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SUMMARY  34 

● Although secondary metabolites are typically associated with competitive or pathogenic 35 

interactions, the high bioactivity of endophytic fungi in the Xylariales, coupled with their 36 

abundance and broad host ranges spanning all lineages of land plants and lichens, 37 

suggests that enhanced secondary metabolism might facilitate symbioses with 38 

phylogenetically diverse hosts.  39 

● Here, we examined secondary metabolite gene clusters (SMGCs) across 96 Xylariales 40 

genomes in two clades (Xylariaceae s.l. and Hypoxylaceae), including 88 newly 41 

sequenced genomes of endophytes and closely related saprotrophs and pathogens. We 42 

paired genomic data with extensive metadata on endophyte hosts and substrates, enabling 43 

us to examine genomic factors related to the breadth of symbiotic interactions and 44 

ecological roles. 45 

● All genomes contain hyperabundant SMGCs; however, Xylariaceae have increased 46 

numbers of gene duplications, horizontal gene transfers (HGTs), and SMGCs. Enhanced 47 

metabolic diversity of endophytes is associated with a greater diversity of hosts and 48 

increased capacity for lignocellulose decomposition.  49 

● Our results suggest that as host and substrate generalists, Xylariaceae endophytes 50 

experience greater selection to diversify SMGCs compared to more ecologically 51 

specialized Hypoxylaceae species. Overall, our results provide new evidence that SMGCs 52 

may facilitate symbiosis with phylogenetically diverse hosts, highlighting the importance 53 

of microbial symbioses to drive fungal metabolic diversity.  54 
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INTRODUCTION 55 

Fungal endophytes inhabit asymptomatic, living photosynthetic tissues of all major lineages of 56 

plants and lichens to form one of earth’s most prevalent groups of symbionts (Arnold et al., 57 

2009; Peay et al., 2016). Known from a wide range of biomes and agroecosystems (U’Ren et al., 58 

2012, 2019), endophytes impact plant health, productivity, and evolution (Rodriguez et al., 59 

2009). Although classified together due to ecologically similar patterns of colonization, 60 

transmission, and in planta biodiversity (Rodriguez et al., 2009), foliar fungal endophytes 61 

represent a diversity of evolutionary histories, life history strategies, and functional traits (Porras-62 

Alfaro & Bayman, 2011). Despite the recent surge of interest in plant microbiome research 63 

(Trivedi et al., 2020) the genomic and molecular mechanisms foliar fungal endophytes employ to 64 

establish symbiotic host associations remain largely unknown.  65 

Global, large-scale surveys of phylogenetically diverse plant and lichen hosts have 66 

revealed that many foliar endophyte species preferentially associate with particular host species 67 

and lineages, resulting in host structured endophyte communities at local to global scales (U’Ren 68 

et al., 2019). In contrast, endophytic fungi in the Xylariales (Sordariomycetes, Pezizomycotina, 69 

Ascomycota) appear unique in that they typically have broad host ranges that span multiple 70 

lineages of land plants (e.g., angiosperms, conifers, lycophytes, ferns, and mosses) as well as 71 

green algae and cyanobacteria within lichen thalli (Arnold et al., 2009; U’Ren et al., 2016). 72 

Although the genetic factors that determine foliar endophyte host range are unknown, research 73 

on fungal pathogens has shown that host specificity is often determined by the presence of 74 

avirulence proteins (i.e., effectors), proteinaceous host-specific toxins, and secondary metabolites 75 

(SMs) (Li et al., 2020). Horizontal gene transfer (HGT) of these host-determining genes 76 

frequently alters and/or expands pathogen host range (Li et al., 2020).  77 
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Xylariales genomes sequenced to date have revealed a rich repertoire of secondary 78 

metabolite gene clusters (SMGCs) (Wibberg et al., 2020), often exceeding the numbers reported 79 

for saprotrophic fungi well-known for their SM production (Aspergillus, Penicillium) (Nielsen et 80 

al., 2017; Drott et al., 2021). Previously, it was postulated that intense competition with diverse 81 

communities of soil organisms increases selection to maintain and diversify SMGCs (Slot, 82 

2017). However, the high bioactivity of xylarialean fungi (>500 SMs reported to date; (Becker & 83 

Stadler, 2021)), their broad host ranges as endophytes, and ability to persist in leaf litter as 84 

saprotrophs that decompose lignocellulose (U’Ren et al., 2016; U’Ren & Arnold, 2016) led us to 85 

hypothesize that enhanced secondary metabolism might play a role in facilitating ecological 86 

generalism in both substrate usage and the phylogenetic breadth of their symbiotic associations 87 

with plants and lichens.  88 

To test this hypothesis, we examined the genomic factors associated with endophyte host 89 

range and ecological roles (i.e., endophytic, pathogenic, and saprotrophic) across 96 genomes of 90 

Xylariales, including 88 newly sequenced genomes of endophytes, saprotrophs, and plant 91 

pathogens within two major clades of Xylariales (Hypoxylaceae and Xylariaceae s.l., hereafter 92 

Xylariaceae). We paired genomic data with extensive metadata on endophyte host associations, 93 

geographic distributions, and substrate usage gleaned from a collection of >6,000 xylarialean 94 

endophytes isolated from phylogenetically diverse plants and lichens across North America 95 

(U’Ren et al., 2016), enabling us to examine for the first time the genomic factors related to the 96 

breadth of symbiotic interactions and ecological roles in this dynamic and ecologically important 97 

fungal clade.  98 

 99 

MATERIALS AND METHODS  100 
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 101 

Fungal strain selection. We sequenced genomes of 44 endophytic taxa (U’Ren et al., 2012; 102 

U’Ren & Arnold, 2016) and 44 named taxa of Xylariaceae and Hypoxylaceae representing ca. 24 103 

genera and 80 species, as well as an additional two undescribed species of endophytic Xylariales 104 

(Pestalotiopsis sp. NC0098 and Xylariales sp. AK1849) included in the outgroup (Table S1).  105 

Isolates were selected based on their phylogenetic position and ecological mode from (U’Ren et 106 

al., 2016) Although classifying fungal ecological modes broadly as ‘‘endophytic” or 107 

‘‘saprotrophic” based on the condition of the tissue from which they are cultured is often 108 

insufficient to adequately define their ecological roles, for the purposes of this study, isolates 109 

cultured from living host tissues (either plant or lichen) are referred to as endophytes even if 110 

other isolates in the same fungal operational taxonomic unit (OTU) were found in non-living 111 

tissues as well. Isolates were defined as saprotrophs only if all isolates in the OTU were cultured 112 

from non-living plant tissues such as senescent leaves or leaf litter (U’Ren et al., 2016). To 113 

minimize the effect of phylogeny when assessing the impact of ecological mode on genome 114 

evolution, we also selected 15 pairs of closely related sister taxa with contrasting ecological 115 

modes (i.e., endophyte vs. non-endophyte) (U’Ren et al., 2016). For reference species that lacked 116 

host and substrate metadata, ecological modes were estimated based on information for that 117 

species in the literature (U’Ren et al., 2016).  118 

   119 

DNA and RNA purification. We used two different mycelial growth and cultivation techniques 120 

to obtain DNA for either Illumina or PacBio Single-Molecule Real-Time (SMRT) sequencing 121 

(see Supporting Information). DNA isolations were performed using modified 122 

phenol:chloroform extractions (U’Ren & Moore). RNA was extracted for each isolate with the 123 
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Ambion Purelink RNA Kit (Thermo Fisher Scientific, Waltham, MA). DNA and RNA were 124 

quantified with a Qubit fluorometer (Invitrogen) and sample purity was assessed with a 125 

NanoDrop (BioNordika). RNA was treated with DNase (Thermo Fisher Scientific) following the 126 

manufacturer’s instructions and RNA integrity was assessed on a BioAnalyzer at the University 127 

of Arizona Genomics Core Facility.  128 

 129 

Genome and transcriptome sequencing and assembly. Genomes were generated at the 130 

Department of Energy Joint Genome Institute using Illumina and PacBio technologies (Table 131 

S1). For 66 isolates, Illumina standard shotgun libraries (insert sizes of 300bp or 600bp) were 132 

constructed and sequenced using the NovaSeq platform. Raw reads were filtered using the JGI 133 

QC pipeline. An assembly of the target genome was generated using the resulting non-organelle 134 

reads with SPAdes (Bankevich et al., 2012). PacBio SMRT sequencing was performed for 22 135 

isolates of Xylariaceae and Hypoxylaceae, as well as Xylariales spp. NC0098, and AK1849 on a 136 

