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Abstract
Tomato yellow leaf curl virus (TYLCV) causes tremendous losses of tomato worldwide. An elicitor Hrip1, which produced 
by Alternaria tenuissima, can serve as a pathogen-associated molecular patterns (PAMPs) to trigger the immune defense 
response in Nicotiana benthamiana. Here, we show that Hrip1 can be targeted to the extracellular space and significantly 
delayed the development of symptoms caused by TYLCV in tomato. In basis of RNA-seq profiling, we find that 1621 
differential expression genes (DEGs) with the opposite expression patterns are enriched in plant response to biotic stress 
between Hrip1 treatment and TYLCV infection of tomato. Thirty-two known differential expression miRNAs with the 
opposite expression patterns are identified by small RNA sequencing and the target genes of these miRNAs are significantly 
enriched in phenylpropanoid biosynthesis, plant hormone signal transduction and peroxisome. Based on the Pearson cor-
relation analysis, 13 negative and 21 positive correlations are observed between differential expression miRNAs and DEGs. 
These miRNAs, which act as a key mediator of tomato resistance to TYLCV induced by Hrip1, regulate the expression of 
phenylpropanoid biosynthesis and plant hormone signal transduction-related genes. Taken together, our results provide an 
insight into tomato resistance to TYLCV induced by PAMP at transcriptional and posttranscriptional levels.

Keywords  Pathogen-associated molecular patterns (PAMPs) · Hrip1 · Tomato resistance to virus · Tomato yellow leaf curl 
virus (TYLCV) · Transcriptional and posttranscriptional regulation

Introduction

Plants mount various kinds of defense responses to resist 
attacks by pathogens, including bacterial, fungal and virus 
(Jones and Dangl 2006). According to the model of plant 
immunity defense to bacterial and eukaryotic infection, 
researchers have proposed that antiviral immune systems 
can be divided into three categories, ETI (effector-triggered 
immunity) in antiviral defense, PTI [pathogen-associated 
molecular pattern (PAMP)-triggered immunity] in antiviral 
defense and NIK1-mediated antiviral response (Mandadi and 
Scholthof 2013; Zorzatto et al. 2015). Compared with ETI 
pathway, the PTI pathway that involves in plant resistance 
against viruses remains largely unexplored.

Small RNAs play important role in plant antiviral 
defense, and viral proteins can suppress endogenous defense 
response by targeting the components of small RNA bio-
genesis or processing (Sunkar et al. 2012; Alvarado and 
Scholthof 2009). The miR168 can limit the amount of 
Argonaute (AGO) 1, which is essential for antiviral RNAi. 
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Monocotyledon-specific miR528 can also be competitively 
bound by AGO18 to release the target gene ascorbate oxi-
dase (AO), thereby triggering the accumulation of reactive 
oxygen species (ROS) and initiating downstream antiviral 
pathways in plant (Wu et al. 2017). Recent study found that 
miR482 leads to downregulation of dozen of CC-NB-LRRs 
(CNLs) in response to unrelated viruses in Solanum lycoper-
sicum (Shivaprasad et al. 2012).

Tomato yellow leaf curl disease (TYLCD), which is 
caused by several species of the Begomovirus genus (Gemi-
niviridae), leads to drastic yield losses in global tomato pro-
duction (Prasad et al. 2020; Butterbach et al. 2014). Tomato 
yellow leaf curl virus (TYLCV) is one of the most important 
causative agents of TYLCD. Hrip1, which is identified in 
Alternaria tenuissima, causes much higher ROS accumu-
lation and triggers in tobacco systemic acquired resistance 
to tobacco mosaic virus (TMV) (Kulye et al. 2012). The 
inducible expression of Hrip1 enhances disease resistance 
and improves salt and drought tolerance in Arabidopsis 
thaliana (Peng et al. 2015). Studies have shown that the 
homologous protein of Hrip1 in A. alternata Strain R2 can 
be secreted into the cytoplasm of apple leaves as effector. It 
also improves the disease resistance of apple by interacting 
with MdNLR16 protein (Meng et al. 2018).

In this study, we found that Hrip1 mainly induces cell 
death by targeting the extracellular body and delays the 
development of symptoms during TYLCV infection. Fur-
thermore, the mechanism of tomato resistance to yellow leaf 
curl virus induced by Hrip1 is elucidated by using RNA-seq 
and small RNA sequencing profiling at the transcriptional 
and posttranscriptional regulatory level, respectively. Our 
results will help to understand the PAMP-mediating plant 
antiviral mechanism.

Materials and methods

Plant growth conditions

Nicotiana benthamiana and tomato (S. lycopersicum cv. 
Moneymaker) plants were grown on soil (substrates were 
obtained from Jiffy company) in a growth chamber con-
dition under a light/dark cycle (16 h of illumination at 
120 μmol m−2 s−1 and 8 h dark) at a constant temperature of 
27 °C and 60% relative humidity (RH).

