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Abstract
Grey mould caused by Botrytis cinerea leads to severe economic loss on commercial tomato production. Application of 
beneficial microorganism offers an eco-friendly alternative for mitigation of tomato fungal disease damage, considering 
negative influences of fungicides. In the present study, an antagonistic Trichoderma afroharzianum isolate TM24 was 
evaluated for its biocontrol potential on tomato grey mould. The isolate TM24 showed obviously antagonistic effect on B. 
cinerea mycelium growth and production of glucanase and chitinase. Leaf spraying with spore suspension of isolate TM24 
showed a biocontrol efficiency of over 54% against tomato grey mould in greenhouse pot experiment. The activities of plant 
defense-related enzymes including polyphenol oxidase, phenylalanine ammonialyase, superoxide dismutase, and peroxi-
dase were all increased to varying degrees in tomato leaves after isolate TM24 treatment. Transcriptome analysis showed 
that, a total of 1941, 1753 and 38 differentially expressed genes (DEGs) were obtained at 24, 48 and 72 hpi, respectively, 
in tomato leaves pretreated with T. afroharzianum TM24, and then challenged with B. cinerea inoculation. The DEGs were 
mainly enriched in MAPK signaling pathway and plant hormones signal transduction pathway. Multiple genes that regulated 
crucial nodes of defense-related pathways, like flavonoid, phenylpropanoid, jasmonic acid and ethylene metabolisms were 
also identified, which may have positive correlations with the biocontrol potential of isolate TM24 in tomato plants. These 
promising results provided valuable information on using T. afroharzianum TM24 as a beneficial biocontrol agent in tomato 
grey mould management.

Introduction

Grey mould caused by Botrytis cinerea Pers. ex Fr., is one of 
the most serious fungal diseases in commercial tomato cul-
tivation worldwide [1]. B. cinerea is a ubiquitous pathogen 
that causes serious loss on greenhouse plants, and usually 
attacks leaves, flowers, fruits, sometimes can grow through 
the petiole into the stem. Fungicides play major roles in man-
agement of tomato grey mould in field or greenhouse facil-
ity [2]. Considering the emergence of fungicide-resistant 
pathogens and public concerns regarding negative impacts 
of the chemicals, biological control may be an opportune 
alternative in green protection of the fungal diseases includ-
ing grey mould in tomato plantation [1]. During the past 
few decades, several beneficial microorganisms such as 

Bacillus sp. [3], Pseudomonas sp. [4], Trichoderma sp. [5], 
Streptomyces philanthi [6] and Simplicillium lamellicola [7] 
have been screened for biocontrol of grey mould in different 
plants. However, since B. cinerea is a typical necrotrophic 
fungus with wide-ranging hosts and great genetic diversity 
[8], it is imperative to explore more beneficial and effective 
microbial strains for nature-friendly biocontrol approach.

It is widely known that, fungal species belonging to the 
genus Trichoderma have good adaptability to various eco-
logical environments due to their effective reproductive abil-
ity and diverse metabolic pattern [9]. Many Trichoderma 
species act as effective biocontrol agents against a range 
of plant pathogens including Fusarium oxysporum [10–12], 
Alternaria porri [13], Verticillium dahliae [14], Rhizoctonia 
solani [15], and B. cinerea [5, 16]. Besides the recognized 
biocontrol potential on various plant diseases, the associ-
ated action mechanisms of Trichoderma spp. were known as 
competing for space and nutrients, inhibiting or parasitizing 
pathogens through antibiotics or extracellular enzymes pro-
duction, promoting seed germination and plant growth, and 
enhancing the plant defensive capacity [17, 18]. In recent 
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years, some transcriptome analyses have been conducted 
to disclose the gene expression profiles of host plants in 
relation to their interaction with beneficial microorganisms 
[19, 20]. The inoculation of defined Trichoderma strains in 
host plants up-regulated a series of functional genes, which 
participated in plant physiological and biochemical metab-
olisms, as well as in plant responses to biotic and abiotic 
stress [21].

Recently, a Trichoderma isolate TM24 was obtained from 
the rhizosphere soil of a healthy tomato plant in the green-
house in Shunyi District of Beijing suburb in China. The 
isolate TM24 was identified as Trichoderma afroharzianum, 
which had good spore production and obvious plant growth 
promotion ability [22]. However, the biocontrol potential of 
isolate TM24 against tomato grey mould, especially its influ-
ence on defense enzymes activities and gene expression lev-
els of tomato plants are still unknown. Therefore, the present 
study was conducted (i) to confirm the B. cinerea inhibition 
and grey mould biocontrol effect of T. afroharzianum TM24 
on tomato plants; (ii) to investigate the potential mechanisms 
that might be correlated to the biocontrol process of T. afro-
harzianum TM24 through defense enzymes detection and 
transcriptome analysis of the tomato plants.

