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ABSTRACT Cerato-platanins (CPs) form a family of fungal small secreted
cysteine-rich proteins (SSCPs) and are of particular interest not only because of
their surface activity but also their abundant secretion by fungi. We performed
an evolutionary analysis of 283 CPs from 157 fungal genomes with the focus on
the environmental opportunistic plant-beneficial and mycoparasitic fungus
Trichoderma. Our results revealed a long evolutionary history of CPs in Dikarya
fungi that have undergone several events of lateral gene transfer and gene du-
plication. Three genes were maintained in the core genome of Trichoderma,
while some species have up to four CP-encoding genes. All Trichoderma CPs
evolve under stabilizing natural selection pressure. The functional genomic anal-
ysis of CPs in Trichoderma guizhouense and Trichoderma harzianum revealed that
only epl7 is active at all stages of development but that it plays a minor role in
interactions with other fungi and bacteria. The deletion of this gene results in in-
creased colonization of tomato roots by Trichoderma spp. Similarly, biochemical
tests of EPL1 heterologously produced by Pichia pastoris support the claims de-
scribed above. Based on the results obtained, we conclude that the function of
CPs is probably linked to their surfactant properties and the ability to modify the
hyphosphere of submerged mycelia and, thus, facilitate the nutritional versatility
of fungi. The effector-like functions do not sufficiently describe the diversity and
evolution of these proteins in fungi, as they are also maintained, duplicated, or
laterally transferred in the genomes of nonherbivore fungi.

IMPORTANCE Cerato-platanins (CPs) are surface-active small proteins abundantly se-
creted by filamentous fungi. Consequently, immune systems of plants and other or-
ganisms recognize CPs and activate defense mechanisms. Some CPs are toxic to
plants and act as virulence factors in plant-pathogenic fungi. Our analysis, however,
demonstrates that the interactions with plants do not explain the origin and evolu-
tion of CPs in the fungal kingdom. We revealed a long evolutionary history of CPs
with multiple cases of gene duplication and events of interfungal lateral gene trans-
fers. In the mycoparasitic Trichoderma spp., CPs evolve under stabilizing natural se-
lection and hamper the colonization of roots. We propose that the ability to modify
the hydrophobicity of the fungal hyphosphere is a key to unlock the evolutionary
and functional paradox of these proteins.
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icrobial interactions are ubiquitous and versatile, ranging from mutualism to

parasitism and competition. Fungi have numerous mechanisms to communicate
with other organisms, including plants, animals, and other microorganisms (1). Inter-
estingly, most fungal relations are competitive or combative. For example, fungal-
fungal wars are usually associated with mycoparasitism and the secretion of antibiotics,
peptides, and cell wall-degrading enzymes (1-3). Secreted proteins play central roles in
the interactions of fungi, acting as signals, toxins, and effectors (4). For example, small
secreted cysteine-rich proteins (SSCPs) are common in fungal secretomes (5). Some
SSCPs have been characterized as effectors that inhibit plant immune defense, and
some are avirulent and able to elicit immune responses without causing cell death.
Others, such as the surface-active hydrophobins (HFBs) and the relatively new protein
family of cerato-platanins (CPs), still need broader investigations (Microascales) (6).

CPs form a family of fungal SSCPs whose founding member was named after
Ceratocystis platani (Microascales) (6, 7). CPs have been reported to be universally
present in Dikarya fungi (6, 8) and are abundantly secreted by fungi like Botrytis cinerea
(Helotiales) and Trichoderma spp. (Hypocreales) (9, 10). They are known to cause local
and systemic defense responses in plants; this property attracts most of the research
attention (8, 11, 12). Plant-pathogenic fungi secrete CPs in the host cell, where these
proteins act as virulence factors and effectors that suppress the plant’s basal defense
(13-15). The function of CPs in nonphytopathogenic fungi is less understood. In
Neurospora crassa (Sordariales), the CP-encoding Snodprot1 is a reported clock-
controlled gene (16), while in Leptosphaeria maculans (Leptosphaeriales), it is regulated
by light (17). In a few cases, these proteins are reported as involved in development,
such as fruiting body formation in Agaricomycotina (6), oligosaccharide recognition (18,
19), spore formation, and hyphal growth (11). Biochemically, CPs are characterized by
the presence of four position-conserved cysteine (Cys) residues that form two disulfide
bridges, resulting in a 3-D structure with a double i-B-barrel fold similar to that of
expansins (18). This structure allows CPs to self-assemble at interfaces and to alter surface
hydrophobicity like HFBs, which have eight position-conserved Cys residues (8, 20).

The first review of the diversity of CPs in fungal genomes revealed that they are
exclusively present in two groups of filamentous Dikarya (such as molds and mush-
rooms) and are absent in all lineages containing yeast and/or dimorphic fungi. It was
concluded that CPs are expanded in Agaricomycotina (Basidiomycota), where up to a
dozen individual genes can be present in a genome (Ganoderma species or Postia
placenta [Polyporales]), while Pezizomycotina (Ascomycota) genomes usually contain
either only one or a few of these genes (6). This analysis suggested that CPs could be
present in the genome of the common ancestor of Dikarya fungi, but the genes were
lost in all fungi that form yeasts in Ascomycota and in nonagaricoid Basidiomycota (6).

Interestingly, CPs are reported to be among the most abundantly secreted
proteins not only in numerous phytopathogenic fungi (7, 9, 15) but also in myco-
parasitic and environmentally opportunistic species of Trichoderma (Hypocreales),
such as Trichoderma atroviride (21), Trichoderma virens (10), and T. harzianum (22).
Among the three reported genes of these Trichoderma spp., one, epll (=smT), was
expressed under most of the conditions tested, while the other two, ep/2 (=sm2) and
epl3, were usually transcribed at a very low level or were not detectable (8, 12). These
Trichoderma species are capable of establishing in the rhizosphere, where they bene-
ficially influence plant growth and immunity and also antagonize other fungi, including
plant pathogens (reviewed in reference 23). Although CPs of Trichoderma are not
phytotoxic, they also trigger immune defense in plants and are thus termed eliciting
plant response-like proteins (EPLs) (8), which contradicts the described role in virulence
of their homologs in plant-pathogenic fungi like Botrytis cinerea (9), Sclerotinia sclero-
tiorum (both Helotiales) (15), and Magnaporthe grisea (Magnaporthales) (24).

Trichoderma is a large genus of primary mycoparasitic fungi (23) that are capable of
interacting with plants, animals, and bacteria (reviewed in references 23 and 25).
Despite the genus being relatively well studied, little is known about how the CP-
encoding genes evolve and their roles in the whole spectrum of Trichoderma interac-

July 2020 Volume 86 Issue 13 e00696-20

Applied and Environmental Microbiology

aem.asm.org 2


https://aem.asm.org

Evolution of Cerato-platanins in Trichoderma

tions. Here, we focused on the diversity and evolutionary analysis of CPs in 37
Trichoderma genomes and performed a functional genetic investigation of the EPL1
proteins in two Trichoderma species, T. guizhouense (+4EPL1) and T. harzianum (,EPL1),
that are plant growth promoting (26, 27), mycoparasitic (3, 28), and cellulolytic (29).

