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Tobacco curly shoot virus Down-Regulated the Expression of nbe-miR167b-3p to Facilitate Its Infection in Nicotiana benthamiana
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Tobacco curly shoot virus (TbCSV) belongs to the genus Begomovirus of the family Geminiviridae, and causes leaf curling and curly shoot symptoms in tobacco and tomato crops. MicroRNAs (miRNAs) are pivotal modulators of plant development and host-virus interactions. However, the relationship between TbCSV infection and miRNAs accumulation has not been well investigated. The present study was conducted to analyze different expressions of miRNAs in Nicotiana benthamiana in response to the infection of TbCSV via small RNAs sequencing. The results showed that 15 up-regulated miRNAs and 12 down-regulated miRNAs were differentially expressed in TbCSV infected N. benthamiana, and nbe-miR167b-3p was down-regulated. To decipher the relationship between nbe-miR167b-3p expression and the accumulations of TbCSV DNA, pCVA mediation of miRNA overexpression and PVX based short tandem target mimic (STTM) were used in this study. It was found that overexpression of nbe-miR167b-3p attenuated leaf curling symptom of TbCSV and decreased viral DNA accumulation, but suppression of nbe-miR167b-3p expression enhanced the symptoms and accumulation of TbCSV. PRCP, the target gene of nbe-miR167b-3p, was silenced in plants using VIGS and this weakened the viral symptoms and DNA accumulation of TbCSV in the plants. Overall, this study clarified the effect of nbe-miR167b-3p on plant defense during TbCSV infection, and provided a framework to reveal the molecular mechanisms of miRNAs between plants and viruses.
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INTRODUCTION

MicroRNAs (miRNAs) are small RNAs with 20–25 nucleotides that play essential roles in plant biological processes by targeting complementary mRNAs for degradation or translation expression (Bologna and Voinnet, 2014; Cui et al., 2016). In plants, miRNAs regulate leaf morphogenesis, roots and flowers developments, and other key processes (Palatnik et al., 2003; Guo et al., 2005; Zhang et al., 2007). They also function in the response of plants to biotic and abiotic stresses (Wang et al., 2014; Tong et al., 2017), such as inducible expression of miR164 in Arabidopsis thaliana led to decreased NAC1 mRNA levels and reduced lateral root emergence (Guo et al., 2005); miRNA guided cleavage of TCP4 mRNA to control the morphogenesis of the leaves (Palatnik et al., 2003); Plants overexpressing osa-miR171b were less susceptible to Rice stripe virus (RSV) and virus symptoms were attenuated (Tong et al., 2017); In rice, osa-miR319b played an important role in plant response to cold stress possibly by targeting OsPCF6 and OsTCP21 (Wang et al., 2014).

Viruses cause a variety of symptoms on their host plants, including dwarf, wrinkle, curl, and yellowing, which indicates that plant viruses interfere with the normal growth and development of plants (Maghuly et al., 2014). In recent years, studies have shown that miRNAs participate in the interaction between plants and pathogens (Finnegan and Matzke, 2003; Kidner and Martienssen, 2005; Voinnet, 2005; Du et al., 2011, 2014; Xu et al., 2014; Wang et al., 2016; Zhang et al., 2016; Xia et al., 2019), and viruses change the expression of endogenous miRNAs in plants. For example, RSV enhanced the accumulation of some miRNAs in rice (Du et al., 2011), Cucumber mosaic virus (CMV) FNY2b protein suppressed the function of miR159, inducing disease-like symptoms in host plants (Du et al., 2014); The synergistic infection of Maize chlorotic mottle virus (MCMV) and Sugarcane mosaic virus (SCMV) caused maize lethal necrosis, meanwhile the down-regulation of miR159, miR393, and miR394 was involved in antiviral defense to synergistic infection (Xia et al., 2019). Moreover, different miRNAs participated in anti-virus defense pathways in various plant (Amin et al., 2011). It was also found by our laboratory that different miRNAs can manipulated infected plants to show varied severity of disease symptoms (Du et al., 2020).

