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The Colletotrichum gloeosporioides species complex (CGSC) is one of the most devastating fungal
phytopathogens, and is composed of three main clades: Kahawae, Musae, and Theobromicola.
Despite the diversity of CGSC, there is limited understanding on their evolutionary mechanisms. By
analysing 49 newly assembled genomes, we found that the expansion of transposable elements,
especially long terminal repeat retrotransposons, facilitates the expansion of genome size and genetic
variation. In-depth analyses suggested that an intra-chromosomal inversion may have been the
driving forcebehind thedivergenceofKahawaeclade from its ancestor.Within theKahawae clade, the
narrow-hosted quarantine species C. kahawae has undergone extensive chromosomal
rearrangements mediated by repetitive sequences, generating highly dynamic lineage-specific
genomic regions compared to the closely related broad-hosted speciesC. cigarro. The findings of this
study highlight the role of chromosomal rearrangements in promoting genetic diversification and host
adaptation, and provide new perspectives for understanding the evolution of phytopathogenic fungi.

Colletotrichum species are severe phytopathogenic fungi that can infect
hundreds of plant species1, and they cause destructive anthracnose diseases
on agricultural and horticultural crops, including red rot, crown and stem
rot, seeding blights, and brown blotch2,3, as well as post-harvest diseases of
diverse fruit4–8. In addition, several representatives are opportunistic
pathogens to humans and animals2,9.

Colletotrichum has been divided into 16 complexes and 15 singletons
based on morphological features and rRNA phylogenetic analysis, and the
C. gloeosporides species complex (CGSC) is the most species-rich complex
with abroadhost range9,10. Fifty-six species have beenaccepted inCGSCand
they can be categorized to three major phylogenetic clades, i.e., Musae,
Kahawae, and Theobromicola9–11. Most species in CGSC are polyphagous.
For example, C. gloeosporioides, C. fructicola, and C. siamense infect hun-
dreds of different crop species worldwide. In contrast, several members
exhibit higher levels of specificity towards particular host plants, including
C. kahawae andC.musae11, which only infectCoffea arabica andMusa spp.,
respectively. Despite the variation in host range and diversity, the genomic
architecture and molecular basis of host specificity, as well as the evolu-
tionary trajectories between specialists and generalists recognized in CGSC,
remain poorly characterized. Recent comparative genomic studies sug-
gested that lineage-specific (LS) losses of pathogenicity genes and the

contraction of gene families may account for the narrow host range in
Colletotrichum12–14. However, most species included in these investigations
were distantly related, and belonged to different Colletotrichum species
complexes or even genera12,15. Thus, this apparent genomic variation may
not reflect the ongoing evolutionary pathway among closely related species
in CGSC.

C. kahawae is a highly destructive pathogen in CGSC that triggers
Coffee Berry Disease in Africa16–18 where the infection causes up to 80%
harvest loss if no control measures are adopted19. C. kahawae also pose a
serious threat to other major coffee-producing countries such as Brazil,
Colombia, Guatemala, Honduras, India, Indonesia, Perú, and Vietnam20,
thus has been listed as a quarantine pathogen in Australia and China21,22.
Evolutionary analyzes based on six nuclear loci indicated that the rapid and
recent speciation of C. kahawae was driven by a host jump event to coffee
berries fromageneralist groupof seemingly harmless relatives23.C. kahawae
shares a most common ancestor with C. cigarro (corresponding to
“UG1”)17,23. Significant enrichment of non-synonymous mutations in C.
kahawae and related species, including C. cigarro, was detected based on
RAD-seq analyzes, and four distinctive candidate genes were associated
with pathogenicity for coffee berries24. In addition, flow cytometry analysis
revealed that the genome size ofC. kahawaehas expanded compared to that
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of C. cigarro19,25. However, how the host jump event affected genome evo-
lution and speciation in C. kahawae is largely unclear. Insight into the
evolutionary processes associatedwith speciation is key to anunderstanding
of the emergence of novelpathogenicity properties inCGSCandhas directly
translatable relevance to the epidemiology and potentially the disease
control.

Advancements in genome sequencing and assembly technologies have
revealed that the Colletotrichum genomes contain varying numbers of
repetitive-rich and rapidly evolvingminichromosomes26–29, whichmay arise
through mechanisms such as segmental duplications, chromosome rear-
rangements and core chromosome recombination29,30, and they are thought
to contribute to the pathogen’s adaptation to its environment or host plants.
Previous studies have shown that large-scale chromosome rearrangements
and the formation of minichromosomes may play a key role in enhancing
genetic diversity and genomic plasticity in the sexually reproducing species
C. fructicola30,31. However, the genome-wide evolutionary processes among
asexual and host-specific CGSCs, such as C. camelliae, C. kahawae, and C.
musae2,11,23,32, remain largely unknown. In contrast to sexual reproduction,
strictly asexual organisms are thought to be evolutionarily less flexible,
relying mainly on random mutations to adapt to environmental changes,
and are often considered as evolutionary dead ends33,34. Nevertheless, recent
studies have indicated that chromosomal rearrangements may lead to
reproductive isolation and act as a general mechanism for adaptation in
organisms that propagate asexually, including C. destructivum, C.
higginsianum29,35, Verticillium dahliae, and Fusarium oxysporum36–41.

Determining patterns of variation at the genomic and chromosomal
level is crucial for revealing the evolutionary genetics of fungal plant
pathogens. Prior to the present work, whole-genome sequences were
available only for ten species from the CGSC group9 that cover a small
fraction of the species diversity in the complex. Also, most available

genomes were assembled using short-read data only, which has presented a
challenge to decipher the evolutionary mechanisms at the chromosome
level. In this study, we sequenced de novo 49 genomes of 37 species with
different host ranges in CGSC. Fourteen species among the three major
clades were assembled with the aid of long reads to the near-chromosome
level, thus completing a genome compendium of this species complex. We
employed comparative genomic approaches to assess whether large-scale
chromosomal rearrangements and gene copy number variation are asso-
ciated with host adaptation and pathogenicity in CGSC.We aim to identify
genomic signatures that differentiates narrow host range (specialist) from
broad host range species (generalist). Moreover, we estimated the diver-
gence time among the representatives in CGSC and studied the genetic
mechanisms that drive rapid divergence, speciation, and adaptive evolution
in closely related species with contrasting host ranges, particularly between
the characteristic specialist pathogen C. kahawae and its broad host species
relative C. cigarro.

