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Trichoderma fungi support sustainable agriculture by suppressing
plant diseases and improving crop performance. However, emerging
pathogenicity of Trichoderma warrants further ecological and genetic

characterization. Here we used machine learning to correlate genomic
datafrom 37 Trichoderma strains with over 140 phenotypic traits,
spanning metabolic versatility, biotic interactions, stress tolerance and
reproductive strategies. We determined Trichoderma to be an ancient,

genetically cohesive and physiologically diverse genus with spores capable
of germination in water and dispersal via air and water droplets. Metabolic
preferencesindicate universal adaptation to mycoparasitism and to niches
like arboreal microbial mats, alongside broader saprotrophic versatility. Our
analyses are consistent with character displacement among close relatives
and convergent evolutionin distantlineages, with both processes shaping
ecological plasticity and traits including dispersal modes, terrestrialization
or endophytism. Our findings reveal that while some Trichoderma species
show traits of biosafety concern, its vast ecophysiological diversity enables

the development of safe, targeted bioeffectors.

Theuse of microbes in sustainable agriculture requires careful assess-
ment of their ecophysiological potential and adaptation mechanisms
to minimize risks of persistence, non-target effects and pathogenicity,
ensuring safe application. Some fungi from the genus Trichoderma
(Hypocreales, Ascomycota) are recognized as versatile, plant-beneficial
microorganisms"?. When introduced to agricultural soil, Trichoderma
canestablishintherhizosphere of most crops, enhancing theirimmune
responses, stress tolerance, growth and yield. Asinnate mycoparasites,
Trichoderma strains can directly antagonize plant-pathogenic fungiand
nematodes, thereby influencing crop microbiomes’. Consequently,
large quantities of Trichodermaspores are produced globally and incor-
porated into agricultural lands as biostimulants and plant protection
products, with use projected to increase under policies supporting
sustainable agriculture and reduced chemical pesticide application®.

Trichoderma comprises over 500 species’ (Wwww.Species
Fungorum.org, accessed on 23 September 2025), most occurring
on decaying wood or as mycoparasites’. Among many others, this

lifestyle is represented by phytosaprotrophic and mycoparasitic
Trichoderma reesei, also exploited for cellulolytic enzyme produc-
tion®. However, agronomic uses rely on a small set of cosmopolitan,
putatively edaphic species commonly foundin soils and rhizospheres,
including Trichoderma afroharzianum, Trichoderma asperellum,
Trichoderma asperelloides, Trichoderma atroviride, Trichoderma
harzianum, Trichoderma longibrachiatum and Trichoderma virens'>.
Although not closely related’, these species share ecological traits of
environmental opportunism such as potent mycoparasitism, rapid
growth in vitro and prolific sporulation. Some can infect immuno-
compromised humans®and/or cause green mould outbreaks in mush-
room farms’, while others colonize woody stems, roots and leaves as
endophytes' . Reports of crop pathogenicity are also increasing'®™,
including recent T. afroharzianum ear rot on maize'®, which led to the
inclusion of this species on the European and Mediterranean Plant
Protection Organization (EPPO) Alert List (www.eppo.int, accessed
October 2025).
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In this Article, we compared plant-beneficial and opportunistic
Trichoderma strains, together with less common arboreal species, to
clarify the ecological capabilities of the genus and assess traits associ-
ated with fitness and agronomic use. By conducting agenus-wide phe-
nogenomic study, we revealed ecophysiological traits characteristic
of the genus, including associations with arboreal phyllospheres in
tropical forests, pronounced divergence among related strains and
links between core genes and fitness-related traits. Together, these find-
ings expose the geneticbasis of ecological plasticity in Trichoderma and
highlight biosafety concerns for opportunistic species, underscoring
the need for science-based criteria to maximize agricultural benefits
while minimizing risks.

Results

Trichoderma diversification coincides with angiosperm
rainforest dynamics

We analysed 37 strains spanning taxonomic, ecological and applied
diversity of Trichoderma®’, including 31 previously unexamined with
multi-omic approaches (Supplementary Tables 1and 2).

Phylogenomic analysis with related Sordariomycetes supportsa
monophyletic origin and clear genetic separation of Trichoderma. The
genus arose 100-66 Ma (million years ago) during the Late Cretaceous,
coinciding with angiospermrainforest expansion'. The last common
ancestor likely diverged around the K-Pg boundary during global crises
of volcanism, impact, cooling and mass extinction”. Warm intervals
(Pliocene, Eocene) did not trigger diversification, but the cooler, drier
Oligocene (34-23 Ma) coincided with the emergence of the extant
Harzianum, Longibrachiatum and Viride clades and afew lone lineages
(Fig.1).Later Miocene aridification and rainforest loss are mirrored by
pronounced phylogenetic branching, suggesting diversificationunder
adverse climatic pressures.

Although the Longibrachiatum clade has relatively smaller
genomes®’, Trichoderma overall maintains a consistent genome
size distinct from other Hypocreales, with ~8,000-13,700 protein-
coding genes (Supplementary Table 3). Most genomic metrics
matched other hypocrealean fungi and our earlier studies’. Expansins
numbered 5-10—twice those in reference genomes and only
matched by Fusarium—highlighting adaptation to moisture and
plant-associated niches™.

Trichoderma harbours 1,123 genus-exclusive hierarchical
orthologous groups (HOGs), comprising 16.7% of its core genome
(6,689 genes), versus only 62 (<1%) in Metarhizium (Fig. 1). This
marked distinction underscores the unique genetic identity of
Trichoderma, at least compared with the hypocrealean genomic
data available to date. Across clades, over half of clade-specific
genes encode small secreted proteins (SSPs) of unknown function;
protein family (PFAM) domains were found in only 3-13% of HOGs
compared with 50% in other Sordariomycetes. The proportion of
intracellular proteins of unknown function was consistent across
groups (Fig.1).

Gene co-evolution analysis showed that ~1% of Trichoderma core
genes share an evolutionary trajectory, with higher proportions in
individual clades—4.78%in Longibrachiatum and 10.12% in Viride (Fig.1
pie charts). These values were unaffected by sample size or ancestral
node age, suggesting radiationand ecological specialization, especially
compared with Metarhizium, where 30% of core genes co-evolve (Fig.1
pie charts).

Thus, phylogenomics confirms that Trichoderma formed
as a genetically compact genus in the humid and warm Late Creta-
ceous, withits genetic coherencereflected in uniform morphological
traits, such as verticillate conidiophores with green spores and
characteristic structures of sexual reproduction®. Yet from the
cooler Oligocene onward, diversification produced marked genetic
variation without corresponding morphological or macroecological
shifts (Fig.1).

Spore germination of Trichoderma may be enhanced in
phyllosphere microbial mats

Because conditions that trigger conidial germination largely deter-
mine where Trichoderma can initiate its life cycle, we assessed spore
germination across 95 carbon sources using BIOLOG FF microplates.
L-Phenylalanine substantially improved early development in most
Trichoderma strains, with glycogen also effectively enhancing germi-
nation. Other compounds such as adenosine, D-arabitol, i-erythritol
and L-alanine supported germination to varying degrees, indicating
strain-specific responses (Extended DataFig.1). Species used in agron-
omylike T. atroviride and Trichodermaguizhouense preferred glycogen
and showed no response to L-phenylalanine, suggesting adaptations
tonutrient-rich environments. Most strains, particularly T. atroviride,
T. guizhouense and T. harzianum, germinated as effectively in pure
water as in many carbon sources tested, reflecting adaptations to oli-
gotrophic and moist habitats. Such carbon sources as fumaric acid, suc-
cinicacid and N-acetyl sugars were unfavourable for life-cycle initiation.
Thisevaluation also revealed species-specific ecological adaptations:
slower developmentin T. harzianum suggests parsimonious resource
utilization beneficial in low-nutrient conditions, whereas Trichoderma
velutinum Triveli and Trichoderma zeloharzianum showed rapid ger-
mination, indicating a competitive advantage on quickly colonizable
substrates (Extended Data Fig. 1).

The genus-wide ability to germinate in water, together with
stimulation by L-phenylalanine, glycogen and related compounds,
suggests that Trichoderma life-cycle initiation may be particularly
enhanced in niches where amino acids, storage polysaccharides
and sugar alcohols are locally enriched. Such conditions occur, for
example, in phyllosphere microbial mats and other plant-associated
microhabitats, where these compounds are reported as common
microbial osmoprotectants”.

