


plant microbiome research (Trivedi et al., 2020) the genomic
and molecular mechanisms foliar fungal endophytes employ
to establish symbiotic host associations remain largely
unknown.

Global, large-scale surveys of phylogenetically diverse plant
and lichen hosts have revealed that many foliar endophyte
species preferentially associate with particular host species and
lineages, resulting in host structured endophyte communities
at local to global scales (e.g. U’Ren et al., 2019). However,
endophytic fungi in the Xylariales (Sordariomycetes, Pezizomy-
cotina, Ascomycota) appear unique in that they frequently
have broad host ranges that span multiple lineages of land
plants (e.g. angiosperms, conifers, lycophytes, ferns and
mosses) as well as green algae and cyanobacteria within lichen
thalli (e.g. Arnold et al., 2009; U’Ren et al., 2016). By con-
trast, described Xylariales species associate primarily with
angiosperms as wood- or litter-degrading saprotrophs or
woody pathogens (Hsieh et al., 2005, 2010). Although the
genetic factors that determine foliar endophyte host range are
currently unknown, research on fungal pathogens has shown
that host specificity is often determined by the presence of
avirulence proteins (i.e. effectors), proteinaceous host-specific
toxins and secondary metabolites (SMs) (Li et al., 2020). Hor-
izontal gene transfer (HGT) of these host-determining genes
frequently alters and/or expands pathogen host range (Li et al.,
2020).

Xylariales genomes sequenced to date have revealed a rich
repertoire of secondary metabolite gene clusters (SMGCs) (Wib-
berg et al., 2021), often exceeding the numbers reported for
saprotrophic fungi well known for their SM production
(Aspergillus, Penicillium) (Nielsen et al., 2017; Drott et al., 2021).
Previously, it was postulated that intense competition with
diverse communities of soil organisms increases selection to
maintain and diversify SMGCs (Slot, 2017). However, the high
bioactivity of Xylariales fungi (> 500 SMs reported to date;
Becker & Stadler, 2021), their broad host ranges as endophytes
and their ability to persist in leaf litter as saprotrophs that decom-
pose lignocellulose (U’Ren & Arnold, 2016; U’Ren et al., 2016),
led us to hypothesise that enhanced secondary metabolism might
play a role in facilitating ecological generalism in both substrate
use and the phylogenetic breadth of their symbiotic associations
with plants and lichens.

To test this hypothesis, we examined the genomic factors asso-
ciated with endophyte host range and ecological roles (i.e. endo-
phytic, pathogenic and saprotrophic) across 96 genomes of
Xylariales, including 88 newly sequenced genomes of endo-
phytes, saprotrophs and plant pathogens within two major clades
of Xylariales [Hypoxylaceae and Xylariaceae sensu lato (s.l.)]. We
paired genomic data with extensive metadata on endophyte host
associations, geographic distributions and substrate usage gleaned
from a collection of > 6000 xylarialean endophytes isolated from
phylogenetically diverse plants and lichens across North America
(U’Ren et al., 2016), enabling us to examine for the first time the
genomic factors related to the breadth of symbiotic interactions
and ecological roles in this dynamic and ecologically important
fungal clade.

Materials and Methods

Fungal strain selection

We sequenced genomes of 44 endophytic taxa (U’Ren et al.,
2012; U’Ren & Arnold, 2016) and 44 named taxa of Xylari-
aceae s.l. and Hypoxylaceae representing c. 24 genera and 80
species, as well as two undescribed species of endophytic Xylar-
iales (Pestalotiopsis sp. NC0098 and Xylariales sp. AK1849)
included in the outgroup (Supporting Information Table S1).
Isolates were selected based on their phylogenetic position and
ecological mode from U’Ren et al. (2016). Although classifying
fungal ecological modes broadly as ‘endophytic’ or ‘sapro-
trophic’ based on the condition of the tissue from which they
are cultured is often insufficient to adequately define their eco-
logical roles, for the purposes of this study, isolates cultured
from living host tissues (either plant or lichen) are referred to
as endophytes even if other isolates in the same fungal opera-
tional taxonomic unit (OTU) were found in nonliving tissues
as well. Isolates were defined as saprotrophs only if all isolates
in the OTU were cultured from nonliving plant tissues such as
senescent leaves or leaf litter (U’Ren et al., 2016). To minimise
the effect of phylogeny when assessing the impact of ecological
mode on genome evolution, we also selected 15 pairs of closely
related sister taxa with contrasting ecological modes (i.e. endo-
phyte vs nonendophyte) (U’Ren et al., 2016). For reference
species that lacked host and substrate metadata, ecological
modes were estimated based on information for that species in
the literature as described in U’Ren et al. (2016).