Results
Genome panorama of CGSC
To understand the evolution of genome complexity and architecture on
pathogenicity and adaptation of CGSC species (CGSCs) that cause
anthracnose diseases (Fig. 1), whole genome sequences of 49 strains from
37 species of different host ranges were assembled and analyzed (Supple-
mentary Data 1, 2). The BUSCO completeness was > 98.8% in each
assembly. The average GC content of CGSCswas 51.09%with a range from
41.32% to 53.58%. The genome sizes of CGSCs ranged from 49.83 to
84.23Mbp, encompassing 11,719 to 15,272 protein-coding genes (Fig. 2a
and Supplementary Data 1), and were typically larger than those of other
Colletotrichum representatives (average of 60.94Mbp vs. 53.54Mbp) as
reported in ref. 9. We found that, except for C. xanthorrhoeae, all CGSCs

Fig. 1 | Symptoms of anthracnose caused by Col-
letotrichum. aMangifera indica, b Cucurbita
moschata, c Lagenaria siceraria, d Coffea arabica,
e Phaseolus vulgaris, f Camellia sinensis, g Alpinia
pusilla, h Saururus chinensis, i Ilex sp., j Paeonia
lactiflora. All photos are originally from this study.
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with a repetitiveDNA content exceeding 7.5%had genome sizes larger than
60Mbp, and in most genomes of CGSCs larger than 60Mbp, transposable
elements (TEs) accounted for more than 50% of the repetitive sequences.
These findings suggest that the expansion of TEs, particularly long terminal
repeat retrotransposons, contributed to genome expansion (Fig. 3). A
similar pattern was also observed among the different strains within the
species (Fig. 2a).

The pan-genome of CGSC across the 49 studied genomes comprised
705,986 homologous genes that were grouped into 21,172 protein families
(Supplementary Fig. 16). The core genome, namely protein families with at
least one member in all compared strains, comprised 8327 protein families
(422,037 genes), which constituted 39.33% of the pan-genome. The
homologous protein families shared among the species branching from the
corresponding node varied from 8319 to 13,557. In contrast, the number of
species-specific genes, namely genes without homologs in other genomes,
was relatively low, ranging from eight (C. cigarro) to 410 (C. aeschyno-
menes). The total number of species-specific genes accounted for only 0.55%
of the pan-genome. Compared with Aspergillus and Aspergillus section

Nigri42, the proportion of species-specific genes in CGSC was relatively
lower, suggesting low genetic diversity within CGSC.

A total of 3,698 secondary metabolite gene clusters (SMGCs) were
predicted across 49 genomes of CGSC, averaging 75 SMGCs per genome, a
number comparable to the prolificAspergillus section Flavi43. Of these, only
718 SMGCs were associated with 49 known compound families, averaging
15 SMGCs per genome. Within these families, the precursor to melanin,
1,3,6,8-tetrahydroxynaphthalene, and siderophore dimethylcoprogen were
conserved across all 49 CGSC genomes. In contrast, 47 SMGCs were vari-
able in the genomesofCGSCs, e.g., those similar to clusters for fujikurin and
leucinostatin were found only in C. musae and C. xanthorrhoeae, respec-
tively (Supplementary Fig. 17b). Ribosomally synthesized and post-
translationally modified peptides are an unexplored class of bioactive nat-
ural products foundonly in theKahawae clade (Supplementary Fig. 17b and
Supplementary Data 1), within which C. kahawae encodes the largest
number of terpenes in the CGSC. These results suggest that Colletotrichum
has considerable potential to produce diverse novel bioactive secondary
metabolites.

Fig. 2 | Phylogenomic relationship and genome features of the C. gloeosporioides
species complex (CGSC). a The phylogenomic tree generated from 7303 single-
copy homologous genes agrees with previous multi-locus trees9,11 in the delineation
of the major clades: Musae, Kahawae, and Theobromicola. Ex-type strains are
indicated with asterisk at the end of the taxa labels. Ten species that infect more than
a dozen host plant families display broad host range, nine species that infect a single
host plant genus or species appear to be narrow host species9–11, and the other 15
species that infect host plants in an intermediate range were considered as medium
host species. Key genome features are illustrated using bubble plots, and their sizes

are scaled in each panel and are not comparable across panels. The bar plots
represent the number of genes predicted to encode secreted proteins, effectors,
CAZymes, PHI, transporters, and CYP450s. Different classes of CAZymes and PHI
are shown in different colors. CAZyme classes: auxiliary activities (AA), carbohy-
drate esterases (CE), glycoside hydrolases (GH), glycosyl transferases (GT), poly-
saccharide lyases (PL), and carbohydrate-binding molecules (CBM). b Comparison
of genome size, GC content, gene number, and repetitive sequences content between
twenty broad and nine narrow host range species. The statistical significance was
calculated using the Wilcoxon test (*P < .05; ***P < .001).
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Combined with long-read sequencing data, we successfully assembled
12 high-quality genomes with fewer than 30 contigs, along with two addi-
tional assemblies featuring 31 and 38 contigs. The detection of telomeric
repeats at both ends of specific contigs signified assembly at the chromo-
some level (Supplementary Figs. 1–14). Notably, our investigation revealed
the prevalence ofminichromosomes inCGSCs,which are typically less than
2Mb in size, anddiffer significantly from the core chromosomes in genomic
characteristics such as gene density, transposon content, and GC content44,
and that they vary in both number and sequence composition (Supple-
mentary Data 3). For instance, 10 genomes exhibited the assembly of one to
twelve minichromosomes; exceptions were noted for C. musae, C. jiang-
xiense, C. kahawae, and C. theobromicola (Supplementary Figs. 1–14).
Subsequent analysis revealed that minichromosomes had an almost three-
fold lower gene density compared to core chromosomes (0.83 genes/10 kbp
and 2.36 genes/10 kbp, respectively). Correspondingly, pathogenicity genes,
which are necessary for disease development but not essential for the
pathogen to complete its lifecycle in vitro45, including cytochrome P450
enzymes (CYP450s), transporters, secreted proteins, effectors, genes asso-
ciatedwithpathogen-host interaction (PHI), and secondarymetabolite gene
clusters (SMGCs)14,46 are predominantly located on the core chromosomes.
In contrast, the proportion of pathogenicity genes was significantly lower or
even absent on the minichromosomes (P < 0.01, Wilcoxon test) (Supple-
mentary Fig. 19a). In contrast, minichromosomes were notably enriched in

