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Abstract
Background  Leaf spot caused by Stemphylium vesicarium is a severe disease of Vicia villosa and first reported in 2019. 
Arbuscular mycorrhizal fungi (AMF) and Trichoderma are common beneficial microorganisms in soil that enhance 
plant resistance to pathogens. This study established a greenhouse experiment to examine the physiological and 
transcriptomic changes of V. villosa that were co-inoculated with the AMF Sieverdingia tortuosa and Trichoderma 
longibrachiatum to determine their effects on the development of resistance to disease.

Results  Infection by the pathogen reduced the shoot biomass of V. villosa. Individual inoculation or co-inoculation 
with AMF and T. longibrachiatum reduced the severity of disease and promoted defense-related reactions, such as the 
production of salicylic acid (SA), activity of phenylalanine ammonia lyase and chitinase. Inoculation of Trichoderma 
alone or in combination with AMF significantly increased the content of SA of the diseased V. villosa by 12.23% 
and 12.80%, respectively. Treatment with AMF alone significantly increased the chitinase activity of susceptible V. 
villosa by 6.4% compared with V. villosa only infected with S. vesicarium. Gene ontology terms that related to plant 
disease resistance, such as upregulated “Defense response”, “Peroxidase activity”, and “Signal acceptor activity”, were 
significantly enriched in diseased plants that had been inoculated with S. tortuosa and T. longibrachiatum. However, 
they were not significantly enriched in susceptible plants that had not been inoculated with S. tortuosa and T. 
longibrachiatum. The expression of the genes that were involved in the Kyoto Encyclopedia of Genes and Genomes 
pathways “Isoflavonoid biosynthesis” and “Flavone and flavonol biosynthesis” and were related to disease defense was 
upregulated.

Conclusion  Both of T. longibrachiatum and AMF exhibit significant potential in managing leaf spot disease caused 
by S. vesicarium in V. villosa. The mechanism includes the increased SA content as well as the expression of pathogen 
defense-related genes in plant. T. longibrachiatum alone and combined with AMF resulted in a significant increase in 
SA levels. Furthermore, AMF also significantly up-regulated the expression of NPR1-related genes, which are integral 
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Background
Vicia villosa Roth is widely planted as a forage crop and 
green manure in orchard and rice (Oryza sativa) fields 
worldwide, including China [1], Japan [2] and Argentina 
[3]. Rotation between V. villosa and crops in farming sys-
tems can reduce the need to utilize nitrogen fertilizer by 
more than 45  kg.N− 1 [4]. In addition, V. villosa reduces 
the spread of invasive weeds [5] and alters the soil micro-
bial community to increase the probability of plant sur-
vival through allelopathy [2]. Leaf spot disease caused 
by Stemphylium vesicarium is usually accompanied 
by a high disease incidence that can cause defoliation 
and occur widely on the plant [1, 6]. Leaf spot of V. vil-
losa caused by S. vesicarium was first reported in China 
in 2019. The pathogen causes spot disease on fruits [7], 
vegetables [8, 9]and forage crops [10]. The prevalence of 
disease increases the input of fungicides and decreases 
the yield of plants. Despite the effectiveness of chemi-
cal control measures against plant diseases, fungicides 
have direct and indirect risks for microorganisms, mac-
rophytes, invertebrates and vertebrates [11]. The long-
term use of chemicals has been shown to cause fungicide 
resistance in S. vesicarium [12, 13]. Biological methods 
and the planting of resistant cultivars/varieties have been 
approved as efficient methods for disease management 
[14]. However, biocontrol products are also applied for 
disease management, and biocontrol only accounts for 
approximately 1% of the sales of agricultural chemicals 
[15]. Environmentally friendly methods, such as biocon-
trols, should be developed for disease management.

Arbuscular mycorrhizal fungi (AMF) are a group 
of soil microorganisms that coexist with plant roots, 
improve plant disease resistance and reduce the occur-
rence of diseases [16]. More than 15 genera of plants 
that form symbioses with AMF to resist diseases caused 
by 28 pathogens were reported from 2018 to 2020 [17]. 
Studies indicate that the mechanisms of AMF to reduce 
the disease incidence include promoting plant growth; 
increasing the activities of defense enzymes related to 
plant disease resistance [18]; enhancing the expression 
of genes involved in pathogenesis-related (PR) proteins, 
chitinase activity, phenylalanine metabolism, and photo-
synthesis [19]; inhibiting the multiplication of pathogens 
and competing with the pathogen for nutrients [20]. In 
particular, the antioxidant system and the signaling path-
way of salicylic acid (SA) involved in plant resistance to 
pathogen infection were significantly enhanced by the 
presence of AMF [21]. Alternatively, Trichoderma spe-
cies are widely used for the biocontrol of plant diseases, 

and they produce compounds that are highly effective at 
inhibiting pathogens [22]. Trichoderma viride and T. har-
zianum, among other Trichoderma species, have varying 
degrees of inhibition on 29 plant pathogenic fungi that 
are members of 18 genera [23]. For example, the second-
ary metabolites produced by T. atroviride and the volatile 
organic compounds that it releases inhibited the survival 
and growth of pathogens [23, 24]. T. asperellum inhibits 
the proliferation of pathogens in cucumber (Cucumis 
sativus) and activates independent metabolic pathways 
involved in the transduction and biosynthesis of plant 
signals, which thereby induced systemic responses to 
infection by the pathogen Pseudomonas syringae pv. 
lachrymans, the causal agent of cucumber angular leaf 
spot [25].