Materials and Methods

Fungal Isolates and Culture Conditions

Trichoderma afroharzianum TM24 was obtained from the 
rhizosphere soil of a healthy tomato plant, grown in the 
greenhouse of Shunyi vegetable base in Beijing suburb of 
China [22]. The isolate TM24 was deposited in the biocon-
trol microbiology laboratory of Institute of Plant and Envi-
ronment Protection (IPEP), Beijing Academy of Agriculture 
and Forestry Sciences (BAAFS). Conidium suspension of T. 
afroharzianum  (106 cfu/mL) was prepared by incubating the 
mycelia discs in potato dextrose (PD) liquid media at 28 °C 
and 180 rpm for 7 days. Botrytis cinerea FH was used as the 
candidate pathogen in the present study, which was isolated 
previously from the diseased leaves of tomato plant in the 
greenhouse of Shunyi vegetable base of Beijing suburb and 
confirmed by Koch's postulates. Spore suspension of the 
pathogen was prepared by scraping the colony surface of B. 
cinerea culture with 0.01% (v/v) Tween 80, filtering through 
four layers of gauze, and adjusted to  106 conidia·mL−1 for 
inoculation in the biocontrol experiment.

Pathogen Antagonism and Hydrolytic Enzymes 
Production

The confrontation assay was conducted to detect the 
antagonism of T. afroharzianum TM24 toward common 

phytopathogenic fungi including Botrytis cinerea FH, 
Fusarium oxysporium f. sp. cucumerinum HK, Colletotri-
chum capsici LJTJ, Monilinia fructicola THF and F. oxyspo-
rum f. sp. niveum XK, which were isolated from tomato, 
cucumber, pepper, peach and watermelon, respectively, 
grown in the fruits and vegetables base in Beijing suburb of 
China by the biocontrol microbiology laboratory of IPEP, 
BAAFS. Mycelial discs of T. afroharzianum isolate TM24 
and the fungal pathogens were placed 5 cm apart from each 
other on PDA plates. The fungal pathogens were inoculated 
24 h prior to isolate TM24, while plates inoculated with 
pathogens only were used as control. After incubation for 
4 days at 25 °C in darkness, the mycelial growth inhibition 
was calculated according to the following formula, inhibi-
tion percentage = [(R1 − R2)/R1] × 100, where R1 = radial 
growth of the pathogen in control plates, R2 = radial growth 
of the pathogen in test plates.

For measurement of the chitinase and β-1, 3-glucanase 
production, the isolate TM24 was grown in colloidal chitin 
[23] and pachyman liquid media [24], respectively. After 
5 days of incubation with 150 rpm shaking at 25 °C, the 
culture filtrate of isolate TM24 was obtained and used as 
crude enzymes. Chitinase activity was determined by meas-
uring the concentration of released N-acetyl-glucosamine 
(GlcNAc) after the hydrolysis of colloidal chitin in sodium 
acetate buffer [13]. The β-1, 3-glucanase activity was meas-
ured by the release of glucose after incubating laminarin in 
sodium acetate buffer with the crude enzymes [10].

Biocontrol Assay in Greenhouse

To evaluate the biocontrol effect of T. afroharzianum 
isolate TM24, pot experiments were carried out with the 
tomato plants (cv. Jingyan 16) in a greenhouse. The tomato 
seeds were sown with one seedling per pot and then cul-
tivated with a 14 h day/10 h night cycle at 25 °C and 70% 
RH. The leaves of tomato plants were chose for patho-
gen inoculation since the B. cinerea strain FH used in this 
study was isolated originally from diseased tomato leaves. 
The 3-compound leaf stage seedlings were sprayed with 
conidium suspension of T. afroharzianum TM24 at a con-
centration of  106 cfu·mL−1. Sterile water was used instead 
of Trichoderma conidium suspension as the control. Chal-
lenge inoculation of B. cinerea was performed by spray-
ing the pathogen spore suspension  (106 cfu·mL−1) 24 h 
post the isolate TM24 or sterile water inoculation. In total, 
two different groups were established, namely T. afrohar-
zianum TM24 inoculation treatment challenged with B. 
cinerea (TM24 + B.c) and sterile water control challenged 
with B. cinerea (Control + B.c). The experiment was 
arranged in a completely randomized block design with 
three replications of ten tomato plants per treatment and 
replicated two times. Disease severity (DS) was divided 
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into six grades according to Yuan et al. [25], where grade 
0 = no visible disease symptoms, grade 1 = 1–5%, grade 
3 = 6–15%, grade 5 = 16–25%, grade 7 = 26–50%, grade 
9 = 51–100% of the leaf surface covered with grey mould. 
The disease index of grey mould and biocontrol effect of 
T. afroharzianum TM24 on tomato plants were calculated 
7 and 10 days after pathogen inoculation, according to the 
formulas described by Yuan et al. [25].

