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ABSTRACT Armillaria ostoyae, a species among the destructive forest pathogens from
the genus Armillaria, causes root rot disease on woody plants worldwide. Efficient con-
trol measures to limit the growth and impact of this severe underground pathogen are
under investigation. In a previous study, a new soilborne fungal isolate, Trichoderma
atroviride SZMC 24276 (TA), exhibited high antagonistic efficacy, which suggested that it
could be utilized as a biocontrol agent. The dual culture assay results indicated that the
haploid A. ostoyae-derivative SZMC 23085 (AO) (C18/9) is highly susceptible to the
mycelial invasion of TA. In the present study, we analyzed the transcriptome of AO and
that of TA in in vitro dual culture assays to test the molecular arsenal of Trichoderma an-
tagonism and the defense mechanisms of Armillaria. We conducted time-course analysis
and functional annotation and analyzed enriched pathways and differentially expressed
genes including biocontrol-related candidate genes from TA and defense-related candi-
date genes from AO. The results indicated that TA deployed several biocontrol mecha-
nisms when confronted with AO. In response, AO initiated multiple defense mechanisms
to protect against the fungal attack. To our knowledge, the present study offers the first
transcriptome analysis of a biocontrol fungus attacking AO. Overall, this study provides
insights that aid the further exploration of plant pathogen-biocontrol agent interaction
mechanisms.

IMPORTANCE Armillaria species can survive for decades in the soil on dead woody de-
bris, develop rapidly under favorable conditions, and harmfully infect newly planted for-
ests. Our previous study found Trichoderma atroviride to be highly effective in controlling
Armillaria growth; therefore, our current work explored the molecular mechanisms that
might play a key role in Trichoderma-Armillaria interactions. Direct confrontation assays
combined with time course-based dual transcriptome analysis provided a reliable system
for uncovering the interactive molecular dynamics between the fungal plant pathogen
and its mycoparasitic partner. Furthermore, using a haploid Armillaria isolate allowed us to
survey the deadly prey-invading activities of the mycoparasite and the ultimate defensive
strategies of its prey. Our current study provides detailed insights into the essential genes
and mechanisms involved in Armillaria defense against Trichoderma and the genes poten-
tially involved in the efficiency of Trichoderma to control Armillaria. In addition, using a
sensitive haploid Armillaria strain (C18/9), with its complete genome data already
available, also offers the opportunity to test possible variable molecular responses
of Armillaria ostoyae toward diverse Trichoderma isolates with various biocontrol
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abilities. Initial molecular tests of the dual interactions may soon help to develop a
targeted biocontrol intervention with mycoparasites against plant pathogens.

KEYWORDS dual culture assay, root rot disease, biocontrol-related candidate genes,
transcriptome, Armillaria ostoyae, Trichoderma atroviride, time-course analysis, defense-
related candidate genes

A rmillaria species rank among the most damaging plant-pathogenic fungi and are
best known to cause root rot diseases in a broad spectrum of woody plants (1).

Infections by Armillaria species can have severe consequences in forest ecosystems,
including plant fitness reduction and substantial tree mortality (2). Armillaria ostoyae is
a facultative necrotrophic species that prefers coniferous habitats and invades conifer-
ous trees as a primary pathogen. Armillaria infections are soilborne, and they are
spread by rhizomorphs, as well as through root-to-root contacts. After entering the
plant, the invading mycelial fans of Armillaria paralyze the root vascular tissues, caus-
ing nutrient uptake failure and dramatic vigor decrease, leading to the instant mortal-
ity of infected trees (3). Although root infections kill the tree, the fungus colonizes the
root system saprophytically and uses it as a food source to attack adjacent healthy
trees. Inoculum removal of the infected trees is not an effective way to clean the
affected area from Armillaria rhizomorphs and mycelia, as most of the rhizomorphs
extend deep into the soil, wherefrom they can subsequently colonize newly planted
trees (4). Hence, soil infestation caused by Armillaria can last for decades and is
extremely difficult to eradicate (3, 4).

The severe economic losses and ecological damage triggered by pathogenic Armillaria
species require robust control strategies. Unfortunately, standard silvicultural control
treatments and fungicide-based chemical control measures have many drawbacks (5).
Nevertheless, biocontrol strategies, in which beneficial microorganisms help to prevent
plant diseases, offer a potentially better option (6). Biocontrol measures emphasize envi-
ronmental protection and ecological sustainability by harnessing beneficial microorgan-
isms, like free-living soil fungi from the genus Trichoderma (7). This strategy is conducive
to animal and human safety and benefits the environment, as there are no pesticide resi-
dues. Furthermore, most biocontrol agents (BCAs) effectively protect plants from various
pathogen-induced diseases and offer the potential to promote plant growth, resulting in
increased harvests (8).

Species from the genus Trichoderma exhibit high adaptability and survival potential;
therefore, they are widespread in soil. Their biocontrol mechanisms rely on multiple
modes of action such as mycoparasitic activities on plant-pathogenic fungi (9), compe-
tition for living space and limited nutrients (10), antibiotic effects on the target patho-
gens (11), induction of plant resistance to pathogens, and plant growth promotion
(12). The inhibitory effect of Trichoderma BCAs on Armillaria pathogens has been exten-
sively studied (13). One report demonstrated that Trichoderma species adapt quickly
according to the actual habitat and overgrow Armillaria colonies by competing for lim-
ited nutrient resources (14). Selected Trichoderma isolates successfully restrained
pathogen growth through indirect interactions of volatile and nonvolatile metabolites
and directly by mycoparasitic interactions to degenerate and lyse the mycelia of vari-
ous plant-pathogenic fungi (15). In a previous study, we isolated and identified 14
Trichoderma species from forest soils (16). Most of these species rapidly occupied cul-
ture space, gradually produced large amounts of conidia on the mycelial surface of
Armillaria colonies, and potentially inhibited the growth of 4 tested Armillaria species,
namely, A. ostoyae, A. mellea, A. cepistipes, and A. gallica. Biocontrol capabilities make
Trichoderma species important organisms for further research at the genome or tran-
scriptome level to search for specific or novel genes associated with mycoparasitism,
biodegradation, signaling, and other invasive microbial activities.

To date, the molecular repertoire of T. virens required for antagonism during its
interaction with Rhizoctonia solani has been reported (17); however, the transcriptome-
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level interactions between Trichoderma and Armillaria have not yet been studied. This
study provides the first insights into the biocontrol interaction-induced transcriptomes
of Armillaria and Trichoderma, which may help to improve our understanding of the
molecular interaction mechanisms, thereby offering guidance for biofungicide devel-
opment and employment.

RESULTS
Antagonistic effect of T. atroviride SZMC 24276 against A. ostoyae strains. The

T. atroviride SZMC 24276 strain was selected as a BCA based on its outstanding antago-
nistic activity in our previous experiments (biocontrol index values .80 for more than
10 examined Armillaria strains from 4 species A. cepistipes, A. ostoyae, A. gallica, and
A. mellea) (16). In the present study, all diploid strains of A. ostoyae displayed typical
Armillaria morphology with abundant rhizomorph formation and mycelial growth on
potato dextrose agar (PDA). Aerial hyphae of the diploid strains could be differentiated
by their morphological attributes; they appeared to darken and harden. In contrast,
the mycelia of the haploid derivatives of A. ostoyae grew white and fluffy, and they
continued producing whitish homogeneous abundant aerial mycelia. During the 105-h
coincubation of dual cultures, T. atroviride SZMC 24276 showed antagonistic effects
against diverse diploid and haploid strains of A. ostoyae (Fig. 1; Table 1). T. atroviride
grew rapidly toward the colony of A. ostoyae and gradually invaded the growth area of
A. ostoyae strains. The results revealed that by the fifth day, Trichoderma easily over-
grew haploid Armillaria isolates as confirmed by the abundant green conidia on the
surface of the haploid Armillaria mycelia compared to that on diploid strains. For these
reasons, the A ostoyae-haploid derivative SZMC 23085 (AO) was selected for the tran-
scriptome analysis of its interaction with T. atroviride SZMC 24276 (TA).

Time-course analysis to understand the interaction dynamics between T. atro-
viride and A. ostoyae. We employed the dual culture method to study the interaction
between TA and AO at three different time points: 53, 62, and 105 h after the inoculation

FIG 1 Antagonistic effects of T. atroviride against various diploid (D1–D4) and haploid (H1–H4) strains of A.
ostoyae in a dual culture assay on PDA medium. AO and TA strains were inoculated to the right and left
side of the plates, respectively, as described in section “In vitro antagonistic activity assessment by dual
culture assay” of Materials and Methods. Melanized rhizomorphs were developed on the surface of the
medium in the case of all diploid strains, while haploid AO strains did not produce any rhizomorphs and
were easily overgrown by TA, suggesting that they are more suitable for studying pure hyphal interactions
of the two fungi and the mycoparasitic attack of TA on AO.

TABLE 1 Biocontrol index (BCI) values of T. atroviride SZMC 24276 in the dual culture interaction tests with various diploid and haploid A. ostoyae
isolates

Diploid Haploid

Test
SZMC 23083
(D1)

SZMC 24127
(D2)

SZMC 24128
(D3)

SZMC 24129
(D4)

SZMC 27047
(H1)

SZMC 27048
(H2)

SZMC 27049
(H3)

SZMC 23085
(H4)

BCI 88.136 0.56 89.266 1.62 93.296 2.99 85.496 8.03 99.406 1.04 99.556 0.77 99.376 1.09 98.466 1.83
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of T. atroviride (Fig. 2). RNA sequencing (RNA-Seq) analysis of coscrapped TA-AO samples
at 105 h did not show any transcripts for AO (0.3% of reads could be mapped to A.
ostoyae) (Fig. S1 in the supplemental material). Since we focused on understanding the
mutual metabolite-level and mycoparasitic interactions, we did not consider the 105-h
interaction sample in this study. On average, 17 million reads with a mean read length of
150 bp were obtained for both TA and AO after quality trimming. We performed a time-
course analysis of the transcriptome data and generated three significant clusters for TA
and AO (Fig. 3). From the clusters, we identified the genes showing the highest expres-
sion in the metabolite and mycoparasite stages of the interaction, along with the genes
displaying a continuous downtrend pattern in TA and AO (Table 2).

Gene expression profiling of the major trends. To analyze major gene expression
trends, we considered TA-AO genes showing continuous downtrend patterns or genes
exhibiting the highest upregulation at the metabolite or mycoparasite stages of the
interaction (Fig. 3; Table 2) for further analysis.

Downtrend genes in A. ostoyae and T. atroviride. We observed 768 and 747
downtrend genes in AO and TA, respectively (Table 2; Fig. 3; Supplemental File S1). GO
enrichment analysis of AO downtrend genes showed the enrichment of 14 biological

FIG 2 In vitro interaction between A. ostoyae and T. atroviride at different time points. Individually growing,
noninteracting haploid A. ostoyae culture (A). Interacting cultures of A. ostoyae and T. atroviride at 53 h (B),
62 h (C), and 105 h (D).

FIG 3 Cluster analysis of genes based on fold change after 0, 53, and 62 h. Cluster analysis of genes was performed
using TCseq. The x axis denotes the different time points of in vitro interaction, and the y axis represents the log2-fold
change. Members of the “Downtrend cluster” have shown downregulation since the interaction started. The “Metabolite
cluster” genes showed the highest upregulation during the 53rd hour, and the genes of the “Mycoparasite cluster”
showed the highest upregulation at the 62nd hour.
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processes (BPs), 3 molecular functions (MFs), and 20 cellular components (CCs) (Fig. 4).
Enriched biological processes in AO included cell cycle, DNA replication, DNA-dependent
DNA replication, DNA repair, mitotic cell cycle, sterol metabolic/biosynthetic processes,
and cellular response to stress/DNA damage stimulus (Fig. 4A and B). However, TA exhib-
ited the enrichment of 13 BPs, 2 MFs, and 5 CCs (Supplemental File S1). Biological proc-
esses enriched in TA included oxidation-reduction activity and the metabolic processes
of amino acids, organic acids, cellular ketones, and sulfur (Fig. S2).

