression or RNA editing in specific genes, in aggregate they suggest that
differential gene expression and RNA editing may enable wood decay fungi to adapt

to different wood substrates.

Acknowledgements

This work was supported by National Science Foundation awards 105-1456777 (to

DSH), 105-1456548 (to RAB), 10S5-1456958 (to IVG), and DEB-1457721 (to DC). The

work conducted by the U.S. Department of Energy Joint Genome Institute, a DOE

Office of Science User Facility, is supported by the Office of Science of the U.S.

Department of Energy under Contract No. DE-AC02-05CH11231.

Competing interests The authors declare no competing interests

23



546
547
548
549
550
551
552
553
554
555
556
557
558
559
560
561
562
563
564
565
566
567
568
569
570
571
572
573
574
575
576
577
578
579
580
581
582
583
584
585
586
587
588
589
590
591
592
593
594
595

References

1. Gilbertson RL. Wood-rotting fungi of North-America. Mycologia 1980;72:1-49.
2. Nilsson T, Daniel G, Kirk TK, Obst JR. Chemistry and microscopy of wood
decay by some higher ascomyceyes. Holzforschung 1989;43:11-18.

3. Wells K, Bandoni RJ. Heterobasidiomycetes. pp. 85-120 in The Mycota, edited
by D. J. MCLAUGHLIN, E. G. MCLAUGHLIN and P. A. LEMKE. Springer Verlag, Berlin
2001.

4. Shary S, Ralph SA, Hammel KE. New insights into the ligninolytic capability of
a wood decay ascomycete. Appl Environ Microbiol 2007;73:6691-6694.

5. Thiers HD. The Secotioid Syndrome. Mycologia 1984;76:1-8.

6. Blanchette RA. Degradation of the lignocellulose complex in wood. Can ] Bot
1995;73:999-1010.
7. Worrall JJ, Anagnostakis SE, Zabel RA. Comparison of wood decay among

diverse lignicolous fungi. Mycologia 1997;89:199-219.

8. Floudas D, Binder M, Riley R, Barry K, Blanchette RA, Henrissat B, et al. The
Paleozoic origin of enzymatic lignin decomposition reconstructed from 31 fungal
genomes. Science 2012;336:1715-1719.

9. Nagy LG, Riley R, Tritt A, Adam C, Daum C, Floudas D, et al. Comparative
genomics of early-diverging mushroom-forming fungi provides Insights into the
origins of lignocellulose decay capabilities. Mol Biol Evol 2016;33:959-970.

10. Riley R, Salamov AA, Brown DW, Nagy LG, Floudas D, Held BW, et al.
Extensive sampling of basidiomycete genomes demonstrates inadequacy of the
white-rot/brown-rot paradigm for wood decay fungi. Proc Natl Acad SciUS A
2014;111:9923-9928.

11. Gilbertson RL. North American wood-rotting fungi that cause brown rots.
Mycotaxon 1981;12:372-416.

12. Hibbett DS, Donoghue MJ. Analysis of character correlations among wood
decay mechanisms, mating systems, and substrate ranges in homobasidiomycetes.
Syst Biol 2001;50:215-242.

13. Krah FS, Bassler C, Heibl C, Soghigian J, Schaefer H, Hibbett DS. Evolutionary
dynamics of host specialization in wood-decay fungi. BMC Evol Biol 2018;18:119.
14. Fraser HB. Gene expression drives local adaptation in humans. Genome Res
2013;23:1089-96.

15. Rebeiz M, Pool JE, Kassner VA, Aquadro CF, Carroll SB. Stepwise modification
of a modular enhancer underlies adaptation in a Drosophila population. Science
2009;326:1663-7.

16. Chan YF, Marks ME, Jones FC, Villarreal G, Jr., Shapiro MD, Brady SD, et al.
Adaptive evolution of pelvic reduction in sticklebacks by recurrent deletion of a
Pitx1 enhancer. Science 2010;327:302-5.

17. ChangJ, Zhou Y, Hu X, Lam L, Henry C, Green EM, et al. The molecular
mechanism of a cis-regulatory adaptation in yeast. PLoS Genet 2013;9:e1003813.
18. Yablonovitch AL, Deng P, Jacobson D, Li JB. The evolution and adaptation of A-
to-1 RNA editing. PLoS Genet 2017;13:e1007064.