RESULTS

Evolutionary analysis of CPs in filamentous fungi reveals a history of lateral
gene transfers and gene duplications. We first performed a broad-scale genome
mining for CP-encoding genes in genomes (Table S1 in the supplemental material) of
Trichoderma spp. and other fungi. We screened a total of 157 fungal genomes,
including 150 from Ascomycota and 7 from Basidiomycota, deposited in the National
Center for Biotechnology Information (NCBI) and the Joint Genome Institute (JGI)
databases. Using three CPs from T. atroviride strain IMI 206040 (12) as the starting point,
a total of 283 CP protein sequences were retrieved (Fig. 1). The maximum-likelihood
(ML) phylogeny in Fig. 1 shows multiple cases of taxonomically incongruent phyloge-
netic positions when CP proteins from unrelated fungi form statistically supported
clades. Interestingly, topological incongruence was observed on different taxonomic
levels. For example, within Ascomycota, CPs from Capnodiales (Dothideomycetes) and
Hypocreales (Sordariomycetes) occupied the same clade, supported by significant
bootstrap values (Fig. 1). More surprisingly, several clades were formed by proteins
from several orders of Agaricomycetes, while one such mixed clade had a hypocrealean
(Ascomycota) protein as the next neighbor (Fig. 1).

To test whether the CPs underwent lateral gene transfer (LGT) events during their
evolution (30-32), we reconciled the protein trees to the multilocus species phylogeny
(Fig. S1) in NOTUNG (33) and T-Rex (34), as was performed for plant cell wall-degrading
enzymes of Trichoderma (31). The results showed numerous statistically confirmed LGT
events that putatively occurred at the early stages of Dikarya evolution. Thus, our
analysis revealed that the diversity of CPs in Eurotiomycetes (Eurotiales and Onigene-
ales) possibly originated after the LGT event, from the hypothetical taxonomic unit
(HTU) ancestral to the modern Auriculariales (Agaricomycetes, Basidiomycota). Inter-
estingly, a CP protein from the microascalean Thielaviopsis punctulata (Sordariomycetes,
Ascomycota) appeared as a sister branch of the Eurotiales-Auriculariales clade, but the
scenario of a respective LGT event did not get statistical support (Fig. 1). Furthermore,
the diversity of CPs in the three other classes of Ascomycota (Sordariomycetes, Leotio-
mycetes, and Dothideomycetes) originated after another putative LGT event from
Basidiomycota fungi (Fig. 1). In this case, the most likely donor taxon was the ancestor
of Polyporales and Agaricales mushrooms. In addition to these two taxonomically
broad and ancient transfers, the strict sense NOTUNG and T-Rex analyses revealed
several more recent events that took place between the phyla (from agaricalean
Pleurotus spp. to hypocrealean Hirsutella spp.) or within each phylum. Thus, in Basidi-
omycota, Sphaerobolus spp. donated a CP-encoding gene to Punctularia strigosozonata
(Corticiales), while another CP-encoding gene of P. strigosozonata was transferred to
Auricularia subglabra (Auriculariales) (Fig. 1). Similarly, several statistically confirmed
transfers were also recorded in Ascomycota. For example, a CP-encoding gene of
Verticillium (Hypocreales) was putatively transferred to Magnaporthiopsis poae (Magna-
porthales) and, in another case, from Nectria haematococca to Acremonium chrysoge-
num (both Hypocreales). The HTU ancestral to ep/3 from Trichoderma spp. was trans-
ferred to Colletotrichum sublineola (Glomerellales). Several other cases of taxonomically
incongruent phylogeny of CPs could be explained by LGT, but this scenario was not
supported due to the strict criteria applied in NOTUNG and insufficient genome
sampling. In addition to LGT, our analysis revealed an exceptionally high number of
gene duplication (GD) events that happened most frequently in Basidiomycota CP-
encoding genes. Thus, up to nine cases of GD were recorded in Sphaerobolus stellatus
and five in Auricularia subglabra. GDs also occurred frequently in the evolution of
Ascomycota CPs (Fig. 1).
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FIG 1 Evolution of cerato-platanin (CP) proteins in Hypocreales and the representative Dikarya fungi. CPs obtained via
statistically confirmed lateral gene transfer (LGT) are annotated with a red arrow from the donor fungi (red branches) to the
putative receiver (shaded in gray). The blue font highlights OTUs that occupy a position on the tree that is incongruent with
fungal phylogeny (http://tolweb.org/fungi). D marks the gene duplication events revealed by NOTUNG analysis (see Materials
and Methods for details). The corresponding taxonomic information (including the order, class, and phylum) for each fungus is
given on the right. The clades containing CPs from 37 Trichoderma species genomes were collapsed and marked in green font.
The details are provided in Fig. 2. The maximum-likelihood (ML) phylogram of CPs was constructed using IQ-TREE 1.6.12
(bootstrap replicate n = 1,000). Circles at the nodes indicate IQ-TREE ultrafast bootstrap values of >75. Protein accession

numbers are provided for every OTU except those of Trichoderma species (see Fig. 2).

In summary, this analysis reveals that CPs likely originated in Basidiomycota, but the
maintenance of these genes in the core genome of Dikarya filamentous fungi can be
explained by several ancient events of lateral gene transfer from Basidiomycota to
Ascomycota. The subsequent diversification is best described by birth-and-death evo-
lution (35, 36), as genes frequently duplicated but many copies were also subsequently
lost.

All four Trichoderma CPs evolve under purifying selection pressure. CPs of 37
Trichoderma genomes formed the four distinct clades that also originated through
several GD events (Fig. 1 and 2). Thus, the clade containing the paralogous proteins
EPL1 (GenBank accession number XP_013937770) and EPL2 (GenBank accession num-
ber XP_013944228) of Trichoderma and several proteins from other hypocrealean fungi
(Escovopsis weberi, Cordyceps militaris, and Beauveria bassiana) was paralogous to a
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FIG 2 Maximum-likelihood phylogram (proteins) and natural selection pressure analyses (genes) of CPs in 37 genomes of Trichoderma spp. The phylogram was
constructed using IQ-TREE 1.6.12 (bootstrap replicate n = 1,000). Circles at the nodes indicate IQTree ultrafast bootstrap support values of >75. The outer
numbers represent the ratios of nonsynonymous/synonymous substitution rates (w = dN/dS) for the natural selection pressure for all branches tested as
estimated using EasyCodeML. No other types of natural selection pressure were found for the tested genes from the Trichoderma genomes included (a ratio
of 0 < w < 1 indicates purifying natural selection). The red arrow shows the case of LGT (see Fig. 1 for details). Protein accession numbers are provided for

every OTU. Colored fonts highlight the same infrageneric groups of Trichoderma (37, 57).

clade containing the other two paralogous Trichoderma CPs, EPL3 (GenBank accession
number XP_013937568) and EPL4 (nom. nov. GenBank accession number
XP_013943830), which only occur in a few Trichoderma species (see below), and
proteins from Fusarium spp. (also paralogous) and Stachybotrys spp. (Fig. 1). Remark-
ably, EPL1, EPL2, and EPL3 were present in all 37 Trichoderma genomes. The NOTUNG
analysis revealed that EPL4 originated from the GD event in the ancestor of the extant
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section Trichoderma. As the gene is absent from the genomes of Trichoderma gamsii
(which is closely related to T. atroviride) and Trichoderma hamatum, which is mono-
phyletic with the latter two (37), it was probably then lost in several strains of this
section. Interestingly, a statistically significant LGT event from the ancestral to this
section HTU to the distantly related T. virens was detected (Fig. 2).