The metabolite and mycoparasite stages of Armillaria-Trichoderma interaction.
(i) InterPro enrichment. During the metabolite stage, 250 AO genes and 1,024 TA genes
(Table 2; Supplemental File S2) were upregulated exclusively. Functional analysis of these
genes from AO showed enrichment of InterPro domains such as cyanate lyase, glutathione
peroxidase, SnoaL, indoleamine 2,3-dioxygenase, phenol hydroxylase, nonribosomal peptide
synthetase (NRPS) condensation domain, flavin-dependent halogenase, Ctr copper trans-
porter, DAHP synthetase, and class I-like SAM-dependent O-methyltransferase (Fig. 5A). TA
showed enrichment of cerato-ulmin (hydrophobin), chaperonin Cpn60, nucleoside phospho-
rylase, NACHT nucleoside triphosphatase, glycoside hydrolase 3, NRPS condensation domain,
heterokaryon incompatibility, and ankyrin repeat-containing domain (Fig. 5B).

In the mycoparasite stage, we identified 985 genes in TA and 1,412 genes in AO
that were specifically upregulated (Supplemental File S2). During this stage, gene fami-
lies such as Pex (peroxisomal biogenesis), Hsp20, CDR ATP-binding cassette (ABC)
transporters, thiolase, NAD(P) binding domain, cytochrome b5-like heme binding, and
short-chain dehydrogenases/reductases (SDRs) were enriched in TA (Fig. 5D). AO
exhibited upregulation of domains such as beta-1,4-cellobiohydrolase, DSBA-like thio-
redoxin, P-type ATPase, NmrA, malic acid transport protein, DJ-1, DUF2235, NADH:fla-
vin oxidoreductase, and voltage-dependent anion channel (Fig. 5C).

TABLE 2 Total number of genes grouped by cluster according to the stages where they
show differential regulation

Organism
Metabolite stage
cluster genes

Mycoparasite stage
cluster genes

Downtrend
genes

AO 250 1,412 768
TA 1,024 985 747

FIG 4 Gene ontology (GO) enrichment analysis of A. ostoyae downtrend cluster. (A) GO dot plot of biological processes (BP), cellular component (CC), and
molecular function (MF) enriched in the downtrend cluster. The size and the color of the dots represent the fold enriched and the q value, respectively.
The shape and color of the GO terms in the y axis denote the GO type. (B) GO enrichment map of significant BP, CC, and MF terms generated using
Enrichment map in Cytoscape v3.8.2. Blue, green, and purple colored nodes represent the type of GO, and the edges denote gene overlaps. The size of the
edge resembles the size of overlaps.
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(ii) Gene ontology enrichment analysis. Gene ontology (GO) enrichment analysis
of genes during the metabolite stage of the interaction showed enrichment of the
indole to kynurenine, small molecule, organic acid, aromatic, and alpha-amino acid
metabolic processes in AO (Fig. 6A and B; Supplemental File S1), and the ergosterol
and cellular alcohol biosynthetic, as well as the carbohydrate metabolic processes (Fig.
S3), in TA. Then, during the direct mycoparasitic interaction phase, AO upregulated
indole alkaloid biosynthesis, cellular detoxification, and various transport functions
related to C4 dicarboxylate, malate, and dicarboxylic acids (Fig. 7A). At the same time,
TA prominently turned on the genes involved in peroxisomal biogenesis, peroxisomal
organization, and transport (Fig. 7B).

(iii) Secondary metabolites. We also examined the upregulation of secondary
metabolite genes in TA and contrasted it against AO. During the metabolite stage,
TA displayed high-level expression of seven genes related to the NRPS family, two
genes each connected to polyketide synthase (PKS) and PKS-like, and other single
genes associated with NRPS-like and NRPS-PKS hybrid families (Fig. 8C). At the same
time, AO showed single NRPS and NRPS-like genes and two PKS genes upregulated
(Fig. 8A).

Then, in the mycoparasitic stage, TA silenced the NRPS genes and only upregulated
PKS and NRPS-like genes and one gene representing dimethylallyl tryptophan syn-
thases (DMATS) (Fig. 8D), while AO also showed a very similar profile with two genes
related to DMATS and PKS and one gene associated with NRPS-like genes (Fig. 8B).

(iv) Quinolinic acid production in Armillaria. GO enrichment results suggested the
possibility of significant quinolinic acid production in AO (Fig. 6). To test this possibility at
the gene expression level, we aimed to identify the homologous genes in AO involved in
the stepwise conversion of tryptophan to quinolinic acid (QA) by applying best-hit recipro-
cal BLASTs with yeast BNA orthologues involved in the biosynthesis of QA (Fig. S4).
Orthofinder identified 4,861 orthogroups in AO, among them orthogroups OG0000948
(BNA2), OG0002535 (BNA4), OG0002534 (BNA5), and OG0004139 (BNA1) represented indole-
amine 2,3-dioxygenase (EC:1.13.11.52) (ARMOST_04226, ARMOST_13362, ARMOST_13365),
kynurenine 3-monooxygenase (EC:1.14.13.9) (ARMOST_03616), kynureninase (EC:3.7.1.3)

FIG 5 InterPro enrichment analysis of the metabolite and mycoparasite clusters in A. ostoyae and T. atroviride. Bar plot of top InterPro families enriched
(P , 0.05) is shown in A. ostoyae (A and C) and T. atroviride (B and D) during the metabolite (A and B) and mycoparasite (C and D) stages of interaction.
The y axis denotes the InterPro families, and the x axis represents the fold enriched.
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(ARMOST_03615), and 3-hydroxyanthranilate 3,4-dioxygenase (EC:1.13.11.6) (ARMOST_12859),
respectively. The kynurenine formamidase, involved in the second step of tryptophan deg-
radation, was identified as an Armillaria-specific gene (ARMOST_08419), with orthogroup
OG0000326, using InterPro analysis (IPR007325). Then their expression profiles were exam-
ined, and the results showed that all BNA homologs as well as the Armillaria-specific kynu-
renine formamidase gene showed increased expression in AO during the metabolite stage
of the interaction (Fig. 6C).

FIG 6 A. ostoyae (AO) metabolite stage GO enrichment. (A) GO enrichment map of the metabolite stage cluster genes from AO. The blue-colored nodes
denote the GO type. (B) Chord diagrams of genes contributing to biological processes are shown in the enrichment map. (C) Heatmap plot of genes
involved in quinolinic acid (QA) production in A. ostoyae at the metabolite stage of interaction (based on yeast homologs, pathway shown in Fig. S3).
Genes highly expressed are indicated in red, and lowly expressed are in blue.

FIG 7 GO enrichment maps of mycoparasite stage clusters. The mycoparasite stage cluster genes from A. ostoyae (AO) (A) and the mycoparasite stage
cluster genes from T. atroviride (TA) (B). Blue and purple colored nodes represent the type of GO and the edges denote gene overlaps.
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Differential gene expression analyses of genes prevalent during the interac-
tion in A. ostoyae and T. atroviride. We examined four groups of genes that might be
connected to the defense strategies A. ostoyae employs against Trichoderma (Supplemental
File S3 and S4; Fig. 9). Each gene group had differentially expressed genes (DEGs), which
could indicate their involvement in the interaction between the two species.

(i) Defense-related genes in AO. We used a set of 22 Uniprot IDs of defense genes
from studies of bacterial-fungal and nematode-fungal interactions (18–21) and identified
their homologs in A. ostoyae using MMseqs2 search (E value ,1E-20). Out of 22 defense
genes, only 6 had hits in A. ostoyae, corresponding to 26 proteins. Four of these 26 pro-
teins (Supplemental File S3) were upregulated during both the metabolite and mycopar-
asite stages of the interaction (highest fold change [FC] = 65.86 in metabolite and 119.58
in mycoparasite stage), and 2 were upregulated only in the mycoparasite stage. These 6
proteins matched the Cop6 alpha cuprenene synthase (Uniport ID A8NCK5) and were
identified in Coprinopsis cinerea (22) and reported as part of a biosynthetic gene cluster,
catalyzing the cyclization of farnesyl/geranyl diphosphate to alpha-cuprenene. Alpha-
cuprenenes, which belong to sesquiterpenes, are volatile metabolites produced during
fungal development and/or in response to stress. In C. cinerea, the Cop6 gene had the
InterPro annotation “trichodiene synthases (IPR024652),” and genes with this term were
found to be developmentally regulated in fruiting body formation in C. cinerea and A.
ostoyae (23). This indicates the role of alpha-cuprenene synthases in both development-
encoded and induced defense mechanisms.

(ii) Fungal cell wall degrading CAZymes. To test the hypothesis that A. ostoyae
may defend itself by secreting carbohydrate-active enzymes (CAZymes) acting on
Trichoderma’s cell wall, we examined CAZymes active on fungal cell wall components.
We used a set of fungal cell wall degrading (FCWD) CAZy families (Supplemental File
S3; reference 24) and examined their expression during the interaction. We identified
110 proteins with FCWD-related CAZyme annotation and found that 6 were upregu-
lated in both the metabolite and mycoparasite stages of interaction, 1 was upregulated
only in the metabolite stage, and 11 were upregulated only in the mycoparasite stage
(Fig. 10). Among the most upregulated genes, the maximum fold changes ranged from
2.12 to 21.08 times for families such as mannanases (GH76), glucanases (GH128 and

FIG 8 Secondary metabolite related gene counts in the metabolite and mycoparasite stages. The gene counts are shown in A. ostoyae (A and B) and T.
atroviride (C and D) during the metabolite (A and C) and mycoparasite (B and D) stages of interaction. The y axis denotes the metabolite biosynthesis gene
families, and x axis represents the gene counts.
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GH16), and chitinases/peptidoglycan hydrolases (GH18). Another CAZy family, CBM50,
reported to be responsible for chitin and peptidoglycan binding, was found to be up-
regulated, with the highest fold changes over 308.65 and 212.07 in the metabolite and
mycoparasite stage, respectively. From a total of 15 CBM50 genes in A. ostoyae, 5 were
upregulated in the metabolite stage, and 5 were upregulated in the mycoparasite
stage; out of these 4 were commonly upregulated in both stages with a minimum of
24-fold changes. These observations highlight a putative defense strategy the fungus
deploys where it tries to defend itself by targeting the cell wall components of the
interacting fungus. We detected 40 FCWD-related genes expressed in TA, among them
33 upregulated during the 0-h or the metabolite stage of the interaction (Fig. 10). Of
the FCWD-related genes, 14 encoded chitin-binding proteins (12 GH18, 1 GH20, and 1

FIG 9 Small secreted proteins (SSPs) in A. ostoyae. (A) Unannotated and InterPro annotated SSPs (x axis) and their numbers (y axis) in A. ostoyae. (B)
Number of differentially expressed SSPs in the metabolite stage (53 h) and mycoparasite stage (62 h) of the interaction. Annotated differentially expressed
SSPs are shown on the left, and the unannotated ones are on the right. Upregulated and downregulated SSPs are in orange and green, respectively. (C)
Heatmap depicting expression of differentially expressed SSPs. The color bar on the left shows at which stage they were upregulated.
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GH7), 10 mannanases (6 GH92, 3 GH76, and 1 GH125), 8 glucanases (4 GH55, 3 GH71,
and 1 GH128) and 1 was unclassified (GH30_5). GH72, which is also a glucanase, was
uniquely upregulated only in the metabolite stage. We identified only 6 FCWD-related
genes expressed during the mycoparasitic stage. Among the 6 genes, 5 belonged to
the chitinase/peptidoglycan hydrolase (GH18) family, and 1 represented the endo-
b-1,3-glucanase (GH81) family.

