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Abstract 24 

Nematode-trapping fungi (NTF), most of which belong to a monophyletic lineage in 25 

Ascomycota, cannibalize nematodes and other microscopic animals, raising questions 26 

regarding the types and mechanisms of genomic changes that enabled carnivorism 27 

and adaptation to the carbon-rich and nitrogen-poor environment created by the 28 

Permian-Triassic extinction event. Here, we conducted comparative genomic analyses 29 

of 21 NTF and 21 non-NTF to address these questions. Carnivorism-associated 30 

changes include expanded genes for nematode capture, infection, and consumption 31 

(e.g., adhesive proteins, CAP superfamily, eukaryotic aspartyl proteases, and serine-32 

type peptidases). Although the link between secondary metabolite (SM) production 33 

and carnivorism remains unclear, we found that the numbers of SM gene clusters 34 

among NTF are significantly lower than those among non-NTF. Significantly 35 

expanded cellulose degradation gene families (GH5, GH7, AA9, and CBM1) and 36 

contracted genes for carbon-nitrogen hydrolases (enzymes that degrade organic 37 

nitrogen to ammonia) are likely associated with adaptation to the carbon-rich and 38 

nitrogen-poor environment. Through horizontal gene transfer events from bacteria, 39 

NTF acquired the Mur gene cluster (participating in synthesizing peptidoglycan of the 40 

bacterial cell wall) and Hyl (a virulence factor in animals). Disruption of MurE 41 

reduced NTF's ability to attract nematodes, supporting its role in carnivorism. This 42 

study provides new insights into how NTF evolved and diversified after the Permian-43 

Triassic mass extinction event.  44 

  45 
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Introduction 46 

Fungi employ diverse strategies to acquire nutrients for growth and reproduction. 47 

Carnivorous nematode-trapping fungi (NTF) develop sophisticated trapping devices 48 

to capture and consume nematodes and other microscopic animals, such as amoebas, 49 

rotifers, and springtails (Pramer 1964). Although carnivorous fungi have been found 50 

in multiple phyla, more than 90% of the known NTF belong to the class 51 

Orbiliomycetes, a monophyletic lineage in Ascomycota (Yang et al. 2007). 52 

Ascomycota NTF develop adhesive traps and constricting rings to capture and 53 

consume nematodes, the most abundant soil animals (Nordbringhertz and 54 

Stalhammarcarlemalm 1978; van den Hoogen et al. 2019). The rarity of carnivorism 55 

among fungi has raised great interest in unraveling the origin and evolution of 56 

carnivorous traits. 57 

The evolution of carnivorous Orbiliomycetes has been studied using multilocus 58 

phylogenetic analysis (Li et al. 2005; Yang et al. 2007; Yang et al. 2012). According to 59 

molecular clock estimates, fungi employing active carnivorism (forming constricting 60 

rings) and those engaging in passive carnivorism (forming adhesive traps) diverged 61 

shortly after the Permian-Triassic mass extinction event (Yang et al. 2012). This event 62 

resulted in a marked increase of dead plant material (Visscher et al. 1996), creating 63 

carbon rich and nitrogen poor environment. Barron (2003) hypothesized that NTF 64 

evolved the ability to capture nematodes to supplement nitrogen. Several NTF traits 65 

support this hypothesis. First, trap morphogenesis is induced only when free-living 66 

nematodes are present and usually requires physical contact between hyphae and 67 

nematodes (Tunlid et al. 1992; de Ulzurrun and Hsueh 2018). Second, NTF actively 68 

attract nematodes to their mycelia and hold them during trap formation (Lopez-Llorca 69 

et al. 2007; de Ulzurrun and Hsueh 2018). In addition, NTF’s high lignolytic and 70 

cellulolytic activities, which are advantageous for living in carbon-rich environments, 71 

have been well documented (Barron 1992; Barron 2003).  72 

Comparative and evolutionary genomics has shed light on niche adaptation and the 73 

evolution of the genotype-phenotype map across the map (Watkinson 2016; Steenwyk 74 

and Rokas 2017; Murat et al. 2018; Steenwyk et al. 2019; Smith et al. 2020; Bajic and 75 

Sanchez 2020; Malar et al. 2021). For example, evolutionary dynamics of carbon and 76 

nitrogen metabolism have been illuminated from comparative genomics of 77 

Saccharomycotina yeast (Opulente et al. 2023). Similarly, the ancient origin of woody 78 

plant material degradation (i.e., lignin degradation) in mushroom forming fungi has 79 
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also been charted using comparative evolutionary genomics (Floudas et al. 2012). 80 