It was reported that the suppression of nbe-miR166h-p5 in plants caused leaves to turn dark green with increased chlorophyll, attenuated leaf yellowing symptom of PVX and decreased viral accumulation (Wang et al., 2018). Inhibition of osa-miR171b caused stunting with reduced chlorophyll content in leaves similar to viral symptoms. However, plants overexpressing osa-miR171b were shown less susceptible to RSV and the viral symptoms were attenuated (Tong et al., 2017). When the expression of miR319 was inhibited, the enrichment of endogenous jasmonic acid (JA) was increased in rice, and the resistance of rice was enhanced to Rice ragged stunt virus (RRSV) infection (Zhang et al., 2016). These results indicate that miRNAs play an important role in the processes of plant defense and virus infection.

However, the roles and action modes of specific miRNAs involved in viral infection and host susceptibility remain unclear in most cases (Romanel et al., 2012; Gao et al., 2013; Lian et al., 2016). Tobacco curly shoot virus (TbCSV) belongs to Begomovirus, with a genome of circular single-stranded DNA. TbCSV is transmitted by whitefly (Bemisia tabaci) and causes significant losses of tobacco and tomato frequently in China (Li et al., 2005; Xu et al., 2019). Previous studies have shown that inhibiting the expression of nbe-miR1919c-5p can enhance the infection of TbCSV to N. benthamiana (Du et al., 2020). At the same time, nbe-miR167b-3p may also respond to the infection of TbCSV (Du et al., 2019). But, there had no experimental evidences to demonstrate the effect of nbe-miR167b-3p on TbCSV infecting host plants. In this study, it was disclosed that the infection of TbCSV could be enhanced by suppressed nbe-miR167b-3p expression and nbe-miR167b-3p responded to the infection of TbCSV by regulating the expression of its target gene PRCP.



MATERIALS AND METHODS


Small RNA Library Construction

The leaves of TbCSV inoculated N. benthamiana and control plants were collected, and RNA was extracted to construct a small RNA library. Small RNAs sequencing were performed by the Novogene Bioinformatics Technology Company, Beijing, China, using IlluminaHiseq™2500 instrument.



Vectors Construction

Plasmids for nbe-miR167b-3p expression were constructed with the methods described by Tang et al. (2010): Cabbage leaf curl virus (CaLCuV)-based miRNA expression system was developed and the CaLCuV vectors (pCVA and pCVB) used in this study were provided kindly by Dr. Yule Liu of Tsinghua University. The pCVA and pCVB were used for expressing amiRNA of nbe-miR167b-3p. Firstly, the nbe-miR167b-3p and nbe-miR167b-3p* sequences were inserted into Arabidopsis miR319a precursor gene to construct an amiRNA of nbe-miR167b-3p. Then, amiRNA sequence containing two restriction enzyme sites (XbaI and KpnI) was synthesized at Beijing Genomics Institute. Next, this amiRNA sequence and pCVA vector were digested with the restriction enzymes XbaI and KpnI (TAKARA Bio, 1093S and 1068S) and the amiRNA and pCVA vector were ligated with a ligase (TOYOBO Bio, LGK-101). The recombinated vector pCVA-miR167b-3p was used to overexpress nbe-miR167b-3p.

Virus-based miRNA suppression (VbMS) system was used for miRNA function analysis in N. benthamiana. The PVX-miR167b-3p vector was created to mediate nbe-miR167b-3p down-regulation with the technique described and applied by Du et al. (2020). The target mimic was designed to sequester nbe-miR167b-3p using the method of Yan et al. (2014). Then a sequence containing four copies of target mimic and two restriction enzyme sites (ClaI and SalI) was synthesized and the copies were separated by a 48 bp nucleotide sequence. This sequence and PVX vector were digested with the restriction enzymes ClaI and SalI (TAKARA Bio, 1034S and 1080S), and finally the target mimic of nbe-miR167b-3p and PVX vector were ligated with a ligase (TOYOBO Bio, LGK-101).