Nutritional preferences suggest mycoparasitism

in arboreal biofilms

The next vegetative stage, characterized by exponential growth,
revealed consistently broad nutritional versatility across Trichoderma
whentested on95 carbonsources (Extended DataFigs.2 and 3). Variabil-
ity between clades was minor, but related species and strains showed
marked differences, indicating diverse idioadaptations (fine-scale,
lineage-specific ecological adjustments). Overall for the genus, at least
41substrates and water supported growth, 36 were suboptimal, and
18 yielded biomass no greater than the water control.

The optimal substrate for all Trichoderma strains was N-acetyl-D-
glucosamine, the chitin monomer of fungal cell walls and arthropod
exoskeletons, underscoring its mycoparasitic capacity, competi-
tive role in fungal communities and occasional insect parasitism?.
Sugar alcoholssuchasglycerol, D-sorbitol, i-erythritol, D-arabitol and
D-mannitol also promoted robust growth, reflecting adaptation to
osmoprotectants abundant in arboreal microbial mats (phylo-/xylo-
sphere)”. These complex polysaccharide- and stress-protectant-rich
habitats contrast with the simpler, root-exudate-driven systems of
rhizosphere and bulk soil®.

Sugars from plant biomass decomposition—such as maltotri-
ose, cellobiose, trehalose, glucose, fructose, mannose, ribose, galac-
tose, melibiose and xylose—also supported robust but strain-specific
growth, suggesting effective utilization in soil and rhizosphere environ-
ments where complex organic matteris abundant (Extended DataFig. 2,
and Supplementary Dataland 2).

Moderate growth on substrates such as other osmoprotectants
(raffinose, lactulose), phenolics (arbutin), sugar alcohols (xylitol), unu-
sual metabolites (.-phenylalanine, .-fucose) and polysaccharides (gly-
cogen, dextrin) suggests broad ecological adaptability, although these
rarely supported peak growth and may act as secondary energy sources
or germination triggers (vide supra). By contrast, limited growth on
specialized substrates—particularly organic acids (fumaric, succinic)
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Humid and warm climate and
expansion of tropical rainforests
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Fig.1|Phylogenomicanalysis of Trichoderma within Sordariomycetes.
Time-calibrated phylogeny inferred from 436 single-copy orthogroups showing
the evolutionary history of Trichoderma within Sordariomycetes. Node labels
indicate mean divergence times (Ma); solid dots denote 100% bootstrap support,
and horizontal bars indicate 95% highest posterior density intervals. Trichoderma
taxonomy is simplified for clarity; detailed molecular identifications and taxonomic
notes are provided in Supplementary Table 1. Icons summarize major ecological
roles and reproductive modes. Genome-size bars show protein-coding gene (PCG)
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counts normalized to T. atroviride (Supplementary Table 3). Pie charts summarize
taxon-specific HOG composition (PFAM-annotated genes, SSPs and genes of
unknown function); numbers above pies indicate the number of taxon-specific
HOGs, and percentages below indicate the fraction of co-evolving genes. The
inset (upper left) shows general average temperature (GAT, °C) across geological
epochs”, with the Cretaceous-Paleogene (K-Pg) boundary and the warm, humid
period that favoured tropical rainforests (relevant for Trichoderma evolution)
highlighted. Time periods are abbreviated as follows: N, Neogene; Q, Quaternary.
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and amino acids (L-glutamic, L-asparagine)—indicates metabolic stress
and points to environments (for example, acidic, fermentative) unfa-
vourable for Trichoderma colonization (Extended Data Fig. 2).

Similar to spore germination, growth preferences showed no
strict concordance with phylogeny, implying adaptive convergence.
Extended Data Fig. 3 illustrates highly strain-specific ‘nutritional
barcodes’. Three Harzianum clade strains (T. zeloharzianum, Tricho-
derma lixii, Trichoderma breve), recently isolated from tropical leaves,
grew exceptionally fast on D-sorbitol and other sugar alcohols, sug-
gesting phyllosphere adaptation. Several Harzianum strains also
used N-acetyl-D-mannosamine, a sialic-acid precursor typical of
animal tissues and some prokaryotes”, pointing to possible links
with insect gut microbiomes or vertebrate mucosa. In addition,
selected Viride clade strains related to T. atroviride metabolized
sucrose and maltose, implying potential for endophytic develop-
ment (Extended Data Fig. 2).

In summary, the nutritional profile of Trichoderma aligns with
its common roles as mycoparasite and saprotroph on microbially
colonized wood, as endo- and epiphyte, and in the rhizosphere. It
also suggests involvement in microbial interactions within arboreal
and rhizospheric biofilms and confirms that these fungi can exploit
plant biomass.

Genotype and nutrition shape reproductive strategies

in Trichoderma

To further assess fitness-related traits of Trichoderma, we quanti-
fied asexual reproduction using REPAINT (Reproduction Potential
Artificial Intelligence®), which analyses time series images from
BIOLOG microplates to extract numerical data on hyphal growth and
conidial coverage.

N-Acetyl-D-glucosamine, sugar alcohols and simple sugars gener-
ally supported extensive aerial mycelium and abundant conidiation
(Supplementary Data 3). By contrast, m-inositol, glycogen and dextrin
promoted conidiation with little aerial mycelium. Certainamino acids
induced aerial hyphae without conidiation in nearly all strains, sug-
gesting either exploratory growth under metabolic stress or initiation
of sexual reproduction. Many suboptimal carbon sources supported
vegetative growth without conidiation.

Weidentified four distinct reproductive strategies with marked
interspecific variability, suggesting underlying speciation processes
(Fig. 2). T. asperellum consistently produced abundant conidia with
little aerial mycelium, indicative of a copiotrophic, r-selected strat-
egy favouring rapid reproduction in resource-rich environments;
this pattern also characterized the mushroom pathogens Tricho-
derma pleuroticola and Trichoderma amazonicum and the endophyte
Trichoderma endophyticum. By contrast, T. reesei and Trichoderma
minutisporum, typically known in nature from sexual stages (Fig. 1),
formed dense aerial mats with few conidia, reflecting a K-selected
strategy emphasizing competitive ability and resource efficiency.
Similar behaviour occurred in phylogenetically unrelated species
such as Trichoderma spirale and Trichoderma brevicompactum. A
third strategy—rapid vegetative growth with moderate conidiation—
was characteristic of agronomically used species like T. atroviride
and T. guizhouense, possibly compatible with adaptations to endo-
phytic development. Finally, T. harzianum, T. afroharzianum and T.
virens showed high reproductive plasticity, producing both dense
aerial mycelium and conidia across diverse substrates, exemplifying
ecological opportunism.

Variation was especially pronounced among close relatives, nota-
bly between T. velutinum strains and the formerly cryptic sympatric
species T. asperellum and T. asperelloides” (Extended Data Fig. 4), point-
ingto divergent speciation within these clades. Such sharp differences
inreproductive strategy among closely related and co-occurring taxa
aresuggestive of character displacement (vide infra) and idioadaptive
processes likely driving speciationin Trichoderma.

Trichoderma species vary in spore dispersal and

stress tolerance

We quantified pluviophilous (rain-mediated) and anemophilous
(wind-mediated) spore dispersal, along with survivability under tem-
perature extremes and desiccation (Fig. 3 and Supplementary Fig. 1).
About one-third of strains were anemophilous, another third pluviophil-
ous, and the remainder produced conidia not aligned with these mecha-
nisms, likely dispersed through other media, for example, zoochory.

Trichoderma spores were more vulnerable to desiccation
than to temperature extremes, with many strains failing to sur-
vive (Fig. 3). Air-dispersed conidia resisted extreme temperatures,
whereas water-dispersed ones were highly susceptible to desiccation
(Supplementary Fig.1). Cold-resistant spores also tolerated heat, but
desiccation tolerance was uncoupled from thermal resistance, indicat-
ing distinct adaptive mechanisms.

Sporesof T. afroharzianum, widely used in agriculture and recently
reported as amaize pathogen'®, showed strong stress resistance and ane-
mophilous dispersal. By contrast, T. asperellum, despite prolific conidi-
ation (videsupra), dispersed poorly by air or water, suggesting reliance
on alternative strategies. These contrasting profiles illustrate adaptive
radiation withinthe genus andits occupation of diverse ecological niches.

Fitness mapping reveals phenotypic divergence

in Trichoderma

We quantified fitness-related parameters across the Trichoderma
life cycle, including growth rates on various carbon sources, repro-
ductive potential, spore dispersal and stress resilience. These data
were integrated into arelative fitness map, showing growth on univer-
sally optimal N-acetyl-D-glucosamine and differentiating substrates such
as N-acetyl-D-mannosamine, saccharides and glycogen (Fig. 3). Metrics,
combined with averaged REPAINT profiles and spore properties, were
normalized to T. atroviride—closely related to the type species Tricho-
derma viride’—and plotted against the phylogenomic tree as in Fig. 1.
Whereas Fig. 3 highlights variability in fitness traits, Extended Data Fig. 5
shows that genome inventories (proteins, transcription factors, trans-
porters, enzymes, biosynthetic clusters) remain relatively compact.
This asymmetry suggests that phenotypic differences among strains
aregreater thanvariationingenome content (Supplementary Table 3).

