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associated with adaptation to monocot and dicot plants
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Abstract

Background: Colletotrichum fungi infect a wide diversity of monocot and dicot hosts, causing diseases on almost all economically
important plants worldwide. Colletotrichum is also a suitable model for studying gene family evolution on a fine scale to uncover
events in the genome associated with biological changes.

Results: Here we present the genome sequences of 30 Colletotrichum species covering the diversity within the genus. Evolutionary
analyses revealed that the Colletotrichum ancestor diverged in the late Cretaceous in parallel with the diversification of flowering
plants. We provide evidence of independent host jumps from dicots to monocots during the evolution of Colletotrichum, coinciding
with a progressive shrinking of the plant cell wall degradative arsenal and expansions in lineage-specific gene families. Comparative
transcriptomics of 4 species adapted to different hosts revealed similarity in gene content but high diversity in the modulation of
their transcription profiles on different plant substrates. Combining genomics and transcriptomics, we identified a set of core genes
such as specific transcription factors, putatively involved in plant cell wall degradation.

Conclusions: These results indicate that the ancestral Colletotrichum were associated with dicot plants and certain branches progres-
sively adapted to different monocot hosts, reshaping the gene content and its regulation.

Keywords: fungal genomics, comparative transcriptomics, fungal evolution, anthracnose, plant cell walls

Introduction well as mutualistic) retrieve most of the nutrients from the host

The plant cell wall (PCW) consists of many different intercon-
nected polysaccharides, providing strength and structure. In ad-
dition, PCWs are determinants of immune responses since modi-
fication of their composition affects disease resistance and fitness
in plants [1-3].

The PCW can be seen as one of the first layers of defense where
the arms race between the pathogen and the host takes place but
also as a complex ecological niche where the fungi (pathogenic as

during the interaction. To release the monomers present in these
complex plant structures, fungi need to simultaneously secrete
several plant biomass degrading enzymes, mainly associated with
hydrolytic and oxidative functions [2]. Plants protect themselves
against degradation of their cell walls by producing proteins that
inhibit microbial cell wall degrading enzymes (CWDEs); for exam-
ple, inhibitors of pectin degrading enzymes are common in dicots
and noncommelinoid monocots, and inhibitors of xylan degrading
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enzymes are common in the Poaceae [4]. The production of these
inhibitors by plants has, in turn, driven the evolution of some
CWDE groups of phytopathogenic fungi toward inhibitor-resistant
enzymes [5]. In some phytopathogenic fungi, there is evidence for
production of different amounts of specific CWDEs, depending on
whether the plant host is a monocot or dicot [6-8].

Colletotrichum is a genus of plant pathogenic fungi that are
known for their wide host range and diversity of pathogenic and
nonpathogenic lifestyles. They are responsible for a large num-
ber of diseases, collectively known as anthracnose, which can
cause significant damage on a wide range of economically im-
portant plants [9]. In addition to their economic importance, Col-
letotrichum spp. have been extensively utilized as model species to
investigate plant-fungus interactions. For all these reasons, Col-
letotrichum has been ranked among the top 10 most important fun-
gal plant pathogens worldwide [10]. Some Colletotrichum species
show a one-to-one relationship with a specific host while other
species infect a wide range of hosts [6, 9, 11-13]. The biological di-
versity of Colletotrichum and the presence of very closely related
species with different host ranges makes this genus an excel-
lent model to investigate genomic signatures associated with the
evolution of biological characters important for host interactions
such as those involved in PCW degradation.

Since the first genome sequences of fungi became available,
researchers have been analyzing gene content and genomic fea-
tures to find associations that may explain the differences in
fungal lifestyles, and varying patterns are beginning to emerge
[6, 14, 15]. In contrast, gene loss or gain in families such as
those encoding CAZymes and proteases could be associated with
host range in Colletotrichum species [16]. The similar repertoires
of CAZymes and secreted proteases found in relatively distant
members of the Colletotrichum acutatum and Colletotrichum gloeospo-
rioides species complexes suggest a recent and independent ac-
quisition of this enzymatic arsenal or a progressive loss during
the host specialization process [6, 16, 17]. While genome studies
are useful tools to identify putative genes and to perform evolu-
tionary analyses, transcriptomic data are required to better un-
derstand the genes involved in a complex process such as PCW
interaction.

Plant pathogenic fungi have a close interaction with the PCW,
and plants have evolved to recognize external attacks through
the degradation of the PCW itself. This is especially true for
hemibiotrophic plant pathogens as they interact with the PCW
twice: initially when they enter the cell and later when they gain
nutrients from it. This complexity is reflected by the wide arsenal
of CAZymes encoded by Colletotrichum spp. being one of the most
diverse in the fungal kingdom.

In this work, we used comparative genomics and transcrip-
tomics to identify genes involved in the interaction between Col-
letotrichum spp. and the plant substrates (which are mainly com-
posed by PCW), as well as evolutionary analyses to gain a bet-
ter understanding of adaptation and specialization of these fungi
to different plant substrates. Phylogenetic analyses revealed that
the ancestral Colletotrichum was associated with dicots and that
at least 3 independent jumps to monocots occurred. We also
found that monocot-associated Colletotrichum species have under-
gone specific gene losses in PCW degrading enzyme families and
expansions in lineage-specific genes. Comparing 4 different Col-
letotrichum species, we also found that, despite millions of years
of divergent evolution, they have maintained highly similar gene
content, with exceptions in the CAZymes and proteases, and show
strong differences in gene modulation associated with different
host substrates.

Results

The common ancestor of Colletotrichum
parasitized dicots and specific lineages jumped
independently to monocots

In this study, we present a comparative genomic analysis of
30 species from the genus Colletotrichum. Eleven of these (Col-
letotrichum cereale, Colletotrichum eremochloae, Colletotrichum subline-
ola, Colletotrichum graminicola, Colletotrichum falcatum, Colletotrichum
navitas, Colletotrichum caudatum, Colletotrichum somersetensis, Col-
letotrichum zoysiae, Colletotrichum orchidophilum, and Colletotrichum
phormii) are pathogens specialized to different taxonomic groups
of monocots; seventeen (Colletotrichum orbiculare, Colletotrichum
noveboracense, Colletotrichum higginsianum, Colletotrichum tofieldiae,
Colletotrichum salicis, Colletotrichum godetiae, Colletotrichum acutatum
sensu stricto, Colletotrichum fioriniae, Colletotrichum abscissum, Col-
letotrichum lupini, Colletotrichum tamarilloi, Colletotrichum costaricense,
Colletotrichum cuscutae, Colletotrichum paranaense, Colletotrichum mel-
onis, Colletotrichum nymphaeae, and Colletotrichum simmondsii) have
been associated only with dicots while two of them (Colletotrichum
chlorophyti and Colletotrichum incanum) are capable of infecting
plants that belong to both groups.

All genomes have been analyzed for completeness to avoid a
potential source of bias (Supplementary Table S1). The analyzed
genomes showed a large variation in size, ranging from 44.20 Mb
in C. caudatum to 89.65 Mb in C. orbiculare (Fig. 1). While a large vari-
ation at the genus level was already reported [18] (more than 50%
in our dataset), these results highlight an unexpected variation of
more than 30 Mb (39%) between 2 closely related species such as C.
cuscutae and C. paranaense. These 2 species belong to the Acutatum
species complex and have been recognized as separate taxa only
recently. As a general trend, species with larger genomes have ap-
proximately the same number of genes as smaller genomes and
are characterized by a lower GC content (Figs. 1 and 2). Identifi-
cation and characterization of repetitive elements reveal a high
diversity in repeat content among different Colletotrichum species
and demonstrate the proliferation of retroelements and other un-
classified repeats in the genomes characterized by larger genome
sizes.

Phylogenomic analyses calibrated with 3 fungal fossils show
age estimates for Colletotrichum spp. and enable the identification
of time frames of specific evolutionary events (Fig. 1).

Colletotrichum species diverged from members of the closest re-
lated genus Verticillium in the late Jurassic around 136.43 million
years ago (mya) (186.35-99.88) (Supplementary Fig. S1). The di-
versification of species within the genus, based on the estima-
tion of divergence between the 2 most distantly related species
C. orbiculare and C. abscissum, took place during the Upper (or
Late) Cretaceous period, 68.76 mya (103.85-45.53). These results
suggest that the common ancestor of Colletotrichum was asso-
ciated with dicots, and at least 3 independent host jumps be-
tween dicots and monocots took place during the evolution of
this pathogen. The first took place in the Paleogene (around 25
mya) when species of the Graminicola complex diverged from
those belonging to the Spaethianum complex. Interestingly, the
diversification of Colletotrichum species, adapted to plant species
belonging to the Poaceae, happened around 20 mya, coinciding
with the expansions of grasses from their water-bank habitat into
open tracts and their diversification [19]. The second happened
around 15 mya when C. orchidophilum diverged from the ancestor
of the Acutaum species complex. The third host jump occurred in
the Neogene around 3.5 mya when the flax pathogenic species C.
phormi diverged from its closest related species, C. salicis.
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Figure 1: A timetree inferred by the RelTime method to the Colletotrichum phylogenomic tree. The branch lengths were calculated using the ordinary
least squares method. All nodes are supported by Bayesian posterior probability of 1.00. Bars around each node represent 95% confidence intervals
and light blue bars represent the 3 host jumps from dicot to monocot. This analysis involved 127 amino acid sequences and a total of 124,023 sites.
Colletotrichum species complexes are indicated in red. Genomes sequenced in the present study are highlighted in bold. On the right side, 4 bubble plots
illustrating assembly size, GC content, and assembly fragmentation parameters (number of contigs and N50 value) are reported on the right side. The
bubble sizes have been scaled to each panel and are not comparable across panels. Gray bar diagram on the right reports the size of coding and
noncoding regions, while the blue one represents the percentage of repetitive elements in each genome (Supplementary Table S2).

Colletotrichum species associated with monocots
have gone through expansions of
lineage-specific genes and losses of degradative
enzymes and other conserved functions

To examine core features shared by all Colletotrichum species,
complexes, individual species, and features specific to dicot- and
monocot-associated species, all predicted proteomes were clus-
tered into groups of orthologous genes (Fig. 2A). This approach
enabled the identification of the core, shared, and species-specific
proteins and orthologs only present in species associated with di-
cot or monocot hosts. Enrichment analyses of the core, shared,
and lineage-specific (secreted and nonsecreted) protein encoding
genes did not identify functional category or gene family expan-
sions associated with host range. Considering that the analyses
carried out are affected by the sampling, as closely related species
are likely to have more shared genes compared to species that are
more distant from others, our analyses also highlight that mono-
cot pathogenic species have generally more lineage-specific genes
compared to dicot pathogenic species (Fig. 2A, C). The lineage-
specific genes of 2 closely related pairs of species were compared
to their counterpart’s genome (Supplementary Fig. S2). Interest-
ingly, most of the lineage-specific genes have homology to the
closely related genome, but manual inspection of the sequence
alignments revealed that most have deletions and/or nucleotide
substitutions, suggesting that the lineage-specific genes are the
result of gene loss in the other species. While no orthogroups
specific to the monocot pathogenic species were identified, we
found 3 orthogroups only present in those species capable of in-
fecting dicot plants. These were OG0010350, with 1 or 2 copies of
the gene present in all dicot pathogenic species and in C. incanum
and characterized as a secreted g-glucosidase (CAZy—GH3/FN3);
0G0010637, with 1 or 2 copies of the gene present in all dicot
pathogenic species and in C. incanum and characterized as a se-
creted protein with unknown function containing a (FAD)-binding
domain; and 0G0011101, present in all dicot pathogenic species

and in those that have been associated with dicot and monocot
and described as an a-1,2-mannosidase (CAZy—GH92).

Analyses of functional annotations highlighted 2 Gene Ontol-
ogy (GO), 12 InterPro (IPR) terms and 2 gene families expanded
in dicot-associated species compared to the monocot-associated
species (Fig. 2B; Supplementary Tables S3, S4, and S10). No terms
were expanded in monocot-associated Colletotrichum spp., con-
firming the pattern observed in the analyses based on protein sim-
ilarity, and the 2 species capable of infecting both hosts (C. chloro-
phytt and C. incanum) cluster with the dicot-associated pathogens.
As many IPR and GO terms overlap, the results were manually in-
spected to avoid redundancy.