Agrobacterium and protein infiltration assays

The transient expression by agroinfiltration was performed 
according the method described previously (Ma et  al. 
2015). To test the effect Hrip1-triggered cell death, Agro-
bacterium tumefaciens strains GV3101 carrying the plasmid 
pYBA1132-Hrip1, pYBA1132-Hrip118−164 (without signal 

peptide) and empty vector pYBA1132 were used. Briefly, 
overnight cultures of different A. tumefaciens containing 
pYBA1132-Hrip1 pYBA1132-Hrip118−164 and pYBA1132 
plasmid were collected by centrifugation at 2000g for 6 min 
and resuspended in infiltration buffer (10 mM MES, 10 mM 
MgCl2, 20 μM acetosyringone, pH 5.6) with an optical den-
sity (OD600) of 0.6 and kept at room temperature for 3 h. 
The mixtures were infiltrated into leaves of 6-week-old N. 
benthamiana. Cell death was observed at three days after 
infiltration and leaves were isolated for total protein extrac-
tion and immunoblot analysis.

Expression and purification of recombinant Hrip1 
protein

Pichia pastoris KM71H was used as the expression host 
and was cultured on yeast extract–peptone–dextrose (YEPD) 
medium. For expression of recombinant Hrip1 protein, the 
plasmid pPICZαA-Hrip1 was linearized with PmeI and 
transformed into P. pastoris KM71H. The yeast transfor-
mant contained plasmid pPICZαA-Hrip1 was grown and 
induced on BMGY (buffered glycerol-complex medium) and 
BMMY (buffered methanol-complex medium), respectively. 
The recombinant Hrip1 protein expression was performed 
according to the manufacturer’s instructions. Purification of 
recombinant Hrip1 protein from the culture supernatant was 
performed by affinity chromatography using GE HisTrap 
FF. The purified Hrip1 was kept in protein buffer (20 mM 
Tris, pH 8.0) and then stored at −80 °C. The purified Hrip1 
was measured by SDS-PAGE and Western blotting and the 
concentration of Hrip1 was detected using Easy II Protein 
Quantitative Kit (BCA).

Viral infection assays in tomato

A. tumefaciens strains EHA105 carrying TYLCV-[CN:SH2], 
an infectious clone of tomato yellow leaf curve virus, was 
cultured on YEP medium. The cultures were collected and 
resuspended in infiltration buffer (10 mM MES, 10 mM 
MgCl2, 20 μM acetosyringone, pH 5.6) with an optical 
density (OD600) of 1.0 and kept at room temperature for 
3 h. Two-week-old tomato seedlings were sprayed with the 
20 μM Hrip1 protein solution or with a buffer control for two 
days prior to viral infection. The infectious clone was inocu-
lated into the petioles of the tomato using a 1-mL syringe. 
After inoculation, the incidence of the disease was detected 
every day until the number of infected plants did not change. 
According to the recorded data, the percentage of tomato 
disease in different days after inoculation was calculated. 
Each group planted 15 tomato plants, and then combined the 
results of three parallel experiments to calculate the mean 
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and standard deviation. Finally, the curve was generated for 
the incidence of tomato under different conditions.

Analysis of RNA sequencing and small RNA 
sequencing

Two-week-old tomato seedlings were sprayed with the 
20 μM Hrip1 protein solution or with a buffer control for 
2 h before tomato leaf was collected. The TYLCV infec-
tious clone was inoculated into the petioles of 2-week-old 
tomato seedlings using a 1-mL syringe. After inoculation, 
the tomato leaf was collected when leaf appears curl and 
yellowing symptom. For libraries construction, samples of 
tomato seedlings were prepared from three independent bio-
logical replicates. Total RNA (RNeasy Plant Mini Kit, Qia-
gen, USA) was extracted from different treatment with three 
independent samples. A cDNA library was constructed for 
sequencing on the MGI DNBSEQ system (BGI Inc.). Bow-
tie2 was used to map clean reads to the reference genome 
of S. lycopersicum in the Tomato Sol Genomic Network 
database (http://​solge​nomics.​net/). The gene expression lev-
els were calculated by the RSEM. Differentially expressed 
genes (DEGs) were detected using the DESeq2 package with 
the following parameters: 1.5-fold and q < 0.05. Gene ontol-
ogy (GO) functional enrichment and Kyoto Encyclopedia of 
Genes and Genomes (KEGG) pathway analysis were per-
formed between different samples. For small RNA sequenc-
ing, sRNA libraries were constructed as described previ-
ously with minor modifications (Gao et al. 2015). Bowtie2 is 
used to map clean reads to the reference genome of S. lyco-
persicum and the other sRNA databases, such as miRBase, 
Rfam, siRNA, piRNA and snoRNA. The conserved miRNAs 
were identified by perfectly mapping all the reads to tomato 
genome and checked using the mireap (https://​sourc​eforge.​
net/​proje​cts/​mireap/). The miRA was used to predict novel 
miRNA by exploring the characteristic hairpin structure of 
miRNA precursor. Furthermore, psRobot, TAPIR or Target-
Finder was used to predict miRNAs target gene in tomato.

Correlation analysis between miRNA and mRNA

The correlation analysis between miRNA and mRNA was 
determined using Pearson’s correlation coefficient with 
threshold more than 0.6. According to the correlation coef-
ficients, correlation of DEGs and miRNAs was further ana-
lyzed with the following parameters. The correlation coeffi-
cient was negative and the expression of miRNAs and DEGs 
displayed the opposite trends in the same sample, suggesting 
that miRNAs were negatively correlated with target genes. 
Conversely, the correlation coefficient was positive and the 
expression of miRNAs and DEGs showed consistent trends 
in the same sample, suggesting that miRNAs were positively 
correlated with target genes.