19. Garrett S, Rosenthal JJ. RNA editing underlies temperature adaptation in K+
channels from polar octopuses. Science 2012;335:848-51.

20. Skyba O, Cullen D, Douglas CJ, Mansfield SD. Gene expression patterns of
wood decay fungi Postia placenta and Phanerochaete chrysosporium are influenced
by wood substrate composition during degradation. Appl Environ Microbiol
2016;82:4387-400.

24



596
597
598
599
600
601
602
603
604
605
606
607
608
609
610
611
612
613
614
615
616
617
618
619
620
621
622
623
624
625
626
627
628
629
630
631
632
633
634
635
636
637
638
639
640
641
642
643
644
645

21. MacDonald J, Doering M, Canam T, Gong Y, Guttman DS, Campbell MM, et al.
Transcriptomic responses of the softwood-degrading white-rot fungus
Phanerochaete carnosa during growth on coniferous and deciduous wood. Appl
Environ Microbiol 2011;77:3211-3218.

22. Macdonald J, Master ER. Time-dependent profiles of transcripts encoding
lignocellulose-modifying enzymes of the white rot fungus Phanerochaete carnosa
grown on multiple wood substrates. Appl Environ Microbiol 2012;78:1596-600.

23. Vanden Wymelenberg A, Gaskell J, Mozuch M, BonDurant SS, Sabat G, Ralph
J, et al. Significant alteration of gene expression in wood decay fungi Postia placenta
and Phanerochaete chrysosporium by plant species. Appl Environ Microbiol
2011;77:4499-4507.

24.  Suzuki H, MacDonald J, Syed K, Salamov A, Hori C, Aerts A, et al. Comparative
genomics of the white-rot fungi, Phanerochaete carnosa and P. chrysosporium, to
elucidate the genetic basis of the distinct wood types they colonize. BMC Genomics
2012;13:444.

25. Gaskell J, Marty A, Mozuch M, Kersten PJ, Splinter BonDurant S, Sabat G, et al.
Influence of Populus genotype on gene expression by the wood decay fungus
Phanerochaete chrysosporium. Appl Environ Microbiol 2014;80:5828-5835.

26. Gaskell J, Blanchette RA, Stewart PE, BonDurant SS, Adams M, Sabat G, et al.
Transcriptome and secretome analyses of the wood decay fungus Wolfiporia cocos
support alternative mechanisms of lignocellulose conversion. Appl Environ Microbiol
2016;82:3979-3987.

27. Zhang ), Presley GN, Hammel KE, Ryu JS, Menke JR, Figueroa M, et al.
Localizing gene regulation reveals a staggered wood decay mechanism for the
brown rot fungus Postia placenta. Proc Natl Acad Sci U S A 2016;113:10968-10973.
28. ZhuY, Luo H, Zhang X, Song J, Sun C, Ji A, et al. Abundant and selective RNA-
editing events in the medicinal mushroom Ganoderma lucidum. Genetics
2014;196:1047-1057.

29. Wu B, Gaskell J, Held BW, Toapanta C, Vuong T, Ahrendt S, et al. Substrate-
specific differential gene expression and RNA editing in the brown rot fungus
Fomitopsis pinicola. Appl Environ Microbiol 2018;84.

30. Farr DF, Rossman AY. Fungal Databases, U.S. National Fungus Collections,
ARS, USDA. Retrieved January 16, 2018, from
https://nt.arsgrin.gov/fungaldatabases/.

31. Miyauchi S, Navarro D, Grisel S, Chevret D, Berrin JG, Rosso MN. The
integrative omics of white-rot fungus Pycnoporus coccineus reveals co-regulated
CAZymes for orchestrated lignocellulose breakdown. PLoS One 2017;12:e0175528.
32. Kim D, Langmead B, Salzberg SL. HISAT: a fast spliced aligner with low
memory requirements. Nat Methods 2015;12:357-360.

33. LiaoY, Smyth GK, Shi W. featureCounts: an efficient general purpose program
for assigning sequence reads to genomic features. Bioinformatics 2014;30:923-930.
34. Trapnell C, Roberts A, Goff L, Pertea G, Kim D, Kelley DR, et al. Differential
gene and transcript expression analysis of RNA-seq experiments with TopHat and
Cufflinks. Nat Protoc 2012;7:562-578.