(iii) Small secreted proteins. We identified 414 small secreted proteins (SSPs) in A.
ostoyae, of which 382 were expressed in the interaction study (Supplemental File S3;
Fig. 9). Of these 382 proteins, 202 had no known InterPro domains, while the remaining
180 proteins corresponded to about 100 unique InterPro terms, including hydropho-
bins, thaumatins, cysteine-rich CAP domain, LysM (=CBM50) domain, cerato-platanins/
RlpA-like domain, ricin B lectin domain-containing proteins, etc. (see Fig. 9A for InterPro
terms and their counts). There were 100 differentially expressed SSPs (Fig. 9C) in the con-
trol versus metabolite stage (48 upregulated and 52 downregulated in the metabolite
stage) and 153 differentially expressed SSPs in the control versus mycoparasite stage (78
upregulated and 75 downregulated in the mycoparasite stage). There were 46 upregu-
lated and 48 downregulated genes in both the metabolite and mycoparasite stages. In
both comparisons, the upregulated genes had higher proportions of unannotated SSPs
than annotated ones (Fig. 9B). The Fisher-exact test revealed that SSPs were significantly
overrepresented among DEGs (Supplemental File S3) when upregulated, and downregu-
lated genes were both considered and when only upregulated SSPs were considered. This
suggests that SSPs are a particularly important group in the interaction; however, ascer-
taining how they contribute mechanistically is difficult because they are mostly unanno-
tated proteins. Studies on fungal-fungal (25) and fungal-plant interactions (26–28) have
speculated about the possibility of SSPs as putative effectors but have rarely reported

FIG 10 Differentially expressed CAZymes in AO and TA. Heatmap plot depicting the counts of diffentially expressed CAZymes in both AO and TA at the
metabolite and mycoparasite stages. The x axis denotes the organism and stage, whereas the y axis on the left side indicates the CAZyme family and the
InterPro families on the right.
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anything concrete concerning specific functional roles. When comparing the expression of
SSPs in TA at the metabolite stage and the mycoparasitic stage, we identified 157 differen-
tially expressed SSP-related genes (Supplemental File S4). Of the DEGs, 43 showed upregu-
lation in the control and the metabolite stage of interaction. Among those DEGs, 25 had
no Interpro annotations, while the remaining 18 corresponded to Interpro terms like
cerato-platanin, cerato-ulmin hydrophobin, RlpA-like protein, cutinase, cysteine-rich secre-
tory protein related with CAP domain, RNase T2-like, phytocyanin domain, peptidase S51,
blastomyces yeast-phase-specific protein, CFEM domain-containing proteins, DUF1349,
fungal chitosanase, cyanovirin-N, alginate lyase 2, Kre9/Knh1 family, cell wall mannopro-
tein 1, and uncharacterized glycosyl hydrolase. Altogether, 13 SSPs were upregulated dur-
ing the metabolite stage. Of these, 4 were cerato-ulmin hydrophobins, 1 was CFEM, and 1
was chloroperoxidase; the rest were unknown. In addition, there were 8 SSPs that were up-
regulated in both the metabolite and mycoparasite stage, and 4 of them were cerato-
ulmin hydrophobin, cerato-platanin, DUF1524, and cell wall mannoprotein 1. During the
mycoparasite stage in TA, 3 G1 peptidase genes were upregulated along with other genes
like Alternaria alternata allergen 1, cerato-ulmin hydrophobin, CFEM, FAS1 domain-contain-
ing protein Mug57-like, guanine-specific RNase N1/T1/U2, and serine proteases with tryp-
sin domain.

(iv) Peptidases. In host-pathogen interaction, secreted peptidases might act as
virulence factors by altering the protein components of the host (29). Therefore, we
identified peptidases in AO (Supplemental File S3) and TA (Supplemental File S4)
using the MEROPS database. We identified the upregulation of 151 differentially
expressed peptidase-related genes in AO of which 39 were upregulated during the
mycoparasite stage, and 37 peptidase-related genes in both the metabolite and myco-
parasite stages (Fig. 11). Aspartic peptidase A1A and serine peptidase S12 displayed the
highest expression in the mycoparasite stage, while serine peptidases (S09, S33) and cys-
teine peptidase C12 were dominant in the metabolite and mycoparasite stages of the
interaction. In TA, there were 52 differentially expressed secreted peptidases (Fig. 11).
Among them, 17 peptidases upregulated in the mycoparasite stage of interaction
included 4 aspartic peptidases (A01A), 3 glutamic peptidases (G01), and 5 serine pepti-
dases (S01A, S08A, S09X, S12, and S54). One cysteine peptidase C56 was upregulated in
both the metabolite and mycoparasite stages. The upregulation of A1 and G1 peptidases
during the mycoparasite stage may contribute to the pathogenicity and the host adapta-
tion of TA (29) toward AO.

(v) Apoptosis-related genes. During the mycoparasite stage, AO-specific upregulation
occurred in 10 apoptosis-related genes (Fig. 12). The ARMOST_05616 and ARMOST_18631
genes belong to the metacaspase 1 (MCA1) family, while ARMOST_18535, ARMOST_18537,
ARMOST_09700, and ARMOST_09409 encode apoptosis-inducing factor 2 proteins (AIFM2).
Metacaspase genes and AIFM2 may have direct roles in apoptosis whereas bax inhibitors
(BI) (30–33), Rho-Rab GTPases, and thioredoxin reductases may be directly or indirectly
involved in apoptosis (34–36).

Validation of differentially expressed genes using quantitative real-time reverse
transcription-PCR. To confirm the reliability of the RNA-Seq data, the transcriptional level
of 11 unigenes was examined by quantitative real-time reverse transcription-PCR (qRT-PCR)
(Fig. 13), including ARMOST_13362, ARMOST_03616, ARMOST_5857, ARMOST_18537,
ARMOST_05856, ARMOST_05616, ARMOST_04226, and ARMOST_18535 for A. ostoyae, as
well as XM_014093434.1, XM_014092940.1, and XM_014085775 for T. atroviride. In
response to the interaction, all eight Armillaria genes exhibited higher expression at the
metabolite and mycoparasite stages (before physical contact and during physical con-
tact) than the control stage (Fig. 13A). The qRT-PCR analysis confirmed the upregulation
of the ARMOST_04226, ARMOST_13362, and ARMOST_03616 genes, involved in the first
biosynthetic steps of quinolinic acid, in the metabolite stage (Fig. 6C). Except for two ap-
optotic genes (ARMOST_05616 and ARMOST_18535), the Armillaria genes exhibited no
significant differences between the metabolite and mycoparasite stages, suggesting that
the expression of the tested genes was activated before physical contact and did not
change during the physical interactions. In contrast, the Trichoderma genes showed
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continuously increasing expression levels during the interaction (Fig. 13B) and became
most active in the mycoparasitic stage. Altogether, these unigenes were upregulated in
comparison with the control, consistent with the RNA-Seq data, indicating that our ex-
perimental results were valid.

DISCUSSION

As little has been known about their intricate molecular interplay during the myco-
parasitic process, we used dual culture assays to examine the interaction between
Trichoderma and the target pathogen Armillaria. We have selected a haploid AO isolate
for the tests as haploids form homogenous, evenly growing colonies compared to the
variable-shaped AO diploids and react with easily noticeable sensitivity to the approaching
invasive Trichoderma mycelia. In our experiments, AO sensed and responded to the pres-
ence of the neighboring invader TA and altered its behavior accordingly. Yet, TA mycelia
could grow onto and inhibit the growth of the haploid AO colonies (Fig. 1).

In this study, complex responses were observed in AO, reflected in a continuous
downward trend in gene expression profiles from 53 h (before physical contact) to
62 h (during physical contact). The genes showing a downtrend included those related
to cell cycle control, as revealed by the enrichment of genes involved in DNA replica-
tion, DNA repair, mitotic cell cycle, and microtubule-based processes. The downtrend
of gene clusters related to the cell cycle indicated AO growth regression when the
mycelia of TA gradually approached and then dominated the AO colony.

By that time, AO had implemented several self-protecting mechanisms against TA.
First, at the transcriptional level, AO responded to the approaching TA, which was

FIG 11 Differentially expressed proteases in AO and TA. Heatmap plot of differentially expressed protease counts in both AO and TA. The x axis represents
the organism and stage; the y axis on the left side denotes the peptidase family and on the right side the major peptidase groups.
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revealed by reactions that identified TA as an antagonistic intruder. These reactions
included countering oxidative stress, activating defense processes, and metabolizing
toxic compounds.

Gene activations related to oxidative stress relief, including the glutathione peroxi-
dase gene before the physical contact and others with DSBA-like thioredoxin domains
and NADH:flavin oxidoreductase/NADH oxidase (NOX) genes during physical contact,
were detected in AO. The higher expression levels of a glutathione peroxidase gene
might have been critical for the resistance to oxidative stress and then the survival of
AO cells (37, 38). The potential role of NOX genes in AO is unclear; they may participate
in a process that induces a defensive system by increasing the intracellular H2O2 levels
(39); however, the latter may also trigger a rapidly progressing apoptotic self-destruc-
tion process (40).

Defense-related functions included the upregulation of genes involved in the bio-
synthesis of antibiotics and in the neutralization of toxic compounds. Genes with con-
densation and SnoaL-like domains implicated in the biosynthesis of polyketides (PKs)
and nonribosomal peptides (NRPs) were dominant in AO before the physical contact
(Fig. 8A). SnoaL belongs to a family of small polyketide cyclases responsible for the bio-
synthesis of polyketide antibiotics (41). Regarding the control of toxic metabolites, a
phenol hydroxylase involved in the hydroxylation of phenolic compounds (42) and fla-
vin-dependent halogenases (Fl-Hals) acting on aromatic substances (43) were also
found in AO (Fig. 5A). Hydroxylation of phenolics and introducing a halide component
to aromatics, thereby derivatizing and changing bioactivity and metabolic susceptibil-
ity of potentially toxic compounds, may have also contributed to the self-defensive
activities of AO.

At the metabolite stage, indoleamine 2,3-dioxygenase (IDO) was highly expressed
in AO (Fig. 5A). IDO is a tryptophan-degrading enzyme supplying NAD (NAD1) via the
kynurenine pathway in fungi (44, 45). Correspondingly, upregulation of the kynurenine
pathway in AO probably leads to the production of an intermediate, the quinolinic
acid (QA), at the metabolite stage (Fig. 6A). Ohasi et al. (46) first reported the secretion
of QA into the medium by S. cerevisiae and the utilization of the secreted QA as the

FIG 12 Apoptosis-related gene expression in A. ostoyae. Line plot of apoptosis-related gene expression profiles in A. ostoyae during the mycoparasite
stage. The x axis denotes the time points, and the y axis indicates the log2-fold change. The lines are marked with the geneID it represents.
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precursor of NAD1. QAs are formed in the media from secreted precursors (Fig. S4) for
storage and later use as QA can be quickly absorbed and used to maintain intracellular
NAD1 concentration. Therefore, it is possible that AO stores abundant QA extracellu-
larly which is then transformed into NAD1 to maintain cellular viability and to cope
with the high stress induced by TA. Notably, the antifungal properties of QA, such as
inhibition of fungal mycelia, fungal cell wall alterations, and disease incidence reduc-
tion, were studied in Ceratocystis fimbriata, a fungal pathogen causing black rot disease
on sweet potato (47). Therein, quinolinic acid was demonstrated to have antifungal ac-
tivity by interfering with the ergosterol biosynthesis pathway. During the metabolite
stage of the interaction, ergosterol biosynthesis was enriched in TA (Fig. S3); hence, it
could be speculated that quinolinic acid might have triggered such a response.

Additional genes were selectively upregulated during the mycoparasitic stage,
which may also protect AO against the invading fungus. These genes included malic
acid transporters possibly for an increased extracellular release of malic acid (Fig. 5C).
Malic acid has been shown to have antimicrobial and antifungal activities against vari-
ous bacterial and fungal species and has been used as an antimicrobial agent against
Listeria monocytogenes, Salmonella enterica, Escherichia coli, and Rhizopus nigricans (48,
49). Notably, malic acid was found to be the most abundant organic acid in A. mellea
fruiting bodies collected from nature (50), which may represent a natural antimicrobial
defense option for Armillaria species.

In the case of TA, major transcriptional differences we identified were associated
with oxidative stress tolerance and complex metabolic pathways in the presence of
AO, highlighted by cytochrome b5-like heme-binding domain-containing proteins and
numerous genes encoding SDRs (Fig. 5D) (51, 52).

NRPSs play an important role during the interaction of biocontrol fungi with plant
pathogens, insects, and plants (53). We predicted the genes involved in secondary metab-
olite biosynthesis (e.g., NRPS, PKS-like, PKS, NRPS-PKS hybrid, and NRPS-like), and these
were highly expressed in TA at the metabolite stage (Fig. 8C), suggesting that TA actively
antagonized AO through the production of antimicrobial compounds. This was indicated
particularly by the significant expression of NRPS genes already at the metabolite stage.
These expression profiles signified that TA activated antagonistic processes before physical
contact with AO and that AO reacted by activating detoxification mechanisms and defense

FIG 13 qRT-PCR validation of differentially expressed genes in A. ostoyae and T. atroviride. The figure represents the qRT-
PCR validation of the selected 8 and 3 genes that were differentially expressed at the metabolite and mycoparasite stages
of the interaction in A. ostoyae (A) and T. atroviride (B), respectively. The actin and the gpd genes were the internal
controls for validating the Armillaria and the elF-4 gene for the Trichoderma genes. The presented values are averages of
three independent experiments; error bars indicate standard deviation. Asterisks represent statistical significance (**,
P , 0.01 and *, P , 0.05).
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processes. On the other hand, the expression of genes encoding toxic secondary metabo-
lites was underrepresented in AO at the metabolite stage compared to TA. In addition, fun-
gal ABC transporters (54) functioning in cellular detoxification were also highly expressed
in TA during the mycoparasite stage (Fig. 5D).

