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Abstract

Pedunculate oak (Quercus robur L.) is a foundation tree species in European 

forests and reforestation programs, but nursery propagated seedlings can harbor 

cryptic trunk diseases pathogens. Cadophora luteo-olivacea, known from grapevine 

trunk diseases, has been detected in oak nurseries, yet its pathogenicity on oak and 

interactions with antagonistic fungi remain unclear.

We fulfilled Koch’s postulates for C. luteo-olivacea isolate CZ_395 on Q. robur 

seedlings under experimental inoculation conditions and quantified growth 

reduction of C. luteo-olivacea by Trichoderma atroviride isolate CZ_180 in dual 
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culture. Proteomic and metabolomic profiling of the contact zone was performed at 

two post contact sampling points, 4 and 8 dpi, to identify candidate molecular 

signatures associated with the interaction. Inoculated seedlings developed extensive 

stem lesions (mean 11.9 cm), whereas controls showed minimal wound response 

(mean 0.9 cm; p < 0.001). In dual culture, T. atroviride reduced the visible colony 

development and radial growth of C. luteo-olivacea under the tested in vitro 

conditions. Contact zone proteomics revealed 257 differentially abundant proteins 

at 8 days, including cell wall targeting hydrolases, secreted proteases, 

oxidoreductases (44 upregulated), and transporters. Metabolomics detected contact 

specific changes in amino acids, central carbon intermediates, and lipid-associated 

features, including reduced ergosterol. This study demonstrates that C. luteo-

olivacea can induce necrotic lesions in Q. robur under experimental inoculation 

conditions and identifies proteomic and metabolomic signatures associated with the 

interaction between T. atroviride and C. luteo-olivacea, providing a basis for nursery 

risk assessment and future evaluation of biocontrol potential.

Key words:

Oak; Cadophora luteo-olivacea; Trichoderma atroviride; Koch’s postulates; 

mycoparasitism; proteomics

Introduction

Pedunculate oak (Quercus robur L.) is a keystone of European temperate 

forests, contributing to biodiversity maintenance, carbon storage, and timber 

production 1–4. Climate change, recurrent droughts, and pest outbreaks have 

intensified reforestation efforts that favor broadleaf species such as Q. robur 5–10. 

Millions of oak seedlings are produced annually in Central European nurseries 5,6, 
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turning nurseries into critical phytosanitary checkpoints where asymptomatic 

seedlings can disseminate latent fungal pathogens 11,12. Trunk disease pathogens 

(TDPs) cause severe losses in forestry and agriculture 13–15, with families such as 

Botryosphaeriaceae, Nectriaceae and Diaporthaceae impacting a broad range of 

woody hosts, including oaks 16,17. Yet pathogen presence alone does not equate to 

disease; outcomes also depend on the surrounding microbiome and soil context 18–

22.

Among lesser studied fungi linked to wood decay, Cadophora luteo-olivacea 

(J.F.H. Beyma) T.C. Harr. & McNew, 2003 (Leotiomycetes, Helotiales, 

Ploettnerulaceae) is repeatedly detected in grapevine nurseries and vineyards and 

has also been reported from fruit crops such as kiwifruit and apple, where selected 

strains have shown pathogenic potential23–29. Its regular detection in asymptomatic 

grapevine nursery material and vineyard soils underscores a risk of cryptic 

dissemination 25,29. However, to our knowledge, Koch’s postulates have not yet been 

fulfilled for C. luteo-olivacea on Q. robur, and molecular level information on its 

interactions with antagonistic fungi remains limited.

Trichoderma spp. are well established biocontrol fungi and plant beneficial 

endophytes that suppress pathogens through a combination of mycoparasitism, 

antibiosis, resource competition, and modulation of host defenses 30–32. Across 

diverse confrontation systems, secretome/proteome studies repeatedly implicate 

cell wall degrading enzymes (e.g., chitinases and β-glucanases), proteases, 

redox/detox enzymes, transporters, and small secreted proteins as key components 

of the antagonistic repertoire 33–36. However, how these responses unfold in space 

and time particularly at the physical interaction front with trunk disease associated 

fungi remains insufficiently resolved. Metabolomics can complement 
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proteome/secretome profiling by revealing small molecule signals and antifungal 

compounds that underpin antagonism and plant priming 32,37–39.

Here, we examined two linked components of a nursery associated 

pathosystem: the interaction between Q. robur and the trunk disease associated 

fungus C. luteo-olivacea in an experimental inoculation assay, and the in vitro 

interaction between C. luteo-olivacea and a natural isolate of T. atroviride (CZ_180) 

with putative antagonistic potential. High-throughput amplicon sequencing of field 

collected samples 40 detects Trichoderma and Cadophora in oak nursery stock, but 

whether their co-occurrence reflects antagonism, neutral coexistence, or context-

dependent associations remains unresolved. Here, we addressed two linked 

experimental questions: (i) whether C. luteo-olivacea isolate CZ_395 can induce 

necrotic lesions in Q. robur seedlings under experimental inoculation conditions and 

be re-isolated from symptomatic tissue, and (ii) how T. atroviride CZ_180 affects the 

in vitro colony growth of C. luteo-olivacea CZ_395 in dual culture. In addition, 

proteomic and metabolomic profiling of the Trichoderma contact zone at two post 

contact time points, 4 and 8 dpi, was used to identify candidate proteins, 

metabolites, and pathways associated with the antagonistic interaction. Together, 

these complementary assays connect nursery detection patterns with experimental 

pathogenicity testing and molecular signatures associated with the antagonistic 

interaction, providing a basis for future evaluation of biocontrol potential in a 

foundation forest species 1,30,39.
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Results

Pathogenicity of Cadophora luteo-olivacea on Q. robur

Inoculated Q. robur seedlings developed substantially longer stem lesions 

than controls (Fig. 1; Supplementary Tables S2-S5). Mean lesion length reached 

11.88 ± 6.27 cm in C. luteo-olivacea inoculated seedlings, compared with 0.72 ± 

0.58 cm in controls. A linear model using lesion length as the dependent variable, 

inoculation treatment as the main explanatory variable, and plant length as a 

covariate confirmed a significant effect of inoculation treatment. Inoculated 

seedlings had lesions estimated to be 11.47 cm longer than controls (p = 3.79 × 

10⁻⁶), whereas plant length itself was not a significant predictor of lesion length (p 

= 0.222).

Minor wound associated discoloration was observed in some controls, but it 

remained limited in extent and C. luteo-olivacea was not recovered from any control 

plant. In contrast, C. luteo-olivacea was consistently re-isolated from symptomatic 

inoculated seedlings (21/21), and multilocus sequencing (ITS, TEF1-α, RPB2) 

confirmed that the re-isolated strains corresponded to C. luteo-olivacea isolate 

CZ_395 (NCBI Acc.: PX843264–PX843267, PX898111–PX898114, PX898115–

PX898119). Together, lesion development after inoculation, absence of the target 

fungus from controls, and successful re-isolation from inoculated seedlings support 

fulfilment of Koch’s postulates under the tested experimental inoculation conditions.
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Dual culture interaction assay

In vitro dual culture assays showed that T. atroviride CZ_180 (NCBI Acc.: 

PX842629, PX927109) reduced the visible colony area of C. luteo-olivacea CZ_395 

(NCBI Acc.: PX842612, PX898121, PX898120). In monoculture, C. luteo-olivacea 

expanded slowly, reaching approximately 35-40% plate coverage at the final 

sampling points, whereas the visible colony area attributable to C. luteo-olivacea 

remained below 20% in dual culture with T. atroviride (Fig. 2a-b; Supplementary 

Table S6). T. atroviride rapidly colonized the plates and reached full coverage within 

10-12 days in monoculture. In dual culture, the visible plate coverage attributable 

to T. atroviride was lower during early time points and approached full coverage as 

the interaction progressed (Fig. 2a-b).

a

b

Figure 1. Representative stem symptoms in control and C. luteo-olivacea-inoculated Q. robur 
seedlings. (a) Mock inoculated control seedlings showing limited wound associated discoloration. (b) 
Seedlings inoculated with C. luteo-olivacea isolate CZ_395 showing more extensive stem discoloration 
and necrotic lesion development. Red arrows indicate the measured symptomatic area used for lesion 
assessment.
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For each organism, visible plate coverage in monoculture and dual culture 

was compared separately at each sampling day using Welch’s two sample t-test, with 

Benjamini–Hochberg (BH) correction applied across sampling days within each 

organism (Fig. 2a-b; Supplementary Table S7). The coverage difference, expressed 

as Δ = dual culture - monoculture in percentage points, was used as a descriptive 

measure of visible plate coverage changes between monoculture and dual culture. 