A common feature of all the CPs is the characteristic pattern of four cysteine
residues, while most other residues were highly polymorphic. The low conservation in
amino acid sequences of CPs raises the question of how the evolutionary mechanism
drove the rapid divergency of CP-encoding genes, although gene groups from different
species were statistically supported in terminal branches within Trichoderma. The
natural selection pressure analysis (Fig. 2) carried out using the EasyCodeML program
(38) for each Trichoderma section/clade gave a ratio of 0 < w < 1 for all of the lineages
tested indicated that CPs in Trichoderma evolve during a purifying (stabilizing) selection
pressure. Therefore, together with the observation of GD, this suggests that the
Trichoderma CPs also evolve by a birth-and-death mechanism in which new genes are
created by repeated GDs and result in the maintenance of some copies for a consid-
erable evolutionary time in the genome while other copies are rapidly lost or converted
to pseudogenes (35).

EPL1 is massively secreted by Trichoderma spp., and epl1 is the predominant
gene expressed during development. Two species of Trichoderma, T. guizhouense
(strain NJAU 4742) and T. harzianum (strain CBS 226.95, ex-type), from the Harzianum
clade, were adopted in the functional investigation of CPs. T. guizhouense NJAU 4742,
as an aeroaquatic strain, showed better growth in and on liquid media than T.
harzianum CBS 226.96, which hardly grew under aquatic conditions and had a signif-
icantly shorter life span. Thus, for conciseness, results for T. guizhouense are presented
below, while the outcome of the parallel experiments with T. harzianum are provided
in the supplemental material (see below). For conclusions, both species are considered.
Thus, in order to test the secretion of CPs in T. guizhouense, the fungus was grown in
a 30% Murashige and Skoog basal salt mixture (Sigma-Aldrich, USA) supplemented with
1% glucose (MSG) and in minimal medium supplemented with 4% glycerol (MM). The
collected culture filtrates were then analyzed by sodium dodecyl sulfate-polyacryl-
amide gel electrophoresis (SDS-PAGE). The results shown in Fig. 3 confirm the presence
of a small secreted protein with a size of ca. 15 kDa in both media. The protein identity
given by the matrix-assisted laser desorption ionization-tandem time of flight (MALDI-
TOF/TOF) mass spectrometry (MS) analysis confirmed the same results for these protein
bands (Fig. S2). A tandem mass spectrometry (MS-MS) ion search based on peptide
mass fingerprinting of the most prominent tryptic peptides offered the only hit to the
EPL1 protein of T. guizhouense NJAU 4742 when aligned within its genome (NCBI
accession number GCA_002022785.1). The semiquantitative analysis of the SDS-PAGE
results revealed that EPL1 accounted for 28% and 21%, respectively, of the whole
proteome of T. guizhouense NJAU 4742 when grown in MSG and MM media, respec-
tively. The data obtained from T. harzianum showed a similar pattern (File S1 in the
supplemental material). Thus, EPL1 was detected as at least one of the major secreted
proteins in T. guizhouense and T. harzianum under the conditions tested.

The development of Trichoderma includes interchanges between penetration into
the substrate for nutrition and growing out of it for reproduction. Therefore, in this
study, the asexual life cycle of Trichoderma was divided into three stages, including one
nutritional stage (submerged vegetative growth) and two stages related to reproduc-
tion: aerial hypha formation and conidiation. The reverse transcription-quantitative PCR
(RT-gPCR) results revealed that the transcription level of epl/T was highest in the
vegetative stage and decreased significantly (P < 0.05) later. In contrast, transcription of
epl2 increased dramatically (>700-fold) during development and ep/3 was expressed
only minimally at the conidiation stage (Fig. 3). More importantly, it also showed that
epl1 was the predominant gene expressed during all three developmental stages of
fungal growth tested, while ep/2 and ep/3 were only detectable at the later time points
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FIG 3 Transcriptional and proteomic determination of CPs in T. guizhouense NJAU 4742. (A) Expression
dynamics of epls at the three developmental stages of the fungus: submerged vegetative growth, aerial
hypha formation, and conidiation. Boxes without a same letter indicate a significant difference at P <
0.05 (Tukey multiple-comparison test). (B) Silver-stained sodium dodecyl sulfate-polyacrylamide gel
electrophoresis (SDS-PAGE) gels with culture filtrates of T. guizhouense NJAU 4742 collected from the
30% Murashige and Skoog basal salt mixture (Sigma-Aldrich, USA) supplemented with 1% glucose (MSG)
or the minimal medium supplemented with 4% glycerol (MM).

(Fig. 3). Hence, epll was selected as the target gene for the functional genetic
investigation.

Construction of epl1 deletion and overexpression Trichoderma mutants. A
fragment containing the two homologous arms and a selectable marker, the hygro-
mycin B gene (hph), was constructed to replace the entire open reading frame (ORF) of
EPL1 as illustrated in File S2. A total of 47 stable transformants of T. guizhouense and 35
of T. harzianum were screened for the designed gene disruption, and four of them were
positive for both species. All vectors and PCR products were confirmed by sequencing.
An expression vector harboring a copy of the epl/1 gene with its terminator under the
control of the constitutive promoter P,,,; from T. reesei was constructed (pP_gq;:
epl1:T,,;) to overexpress epll in T. guizhouense and T. harzianum. Among 15 putative
transformants of T. guizhouense (and ten of T. harzianum), three (for both species) were
found to have the expected overexpression cassette. Two strains of each genotype,
namely, Aepl1-3 and Aepl1-4 among the deletion strains and OEepl/7-6 and OEep/7-8
among the overexpression strains for T. guizhouense, were randomly selected for
further verification by SDS-PAGE analysis, as shown in File S2, and the following
experiments. Strains used in this study are listed in Table 1.