35.  Schurch NJ, Schofield P, Gierlinski M, Cole C, Sherstnev A, Singh V, et al. How
many biological replicates are needed in an RNA-seq experiment and which
differential expression tool should you use? RNA 2016;22:839-51.

36. Robinson MD, McCarthy DJ, Smyth GK. edgeR: a Bioconductor package for
differential expression analysis of digital gene expression data. Bioinformatics
2010;26:139-140.

25


https://nt.arsgrin.gov/fungaldatabases/

646
647
648
649
650
651
652
653
654
655
656
657
658
659
660
661
662
663
664
665
666
667
668
669
670
671
672
673
674
675
676
677
678
679
680
681
682
683
684
685
686
687
688
689
690
691
692
693
694

37. Petersen TN, Brunak S, von Heijne G, Nielsen H. SignalP 4.0: discriminating
signal peptides from transmembrane regions. Nat Methods 2011;8:785-786.

38. Krogh A, Larsson B, von Heijne G, Sonnhammer EL. Predicting
transmembrane protein topology with a hidden Markov model: application to
complete genomes. ] Mol Biol 2001;305:567-580.

39. Young MD, Wakefield MJ, Smyth GK, Oshlack A. Gene ontology analysis for
RNA-seq: accounting for selection bias. Genome Biol 2010;11:R14.

40. Piechotta M, Wyler E, Ohler U, Landthaler M, Dieterich C. JACUSA: site-specific
identification of RNA editing events from replicate sequencing data. BMC
Bioinformatics 2017;18:7.

41. Cingolani P, Platts A, Wang le L, Coon M, Nguyen T, Wang L, et al. A program
for annotating and predicting the effects of single nucleotide polymorphisms,
SnpEff: SNPs in the genome of Drosophila melanogaster strain wll18; iso-2; iso-3.
Fly (Austin) 2012;6:80-92.

42. Crooks GE, Hon G, Chandonia JM, Brenner SE. WebLogo: a sequence logo
generator. Genome Res 2004;14:1188-90.

43. Emms DM, Kelly S. OrthoFinder: solving fundamental biases in whole genome
comparisons dramatically improves orthogroup inference accuracy. Genome Biol
2015;16:157.

44,  Price MN, Dehal PS, Arkin AP. FastTree 2--approximately maximume-likelihood
trees for large alignments. PLoS One 2010;5:€9490.

45. Csuros M. Count: evolutionary analysis of phylogenetic profiles with
parsimony and likelihood. Bioinformatics 2010;26:1910-2.

46. Tzfadia O, Diels T, De Meyer S, Vandepoele K, Aharoni A, Van de Peer Y.
CoExpNetViz: Comparative Co-Expression Networks Construction and Visualization
Tool. Front Plant Sci 2015;6:1194.

47. Shannon P, Markiel A, Ozier O, Baliga NS, Wang JT, Ramage D, et al.
Cytoscape: a software environment for integrated models of biomolecular
interaction networks. Genome Res 2003;13:2498-504.

48. Zambelli F, Pesole G, Pavesi G. Using Weeder, Pscan, and PscanChlIP for the
Discovery of Enriched Transcription Factor Binding Site Motifs in Nucleotide
Sequences. Curr Protoc Bioinformatics 2014;47:2 11 1-31.

49. Suyama M, Torrents D, Bork P. PAL2NAL: robust conversion of protein
sequence alignments into the corresponding codon alignments. Nucleic Acids Res
2006;34:W609-12.

50. Hibbett DS, Murakami S, Tsuneda A. Sporocarp ontogeny in Panus
(Basidiomycotina): evolution and classification American Journal of Botany
1993;80:1336-1348.

51. Kumar S, Stecher G, Peterson D, Tamura K. MEGA-CC: computing core of
molecular evolutionary genetics analysis program for automated and iterative data
analysis. Bioinformatics 2012;28:2685-6.

52. Hobert O. Gene regulation by transcription factors and microRNAs. Science
2008;319:1785-6.

53. Varela E, Tien M. Effect of pH and oxalate on hydroquinone-derived hydroxyl
radical formation during brown rot wood degradation. Appl Environ Microbiol
2003;69:6025-6031.