Overall, terms identified as expanded in dicot-associated
pathogens could be clustered into 5 functional groups (Fig. 2B):
(i) aconitases are genes encoding for enzymes that catalyze the
stereo-specific isomerization of citrate to isocitrate in the Krebs
cycle, and while dicot pathogens have 3 or 4 copies of this gene,
monocot pathogens have only 2; (ii) P-ATPases are proteins that
are involved in transport of a variety of different compounds; (iii)
transcription initiation factor 1ID is a general transcription factor
(GTF) involved in accurate initiation of transcription by RNA poly-
merase II; (iv) serine proteases belonging to the MEROPS peptidase
family S8; and (v) several terms identified, such as the alpha/beta
hydrolase fold, the pectin lyase fold, the PL6 family domains, and
others are associated with CAZymes.

Dicot-infecting species have a higher overall number of genes
encoding putative plant biomass degrading enzymes than the
species with monocot hosts (Supplementary Table S10), which
confirms previous studies [6]. This is also clear by the number
of CAZy families encoding carbohydrate esterases (CEs), glyco-
side hydrolases (GHs), or polysaccharide lyases (PLs), for which
the dicot-infecting species have a significantly higher number
of genes. In contrast, higher gene numbers per family for the
monocot-infecting species are only present in CE1, GH10, GH11,
GH13_1, GH45, and GH62. Interestingly CE1, GH10, GH11, and
GH62 are all involved in xylan degradation, a prominent com-
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Figure 2: Comparative genomic analysis of Colletotrichum species. (A) UpsetR plot of the protein clustering analysis. Bars on the upper side represent
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be secreted.

ponent of monocot cell walls. CAZy families encoding putative
pectinolytic enzymes have higher numbers of genes in the dicot-
infecting species, such as CE8, CE12, GH28, GH43, GH52, GH53,
GH78, GH88, GH93, PL1, PL3, PL11, and PL26. However, also CAZy
families with putative enzymes targeting lignin (AA1), cellulose
(GH1, GH3, GHS, GH7), and hemicellulose (CE1l6, GH12, GH27,
GH36, GH74, GH115) are enriched in the dicot-infecting species.
At the individual species level, C. noveboracense stands out with an
increased number of genes in several CAZy families (AA1_3, CE1,
GH1, GH2, GH7, GH28, GH43, GH78). The Colletotrichum species lack
the subfamily AA1_1 sensu stricto laccases but possess putative
laccase-like multicopper oxidase encoding genes from the sub-
families AA1 2 and AA1_3. A previously described laccase (lac2),
which is involved in melanization in appressorial cells of C. or-
biculare [20], is categorized as a member of family AA1 without a
subfamily division, whereas a C. orbiculare lacl that does not have
a role in melanin biosynthesis or pathogenicity [20] is cataloged
to AA1_3. For 3 of the species, C. acutatum, C. higginsianum, and C.
graminicola, growth profiles on plant biomass-related substrates
are available in the FUNG-GROWTH database [21]. Comparison
of the CAZome of these 3 species (Supplementary Tables S9 and

510) to their growth profiles did not provide clear correlations.
Growth on xylan, galactomannan (guar gum), and inulin is rela-
tively poor for C. higginsianum compared to the other 2 species, but
no strong reduction in xylanolytic, mannanolytic, or inulinolytic
genes can be found in its genome. This evidence also suggests that
the CAZyme content in the genome can only partially explain its
degradative capability.

To confirm these results and to gain a better understanding
on the evolution of the genes identified using both approaches
(similarity-based protein clustering and protein terms enrich-
ment), further analyses were carried out. Results of selected CAZy
families (GH3 and GH92), aconitases, and transcription initiation
factors IID (Supplementary Fig. S3) revealed gene losses in the
monocot-associated species lineages.

Transcriptome profiles on different plant
substrates reveal strong variation among species

To identify genes involved in the interaction with the PCW, we
performed a transcriptome analysis of 4 reference species, with
2 dicot pathogens (C. higginsianum, C. nymphaeae) and 2 monocot
pathogens (C. graminicola and C. phormii), on 3 different substrates:
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D-glucose, sugar beet pulp (dicot substrate: DS), and maize pow-
der (derived from complete plants without cobs as monocot sub-
strate: MS). Species used in the transcriptomic approach have
been selected because they represent model systems (e.g., C.
graminicola and C. higginsianum) and are based on differences in
evolutionary history of host association (species that have a long
history of host association with monocots like C. graminicola and
species that have adapted to monocots more recently like C.
phormi).

The selected substrates differ in sugar/polysaccharide compo-
sition, with sugar beet pulp being rich in cellulose, pectin, and xy-
loglucan [22], while maize powder is rich in cellulose and hemicel-
lulose, particularly glucuronoarabinoxylan [23]. Both plant sub-
strates have been used as valuable waste biomass for indus-
trial applications [24-26] and therefore largely used as substrates
in similar studies to address the microbial degradation perfor-
mance/requirements [27-29].

The 4 species show different evolutionary histories and ge-
netic distances with C. phormii and C. nymphaeae being closely re-
lated members of the same complex but associated with mono-
cot and dicot hosts, respectively. C. higginsianum, C. phormii, and
C. nymphaeae have similar patterns of gene expression when the
pairwise comparisons of transcriptome patterns are plotted in a
principal component analysis (Fig. 3A). In these 3 species, the com-
parison of genes differentially expressed in DS versus MS shows
a lower diversity compared to the one highlighted in the compar-
ison of genes differentially expressed in both substrates versus
D-glucose (Fig. 3A). This pattern is also confirmed by the over-
all number of differentially expressed genes (DEGs), where C. hig-
ginsianum, C. phormii, and C. nymphaeae have the lowest number
of both up- and downregulated DEGs in DS versus MS while C.
graminicola has a comparable number of DEGs in other pairwise
comparisons (Fig. 3B). The differences shown by C. graminicola
might reflect the longer evolutionary history of association with
its host as well as the differences in plant substrate composition
between the hosts. Among the 4 species, C. nymphaeae regulate
differentially more genes compared to the other species.

To better understand the specificity of the response to differ-
ent substrates, we identified species-specific genes overexpressed
in the presence of D-glucose, DS, MS, plant substrate (PS: as those
genes overexpressed in the presence of both DS and MS), and
those shared among all 4 species, among the dicot pathogens and
among the monocot pathogenic species (Fig. 3C, D). Results high-
lighted a strong specific response by the 4 species, as the majority
of the DEGs are not shared between the 4 genomes but are specific
for each organism.

Comparative analysis of enrichment profiles highlighted 5
terms enriched among overexpressed genes in dicot pathogens on
DS (condition 7), all of which (GO:0000981, GO:0006355, IPRO01138,
IPRO36864, PF00172) are associated with the Zn(2)-Cys(6) fungal-
type DNA-binding domain and transcription regulation. Func-
tional annotation of genes identified in Fig. 3D revealed that more
than one-third of all genes identified (32/112) were assigned to 3
major groups: transporters, CAZymes, and transcription factors.

We identified 10 orthologous genes overexpressed in the pres-
ence of D-glucose compared to plant substrate (condition 0).
Among these, 4 are transporters, 3 are associated with primary
metabolism (such as citrate and fatty acid synthase and sorbitol
dehydrogenase), 1 is a secreted flavoenzyme, and 2 are secreted
proteins of unknown function. Sixteen orthologous genes in each
species were upregulated in the presence of the plant substrates
(conditions 1, 1A, and 1B). In this set, we identified 4 transporters;
2 transcription factors; 3 genes belonging to CAZy families GH27,
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GHS5_16, and GH43; and 1 subclass M28 peptidase. Interestingly,
1 orthogroup (OG_12813) assigned to condition 1a and therefore
to genes overexpressed in the presence of plant substrate by all 4
species, but more overexpressed in dicot pathogenic species com-
pared to the monocot pathogenic species, has been assigned to
the CAZy subfamily GH43 (Table 1) that contains xylan and pectin
degrading enzymes.

Two orthogroups were identified as overexpressed in the pres-
ence of DS only by dicot pathogens (condition 4), and 10 or-
thogroups were identified as overexpressed in the presence of
the MS only by monocot pathogens (condition 5). This suggests
a certain level of specificity by the dicot and monocot pathogenic
species. The main differences between the 2 sets of genes are the
presence of specific transcription factors in the response of the
monocot pathogens while the response of the dicot pathogens
lacks specific transcription factors. Another difference is high-
lighted by differences in genes encoding for CAZy (GH142 in condi-
tion 4 and GH11 [CBM1] in condition 5). An opposite situation was
observed in condition 6 compared to condition 7, where the num-
ber of orthogroups overexpressed by dicot pathogenic species was
more than double of those overexpressed by monocot pathogenic
species in the plant substrates (MS or DS). Both sets are rich in
transcription factors, but while C. graminicola and C. phormii over-
expressed several shared genes encoding for CAZymes (such as
GH62, AA3_2, and 2 different genes belonging to the GH43), C.
nymphaeae and C. higginsianum overexpressed only 1 (also belong-
ing to GH43).

Expression patterns of CAZy encoding genes are
unique to each Colletotrichum species

In contrast to the small differences in gene numbers per CAZy
family, comparison of the transcriptome profiles of C. higgin-
sianum, C. nymphaeae, C. phormii, and C. graminicola revealed high
diversity between them. Based on the expression differences of
CAZy genes between transcriptome of fungi growth in D-glucose
and the other 2 substrates (DS and MS), the expression of the or-
thologous genes was clustered for the 4 fungal species (Fig. 4A).

This demonstrated that the transcriptional profiles of the same
fungus grown on 2 different substrates (maize powder and sugar
beet pulp) cluster together, indicating that the fungal species is
more strongly associated with the expression pattern than the
monocot or dicot nature of the substrate. The dicot-infecting fun-
gal species (C. higginsianum, C. nymphaeae) were most similar to
each other, while the 2 monocot-infecting species (C. phormii, C.
graminicola) were more distinct. This effect seems to be mainly
at the individual orthogroup level, as more similarity can be ob-
served between the fungal species when the number of genes up-
regulated on plant substrates or on D-glucose was compared be-
tween the species for each CAZy family (Fig. 4B). In this compar-
ison, the clustering of the dicot fungal-infecting species was no
longer observed, suggesting strong differences in the transcrip-
tional response of the individual species.

Dicot-associated Colletotrichum spp. have more
complex regulatory response to PS and revealed
potential new regulatory elements
The expression patterns of C. higginsianum, C. nymphaeae, C.
phormii, and C. graminicola revealed the presence of several genes
encoding transcription factors (TFs) and other regulatory genes
showing interesting patterns of expression (Table 2).

Surprisingly, none of them are orthologs of already character-
ized TFs directly involved in plant cell wall degradation, some of
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Figure 3: Comparative transcriptomic analysis of selected Colletotrichum species (C. higginsianum, C. graminicola, C. phormii, and C. nymphaeae) on 3
different carbon sources: D-glucose, sugar beet pulp (as dicot substrate: DS), and maize powder (as monocot substrate: MS). (A) Principal components
analysis of all the orthogroups identified in the 4 species analyses and associated expression profiles (Supplementary Table S11). (B) Number of
differentially expressed genes of each Colletotrichum species and in each condition analyzed. (C, D) Genome-specific response represented as the
number of genes differentially expressed. For each pairwise comparison and species, overexpressed genes are indicated by an arrow pointing up while
those underexpressed are indicated by an arrow pointing down. (C) Genes overexpressed in D-glucose for each genome are reported in the first column
on the left, those overexpressed in PS are reported in the second column, those overexpressed in MS are reported in third column, and those
overexpressed in DS are reported in forth column. (D) Numbers of genes showing the same expression patterns in the established conditions as
described in the Materials and Methods section.