Overall, TA highly expressed ABC transporters, as well as genes producing toxic sec-
ondary metabolites (55, 56). ABC transporters possibly involved in releasing antifungal
and other toxic compounds became prevalent in TA when its mycelia gradually
reached and physically contacted AO.

At the mycoparasite stage, TA activated peroxisome-related processes (Fig. 5D and
7B). Peroxisomes are involved in lipid metabolism and associated with several essential
metabolic pathways and the homeostasis of reactive oxygen species (57). The peroxi-
some-related activities also represent a type of defense system that aims to aid the sur-
vival of the multicellular organism (58). Peroxisomes may play an essential role in
Trichoderma survival when approaching prey, coping with prey-derived signals and
chemicals, and developing contact-induced morphogenesis at physical contact with
AO (Fig. 7B). At the end, apoptosis-like cell death seems to occur in AO, reflected by
the significant upregulation of apoptosis-related genes once TA is physically in contact
with AO (Fig. 12). Apoptosis can be induced in fungi via exposure to toxic metabolites
or other stress factors (33).

In Trichoderma species, CAZymes are responsible for the adaptive remodeling of
their cell wall and the degradation of the cell wall residues of their fungal prey during
mycoparasitic activities (59). According to Schmoll et al. (60), the different ecological
behavior of the mycoparasites, such as T. virens, T. atrobrunneum, and TA, compared to
the industrially important cellulolytic T. reesei (with a genome size of 34.1 Mbp), is
reflected by the expansion of their genome size (59). A higher number of CAZyme
domains was found in the expanded genomes of the mycoparasites, such as TA
IMI206040 (36.1 Mbp) and T. atrobrunneum ITEM 908 (39.2 Mbp) (60). The present
study performed a focused investigation on the CAZyme dynamics in the transcrip-
tomes of AO and TA during the metabolite and mycoparasite stages of their interaction
(Supplemental File S3 and S4). In the transcriptomes of TA affected by AO, we detected
differential expression of CAZymes at the metabolite and mycoparasite stages, includ-
ing auxiliary activities (AAs) of redox enzymes that act with CAZymes, carbohydrate
esterases (CEs) responsible for the hydrolysis of carbohydrate esters, and glycoside hy-
drolases (GHs) that associate with the hydrolysis and/or rearrangement of glycosidic
bonds (www.cazy.org). Most FCWD enzymes were strongly expressed in AO in the
metabolite and mycoparasitic stages, while in TA, they were already significantly pres-
ent in the precontact phase. The latter finding agrees with Kullnig et al. (61), where cer-
tain enzymes, such as chitinases, were already secreted in the precontact phase.

Among the different GH families of TA, GH18 represents chitinases, the upregula-
tion of which can increase the ability of TA to colonize its prey cells (62–64). The activa-
tion of genes encoding chitinolytic enzymes and glucanases is likely to play a signifi-
cant role in the mycoparasitism of Armillaria, which may be synergistic with the
potential antimicrobial effect of various secondary metabolites (8). As the incubation
time extended, the expression of GHs in TA decreased significantly during the myco-
parasite stage, presumably due to a possible saturation of these enzymes in the media.
In contrast to TA, lower abundance and diversity of CAZymes were found in AO before
its physical contact with TA. Later, these CAZymes showed no significant change,
except for several AAs of the redox enzymes that were significantly upregulated at the
mycoparasite stage, which may also be part or consequence of a defensive response
against oxidative stress.

Since glycoproteins are vital structural components of the fungal cell walls, the par-
ticipation of secreted peptidases and proteases in the prey-targeted cell wall degrada-
tion seems unmissable in Trichoderma mycoparasitism (65). Similarly to CAZymes,
many of the secretory protease genes were already expressed during the precontact
stage in TA and relatively less in AO (Fig. 11; Supplemental File S3 and S4). However, in
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the mycoparasite stage, the abundance and diversity of the protease profiles increased
extensively in AO, while, with comparable abundance levels between the metabolite
and mycoparasitic stages, the specificity and variability of protease activities changed
significantly in TA. All changes at the mycoparasite stage seem to be induced by the
direct contact-level mycoparasite-prey interaction.

The possible contribution of proteases to the degradation of the fungal cell wall during
Trichodermamycoparasitism and their putative involvement in the interactions with differ-
ent organisms triggered great investigative interests. For example, the gene papA encod-
ing one of the extracellular aspartyl proteases from T. asperellum was upregulated during
plate confrontation with R. solani (66). Moreover, peptidases also act as proteolytic inacti-
vators of virulence-related enzymes or other pathogenicity factors from pathogens; certain
metalloendopeptidases, serine proteases, and aspartic proteases were induced in T. harzia-
num during in vitro nematode egg-parasitism of Caenorhabditis elegans and revealed a
substantial biocontrol role of these proteases in this function (67). On the other hand, the
functions of peptidases and proteases in the detoxification of toxic molecules have been
confirmed in Aspergillus niger and R. solani in response to biocontrol bacteria from the gen-
era Serratia and Bacillus (68, 69). The detoxifying function of peptidases appears to be fully
activated and implemented in AO. As the mycelia of TA extended toward interacting with
AO, AO showed an intense reaction with significantly more types and increased peptidase
production (Fig. 11), suggesting that TA activates a typical defense process in AO.

MATERIALS ANDMETHODS
Strains and culture conditions. Trichoderma atroviride SZMC 24276 (TA) was isolated from a soil

sample collected in a native spruce forest in Rosalia, Austria (GPS-N: 47°41.640, GPS-E: 16°17.937). The
diploid strains of A. ostoyae, SZMC 24127, SZMC 24128, and SZMC 24129, were isolated from Armillaria
fruiting bodies or rhizomorphs obtained previously from the Rosalia forest (GPS-N: ranging from
47°41.618 to 47°41.629, GPS-E: 16°17.873 to 16°17.964) (16). The diploid strain C18 of A. ostoyae is a field
isolate from Switzerland (70), while the haploid strains of A. ostoyae, C18/9, C18/2, C18/3, and C18/4,
were derived from C18 as single spore isolates. All Trichoderma and Armillaria strains were deposited in
the Szeged Microbiology Collection (SZMC, www.szmc.hu) in Szeged, Hungary. Corresponding SZMC
numbers of the five A. ostoyae strains C18, C18/9, C18/2, C18/3, and C18/4 are SZMC 23083, SZMC
23085, SZMC 27047, SZMC 27048, and SZMC 27049, respectively. All fungal strains were cultured on
PDA medium (VWR, Debrecen, Hungary).

In vitro antagonistic activity assessment by dual culture assay. The T. atroviride SZMC 24276
strain and the haploid strain A. ostoyae SZMC 23085 were screened and determined for further mRNA
sequencing experiments based on their confrontation interactions. Using dual-culture confrontation
tests, we examined T. atroviride SZMC 24276 in vitro for its antagonistic ability against both diploid
strains and haploid derivatives of A. ostoyae. In the experiments, agar plugs (5 mm in diameter) of A.
ostoyae cut from a PDA plate of a 4-week-old colony were inoculated on a PDA medium about 2 cm
near the edge of the Petri plates. After 3 weeks of incubation at 26°C, agar plugs (5 mm in diameter) of
T. atroviride excised from a PDA plate of a 2-day-old colony were inoculated 3.5 cm from the edge of the
Armillaria colonies, resulting in a confrontation growth of the two toward each other. We took plate
photographs after another 5 days of coincubation at 26°C. Image analysis of plate photographs was per-
formed using the ImageJ software, and then biocontrol index (BCI) values were calculated based on the
following formula (71):

BCI ¼ area of Trichoderma colony=total area occupied by the colonies of bothTrichoderma and the plant pathogenic fungus
� �

� 100

All dual culture confrontation experiments were repeated three times under the same test condi-
tions. Values were recorded as the means with standard deviations from triplicates.

Transcriptome analysis of Trichoderma atroviride–Armillaria ostoyae dual cultures. (i) Experimental
design, sample collection, and total RNA extraction. For the time-course analysis of the Armillaria-
Trichoderma interaction, PDA plates were first inoculated with the haploid A. ostoyae strain SZMC 23085
(C18/9) (72) and grown for 21 days at 26°C. Then, on day 22, plates in parallel were coinoculated with T.
atroviride strain SZMC 24276 pregrown on PDA plates for 2 days. We performed the inoculations using
agar plugs (5 mm in diameter) with fungal mycelia. Armillaria colonies were inoculated to a position
2 cm near the edge of the Petri plates. After 21 days, the Trichoderma colonies were inoculated 3.5 cm
from the edge of the Armillaria colonies, and the coinoculated plates were incubated further at 26°C.
The interactive fungal mycelia from both sides were harvested 53, 62, and 105 h after Trichoderma inocu-
lation, representing nonphysical (metabolite stage), physical (mycoparasite stage), and postmycopara-
sitic (or postnecrotrophic) interaction stages, respectively. While Trichoderma and Armillaria mycelia
were separately harvested at the metabolite stage (53 h), the physically interacting mycelia were
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coscraped from the mycoparasitic (62 h) and postmycoparasitic settings (105 h) (Fig. S5). Three biologi-
cal replicates were considered for each time point, including individually growing, noninteractive cul-
tures (the 21-day-old Armillaria and 2-day-old Trichoderma colonies) as the controls. All collected myce-
lial samples were immediately frozen in liquid nitrogen and stored at 280°C.

Four conditions were established and analyzed: 0-h/control samples of Armillaria and Trichoderma
grown separately on PDA media; 53rd hour/metabolite stage samples considering the impact of various
metabolites between Trichoderma and Armillaria before physical contact; 62nd hour/mycoparasite stage
samples during the mycoparasitic interaction once Armillaria and Trichoderma started to contact; and
5th day/postinteractive stage when the Armillaria colony was entirely covered with mycelia and conidia
of Trichoderma. Figure S5 provides details about the culturing of the fungi for the collection of mycelia.

Total RNA extraction from the mycelial samples was conducted with the E.Z.N.A. Plant RNA kit
(Omega Bio-Tek Inc. Norcross, GA, USA) according to the manufacturer’s extraction protocol with minor
modifications. Briefly, mycelia were transferred into an autoclaved mortar, frozen under liquid nitrogen,
and immediately ground with an autoclaved pestle before the samples thawed. Degrading RNA content
was first estimated using agarose gel (1%) electrophoresis. RNA concentration and qualification were
monitored using the Tapestation 2200 analyzer (Agilent Technologies, Santa Clara, CA, USA).

(ii) cDNA library preparation, sequencing, and data analysis.We prepared cDNA sequencing libraries
for the transcriptome samples using the TruSeq RNA Library Prep kit v2 (Illumina, San Diego, CA, USA).
Paired-end fragment reads were generated on an Illumina NextSeq sequencer using TG NextSeq 500/550
High Output kit v2 (300 cycles). Primary data analysis (base-calling) was performed with the “bcl2fastq” soft-
ware (v2.17.1.14 conversion software, Illumina, San Diego, CA, USA). The quality of the raw reads obtained
was analyzed using FastQC (73). Further, low-quality bases (Q score,20) were trimmed using Trimmomatic
v0.39 (74). We used Salmon v1.1.0 (75) to quantify the transcripts and generate a count matrix.

(iii) Time-course analysis. The TCSeq R-package (76) was utilized to perform c-means clustering analysis
of time-course RNA-seq data based on the gene expression profiles. The gene clustering was performed using
the Euclidean distance method and the Fuzzy C-means clustering algorithm. Z-scores of gene expression val-
ues were used to generate a cluster plot for visualization. To plot the temporal expression values of the genes
that were grouped into clusters (Fig. 3), the “timeclustplot” function of TCSeq was used.