Accordingly, comparative genome analyses between NTF and non-NTF hold promise 81 

to uncover candidate genomic changes underlying the evolution of nematode trapping 82 

capabilities. 83 

Here, we conducted comparative and phylogenomic analyses of 21 NTF and 21 non-84 

NTF Ascomycota species and identified candidate carnivorism-associated genomic 85 

changes, including horizontally transferred bacterial genes, and genomic adaptation to 86 

carbon-rich/nitrogen-poor environments. One of the horizontally transferred genes 87 

was disrupted, revealing an involvement in carnivorism. Transcriptome analysis of 88 

three NTF (Drechslerella dactyloides, Dactylellina haptotyla and Arthrobotrys 89 

oligospora) in the absence and presence of the nematode Caenorhabditis elegans (Fan 90 

et al. 2021; Yang et al. 2022) revealed that some candidate carnivorism-associated 91 

genes, like adhesive protein-coding genes, were up-regulated in the presence of 92 

nematodes. Together, these analyses reveal multiple dimensions of genomic changes 93 

that contributed to the evolutionary trajectory of NTF. 94 

Results 95 

Characteristics of the NTF genomes 96 

The NTF genomes analyzed (16 de novo sequenced and 5 downloaded from GenBank) 97 

included 4 Drechslerella spp. forming mechanical constricting rings, 9 Arthrobotrys 98 

spp. forming 3-dimensional (3-D) adhesive nets, 8 Dactylellina spp. forming 2-D 99 

traps with the exception of Da. cionopaga (forming adhesive columns), and 7 other 100 

species forming adhesive knobs (Supplementary Table 1). Genome sizes ranged from 101 

30.2 to 54.2 Mb (median 39.0 Mb), with the number of predicted protein-coding 102 

genes varying from 7,955 to 13,112 (Table 1) and 60.9-70.0% of the genes being 103 

annotated to encode proteins with Pfam domain(s). Although the N50 values of the 104 

Da. entomopaga (579 Kb), Da. haptotyla (177 Kb) and Da. drechsleri (743 Kb) 105 

genomes were much lower than those of the other NTF genomes (1.2-6.2 Mb), 106 

examination of near-universally single-copy orthologs (or BUSCO genes) indicated 107 

high gene content completeness (93.7-96.1%).  108 

We compared the 21 NTF genomes with the genomes of 21 non-NTF species 109 

(Ascomycota) representing diverse lifestyles, including saprophytic, mutualistic, 110 

phytopathogenic, endophytic, entomopathogenic, and nematode endoparasitic (Fig. 111 
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1A; Supplementary Tables 1 and 2). We identified 22,679 orthologous groups (OGs) 112 

among the 458,922 protein-coding genes on the 42 genomes using OrthoFinder 113 

(Supplementary Table 3). Species-specific OGs account for 0-6.3%, and 25.1-47.2% 114 

of the OGs in each species are present in all 42 genomes (Fig. 1B; Supplementary 115 

Table 4). In total, 514 OGs are NTF-specific and present in all NTF, accounting for 116 

5.4-6.8% of the total genes in each species (Fig. 1B; Supplementary Table 5). 117 

However, 65.4% of the NTF-specific OGs could not be annotated (orphan genes). 118 

Some OGs are unique to each NTF lineage and may be associated with unique 119 

trapping strategies: 52 OGs in 3-D adhesive net-forming species, 16 OGs in 2-D 120 

adhesive net-forming species, and 31 OGs in mechanical trap-forming species. 121 

Functional enrichment analysis of the NTF-specific OGs containing Pfam domain(s) 122 

showed significant enrichment of multiple gene families related to nematode capture 123 

(CFEM domain and putative adhesin) and infection and digestion [cysteine-rich 124 

secretory protein family (CAP superfamily), eukaryotic aspartyl protease (ASP), and 125 

subtilase family]. In addition, cellulose-binding domains (fungal cellulose-binding 126 

domain and WSC domains), protein ubiquitination degradation-related domains (F-127 

box domain, ubiquitin-conjugating enzyme), amino acid permeases, and Mur proteins 128 

(involved in synthesizing peptidoglycan, a main component of the bacterial cell wall) 129 

are significantly enriched in the NTF-specific OGs (Fig. 1C; Supplementary Table 7). 130 

A search of the Non-Redundant Protein Sequence Database using the 514 NTF-131 

specific OGs and subsequent HGTector analysis revealed 89 putative horizontal gene 132 

transfer (HGT) events. Four OGs containing different Mur protein domains and one 133 

OG with a “polysaccharide lyase family 8 domain” may participate in carnivorism. 134 

These domains exhibit significant sequence similarity to bacterial proteins but lack 135 

homologous fungal proteins (Supplementary Table 8), suggesting their horizontal 136 

gene transfer (HGT) from bacteria.  137 

Principal component analysis (PCA) revealed significant differences in the conserved 138 