Table 1: Description of transcription profiles, number of genes identified, and main biological functions in each condition

Condition Conditions of overexpression # genes Main biological function/description
In the presence of glucose 10 Primary metabolism; transporters
1 In the presence of PS 13 CAZy GH27/GHS5/GHA43; transporters; 2
transcription factors
la In the presence of PS and overexpressed in DS 1 CAZy GH43
in eudicot pathogens
1b In the presence of PS and overexpressed in MS 2 Sugar transport; alkaline phosphatases
in monocot pathogens
2 In the presence of MS 0 NA
3 In the presence of DS 0 NA
4 In the presence of DS only in dicot pathogens 2 CAZy GH142; transmembrane protein
5 In the presence of MS only in monocot 10 CAZy GH11 (CBM1); transmembrane proteins; 2
pathogens transcription factor
6 In the presence of PS only in monocot 22 CAZy GH43/GH62 (CBM1); transporters,
pathogens oxidoreductase activity; 3 transcription factors
7 In the presence of PS only in dicot pathogens 52 Unknown functions, zinc finger—nucleic acid

binding; 6 transcription factors
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Figure 4: (A) Comparison of differential gene expression of CAZy ortholog groups on plant substrates (MS as monocot substrates and DS and dicot
substrates) or D-glucose. The genes were binned into the following 5 categories: highly expressed in D-glucose, variable expression, absence, not
differentially expressed, and lowly expressed in D-glucose for each ortholog gene(s) of each species in each specific comparison and shown in different
colors. (B) Comparison of the number of CAZy genes upregulated on plant substrates (MS as monocot substrates and DS and dicot substrates) or
D-glucose for the tested species. The number of highly and lowly expressed genes detected in D-glucose condition is marked in red and green,
respectively. The ortholog genes missed in the specific species are indicated in white.

which are unknown, or we could not identify a clear function. In-
deed, all 4 fungal species overexpressed only 2 TFs in the pres-
ence of PS (condition 1), which have a putative function in veg-
etative and stress growth, suggesting that the saprophytic stage
of Colletotrichum spp. required a reshaping of the growth modus
operandi. Interestingly, no TFs were overexpressed in the 4 fungal
species growing on MS (condition 2) or DS (condition 3), matching
with the CAZymes’ expression pattern where species appeared to
have a higher influence than the nature of the substrate. Monocot-
and dicot-associated pathogens responded differently to PS at the
regulatory level. Monocot pathogens specifically overexpressed a
narrow set of TFs (5 in total), mainly involved in growth control
and secondary metabolism. Moreover, only monocot pathogens
appeared to be partially adapted to their natural substrate as 2
TFs were overexpressed in MS only in monocot pathogenic species
(condition 5) while no TFs were differentially expressed in dicot
pathogenic species on DS. These 2 TFs show an interesting behav-
ior: the methyltransferase OG_8644 is present in all 4 species but
differentially expressed only in monocot-associated pathogens on

MS, while the unknown Cys,His, TF OG_1140 is present only in
Colletotrichum spp. associated with monocots, suggesting that it
has been acquired during the adaptation toward monocot hosts.

In contrast to monocot-associated pathogens, dicot pathogens
had more expanded and complex regulatory responses with more
than half of the total differentially expressed TFs, with no TFs
specifically differentially expressed in DS (condition 4), suggest-
ing that these strains have a less substrate specific response.

Six TFs and 3 regulatory factors were overexpressed in both
plant substrates (MS and DS) only by dicot-associated pathogens
(condition 7), although they are present in all 4 genomes. This
evidence suggests that these regulatory genes may have lost the
function to respond to plant cell walls during the process of adap-
tation to monocot hosts. Most of such TFs appear to have pu-
tative functions in virulence and pathogenicity. The other reg-
ulatory genes found in this category have functions in chro-
matin remodeling and posttranscription regulation, suggesting
that the adaptation to dicot hosts also required adaptations at
the posttranscriptional and translational level. Confirming this

yz0z Joquisydag /| uoisanb Aq gL010/Z/9g09eIB/e0usiosebib/ce0L 01 /Iop/a1one/eousiosebib/woo dno oiwepese//:sdiy woly papeojumoq



Vol. 13

8 | GigaScience, 2024,

Table 2: Transcription factors and other genes involved in modulating gene expression identified in the transcriptome dataset

Conditions of

Condition overexpression Orthogroup Domain Predicted/putative function
1 In presence of PS 0G_1905 Cys6Zn2 TF Unknown/vegetative asexual development
0G_7409 Cys6Zn2 TF Activator of stress 1 (ASG1)/hyphal growth
5 In presence of MS only in 0G_8644 Secondary metabolism
monocot pathogens Methyltransferase
0G_1140 Cys2His2 TF Unknown
6 In presence of PS only in 0G_6982 Unknown/putative growth control
monocot pathogens Methyltransferase
0G_401 Cys6Zn2 TF Activator of purine utilization
0G_1148 Cys6Zn2 TF Secondary metabolism
7 In presence of PS only in 0G_2149 Cys6Zn2 TF Conidiophore development, hyphal growth
dicot pathogens
0G_2547 SFN2 helicase Chromatin remodeling/DNA repair
0G_3693 Cys6Zn2 TF Unknown
0G_2666 Cys6Zn2 TF Cutinase transcription factor 1 (CTF1)
0G_2742 GATA-like TF Development and disease
0G_5209 E3 ubiquitin Proteasome-mediated ubiquitin-dependent
ligase protein catabolic process
0G_7815 bZIP TF Oxidative stress/pathogenicity
0G_8935 GATA TF Sensing
0G_% E3 ubiquitin Ubiquitin ligase/histone regulation
ligase

hypothesis, in this category we found several genes involved
in translation process/modification, especially at the tRNA level
(Supplementary Table S12). This indicates that the chromatin re-
modeling and the posttranslation processes are important for the
dicot-associated pathogens for host interactions and/or plant cell
wall interaction.

Discussion

The ancestral Colletotrichum was associated with dicot plants
and certain branches progressively adapted to different monocot
hosts. The diversification of species inside the genus took place
during the Upper (or Late) Cretaceous, 68.76 mya (103.85-45.53).
This period was characterized by the ecological success of an-
glosperms that appeared in the fossil records (between 145 and
66 mya) [30]. Previous studies indicate that ancestral angiosperms
lived in low evaporative niches during the Early Cretaceous [31]
before their quick diversification in the Mid-Cretaceous [32]. Dur-
ing the Late Cretaceous, evolving angiosperms spread toward the
poles [33] and gained ecological dominance in most of the world’s
ecosystems by replacing gymnosperms in the evaporatively more
demanding upper canopy [34]. In our dataset, at least 3 different
events of host jumps and specialization to monocots were de-
tected, the first when species belonging to the Graminicola com-
plex diverged from those belonging to the Spaethianum complex
around 25.23 mya (42.71-14.91), the second when C. orchidophilum
diverged from the common ancestor of species belonging to the
Acutatum complex around 14.58 mya (23.89-8.89), and the third
event when C. phormii diverged from the closely related species C.
salicis around 3.45 mya (6.55-1.82).

All members of the Graminicola complex are pathogenic to
species belonging to the Poaceae. However, while most of the
species can infect plants belonging to the Panicoideae subfamily
(PACMAD clade), C. zoysiae is pathogenic to Zoysia tenuifolia, which
belongs to the Chloridoideae subfamily (PACMAD clade), and C.
cereale is pathogenic to Poa annua, which belongs to the Pooideae

subfamily (BOP clade). The ancestor of all hosts of the Gramini-
cola species can be placed at the crown node of BOP and PAC-
MAD that is dated at 57 mya (75-51 mya) in the late Paleogene
[19]. This event happened before the differentiation of species
belonging to the Graminicola complex and those belonging to
the Spaethianum complex, while the quick species diversification
into Graminicola species took place between the Miocene and the
Oligocene, 18.59 mya (32.56-10.62 mya), overlapping with the oc-
cupation of open habitats in Africa of their hosts that occurred in
the late Eocene—early Oligocene. The Oligocene period was consid-
erably drier than the rest of the Tertiary, and these factors might
have had an effect on the decrease of the forest cover and the
expansion of open habitats [35]. The second jump to monocot
hosts happened when C. orchidophilum diverged from the ances-
tor in common with species belonging to the Acutatum complex
around 14.58 mya (23.89-8.89). C. orchidophilum is host specific,
infecting different species belonging to the Orchidaceae, includ-
ing species belonging to Phalaenopsis, Cycnoches, Dendrobium, and
Vanillagenera [11, 12, 36], covering the entire diversity of the Orchi-
daceae. Previous studies reported that the common ancestor of or-
chids was supposed to have existed much earlier, between 76 and
84 mya [37]. The last of the 3 monocot specialization events hap-
pened when C. phormii diverged from the closely related species
C. salicis in the Neogene, around 3.45 mya (6.55-1.82). C. phormii is
a worldwide-distributed pathogen of Phormium spp. Dianella-like
fossils from the Eocene have been placed at the crown of the gen-
era Phormium and Dianella, dating the divergence between these
2 genera to around 45 mya (SD = 1.0) [38], which is much earlier
than the estimated appearance of C. phormii. Among the 3 events
described, C. orchidophilum and C. phormii might have acquired a
key gene or genes that allow the host jump after the appearance of
the host, while the ancestor of species belonging to the Gramini-
cola complex has evolved simultaneously with its hosts. Interest-
ingly, all lineages of Colletotrichum associated with monocots show
a certain level of host specificity that could reflect their more re-
cent host jumps.
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Analysis of the plant cell wall degradation-related CAZome of
the different Colletotrichum species did not reveal large differences,
especially when compared to similar studies in the genus As-
pergillus [39, 40]. The dicot-infecting species have a higher over-
all number of genes encoding putative plant biomass degrading
enzymes than the species with monocot hosts, which confirms
results found on a previous study comparing the C. higginsianum
and C. graminicola genome [6]. This is also apparent by the number
of CAZy families encoding CEs, GHs, or PLs, for which the dicot-
infecting species have a significantly higher number of genes,
even though this difference per family is often small. In con-
trast, higher gene numbers per family for the monocot-infecting
species are involved in xylan degradation, a prominent compo-
nent of monocot cell walls. This difference between the monocot-
and dicot-infecting species reflects the more diverse cell walls of
dicots [41], which would require a broader set of enzymes to ef-
ficiently degrade them. A clear difference between monocot- and
dicot-infecting species was found in the number of genes encod-
ing putative pectin degrading enzymes. Pectin is a major compo-
nent of dicot cell walls but nearly absent in monocots [41]. Studies
of specific CAZymes in Colletotrichum spp. are relatively few, and
they only address some of the enzymes involved in plant biomass
degradation [42, 43]. Hydrogen peroxide (H,0,) may have multiple
roles in plant pathogenic fungi because 2 subfamily AAS5_2 alco-
hol oxidases have been characterized from C. graminicola and C.
gloeosporioides [44,45]. These enzymes have broad substrate ranges
and oxidize aliphatic primary alcohols to the corresponding alde-
hydes, by simultaneously reducing oxygen to hydrogen peroxide.
Although their natural substrates have not yet been identified,
these enzymes were suggested to have a role in plant cell wall
degradation. In addition, an AAS5_2 raffinose oxidase that uses
trisaccharide raffinose as its preferred substrate has been charac-
terized from C. graminicola [46]. Moreover, a recent study showed
that another AA5_2 paralog from C. graminicola oxidizes aryl al-
cohols to the corresponding aldehydes, thus describing aryl alco-
hol oxidase activity in the CAZy family AAS, which is traditionally
related to AA3 glucose methanol choline (GMC) oxidoreductases
[47].

Overall, the transcriptome analysis indicates a higher substrate
specificity in the monocot pathogenic species C. graminicola and C.
phormii while the response of the dicot pathogens does not seem
to discriminate between the different plant substrates. In contrast
to the low differences in gene numbers per CAZy family, com-
parison of the transcriptomes of C. higginsianum, C. nymphaeae, C.
phormii, and C. graminicola revealed high diversity in gene expres-
sion. In Aspergillus, proteomic comparisons of a large number of
species revealed a much higher diversity than was expected based
on genome content and differences were more associated with
taxonomic distance [48, 49]. These results in part match with pre-
vious studies of the production of plant biomass degrading en-
zymes in Colletotrichum. C. graminicola has been shown to produce
B-glucosidase, g-xylosidase, and xylanase activity during solid-
state fermentation on different plant biomass substrates. En-
zyme families containing these activities (GH1, GH3, GH10, GH11,
GH43) were also expressed on plant biomass in our study. Stud-
ies into the expression of specific genes revealed monomeric in-
ducers of the responsible regulatory systems. An endopolygalac-
turonase encoding gene of C. lindemuthianum was expressed in
the presence of L-arabinose and L-rhamnose [50]. Several of the
CAZy genes of Colletotrichum have been implicated in pathogenic-
ity [51, 52]. Transcriptome profiling of C. graminicola and C. hig-
ginsianum has revealed highly dynamic expression of CAZy genes
during the infection process. For example, in C. graminicola and
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C. higginsianum, significant upregulation of several genes encod-
ing cellulolytic enzymes was observed during the necrotrophic
phase compared to the biotrophic phase, during the in vitro
growth or the formation of the penetration appressorium (3, 6].
In C. higginsianum and C. graminicola, an orthologous GH131 en-
coding gene was highly upregulated during both biotrophic and
necrotrophic phases, whereas in C. higginsianum, another GH131
family gene was also upregulated during appressorial penetration
and biotrophic phase [53]. In addition, the corresponding recom-
binant GH131 proteins were demonstrated to have broad speci-
ficity toward substrates with g-1,3- and g-1,4-glucosidic linkages,
and they were suggested as either breaking down the hemicel-
lulose heteropolymeric structure or facilitating other enzymes to
access cellulose [53]. In C. fructicola, a transcriptomic study of 4
types of infection-related structures revealed an upregulated ex-
pression of 27 CAZy genes during appressorium formation [54].
Among these genes, 14 encode for redox enzymes, with the high-
est enrichments from AA2 (heme-containing peroxidases) and
AAS (copper radical oxidases). Under cellophane infectious hy-
phae, high expression of GH7, AA9, PL1, and CBM1 family mem-
bers was also detected. As in our study only a single time point
was analyzed, this could explain the absence of the induction of
some of these genes in our results. Previous studies have reported
gene duplications within the CAZy genes in species characterized
by a broad host range [16, 17]. Interestingly, different members of
the CAZy family GH43 have been identified in 3 different condi-
tions. Both results suggest that the GH43 may be an important
family for plant substrate interaction and/or degradation in Col-
letotrichum species.