Detection of Plant Defense Related Enzymes 
Activity

Fresh tomato leaves from the two different groups 
described above were sampled at 24, 48 and 72 h post 
pathogen inoculation (hpi), homogenized with potassium 
phosphate buffer for detection of the defense enzymes 
activity. The homogenate was centrifuged at 12,000 rpm 
and 4 °C for 10 min, the resultant supernatant was stored 
at 4 °C for enzyme extraction. The polyphenol oxidase 
(PPO), phenylalanine ammonialyase (PAL), superoxide 
dismutase (SOD), and peroxidase (POD) activities in 
tomato leaves were measured by using the corresponding 
test kits as described by Jiang et al. [26] according to the 
instructions (Nanjing Jiancheng Biological Engineering 
Research Institute, Nanjing, China).

Transcriptome Analysis by RNA‑Seq

Fresh tomato leaves sampled from the two different groups 
and three time points described above were also collected 
for transcriptome analysis. Thus, a total of 18 tomato leaf 
samples including three biological replicates were used for 
cDNA libraries construction and RNA sequencing. Total 
RNA was extracted from each sample using RNeasy Plant 
Mini Kit according to the manufacturer’s instructions. The 
quantity and purity of RNA was assessed using a NanoDrop 
2000 spectrophotometer (Thermo Scientific, Wilmington, 
DE, USA). The library was prepared and then sequenced 
using the Illumina HiSeq™ 2000 (San Diego, CA, USA) 
platform with pair-end method at Shanghai Majorbio Bio-
pharm Technology Co. Ltd., China.

The high-quality reads were obtained after remov-
ing adaptor sequences, empty reads and low-quality 
reads, which were then mapped to the Solanum lycoper-
sicum reference genome (Solanum lycopersicum, SL2.50: 
http:// plants. ensem bl. org/ Solan um_ lycop ersic um/ Info/ 
Index) using HISAT2 version 2.1.0. The sequencing data 
were saved as FASTQ files, and deposited into National 
Center for Biotechnology Information (NCBI) (BioPro-
ject Accessions: PRJNA666988; BioSample Accessions: 
SAMN16339768–SAMN16339785).

GO Annotation and KEGG Analysis of the DEGs

The differentially expressed genes (DEGs) between the treat-
ment and control groups were determined with the absolute 
value of Log2 fold change ≥ 1.0 and the adjusted P value < 0.05 
using DESeq2 software. The Gene Ontology (GO, http:// www. 
geneo ntolo gy. org) database was adopted for function annota-
tion of the DEGs in relation to biological processes (BP), cel-
lular component (CC) and molecular functions (MF) terms. In 
addition, the DEGs which especially related to plant disease 
defense, such as plant hormone signal transduction and MAPK 
signaling pathways, were conducted by the Kyoto Encyclope-
dia of Genes and Genomes (KEGG, http:// www. genome. jp/ 
kegg/) for enrichment analysis.

Validation of DEGs by qRT‑PCR

Quantitative real-time PCR (qRT-PCR) of twelve representa-
tive DEGs was carried out to validate the accuracy of RNA-
Seq data. Total RNA of tomato leaf samples was extracted 
and purified as the steps described above. The cDNA was 
synthesized from purified RNA samples using the FastQuant 
RT Kit (Tiangen Biotech Co. Ltd, Beijing, China). Primers 
were designed using the primer premier 5.0 software and listed 
in Supplementary Table S1. The qRT-PCR amplification was 
performed using CFX 96 Real-Time PCR detection system 
(Bio-Rad, Hercules, CA, United States) under the following 
conditions: 95 °C for 3 min, followed by 40 cycles of 15 s 
at 95 °C, 30 s at 60 °C, 30 s at 72 °C, and end at 72 °C for 
5 min. Each PCR reaction consisted of 1 μl of cDNA, 1 μl 
of each primer (10 μmol·L−1), 10 μl of 2 × TransStart Top 
Green qPCR SuperMix (TransGen, Beijing, China), and 7 μl 
of RNase-free water. Elongation factor 1-alpha (EF1α) gene 
(Solyc06g005060.2) was used as an internal reference to nor-
malize the gene expression level by the  2−ΔΔCT method [27].

Statistical Analysis

Significant differences between means of different treat-
ments were compared by analysis of variance (ANOVA) 
using SPSS Statistics 17.0 software (SPSS Inc., Chicago, 
United States). The RNA-Seq data were analyzed on the free 
online platform of Majorbio Cloud Platform (www. major 
bio. com).

