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A B S T R A C T

After exposure to with Populus davidiana × P. alba var. pyramidalis, the expression of genes in Trichoderma
asperellum were compared in four transcriptomes. The top 20 high expression genes included six heat shock
proteins and three hydrophobins, indicating that Trichoderma can rapidly adapt to environment stresses and
elicit a plant defense response. The genes, involved in the interaction between Trichoderma and plant, showed an
increasing expression level, for example sugar transporters, EPL1s, endoxylanases, pectin lyases, and nitrilases.
Interestingly, sugar transporters also showed high expression when T. asperellum was cultured on medium
lacking a carbon substrate, which would contribute to T. asperellum’s survival and domination in ecological niche
competition. And the genes related to mycoparasitism were expressed abundantly following T. asperellum’s in-
teraction with PdPap, indicating the PdPap induction could enhance the mycoparasitic ability of T. asperellum.
Twelve chitinases and five glucanases showed higher expression in transcriptome Cs, indicating that T. asper-
ellum secretes both types of enzyme before interacting with pathogens, allowing T. asperellum to implement
mycoparasitism and obtain more energy. Many novel transcripts were obtained in each transcriptome, which
may play important roles in the biocontrol process of T. asperellum. Interestingly, T. asperellum undergo con-
stitutive alternative splicing in the biocontrol process: Seven biocontrol genes were alternative spliced via intron
retention. qRT-PCR analysis proved that intron retention is negatively associated with the expression of chit-
inase, oligopeptide transporters, and beta-lactamase. However, the percentage of MAPK intron retention was
quite low, suggesting that intron retention has little effect on the function of MAPK.

1. Introduction

Trichoderma spp., as an excellent biocontrol agent, plays important
roles in agriculture, including promoting plant growth, inducing plant
systemic resistance, and killing phytopathogens (Lea et al., 2018; He
et al., 2019; Yuan et al., 2019). Many Trichoderma transcriptome ana-
lyses have focused on the Trichoderma-pathogen interaction. Mycopar-
asitism of Trichoderma against Botrytis cinerea and Phytophthora capsica
revealed the synergistic transcription of various genes involved in cell
wall degradation (Barbara et al., 2011). In the presence of the cell wall
of Cronartium ribicola, the expressions of two main glycoside hydrolase
gene families in the T. atroviride transcriptome (i.e. chitinase and glu-
cosidase) were induced (Liu et al., 2016a). During its interaction with
Rhizoctonia solani, T. atroviride expressed an array of genes involved in
the production of secondary metabolites, GH16 ß-glucanases, various

proteases, and small secreted cysteine rich proteins (Atanasova et al.,
2013). However, few transcriptome studies of Trichoderma have ex-
amined the mechanism of growth promotion and the induction of plant
systemic resistance.

When interacting with plants, Trichoderma spp. can secret elicitors
to promote plant growth and induce plant systemic resistance. First,
Trichoderma is established in the plant rhizosphere. Monosaccharides
and disaccharides excreted by plant roots into the rhizosphere provide
an important carbon substrate for mycorrhizae (Nehls et al., 2010) and
sucrose has a similar role in the establishment of Trichoderma in the
rhizosphere (Vargas et al., 2009a). Further sucrose is actively trans-
ferred from the plant to the fungus by sucrose permeases and sucrose
transporters, which are induced in the early stages of root colonization
(Vargas et al., 2011), and other root exudates are assimilated by a large
number of major facilitator solute transporters (Chaudhary et al., 2016;
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Nygren et al., 2018). In addition, plants can also sense the bioactive
metabolites excreted by Trichoderma, including volatile and nonvolatile
substances, such as auxins, 6-pentyl-2H-pyran-2-one (6-PP), sesqui-
terpenes, gliotoxin, viridin, harzianopyridone, harziandione, and pep-
taibols (Reino et al., 2008; Vinale et al., 2008). These can increase
photosynthesis and biomass production and elicit developmental pro-
grams via the regulation of gene expression (Studholme et al., 2013;
Rubio et al., 2014). Trichoderma spp. produces the auxin indole-3-acetic
acid (IAA) (Li et al., 2017; Nieto-Jacobo et al., 2017). IAA stimulates
cell division, elongation, and differentiation processes, ultimately in-
creasing the growth and yield of the host plant. Fungal colonization of
Arabidopsis thaliana roots induced the expression of the auxin-inducible
marker gene DR5: uidA and increased development of lateral roots and
root hairs (Contreras-Cornejo et al., 2015). Mutations in genes involved
in auxin transport or signaling, including AUX1, BIG, EIR1, and AXR1,
reduced the beneficial effects of Trichoderma on biomass production
and root branching (Contreras-Cornejo et al., 2009). 6-PP is a major
volatile organic compound (VOC) biosynthesized by T. atroviride and is
involved in plant–fungus cross-kingdom signaling. 6-PP modulates the
expression of PIN-FORMED (PIN) auxin-transport proteins in a specific
and dose-dependent manner in primary roots, further promoting plant
growth, regulating root architecture, inhibiting primary root growth,
and inducing lateral root formation (Garnica-Vergara et al., 2016;
Contreras-Cornejo et al., 2018)