Negative Δ values indicated lower visible plate coverage in dual culture than in 

b

a

a

Figure 2. Visible colony development in dual culture. (a) Plate coverage of C. luteo-olivacea 
CZ_395 and T. atroviride CZ_180 in monoculture and dual culture over time (means ± 95% CI). C. 
luteo-olivacea was pregrown for 14 d before T. atroviride inoculation. (b) Difference in visible plate 
coverage expressed as Δ = dual culture − monoculture in percentage points. Negative values indicate 
lower visible plate coverage in dual culture than in monoculture. For C. luteo-olivacea, negative Δ 
values indicate reduced visible colony area in the presence of T. atroviride under the tested assay 
geometry. T. atroviride coverage in dual culture was interpreted cautiously because visual assignment 
was limited to distinguishable mycelium or sporulating growth on the plate surface. Significance per 
day is BH-FDR adjusted across sampling days within each organism and measured variable.
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monoculture. For C. luteo-olivacea, negative Δ values indicated reduced visible 

colony area under dual culture conditions with T. atroviride. Macroscopic 

observations showed overgrowth of C. luteo-olivacea colonies by T. atroviride in dual 

culture (Supplementary Fig. S2).

Global proteomic response of Trichoderma atroviride

De novo peptide sequences (PEAKS 6.0) were taxonomically profiled using 

Unipept to verify organism attribution across monocultures and cocultures 

(Supplementary Fig. S2, S3). Monoculture samples showed genus consistent peptide 

profiles. In dual culture, samples collected from the C. luteo-olivacea side of the 

contact zone contained peptides assigned to both C. luteo-olivacea and T. atroviride, 

whereas samples collected from the T. atroviride side did not show a corresponding 

C. luteo-olivacea peptide contribution. This pattern is consistent with physical 

overgrowth and colonization of the C. luteo-olivacea colony by T. atroviride in the 

confrontation area, resulting in mixed species material on the Cadophora side of the 

contact zone. Therefore, downstream organism specific proteome profiling was 

restricted to samples collected from the T. atroviride side of the contact zone. 

Samples collected from the C. luteo-olivacea side of the contact zone were excluded 

from organism specific proteome interpretation because they represented mixed 

species material with ambiguous protein assignment.

A total of 1,060 proteins were quantified (Supplementary Tables S31, S32). At 

8 dpi, differentially abundant proteins (DAPs) were defined using predefined criteria 

combining statistical significance and effect size (FDR < 0.05 and |log₂FC| ≥ 0.58, 

corresponding to a ≥1.5-fold change). This analysis revealed substantial changes in 

the quantified proteome at the Trichoderma side of the interaction front. Contact vs 

mock (cvm) yielded 257 DAPs (235 up, 22 down) and contact vs distant (cvd) yielded 
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244 DAPs (222 up, 22 down) (Fig. 3a). Most DAPs were shared between contrasts 

(216 upregulated and 21 downregulated), indicating that the proteomic response 

was concentrated in the contact zone rather than being equally reflected in distant 

T. atroviride mycelium (Supplementary Fig. S4). Consistently, PCA separated 

contact samples from mock and distant samples primarily along the first principal 

component (Fig. 3b).

To contextualize these changes at a broad functional level, we compared the 

relative frequency of proteins assigned to broad annotation categories across 

conditions (Supplementary Fig. S5, Supplementary Table S9). Oxidoreductases 

represented the most frequent annotated category across all conditions, accounting 

for approximately 20-23% of the quantified proteins included in this category level 

summary. At 8 dpi, contact zone samples showed a lower relative representation of 

RNA/ribosome associated proteins and a higher proportion of unannotated proteins 

compared with mock and distant samples. This pattern indicates that the contact 

Acession
Contact mycelium 
8dpi
Distant mycelium 
8dpi
Mock 8dpi

a b

Figure 3: Global proteomic response of T. atroviride at 8 dpi. (a) Volcano plot using FDR < 
0.05 and |log₂FC| ≥ 0.58 (~1.5×); red = up, blue = down, grey = nonsignificant, highlighting strong 
contact associated shifts.(b) PCA of replicate samples separates the contact zone (8 dpi) from 
mock/distal (MOCK 8 dpi / INT 8 dpi) primarily along PC1 (75.7% variance
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zone proteome included a larger fraction of proteins without functional annotation 

and a reduced representation of translation associated categories, rather than 

indicating a fully resolved functional shift.

Carbohydrate active enzymes (CAZymes)

At 8 dpi, CAZy proteins were evaluated using predefined DAP criteria 

combining statistical significance and effect size (FDR < 0.05 and |log₂FC| ≥ 0.58, 

corresponding to a ≥1.5-fold change). The CAZy response at the Trichoderma side 

of the contact zone involved a limited set of carbohydrate active enzymes and 

binding modules associated with fungal cell wall related substrates (Fig. 4a; 

Supplementary Table S10). The GH18 chitinase G9P0A7 was upregulated in both 

contrasts (cvm: log₂FC = +1.38, q = 0.0168; cvd: log₂FC = +1.01, q = 0.0037). 

Additional upregulated CAZy related proteins included a CBM50/LysM protein 

(G9NJY3) and a GH55 exo-β-1,3-glucanase (G9NNK5). In contrast, several glycoside 

hydrolases were downregulated in both contrasts, including GH17 endo-β-1,3-

glucanase G9P2J8 (cvm: log₂FC = −1.09, q = 0.012; cvd: log₂FC = −1.38, q = 

0.0049), GH3 β-glucosidase G9P6Z3 (cvm: log₂FC = −1.30, q = 0.047; cvd: log₂FC 

= −0.90, q = 0.0025), and GH92 α-mannosidase G9NK86 (cvm: log₂FC = −1.12, q 

= 0.026; cvd: log₂FC = −1.22, q = 0.0043). Thus, the CAZy profile indicated selective 

changes in chitin and β-glucan associated functions rather than broad upregulation 

of all fungal cell wall degrading enzymes.

Oxidoreductases and secondary metabolism

No oxidoreductases were significantly induced at 4 dpi, whereas at 8 dpi 

oxidoreductase associated proteins were predominantly more abundant in contact 

zone samples (Fig. 4b; Supplementary Table S11). In total, 44 oxidoreductases were 

differentially abundant in the contact vs mock contrast (cvm; 43 upregulated, 1 

ACCEPTED MANUSCRIPT

ARTIC
LE

 IN
 PR

ES
S

ARTICLE IN PRESS



downregulated), and 42 were differentially abundant in the contact vs distant 

contrast (cvd; 41 upregulated, 1 downregulated). The most represented subclasses 

among upregulated oxidoreductases were dehydrogenases (16 in cvm; 13 in cvd) 

and reductases (11 in cvm; 9 in cvd), followed by monooxygenases (3 in cvm; 3 in 

cvd), dioxygenases (3 in cvm; 4 in cvd), and oxidases (4 in cvm; 3 in cvd). 