Results

Pathogen Antagonism and Hydrolytic Enzymes 
Production

Confrontation assay showed that T. afroharzianum isolate 
TM24 had broad-spectrum antagonistic effects on the test 

http://plants.ensembl.org/Solanum_lycopersicum/Info/Index
http://plants.ensembl.org/Solanum_lycopersicum/Info/Index
http://www.geneontology.org
http://www.geneontology.org
http://www.genome.jp/kegg/
http://www.genome.jp/kegg/
http://www.majorbio.com
http://www.majorbio.com
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fungal pathogens. The inhibition effects of isolate TM24 
on B. cinerea, Fusarium oxysporum f. sp. cucumerinum, 
Colletotrichum capsici, Monilinia fructicola and F. oxyspo-
rum f. sp. niveum reached 74.2%, 43.4%, 51.9%, 66.7% and 
51.0%, respectively. The isolate TM24 displayed continuous 
overgrowth on the mycelia of pathogens and reduced the 
colony size of the tested pathogens obviously in later stages 
(Fig. 1). The detection of hydrolytic activities indicated that 
the isolate TM24 exhibited the highest activities of chitinase 
(12.67 ± 1.16 U·mL−1) and β-1, 3-glucanase (11.75 ± 1.12 
U·mL−1) on the 5th day of incubation in colloidal chitin and 
pachyman liquid induction media, respectively.

Biocontrol Effect and Defense Enzymes Activity 
in Greenhouse Tomato Plants

Pot experiments were conducted to verify the biocontrol 
effect of T. afroharzianum TM24 on tomato grey mould 
in the greenhouse. The results indicated that isolate TM24 
could significantly reduce disease incidence and disease 
severity on tomato leaves, compared with the sterile water 
control (Supplementary Fig. S1). The disease index of 
tomato grey mould was also reduced by T. afroharzianum 
TM24 treatment, yielding a biocontrol efficiency of 54.3% 
after 7 days inoculation of B. cinerea. In addition, grey 
mould reduction effect on tomato plants triggered by T. 
afroharzianum TM24 was stable, which was 56.7% at the 
10th day (Table 1).

T. afroharzianum TM24 had obvious influences on 
the change of polyphenol oxidase (PPO), phenylalanine 
ammonialyase (PAL), superoxide dismutase (SOD), and 

peroxidase (POD) activities at some period of the time 
under the condition of B. cinerea challenge inoculation. 
The PPO activity of tomato leaves treated with TM24 was 
higher than in the control at 24 hpi, and increased gradu-
ally to the top level as 307.90 ± 9.75 U/g at 72 hpi, while 
the value was sharply decreased to 181.20 ± 11.41 U/g in 
the control (Supplementary Fig. S2a). The PAL activity of 
tomato treated with TM24 was increased rapidly and got 
to the maximum of 204.40 ± 13.46 U/g at 48 hpi, and still 
maintain a relative high level at 72 hpi (Supplementary Fig. 
S2b). The rapid induction of SOD activity in the tomato 
leaves treated by T. afroharzianum TM24 was observed at 
48 hpi (252.43 ± 10.11 U/g), and followed by a slight decline 
at 72 hpi (Supplementary Fig. S2c). The same trend was 
also observed in POD activity during 48–72 hpi. The POD 
activities of tomato leaves by T. afroharzianum treatment 
(455.67 ± 19.16 U/g) were significantly higher than the con-
trol at 48 hpi, while no significant difference was observed 
at 72 hpi (Supplementary Fig. S2d).

Transcriptome Data Analysis and Identification 
of the DEGs

To get insights into potential mechanisms of T. afro-
harzianum TM24 in biocontrol of tomato grey mould, a 
comparative transcriptome analysis was conducted using 
tomato leaves treated with T. afroharzianum TM24 or 
sterile water, under the condition of B. cinerea challenge 
inoculation. RNA-Seq of tomato leaves from two differ-
ent groups at three time points (24, 48 and 72 hpi) gener-
ated a number of raw reads ranging from 43,116,197 to 

Fig. 1  Confrontation culture of Trichoderma afroharzianum TM24 
against the plant fungal pathogens on PDA plates. a–e Colonies of 
Botrytis cinerea, Fusarium oxysporum f. sp. cucumerinum, Colletotri-
chum capsici, Monilinia fructicola and F. oxysporum f. sp. niveum 

incubated with T. afroharzianum TM24. f–j Colonies of B. cinerea, 
F. oxysporum f. sp. cucumerinum, C. capsici, M. fructicola and F. 
oxysporum f. sp. niveum incubated without T. afroharzianum TM24
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46,332,128 (Table 2). The Q20 and Q30 percentage of 
each library were exceeded than 98% and 95%, respec-
tively. The percentage of high-quality reads mapped onto 
the tomato reference genome was > 93% for all samples. 
These data showed that the RNA-Seq quality was appli-
cable for further analysis.