Second, plants respond to the presence of other organisms by acti-
vating potential defense mechanisms. Pathogens can elicit a two-
branched innate immune defence, including MAMP (microorganism-
associated molecular patterns)-triggered immunity (PTI) and effector-
triggered immunity (ETI) (Druzhinina et al., 2011). Similar to other
non-plant pathogenic microorganisms, Trichoderma spp. triggers in-
duced systemic resistance (ISR), which culminates in the accumulation
of components of the associated jasmonate and ethylene signaling
pathways, such as hydroperoxide lyase, peroxidase, and phenylalanine
ammonia lyase. The hormone interactions within the plant immune
signaling network determine the specific nature of the defense response
that is triggered (Lu et al., 2015). T. asperellum SKT-1 is a microbial
pesticide of seedborne diseases, and is capable of inducing systemic
resistance in rice. The salicylic acid (SA) signaling pathway is important
in inducing systemic resistance to colonization by T. asperellum SKT-1,
and both the SA and jasmonic acid–ethylene (JA–ET) signaling path-
ways combine in the signaling of induced resistance by its cell-free
culture filtrate (Yoshioka et al., 2015). ISR by beneficial microbes is
characterized by priming of the plant for a more efficient activation of
defense responses upon subsequent encounters with pathogens or in-
sects (Conrath et al., 2015; Martinez-Medina et al., 2016). Beneficial
root-associated microbes induce plant resistance in systemic tissues
against a wide range of pathogens that attack the roots or the shoots
(Pieterse et al., 2014).

In the present study, after interacting with Populus davidiana × P.
alba var. pyramidalis (PdPap), the expression of biocontrol genes of T.
asperellum were studied by comparing four newly constructed tran-
scriptomes. To evaluate the changes in biocontrol genes expression
following the Trichoderma–PdPap interaction, the top 20 highly ex-
pressed genes in the PdPap transcriptome were analyzed. In addition,
the genes involved in the Trichoderma-plant interaction, the
Trichoderma-pathogen interaction, and the Trichoderma defence re-
sponse were also assessed. Besides, the identified novel transcripts are
in addition to previously identified Trichoderma biocontrol genes. To
determine the impact of alternative splicing on the biocontrol process,
the patterns of alternative splicing of Trichoderma functional genes was
also determined, and the expression levels of four randomly selected
biocontrol genes was assessed using quantitative real-time reverse
transcription PCR (qRT-PCR) analysis. The transcriptomes of T. asper-
ellum ACCC30536 will increase our understanding of the evolution of
Trichoderma mycoparasitism and environmental opportunism.

2. Materials and methods

2.1. Strains and plant material

Trichoderma asperellum ACCC30536 (CBS433.97) was obtained from
the Agricultural Culture Collection of China. The stems, roots, and
leaves of aseptic Populus davidiana × P. alba var. pyramidalis Loucne
(PdPap poplar) seedlings were used as inducing substrates for T. as-
perellum.

2.2. Induced assays for C-starvation, N-starvation, PdPap, and minimal
medium stresses

The 1×106 spores of the biocontrol agent T. asperellum
ACCC30536 were cultured in ¼ PD medium at 28 °C for 48 h under
continuous shaking at 180 rpm. After the spores germinated into my-
celia, they were filtered, washed, and transferred into minimal medium
(MM) (15 g/L NaH2PO4, 5 g/L (NH4)2SO4, 600mg/L CaCl2·2H2O,
600mg/L MgSO4·7H2O, 5.0mg/L FeSO4, 2.0mg/L CoCl2, 1.6 mg/L
MnSO4 and 1.4 mg/L ZnSO4, pH=5.0) at 28 °C in shaker at 200 rpm
for 48 h. The mycelia were then transferred into four kinds of inducing
culture medium: C-starvation (Cs), MM without a carbon source;
Nstarvation (Ns), MM without a nitrogen source; PdPap, carbon source
in MM as follows: 1% (w/v) root powder, 1% (w/v) stem powder, or 1%
(w/v) leaf powder from PdPap poplar; and MM, MM with 0.5% glucose
and 0.5% ammonium sulfate. The mycelia were incubated at 25 °C for
72 h under the same conditions. The mRNA was isolated with magnetic
beads and fragmented into short fragments, and cDNA is synthesized.
The library is sequenced using Illumina HiSeqTM 2000. After filtering
of raw data to decrease data noise and filter out “dirty” raw reads, the
remaining reads are called "clean reads", which were aligned to re-
ference genes and genome file with SOAPaligner/SOAP2, and the
alignment data is utilized to calculate distribution of reads on reference
genes and perform coverage analysis. Then QC of alignment is per-
formed to determine if resequencing is needed. If alignment result
passes QC, we will proceed following analysis including gene expres-
sion, gene structure refinement, alternative splicing, novel transcript
prediction and annotation and SNP detection. Finally, four tran-
scriptome libraries were constructed (Wang et al., 2019). The PdPap
and Ns treatments simulate Trichoderma’s interaction with the plant
and pathogen, respectively (Druzhinina et al., 2011). The MM and Cs
transcriptomes served as controls.