Upregulated proteins included multiple FAD/FMN binding oxidoreductases, short 

chain dehydrogenase/reductases, 2-oxoglutarate dependent dioxygenases, an amine 

oxidase, an FR type ferric chelate reductase, and enzymes linked to secondary 

metabolism, including polyketide synthase and enoyl reductase domains. One 

monooxygenase, G9PC98, was consistently downregulated in both contrasts (cvm: 

log₂FC = −0.99; cvd: log₂FC = −2.44).

Transport and detoxification mechanisms

Ten ABC/MFS transporters were detected (Fig. 4c; Supplementary Table 

S12). Six were significantly upregulated at 8 dpi (3 in cvm and 3 in cvd), and none 

were significantly downregulated. The induced set comprised ABCG/PDR 

transporters and several MFS sugar/proton symporters, consistent with elevated 

metabolite flux and compound export at the interaction front.
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Small secreted and cell wall associated proteins (non enzymatic)

Two hydrophobins (G9NTN2, G9P4V8) were significantly enriched in the 8 

dpi contact zone versus mock (cvm; BH-FDR), whereas neither reached significance 

in the contact versus distant contrast (cvd), consistent with a predominantly contact 

localized signal. Cerato platanin/EPL2 (G9NTJ1) was detected but was not 

differentially abundant in either contrast (Supplementary Table S9). The calcofluor 

a

b

c

Figure 4: Contact induced changes in CAZy families, oxidoreductases and transporters. (a) 
Differentially abundant CAZy families in contact zone mycelium shown as log₂FC relative to mock 
(cvm, circles) and distant (cvd, squares) (Supplementary Table S10). (b) Numbers of differentially 
abundant oxidoreductases per subtype in the contact zone for cvm and cvd (Supplementary Table 
S11). (c) Selected ABC and MFS transporters significantly changed in the contact zone (log₂FC for 
cvm and cvd) (Supplementary Table S12). 
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white hypersensitive protein (G9PBB5) was significantly enriched in contact versus 

mock at both 4 and 8 dpi (Supplementary Table S9).

GO/InterPro over representation and subcellular composition (GO:CC)

Four upregulated protein sets (4 dpi interaction vs mock; 8 dpi contact vs 

mock, cvm; 8 dpi contact vs distant, cvd; and 8 dpi distant vs mock, dvm) were tested 

for GO and InterPro enrichment using Fisher’s exact tests with BH-FDR correction 

(α = 0.05). Target sets were defined as proteins with log₂FC ≥ 0.58, and the 

background was restricted to GO annotated proteins. After FDR correction, only one 

GO cellular component term, extracellular region (GO:0005576), was significantly 

enriched in the 4 dpi interaction vs mock comparison. At 8 dpi, two InterPro 

signatures were significantly enriched in the contact zone contrasts: GNAT domain 

(IPR000182) and Acyl-CoA N-acyltransferase domain (IPR016181) (Supplementary 

Fig. S6; Supplementary Table S13). No GO Biological Process or Molecular Function 

terms passed FDR correction.

Because only few GO cellular component terms were significantly enriched at 

8 dpi, we additionally calculated abundance based Δ share values for each GO term 

relative to the corresponding mock condition. For each condition, the summed 

abundance of proteins assigned to a given GO term was expressed as a percentage 

of the total quantified GO proteome, and Δ share was calculated as the percentage 

point difference relative to mock. In the 8 dpi contact zone comparison, the largest 

positive Δ share was observed for cytoplasm (+3.82 percentage points), whereas 

mitochondrion (−1.24 percentage points), nucleus (−1.21 percentage points), and 

plasma membrane (−0.92 percentage points) showed the largest negative Δ share 

values. The remaining GO categories showed smaller changes, with the next largest 

absolute Δ share reaching 0.56 percentage points. The complete abundance share 
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values and Δ share values are provided in Supplementary Tables S14-S16 and 

visualized in Supplementary Figs. S7 and S8.

Condition dependent proteins (INT vs. MOCK)

Ranked, within condition heatmaps of log₁₀ relative abundances 

(Supplementary Fig. S9, Fig. S10; Table S17-S22) show that the dominant proteome 

is largely shared between conditions, but hyphal contact markedly reorders which 

proteins dominate, highlighting shifts in proteome composition rather than simply 

the number of regulated proteins. Proteins were ranked by mean abundance in the 

reference condition (Top 30; n = 4) and tested by Welch’s t-test with BH-FDR 

correction (★ BH-FDR < 0.05); arrows indicate INT vs MOCK direction. Already at 

4 dpi, the interaction displays an early surface focused signature, with increased 

interface associated proteins (e.g., hydrophobins G9NTN2/G9P4V8 and the PIR like 

cell wall protein G9NXA8) alongside reduced abundance of several high ranking 

housekeeping/metabolic proteins (e.g., enolase G9NHJ7), consistent with early 

metabolic reallocation during confrontation.

By 8 dpi in the contact zone, the dominance pattern shifts toward proteins 

associated with antagonistic activity (CAZy/peptidase/redox/transport modules 

highlighted above; Fig. 4; Supplementary Table S10), whereas the distant mycelium 

shows only weak systemic changes, in line with the limited enrichment signal at 8 

dpi (Supplementary Fig. S12; Table S13). A direction of change summary based on 

two sided tests is provided in supplementary Table S9, and full ranked lists are given 

in supplementary Tables S17-S22.

Metabolomic response of Trichoderma atroviride

In total, 1517 compounds were putatively annotated by GC–MS analysis 

combined with Compound Discoverer. Of these, 87 metabolites met the predefined 
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identification criteria: a library match score >80 and a retention index deviation 

(ΔRI) <1% between the experimentally observed and reference retention index 

values. PCA of the polar fraction (log₂ median normalized intensities; Fig. 5a; 

Supplementary Table S23) separated 4 dpi from 8 dpi along PC1 (55.1%) and further 

distinguished 8 dpi contact, distant, and mock samples along PC2 (13.0%). 

PERMDISP supported the lowest within group dispersion for the 8 dpi contact group 

(Supplementary Fig. S12; Table S25).

Consistent with a weak early response, univariate testing detected only two 

significant polar metabolites at 4 dpi (BH-FDR < 0.05; upregulated N-

acetylornithine and downregulated trehalose in INT vs MOCK; Supplementary Fig. 

S13; Table S30). In contrast, the metabolomic signal broadened at 8 dpi across 

contact vs mock (cvm; Supplementary Fig. S14; Table S28) and distant vs mock 

(dvm; Supplementary Fig. S15), and was most clearly resolved in replicate paired 

contact vs distant (cvd; 11 metabolites; Fig. 5b; Supplementary Table S29). 

Significant polar metabolites mainly comprised sugars/central carbon 

intermediates, amino acid related compounds, and stress/turnover or cofactor linked 

features, with heatmaps recapitulating contrast specific signatures at 8 dpi.
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The nonpolar fraction showed a similar condition dependent shift at 8 dpi 

(PCA: Supplementary Fig. S11; Supplementary Fig. S16; Supplementary Table S31), 

including sterol associated changes in the contact zone versus mock, with decreased 

ergosterol and an unknown sterol (median log₂FC = −0.82 and −0.83, respectively; 

BH-FDR ≤ 0.014), and increased 5-hydroxy-2-(hydroxymethyl)pyridine (median 

a

b

ACCEPTED MANUSCRIPT

ARTIC
LE

 IN
 PR

ES
S

ARTICLE IN PRESS



log₂FC = +0.36; BH-FDR = 0.020). These changes were also reflected in the 

nonpolar metabolite heatmaps.

Cross omic integration and mechanistic anchors

To link metabolite changes with protein regulation, we compiled a pathway 

level cross omics process summary that aggregates significant metabolites and 

differentially abundant proteins into shared process clusters and reports 

directionality using median log₂ fold changes (Table 1). Metabolite significance (BH-

FDR) was assessed on log₂ (median normalized intensities) using two sided Welch’s 

t-tests for unpaired contrasts (INT vs MOCK; contact vs mock; distant vs mock) and 

two sided replicate paired t-tests for paired contrasts (cvd and cvm; paired by 

replicate), with Benjamini Hochberg correction applied across metabolites within 

each contrast (q ≤ 0.05).