EPL1 plays only a minor role in Trichoderma interactions with other fungi and
bacteria. To determine whether EPL1, as one of the major secreted proteins of
Trichoderma spp., participates in interactions with other organisms, we used RT-gPCR to
analyze the transcription of epl7 in response to the presence of another fungal colony
(T. guizhouense NJAU 4742 itself, Fusarium oxysporum f. sp. cubense 4 [FOC4], or
Rhizoctonia solani TUCIM 3753 [Cantharellales, Basidiomycotal), a bacterial colony
(Escherichia coli DH5«, Ralstonia solanacearum RS1115, or Bacillus amyloliquefaciens 9),
and a tomato plant (Solanum lycopersicum cv. HEZUO903). The results shown in Table
2 demonstrate that the expression of epl7 was slightly but statistically significantly
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TABLE 1 Strains used in this study

TUCIM ID? Strain Comment Reference or source
4742 T. guizhouense NJAU 4742 Wild type 28

6353 Aepl1-3 epl1 deletion This study
6354 Nepll1-4 epl1 deletion This study
6611 OEepl1-6 epl1 overexpression This study
6612 OEepl1-8 epl1 overexpression This study
916 T. harzianum CBS 226.95 Wild type 57

6344 Aepl1-1 epl1 deletion This study
6345 Nepl1-2 epl1 deletion This study
6607 OEepl1-1 epl1 overexpression This study
6608 OEepl1-2 epl1 overexpression This study
4812 Fusarium oxysporum FOC4 Wild type 28

5319 F. fujikuroi Wild type 28

3753 Rhizoctonia solani Wild type 28

4679 Botrytis cinerea Wild type 28

- Sclerotinia sclerotiorum Wild type 28

4076 Athelia rolfsii Wild type 28

3737 Alternaria alternata Wild type 28

- Escherichia coli DH5« Commercial strain Takara

- Bacillus amyloliquefaciens 9 Wild type 58

- Ralstonia solanacearum RS1115 Wild type 59

6622 Pichia pastoris EPL1 producer This study

aTUCIM (TU Wien Collection of Industrial Microorganisms, Vienna University of Technology, Vienna, Austria)
identification number. -, no ID provided.

induced by the presence of R. solanacearum and tomato seedlings and was reduced in
the interactions with F. oxysporum and E. coli (P < 0.05).

Therefore, a broader in vitro dual confrontation test of the Trichoderma mutants
against seven fungi (including FOC4, Fusarium fujikuroi, R. solani, B. cinerea, S. sclero-
tiorum, Athelia rolfsii [Atheliales], and Alternaria alternata [Pleosporales]) was applied as
shown in Fig. S3. However, no morphological difference was noted due to the deletion
or overexpression of epll, except that both of the epl7 deletion and overexpression
mutants of T. harzianum showed reduced antagonism against A. rolfsii compared to
that of the wild-type strain (File S1). Additionally, no effect of epl1 deletion or over-
expression on fungal-bacterial (including E. coli, R. solanacearum, and B. amyloliquefa-
ciens) interaction was found between strains (Fig. S4). The above-described results
indicate that EPL1 played a minor role in biotic interactions for Trichoderma spp.

Removal of epl1 from Trichoderma spp. was associated with a reduced JA-
mediated defense response in a tomato plant. To investigate the effect of epll’s
presence in Trichoderma spp. on triggering plant immune responses, the expression of
nine defense-related genes in tomato seedlings was analyzed 48 h after inoculation
with epl7 mutants and the wild-type (wt) strain. Seedlings without Trichoderma inoc-
ulation were used as controls. As shown by the results in Fig. 4, seedlings inoculated

TABLE 2 Expression pattern of epl7 in T. guizhouense NJAU 4742 during interaction with
fungi, bacteria, or tomato seedlings

Expression in“:

Partner Solo culture Interacting culture
Solanum lycopersicum cv. HEZUO903 (tomato) 1.05 = 0.37 2.85 = 0.89*
Ralstonia solanacearum RS1115 1.04 = 0.14 3.97 = 1.35*
Bacillus amyloliquefaciens 9 1.11 £ 0.35 0.96 * 0.67
Escherichia coli DH5« 1.00 = 0.17 0.69 * 0.07*
Trichoderma guizhouense NJAU 4742 1.01 = 0.08 0.81 = 0.15
Fusarium oxysporum FOC4 1.10 = 0.23 0.31 = 0.08*
Rhizoctonia solani 1.04 = 0.15 1.34 = 0.20

9The solo-cultured sample was used as the control. Gene expression was measured by RT-qPCR. tef! gene
was used as the internal control. Expression ratio of the target gene is the fold change relative to the value
for the control sample, calculated using the 2-22¢T method (n= 4). *, a significant difference was found
between the paired samples at P < 0.05, calculated based on t test.
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FIG 4 Immune response of tomato seedlings to T. guizhouense colonization. JA, jasmonic acid-mediated signaling
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expression in the control sample that was not colonized by T. guizhouense NJAU 4742. PGK gene was used as the
internal housekeeping gene. The dashed lines represent the expression rates of the corresponding genes in the
control samples grown without T. guizhouense. Boxes without the same letter indicate a significant difference at

P < 0.05 (Tukey multiple-comparison test).

with the wt and OEepl1 strains upregulated the expression of LOX A and PIN2 genes (up
to 66- and 8-fold, respectively, compared to the control), which are involved in the
jasmonic acid (JA) signaling pathway, while Aepl1 strains did not show a significant
increase in MRNA copies of these genes. Inoculation of T. guizhouense in tomato
seedlings generated only a weak wave (0.5- to 1.5-fold) of expression of ethylene (ET)
signaling pathway-related genes (ACCO, PR-1b, and TSRF1), and no significant difference
was noticed between the mutants and the wt. Additionally, compared to its expression
in the wt strain, the expression of one salicylic acid (SA) defense gene, PR-1a, was
significantly lower in the seedlings inoculated with the Aepl1 strains. T. harzianum
mutants gave similar results (File S1). Therefore, EPL1 triggered the plant immune
response caused by Trichoderma inoculation, through the JA-mediated pathway.

Removal of epl1 from Trichoderma spp. improves root colonization. As the
plant’s immune response directly mediates the colonization process of fungi in roots
(13), tomato roots grown in the hydroponic system were collected for colonization
estimation after incubation with Trichoderma spores for 48 h. The copy number of the
Trichoderma tef1 gene on roots was determined using gPCR and was used to calculate
the index of colonization for each strain. The results shown in Fig. 5 demonstrate that
deletion of eplT significantly (P < 0.05) increased its colonization amount (to ca. 3-fold)
compared to that of the wt strain, while overexpression of ep/7 had no significant effect
on colonization (P > 0.05). It interestingly suggests that the presence of + EPL1 had a
negative effect on the colonization of tomato roots by T. guizhouense. A similar effect
was found for ,EPL1 in T. harzianum (shown in File S1).

Recombinant ;,EPL1 reduces surface hydrophobicity of materials. In order to
test the properties of EPL1, the recombinant pPICZaA:epl1 vector was transformed into
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FIG 5 Quantitative determination of T. guizhouense colonization on tomato roots. (A) Scanned images of tomato
seedlings colonized by T. guizhouense. Diameter of petri plate is 6 cm. (B) A box plot showing the quantification of
T. guizhouense tefl gene copies per gram of root. The values were obtained by RT-gPCR with RNA isolated from
the roots (n = 4). Boxes without a same letter indicate a significant difference at P < 0.05 (Tukey multiple-
comparison test). (C) A magnified field of the roots colonized by the wild-type strain of T. guizhouense NJAU 4742
(left) and its epl1 deletion mutant (right).

the Pichia pastoris KM71H strain, and 51 zeocin resistance-positive transformants were
obtained and checked for the right construction using PCR and sequencing. One of the
positive transformants was further confirmed for the production of recombinant ,EPL1
proteins. As shown in the SDS-PAGE and Western blotting results (File S2), an extra-
cellular band greater than 15 kDa was found in the P. pastoris fermentation filtrate.
The ability to modify the surface hydrophobicity of EPL1 as a surface-active protein
was illustrated by the results of the water contact angle (WCA) measurement with the
recombinant 14EPL1. The data shown in Table 3 demonstrate the potential of recom-
binant +,EPL1 to change the surface hydrophobicity of materials. Specifically, a coating
of 10 uM recombinant ,EPLT on (hydrophobic) poly(ethylene terephthalate) (PET)
significantly reduced the surface hydrophobicity, by up to 34%, compared to that of the
control, but the effect on glass (hydrophilic) was not significant (P > 0.05). This result

July 2020 Volume 86 Issue 13 e€00696-20 aem.asm.org 11


https://aem.asm.org

Gao et al.