By using the psRNA Target tool, the potential target gene of nbe-miR167b-3p was predicted online at http://plantgrn.noble.org/psRNATarget/Nicotiana benthamiana, transcript, Niben101 (Dai et al., 2018). The maximum expected value parameter, length of the complementarity score and target accessibility (range 0–100, as small as possible) were set to 2.5, 23 bp and 20.0, respectively. The Tobacco rattle virus (TRV)-based virus-induced gene silencing (VIGS) was used to silence target gene of nbe-miR167b-3p in N. benthamiana and the target gene was cloned from N. benthamiana cDNA. PCR amplification was performed using the HiFi DNA polymerase (TransGen Biotech, Beijing, AP131) and the 300 bp PCR product was gel purified using DNA purification and a recovery kit (TIANGEN Biotech, Beijing, DP201) and combined with the T-vector. The primers used were listed in the Supplementary Table 1. The positive plasmid was digested with the enzymes BamHI and SacI (TAKARA Bio, 1010S and 1078S) and fragment was purified using a DNA purification and recovery kit. Then, it was cloned into the pTRV-RNA2 and digested with the same restriction enzyme site; the recombinant plasmid was transferred into EHA105 strain of Agrobacterium tumefaciens.

All of the sequences described above were verified by Sanger sequencing and their sequencing was performed at Beijing Genomics Institute.



Virus Inoculation and Agrobacterium Infiltration

N. benthamiana plants were grown in a greenhouse with settings of 25°C, 16 h of light/day. The virus infectious clones of TbCSV, relative vectors pCVA, pCVB, and pCVA-miR167b-3p, PVX, PVX-miR167b-3p, TRV:GUS, and TRV:PRCP(s) were transformed, respectively, into A. tumefaciens. These transformed A. tumefaciens were then infiltrated into N. benthamina using the treatments described here: (1) N. benthamiana plants were infiltrated with the infectious clone of TbCSV at the five-leaf stage and mock-inoculated were used as control. (2) N. benthamiana plants were infiltrated with pCVA-miR167b-3p plus pCVB to overexpress nbe-miR167b-3p at the fourth-leaf stage. The plants infiltrated with pCVA plus pCVB were used as control. Symptoms of TbCSV were shown on these plants 11 days post inoculation (dpi). (3) N. benthamiana plants were infiltrated with PVX-miR167b-3p to down-regulate the expression of nbe-miR167b-3p at the five-leaf stage and PVX inoculated plants were used as control. At 7 dpi, these plants were infiltrated with TbCSV. (4) For co-infection, equal concentrations and volumes of individual A. tumefaciens cultures were mixed. Twenty plants were used for each treatment and the control. The symptoms on diseased plants were observed and photographed. The leaves at the same position were harvested, and virus accumulation and gene expression in the leaves were further detected with qPCR and qRT-PCR.



DNA Extraction and Virus Accumulation Detection

The DNAs of N. benthamiana were extracted using the cetyl trimethylammonium bromide (CTAB) method. To determine whether N. benthamiana plants were infected by TbCSV, specific primers of TbCSV were used to amplify the virus DNA in the diseased leaves with PCR. To detect virus accumulation in the leaves, the qRCR technique (Zorzatto et al., 2015) was applied and the result of qRCR was calculated according to the absolute method (Schmittgen and Livak, 2008; Rodríguez-Negrete et al., 2014). The 20 μL reaction solution system of qPCR contained 10 μL NovoStart® SYBR qPCR Super Mix Plus, 8 μL RNase free water, 0.5 μL AV1-qF (10 μM), 0.5 μL AV1-qR (10 μM), and 50 ng DNA template. The linear standard curve of TbCSV was automatically generated by Origin 9.0 software based on the lg (log10) value of the copy number of TbCSV in each sample. Each qPCR reaction was repeated three times (batches) with 24 plants of N. benthamiana in each repeated batch.