Verification of miRNA and mRNA expression 
by RT‑qPCR

About 2 µg of total RNA free of DNA contamination was 
reverse transcribed with oligo(dT)18 primer by EasyScript® 
One-Step gDNA Removal and cDNA Synthesis SuperMix 
(TransGen). Quantitative RT-PCR assays were performed 
using the Applied Biosystems 7500 Real-Time PCR System 
with PerfectStart® Green qPCR SuperMix (TransGen). The 
relative expression values were determined by using SlAC-
TIN as a housekeeping gene. For miRNAs expression, miR-
NAs were extracted by the MiPure Cell/Tissue miRNA Kit 
(Vazyme) and miRNAs were reversed by miRNA first Strand 
cDNA Synthesis Kit (by stem-loop) (Vazyme). The rela-
tive expression values of miRNAs were determined by the 
same sample for both interest miRNAs and U6 small nuclear 
RNA using the miRNA Universal SYBR qPCR Master Mix 
(Vazyme) according to the instructions. Relative expression 
was determined by the 2−△△Ct method as described previ-
ously (Li et al. 2015). Three biological replicates were per-
formed for all experiments. Moreover, each replicate com-
prised of three technical repetitions. Statistically significant 
differences were analyzed by ANOVA and Student’s t tests. 
All primers used herein are listed in Supplemental Table S1.

Data availability

High throughput sequence raw data for this study were 
deposited to the National Center for Biotechnology Infor-
mation website SRA under PRJNA796154 (https://​datav​
iew.​ncbi.​nlm.​nih.​gov/​object/​PRJNA​796154?​revie​wer=​ciaba​
2qtjm​m0vqr​p5j3f​26m5l8).

Results

Hrip1 is an apoplastic elicitor of cell death

The hrp1 gene (Gene bank accession number HQ713431.1) 
in Alternaria tenuissima encodes a protein elicitor with 164 
amino acids and a molecular weight of 17.53 kDa (Fig. 1a). 
Based on the EffectorP analysis (http://​effec​torp.​csiro.​au/), 
we found that Hrip1 might act as effector (95.1% probabil-
ity). Transient expression of Hrip1 and Hrip118−164 (without 
signal peptide) in Nicotiana benthamiana showed that both 
Hrip1 and Hrip118−164 can cause cell death; nevertheless, 
cell death activity of Hrip1 with signal peptide was sig-
nificantly stronger than Hrip118−164 (Fig. 1b). Western blot 
analysis showed that GFP, Hrip118−164-GFP and Hrip1-GFP 
could all be expressed in tobacco leaves (Fig. 1c), implying 
that the apoplastic space may be the main target of Hrip1. 
The transient expression of Hrip1 in tomato leaves also 
triggered severe cell death, compared with empty vector 

http://solgenomics.net/
https://sourceforge.net/projects/mireap/
https://sourceforge.net/projects/mireap/
https://dataview.ncbi.nlm.nih.gov/object/PRJNA796154?reviewer=ciaba2qtjmm0vqrp5j3f26m5l8
https://dataview.ncbi.nlm.nih.gov/object/PRJNA796154?reviewer=ciaba2qtjmm0vqrp5j3f26m5l8
https://dataview.ncbi.nlm.nih.gov/object/PRJNA796154?reviewer=ciaba2qtjmm0vqrp5j3f26m5l8
http://effectorp.csiro.au/
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(Fig. 1d). In conclusion, we propose that Hrip1 mainly plays 
a role in the extracellular body.

Hrip1 confers resistance to TYLCV in tomato

To confirm that Hrip1 could trigger cell death and then 
enhance the resistance to TYLCV in tomato, Hrip1 was 
expressed in the yeast Pichia pastoris using the pPICZaA 
vector (pPICZaA: Hrip1). The recombinant protein Hrip1 
was purified using Ni–NTA resin, and detected by SDS-
PAGE and Western blotting (Fig. S1a). Cell death activity 
of Hrip1 was assessed by infiltrating 10 μM protein solu-
tion into the mesophyll of tomato leaves. Compared with 
the Buffer and 10 μM BSA, Hrip1 induced distinctly cell 
death (Fig. S1b, c). Here, we sought to determine whether 
Hrip1 improves the resistance to TYLCY in tomato. The 
two-week tomato seedlings were treated foliar spraying with 
the 20 μM protein solution or with a buffer control and inoc-
ulated with the TYLCV-[CN:SH2] infectious clone after two 
days. The results showed that Hrip1 significantly delayed the 
development of symptoms until 15 days after inoculation 
with TYLCV, compared with the control group at 10 days 
(Fig. 2a, b). Furthermore, the quantity of TYLCV genomic 
DNA was measured by qPCR. The results demonstrated that 

the TYLCV replication was temporarily inhibited by Hrip1 
treatment (Fig. 2c). In our previous study, a comparative 
proteomic analysis was performed by infiltration of recom-
binant protein Hrip1 or protein buffer into tomato leaves. A 
set of defense-related and stress-responsive proteins were 
up-regulated in Hrip1 treatment (unpublished results). 
To examine whether foliar spraying of Hrip1 triggers the 
plant immune response, the expression of defense-related 
genes was measured by RT-qPCR (Table 1). The results 
showed that several genes were significantly up-regulated 
in Hrip1 treatment, such as pathogenesis-related protein 
PR-1 (Solyc09g007010), pathogenesis-related protein 4B 
(Solyc01g097240), thaumatin-like protein (Solyc12g056390) 
and ascorbate peroxidase (Solyc06g005150) (Fig. 2d). These 
results suggest that plant immune defense response induced 
by Hrip1 may involve in tomato resistance to TYLCV.