The co-inoculation of AMF and Trichoderma improves 
plant disease resistance more than a single inoculation 
with either organism, and the disease incidence and 
severity have been shown to be significantly reduced [26]. 
For example, T. viride along with Funneliformis mosseae 
or Acaulospora laevis significantly reduced the incidence 
of Fusarium wilt in tomato (Solanum lycopersicum) 
plants by 50%, and T. viride along with F. mosseae and 
A. laevis can completely control the disease [26]. How-
ever, the control of diseases depends on the particulars 
of AMF and Trichoderma. In the field, inoculation with 
AMF and Trichoderma separately decreased the inci-
dence of wilt disease in muskmelon (Cucumis melo) by 
25-60%, but co-inoculation with Glomus claroideum and 
T. harzianum had synergistic effects in a negative man-
ner [27]. Moreover, the effects of the combination of 
AMF and Trichoderma on different plant varieties also 
differ. The co-inoculation of AMF and Trichoderma had 
the greatest effect at controlling stem rot disease in Jeru-
salem artichoke (Helianthus tuberosus) variety HEL246 
but not in variety JA37 [28].

The infection of a plant with a pathogen usually causes 
a series of physiological reactions in the host. Large 
amounts of reactive oxygen species (ROS) accumulate 
in the early stage of infection and activate the defense 
responses of plants against pathogens [29]. Many types 
of ROS can damage plants, and enzymes, such as super-
oxide dismutase (SOD) and peroxidase (POD), clear the 
ROS to avoid serious damage to the plant cells. In addi-
tion, plants release chitinase, which reduces growth and 
sporulation at the later stages of disease development, 
and prevents the fungal pathogens from further infect-
ing the plants [30]. Phenylalanine ammonia-lyase (PAL) 
is involved in complex defense response programs, 

to systemic acquired resistance. Our findings underscore the efficacy of T. longibrachiatum and AMF as potential 
biological control agents, providing a promising strategy for the management of leaf spot disease in V. villosa.
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including flavonoid and isoflavone biosynthesis [31] and 
the biosynthesis of SA [32]. SA and jasmonic acid (JA) 
are important hormones that transmit defensive signals 
and play important roles in plant disease resistance [33]. 
Changes in the levels of expression of the genes for these 
hormones play an indispensable role in the physiological 
processes described above [19].

Previous research on the co-inoculation of AMF and 
Trichoderma in relation to plant diseases provided con-
troversial results. Moreover, these studies mainly focus 
on the disease severity and the physiological mecha-
nisms. For example, AMF and T. harzianum regulate 
chlorophyll, phenolic compounds content and peroxi-
dase activity against tomato root rot caused by Fusarium 
oxysporum [34]. Both AMF and Trichoderma can acti-
vate plant resistance to pathogen infection by upregu-
lating systemic acquired resistance (SAR) genes [35]. 
However, the relationship between pathogen induced 
defense enzyme activity and their associated genes has 
been largely overlooked. Specifically, there is a lack of 
understanding regarding the mechanisms by which 
the co-inoculation of AMF and Trichoderma impacts 
the physiological processes regulated by plant genes to 
enhance resistance against pathogen infection. In partic-
ular, even less information is available on the molecular 
mechanisms revealed by a transcriptome analysis, such 
as RNA-seq.

Strategies for plant pathogens have emphasized the 
importance of upcoming methodologies, such as micro-
biome management, phage cocktails, biocontrol agents 
and microbial volatilomes, as sustainable practices for 
disease management [36]. The inhibitory effects of AMF 
and Trichoderma on pathogens in vitro and the occur-
rence of disease in vivo were identified [24]. However, 
few studies have reported the regulatory effects of AMF 
and Trichoderma on the responses of plants to patho-
gens at the levels of physiology and gene expression. This 
study aimed to determine the regulatory effects of AMF 
and T. longibrachiatum on V. villosa by analyzing the 
activities of enzymes, contents of hormones and the tran-
scriptome. This study addressed the following hypoth-
eses: (1) AMF and T. longibrachiatum will decrease the 
incidence of disease on V. villosa caused by S. vesicarium; 

(2) AMF and T. longibrachiatum will increase the activi-
ties of enzymes, content of hormones, and level of gene 
expression related to disease resistance in the plant; and 
(3) The co-inoculation of AMF and T. longibrachiatum 
will have synergistic effects on the inhibition of leaf spot 
disease compared to separate inoculations.

Methods
Source of plant seeds, AMF and fungal isolates
Vicia villosa seeds were obtained from Jiangsu Aoqi 
Landscaping Engineering Co., Ltd. (Jiangsu, China). 
Sieverdingia tortuosa (N.C. Schenck & G.S. Sm.) Błaszk., 
Niezgoda, & B.T. Goto, previously known as Glomus tor-
tuosum [37], was purchased from the Bank of Glomero-
mycota in China (Beijing, China) for use as an AMF. The 
AMF inoculum was composed of dry soil that contained 
AMF spores (> 50 spores·g− 1), mycelia and fragments of 
white clover (Trifolium subterraneum) roots, which was 
prepared in potted cultures in a greenhouse. A total of 
100 g of an aliquot of inoculum that contained approxi-
mately 100 spores·g− 1 was added to each pot for the 
mycorrhizal treatment (AM), whereas 100 g of sterilized 
river sand was added to each pot for the other treatments 
(NM). Trichoderma longibrachiatum was isolated from 
the rhizosphere soil collected from fields of V. villosa. 
The fungus Stemphylium vesicarium was isolated from 
infected V. villosa in the field [1].

Growth medium
Black loam soil was purchased from a local market and 
autoclaved at 121 °C for 2 h for sterilization. Similarly, the 
sand was sieved through a 2  mm sieve and oven-steril-
ized at 170 °C for 4 h. The sterile soil and sand were then 
mixed at a ratio of 1:3 and used as the growth media.