Pfam domains between NTF and non-NTF. NTF formed a discrete cluster separated 139 

from non-NTF according to PC1 (Fig. 2A). The Pfam domains that contributed the 140 

most (top 10%, 451 Pfam domains) to PC1 included 153 expanded and 298 contracted 141 

domains (Fig. 2B; Supplementary Table 9). The expanded genes include (a) those 142 

encoding extracellular proteins such as “Egh16-like virulence factor”, and “cysteine-143 

rich secretory protein family”, (b) proteases such as “Matrixin”, protein ubiquitination 144 

degradation-related domains such as “F box”, and (c) cellulose-binding modules such 145 
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as “fungal cellulose-binding domain”. In contrast, the genes for carbon-nitrogen 146 

hydrolases and secondary metabolism, such as “cytochrome P450”, “polyketide 147 

synthase dehydratase”, and “acyl transferase domain”, were contracted 148 

(Supplementary Table 9). 149 

Genome changes likely associated with adaptation to carbon-rich and nitrogen-poor 150 

environments 151 

The hypothesis that fungal carnivorism evolved in response to mass extinction was 152 

proposed (Barron 2003) but has not been tested (Yang et al. 2012). Analysis of the 153 

gene families involved in carbohydrate metabolism (Supplementary Table 10) showed 154 

that the number of carbohydrate-active enzyme (CAZyme) genes ranged from 278 to 155 

500 in NTF (mean of 409), which is significantly lower than that in plant-associated 156 

non-NTF (endophytic: mean of 786, p = 0.0252; phytopathogenic: mean of 591, p = 157 

0.0007; mutualistic: mean of 570, P = 0.0085) but significantly higher than that in 158 

animal parasitic non-NTF, such as entomopathogenic (mean of 352, p = 0.0027) and 159 

nematode-endoparasitic fungi (mean of 269, p = 0.0333) (Fig. 3A). Moderate 160 

expansion of the genes encoding cellulose-degrading enzymes, including GH5, GH7, 161 

and AA9, in NTF likely enhanced their cellulose-degrading capability. Moreover, the 162 

NTF genomes encode a larger set of proteins carrying one or more carbohydrate-163 

binding modules (CBM) compared to the non-NTF genomes (Fig. 3B). CBMs, 164 

particularly CBM1 (Chundawat et al. 2021), are essential for cellulases to bind to the 165 

cellulose surface, thus enhancing the efficiency of cellulose-degrading enzymes 166 

(Espagne et al. 2008; Klosterman et al. 2011; Liu et al. 2014). The number of 167 

cellulose-degrading enzymes with CBM1 in NTF is much higher than that in non-168 

NTF (Mann-Whitney U test) (Fig. 3C; Supplementary Table 11), a feature that likely 169 

enhanced NTF’s ability to degrade cellulose. 170 

Carnivorous fungi prey on nematodes to supplement nitrogen intake (Barron 2003; 171 

Yang et al. 2012; Lee et al. 2020). The gene family encoding carbon-nitrogen 172 

hydrolases (EC 3.5.1.-) contracted in NTF (Fig. S1; Supplementary Table 12). These 173 

hydrolases conserved among NTF (Fig. S1) belong to the nitrilase superfamily, which 174 

can break carbon-nitrogen bonds to degrade organic nitrogen compounds and produce 175 

ammonia (Pace and Brenner 2001). In contrast, many more carbon-nitrogen hydrolase 176 

coding genes were identified in entomopathogens and nematode endoparasites, 177 

suggesting that they mainly utilize protein-derived nutrients for energy 178 

(Supplementary Table 12). The genes encoding amino acid permeases are enriched in 179 
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the NTF-specific OGs and contribute to amino acid transport (Supplementary Tables 180 

7). These patterns suggest that NTF evolved to utilize organic nitrogen more 181 

efficiently by contracting carbon-nitrogen hydrolase genes (to reduce the loss of 182 

nitrogen in the form of ammonia) and gaining specific amino acid permease genes (to 183 

assimilate nitrogen in nitrogen-poor environments), supporting the hypothesis that 184 

these genomic changes were selected to help NTF adapt to nitrogen-poor conditions. 185 

Genome evolution putatively linked to carnivorism 186 

NTF are expected to secrete numerous proteins that participate in capturing and 187 

consuming nematodes. We compared the predicted secreted proteins between NTF 188 

and non-NTF. The number of secreted proteins ranged from 284 to 1,654 (Fig. S2; 189 

Supplementary Tables 12 and 13). After normalization using the total number of genes 190 

for each genome, the ratio of secreted proteins encoded by NTF was significantly 191 

higher than that of non-NTF (p-value < 0.0001, Mann-Whitney U test), suggesting 192 

ancestral burst of the secreted protein repertoire.  193 

The extracellular adhesive layer of traps is essential for nematode capture. Three types 194 

of adhesive proteins, including those containing GLEYA (PF10528), Egh16-like 195 

(PF11327), and CFEM (PF05730), were predicted to be involved in capturing 196 

nematodes (Liang et al. 2015; Ji et al. 2020; Zhang et al. 2020). These adhesive 197 

proteins accounted for more than 2% of the secreted proteins in all NTF, which is 198 

higher than that in non-NTF (Fig. 4A; Supplementary Table 14). In addition, the ratios 199 

of GLEYA domains (p-value =< 0.0001, Mann-Whitney U test) and Egh16-like 200 

domains (p-value < 0.0001, Mann-Whitney U test) in NTF are significantly higher 201 

than those in non-NTF. Gene expression patterns in three representative NTF (Ar. 202 

oligospora, Da. haptotyla and Dr. dactyloides) during nematode capture showed that 203 

the genes for 9.5% (2/21) of the adhesive proteins with a GLEYA domain and 15.2% 204 