Hrip1 alters many defense‑related genes expression 
pattern

To elucidate the mechanism of Hrip1-induced tomato 
resistance to TYLCV at the transcriptional level, the global 
expression patterns of tomato leaves were investigated by 
RNA-seq, which were treated with Hrip1, and BSA protein 
with the same concentration. The distribution of differen-
tially expressed genes is shown in volcano plot (Fig. 3a). 
The results suggested that the expression of 5701 genes was 
significantly altered, including 2926 up-regulated and 2775 
down-regulated (Fig. 3b). We found that among the top 50 
DEGs altered by Hrip1 treatment (based on p values), 11 
chlorophyll a/b-binding proteins were identified (Fig. 3c). 
Chlorophyll a/b-binding protein of light-harvesting complex 
II type 1 like (LHC II-1L) plays a vital role in maintain-
ing the stability of the electron transport chain (Xu et al. 
2022). Kyoto Encyclopedia of Genes and Genomes (KEGG) 
annotation was performed for pathway analysis, and 125 
KEGG pathways were obtained. Eight pathways including 
338 genes were detected as closely associated with plant 
resistance to pathogens including photosynthesis-antenna 
protein, phenylpropanoid biosynthesis, flavonoid biosynthe-
sis, indole alkaloid biosynthesis, plant hormone signal trans-
duction, mitogen-activated protein kinase (MAPK) signal-
ing pathway, plant–pathogen interaction and brassinosteroid 
biosynthesis (Fig. 3d). Therefore, these results suggest that 
differentially expressed genes induced by Hrip1 are involved 
in the plant disease process.

Hrip1 treatment and TYLCV infection change many 
DEGs with opposite expression patterns

In order to further explore whether the DEGs induced 
by Hrip1 are involved in tomato resistance to TYLCV, 
we detected transcriptional changes induced by TYLCV 

Fig. 1   Target site of Hrip1 triggering cell death. a Schematic presen-
tation of the Hrip1 and Hrip118−164. b Representative N. benthami-
ana leaves 3 days after agroinfiltration containing pYBA1132-Hrip1 
pYBA1132-Hrip118−164 and pYBA1132 plasmid. c Immunoblot anal-
ysis of proteins from N. benthamiana leaves transiently expressing 
the indicated proteins from pYBA1132. d The cell death activity 
triggered by transient expression of Hrip1 in tomato. Representative 
tomato leaves 3 days after agroinfiltration containing pYBA1132 
plasmid and pYBA1132-Hrip1
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infection infected by virus. Applying q < 0.05 and 1.5-fold 
as a cutoff, the transcriptomic data showed that TYLCV 
infection significantly altered gene expression, including 
9938 up-regulated and 1960 down-regulated (Fig. S2). As 
mentioned above, Hrip1 can distinctly decrease viral infec-
tion in tomato. Therefore, we speculated that there were 
some genes with opposite expression patterns, which are 
closely associated with Hrip1-mediated antiviral activity. 
To test this hypothesis, we analyzed the common DEGs 
between Hrip1 treatment and TYLCV infection, and found 
that 3458 genes were common (Fig. 4a). These common 

genes were further divided into two group according to the 
opposite expression patterns. A total of 358 DEGs were 
identified in up-regulated by Hrip1 treatment and down-
regulated by TYLCV infection (Fig. 4b). A total of 1263 
DEGs were identified in down-regulated by Hrip1 treat-
ment and up-regulated by TYLCV infection (Fig. 4c). A 
total of 1621 DEGs with the opposite expression patterns 
were selected for KEGG pathway analysis. The results dem-
onstrated that these genes were significantly enriched in 
metabolic pathway, biosynthesis of secondary metabolites, 
biosynthesis of antibiotics, phenylpropanoid biosynthesis 

Fig. 2   The resistance effect of Hrip1 on TYLCV. a Phenotype of 
TYLCV-infected tomato. b Two-week-old tomato seedlings were 
treated foliar spraying with the 20  μM protein solution or with a 
buffer control for 2 days prior to viral infection. The infectious clone 
was inoculated into the petioles of the tomato using a 1-mL syringe. 
The incidence of the disease on control group and Hrip1 treatment 
groups was calculated every day. c The quantity of TYLCV was mon-
itored from the total genomic DNA by qPCR. Error bars represented 