Regarding the differential expression analysis, TCSeq was employed to detect differentially expressed
genes between different time points. TCSeq uses the generalized linear model and statistical tests such as the
likelihood ratio tests of the edgeR package (77) to determine the genes differentially expressed between time
points. Log2 FC values of gene expression levels were calculated for pairwise comparisons, and statistically
significant differentially expressed genes were filtered using a threshold of P value, 0.05 and log2 FC. j1j.

From the clusters (Fig. 3), we manually filtered and grouped genes according to their expression
trends (upregulation/downregulation) (Table 2) at different stages. Downtrend genes included gene sets
from Cluster 1 that specifically showed continuous downregulation in either AO or TA. In contrast, the
metabolite and mycoparasite cluster genes (Table 2) are those genes from cluster 2 and cluster 3 (Fig. 4)
that demonstrated the highest upregulation in the metabolite stage (53 h) or the mycoparasite stage
(62 h), respectively. The criteria chosen for this analysis were a minimum fold change .2 and a P value
,0.05 between any two time points in a cluster.

Regarding Fig. 9, the scales were generated using the z-scores, calculated by the heatmap.2 function
from the gplots package in R. For the input file, the averaged expression values were used.

(iv) Functional annotation of genes. Amino acid sequences from A. ostoyae (accession number:
GCA_900157425.1) (72) and T. atroviride (accession number: GCF_000171015.1) (59) were used for secre-
tory protein prediction.

We used the PANNZER2 (Protein ANNotation with Z-scoRE), a fast functional annotation web server (78)
for the Gene Ontology (GO) annotation, and InterProScan v5.38 (79) for the functional characterization of
proteins. We performed CAZy annotation using the dbCAN2 pipeline (80) and identified proteases using the
Diamond BLAST against the MEROPS database (1E-10) (81). The NetGPI (82) online server was used for glyco-
sylphosphatidylinositol (GPI) anchor prediction. Secondary metabolites-related gene/protein prediction was
performed using the Secondary Metabolites with the InterProScan (SMIPS) prediction tool (83). We per-
formed Kyoto Encyclopedia of Genes and Genomes (KEGG) annotation using KofamKOALA scoring criteria
(84). Transporter proteins were predicted using the Transporter Classification Database (TCDB) (85). GO
enrichment analysis was performed in Cytoscape v3.7.2. (86) using BiNGO v3.0.3 (87) and enrichmentMap
v3.3.1 (88) plugins (adjusted P value ,0.05). The Clusterprofiler R-package (89) was used for InterPro enrich-
ment analysis. We generated all images using the ggplot2 (90) R package.

(v) Identification of the AO genes involved in the biosynthesis of quinolinic acid. We identified
the AO genes homologous to Saccharomyces cerevisiae genes involved in the quinolinic acid biosynthesis
using OrthoFinder (91), which relies on RBNHs (Reciprocal Best length-Normalized Hits) to delimit orthogroup
sequences based on sequence similarities before MCL (Markov Cluster Algorithm) after all_vs_all BLAST.

(vi) Quantitative real-time reverse transcription-PCR. For qRT-PCR analysis, total RNA samples
were extracted using the E.Z.N.A. Plant RNA kit (Omega Bio-Tek Inc. Norcross, GA, USA) according to the
manufacturer’s extraction protocol. The quality of each RNA sample was checked in 2% agarose gel.
cDNA synthesis was performed by using Maxima H Minus First Strand cDNA Synthesis kit (ThermoFisher
Scientific, Waltham, MA, USA). Oligo (dT)18 and random hexamer primers were used in the reaction mix-
ture according to the manufacturer’s instructions.

The qRT-PCR experiments were performed in a CFX96 real-time PCR detection system (Bio-Rad,
Hercules, CA, USA) using the Maxima SYBR green qPCR Master Mix (Thermo Scientific, Waltham, MA,
USA), and the primers are presented in Table S1. The reaction was realized using the following condi-
tions: denaturation at 95°C for 3 min, followed by 40 cycles of amplification (95°C for 5 s, 60°C for 30 s,
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and 72°C for 30 s). The relative quantification of gene expression was executed with the 22DDCt method
(92) using the housekeeping gene glyceraldehyde-3-phosphate dehydrogenase (gpd, ARMOST_14637)
or actin (ARMOST_03733) for A. ostoyae and the gpd (ID 297741) or elF-4 (ID 301614) genes for T. atrovir-
ide (93). For each sample, 2 technical replicates of the qRT-PCR assay were used with a minimum of 3 bi-
ological replicates. Significance was calculated with paired t test using the GraphPad Prism 7.00 program
(GraphPad Software, La Jolla, CA, USA). P, 0.05 was considered statistically significant.

SUPPLEMENTAL MATERIAL

Supplemental material is available online only.
SUPPLEMENTAL FILE 1, XLS file, 0.2 MB.
SUPPLEMENTAL FILE 2, XLS file, 1.7 MB.
SUPPLEMENTAL FILE 3, XLS file, 0.3 MB.
SUPPLEMENTAL FILE 4, XLS file, 0.5 MB.
SUPPLEMENTAL FILE 5, XLSX file, 0.01 MB.
SUPPLEMENTAL FILE 6, TIFF file, 0.04 MB.
SUPPLEMENTAL FILE 7, TIFF file, 1.1 MB.
SUPPLEMENTAL FILE 8, TIFF file, 0.7 MB.
SUPPLEMENTAL FILE 9, TIFF file, 0.5 MB.
SUPPLEMENTAL FILE 10, TIFF file, 2.7 MB.

ACKNOWLEDGMENTS
We thank the China Scholarship Council (CSC) for the grant of Liqiong Chen.
This research was funded by the Hungarian Government and the European Union within

the frames of the Széchenyi 2020 Program (GINOP-2.3.2-15-2016-00052). The publication
of this article was supported by the RRF-2.1.2-21-2022-00011 project, financed by the
Government of Hungary within the framework of the Recovery and Resilience Facility.

Conceptualization: G.S., L.K., L.G.N., and C.V.; Data Curation: L.C., A.S., and S.C.; Formal
Analysis: S.C., N.S., and A.S.; Funding Acquisition: C.V. and G.S.; Investigation: L.C., S.C., N.S.,
and A.S.; Methodology: B.P., G.S., L.K., L.G.N., G.N., G.M., and S.C.; Project Administration:
G.S., L.K., L.G.N., and C.V.; Resources: G.S., L.G.N., and L.K.; Software: A.S., S.C., N.S., G.N.,
G.M., and L.C.; Supervision: C.V., G.S., L.G.N., and L.K.; Validation: L.K., G.S., L.G.N., and C.V.;
Visualization: L.C., O.L., N.S., and S.C.; Writing – Original Draft Preparation: L.C., S.C., L.K.,
G.S., B.I., N.S., and L.G.N.; Writing – Review and Editing: C.V., L.C., L.G.N., S.C., G.S., O.L., N.S.,
and L.K. All authors have read and agreed to the published version of the manuscript.

REFERENCES
1. Baumgartner K, Coetzee M, Hoffmeister D. 2011. Secrets of the subterra-

nean pathosystem of Armillaria. Mol Plant Pathol 12:515–534. https://doi
.org/10.1111/j.1364-3703.2010.00693.x.

2. Bendel M, Kienast F, Bugmann H, Rigling D. 2006. Incidence and distribu-
tion of Heterobasidion and Armillaria and their influence on canopy gap
formation in unmanaged mountain pine forests in the Swiss Alps. Eur J
Plant Pathol 116:85–93. https://doi.org/10.1007/s10658-006-9028-1.

3. Rishbeth J. 1985. Infection cycle of Armillaria and host response. Forest
Pathol 15:332–341. https://doi.org/10.1111/j.1439-0329.1985.tb01108.x.

4. Yafetto L. 2018. The structure of mycelial cords and rhizomorphs of fungi: a
minireview. Mycosphere 9:984–998. https://doi.org/10.5943/mycosphere/
9/5/3.

5. Chen L, Shahab D, Kedves O, Champramary S, Indic B, Nagy VD, Vágvölgyi C,
Kredics L, Sipos G. Armillarioid root rot invasion: possibilities of silvicultural
and chemical control, p 90–97. In: Németh R, Rademacher P, Hansmann C,
Bak M, Báder M (eds). 2021. 9th Hardwood Proceedings: part II. University
of Sopron Press, Sopron, Hungary. http://www.hardwood.uni-sopron.hu/
wp-content/uploads/2021/06/HWC2020_proceedings_final_online_II.pdf.

6. Zhang F, Huo Y, Cobb AB, Luo G, Zhou J, Yang G, Wilson GW, Zhang Y.
2018. Trichoderma biofertilizer links to altered soil chemistry, altered mi-
crobial communities, and improved grassland biomass. Front Microbiol
9:848. https://doi.org/10.3389/fmicb.2018.00848.

7. Knudsen GR, Dandurand L-MC. 2014. Ecological complexity and the suc-
cess of fungal biological control agents. Adv Agric 2014:1–11. https://doi
.org/10.1155/2014/542703.

8. Harman GE, Howell CR, Viterbo A, Chet I, Lorito M. 2004. Trichoderma spe-
cies—opportunistic, avirulent plant symbionts. Nat Rev Microbiol 2:43–56.
https://doi.org/10.1038/nrmicro797.

9. Reithner B, Ibarra-Laclette E, Mach R, Herrera-Estrella A. 2011. Identifica-
tion of mycoparasitism-related genes in Trichoderma atroviride. Appl En-
viron Microbiol 77:4361–4370. https://doi.org/10.1128/AEM.00129-11.

10. Sivan A. 1989. The possible role of competition between Trichoderma har-
zianum and Fusarium oxysporum on rhizosphere colonization. Phytopa-
thology 79:198–203. https://doi.org/10.1094/Phyto-79-198.

11. Zhang X, Harvey PR, Stummer BE, Warren RA, Zhang G, Guo K, Li J, Yang
H. 2015. Antibiosis functions during interactions of Trichoderma afrohar-
zianum and Trichoderma gamsii with plant pathogenic Rhizoctonia and
Pythium. Funct Integr Genomics 15:599–610. https://doi.org/10.1007/
s10142-015-0456-x.

12. Zhang S, Gan Y, Xu B. 2016. Application of plant-growth-promoting fungi
Trichoderma longibrachiatum T6 enhances tolerance of wheat to salt stress
through improvement of antioxidative defense system and gene expres-
sion. Front Plant Sci 7:1405. https://doi.org/10.3389/fpls.2016.01405.

13. Dumas MT, Boyonoski NW. 1992. Scanning electron microscopy of myco-
parasitism of Armillaria rhizomorphs by species of Trichoderma. Forest
Pathol 22:379–383. https://doi.org/10.1111/j.1439-0329.1992.tb00310.x.

14. Asef MR, Goltapeh EM, Danesh YR. 2008. Antagonistic effects of Tricho-
derma species in biocontrol of Armillaria mellea in fruit trees in Iran. J
Plant Prot Res 48:213–222. https://doi.org/10.2478/v10045-008-0025-6.

15. Nagamani P, Bhagat S, Biswas MK, Viswanath K. 2017. Effect of volatile
and non volatile compounds of Trichoderma spp. against soil borne

In Vitro Interaction Assay between Trichoderma and Armillaria Microbiology Spectrum

May/June 2023 Volume 11 Issue 3 10.1128/spectrum.04626-22 18

D
ow

nl
oa

de
d 

fr
om

 h
ttp

s:
//j

ou
rn

al
s.

as
m

.o
rg

/jo
ur

na
l/s

pe
ct

ru
m

 o
n 

21
 J

ul
y 

20
23

 b
y 

19
3.

22
5.