(5/33) of the adhesive proteins with an Egh16-like domain were up-regulated 205 

(Supplementary Tables 15 and 17), supporting the hypothesis that expansion and up-206 

regulation of adhesive protein-coding genes represent a genomic adaptation for a 207 

predatory lifestyle. 208 

The nematode cuticle is a three-layered structure consisting mainly of collagen and 209 

noncollagenous proteins. The CAP superfamily (PF00188), composed of cysteine-rich 210 

secretory proteins, antigen 5, and pathogenesis-related 1 proteins, expanded among 211 

NTF (Supplementary Table 9). This superfamily participates in reproduction, 212 
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virulence, venom toxicity, cellular defense, and immune evasion (Gibbs et al. 2008; 213 

Darwiche et al. 2016). All three NTF analyzed showed that 36.4% (4/11) of the CAP 214 

superfamily genes were up-regulated in the presence nematodes (Supplementary 215 

Tables 15 and 18), suggesting their involvement in nematode infection. In addition, 216 

the genes for serine peptidases, which are involved in nematode consumption, also 217 

significantly expanded in NTF (Fig. 4B), and 15.6% (10/64) of the genes encoding 218 

members of the subtilisin family in three NTF were up-regulated during predation 219 

(Supplementary Tables 15 and 19). 220 

Fungi produce diverse secondary metabolites (SMs), some of which are “chemical 221 

weapons” against other organisms (Rohlfs and Churchill, 2011; Keller 2019). 222 

Significantly reduced numbers of and less conserved SM gene clusters among NTF 223 

suggest that broad capacity for SMs production is not critical for carnivorism. 224 

However, similar to other Ascomycota fungi, individual SMs may be important for 225 

organismal ecology (Raffa and Keller, 2019; Steenwyk et al. 2020a). The number of 226 

predicted SM gene clusters ranged from 6 to 23 in NTF (mean of 13.14), which is 227 

significantly lower than those of non-NTF: endophytic and phytopathogenic fungi 228 

(mean of 49.42, p < 0.0001) and entomopathogenic and nematode-endoparasitic fungi 229 

(mean of 59.29, p < 0.0001) (Fig. 4C; Supplementary Table 20). Only T. 230 

melanosporum, a mutualistic ectomycorrhizal fungus, has 9 clusters. The PKS gene 231 

clusters were not conserved among NTF, suggesting that this class of SMs may not be 232 

critical for carnivorism and perform species-specific roles.  233 

Non-vertical evolution, including HGT, has been instrumental in driving the rapid 234 

adaptive evolution of fungi and has played a role in the emergence of new pathogens 235 

(Feurtey and Stukenbrock, 2018; Steenwyk et al. 2020b). Among the 89 potential 236 

HGT events observed in NTF, the HGT of Mur genes, which are involved in bacterial 237 

cell wall biosynthesis (Radkov et al. 2018), is notable. Top 100 blastp results using Ar. 238 

oligospora proteins revealed that 4 proteins with Mur domains were highly similar to 239 

MurA (53.1-69.2% identity; 90-96% coverage), MurC (65.8-72% identity; 98–99% 240 

coverage), MurD (63.7-70.2% identity; 98–99% coverage), and MurE (39.2-49.4% 241 

identity; 92–98% coverage), respectively. Maximum-likelihood phylogenetic trees 242 

were constructed using RAxML (Fig 5A, Fig. S3). The MurE gene was found in all 243 

NTF, suggesting its horizontal transfer before NTF diversification. The presence of 244 

introns in the NTF MurE gene indicates that the gene underwent eukaryotization. The 245 

function of NTF MurE in carnivorism was studied by disrupting the gene in Dr. 246 
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dactyloides. Compared with the wild type, three independently isolated mutants 247 

showed reduced ability to attract C. elegans (p-value = 1.1e-4，2.5e-3，5.2e-4, two-248 

tailed t-test, n = 5), with the attraction indices of the mutants being only 36.0% of that 249 

of the wild type (Fig. 5B).  250 

Analysis using CLEAN (contrastive learning-enabled enzyme annotation), which 251 

predicts enzyme function (Gregoire et al. 2023), showed that one NTF-specific OG 252 

with the polysaccharide lyase family 8 domain is closely related to Hyl, a bacterial 253 

hyaluronate lyase (EC:4.2.2.1). Bacterial Hyl is an important virulence factor 254 

employed by Gram-positive bacteria to enhance their infectivity by degrading 255 

extracellular hyaluronate and chondroitin sulfate of animal hosts (Patil et al. 2023). 256 