The results indicated that T. afroharzianum TM24 
can raise quick responses in tomato leaves against B. 
cinerea attack. It was observed that during the process of 
T. afroharzianum interaction with tomato plants against 
B. cinerea, the gene transcription levels were influenced 
strongly at 24 and 48 hpi, which obtained 1941 DEGs 
(1061 down-regulated and 880 up-regulated) and 1753 
DEGs (925 down-regulated and 828 up-regulated), 
respectively (Supplementary Table S2).

GO Annotation and KEGG Pathway Enrichment 
of the DEGs

GO annotation was conducted for the global functional 
analysis of the DEGs, which were classified into “biologi-
cal process”, “cellular component”, and “molecular func-
tion” (Supplementary Fig. S3). In comparison with the 
sterile water control, the most enriched terms for “biologi-
cal process” were “metabolic process”, “cellular process”, 
and “biological regulation” in the T. afroharzianum TM24 
treatment group. Moreover, the “cell part”, “membrane”, 
and “membrane part” were most enriched in the term “cel-
lular component”. The “catalytic activity” term was the most 
frequent in the “molecular function”, followed by “binding” 
and “transporter activity”. The above results show that T. 
afroharzianum TM24 could influence the physiological and 
biochemical process of tomato plants during the grey mould 
control.

Table 1  The biocontrol effect 
of Trichoderma afroharzianum 
TM24 on tomato grey mould in 
greenhouse pot experiment

a Control + B.c indicated tomato plants pretreated with sterile water under B. cinerea challenge inoculation, 
TM24 + B.c indicated tomato plants pretreated with T. afroharzianum TM24 under B. cinerea challenge 
inoculation
b The disease biocontrol efficiency was evaluated by rating the disease severity of tomato plants 7 and 
10 days after B. cinerea inoculation
c Means in the same column followed by the different letters indicated significant difference (P < 0.05) 
according to the least significant difference (LSD) test

Treatmenta Disease incidence % Days after Botrytis cinerea inoculation

7 days 10 days

Disease index Biocontrol 
efficiency %b

Disease index Biocontrol 
efficiency 
%

Control + B.c 84.3 ± 5.9  ac 68.9 ± 2.2 a – 77.8 ± 5.9 a –
TM24 + B.c 46.7 ± 4.7 b 31.5 ± 2.8 b 54.3 33.7 ± 2.8 b 56.7

Table 2  Sequencing and 
alignment data of tomato leaves 
pretreated by Trichoderma 
afroharzianum T24 or sterile 
water under Botrytis cinerea 
challenge inoculation

a CK1, CK2, CK3 indicated the tomato leaves samples pretreated by sterile water under B. cinerea chal-
lenge inoculation at 24, 48, 72 hpi, respectively
b TM1, TM2, TM3 indicated the tomato leaves samples pretreated by T. afroharzianum T24 under B. 
cinerea challenge inoculation at 24, 48, 72 hpi, respectively

Sample Raw reads no Clean reads no Q20 (%) Q30 (%) Total mapped Uniquely mapped

CK1a 43,580,001 43,151,367 98.69 95.42 41,385,174
(95.91%)

40,660,090
(94.23%)

CK2 44,060,121 43,662,278 98.69 95.39 41,809,995
(95.74%)

41,020,184
(93.94%)

CK3 44,882,119 44,537,671 98.73 95.44 42,829,227
(96.17%)

42,014,412
(94.34%)

TM1b 43,116,197 42,657,906 98.67 95.30 40,903,486
(95.89%)

40,207,276
(94.25%)

TM2 46,332,128 45,874,737 98.69 95.39 43,820,403
(95.51%)

42,958,322
(93.63%)

TM3 44,533,528 44,113,434 98.70 95.39 42,223,616
(95.71%)

41,407,387
(93.86%)
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To further investigate the significant biochemical met-
abolic and signal transduction process, all DEGs were 
mapped to the terms in KEGG database and mainly clas-
sified into five pathways including metabolism, genetic 
information processing, environmental information pro-
cessing, cellular processes, and organism system. Among 
which, the metabolism pathway contained the largest 
number of DEGs, followed by genetic information pro-
cessing. In addition, T. afroharzianum TM24 treatment 
displayed more significant influence on the metabolism 
pathways of tomato leaves at 24 and 48 hpi, while the 
effects and the number of DEGs decreased at 72 hpi 
(Fig. 2a). The top 30 enriched KEGG pathways associ-
ated with DEGs under T. afroharzianum TM24 treatment 
at three time points were shown in Fig. 2b. Some KEGG 
pathways associated with plant defense functions were 
most enriched, such as the MAPK signaling pathway, 
plant hormone signaling transduction, plant-pathogen 
interaction, flavonoid biosynthesis and phenylpropanoid 
biosynthesis.