Greenhouse study
The experiments were conducted in pots from Octo-
ber to December 2020 in a greenhouse at the College of 
Pastoral Agriculture Science and Technology, Lanzhou 
University (35.96 ° N, 104.17 ° E). The pathogen S. vesi-
carium (SV) was used in the pathogen inoculation treat-
ments. The AMF and T. longibrachiatum were used to 
control the disease. The experiment involved three fac-
tors and a total of eight treatments (Table 1). Vicia villosa 
seeds were soaked in 10% hydrogen peroxide (H2O2) for 
5  min, rinsed three times with sterilized distilled water, 
and subsequently germinated on moist filter paper in the 
dark at 25 °C for 2 days. Vicia villosa seedlings were sown 
in soil inoculated with AMF Sieverdingia tortuosa (AM) 
or non-inoculated (NM) soil as described by Gao et al. 
[38]. A total of 13 seedlings were transplanted into each 
pot, and 10 plants of similar sizes were maintained after 
1 week. Plates that contained sterile potato dextrose agar 
(PDA) were prepared by dissolving 200 g of potato, 20 g 

Table 1  AMF, T. longibrachiatum and pathogen treatments
Treatments AMF T. longibrachiatum S. vesicarium
NMNTP- × × ×
AMNTP- √ × ×
NMTLP- × √ ×
AMTLP- √ √ ×
NMNTP+ × × √
AMNTP+ √ × √
NMTLP+ × √ √
AMTLP+ √ √ √
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of dextrose and 18  g of agar in 1000 mL of water. They 
were then inoculated with T. longibrachiatum and incu-
bated at 28 °C for 2 weeks. The hyphae and spores were 
then scraped in sterile glass slides to form a spore sus-
pension of T. longibrachiatum in sterile water. A 2.5 mL 
suspension of T. longibrachiatum (107 conidia·mL− 1) per 
plant was subsequently poured into the soil close to the V. 
villosa roots 1 week after the sprouts had emerged. Sus-
pensions of S. vesicarium that contained ~ 106 CFU·mL− 1 
conidia with two drops of Tween-20 were used to inocu-
late the V. villosa plants 7 weeks after emergence by indi-
vidual spraying with 5 mL of inoculum per pot. Equal 
amounts of sterile water were sprayed onto the uninocu-
lated plants. The plants were covered with black plastic 
bags for 48  h after spraying to maintain moisture and 
facilitate infection. The disease incidence and disease 
index (DI) were calculated every 3 days [38].

Plant harvest and measurement of the samples
At harvest, 0.2  g of fresh shoot material from each pot 
was used to measure the activities of SOD and POD [39], 
content of malondialdehyde (MDA) and the activity of 
PAL [40]. Another set of 0.2 g fresh shoots was used to 
determine the contents of jasmonic acid (JA) [40] and 
SA and the activity of chitinase [41]. Approximately 0.2 g 
of fresh shoot tissue was used to extract the total RNA. 
All the tissues sampled were stored in liquid nitrogen 
and transferred to the laboratory for subsequent experi-
ments. The extent of AM colonization was determined 
using 0.2  g of fresh roots [42]. The remaining portions 
of the shoots and roots were used to determine the total 
shoot and root dry weights based on the fresh: dry weight 
ratios. The disease incidence and disease index were cal-
culated using 20 randomly selected leaves from each pot 
as shown below:

	

Disease incidence = number of diseased leaves
/the total number of leaves × 100%

The disease index was determined as Ren described [43].

Construction and sequencing of the cDNA library
The leaf tissues were flash-frozen in liquid nitrogen and 
used to extract the total RNA. The total RNA was iso-
lated from the harvested tissues using the TRIzol Reagent 
(Thermo Fisher Scientific, Waltham, MA, USA). DNase 
I was used to remove the DNA from the total RNA, 
and a Qubit RNA analysis kit (Thermo Fisher Scientific) 
was used to determine the purity of total RNA. Finally, 
an Agilent Bioanalyzer 2100 system (Agilent Technolo-
gies, Santa Clara, CA, USA) was used to evaluate the 
RNA integrity. The treated RNA was amplified by PCR 
with specific primers, and a cDNA library was obtained 
after treatment. The 150  bp paired-end original reads 

were generated after sequencing by a BGI DNBseq 500 
sequencing platform (BGI Genomics, Shenzhen, China). 
The original transcriptome data were uploaded to the 
Sequence Read Archive of the NCBI (BioProject ID: 
PRJNA960699).

The total reads were filtered to obtain clean reads using 
SOAPnuke software (v. 1.4.0) [44]. Trinity was used to 
assemble the clean reads de novo. All the unigenes were 
obtained after clustering and reducing the assembled 
transcripts using TGICL, which was assembled into the 
reference genome. Its quality was evaluated using the 
BUSCO database. Bowtie2 (v. 2.2.5) was used to map 
the clean reads to the reference genome, and the levels 
of expression of the genes and transcripts were calculated 
using RSEM [45]. Transcoder software was used to pre-
dict the CDS [46], and Primer3 was used to detect the 
simple sequence repeats (SSR) [47]. All the unigenes were 
annotated using the NR, Gene Ontology (GO) and Kyoto 
Encyclopedia of Genes and Genomes (KEGG) databases 
[48].

The levels of expression of the genes and an analysis 
of the differentially expressed genes (DEG) were per-
formed with Bowtie2, which was subsequently used to 
align the clean reads to the genome sequences. RSEM 
was used to calculate the levels of expression of the genes 
in each sample [45, 49]. Significant differences in gene 
expression were determined using an adjusted p-value 
(Q-value) < 0.001 and an absolute value of |log2 (fold 
change)|≥1 [50, 51]. The Q-value was obtained by cor-
recting the p-value with the false discovery rate (FDR) 
[52, 53]. The GO database and KEGG were used to deter-
mine the biological functions and pathways of the DEGs, 
and the pHYPER function in R software was used for 
the enrichment analysis [54]. The GO terms or KEGG 
pathways were considered significantly enriched if the 
Q-value was ≤ 0.05.