2.3. Gene expression difference analysis

The gene expression level was calculated using the reads per kilo-
base of transcript per million mapped reads (RPKM) method (Mortazavi
and Williams, 2008), which can eliminate the influence of different
gene lengths and sequencing discrepancies on the calculation of gene
expression. Therefore, the calculated gene expression can be directly
used to compare the difference in gene expression among samples. This
analysis identifies genes with different expression levels among sam-
ples, and then carries out gene ontology (GO) functional analysis. Re-
ferring to ‘The significance of digital gene expression profiles’ (Audic
and Claverie, 1997), we developed a strict algorithm to identify dif-
ferentially expressed genes (DEGs) between two samples. DEG analysis
generates a large multiplicity problem in which thousands of hy-
potheses are tested simultaneously, in which correction for false posi-
tive and false negative errors are performed using the false discovery
rate (FDR) method, which is a threshold for judging the significance of
gene expression differences. More stringent criteria with smaller FDRs
and larger fold-change values can be used to identify DEGs.

2.4. Top 20 high expression

Following T. asperellum’s interaction with PdPap, many genes are
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expressed in T. asperellum. To further understand the genes related to
the Trichoderma-plant interaction, these genes were ranked by their
expression levels (RPKM), and the top 20 genes were obtained and
classified by gene function. The expression levels of these genes in the
other transcriptomes are also listed.

2.5. Statistical analysis of biocontrol genes

Following T. asperellum induction by four kinds of medium (MM, Cs,
Ns, and PdPap), many biocontrol genes are expressed in T. asperellum,
and their expression levels were determined. These genes were classi-
fied into three categories by their function, including those related to
Trichoderma–plant interaction, Trichoderma–pathogen interaction,
and the defense response of Trichoderma. The distribution of each ca-
tegory of genes was illustrated using heatmaps that were drawn using
the Origin 2018 program (OriginLab Corporation, Northampton, MA,
USA).

2.6. Novel transcripts

We assembled transcripts from the reads using Cufflink (Roberts
et al., 2011). To discover novel transcribed regions, we compared our
assembled transcripts and annotated genomic transcripts from re-
ference sequences. To be reported as a novel transcript, an assembled
transcript must meet three requirements: the transcript must be at least
200bp away from an annotated gene, the transcript must be over 180
bp, and the sequencing depth must be no less than 2. To study the
function of novel transcripts, distinguished protein-coding RNAs from
noncoding RNAs using a Support Vector Machine-based classifier,
named Coding Potential Calculator (CPC http://cpc.cbi.pku.edu.cn/).

2.7. Detecting alternative splicing in Trichoderma

Alternative splicing makes it possible for a gene to generate dif-
ferent mRNA transcripts that are ultimately translated into distin-
guishable proteins. There are seven main types of alternative splicing,
including exon skipping, intron retention, alternative 5′ splice sites,
alternative 3′ splice sites, alternative first exons, alternative last exons,
and mutually exclusive exons. To select software to detect alternative
splicing events, we have evaluated four pieces of software based on
50 nt reads simulated by Maq (Li and Ruan, 2008). The results showed
that SOAPsplice (Huang et al., 2011) was the best, we then used in our
analysis pipeline. Furthermore, we verified the alternatively spliced
genes related to biological control using PCR, in which one of the two
primers is designed against an intron region. The primers are listed in
Supplementary Table 1. To determine the function of alternative spli-
cing, the proportions of alternatively spliced transcripts were counted

using qRT-PCR. The treatment method was the same as that used to
generate the four transcriptomes. For each inducing condition, mycelia
were collected at 0, 3, 6, 12, 24, 48, and 72 h post-induction. At each
time point, the biomass was obtained as three replicates. The samples
are stored at −80 °C. Total RNA was extracted using the CTAB method,
digested with DNaseI (Promega, USA), and reverse-transcribed into
cDNA using a PrimeScript RT Kit (Takara, Japan) according to the
manufacturer’s instructions. The transcription of these genes in T. as-
perellum was detected using qRT-PCR and was calculated according to
the 2−ΔΔCt method (Schmittgen and Livak, 2008), using cDNA as
template, and actin as reference gene. Three qRT-PCR replicates were
performed per cDNA sample, and the primers are listed in Supplement
Table 1.

2.8. Data availability

Strains and plasmids are available upon request. Supplemental files
available at FigShare. File S1 contains primers used to verify alter-
natively spliced genes. File S2 shows data quality of four different
transcriptomes. File S3 shows Gene ontology of differentially expression
genes (DEGs) from T. asperellum. File S4 contains the top 20 highly
expressed genes under PdPap stress. File S5 contains the expression
levels of genes related to the biocontrol mechanism of T. asperellum in
the four transcriptomes.