93
.5

8.

https://doi.org/10.1111/j.1364-3703.2010.00693.x
https://doi.org/10.1111/j.1364-3703.2010.00693.x
https://doi.org/10.1007/s10658-006-9028-1
https://doi.org/10.1111/j.1439-0329.1985.tb01108.x
https://doi.org/10.5943/mycosphere/9/5/3
https://doi.org/10.5943/mycosphere/9/5/3
http://www.hardwood.uni-sopron.hu/wp-content/uploads/2021/06/HWC2020_proceedings_final_online_II.pdf
http://www.hardwood.uni-sopron.hu/wp-content/uploads/2021/06/HWC2020_proceedings_final_online_II.pdf
https://doi.org/10.3389/fmicb.2018.00848
https://doi.org/10.1155/2014/542703
https://doi.org/10.1155/2014/542703
https://doi.org/10.1038/nrmicro797
https://doi.org/10.1128/AEM.00129-11
https://doi.org/10.1094/Phyto-79-198
https://doi.org/10.1007/s10142-015-0456-x
https://doi.org/10.1007/s10142-015-0456-x
https://doi.org/10.3389/fpls.2016.01405
https://doi.org/10.1111/j.1439-0329.1992.tb00310.x
https://doi.org/10.2478/v10045-008-0025-6
https://journals.asm.org/journal/spectrum
https://doi.org/10.1128/spectrum.04626-22


diseases of chickpea. Int J Curr Microbiol App Sci 6:1486–1491. https://doi
.org/10.20546/ijcmas.2017.607.177.

16. Chen L, Bóka B, Kedves O, Nagy VD, Szu†cs A, Champramary S, Roszik R,
Patocskai Z, Münsterkötter M, Huynh T, Indic B, Vágvölgyi C, Sipos G, Kredics L.
2019. Towards the biological control of devastating forest pathogens from the
genus Armillaria. Forests 10:1013. https://doi.org/10.3390/f10111013.

17. Halifu S, Deng X, Song X, Song R, Liang X. 2020. Inhibitory mechanism of
Trichoderma virens ZT05 on Rhizoctonia solani. Plants 9:912. https://doi
.org/10.3390/plants9070912.

18. Moradi A, El-Shetehy M, Gamir J, Austerlitz T, Dahlin P, Wieczorek K, Künzler
M, Mauch F. 2021. Expression of a fungal lectin in Arabidopsis enhances
plant growth and resistance toward microbial pathogens and a plant-para-
sitic nematode. Front Plant Sci 12:657451. https://doi.org/10.3389/fpls.2021
.657451.

19. Stöckli M, Morinaka BI, Lackner G, Kombrink A, Sieber R, Margot C, Stanley
CE, deMello AJ, Piel J, Künzler M. 2019. Bacteria-induced production of
the antibacterial sesquiterpene lagopodin B in Coprinopsis cinerea. Mol
Microbiol 112:605–619. https://doi.org/10.1111/mmi.14277.

20. Tayyrov A, Schmieder SS, Bleuler-Martinez S, Plaza DF, Künzler M. 2018.
Toxicity of potential fungal defense proteins towards the fungivorous nem-
atodes Aphelenchus avenae and Bursaphelenchus okinawaensis. Appl En-
vironMicrobiol 84:e02051-18. https://doi.org/10.1128/AEM.02051-18.

21. Tayyrov A, Wei C, Fetz C, Goryachkin A, Schächle P, Nyström L, Künzler M.
2021. Cytoplasmic lipases–a novel class of fungal defense proteins against
nematodes. Front Fung Biol 2:696972. https://doi.org/10.3389/ffunb.2021
.696972.

22. Lopez-Gallego F, Agger SA, Abate-Pella D, Distefano MD, Schmidt-Dannert C.
2010. Sesquiterpene synthases Cop4 and Cop6 from Coprinus cinereus: cata-
lytic promiscuity and cyclization of farnesyl pyrophosphate geometric isomers.
Chembiochem 11:1093–1106. https://doi.org/10.1002/cbic.200900671.

23. Krizsán K, Almási �E, Merényi Z, Sahu N, Virágh M, Kószó T, Mondo S, Kiss B,
Bálint B, Kües U, Barry K, Cseklye J, Hegedüs B, Henrissat B, Johnson J,
Lipzen A, Ohm RA, Nagy I, Pangilinan J, Yan J, Xiong Y, Grigoriev IV,
Hibbet DS, Nagy LG. 2019. Transcriptomic atlas of mushroom develop-
ment reveals conserved genes behind complex multicellularity in fungi.
Proc Natl Acad Sci U S A 116:7409–7418. https://doi.org/10.1073/pnas
.1817822116.

24. Miyauchi S, Kiss E, Kuo A, Drula E, Kohler A, Sánchez-García M, Morin E,
Andreopoulos B, Barry KW, Bonito G, Buée M, Carver A, Chen C, Cichocki
N, Clum A, Culley D, Crous PW, Fauchery L, Girlanda M, Hayes RD, Kéri Z,
LaButti K, Lipzen A, Lombard V, Magnuson J, Maillard F, Murat C, Nolan M,
Ohm RA, Pangilinan J, Pereira MDF, Perotto S, Peter M, Pfister S, Riley R,
Sitrit Y, Stielow JB, Szöllo†si G, Žif�cáková L, Štursová M, Spatafora JW,
Tedersoo L, Vaario L, Yamada A, Yan M, Wang P, Xu J, Bruns T, Baldrian P,
Vilgalys R, et al. 2020. Large-scale genome sequencing of mycorrhizal
fungi provides insights into the early evolution of symbiotic traits. Nat
Commun 11:1–17. https://doi.org/10.1038/s41467-020-18795-w.

25. Oghenekaro AO, Kovalchuk A, Raffaello T, Camarero S, Gressler M,
Henrissat B, Lee J, Liu M, Martínez AT, Miettinen O, Mihaltcheva S,
Pangilinan J, Ren F, Riley R, Ruiz-Dueñas FJ, Serrano A, Thon MR, Wen Z,
Zeng Z, Barry K, Grigoriev IV, Martin F, Asiegbu FO. 2020. Genome
sequencing of Rigidoporus microporus provides insights on genes impor-
tant for wood decay, latex tolerance and interspecific fungal interactions.
Sci Rep 10:5250. https://doi.org/10.1038/s41598-020-62150-4.

26. Feldman D, Yarden O, Hadar Y. 2020. Seeking the roles for fungal small-
secreted proteins in affecting saprophytic lifestyles. Front Microbiol 11:
455. https://doi.org/10.3389/fmicb.2020.00455.

27. Plett JM, Martin F. 2015. Reconsidering mutualistic plant-fungal interac-
tions through the lens of effector biology. Curr Opin Plant Biol 26:45–50.
https://doi.org/10.1016/j.pbi.2015.06.001.

28. Kim KT, Jeon J, Choi J, Cheong K, Song H, Choi G, Kang S, Lee YH. 2016.
Kingdom-wide analysis of fungal small secreted proteins (SSPs) reveals
their potential role in host association. Front Plant Sci 7:186. https://doi
.org/10.3389/fpls.2016.00186.

29. Krishnan P, Ma X, McDonald BA, Brunner PC. 2018. Widespread signatures
of selection for secreted peptidases in a fungal plant pathogen. BMC Evol
Biol 18:7. https://doi.org/10.1186/s12862-018-1123-3.

30. Madeo F, Herker E, Maldener C, Wissing S, Lächelt S, Herlan M, Fehr M,
Lauber K, Sigrist SJ, Wesselborg S, Fröhlich KU. 2002. A caspase-related
protease regulates apoptosis in yeast. Mol Cell 9:911–917. https://doi.org/
10.1016/S1097-2765(02)00501-4.

31. Fröhlich KU, Fussi H, Ruckenstuhl C. 2007. Yeast apoptosis—from genes to
pathways. Semin Cancer Biol 17:112–121. https://doi.org/10.1016/j.semcancer
.2006.11.006.

32. Xu Q, Reed JC. 1998. Bax inhibitor-1, a mammalian apoptosis suppressor
identified by functional screening in yeast. Mol Cell 1:337–346. https://doi
.org/10.1016/S1097-2765(00)80034-9.

33. Sharon A, Finkelstein A, Shlezinger N, Hatam I. 2009. Fungal apoptosis: func-
tion, genes and gene function. FEMS Microbiol Rev 33:833–854. https://doi
.org/10.1111/j.1574-6976.2009.00180.x.

34. Annan RB, Wu C, Waller DD,WhitewayM, Thomas DY. 2008. Rho5p is involved
in mediating the osmotic stress response in Saccharomyces cerevisiae, and its
activity is regulated via Msi1p and Npr1p by phosphorylation and ubiquitina-
tion. Eukaryot Cell 7:1441–1449. https://doi.org/10.1128/EC.00120-08.

35. Schmitz HP, Jendretzki A, Wittland J, Wiechert J, Heinisch JJ. 2015. Identi-
fication of D ck1 and L mo1 as upstream regulators of the small GTPase
Rho5 in Saccharomyces cerevisiae. Mol Microbiol 96:306–324. https://doi
.org/10.1111/mmi.12937.

36. Hühn J, Musielak M, Schmitz HP, Heinisch JJ. 2020. Fungal homologues of
human Rac1 as emerging players in signal transduction and morphogen-
esis. Int Microbiol 23:43–53. https://doi.org/10.1007/s10123-019-00077-1.

37. Missall TA, Cherry-Harris JF, Lodge JK. 2005. Two glutathione peroxidases
in the fungal pathogen Cryptococcus neoformans are expressed in the
presence of specific substrates. Microbiology (Reading) 151:2573–2581.
https://doi.org/10.1099/mic.0.28132-0.

38. Xiong CH, Xia YL, Zheng P, Wang CS. 2013. Increasing oxidative stress toler-
ance and subculturing stability of Cordyceps militaris by overexpression of
a glutathione peroxidase gene. Appl Microbiol Biotechnol 97:2009–2015.
https://doi.org/10.1007/s00253-012-4286-7.

39. Liu J, Yin Y, Song Z, Li Y, Jiang S, Shao C, Wang Z. 2014. NADH: flavin oxidor-
eductase/NADH oxidase and ROS regulate microsclerotium development
in Nomurea rileyi. World J Microbiol Biotechnol 30:1927–1935. https://doi
.org/10.1007/s11274-014-1610-7.

40. Redza-Dutordoir M, Averill-Bates DA. 2016. Activation of apoptosis signal-
ing pathways by reactive oxygen species. Biochim Biophys Acta 1863:
2977–2992. https://doi.org/10.1016/j.bbamcr.2016.09.012.

41. Sultana A, Kallio P, Jansson A, Wang JS, Niemi J, Mäntsälä P, Schneider G.
2004. Structure of the polyketide cyclase SnoaL reveals a novel mecha-
nism for enzymatic aldol condensation. EMBO J 23:1911–1921. https://doi
.org/10.1038/sj.emboj.7600201.

42. Enroth C, Neujahr H, Schneider G, Lindqvist Y. 1998. The crystal structure of
phenol hydroxylase in complex with FAD and phenol provides evidence for a
concerted conformational change in the enzyme and its cofactor during catal-
ysis. Structure 6:605–617. https://doi.org/10.1016/S0969-2126(98)00062-8.

43. Büchler J, Papadopoulou A, Buller R. 2019. Recent advances in flavin-de-
pendent halogenase biocatalysis: sourcing, engineering, and application.
Catalysts 9:1030. https://doi.org/10.3390/catal9121030.

44. Yuasa HJ, Ball HJ. 2013. Indoleamine 2, 3-dioxygenases with very low cat-
alytic activity are well conserved across kingdoms: IDOs of Basidiomycota.
Fungal Genet Biol 56:98–106. https://doi.org/10.1016/j.fgb.2013.03.003.

45. Yuasa HJ, Ball HJ. 2011. Molecular evolution and characterization of fun-
gal indoleamine 2, 3-dioxygenases. J Mol Evol 72:160–168. https://doi
.org/10.1007/s00239-010-9412-5.

46. Ohashi K, Kawai S, Murata K. 2013. Secretion of quinolinic acid, an inter-
mediate in the kynurenine pathway, for utilization in NAD1 biosynthesis
in the yeast Saccharomyces cerevisiae. Eukaryot Cell 12:648–653. https://
doi.org/10.1128/EC.00339-12.

47. Chen Y, Zhou YD, Laborda P, Wang HL, Wang R, Chen X, Liu FQ, Yang DJ,
Wang SY, Shi XC, Laborda P. 2021. Mode of action and efficacy of quino-
linic acid for the control of Ceratocystis fimbriata on sweet potato. Pest
Manag Sci 77:4564–4571. https://doi.org/10.1002/ps.6495.

48. Borah HJ, Borah A, Yadav A, Hazarika S. 2023. Extraction of malic acid
from Dillenia indica in organic solvents and its antimicrobial activity. Sep
Sci Technol 58:314–325. https://doi.org/10.1080/01496395.2022.2115381.