DEGs Involved in the Plant Hormone Signal 
Transduction Pathway

In this study, a total of 63 DEGs were involved in the syn-
thesis and regulation of phytohormones (Supplementary 
Table S3). The expression of these DEGs were analyzed 
and validated to be correlated with the biocontrol process 
of T. afroharzianum against grey mould on tomato leaves 
(Fig. 3a). The signal transduction pathways of auxin, cyto-
kinin, gibberellins, abscisic acid, ethylene, brassinosteroid, 
jasmonic acid and salicylic acid were positively influenced 
by T. afroharzianum TM24 treatment under B. cinerea chal-
lenge inoculation (Fig. 3b). Five DEGs were identified in 
the ethylene (ET) transduction pathway, consisting of ETR, 
CTR1, EBF1/2, EIN3 and ERF1/2, which were all up-
regulated by T. afroharzianum TM24 treatment at 24 hpi. 
Moreover, two of the DEGs, ETR and EBF1/2, were still up-
regulated at 48 hpi (Supplementary Fig. S4). The transcrip-
tion factor MYC2 in the jasmonic acid (JA) transduction 
pathway was up-regulated, while JAR1 and JAZ were down-
regulated at 24 hpi (Supplementary Fig. S4a). In addition, a 
total of four up-regulated DEGs, including PYR/PYL, PP2C, 
SnRK2, and ABF, were found in the abscisic acid signaling 

Fig. 2  KEGG  pathway classification and function enrichment 
of the differentially expressed genes (DEGs) in tomato leaves. a 
KEGG  pathway classification of the  DEGs at three time points. 
X-axis represented the number of DEGs.  Y-axis represented func-
tional classification of the pathways. b Pathway functional enrich-

ment of the DEGs at three time points. X-axis represented enrichment 
factor.  Y-axis represented pathway name. Control + B.c repre-
sented sterile water control challenged with B. cinerea inoculation; 
TM24 + B.c represented T. afroharzianum TM24 treatment chal-
lenged with B. cinerea inoculation (Color figure online)
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pathways at 24 hpi, while the PP2C were down-regulated at 
48 hpi (Supplementary Fig. S4b).

DEGs Involved in the MAPK Signaling Pathway

A lot of differentially expressed genes (DEGs) were involved 
in plant responses to pathogen infection, pathogen attack 
and phytohormones (Fig. 4a, Supplementary Table S4). The 
expression of such genes in the MAPK signaling pathway 
was also positively affected by T. afroharzianum treatment 
under B. cinerea challenge inoculation (Fig. 4b). Three 
DEGs including FLS2, MAPK3/6, and WRKY33 were 

identified as down-regulated in the MAPK signaling path-
way at 24 hpi, which were associated with plant response to 
pathogen inhibition (Supplementary Fig. S5a). The WRKY 
2229 was up-regulated in both of the pathogen infection and 
pathogen attack pathways at 48 hpi, which was related to the 
early defense response for pathogen (Supplementary Fig. 
S5b). However, the PR1 related to late defense response was 
down-regulated in both of the two pathways. The five DEGs 
related to defense response in the ethylene pathway includ-
ing ETR/ERS, CTR1, EIN3/EIL, ERF1, EBF1/2 were all 
up-regulated at 24 hpi, among which, ETR/ERS and EBF1/2 
were also up-regulated at 48 hpi (Supplementary Fig. S5b). 

Fig. 3  Analysis of DEGs related to plant hormone signal transduction 
pathway in the comparisons of T. afroharzianum TM24 pretreated 
or sterile water treated tomato leaves then both challenged with B. 
cinerea. a The heat map for expression of DEGs involved in plant 
hormone signaling transduction pathway. Expression level was dis-
played as the value of Log10 (TPM + 1). The redder color indicated 
higher expression; bluer color indicated lower expression. b The 
model of plant hormone signal transduction pathway based on KEGG 

pathway enrichment analysis. The yellow background in the rectangle 
represented the reference gene transcript; the red border in the rectan-
gle represented the up-regulated gene transcript. CK1, CK2, and CK3 
represented tomato samples pretreated with sterile water under condi-
tion of B. cinerea challenge inoculation at 24, 48, and 72 dpi, respec-
tively. TM1, TM2, and TM3 represented tomato samples pretreated 
with T. afroharzianum TM24 under condition of B. cinerea challenge 
inoculation at 24, 48, and 72 dpi, respectively (Color figure online)
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These results indicated that the MAPK signaling pathway 
may be associated with the defense activity of tomato plants 
induced by the TM24 treatment.