repetitive sequences (29.67%) compared to core chromosomes (12.06%), in
particularlywith a significant abundance of LTRs (Supplementary Fig. 19b).
However, the percentage of SINEs was significantly lower on mini-
chromosomes thanoncore chromosomes (SupplementaryFig. 19b).Unlike
other phytopathogenic fungi such as Fusarium oxysporum and Magna-
porthe oryzae, pathogenicity genes in CGSCs were predominantly located
on the core chromosomes, whereas the proportion of pathogenicity genes
on the minichromosomes was significantly lower or even absent (P < 0.01,
Wilcoxon test) (Supplementary Fig. 19a).

Species with narrow host range generally have high content of
repetitive sequences and low number of pathogenicity genes
Following previous studies9–11, we define here ten species that infect more
than a dozen host plant families as having a broad host range, nine species
that infect one to three species in a single host plant genus ashaving anarrow
host range, and other species as having a medium host range (Fig. 2a and
Supplementary Data 2). In CGSC, species of narrow host ranges possessed
significantly larger genome size, higher repetitive sequence ratio, lower GC
percentage, and fewer protein coding genes than those with broad host
ranges (P < 0.05, Wilcoxon test) (Fig. 2b and Supplementary Fig. 15). Spe-
cifically, all specieswith high repetitive sequence content (> 7.5%) and larger
genomes (> 60Mbp) had narrow or medium host ranges. For example,
host-specificC. kahawae exhibited a repetitive DNA content of 11.52% and
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Fig. 3 | Distribution and composition of repetitive DNA sequences in each
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a genome that was larger (62.61Mbp) than the sister species C. cigarro
(57.67Mbp), which is a broad host species with only 3.8% repetitive DNA.
These results suggest that CGSCs with narrow host ranges may promote
gene optimization and accelerate their evolutionary journey through repe-
ated sequence expansion, ensuring their adaptive survival in narrow eco-
logical niches.

Additional analysis of the gene content associated with pathogenicity
among CGSCswith varying host plant ranges revealed that the narrow host
species exhibited significantly fewer genes encoding secreted proteins,
effectors, carbohydrate-active enzymes (CAZymes), PHI factors, trans-
porters, and SMGCs compared to the broad host species (P < 0.05, Wil-
coxon-test), but comparable number of CYP450 genes (Supplementary
Fig. 15). However, there were exceptions, for instance, the total numbers of
SMGCswere identical in the narrow host-range speciesC. kahawae and the
closely related species with a broad host range, C. cigarro. Nonetheless, C.
kahawae displayed an expansion in non-ribosomal peptide synthetase
(NRPS) and NRPS-like gene clusters, while the polyketide synthase (PKS)
loci were contracted (Fig. 2 and Supplementary Data 1). This suggests that
the NRPS gene clusters may play an important role in the differences in
pathogenicity between these two sister species, despite their short
divergence time.

Also, the number of pathogenicity genes was significantly lower in
species colonizing a single monocotyledonous plant genus (C. xanthor-
rhoeae, C. alatae, and C. musae) than in those infecting dicotyledons or co-
infecting monocotyledonous and dicotyledonous plants (P < 0.01, Wil-
coxon test, Fig. 2, Supplementary Figs. 17, 18, and Supplementary Data 4).
In addition, the numbers of genes for CAZymes involved in hemicellulose
and pectin hydrolyzation were contracted in these three monocot patho-
gens, especially in C. xanthorrhoeae.

Unbalanced gene family expansion/contraction
To estimate the divergence time and evolutionary history of CGSCs, we
generated a phylogenomic tree using fifteen genomes assembled with both
short- and long-read data of this study, together with published genomes of
the well-knownC. graminicola andC. higginsianum species complexes, and
five other Sordariomycetes fungi. The crown age of CGSC was estimated at
8.54Mya (95% HPD, 7.51–9.56Mya). The estimated divergence time
between the two major clades, namely Musae and Kahawae, was ~5.9 Mya
(95%HPD, 5.19–6.62Mya). Subsequently, the two clades underwent rapid
divergence in the recent past, leading to the radiation of a number of
species (Fig. 4a).

In CGSC, gene family contraction was more common than expansion
in the “early” speciation event, i.e., at deep nodes, than during “later” spe-
ciation in theMusae cladeduring the evolutionofColletotrichum (Fig. 4a, b).
Moreover, unbalanced gene family expansion/contraction and gene gain/
loss occurred within CGSC: contractions were prevalent in the respective
most recent common ancestor (MRCA) of the Kahawae and Theo-
bromicola clades, but gene expansion and gene gain patterns dominated in
most species in both clades. In otherwords, it seems that the ancestors of the
Kahawae and Theobromicola clades underwent marked gene contractions,
but their descendants experienced high levels of gene gain during the evo-
lutionof interactionswithdifferent hosts. In contrast, gene family expansion
and contraction were not observed in the MRCA of the Musae clade, but
gene family contractionandgene losswere evident in all descendant lineages
of the Musae clade.

Gene family contraction was often accompanied by gene loss in most
species of CGSC, but the patternwas opposite inC. kahawae andC. cigarro.
Although C. kahawae underwent gene family contraction rather than
expansion, it acquired the largest number of genes within CGSC (Fig. 4b).
GO enrichment analysis indicated that the genes in expanded gene families
of C. kahawae were implicated mainly in oxidoreductase activity, iron ion
binding, heme binding,ATPbinding, and oxidoreductase activity (P < 0.05)
(Fig. 4d). In addition, C. kahawae experienced the most duplication events
in CGSC, and GO terms of 363 genes in the 263 duplication events related
mainly to nucleic acid binding, zinc ion binding, DNA integration, protein

binding, DNA integration, and catalytic activity including ATPase and
hydrolase activities (P < 0.05) (Fig. 4c, f). Three hundred and fifty-one of the
363 genes were in expanded gene families. Comparedwith 21 other species,
226 species-specific genes with the function of nucleic acid binding and zinc
ion binding (P < 0.05) were discovered in C. kahawae (Fig. 4c, e).