3. Results

3.1. The characteristics of transcriptome resequencing

After quality control and filtering of raw reads, “Total clean reads”
for the four samples (including MM, Cs, Ns and PdPap) were obtained,
which were then aligned to the genome file. The results showed the
quality of the sequenced transcriptomes was sufficient for our analyses
(Supplementary Table 2).

3.2. Identification of differentially expressed genes in four inducing
conditions

After the identification of differentially expressed genes (DEGs) of T.
asperellum in the four transcriptomes (MM, Cs, Ns and PdPap), com-
pared with the Cs library, there are 2368 (MM), 4175 (Ns), and 4594
(PdPap) downregulated DEGs in the other libraries, respectively.
Following MM induction, there were 2591 and 3046 upregulated DEGs
in the MM library compared with those in the Ns and PdPap libraries,
respectively. In addition, comparing the PdPap with Ns libraries iden-
tified 1980 upregulated genes and 2024 downregulated genes (Fig. 1a).

Fig. 1. The differential expression of genes in
four transcriptomes.
a: The differential expression of genes in each
pairwise comparison. b: Pattern clustering
analysis of differentially expressed genes in
four transcriptomes. The heatmap of gene
clusters is shown as log2 ratio values of fold
change in each pairwise comparison. Roman
numerals specify clusters characterized by
consistent expression patterns. Log2 fold
changes of gene expression are scaled, ranging
from +3 (red) to −3 (green). Red represents
upregulated genes, green represents down-
regulated genes, and black indicates no sig-
nificant difference in gene expression. The
hierarchical clustering method in T-MeV 4.9
software is used.
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3.3. Pattern clustering analysis of differentially expressed genes

The four transcriptomes shared 135 DEGs. Compared with their
expression in transcriptomes MM and Cs, the genes in Clades I and II
were upregulated in transcriptome Ns. The genes in both clades were
closely related to mycoparasitism of Trichoderma, and mainly included
glycoside hydrolase genes, oligopeptide transporter genes, and oxi-
doreductase genes (Fig. 1b). The genes in Clade III were upregulated in
the PdPap transcriptome compared with that the other transcriptomes,
indicating that these genes (including a PAS sensor, zinc finger protein,
and regulator of G protein signaling) may play important roles in in-
teraction between Trichoderma and PdPap. The genes in Clade IV were
associated with establishing Trichoderma in the rhizosphere and de-
veloping interactions with plant roots; they were upregulated in the
PdPap transcriptome compared with that in transcriptomes MM and Cs
(Fig. 1b), for example sugar transporter, MFS transporters, G-protein
coupled receptor, and fungal transcriptional regulatory protein. The
genes in Clades V, VI, and VII were downregulated in the PdPap and Ns
transcriptomes compared with those in the MM and Cs transcriptomes,
indicating that these genes contributed little to the biocontrol process of
Trichoderma. The genes in Clade VIII were upregulated in the PdPap and
Ns transcriptomes compared with those in the MM and Cs tran-
scriptomes (Fig. 1b), and were closely related to establishing Tricho-
derma in the plant rhizosphere. These genes were upregulated to a
greater degree in the Ns transcriptome compared with those in the MM
and Cs transcriptomes; however, the reason remains unknown.

3.4. Gene ontology (GO) analysis of differential expression genes (DEGs)

To better understand the functions of genes regulated during the
interaction between Trichoderma and PdPap, GO analysis was carried
out. The DEGs were assigned into three categories according their
functions, including biological process, molecular function, and cellular
component, and the total number of DEGs was counted (Supplementary
Table 3). In the PdPap and Ns transcriptomes, there were seven, eight,
and four GO term annotations showing significant enrichment in bio-
logical process, molecular function, and cellular component, respec-
tively (Fig. 2). In biological process, compared with the Ns tran-
scriptome, more upregulated genes (n=132) were related to the
oxidation-reduction process than downregulated genes (n=52) in the
PdPap transcriptome (Fig. 2). The biological process category also
contained many carbohydrate metabolism-related processes, including
polysaccharide catabolic process, carbohydrate metabolic process,
polysaccharide metabolic process, single-organism carbohydrate cata-
bolic process, glucan metabolic process, and carbohydrate catabolic
process, which were associated with rhizosphere establishment and
mycoparasitism. In terms of molecular function, compared with that in
the Ns transcriptome, many catalytic activity-related genes (n=571)
were upregulated, and 171 oxidoreductase genes were upregulated in
the PdPap transcriptome (Fig. 2). Hydrolase activity related genes
(n=134) associated with rhizosphere establishment and mycopar-
asitism were also upregulated and most transmembrane transporter
related genes were activated in response to PdPap stress. In the category
“cellular component”, the expression levels of genes related to extra-
cellular region, membrane part, intrinsic to membrane, integral to
membrane, and membrane increased, possibly because the structure or
formation of the cell membrane changes during the interaction between
Trichoderma and PdPap (Fig. 2). In addition, compared with that in the
MM transcriptome, more oxidoreductase activity-related genes in
PdPap transcriptome were upregulated; however, in the other GO ca-
tegories, most genes were downregulated (Fig. 2).