Quantitative Real-time polymerase chain reaction 
(qRT-PCR): Six genes were selected for qRT-PCR to 
validate the results of transcriptome analysis. Four inde-
pendent biological replicates and three technical rep-
licates were involved in each treatment to eliminate the 
effects of machine equipment, experimental operations. 
Total RNA of RNA-SEQ was reverse-transcribed into 
cDNA using TUREscript 1st Strand cDNA SYNTHESIS 
kit (Aidlab, Beijing, China). qRT-PCR reaction was per-
formed on BIO-RAD C1000TouchTMThermal Cycler 
(USA). The qRT-PCR reaction system consisted of 5 µL 
TIANGEN®SYBR Green, 1 µL cDNA, 0.5 µL forward 
primer, 0.5 µL reverse primers, and 3 µL ddH2O. 2−△△Ct 
were calculated to indicate the relative gene expression 
[55].
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Statistical analysis
The data are presented as the mean ± standard error 
of the mean of four replicates. An analysis of variance 
(ANOVA) was performed using JMP 4 statistical software 
at a probability level of P < 0.05, and the results are dis-
played as column plots that were generated using Graph-
Pad Prism 8 (GraphPad, San Diego, CA, USA). The GO 
enrichment analysis was also performed using GraphPad 
Prism 8. Heatmaps were generated using the pheatmap 
package of R software (4.2.3), and the Bubble plots were 
generated using the ggplot2 package of this software. 
The Pearson correlations between qRT-PCR results and 
RNA-seq data were calculated using the ggplot2 package 
of R software (4.2.3) [56].

Results
Plant growth and disease severity
The AMF Sieverdingia tortuosa effectively colonized the 
roots of V. villosa (Fig. S1A). The colonization by the 
AMF was not significantly affected by T. longibrachia-
tum and S. vesicarium (Fig. S1B). The shoot biomass of 
V. villosa significantly decreased by 24.56% after 9 days of 
infection by S. vesicarium (Fig.  1A). Inoculation with S. 
tortuosa and T. longibrachiatum (AMTLP+) had no sig-
nificant effect on the shoot biomass of V. villosa infected 
with S. vesicarium (NMNTP+) or uninfected (NMNTP-). 
Infection with S. vesicarium and inoculation with S. tor-
tuosa and also T. longibrachiatum (NMTLP+, AMNTP+, 
and AMTLP+) had no significant effects on the root bio-
mass of V. villosa (NMNTP+) (Fig. 1B).

Vicia villosa infected by S. vesicarium showed typical 
symptoms on the third day after inoculation (Fig. S1C). 
The uninfected plants did not show any symptoms. Nota-
bly, there were no differences in the time that the typical 
symptoms appeared among the treatments. The disease 
incidence and disease index also increased with time. 

However, the severity of the disease of the plants that had 
been inoculated with T. longibrachiatum and S. tortuosa 
(AMTLP+) decreased compared to the plants that were 
only infected by the pathogen (NMNTP+). On the ninth 
day after inoculation, the disease index and incidence 
of AMNTP+, NMTLP+, and AMTLP + were 14.72-
33.38% and 20.68-36.55% lower than those of the plants 
only infected by S. vesicarium (NMNTP+), respectively 
(Fig. 2A, B).

MDA, SA, JA and enzyme activity of V. villosa
The pathogen had no effect on the content of MDA 
across the treatments. Colonization with AMF and 
T. longibrachiatum significantly reduced the negative 
effects by S. vesicarium. Inoculation with T. longibrachia-
tum resulted in a significant increase in the content of SA 
by 12.24-16.65% of the healthy plant (NMTLP-) in con-
trast to the other three treatments (NMNTP-, AMNTP-, 
and AMTLP-) (Fig.  3A). Inoculation with T. longibra-
chiatum (NMTLP+) and the co-inoculation of AMF and 
T. longibrachiatum (AMTLP+) significantly increased 
the content of SA of the susceptible plant compared to 
the NMNTP + and AMNTP + treatments (Fig.  3B). The 
inoculation with AMF and inoculation with a combina-
tion of AMF and T. longibrachiatum increased the con-
tent of JA in the healthy V. villosa compared to the plants 
that had not been inoculated with beneficial fungi. The 
diseased plants that had been separately inoculated with 
AMF and T. longibrachiatum (NMTLP + and AMNTP+) 
and co-inoculated with AMF and T. longibrachiatum 
(AMTLP+) had significantly lower contents of JA than 
V. villosa that was only infected with S. vesicarium 
(NMNTP+) by 7.33-26.93% (Fig. 3C). Infection with the 
pathogen (NMNTP+) increased the content of JA in V. 
villosa compared to the plants that had not been inocu-
lated with AMF and T. longibrachiatum. The inoculation 

Fig. 1  Shoot biomass (A), root biomass (B) of Vicia villosa. NM = uninoculated with S. tortuosa, AM = inoculated with S. tortuosa, NT = uninoculated with T. 
longibrachiatum, TL = inoculated with T. longibrachiatum, P-=uninfected by S. vesicarium, P + = infected by S. vesicarium. Different lowercase letters on the 
bars means there is significant difference across treatments at P < 0.05 by Tukey’s HSD test
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of AMF and co-inoculation of AMF and T. longibrachia-
tum decreased the content of JA of the susceptible plants 
(AMNTP + and AMTLP+) compared to the healthy 
plants (AMNTP- and AMTLP-).