SE of three biological replicates and asterisks indicate significant dif-
ferences by Student’s t test for p < 0.05. d The relative expression lev-
els of defense response genes were detected by RT-qPCR in tomato 
treated foliar spraying with the 20 μM Hrip1 solution or with a buffer. 
Error bars represent standard deviation of three independent repli-
cates. Error bars represented SE of three biological replicates and ** 
indicate significant differences by Student’s t test for p < 0.05
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pathway and plant hormone signal transduction (Fig. 4d). 
Some DEGs, such as 8-HYDROXYGeraniol dehydroge-
nase-like (Solyc11g011330), anthocyanidin 3-O-glucosyl-
transferase 5-like (Solyc02g063000), peroxidase 15-like 
(Solyc11g072920), peroxidase 51 (Solyc02g094180), shi-
kimate O-hydroxycinnamoyl transferase (Solyc03g117600) 
and vinorine synthase-like (Solyc07g006670) involved in 
p-hydroxyphenyl lignin, coniferin, and 5-hydroxy-guai-
acyl lignin (syringin), syringin and syringyl lignin, were 
enriched in the phenylpropanoid biosynthesis pathway 
(Fig. S3). Furthermore, we also found that some DEGs 
of plant hormone signaling pathways were significantly 
enriched, including D-type Cyclin-2 (Solyc01g107730), 
IAA13(Solyc09g090910), LAX5 protein (Solyc10g055260), 
abscisic acid receptor PYL4 (Solyc10g085310), auxin-
induced protein 10A5 (Solyc01g091030), histidine kinase 
4 (Solyc04g008110), histidine-containing phosphor-transfer 
protein 4-like (Solyc08g066350), small auxin-up protein 58 
(Solyc06g053260) and two-component response regulator 
ARR15-like protein (Solyc03g113720) (Fig. S4). In sum-
mary, our results suggest that Hrip1 mediates tomato resist-
ance to TYLCV through the regulation of relevant genes in 

Table 1   The defense-related and stress-responsive proteins induced 
by infiltration of recombinant protein Hrip1

Target gene ID Function

Solyc01g059930 Universal stress protein
Solyc01g097240 Pathogenesis-related protein 4B
Solyc02g080070 RLK, Receptor-like protein, putative resistance 

protein with an antifungal domain
Solyc04g071620 Abscisic acid stress ripening 4
Solyc06g071960 Nucleoside diphosphate kinase
Solyc06g076630 Peroxidase
Solyc09g007010 Pathogenesis-related protein PR-1
Solyc12g056390 Thaumatin-like protein
Solyc05g053310 Stress responsive A/B barrel domain family 

protein
Solyc06g005150 Ascorbate peroxidase
Solyc11g012870 LysM domain containing protein
Solyc12g005720 Cysteine-rich receptor-like protein kinase
Solyc02g086910 Peptidyl-prolyl cis–trans isomerase cyclophilin-

type

Fig. 3   Analysis of differentially expressed (DE) gene between con-
trol and Hrip1 treatment. a Volcano plot showing the expression level 
change of genes after foliar spraying with the 20 μM Hrip1 solution, 
compared with a buffer control for two days. b Statistical analysis of 
differentially expressed genes (DEGs). FC fold change. FPKM frag-
ments per kilobase of exon model per million mapped fragments. 
Fold Change ≥ 1.5 and q value ≤ 0.05 threshold were considered sta-
tistically significant. c Heat map of RNA sequencing showing the 

expression pattern of Top 50 DEGs in control and Hrip1 treatment. 
d KEGG analysis of differential expression genes in Hrip1 treatment. 
The x axis is the rich ratio and the y axis denotes the pathway terms. 
The rich factor represents the ratio of DEGs numbers annotated in our 
data to all gene numbers annotated in this pathway term. q value is 
the corrected p value and the lower q value indicates the greater level 
of enrichment of DEGs
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the phenylpropanoid biosynthesis and plant hormone signal-
ing pathways.

Posttranscriptional regulation mediated by Hrip1 
contributes tomato resistance to TYLCV

To further elucidate the mechanism of Hrip1-induced 
tomato resistance to TYLCV at the posttranscriptional level 
(PTGS), miRNAs were identified by small RNA sequencing. 
A total of 30 families including 145 known miRNAs were 
identified during the Hrip1 treatment and viral infection 
(Table S2). A total of 346 novel miRNAs were identified 
using the miRDeep2 and miRA for novel miRNA predic-
tion. The differentially expressed analysis of miRNA was 
performed using DEGseq package. Here, we identified dif-
ferentially expression miRNAs with q value ≤ 0.05. A total 
of 145 differentially expressed miRNAs were identified in 
Hrip1 treatment of tomato, including 90 and 55 up-regulated 
and down-regulated, respectively (Fig. 5a). A total of 157 
differentially expressed miRNAs were found in TYLCV 
infection, including 116 up-regulated and 41 down-reg-
ulated (Fig. 5b), and 91 miRNAs were common between 
Hrip1 treatment and TYLCV infection (Fig. 5c). Among 
them, 32 miRNAs showed the opposite expression patterns. 
Nine miRNAs showed up-regulated by Hrip1 treatment 
and down-regulated by TYLCV infection, and 23 displayed 
the opposite trends (Fig. 5d, e). Some miRNAs, including 
sly-miR156e-5p, sly-miR166c-5p, sly-miR167b-3p, sly-
miR171c, sly-miR171f, sly-miR390a-3p, sly-miR390a-5p, 