Transcription Factors Prediction of DEGs Associated 
with Biocontrol Process

The expression of transcription factors (TFs) encode DEGs 
was significantly influenced in the tomato leaves that were 
pretreated with T. afroharzianum TM24 and then challenged 
with B. cinerea at different time points (Supplementary Fig. 
S6a). A total of 33 kinds of TFs were identified in T. afro-
harzianum TM24 treated tomato, such as WRKY, MYB, 
bZIP, NAC, TCP, ERF, bHLH, MIKC, which may function 
in plant defense activity. In addition, the types and numbers 
of TFs were the most in the tomato leaves at 24 hpi, which 
included some TFs related to plant defense activity similarly, 
such as MYB, WRKY, NAC, bZIP, ERF, TCP (Supplemen-
tary Fig. S6b).

Validation of DEG by qRT‑PCR

To confirm the reliability of the RNA-seq data, the rela-
tive expression level of twelve genes involved in the MAPK 

signaling pathway (Solyc02g082930.2, Solyc01g095080.2, 
Solyc02g082920.2), plant hormone signal transduction 
(Solyc06g008580.2, Solyc12g096980.1, Solyc07g006860.2, 
Solyc06g053840.2),  plant-pathogen interaction 
(Solyc02g077370.1), and four randomly selected genes 
(Solyc07g047850.2, Solyc03g005780.1, Solyc03g115980.1, 
Solyc02g089160.2) were selected for qRT-PCR analysis at 
three time points. As shown in Fig. 5, the patterns of gene 
expression detected by qRT-PCR were highly consistent 
with the RNA sequencing analysis, indicating high quality 
of the RNA sequencing datasets.

Discussion

Trichoderma species are saprophytic filamentous fungi of 
worldwide distribution, which are well-known biological 
control agents against various plant fungal diseases. Several 
Trichoderma spp. including T. harzianum [16, 28–30], T. 
atroviride [31], and T. viride [32] have been reported to have 
particularly effect in control of grey mould on many plants. 
In this study, we tried to provide Trichoderma afroharzi-
anum isolate TM24 for biocontrol potential on tomato grey 
mould. Results indicated that the isolate TM24 displayed 

Fig. 4  Analysis of DEGs related to MAPK signaling pathway in the 
comparisons of T. afroharzianum TM24 pretreated or sterile water 
treated tomato leaves then both challenged with B. cinerea. a The 
heat map for expression of DEGs involved in MAPK signaling path-
way. Expression level was displayed as the value of Log10 (TPM + 1). 
The redder color indicated higher expression; bluer color indicated 
lower expression. b The model of MAPK signaling pathway based on 
KEGG pathway enrichment analysis. The yellow background in the 

rectangle represented the reference gene transcript; the red border in 
the rectangle represented the up-regulated gene transcript. CK1, CK2, 
and CK3 represented tomato samples pretreated with sterile water 
under condition of B. cinerea challenge inoculation at 24, 48, and 72 
dpi, respectively. TM1, TM2, and TM3 represented tomato samples 
pretreated with T. afroharzianum TM24 under condition of B. cinerea 
challenge inoculation at 24, 48, and 72 dpi, respectively (Color figure 
online)
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obvious antagonism against common plant pathogens 
including B. cinerea, as well as definite biocontrol effect on 
grey mould of tomato in pots.

Different mechanisms have been suggested as being 
responsible for the biocontrol potential of Trichoderma 
species [25, 33, 34]. The direct actions of Trichoderma 
against plant fungal diseases were traditionally targeted 
on the phytopathogens through competition, antibiosis and 
mycoparasitism [12, 35]. In this work, potent competition 

and mycoparasitism activity seem to be involved in the 
antagonism of T. afroharzianum TM24 against B. cinerea 
during confrontation culture. The isolate TM24 grew rap-
idly in Petri dish, invaded the colony of B. cinerea through 
a marked process of hyperparasitism, and finally covered 
the entire plates. This ability of rapid growth might give 
the isolate an obvious advantage in competition for nutrient, 
space and dominance over the target pathogen. In addition, 
the isolate TM24 was able to produce chitinase and β-1, 

Fig. 5  Comparison of the RNA-seq and qPCR results validated the 
relative expression level of the differentially expressed genes (DEGs). 
The graph showed the Log twofold change in expression of the twelve 

genes in tomato leaves.  r2 indicated the degree of correlation between 
RNA-seq and qPCR results. Error bars represented the standard devi-
ations of three replicates (Color figure online)
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3-glucanase, which may be related to the mycoparasitism of 
Trichoderma by degrading cell wall of the fungal pathogens 
[36].