DNA and RNA purification

We used two different mycelial growth and cultivation tech-
niques to obtain DNA for either Illumina or PacBio Single-
Molecule Real-Time (SMRT) sequencing. DNA isolations were
performed using modified phenol/chloroform extractions (Meth-
ods S1). RNA was extracted for each isolate with the Ambion
Purelink RNA Kit (Thermo Fisher Scientific, Waltham, MA,
USA). DNA and RNA were quantified with a Qubit fluorometer
(Invitrogen) and sample purity was assessed using NanoDrop
spectrophotometer (BioNordika, Herlev, Denmark). RNA was
treated with DNase (Thermo Fisher Scientific) following the
manufacturer’s instructions and RNA integrity was assessed on a
BioAnalyser at the University of Arizona Genomics Core
Facility.

Genome and transcriptome sequencing and assembly

Genomes were generated at the Department of Energy Joint
Genome Institute using Illumina and PacBio technologies
(Table S1). For 66 isolates, Illumina standard shotgun libraries
(insert sizes of 300 bp or 600 bp) were constructed and
sequenced using the NovaSeq platform. Raw reads were filtered
using the JGI QC pipeline. An assembly of the target genome
was generated using the resulting nonorganelle reads with SPAdes
(Bankevich et al., 2012). PacBio SMRT sequencing was
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(Shen et al., 2020). The percentage of repetitive elements per
genome ranged from < 1–24% (average 1.6%; Table S2), but
unlike mycorrhizal fungi (Miyauchi et al., 2020), repeat content
was not corrected with ecological mode (Fig. S3).

Xylariaceae and Hypoxylaceae genomes contain
hyperdiverse metabolic gene clusters

To investigate the diversity and composition of metabolic
gene clusters in xylarialean genomes, we used antiSMASH
(Blin et al., 2019) to mine genomes for SMGCs, as well as a

custom pipeline to examine catabolic gene clusters (CGCs)
involved in fungal degradation of a broad array of plant
phenylpropanoids (Gluck-Thaler et al., 2018). Across 96 xylar-
ialean genomes we predicted a total of 6879 putative SMGCs
(belonging to 3313 cluster families) and 973 putative CGCs
(belonging to 190 cluster families) (Tables S3, S4). In com-
parison, recent large-scale analyses predicted 3399 SMGCs (in
719 cluster families) across 101 Dothideomycetes genomes
(Gluck-Thaler et al., 2020) and 1110 CGCs across 341 fungal
genomes (Gluck-Thaler & Slot, 2018). Only 25% of pre-
dicted SMGCs (n = 1711 belonging to 816 cluster families)
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Fig. 1 Xylariaceae s.l. and Hypoxylaceae genomes are characterised by hyperdiverse and dynamic metabolic gene clusters. (a) Maximum likelihood
phylogenetic analyses of 1526 universal, single-copy orthogroups support the sister relationship of the Xylariaceae s.l. (containing Xylariaceae sensu stricto,
Graphostromataceae and Barrmaeliaceae) and the Hypoxylaceae, as well as previously denoted relationships among genera (see Supporting Information
Fig. S2). Phylogenetic analyses included genomes of 25 outgroup taxa representing five other families of Xylariales and eight orders of Sordariomycetes
(total 121 genomes; Fig. S2). Taxon names are coloured by ecological mode and branches coloured by major clade (red: Xylariaceae s.l.; blue:
Hypoxylaceae). Taxa with asterisks (*) represent 15 pairs of endophyte/nonendophyte sister taxa used to assess differences in genomic content due to
ecological mode (see Fig. 4). Within this phylogenetic framework, we compared the: (b) abundance of different secondary metabolite gene cluster (SMGC)
families per genome. Dotted lines indicate the averages for Pezizomycotina (black), Xylariaceae s.l. (red) and Hypoxylaceae (blue); (c) relative abundance
of family-specific, clade-specific and isolate-specific SMGCs; (d) relative abundance and (e) presence/absence of catabolic gene clusters (CGCs), coloured
by anchor gene identity (Gluck-Thaler & Slot, 2018). Hierarchical clustering of CGCs (see bottom) was performed with the unweighted pair group method
with arithmetic mean.
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had BLAST hits to 168 unique MIBiG (Medema et al., 2015)
accession numbers (Table S3).