3.5. The top 20 high expression genes following PdPap induction

The expression levels of the top 20 highly expressed genes under
PdPap stress were compared with their expression in the other three

libraries (Supplementary Table 4), and mainly included six heat shock
protein genes, three hydrophobin genes, two AAA ATPase genes, two
oxidation-reduction genes, one protease inhibitor, one fatty acid syn-
thase, one oligopeptide transporter, one collagen protein, and three
genes of unknown function. However, the 20 genes showed relatively
lower expression levels in the MM, Cs, and Ns transcriptomes (Fig. 3),
indicating these genes may play important roles in the interaction be-
tween Trichoderma and PdPap. The three unknown-function genes were
upregulated strongly, including e_gw1.5.1082.1, gm1.9173_g, and
gm1.3584_g, their RPKM values were 32142, 188016, and 40218 re-
spectively (Supplementary Table 4). These results suggested that the
three genes are closely related to Trichoderma’s response to PdPap stress

Fig. 2. Functional classes of differentially expressed gene in response to four
different stresses.
The interval of omission ranged from 180 to 350. P: biological process, F:
molecular function, C: cellular component. MM: T. asperellum was exposed to
minimal medium; Cs: T. asperellum was exposed to MM without sucrose; Ns: T.
asperellum was exposed to MM without (NH4)2SO4; PdPap: T. asperellum was
exposed to MM with powder with PdPap.

Fig. 3. The top 20 highly expressed genes under PdPap stress.
MM: T. asperellum was exposed to minimal medium; Cs: T. asperellum was ex-
posed to MM without sucrose; Ns: T. asperellum was exposed to MM without
(NH4)2SO4; PdPap: T. asperellum was exposed to MM with powder with PdPap.
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and need to be studied further.

3.6. Statistical analysis of biocontrol genes in T. asperellum

When Trichoderma is established in the rhizosphere of the plants, it
can kill pathogens and promote plant growth and stress responses.
Therefore, to further determine the expression patterns of biocontrol
genes, their expression levels in the four transcriptomes were assessed
(Fig. 4; Supplementary Table 5). The genes related to rhizosphere es-
tablishment and inducing plant resistance were upregulated in the
PdPap transcriptome. Interestingly, most sugar transporters showed
lower expression levels in the Ns transcriptome compared with that in
the Cs and MM transcriptomes. In addition, pectin lyases, EplIs, and
swollenin gene expression levels were also downregulated in the Ns
transcriptome (Fig. 4a). However, the genes related to promoting plant
growth had higher expression levels in the Ns transcriptome compared
with those in the Cs and MM transcriptomes (Fig. 4a). Following si-
mulation of T. asperellum interacting with pathogens (Ns), the expres-
sion levels of some genes related to mycoparasitism were upregulated;
however, other genes related to mycoparasitism had higher expression
in Cs and MM transcriptomes (Fig. 4b), indicating that genes related to
mycoparasitism are expressed before T. asperellum interacts with pa-
thogens. In addition, many of these genes also had higher expression
levels in PdPap transcriptome compared with that in the Cs and MM
transcriptomes (Fig. 4b), indicating that plants also can induce the T.
asperellum to parasitize the pathogens. Many defense response genes
were expressed abundantly after T. asperellum interacting with PdPap,
showing that the early stage of the interaction is stressful to T. asper-
ellum. The expression levels of multidrug resistance transporter genes
(MRT) were upregulated in the Ns and PdPap transcriptome, but most
beta-lactamase genes (BLAC) and tetracycline resistance protein genes
(TRP) had low expression levels, especially in the Ns transcriptome
(Fig. 4c).

3.7. Prediction and annotation of novel transcripts from the four
transcriptomes

The prediction of novel transcripts indicated that 2478 novel tran-
scripts were obtained in the MM transcriptome, 2914 in the Cs tran-
scriptome, 2401 in the Ns transcriptome, and 2191 in the PdPap tran-
scriptome (Table 1). These genes may play important roles in the
defense response of T. asperellum during its interaction with plants or
pathogens. These novel transcripts contained not only coding genes, but
also noncoding genes. There were many more coding genes than non-
coding genes and the average length of the coding genes was also
longer. The most abundant group of coding genes were 3000–3500 bp
(Fig. 5). These coding genes may encode proteins involved in catalysis
and signal transduction. Among the non-coding genes, the 500–1000 bp
group was the most abundant. These noncoding genes may bind with
transcription factors or be transcribed as functional RNAs, thus parti-
cipating in the regulation of physiological activities and pathological

processes. Thus, these non-coding genes require further study.