At 4 dpi, the cross omics signal was minimal (one significant metabolite 

mapped to the amino acids & sulfur amino acid metabolism cluster). In contrast, at 

8 dpi the response broadened and was most pronounced in amino acid related 

processes. The amino acids & sulfur amino acid metabolism cluster contained 26 

significant hits in contact vs distant (cvd; 2 metabolites, 24 proteins) and 34 hits in 

contact vs mock (cvm; 3 metabolites, 31 proteins). Across clusters, the type of cross 

omic support differed: some clusters showed dual support (metabolites and proteins 

significant), whereas several were protein driven (proteins significant with no 

metabolites passing BH-FDR), consistent with interaction associated remodeling of 

enzymatic capacity without necessarily producing detectable shifts in metabolite 

pools (or falling below GC–MS coverage/sensitivity).
Figure 5: Time and contact dependent shifts in the polar metabolome during the 
Trichoderma-Cadophora interaction. (a) PCA of log₂ median normalized polar metabolite 
intensities across all samples separates 4 vs 8 dpi and distinguishes 8 dpi conditions (contact, 
distant, mock). (b) Heatmap of the top 11 polar metabolites for 8 dpi contact vs distant (ranked by 
BH–FDR; Supplementary Table S26) shown as per metabolite z-scores.
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As conservative mechanistic anchors, was additionally evaluated predefined 

metabolite protein pairs (Supplementary Table S36). This presence based mapping 

separates differential evidence from detection only coverage and highlights one 

sided versus dual support at specific nodes a transsulfuration node (CBS–

cystathionine; CBS significant at 8 dpi, cystathionine detected but not BH-FDR 

significant), a methionine salvage node (MTAP–5′-methylthioadenosine; 5′-

methylthioadenosine significant in cvd), and a central carbon node 

(enolase/pyruvate; pyruvate significant in cvm).

Table 1 Pathway level cross omics process clusters (metabolomics proteomics) at 4 and 8 

dpi.

CONTRAST PROCESS 
CLUSTER

MET 
EFFECT

PROT 
EFFECT

REPRESENTATIVE 
PATHWAYS

4DPI_INT_VS_MOCK amino acids & 
sulfur aa 
metabolism

down — Amino acid metabolism

8DPI_CVD amino acids & 
sulfur aa 
metabolism

up up Amino-acid biosynthesis; L-
arginine biosynthesis; L-
histidine biosynthesis

8DPI_CVD carbohydrates & 
glycans

up down Carbohydrate metabolism; 
Carbohydrate degradation; 
Glycan metabolism

8DPI_CVD central carbon / 
tca / pyruvate

mixed — Central carbon / TCA / pyruvate

8DPI_CVD cofactors & one-
carbon

— up Cofactor biosynthesis; FMN 
biosynthesis; NAD(+) 
biosynthesis

8DPI_CVD energy & 
salvage

— up IMP biosynthesis via salvage 
pathway; Ketone metabolism

8DPI_CVD lipids & 
membranes

— down Lipid metabolism; Phospholipid 
metabolism; 
phosphatidylethanolamine 
biosynthesis

8DPI_CVD nucleotides & 
purines

up up Nucleotide metabolism; Purine 
metabolism; XMP biosynthesis 
via de novo pathway

8DPI_CVD other — up Metabolic intermediate 
biosynthesis

8DPI_CVD protein 
modification / 
regulation

— up Protein modification; protein 
lipoylation via endogenous 
pathway; protein ubiquitination

Table 1: Pathway level cross omics process clusters (metabolomics proteomics) at 4 and 
8 dpi Significant metabolites (BH–FDR q ≤ 0.05) and differentially abundant proteins were 
grouped into shared process clusters. Metabolites were tested on log₂ median-normalized 
intensities (Welch’s t-test for unpaired contrasts; paired t-tests for cvd/cvm) with BH correction. 
“Met effect” and “Prot effect” are median log₂ fold changes; “-” indicates none. Full counts: 
Supplementary Table S37; metabolite-protein pairs: Supplementary Table S36.
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8DPI_CVD secondary 
metabolism

— up Secondary metabolite 
biosynthesis; terpenoid 
biosynthesis

8DPI_CVD stress / redox up — Stress / redox related (putative)
8DPI_CVM amino acids & 

sulfur aa 
metabolism

down up Amino-acid biosynthesis; L-
lysine biosynthesis via AAA 
pathway; Amino acid 
metabolism

8DPI_CVM carbohydrates & 
glycans

up down Carbohydrate metabolism; 
Carbohydrate degradation; 
Glycan metabolism

8DPI_CVM central carbon / 
tca / pyruvate

up — Central carbon / TCA / pyruvate

8DPI_CVM cofactors & one-
carbon

— up Cofactor biosynthesis; FMN 
biosynthesis; NAD(+) 
biosynthesis

8DPI_CVM energy & 
salvage

— up IMP biosynthesis via salvage 
pathway; Ketone metabolism

8DPI_CVM lipids & 
membranes

— down Lipid metabolism; Phospholipid 
metabolism; 
phosphatidylethanolamine 
biosynthesis

8DPI_CVM nucleotides & 
purines

up up Purine metabolism; Nucleotide 
metabolism; AMP biosynthesis 
via de novo pathway

8DPI_CVM other — up Metabolic intermediate 
biosynthesis; L-leucine 
biosynthesis

8DPI_CVM protein 
modification / 
regulation

— up Protein modification; protein 
lipoylation via endogenous 
pathway; protein ubiquitination

8DPI_CVM secondary 
metabolism

— up Secondary metabolite 
biosynthesis; terpenoid 
biosynthesis

8DPI_CVM stress / redox up — Stress / redox related (putative)

Discussion

This study shows that Cadophora luteo-olivacea CZ_395 can induce necrotic 

stem lesions in Quercus robur seedlings under experimental inoculation conditions 

and can be re-isolated from symptomatic tissue, supporting fulfilment of Koch’s 

postulates within this artificial assay system. These findings are consistent with an 

opportunistic pathogenic role of C. luteo-olivacea in wounded or otherwise 

favourable host conditions, rather than demonstrating disease development under 

natural nursery conditions. In parallel, dual culture assays showed reduced visible 

colony development of C. luteo-olivacea in the presence of Trichoderma atroviride 

CZ_180, while proteomic and metabolomic profiling identified candidate molecular 

processes associated with the interaction. By combining pathogenicity testing, in 
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vitro interaction phenotyping, and omics based profiling, this study links nursery 

detection of C. luteo-olivacea with experimentally observed lesion formation and 

provides a basis for further evaluation of T. atroviride as a potential biocontrol 

organism.

Inoculated seedlings developed extensive necrotic stem lesions, whereas 

controls showed only minimal wound response, demonstrating that C. luteo-olivacea 

CZ_395 can induce necrosis in Q. robur seedlings under the tested experimental 

wounded stem inoculation conditions. Successful re-isolation and molecular 

confirmation support fulfilment of Koch’s postulates within this artificial assay 

system, providing experimental evidence for an opportunistic pathogenic capacity 

of C. luteo-olivacea on Q. robur. This finding is relevant in the context of repeated 

detection of C. luteo-olivacea in asymptomatic grapevine nursery material 25, and its 

association with trunk disease systems in grapevine 27,28,41, where latent or weakly 

expressed infections can contribute to pathogen dissemination. Although the 

present study does not demonstrate natural disease development in oak nurseries, 

it indicates that the occurrence of C. luteo-olivacea in forest nursery stock should 

not be considered biologically irrelevant and warrants further targeted surveillance 

and phytosanitary evaluation 12.