The inoculation of AMF and T. longibrachiatum sepa-
rately or combined resulted in a significant decrease in 
the activity of SOD in the healthy plants compared to 
the lack of inoculation with AMF and T. longibrachia-
tum (Fig. 4A). The inoculation of healthy V. villosa with 
AMF resulted in lower levels of POD activity than that 
in the plants that were co-inoculated with AMF and T. 
longibrachiatum. However, the inoculation of V. villosa 
infected with S. vesicarium (NMTLP+) with T. longi-
brachiatum resulted in plants with lower POD activity 
than that of the susceptible plants co-inoculated with 
AMF and T. longibrachiatum (AMTLP+) (Fig.  4B). The 
separate inoculation with AMF and T. longibrachiatum 
(AMNTP- and NMTLP-) increased the chitinase activ-
ity of the healthy plants by 9.45% and 8.35%, respectively, 
compared to the V. villosa plants that had not been inoc-
ulated (NMNTP-) (Fig.  4C). However, treatment with 
AMF alone significantly increased the chitinase activ-
ity of V. villosa infected with S. vesicarium (AMNTP+) 
compared to V. villosa infected with S. vesicarium 
(NMNTP+). Compared to V. villosa infected with S. vesi-
carium (NMNTP+), the co-inoculation of AMF and T. 
longibrachiatum had a negative effect on the chitinase 
activity of the susceptible plant (AMTLP+), which was 
reduced by 12.36%. Compared to the healthy V. villosa 
inoculated with AMF and T. longibrachiatum (AMNTP-, 
NMTLP-, and AMTLP-), the separate or combined 
inoculation of diseased V. villosa with AMF and T. lon-
gibrachiatum (AMNTP+, NMTLP+, and AMTLP+) sig-
nificantly increased the activity of PAL by 22.5-46.70% 
(Fig. 4D).

RNA-seq and mapping
An average of 45.27  M raw reads were generated, and 
42.37  M clean reads were obtained after filtering. The 
proportion of clean reads was 93.71% on average; the 
lowest proportion was 88.56%, and the highest was 
96.38%. The percentages of Q20 and Q30 were more 
than 96% and 90%, respectively. The GC content of the 
12 treatments was 40.87% on average. The clean reads 
were aligned to the reference genome with an average 
mapping ratio of 83.91% (Table S1). The mapping ratio 
of V. villosa infected by S. vesicarium was approximately 
83.36-83.67%, while that of heathy V. villosa ranged from 
approximately 84.61–85.23%.

DEGs of the different treatments
The analysis of DEGs indicated that the response of 
V. villosa to infection by S. vesicarium was stronger 
than that of the inoculation with AMF and T. longi-
brachiatum. There were 458, 482, and 485 DEGs in 
the NMNTP- - AMNTP-, NMNTP- - NMTLP- and 
NMNTP- - AMTLP-, respectively. However, there 
were 20,856 DEGs in NMNTP- - NMNTP+. There 
were 18,580, 16,623, and 14,603 DEGs in AMNTP- 
- AMNTP+, NMTLP- - NMTLP+, and AMTLP- - 
AMTLP+, respectively. In addition, after infection with 
S. vesicarium, the number of DEGs with upregulated 
expression was higher than that of the DEGs with down-
regulated expression (Fig. S2).

GO analysis
A GO enrichment analysis was used to elucidate the bio-
logical function of the DEGs. The partial GO terms that 
were significantly enriched in AMNTP- - AMNTP+, 
NMTLP- - NMTLP+, and AMTLP- -AMTLP + and asso-
ciated with the occurrence of plant disease and disease 
resistance are shown (Fig. 5).

Fig. 2  Disease incidence (A) and disease index (B) of V. villosa. NM = uninoculated with S. tortuosa, AM = inoculated with S. tortuosa, NT = uninoculated 
with T. longibrachiatum, TL = inoculated with T. longibrachiatum, P-=uninfected by S. vesicarium, P + = infected by S. vesicarium
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A total of 290 GO terms were significantly enriched in 
the NMNTP- - NMNTP + comparison. The GO terms, 
such as flavonoid biosynthetic process (GO:0006559), 
cell surface receptor signaling pathway (GO:0007166), 
superoxide metabolic process (GO:0006801), and phe-
nylalanine ammonia-lyase activity (GO:0045548), were 
significantly enriched, and the expression of most of 

the genes involved in these GO terms was upregulated 
(Fig. 5A).

In the AMNTP- - AMNTP + comparison, 303 GO 
terms were significantly enriched, including 125 bio-
logical process, 29 cellular component, and 149 molecu-
lar functions. In particular, many of the genes involved 
in defense response (GO:0006952), defense response 
to other organism (GO:0098542), abscisic acid-acti-
vated signaling pathway (GO:0009738), and response 
to oxidative stress (GO:0006979) were upregulated 
(Fig. 5B). However, the genes that were categorized into 
the GO terms, such as regulation of response to reac-
tive oxygen species (GO:1901031), response to biotic 
stimulus (GO:0009607), phenylpropanoid biosynthetic 
process (GO:0009699), negative regulation of transla-
tion in response to stress (GO:0032055), photosystem 
II repair (GO:0010206), plasmodesma (GO:0009506), 
and pectinesterase inhibitor activity (GO:0046910) were 
downregulated in V. villosa that had been inoculated with 
AMF.