3.8. Alternative splicing of T. asperellum ACCC30536 genes and their
relationship to biocontrol

According to junction reads (reads crossing exon-exon boundaries)
in the alignment result, we could identify alternative splicing events
among the combined collection of annotated genes. The statistical
analysis found that intron retention was most frequent alternative
splicing formulation, involved in 2527, 2959, 2696 and 4374 genes in
MM, Cs, Ns and PdPap transcriptomes, respectively (Fig. 6a–d). Some
genes showed alternative splicing that resulted from alternative 5′
splicing, alternative 3′ splicing, or exon skipping. Meanwhile, only a
few genes used an alternative first exon, an alternative last exon, and a
mutually exclusive exon among the four transcriptomes (Fig. 6a–d). In
addition, among 33 verified biocontrol genes, seven showed alternative
splicing via intron retention, including major facilitator superfamily
(MFS) (gm1.7255_g), beta-lactamase (BLAC) (fgenesh1_pg.10_#_214),
oligopeptide transporter protein (OTP) (estExt_Genewise1-
Plus.C_180277 and fgenesh1_pm.4_#_101), mitogen-activated protein
kinase (MAPK) (MIX7687_32006_31), protease (fge-
nesh1_kg.2_#_641_#_Locus1210v1rpkm119.33), and chitinase (fge-
nesh1_pm.1_#_1180) genes (Fig. 6f).

To determine the relationship between the alternative splicing
events and the stress response, the expression level of the alternatively
spliced transcripts and normally spliced transcripts were assessed using
qRT-PCR. The protein encoded by the BLAC gene is commonly used in
bacterial resistance mechanisms against beta-lactam antibiotics, and its
expression level was upregulated undr Ns stress, up to 210.2-folds
(Fig. 7a). However, the percent of alternative splicing events was lower
undr Ns stress compared with that under other stresses (Fig. 7e). MAPKs
play an important role in cellular signal transduction when T. asper-
ellum interacts with the environment. T. asperellum expressed more
MAPKs following induction with by Ns and PdPap (Fig. 7b). The per-
centage of MAPK alternative splicing events was quite low and was

Fig. 4. Heatmaps of the expression levels of genes related to the biocontrol mechanism of T. asperellum in the transcriptomes.
a: Genes related to the Trichoderma-plant interaction. b: Genes related to the Trichoderma-pathogen interaction c: Genes related to the Trichoderma defense
response.

Table 1
Novel transcripts in the four transcriptomes MM: T. asperellum was exposed to
minimal medium; Cs: T. asperellum was exposed to MM without sucrose; Ns: T.
asperellum was exposed to MM without (NH4)2SO4; PdPap: T. asperellum was
exposed to MM with powder with PdPap.

MM Cs Ns PdPap

Novel transcripts 2478 2914 2401 2191
The average length of novel transcripts 3285 3374 3226 3810
Number of coding genes 1983 2200 1934 1835
The average length of coding genes 3748 3923 3677 4239
Number of noncoding genes 495 714 467 356
The average length of noncoding genes 1430 1682 1359 1598

MM: T. asperellum was exposed to minimal medium; Cs: T. asperellum was ex-
posed to MM without sucrose; Ns: T. asperellum was exposed to MM without
(NH4)2SO4; PdPap: T. asperellum was exposed to MM with powder with PdPap.
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negatively correlated with expression levels (Fig. 7f). Chitinase can
hydrolyse the fungal cell wall and is essential in the mycoparasitism
process of Trichoderma. Chitinase expression levels were upregulated
after induction by Cs, Ns, and PdPap (Fig. 7c). As the expression levels
of the chitinase genes increased, the proportion of alternative splicing
events decreased (Fig. 7g). OTP2 is closely related to Trichoderma pa-
thogen sensing. Under Ns stress, the OTP2 expression level was higher
than that under the other induction conditions (Fig. 7d). At 12 and 24 h
post-induction, the expression levels of OTP2 were higher under Ns
stress than that of under MM and Cs; however, the proportion of al-
ternative splicing events was lower (Fig. 7h). These results suggested
that alternative splicing acts as a negative regulator of stress-response
genes in Trichoderma.

4. Discussion

Trichoderma spp. can reduce the severity of plant diseases by in-
hibiting plant pathogens in the soil via their potent antagonistic and
mycoparasitic activity. Trichoderma spp. can interact directly with plant
roots, further increasing plant growth potential, resistance to disease,
and tolerance to abiotic stresses (Hermosa et al., 2012). To gain a
deeper understanding of the biocontrol mechanism of T. asperellum,
four transcriptomes were obtained, sequenced, and analyzed. The
PdPap and Ns treatments simulate Trichoderma’s interaction with the
plant and pathogen, respectively (Druzhinina et al., 2011). The MM and
Cs transcriptomes served as controls.

Compared with the controls, the abundant DEGs in the PdPap and
Ns transcriptomes (Fig. 1a) play important roles in the biocontrol
process of T. asperellum. Pattern clustering analysis of DEGs indicated

Fig. 5. The number and length of coding and noncoding novel transcripts.
a: The number and length of coding novel transcripts; b: The number and length of noncoding novel transcripts.