The relative fitness map revealed substantial ecophysiological
diversity, with greater differences among closely related species than
between clades and similarities between unrelated strains, consistent
with processes such as character displacement? speciation and conver-
gentadaptation within the genus (Fig. 3). Sympatric strain groups (for
example, Tri5505-Tri5757, Trisp—Trien in Harzianum; Tristr and Triev
in Viride) showed marked disparities in fitness despite co-isolation.
Strains of T. amazonicum (Triam, Tripleu), which diverged ~0.4 Ma
(Fig.1), also contrasted strongly, with Triam outperforming Tripleuin
this set-up. At deeper scales, contrasts appeared between Trivel and
Triveli (T. velutinum) and between T. asperellum and T. asperelloides
(-4-6 Ma divergence), the latter known to co-occur in nature”. Simi-
larly, T guizhouense (Trigui) and T. harzianum (Triha) strains, although
not sympatric in this dataset, are reported to co-occur?® at the spe-
cieslevel. These examples highlight multiple instances where closely
related taxa diverge in trait profiles, reflecting evolutionary dynamic
consistent with possible character displacement.

Inthis approach, T. atroviride—widely marketed for mycoparasit-
ism, plantimmuneinduction and stress resilience*—was outperformed
by T. afroharzianumand T. guizhouense, both showing greater conidial
survivability (Fig. 3). Conversely, T. asperellum, despite prolific conidi-
ation, showed poor dispersal and strong temperature sensitivity, con-
sistent with adaptation to stable habitats. Such variability in fitness
traits (Fig. 3) contrasted with the compact distribution of genome
features (Extended Data Fig. 5), underscoring that no single strain
dominates across metrics; each performs best in conditions matching
its ecological niche.
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Fig. 2| Developmental strategies of Trichoderma analysed using the REPAINT
assay. a, Sample diagrams show the relationship between linear growth rate
(bubble size, measured as optical density (OD,s,) per 24 h; strain- and carbon-
specific values are listed in Supplementary Data1-3) on 95 carbon sources

and water, and the corresponding development of aerial hyphae after 96 h
(xaxis) and conidiation after 120 h (y axis), expressed as percentage of well
surface coverage. b, Principal component analysis of developmental profiles

of 37 Trichoderma strains based on the complete REPAINT and BIOLOG dataset
(Supplementary Data1). Axes indicate PC1 (41.5% variance) and PC2 (32.5%

variance). Bubble size represents the mean growth rate across all carbon
sources, used here as a synthetic summary measure. ¢, Schematic diagram of
the Trichodermalife cycle, illustrating asexual reproduction and the formation
ofaerial mycelium putatively associated with sexual development. Colours
correspond to four putative reproductive strategies, consistent across panels:
green, asexual/clonal r-strategy (abundant conidia, minimal aerial hyphae);
yellow, putative sexual K-strategy (dense aerial mats, few conidia); blue, putative
endophytic strategy (rapid vegetative growth, moderate conidiation); purple,
holomorphic/opportunistic strategy (plastic responses across substrates).

Distinctive ecophysiological traits and biosecurity relevance
of Trichoderma

To further probe ecophysiology of Trichoderma, we assessed multi-
ple qualitative traits, finding universally strong proteolysis, robust
mycoparasitism and negligible antibacterial activity (Supplemen-
tary Data 4). Despite frequent rhizosphere applications’, all species

grew poorly in bulk soil (three soil types, sterile and non-sterile),
with only T. virens and T. asperellum developing in soil if sterilized.
Nevertheless, all strains promoted plant growth (Supplementary
Fig.2), indicating rhizosphere competence independent of bulk-soil
growth. In general, Trichoderma also showed a clear preference for
protein-rich substrates (fungal biomass, soybeans) over nitrogen-poor
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(‘Product’) represents the multiplicative composite of the three fitness-related
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aproduct value of 0. Values are displayed on alogarithmic scale, highlighting the
drastic differences in performance across strains. Strains are ordered according
to the phylogeny inFig. 1.

cellulosic materials (for example, rice straw, magnolia leaves) (Sup-
plementary Data 4).

Light generally enhanced spore production, although without
genus-wide circadianrhythms; somesstrainsalso conidiated in darkness
(Supplementary Data 4). Conidial rings and conidiation-associated
guttation occurred across clades but often contrasted sharply between
close relatives (for example, two T. velutinum strains), suggestive of
character displacement. Most strains thrived under oligotrophic con-
ditions and showed sensitivity to mechanical injury, which variably
influenced conidiation.

Enzyme activities such asamylase, cellulase and lipase were com-
mon but highly variable among strains, with no correlation to each
other or to phylogeny (Supplementary Data 4). By contrast, cutinase
activity on polycaprolactone (PCL) was characteristic of the Harzianum
clade, whereas Viride strains excelled in siderophore-mediated iron
sequestration (Supplementary Data4).

Species varied in their ability to form buoyant colonies and pro-
duce conidiawhile floating, underscoring the importance of this trait
in Trichoderma biology (Supplementary Data 4). Overall, the genus
shows distinctive traits with frequent divergence among relatives
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applications. a, Conceptual flowchart for biosecurity evaluation. Candidate
isolates agronomically relevant for crop-beneficial applications undergo
taxonomic identification’, fitness profiling and a species-level biosecurity
assessment against authoritative sources (EPPO, Centre for Agriculture and
Bioscience International (CABI), National Plant Protection Organization

(NPPO)) alerts, leading to classification into categories of biosecurity concern
to prioritize strains for further evaluation. b, Field example of Trichoderma-
associated premature sprouting of maize ears, Shandong, China (October 2025).
¢, Species-level evidence. Blue flag symbols denote literature reports for clinical
occurrence® and for plant pathogenicity in T. lixii", T. afroharzianum™, T. virens'
and T. longibrachiatum®. Species in bold are those with documented plant and
human pathogenicity. Pathogenicity in mushrooms is not mapped here, because
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although the number of reported species is relatively limited’, mycoparasitism
isaninnate trait of the genus®®, making it reasonable to assume that all strains
carry potential risk for mushroom growers. Similarly, the production of
mycotoxins—such as gliotoxinin T. virens™, phytotoxins including harzianic acid
in the Harzianum species complex™, sorbicillins in section Longibrachiatum®
and trichothecenesin T. brevicompactum®—is not indicated here, as a
comprehensive genus-wide survey of secondary metabolites has not yet been
performed. d, Examples of biosecurity-relevant phenotypes assessed in this
study. Yellow flags summarize traits relevant to environmental persistence and
spread: dispersal (air), stress tolerance and high fitness (fast growth, abundant
conidiation, versatile nutrition). These properties and species-level reports serve
as screening cues, not hazard designations; their presence highlights strains that
warrant additional, context-specific risk evaluation before deployment.

including those of sympatric origin (for example, suggestive of char-
acter displacement) and convergence among unrelated taxa, while few
adaptations align consistently with phylogeny.

Because agronomic use entails intentional mass release*, the
observed phenotypic diversity has direct bearing on biosecurity. We
therefore contextualize some of these readoutsinafirst-tier biosecurity
framework for agronomically relevant strains thatintegrates taxonomy,
fitness profiling and pathogenicity recordsin humans and plants (Fig.4).

Regulatory genes and SSPs underpin ecological adaptation

in Trichoderma

We demonstrated that Trichoderma spp. maintain genomic cohesion
while undergoing adaptive radiation and developing considerable
ecophysiological variability that often leads to phenotypic convergence
among genetically distinct taxa, including several speciesimportantin
agriculture. Using Support Vector Machine (SVM) analysis with Python
scikit-learnv0.17, we evaluated each strain genome against more than
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140 phenotypic parameters, among which 72 showed statistical signifi-
cance. These parameters were catalogued inabinary matrix, highlight-
ingthe presence, absence or uncertainty (in cases of heterogeneous or
intermediate responses across strains) of each trait (Supplementary
Datal). Our approachidentified phenotype-associated orthogroups
(PAOGs) that were statistically significantly correlated with distinct
phenotypic traits, facilitating predictions in cases with ambiguous
phenotypic profiles. Unlike phenologues, which are cross-species
phenotype-phenotype relationships inferred from shared ortholo-
gous gene sets”, the PAOG framework identifies genotype—phenotype
associations within a clade of closely related species.