PacBio Sequel. Library preparation was performed either using the PacBio Low Input 10kb or 137 

PacBio >10kb with AMPure Bead Size Selection. Filtered sub-read data were processed with the 138 

JGI QC pipeline and de novo assembled using Falcon (SEQUEL) or Flye (SEQUEL II). 139 

Stranded RNASeq libraries were created and quantified by qPCR and transcriptome sequencing 140 

was performed on an Illumina NovaSeq S4. For both Hypoxylaceae and Xylariaceae ~25% of 141 

genomes were sequenced with PacBio, although a higher proportion of endophyte genomes were 142 

sequenced with PacBio than Illumina (43% vs. 28% overall). Genome completeness was 143 

assessed by Benchmarking Universal Single-Copy Orthologs (BUSCO) v2.0" using the 144 

"eukaryota_odb9" (2016-11-02) dataset (https://doi.org/10.1093/bioinformatics/btv351). 145 

 146 
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Genome annotation. Gene prediction and annotation was performed using the JGI pipeline  147 

(Kuo et al., 2014; Grigoriev et al., 2014) (see Supporting Information). Predicted genes were 148 

annotated using functional information from InterPro (Mitchell et al., 2019), PFAM (El-Gebali 149 

et al., 2019), Gene Ontology (GO) (The Gene Ontology Consortium, 2019)), Kyoto 150 

Encyclopedia of Genes and Genomes (KEGG) (Kanehisa et al., 2006)), Eukaryotic Orthologous 151 

Groups of Proteins (KOG) (Tatusov et al., 2003)), the Carbohydrate-Active EnZymes database 152 

(CAZy) (Lombard et al., 2014)), MEROPS database (Rawlings et al., 2016), the Transporter 153 

Classification Database (TCDB) (Saier et al., 2016)), SignalP v3.0a (Nielsen, 2017), and 154 

EffectorP 2.0 (Sperschneider et al., 2018). CAZymes involved in the degradation of the plant cell 155 

wall were classified by substrate (Kameshwar et al., 2019). We examined repetitive elements 156 

using RepeatScout (Price et al., 2005), which identifies novel repeats in the genomes, and 157 

RepeatMasker (http://repeatmasker.org), which identifies known repeats based on the Repbase 158 

library (Bao et al., 2015). Candidate effectors were predicted using EffectorP v2.0 159 

(Sperschneider et al., 2018).  160 

 161 

Orthogroup prediction, functional annotation, and ancestral state reconstruction. For 162 

comparative analyses, data from an additional eight taxa in Xylariaceae sensu lato (Wu et al., 163 

2017) and 23 additional genomes of Sordariomycetes were obtained from MycoCosm (Grigoriev 164 

et al., 2014) (Table S1). Orthologous gene families (i.e., orthogroups) for all 121 genomes 165 

(ingroup and outgroup) were inferred by OrthoFinder v2.3.3 (Emms & Kelly, 2019), which was 166 

executed using DIAMOND v0.9.22 (Buchfink et al., 2015) for the all-versus-all sequence 167 

similarity search and MAFFT v7.427 (Katoh & Standley, 2013) for sequence alignment. 168 

Orthogroups were assigned functional annotations with KinFin v1.0 (Laetsch & Blaxter, 2017), 169 
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which performs a representative functional annotation of the orthogroups based on both the 170 

proportion of proteins in the group carrying a specific annotation as well as the proportion of 171 

taxa in the cluster with such annotation. KinFin also was used to perform network analysis of 172 

orthogroups, classify orthogroups and SMGCs into isolate-specific, clade-specific 173 

(Hypoxylaceae and Xylariaceae), and universal (i.e., orthogroups present in all taxa) categories, 174 

and to identify orthogroups that were significantly enriched or depleted in the Xylariaceae or 175 

Hypoxylaceae using the Mann-Whitney U test. KOG annotations were used to compare putative 176 

functions of universal (“core”) vs. isolate-specific (“dispensable”) orthogroups (see Supporting 177 

Information). We used Count v10.04 (Csurös, 2010) with the unweighted Wagner parsimony 178 

method (gain and loss penalties both set to 1) to assess changes in the size of orthologous gene 179 

families over evolutionary time. Orthogroup annotations were also used to reconstruct the 180 

ancestral gene content for subsets of orthologous gene families corresponding to different 181 

functional categories. 182 

 183 

Phylogenomic analysis. Protein sequences of 1,526 single-copy orthogroups defined by 184 

OrthoFinder were aligned using MAFFT v7.427 (Katoh & Standley, 2013), concatenated, and 185 

analyzed using maximum-likelihood in IQ-TREE multicore v1.6.11 (Nguyen et al., 2015) with 186 

the Le Gascuel (LG) substitution model. Node support was calculated with 1,000 ultrafast 187 

bootstrap replicates. Additional phylogenomic analyses with different models of evolution, gene 188 

sets, and outgroup taxa resulted in nearly identical topologies (see Supporting Information).  189 

 190 

Metabolic gene cluster prediction. SMGCs were predicted using antiSMASH version 5.1.0 (Blin 191 

et al., 2019) setting the strictness to 'relaxed' and enabling 'KnownClusterBlast', 'ClusterBlast', 192 
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'SubClusterBlast', 'ActiveSiteFinder', 'Cluster Pfam analysis' and 'Pfam-based GO term 193 

annotation'. Clinker and clustermap.js were used to visualize and compare SMGCs (Gilchrist & 194 

Chooi, 2020). Sequence similarity network analysis of the SMGCs was performed using BiG-195 

SCAPE v1.0.1 (Navarro-Muñoz et al., 2020). BiG-SCAPE was executed under the hybrid mode, 196 

enabling the inclusion of singletons and the SMGCs from the MIBiG repository version 1.4 197 

(Medema et al., 2015). The output from BiG-SCAPE was incorporated into KinFin (Laetsch & 198 

Blaxter, 2017) to visualize gene content similarity as network graphs as well as examine SMGC 199 

distribution across clades.  200 

We used a custom pipeline (https://github.com/egluckthaler/cluster_retrieve) to examine 201 

fungal metabolic gene clusters involved in the degradation of a broad array of plant 202 

phenylpropanoids (Gluck-Thaler et al., 2018) (hereafter, catabolic gene clusters: CGCs). 203 

Cluster_retrieve searches for multiple "cluster models'' containing one of 13 anchor genes 204 

(Gluck-Thaler et al., 2018). Homologous genes in each locus were defined by a minimum 205 

BLASTp (v2.2.25+) bitscore of 50, 30% amino acid identity, and target sequence alignment 50-206 

150% of the query sequence length. Homologs of query genes were considered clustered if 207 

separated by < 7 intervening genes. However, CGCs often share many gene families among 208 

classes, resulting in overlapping and adjacent clusters detected by different cluster profile 209 

searches. As the majority of CGCs have not been functionally characterized, rather than splitting 210 

loci by functional annotation alone, we empirically assessed the spatial distribution of genes in 211 

25 contigs that contained multiple consolidated cluster predictions. Based on these results, we 212 

selected a gap size of 30kb to define discrete clusters (i.e., clusters on the same contig were 213 

consolidated if separated by less than 30kb). Homologous cluster families across genomes were 214 

inferred using a modified version of BiG-SCAPE (Navarro-Muñoz et al., 2020) (i.e., adding 215 
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catabolic anchor genes to “anchor_domains.txt” and manually tuning the “Others” cluster type 216 

model parameters until known related clusters, such as quinate dehydrogenase clusters, merged 217 

into families). Tuning resulted in the values 0.35 for the Jaccard dissimilarity of cluster Pfams, 218 

0.63 for Pfam sequence similarity, 0.02 adjacency index, and 2.0 anchor boost. 219 

 220 

Detection of HGT events. We used the Alien Index (AI) pipeline 221 

(https://github.itap.purdue.edu/jwisecav/wise) (Wisecaver et al., 2016; Verster et al., 2019) to 222 

identify HGT candidate genes. Each predicted protein sequence was queried against a custom 223 

protein database using Diamond v0.9.22.123 (Buchfink et al., 2015). The custom database 224 

consisted of protein sequences from NCBI RefSeq (release 98) (O’Leary et al., 2016), the 225 

Marine Microbial Eukaryotic Transcriptome Sequencing Project (MMETSP) (Keeling et al., 226 

2014), and the 1000 Plants transcriptome sequencing project (OneKP) (Matasci et al., 2014). 227 