The expression of the TFs and other regulatory genes of C. hig-
ginsianum, C. nymphaeae, C. phormii, and C. graminicola was analyzed
based on the orthogroups clustering and according to the different
conditions. Unexpectedly, none of the major known TFs involved
in plant biomass utilization [2] passed our requirements/cutoff,
while most differentially expressed regulatory genes identified
were TFs with uncharacterized function or other regulatory fac-
tors, mainly involved in chromatin remodeling. We found dif-
ferentially expressed TFs specific to plant substrates, to mono-
cot pathogenic species, and to dicot pathogenic species on both
MS and DS. We did not identify differentially expressed TFs spe-
cific for the dicot substrate. Exceptions are monocot-associated
pathogens, which overexpressed 1 TF and 1 methyltransferase in
the monocot substrate, and 2 TFs and 1 methyltransferase in both
plant substrates. This suggests that adaptation to monocots re-
quired changes not only at the transcriptional level but also at
the chromatin access level. However, half of such TFs and other
regulatory factors were overexpressed only by dicot pathogens,
suggesting that dicot pathogens have a more complex regulation,
most likely reflecting the substrate complexity of their host plants.
The majority of DE TFs identified in this study do not have a clear
function or have a very general role, but our results suggest that at
least some of them may have a potential role in plant interaction.

Despite millions of years of divergent evolution, gene content
among the species is, overall, highly similar, with the main dif-
ferences being in plant biomass degradation, separating mono-
cot and dicot pathogens. However, a much stronger level of di-
versity appears to occur at the transcriptional level. This can in
part be assigned to the use of nonorthologous members of the
same CAZy family by different Colletotrichum species. Our results
indicate a higher substrate specificity in the monocot pathogenic
species C. graminicola and C. phormii while the response of the dicot
pathogenic species seems to be more associated with the general
presence of plant substrates.
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This work utilized genome sequences of 30 Colletotrichum spp.,
and at the time of this writing, more than 283 Colletotrichum spp.
genomes are available at the NCBI genomes database, of which 67
were sequenced using long-read technology [55-62]. These data
represent useful resources for future studies of gene family evo-
lution and adaptation to different hosts and incorporating more
diverse sampling of Colletotrichum spp. lineages.

Materials and Methods
Strains and nucleic acids purification

The genomes of 18 Colletotrichum species were sequenced and
compared to the genomes of publicly available representative
species (Table 3). Total genomic DNA was extracted using mod-
ified CTAB methods [63, 64]. Total RNA was extracted from frozen
mycelium ground in a Tissue Lyser (QIAGEN) using TRIzol reagent
(Invitrogen) according to the manufacturer’s instructions. RNA in-
tegrity and quantity were analyzed on a 1% agarose electrophore-
sis gel and with the RNA6000 Nano Assay, using the Agilent 2100
Bioanalyzer (Agilent Technologies) [65]. Further details are pro-
vided in Supplementary File S1.

Genome sequencing, assembly, and annotation

Selected strains were sequenced using Pacific Biosciences RSII
sequencer using Version C4 according to the manufacturer’s in-
structions. The filtered subread data were assembled using Falcon
version 0.2.2 (RRID:SCR_016089) improved with finisherSC v2.0
[66] and polished with Quiver v smrtanalysis_2.3.0.140936.p5. Fur-
ther details are provided in the Supplementary File S1.

For the other strains, quantified libraries were prepared for
sequencing on the Illumina HiSeq sequencing platform utiliz-
ing a TruSeq paired-end cluster kit, v4. Sequencing of the flow-
cell was performed on the Illumina HiSeq2500 sequencer (RRID:
SCR_016383). Raw reads filtered for artifact and process contam-
ination were assembled with Velvet v1.2.10 (RRID:SCR_010755)
[67] or SPAdes v3.8.2 (RRID:SCR_000131) [68]. BUSCO v5.5.0 (RRID:
SCR_015008) [69] was used to search the selected genomes for 758
fungal orthologous genes (fungi_odb10.2019-11-20 dataset) to as-
sess the completeness of the genome sequences.

The genome sequences were annotated using the JGI anno-
tation pipeline [70] or MAKER2 v2.31.8 annotation pipeline [71]
as previously described [16]. Repetitive sequences were identi-
fied using RepeatModeler (RRID:SCR_015027) [72] and Repeat-
Masker (RRID:SCR_012954) [73] on the Galaxy platform (RRID:
SCR_006281) [74].

Phylogeny and divergence date estimation

A selection of 126 genomes covering the Pezizomycotina
plus the genome of Saccharomyces cereviside as an outgroup
were selected from the MycoCosm (RRID:SCR_005312) database
(Supplementary File S1) and analyzed. The proteomes were clus-
tered with OrthoFinder v0.4 (RRID:SCR_017118) [75], and single-
copy gene families were aligned with MAFFT 7 (RRID:SCR_011811)
[76] and then concatenated. A substitution model and its pa-
rameter values were selected using ProtTest 3.4 [77]. A phyloge-
netic tree was reconstructed using Bayesian Markov chain Monte
Carlo (MCMC) analysis from the concatenated alignment under
the WAG + I evolutionary model and the gamma distribution cal-
culated using 4 rate categories and homogeneous rates across the
tree. The calibrated tree was inferred by applying the RelTime
method [78, 79] to the supplied phylogenetic tree whose branch

lengths were calculated using the ordinary least squares method
using MEGA X v10.1.7 [80].

The timetree was computed using 5 calibration point [81-87].
Further details are provided in the Supplementary File S1. The Tao
method was used to set minimum and maximum time boundaries
on nodes for which calibration densities were provided [88]. The
evolutionary distances were computed using the Poisson correc-
tion method [89] and are in the units of the number of amino acid
substitutions per site. Evolutionary analyses were conducted in
MEGA X [80].

Annotation of specific gene categories

Proteins that are transported out of the cell and into the extracel-
lular space were identified with SignalP-4.1 [90]. Protein domains
were annotated using Pfam [91] and InterPro [92] and mapped to
GO terms [93]. CAZymes were annotated using CAZy pipeline [94].

Peptidases were annotated with the MEROPS database (RRID:
SCR_007777), a hierarchical, structure-based classification for
peptidases, organized into families and clans [95].

BLASTp (RRID:SCR_001010) [96] and RunIprScan results were
used to manually identify genes encoding enzymes that are signa-
tures of backbone secondary metabolite genes in the Ascomycota
[97]: nonribosomal peptide synthetases (IPRO10071, IPRO06163,
IPR001242), polyketide synthases (IPR013968), DMATS-family aro-
matic prenyltransferases (IPR0O17795, Pfam PF11991), and terpene
synthases/cyclases (IPR008949).

Transcription factors were identified using BLASTp against
NCBI nonredundant protein sequences (nr) database and the As-
pergillus Genome Database (AspGD) [98]. P value of 1le-10 was
used as a cutoff in both cases. NCBI conserved Domains Database
(CCD) and EMBL Simple Modular Architecture Research Tool
(SMART) (RRID:SCR_005026) [99] were used to manually assign
putative function(s) to uncharacterized transcription factors.

CyssZn, and Cys,His, regulators were also analyzed by phy-
logenetic analyses (NJ) using orthologs of all kingdoms of known
regulators involved in plant biomass degradation [2].

Comparative genomics

Ortholog identification and protein cluster analyses

The Markov cluster algorithm implemented in mcl v14-137 [100]
was used for the identification of protein clusters while (co-
Jorthologous groups were identified by Proteinortho v5.16b (RRID:
SCR_024177) [101].

Identification of expansions and contractions of gene fami-
lies associated with PS

Functional categories associated with monocot or dicot
pathogenic species were identified using 2 different statisti-
cal analyses.

Disjoint sets calculated as:

Set 1 = monocot pathogens

Set 2 = dicot pathogens

if (Min Setl > Max Set2), then term is overrepresented in Setl
if (Min Set2 > Max Set1), then term is overrepresented in Set2

Terms enriched based on Fisher's exact test were calculated
for each in each genome in the following subset: secretomes,
all core proteins, secreted core proteins, all shared proteins, se-
creted shared proteins, all species-specific proteins, and secreted
species-specific proteins. Profiles were compared to identify terms
enriched only in monocot or dicot pathogens.
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Table 3: Colletotrichum spp. genomes used in this study

JGI code Organisms Complex Strain Host Host clade Origin
Colorb1 Colletotrichum orbiculare Orbiculare MAFF 240422 Cucumis sativus Dicot Japan
Glocil Colletotrichum noveboracense Gloeosorioides 23 Unknown Dicot unknown
Colch1 Colletotrichum chlorophyti none NTL11 Solanum lycopersicum Dicot Japan
Colhig2 Colletotrichum higginsianum Destructivum IMI 349063 Brassica rapa Dicot Trinidad &
Tobago
Colin1 Colletotrichum incanum Spaethianum MAFF 238712 Raphanus sativus Dicot Japan
Coltol Colletotrichum tofieldiae Spaethianum 861 Arabidopsis thaliana Dicot Spain
Colcel Colletotrichum cereale Graminicola CBS 129662 Poa annua Monocot USA
Colerl Colletotrichum eremochloae Graminicola CBS 129661 Eremochloa Monocot USA
ophiuroides
Colsul Colletotrichum sublineola Graminicola CBS 131301 Sorghum bicolor Monocot Burkina Fasso
Colfal Colletotrichum falcatum Graminicola MAFF 306170 Saccharum Monocot Japan
officinarum
Colgrl Colletotrichum graminicola Graminicola M1.001 Zea mays Monocot USA
Colnal Colletotrichum navitas Graminicola CBS 125086 Panicum virgatum Monocot USA
Colcal Colletotrichum caudatum Graminicola CBS 131602 Sorghastrum nutans Monocot USA
Colso1l Colletotrichum somersetensis Graminicola CBS 131599 Sorghastrum nutans Monocot USA
Colzol Colletotrichum zoysiae Graminicola MAFF 235873 Zoysia tenuifolia Monocot Japan
Colorl Colletotrichum orchidophilum none IMI 309357 Phalaenopsis sp. Monocot United Kingdom
Colsal Colletotrichum salicis Acutatum CBS 607.94 Salix sp. Dicot Netherlands
Colph1l Colletotrichum phormii Acutatum CBS 102054 Phormium sp. Monocot New Zealand
Colgo1l Colletotrichum godetiae Acutatum CBS 193.32 Olea europaea Dicot Greece
Colfil Colletotrichum fioriniae Acutatum IMI 504882 Fragaria x ananassa Dicot New Zealand
Colac2 Colletotrichum acutatum s.s. Acutatum CBS 112980 Pinus radiata Dicot South Africa
Colab1l Colletotrichum abscissum Acutatum IMI 504890 Citrus x sinensis Dicot USA
Collul Colletotrichum lupini Acutatum CBS 109225 Lupinus albus Dicot Ukraine
Coltal Colletotrichum tamarilloi Acutatum CBS 129955 Solanum betaceum Dicot Colombia
Colcol Colletotrichum costaricense Acutatum IMI 309622 Coffea sp. Dicot Costa Rica
Colcul Colletotrichum cuscutae Acutatum IMI 304802 Cuscuta sp. Dicot Dominica
Colpal Colletotrichum paranaense Acutatum IMI 384185 Caryocar brasiliense Dicot Brazil
Colme1l Colletotrichum melonis Acutatum CBS 134730 Malus domestica Dicot Brazil
Colny1 Colletotrichum nymphaeae Acutatum IMI 504889 Fragaria x ananassa Dicot Denmark
Colsil Colletotrichum simmondsii Acutatum CBS 122122 Carica papaya Dicot Australia

Genomes produced in this work and species sequenced in this work are in bold.