Statistical analysis revealed substantial gene segregation across
quantitative 45 growth profiles on specific carbon sources and 27 quali-
tative or summative phenotypes. Among others, these included traits
suchas mycoparasitic vigour and mechanical injury responses ranging
from stimulation to non-response (Fig. 5and Supplementary Table 4).
For example, phenotypes such as the degradation of PCL correlated
with the enhanced presence of certain oxidoreductase enzymes
(PF00106), aldolases (PF03328), protective proteins (PF04479,
PF07976, PF01494) and SSPs of unknown function, which collec-
tively may enhance polymer breakdown and mitigate potential toxic
effects. Conversely, subtilases (PFO0082), NWD (NACHT-WD repeat)
NACHT-NTPase-related domains (nucleotide-binding oligomeriza-
tion domain proteins) (PF17100) and several intracellular proteins
potentially weaken the response to mechanical injury by reducing
cellular damage.

The comprehensive analysis of PAOGs across 72 phenotypesiden-
tified 775 occurrences of 600 unique HOGs, with the majority tran-
scribed and attributed to shell genomes (the portion of agenome thatis
neither unique toaparticular strain (strain-specific) nor commontoall
specieswithinagenus (core genome)) (Supplementary Table 4 and Sup-
plementary Datal). Amongthese, 145 occurrences (20%) are intracellu-
lar proteins of unknown function (Fig. 6a). The second most numerous
group comprised SSPs, emphasizing theirroleinfitness-related adapta-
tions. Enzymes and transporter proteins showed more association with
nutrition-related phenotypes, while genesinvolved in stress mitigation
were detected in association with all kinds of phenotypes.

The most profound group of PAOGs with known functional-
ity encoded such regulatory proteins as DNA-binding transcrip-
tion factors and ‘fungal-specific transcription factors’ (PF11951,
PF04082) that do not bind DNA but are involved in transcriptional
regulation in fungi*. Transcription factors, especially zinc clusters
(PF00172), dominated the regulatory PAOGs, with a significantly
higher prevalence compared to the whole genome, suggesting a
focused functional role in regulatory processes. However, homeo-
domain and CCCH-type Zn-finger (ZnF) families, although common
ingenomes, were absent from PAOGs, indicating selective regulatory
deployment (Fig. 6b). This trend points to a bias towards Zn clusters
over other major families such as C2H2 ZnF, which are underrepre-
sented in PAOGs. Further phylogenetic analysis revealed clade-specific
usage of transcription factors, underscoring the complex regula-
tory landscape that facilitates adaptation of Trichoderma to diverse
environmental conditions (Extended Data Fig. 6). Genes encod-
ing ankyrin repeats (PF12796 and PFO0023) were also frequently
detected among PAOGs being mainly associated with nutrition
(Supplementary Table 4).

The gene distribution analysis across Trichoderma infrageneric
clades, normalized to T. atroviride, revealed a marked reduction of
PAOGsinthe Longibrachiatum clade (Fig. 6¢c), suggestingeither atrue
biological absence—also evident for secondary metabolite clusters—or
that the phenotypes assayed in this study did not adequately capture
the functional specializations of this clade.

Discussion

The aim of our study was to apply a genus-wide phenogenomic
approach, integrating comparative genomics with ecophysiological
profiling, to clarify Trichoderma ecology and evolution and to support
risk assessment in agronomy. Combined with previous insights"*’
andinsitu observations, our data portray Trichoderma as a conserva-
tively evolved, sylvan genus with predominantly arboreal habitats,
adapted for mycoparasitism within phyllosphere-, xylosphere- and
root-associated microbial biofilms in humid environments. Its
paradoxical universal association with woody plants, despite the
inability to degrade lignin’?, likely represents a plesiomorphic trait
retained from the Late Cretaceous period, when early angiosperms
had less lignin than modern trees'". This inference is supported by
nutritional profiles consistent across the genus and by ecophysio-
logical traits such as green pigmentation of spores and strong, often
non-circadian, response to light and reaction to rainimpact, consistent
with canopy adaptation®*?.

Furthermore, our findings indicate that Trichodermaspores canbe
dispersed not only by air but also by water droplets and potentially via
other media (for example, zoochory), well suited to arboreal habitats.
This is consistent with observations that some Trichoderma species,
suchas T.virensor T. harzianum, produce spores embedded in a gelati-
nous matrix?® and are therefore not primarily airborne. A distinctive
genomic hallmark of Trichoderma is the expansion of surface-active
cysteine-rich SSPs such as hydrophobins and cerato-platanins®’, which
reduce water surface tension and modulate surface properties of
fungal bodies and their substrates?. These traits likely also support
adaptation to rainforest canopies. We further detected considerable
enrichment of Trichoderma genomes in genes encoding expansins, the
accessory proteins for the degradation of plant biomass, most active at
moderately low pHand high activity of water™. Consistently, our assays
showed that desiccation, rather than extreme temperatures, poses a
greater threat to Trichodermaspores, supporting the hypothesis of the
adaptationto high-humidity environments. Finally, many species show
the ability to form buoyant colonies, potentially adapting to the water
layers enveloping the tropical phyllo- or xylosphere. This trait, as shown
byref.20, wasunder selective pressurein one of two sister Trichoderma
species, and we demonstrate its relevance across the genus.

Our analysis confirms that Trichoderma spp. are universally
mycoparasitic®, with strong proteolytic and lipolytic activities likely
inherited from entomopathogenic ancestors. This plesiomorphic
association with arthropods and fungiis also reflected in their germi-
nation and nutritional profiles. By contrast, the cellulolytic machinery
of Trichoderma represents a more recent acquisition via lateral gene
transfer from plant-pathogenic ascomycetes®, likely explaining its
antagonism of cellulose-walled oomycetes”. As these DNA exchanges
occurred gradually over -30 Ma during the Late Cretaceous®, Tricho-
dermaexpanded rather than shifted its nutritional capacities, resulting
inecological generalism.

Fig. 5| Phenotype-genotype association in Trichoderma. a, SVM analysis:
results for 37 Trichoderma strains using SVM to correlate binary phenotypic traits
with genomic data. Selected traits include growth rate on D-xylose, response to
mechanicalinjury (seeb), ability to degrade PCL and putative clonality (inversely
related to putative sexuality). Each phenotype is paired with the distribution of
statistically significant associated HOGs, observed and predicted phenotypes
and probability segregation plots—probability of phenotype absence (0) on the
xaxis and presence (1) on the y axis. Strains are horizontally ordered as in Fig. 1.

SSPs without known functions are denoted. The comprehensive phenotypic
profileis provided in Supplementary Data 1-4. b, Diversity of mechanical

injury responses in Trichodermaillustrates varied responses to mechanical
injuryinduced by a cold, sterile scalpel 72 h before observation, with arrows
highlighting resulting scars: yellow arrow, the stimulation of conidiation; black
arrow, inhibition; white arrow, no response. The complete phenotypic profile of
these responsesis available in Supplementary Data 4.

Nature Microbiology


http://www.nature.com/naturemicrobiology

Resource https://doi.org/10.1038/s41564-026-02260-3

a Annotation of Occurrence Phenotype
PAOGs in genomes association
Unknown PAOG 1
p-Xylose SSP = Trien
Cytochrome P450 PFO0067 5
Protein kinase PFO0069 N
Subtilase family PFO0082 =
e PFO0550 PFO7993 3
CorA-like Mg™' transporter PFO1544 @
FSTF PFO4082 : Fungal Zn(2)-Cys(6) TF PFO0172 | | -8
DUF1752 PFO8550 & X
DUF3328 PF11807 ] [ ] T”b"?V
NWD NACHT-NTPase PF17100 O O Trist
+ +H++—++7+ 7+ ++ 2 -+ +— 0
000000000000000 }
Response to = \
mechanical ‘; )
injury Unknown PAOGs E @ Trior
2
Subtilase PFO0082 2
Berberine PFO8031, FAD binding PFO1565 &
Snoal.-like PF12680
NWD NACHT-NTPase PF17100, NACHT PF05729, WD40 PFO0400
] 1
Degradation Unknown PAOGs 1
of polycaprolactone ggg 5 o
Ssp z ®
SSp £
Short chain dehydrogenase PFO0106 % Triag
Fungal Zn(2)-Cys(6) TF PFO0172 Q °° Trialn
HpcH/Hpal aldolase/citrate lyase PFO3328 <}
RTAT1 like protein PFO4479 a Trichpleur \
Phenol hydroxylase PFO7976, FAD binding domain PFO1494
7+ 0 1
[ 1]
Methyltransferase domain PF13649 [ 1
Ankyrin PF12796 1 =
p . Ureidoglycolate lyase PFO4115 o
utative FSTF PFO4082 1 >
clonality Fructosamine kinase PFO3881 =
FAD binding domain PFO0890 Ml Q
Protein kinase domain PFO0069 3
<]
Unknown PAOGs a
L
7+ %
(Y ) (0] 1
Copy number [o][1] 58 Probability of O
<
Phenotype Prediction E =
+ - 2 LX) orach
Yes No Unclear Yes No Longibrachiatum
Clade IININNNNNNNNNNNEE B =IO
Harzianum Viride
b Diversity of Trichoderma responses to mechanical injury
Triat T22 Trivi Trimi