Diamond results were sorted based on the normalized bitscore (nbs), where nbs was calculated as 228 

the bitscore of the single best high scoring segment pair (HSP) in the hit sequence divided by the 229 

best bitscore possible for the query sequence (i.e., the bitscore of the query aligned to itself). 230 

To identify HGT candidates, an ancestral lineage is first specified, and the AI score 231 

calculated using the formula: AI=nbsO-nbsA, where nbsO is the normalized bit score of the best 232 

hit to a species outside of the ancestral lineage and nbsA is the normalized bit score of the best 233 

hit to a species within the ancestral lineage. AI scores range from -1 to 1, being greater than zero 234 

if the predicted protein sequence had a better hit to species outside of the ancestral lineage and 235 

can be suggestive of either HGT or contamination (Wisecaver et al., 2016). To identify HGTs 236 

present in multiple species, a recipient sub-lineage within the larger ancestral lineage may also 237 

be specified to identify their shared HGT candidates (Fig. S1). All hits to the recipient lineage 238 
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are skipped so as not to be included in the nbsA calculation. To identify candidate HGTs 239 

acquired from distant gene donors (e.g. viruses, bacteria, or plants) we performed a first AI 240 

screen using Ascomycota (NCBI:txid4890) and Xylariomycetidae (NCBI:txid 222545) as the 241 

ancestral and recipient lineages, respectively (Fig. S1). To identify candidate horizontal transfers 242 

of genes predicted by antiSMASH to be in a SMGC from more closely related donors (e.g., other 243 

filamentous fungi), we ran the AI pipeline a second time using Xylariales (NCBI:txid 37989) as 244 

the ancestral lineage and manually curated subclades (see Table S1) as recipient lineages (see 245 

Fig. S1). Genes from both the first (i.e., all genes, distant donors) and second (i.e., SMGC genes, 246 

closely related donors) Genes were considered putative HGT candidates if they passed the 247 

following filters: (i) AI score of > 0, (ii) significant hits to at least 25 sequences in the custom 248 

database, and (iii) at least 50% of top hits to sequences outside of the ancestral lineage.  249 

Candidates from the first AI screen were further validated using phylogenetic analyses 250 

(described below) and designated as either high or low confidence HGT. Full-length proteins 251 

corresponding to the top < 200 hits (E-value < 1 × 10-3) to each AI screen 1 candidate were 252 

extracted from the custom database using esl-sfetch (Eddy, 2009). As our initial query-based 253 

trees often lacked sufficient taxon sampling to assess HGT, we combined all orthogroup 254 

sequences with all extracted top hits to each AI candidate. Sequences were aligned using 255 

MAFFT v7.407 using --auto (Katoh & Standley, 2013) and the number of well aligned columns 256 

was determined with trimAL v.1.4. rev15 using its gappyout strategy (Capella-Gutiérrez et al., 257 

2009). Only alignments with ≥50 retained columns after trimAL were retained for phylogenetic 258 

analysis. Phylogenetic trees were constructed with IQ-TREE v1.6.10 (Nguyen et al., 2015) in a 259 

single run with ModelFinder (Kalyaanamoorthy et al., 2017) and SH-aLRT combined with 260 

ultrafast bootstrapping analyses (1,000 replicates each). Phylogenies were visualized using iTOL 261 
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v4 (Letunic & Bork, 2019). Each phylogenetic tree was manually curated to verify HGT with 262 

either high or low confidence. High confidence HGT events had to meet the following criteria: 263 

(i) the association between donor and recipient clades was supported by ultrafast bootstrap >= 95 264 

and (ii) recipient clade consisted of sequences from two or more species. If the candidate met 265 

one of the two criteria, HGT was considered lower confidence.  266 

 267 

Statistical analyses. To assess whether genes within different functional categories are 268 

associated with endophytic ecological mode we performed phylogenetically independent 269 

contrasts (PICs) (Felsenstein, 1985) with the function 'brunch' of the package 'caper' version 270 

1.0.1 (Orme et al., 2012) in R version 3.6.1. All other statistical analyses were done in R version 271 

3.6.1 or JMP version 15.1 (SAS Institute Inc., Cary, NC). 272 

 273 

RESULTS AND DISCUSSION 274 

Genomes of 96 xylarialean taxa correspond to the previously recognized family Xylariaceae (Ju 275 

& Rogers, 1996) that was recently split into multiple families (Hypoxylaceae, 276 

Graphostromataceae, Barrmaeliaceae (Voglmayr et al., 2018; Wendt et al., 2018); Fig. 1a; Fig. 277 

S2). Genome sequencing yielded eukaryotic BUSCO values ≥95% (Table S1). Xylarialean 278 

genomes ranged in size from 33.7-60.3 Mbp (average 43.5 Mbp; Fig. S3; Table S1) and 279 

contained ca. 8,000-15,000 predicted genes (average 11,871; Fig. S3), congruent with average 280 

genome and proteome sizes of Pezizomycotina (Shen et al., 2020). The percentage of repetitive 281 

elements per genome ranged from <1- 24% (average 1.6%; Table S2), but unlike mycorrhizal 282 

fungi (Miyauchi et al., 2020), repeat content was not corrected with ecological mode (Fig. S3).   283 

 284 
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Xylariaceae and Hypoxylaceae genomes contain hyperdiverse metabolic gene clusters. To 285 

investigate the diversity and composition of metabolic gene clusters in xylarialean genomes, we 286 

used antiSMASH (Blin et al., 2019) to mine genomes for SMGCs, as well as a custom pipeline 287 

to examine catabolic gene clusters (CGCs) involved in fungal degradation of a broad array of 288 

plant phenylpropanoids (Gluck-Thaler et al., 2018). Across 96 xylarialean genomes we predicted 289 

a total of 6,879 putative SMGCs (belonging to 3,313 cluster families) and 973 putative CGCs 290 

(belonging to 190 cluster families) (Tables S3 and S4). In comparison, recent large-scale 291 

analyses predicted 3,399 SMGCs (in 719 cluster families) across 101 Dothideomycetes genomes 292 

(Gluck-Thaler et al., 2020) and 1,110 CGCs across 341 fungal genomes (Gluck-Thaler & Slot, 293 

2018). Only 25% of predicted SMGCs (n = 1,711 belonging to 816 cluster families) had BLAST 294 

hits to 168 unique MIBiG (Medema et al., 2015) accession numbers (Table S3).  295 

Total SMGCs diversity in the Xylariaceae and Hypoxylaceae is reflected in a high 296 

number of SMGCs per genome: the average number of SMGCs per genome was 71.2 (median 297 

68), which is significantly higher than the average for fungi in the Pezizomycotina (average 42.8; 298 

Fig. 1b). At least eight xylarialean genomes contained more than 100 predicted SMGCs, with a 299 

maximum of 119 in Anthostoma avocetta NRRL 3190 (Fig. 1b; Table S3). In comparison, a 300 

recent study of 24 species of Penicillium found an average of 54.9 SMGCs per genome, with a 301 

maximum number of 78 SMGCs observed in P. polonicum (Nielsen et al., 2017). Genomes of 302 

Xylariaceae and Hypoxylaceae contained on average 3.3X more CGCs per genome (average 303 

10.1; Table S4) compared to genomes of Pezizomycotina (average 3.0 (Gluck-Thaler et al., 304 

2018)).  305 

Every xylarialean genome contained SMGCs for the production of polyketides (PK; 306 

2,871 total), nonribosomal peptides (NRP; 2,482 total), and terpenes (1,322 total; Fig. 1b; Table 307 
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S3). SMGCs for ribosomally synthesized and post-translationally modified peptides (RiPPs) and 308 

hybrid NRP-PK compounds occurred less frequently (Fig. 1b). The most widely distributed and 309 

abundant CGCs were pterocarpan hydroxylases (n = 93), putatively involved in isoflavonoid 310 

metabolism (Fig. 1d,e; Table S5). CGCs involved in the breakdown of plant salicylic acid 311 

(Ambrose et al., 2015) (n = 251 salicylate hydroxylases) and plant flavonoids (Gluck-Thaler et 312 

al., 2018) (n = 170 naringenin 3−dioxygenases) also were abundant (Fig. 1d,e). CGCs classified 313 

into nine other categories (e.g., phenol 2-monooxygenase, quinate dehydrogenase (Gluck-Thaler 314 

et al., 2018)) occurred more rarely (Table S4). Vanillyl alcohol oxidases, which were previously 315 

shown to be enriched in genomes of soil saprotrophs (Gluck-Thaler et al., 2018), were absent in 316 

xylarialean genomes.  317 

Consistent with the hyperdiversity of SMGCs in the Hypoxylaceae and Xylariaceae, we 318 

observed that only ca. 10% of SMGCs were shared among genomes from both Xylariaceae and 319 