Chromosomal rearrangement may be a key mechanism in the
evolution of CGSCs
To unravel the mechanisms steering the divergence of the major clades in
CGSCand their progeny,we conducted collinear analyzes by comparing the
12 high-quality genome assemblies from Musae and Kahawae clades with
that of C. grevilleae, a basal species of these clades. A large intra-
chromosomal inversion (~1.27Mbp) was detected in the members of the
Kahawae clade, namely C. aotearoa, C. camelliae, C. cigarro, C. kahawae,
and C. jiangxiense, in the same collinear region of C. grevilleae contig05
(Fig. 5a, shown as red triangle). In contrast, the Musae clade showed very
good collinearity on this contig. Although an intra-chromosomal inversion
(~0.68Mbp) was also observed inC. horii, situated at the base of theMusae
clade, the position and length of this rearrangement differ from the inver-
sion detected in the Kahawae clade (Supplementary Fig. 20). Therefore, it is
highly likely that the large chromosomal inversion (Fig. 5a) was a possible
driving forcebehind the ancestral divergenceof theKahawae clade inCGSC.

Given above results, we speculate that chromosomal rearrangement
may be a keymechanism contributing to the formation of recently diverged
species within the Kahawae clade. A further in-depth comparative genomic
analysis betweenC. kahawae andC. cigarro, diverged~0.58Mya, confirmed
our conjecture and revealed extensive inter- and intra-chromosomal rear-
rangements (Fig. 6), including nine large intra-inversions (> 100 kbp), 31
small intra-inversions (10–100 kbp), and 15 inter-chromosomal translo-
cations. Within C. kahawae, 741 genes were located within the intra-
inversions, encompassing genes implicated in oxidoreductase activity, car-
bohydrate metabolism, and hydrolase activity (P < 0.05) (Supplementary
Fig. 21a). Only three genes (0.40%) associated with phospholipase, cysta-
thionine beta-synthase, and oxidoreductase activities were under positive
selection (Ka/Ks > 1, Supplementary Fig. 21c).

After that, we wanted to learn more about what genomic traits are
associated with chromosomal inversions. The results of the statistical ana-
lyses showed that the proportionof repeat elements andpathogenicity genes
within the intra-inversions in C. kahawae showed no significant difference
from the rest of the genome, except for the genes encoding secreted proteins
(average percentage 15.51% vs. 10.43%, P < 0.05, Wilcoxon test, Supple-
mentary Fig. 22). Furthermore, there were 28 breakpoints at the ends of
inter-chromosomal translocations, and 80 breakpoints were identified at
intra-chromosomal inversions (> 10 kbp) in C. kahawae compared to C.
cigarro (Fig. 6c). The average number of coding genes per 10 kbp in the
vicinity of the breakpoints (10 kbp upstream and downstream) was lower
than in the rest of the genome (1.91 vs. 2.25, P < 0.05, Wilcoxon test)
(Supplementary Fig. 23), while repetitive sequences were significantly
enriched in these regions (31.51% vs. 12.54%, P < 0.01, Wilcoxon test). A
total of 423 genes were located around the breakpoints, with most involved
in membrane, ATPase-coupled transmembrane transporter activity,
hydrolase activity, and mycotoxin biosynthesis (P < 0.05) (Supplementary
Fig. 21b).Moreover, species-specific genes tended to be located at the flanks
of the intra-inversions rather than at the inter-chromosomal translocations
(Fig. 6d and Supplementary Fig. 24). Thus, the evolutionary event of
chromosomal inversions is closely linked to changes in repetitive sequences,
pathogenicity-related genes, and species-specific genes.

Characterizationof the rapidly evolvingLS regionsofC.kahawae
Chromosomal synteny analysis comparing C. kahawae and C. cigarro
revealed notably diverse lineage-specific (LS) regions in the former, span-
ning 8.75Mbp and constituting 14.98% of the entire genome. These LS
regions encompassed five large (> 100 kbp) segments, covering most of the
chromosomal breakpoints and the ends of chromosomes or contigs. Fur-
thermore, a substantial proportion of species-specific genes (50.26%) and
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duplicated genes (78.79%) in C. kahawae were situated within the LS
regions (Fig. 6c).

Compared to the 14 genomes assembled to the near-chromosome
level, the length of LS regions in C. kahawae exhibited positive correlation
with the genetic distances between these species and C. kahawae (Supple-
mentary Fig. 25a, b). Several LS regions, totaling 4.33Mbp, were conserved.
The 384 genes located in the conserved LS regions were associated with GO
terms primarily related to nucleic acid and zinc ion binding, DNA inte-
gration, ATPase activity, and serine-type carboxypeptidase activity
(P < 0.05), including genes encoded zinc finger proteins, DDE superfamily
endonucleases, and integrases (Supplementary Fig. 25c, d and Supple-
mentary Data 5). Gene density in LS regions was significantly lower com-
pared to the bulk of the C. kahawae genome, and these regions were
significantly enriched in repetitive sequences and pathogenicity genes that
were predicted to be CYP450s and SMGCs (Supplementary Fig. 26).
However, genes related to secreted proteins, CAZymes, transporters, and

PHIwere significantly less abundant in the LS regions than in the rest of the
genome (Supplementary Fig. 26).