T. atroviride T. afroharzianum T. virens T. minutisporumi

Trihel Trist
T. helicim T. strictipile

'y

Trice

Conidiation stimulation or inhibition No response

Nature Microbiology


http://www.nature.com/naturemicrobiology

Resource https://doi.org/10.1038/s41564-026-02260-3
a Proteins of PAOGs Signalling c Normalized gene counts
unknown and structural (relative to T. atroviride)
function Enzymes proteins
Tri5505
Aldo/ ) Trigui —
GH PKS P450 Keto Ankyrin Tri5757 g
17) (16) 5) Red repeats = Thi 5 i
(26) 3 nse B & 2 3
(14) 5 . -2 S @
@ Trien N 9] ©
o] . N < e} S
Alpha/ 3 Trive N1~ g8 T
FAD pha AAA s I S
SDH binding || Beta GES @ 122 g = E o
Intracellular (16) (16) Hyd Pept Tran Triinh ' < S
(145) 13) (1) NACHT [ (9) Tri5640 [ o 3 §
) Triag & g >
TE ko4 )
Trialn @
Triam
Tripleu
Tripleur
Trivel
Triveli
Trice
Trivi
Trispi
Small secreted Trist [ |
proteins Trihel
75) Trior g
Trire %
Trieff §
Trifla 2
DUF (14 5]
el Trisin §
Trinov
b TFs and FSTFs in PAOGs Tri5649
compared to the genome Tritai
I Zn(2)-C6 Zn cl Trikon ]
B Zn(2)-C6 Zn cl + FSTF Triat §
[ Zn(2)-C6 Zn cl + ZF, C2H2 + FSTF Tristr
[J Zn(2)-C6 Zn cl + ZF, C2H2 Triev
I zF, C2H2+FSTF M ZF, C2H2 Trias
[] ZF, CCCH-type Triaspe
Il Homeodomain Trimi
PAOGs (%) Genome (%) O FsTF W bzIP Tribrev

Fig. 6 | Trichoderma phenotype-associated genes detected in this study.

a, Annotation of 600 unique PAOGs associated with 72 phenotypes where
statistically significant segregation was observed. Numbers indicate occurrences
(total 775) within the dataset (Supplementary Table 4 and Supplementary Data

1). b, Composition of transcription factor families among PAOGs compared

with their distribution in the full Trichoderma genomes. Asterisks (*) indicate
transcription factor families detected among PAOGs but not recovered from the
remainder of the genome in this comparative analysis (that is, present only in the
PAOG subset). ¢, Comparative counts of PAOGs, secondary metabolite clusters,
glycoside hydrolases, transcription factors and total proteins across Trichoderma
clades, normalized to the 369 HOGs in T. atroviride. The Longibrachiatum clade
shows amarked reduction in PAOGs and secondary metabolite clusters, while

glycoside hydrolases (are only slightly reduced in proportion to the smaller
total protein count. GH, glycoside hydrolase; PKS, polyketide synthase; TF,
transcription factor; P450, cytochrome P450 monooxygenases; MFS, major
facilitator superfamily transporters; SDH, short-chain dehydrogenase/
reductase; FAD, flavin adenine dinucleotide (FAD-binding proteins/domains);
Hyd, hydrolases (a/B-hydrolase fold proteins); Pept, peptidases/proteases;
AAA, ATPases associated with diverse cellular activities; NACHT, NACHT NTPase
domain (nucleotide-binding oligomerization domain); ABC Tran, ATP-binding
cassette transporters; MCP, mitochondrial carrier proteins; DUF, domain of
unknown function; FSTF, fungal-specific transcription factor domain; ZF, zinc
finger; bZIP, basic leucine zipper transcription factors.

The branching of the Trichoderma phylogenetic tree loosely
coincides with periods of climatic cooling in the Eocene” and subse-
quentrainforest declines, suggesting that speciation events may have
triggered occasional terrestrialization (transition from arboreal to
soil-associated niches) in unrelated species, leading to niche partition-
ingand character displacement among sympatric taxaand convergent
evolution among allospecies. Our phenogenomic analyses provide a
mechanistic view of this process, showing that even closely related
species differ markedly in ecophysiology, consistent with character
displacement. Although rigorous sympatry and phenetic mapping
will be required to formally demonstrate this phenomenon in Tricho-
derma, our findings indicate that species boundaries are often defined
by ecolophysiological rather than morphological traits. Integrating
gene function with ecophysiological profiling will therefore be critical
for distinguishing species and may ultimately render the concept of

‘cryptic speciation™ in fungi obsolete.

Although nutritional profiles suggest capacity for soil feeding,
growth of Trichoderma in bulk soil was limited, likely by microbiome
interactions. Only opportunists like T. asperellum and T. virens grew
in sterilized soils; none thrived in non-sterile soil. Thus, few Tricho-
derma species are genuinely edaphic, although several persist in dis-
turbed soils, litter and rhizosphere. This is consistent with generally
low antibacterial activity, despite some strains producing gliotoxin
(for example, T. virens™), peptaibols or other mycotoxins®. Second-
ary metabolism, although relevant for biosafety, remains poorly
understood; most compounds are taxonomically restricted (for
example, gliotoxin in T. virens, sorbicillins in T. reesei®) and preclude
genus-wide comparisons.

Regulatory genes comprised the most abundantannotated PAOGs,
with Zn cluster transcription factors significantly enriched in HOGs,
suggesting a central role in phenotypic differentiation. By contrast,
homeodomainand C2H2 ZnF transcription factors, although common

Nature Microbiology


http://www.nature.com/naturemicrobiology

Resource

https://doi.org/10.1038/s41564-026-02260-3

ingenomes of Trichoderma and other Ascomycota*, were absent from
PAOGs, indicating selective specialization. Fungal-specific transcrip-
tion factor domains, although not DNA-binding, often co-occurred
with Zn clusters and were particularly enriched in Harzianum HOGs,
indicatingrolesinregulation. Rare dual-domain transcription factors
(Zn(2)-C6 Zn cluster + C2H2) also appeared in PAOGs, implying roles
insugar metabolism.

The prevalence of uncharacterized genes in PAOGs (Conserved
Gene Families of Unknown Function, 2024 (https://mycocosm.jgi.
doe.gov/conserved-clusters/run/run-2024;daFFLV); DOE JGI Myco-
Cosm), many encoding SSPs, highlights a key limitation of fungal post-
genomic research. These genes are likely critical for fitness and warrant
further investigation.

Our findings have directimplications for biosafety assessments
of Trichoderma-based products, particularly because agronomic
deployment relies onintentional mass release®*. In our dataset, agro-
nomic species generally showed greater vigour than arboreal taxa,
with T. afroharzianum producing the most resilient and environ-
mentally persistent spores. The inclusion of T. afroharzianum on
the EPPO Alert List for maize pathogenicity®> underscores emerging
phytosanitary concerns and the need for heightened attention to
the lineages of this species and the entire 7. harzianum complex.
T. longibrachiatum likewise raises concern because it is frequently
isolated from clinical cases®, occasionally linked to plant disease®,
and shows high opportunistic potential. More broadly, section
Longibrachiatum, whichincludes the most clinically relevant taxain
the genus®, warrants particularly cautious consideration when select-
ing strains for agronomic use. By contrast, the Viride clade appears
more promising, with relatively few reports of toxicity or clinical
relevance, although species such as T. asperellum and T. asperel-
loides, which combine prolific conidiation with bulk-soil growth, still
require careful strain-resolved evaluation. On a genus-wide scale,
the universal mycotrophy and mesophily of Trichoderma**® indi-
cate inherent risks for mushroom farms and immunocompromised
humans, while its affinity for the phyllosphere points to potential
facultative biotrophicinteractions with plants. Consequently, foliar
applications of Trichoderma demand careful scrutiny by agencies
such as European Food Safety Authority and United States Environ-
mental Protection Agency, with our trait-based evaluation serving
asafirst-tier screening framework to prioritize candidate strains for
detailed regulatory assessment.