Hypoxylaceae (Fig. 1c), and no SMGCs were universally present in both clades (Table S3). On 320 

average, 21.4% and 28.2% of SMGCs per genome were unique to either a taxon in the 321 

Hypoxylaceae or the Xylariaceae, respectively (range 0-82%; Fig. 1c; Table S4), but no SMGCs 322 

were universally present within either clade. For most isolates, the majority of SMGCs were 323 

unique (i.e., 'isolate specific'; Fig. 1c). Isolate specific SMGCs represented an average of 36.6% 324 

(SD ± 21.1) of the clusters per genome (range 0-85.7%; Fig. 1c). Even when multiple isolates of 325 

the same species were compared (e.g., Nemania serpens clade) 30-41% of the SMGCs appeared 326 

specific to a single isolate (Fig 1b; see also Table S3), similar to intraspecific SMGC variation in 327 

Aspergillus flavus (Drott et al., 2021).  328 

 329 
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Impact of HGT on xylarialean genome evolution. To assess the role of HGT in shaping the 330 

genome evolution of Xylariaceae and Hypoxylaceae we performed two Alien Index (AI) 331 

analyses (Alexander et al., 2016; Wisecaver et al., 2016; Gonçalves et al., 2018). The first AI 332 

screen—designed to detect candidate HGTs from more distantly related donor lineages (e.g., 333 

bacteria, plants)—flagged 4,262 genes representing 647 orthogroups (Table S5). Using a custom 334 

phylogenetic pipeline (see Methods) we manually validated 168 of these genes as likely HGT 335 

events to Xylariaceae and Hypoxylaceae. Based on branch support and the presence of multiple 336 

xylarialean taxa in the recipient clade, we deemed 92 of these genes as high-confidence HGTs 337 

and the remaining 76 as lower confidence HGT (Fig. 2; Table S5). Similar to previous studies 338 

(Marcet-Houben & Gabaldón, 2010; Lawrence et al., 2011), the majority of high-confidence 339 

HGTs are predicted to have been acquired from bacteria (n = 86) (Fig. 2). Overall, 66% of genes 340 

identified as HGT from bacteria do not contain introns (compared to 6% of genes across 121 341 

genomes). Other donor lineages include viruses (n = 3), Basidiomycota (n = 2), and plants (n = 342 

1) (Fig. 2; Table S5). On average, xylarialean genomes had 16.2 high-confidence HGT events 343 

per genome (range: 7-30; Table S5). The highest number of high-confidence HGT events per 344 

genome occurred in the genome of Xylaria flabelliformis CBS 123580 (n = 30).  345 

HGT candidate genes were typically distributed across taxa in numerous diverse clades (n 346 

= 85 of 92 genes) rather than in monophyletic clades (Fig. 2). For example, an Enoyl-acyl carrier 347 

protein reductase protein (EC 1.3.1.9)—a key enzyme of the type II fatty acid synthesis (FAS) 348 

system (Massengo-Tiassé & Cronan, 2009)—occurred in bacteria (putative donor) and four 349 

distantly related recipient taxa: Xylariales sp. PMI 506, Hypoxylon rubiginosum ER1909; H. 350 

cercidicola CBS 119009; H. fuscum CBS 119018 (HGT0001; Table S5). Multiple evolutionary 351 

scenarios could result in patchy taxonomic distributions. For example, multiple fungi could have 352 
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independently acquired the same gene from closely related bacterial donors (Marcet-Houben & 353 

Gabaldón, 2010). Alternatively, an initial HGT from bacteria to fungi may have been followed 354 

by fungal-fungal HGTs. In total, 38 HGT candidate genes occurred in genomes of both 355 

Sordariomycetes outgroup and Xylariales genomes, 28 were found in only Xylariales genomes, 356 

and 26 were only observed in genomes of Xylariaceae and Hypoxylaceae (Fig. 2; Table S5).  357 

Functional annotation revealed the majority of candidate HGT genes were associated 358 

with at least one type of annotation (i.e., 95% of the highly confident and 82% of the ambiguous 359 

events; Table S5). Six high-confidence HGT candidate genes were annotated as CAZymes, 360 

including three predicted plant cell wall degrading enzymes (PCWDEs) transferred from bacteria 361 

to diverse Xylariales (Fig. 2). No genes predicted in CGCs were identified as candidate HGTs, 362 

consistent with convergent evolution to result in similar clustering of fungal phenolic metabolism 363 

genes (Gluck-Thaler et al., 2018). However, 43% of candidate HGT genes were predicted to be 364 

part of a SMGC (i.e., 40 of 92) (Fig. 2; Tables S3 and S5). These include 13 genes predicted to 365 

have a biosynthetic function, such as a putative FsC-acetyl coenzyme A-N2-transacetylase 366 

(HGT076; Table S5), which is part of the siderophore biosynthetic pathway in Aspergillus 367 

implicated in fungal virulence (Blatzer et al., 2011).  368 

 Due to the high prevalence of HGT among genes predicted to be part of SMGCs, we 369 

performed a second AI screen to detect intra-fungal HGT events of genes within the boundaries 370 

of SMGCs (n = 93,066 genes) (see Methods; Fig. S1). AI identified 1,148 genes in 660 SMGCs 371 

(belonging to 594 cluster families) that were putatively transferred from other fungi to members 372 

of the Xylariales (Table S5). Candidate HGT genes were primarily for polyketide and 373 

nonribosomal peptide production (518 PKSs, 270 NRPSs, and 180 PKS-NRPS hybrid clusters). 374 

In addition, >75% of hits to MIBiG contain genes identified by AI analyses as putative HGTs 375 
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(see Fig. S4, bottom). SMGCs with HGT candidate genes include those with 100% similarity to 376 

MIBiG accessions from Aspergillus, Fusarium, and Parastagonospora involved in mycotoxin 377 

(e.g., cyclopiazonic acid, alternariol, fusarin) and antimicrobial compound (asperlactone, koraiol) 378 

production, and clusters from Alternaria that produce host-selective toxins (e.g., ACT-Toxin II) 379 

(Tables S3 and S5). Although the second AI analysis did not identify each gene in these clusters 380 

as potential HGTs (e.g., 4 of the 19 genes in the alternariol cluster from Hypoxylon cercidicola 381 

CBS 119009 were predicted to be HGT; Table S5) and we were not able to further validate 382 

candidates based on the same criteria used for high-confidence HGT, the phylogenetic 383 

distribution of many of these SMGCs across Xylariales is consistent with the acquisition of 384 

SMGCs via HGT (Fig. S4).  385 

Although AI is a robust high-throughput method to identify candidate HGT events, we 386 

identified additional SMGCs not flagged by the second AI analysis with high similarity to fungal 387 

MIBiG accessions (Medema et al., 2011) and phylogenetic distributions that support potential 388 

HGT to Xylariaceae and Hypoxylaceae (Fig. S4). For example, xylarialean SMGCs with >70% 389 

similarity to clusters for ergoline alkaloids and their precursors (e.g., loline, ergovaline, and 390 

lysergic acid production) produced by Clavicipitaceae endophytes, as well as the phytotoxins 391 

cichorine cluster from Aspergillus (Fig. S4; Table S3). The griseofulvin cluster from Penicillium 392 

aethiopicum, which produces a potent antifungal compound (Chooi et al., 2010), also appears 393 

horizontally transferred to the clade containing X. castorea and X. flabelliformis isolates (Figs. 394 

S4-S5). Although the discontinuous phylogenetic distributions of SMGCs observed here may 395 

represent unequal gene loss across taxa (Slot, 2017; Rokas et al., 2018), the presence of entire 396 

clusters known from Eurotiomycetes and Sordariomycetes in multiple endophytic and non-397 

endophytic taxa provides additional support for HGTs. Overall, our first AI analysis provides the 398 
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highest support for HGTs primarily from distantly related hosts such as bacteria (Fig. 2; see also 399 

(Marcet-Houben & Gabaldón, 2010)), yet our second AI screen and comparisons of SMGCs to 400 

MiBIG within a phylogenomic framework also support fungal-fungal HGT as an important 401 

mechanism of metabolic innovation in the Xylariales, similar to pathogenic fungi (Qiu et al., 402 