Quantitative Reverse Transcriptase PCR Analysis

The total RNA of N. benthamiana was extracted using TRIzol reagent (Invitrogen, California, United States). The qRT-PCR for nbe-miR167b-3p was based on previous reports (Guo et al., 2012). The specific RT stem-loop primers in the Prime Script RT reagent Kit (TAKARA Bio, Kusatsu, Shiga, Japan) were used to reverse the RNA and the final reverse transcribed products from qRT-PCR was analyzed using the SYBR green kit supplied by Novoprotein, Shanghai, China. The qRT-PCR parameters were set as 95°C pre-denaturation 3 min, 32 cycles of 95°C denaturation 25 s and 60°C annealing 30 s, and a final extension at 72°C for 30 s, using the action gene (XM_033660572.1) of N. benthamiana as the internal reference. The 2–ΔΔCT method (Du et al., 2020) was used for qRT-PCR analysis. For statistical analysis, three fully independent biological replicates were designed and subjected to qRT-PCR tests.

For detecting expression level of the target gene, NovoStart ®SYBR qPCR Super Mix Plus kit (NovoProtein) was employed to perform qRT-PCR on the CFX 96 real-time system (Bio-Rad). Three biological samples for each qRT-PCR reaction were processed and each biological sample was repeated three times. The experimental results were computed from data of three biological repeats.




RESULTS


Effect of Tobacco curly shoot virus on the Expression of MicroRNAs in Nicotiana benthamiana

Typical disease symptoms with leaf curling and shrinking developed on inoculated N. benthamiana plants 21 days after TbCSV inoculation while the control plants remained symptomless and healthy (Figure 1A). Through sequencing analysis of the small RNAs from leaves collected at 21 dpi, 5,982,433 and 5,675,863 specific small RNA sequences were detected in, and a small RNA library was constructed for, the inoculated and healthy plants, respectively. Of the unique reads, 4,762,789 (45.63%) were from the control plants and 4,456,219 (42.69%) from the inoculated plants (Table 1). Statistical analysis of the data showed that the content of 21nt sRNA was more than that of 22 nt sRNA in control plants, while in TbCSV-infected samples, the content of 21nt sRNA was less than the content of 22 nt sRNA in TbCSV-infected plants (Figure 1B). Compared with miRNA in control plants, there were 21 miRNAs expressed differentially in TbCSV-infected plants, including 12 up-regulated and 9 down-regulated miRNAs (Figure 1C).
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FIGURE 1. Analysis of small RNA sequencing data. (A) TbCSV symptoms on systemic leaves of N. benthamiana plants at 21 dpi with leaf curling and shrinking. (B) The length distribution of small RNAs after TbCSV infecting N. benthamiana. The abscissa shows the size of miRNAs and vertical axis shows percentage of total small RNAs. (C) Volcano map of differential expression miRNAs in TbCSV infiltrated N. benthamiana. The abscissa shows the fold change difference in the expression of miRNAs in different treatments and control plants, and the vertical axis indicates the adjusted p-adj for the differences in expression. MiRNAs without significant differences are indicated by blue dots, the up-regulated genes by red dots and the down-regulated genes by green dots.



TABLE 1. Distribution of small RNA sequences among the two constructed libraries.
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Tobacco curly shoot virus Induced Leaves Curling Symptom and Down-Regulated Expression of nbe-miR167b-3p

Significant and typical systematic curling symptom developed on leaves of N. benthamiana plants, at 7 dpi with the infectious clone of TbCSV, but no symptom was observed on the control plant (Figure 2A). PCR tests showed that the DNA of TbCSV existed in the leaves showing symptoms but not in the control plants (Figure 2B).
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FIGURE 2. TbCSV symptoms at 7 dpi and differential expression of nbe-miR167b-3p in TbCSV-infected N. benthamiana. (A) Leaf curling symptom caused by TbCSV in N. benthamiana leaves. (B) Analysis of TbCSV DNA through PCR. (C) Quantitative RT-PCR demonstrating the expression of nbe-miR167b-3p in TbCSV-infected in N. benthamiana plants. Significance of difference (*p < 0.05) was between the treatments was determined by the Student’s t-test.