In summary, this phenogenomic study resolves several previ-
ously unclear aspects of Trichoderma biology—from hydrophobin
expansions and stress responses to nutritional profiles—yielding a
holistic picture of the genus as predominantly arboreal fungiadapted
to tropical rainforest canopies. It highlights the need to view Tricho-
dermainits sylvan context rather than only through soil or agronomy.
While highly opportunistic species pose biosafety concerns, many
unexplored taxa may provide beneficial traits, and strains with limited
dispersal capacity or vulnerabilities to abiotic stress could represent
safer candidates for agronomic use. Integrating genomic insights with
ecophysiological datainto biosafety assessments will be key to ensur-
ing sustainable applications that safeguard ecosystem health, human
wellbeing and biodiversity.

Methods

Strains used in this study and molecular identification by

DNA barcoding

Strains were sourced from the Westerdijk Fungal Biodiversity Insti-
tute Culture Collection, Utrecht, The Netherlands; the TU Wien Col-
lection of Industrial Microorganisms (TU CIM), Vienna, Austria; and
Szeged Microbiological Collection, Department of Microbiology,
Faculty of Science and Informatics, University of Szeged, Hungary
(Supplementary Table 1). DNA Barcoding of the internal transcribed
spacer of the rRNA gene cluster, tefl and rpb2lociwere used for species

identification following a standardized protocol for Trichoderma’.
Genus confirmation required internal transcribed spacer similarity
of >76%, while species-level identification was based on rpb2 similar-
ity of 299% and tef1 similarity of >297% to reference sequences of the
respective typestrain. The final molecular species assignment required
monophyletic phylogenetic clustering with recognized Trichoderma
speciesbased on tefl and rpb2sequences. If theidentification remained
ambiguous due toinsufficient reference material, the designation ‘cf.
(con forma) was applied. Phylogenetic analysis was performed using
the maximum likelihood methodin IQ-TREE 2.4.0 (ref. 33), incorporat-
ing sequences of ex-type strains for all related species at each locus.
Molecularidentifications were further validated against morphological
and ecological data. If species identification was not possible, the strain
was considered a putative new species. The DNA barcoding sequences
for the Trichoderma strains analysed in this study have been submitted
tothe National Center for Biotechnology Information (NCBI) GenBank
database, withaccession numbers provided in Supplementary Tables1
and 2.

BIOLOG phenotype microarray assay

Fungal growth was monitored using BIOLOG FF Microplates (BIOLOG),
which contain 95 wells, each with a different carbon source and one
control well with water. Spore suspensions (107 spores per ml) were
prepared in sterile distilled water and adjusted to uniform turbidity
using a BIOLOG turbidity meter at ODs,, (optical density at 590 nm).
Eachwell wasinoculated with 90 pl of the suspension, and plates were
incubated in darkness at 25 °C. Growth was measured spectrophoto-
metrically at OD,, at 12, 18, 24, 36, 48, 60, 72, 96,120, 144 and 168 h
afterinoculation.

REPAINT assay

Spore production was quantified using the REPAINT method*, which
combines high-resolution imaging with artificial intelligence-based
image analysis. Images of the BIOLOG FF MicroPlates were captured at
72,96,120,144 and 168 hafter inoculation using a Canon EOS 70D cam-
eraequipped witha100 mm macro lens. Wells were segmented using
amachine learning algorithm (U-Net), which classified pixels based
on coverage by aerial hyphae or conidia. The percentage of conidial
coverage per well was calculated to quantify sporulation dynamics and
reproductive potential. It is maintained and distributed by KOLAIDO
GmbH and is available from the company’s website (https://kmlvision.
atlassian.net/wiki/spaces/KB/pages/3450011692/Fungi+REPAINT+A
pp+Versions).

Desiccation resistance

Spore desiccation tolerance was assessed by drying spore suspen-
sions (108 spores per ml) at 40 °C for 4 days. After treatment, 100 pl of
re-suspended spores was spread on 9 cm potato dextrose agar (PDA)
plates supplemented with 0.5% Triton-X100, and colony-forming units
(c.f.u.) were counted after 48 hof incubation at 25 °C. The results were
acceptedifsupported by at least two dilution series; otherwise, a third
replicate was performed.

Freeze tolerance

Spore freeze resistance was tested by freezing spore suspensions (10%
spores per ml) at -80 °C for 12 h, followed by lyophilization. Dried
spores were resuspended in sterile water and plated on PDA supple-
mented with 0.5% Triton-X100. The c.f.u. were counted after 48 h of
incubationat25°C.

UV radiationresistance

Spore UV tolerance was evaluated by spreading 100 pl of a suspen-
sion with 10? spores per ml on PDA plates supplemented with 0.5%
Triton-X100. Plates were exposed to UV radiation (95 pW cm™) for
7 min, and c.f.u. were counted after 36 h of incubation at 25 °C.
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Air dispersal

To assess aerial dispersal efficiency, fungal cultures were grown on PDA
for 21 days. Conidial plugs (1 x 1cm) were placed under constant airflow
(0.3 ms™) inside a 30-cm-long stainless steel pipe (diameter, 9 cm).
Spores were collected on a PDA plate at the opposite end of the pipe,
and c.f.u. were quantified after 30 h of incubation. The initial spore
density of each plate was normalized based on OD5,, measurements.

Water dispersal

Water dispersal was assessed following a modified protocol reported
earlier’®. A 200 pl droplet of water containing 0.05% Tween-80 was
released onto a1 x 2 cm conidiating culture plug inclined at 60°. The
runoff was collected, and spores were counted using a haemocytom-
eter. Spore abundance was normalized toinitial conidial density.

Fungal-plant interaction assays

Plant growth promotion test was performed for 10 selected Tricho-
derma spp. (Supplementary Fig. 2). Tomato seedlings (Solanum lyco-
persicum cv.HEZUO903) were grown in peat soil (200 g per pot) under
controlled greenhouse conditions (25 °C, light/darkness at 8 h:16 h).
Each seedling was inoculated with 1 ml of suspension with 10° spores
per ml from a Trichoderma strain in soil, with the control left unin-
oculated. This experiment was conducted with 12 replicates per each
group. Ten parameters regarding plant biomass and root develop-
ment, including Soil-Plant Analysis Development (characterizing the
chlorophyll content for leaves), shoot height, shoot fresh weight, shoot
dry weight, root fresh weight, root dry weight, root total length, root
average diameter, root volume and root tips, were recorded for each
seedling 3 weeks after the fungal inoculation.

Trichoderma community composition in soil

Trichoderma proliferation in soil was quantified using DNA meta-
barcoding. Three types of soil—forest soil (Entisols), saline soil (Oxi-
sols) and red soil (Alfisols)—were collected from different locations
(32°3726” N, 118°51"15”E; 33°13” 39” N, 120° 45’ 07" E; 27° 56’ 1” N,
115°10’ 19”7 E) with pH values of 4.59, 8.35 and 4.62, respectively. Soil
was either sterilized by gamma radiation or left non-sterile, and each
microcosm was inoculated with aspore suspension containing equally
represented spores of 26 Trichoderma strains (=species) at a final
concentration of 10” spores per ml. Inoculation was performed in
custom-designed deep-well plates (127.76 mm x 85.48 mm) with six
parallel trenches, each 20 mm deep, comparable in depth to stand-
ard deep-well plates. Each plate contained three soil-filled trenches,
separated by empty trenches. Inoculation was conducted at one end of
each soil-filled trench by pipetting 100 pl of spore suspension. Plates
were incubated for 10 days at 25 °C in darkness under controlled con-
ditions. Soil samples were collected at the end of the trench. Genomic
DNA of each soil sample was extracted using the DNeasy PowerSoil
ProKit (Qiagen). A fragment of the rpb2 gene (-380 bp) encoding RNA
polymerase subunit B Il was specifically designed for DNA barcod-
ing distinguishing Trichoderma spp. at the species level. The primer
pair ComRPB2-F: 5-TGCGNAGRRTGAAYACNGA-3’ and ComRPB2-R:
5-CCVACRCTGACYTARCACATN 3’. PCR reactions were performed in
20 pl volumes containing 4 pM of each primer, 50 ng DNA template,
and 10 plof 2x Phanta Max Master Mix (Vazyme Biotech). The thermal
cycling conditions were as follows: initial denaturation at 95 °C for
3 min, followed by 32 cycles of 95 °Cfor15s,58 °Cfor15sand 72 °C for
30 s, withafinal extensionat 72 °C for 5 min. Amplicons were purified
using AMPure XP beads (Beckman Coulter), quantified with a Qubit
3.0 Fluorometer (Thermo Fisher), pooled equimolarly and sequenced
on an lllumina MiSeq platform. Sequence data were processed using
QIIME2 (ref.34) and the taxonomic assignment against the local Tricho-
derma rpb2 database including sequences from >400 strains. Alpha-
and beta-diversity metrics were calculated, and differential abundance
analyses were performed using edgeR 4.2.2. Statistical significance was

determined using the Wilcoxon test for alpha-diversity and permuta-
tional multivariate analysis of variance for beta-diversity.