Defense activity in host plants has been reported as the 
indirect action way by some Trichoderma species for execu-
tion of the biocontrol function [28, 33]. Previous studies 
indicated that the enhanced activities of defense-related 
enzymes in plant tissues were positively associated with 
induced systemic resistance and plant disease suppression 
[34, 37]. Murugesan and Se [38] suggested that polyphenol 
oxidase (PPO), superoxide dismutase (SOD), and peroxi-
dase (POD) activities usually acted as essential elements in 
oxidation of phenolic compounds and defense against phy-
topathogens. Our results indicated that the activities of these 
enzymes were significantly increased in T. afroharzianum 
TM24 treated tomato plants compared with the control under 
the condition of B. cinerea challenge inoculation. The accu-
mulation of such defense-related enzymes appear to be asso-
ciated with the enhanced defense activity in tomato plants 
against B. cinerea infection. In this study, the PPO activity 
reached to the maximum at 72 h, while the PAL, SOD, and 
POD activities had their maxima earlier at 48 h. The high 
PAL and POD activities lasted for a longer time until 72 h, 
however, the SOD activity was decreased at 72 h. The maxi-
mum level and duration of these enzymes activities occurred 
at different stages in our study, which might be explained by 
the different time when antioxidants were activated.

In recent years, transcriptome studies have provided abun-
dant information for identifying the functional genes associ-
ated with metabolism regulation and signaling transduction 
from the molecular level [37]. Yu et al. [39] indicated that 
Trichoderma asperellum ACCC30536 and its eliciting plant 
response protein Epl1-Tas could induce the woody plant 
resistance to Alternaria alternata by regulating the expres-
sion of defense-related genes in the salicylic acid, jasmonic 
acid and auxin signal transduction pathways. Zhang et al. 
[20] reported that most different expression genes (DEGs), 
which were obtained by the biocontrol fungus Chaetomium 
globosum CEF-082 treatment, were enriched mainly in the 
same signaling pathways. In this study, the results showed 
that the isolate TM24 treatment has brought about the up-
regulation of many genes involved in MAPK signaling 
pathway, plant hormone signaling transduction, and plant-
pathogen interaction.

Plant hormone signaling transduction may modulate 
the defense network by translating Trichoderma-induced 
upstream signaling events into the activation of defense 
responses [40]. Shang et al. [41] showed that T. asperellum 
TC01 has the ability to induce host systematic resistance 
through the JA- and ET-regulated priming mechanism in 
tomato plants. In this study, we also analyzed the expres-
sion level of these genes in the phytohormones signal path-
way, and found that some DEGs related to the pathways 

of jasmonic acid (JA), salicylic acid (SA), ethylene (ET) 
and so on were all induced in tomato plants treated with 
T. afroharzianum. In addition, the T. afroharzianum TM24 
treatment has also induced the up-regulation of flavonoid 
and phenylpropanoid biosynthesis related genes. These find-
ings suggested that the biocontrol Trichoderma may play an 
important role in reinforcing the plant cell wall and improv-
ing plant defense, through modulation of the plant secondary 
metabolism, such as synthesization of the flavonoids, lignin, 
and phenolic compounds [42, 43].

Transcription factors (TFs) such as WRKY, AP2-ERF, 
MYB, and NAC have been demonstrated to play essential 
roles in plants by regulating the expression of genes involved 
in various cellular processes [44]. Among which, WRKY 
factors have been verified to fulfill essential regulatory func-
tion and modulate pathogen-triggered cellular response in a 
number of plant species, most WRKY factors were found 
to participate in the SA signaling pathway [45]. Some ERF 
factors have been demonstrated to participate in the JA 
signaling pathway, which were involved in the interaction 
between plants and fungal pathogens [46]. In our study, we 
also identified 63 TFs in the biocontrol process of T. afro-
harzianum TM24. Two families including WRKY and ERF 
were both identified in our sequencing data, indicating that 
the two signaling pathways, SA and JA, took part in the bio-
control process of T. afroharzianum on tomato grey mould. 
In addition, NAC proteins obtained in this study were also 
reported as another kind of plant-specific TF that could regu-
late immune responses in plants [47]. Future study will focus 
on the function and mechanism of these key genes obtained 
by transcriptome analysis, in order to provide theoretical 
basis for the interactions between Trichoderma and tomato 
plants, as well as B. cinerea and tomato plants.

Conclusions

In this study, the biocontrol potential of Trichoderma afro-
harzianum TM24 on tomato grey mould was investigated 
through pot experiments and transcriptome analysis. T. 
afroharzianum TM24 displayed obvious B. cinerea inhibi-
tion and grey mould biocontrol effect on tomato. The isolate 
TM24 was also able to trigger significantly high levels of 
plant defense-related enzymes activity under the condition 
of B. cinerea challenge inoculation. In addition, pretreatment 
with T. afroharzianum TM24 induced expression of many 
genes that associated with plant hormone signal transduc-
tion, MAPK signaling, plant-pathogen interaction, as well 
as flavonoid and phenylpropanoid biosynthesis in the tomato 
plants. Hence, we concluded that T. afroharzianum TM24 is 
a potential biocontrol candidate for grey mould management 
on tomato plants in facility cultivation.
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