49. Raybaudi-Massilia RM, Mosqueda-Melgar J, Martín-Belloso O. 2009. Anti-
microbial activity of malic acid against Listeria monocytogenes, Salmo-
nella enteritidis and Escherichia coli O157: H7 in apple, pear and melon
juices. Food Control 20:105–112. https://doi.org/10.1016/j.foodcont.2008
.02.009.

50. Kosti�c M, Smiljkovi�c M, Petrovi�c J, Glamo�clija J, Barros L, Ferreira IC, �Ciri�c
A, Sokovi�c M. 2017. Chemical, nutritive composition and a wide range of
bioactive properties of honey mushroom Armillaria mellea (Vahl: Fr.)
Kummer. Food Funct 8:3239–3249. https://doi.org/10.1039/C7FO00887B.

51. Kavanagh KL, Jornwall H, Persson B, Oppermann U. 2008. Medium- and
short-chain dehydrogenase/reductase gene and protein families: the SDR
superfamily: functional and structural diversity within a family of meta-
bolic and regulatory enzymes. Cell Mol Life Sci 65:3895–3906. https://doi
.org/10.1007/s00018-008-8588-y.

In Vitro Interaction Assay between Trichoderma and Armillaria Microbiology Spectrum

May/June 2023 Volume 11 Issue 3 10.1128/spectrum.04626-22 19

D
ow

nl
oa

de
d 

fr
om

 h
ttp

s:
//j

ou
rn

al
s.

as
m

.o
rg

/jo
ur

na
l/s

pe
ct

ru
m

 o
n 

21
 J

ul
y 

20
23

 b
y 

19
3.

22
5.

93
.5

8.

https://doi.org/10.20546/ijcmas.2017.607.177
https://doi.org/10.20546/ijcmas.2017.607.177
https://doi.org/10.3390/f10111013
https://doi.org/10.3390/plants9070912
https://doi.org/10.3390/plants9070912
https://doi.org/10.3389/fpls.2021.657451
https://doi.org/10.3389/fpls.2021.657451
https://doi.org/10.1111/mmi.14277
https://doi.org/10.1128/AEM.02051-18
https://doi.org/10.3389/ffunb.2021.696972
https://doi.org/10.3389/ffunb.2021.696972
https://doi.org/10.1002/cbic.200900671
https://doi.org/10.1073/pnas.1817822116
https://doi.org/10.1073/pnas.1817822116
https://doi.org/10.1038/s41467-020-18795-w
https://doi.org/10.1038/s41598-020-62150-4
https://doi.org/10.3389/fmicb.2020.00455
https://doi.org/10.1016/j.pbi.2015.06.001
https://doi.org/10.3389/fpls.2016.00186
https://doi.org/10.3389/fpls.2016.00186
https://doi.org/10.1186/s12862-018-1123-3
https://doi.org/10.1016/S1097-2765(02)00501-4
https://doi.org/10.1016/S1097-2765(02)00501-4
https://doi.org/10.1016/j.semcancer.2006.11.006
https://doi.org/10.1016/j.semcancer.2006.11.006
https://doi.org/10.1016/S1097-2765(00)80034-9
https://doi.org/10.1016/S1097-2765(00)80034-9
https://doi.org/10.1111/j.1574-6976.2009.00180.x
https://doi.org/10.1111/j.1574-6976.2009.00180.x
https://doi.org/10.1128/EC.00120-08
https://doi.org/10.1111/mmi.12937
https://doi.org/10.1111/mmi.12937
https://doi.org/10.1007/s10123-019-00077-1
https://doi.org/10.1099/mic.0.28132-0
https://doi.org/10.1007/s00253-012-4286-7
https://doi.org/10.1007/s11274-014-1610-7
https://doi.org/10.1007/s11274-014-1610-7
https://doi.org/10.1016/j.bbamcr.2016.09.012
https://doi.org/10.1038/sj.emboj.7600201
https://doi.org/10.1038/sj.emboj.7600201
https://doi.org/10.1016/S0969-2126(98)00062-8
https://doi.org/10.3390/catal9121030
https://doi.org/10.1016/j.fgb.2013.03.003
https://doi.org/10.1007/s00239-010-9412-5
https://doi.org/10.1007/s00239-010-9412-5
https://doi.org/10.1128/EC.00339-12
https://doi.org/10.1128/EC.00339-12
https://doi.org/10.1002/ps.6495
https://doi.org/10.1080/01496395.2022.2115381
https://doi.org/10.1016/j.foodcont.2008.02.009
https://doi.org/10.1016/j.foodcont.2008.02.009
https://doi.org/10.1039/C7FO00887B
https://doi.org/10.1007/s00018-008-8588-y
https://doi.org/10.1007/s00018-008-8588-y
https://journals.asm.org/journal/spectrum
https://doi.org/10.1128/spectrum.04626-22


52. Persson B, Kallberg Y, Bray JE, Bruford E, Dellaporta SL, Favia AD, Duarte
RG, Jörnvall H, Kavanagh KL, Kedishvili N, Kisiela M, Maser E, Mindnich R,
Orchard S, Penning TM, Thornton JM, Adamski J, Oppermann U. 2009.
The SDR (short-chain dehydrogenase/reductase and related enzymes)
nomenclature initiative. Chem Biol Interact 178:94–98. https://doi.org/10
.1016/j.cbi.2008.10.040.

53. Niu X, Thaochan N, Hu Q. 2020. Diversity of linear non-ribosomal peptide
in biocontrol fungi. JoF 6:61. https://doi.org/10.3390/jof6020061.

54. Sipos G, Kuchler K. 2006. Fungal ATP-binding cassette (ABC) transporters
in drug resistance & detoxification. Curr Drug Targets 7:471–481. https://
doi.org/10.2174/138945006776359403.

55. Mukherjee PK, Horwitz BA, Kenerley CM. 2012. Secondary metabolism in
Trichoderma–a genomic perspective. Microbiology (Reading) 158:35–45.
https://doi.org/10.1099/mic.0.053629-0.

56. Broberg M, Dubey M, Iqbal M, Gudmundssson M, Ihrmark K, Schroers H-J,
Funck Jensen D, Brandström Durling M, Karlsson M. 2021. Comparative
genomics highlights the importance of drug efflux transporters during
evolution of mycoparasitism in Clonostachys subgenus Bionectria (Fungi,
Ascomycota, Hypocreales). Evol Appl 14:476–497. https://doi.org/10.1111/
eva.13134.

57. Maruyama JI, Kitamoto K. 2013. Expanding functional repertoires of fun-
gal peroxisomes: contribution to growth and survival processes. Front
Physiol 4:177. https://doi.org/10.3389/fphys.2013.00177.

58. Peraza-Reyes L, Berteaux-Lecellier V. 2013. Peroxisomes and sexual devel-
opment in fungi. Front Physiol 4:244. https://doi.org/10.3389/fphys.2013
.00244.

59. Kubicek CP, Herrera-Estrella A, Seidl-Seiboth V, Martinez DA, Druzhinina IS,
Thon M, Zeilinger S, Casas-Flores S, Horwitz BA, Mukherjee PK, Mukherjee
M, Kredics L, Alcaraz LD, Aerts A, Antal Z, Atanasova L, Cervantes-Badillo
MG, Challacombe J, Chertkov O, McCluskey K, Coulpier F, Deshpande N,
von Döhren H, Ebbole DJ, Esquivel-Naranjo EU, Fekete E, Flipphi M, Glaser
F, Gómez-Rodríguez EY, Gruber S, Han C, Henrissat B, Hermosa R,
Hernández-Oñate M, Karaffa L, Kosti I, Le Crom S, Lindquist E, Lucas S,
Lübeck M, Lübeck PS, Margeot A, Metz B, Misra M, Nevalainen H, Omann
M, Packer N, Perrone G, Uresti-Rivera EE, Salamov A, et al. 2011. Compara-
tive genome sequence analysis underscores mycoparasitism as the ances-
tral life style of Trichoderma. Genome Biol 12:R40. https://doi.org/10.1186/
gb-2011-12-4-r40.

60. Schmoll M, Dattenböck C, Carreras-Villaseñor N, Mendoza-Mendoza A,
Tisch D, Alemán MI, Baker SE, Brown C, Cervantes-Badillo MG, Cetz-Chel J,
Cristobal-Mondragon GR, Delaye L, Esquivel-Naranjo EU, Frischmann A,
Gallardo-Negrete JDJ, García-Esquivel M, Gomez-Rodriguez EY, Greenwood
DR, Hernández-Oñate M, Kruszewska JS, Lawry R, Mora-Montes HM,
Muñoz-Centeno T, Nieto-Jacobo MF, Nogueira Lopez G, Olmedo-Monfil V,
Osorio-Concepcion M, Piłsyk S, Pomraning KR, Rodriguez-Iglesias A,
Rosales-Saavedra MT, Sánchez-Arreguín JA, Seidl-Seiboth V, Stewart A,
Uresti-Rivera EE, Wang C-L, Wang T-F, Zeilinger S, Casas-Flores S, Herrera-
Estrella A. 2016. The genomes of three uneven siblings: footprints of the
lifestyles of three Trichoderma species. Microbiol Mol Biol Rev 80:205–327.
https://doi.org/10.1128/MMBR.00040-15.

61. Kullnig C, Mach RL, Lorito M, Kubicek CP. 2000. Enzyme diffusion from Tri-
choderma atroviride (= T. harzianum P1) to Rhizoctonia solani is a prereq-
uisite for triggering of Trichoderma ech42 gene expression before myco-
parasitic contact. Appl Environ Microbiol 66:2232–2234. https://doi.org/
10.1128/AEM.66.5.2232-2234.2000.

62. Fanelli F, Liuzzi VC, Logrieco AF, Altomare C. 2018. Genomic characteriza-
tion of Trichoderma atrobrunneum (T. harzianum species complex) ITEM
908: insight into the genetic endowment of a multi-target biocontrol strain.
BMC Genomics 19:662. https://doi.org/10.1186/s12864-018-5049-3.

63. Lienemann M, Boer H, Paananen A, Cottaz S, Koivula A. 2009. Toward
understanding of carbohydrate binding and substrate specificity of a gly-
cosyl hydrolase 18 family (GH-18) chitinase from Trichoderma harzianum.
Glycobiology 19:1116–1126. https://doi.org/10.1093/glycob/cwp102.

64. Kappel L, Münsterkötter M, Sipos G, Rodriguez CE, Gruber S. 2020. Chitin
and chitosan remodeling defines vegetative development and Tricho-
derma biocontrol. PLoS Pathog 16:e1008320. https://doi.org/10.1371/journal
.ppat.1008320.

65. Flores A, Chet I, Herrera-Estrella A. 1997. Improved biocontrol activity of
Trichoderma harzianum by over-expression of the proteinase-encoding
gene prb1. Curr Genet 31:30–37. https://doi.org/10.1007/s002940050173.

66. Viterbo A, Harel M, Chet I. 2004. Isolation of two aspartyl proteases from Tri-
choderma asperellum expressed during colonization of cucumber roots. FEMS
Microbiol Lett 238:151–158. https://pubmed.ncbi.nlm.nih.gov/15336416/.

67. Szabó M, Urbán P, Virányi F, Kredics L, Fekete C. 2013. Comparative gene
expression profiles of Trichoderma harzianum proteases during in vitro
nematode egg-parasitism. Biol Control 67:337–343. https://doi.org/10
.1016/j.biocontrol.2013.09.002.

68. Gkarmiri K, Finlay RD, Alström S, Thomas E, Cubeta MA, Högberg N. 2015.
Transcriptomic changes in the plant pathogenic fungus Rhizoctonia sol-
ani AG-3 in response to the antagonistic bacteria Serratia proteamaculans
and Serratia plymuthica. BMC Genomics 16:630. https://doi.org/10.1186/
s12864-015-1758-z.

69. Benoit I, van den Esker MH, Patyshakuliyeva A, Mattern DJ, Blei F, Zhou M,
Dijksterhuis J, Brakhage AA, Kuipers OP, de Vries RP, Kovács ÁT. 2015. Ba-
cillus subtilis attachment to Aspergillus niger hyphae results in mutually
altered metabolism. Environ Microbiol 17:2099–2113. https://doi.org/10
.1111/1462-2920.12564.