54. Paszczynski A, Crawford R, Funk D, Goodell B. De novo synthesis of 4,5-
dimethoxycatechol and 2, 5-dimethoxyhydroquinone by the brown rot fungus
Gloeophyllum trabeum. Appl Environ Microbiol 1999;65:674-9.

26



695
696
697
698
699
700
701
702
703
704
705
706
707
708
709
710
711
712
713
714
715
716
717
718
719
720
721
722
723
724
725
726
727
728
729
730
731
732
733
734
735
736
737
738
739
740
741
742

55. Kerem Z, hammel, Hammel KE. Biodegradative mechanism of the brown rot
basidiomycete Gloeophyllum trabeum: evidence for an extracellular hydroguinone-
driven fenton reaction. FEBS Lett 1999;446:49-54.

56. Jensen KA, Jr., Houtman CJ, Ryan ZC, Hammel KE. Pathways for extracellular
Fenton chemistry in the brown rot basidiomycete Gloeophyllum trabeum. Appl
Environ Microbiol 2001;67:2705-11.

57.  Suzuki MR, Hunt CG, Houtman CJ, Dalebroux ZD, Hammel KE. Fungal
hydroquinones contribute to brown rot of wood. Environ Microbiol 2006;8:2214-
2223.

58. LiuH, Wang Q, He Y, Chen L, Hao C, Jiang C, et al. Genome-wide A-to-| RNA
editing in fungi independent of ADAR enzymes. Genome Res 2016;26:499-509.

59. Hori C, Gaskell J, Igarashi K, Samejima M, Hibbett D, Henrissat B, et al.
Genomewide analysis of polysaccharides degrading enzymes in 11 white- and
brown-rot Polyporales provides insight into mechanisms of wood decay. Mycologia
2013;105:1412-27.

60. Yang L, Peng M, Shah SS, Wang Q. Transcriptome sequencing and
comparative analysis of Piptoporus betulinus in response to birch sawdust induction.
Forests 2017;8:374.

61. Gilbertson RL, Ryvarden L. North American Polypores. Oslo: Fungiflora.
1986;1:1-443.

62. Couturier M, Navarro D, Chevret D, Henrissat B, Piumi F, Ruiz-Duenas FJ, et al.
Enhanced degradation of softwood versus hardwood by the white-rot fungus
Pycnoporus coccineus. Biotechnol Biofuels 2015;8:216.

63. Rytioja ], Hilden K, Di Falco M, Zhou M, Aguilar-Pontes MV, Sietio OM, et al.
The molecular response of the white-rot fungus Dichomitus squalens to wood and
non-woody biomass as examined by transcriptome and exoproteome analyses.
Environ Microbiol 2017;19:1237-1250.

64. Bedford T, Hartl DL. Optimization of gene expression by natural selection.
Proc Natl Acad Sci US A 2009;106:1133-8.

65. Kalinka AT, Varga KM, Gerrard DT, Preibisch S, Corcoran DL, Jarrells J, et al.
Gene expression divergence recapitulates the developmental hourglass model.
Nature 2010;468:811-4.

66. Irie N, Kuratani S. Comparative transcriptome analysis reveals vertebrate
phylotypic period during organogenesis. Nat Commun 2011;2:248.

67. Khaitovich P, Weiss G, Lachmann M, Hellmann |, Enard W, Muetzel B, et al. A
neutral model of transcriptome evolution. PLoS Biol 2004;2:E132.

68. Yang JR, Maclean CJ, Park C, Zhao H, Zhang J. Intra and interspecific
variations of gene expression levels in yeast are largely neutral: (Nei Lecture, SMBE
2016, Gold Coast). Mol Biol Evol 2017;34:2125-2139.

69. Han SK, Kim D, Lee H, Kim I, Kim S. Divergence of noncoding regulatory
elements explains gene-phenotype differences between human and mouse
orthologous genes. Mol Biol Evol 2018;35:1653-1667.

70. Justo A, Miettinen O, Floudas D, Ortiz-Santana B, Sjokvist E, Lindner D, et al. A
revised family-level classification of the Polyporales (Basidiomycota). Fungal Biol
2017;121:798-824.