Fig. 6. The alternative splicing events of 7
biocontrol genes from T. asperellum.
a–d: The number and types of alternative spli-
cing genes detected in the MM, Cs, Ns, and
PdPap transcriptomes. e: The structures of al-
ternative spliced genes. The arrows indicate the
location of the PCR primers used to identify
alternative splicing events. f: The result of PCR
tests for alternative splicing events. From left to
right for each gene: MM, Cs, Ns, and PdPap.
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that, compared with their expression in the MM and Cs transcriptomes,
the genes related to mycoparasitism, rhizosphere colonization, and
stress response showed increased expression levels in the Ns and PdPap
transcriptomes (including those encoding glycoside hydrolase, oligo-
peptide transporter, PAS sensor, G-protein coupled receptor, Regulator
of G protein signaling, Fungal transcriptional regulatory protein, Sugar
transporter, MFS transporters, Zinc finger protein, and oxidoreductase)
(Fig. 1b).

In the GO analysis, the PdPap and Ns transcriptome showed sig-
nificant enrichment GO terms (Fig. 2), which indicated that many of the
DEGs in both transcriptomes share similar functions. This suggested
that both induction conditions activated similar biological processes in
T. asperellum. Both transcriptomes shared 184 oxidation-reduction
genes, which may be because plants and phytopathogens are potential
competitors and excrete certain antibiotic substances into the en-
vironment, and when T. asperellum senses other organisms, it will

Fig. 7. The percentage of alternative splicing events for four biocontrol genes in the four transcriptomes.
a–d: The expression levels of BLAC, MAPK, Chitinase and OPT2 following exposure to MM, Cs, Ns, and PdPap. e–h: The percentage of alternative splicing events of
BLAC, MAPK, Chitinase and OPT2 following exposure to MM, Cs, Ns, and PdPap.
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express more oxidation-reduction enzymes to reduce the levels of re-
active oxygen species (ROS) and avoid cell injury (Choudhury et al.,
2017). In addition, both transcriptomes shared many genes related to
the polysaccharide catabolic process, carbohydrate metabolic process,
and glucan metabolic process (Fig. 2), which are closely related to
rhizosphere establishment (Vargas et al., 2009b; Nehls et al., 2010),
mycoparasitism (Wu et al., 2017; Elangovan et al., 2018), and inducing
plant defense responses (Moran-Diez et al., 2009; Sarrocco et al., 2017).

The relationship between Trichoderma and plants is considered as
symbiosis (Vargas et al., 2009a); however, interestingly, stress-response
genes (including those encoding six heat shock proteins and two re-
ductases) were abundantly expressed in the PdPap transcriptome
(Fig. 3), which indicate PdPap is a kind of stress to T. asperellum in the
process of Trichoderma-plant interaction, However T. asperellum could
counteract the effects of stress or remove it altogether by expressing
stress-response genes to maintain the Trichoderma-plant symbiosis
system. In addition, following the interaction with PdPap, T. asperellum
also expressed more Hydrophobins, which are extracellular proteins
involved in the plant–ectomycorrhiza interaction (Yu et al., 2019).
Several hydrophobic proteins isolated from Trichoderma affect plant
development (QID74) (Samolski et al., 2012) and resistance to diseases
(Sm1, EPL1, and EPLT4) (Huang et al., 2015; Wang et al., 2013). Type
II hydrophobin secreted by T. longibrachiatum displayed a direct anti-
fungal ability, induced plant systemic resistance by microbe-associated
molecular patterns, and promoted plant growth (Roberto et al., 2018).
Proteinase inhibitors also play important roles in plant resistance to
biotic or abiotic stresses (Khadeeva et al., 2009; Li et al., 2015);
therefore, we speculated that proteinase inhibitors from T. asperellum
share similar functions with those of plants. The expression of these
genes mentioned above may exert a beneficial preconditioning effect on
the Trichoderma-plant symbiosis system

To more comprehensively understand the biocontrol mechanisms of
T. asperellum, the expression levels of genes involved in responding to
environment stresses were assessed in the four transcriptomes.
Compared with transcriptomes Cs and MM, many genes related to the
biocontrol functions of T. asperellum had higher expression levels in
transcriptomes Ns and PdPap. The proteins encoded by these genes play
vital roles in promoting plant growth, inducing plant resistance
(Fig. 4a), mycoparasitism (Fig. 4b), secreting secondary metabolites,
and stress-responses (Fig. 4c). Compared with those in transcriptomes
Cs and MM, the expression levels of most genes related to the Tricho-
derma-plant interaction were upregulated; however, notably, many
genes encoding sugar transporters showed increasing expression in
transcriptome Cs, compared with that in transcriptome Ns (Fig. 4a). The
explanation may be that to obtain enough energy, T. asperellum absorbs
sugars from the soil via sugar transporters, and barren soil might inhibit
other microorganisms from obtaining energy, thus allowing T. asper-
ellum to dominate the ecological niche. Competition mechanisms play
important roles in the inhibition of soil-borne diseases and leaf patho-
gens by limiting space and nutrients, thereby inhibiting their growth
(Mac as-Rodr guez et al., 2018). In the Cs transcriptome, certain genes
related to the Trichoderma-pathogen interaction had higher expression
levels compared with those in Ns (Fig. 4b). Extracellular proteases
(n=3), oligopeptide transporters (n=5), G-protein coupled receptors
(n=3), and MAPKs (n= 4), which play vital roles in Trichoderma’s
sensing of pathogens (Druzhinina et al., 2011; Li et al., 2017; Zhang
et al., 2017), showed higher expression levels in the Cs transcriptome
compared with that in the Ns transcriptome. A previous study showed
that many genes encoding proteases and oligopeptide transporters were
expressed before and during Trichoderma’s contact with phytopatho-
gens (Steindorff et al., 2014). Before the Trichoderma-pathogen inter-
action, high expression levels of signal transduction genes may promote
T. asperellum’s ability to sense pathogens quickly. Chitinases and glu-
canases, as cell wall degrading enzymes, are essential for mycopar-
asitism (Kowsari et al., 2014). Most of them had higher expression le-
vels in the Cs transcriptome (Fig. 4b); therefore, we speculated that T.