According to the results of small RNA sequencing, it was found that TbCSV infection down-regulated the expression of nbe-miR167b-3p in N. benthamiana. qRT-PCR tests illustrated that the expression level of nbe-miR167b-3p in the infected N. benthamiana plants was down-regulated to about 65%, compared with that in the control plant leaves (Figure 2C).



Silencing nbe-miR167b-3p Expression Aggravated Disease Symptoms and DNA Accumulation of Tobacco curly shoot virus

For exploring specific function of nbe-miR167b-3p in TbCSV infecting N. benthamiana, a vector was constructed to silence nbe-miR167b-3p (PVX-miR167b-3p) using Potato virus X (PVX) infectious clone. Then, A. tumeficiens GV3101 transformed with PVX and PVX-miR167b-3p was resuspended and the suspensions (OD600 = 1.0) were infiltrated into N. benthamiana, respectively. At 7 dpi, the upper leaves showed significant curling symptom on the PVX-miR167b-3p treated plants, while only the mosaic symptom was observed on leaves of control plants (Figure 3A). Compared with the PVX-inoculated plants, the expression level of nbe-miR167b-3p in the PVX-miR167b-3p was significantly suppressed and the expression was down-regulated to only 27.4% of that in the control plants (Figure 3B).
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FIGURE 3. Suppression of nbe-miR167b-3p enhanced leaf curling symptom induced by TbCSV and increased viral DNA accumulation. (A) PVX-based miRNA suppression (VbMS) system was used to down-regulate the expression of nbe-miR167b-3p. (B) Expression level of nbe-miR167b-3p in PVX-miR167b-3p-treated plants was significantly reduced compared with that in the control plants by qRT-PCR. (C) TbCSV was infiltrated into PVX-miR167b-3p-treated and control plants 7 days after VbMS treatment. (D) Relative expression level of nbe-miR167b-3p in TbCSV-infected and PVX-miR167b-3p-treated plants using qRT-PCR. (E) TbCSV DNA copy numbers in the systemic leaves harvested from the PVX plus TbCSV-inoculated plants or the PVX-miR167b-3p plus TbCSV-inoculated plants. Significance of difference between treatments (*p < 0.05; **p < 0.01) was determined by the Student’s t-test.


When inoculated with TbCSV by agroinfiltration, all plants of the above two treatments showed leaf curling symptom at 7 dpi, and the symptom on the PVX-miR167b-3p plus TbCSV-inoculated plants were more severe than that on the control (PVX plus TbCSV) plants (Figure 3C). Results from qRT-PCR analysis showed that the relative expression level of nbe-miR167b-3p in the plants inoculated with PVX-miR167b-3p plus TbCSV was down-regulated significantly, compared with that in the plants inoculated with PVX plus TbCSV (Figure 3D). Detection of DNA accumulation with qPCR at 7 dpi showed that the amount of viral DNA in the systematically infected leaves of the plants inoculated with PVX-miR167b-3p plus TbCSV treatment was higher than that of the plants inoculated with PVX plus TbCSV (Figure 3E). These results suggested that silencing of nbe-miR167b-3p in N. benthamiana was beneficial to TbCSV infection.