All NTF species encode two Hyl homologs, except for Dr. stenobrocha (one 257 

homolog). The maximum-likelihood phylogenetic tree of this OG showed that the two 258 

homologs belong to distinct clades (Fig. S4), suggesting that they may have originated 259 

from different bacteria through two separate HGT events. Bacterial hyaluronate lyases 260 

are typically secreted; however, their NTF homologs lack a signal peptide. Most of 261 

one Hy1 clade have putative transmembrane domains, whereas those in the other 262 

clade lack transmembrane domains (Fig. S4). Further studies are required to 263 

determine whether Hyl homologs contribute to nematode carnivorism.  264 

Discussion 265 

Approximately 5 million years after the Permian-Triassic mass extinction event, the 266 

global ecosystem had stabilized and undergone extensive remodeling during the 267 

process (Ezcurra and Butler 2018; Rampino et al. 2020). The sharp increase in the 268 

biomass and diversity of taxa, including fungi, algae, and ferns, in the immediate 269 

aftermath of the plant collapse in the late Permian (Mays et al. 2020) indicated biotic 270 

recovery. The availability of new niches resulting from this mass extinction event 271 

likely accelerated innovation during recovery (Lowery and Fraass 2019).  272 

The lifestyle of the fungi that gave rise to NTF after mass extinction remains unclear. 273 

In this study, we identified multiple genome changes—gene family gain/loss and 274 

HGT—that are associated with the evolution of NTF ecology and carnivorous 275 

lifestyle. For example, gene families that have been reported to play critical roles in 276 

trap morphogenesis (Yang et al. 2018; Yang et al. 2020; Zhang et al. 2021), such as 277 

components of the G-protein mediated signaling and ubiquitin-conjugating enzyme 278 
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Ubr1 (Supplementary Table 9), have expanded. Similarly, the genes of cell-surface 279 

proteins containing the carbohydrate-binding WSC domain were up-regulated during 280 

nematode infection (Andersson et al. 2013; 2014) and were found to be significantly 281 

expanded in NTF (Supplementary Table 9). Other expanded gene families that may be 282 

linked to fungal carnivorism are those encoding adhesive proteins and proteases such 283 

as subtilase (Liang et al. 2015; Wang et al. 2015; Ji et al. 2020; Zhang et al. 2020). 284 

Overall, the patterns of gene family expansion in NTF resemble those observed in 285 

plant pathogens rather than patterns found in insect and animal pathogens (Meerupati 286 

et al. 2013).  287 

The evolution of various trapping devices by fungi to capture nematodes as a nitrogen 288 

source was hypothesized to be an innovation crucial for NTF (Yang et al. 2012). Here 289 

we found two changes that helped optimize this mode of nitrogen acquisition. 290 

Carbon-nitrogen hydrolase genes were reduced among NTF, a change critical for 291 

efficient utilization of nitrogen resources by reducing the decomposition of organic 292 

nitrogen compounds to ammonia. Meanwhile, genes for specific amino acid 293 

permeases expanded in NTF. Some class III aminotransferase genes, which help 294 

enhance nitrogen assimilation, are up-regulated during nematode capturing 295 

(Supplementary Table 16). These patterns suggest that NTF evolved to recycle 296 

nitrogen resources efficiently by remodeling their nitrogen metabolism.  297 

Perhaps the most strikingly, NTF have horizontally acquired multiple Mur genes, 298 

which are involved in bacterial cell wall peptidoglycan synthesis, from bacteria to 299 

ensnare nematodes. Disruption of the MurE gene indicated its involvement in 300 

attracting nematodes (Fig. 5B). Phylogenetic analysis revealed that the constituents of 301 

the Mur gene cluster were acquired through multiple complex HGT events (Figs. 5A 302 

and S3). Gene clusters originating from multiple HGT events have been observed in 303 

Saccharomycotina yeast (Gonçalves C and Gonçalves P, 2019), and our analyses 304 

suggest this may be a more widespread phenomenon in fungi. The cell wall of the 305 

nematode traps seemed different from that of hyphae (Fig. S5), suggesting that cell 306 

wall composition may play a role in trapping nematodes. How the MurE gene 307 

contributes to nematode attraction and whether other Mur genes have similar roles 308 

remain to be investigated. However, their involvement in bacterial cell wall formation 309 

raises the possibility of their involvement in modifying fungal cell wall to attract 310 

nematodes.  311 

Our study uncovered multiple modes of genomic changes that likely influenced the 312 
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evolutionary trajectory of NTF, implicating several gene families that have previously 313 

been shown to be linked to the NTF lifestyle. More importantly, our comprehensive 314 

analysis identified novel candidate genes and evolutionary processes that may 315 

underlie specific stages of predation—such as attraction and consumption. Taken 316 

together, our work established an extensive genome resource and ample hypotheses 317 

that will guide future studies to understand the origins and evolution of NTF and 318 

confirm the involvement of candidate genes associated with NTF lifestyles. 319 

 320 

Materials and Methods 321 

Strains, media, and culturing conditions 322 

The NTF sequenced (Supplementary Table 1) were cultured on potato dextrose agar 323 

(PDA) and corn meal agar (CMA). Mycelia used for genomic DNA extraction were 324 

prepared by inoculating approximately 105 spores or ten 5-mm diameter plugs from 325 

freshly grown culture on PDA into 100 mL potato dextrose broth (PDB). After 326 

shaking the cultures at 120 rpm and 28 °C for 10 days, mycelia were collected using a 327 

glass cotton filter and washed three times with distilled water. 328 

Whole-genome sequencing 329 

Genomic DNA was extracted using a CTAB/SDS/Proteinase K method (Möller et al. 330 