71. LiuH, LiY, Chen D, Qi Z, Wang Q, Wang J, et al. A-to-I RNA editing is
developmentally regulated and generally adaptive for sexual reproduction in
Neurospora crassa. Proc Natl Acad Sci US A 2017;114:E7756-E7765.

27



743
744
745
746
747
748
749
750
751
752
753

754

755

756

757

758

759

760

761

762

763

764

765

766

767

768

769

770

771

72. LiuT,LiH DingY, QiY, GaoY, Song A, et al. Genome-wide gene expression
patterns in dikaryon of the basidiomycete fungus Pleurotus ostreatus. Braz )
Microbiol 2017;48:380-390.

73. Warnes GR, Bolker B, Bonebakker L, Gentleman R, Huber W, Liaw A, et al. R
package gplots. https://cran.r-project.org/web/packages/gplots/index.html 2014.
74. Teichert |, Dahlmann TA, Kuck U, Nowrousian M. RNA editing during sexual
development occurs in distantly related filamentous ascomycetes. Genome Biol Evol
2017;9:855-868.

75. Liscovitch-Brauer N, Alon S, Porath HT, Elstein B, Unger R, Ziv T, et al. Trade-
off between transcriptome plasticity and genome evolution in Cephalopods. Cell
2017;169:191-202 ell.

Figure legends

Figure 1. Patterns of gene expression in response to three different
substrates from the six brown rot fungi species. (A) Neighbor-joining tree with
branch length inferred using expression distance (1- Spearman's rho) for all pairs of
species. (B) The fold change of all genes in response to one substrate relative to the
other one. (C) Numbers of substrate-biased genes plotted on the branches of a
simplified phylogenetic tree (branch lengths are labeled along the branches). (D)
The proportion of uniquely substrate-biased and shared substrate-biased genes
from each species. The two categories are illustrated in Figure S1. (E) Venn diagram
showing overlap among GO terms for aspen-biased genes from six species. The
eight GO terms shared among all six species are Molecular Function (MF):
oxidoreductase activity, catalytic activity, monooxygenase activity, iron ion binding,
heme binding; Biological Process (BP): metabolic process, regulation of nitrogen
utilization; and Cellular Component (CC): mitochondrial intermembrane space. For
panels A, B, D: A = A. sinuosa, P = P. placenta, W = W. cocos, L = L. sulphureus, D

= D. quercina, and F = F. pinicola.
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Figure 2. Turnover of substrate-biased expression among six species. (A)
The proportion of substrate-biased genes having orthologs in six fungal species (for
example, over 80% of aspen-biased genes have orthologs in six species). The large
panel showing the number of species having biased genes within each orthogroup
(horizontal axis). The vertical axis refers to how many orthogroups having the
percentage shown on the horizontal axis. The number of orthogroups was shown as
log2 scale. (B) Distribution and evolution of substrate-biased expression. The
heatmap shows the distribution of substrate-biased expression (yellow) vs. absence
of biased expression (blue) among orthologs/orthogroups (arranged vertically)
among the six species, which are organized according to phylogenetic relationships.
Ratios of gains and losses of substrate-biased expression at each tip were modelled
by Dollo parsimony implemented in Count. The red dashed lines indicate a 1/1 ratio
of gains to losses. Bars: A = aspen. P = pine S = spruce. The scale for W. cocos
differs from that of the other species, due to its higher proportion of gains of
substrate-biased expression. (C) Heatmap showing hierarchical clustering of 18
samples using expression data (FPKM) of single-copy biased genes. Blue branches
group the species that occur primarily on conifers, red branches group hardwood

specialists.

Figure 3. Factors contributing to turnover of biased expression. (A) The
extent of gene expansion was compared between biased group and non-biased
group. The y-axis represents the number of genes from each gene family. A = A.
sinuosa, P = P. placenta, W = W. cocos, L = L. sulphureus, D = D. quercina, and F =
F. pinicola. (B) Ratio of nonsynonymous substitutions (Ka) to synonymous

substitutions (Ks) for ortholog pairs from non-biased and biased group between W.
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cocos and L. sulphureus. (C) Genetic distance for upstream region (1 kb) of CDSs

from the non-biased and biased groups between W. cocos and L. sulphureus.