Overexpression of nbe-miR167b-3p Alleviated Symptoms and Tobacco curly shoot virus DNA Accumulation

CaLCuV (pCVA) vector was used to investigate the effect of nbe-miR167b-3p up-expression on TbCSV infection of N. benthamiana. Through DNA recombination, pCVA-miR167b-3p plasmid was constructed and transformed into A. tumeficiens EHA105 strain. Nbe-miR167b-3p was expressed in N. benthamiana plants with pCVA-miR167b-3p plus pCVB through agroinfiltration and the control plants were inoculated with pCVA plus pCVB. The expression level of nbe-miR167b-3p was detected in the upper leaves at 11 dpi. The result showed that there was no significant difference in symptoms between the treated and the control plants (Figure 4A). However, compared with that in the pCVA plus pCVB-inoculated plants, the expression level of nbe-miR167b-3p in the pCVA-miR167b-3p plus pCVB-inoculated plants was up-regulated significantly and this overexpression was 3.3 times of that in the control plants (Figure 4B).
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FIGURE 4. Overexpression of nbe-miR167b-3p attenuated leaf curling symptom induced by TbCSV and reduced viral DNA accumulation. (A) pCVA-based miRNA vector (pCVA-miR167b-3p) was used to increase expression of nbe-miR167b-3p. (B) Result of qRT-PCR showed that expression of nbe-miR167b-3p in the pCVA-miR167b-3p-inoculated plants was significantly increased compared with that of the control plants (pCVA). (C) TbCSV was inoculated onto pCVA-miR167b-3p -treated and control plants. (D) qRT-PCR showed that the level of nbe-miR167b-3p in TbCSV-infected and pCVA-miR167b-3p-treated plants was significantly increased compared with that of the TbCSV-infected pCVA-treated plants. (E) TbCSV DNA copy numbers in the systemic leaves harvested from the pCVA plus TbCSV-inoculated plants or the pCVA-miR167b-3p plus TbCSV-inoculated plants. Significance of difference between treatments (*p < 0.05; **p < 0.01) was determined by the Student’s t-test.


All plants inoculated with pCVA plus pCVB or pCVA-miR167b-3p plus pCVB were infiltrated at 11 dpi with TbCSV by agroinfiltration. At 13 dpi, the upper leaves in both of the treated and control plants showed upward leaf curling symptom, and the symptom in pCVA-miR167b-3p plus pCVB and TbCSV plants was less severe than that on the control plants (Figure 4C). At this stage, qRT-PCR showed that the relative expression level of nbe-miR167b-3p in the plants inoculated with pCVA-miR167b-3p plus pCVB and TbCSV was still up-regulated significantly, compared with that in the control plants (Figure 4D). Leaves of the plants were harvested to detect the accumulation of TbCSV DNA with qPCR and the results showed that the accumulation of TbCSV DNA in the leaves of pCVA-miR167b-3p plus pCVB and TbCSV infiltrated plants was significantly lower than that in the control plant leaves (Figure 4E). These results indicated that overexpression of nbe-miR167b-3p in N. benthamiana inhibited TbCSV infection.



The Expression of nbe-miR167b-3p Target Gene

To explore how nbe-miR167b-3p regulates the infection of TbCSV in N. benthamiana, the potential target genes were analyzed using psRNA Target online at http://plantgrn.noble.org/psRNATarget/ and the results were given in Supplementary Table 2. Specific primers were designed with the sequences of target genes and qRT-PCR was performed to detect the expression level of these genes. The results showed that, compared with the mock-inoculated plants (CXY), the expression level of the target gene pentatricopeptide repeat-containing protein (PCRP) (Figure 5A) in the TbCSV-infected plants was significantly up-regulated (Figure 5B). This indicated that the expression level of PRCP was up-regulated significantly in the PVX-miR167b-3p infiltrated plants; this was 1.9 times of that in the PVX-inoculated plants (Figure 5C). Furthermore, the relative expression of PRCP in the pCVA-miR167b-3p plus pCVB inoculated plants was also detected by qRT-PCR and the results showed that the expression of PRCP was down-regulated and this was 61.4% of that in the control plants (Figure 5D).
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FIGURE 5. Analyses of the expression of nbe-miR167b-3p target gene PRCP through qRT-PCR. (A) The binding site of nbe-miR167b-3p on the mRNAs of potential target was localized at the encoding sequence. (B) The mRNA levels of PRCP were up-regulated in TbCSV-infected N. benthamiana plants. (C) The mRNA levels of PRCP were up-regulated in nbe-miR167b-3p-suppressed leaves. (D) The mRNA levels of PRCP were down-regulated in nbe-miR167b-3p-overexpressed leaves. Significance of difference between treatments (*p < 0.05; **p < 0.01) was determined by the Student’s t-test.