Discussion
Ecological adaptation and corresponding evolutionary
mechanism of CGSCs
Our phylogenomic and molecular clock analyses suggested that CGSCs
underwent rapid diversification since the late Miocene epoch (8.54Mya)
(Fig. 4a). The high-intensity monsoon and intense tectonic activity in the
Hengduan Mountains and Himalayas during this period expanded habitat
availability, facilitating the radiation of plants47 and, consequently, the
diversification of plant-associated microbes48. However, unlike the evolu-
tionary trajectory observed in the entomopathogen Metarhizium spp.,
which underwent a transition from specialist to generalist through inter-
mediate host range species49, specialists and generalists within the CGSC
had multiple origins with respect to the genome tree (Fig. 2a), reflecting a
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Fig. 4 | Maximum clade credibility chronogram and comparison of gene families
of CGSCs. a The chronogram generated from the BEAST analysis based on the
concatenated alignment of 872 single-copy orthologous genes from 17 Colleto-
trichum species and five other Sordariomycetes fungi. The mean divergence time is
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Fig. 5 | Syntenic relationships among species in the Kahawae clade (K), Musae
clade (M), and Theobromicola clade (T) of CGSC. a Dot plot represents the
genome syntenic regions between C. grevilleae (x-axis) and species in Kahawae/
Musae clade (y-axis). The red and blue dots represent sequences aligning the forward
and reverse hits. The red triangles indicate contigs with or without genomic rear-
rangement at the collinear region ofC. grevilleae contig05. The number from 1 to 10
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assembly, except that of C. gloeosporioides, in which the contig number is marked

following the original number of the downloaded genome fromGenBank (accession
number: GCA_003243855.1). The stars after the number indicated the reverse-
complemented contigs. b Syntenic relationships among five representative genomes
in CGSC. The blue lines represent the genes of C. grevilleae in contig05 and the
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collinear blocks between the two adjacent contigs. Orange arrows indicate the
locations of genes annotated as centromere protein H.
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more complex evolutionary process and host adaptation. In particular,
genes associated with secreted proteins, effectors, CAZymes, and PHI fac-
tors were significantly expanded in CGSC generalists compared to specia-
lists (Supplementary Fig. 15). This expansion likely contributes to the ability
of generalists to infect multiple hosts, a pattern also seen in other fungal
pathogens49.

CAZymes play a pivotal role in degrading plant cell walls during
host penetration and infection50. The variability in the number of these
enzymes was evident between C. higginsianum and C. graminicola, which
infect distinct host plants51. Our findings indicated a reduction in genes
associated with pectate lyase in monocot pathogens (Supplementary
Fig. 17a, Supplementary Data 4), attributed to the lower pectin content in
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the primary cell walls of monocots compared to dicots15,52–54. Notably, the
absence of the PL11 polysaccharide lyase responsible for the initial
cleavage of rhamnogalacturonan, a major component of plant cell wall
pectin55,56, was observed in the three monocot pathogens (C. xanthor-
rhoeae, C. alatae, and C. musae). Conversely, Baroncelli et al.12 reported
an over-representation of polysaccharide lyases in dicotyledonous
pathogens. Additionally, the numbers of genes encoding auxiliary
activities and carbohydrate-bindingmodules, including the CBM24 gene,
were reduced in the three monocot pathogens. Hence, the arsenal needed
for degradation between dicot and monocot pathogens differs due to the
differences in plant cell wall chemistry.

Gene duplication, a prevalent genomic phenomenon, followed
by acquiring new gene function often serves as a key driver of evo-
lutionary innovation and ecological adaptation57,58. The identification
of gene duplication events in C. kahawae, mostly located in LS
regions, provides intriguing insights into the adaptive strategy and
genetic divergence of this fungal species59. Its duplicated genes are
associated with essential functions, such as nucleic acid and zinc ion
binding, which is a hallmark of zinc-finger transcription factors, as
well as catalytic and hydrolase activities, highlighting their relevance
in shaping the adaptive landscape. The presence of glycosyl hydrolase
among the duplicated genes further underscores their involvement in
plant biomass degradation60,61, a crucial aspect of the ecological niche.
Therefore, the interplay between gene duplication and ecological
adaptation adds complexity to our understanding of how fungi like
C. kahawae navigate their ecological niches and underscores the
multifaceted nature of genomic evolution in response to environ-
mental changes.

The interplay between gene gain and gene loss also holds profound
implications for the evolutionary dynamics of species, particularly in the
context of ecological adaptation62. Our analysis indicates that gene loss
emerges as a dominant force in the evolution of Colletotrichum, aligning
with previous observations in this genus63 and several other groups64,65. This
pervasive gene loss suggests a mechanism promoting adaptive phenotypic
diversity, where shedding unnecessary genetic baggage could be advanta-
geous for navigating different ecological niches66,67. Intriguingly, the Kaha-
wae clade, andC. kahawae in particular, deviates from this trend and shows
a prevalence of gene gain. Notably, the expansion of CYP450 gene families,
known for their versatile roles in cellular processes68,69, signifies a potential
key to adaptive evolution following host jump event. The contrasting
reduction in pathogenicity-related genes in C. kahawae, including those
involved in transport, PHI responses, CAZymes, and secretion, highlights a
nuanced evolutionary strategy. It suggests that, in the transition from gen-
eralist to specialist lifestyles, gene loss may operate as a selective force,
eliminating redundancies and streamlining the genetic repertoire to align
with the specialized ecological niche. This intricate balance between gene
gain and loss emerges as a dynamic driver in the evolution ofColletotrichum
species, which has also been found in other pathogen49, shaping their
adaptive trajectories in response to varying environmental and host-specific
challenges.