Figure 4. Transcription factors orchestrating substrate-biased expression.
(A) Correlation between numbers of total biased genes (y-axis) and TF/TF-related
biased genes (x-axis) among six species. (B) Co-expression of TF-related biased
genes with total biased genes in W. cocos. White squares represent four TF-related
biased genes (TFR = TF regulator). The sequence logo shows a motif shared by all
co-expressed genes associated with ID 138100. The other 24 shared motifs from the

same clade were listed in table S1.

Figure 5. RNA editing in the Antrodia clade. (A) The number of normalized RNA
editing sites among five species spanning the Antrodia clade. (B) The nucleotides
neighboring the detected editing site (A to G) showing relative conserved
preference. The RNA editing site is referred to as 0. Upstream to the editing site is
referred to -1, while downstream is referred to +1. (C) Box plots showing the editing
levels of RNA editing sites with different types of functional consequences in F.
pinicola. (D) Physicochemical change of RNA edited sites. The change between any
properties of amino acids (non-polar, polar uncharged, acidic and basic) was
regarded as change of physicochemical properties. Absolute numbers of editing

sites are indicated on the bars.

Figure 6. Condition-specific RNA editing events. (A) Venn diagrams showing

the distribution of RNA editing sites on different substrates. A = aspen, P = pine, S

= spruce. (B) Hierarchical clustering of the editing level of shared 892 editing sites
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822 from L. sulphureus. (C) GO enrichment analysis of differentially edited genes
823 between any two substrates. Circled numbers correspond to the four enriched GO