sly-miR477-5p, sly-miR6027-5p, sly-miR164a-5p and sly-
miR164b-5p, were significantly changed with upregulation 
by TYLCV infection and downregulation by Hrip1 treatment 
(Fig. 5f), whereas sly-miR162, sly-miR171e, sly-miR396a-
5p, sly-miR403-5p, sly-miR482e-5p, sly-miR9471a-3p and 
sly-miR9478-3 showed an opposite trend (Fig. 5g). These 
results implied that Hrip1 altered gene expression pattern to 
improve the tomato resistance to TYLCV by these miRNAs. 
We further predicted targets of miRNAs using the psRo-
bot, TAPIR and TargetFinder (Fahlgren and Carrington 
2010; Wu et al. 2012; Bonnet et al. 2010). KEGG pathway 
enrich showed that phenylpropanoid biosynthesis, starch 
and sucrose metabolism, plant hormone signal transduc-
tion, peroxisome, cyano-amino acid metabolism occur sig-
nificantly enriched (Fig. 5h). These results were coincident 
with the change of tomato transcriptional level treated by 
Hrip1, implying that Hrip1 enhanced the tomato resistance 
to TYLCV by influencing phenylpropanoid biosynthesis and 
plant hormone signal transduction-related gene expression.

Differentially co‑expressed miRNAs associate 
with tomato resistance to TYLCV

To further elucidate the mechanism of Hrip1-induced tomato 
resistance to TYLCV at both transcriptional and posttran-
scriptional levels, the Pearson correlation analysis was per-
formed. The results indicated that 30 genes were predicted 
to be the candidate targets of 11 differentially expressed 
miRNAs. There were 13 negative correlations, including 6 

Fig. 4   Analysis of differential 
expression genes with opposite 
expression patterns. a Venn 
diagram of total DEGs between 
virus infection and Hrip1 treat-
ment. The number in the circles 
show DEGs count. b Venn dia-
gram of down-regulated DEGs 
by viral infection and up-regu-
lated DEGs by Hrip1 treatment. 
c Venn diagram of up-regulated 
DEGs by viral infection and 
down-regulated DEGs by Hrip1 
treatment. d KEGG analysis of 
DEGs with opposite expression 
patterns between viral infection 
and Hrip1 treatment. The x axis 
is the rich ratio and the y axis is 
the pathway terms. The rich fac-
tor represents the ratio of DEGs 
numbers annotated in our data 
to all gene numbers annotated in 
this pathway term. q value is the 
corrected p value and the lower 
q value indicates the greater 
level of enrichment of DEGs
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miRNAs and 12 target genes. The number of positive cor-
relations was 21, including 9 miRNAs and 19 target genes 
(Fig. 6a). The expression level of sly-miR166c-5p was sig-
nificantly down-regulated with Hrip1 treatment and led to 
the upregulation of Solyc01g066957 and Solyc10g076510, 
which encodes Flowering-promoting factor 1-like protein 
3 and pyruvate decarboxylase/indolepyruvate decarboxy-
lase, respectively. sly-miR172a and sly-miR172b coordi-
nately regulated the expression of Solyc10g006710, which 
encodes a G-type lectin S-receptor-like serine/threonine-
protein kinase (Fig. 6b, Table 2). A total of 12 target genes 
of sly-miR1917 were identified. Among them, 9 genes 
were positive correlation, including Solyc09g090970, 
Solyc09g074270, Solyc11g007370, Solyc09g011490, 
Solyc08g021870, Solyc12g088170, Solyc11g044840, 

Solyc09g091550 and Solyc02g062390 (Fig. 6b, Table 2). 
Three genes were negative correlation, including 
Solyc05g055970, Solyc12g008980 and Solyc02g080400 
(Fig. 6c, Table 2). DEGs encoding phenylpropanoid bio-
synthesis related proteins included Solyc12g088170 and 
Solyc11g007370. DEGs involving in plant hormone signal 
transduction-related proteins included Solyc09g090970, 
Solyc05g055970, Solyc08g021870, Solyc09g091550, 
Solyc10g006710 and Solyc11g044840. Solyc12g008980, 
Solyc09g074270 and Solyc10g076510 participated in phe-
nylpropanoid biosynthesis and plant hormone signal trans-
duction pathway. To verify the accuracy of RNA-seq and 
small RNA sequencing data, sly-miR1917, sly-miR172d 
and sly-miR166c-5p and their corresponding target genes 
Solyc05g055970, Solyc10g076940 and Solyc01g066957 

Fig. 6   Correlation analysis 
regulatory network of miRNA 
and transcriptome. a Correla-
tion analysis of DEGs in tran-
scriptome data and target genes 
of DE miRNAs in small RNA 
sequencing data during foliar 
spraying with Hrip1 and buffer. 
b Positive correlation shows 
DE miRNAs and DEGs with 
the same expression patterns. c 
Negative correlation shows DE 
miRNAs and DEGs with the 
opposite expression patterns. 
The pentagram represents 
the DE miRNA and the oval 
represents the DEGs. Red color 
indicates up-regulated expres-
sion, and green color indicates 
down-regulated expression. 
d RT-qPCR validation of the 
expression level of miRNA. 
e RT-qPCR validation of the 
expression level of DEGs. Error 
bars represented SE of three 
biological replicates and ** 
indicate significant differences 
by Student’s t test for p < 0.05
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were verified using RT-qPCR. The expression trend of RT-
qPCR was consistent with that of sequencing, proving that 
the data obtained by high-throughput sequencing were reli-
able (Fig. 6d, e). In summary, our results suggest that these 
miRNA-regulated metabolic pathways play an important 
role in Hrip1-induced tomato resistance to TYLCV.