Transcriptomic analyses

A transfer experiment was performed for transcriptomics. Then,
250 mL of complete medium [102] containing 2% D-glucose in 1-
L Erlenmeyer flasks was inoculated with 2.5 x 10% fresh spores,
harvested from a malt extract agar (MEA) medium plate, and in-
cubated in a rotatory shaker at 25°C for 20 hours at 140 rpm.
The mycelium was harvested by filtration and washed with lig-
uid minimal medium (MM) [102] (without carbon source), and
2.5 g mycelium (wet weight) was transferred to 125-mL Erlen-
meyer flasks containing 25 mL MM with 1% of maize powder (MS)
or sugar beet pulp (DS) and incubated in a rotatory shaker at 25°C
and 140 rpm. After preculturing and after 96 hours of incubation
in MS or DS, the mycelium was harvested by vacuum filtration,
dried between tissue paper, directly frozen in liquid nitrogen, and
stored at —80°C [65]. All experiments were performed in triplicate.
Further details are provided in the Supplementary File.

For transcriptomes, stranded complementary DNA libraries were
generated using the Illumina Truseq Stranded mRNA Library Prep
kit. Sequencing was performed using Illumina HiSeq2500 follow-
ing a 2 x 100 indexed run recipe. RNA sequencing (RNA-seq)
raw reads were assembled into consensus sequences using ei-
ther Rnnotator v3.3.2 (RRID:SCR_011897) [103] or Trinity ver. 2.1.1
(RRID:SCR_013048) [104] and used as biological evidence for the

gene prediction. Raw reads were filtered and trimmed for qual-
ity and contamination. Filtered RNA-seq reads from each library
(Supplementary Fig. S4) were aligned to the corresponding refer-
ence genome using HISAT version 0.1.4-beta (RRID:SCR_015530)
[105]. FeatureCounts (RRID:SCR_012919) [106] was used to gen-
erate the raw gene counts using genome annotations. Only pri-
mary hits assigned to the reverse strand were included in the
raw gene counts (-s 2 -p —primary options). DESeq2 version 1.10.0
(RRID:SCR_015687) [107] was subsequently used to determine
which genes were differentially expressed between pairs of con-
ditions. The parameters used to call a gene differentially ex-
pressed between conditions were log2FoldChange > 2 and P <
0.05 (Supplementary Fig. S5). Further details are provided in the
Supplementary File S1.

Comparative transcriptomics
A custom script orthoexpress.py was developed based on Pro-
teinortho v5.16b (RRID:SCR_024177) [101] output (e-value: 1e-05;
percent identity of best blast hits: 25%; minimum coverage of best
blast alignments: 50%; using the synteny of the genomes as input
and excluding the singletones genes) to identify groups of genes
showing specific expression patterns (log2FoldChange > 2 and P
< 0.05). Recent duplications were manually checked. In case of
different behavior of paralogs, both forms of the (co-)orthologous
groups were analyzed independently.

Seven logical conditions (Table 4) were established to identify
genes differentially expressed in specific organisms/conditions.
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Data Availability

The genome sequencing data, assembly, and annotations are
available at DDBJ/EMBL/GenBank. Genome nucleotide acces-
sion numbers, BioProject, and BioSamples are reported in
Supplementary Table S1 while transcriptomic data are reported
in Supplementary Table S13. All the data are also available at the
JGI fungal genome portal MycoCosm [70]. All additional support-
ing data are available in the GigaScience repository, GigaDB [108].

Additional Files

Supplementary Fig. S1. Time-calibrated phylogenomic tree of
123 fungal genomes belonging to the Pezizomycotina subdivision;
Saccharomyces cerevisiae genome was used as the outgroup. Bars
around each node represent 95% confidence intervals. The time-
tree was computed using 5 calibration points highlighted with red
dots (1, 2, and 3 are fossils and 4 and 5 are estimated constraints);
see details in the Materials and Methods section. Major taxonomic
classes and respective crown divergent times are reported in green
while the crown of Colletotrichum is highlighted in orange. Mya,
million years ago.

Supplementary Fig. S2. Summary of BLASTN (e-value < le-3)
searches of lineage-specific genes (CDS transcripts) versus the
genome sequences of the closely related species. (A) Number and
percentage of lineage-specific genes that lack homology in the
target genome. (B) Scatterplots showing the distribution (percent
query coverage and percent identity) of the top BLAST hit of each
lineage-specific gene in the target genome.

Supplementary Fig. S3. Phylogenetic tree of selected gene
families based on InterPro (IPR) domain distribution: PL-6
family—IPR039513; Transcription initiation factor IID, subunit 13—
[PR003195; Aconitase, mitochondrial-like—IPR006248; PoSI-like
peptidase domain—IPR034187. Red taxa indicate dicot pathogenic
species, blue taxa indicate monocot pathogenic species, and pur-
ple taxa indicate Colletotrichum species that can infect both plant
hosts. Pink boxes indicate gene lineages specific of the dicot
pathogens. Number next to the nodes represents support values
expressed as a percentage while thicker branches indicate a sup-
port value of 100%.

Supplementary Fig. S4. Correlation matrix of 9 RNA-seq libraries.
Pairwise Pearson correlation coefficients (PCCs) were calculated
for comparison among transcriptomes of various combinations
of Colletotrichum spp. and substrates. Samples were hierarchically
clustered with the Euclidean distance method. The color scale in-
dicates the degree of correlation.

Supplementary Fig. S5. Volcano plots showing for each pair
wise comparison analyzed the genes considered differentially ex-
pressed (green dots) based on log2FoldChange > 2 and P < 0.05.
Supplementary File S1. Extended version of materials and meth-
ods used.

Supplementary Table S1. Genomes used in this study and relative
information. xTree position refers to the order of the genomes in
the phylogenetic tree shown in Fig. 1.

Supplementary Table S2. Summary of repetitive elements iden-
tified with RepeatModeler in the genomes analyzed.
Supplementary Table S3. Gene Ontology (GO) enrichment anal-
ysis. For each genome, the number of encoded proteins associ-
ated with a specific GO term is reported. The gene number dif-
ferences in each GO term between monocot and dicot infecting
species were statistically compared with the Wilcoxon rank-sum
test and for disjoint sets (for further details, see “Identification of
expansions and contractions of gene families associated with PS”
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in the Materials and Methods). x“Both” indicates those species ca-
pable of infecting dicot and monocot plants.

Supplementary Table S4. InterPro (IPR) enrichment analysis. For
each genome, the number of encoded proteins associated with a
specific IPR term is reported. The gene number differences in each
IPR term between monocot and dicot infecting species were sta-
tistically compared with the Wilcoxon rank-sum test and for dis-
joint sets (for further details, see “Identification of expansions and
contractions of gene families associated with PS” in the Materials
and Methods). x“Both” indicates those species capable of infecting
dicot and monocot plants.

Supplementary Table S5. Pfam protein family enrichment anal-
ysis. For each genome, the number of encoded proteins associ-
ated with a specific Pfam term is reported. The gene number dif-
ferences in each Pfam term between monocot and dicot plant-
infecting species were statistically compared with the Wilcoxon
rank-sum test and for disjoint sets (for further details, see “Iden-
tification of expansions and contractions of gene families asso-
ciated with PS” in the Materials and Methods). x“Both” indicates
those species capable of infecting dicot and monocot plants.
Supplementary Table S6. Comparison of the gene content of 30
Colletotrichum species with respect to putative peptidases and their
inhibitors. «“Both” indicates those species capable of infecting di-
cot and monocot plants.

Supplementary Table S7. Comparison of the gene content of
30 Colletotrichum species with respect to putative transporters.
+“Both” indicates those species capable of infecting dicot and
monocot plants.

Supplementary Table S8. Comparison of the gene content of 30
Colletotrichum species with respect to putative transcription fac-
tors. The gene number differences in each transcription factor
family terms between monocot and dicot plant infecting species
were statistically compared with the Wilcoxon rank-sum test.
+“Both” indicates those species capable of infecting dicot and
monocot plants.

Supplementary Table S9. Carbohydrate-Active enZYmes (CAZy)
encoding gene enrichment analysis. For each genome, the num-
ber of encoded CAZy is reported. The gene number differences in
each CAZy family between monocot and dicot infecting species
were statistically compared with the Wilcoxon rank-sum test and
for disjoint sets (for further details, see “Identification of expan-
sions and contractions of gene families associated with PS” in the
Materials and Methods). *“Both” indicates those species capable
of infecting dicot and monocot plants.

Supplementary Table S10. Comparison of the genome content
of 30 Colletotrichum species with respect to putative genes in-
volved in plant biomass degradation. Overall comparison of the
species with respect to relevant CAZy families. Statistical com-
parison of the gene number differences in each CAZy family be-
tween monocot and dicot infecting species were compared with
the Wilcoxon rank-sum test for disjoint sets (for further details,
see “Identification of expansions and contractions of gene fam-
ilies associated with PS” in the Materials and Methods). MCO =
multicopper oxidase, CDH = cellobiose dehydrogenase, GMC =
glucose-methanol-choline oxidoreductase, LPMO = lytic polysac-
charide monooxygenases, AXE = acetyl xylan esterase, FAE = fer-
uloyl esterase, PME = pectin methyl esterase, RGAE = rhamno-
galacturonan acetyl esterase, GE = glucuronoyl esterase, HAE =
hemicellulose acetyl esterase, BGL = B-glucosidase, MND = g-
mannosidase, LAC = g-galactosidase, GUS = B-glucuronidase, BXL
= B-xylosidase, EGL = endoglucanase, MAN = endomannanase,
CBH = cellobiohydrolase, XLN = endoxylanase, XEG = xyloglu-
canase, AMY = ¢-amylase, AGD = a-glucosidase, GLA = glucoamy-
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lase, AGL = a-galactosidase, PGA = endopolygalacturonase, PGX
= exopolygalacturonase, RHG = endorhamnogalacturonase, RGX
= exorhamnogalacturonase, XGH = xylogalacturonase, AFC = a-
fucosidase, XBH = xylobiohydrolase, AXL = a-xylosidase, INV =
invertase, INU = endoinulinase, INX = exoinulinase, ABF = «-
arabinofuranosidase, ABN = endoarabinanase, GAL = endogalac-
tanase, AXH = arabinoxylan arabinofuranohydrolase, AGU = «-
glucuronidase, RHA = a-rhamnosidase, UGH = unsaturated galac-
turonan hydrolase, ABX = exoarabinanase, URGH = unsaturated
rhamnogalacturonan hydrolase, AMG = amylo-«-1,6-glucosidase,
PLY = pectate lyase, PEL = pectin lyase, RGL = rhamnogalactur-
onan lyase. *“Both” indicates those species capable of infecting
dicot and monocot plants.

Supplementary Table S11. List of orthogroups and orthologous
expression changes among the 4 species analyzed. Empty cells are
either missing genes or genes present but not considered differen-
tially expressed. The parameters used to call a gene differentially
expressed between conditions were log2FoldChange > 2 and P <
0.05.

Supplementary Table S12. List of orthogroups and main biologi-
cal functions related to the genes identified based on specific ex-
pression patterns in each condition. Information is included such
as fold change (positive values indicating overexpressed genes are
highlighted in red while negative values indicate downregulated
genes and are highlighted in blue). Conserved domains, gene fam-
ilies, and locus tags are also reported.

Supplementary Table S13. Summary of the RNA-seq libraries se-
quenced and analyzed in this study.

Abbreviations

BUSCO: Benchmarking Universal Single-Copy Orthologs; CE: car-
bohydrate esterase CWDE: cell wall degrading enzyme; DEG: dif-
ferentially expressed gene; DS: dicot substrate; GH: glycoside hy-
drolase; GMC: glucose methanol choline; GO: Gene Ontology; GTF:
general transcription factor; IPR: InterPro; MS: monocot substrate
mya: million years ago; PCW: plant cell wall; PL: polysaccharide
lyase; PS: plant substrate; RNA-seq: RNA sequencing; TF: tran-
scription factor.