70. Prospero S, Holdenrieder O, Rigling D. 2004. Comparison of the virulence
of Armillaria cepistipes and Armillaria ostoyae on four Norway spruce
provenances. Forest Pathol 34:1–14. https://doi.org/10.1046/j.1437-4781
.2003.00339.x.

71. Szekeres A, Leitgeb B, Kredics L, Manczinger L, Vágvölgyi C. 2006. A novel,
image analysis-based method for the evaluation of in vitro antagonism. J
Microbiol Methods 65:619–622. https://doi.org/10.1016/j.mimet.2005.09
.014.

72. Sipos G, Prasanna AN, Walter MC, O'Connor E, Bálint B, Krizsán K, Kiss B, Hess J,
Varga T, Slot J, Riley R, Bóka B, Rigling D, Barry K, Lee J, Mihaltcheva S, LaButti
K, Lipzen A, Waldron R, Moloney NM, Sperisen C, Kredics L, Vágvölgyi C,
Patrignani A, Fitzpatrick D, Nagy I, Doyle S, Anderson JB, Grigoriev IV, Güldener
U, Münsterkötter M, Nagy LG. 2017. Genome expansion and lineage-specific
genetic innovations in the forest pathogenic fungi Armillaria. Nat Ecol Evol 1:
1931–1941. https://doi.org/10.1038/s41559-017-0347-8.

73. Andrews S. 2010. FastQC: a quality control tool for high throughput sequence
data. https://www.bioinformatics.babraham.ac.uk/projects/fastqc/

74. Bolger AM, Lohse M, Usadel B. 2014. Trimmomatic: a flexible trimmer for
Illumina sequence data. Bioinformatics 30:2114–2120. https://doi.org/10
.1093/bioinformatics/btu170.

75. Patro R, Duggal G, Love MI, Irizarry RA, Kingsford C. 2017. Salmon pro-
vides fast and bias-aware quantification of transcript expression. Nat
Methods 14:417–419. https://doi.org/10.1038/nmeth.4197.

76. WuM, Gu L. 2020. TCseq: time course sequencing data analysis. R package ver-
sion 1.12.0. https://bioconductor.org/packages/release/bioc/html/TCseq.html

77. Chen Y, Lun AT, Smyth GK. 2016. From reads to genes to pathways: differ-
ential expression analysis of RNA-Seq experiments using Rsubread and
the edgeR quasi-likelihood pipeline. F1000Res 5:1438. https://doi.org/10
.12688/f1000research.8987.2.

78. Törönen P, Medlar A, Holm L. 2018. PANNZER2: a rapid functional annota-
tion web server. Nucleic Acids Res 46:W84–W88. https://doi.org/10.1093/
nar/gky350.

79. Jones P, Binns D, Chang HY, Fraser M, Li W, McAnulla C, McWilliam H,
Maslen J, Mitchell A, Nuka G, Pesseat S, Quinn AF, Sangrador-Vegas A,
Scheremetjew M, Yong SY, Lopez R, Hunter S. 2014. InterProScan 5: ge-
nome-scale protein function classification. Bioinformatics 30:1236–1240.
https://doi.org/10.1093/bioinformatics/btu031.

80. Zhang H, Yohe T, Huang L, Entwistle S, Wu P, Yang Z, Busk PK, Xu Y, Yin Y.
2018. dbCAN2: a meta server for automated carbohydrate-active enzyme
annotation. Nucleic Acids Res 46:W95–W101. https://doi.org/10.1093/nar/
gky418.

81. Rawlings ND, Waller M, Barrett AJ, Bateman A. 2014. MEROPS: the data-
base of proteolytic enzymes, their substrates and inhibitors. Nucleic Acids
Res 42:D503–9. https://doi.org/10.1093/nar/gkt953.

82. Lawn PA. 2005. An assessment of the valuation methods used to calculate
the index of sustainable economic welfare (ISEW), genuine progress indi-
cator (GPI), and sustainable net benefit index (SNBI). Environ Dev Sustain
7:185–208. https://doi.org/10.1007/s10668-005-7312-4.

83. Wolf T, Shelest V, Nath N, Shelest E. 2016. CASSIS and SMIPS: promoter-based
prediction of secondary metabolite gene clusters in eukaryotic genomes. Bio-
informatics 32:1138–1143. https://doi.org/10.1093/bioinformatics/btv713.

84. Aramaki T, Blanc-Mathieu R, Endo H, Ohkubo K, Kanehisa M, Goto S,
Ogata H. 2020. KofamKOALA: KEGG Ortholog assignment based on pro-
file HMM and adaptive score threshold. Bioinformatics 36:2251–2252.
https://doi.org/10.1093/bioinformatics/btz859.

85. Saier MH, Jr, Reddy VS, Moreno-Hagelsieb G, Hendargo KJ, Zhang Y,
Iddamsetty V, Lam KJ, Tian N, Russum S, Wang J, Medrano-Soto A. 2021.
The transporter classification database (TCDB): 2021 update. Nucleic Acids
Res 49:D461–D467. https://doi.org/10.1093/nar/gkaa1004.

In Vitro Interaction Assay between Trichoderma and Armillaria Microbiology Spectrum

May/June 2023 Volume 11 Issue 3 10.1128/spectrum.04626-22 20

D
ow

nl
oa

de
d 

fr
om

 h
ttp

s:
//j

ou
rn

al
s.

as
m

.o
rg

/jo
ur

na
l/s

pe
ct

ru
m

 o
n 

21
 J

ul
y 

20
23

 b
y 

19
3.

22
5.

93
.5

8.

https://doi.org/10.1016/j.cbi.2008.10.040
https://doi.org/10.1016/j.cbi.2008.10.040
https://doi.org/10.3390/jof6020061
https://doi.org/10.2174/138945006776359403
https://doi.org/10.2174/138945006776359403
https://doi.org/10.1099/mic.0.053629-0
https://doi.org/10.1111/eva.13134
https://doi.org/10.1111/eva.13134
https://doi.org/10.3389/fphys.2013.00177
https://doi.org/10.3389/fphys.2013.00244
https://doi.org/10.3389/fphys.2013.00244
https://doi.org/10.1186/gb-2011-12-4-r40
https://doi.org/10.1186/gb-2011-12-4-r40
https://doi.org/10.1128/MMBR.00040-15
https://doi.org/10.1128/AEM.66.5.2232-2234.2000
https://doi.org/10.1128/AEM.66.5.2232-2234.2000
https://doi.org/10.1186/s12864-018-5049-3
https://doi.org/10.1093/glycob/cwp102
https://doi.org/10.1371/journal.ppat.1008320
https://doi.org/10.1371/journal.ppat.1008320
https://doi.org/10.1007/s002940050173
https://pubmed.ncbi.nlm.nih.gov/15336416/
https://doi.org/10.1016/j.biocontrol.2013.09.002
https://doi.org/10.1016/j.biocontrol.2013.09.002
https://doi.org/10.1186/s12864-015-1758-z
https://doi.org/10.1186/s12864-015-1758-z
https://doi.org/10.1111/1462-2920.12564
https://doi.org/10.1111/1462-2920.12564
https://doi.org/10.1046/j.1437-4781.2003.00339.x
https://doi.org/10.1046/j.1437-4781.2003.00339.x
https://doi.org/10.1016/j.mimet.2005.09.014
https://doi.org/10.1016/j.mimet.2005.09.014
https://doi.org/10.1038/s41559-017-0347-8
https://www.bioinformatics.babraham.ac.uk/projects/fastqc/
https://doi.org/10.1093/bioinformatics/btu170
https://doi.org/10.1093/bioinformatics/btu170
https://doi.org/10.1038/nmeth.4197
https://bioconductor.org/packages/release/bioc/html/TCseq.html
https://doi.org/10.12688/f1000research.8987.2
https://doi.org/10.12688/f1000research.8987.2
https://doi.org/10.1093/nar/gky350
https://doi.org/10.1093/nar/gky350
https://doi.org/10.1093/bioinformatics/btu031
https://doi.org/10.1093/nar/gky418
https://doi.org/10.1093/nar/gky418
https://doi.org/10.1093/nar/gkt953
https://doi.org/10.1007/s10668-005-7312-4
https://doi.org/10.1093/bioinformatics/btv713
https://doi.org/10.1093/bioinformatics/btz859
https://doi.org/10.1093/nar/gkaa1004
https://journals.asm.org/journal/spectrum
https://doi.org/10.1128/spectrum.04626-22


86. Shannon P, Markiel A, Ozier O, Baliga NS, Wang JT, Ramage D, Amin N,
Schwikowski B, Ideker T. 2003. Cytoscape: a software environment for
integrated models of biomolecular interaction networks. Genome Res 13:
2498–2504. https://doi.org/10.1101/gr.1239303.

87. Maere S, Heymans K, Kuiper M. 2005. BiNGO: a Cytoscape plugin to assess
overrepresentation of gene ontology categories in biological networks. Bioin-
formatics 21:3448–3449. https://doi.org/10.1093/bioinformatics/bti551.

88. Merico D, Isserlin R, Stueker O, Emili A, Bader GD. 2010. Enrichment map:
a network-based method for gene-set enrichment visualization and
interpretation. PLoS One 5:e13984. https://doi.org/10.1371/journal.pone
.0013984.

89. Yu G, Wang LG, Han Y, He QY. 2012. clusterProfiler: an R package for com-
paring biological themes among gene clusters. OMICS 16:284–287.
https://doi.org/10.1089/omi.2011.0118.

90. Wickham H, Navarro D, Pedersen TL. 2016. ggplot2: elegant graphics for
data analysis. Springer-Verlag, New York.

91. Emms DM, Kelly S. 2015. OrthoFinder: solving fundamental biases in whole
genome comparisons dramatically improves orthogroup inference accu-
racy. Genome Biol 16:157. https://doi.org/10.1186/s13059-015-0721-2.

92. Livak KJ, Schmittgen TD. 2001. Analysis of relative gene expression data
using real-time quantitative PCR and the 22 DDCT method. Methods 25:
402–408. https://doi.org/10.1006/meth.2001.1262.

93. Carreras-Villasenor N, Rico-Ruiz JG, Chavez Montes RA, Yong-Villalobos L,
López-Hernández JF, Martínez-Hernández P, Herrera-Estrella L, Herrera-
Estrella A, López-Arredondo D. 2020. Assessment of the ptxD gene as a
growth and selective marker in Trichoderma atroviride using Pccg6, a
novel constitutive promoter. Microb Cell Fact 19:69. https://doi.org/10
.1186/s12934-020-01326-z.

In Vitro Interaction Assay between Trichoderma and Armillaria Microbiology Spectrum

May/June 2023 Volume 11 Issue 3 10.1128/spectrum.04626-22 21

D
ow

nl
oa

de
d 

fr
om

 h
ttp

s:
//j

ou
rn

al
s.

as
m

.o
rg

/jo
ur

na
l/s

pe
ct

ru
m

 o
n 

21
 J

ul
y 

20
23

 b
y 

19
3.

22
5.

93
.5

8.

https://doi.org/10.1101/gr.1239303
https://doi.org/10.1093/bioinformatics/bti551
https://doi.org/10.1371/journal.pone.0013984
https://doi.org/10.1371/journal.pone.0013984
https://doi.org/10.1089/omi.2011.0118
https://doi.org/10.1186/s13059-015-0721-2
https://doi.org/10.1006/meth.2001.1262
https://doi.org/10.1186/s12934-020-01326-z
https://doi.org/10.1186/s12934-020-01326-z
https://journals.asm.org/journal/spectrum
https://doi.org/10.1128/spectrum.04626-22

	RESULTS
	Antagonistic effect of T. atroviride SZMC 24276 against A. ostoyae strains.
	Time-course analysis to understand the interaction dynamics between T. atroviride and A. ostoyae.
	Gene expression profiling of the major trends.
	Downtrend genes in A. ostoyae and T. atroviride.
	The metabolite and mycoparasite stages of Armillaria-Trichoderma interaction.
	Differential gene expression analyses of genes prevalent during the interaction in A. ostoyae and T. atroviride.
	Validation of differentially expressed genes using quantitative real-time reverse transcription-PCR.

	DISCUSSION
	MATERIALS AND METHODS
	Strains and culture conditions.
	In vitro antagonistic activity assessment by dual culture assay.
	Transcriptome analysis of Trichoderma atroviride–Armillaria ostoyae dual cultures.

	SUPPLEMENTAL MATERIAL
	ACKNOWLEDGMENTS
	REFERENCES