Genomic rearrangements and enrichment of repetitive DNA are
potential drivers of CGSC divergence and speciation
Chromosomal synteny analysis is a useful approach for deciphering genome
evolution, particularly when applied to closely related species70–72. A few
studies have been performed to address the chromosomal rearrangements
among species within the CGSCs. For instance, interspecific and intraspe-
cific chromosomal rearrangements were observed within species of Musae
clade in CGSC30. Moreover, TE-mediated chromosome rearrangements
have also been reported betweenC. destructivum andC. higginsianum29 and
at the intraspecific level in C. higginsianum35. However, one of the key
innovations of this study is the discovery of chromosomal rearrangement
between thebig clades,whichhasnotbeen reported inprevious studies29,31,35.
In the present study, mesosynteny on the same collinear chromosome was
observed between species belonging to the Kahawae clade and the basal
Theobromicola clade (C. grevilleae), where the chromosome content was
preservedbut the order andorientationof the geneswere shuffled.While the
Musae clade showed very good collinearity on this contig. Although an
inversion is also occurred on that chromosome inC. horii, it is different that
of the Kahawae clade in the position and length (Supplementary Fig. 20).
Given that large inversions have been reported to play a remarkable role in
genetic divergences and evolution73,74, we hypothesized that the two intra-
inversions observed in C. horii and the Kahawae clade were resulted from
different evolutionary events of chromosomal rearrangements in the
MRCA of GCSCs. We have not observed similar chromosomal rearran-
gement events as inC. horii in other species. Therefore, the ancestral species
of C. horii may have undergone chromosomal rearrangement events that
were detrimental to environmental adaptation and did not lead to further
speciation events. This may also explain the inconsistent phylogenetic
position of C. horii inferred in previous studies based on multi-locus phy-
logenetic analyzes, which placed it either basal to the Musae clade, the
Kahawae clade, or both9–11, and in our current analysis based on phyloge-
nomic analysis, which placed it basal to the Musae clade. In addition, cen-
tromere protein H, one of the foundation kinetochore proteins, was found
within this large inversion region that occurred in the Kahawae clade
(Fig. 5b), suggesting a possible correlation between genomic rearrangement
andmitotic crossover75,76. This observed patternmay be similar to that ofV.
dahliae, where genomic rearrangements are associated with centromeres
during the evolution of the species77.

Within the Kahawae clade, the host-specific species C. kahawae
exhibits extensive chromosomal rearrangements when compared to its
closely related species C. cigarro, which has a broad host range. The rear-
ranged regions in C. kahawae are characterized by an enrichment of genes
associatedwith secreted proteins, alongwith the presence of genes related to
oxidoreductase activity, carbohydrate metabolism, and mycotoxin bio-
synthesis. Notably, a gene encoding cystathionine beta-synthase in C.
kahawae was under positive selection. This gene, known for its role in the
pathogenicity of Aspergillus niger on pear fruit78, located within the rear-
rangement regions may play key roles in virulence and host interaction in
CGSC. Furthermore, a key species-specific gene of C. kahawae, located at
the flank of intra-inversions, belongs to the dynamin-like GTPase

Fig. 6 | Genome architecture of C. kahawae and its syntenic relationship with its
sister species C. cigarro. a Syntenic relationships between C. kahawae and C.
cigarro. A dot plot represents the genome syntenic regions between 14 contigs of C.
cigarro (x-axis) and 13 contigs of C. kahawae (y-axis). The red and blue dots
represent sequences aligning the forward and reverse hits. The last four unlabeled
contigs ofC. cigarro are contig11 to contig14, and the last two unlabeled contigs ofC.
kahawae are contig12 and contig13. b Circos diagram illustrating collinear blocks
between chromosomes of C. kahawae and C. cigarro using proteins sequences. The
outermost circle represents 13 contigs of C. kahawae (upside) and 14 contigs of C.
cigarro (downside), with the dark gray dots indicating the positions of telomere. The
second (dark blue) and third (purple) circle represents the heatmap of gene and
repetitive sequence density, respectively. cDistribution of genes and LS regions ofC.
kahawae comparedwith its relativeC. cigarro. The gray bars represent the assembled
contigs of C. kahawae, and the flanking gray dots indicate that telomeric sequences

are detected on that side of contigs. The light orange regions within gray bars
represent the LS regions of C. kahawae compared with C. cigarro. Above the gray
bars, from top to bottom, the light blue and dark blue lines represent the genes
occurred in duplication events and species-specific genes, respectively, and each line
represents a gene; the two ribbon plots represent gene density and repetitive
sequence coverage (with a window of 10 kbp). Below the genome, the green bands
indicate intra-arrangement regions in C. kahawae. The light blue lines and red lines
indicate the breakpoints of intra-inversions and interchromosomal-rearrange-
ments, respectively. d Example of species-specific gene of C. kahawae at the flank of
intra-inversions between C. kahawae contig06 (3,054,643 to 3,321,682 bp) and C.
cigarro contig06 (2,737,281 to 2,867,416 bp). Gray ribbons indicate regions of
homology between the two genes. Blue and green arrows indicate the common genes
and species-specific genes, respectively. Orange blocks indicated repetitive
sequences.
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superfamily. This superfamily is involved in various cellular processes and is
crucial for the development of appressoria inMagnaporthe oryzae and for
virulence in theplant symbiotic fungusM. robertsii79–81.Hence, the extensive
chromosomal rearrangements in C. kahawae are likely drivers of the evo-
lutionary adaptation of virulence genes, facilitating the ongoing arms race
with host plant immune systems.

The repetitive sequences were significantly enriched in the flanks of
chromosomal rearrangements (breakpoints) and the LS regions of C.
kahawae (Supplementary Figs. 23, 26), generating a genomic environment
that favors the generation of chromosomal rearrangements and may con-
tribute to sequence diversity and genome plasticity inC. kahawae39,82,83. The
estimated divergence time ofC. kahawae andC. cigarro from their common
ancestor was ~0.58Mya (Fig. 4a), and correlated with the emergence of
Coffea arabica (0.543–1.08Mya), the host plant ofC. kahawae84. Therefore,
we hypothesized that the ancestral population of C. kahawae potentially
underwent a host jump from the most common ancestor with C. cigarro23,
possibly accompanied by chromosomal rearrangements following the
speciation events of C. arabica.

The generation of minichromosomes enriched in rearrangements
and repetitive sequences could serve as a mechanism to increase genetic
variation, compensating for the absence of sexual reproduction85. This is
because the high variability of repetitive sequences makes them more
prone to mutations, which could facilitate the emergence of highly
pathogenic genes on minichromosomes27,86. Among the CGSCs genomes
assembled to near-chromosomal levels, especially in species reported to
primarily have asexual stages (e.g., C. aotearoa, C. camelliae, C. grevilleae,
C. horii, C. proteae, and C. queenslandicum), 1–12 minichromosomes
were identified (Supplementary Figs. 1–14). In contrast, Wang et al.30

reported that CGSCs have an average of 14 complete chromosomes with
telomeres at both ends, which means that each strain has an average of
four minichromosomes. However, they did not mention the number of
minichromosomes in each strain. The number of minichromosomes
varies between different species and even between different strains of the
same species, indicating the genetic instability and diversity of genome
structure of CGSCs. The varying number of minichromosomes observed
between different species, and even between different strains of the same
species, indicates the genetical instability and diversity of genome
architecture in CGSCs. Although telomere-to-telomere minichromo-
somes of C. kahawae were not assembled successfully, this species has
been confirmed as a true clonal pathogen23,32. Historical demographic
reconstructions and DNA polymorphism patterns consistently indicate a
sudden and severe decline of the effective population size of C.
kahawae23, signifying an intensified genetic drift, in line with the
expansion of TEs in this species (Fig. 3). Repetitive sequences may
facilitate the generation of genetic diversity by promoting mitotic
crossover which in turn generates new genetic combinations39. Similar
genome architectures have also been reported in F. oxysporum and V.
dahliae, contributing to gene flow and acting as a driving force for
adaptive evolution39,74,87–89.