Acknowledgments

This research was supported by funds from Ministerio de
Economia y Competitividad of Spain, Programa Estatal de Fo-
mento de la Investigacion Cientifica y Tecnica de Excelencia
(AGL2015-66362-R awarded to Thon, M.R) and Programa Es-
tatal de Investigacion, Desarrollo e Innovacién Orientada a los
Retos de la Sociedad (RTI2018-093611-B-I00 awarded to Thon,
M.R.); Ministerio de Ciencia e Innovacién of Spain, Plan Estatal
de Investigacion Cientifica, Tecnica y de Innovacién (PID2021-
125349NB-100 awarded to Thon, M.R. and Sukno, S.A.); Euro-
pean Commission, European Regional Development Fund (ERDF)
(AEI/10.13039/501100011033 awarded to Thon, M.R.); U.S. Depart-
ment of Energy, Joint Genome Institute user program (CSP-2015-
1661 awarded to Thon M.R., Sukno, S.A, Baroncelli, R. and de
Vries,R and CSP-2012-729 awarded to Crouch J., Thon M.R., Sukno,
S.A.); Dutch Research Council, Applied Science division (07938
awarded to Evy Battaglia and RP de Vries); Ministry of Economic
Affairs, Netherlands, Technology Program (016.130.609 awarded
to RP de Vries); Academy of Finland, Suomen Akatemia (308284
awarded to MR Makeld); University of Salamanca, Program II
(USAL 4 Excellence awarded to R Baroncelli).

The authors thank the staff at the Plataforma Andaluza de
Bioinformatica of the University of Malaga, Spain, for providing
computer resources and technical support.

The authors also thank Francis Martin and Rytas Vilgalys for
the permission to use the genome of Glomerella cingulata 23 (=
Colletotrichum noveboracense 23), Jon Magnuson for the permission
to use the genome of Sclerophora sanguinea CBS 100924, Olafur
Andresson for the permission to use the genome of Lobaria pul-
monaria Scotland reference genome, and Dave Greenshields for
the permission to use the genome of Penicillium fellutanum ATCC
48694.

Author Contributions

RB., TB,JAC,LVG, RPdV, SAS, and M.R.T. planned and de-
signed the research; R.B,JFCD, T.B,,R.Pd.V,S.A.S,,and M.R.T. de-
veloped and designed the methodology; R.B.,J.E.C.D,, T.B.,, M.P,, E.B,,
SH., WA, KL,JP,AL, MK, DB, E.D, and B.H. performed the ex-
periments and analyzed the data; R.B.,, JEC.D, T.B, R.P.d.V, SA.S,
and M.R.T. wrote the original draft; R.B,, JEC.D,, T.B, S.H.,, M.R.M,,
JA.C, RPd.V, SAS, and M.R.T. review and edit the manuscript;
R.B.,GLF,BH,JA.C, RPdV, SAS., and M.R.T. contributed to the
funding acquisition.

Competing Interests

The authors declare no competing interests.

References

1. Vries RP de, Visser J. Aspergillus enzymes involved in degra-
dation of plant cell wall polysaccharides. Microbiol Mol Biol
Rev 2001;65:497-522. https://doi.org/10.1128/mmbr.65.4.497-
522.2001.

2. Benocci T, Aguilar-Pontes MV, Zhou M, et al. Regula-
tors of plant biomass degradation in ascomycetous fungi.
Biotechnol Biofuels 2017;10: 1-25. https://doi.org/10.1186/s130
68-017-0841-x.

3. Molina A, Miedes E, Bacete L, et al. Arabidopsis cell wall com-
position determines disease resistance specificity and fitness.
Proc Natl Acad Sci USA 2021;118: 1-18. https://doi.org/10.1073/
pnas.2010243118.

4. Sarkar P, Bosneaga E, Auer M. Plant cell walls throughout evo-
lution: towards a molecular understanding of their design prin-
ciples. ] Exp Bot 2009;60:3615-35. https://doi.org/10.1093/jxb/er
p245.

5. Juge N. Plant protein inhibitors of cell wall degrading enzymes.
Trends Plant Sci 2006;11:359-67. https://doi.org/10.1016/j.tpla
nts.2006.05.006.

6. O’Connell RJ, Thon MR, Hacquard S, et al. Lifestyle transitions
in plant pathogenic Colletotrichum fungi deciphered by genome
and transcriptome analyses. Nat Genet 2012;44:1060-65. https:
//doi.org/10.1038/ng.2372.

7. Cuomo CA, Guldener U, Xu J-R, et al. The Fusarium gramin-
earum genome reveals a link between localized polymorphism
and pathogen specialization. Science 2007;317:1400-2. https:
//doi.org/10.1126/science.1143708.

8. King BC, Waxman KD, Nenni NV, et al. Arsenal of plant cell
wall degrading enzymes reflects host preference among plant
pathogenic fungi. Biotechnol Biofuels. 2011; 4:1-14. https://doi.
0rg/10.1186/1754-6834-4-4.

9.  Talhinhas P, Baroncelli R. Colletotrichum species and complexes:
geographic distribution, host range and conservation status.

20z Joquiaydag /| uo 1sanb Aq 81010/ 2/9g09e1b/20us10seb16/£601 0L /10p/3]01ue/20UsI0sebIB /W09 dno olwapeoe//:sdyy woly papeojumoq


https://doi.org/10.1128/MMBR.65.4.497-522
https://doi.org/10.1186/s13068-017-0841-x
https://doi.org/10.1073/pnas.2010243118
https://doi.org/10.1093/jxb/erp245
https://doi.org/10.1016/j.tplants.2006.05.006
https://doi.org/10.1038/ng.2372
https://doi.org/10.1126/science.1143708
https://doi.org/10.1186/1754-6834-4-4

10.

11

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

Fungal Divers 2021;110:109-98. https://doi.org/10.1007/s13225
-021-00491-9.

Dean R, Van Kan JAL, Pretorius ZA, et al. The top 10
fungal pathogens in molecular plant pathology. Mol Plant
Pathol 2012;13:414-30. https://doi.org/10.1111/j.1364-3703.20
11.00783.x.

Baroncelli R, Talhinhas P, Pensec F, et al. The Colletotrichum
acutatum species complex as a model system to study evolu-
tion and host specialization in plant pathogens. Front Microbiol
2017;8:2001. https://doi.org/10.3389/fmicb.2017.02001.

Damm U, Cannon PF, Woudenberg JHC, et al. The Colletotrichum
acutatum species complex. Stud Mycol 2012;73:37-113. https:
//doi.org/10.3114/sim0010.

Baroncelli R, Sukno SA, Sarrocco S, et al. Whole-genome se-
quence of the orchid anthracnose pathogen Colletotrichum or-
chidophilum. Mol Plant Microbe Interact 2018;31:979-81. https:
//doi.org/10.1094/MPMI-03-18-0055-A.

Haridas S, Albert R, Binder M, et al. 101 Dothideomycetes
genomes: a test case for predicting lifestyles and emergence
of pathogens. Stud Mycol 2020;96:141-53. https://doi.org/10.1
016/j.simyc0.2020.01.003.

Dean RA, Talbot NJ, Ebbole DJ, et al. The genome sequence of
the rice blast fungus Magnaporthe grisea. Nature 2005;434:980—
86. https://doi.org/10.1038/nature03449.

Baroncelli R, Amby DB, Zapparata A, et al. Gene family expan-
sions and contractions are associated with host range in plant
pathogens of the genus Colletotrichum. BMC Genomics 2016;17:
1-17. https://doi.org/10.1186/512864-016-2917-6.

Gan P, Narusaka M, Kumakura N, et al. Genus-wide compar-
ative genome analyses of Colletotrichum species reveal specific
gene family losses and gains during adaptation to specific in-
fection lifestyles. Genome Biol Evol 2016;8:1467-81. https://do
1.0rg/10.1093/gbe/evw089.

Gan P, Ikeda K, Irieda H, et al. Comparative genomic and tran-
scriptomic analyses reveal the hemibiotrophic stage shift of
Colletotrichum fungi. New Phytol 2013;197:1236-49. https://doi.
0rg/10.1111/nph.12085.

Bouchenak-Khelladi Y, Verboom GA, Savolainen V, et al. Bio-
geography of the grasses (Poaceae): a phylogenetic approach to
reveal evolutionary history in geographical space and geologi-
cal time. Bot J Linn Soc 2010;162:543-57. https://doi.org/10.111
1/j.1095-8339.2010.01041.x.

Lin SY, Okuda S, Ikeda K, et al. LAC2 encoding a secreted lac-
case is involved in appressorial melanization and conidial pig-
mentation in Colletotrichum orbiculare. Mol Plant Microbe In-
teractions 2012;25:1552-61. https://doi.org/10.1094/MPMI-05-
12-0131-R.

Fungal Growth Database. https://www.fung-growth.org/. Acc
essed 2022 January 22.

Garrigues S, Kun RS, Peng M, et al. Unraveling the regulation
of sugar beet pulp utilization in the industrially relevant fun-
gus Aspergillus niger.iScience 2022;25:104065. https://doi.org/10
.1016/j.15¢1.2022.104065.

Couture G, Vo T-TT, Castillo JJ, et al. Glycomic mapping of the
maize plant points to greater utilization of the entire plant. ACS
Food Sci Technol 2021;1:2117-26. https://doi.org/10.1021/acsf
oodscitech.1c00318.

Finkenstadt VL. A review on the complete utilization of the
sugarbeet. Sugar Tech 2014;16:339-46. https://doi.org/10.1007/
§12355-013-0285-y.

Camara-Salim I, Conde P, Feijoo G, et al. The use of maize
stover and sugar beet pulp as feedstocks in industrial fermen-
tation plants—an economic and environmental perspective.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

Genome evolution and transcriptome plasticity | 15

Clean Environ Syst 2021;2:100005. https://doi.org/10.1016/j.ce
$ys.2020.100005.

Hood EE, Teoh K (Thomas), Devaiah SP, et al. Biomass-
biomass crops for biofuels and bio-based products. In: Chris-
tou P, Savin R, Costa-Pierce BA, Misztal I, Whitelaw CBA,
eds. Sustainable Food Production. New York, NY: Springer;
2013.

Chroumpi T, Peng M, Markillie LM, et al. Re-routing of sugar
catabolism provides a better insight into fungal flexibility in us-
ing plant biomass-derived monomers as substrates. Front Bio-
eng Biotechnol 2021;9:1-14. https://doi.org/10.3389/fbioe.2021
.644216.

Patyshakuliyeva A, Falkoski DL, Wiebenga A, et al. Macroal-
gae derived fungi have high abilities to degrade algal polymers.
Microorganisms 2020;8:52. https://doi.org/10.3390/microorgan
isms8010052.

Benoit [, Zhou M, Vivas Duarte A, et al. Spatial differentiation
of gene expression in Aspergillus niger colony grown for sugar
beet pulp utilization. Sci Rep 2015;5:1-13. https://doi.org/10.1
038/srep13592.

de Boer HJ, Eppinga MB, Wassen MJ, et al. A critical transition
in leaf evolution facilitated the cretaceous angiosperm revo-
lution. Nat Commun 2012;3:1-11 https://doi.org/10.1038/ncom
ms2217.

Feild TS, Arens NC, Doyle JA, et al. Dark and disturbed: a new
image of early angiosperm ecology. Paleobiology 2004;30:82—
107. https://doi.org/10.1666/0094-8373(2004)030(0082:dadani
y2.0.co;2.

Lidgard S, Crane PR. Quantitative analyses of the early an-
glosperm radiation. Nature 1988;331:344-46. https://doi.org/10
.1038/331344a0.

Crane PR, Lidgard S. Angiosperm diversification and pa-
leolatitudinal gradients in cretaceous floristic diversity.
Science 1989;246:675-78. https://doi.org/10.1126/science.246.
4930.675.

Bond WJ. The tortoise and the hare: ecology of angiosperm
dominance and gymnosperm persistence. Biol ] Linn Soc
1989;36:227-49.  https://doi.org/10.1111/j.1095-8312.1989.tb0
0492.x.

Janis CM. Tertiary mammal evolution in the context of chang-
ing climates, vegetation, and tectonic events. Annu Rev Ecol
Syst 1993;24:467-500. https://doi.org/10.1146/annurev.es.24.11
0193.002343.

Charron C, Hubert ], Minatchy J, et al. Characterization of Col-
letotrichum orchidophilum, the agent of black spot disease of
vanilla. ] Phytopathol 2018;166:525-31. https://doi.org/10.1111/
jph.12714.

Ramirez SR, Gravendeel B, Singer RB, et al. Dating the
origin of the Orchidaceae from a fossil orchid with its
pollinator. Nature 2007;448:1042-45. https://doi.org/10.1038/
nature06039.