Growth on natural polymers

To assess growth on complex organic substrates, finely ground dried
fungal biomass (basidiomas of Pleurotus sp.), dried soybean, dried
rice straw and dried Magnolia grandifloraleaves were used as growth
media. Each Trichoderma strain (5 pl of a10’ spores per ml suspen-
sion) was inoculated into 24-well plates containing sterile 0.5 g of
each substrate with 50% water content. Plates were incubated at 25 °C
indarkness for 7 days.

Cellulase activity

Each Trichoderma strain was inoculated onto 9 cm carboxymethyl
cellulose plates (composition: 1.4 g (NH,),SO,, 2 g KH,PO,, 0.3 g
MgSO0,-7H,0, 0.15 g KCl, 0.3 g CaCl,-2H,0, 0.3 g urea, 1.2 g casein, 2 g
Tween 20, 5 mg FeSO,-7H,0, 1.7 mg MnSO,-H,0, 1.4 mg ZnSO,-7H,0,
2 mg CoCl,-2H,0,10 g carboxymethyl cellulose and 20 g agar per litre)
andincubated at 28 °Cin darkness for 48 h. Plates were subsequently
incubated at 50 °C for 12 h, followed by staining with 0.1% Congo red
solution for 10 min and destaining with 1M NaCl until a clear halo
developed, indicating cellulase activity.

Lipase activity

Strains were inoculated onto glyceryl tributyrate plates (2.5 g casein,
2.5 gpeptone, 3 gyeast extract, 10 gglyceryl tributyrate and 20 gagar
per litre, pH 7.5) and incubated at 28 °C in darkness for 7 days. Enzy-
matic activity was assessed based on halo size.

Cutinase (PCL-degrading) activity

Trichodermastrains were inoculated on9 cm plates with PCLamended
(composition: 2 g (NH,),S0,, 4 g KH,PO,, 6 g Na,HPO,, 200 mg
MgSO0,-7H,0, 50 mg yeast extract, 1 ml Triton X-100, 20 g agar and
0.5 gof PCL powder dissolved inacetone prior, per litre) and incubated
indarkness at 25 °C for 7 days. Enzymatic activity was assessed based
onhalosize.

Protease activity

Eachstrain wasinoculated onto casein plates (6 g casein,3 g Tris, 8.7 g
NaCland 10 gagarose per litre, pH 7.5) and incubated at 28 °C in dark-
ness for 7 days. Enzymatic activity was assessed based on halo size.

Amylase activity

For the qualitative measurement of amylase activity, each Tricho-
dermastrainwasinoculated on a9 cmstarch agar plate (composition:
5 g peptone, 3 g yeast extract, 10 g soluble starch, 5g NaCland 20 g
agar per litre) and incubated at 28 °C in darkness for 48 h. Plates were
then covered with Gramiodine solution (1 giodine, 2 gKI, 3 gNaHCO,
per 300 ml) and incubated at room temperature until a colourless
halo appeared around the colony, indicating starch hydrolysis due to
amylase activity.

Siderophore production assay (CAS agar plate test)

Siderophore production was assessed using amodified chrome azurol
S (CAS) agar plate assay to detect and quantify iron-chelating com-
pounds secreted by Trichoderma strains. The CAS medium was pre-
pared by mixing 900 ml of acetate-yeast (AY) medium (containing
0.27 g Na-acetate, 0.15 g yeast extract, 15 g agar per litre) with 100 ml
ofaseparately autoclaved 10x CAS assay solution (comprising 20 ml of
10 mM Fe(NO;);, 40 mlof 10 mM CAS and 100 ml of 10 mM N-dodecyl-N
,N-dimethyl-3-ammonio-1-propanesulfonate).

To reduce toxicity at the growth surface, layered CAS plates
were prepared by pouring acetate-yeast + CAS medium into Petri
dishes, forming a dark blue bottom layer (20-25 ml). After cooling,
an agar-solidified acetate-yeast top layer was added, allowing CAS
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diffusion overnightat4 °C to create adiminishing blue gradient. Tricho-
derma strains were inoculated by transferring mycelium onto the assay
plates and incubating at 25 °C in darkness for 12 days. Siderophore
production was indicated by a colour change from blue to yellow or
green, resulting from Fe(lll) chelation®.

Fungal-bacterial interactions

Interactions between Trichoderma strains and bacteria were tested
using Escherichia coli DH5«, Ralstonia solanacearum RS1115, and
Bacillus velezensis SQR9 (ref. 36). A 100 pl bacterial suspension
(ODgq, = 1.0) was spread on 9 cm PDA plates, followed by inoculation
of two fresh Trichoderma culture plugs (6 mm diameter) at opposite
ends. Co-cultures were incubated in darkness at 25 °C for 72 h before
imaging. Antibacterial effects were assessed based oninhibition zones.

Mycoparasitism assay

Toevaluate Trichoderma antagonism toward other fungi, Fusarium odo-
ratissimum TUCIM 4848, Rhizoctonia solani TUCIM 3753 and Pestaloti-
opsisficiTUCIM 5788 (ref. 37) were used as target fungi. Pre-inoculated
PDA plates were incubated at 25 °C for 48 h, after which Trichoderma
was inoculated on the opposite side and the plates incubated for an
additional 10 days. Interactions were monitored for inhibition zones
orovergrowth.

Starvation assay

To assess oligotrophic tolerance, each strain was inoculated on 9 cm
water agar plates (20 g agar per litre) and incubated at 25 °Cin darkness
for 5 days. PDA-grown cultures served as controls. Oligotrophic growth
was estimated based on colony expansion.

Photosensitivity in buoyant culture

The ability of Trichoderma strains to form buoyant colonies and their
photoresponse were assessed using 24-well plates containing six
different media: potato dextrose broth, 1/3 Murashige and Skoog
medium + 1% glucose, corn meal broth, synthetic nutrient broth,
Czapek-Dox and glucose-salt medium. Strains were incubated under
two conditions: constant darkness and light/darkness at 8 h:16 h at
25°Cfor 5,10 and 15 days. Colony buoyancy was evaluated based on
floating mycelial mat formation, while the photoresponse was deter-
mined by changesin colony morphology and pigmentation under light
exposure. Imaging was performed at each time point to document
phenotypic variations.

Photosensitivity in surface growth

To assesslight-dependent developmental changes, strains were grown
on PDA plates at 25 °C under two conditions: (1) constant darkness and
(2) light/darkness at 8 h:16 h cycle. Morphological traits were recorded
after 5 days.

Mechanical injury response

Colonieswere grown on 6 cmPDA platesat 25 °Cin darknessfor48 h.A
sterile scalpel blade was used tointroduce standardized injuriesin the
shape of a number sign (#), followed by incubation under light/dark-
nessat8 h:16 hcyclefor 48 h. Control plates were maintained uninjured.

Soil growth assay

The ability of Trichoderma strains to grow in soil and migrate through
the substrate was assessed using two experimental set-ups: soil column
assays and deep-well plate assays.

Soil column assay

Three soil types—forest soil (Entisols), saline soil (Oxisols) and red
soil (Alfisols)—were collected from different locations (32° 3’ 26” N,
118°51"15”E; 33°13 39” N, 120° 45’ 07” E; 27° 56’ 1” N, 115° 10’ 19” E) with
pH values 0f4.59,8.35and 4.62, respectively. Strains were first grown on

PDA plates at 25 °Cindarkness for afew days before introductioninto
soil. Fungal growth in soil was monitored for 14 days, and the ability of
strains to penetrate a 10 cm soil column was recorded.

Deep-well plate soil assay

To qualitatively evaluate fungal growth and soil colonization under
controlled conditions, the assay was repeated using deep-well plates
filled with the same soil types. Trichoderma strains were inoculated
intothe wellsand incubated at 25 °C in darkness. Growth progression
was assessed by visualizing fungal expansion within the wells and
quantifying colonization efficiency over time. Plates were imaged
10 days afterinoculation.

Morphology and imaging
Fungal strains were cultivated on PDA plates at 25 °C in darkness for
7 days. Colony morphology was recorded using a Canon EOS 70D
cameraequipped witha Canon100 mm macro lens under white light.
Fungal surface structures were analysed using cryo-SEM with a
QuorumPP3010T preparation systemintegrated into a Hitachi SUS010
FE-SEM (Hitachi). Fungal cultures were rapidly frozenin nitrogen slush.
Samples were fractured at —140 °C and coated with a 5 nm platinum
layer before imaging. All plate-based assays wereimaged using a Canon
EOS 70D with a Canon 100 mm macro lens (EF 100 mm f/2.8L IS USM,
Canon) under white light.