Out of the total of the 248 GO terms, 98 were classified 
to biological process; 26 were presented in cellular com-
ponent, and 124 were classified to molecular function in 
the NMTLP- - AMTLP + comparison group. It is worth 
noting that many of the genes enriched in the abscisic 
acid-activated signaling pathway (GO:0009738), defense 
response to other organism (GO:0098542), calcium-
mediated signaling (GO:0019722), phosphorelay signal 
transduction system (GO:0000160), defense response 
(GO:0006952), extracellular space (GO:0005615), and 
peroxidase activity (GO:0004601) were upregulated. In 
contrast, the levels of expression of the genes involved 
in the regulation of response to reactive oxygen spe-
cies (GO:1901031), negative regulation of translation in 
response to stress (GO:0032055), photosystem I reac-
tion center (GO:0009538), and signaling receptor activity 
(GO:0038023) were downregulated (Fig. 5C).

In the AMTLP- AMTLP + comparison group except for 
the genes involved in regulation of response to reactive 
oxygen species (GO:1901031) that were totally down-
regulated, but most of the genes that were categorized 
into other GO terms were upregulated. In particular, all 
the genes in calcium-mediated signaling (GO:0019722) 
and killing of cells of other organism (GO:0031640) were 
upregulated (Fig. 5D).

KEGG pathway analysis
A KEGG pathway analysis was utilized to determine the 
biological pathways that involved DEGs. There were 137, 
136, 136, and 136 pathways in which 27, 32, 22, and 28 
KEGG pathways were significantly enriched, respec-
tively (Q-value < 0.05) in the NMNTP- - NMNTP+, 
AMNTP- - AMNTP+, NMTLP- - NMTLP+, and 

Fig. 3  Malondialdehyde (a), salicylic acid (b) jasmonic acid (c) content 
of V. villosa. NM = uninoculated with S. tortuosa, AM = inoculated with S. 
tortuosa, NT = uninoculated with T. longibrachiatum, TL = inoculated with 
T. longibrachiatum, P-=uninfected by S. vesicarium, P + = infected by S. vesi-
carium. Different lowercase letters on the bars means there is significant 
difference across treatments at P < 0.05 by Tukey’s HSD test
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AMTLP- - AMTLP + comparison group, respectively. 
Ten KEGG pathways with the highest rich ratio are 
shown in Fig. 6.

The pathway connected with flavonoid biosynthesis 
was influenced by the infection with S. vesicarium com-
pared to that in the healthy plants. The genes of V. villosa 
that were infected with S. vesicarium were clearly shown 
to be involved in isoflavonoid biosynthesis (ko00943) 
and flavone and flavonol biosynthesis (ko00944) and 
were upregulated compared with the genes of plants 
in the NMNTP- treatment. A similar pattern of gene 
expression occurred in the AMNTP- - AMNTP + and 
AMTLP- -AMTLP + comparison groups. Interestingly, 
the genes of photosynthesis - antenna proteins (ko00196) 
in NMNTP+, AMNTP+, NMTLP + and AMTLP + were 
downregulated compared to the genes in NMNTP-, 
AMNTP-, NMTLP- and AMTLP-.

The defense responses of plants
The profiles of the genes that were expressed for phen-
ylpropanoid biosynthesis and signal transduction asso-
ciated with SA are illustrated in Fig.  7. The levels of 

expression of the genes associated with PAL, cinnamate-
4-hydroxylase (C4H), and 4-coumarate-CoA ligase (4CL) 
that were upregulated in the diseased plants inoculated 
with AMF and T. longibrachiatum separately or com-
bined were the same when compared to those in healthy 
V. villosa. Similar patterns of gene expression also 
occurred in NPR1 and PR1, which along with SA, are 
involved in the signal transduction for plant disease resis-
tance. More genes related to the biosynthesis of PAL in 
the AMNTP- - AMNTP + and NMTLP- - NMTLP + com-
parison groups were upregulated compared with the 
CK vs. SV comparison group. Interestingly, CL758.Con-
tig3_All and Unigene2456_All. associated with NPR1 
are involved in signal transduction were significantly 
upregulated in the plants of the AMNTP + treatment 
compared to the plants of the AM treatment, but simi-
lar results did not occur in the NMNTP- - NMNTP+, 
NMTLP- -NMTLP + and AMTLP- - AMTLP + com-
parison group. The levels of gene expression associ-
ated with PR1 were higher in AMNTP- - AMNTP+, 
NMTLP- - NMTLP + and AMTLP- - AMTLP + than in 
the NMNTP- - NMNTP + group.

Fig. 4  Superoxide dismutase (a), peroxidase (b), chitinase (c) and phenylalanine ammonia-lyase (d) activity of V. villosa. NM = uninoculated with S. tor-
tuosa, AM = inoculated with S. tortuosa, NT = uninoculated with T. longibrachiatum, TL = inoculated with T. longibrachiatum, P-=uninfected by S. vesicarium, 
P + = infected by S. vesicarium. Different lowercase letters on the bars means there is significant difference across treatments at P < 0.05 by Tukey’s HSD test
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Fig. 5  GO enrichment analysis in NMNTP- - NMNTP+ (A), AMNTP- - AMNTP+ (B), NMTLP- - NMTLP+ (C) and AMTLP- - AMTLP+ (D). NM = uninoculated 
with S. tortuosa, AM = inoculated with S. tortuosa, NT = uninoculated with T. longibrachiatum, TL = inoculated with T. longibrachiatum, P-=uninfected by S. 
vesicarium, P + = infected by S. vesicarium
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qRT-PCR
Six DEGs were selected for real-time quantitative reverse 
transcription PCR (qRT-PCR) (Fig. S3). The Pearson cor-
relation of qRT-PCR results for CL4130. Contig3_All, 
CL5979. Contig3_All, CL6827. Contig6_All, and CL9091. 
Contig6_All with the fragments of kilobase of transcript 
per million mapped reads (FPKM) values were more 
than 0.8. The result indicated that the RNA-seq data are 
reliable.