Total SMGCs diversity in the Xylariaceae and Hypoxy-
laceae is reflected in a high number of SMGCs per genome:
the average number of SMGCs per genome was 71.2 (median
68), which is significantly higher than the average for other
fungi in the Pezizomycotina (mean 42.8; Fig. 1b). At least
eight xylarialean genomes contained more than 100 predicted
SMGCs, with a maximum of 119 in Anthostoma avocetta
NRRL 3190 (Fig. 1b; Table S3). In comparison, a recent
study of 24 species of Penicillium found an average of 54.9
SMGCs per genome, with a maximum number of 78
SMGCs observed in P. polonicum (Nielsen et al., 2017).
Genomes of Xylariaceae and Hypoxylaceae contained on aver-
age 3.39 more CGCs per genome (average 10.1; Table S4)
compared with other genomes of Pezizomycotina (average 3.0
(Gluck-Thaler et al., 2018)).

Every xylarialean genome contained SMGCs for the produc-
tion of polyketides (PK; 2871 total), nonribosomal peptides
(NRP; 2482 total) and terpenes (1322 total; Fig. 1b; Table S3).
SMGCs for ribosomally synthesised and post-translationally
modified peptides (RiPPs) and hybrid NRP-PK compounds
occurred less frequently (Fig. 1b). The most widely distributed
and abundant CGCs were pterocarpan hydroxylases (n = 93),
putatively involved in isoflavonoid metabolism (Fig. 1d,e;
Table S5). CGCs involved in the breakdown of plant salicylic
acid (Ambrose et al., 2015) (n = 251 salicylate hydroxylases) and
plant flavonoids (n = 170 naringenin 3-dioxygenases) were also
abundant (Fig. 1d,e). CGCs classified into nine other categories
(e.g. phenol 2-monooxygenase, quinate dehydrogenase) (Gluck-
Thaler et al., 2018) occurred more rarely (Table S4). Vanillyl
alcohol oxidases, which were previously shown to be enriched in
genomes of soil saprotrophs (Gluck-Thaler et al., 2018), were
absent in xylarialean genomes.

Consistent with the hyperdiversity of SMGCs in the Hypoxy-
laceae and Xylariaceae, we observed that only c. 10% of SMGCs
were shared among genomes from both Xylariaceae and Hypoxy-
laceae (Fig. 1c), and no SMGCs were universally present in both
clades (Table S3). On average, 21.4% and 28.2% of SMGCs per
genome were unique to either a taxon in the Hypoxylaceae or the
Xylariaceae, respectively (range 0–82%; Fig. 1c; Table S4), but
no SMGCs were universally present within either clade. For most
isolates, the majority of SMGCs were unique (i.e. ‘isolate speci-
fic’; Fig. 1c). Isolate-specific SMGCs represented an average of
36.6% (SD � 21.1) of the clusters per genome (range 0–85.7%;
Fig. 1c). Even when multiple isolates of the same species were
compared (e.g. Nemania serpens clade) 30–41% of the SMGCs
appeared specific to a single isolate (Fig. 1b; Table S3), similar to
intraspecific SMGC variation in Aspergillus flavus (Drott et al.,
2021).

Impact of HGT on xylarialean genome evolution

To assess the role of HGT in shaping the genome evolution of
Xylariaceae and Hypoxylaceae we performed two AI analyses
(Alexander et al., 2016; Wisecaver et al., 2016; Gonc�alves et al.,