TABLE 3 Surface-modulating property of ,EPL1 protein recombinantly produced in Pichia
pastoris

Mean WCA (°) = SD for®:

Surface? Control ppEPL1
Glass 31.96 * 3.16 35.54 = 2.78
PET 87.06 = 1.62 29.64 = 2.52*

aPET, poly(ethylene terephthalate).

bSurface hydrophobicity was monitored by the water contact angle measurement (WCA). *, a significant
difference was found between the values for the EPL1-coated sample and the control at P < 0.05,
calculated based on t test.

assumes the role of EPL1 in modulating the surface hydrophobicity of the host/
environment.

Recombinant [ EPL1 in vitro prevents root colonization of T. guizhouense and
triggers plant immunity. Due to multiple molecular mechanisms, such as bioactive
secondary metabolites, enzymes, and peptides, possibly employed by Trichoderma in
interacting with plants (25), in vitro tests with the purified protein are necessary to
identify the function of a specific gene/protein. Thus, the recombinant 1,EPL1 from the
P. pastoris fermentation filtrate was purified as described previously (39). Recombinant
1oEPL1 (Fig. 6) significantly (P < 0.05) triggered the SA- and JA-mediated defense in
tomato seedlings, shown by the upregulation of the related genes PR-1a, PAL, LOX A,
and AOS, whereas no elicitation effect of the recombinant ,EPL1 protein on ET-
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FIG 6 The impact of recombinant ,EPL1 on the tomato immune system and on root colonization by T.
guizhouense. (A) A heat map of relative expression of genes related to immune defense in tomato seedlings treated
with different concentrations of the protein. The recombinant ,EPL1 protein was applied at concentrations of
0.1 uM and 1 uM. (B) Quantitative determination of T. guizhouense NJAU 4742 hyphae developing on tomato roots
with or without ,EPL1 application. Box plots represent the determination of tef7 gene copies per gram of root,
obtained by RT-qPCR (n = 4). Boxes without a same letter indicate a statistically significant difference at P < 0.05

(Tukey multiple-comparison test).
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mediated defense was noted. Correspondingly, the addition of the recombinant ,EPL1
protein significantly (P < 0.05) prevented the colonization of T. guizhouense on roots (to
ca. 30%) compared to its colonization without the addition of recombinant ,EPLT.
Hence, the in vitro test of the purified recombinant ,EPL1 protein supported the
hypothesis that EPL1 causes an immune response in plants, which in turn prevents
further root colonization by the fungus.

DISCUSSION

The evolutionary and functional genetic analysis of Trichoderma CPs further con-
tributed to the so-called “CP paradox” in fungi (11): together with the previously
published studies (6, 8, 18), our results (Fig. 1) showed that none of the so-far-revealed
studies of CPs in different fungi (either interactions or development and regulation)
sufficiently explained the common features of CPs, such as massive secretion and long
evolutionary history in the core genome of most filamentous fungi. For example, the
well-documented role of CPs in plant pathogenicity (9, 15, 24) will not be a good
predictor for the diversity and evolution of CPs in genomes of fungi that have no
known interactions with living plants but are either carnivores (e.g., Beauveria spp. and
Metarhizium spp.), fungivores (e.g., Escovopsis spp.), or strict saprotrophs (e.g., Auricu-
laria spp. and Pleurotus spp.). In Trichoderma spp., at least three CP proteins (EPL1, EPL2,
and EPL3) were detected in such species as Trichoderma pleuroti, which causes the
green mold disease of Pleurotus spp. (40), or Trichoderma reesei, which is rarely isolated
from soil (41) and thus has no known root endophytic potential. Although further
investigations might reveal herbivorous properties of these Trichoderma spp., the
expansion and multiple gene duplications of CPs in the genomes of wood rot fungi
(e.g., Auricularia spp., Trametes spp. and Pleurotus spp.) and specialized fungal patho-
gens like E. weberi, saprotrophic Sphaerobolus spp., and Aspergillus spp., contradicts
phytotoxicity as the primary function of CPs while supporting the conclusion of plant
virulence factor being a secondary role of CPs in fungi. Because at least one or several
CPs are massively secreted under a variety of conditions in many fungi (9, 10, 42),
including this study, plants may evolve a mechanism to respond to the presence of
fungi by detecting these proteins. It is worth mentioning that plants have evolved
several layers of defense strategies to suppress colonization by other organisms,
especially fungi (43). For example, Arabidopsis thaliana uses the plant defensin gene
(PDF) family, including PDF1, PDF1.2, PDF1.2¢, and PDF1.3, to inhibit the growth of a
broad range of fungi (44). In another case, plants prevent the penetration of
Trichoderma asperellum by depositing dense materials and synthesizing phenolic com-
pounds to restrict fungal dispersion to the epidermis and outer cortex (45). This
explains why the CPs from nonphytopathogenic fungi also trigger immune defense
responses in plants, as at the early contact stage, plants response to any partner
regardless of whether it is a plant-beneficial or pathogenic one. The obtained role in
pathogenicity probably resulted in the evolutionary fixation of respective properties
and the emergence of the effector or effector-like functions. We hypothesize that in
phytopathogenic fungi, the role in virulence developed as a functional exaptation other
than the primary role, which remains putative (see below). The results obtained in this
study (Fig. 4 and 6; File S1 in the supplemental material) further add to this paradox:
EPL1 of the rhizosphere-competent and plant-beneficial Trichoderma spp. prevents the
root colonization of the fungus but triggers the immune response of plants.

We also revealed the persistent stabilizing (purifying) natural selection pressure
operating on all CP-encoding genes in Trichoderma (Fig. 2), which highlights their
functional significance. Moreover, most CPs evolved over numerous events of gene
duplication that frequently resulted in the maintenance of several copies in the
genome. The comparison of CP diversity in Trichoderma spp. and the phylogenomic
chronogram of Hypocreales (37) allows for the conclusion that all paralogous
Trichoderma CPs emerged within the last 200 million years but before the more recent
evolutionary history of the extant species (last 50 million years) (Fig. 1). However, the
recent phylogenetic analysis of plant cell wall-degrading enzymes in Trichoderma
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FIG 7 The role of CPs in fungal interactions. (A) Shown is a schematic diagram of the involvement of cerato-
platanin proteins (CPs) in interactions between Trichoderma hyphae and other organisms (including bacteria, fungi,
and plants) (A). Trichoderma modulates the hyphosphere via the massive secretion of surface-active proteins like
CPs and HFBs to modify the surface hydrophobicity of the host/substrate, which may favor the attachment and
nutrition of the fungus (B).

revealed that the cellulolytic ability of these fungi is a relatively recent evolutionary
achievement that emerged, along with the formation of the ancestors of the genus and
clades (20 to 70 million years ago), through multiple cases of lateral gene transfer of the
respective genes from plant-pathogenic fungi (31). Moreover, previous ecological
surveys also allowed the conclusion that Trichoderma's endophytic abilities are present
in the most evolutionarily advanced species, namely, the opportunistic ones (23, 37),
meaning that these fungivorous fungi probably evolved toward interacting with plants.
The long evolutionary history of CPs in Pezizomycotina genomes, including the
Trichoderma genome, suggests that they also perform another function that is not
linked to the herbivorous nature of some species.