1992). Four genomic DNA libraries with insert sizes of 400 bp, 500 bp, 3 Kb, and 5-8 331 

Kb, respectively were prepared. The library with 400 bp inserts was sequenced using 332 

Illumina PE250. The remaining libraries were sequenced using Illumina PE150. The 333 

resulting sequence reads were processed using Trimmomatic v0.38 to remove 334 

adapters and low-quality reads (Bolger et al. 2014). Processed reads were assembled 335 

de novo using ALLPATH-LG release 52488 (Gnerre et al. 2011). To improve 336 

completeness, draft assembled genomes were scaffolded using data from mate-pair 337 

libraries (3 Kb and 5-8 Kb) via two rounds of SSPACE-standard v3.0 (Boetzer et al. 338 

2011). The output was used for the analyses described below. The completeness of 339 

individual genome assemblies and gene prediction was evaluated using BUSCO 340 

v4.0.2, based on Ascomycota ortholog database containing 1,706 orthologs (Boetzer 341 

et al. 2011).  342 

Gene prediction and functional annotation 343 
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Regions of repetitive sequence elements in the assembly were masked using 344 

RepeatMasker v4.0.7 based on a species-specific repeat library generated using 345 

RepeatModeler v4.0.7. For structural annotation, the quality of protein sequence 346 

predictions was assessed via BUSCO analysis. The BRAKER pipeline (Hoff et al. 347 

2016) was used to test protein homology. For functional annotation, the final gene set 348 

for each species was analyzed using Pfam, PRINTS, PANTHER, SUPERFAMILY, 349 

SMART, and Gene 3D in InterProScan v5.39-77.0 (Jones et al. 2014). 350 

The carbohydrate-active enzymes (CAZymes) were predicted by aligning all protein-351 

coding genes in each species against the dbCAN2 database (Zhang et al. 2018) using 352 

DIAMOND v0.9.24.125, HMMER v3.0, and Hotpep. Those supported by more than 353 

two aligners were considered as CAZymes. The Secondary Metabolite Unknown 354 

Regions Finder (SMURF) was used to predict SM gene clusters (Khaldi et al. 2010). 355 

Secreted proteins were identified using multiple processes. SignalP v5.1 (Petersen et 356 

al. 2011) was initially used to predict the candidates. Subsequently, putative 357 

membrane proteins were filtered out using TMHMM v2.0 (Krogh et al. 2001). Likely 358 

mitochondrial or endoplasmic reticulum proteins were removed using WoLF PSORT, 359 

TargetP v2.0, and Deeploc v2.0 (de Castro et al. 2006; Horton et al. 2007; Armenteros 360 

et al. 2019). 361 

Phylogenomic data matrix construction and analysis 362 

Concatenation is a popular method for inferring organismal histories (Steenwyk et al. 363 

2023) and has been successfully used to infer evolutionary relationships in fungi (Li 364 

et al. 2021). Orthologous relationships among the genes in 21 NTF and 21 non-NTF 365 

were determined using OrthoFinder v2.2.6, with default settings (Emms and Kelly 366 

2019). Single-copy genes present in all species were used for phylogenetic analysis. 367 

For each group of single-copy orthologous genes, their predicted protein sequences 368 

were aligned using MAFFT v7.453 (Katoh and Standley 2013). Aligned sequences 369 

were trimmed using the “gappyout” model in trimAl v1.2 (Capella-Gutiérrez et al. 370 

2009), which has been demonstrated to be an efficacious approach for trimming (Tan 371 

et al. 2015; Steenwyk et al. 2020c), and concatenated. A maximum likelihood tree was 372 

generated using RAxML v8.2.12 (Stamatakis 2014) under the Q.insect+F+I+R10 373 

model, which was automatically selected, with a discrete gamma distribution of rates 374 

across sites. 1,000 bootstrap resamplings were performed to evaluate bipartition 375 

support. 376 
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Analysis of Pfam domains 377 

To characterize the patterns of functional diversification in functional domains across 378 

the NTF genomes, the copy numbers of each Pfam domain in 21 NTF and 21 non-379 

NTF were subjected to principal component analysis (PCA) using the "prcomp" 380 

function in the stat package of R v3.5.1 with default settings (R Core Team 2017). We 381 

ranked the contribution to the first principal component (PC1) in descending order 382 

and selected the top 10% to display via a heatmap using the Pheatmap v1.0.12 383 

package of R. The number of Pfam domains for each species was normalized using 384 

zero-mean normalization, and the corresponding profiles were shown in the heatmap. 385 

Statistical analysis 386 

Enrichment analysis of Pfam domains in NTF-specific genes was tested by Mann-387 

Whitney U test (McKnight and Najab 2010). The p-values were corrected using the 388 