2018). The first AI screen – designed to detect candidate HGTs
from more distantly related donor lineages (e.g. bacteria, plants)
– flagged 4262 genes representing 647 orthogroups (Table S5).
Using a custom phylogenetic pipeline (see the Materials and
Methods section) we manually validated 168 of these genes as
likely to be HGT events to Xylariaceae and Hypoxylaceae. Based
on branch support and the presence of multiple xylarialean taxa
in the recipient clade, we deemed 92 of these genes as high-
confidence HGTs and the remaining 76 as lower confidence
HGTs (Fig. 2; Table S5). Similar to previous studies (Marcet-
Houben & Gabald�on, 2010; Lawrence et al., 2011), the majority
of high-confidence HGTs were predicted to have been acquired
from bacteria (n = 86) (Fig. 2). Overall, 66% of genes identified
as HGT from bacterial donors did not contain introns (com-
pared with 6% of genes across 121 genomes). Other donor lin-
eages include viruses (n = 3), Basidiomycota (n = 2) and plants
(n = 1) (Fig. 2; Table S5). On average, xylarialean genomes had
16.2 high-confidence HGT events per genome (range: 7–30;
Table S5). The highest number of high-confidence HGT events
per genome occurred in the genome of Xylaria flabelliformis CBS
123 580 (n = 30).

Horizontal gene transfer candidate genes were typically dis-
tributed across taxa in numerous diverse clades (n = 85 of 92
genes) rather than in monophyletic clades (Fig. 2). For example,
an enoyl-acyl carrier protein reductase protein (EC 1.3.1.9) – a
key enzyme of the type II fatty acid synthesis (FAS) system
(Massengo-Tiass�e & Cronan, 2009) – occurred in bacteria (puta-
tive donor) and four distantly related recipient taxa: Xylariales sp.
PMI 506, Hypoxylon rubiginosum ER1909; H. cercidicola CBS
119 009; H. fuscum CBS 119 018 (HGT0001; Table S5). Multi-
ple evolutionary scenarios could result in patchy taxonomic dis-
tributions. For example, multiple fungi could have
independently acquired the same gene from closely related bacte-
rial donors (Marcet-Houben & Gabald�on, 2010). Alternatively,
an initial HGT from bacteria to fungi may have been followed
by fungal–fungal HGTs. In total, 38 HGT candidate genes
occurred in genomes of both Sordariomycetes outgroup and
Xylariales genomes, 28 were found in only Xylariales genomes,
and 26 were only observed in genomes of Xylariaceae and
Hypoxylaceae (Fig. 2; Table S5).

Functional annotation revealed that most candidate HGT
genes were associated with at least one type of annotation (i.e.
95% of the highly confident and 82% of the ambiguous events;
Table S5). Six high-confidence HGT candidate genes were anno-
tated as CAZymes, including three predicted plant cell wall-
degrading enzymes (PCWDEs) transferred from bacteria to
diverse Xylariales (Fig. 2). No genes predicted in CGCs were
identified as candidate HGTs, consistent with convergent evolu-
tion to result in similar clustering of fungal phenolic metabolism
genes (Gluck-Thaler et al., 2018). However, 43% of candidate
HGT genes were predicted to be part of an SMGC (i.e. 40 of 92)
(Fig. 2; Tables S3, S5). These include 13 genes predicted to have
a biosynthetic function, such as a putative FsC-acetyl coenzyme
A–N2-transacetylase (HGT076; Table S5), which is part of the
siderophore biosynthetic pathway in Aspergillus implicated in
fungal virulence (Blatzer et al., 2011).

New Phytologist (2022) 233: 1317–1330
www.newphytologist.com

� 2021 The Authors

New Phytologist� 2021 New Phytologist Foundation. This article has been contributed to by US Government

employees and their work is in the public domain in the USA.

Research

New
Phytologist1322



Due to the high prevalence of HGT among genes predicted to
be part of SMGCs, we performed a second AI screen to detect
intrafungal HGT events of genes within the boundaries of
SMGCs (n = 93 066 genes) (see the Materials and Methods