This study has certain limitations. First, PacBio reads were not
available for all the samples. Since repetitive sequences are common in
fungi, this could present technical challenges for genome assembly from
Illumina reads and sequence alignment. Second, gene prediction and
annotation are dependent on the quality of genome assemblies and
number of overlapping genes. The number of predicted genes in frag-
mented genomes could be lower than the complete genomes due to the
potential larger number of fragmented/smaller-sized contigs. For
instance, the genome of C. xanthorrhoeae, which was assembled with
Illumina data, resulted in a lower gene count of 11,719, reflecting the
highly fragmented nature of the assembly. As a result, the number of
species-specific genes, as exemplified by C. xanthorrhoeae, C. aeschyno-
menes, and C. clidemiae, could be lower due to more fragmented genome
assemblies. In future ongoing research, a more robust genome assembly
approach, such as combining PacBio or Hi-C sequencing data, would be
essential for a detailed and accurate gene analysis.

Methods
Genome sequencing and assembly
The genomes of 49 strains that represented 37 available species in CGSC
were sequenced (Supplementary Data 1). Single spore of these strains was
isolated90 and cultivated in potato dextrose broth at 25°C with shaking at
150 rpm for 3–5 d. Biomass was collected by filtration through sterile gauze,
and samples were freeze dried and stored at −80 °C. Total genomic DNA
was extracted using a modified cetyltrimethylammonium bromide
protocol91 and the quality and concentration of the DNA were measured
using a NanoDrop 2000 spectrophotometer (Thermo Fisher Scientific Inc.,
MA, USA) andQubit 3.0 Fluorometer (Thermo Fisher). TheDNA libraries
were sequenced on the Illumina NovaSeq 6000 platform to produce 150 bp
paired-end reads (AnnoroadGene TechnologyCo., Ltd, Yiwu, China). Raw
reads were assessed by FastQC v.0.11.892, and the quality-trimmed reads
were assembled de novo using SPAdes v.3.12.093 with a “careful” mode.
Contigs < 200 bp were removed from subsequent analyzes94.

Among the 37 species, 14 species with different host ranges and
belonging to the three major clades of CGSC, namely C. aotearoa, C.
asianum, C. camelliae, C. cigarro, C. fructicola, C. grevilleae, C. horii, C.
jiangxiense, C. kahawae, C. musae, C. proteae, C. queenslandicum, C. sia-
mense, and C. theobromicola (Supplementary Data 1) were also sequenced
using PacBio RS II platforms (Nextomics Biosciences Co., Ltd., Wuhan,
China). The PacBio raw reads were assembled using Canu v.1.4.1 with
default parameters95, and the assemblies fromPacBiowere polishedwith the
Illumina reads using Pilon v.1.23.296. Contigs belonging to the mitochon-
drial genomes were removed by performing the BLASTn search (e-
value ≤ 1e− 5) against the NCBI nr/nt databases (downloaded on 23/08/
2019). Telomeric sequenceswere identifiedusing ahigh stringencyBLASTn
with repeats of TTAGGG or CCCTAA. Repeats ≥ 60 bp length that were
located at the end of contigs were considered as telomeric sequences97.
The quality of genome assembly was assessed using QUAST v.5.0.298, and
the completeness of genomes was estimated using BUSCOs v.2.0.199 to
search for a set of 3725 Sordariomycete_odb9 universal single-copy
orthologous genes.

Repeat analysis and gene annotation
Repetitive DNA elements were identified de novo using RepeatModeler
v.2.0100, which incorporates RECON v.1.0.8101, RepeatScout v.1.0.8102, TRF
v.4.0.9103, and RepeatMasker v4.1.0 (http://www.repeatmasker.org) com-
bined database Dfam_3.1104.

Gene prediction was performed using the Funannotate pipeline
(v.1.7.0, https://github.com/nextgenusfs/funannotate). Repetitive sequences
in assemblies were soft-masked using the command funannotatemaskwith
default parameters. The soft-masked assemblies were predicted by running
the command funannotate predict with --busco_db Sordariomycetes and --
busco_seed_species Verticillium longporum and default parameters. The
predicted protein-coding gene models were annotated using eggNOG-
mapper-v2105. Pfam domains were identified using Pfam database v.32.0106.
Gene ontology (GO) terms were transferred from the Pfam entries with
Pfam2GO mapping (version data: 2020/11/28)107, and the GO enrichment
analysis was performed using ClusterProfiler package in R108.

To identify putative CAZymes, the protein genes were searched using
run_dbcanv.2.0.6109,which integrates three tools:HMMER110 searchagainst
dbCAN-HMM database v.8 (e-value < 1e–15, coverage > 0.35),
DIAMOND111 search against CAZy database v.0731 2018 (e-
value < 1e–102)112 and Hotpep113 search against the PPR (peptide pattern
recognition) library (frequency > 2.6, hits > 6)114. We considered genes
identified by at least two tools as CAZyme candidates.

SMGCs were identified using the antiSMASH v.5.0 web server fungal
version115 with additional BLAST searches against theMIBiG database116 to
predict the association between the detected clusters and the production of
known or novel bioactive compounds.