The results of the present work allow the proposal that the ability of CPs to alter
surface hydrophobicity best explains their massive and almost unconditional (or con-
stitutive) secretion by fungi in submerged cultures (also seen in references 43 and 46)
and their long evolutionary history. Our data allow speculation that CPs contribute to
the ability of fungi to modify the substrates where they feed by making surfaces more
hydrophilic and thus accessible for enzymes and, subsequently, for the acquisition of
nutrients (Fig. 7). This function is probably complementary to those of the other
surface-active proteins, namely, HFBs, which are amphiphilic and mainly associated
with the hydrophobicity of aerial fungal structures required for reproduction, such as
aerial hyphae (47), fruiting bodies (48), and conidial spores. Therefore, it is also possible
that other SSCPs play a similar and/or complementary role in the hyphosphere, making
the substrate more suitable for absorptive nutrition. The activation of CPs in response
to the presence of other organisms (mainly plants but also bacteria and other fungi, as
revealed by the results in Table 2 of this study) may correspond to the requirement to
outbalance surfactants released by the partner organisms. The recombinant ,EPL1
protein, purified from P. pastoris cultures, retained the surface and biological activity of
the original protein (Fig. 5). This result indicates a role of EPL1 in modulating the surface
hydrophobicity of the host/environment, which may favor attachment of the fungus
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that, for example, subsequently helps or prevents an interaction. Due to the presence
of both hydrophobic and hydrophilic patches, HFBs are amphipathic and, thus, are able
to modulate the hydrophobicity of hydrophobic and hydrophilic surfaces, while EPLs
were only known to decrease hydrophobicity and possibly can be described as “hy-
drophilins” (8). Thus, EPLs are possibly more related to the trophic growth stage of the
fungus that requires more hydrophilic surfaces. Thus, further investigation may focus
on the role of CPs in the hyphosphere of submerged mycelium and their roles in the
nutritional versatility of some opportunistic or specialized fungi.

Moreover, it is interesting to notice that the evolutionary history of CP genes in fungi
contains a high frequency of gene duplication. However, the paralogous copies were
lost in many species. In this case, it suggests that the CPs evolve by a death-and-birth
mechanism (35, 36). This model of evolution assumes new genes appear by gene
duplication and some of the duplicated genes are maintained in the genome for a long
term, while others could possibly be lost or become nonfunctional (20, 49). Coinciden-
tally, little phenotypic change can be noticed when epl2/sm2 is removed from T.
atroviride and T. virens, respectively, except an influence on the fungal-plant interaction,
as for epl1 (12). Therefore, different CPs may have overlapping redundant functions for
the fungus and behave similarly. CPs from different Trichoderma species clustered into
the same phylogenetic clade were found to be statistically similar. Such a long-term
conservation of amino acid sequences of the CP subgroups in Trichoderma spp. can be
supported by the strong purifying selection, which allows for little mutation, leading
the Trichoderma CPs to be recognized by the plant immune system. Hence, it will be
meaningful to know the reason why CPs are duplicated in some phytopathogenic
and/or some strictly saprotrophic fungi and how CPs evolve in these genomes.

MATERIALS AND METHODS

Microbial strains and plant materials. T. guizhouense strain NJAU 4742 (28, 31) and T. harzianum
CBS 226.95 (type strain of T. harzianum) were used as the wild types throughout this study. Seven other
fungi from the TU Collection of Industrial Microorganisms (TUCIM) at TU Wien, Vienna, Austria, namely,
Fusarium oxysporum FOC4 (TUCIM 4812), F. fujikuroi (TUCIM 5319), Rhizoctonia solani (TUCIM 3753),
Botrytis cinerea (TUCIM 4679), Sclerotinia sclerotiorum, Athelia rolfsii (formerly Sclerotium rolfsii; TUCIM
4076), and Alternaria alternata (TUCIM 3737), were used to perform the fungal-fungal interaction assay
with Trichoderma (28). Three bacterial strains from three different genera, Escherichia coli DH5e, Bacillus
amyloliquefaciens 9, and Ralstonia solanacearum RS1115, were used to perform the fungal-bacterial
interaction assay with T. guizhouense. All strains (listed in Table 1) were, if not otherwise stated,
maintained on potato dextrose agar (PDA; BD Difco, USA) at 25°C. Tomato seeds (Solanum lycopersicum
cv. HEZUO903) were purchased from Jiangsu Academy of Agricultural Sciences, Nanjing, China.

Cultivation of Trichoderma spp. Trichoderma spores were collected from 7-day-old PDA cultures
and filtrated. For fermentation in shake flasks, 100 wl of Trichoderma spores (106 spores per ml) was
cultivated in 100 ml of 30% Murashige and Skoog basal salt mixture (Sigma-Aldrich, USA) supplemented
with 1% glucose (MSG) and in minimal medium supplemented with 4% glycerol (MM) (see recipes in
reference 50), respectively, at 25°C for 48 h. Culture filtrates were collected for SDS-PAGE.

To study the expression pattern of epls during fungal development, static cultivation was applied.
Amounts of 10 ul of the spores described above were inoculated into 10 ml of MSG. Fungal biomass was
collected at the stages of (submerged) vegetative growth, aerial hypha formation, and conidiation for
RNA extraction.

Generation of epl1 deletion and overexpression mutants of Trichoderma spp. For constructing
the eplT1 gene replacement cassette, a 1.2-kb upstream flanking fragment (5" homologous arm) and a
1.2-kb downstream flanking fragment (3’ homologous arm) of the ep/7 gene were amplified from
Trichoderma genomic DNA by PCR using the primer pairs e1-upF/e1-upR and e1-dnF/e1-dnR, respectively
(all primers used are listed in Table 4). The hygromycin B expression cassette (hph, 2.3 kb) was PCR
amplified from the pPcdna1 plasmid using the primer pair eThph-F/eThph-R and was inserted between
the two flanking arms described above via overlapping PCR with the primers el-upF/el1-dnR. The
amplified fragment (4.7 kb) was then purified and used for the standard polyethylene glycol (PEG)-
mediated protoplast transformation for Trichoderma (3). For overexpressing epl1 in Trichoderma spp.
under the constitutive promoter P_,,.,, the primer pair OEe1-F/OEe1-R was used to amplify a 1.6-kb
fragment, which contains the ORF of ep/7 and a 1.2-kb terminator region, from the genomic DNA of the
wt strain. The PCR product was purified and fused into the Clal-digested pPcdnal plasmid with the
In-Fusion HD cloning kit (TaKaRa, Japan), resulting in plasmid pP,,,;:epl1:T,,,;. Protoplast transforma-
tion was performed using the Pscl-linearized plasmid. Stable transformants were verified by sequencing
and maintained on PDA medium containing 200 ug ml~" of hygromycin B (Thermo Fisher Scientific,
USA).