In dual culture assays, T. atroviride CZ_180 reduced the visible colony 

development and radial growth of C. luteo-olivacea under the tested in vitro 

conditions, with up to 50% inhibition of radial growth and macroscopic overgrowth 

of the Cadophora colony. This pattern is consistent with the frequently reported 

antagonistic behaviour of Trichoderma species against fungal plant pathogens 

31,32,42,43. The detection of Trichoderma and Cadophora in oak nursery stock by high-

throughput amplicon sequencing 40 indicates that these fungi can occur within the 
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same nursery associated system, but such co-detection alone does not demonstrate 

antagonism or direct interaction 44–46. The present in vitro assay and omics profiling 

therefore provide experimental evidence for an interaction between the selected 

isolates and identify candidate molecular processes associated with T. atroviride 

mycoparasitic behaviour. Further experiments under plant or nursery relevant 

conditions will be required to evaluate the practical biocontrol potential of T. 

atroviride against C. luteo-olivacea and related trunk disease-associated fungi 13,47.

Contact zone proteomics revealed a temporally staged and spatially confined 

response. At 4 dpi, the interaction was characterized by an early surface focused 

signature, with increased abundance of interface associated proteins including 

hydrophobins (G9NTN2, G9P4V8) and a PIR-like cell wall mannoprotein (G9NXA8), 

alongside reduced abundance of several housekeeping and metabolic proteins (e.g., 

enolase G9NHJ7). This pattern is consistent with early metabolic reallocation and 

preparation of the cell surface for confrontation. By 8 dpi, the response intensified 

markedly, with 257 differentially abundant proteins in the contact zone (235 

upregulated, 22 downregulated), dominated by enzymes targeting fungal cell walls, 

secreted proteases, oxidoreductases, and transporters. The spatial confinement of 

this response, with the contact zone showing dramatically different protein profiles 

compared to distant mycelium, indicates that T. atroviride deploys a localized, 

interface specific antagonistic program rather than a systemic response. This spatial 

specificity is consistent with direct mycoparasitism, where localized secretion of 

lytic enzymes and metabolites at the interaction front enables efficient resource 

allocation and minimizes self damage 39,43,48.

The increased abundance of selected CAZymes associated with fungal cell 

wall substrates is consistent with previously described features of Trichoderma 
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mycoparasitism, in which chitinases and β-glucanases contribute to recognition and 

degradati on of the target fungal cell wall39,42. In the present study, a GH18 chitinase 

(G9P0A7) was significantly more abundant in the contact zone, consistent with a role 

in chitin degradation, as chitin is a major structural component of fungal cell walls. 

Chitin hydrolysis may weaken the target cell wall and can also release chitin-derived 

oligosaccharides that have been linked to stimulation of Trichoderma antagonistic 

responses 39,42. Interestingly, a GH17 endo-β-1,3-glucanase (G9P2J8) was 

downregulated, while a GH55 exo-β-1,3-glucanase (G9NNK5) was upregulated, 

suggesting selective changes in β-glucan associated enzymes rather than uniform 

induction of all fungal cell wall-degrading CAZymes. The downregulation of certain 

β-glucanases may reflect self protection, as Trichoderma cell walls also contain β-

1,3-glucan 49,50. The detection of a CBM50/LysM domain protein (G9NJY3) is 

consistent with a possible role in chitin binding or recognition during the interaction. 

This interpretation is aligned with previous reports that LysM domains bind chitin 

oligosaccharides and can contribute to enzyme localization at fungal cell walls or to 

modulation of host immune recognition 42.

Beyond CAZymes, secreted proteases may contribute to the interaction by 

degrading extracellular or cell wall associated proteins of the target fungus and by 

modifying the local protein environment at the contact zone. The increased 

abundance of oxidoreductases at 8 dpi is consistent with redox-associated processes 

previously reported during fungal antagonism and Trichoderma mycoparasitism, 

including ROS-related stress responses and redox cycling 39,43. However, because 

ROS production was not directly measured in the present study, these proteins 

should be interpreted as candidate indicators of redox remodeling rather than direct 

evidence for ROS-mediated antagonism. ROS can damage fungal cells and may also 
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function as signaling molecules coordinating Trichoderma developmental and 

metabolic responses 39,43.The induction of multiple transporter proteins, including 

ABCG/PDR-type efflux pumps and MFS transporters, is consistent with previously 

described roles in secondary metabolite transport, xenobiotic efflux, and 

detoxification during fungal interactions 31,42.

In parallel with the increased abundance of selected fungal cell wall 

associated enzymes, T. atroviride showed enrichment of a calcofluor white 

hypersensitive protein (G9PBB5), suggesting changes in cell wall associated stress 

responses during the interaction. Calcofluor White binds fungal cell wall 

polysaccharides, particularly chitin, and can disturb cell wall assembly, thereby 

inducing compensatory cell wall stress responses in fungi 50–52. Calcofluor white 

hypersensitive proteins have also been linked to stress tolerance and pathogenicity 

in the entomopathogenic fungus Metarhizium acridum 53. In the present study, 

enrichment of G9PBB5, together with additional wall associated proteins such as the 

PIR-like mannoprotein G9NXA8 and β-1,3-glucan associated remodeling enzymes, is 

therefore consistent with a contact zone response involving cell wall stress 

perception or remodeling. However, direct reinforcement of the T. atroviride cell 

wall, changes in β-glucan crosslinking, or altered wall composition were not 

experimentally tested here.

Analysis of the nonpolar metabolite fraction revealed contact specific changes 

in sterol related features, with ergosterol, the principal fungal membrane sterol, 

significantly decreased in the interaction zone, alongside changes in a putative 

sterol precursor or derivative. Ergosterol is important for fungal membrane stability 

and ordering 54,55. The observed sterol associated changes may therefore indicate 

lipid associated adaptation during confrontation related stress. However, because 
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membrane properties were not directly measured, these results should be 

interpreted as candidate envelope associated responses rather than direct evidence 

for membrane remodeling. Together, the enrichment of cell wall associated proteins 

and the changes in sterol related metabolites suggest that the interaction zone 

involved coordinated changes in fungal cell envelope associated processes, while the 

functional consequences of these changes require targeted validation 50,51.

The pronounced induction of two large multidomain polyketide synthases 

(G9NYD1, G9NTK1) at both 4 dpi and 8 dpi indicated sustained engagement of 

secondary metabolomic pathways during the interaction. Polyketide synthases drive 

the biosynthesis of diverse secondary metabolites including antibiotics, toxins, and 

pigments, which can inhibit pathogen growth and modulate the competitive outcome 

31,39,56. The concomitant downregulation of several core primary metabolic enzymes 

(e.g., glycolytic and basal respiration proteins) in the contact zone, suggests that 

carbon flux and energy are redirected from growth-related processes toward 

secondary metabolism 39,43. Such metabolic reprogramming is consistent with 

previously described Trichoderma responses during fungal confrontation and 

competitive interactions in vitro and in soil or plant associated systems, where 

secondary metabolites may complement enzymatic attack 42,48.

Although many complex polyketide products are not directly detectable by our 

GC–MS setup, the nonpolar metabolite profile showed unique metabolites 

accumulating under interaction conditions, including a distinctive pyridine 

derivative (annotated as 5-hydroxy-2-(hydroxymethyl)pyridine). Trichoderma 

species are widely reported to deploy secondary metabolites during competition and 

biocontrol 31,39,57, and the detection of altered lipophilic compounds - including 

unidentified peaks in the nonpolar fraction - reinforces that small-molecule 
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chemistry is extensively remodeled as part of the competitive response 38,58. This 

coordination between proteome and metabolome highlights chemical output as a 

key axis of antagonism 38,39.

A third major response axis involves the reproducible induction of a linoleate 

diol synthase (LDS, G9NXJ9) in the interaction zone. LDS type fatty acid oxygenases 

are involved in oxylipin biosynthesis, and fungal oxylipins have been implicated in 

the regulation of development, stress responses, and secondary metabolism 59,60. 