McLay TGB, Bayly MJ. A new family placement for Aus-
tralian blue squill, Chamaescilla: xanthorrhoeaceae (Hemero-
callidoideae), not asparagaceae. Phytotaxa 2016;275:97. https:
//doi.org/10.11646/phytotaxa.275.2.2.

Kjeerbglling I, Vesth T, Frisvad JC, et al. A comparative ge-
nomics study of 23 Aspergillus species from section flavi.
Nat Commun 2020;11:1-12. https://doi.org/10.1038/541467-0
19-14051-y.

Vesth TC, Nybo JL, Theobald S, et al. Investigation of inter-
and intraspecies variation through genome sequencing of As-
pergillus section Nigri. Nat Genet 2018;50:1688-95. https://doi.
0rg/10.1038/541588-018-0246-1.

20z Joquiaydag /| uo 1sanb Aq 81010/ 2/9g09e1b/20us10seb16/£601 0L /10p/3]01ue/20UsI0sebIB /W09 dno olwapeoe//:sdyy woly papeojumoq


https://doi.org/10.1007/s13225-021-00491-9
https://doi.org/10.1111/j.1364-3703.2011.00783.x
https://doi.org/10.3389/fmicb.2017.02001
https://doi.org/10.3114/sim0010
https://doi.org/10.1094/MPMI-03-18-0055-A
https://doi.org/10.1016/j.simyco.2020.01.003
https://doi.org/10.1038/nature03449
https://doi.org/10.1186/s12864-016-2917-6
https://doi.org/10.1093/gbe/evw089
https://doi.org/10.1111/nph.12085
https://doi.org/10.1111/j.1095-8339.2010.01041.x
https://doi.org/10.1094/MPMI-05-12-0131-R
https://www.fung-growth.org/Accessed
https://doi.org/10.1016/j.isci.2022.104065
https://doi.org/10.1021/acsfoodscitech.1c00318
https://doi.org/10.1007/s12355-013-0285-y
https://doi.org/10.1016/j.cesys.2020.100005
https://doi.org/10.3389/fbioe.2021.644216
https://doi.org/10.3390/microorganisms8010052
https://doi.org/10.1038/srep13592
https://doi.org/10.1038/ncomms2217
https://doi.org/10.1666/0094-8373
https://doi.org/10.1038/331344a0
https://doi.org/10.1126/science.246.4930.675
https://doi.org/10.1111/j.1095-8312.1989.tb00492.x
https://doi.org/10.1146/annurev.es.24.110193.002343
https://doi.org/10.1111/jph.12714
https://doi.org/10.1038/nature06039
https://doi.org/10.11646/phytotaxa.275.2.2
https://doi.org/10.1038/s41467-019-14051-y
https://doi.org/10.1038/s41588-018-0246-1

16

41.

42.

43.

44,

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

GigaScience, 2024, Vol. 13

Shtein I, Bar-On B, Popper ZA. Plant and algal structure:
from cell walls to biomechanical function. Physiol Plant
2018;164:56-66. https://doi.org/10.1111/ppl.12727.

Bonivento D, Pontiggia D, Matteo AD, et al. Crystal structure of
the endopolygalacturonase from the phytopathogenic fungus
Colletotrichum lupini and its interaction with polygalacturonase-
inhibiting proteins. Proteins Struct Funct Bioinforma
2008;70:294-99. https://doi.org/10.1002/prot.21610.

Gregori R, Mari M, Bertolini P, et al. Reduction of Colletotrichum
acutatum infection by a polygalacturonase inhibitor protein ex-
tracted from apple. Postharvest Biol Technol 2008;48:309-13.
https://doi.org/10.1016/j.postharvbio.2007.10.006.

Yin D (Tyler), Urresti S, Lafond M, et al. Structure-function char-
acterization reveals new catalytic diversity in the galactose ox-
idase and glyoxal oxidase family. Nat Commun 2015;6:1-13.
https://doi.org/10.1038/ncomms10197.

Ribeaucourt D, Saker S, Navarro D, et al. Identification of
copper-containing oxidoreductases in the secretomes of three
Colletotrichum species with a focus on copper radical ox-
idases for the biocatalytic production of fatty aldehydes.
Appl Environ Microb 2021;87:1-15. https://doi.org/10.1128/AE
M.01526-21.

Andberg M, Mollerup F, Parikka K, et al. A novel Col-
letotrichum graminicola raffinose oxidase in the AAS family.
Appl Environ Microb 2017;83:1-17. https://doi.org/10.1128/AE
M.01383-17.

Mathieu Y, Offen WA, Forget SM, et al. Discovery of a fungal
copper radical oxidase with high catalytic efficiency toward 5-
hydroxymethylfurfural and benzyl alcohols for bioprocessing.
ACS Catal 2020;10:3042-58. https://doi.org/10.1021/acscatal.9
b04727.

Makeld MR, DiFalco M, McDonnell E, et al. Genomic and exo-
proteomic diversity in plant biomass degradation approaches
among Aspergilli. Stud Mycol 2018;91:79-99. https://doi.org/10
.1016/j.simyc0.2018.09.001.

de Vries RP, Riley R, Wiebenga A, et al. Comparative genomics
reveals high biological diversity and specific adaptations in the
industrially and medically important fungal genus Aspergillus.
Genome Biol 2017;18:1-45. https://doi.org/10.1186/s13059-017
-1151-0.

Hugouvieux V, Centis S, Lafitte C, et al. Induction by (alpha)-L-
arabinose and (alpha)-L-rhamnose of endopolygalacturonase
gene expression in Colletotrichum lindemuthianum. Appl Environ
Microb 1997;63:2287-92. https://doi.org/10.1128/aem.63.6.228
7-2292.1997.

Yakoby N, Beno-Moualem D, Keen NT, et al. Colletotrichum
gloeosporioides pelB is an important virulence factor in
avocado fruit-fungus interaction. Mol Plant Microbe
Interactions  2001;14:988-95.  https://doi.org/10.1094/MPMI
.2001.14.8.988.

Herbert C, O’Connell R, Gaulin E, et al. Production of a cell
wall-associated endopolygalacturonase by Colletotrichum linde-
muthianum and pectin degradation during bean infection. Fung
Genet Biol 2004;41:140-47. https://doi.org/10.1016/j.fgb.2003.0
9.008.

Anasontzis GE, Lebrun M-H, Haon M, et al. Broad-specificity
GH131 B-glucanases are a hallmark of fungi and oomycetes
that colonize plants. Environ Microbiol 2019;21:2724-39. https:
//doi.org/10.1111/1462-2920.14596.

Liang X, Shang S, Dong Q, et al. Transcriptomic analysis reveals
candidate genes regulating development and host interactions
of Colletotrichum fructicola. BMC Genomics 2018;19:1-21. https:
//doi.org/10.1186/512864-018-4934-0.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

Gan P, Tsushima A, Narusaka M, et al. Genome sequence
resources for four phytopathogenic fungi from the Col-
letotrichum orbiculare species complex. Mol Plant Microbe In-
teractions 2019;32:1088-90. https://doi.org/10.1094/MPMI-12-
18-0352-A.

Zampounis A, Pigné S, Dallery J-F, et al. Genome sequence
and annotation of Colletotrichum higginsianum, a causal agent
of Crucifer anthracnose disease. Genome Announc 2016;4:1-2.
https://doi.org/10.1128/genomeA.00821- 16.

Gan P, Hiroyama R, Tsushima A, et al. Telomeres and
a repeat-rich chromosome encode effector gene clus-

ters in plant pathogenic Colletotrichum fungi. Environ
Microbiol  2021;23:6004-18.  https://doi.org/10.1111/1462-2
920.15490.

Becerra S, Baroncelli R, Boufleur TR, et al. Chromosome-level
analysis of the Colletotrichum graminicola genome reveals the
unique characteristics of core and minichromosomes. Front
Microbiol 2023;14:1-13. https://doi.org/10.3389/fmicb.2023.112
9319.

Baroncelli R, Pensec F, Da Lio D, et al. Complete genome se-
quence of the plant-pathogenic fungus Colletotrichum lupini. Mol
Plant Microbe Interactions 2021;34:1461-64. https://doi.org/10
.1094/MPMI-07-21-0173-A.

Hiruma K, Aoki S, TakinoJ, et al. A fungal sesquiterpene biosyn-
thesis gene cluster critical for mutualist-pathogen transition
in Colletotrichum tofieldiae. Nat Commun 2023;14:1-18. https:
//doi.org/10.1038/s41467-023-40867-w.

Lapalu N, Simon A, Lu A, et al. Complete genome of the
Medicago anthracnose fungus, Colletotrichum destructivum, re-
veals a mini-chromosome-like region within a core chromo-
some. bioRxiv. 2023. https://doi.org/10.1101/2023.12.16.571984.
Accessed date: 01/02/2024.

FuF-F,Hao Z, Wang P, et al. Genome sequence and comparative
analysis of Colletotrichum gloeosporioides isolated from lirioden-
dron leaves. Phytopathology 2020;110:1260-69. https://doi.org/
10.1094/PHYTO-12-19-0452-R.

Kim WK, Mauthe W, Hausner G, et al. Isolation of high
molecular weight DNA and double-stranded RNAs from
fungi. CanJ Bot 1990;68:1898-902. https://doi.org/10.1139/b90-
249.

Baek J-M, Kenerley CM. The arg2 gene of Trichoderma virens:
cloning and development of a homologous transformation sys-
tem. Fung Genet Biol 1998;23:34-44. https://doi.org/10.1006/fg
bi1.1997.1025.

Klaubauf S, Zhou M, Lebrun M-H, et al. A novel L-arabinose-
responsive regulator discovered in the rice-blast fungus Pyric-
ularia oryzae (Magnaporthe oryzae). FEBS Lett 2016;590:550-58.
https://doi.org/10.1002/1873-3468.12070.

Lam K-K, LaButti K, Khalak A, et al. FinisherSC: a repeat-aware
tool for upgrading de novo assembly using long reads. Bioinfor-
matics 2015;31:3207-9. https://doi.org/10.1093/bioinformatics
/btv280.

Zerbino DR, Birney E. Velvet: algorithms for de novo short read
assembly using de Bruijn graphs. Genome Res 2008;18:821-29.
https://doi.org/10.1101/gr.074492.107.

Bankevich A, Nurk S, Antipov D, et al. SPAdes: a new genome
assembly algorithm and its applications to single-cell sequenc-
ing.] Comput Biol 2012;19:455-77. https://doi.org/10.1089/cmb.
2012.0021.

Waterhouse RM, Seppey M, Siméo FA, et al. BUSCO applica-
tions from quality assessments to gene prediction and phy-
logenomics. Mol Biol Evol 2018;35:543-48. https://doi.org/10.1
093/molbev/msx319.

20z Joquiaydag /| uo 1sanb Aq 81010/ 2/9g09e1b/20us10seb16/£601 0L /10p/3]01ue/20UsI0sebIB /W09 dno olwapeoe//:sdyy woly papeojumoq


https://doi.org/10.1111/ppl.12727
https://doi.org/10.1002/prot.21610
https://doi.org/10.1016/j.postharvbio.2007.10.006
https://doi.org/10.1038/ncomms10197
https://doi.org/10.1128/AEM.01526-21
https://doi.org/10.1128/AEM.01383-17
https://doi.org/10.1021/acscatal.9b04727
https://doi.org/10.1016/j.simyco.2018.09.001
https://doi.org/10.1186/s13059-017-1151-0
https://doi.org/10.1128/aem.63.6.2287-2292.1997
https://doi.org/10.1094/MPMI.2001.14.8.988
https://doi.org/10.1016/j.fgb.2003.09.008
https://doi.org/10.1111/1462-2920.14596
https://doi.org/10.1186/s12864-018-4934-0
https://doi.org/10.1094/MPMI-12-18-0352-A
https://doi.org/10.1128/genomeA.00821-16
https://doi.org/10.1111/1462-2920.15490
https://doi.org/10.3389/fmicb.2023.1129319
https://doi.org/10.1094/MPMI-07-21-0173-A
https://doi.org/10.1038/s41467-023-40867-w
https://doi.org/10.1101/2023.12.16.571984
https://doi.org/10.1094/PHYTO-12-19-0452-R
https://doi.org/10.1139/b90-249
https://doi.org/10.1006/fgbi.1997.1025
https://doi.org/10.1002/1873-3468.12070
https://doi.org/10.1093/bioinformatics/btv280
https://doi.org/10.1101/gr.074492.107
https://doi.org/10.1089/cmb.2012.0021
https://doi.org/10.1093/molbev/msx319

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

Grigoriev IV, Nikitin R, Haridas S, et al. MycoCosm por-
tal: gearing up for 1000 fungal genomes. Nucleic Acids Res
2014;42:D699-D704. https://doi.org/10.1093/nar/gkt1183.