section; Fig. S1). The second AI screen identified 1148 genes in
660 SMGCs (belonging to 594 cluster families) that were puta-
tively transferred from other fungi to members of the Xylariales
(Table S5). Candidate HGT genes were primarily for polyketide
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Daldinia eschscholtzii EC12
Daldinia eschscholtzii FL0578
Daldinia bambusicola CBS 122872
Daldinia caldariorum CBS 122874
Daldinia sp. FL1419
Daldinia vernicosa CBS 139.73
Daldinia grandis CBS 114736
Daldinia decipiens CBS 113046
Daldinia loculata AZ0526
Daldinia loculata CBS 113971
Hypoxylon trugodes CBS 135444
Hypoxylon sp. CI-4A
Hypoxylon sp. FL1857
Hypoxylon sp. FL0890
Hypoxylon sp. FL0543
Hypoxylon sp. NC0597
Hypoxylon sp. EC38
Hypoxylon sp. CO27-5
A. minutellum CBS 135445
A. bovei var. microspora CBS 124037
A. moriforme CBS 123579
A. maeteangense CBS 123835
A. truncatum CBS 140777
Rostrohypoxylon terebratum CBS 119137
Annulohypoxylon stygium FL0470
Annulohypoxylon nitens CBS 120705
Xylariaceae sp. FL2044
Biscogniauxia marginata CBS 124505
Biscogniauxia nummularia BnCUCC2015
Camillea tinctor CBS 203.56
Biscogniauxia sp. 304 FL1348
Biscogniauxia mediterranea AZ0048
Biscogniauxia mediterranea CBS 129072
Xylariaceae sp. FL0641
Barrmaeliaceae sp. FL0016
Barrmaeliaceae sp. FL0804
Xylariaceae sp. FL0255
Xylariaceae sp. FL1272
Xylariaceae sp. FL1019
Xylariaceae sp. FL1651
Anthostoma avocetta NRRL 3190
Xylariaceae sp. AK1471
Xylariaceae sp. FL0594
Poronia punctata CBS 180.79
Xylaria nigripes YMJ 653
Xylaria sp. CBS 124048
Xylaria intraflava YMJ 725
Xylaria hypoxylon OSC100004
Xylaria digitata CBS 161.22
Xylaria grammica CBS 120713
Xylaria sp. FL1777
Kretzschmaria deusta IL1129
Kretzschmaria deusta CBS 826.72
Xylaria arbuscula FL1030
Xylaria bambusicola CBS 139988
Xylaria arbuscula CBS 124340
Xylaria venustula FL0490
Xylaria sp. FL1042
Xylaria sp. FL0064
Xylaria sp. FL0043
Xylaria sp. FL0933
Entoleuca mammata CFL468
Nemania sp. CBS 527.63
Nemania diffusa NC0034
Nemania abortiva FL1152
Nemania sp. FL0031
Nemania sp. FL0916
Nemania sp. NC0429
Nemania serpens AK0226
Nemania serpens AZ0576
Nemania serpens CBS 679.86
Xylaria palmicola CBS 124036
Astrocystis sublimbata CBS 130006
Xylaria telfairii CBS 121673
Xylaria cf. heliscus FL0509
Xylaria acuta CBS 122032
Xylaria longipes CBS 148.73
Xylaria cf. castorea CBS 124033
Xylaria flabelliformis CBS 116.85
Xylaria flabelliformis NC1011
Xylaria flabelliformis CBS 123580
Xylaria flabelliformis CBS 114988

Virus
Actinobacteria
Proteobacteria

Bacteria
Plants
Fungi

Basidiomycota
Sordariomycetes

Xylariales
Xylariaceae/Hypoxylaceae 

Actinobacteria
Proteobacteria

Bacteria
Plants

Basidiomycota
Sordariomycetes

Xylariales

Functional 
annotations

Transfer 
direction

>1

>1
>1

Donor

Recipient

Fig. 2 Phylogenetic distribution and functional annotation of high-confidence horizontal gene transfers (HGTs) to genomes of Xylariaceae s.l. and
Hypoxylaceae. Phylogeny matches Fig. 1(a). Blue boxes represent genes predicted to be high-confidence HGT events (detected with the first round of
ALIEN INDEX analyses; Supporting Information Table S5). HGT events are ordered from left to right based on their abundance. Transfers with more than one
gene copy per genome are indicated with > 1. Coloured boxes indicate putative functional annotations of HGTs: secondary metabolite gene clusters
(SMGCs), effectors, signalling peptides, transporters, peptidases and Carbohydrate-Active enZYmes (CAZymes). SMGCs predicted as ‘biosynthetic core’
and ‘biosynthetic additional’ are shown with darker purple, whereas other genes in SMGCs are shown with light purple. For CAZyme predictions, a dark
brown colour indicates plant cell wall-degrading enzymes. The bottom panel (transfer direction) indicates the taxonomic identity of putative donor and
recipient lineage(s) inferred from phylogenetic analyses.
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