The increased abundance of LDS therefore suggests a possible involvement of 

oxylipin related lipid metabolism during the confrontation. However, because 

oxylipins were not directly quantified in the present study, this result should be 

interpreted as a candidate lipid signaling related response rather than direct 

evidence that T. atroviride uses lipid derived messengers to coordinate antagonistic 

activity.

Free unsaturated fatty acids, including linoleic acid, accumulated to higher 

levels in the contact treatment compared to the mock, consistent with enhanced 

substrate availability for oxylipin biosynthesis 59. The parallel reduction in ergosterol 

content, noted above, further indicates reorganization of membrane lipid 

composition 54,55. Together, these changes paint a picture of a membrane in flux: T. 

atroviride likely recycles and modifies membrane components both to generate lipid-

derived signals and to adapt membrane properties during confrontation 59,60.

Together, the observed changes in cell wall associated proteins, secondary 

metabolism related enzymes, and LDS/oxylipin associated lipid metabolism suggest 

that the T. atroviride contact zone response involved several candidate processes 

previously linked to fungal confrontation and Trichoderma antagonism 39,43,51,59,60. 

Rather than demonstrating a single coordinated mechanism, our data indicate that 
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the interaction zone was associated with changes in proteins related to cell wall 

remodeling or stress responses, secondary metabolic capacity, and lipid derived 

regulatory pathways. These patterns are consistent with previously reported 

features of antagonistic fungal interactions, but direct functional roles, including 

cell wall reinforcement, inhibitory activity of specific secondary metabolites, or 

membrane remodeling, were not experimentally tested here 43,48,59,60.

Conclusions

This study demonstrates that Cadophora luteo-olivacea CZ_395 can induce 

stem lesions in wounded Quercus robur seedlings under experimental inoculation 

conditions and can be re-isolated from symptomatic tissue, supporting fulfilment of 

Koch’s postulates within this artificial assay system. Dual culture assays showed 

reduced visible colony development and radial growth of C. luteo-olivacea in the 

presence of Trichoderma atroviride CZ_180 under the tested in vitro conditions. 

Proteomic and metabolomic profiling at two post contact sampling points identified 

candidate molecular processes associated with the T. atroviride contact zone 

response, including CAZymes, proteases, oxidoreductases, transporters, secondary-

metabolism-related enzymes, and lipid associated features. These results provide a 

basis for future functional validation and for evaluating Trichoderma isolates under 

plant and nursery relevant conditions.

.

Materials and Methods

Fungal isolates
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Two fungal isolates were selected for pathogenicity and antagonism assays. 

The candidate pathogenic isolate C. luteo-olivacea CZ_395 and the candidate 

antagonistic isolate Trichoderma atroviride CZ_180 were obtained in spring 2021 

from trunk disease (TD) symptomatic two year old bare rooted Quercus robur 

seedlings. Symptoms included internal stem discoloration, necrotic lesions, 

chlorosis consistent. C. luteo-olivacea was isolated from seedlings sampled at site 3 

(48.9749733°N, 16.1258161°E), and T. atroviride from seedlings sampled at site 2 

(49.3218225°N, 16.2383442°E) (Fig. 6). The potential antagonistic role of T. 

atroviride was not inferred from its occurrence in symptomatic material, but from 

the known antagonistic capacity of Trichoderma spp. and was experimentally 

evaluated in the dual culture assay.
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Fungal identification: DNA extraction, PCR, and sequencing

Fresh mycelium (100 mg) from each isolate was homogenized in 2 mL tubes 

containing ceramic beads using a FastPrep instrument (MP Biomedicals, Irvine, 

USA) at 4.5 m/s for 20 s in two consecutive rounds. DNA was extracted using the 

NucleoSpin® Tissue Kit (Macherey-Nagel, Düren, Germany) according to the 

manufacturer’s instructions.

Species identity of the isolates was confirmed by Sanger sequencing of 

standard fungal barcode loci. The nuclear ribosomal internal transcribed spacer 

Figure 6 Locations of sampling sites and isolate origins in South Moravia, Czech Republic. 
(1) Forest School Nursery Křtiny, Q. robur seedlings used for Koch’s postulates; (2) source of the 
Trichoderma atroviride isolate CZ_180; (3) source of the Cadophora luteo-olivacea isolate CZ_395. 
Major cities are shown only for geographic orientation. The map was created by the authors in 
Python 3.13.5 using GeoPandas v1.1.2 and Matplotlib v3.10.8, with country boundary data obtained 
from the Natural Earth Admin 0 – Countries vector dataset at 1:110 million scale 
(https://www.naturalearthdata.com/). Sampling points were plotted from GPS coordinates 
generated in this study. 
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(ITS) region was amplified with primers ITS1/ITS4 61. In addition, partial TEF1-α 

was amplified using EF1-728F/EF1-986R 62, β-tubulin using Bt2a/Bt2b 63, and RPB2 

using fRPB2-5F/fRPB2-7cR 64. Amplicons were sequenced and compared against 

reference databases (e.g., BLAST/GenBank and UNITE) to confirm species level 

assignments. C. luteo-olivacea CZ_395 was confirmed using ITS, TEF1-α, β-tubulin 

and RPB2, and T. atroviride CZ_180 using ITS, TEF1-α and RPB2. PCR reactions (22 

µL total volume) were prepared using the GoTaq® Flexi DNA Polymerase system 

(Promega, Madison, WI, USA) and included: 1 µL of each primer (10 µM), 0.2 µL of 

dNTP mix (10 mM each), 6 µL of 5× Colorless GoTaq® Reaction Buffer, 2 µL of 

MgCl₂ (25 mM), 2.6 µL of 5× Green GoTaq® Loading Dye, 0.2 µL of GoTaq® 

polymerase, and nuclease free water to 22 µL. Thermal cycling consisted of an initial 

denaturation at 95 °C for 2 min, followed by 35 cycles of denaturation at 95 °C for 

30 s, annealing at ITS 58 °C, TEF1-α 58 °C, BT 55 °C, RPB2 55 °C for 30 s, and 

extension at 72 °C for 60 s, with a final extension step at 72 °C for 5 min.

Amplification success was verified by electrophoresis on 1.3% agarose gels 

(Serva, Heidelberg, Germany). PCR products were purified using the NucleoSpin® 

Tissue Kit (Macherey-Nagel) and sequenced at Eurofins Genomics (Ebersberg, 

Germany).

Sanger sequencing results from fungal isolates were quality checked and 

visualized using Geneious Prime (v2024.0.5). Taxonomic identification was 

conducted using NCBI’s BLASTn algorithm (megablast), with an e-value threshold 

of 0.05 and a minimum identity of 98% 65.
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Culture maintenance

Isolates were maintained on potato dextrose agar (PDA; HiMedia 

Laboratories, India) at 20 °C in darkness and subcultured every 10-14 days for T. 

atroviride, and every 20–30 days for C. luteo-olivacea.

Plant material and pathogenicity tests

Two year old containerized Quercus robur seedlings (nonundercut) were 

obtained from the Forest School Křtiny (Czech Republic) (Fig. 1) in May 2023. Prior 

to inoculation, seedlings were acclimatized for two weeks in pots with horticultural 

substrate under nethouse conditions.

Pathogenicity of C. luteo-olivacea CZ_395 was tested using a standardized 

stem inoculation procedure 66. Briefly, 2 mm holes were made in the stem with a 

sterile cork borer and filled with mycelial plugs from a 20 day old culture grown on 

PDA. Wounds were sealed with sterile moistened cotton, aluminum foil, and 

Parafilm. Negative controls received sterile PDA plugs without mycelium. This assay 

represents an artificial wounded stem inoculation system designed to test whether 

C. luteo-olivacea CZ_395 can induce lesions and be re-isolated from inoculated Q. 

robur seedlings under controlled experimental conditions.