Interaction assays between Trichoderma spp. and other organisms. To test the effect of plants
on epl expression, the wild-type strain of Trichoderma was cocultured with three 15-day-old tomato
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TABLE 4 Primers used in this study

Applied and Environmental Microbiology

Primer Sequence (5'-3') Comment

el-upF CACACTGCGTCATCAATACG Deletion of epl1 in T. guizhouense NJAU 4742

el-upR CATATTGATGTAAGGTAGCTCTCGGATCCCTTGACTATTGTGTAGAGTG

el-dnF TATTCCATCTAAGCCATAGTACCCTCGAGATTGCATTGTGGTATATGGC

el-dnR GGAGATATAATCTGGCAATG

elhph-F GGATCCGAGAGCTACCTTACAT

elhph-R CTCGAGGGTACTATGGCTTAGAT

hel-upF TCGGCACTGCTTCGCACTAA Deletion of epl1 in T. harzianum CBS 226.95

hel-upR CATATTGATGTAAGGTAGCTCTCGGATCCATATCAACGAAAGTCGAGGTGAGT

hel-dnF TATTCCATCTAAGCCATAGTACCCTCGAGATTGTGGTATATGGCGGGATT

hel-dnR CGATGTAAGTCATCACCGTTCTACT

neThph-F Refer to eThph-F

meThph-R Refer to elhph-R

el-F2 GAAAGCAAGCCTACCAAGCTACCT Verification of epl1 deletion in T. guizhouense NJAU 4742

el-R2 AGTACAACCTAACAGCTGAGCACG

el-F3 AGATTCCTCGCTTCCCATACAT

el-R3 TAGATGGTGTGGCCGCTGTA

el-F4 AGAAGGGCGTCGAGCATTGT

el-R4 AAGGAAGGCTTGAGGTACTTGG

mel-F2 GTATATGCTGGTACACGCCGTC Verification of epl1 deletion in T. harzianum CBS 226.95

el-R2 Refer to e1-R2

hel-F3 TTCACTGCTGCCGTTTCTGC

mel1-R3 Refer to e1-R3

hel-F4 Refer to e1-F4

hel-R4 CATGTGTAATGACCTGTGGCTAC

OEel-F AACAACTTCTCTCATCGATATGCAATTGTCCAGCCTCTTC Construction of OEepl1 vector for T. guizhouense NJAU 4742

OEel1-R CCTGCAGGTCGACATCGATTGGCAGCGGAGAGGGTTAT

hOEe1-F AACAACTTCTCTCATCGATATGCAATTGTCCAGCCTCTTC Construction of OEepl1 vector for T. harzianum CBS 226.95

OEe1-R CCTGCAGGTCGACATCGATCGATGTAAGTCATCACCGTTCTACT

OEe1-F2 ATGCAAGGTCGATTCCAATCAT Verification of OEepl1 in Trichoderma spp.

OEe1-R2 Refer to e1-R3

qtef1-F TACAAGATCGGTGGTATTGGAACA Quantification of tef1 in T. guizhouense NJAU 4742
and T. harzianum CBS 226.95

qtef1-R AGCTGCTCGTGGTGCATCTC

qepl1-F Refer to e1-F3 Quantification of epl1 in T. guizhouense NJAU 4742

qepl1-R Refer to e1-R3

qepl2-F GCTATGATGACCCTTCTCGTTCT Quantification of epl2 in T. guizhouense NJAU 4742

gepl2-R TATAACAGGCTCCGCATTGTG

qepl3-F AAGATGCCGTTGGCTTCATT Quantification of epl3 in T. guizhouense NJAU 4742

gepl3-R CGATGGCAAGGAGTGATATAGTTT

haepl1-F TCAACGTCGTCTCCTGCTCC Quantification of epl7 in T. harzianum CBS 226.95

haepl1-R Refer to e1-R3

haepl2-F TTACTGCTGCTATCCTCTCTGTGG Quantification of epl2 in T. harzianum CBS 226.95

Thaepl2-R TGGTGATGAGGCCATTGGG

Thaepl3-F AGCAGTTGTTGTCCCTGTTACC Quantification of epl3 in T. harzianum CBS 226.95

Thaepl3-R ATGAACCCGATATTCTTTCTCCA

Ppepl1-F GAAGAAGGGGTATCTCTCGAGAAAAGAGATACCGTCTCGTATGATACCGG Construction of peplT vector for Pichia pastoris KM71H

Ppepl1-R GAG GTTCTAGAATAAGACCGCAGTTCTTGACAGC

PpAOX1-F2 GACTGGTTCCAATTGACAAGC Verification of epl71-expressing mutants for Pichia

PpAOX1-R2 GCAAATGGCATTCTGACATCC

seedlings on an MSG plate, as described in our previous work (50), using the solo-cultured Trichoderma

as the control.

The fungal-fungal interaction was assessed by dual confrontation assays. Agar plugs of fresh
Trichoderma culture and the partner fungus, which were pregrown on PDA at 25°C for 72 h, were placed
on opposite poles of a PDA plate. Images of each plate were recorded by a Canon EOS 70D camera after
incubation at 25°C in darkness for 14 days. Fungal biomass was collected from the interacting and solo

sides after connection for 24 h (as shown in Fig. S3 in the supplemental material).
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Three bacterial strains were selected to investigate the fungal-bacterial interaction. An amount of
100 pl of each bacterial suspension (ca. 103 cell per ml) was spread on a PDA plate, and two fresh culture
plugs from one Trichoderma strain were inoculated onto the same plate. The cocultured plates were
incubated at 25°C in darkness for 3 days, and images were recorded. Fungal biomass was collected for
RNA extraction from the interacting (after connection for 24 h) and the solo-cultured samples (Fig. S4).

RNA extraction and RT-qPCR assay. Total RNAs were extracted using the RNeasy plant minikit
(Qiagen, Germany) according to the manufacturer’s instructions. cDNAs were synthesized using the
RevertAid first-strand cDNA kit (Thermo Scientific, USA) with the oligo(dT),s primer. RT-gPCR was
performed to determine the expression of ep/ genes, with the reaction mixture comprised of 10 ul of iQ
SYBR green PCR supermix (Bio-Rad, USA), 0.5 ul of each primer (10 uM), 0.5 ul of cDNA (ca. 100 ng ul=7),
and water to 25 pl. The thermal program was set up in a qTOWER real-time PCR system (Jena Analytics,
Germany) as follows: one cycle of 6 min at 95°C, followed by 40 cycles of denaturation for 30 s at 95°C
and annealing for 60 s at 60°C, with a melting curve from 60°C to 95°C.