Discussion

Plants perceive various danger signals by pattern recognition 
receptors (PRRs) and integrate this information to gener-
ate an appropriate immune response in order to block the 
invasion of pathogens (Gust et al. 2017; Couto and Zipfel 
2016). Danger signals are derived from the infectious path-
ogens or from the plant itself. Previous studies have con-
firmed that Hrip1, a novel protein elicitor secreted by Alter-
naria tenuissima, can be recognized by plants (Kulye et al. 
2012). In this study, we transiently expressed the Hrip1 and 
Hrip118−164 (without signal peptide) in Nicotiana bentha-
miana, and found that Hrip1 could trigger more obvious 
necrosis response. The homologous protein of Hrip1 derived 
from A. alternata interacted with MdNLR16 in cytoplasm 
and involved in apple disease resistance (Meng et al. 2018). 
Interestingly, Hrip118−164 can also cause a slight hypersensi-
tivity reaction, implying that Hrip1 may also exist intracel-
lular target. We also found that Hrip1 can interacted with 
the SlCSN5B (Solyc06g073150), which encoded a subunit 
of constitutive photomorphogenesis 9 (COP9) signalosome 
complex in tomato (our unpublished data). Previous study 
had demonstrated that TYLCSV C2 influences the activity 

of SKP1-CULLIN1-F-box (SCF) by interacting with COP9 
signalosome 5 (CSN5) (including Arabidopsis CSN5A; 
S. lycopersicum cultivar Moneymaker SlCSN5) (Lozano-
Duran et al. 2011). In addition, high-throughput sequencing 
data showed that many common genes existed in Hrip1 treat-
ment and viral infection, especially with opposite expres-
sion patterns. These results demonstrated that the immune 
response mediated by Hrip1 plays an important role in 
tomato resistance to TYLCV.

Plant hormones, such as ethylene (ET), salicylic acid 
(SA), jasmonic acid (JA), involve in plant–virus interac-
tions (Zhao and Li 2021). sly-miR1917 was involved in 
ethylene response regulation by negatively regulating the 
target gene SlCTR4svs (Wang et al. 2018). After percep-
tion of PAMPs, plants can rapidly synthesize ethylene. Pre-
vious study has demonstrated that the APETALA2 (AP2) 
and ethylene response factor (ERF) respond to the TYLCV 
infection (Huang et al. 2016). Our results demonstrated 
that Hrip1 significantly altered the expression level of sly-
miR1917 and its target genes in tomato, implying that ethyl-
ene may be involved in the process of Hrip1-mediated viral 
resistance. Solyc09g090970 encoded Major allergen Mal d 
1 protein, which belongs to pathogenesis-related proteins 
PR-10 (Ahammer et al. 2017). Previous study found that the 
Cytokinin-Specific Binding Proteins (CSBP) subfamily of 
PR-10 proteins might link with general phytohormone-bind-
ing properties and termed phytohormone-binding proteins 
(PhBP) (Ruszkowski et al. 2014). Solyc05g055970 encoded 
accelerated cell death 6 (ACD6) protein, and ACD6-1 mutant 
exhibited spontaneous cell death and increased disease 
resistance in A. thaliana. Acd6-1 also enhanced the response 

Table 2   Target gene and 
function of miRNA in 
correlation data

miRNA ID Target gene ID Function

sly-miR1917 Solyc09g090970 Major allergen Mal d 1 protein, defense response
Solyc11g007370 UDP-glucosyltransferase
Solyc05g055970 Accelerated cell death 6
Solyc09g011490 Glutathione S-transferase-like protein
Solyc02g080400 Abnormal spindle-like microcephaly-associated protein
Solyc08g021870 Nuclear factor NF-kappa-B p100 subunit, induced in 

response to Salicylic acid
Solyc09g091550 Salicylic acid carboxyl methyltransferase
Solyc12g088170 Hydroxycinnamoyl CoA quinate transferase
Solyc11g044840 LL-diaminopimelate aminotransferase, plant-related
Solyc12g008980 Lycopene epsilon cyclase
Solyc09g074270 GID1-like gibberellin receptor
Solyc02g062390 Desiccation-related protein clone PCC27-04

sly-miR172a Solyc10g006710 G-type lectin S-receptor-like serine/threonine-protein kinase
sly-miR172b
sly-miR166c-5p Solyc01g066957 Flowering-promoting factor 1-like protein 3