A total of 21 seedlings were inoculated (I1: n = 10; I2: n = 11), and 10 

seedlings served as controls (K: n = 10). I1 and I2 denote two inoculated subsets 

processed separately under the same protocol; K denotes wounded controls 

receiving sterile PDA plugs. Plants were maintained for eight months post 

inoculation in an insect proof nethouse under ambient weather conditions. Seedlings 

were harvested in February 2024, washed, photographed, and cut longitudinally.

Lesion length was defined as the visible longitudinal extent of dark stem 

discoloration/necrotic tissue extending from the inoculation point after cutting the 
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stem. Lesion length was measured in cm and used as the primary quantitative 

measure of symptom severity. Plant length was also recorded to account for 

differences in seedling size. Lesion severity was additionally expressed as the 

proportion of plant length affected (% of plant length) as a complementary 

normalized descriptor.

Lesion length was analysed using a linear model with inoculation treatment 

as the main explanatory variable and plant length as a covariate. The two inoculated 

subsets were combined for the primary treatment level comparison between C. 

luteo-olivacea inoculated seedlings and controls. Relative lesion severity (% plant 

length affected) was analysed as a complementary sensitivity analysis.

Re-isolation was performed from symptomatic stem tissue to support Koch’s 

postulates. Tissue segments were excised from the visible necrotic lesion extending 

from the inoculation point, preferably from the lesion margin. The segments were 

surface-sterilized (70% ethanol, 30 s; 2% sodium hypochloride, 2 min; three rinses 

in sterile water), plated on PDA, and incubated at 20 ºC. Emerging colonies were 

subcultured and identified by multilocus sequencing (ITS, TEF1-α, RPB2).

Dual culture interaction assay

Dual culture assays were performed in 90 mm Petri dishes containing potato 

dextrose agar (PDA; HiMedia Laboratories LLC, Kennett Square, PA, USA) overlaid 

with sterile cellophane to enable mycelial harvesting. To account for differences in 

growth rates, C. luteo-olivacea CZ_395 was pregrown on PDA for 14 days before 

establishing the dual culture. Day 0 (0 dpi) was defined as the placement of a 5 mm 

agar plug of T. atroviride CZ_180 from the actively growing colony margin on the 

opposite side of the plate. Monoculture plates of each isolate were prepared as 

growth references. Because monoculture and dual culture plates differed in colony 
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arrangement, monoculture comparisons were interpreted as assay specific 

references for visible colony development.

Colony development was monitored by repeated plate photography from 20 

February to 8 April 2024. During the active interaction phase, plates were 

photographed approximately every 2–3 days, followed by a final late time point. For 

the dual culture assay, sampling times were expressed relative to the placement of 

the T. atroviride plug, with measurements taken from 2 to 31 dpi.

For image based growth assessment, plates were photographed with a ruler 

included in each image as a scale reference. Each photograph was calibrated in 

ImageJ using the ruler, and the visible mycelial area of each colony was measured 

in cm². Plate coverage (%) was calculated as the measured mycelial area divided by 

the total Petri dish area and multiplied by 100. Thus, plate coverage represents an 

ImageJ-based area measurement normalized to plate size and was not inferred from 

radial growth.

Colony radius was measured separately and used to calculate the percent 

inhibition of radial growth (PIRG) of C. luteo-olivacea in dual culture relative to 

monoculture according to the formula:

 PIRG(%) =  Rc - Rt
Rc

× 100

where Rc is the radial growth of C. luteo-olivacea in monoculture and Rt is 

the radial growth of C. luteo-olivacea in dual culture.

All assays were performed with five biological replicates per treatment. 

Growth data were analysed separately for each sampling time point using Welch’s 

two sample t-test to compare monoculture and dual culture. Because the same 

monoculture versus dual culture comparison was repeated across multiple sampling 
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time points, p-values were adjusted using the BH-FDR procedure across time points 

within each organism and measured variable.

Proteomic and metabolite sampling and co-extraction

To investigate protein level responses during antagonism, mycelial tissue was 

sampled from dual cultures of C. luteo-olivacea (CZ_395) and T. atroviride (CZ_180) 

at 4 and 8 dpi after hyphal contact (n=4, per treatment and timepoint). At each 

timepoint, mycelium was sampled from the confrontation zone and distant zone of 

dual cultures, together with corresponding monoculture reference samples grown 

on the same medium and cellophane overlay and incubated under the same 

environmental condition (Fig. 7). This design was used to distinguish protein 

a b

c d

Figure 7 Mycelial sampling scheme in the interaction assay. Arrows indicate positions where 
mycelial plugs were excised. Sample input masses are provided in Supplementary Table S1. (a) 
interaction (INT; dual culture) at 4 days post inoculation (dpi): sampling across the whole colonies 
of Trichoderma and Cadophora. (b) Cadophora MOCK (monoculture): sampling at 4 and 8 dpi from 
the corresponding colony region. (c) INT at 8 dpi: sampling from the contact zone (interaction area) 
and a distant zone (away from the interaction). (d) Trichoderma MOCK (monoculture): sampling at 
4 and 8 dpi from the corresponding colony region.

ACCEPTED MANUSCRIPT

ARTIC
LE

 IN
 PR

ES
S

ARTICLE IN PRESS



abundance patterns associated with the interaction zone from those observed in non-

contact mycelium and monoculture reference material.

Mycelia were lyophilized and homogenized in a RETSCH mill using grinding 

balls (5 min, 30 Hz). Homogenized material was extracted with 1 mL precooled (−20 

°C) MTBE/methanol (3:1, v/v) spiked with [¹³C]-L-valine, following the co-extraction 

protocol described in 67 with minor modifications. Extracts were vortexed (RETSCH 

mill; 1 min, 30 Hz; precooled rack), sonicated for 15 min in an ice cooled bath, and 

centrifuged for 10 min at 10,000 g (4°C). The supernatant was transferred to new 

tubes, while the remaining pellet was washed with 0.55 mL methanol, recentrifuged 

(10 min, 10,000 g, 4°C), and the supernatants were combined. A 600 µL aliquot of 

the combined extract was transferred to a new tube, followed by addition of 150 µL 

MTBE and 450 µL H₂O to induce phase separation. After vortexing (1 min, 30 Hz) 

and centrifugation (10 min, 10,000 g, 4°C), the upper (nonpolar) and lower (polar) 

phases were collected for GC–MS analysis and dried in a speed vacuum 

concentrator. The remaining protein rich pellet was washed with 80% acetone (v/v) 

and stored at −80°C for proteomic processing.

Proteomics (LC–MS/MS)

Protein extraction from the protein rich pellet followed 68. Briefly, pellets were 

resolubilized in 2% (w/v) SDS, 30% (w/v) sucrose, 5% (v/v) β-mercaptoethanol, 5 mM 

EDTA, and 100 mM Tris (pH 8.0), supplemented with 400 µL Tris saturated phenol. 

Proteins were precipitated from the phenolic phase using 100 mM ammonium 

acetate in methanol, washed with 80% acetone, and solubilized in 8 M urea, 10 mM 

DTT, and 100 mM ammonium bicarbonate. Proteins were alkylated and digested 

with trypsin. Each sample (5 µg peptides) was analyzed by nanoflow reverse phase 

LC–MS/MS using a 25 cm bioZen 2.6 µm Peptide XBC18 (Phenomenex) column 
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coupled to a Dionex Ultimate 3000 RSLC nano UPLC and an Orbitrap Fusion Lumos 

Tribrid Mass Spectrometer equipped with a FAIMS Pro interface (Thermo Fisher 

Scientific) 69, using alternating FAIMS compensation voltages of −40, −50, and −75 

V. The mass spectrometry proteomics data have been deposited to the 

ProteomeXchange Consortium via the PRIDE partner repository 70 with the dataset 

identifier PXD073144.

Protein sequence databases (FASTA): For Trichoderma atroviride, the 

reference proteome was downloaded from UniProtKB (strain ATCC 20476 / IMI 

206040 reviewed and unreviewed entries; accessed 22 September 2023). For 

Cadophora luteo-olivacea, a predicted proteome derived from an annotated whole 

genome sequence (strain MEND-F-0454; Mendeleum collection) was used, as no 

publicly curated proteome was available at the time. Common contaminants were 

appended, and decoy sequences were included for FDR estimation.