asperellum secretes abundant chitinases and glucanases when lacking
carbon source nutrients to implement mycoparasitism and obtain en-
ergy. In addition, the defense response genes of T. asperellum were
abundantly expressed in the PdPap and Ns transcriptome, for example
those encoding heat shock proteins (HSPs) (Jacob et al., 2016), re-
ductase (Choudhury et al., 2017), and metarhizium raffinose trans-
porter (MRT) (Mazurkiewicz et al., 2005). This observation indicated
that T. asperellum could reduce or counteract the negative effects of its
interaction with pathogens or plants.

Alternative splicing generates multiple transcripts from the same
gene, occurs in thousands of genes, and plays a crucial role in plant
development and stress responses (Thatcher et al., 2016; Laloum et al.,
2017). In recent years, high-throughput sequencingbased analysis of
plant transcriptomes has suggested that up to 60% of plant gene loci
encode alternatively spliced mature transcripts (Yamile et al., 2012;
Filichkin et al., 2015). Transcriptome analysis identified many alter-
native splicing events in T. asperellum, for example intron retention,
alternative 5′, and alternative 3′ splicing (Fig. 6a–d). Among 33 verified
biocontrol genes, seven were alternatively spliced via intron retention
(Fig. 6f), and intron retention was ubiquitous among the four different
induction conditions. Four genes were selected for qRT-PCR analysis.
The expression levels of BLAC, MAPK, chitinase, and OTP2 gene were
upregulated under Ns and PdPap stresses (Fig. 7a–d), which indicated
that the four genes play positive roles in T. asperellum’s interaction with
pathogens or plants. Interestingly, that the percent of alternative spli-
cing events decreased with the upregulation of gene expression levels.
For example, at 12 and 24 h post-induction, the expression levels of
BLAC were highest under Ns stress; however, the percent of alternative
splicing events was lower than that under Cs and PdPap stresses
(Fig. 7a, e). The percent of alternative splicing events of MAPK and
OTP2 decreased with increasing expression levels of the genes (Fig. 7c,
d, g, h). So, it’s speculated that alternative splicing is a kind of negative
regulation to the expression of the four stress response genes.
OsWRKY62 and OsWRKY76 from Oryza sativa, as transcriptional re-
pressors, undergo constitutive and inducible alternative splicing. The
short alternative OsWRKY62.2 and OsWRKY76.2 isoforms could in-
teract with each other and with full-length proteins. OsWRKY62.2
showed a reduced repressor activity in planta. The amino termini of
OsWRKY62 and OsWRKY76 splice variants also showed reduced
binding to the canonical W box motif (Liu et al., 2016b). The TvCyt2
gene from T. virens, encoding a member of the p450 family, comprises
1680 bp and contains two introns. The first intron (33 bp) of TvCyt2 is
retained and interrupts the region that encodes the putative signal
peptide, causing the loss of protein function (Ram rez-Valdespino et al.,
2017). However, we could not conclude that alternative splicing is
negative related to expression levels for all genes. Thousands of genes
can be alternatively spliced, and the mechanism is quite complex; thus,
determining the regulatory effects of alternative splicing events for
individual genes cannot be generalized for all genes. In addition, the
percentage of intron retention events in MAPK expression was quite
low; therefore, we speculated that intron retention does not have a
large effect on the function of MAPK in signal transduction.

The results of the present study showed T. asperellum, as an excellent
biocontrol agent, could promote plant growth, trigger plant immunity,
and kill pathogens via mycoparasitism, by excreting antibiotics and
exerting niche competition. However, T. asperellum expressed genes
related to mycoparasitism before interacting with pathogens, which
effectively contributed to survival and mycoparasitism. In addition,
alternative splicing is involved in the biocontrol function of T. asper-
ellum, and may negatively regulate the expression of biocontrol genes.
However, the relationship between alternative splicing and the bio-
control function of T. asperellum requires further study.
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