824 categories.
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	Gain and loss of biased expression
	The orthologs and paralogs among and within species were predicted by OrthoFinder v1.1.8 �[43]�. The substrate-biased genes and their non-biased orthologs were modeled as a two-state continuous-time Markov process, with states 1 (biased expression) and 0 (non-biased expression) on a maximum likelihood tree based on 500 orthologs, which was constructed using FastTree 2 (-gtr -gamma) �[44]�. If one copy of a gene family was a substrate-biased gene, the gene family was assigned as having biased expression. We then assessed the gain and loss of biased expression along each branch in the tree using the Dollo parsimony approach implemented in Count software �[45]�.
	Co-expression analysis, motif analysis, Ka/Ks and genetic distance
	Co-expression network analysis was performed with the Comparative Co-Expression Network Construction and Visualization tool (CoExpNetViz) ���[46]� using the Pearson correlation coefficient. The FPKM values were used as the matrix and twelve transcription factor and transcription factor-related genes in W. cocos were used as bait genes. The twelve transcription factor and transcription factor-related genes were retrieved from JGI annotations using GO terms GO:0006355, GO:0051090, and GO:0003700. The network was visualized using Cytoscape V3 �[47]�. We used 1 kb sequences upstream of co-expressed genes associated with TF 138100 to predict putative TF binding sites. We performed de novo motif discovery using frequencymaker and Weeder 2 �[48]�. We also compared the selection at coding regions and genetic distances 1 kb upstream of coding regions between W. cocos and L. sulphureus. Codon alignments, generated with PAL2NAL �[49]�, were used for selection analyses. The Ka/Ks of ortholog pairs were calculated using the yn00 program from the PAML �[50]� package with default parameters (icode = 0, weighting = 0, commonf3x4 = 0). The pairwise genetic distance of upstream regions (1kb) of CDS was calculated using MEGA-CC �[51]� with the Jukes-Cantor model.
	Transcriptomes are clustered primarily by phylogenetic relatedness
	Three substrates, aspen, pine and spruce, were used to explore how brown rot fungi adjust gene expression on different hosts. Transcriptome analyses show that most of the annotated genes from each species (e.g., 78%-88% of the annotated genes) were expressed. We used hierarchical clustering of expression levels in a single-copy (one-to-one) ortholog dataset to visualize global transcriptomic patterns among the six species. Each species displayed variation in gene expression across substrates, but the samples are clustered primarily by fungal species, rather than substrate type (Fig. 1A).
	Magnitude and directionality of shifts in global gene expression on different substrates varies by species
	Changes in global gene expression profiles on different substrates varied considerably across the six fungal species (Fig. 1B). For example, W. cocos has the highest fold change (up to log2FC=10) on aspen relative to spruce, whereas F. pinicola shows the lowest fold change for the same comparison, with most changes being smaller than log2FC=5 (Fig. 1B). Different fungal species also vary in terms of the prevalence of up- vs. down-regulation in the same pairwise comparisons. For instance, on aspen vs. pine, F. pinicola and L. sulphureus show trends mainly toward up-regulation, while the other four species display both significant up- and down-regulation (Fig. 1B).
	Numbers of substrate-biased genes vary widely across fungal species
	The number of substrate-biased genes varied by an order of magnitude across the six species, ranging from 24 to 310 for aspen-biased genes, 16 to 359 for pine-biased genes, and 20 to 413 for spruce-biased genes. F. pinicola had the lowest number of aspen- and pine-biased genes, while L. sulphureus had the fewest spruce-biased genes. W. cocos had the greatest number of substrate-biased genes on all three wood types (Fig. 1C and Table S1). The numbers of substrate-biased genes are not biased by the numbers of annotated genes in each species. For instance, F. pinicola has a greater gene content and number of expressed genes than W. cocos, but the numbers of substrate-biased genes in W. cocos are seven to 22 times greater than those of F. pinicola for each substrate (Fig. 1C). The number of genes with biased expression indicates the degree of sensitivity of species to different substrates in terms of transcriptomic responses. Most of the substrate-biased genes in each fungal species are uniquely substrate-biased, not shared substrate-based, meaning that they are only up-regulated on one substrate type (see Methods for definition of terms; Fig. 1D and Fig. S1C).
	Although the number of substrate-biased genes varies among species, their functions may be conserved to some extent. For example, although the number of aspen-biased genes from the six species are variable, eight GO terms were present among the biased genes of all species, such as “monooxygenase activity” (including non-orthologous genes encoding cytochrome P450s) (Fig. 1E; see caption for all eight GO terms).
	Among the substrate-biased genes, there are 17 to 210 “orphan” genes (i.e., genes that are unique to single species) per species (Fig. S2A). Because they are absent from five other genomes, it is unlikely that they reflect annotation errors. Around 10% of these biased orphan genes are predicted to have a signal peptide, and 15% have transmembrane domains (Fig. S2B). We examined GO enrichment among biased orphan genes belonging to P. placenta (Fig. S2C), which has the greatest number of biased orphan genes among the six species. Some enriched GO terms (molecular function), such as monooxygenase activity, are potentially associated with wood decay.
	Gene expression bias turns over rapidly within orthogroups and is correlated with host ranges
	Gene duplications and mutations in cis-regulatory elements are correlated with turnover of substrate-biased expression
	To assess the relationship between gene duplication and evolution of substrate-biased expression, we counted the number of paralogs of each substrate-biased gene across the six fungal species. For all species, gene families containing substrate-biased genes are significantly larger than those lacking substrate-biased genes (Fig. 3A), suggesting that gene duplication facilitates neofunctionalization and emergence of biased expression.