2016).  403 

 404 

Expansion of Xylariaceae genomes due to increased gene duplication and HGTs. Despite the 405 

close evolutionary relationship and similar ecological niches of taxa in the Xylariaceae and 406 

Hypoxylaceae, genomes of Xylariaceae were on average ca. 7.2 Mbp larger than genomes of 407 

Hypoxylaceae (Fig. 3a; Table S6). Larger genome size was associated with higher repeat 408 

content: Xylariaceae contained an average of 2-fold more repetitive elements (Fig. 3b; Table S6) 409 

and had a higher density of repetitive elements surrounding genes (including effectors and genes 410 

identified as HGT candidates) compared to Hypoxylaceae genomes (Fig. S6).  411 

In addition to greater repeat content, Xylariaceae genomes also contained on average 750 412 

more protein-coding genes compared to Hypoxylaceae (P<0.0001; Table S6). Ancestral state 413 

reconstructions reveal that Xylariaceae genomes have experienced significantly more gene gains 414 

(n = 472), gene duplication events (n = 136), orthogroup gains (n = 313), and orthogroup 415 

expansion events (n = 90) compared to Hypoxylaceae clade since the radiation from their last 416 

common ancestor (Fig. 3c-d), although both clades underwent similar numbers of gene losses (t95 417 

= 0.51, P=0.61; Table S6). Xylariaceae genomes also experienced on average ca. 2-fold more 418 

HGTs events compared to Hypoxylaceae genomes (Fig. 3e).  419 

Increased genome sizes resulting from HGTs were positively associated with increased 420 

numbers of SMGCs across both clades (Fig. 3f), reflecting the fact that clustered metabolite 421 
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genes in fungi are more likely to undergo HGT compared to unclustered genes (Wisecaver et al., 422 

2014). Genomes of Xylariaceae contained on average ca. 20 more SMGCs than Hypoxylaceae 423 

genomes (Table S6) and ca. 2-fold greater cumulative richness of SMGCs compared to 424 

Hypoxylaceae clade (2,336 vs. 1,075 total; 587 vs. 282 non-singleton). Rarefaction analysis 425 

reveals the richness of SMGCs increases at a greater rate in the Xylariaceae clade (Fig. S7). 426 

Genomes of Xylariaceae also contained a greater fraction of isolate specific SMGCs compared to 427 

Hypoxylaceae, regardless of SMGC type (Xylariaceae: 31.2 ± 16.1; Hypoxylaceae: 19.8 ± 15.3; 428 

P = 0.0007; Fig. 1c; Fig. S8). Yet despite the high variation of SMGCs among taxa, network 429 

analysis illustrates that the composition of SMGCs is more similar among isolates from the same 430 

clade, regardless of ecological mode (Fig. S9).  431 

In contrast to the pattern observed for SMGCs, genomes of Hypoxylaceae contained a 432 

greater number of CGCs than Xylariaceae genomes (Xylariaceae: 9.5 ± 0.4; Hypoxylaceae: 11.0 433 

± 0.4; P = 0.0068; Table S4) and different classes of CGC dominated the two clades (Fig. 1d,e). 434 

For example, salicylate hydroxylases were the most abundant CGCs among Hypoxylaceae, but 435 

were absent from 25% Xylariaceae genomes (Fig. 1d). Four types of CGCs were universally 436 

present across Hypoxylaceae: salicylate hydroxylase, pterocarpan hydroxylase, naringenin 3-437 

dioxygenase, phenol 2-monooxygenase (Fig. 1d). CGCs classified as pterocarpan hydroxylases 438 

were the most abundant CGC type in genomes of Xylariaceae (Fig. 1d), but were not found in all 439 

Xylariacaee genomes. Only CGCs classified as naringenin 3-dioxygenases were found across all 440 

Xylariaceae genomes.  441 

In addition to distinct metabolic gene cluster content and prevalence of HGT, comparison 442 

of gene ontology (GO) terms for shared orthogroups significantly enriched in either Xylariaceae 443 

or Hypoxylaceae (i.e., 74 and 26, respectively) revealed that the Hypoxylaceae had a significant 444 
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increase in the number of GO terms associated with membrane transport, whereas Xylariaceae 445 

had a significant increase in the number of GO terms for catalytic activities and binding (Fig. 446 

S10). Xylariaceae genomes also contained greater numbers of genes with signaling peptides, as 447 

well as genes annotated as effectors, membrane transport proteins, transcription factors, 448 

peptidases, and CAZymes compared to Hypoxylaceae, even after accounting for differences in 449 

genome size (Table S6). On average genomes of Xylariaceae contained ca. 50 more CAZymes 450 

than Hypoxylaceae (Xylariaceae 579.9 ± 7.7; Hypoxylaceae 529.6 ± 9.1, P <0.0001), including a 451 

significant increase in PCWDEs involved in the degradation of cellulose, hemicellulose, lignin, 452 

pectin, and starch (Table S6).  453 

As genomes of fungi with saprotrophic lifestyles typically contain more CAZymes and 454 

PCWDEs compared to plant pathogens and mycorrhizal symbionts (Knapp et al., 2018; Haridas 455 

et al., 2020; Miyauchi et al., 2020), our genomic results are consistent with the potential for 456 

Xylariaceae fungi (including endophytes) to have greater saprotrophic abilities compared to 457 

Hypoxylaceae fungi (Osono, 2006). To test this prediction, we compared the abilities of 20 458 

isolates to degrade leaves of Pinus and Quercus. Regardless of trophic mode, isolates of 459 

Xylariaceae with expanded CAZymes and PCWDEs repertoires caused greater mass loss 460 

compared to taxa with fewer genes predicted to degrade lignocellulose (i.e., Hypoxylaceae and 461 

Xylariaceae from animal-dung clade; Fig. S11). In addition to increased capacity for 462 

lignocellulose degradation, Xylariaceae endophyte species associate with a greater phylogenetic 463 

diversity of plant and lichen hosts compared to species of Hypoxylaceae endophytes (t42 = 2.25; 464 

P = 0.0294; Fig. 3g). Host breadth of Xylariaceae endophytes is positively associated with the 465 

number of total HGT events (r = 0.43, P = 0.0193), as well as the number of peptidases (r = 0.37, 466 

P = 0.0444) and nonribosomal peptide (NRP) SMGCs (Fig. 3h).  467 

https://paperpile.com/c/gCkdfj/A1ByQ+bi1Np+wE1Ri
https://paperpile.com/c/gCkdfj/A1ByQ+bi1Np+wE1Ri
https://paperpile.com/c/gCkdfj/A1ByQ+bi1Np+wE1Ri
https://paperpile.com/c/gCkdfj/A1ByQ+bi1Np+wE1Ri
https://paperpile.com/c/gCkdfj/A1ByQ+bi1Np+wE1Ri
https://paperpile.com/c/gCkdfj/A1ByQ+bi1Np+wE1Ri
https://paperpile.com/c/gCkdfj/A1ByQ+bi1Np+wE1Ri
https://paperpile.com/c/gCkdfj/A1ByQ+bi1Np+wE1Ri
https://paperpile.com/c/gCkdfj/GjFuE


22 
 

 468 

Genomic differences between endophytic and non-endophytic fungi. The majority of described 469 

Xylariaceae and Hypoxylaceae species are wood- or litter-degrading saprotrophs or woody 470 

pathogens (Hsieh et al., 2005, 2010), although both culture-based and culture-free studies of 471 

healthy photosynthetic tissues of plants and lichens demonstrate the abundance and novel 472 

diversity represented by xylarialean endophytes (U’Ren et al., 2016). Previous studies have 473 

identified isolates with highly similar sequences of the fungal internal transcribed spacer nuclear 474 

ribosomal DNA (ITS nrDNA) barcode locus occurring in both living host tissues as well as 475 

decomposing plant materials (Okane et al., 2008; U’Ren et al., 2016). This suggests that 476 

endophytism may represent only part of a complex life cycle that blurs the lines between distinct 477 

ecological modes (U’Ren et al., 2016; Chen et al., 2018) and few genomic signatures may be 478 

associated with the evolution of endophytism in the Xylariaceae and Hypoxylaceae.  479 

Overall, when we analyzed all ingroup genomes we observed no clear distinctions in 480 

genome size or content due to different ecological modes, even after taking phylogeny into 481 

account (Table S6). One exception was the reduced genomes and CAZyme content of termite-482 

associated Xylaria spp. (i.e., X. nigripes YMJ 653, X. sp. CBS 124048, and X. intraflava 483 