Discussion
This study revealed the effects of the inoculation of 
AMF and Trichoderma longibrachiatum on the defense 
response of Vicia villosa to infection by Stemphylium 
vesicarium. Infection with S. vesicarium decreased the 
shoot biomass of V. villosa. Inoculation with AMF and T. 
longibrachiatum separately or in combination decreased 
the severity of S. vesicarium leaf spots and increased the 
content of SA as well as POD and chitinase activity, to 
resist infection by S. vesicarium. In particular, inoculation 
with AMF and T. longibrachiatum increased the levels 
of expression of the genes for the GO terms associated 
with disease defense, such as defense response to other 
organisms, calcium-mediated signaling and peroxidase 
activity. Inoculation with AMF increased the expression 
of NPR1-related genes. In addition, inoculation with T. 
longibrachiatum both alone and in combination with 
AMF mainly increased the SA content and enhanced the 

resistance of V. villosa to S. vesicarium. The hypotheses 
that were tested in this study included the following: (1) 
AMF and T. longibrachiatum will decrease the incidence 
of disease on V. villosa caused by S. vesicarium; and (2) 
AMF and T. longibrachiatum will increase the activity 
of plant enzymes, contents of hormones and the level of 
gene expression related to disease resistance. The results 
confirmed both of these hypotheses.

Typical mycorrhizal structures were observed when V. 
villosa was inoculated with AMF, which indicated that 
the AMF had successfully established symbiotic rela-
tionships with the plants. Infection with the pathogen 
had no significant effect on the colonization of AMF but 
decreased the shoot biomass of V. villosa. S. vesicarium 
causes brown lesions, which generally affect the photo-
synthesis of plants, and decreases in photosynthate and 
shoot biomass were the most obvious manifestation of 
infection [57]. AMF inhibited the development of the leaf 
spot disease caused by S. vesicarium.

The accumulation of ROS in large quantities and perox-
idation of membrane lipids occur when pathogens attack 
plants. Malondialdehyde, a product of the peroxidation, 
is regarded as the indicator of the degree of damage from 
the pathogen to the plant [58]. After inoculation with T. 
longibrachiatum in combination with AMF and T. lon-
gibrachiatum in combination after infection, the MDA 
content of V. villosa decreased compared with that of the 
diseased plants that had not been inoculated with AMF 

Fig. 6  KEGG analysis in NMNTP- - NMNTP+ (A), AMNTP- - AMNTP+ (B), NMTLP- - NMTLP+ (C) and AMTLP- - AMTLP+ (D). NM = uninoculated with S. tor-
tuosa, AM = inoculated with S. tortuosa, NT = uninoculated with T. longibrachiatum, TL = inoculated with T. longibrachiatum, P-=uninfected by S. vesicarium, 
P + = infected by S. vesicarium
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and Trichoderma. These results indicate that T. longibra-
chiatum and AMF decrease the amount of stress to the 
plants caused by the pathogen. The accumulation of ROS 
in plants caused by pathogen infection activates signaling 
pathway to produce pathogenesis-related (PR) proteins. 
These proteins help mitigate the damage caused by ROS 
to cells or induce hypersensitivity responses to limit the 

spread of pathogens [59]. Chitinase is a PR protein that is 
involved in the defense of higher plants against pathogens 
[60, 61]. The inoculation with AMF enhanced the ability 
of plants to fight pathogens by increasing the activity of 
this enzyme. In addition to chitinase, POD is also a highly 
important member of the PR protein family. POD and 
SOD prevent the accumulation of active oxygen [62], 

Fig. 7  Expression of regulatory genes in phenylpropane metabolism and the defense pathway of SA involved. NM = uninoculated with S. tortuosa, 
AM = inoculated with S. tortuosa, NT = uninoculated with T. longibrachiatum, TL = inoculated with T. longibrachiatum, P-=uninfected by S. vesicarium, 
P + = infected by S. vesicarium
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which severely damages plant cells. These results showed 
that the inoculation with AMF combined with T. longi-
brachiatum increased the activity of POD and thus, was 
a positive regulator of the resistance of plants to patho-
gens. El-Sharkawy et al. [24] also reported that inocula-
tion with AMF and Trichoderma increased the activities 
of POD and polyphenol oxidase (PPO) in wheat (Triti-
cum aestivum) and decreased the severity of stem rust on 
wheat caused by the fungal pathogen Puccinia graminis.

SA is an important regulatory compound for the plant 
defense response to pathogens [32]. These results also 
showed that inoculation with T. longibrachiatum and the 
combination of AMF and T. longibrachiatum significantly 
increased the content of SA, which contrasted with the 
trend of MDA content. This finding indicates that SA is 
an important compound that adjusts the plant’s response 
to infection [63]. Previous research had shown that SA 
and JA inhibit each other in their role in defending the 
plants against pathogens [64]. This study found that AMF 
and T. longibrachiatum decreased the content of JA in 
the plants infected by S. vesicarium. The JA content of the 
diseased plants that were not inoculated with AMF or T. 
longibrachiatum increased significantly compared with 
the healthy plants, but the content of SA did not. These 
results indicate that the V. villosa responded patho-
gen infection through a JA-mediated defense signaling 
pathway. In contrast, V. villosa inoculated with T. longi-
brachiatum, either alone or in combination with AMF 
activates a SA-mediated defense signaling pathway when 
infected by S. vesicarium. PAL plays an essential role in 
SA biosynthesis [32], cell wall composition [65] and plant 
defense and has been demonstrated in previous stud-
ies [66]. After infection by S. vesicarium, the PAL activ-
ity of the diseased plants increased compared with that 
of the healthy plants. Interestingly, T. longibrachiatum 
increased the activity of PAL in the diseased plants. How-
ever, the AMF combined with T. longibrachiatum did not 
significantly change the activity of PAL compared with 
the diseased plants that were not inoculated with either 
treatment. The results indicated that infection by S. vesi-
carium promoted the defense pathway to the pathogen 
that utilized the activity of PAL, and T. longibrachiatum 
enhanced this effect. Hypothesis 3 that the co-inocula-
tion of AMF and T. longibrachiatum will have a synergis-
tic effect on the inhibition of disease compared with the 
plants that had been inoculated separately was partially 
upheld. A previous study showed that inoculation with 
AMF and other beneficial microorganisms promoted the 
production of antibacterial compounds, such as antibiot-
ics and phenolics, while also inducing systemic resistance 
and producing defense enzymes [67].