Holt C, Yandell M. MAKER2: an annotation pipeline and
genome-database management tool for second-generation
genome projects. BMC Bioinf 2011;12:1-14. https://doi.org/10
.1186/1471-2105-12-491.

Flynn JM, Hubley R, Goubert C, et al. RepeatModeler? for au-
tomated genomic discovery of transposable element families.
Proc Natl Acad Sci USA 2020;117:9451-57. https://doi.org/10.1
073/pnas.1921046117.

Nishimura D. RepeatMasker. Biotech Softw Internet Rep
2000;1:36-39. https://doi.org/10.1089/152791600319259.

The Galaxy Community. The Galaxy platform for accessible,
reproducible and collaborative biomedical analyses: 2022 up-
date. Nucleic Acids Res 2022;50:W345-51. https://doi.org/10.1
093/nar/gkac247.

Emms DM, Kelly S. OrthoFinder: solving fundamental biases in
whole genome comparisons dramatically improves orthogroup
inference accuracy. Genome Biol 2015;16:1-14. https://doi.org/
10.1186/513059-015-0721-2.

Katoh K, Standley DM. MAFFT multiple sequence alignment
software version 7: improvements in performance and usabil-
ity. Mol Biol Evol 2013;30:772-80. https://doi.org/10.1093/molb
ev/mst010.

Abascal F, Zardoya R, Posada D. ProtTest: selection of best-fit
models of protein evolution. Bioinformatics 2005;21:2104-5. ht
tps://doi.org/10.1093/bioinformatics/bti263.

Tamura K, Battistuzzi FU, Billing-Ross P, et al. Estimating di-
vergence times in large molecular phylogenies. Proc Natl Acad
SciUSA 2012;109:19333-38. https://doi.org/10.1073/pnas.12131
991009.

Tamura K, Tao Q, Kumar S. Theoretical foundation of the Rel-
Time method for estimating divergence times from variable
evolutionary rates. Mol Biol Evol 2018;35:1770-82. https://doi.
0rg/10.1093/molbev/msy044.

Kumar S, Stecher G, Li M, et al. MEGA X: molecular evolution-
ary genetics analysis across computing platforms. Mol Biol Evol
2018;35:1547-49. https://doi.org/10.1093/molbev/msy096.
Taylor TN, Hass H, Kerp H. The oldest fossil ascomycetes. Na-
ture 1999;399:648. https://doi.org/10.1038/21349.

Taylor TN, Hass H, Kerp H, et al. Perithecial ascomycetes from
the 400 million year old Rhynie chert: an example of ancestral
polymorphism. Mycologia 2005;97:269-85. https://doi.org/10.1
080/15572536.2006.11832862.

Dorfelt H, Schmidt AR. A fossil Aspergillus from Baltic am-
ber. Mycol Res 2005;109:956-60. https://doi.org/10.1017/s09537
56205003497.

Sung G-H, Poinar GO, Spatafora JW. The oldest fossil evidence
of animal parasitism by fungi supports a cretaceous diversi-
fication of fungal-arthropod symbioses. Mol Phylogenet Evol
2008;49:495-502. https://doi.org/10.1016/j.ympev.2008.08.028.
Lucking R, Huhndorf S, Pfister DH, et al. Fungi evolved right on
track. Mycologia 2009;101:810-22. https://doi.org/10.3852/09-0
16.

Schmidt AR, Beimforde C, Seyfullah LJ, et al. Amber fossils of
sooty moulds. Rev Palaeobot Palynol 2014;200:53-64. https://do
1.org/10.1016/j.revpalbo.2013.07.002.

Beimforde C, Feldberg K, Nylinder S, et al. Estimating the
phanerozoic history of the Ascomycota lineages: combining
fossil and molecular data. Mol Phylogenet Evol 2014;78:386-98.
https://doi.org/10.1016/j.ympev.2014.04.024.

88.

89.

90.

91.

92.

93.

94.

95.

96.

97.

98.

99.

100.

101.

102.

103.

104.

Genome evolution and transcriptome plasticity | 17

Tao Q, Tamura K, Mello B, et al. Reliable confidence intervals for
RelTime estimates of evolutionary divergence times. Mol Biol
Evol 2020;37:280-90. https://doi.org/10.1093/molbev/msz236.
Zuckerkandl E, Pauling L. Evolutionary divergence and conver-
gence in proteins. In: Bryson V, Vogel HJ, eds. Evolving Genes
and Proteins. 1965. New York: Academic Press. https://doi.org/
10.1016/B978-1-4832-2734-4.50017-6.

Petersen TN, Brunak S, von Heijne G, et al. SignalP 4.0: discrimi-
nating signal peptides from transmembrane regions. Nat Meth-
ods 2011;8:785-86. https://doi.org/10.1038/nmeth.1701.
Sonnhammer EL, Eddy SR, Durbin R. Pfam: a comprehensive
database of protein domain families based on seed align-
ments. Proteins 1997;28:405-420. https://doi.org/10.1002/(SICI
)1097-0134(199707)28:3(405::AID-PROT10)3.0.CO;2-L.
Apweiler R, Attwood TK, Bairoch A, et al. The InterPro database,
an integrated documentation resource for protein families, do-
mains and functional sites. Nucleic Acids Res 2001;29:37-40.
https://doi.org/10.1093/nar/29.1.37.

Ashburner M, Ball CA, Blake JA, et al. Gene ontology: tool for
the unification of biology. Nat Genet 2000;25:25-29. https://do
1.0rg/10.1038/75556.

Lombard V, Golaconda Ramulu H, Drula E, et al. The
carbohydrate-active enzymes database (CAZy) in 2013. Nucleic
Acids Res 2014;42:D490-95. https://doi.org/10.1093/nar/gkt117
8.

Rawlings ND, Barrett AJ, Bateman A. MEROPS: the database
of proteolytic enzymes, their substrates and inhibitors. Nu-
cleic Acids Res 2012;40:D343-50. https://doi.org/10.1093/nar/
gkr987.

Altschul SF, Gish W, Miller W, et al. Basic local alignment
search tool. ] Mol Biol 1990;215:403-10. https://doi.org/10.101
6/50022-2836(05)80360-2.

Schardl CL, Young CA, Hesse U, et al. Plant-symbiotic
fungi as chemical engineers: multi-genome analysis of
the Clavicipitaceae reveals dynamics of alkaloid loci. PLoS
Genet 2013;9:€1003323. https://doi.org/10.1371/journal.pgen.1
003323.

Cerqueira GC, Arnaud MB, Inglis DO, et al. The Aspergillus
Genome Database: multispecies curation and incorporation of
RNA-seq data to improve structural gene annotations. Nucleic
Acids Res 2014;42:D705-10. https://doi.org/10.1093/nar/gkt102
9.

Letunic I, Bork P. 20 Years of the SMART protein domain an-
notation resource. Nucleic Acids Res 2018;46:D493-96. https:
//doi.org/10.1093/nar/gkx922.

Enright AJ, Van Dongen S, Ouzounis CA. An efficient algorithm
for large-scale detection of protein families. Nucleic Acids Res
2002;30:1575-84. https://doi.org/10.1093/nar/30.7.1575.
Lechner M, Findeif3 S, Steiner L, et al. Proteinortho: detection of
(co-)orthologs in large-scale analysis. BMC Bioinf 2011;12:1-9
https://doi.org/10.1186/1471-2105-12-124.

Vries RP de, Burgers K, Vondervoort PJI van de, et al. A new
black Aspergillus species, A. vadensis, is a promising host for
homologous and heterologous protein production. Appl Envi-
ron Microb 2004;70:3954-3959. https://doi.org/10.1128/AEM.70
.7.3954-3959.2004.

Martin J, Bruno VM, Fang Z, et al. Rnnotator: an automated
de novo transcriptome assembly pipeline from stranded RNA-
seq reads. BMC Genomics 2010;11:1-8. https://doi.org/10.1186/
1471-2164-11-663.

Grabherr MG, Haas BJ, Yassour M, et al. Full-length tran-
scriptome assembly from RNA-seq data without a reference

20z Joquiaydag /| uo 1sanb Aq 81010/ 2/9g09e1b/20us10seb16/£601 0L /10p/3]01ue/20UsI0sebIB /W09 dno olwapeoe//:sdyy woly papeojumoq


https://doi.org/10.1093/nar/gkt1183
https://doi.org/10.1186/1471-2105-12-491
https://doi.org/10.1073/pnas.1921046117
https://doi.org/10.1089/152791600319259
https://doi.org/10.1093/nar/gkac247
https://doi.org/10.1186/s13059-015-0721-2
https://doi.org/10.1093/molbev/mst010
https://doi.org/10.1093/bioinformatics/bti263
https://doi.org/10.1073/pnas.1213199109
https://doi.org/10.1093/molbev/msy044
https://doi.org/10.1093/molbev/msy096
https://doi.org/10.1038/21349
https://doi.org/10.1080/15572536.2006.11832862
https://doi.org/10.1017/s0953756205003497
https://doi.org/10.1016/j.ympev.2008.08.028
https://doi.org/10.3852/09-016
https://doi.org/10.1016/j.revpalbo.2013.07.002
https://doi.org/10.1016/j.ympev.2014.04.024
https://doi.org/10.1093/molbev/msz236
https://doi.org/10.1016/B978-1-4832-2734-4.50017-6
https://doi.org/10.1038/nmeth.1701
https://doi.org/10.1002/(sici)1097-0134(199707)28:3<405::aid-prot10>3.0.co;2-l
https://doi.org/10.1093/nar/29.1.37
https://doi.org/10.1038/75556
https://doi.org/10.1093/nar/gkt1178
https://doi.org/10.1093/nar/gkr987
https://doi.org/10.1016/S0022-2836(05)80360-2
https://doi.org/10.1371/journal.pgen.1003323
https://doi.org/10.1093/nar/gkt1029
https://doi.org/10.1093/nar/gkx922
https://doi.org/10.1093/nar/30.7.1575
https://doi.org/10.1186/1471-2105-12-124
https://doi.org/10.1128/AEM.70.7.3954-3959
https://doi.org/10.1186/1471-2164-11-663

18

GigaScience, 2024, Vol. 13

genome. Nat Biotechnol 2011;29:644-52. https://doi.org/10.103 107. Love MI, Huber W, Anders S. Moderated estimation of

8/nbt.1883. fold change and dispersion for RNA-seq data with DESeq?2.
105. Kim D, Langmead B, Salzberg SL. HISAT: a fast spliced aligner Genome Biol 2014;15: 1-21. https://doi.org/10.1186/s13059-014

with low memory requirements. Nat Methods 2015;12:357-60. -0550-8.

https://doi.org/10.1038/nmeth.3317. 108. Baroncelli R, Cobo-Diaz JF, Benocci T, et al. Supporting data for
106. Liao Y, Smyth GK, Shi W. featureCounts: an efficient general “Genome Evolution and Transcriptome Plasticity Associated

purpose program for assigning sequence reads to genomic fea-
tures. Bioinformatics 2014;30:923-30. https://doi.org/10.1093/
bioinformatics/btt656.

with Adaptation to Monocot and Dicot Plants in Colletotrichum
Fungi.” GigaScience Database. 2024. https://doi.org/10.5524/10
2528.

yz0z Joquisydag /| uoisanb Aq gL010/Z/9g09eIB/e0usiosebib/ce0L 01 /Iop/a1one/eousiosebib/woo dno oiwepese//:sdiy woly papeojumoq

Received: August 31, 2023. Revised: April 5, 2024. Accepted: May 25, 2024
© The Author(s) 2024. Published by Oxford University Press GigaScience. This is an Open Access article distributed under the terms of the Creative Commons Attribution License
(https://creativecommons.org/licenses/by/4.0/), which permits unrestricted reuse, distribution, and reproduction in any medium, provided the original work is properly cited.


https://doi.org/10.1038/nbt.1883
https://doi.org/10.1038/nmeth.3317
https://doi.org/10.1093/bioinformatics/btt656
https://doi.org/10.1186/s13059-014-0550-8
https://doi.org/10.5524/102528
https://creativecommons.org/licenses/by/4.0/

	Introduction
	Results
	Discussion
	Materials and Methods
	Data Availability
	Additional Files
	Abbreviations
	Acknowledgments
	Author Contributions
	Competing Interests
	References