Statistical and data analyses

All experiments, if not elsewhere specified, were conducted for at
least three biological replicates. Data were analysed using one-way
analysis of variance or multivariate analysis of variance in STATISTICA
6 (StatSoft) or in R (version 3.2.2). Heat maps, hierarchical clustering
(average linkage) and principal component analysis plots were gener-
ated in R. The significance level was set at P < 0.05, unless otherwise
stated. All tests were performed as two-sided; assumptions of normality
and homoscedasticity were assessed where appropriate, and multiple
comparisons were corrected using the Benjamini-Hochberg method.
Dataare presented as means with standard deviations unless otherwise
noted; variation and associated uncertainty areindicated in the figure
legends and supplementary tables.

Genome sequencing and assembly

Trichoderma genomes were sequenced on the lllumina platformusing
the Kapa Biosystems library preparation kit. DNA was sheared using
a Covaris LE220 focused ultrasonicator. Sequencing was performed
onanllluminaNovaSeqsequencer using NovaSeq XP vl.5 reagentkits
(S4 flowcell) with a 2 x 150 bp indexed run. All raw lllumina sequence
datawerefiltered for artefact and process contamination using the JGI
QC pipeline. Genome assemblies were generated from the resulting
non-organellereads using SPAdes v3.8.1(ref. 38). Similar methodology
using the UNITE rDNA database for molecular identification of fungi*
was used to reassemble ribosomal DNA from the filtered reads.

Transcriptome sequencing and assembly
Trichodermatranscriptomes were sequenced on the lllumina platform
using the TruSeq Stranded mRNA Library Prep kit. Sequencing was
performed on an lllumina NovaSeq sequencer using NovaSeq XP v1
reagentkits (S4 flowcell) with a2 x 150 bp indexed run. Raw reads were
filtered and trimmed using the JGI QC pipeline, including removal of
artefacts, spike-in sequences, PhiX contamination, low-quality bases
and short reads. Filtered reads were assembled into transcriptomes
using Trinity (v2.11.0)*.

Genome annotation

All genomes were annotated using the JGI Annotation Pipeline*,
which combines several gene predictions and annotation methods
with transcriptomics data and integrates the annotated genomes
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into MycoCosm (https://mycocosm.jgi.doe.gov), a web-based fun-
gal resource for comparative analysis*. Completeness of genome
annotation was assessed using BUSCO v4.0.6 (ref. 42) using the
hypocreales_odb10 database. Functional annotation was done using
INTERPROSCAN v5.35-74.0. CAZymes were annotated using the CAZy
annotation pipeline®.

Pezizomycotina phylogeny

Orthologous groups of 77 species were identified using OrthoFinder
v 5.2.4 (ref. 44). A total of 436 (alignment containing at least 60% of
parsimony informative sites) single-copy orthologues were aligned
independently using MAFFT v7.427 (option -maxiterate 1000)®. A
maximum likelihood phylogeny from the concatenated amino acid
alignments of the single-copy orthogroups was constructed with
10,000 fast bootstrap replicates, 10,000 Shimodaira-Hasegawa-like
approximate likelihood ratio test (SH-aLRT) and selection of the best
amino acid model for each gene partition using IQ-TREE v1.6.12 (ref.
33) (options -m MFP -bb 10000 -alrt 10000 -safe). The phylogenetic
tree was rooted to the midpoint and visualized using FigTree v1.4.4.

Estimation of divergence time

Each amino acid alignment of 436 single-copy orthologues was con-
verted into corresponding codon alignments using PAL2NAL (version
14)*¢ and concatenated into one super alignment. We estimated the
substitution rate using a‘GTR + G’ model of substitutions (model = 7)
and a strict clock model (clock =1). We calibrated the tree’s root to
394 Ma according to TimeTree*” using MCMCtree in PAML package
version4.9g (ref.48). The gradient and Hessian estimation (usedata = 3)
to calculate thelikelihood of the alignment used soft minimumbounds
(constrains) at the ancestral node of the order Hypocreales 158-232 Ma
(ref. 49), a common ancestral node between families Hypocreaceae,
Ophiocordycipitaceae and Clavicipitaceae 138-198 Ma (ref. 50), and the
origin of Aspergillus genus 73-87 Ma (ref. 51). To estimate divergence
times for each node, we used arelaxed molecular clock (clock = 2) and
theresultinggradientand Hessian results from the previous step for use
inMarkov chain Monte Carlo (MCMC) analysis. We sampled every 500
iterations until 10,000 samples were gathered and discarded the first
100,000 results, totalling five million iterations. The MCMC analysis
was run three times to check for convergence.

Genomic feature selection

We used the SVM method implemented in Python'’s scikit-learn library
(http://scikit-learn.org) to identify the most informative gene clusters
using OrthoFinder v 5.2.4 (ref. 44) for differentiating between different
phenotypes. Uninformative clusters (variance = 0 and singletons) were
removed fromthe dataset using pandas version1.1.4 on pythonversion3.7.
We used asubset of phenotypes experimentally tested to trainand identify
gene families that were differentially distributed between each phenotype.
The BIOLOG datawere normalized with T. atrovirideand converted tolog,
scale; then positive/negative values were converted to binary categories
to be used as input for predictions. Features were ranked based on their
predictive ability using C-Support Vector Classification within scikit-learn
(sklearn.svm.SVC) and RBF (radial basis function) kernel. Strength of
predictionwas validated using sklearn.cross_validation andjackknife, and
best features were selected using sklearn.feature_selection.SelectKBest.
Features with highjack-knife scores (>0.75) for each phenotype were used
inall combinations toimprove predictionaccuracy. Tocomplement this
analysis, we performed a Fisher’s exact test with Benjamini-Hochberg
multitest correction (a=0.05).

Gene co-evolution

To infer gene co-evolution across Trichoderma evolution, we first
obtained 5,739 single-copy orthologous gene clusters (48% of total
Trichoderma gene space) from 37 species. Next, we calculated the
covariation of relative evolutionary rates of all 16,465,191 pairs from

the 5,739 orthologous sets of genes according to the Covarying Evolu-
tionary Rates method®’, part of the PhyKIT package v1.11.14 (ref. 51). As
acomparator, we performed the same analysis using eight Metarhizium
speciesinaseparate OrthoFinder run, yielding acomparable number of
5,416 single-copy orthologues and 14,663,820 pairs. Orthologous gene
pairs with a covariation coefficient of 0.825 or greater were considered
asignificant signature of coevolution®.

Protein structure prediction and comparison

Protein structures were predicted using ColabFold v1.5.5 (ref. 52),
whichintegrates MMseqs2-based*® homology search with AlphaFold2
v2.3.2 (ref. 54). Predictions were run locally in monomer mode. For
each SVM-selected gene cluster (‘Genomic feature selection’), the
larger protein was used as a representative, and five structures were
generated; the top-ranked model based on predicted local distance
difference test score was retained. Structural similarity searches were
performed against the Protein Data Bank (PDB; https://www.rcsb.org/)
using Foldseek v8-ef4e960 (ref. 55) with default parameters. Predicted
local distance difference test scores and best-matching PDB entries are
provided in Supplementary Datal.

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

Data availability

Genome assemblies generated in this study are available through the
JGI MycoCosm portal (https://mycocosm.jgi.doe.gov/trichocosm/
trichocosm.info.html) under the project identifiers listed in
Supplementary Tables 1 and 2. Corresponding NCBI GenBank acces-
sion numbers are also provided in Supplementary Tables1and 2. Raw
phenotypic data from BIOLOG Phenotype MicroArrays and REPAINT
are available in Supplementary Data 1. Additional data supporting
the findings of this study are available via figshare*®. Source data are
provided with this paper.

Code availability

Custom scripts used for the coevolution analyses, SVM predictions and
PAOG associations are available at https://code.jgi.doe.gov/asstein-
dorff/jgi-trichoderma and via Zenodo at https://doi.org/10.5281/
zen0do.18062494 (ref. 57). Each analysis isaccompanied by a detailed
README file. The REPAINT algorithmis maintained and distributed by
KOLAIDO GmbH and is available from the company’s website (https://
kmlvision.atlassian.net/wiki/spaces/KB/pages/3450011692/Fungi+
REPAINT+App+Versions). All other analyses were performed using
publicly available software.
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Extended Data Fig. 5| Genomic composition of Trichodermastrains. Log
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