Infection by S. vesicarium increased the number of 
DEGs, particularly the number of upregulated genes. 
An analysis of GO enrichment showed that the activity 

of peroxidase (GO:0004601) was significantly enriched 
in the diseased plant inoculated with AMF and T. lon-
gibrachiatum separately or together compared with the 
healthy plant, and this result was identical to the activ-
ity of POD. The number of DEGs increased with the 
degree of infection by the pathogen, and most of the 
DEGs were involved in the metabolic processes and sig-
nal transduction in response to infection by the patho-
gen [68]. The regulation of plant physiological processes, 
such as scavenging active oxygen, is not the only way 
for plants to defend themselves against biological stress. 
Signal transduction and plant‒pathogen interactions 
are also important in the resistance of plants to infec-
tion [69]. The results of this study showed that defense 
response (GO:0006952), abscisic acid-activated sig-
naling pathway (GO:0009738) and signaling receptor 
activity (GO:0038023) were significantly enriched in 
the AMNTP- - AMNTP+, NMTLP- - NMTLP + and 
AMTLP- - AMTLP + treatment groups but were not sig-
nificantly enriched in the NMNTP- - NMNTP + treat-
ment group. These GO terms are involved in plant 
disease resistance. For example, abscisic acid enhances 
the resistance of tobacco (Nicotiana tabacum) to white 
mold (Sclerotinia sclerotiorum) [70], and the defense 
response (GO:0006952) is also associated with disease 
resistance in V. sativa [18]. Compared to the individual 
inoculation of AMF and T. longibrachiatum, the com-
bined treatment of AMF and T. longibrachiatum did 
not reveal specific GO terms involved in plant disease 
resistance.

After inoculation with the biocontrol microorgan-
isms, the plant responses to biotic stimuli improved [71, 
72]. The results of this study confirmed the phenomenon 
that AMF and T. longibrachiatum help plants to improve 
their resistance to infection. Phenylalanine metabo-
lism (ko00360), isoflavonoid biosynthesis (ko00943) 
and flavone and flavonol biosynthesis (ko00944) have 
been proven to play positive roles in plant defense pro-
cesses according to analyses of the KEGG pathway 
[73, 74]. The KEGG pathways associated with the top 
ten pathways according to the enrichment ratio in the 
NMNTP- - NMNTP+, AMNTP- - AMNTP+, NMTLP- 
- NMTLP + and AMTLP- - AMTLP + treatments were 
also analyzed. All or part of phenylalanine metabolism 
(ko00360), isoflavonoid biosynthesis (ko00943) and 
flavone and flavonol biosynthesis (ko00944) were sig-
nificantly enriched with a high rich ratio. Thus, phen-
ylpropanoid biosynthesis and signal transduction were 
examined in more detail. C4H is involved in the synthe-
sis of SA [75], and C4L-related genes were higher up-
regulated expression in AMTLP- -AMTLP + than that 
in other treatment groups. This resulted in an increased 
SA content in plants infected by S. vesicarium. Although 
there was no more significant up-regulated gene 
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expression in NMTLP- - NMTLP + than in NMNTP- - 
NMNTP+, this may be attributed to T. longibrachiatum 
colonizing plant roots during the early stage of plant 
growth, which enhances increase SA content. The expres-
sion of NPR1-related genes was significantly upregu-
lated only in AMNTP- - AMNTP+, indicating that AMF 
enhanced the downstream defense process of the SA 
signaling pathway rather than increased the SA content 
directly. Both T. longibrachiatum and the combination of 
T. longibrachiatum and AMF increased the resistance of 
V. villosa to S. vesicarium by increasing the SA content. 
However, the combination of AMF and T. longibrachia-
tum did not show a significant up-regulation expression 
of genes involved in SA signaling pathway compared to 
the separate treatment, supporting the finding that the 
combination did not reduce the disease severity more 
than either treatment alone. While both AMF and Trich-
oderma positively influence plant growth, development, 
resistance to biotic and abiotic stress, their effects are not 
always additive [76].

In conclusion, the AMF increased the activities of chi-
tinase in the plant and T. longibrachiatum increased the 
content of SA and the levels of genes expression related 
to pathogen defense, which reduced the severity of plant 
disease. SA-mediated signaling pathway plays a crucial 
role in the resistance of V. villosa to pathogens. Inocula-
tion with T. longibrachiatum both alone and in combi-
nation with AMF, mainly increased the SA content and 
enhanced the resistance of V. villosa to S. vesicarium. 
Additionally, the inoculation with AMF increased the 
expression of NPR1-related genes in SA signaling path-
way. These results expand our understanding of how 
muti-microbial mutualisms affect the impacts of disease. 
In future studies, it is essential to consider the identifica-
tion of gene functions and analysis of metabolites that are 
involved in plant resistance.
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