YMJ725; Figs. S3 and S12) that reflects a single evolutionary transition to specialization on 484 

termite nest substrates decomposed by a basidiomycete fungus (Hsieh et al., 2010). However, as 485 

evolutionary distance among taxa can impede detection of finer-scale genomic differences due to 486 

ecological mode (Harrington et al., 2019), we restricted our analyses to comparisons of 15 pairs 487 

of sister taxa across both clades with contrasting ecological modes. These pairwise comparisons 488 

revealed that endophytic Hypoxylaceae genomes contain significantly fewer genes with 489 

signaling peptides, protein coding genes, transporters, peptidases, PCWDEs (especially those 490 
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involved in decomposition of cellulose and lignin), SMGCs, and CGCs compared to non-491 

endophytes (Fig. 4). Yet, similar to the lack of reduced genome repertoires in some root 492 

endophytes (Xu et al., 2015; Lahrmann et al., 2015), no significant differences in genomic 493 

content were observed between paired endophytes and non-endophytes in the Xylariaceae clade 494 

(Fig. 4; Table S6).  495 

These results suggest that compared to endophytes and saprotrophs in the Hypoxylaceae, 496 

Xylariaceae taxa may have less distinct ecological modes, and their increased metabolic 497 

versatility may be the result of selection maintaining diverse genes for both endophytism and 498 

saprotrophy. As saprotrophs, fungi experience strong selection to maintain highly diverse 499 

SMGCs that increase competitive abilities in diverse microbial communities (Richards & Talbot, 500 

2013; Rokas et al., 2018; Naranjo‐Ortiz & Gabaldón, 2020), as well as large gene repertoires to 501 

degrade lignocellulosic compounds (Haridas et al., 2020). Accordingly, we observed that in 502 

genomes of non-endophytic Xylariaceae and Hypoxylaceae SMGC abundance is positively 503 

correlated with the number of genes important for saprotrophy (e.g., CAZymes, transporters) and 504 

putative pathogenicity (e.g., signaling peptides, effectors, peptidases), even after accounting for 505 

differences among clades and genome sizes (Fig. 5; Table S6). In contrast, we found that 506 

endophyte SMGC abundance was decoupled from the majority of genomic factors involved in 507 

plant-fungal interactions (Fig. 5), due in part to fewer numbers of CAZymes, transports, and 508 

peptidases annotated in SMGCs (Table S6). These results are consistent with different selection 509 

pressures and ecological roles of SMGCs in endophytic and non-endophytic fungi and highlight 510 

the importance of phylogenetically informed comparisons to detect genomic differences 511 

associated with endophytism, as well as complexity of linking genotype to phenotype for 512 

complex traits, especially in dynamic genomes undergoing frequent HGT.  513 
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 514 

CONCLUSIONS 515 

Our analysis of 96 phylogenetically and ecologically diverse Xylariaceae and Hypoxylaceae 516 

genomes reveals that gene duplication, gene family expansion, and HGT of SMGCs, effectors, 517 

and peptidases from putative bacterial and fungal donors drives metabolic versatility in the 518 

Xylariaceae. Expanded metabolic diversity and secondary metabolism of Xylariaceae taxa is 519 

associated with greater ecological generalism in both substrate usage and the phylogenetic 520 

breadth of symbiotic associations compared to Hypoxylaceae taxa. Correlations between 521 

endophyte host breadth, HGT, and abundance of NRPs also indicate that SMGCs may play a key 522 

role in facilitating xylarialean endophyte colonization of diverse hosts. For example, although 523 

NRPs are known for their role as virulence factors of phytopathogenic fungi (e.g., host-selective 524 

toxins or siderophores) (Oide & Turgeon, 2020), previous research has shown that an NRPS is 525 

essential for the endophyte Neotyphodium/Epichloë to establish symbiosis with its host (Johnson 526 

et al., 2007). Overall, our results highlight the importance of plant-fungal symbioses to drive not 527 

only fungal speciation and ecological diversification (Joy, 2013), but vast chemical biodiversity 528 

that can be leveraged for novel pharmaceuticals and agrochemicals (Becker & Stadler, 2021; 529 

Robey et al., 2021).  530 
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SUPPORTING INFORMATION 809 

Table S1. (a) Information for the 121 genomes included in this study; (b) Genome and assembly 810 

information for 96 Xylariaceae s.l. and Hypoxylaceae genomes included in this study. 811 

  812 

Table S2. RepeatMasker, RepeatScout, and RepBase Update classification of repetitive elements 813 

for 96 genomes of Xylariaceae s.l. and Hypoxylaceae. 814 

  815 

Table S3. (a) Secondary metabolite gene cluster (SMGC) annotations for the 121 genomes 816 

included in this study (according to antiSMASH) and grouped into families with BiG-SCAPE; 817 

(b) Distribution and percent similarity of Xylariaceae s.l. and Hypoxylacae SMGCs to 168 818 

MIBiG accessions; (c) Count and percentage of all SMGCs and SMGC families per category (A-819 

J); (d-j) Count and percentage of SMGCs per type (e.g., NRPS, Terpene, Other PKS, PKS-NRP 820 

Hybrids, Other, RiPP) per category (A-J). 821 

  822 

Table S4. (a) Count of catabolic gene clusters (CGCs) by anchor gene; (b) Presence/Absence of 823 

CGC families per genome; (c) Composition of the CGC families; (d) Genomic position and 824 

annotation of CGCs. 825 
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  826 

Table S5. (a) Taxonomic and phylogenetic information for 4,262 putative HGT candidate genes 827 

identified by Alien Index (AI); (b) Manual curation of phylogenetic trees reveals 168 HGT 828 

candidates (each row is a unique transfer event; orthogroups may appear more than once); (c) 829 

Distribution of HGT counts per genome (HGT001-HGT-129 are high confidence transfers and 830 

HGT130-HGT290 are ambiguous transfers); (d) Functional annotation of 1,148 SMGC genes 831 

identified by the second Alien Index as candidate HGTs. 832 

  833 

Table S6. (a) Number of genes annotated as MEROPS, CAZymes, PCWDCs, SMGCs, CGCs, 834 

and putative HGTs for genomes of 96 Xylariaceae s.l. and Hypoxylaceae; (b) Statistical 835 

comparison between Xylariaceae s.l. and Hypoxylaceae genomes; (c) Statistical comparison 836 

between endophytic and non-endophytic genomes with phylogenetic independent contrasts 837 

(PICS); (d) Statistical analysis of genomic features for paired endophyte/non-endophyte sister 838 

taxa using least-squares means contrasts; (e) Pearson correlation of genomic features as a 839 

function of ecological mode and clade. 840 

  841 

Table S7. (a) Orthogroup summary statistics; (b) Orthogroup annotations; (c) Count and 842 

percentage of orthogroups and proteins per orthogroup category (A-J). (d) Orthogroups that 843 

comprise each category (A-J). 844 

 845 

Fig. S1. Overview of Alien Index (AI) calculations to identify HGT. In this example, Xylaria 846 

flabelliformis CBS 116.85 is the query genome. (a) AI screen to identify HGT candidates from 847 

more distant gene donors (grey box); candidates must have a better hit to sequences outside the 848 
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ancestral lineage (Ascomycota; green box). By skipping all sequences to other Xylariales 849 

(orange box), HGT candidates could have been acquired at any point back to their last common 850 

ancestor (red branches) (b) AI screen to identify more recently acquired HGT candidates from 851 

other filamentous fungi (grey box). For this screen, candidates must have a better hit to 852 

sequences outside the Xylariales (green box). All sequences to other Xylaria “PO” clade were 853 

skipped (orange box) to identify shared HGT candidates acquired at any point back to the last 854 

common ancestor of the clade (red branches). 855 

 856 

Fig. S2. Phylogenomic tree inferred by maximum likelihood based on a combination of 1,526 857 

universal single-copy orthologous protein sequences. Twenty-five Sordariomycetes species 858 

outside Xylariales were used as the outgroup (Table S1a). Isolates sequenced in this study are 859 

highlighted in bold. Endophytes (i.e., fungi isolated from living, photosynthetic tissues of plants 860 

and lichens (U’Ren et al., 2016)) are indicated in green. Clade information is based on 861 

previously published studies (see (Hsieh et al., 2005, 2010; U’Ren et al., 2016; Voglmayr et al., 862 