Bonferroni method. Comparison of the number of CAZymes involved in cellulose 389 

degradation with or without carbohydrate-binding module (CBM) between NTF and 390 

non-NTF was carried out using Mann-Whitney U test utilizing "wilcox.test" function 391 

in the stat package of R. The results were visualized using the ggplot2 package v3.3.2 392 

of R (Wickham 2009). 393 

Transcriptome analysis  394 

Published transcriptome data of D. dactyloides (Accession: PRJNA723922), which 395 

forms constricting rings, and A. oligospora (Accession: PRJNA791406), which forms 396 

adhesive nets, (Fan et al. 2021; Yang et al. 2022) were downloaded from GenBank, 397 

and transcriptome data of Da. haptotyla, which forms adhesive knobs, was generated 398 

by us (unpublished). Normalized read counts were used to estimate gene expression 399 

levels, and those expressed at low levels (read counts < 5) were removed. Expression 400 

levels of the genes predicted to be involved in the niche adaptation based on our 401 

comparative genome analysis were compared in the presence (24 hr) and absence (0 402 

hr) of preys (Caenorhabditis elegans). Genes with padj < 0.05 and |log2 403 

Foldchange| >1 were considered differentially expressed. 404 

MurE disruption and nematode attraction assay 405 

The DdaMurE gene in D. dactyloides strain 29 (CGMCC3.20198) was disrupted 406 

using a published protocol (Fan et al. 2021). To determine whether the mutation 407 
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affects nematode attraction, 6-mm diameter plugs (collected 0.5 cm away from the 408 

edge of plates) from 14-day-old PDA cultures of D. dactyloides strain 29 (WT) and 409 

three ΔDdaMurE mutants were placed on water agar medium, and 6-mm diameter 410 

plugs of PDA medium were used as controls. 200 nematodes were added to the 411 

central location (a circle with the radius of 0.5 cm), with 5 replicates for each sample. 412 

We employed the attractive index system described in a study by Le Saux and 413 

Queneherve (2002). The system records the degree of attraction or repulsion using 414 

numbers ranging from +2 (attraction) to -2 (repulsion). Attractive indexes were 415 

calculated 6 h after placing the plates under shade. The resulting numbers were 416 

analyzed using SPSS v20.0, and significant differences were determined by a p-value 417 

< 0.01 using Student’s t-test. 418 
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Figures and Tables 702 

 

 

Fig. 1. Phylogenetic relationship of the species analyzed and characteristics of the 703 

genes in individual genomes. (A) Maximum likelihood phylogeny of 21 NTF 704 

(yellow background) and 21 non-NTF (gray background) constructed using protein 705 

sequences of 704 single-copy orthologous genes present in all species. The following 706 

color scheme was used to denote different trapping devices: green (adhesive columns, 707 

AC), gold (adhesive knobs, AK), red (adhesive nets, AN), and blue (constricting rings, 708 

CR). All bootstrap values were 100 unless otherwise indicated. (B) The bar chart 709 

shows the total number of protein-coding genes in each species. The genes were 710 

classified as fungal-conserved (blue), NTF-specific (green), species-specific (red), 711 

and those present only in some fungi (gray) based on OrthoFinder group. (C) The plot 712 

shows the distribution of Pfam domains among the NTF-specific genes. Each dot 713 

represented a gene illustrated by background gene ratio (%) and NTF-specific gene 714 

ratio (%) classified by Pfam domains. Enriched Pfam domains among the NTF-715 

specific genes (see Dataset S1, Table S3) are highlighted in red (p-value < 0.05, 716 

Mann-Whitney U test) and include those associated with nematode capture (CFEM 717 

domain (PF05730)), nematode infection and consumption (eukaryotic aspartyl 718 

protease (PF00026), subtilase family (PF00082) and cysteine-rich secretory protein 719 

family (PF00188)), and ubiquitination degradation of proteins such as F-box domain 720 

(PF00646), amino acid permease (PF00324) and ubiquitin-conjugating enzyme 721 
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(PF00179). 722 

 

 

Fig. 2. Contrasting diversification of protein domains between NTF and non-NTF. 723 

(A) Principal component analysis (PCA) based on the presence and number of Pfam 724 

domains in multiple orthologous groups (OGs) across NTF and non-NTF. The first 725 

two principal components account for 16.2% and 6.2% of variation, respectively. The 726 

21 NTF are clustered together according to PC1. (B) Heatmaps were compiled from 727 

the Pfam data that contributed most (top 10%, 451 items). Different patterns of Pfam 728 

domain expansion and contraction are seen between NTF (yellow background) and 729 

non-NTF (gray background) based on their normalized numbers. The following color 730 

scheme was used to denote different trapping devices: green (adhesive columns, AC), 731 

gold (adhesive knobs, AK), red (adhesive nets, AN), and blue (constricting rings, CR). 732 

(C) Heatmaps highlighting the candidate Pfam domains related to carnivorous 733 

lifestyle selected from those shown in B. 734 
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Fig. 3. Comparative analysis of the CAZymes among NTF and non-NTF. (A) The 736 

bar chart shows the numbers of the following CAZymes encoded by 21 NTF (yellow 737 

background) and 21 non-NTF (gray background): glycoside hydrolases (GH), 738 

glycosyl transferases (GT), carbohydrate esterases (CE), polysaccharide lyases (PL), 739 

auxiliary activities (AA), and carbohydrate-binding modules (CBM). The following 740 

color scheme was used to denote different trapping devices: green (adhesive columns, 741 