Prediction of secreted proteins was performed using SignalP v.5.5117,
TMHMMv.2.0118, and TargetP v.2.0119 with default parameters to assess the
presence of signal peptides, transmembrane domains, and subcellular
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localization for protein sequences. Proteins with a signal peptide but no
transmembrane domain and that did not target the mitochondrion were
considered as secreted proteins. EffectorP v.1.0120 was used to predict fungal
effectors from the predicted secreted proteins. The CYP450s, transporters,
and proteins involved in PHIwere annotated via BLASTp (e-value ≤ 1e–10)
against the Fungal Cytochrome P450 Database68, Transporters Classifica-
tion Database (downloaded on 18/04/2020)121, and PHI Database v.4.8122.

Phylogenetic analysis and divergence time estimation
Orthologous genes in all the genomes were inferred using Orthofinder
v.2.3.3123 with default parameters124. The genes clustered in one orthologous
group were considered as a gene family. Each single-copy gene family was
alignedusingMAFFTv.7.407125, trimmedusingGblocks v.0.91b (−t = p)126,
and concatenated. Thefinal concatenated alignmentwas used to construct a
phylogenetic tree using RAxML v.8.2.12127 with 1000 replicates under the
JTT model advised by ProtTest v.3.4.242,128,129.

The genome assemblies of 14 Colletotrichum species using a combi-
nation of PacBio and paired-end Illumina sequence data in this study, along
with the genomes of C. gloeosporioides (accession number:
GCA_003243855.1), C. graminicola (GCF_000149035.1), and C. higgin-
sianum (GCF_001672515.1) retrieved from GenBank were used to con-
struct the time-scaled phylogeny of CGSC. Cordyceps militaris (accession
number: GCF_000225605.1), Metarhizium robertsii (GCF_000187425.2),
Neurospora crassa (GCF_000182925.2), Pyricularia oryzae
(GCF_000002495.2), and V. dahliae (GCF_000150675.1) were used as
outgroups and for timecalibration.Three ancestral nodeswereused for time
calibration: the common ancestral node between Cordyceps-Metarhizium
divergence at 146–206Mya130, the common ancestral node between C.
fructicola and C. graminicola divergence at 22.09–47.68Mya, and the
common ancestral node between C. graminicola and C. higginsianum
divergence at 12.3Mya (http://www.timetree.org/). Following the pipeline
of Hacquard et al.130, single-copy gene families with a phylogenetic
signal > 0.7131 were used to construct a phylogenetic tree using RAxML
v.8.2.12 with JTT substitution model and the most appropriate model for
each maker. MCMC analyzes were then performed with a chain length of
10,000,000 sampling on every 5000 generations in BEAST v.2.6.3132. The
results from two independent MCMC runs were combined with Log-
Combiner. Twenty percent of the first total trees identified with TreeAn-
notator were discarded and the node heights were estimated using mean
heights to obtain the maximum clade credibility tree124. The final tree was
visualized in FigTree v.1.4.0 (http://tree.bio.ed.ac.uk/software/Figtree).

Gene family gains and losses
Gene family expansion and contraction of the 17Colletotrichum species and
five other Sordariomycetes fungi used for aforesaid divergence estimation
were assessed using CAFÉ v.4.2.1133 with a P value of 0.01 and an automatic
estimation of the birth and death (λ) value. The result of CAFÉ was cal-
culated refer to the existing scripts (https://github.com/hahnlab/cafe_
tutorial/tree/main).

Genomic similarity and synteny
Genome synteny of the 14 high-quality genomes assembled using both
PacBio RSII and Illumina data was analyzed using bothMUMmer v.3.23134

and MCScanX135. The pairwise genome alignments were generated by
MUMmer usingNUCmer with default parameters (except for –mum). The
dot plot of genome synteny was visualized bymummerplot with the filtered
alignment file (minimum alignment length > 1000 bp and alignment
identify > 90%). In addition, collinear blocks between whole-genome pro-
tein sequences were assessed using BLASTp (e-value ≤ 1e–10) and
MCScanX with default parameters. The collinear blocks between two
genomes or within species were visualized using R package circlize136, and
the gene collinearity between contigs was visualized using R package
genoPlotR137.

The coverage breadth of the whole-genome alignments generated by
MUMmer on 1 kb nonoverlapping windows was assessed using BEDTools

v.2.26.0 todetermine theLS regions.The regionswere consideredLSwith an
alignment breadth less than 0.239. The gene density and repeat coverage of
genomes were calculated using BEDTools with a window of 10 kbp. The
result of the genome architecture was visualized using R package
karyoploteR138.

To search the segmental genomic duplication of C. kahawae, the
whole-genome nucleotide alignments of C. kahawae were generated by
MUMmer as above method. The regions longer than 5 kbp and with
identity more than 90% were considered as large segmental genomic
duplications.

Identification of positive selection genes
To test for adaptivemolecular evolution and identify amino acid sites under
diversifying selection of the specialist pathogen C. kahawae driven by host
jumping, the ratio of nonsynonymous to synonymous substitutions (Ka/Ks)
of orthologous genes between C. kahawae and the close relative C. cigarro
was calculated with ParaAT v.2.0139 and KaKs_calculator v.2.0140 using
MAFFT v.7.407 for multiple-sequence alignment with default parameters.
Genes with P value > 0.05, Ks value > 2.0, and Ka/Ks ratio > 45 or NA were
discarded because of the risk of substitution saturation and few non-
synonymous sites or substitutions141,142.

Statistics and reproducibility
The sample sizes shown in figures were determined based on statistical
requirements and sample availability. Each group had at least three repli-
cates. All data values used in the figures were contained in Supplementary
Data. For statistical analysis,Wilcoxon testwasused to compare thefindings
obtained from two different types of genomes, and has been described in
figure legends. The significance levels are indicated in the figures by exact p
values or asterisk (*p < 0.05; **p < 0.01; ***p < 0.001; p > 0.05 or ns not
significant).

Reporting summary
Further information on research design is available in the Nature Portfolio
Reporting Summary linked to this article.

Data availability
All new genomes published in the study are available in the Genome
Warehouse (GWH, https://ngdc.cncb.ac.cn/gwh/#) under the BioProject
PRJCA033952 and in the National Microbiology Data Center (NMDC,
https://nmdc.cn/) under the BioProject NMDC10018299, and the GWH
accession number of assembled genomes are listed in Supplemen-
tary Data 1.
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