2018; Wendt et al., 2018)). Numbers at nodes indicate ultrafast bootstrap support values from 863 

IQ-TREE (Nguyen et al., 2015). The scale bar corresponds to the number of substitutions per 864 

site. 865 

 866 

Fig. S3. Phylogenomic reconstruction of Xylariaceae s.l. and Hypoxylaceae and genome 867 

statistics. (a) The maximum likelihood phylogram is based on 1,526 single-copy orthologous 868 

genes present in all genomes. Bootstrap values are shown in Fig. S2. The scale bar indicates the 869 

number of substitutions per site. Names of reference taxa are colored according to their clade 870 

affiliation (dark blue: Hypoxylaceae; red: Xylariaceae s.l.). Undescribed endophyte species, 871 
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putatively named based on phylogenetic analyses (U’Ren et al., 2016), are shown in teal blue; 872 

(b) genome size; (c) predicted protein coding genes; and (d) percent transposable element (TE) 873 

content (bar colors correspond to ecological mode; see legend). Averages per major clade are 874 

shown with dotted lines in panels a-d; (e) relative abundance of core, family-specific, clade-875 

specific, and isolate-specific orthogroups (see legend; Table S3d). 876 

 877 

Fig S4. Dynamic distribution of 168 Xylariaceae and Hypoxylaceae SMGCs with hits to 878 

known metabolites in the MIBiG repository. Rows are sorted by the taxonomic identity (class 879 

and species) of the best MIBiG hit (top). Shading indicates the similarity of predicted SMGCs to 880 

reference metabolites, defined as the percentage of genes in an SMGC with significant BLAST 881 

hits to a known SMGC in the MIBiG database (Medema et al., 2011). Black boxes (bottom) 882 

indicate SMGCs predicted by Alien Index (Wisecaver et al., 2016; Verster et al., 2019) to 883 

contain at least one gene putatively transferred via HGT (Table S5). For MIBiG clusters that 884 

occurred more than once per genome, only the hit with the highest similarity is shown (Table 885 

S3).  886 

 887 

Fig. S5. Similarity of the griseofulvin SMGC in Penicillium and Xylaria supports HGT. (a) 888 

Comparison of the griseofulvin cluster from Penicillium aethiopicum IBT 5753 (top) to five 889 

newly sequenced Xylaria genomes. Homologous genes are colored by PFAM domain. 890 

Connecting ribbons indicate percent amino acid identity to genes in the Penicillium cluster; (b) 891 

Metabolomic analysis of pairwise comparisons of X. flabelliformis NC1011, Xylaria arbuscula 892 

FL1030, and Daldinia sp. FL1419 illustrates production of griseofulvin by NC1011 during the 893 

interaction with FL1419, but not when grown alone or with isolate FL1030.  894 

https://paperpile.com/c/gCkdfj/iOEw7
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 895 

Fig. S6. The density of repetitive elements surrounding genes was higher for Xylariaceae 896 

s.l. than for Hypoxylaceae genomes. Overlapped density plot of all genomes in each clade (red: 897 

Xylariaceae s.l.; blue: Hypoxylaceae), illustrating the distance of the nearest repetitive elements 898 

from genes in the following categories: (a, b) effectors, (c, d) non-effector genes; (e, f) high 899 

confidence HGT candidate genes, and  (g, h) non-HGT genes. Negative distances indicate that 900 

repetitive elements are located upstream of genes, while positive distances indicate repetitive 901 

elements downstream. Repetitive elements were identified by RepeatScout and RepeatMasker. 902 

Effector genes were predicted by EffectorP 2.0. High confidence HGT candidates were predicted 903 

using the first Alien Index analysis. Distances were computed using BEDTools v2.29.2.  904 

 905 

Fig. S7. Rarefaction analysis illustrates higher SMGC diversity in Xylariaceae compared to 906 

Hypoxylaceae. Rarefaction curves of (a) all SMGCs and (b) non-singleton SMGCs by clade 907 

(Xylariaceae s.l. Hypoxylaceae, and Sordariomycetes outgroup). Comparison of rarefaction 908 

curves for all SMGCs vs. non-singleton SMGCs illustrates the high number of singleton SMGCs 909 

present in the outgroup, which is consistent with the phylogenetic diversity of outgroup genomes 910 

that span 13 orders of Sordariomycetes. In contrast, richness of non-singleton SMGCs is ca. 4-911 

7X greater for Xylariaceae and Hypoxylaceae genomes compared to outgroup genomes (n = 71 912 

SMGCs).  913 

 914 

Fig. S8. The majority of SMGCs are specific to Hypoxylaceae or Xylariaceae s.l. clades or 915 

individual isolates regardless of SMGC type. Phylogenomic tree of Xylariaceae s.l. and 916 

Hypoxylaceae and outgroup taxa with bar plots illustrating the number of SMGC families per 917 
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genome, as well as the percentage of clade-specific and isolate-specific SMGC families for (a) 918 

PKSI; (b) NRPS; (c) Terpene; (d) PKS-Other; (e) PKS-NRP Hybrid; and (f) Other. 919 

 920 

Fig. S9. Network analysis illustrates the importance of clade rather than ecological mode 921 

for SMGC content. Network representation of SMGCs clustering from BiG-SCAPE. Each node 922 

represents the SMGC content per genome for (a) all SMGCs and SMGC sub-types:(b) PKSI; (c) 923 

NRPS; (d) PKS other; (e) PKS-NRPS Hybrids; (f) terpenes; (g) other; and (h) RiPPs. Networks 924 

edited with Gephi v0.9.1 (Bastian et al., 2009), where nodes were scaled by the count of gene 925 

clusters and positioned by a force-directed layout algorithm (as described by (Laetsch & Blaxter, 926 

2017)). Edges between two nodes are weighted by the number of shared clusters. Node color 927 

corresponds to clade. Nodes representing endophytic isolates are shown with blue borders. To 928 

compare the distribution of all SMGC families (a), BiG-SCAPE families representing different 929 

SMGC types were combined into a single dataset and SMGCs assigned to multiple families were 930 

arbitrarily assigned to the largest family.   931 

 932 

Fig. S10. Orthogroup enrichment suggests functional differences for Xylariaceae and 933 

Hypoxylaceae. Twenty-six orthogroups were significantly enriched in the Hypoxylaceae clade, 934 

while 74 orthogroups were significantly expanded in the Xylariaceae s.l. clade. (a) Volcano plot 935 

of the protein count representation tests for orthogroups shared between the Hypoxylaceae and 936 

Xylariaceae s.l. clades. Orthogroups significantly enriched in Xylariaceae s.l. taxa are colored in 937 

red, while orthogroups significantly enriched in Hypoxylaceae taxa are colored in blue. Two-938 

sided Mann-Whitney U-tests, p-value ≤ 0.01 and |log2FC| ≥ 1. (b) Comparison of enriched GO 939 

terms (level 2) of genes from orthogroups significantly enriched in Hypoxylaceae taxa (blue) vs. 940 

https://paperpile.com/c/gCkdfj/6iaHt
https://paperpile.com/c/gCkdfj/6iaHt
https://paperpile.com/c/gCkdfj/6iaHt
https://paperpile.com/c/gCkdfj/wksg7
https://paperpile.com/c/gCkdfj/wksg7
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Xylariaceae s.l. taxa (red). GO terms were analyzed and visualized using Web Gene Ontology 941 

Annotation Plot 2.0 (WEGO). See also Table S3f for KOG annotation of enriched orthologs. The 942 

two-sided Mann-Whitney U-test was performed using SciPy (Virtanen et al., 2020) through 943 

KinFin v1.0 (Laetsch & Blaxter, 2017). 944 

 945 

Fig. S11. Relative abundance of functional gene categories across Xylariaceae s.l. and 946 

Hypoxylaceae. Phylogenomic tree and bar plot showing the abundance and identity of (a) 947 

carbohydrate-active enzymes (CAZyme); (b) peptidases and their inhibitors (MEROPs); (c) 948 

transporters (TCDB); (d) secreted proteins (SignalP); and (e) effectors (EffectorP). Colors refer 949 

to different classifications within each database (see legends). 950 

 951 

Fig. S12. Xylariaceae s.l. taxa demonstrate increased decomposition abilities (estimated via 952 

mass loss) on leaf litter compared to fungi with reduced genomes (i.e., Hypoxylaceae and 953 

animal dung Xylariaceae s.l. in the Poronia clade). Interquartile box plots showing median 954 

and interquartile range. We observed significant differences among means of each clade on both 955 