AC), gold (adhesive knobs, AK), red (adhesive nets, AN), and blue (constricting rings, 742 

CR). (B) Relative abundance (RA) profiles of 13 GHs, 2 GTs, 2 CBMs, 3 PLs, 1 AAs, 743 
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and 2 CEs involved in degrading cellulose. The gene number for each class was 744 

divided by the total gene number. (C) Comparison of the numbers of cellulose 745 

degrading enzymes with or without CBM1 between NTF (light brown) and non-NTF 746 

(white) using Mann-Whitney U test (p-values are shown on the graphs). The numbers 747 

of AA9, GH5, and GH7 without CBM1 (left) or with CBM1 (right) are presented. 748 

 

 

Fig. 4. Distribution patterns of adhesive proteins, serine peptidases, and 749 

secondary metabolism clusters among NTF and non-NTF. The following color 750 

schemes were used to denote different trapping devices: blue (constricting rings, CR), 751 

red (adhesive nets, AN), green (adhesive columns, AC), and gold (adhesive knobs, 752 

AK). (A, B) Relative abundance (RA) of adhesive proteins (A) and serine peptidases 753 

(B) among the total secreted proteins encoded by each species. The numbers of 754 

adhesive proteins and serine peptidases were divided by the total number of secreted 755 

proteins to calculate their RA. (C) A heatmap shows the numbers of different types of 756 

secondary metabolism gene clusters in each species. 757 
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Fig. 5. The phylogenetic relationship and potential function of MurE. (A) 759 

Unrooted maximum-likelihood trees based on MurE protein sequences were 760 

constructed using RAxML. The bacterial species (only one genome sequence selected 761 

for each species) included were chosen based on the top 100 BlastP results with the 762 

corresponding Arthrobotrys oligospora protein sequences as queries. All NTF species 763 

included in blue background. (B) Attractive indexes of Drechslerella dactyloides wild 764 

type (WT) strain and three ΔDdaMurE mutants on water agar (WA) medium. **p-765 

value < 0.01, two-tailed t-test, n = 5. 766 
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  768 

Fig. 6. Proposed model for genomic changes associated with the evolution of NTF. 769 

To adapt to carbon-rich/nitrogen-poor environments, the genes for aminotransferase 770 

class-III and cellulose degradation enzymes expanded, whereas the genes for carbon-771 

nitrogen hydrolase contracted. The genes encoding adhesive proteins, cysteine-rich 772 

secretory proteins, and proteases, which are likely involved in nematode capture, 773 

infection, and consumption, respectively, were expanded to support carnivorism. The 774 

number of secondary metabolite gene clusters was significantly reduced. 775 
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Table 1. Genome features of 21 nematode-trapping fungi 777 

Speciesa Size 
(Mb) 

N50  
(Mb) 

GC 
(%) 

No. 
genes 

Pfam 
(%) 

BUSCO 
(%) 

Arthrobotrys conoides 39.8 1.8 42.7 10,254 63.1 94.3 

A. iridis 39.8 2.5 44.4 10,158 64.7 95.0 

A. musiformis 40.8 2.0 44.3 10,510 63.0 95.1 

A. oligospora 40.1 2.0 44.5 10,779 62.3 94.1 

A. pseudoclavata 35.1 6.0 45.9 9,356 66.1 95.2 

A. sinensis 40.6 2.3 45.6 11,240 62.1 95.5 

A. sphaeroides 40.6 2.3 46.7 10,643 63.0 95.6 

A. vermicola 40.7 1.6 45.6 10,501 63.0 95.7 

A. flagrans 36.6 6.2 45 9927 68.2 93.4 

Dactylellina cionopaga 47.4 2.1 43.8 12,524 61.5 93.8 

Da. entomopaga 38.4 0.6 45 10470 61.0 94.6 

Da. drechsleri 54.2 0.7 38.4 11,044 63.1 93.8 

Da. haptotyla 38.9 0.2 45.7 10,353 65.1 94.5 

Da. leptospora 36.9 1.2 44.6 9,986 65.4 94.5 

Da. parvicollis 38.3 1.7 46.0 10,329 64.7 94.7 

Da. querci 34.4 3.1 46.0 9,718 65.5 93.8 

Da. tibetensis 36.4 1.9 45.1 10,165 65.6 93.7 

Drechslerella brochopaga 35.8 1.9 50.5 9,044 67.1 96.1 

Dr. coelobrocha 36.4 2.9 46.9 9,495 66.3 95.3 

Dr. dactyloides 37.7 1.3 50.3 8,978 67.2 96.1 

Dr. stenobrocha 30.2 4.8 50.4 7,955 70.0 94.5 

aThe sources of the sequenced strains and their accession numbers are shown in 778 

Supplementary Table 1. 779 
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