Root colonization and plant immunity response assays. Twenty-one-day-old tomato seedlings
were cultivated in a hydroponic system containing 40 ml of 25% MS basal salt mix (pH 6.5), and 0.4 ml
of spores (106 ml—') from each Trichoderma strain was inoculated into the hydroponic system. After
incubation at 25°C under cycled-light conditions (light/dark, 12 h/12 h) for 48 h, quantification of
Trichoderma fungi colonized on tomato roots was performed by RT-qPCR with total RNAs isolated from
the interacting organisms. A 137-bp fragment of the tefl exon was cloned into a pMD 19-T vector
(TaKaRa, Japan) and then used as a DNA standard. Templates for the standard curve were made using
10-fold serial dilutions of the recombinant plasmid harboring one copy of the tef1 gene fragment. The
amount of colonized Trichoderma was then calculated based on the standard curve and described as the
copy number of tefl per gram of root.

The expression of genes corresponding to different plant defense pathways was examined for the
tomato roots colonized by mutants, using the noncolonized ones as a control. The qPCR was set up as
described above.

Production of the recombinant , EPL1 in Pichia pastoris. The EasySelect Pichia expression kit
(Invitrogen, USA) was used to express the - EPL1 protein in P. pastoris strain KM71H yeast according to
the manufacturer’s instructions. The ep/1 coding region from the end of the predicted signal peptide to
the stop codon was amplified by PCR (CloneAmp HiFi PCR premix; Clontech, USA) from the cDNA of the
wt T. guizhouense with the primer pair PPe1-F/PPe1-R. The signal peptide was excluded using SignalP 4.1
(http://www.cbs.dtu.dk/services/SignalP/) (51). The cloned fragment was inserted into the plasmid of
pPICZaA between the Xhol and Xbal sites using the In-Fusion HD cloning kit (Clontech, USA). The
recombinant protein coded by this construction harbors the yeast a-factor signal sequence at the N
terminus and a 6XHis epitope at the C terminus. The resulting plasmid, pPICZ«aA:epl1, was linearized
with Sac | and then transformed into Pichia cells by pulsed cell transformation, and one of the Western
blot-positive transformants was chosen to obtain the recombinant (EPL1 protein (see Pichia fermenta-
tion in reference 28). The protein was purified via affinity chromatography using His-Talon cobalt-loaded
resins (Clontech, USA) and redissolved in high-performance liquid chromatography-grade (HPLC) water.

Protein biochemical and biophysical assays. The protein concentration of the fungal culture
filtrates was quantified with a bicinchoninic acid (BCA) protein assay kit (Thermo Fisher Scientific, USA),
using bovine serum album (BSA) as the standard, according to the manufacturer’s instructions. Protein
samples were loaded into a 15% polyacrylamide gel and run with a constant voltage (200 V) for 1 h,
followed by silver staining using the SilverQuest silver staining kit (Life Technologies, Germany). Quali-
tative identification of the protein on SDS-PAGE gel was performed by using the quantification tool of
the software Image Lab 3.0 with default parameters. The protein identification of the four targeted
protein bands (indicated by dotted lines in Fig. 3) was performed by Luming Biotechnology, Inc.
(Shanghai, China), using MALDI-TOF/TOF mass spectrometry. Immunological visualization of the recom-
binant [(EPL1 was carried out by using a mouse anti-His tag-horseradish peroxidase (HRP) antibody
(Genescript, USA) following the protocol supplied with the One-Hour Western standard kit (GenScript,
China) for Western blotting.

The water contact angle (WCA) measurement for surface hydrophobicity determination was per-
formed by using a Kriss EasyDrop DSA20E (Kriss GmbH, Germany). Purified proteins and surface
materials (glass and PET) were prepared as described previously (52). , ,EPL1 protein coating was applied
at a concentration of 10 uM.

In vitro bioactivity test of recombinant ; EPL1. The colonization test was further performed for the
wt strain with the addition of two concentrations of pure Pichia-produced EPL1 (recombinant ,EPL1). As
described above, tomato seedlings were cultivated in a hydroponic system with Trichoderma spores, and
recombinant ;,EPL1 was applied at concentrations of 0.1 uM and 1 uM, using water as the control. The
colonization rate and elicitation of plant defense response were then compared by RT-qPCR between the
EPL1-treated roots and the nontreated ones.

Genome mining and phylogenetic analysis. A total of 157 fungal genomes, including 150 from
Ascomycota and 7 from Basidiomycota, deposited in the National Center for Biotechnology Information
(NCBI) and the Joint Genome Institute (JGI) databases, was used as the sequence resource. The protein
sequences of the three reported CPs (GenBank accession numbers XP_013937770, XP_013944228, and
XP_013937568) from T. atroviride IMI 206040 (12, 42) were used in the BLAST query of each fungal
genome. Hits with an E value of <10~* were retrieved. Sequences were aligned by using MUSCLE
integrated in AliView 1.23 (53, 54), and the CP-specific cysteine sequence pattern of -C-C X X C-C- (X
represents any possible amino acid) was manually verified during alignment. N and C termini were
trimmed manually when necessary. Maximum-likelihood (ML) phylogenetic analysis was constructed by
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using IQ-TREE 1.6.12 (no. of ultrafast bootstraps, 1,000) (55) with 262 sites of the CP sequences. The amino
acid substitution model was selected with ModelFinder, which is integrated into the IQ-TREE program,
according to the Bayesian information criterion (BIC).

Natural selection pressure assay and tests for horizontal gene transfer. To identify specific
branches evolving under natural positive selection pressure, EasyCodeML version 1.21 (38) was used to
calculate the ratio of nonsynonymous/synonymous substitution rates (o = dN/dS). Inference of lateral
gene transfer, gene loss (GL), and gene duplication (GD) was performed by using NOTUNG (33) as
described in our previous research (31), with modifications. Briefly, an edge weight threshold of 0.9 was
applied, with assigned costs of HGT, GD, and GL at rates of 9, 3, and 1, respectively. The predicted HGT
events were also compared to those revealed using T-Rex (34).

Statistical analysis. The relative expression levels (fold changes) of genes of interest were calculated
according to the cycle threshold (2-22¢7) method, using tefl as the housekeeping gene (56). Data
regarding the gene expression and the absolute gene copy number were obtained, if not otherwise
stated, from at least three biological replicates. The line chart, box plot, and heat map representations
of data were obtained by using R (version 3.2.2). The results represent the mean values and standard
deviations and were statistically analyzed by analysis of variance (ANOVA) and Tukey multiple-
comparison test or t test with a P value of <0.05 using STATISTICA 6 (StatSoft, USA).

Data availability. The protein sequences of EPL1 from T. guizhouense NJAU 4742 and T. harzianum
CBS 226.95 are available in NCBI GenBank under accession numbers OPB44018 and XP_024774373,
respectively. The genomes of Trichoderma spp. used in this paper for in silico work were retrieved from
the NCBI or JGI database with the accession numbers listed in Table S1. Accession numbers of CPs that
were used for LGT analysis are presented in Fig. 1 and 2.

SUPPLEMENTAL MATERIAL
Supplemental material is available online only.
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