Solyc10g076510 Pyruvate decarboxylase/indolepyruvate decarboxylase
sly-miR172d Solyc10g076940 Zinc-induced facilitator 1-like
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to salicylic acid (SA) (Lu et al. 2003). Solyc08g021870 was 
a homologous to BDA1 in A. thaliana. SNC2 is the receptor 
or coreceptor of bacterial PAMP signaling, and BDA1 plays 
a role downstream of SNC2 to activate the defense response 
triggered by PAMP. It might activate downstream defense 
pathways dependent on SA and NPR1 (Yang et al. 2012). 
Solyc09g091550 encoded a salicylic acid carboxyl methyl-
transferase and catalyzed salicylic acid to methyl salicylate 
(Koo et al. 2007). Solyc11g044840 encoded an LL-diami-
nopimelate aminotransferase, which catalyzed L-lysine 
to generate cyclic dehydropiperic acid and subsequently 
reduced to piperic acid (Pip) by SARD4 in A. thaliana. 
N-hydroxypiperidinic acid (NHP) derived from l-piperidinic 
acid can induce the expression of plant immune defense 
genes and act synergistically with the salicylic acid to pro-
mote cell death (Hartmann and Zeier 2018; Abeysekara 
et al. 2016; Navarova et al. 2012). Solyc10g006710, which 
was the target of sly-miR172a and sly-miR172b, encoded 
a G-type lectin S-receptor-like serine/threonine-protein 
kinase, which plays a crucial role in plant response to salt 
stress (Sun et al. 2013). Salicylic acid (SA) biosynthesis and 
signaling are required for plant systemic acquired resistance 
(SAR) that confers long-lasting protection against a broad 

spectrum of microorganisms (Hu et al. 2017). RNA-seq data 
showed that the expression of SlNRP1 (Solyc07g040690.3) 
was significantly increased 1.6-fold in Hrip1 treatment. In 
addition, Solyc02g032850.3 encoded Phytoalexin deficient 
4 (PAD4) was also significantly increased 1.4-fold in Hrip1 
treatment. Therefore, these results demonstrated that Hrip1 
may activate the SA pathway to enhanced tomato resistance 
to TYLCV.

Plant defense compounds are divided into three main 
groups, including signaling molecules, phytoargins and 
phytoalexins (VanEtten et al. 1994). Phenylpropanoid bio-
synthesis is one of the most important pathways in plant and 
generates a series of secondary metabolites, such as lignin, 
anthocyanin and tannin, which play an important role in 
plant growth and development and response to biotic and 
abiotic stress (Li et al. 2021; Geng et al. 2020). In this study, 
we found that the target genes Solyc11g007370 (UDP-glu-
cosyltransferase) and Solyc12g088170 (hydroxycinnamoyl 
CoA quinate transferase, HQT) of sly-miR1917 are involved 
in phenylpropanoid biosynthesis. Previous study demon-
strated that UDP-glucosyltransferase (UGT84A2) is a novel 
component of Arabidopsis mesophyll nonhost resistance 
(NHR) to Phakopsora pachyrhizi. The phenylpropanoid 

Fig. 7   A schematic model 
representing modes of action of 
Hrip1 in tomato. In this model, 
Hrip1 can be recognized by 
unknown receptor in cytoplasm 
membrane and the signal was 
transmitted into the cell. The 
expression of phenylpropanoid 
biosynthesis and plant hormone 
signal transduction pathway-
related genes was regulated 
by some essential miRNAs 
to improve the resistance to 
TYLCV. The genes with same 
color as miRNA represent target 
of respective miRNA
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metabolism is involved in resistance to pathogen infection 
through UDP-glucosyltransferase (Langenbach et al. 2013). 
Solyc12g088170 is the key enzyme catalyzing chlorogenic 
acid (CGA) biosynthesis and involves in phenylpropanoid 
biosynthesis. CGA has been implicated in resistance to both 
microbes and insects in tomato (Cle et al. 2008; Dixon et al. 
2002).

Furthermore, there are three genes involved in both phe-
nylpropanoid biosynthesis and plant hormone signal trans-
duction pathway. Solyc12g008980 encoded a lycopene 
epsilon cyclase, which a key branch point enzyme in the 
carotenoid biosynthetic pathway (Yin et al. 2020). Downreg-
ulation of lycopene epsilon cyclase can enhance carotenoid 
synthesis and abscisic acid (ABA) via the β-branch-specific 
pathway (Kim et  al. 2013). Solyc09g074270 probably 
involved in regulating perception of gibberellic acid (Hol-
lender et al. 2016). Solyc10g076510 encoded a pyruvate 
decarboxylase/indolepyruvate decarboxylase, which a key 
enzyme in the production of indole-3-acetic acid (IAA) 
(Vande Broek et al. 2005). The treatment of IAA and GA 
enhanced growth parameters and accumulation of flavonoids 
and other phenolic compounds in buckwheat sprouts (Park 
et al. 2017).

Conclusions

Taken together, our results demonstrated that tomato per-
ceived Hrip1 to improve the resistance to TYLCV by alter-
ing the gene expression of phenylpropanoid biosynthesis 
and plant hormone signal transduction pathway, which were 
modulated by some crucial miRNAs such as sly-miR1917, 
sly-miR172a, sly-miR172b and sly-miR166c-5p (Fig. 7). 
Therefore, our results provide an insight into Hrip1-induced 
tomato resistance to TYLCV.
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