Pinus and Quercus leaves (ANOVA). Letters indicate significant differences after post-hoc 956 

Tukey’s HSD. See Table S1 for a list of isolates included in the mass loss experiment.  957 

  958 

Fig. S13. Phylogenetic tree topology was similar regardless of methodology, except for 959 

relationships among taxa in the Xylaria HY and E9 clades. Subclade topology for three 960 

phylogenetic analyses: concatenated analysis of 1,526 single-copy orthogroups with the (a) LG 961 

model of evolution (i.e., analysis 1; see also Fig. S2) or (b) JTT + F + I + G4 model of evolution 962 

(i.e., analysis 2); and (c) ASTRAL coalescent analysis of gene trees.  963 

https://paperpile.com/c/gCkdfj/qWX4j
https://paperpile.com/c/gCkdfj/qWX4j
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  964 

Fig. S14. Network analysis of individual proteomes illustrates the importance of major 965 

clade affiliation. Proteomes are represented by nodes, scaled by the count of proteins, colored 966 

by clade (fill) and ecological mode (border), and positioned by a force-directed layout algorithm. 967 

Edges between two nodes are weighted by the number of shared orthogroups. The node with a 968 

star represents Xylariaceae sp. FL2044. 969 

 970 

Fig S15. Comparison of functional annotations for core and dispensable orthogroups. Bar 971 

graphs showing the relative abundance of different functional categories represented by “core” 972 

vs. “dispensable” orthogroups. Orthogroups were annotated with euKaryotic Orthologous 973 

Groups (KOGs; see Table S7f). 974 

 975 

Fig S16. The number of predicted SMGCs is not related to genome assembly. Relationship 976 

of predicted SMGC content (residuals after accounting for genome size) and the number of 977 

scaffolds for 121 genomes. Points are colored by clade and their size is proportional to the raw 978 

number of SMGC per genome (range 16-119). 979 

 980 

MAIN FIGURE LEGENDS 981 

 982 

Fig 1. Xylariaceae and Hypoxylaceae genomes are characterized by hyperdiverse and 983 

dynamic metabolic gene clusters. (a) Maximum likelihood phylogenetic analyses of 1,526 984 

universal, single-copy orthogroups support the sister relationship of the Xylariaceae (Voglmayr 985 

et al., 2018) (containing Xylariaceae sensu stricto and Graphostromataceae) and the 986 

https://paperpile.com/c/gCkdfj/oPzay
https://paperpile.com/c/gCkdfj/oPzay
https://paperpile.com/c/gCkdfj/oPzay
https://paperpile.com/c/gCkdfj/oPzay
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Hypoxylaceae (Wendt et al., 2018) (Fig. 1a; Figs. S2 and S3), as well as previously denoted 987 

relationships among genera (U’Ren et al., 2016). Phylogenetic analyses included genomes of 25 988 

outgroup taxa representing five other families of Xylariales and eight orders of Sordariomycetes 989 

(total 121 genomes; Fig. S2). Taxon names are colored by ecological mode and branches colored 990 

by major clade (red: Xylariaceae; blue: Hypoxylaceae). Taxa with asterisks (*) represent 15 pairs 991 

of endophyte/non-endophyte sister taxa used to assess differences in genomic content due to 992 

ecological mode (see Fig. 4). Within this phylogenetic framework, we compared the: (b) 993 

abundance of different SMGC families per genome. Dotted lines indicate the averages for 994 

Pezizomycotina (black), Xylariaceae (red), and Hypoxylaceae (blue); (c) relative abundance of 995 

family-specific, clade-specific, and isolate-specific SMGCs; (d) relative abundance and (e) 996 

presence/absence of catabolic gene clusters (CGCs), colored by anchor gene identity (sensu 997 

(Gluck-Thaler & Slot, 2018)). Hierarchical clustering of CGCs (see bottom) was performed with 998 

the unweighted pair group method with arithmetic mean (UPGMA).  999 

 1000 

Fig 2. Phylogenetic distribution and functional annotation of high confidence HGTs to 1001 

genomes of Xylariaceae and Hypoxylaceae. Phylogeny matches Fig. 1a. Blue boxes represent 1002 

genes predicted to be high-confidence HGT events (detected with the first round of Alien Index 1003 

analyses; Table S5). HGT events are ordered from left to right based on their abundance. 1004 

Transfers with more than one gene copy per genome are indicated with >1. Functional 1005 

annotations (bottom) are based on antiSMASH, EffectorP, SignalP, TCDB, MEROPS, and 1006 

CAZyme. SMGCs predicted as 'biosynthetic-core' and 'biosynthetic-additional' are shown with 1007 

darker purple, whereas other genes in SMGCs are shown with light purple. For CAZyme 1008 

predictions, dark brown color indicates plant cell wall-degrading carbohydrate-active enzyme 1009 

https://paperpile.com/c/gCkdfj/473NY
https://paperpile.com/c/gCkdfj/473NY
https://paperpile.com/c/gCkdfj/473NY
https://paperpile.com/c/gCkdfj/iOEw7
https://paperpile.com/c/gCkdfj/iOEw7
https://paperpile.com/c/gCkdfj/iOEw7
https://paperpile.com/c/gCkdfj/6elis
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domains (PCWDs). The bottom panel (Transfer Direction) indicates the taxonomic identity of 1010 

putative donor and recipient lineages inferred from phylogenetic analyses. 1011 

 1012 

Fig 3. Larger genomes in the Xylariaceae clade reflect increased repetitive regions, gene 1013 

gains and duplications, and HGTs. Median (a) genome size, (b) repetitive element content, (c) 1014 

gene gains, (d) gene duplications, and (e) number of putative HGT events (high confidence only) 1015 

for genomes of Xylariaceae (red) and Hypoxylaceae (blue). Box plot boundaries reflect the 1016 

interquartile range. Summary statistics (averages, standard deviations, and sample sizes) are 1017 

reported in Table S6. Gene gains/losses were inferred with Wagner Parsimony under a gain 1018 

penalty=loss penalty=1; (f) Relationship between the number of HGT events and SMGCs as a 1019 

function of clade (Pearson correlation for each clade was the same; r = 0.72, P<0.0001); (g) A 1020 

quantile box plot showing the interquartile range and median of endophyte host breadth 1021 

(measured as total number of plant families and lichen orders with which a fungal OTU was 1022 

cultured; see (U’Ren et al., 2016)) as a function of major clade (color). A similar pattern was 1023 

observed when only the number of plant families are compared (Wilcoxon: 𝛘𝛘2 = 4.14, P=0.0413), 1024 

but not lichen orders (Wilcoxon: 𝛘𝛘2 = 1.77, P=0.1834). (h) Relationship of Xylariaceae 1025 

endophyte host breadth and the number of SMGCs classified as NRPS.  1026 

 1027 

Fig 4. Pairwise comparisons of sister taxa illustrate ecological modes are more distinct in 1028 

the Hypoxylaceae. Box plots of the median and interquartile difference in gene counts of 1029 

PCWDEs, peptidases, SMGCs (y-axis on left), and transporters (y-axis on right) between 15 1030 

pairs of sister taxa with contrasting ecological modes for Xylariaceae and Hypoxylaceae (sister 1031 

taxa are indicated with asterisks in Fig. 1a). Values greater than zero indicate higher gene counts 1032 

https://paperpile.com/c/gCkdfj/iOEw7
https://paperpile.com/c/gCkdfj/iOEw7
https://paperpile.com/c/gCkdfj/iOEw7


48 
 

in non-endophytic taxa, whereas differences less than zero indicate higher gene counts in 1033 

endophytes. Statistical differences were assessed with least squares means contrast under the null 1034 

hypothesis: non-endophyte value - endophyte value = 0 (see Table S6 for summary statistics). P-1035 

values <0.05 are indicated with an asterisk (*).  1036 

 1037 

Fig. 5. Non-endophyte genomes display correlation of SMGC content and genes involved in 1038 

saprotrophy and/or pathogenicity. Relationship between SMGC abundance and number of 1039 

genes annotated as (a) CAZymes, (b) effectors, (c) peptidases, and (d) transporters for 1040 

endophytes (top row) and non-endophytes (bottom row). Values for each genome represent the 1041 

residuals after accounting for genome size. Points, linear regression line, and shaded 95% 1042 

confidence intervals of fit are color-coded by clade (red, Xylariaceae; blue Hypoxylaceae). 1043 

Statistical values represent Pearson correlation coefficient. See Table S6 for additional details.   1044 
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