MS/MS spectra were recalibrated and searched against the corresponding 

species specific protein database using Proteome Discoverer 2.5 with Sequest HT, 

MS Amanda 2.0 71, and MSFragger 72. Quantification was restricted to proteins 

identified by at least two unique peptides. In addition, de novo assisted 

interpretation was performed using PEAKS 6.0 and Unipept for downstream 

interpretation 73.

Metabolomics (GC–MS)

Dried polar and nonpolar fractions were derivatized by methoximation (40 mg 

methoxyamine hydrochloride in 1 mL pyridine; 90 min at 30°C, shaking), followed 

by silylation (60 µL N-methyl-N-trimethylsilyltrifluoroacetamide; 30 min at 37°C, 

shaking) and analyzed by GC–MS. Derivatized metabolites were injected onto a TG-

5SILMS GC column (30 m × 0.25 mm × 0.25 µm; Thermo Fisher) and separated 
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using a 28 min temperature gradient (70–320°C). Ionization was performed in EI 

mode (70 eV; emission current 50 µA; transfer line and ion source 250°C) (Dufkova 

et al., 2023). Data were processed in Compound Discoverer 3.3 (Thermo Fisher; 

peak detection 5 ppm; TIC threshold 25,000; S/N threshold 3) and searched against 

NIST2023, the GC-Orbitrap metabolomics library, and an in house library. Only 

metabolites meeting identification criteria (score > 80 and ΔRI < 1%) were retained. 

Quantitative differences were validated by manual peak inspection in Skyline 19.1 

74.

Functional annotation and classification

Protein functional annotation was performed using UniProtKB 75. 

nterPro/Pfam signatures and Gene Ontology terms were retrieved with InterProScan 

v5 76. Each protein was assigned to a single top level functional class using a fixed 

priority rule based on UniProt keywords, GO, and InterPro/Pfam; composition plots 

report the per condition percentage of total abundance per class. Carbohydrate 

active enzymes were annotated at the family level using CAZy-supported mappings 

from InterPro/Pfam 77. Over representation analyses were performed for GO (MF, 

CC) and InterPro on upregulated sets in each contrast, using the quantified 

proteome as background and Benjamini Hochberg correction 78.

Statistical analysis

Analyses were performed in Python 3.9 using (pandas, NumPy, 

SciPy/statsmodels, matplotlib) 79,80. Protein relative abundance values were log₂ 

transformed before statistical testing and visualization. For each protein and 

contrast, log₂ fold changes were calculated as the difference between group means 

on the log₂ scale. Differentially abundant proteins (DAPs) were identified using two 

sided Welch’s t-tests applied to log₂ transformed relative abundances, with BH-FDR 
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correction applied across proteins within each contrast. Proteins were classified as 

DAPs when they met both criteria: FDR < 0.05 and |log₂FC| ≥ 0.58, corresponding 

to an absolute fold change of at least 1.5. The fold change threshold was used as an 

effect size filter to retain statistically supported changes of at least moderate 

magnitude, rather than as an independent biological cutoff. The same DAP criteria 

were applied consistently across proteomic contrasts and time points. Protein level 

results were interpreted as candidate abundance changes because of the limited 

number of biological replicates.

For GO composition summaries, proteins assigned to multiple cellular 

component terms were fractionally assigned across terms. For each condition, the 

summed abundance assigned to each GO term was expressed as a percentage of the 

total GO protein abundance. Δ share values were calculated as percentage-point 

differences relative to the corresponding mock condition.

For metabolomics, peak areas were first normalized to sample dry mass and 

subsequently median normalized across samples to reduce global intensity 

differences, followed by log₂ transformation. Multivariate structure was evaluated 

by PCA. Group dispersion in ordination space was assessed by PERMDISP (distance 

to group centroid). Differential metabolites were tested per contrast using two sided 

Welch’s t-tests for unpaired contrasts and paired t-tests for replicate paired 

contrasts, followed by BH-FDR correction across metabolites within each contrast. 

Metabolites with FDR < 0.05 were considered significant.

List of abbreviations

ABC: ATP-binding cassette (transporters)

ABCG: ATP-binding cassette, subfamily G

b
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ANOVA: analysis of variance

ATCC: American Type Culture Collection

BH / BH-FDR: Benjamini Hochberg / Benjamini Hochberg false discovery rate 

control

BLASTn: Basic Local Alignment Search Tool (nucleotide)

BT: β-tubulin

CAZy: Carbohydrate-Active enZymes (database)

CAZymes: carbohydrate-active enzymes

CBM: carbohydrate-binding module

CBM50 / LysM: LysM (lysin motif) carbohydrate-binding module

CBS: cystathionine β-synthase

CC (GO:CC): Cellular Component (Gene Ontology)

cvm (CVM): contact vs mock (contrast)

cvd (CVD): contact vs distant (contrast; in text replicate-paired at 8 dpi)

DAPs: differentially abundant proteins

DNA: deoxyribonucleic acid

dNTPs: deoxynucleoside triphosphates

DTT: dithiothreitol

dvm (DVM): distant vs mock (contrast)

dpi: days post inoculation

EDTA: ethylenediaminetetraacetic acid

EF1 / TEF1-α: translation elongation factor 1-alpha

EI: electron ionization

EPL2: ceratoplatanin / EPL protein (eliciting plant response-like; Trichoderma)

FAIMS: high-field asymmetric waveform ion mobility spectrometry
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FASTA: FASTA sequence format

FDR: false discovery rate

FR-type: ferric(-chelate) reductase type

GC–MS: gas chromatography mass spectrometry

GH: glycoside hydrolase (CAZy family; e.g., GH18, GH17, GH3)

GO: Gene Ontology

GPCR: G-protein-coupled receptor

HSD: honestly significant difference (Tukey’s HSD)

HTAS: high throughput amplicon sequencing

IMI: culture collection strain identifier (IMI)

InterPro / IPR: InterPro / InterPro accession (e.g., IPR000182)

InterProScan: InterProScan software

INT: interaction (dual culture) condition

ITS: internal transcribed spacer

LC–MS/MS: liquid chromatography tandem mass spectrometry

log₂FC: log2 fold change

LPMO: lytic polysaccharide monooxygenase

MAPK: mitogen activated protein kinase

MF (GO:MF): Molecular Function (Gene Ontology)

MFS: major facilitator superfamily (transporters)

MOCK: mock control (monoculture baseline)

MS/MS: tandem mass spectrometry

MTAP: methylthioadenosine phosphorylase

MTBE: methyl tert-butyl ether

NCBI: National Center for Biotechnology Information
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NIST: National Institute of Standards and Technology

PCA: principal component analysis

PCoA: principal coordinates analysis

PDA: potato dextrose agar

PDR: pleiotropic drug resistance (ABCG-type efflux transporters)

PERMDISP: permutational analysis of multivariate dispersions

Pfam: Protein families database

PIRG: percent inhibition of radial growth

PKS: polyketide synthase

PRIDE: PRoteomics IDEntifications Database

ProteomeXchange: ProteomeXchange Consortium (repository framework)

PXD: ProteomeXchange dataset identifier prefix

QC: quality control

RI / ΔRI: retention index / delta retention index

RNA: ribonucleic acid

RPB2: RNA polymerase II second largest subunit

ROS: reactive oxygen species

S/N: signal to noise ratio

SDS: sodium dodecyl sulfate

TDPs: trunk disease pathogens

TDs: trunk diseases

TEF1-α: translation elongation factor 1-alpha

TIC: total ion current

Tris: tris(hydroxymethyl)aminomethane (buffer)

UPLC: ultra-performance liquid chromatography
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UniProtKB: UniProt Knowledgebase

δ (Cliff’s δ): Cliff’s delta (effect size)
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