	To test whether origins of substrate-biased expression are related to the divergence in protein sequences, we analyzed Ka/Ks among ortholog pairs between W. cocos and L. sulphureus (Fig. 3B), which have very different numbers of biased genes (Fig. 1C). We divided the orthologs from the two species into two groups: the “biased” group was made up of substrate-biased genes from W. cocos and their non-biased orthologs in L. sulphureus, while the “non-biased” group was made up of orthologs that are non-biased in both species (as a control). Ka/Ks values of ortholog pairs in the biased group are no higher than those in the non-biased group (Fig. 3B). Thus, there is no evidence that the origin of biased expression in W. cocos is driven by divergence in coding sequences.
	We also examined genetic distances in the 1-kb region upstream of each CDS (where the DNA sequences may impact transcription), using the same biased and non-biased groups. For each substrate, the genetic distances of the biased groups are higher than that in non-biased groups, with the results being significant for pine- and spruce-biased genes (Mann–Whitney U-tests) (Fig. 3C). These results suggest that divergence of cis-regulatory elements may be involved in the generation of biased expression.
	RNA editing is widespread in brown rot Polyporales
	We analyzed RNA editing in five out of the six studied species (P. placenta was excluded as the sequenced strain is diploid). The number of normalized RNA editing sites is in the range of 10.8-98.9 sites/million reads (Fig. 5A). A. sinuosa, L. sulphureus, and F. pinicola have similar RNA editing levels, with 59.3-98.9 sites/million reads on the three substrates, but D. quercina and W. cocos have only 10.8-27.6 sites/million reads on each substrate (Fig. 5A). All 12 RNA editing types were found in each species, with more transitions than transversions observed (Fig. S3). Furthermore, the nucleotides surrounding the RNA editing sites (±1bp), either upstream or downstream, exhibit a relatively conserved preference for the same type of RNA editing across all five species (Figs. 5B and S4), which suggests the existence of common mechanisms of RNA editing in Polyporales of the Antrodia clade.
	The RNA editing level varied from 10% to 90% at different editing sites (sites with frequency below 10% were filtered out), with the half of the total editing sites having frequency less than 40% (two examples in Fig. S5). Very few sites have an editing level in the range of 90-91%, with the maximum proportion (0.02%) found in A. sinuosa on aspen.
	Genomic locations of RNA edited sites have fluctuating proportions among the five species we analyzed (Fig. S6). For instance, on aspen, the proportion of RNA editing sites in coding regions from A. sinuosa is significantly higher than that from W. cocos (Fisher test, p= 0.0059) (Fig. S6). Overall, 35-65% of RNA editing sites occurred in coding regions among the five species. Liu et al. identified 323 genes in F. graminearum that had stop (codon)-loss events ���[58]�, and Zhu et al. identified 66 such genes in Ganoderma lucidum ���[28]�. In contrast, we found fewer than five events of stop (codon)-loss events in each species (Table S2). We also analyzed the frequency of RNA editing at synonymous and non-synonymous sites in each species. The editing level of missense edits was significantly higher than that of synonymous editing sites in F. pinicola (Fig. 5C), but not in the other four species, which suggests that RNA editing in some species could be adaptive. Of the missense edits, 54%-65% resulted in changes of physicochemical properties of amino acid residues (Fig. 5D).
	We detected 100 RNA editing sites in W. cocos that are shared by samples from all three different substrates. RNA editing at these sites is probably not dependent on substrate, and should be evident in W. cocos transcriptomes from diverse conditions. We searched for these 100 sites in EST sequences reported in the original publication of the W. cocos genome ���[8]�, which were produced on varous culture media (not milled wood), using the same strain as in the present study. In total, 69 out of 100 sites, with the same transitions, are found in the EST data. Given that only frequencies above around 50% can be called in EST analyses, these results support the identification of RNA editing sites in our RNAseq data.
	RNA editing exhibits substrate specificity
	There is considerable overlap among RNA-editing sites on the different substrates (Fig. 6A). In each of the five species we studied, the largest category of edited sites were those that occur on all substrates (100 to 907 sites, avg. 634 sites). Nevertheless, each species also had numerous sites that were edited only on a single substrate (29-433 sites, avg. 142 sites).
	To further explore response of RNA editing to different substrates, we analyzed dynamic trajectories of shared sites from L. sulphureus, which has a relatively high number of shared sites on different substrates (Fig. 6A). Editing levels varied greatly across three different substrates in this species (e.g., “example 1” in Fig. 6B).
	We identified the differentially RNA edited genes (DREGs) in all five species, which were defined as genes having unique nonsynonymous editing sites on one substrate relative to the other substrates (Fig. 6C). None of the DREGs were found among the substrate-biased genes, indicating that these two modes of gene regulation at the RNA level are independent during wood decay. Some DREGs have annotations that suggest potential roles in wood-decay. For example, there are several DREGs that encode glycosyl transferases (GT2, GT15), glycoside hydrolases (GH3, GH13, GH5, GH30, GH79) and decay-related oxidoreductases (AA3: GMC oxidoreductase) (Table S3). GO enrichment analysis of DREGs revealed four terms: iron ion binding, monooxygenase activity, oxalate oxidase activity, and glucosylceramidase activity (Fig. 6C). There is much evidence that the first three activities play key roles during wood decay by brown rot fungi ���[20, 23, 26]�, while glucosylceramidase (GH30) activity is involved in decomposition of hemicellulose ���[59, 60]�.
	Discussion