Silencing of PRCP Reduced Infection of Tobacco curly shoot virus in Nicotiana benthamiana

To investigate the function of nbe-miR167b-3p target gene PRCP in the process of TbCSV infection, Tobacco rattle virus (TRV)-induced VIGS was used and recombinant vector (TRV-PRCP) was created to silence PRCP in N. benthamiana. TRV-PRCP was transformed into A. tumeficiens EHA105 and 12 N. benthamiana plants were inoculated through the transformants; the control plants were inoculated with TRV-GUS. At 10 dpi, there was not significantly difference of the growth and development between TRV-PRCP-infiltrated and control plants (Figure 6A). qRT-PCR tests showed that the expression of PRCP in the TRV-PRCP infected plants was significantly decreased, to 43% of the expression level in the control plants (Figure 6B).
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FIGURE 6. Effect of PRCP on TbCSV pathogenicity. (A) Tobacco rattle virus (TRV)-based vector (TRV-PRCP) was used to down-regulate the expression of PRCP. (B) The expression level of PRCP in TRV-PRCP-treated plants was significantly reduced compared with that in control plants. (C) TbCSV was inoculated onto TRV-PRCP-treated and control plants 10 days after VIGS treatment. (D) The level of PRCP in TbCSV-infected and TRV-PRCP-treated plants was significantly down-regulated compared with that in TbCSV-infected and TRV-GUS-treated plants. (E) Detections of TbCSV DNA copy numbers in the systemic leaves harvested from the TRV-GUS plus TbCSV-inoculated plants or the TRV-PRCP plus TbCSV-inoculated plants. Significance of difference between treatments (*p < 0.05; **p < 0.01) was determined by the Student’s t-test.


When all the plants were inoculated with TbCSV, the N. benthamiana plants inoculated with TRV-PRCP plus TbCSV developed little leaf curling symptom, which was similar to the leaf curling symptom induced by TbCSV. In contrast, severe leaf curling symptom was observed on the control plants (Figure 6C). The result of qRT-PCR illustrated that the expression of PRCP was suppressed significantly in the TRV-PRCP plus TbCSV-inoculated plants, compared with that in the control plants (Figure 6D). qPCR detection also found that the viral DNA accumulation in TRV-PRCP plus TbCSV-inoculated plants was down-regulated compared with that in the control plants (Figure 6E). These results suggested that silencing of nbe-miR167b-3p target gene PRCP in N. benthamiana inhibited the TbCSV infection.




DISCUSSION

A number of studies reported that miRNAs played important roles in plant growth and resistance to pathogen infections. It was verified that miRNA-triggered changes in gene expression were essential for controlling plant development and for modulating the adaptation of plants to pathogen infection and the infection by different viruses changed the level of certain miRNAs in plants. For example, studies of Yang et al. (2016) showed that 56 miRNAs were up-regulated and 13 miRNAs were down-regulated by RSV infection, providing new insights into the mechanisms of RSV pathogenicity. In transgenic A. thaliana plants, expression of Cucumber mosaic virus (CMV) 2b silencing suppressor protein from the severe strain Fny of subgroup IA disrupted miRNA159a-regulated development, which caused severe symptoms on the plants (Du et al., 2014). After infection of Chinese cabbage by Turnip mosaic virus (TuMV), the expression of bra-miR1885 and bra-miR158 was significantly up-regulated (He et al., 2008). The change of microRNA expression was considered as the main factor inducing symptoms after virus infection (Yang et al., 2016). Meanwhile, some changes in the expression level of miRNAs may also lead to leaf yellowing, curling, wrinkling, and dwarfing. In our previous experiment, different expressions of miRNAs in N. benthamiana during the TbCSV infection were analyzed (Du et al., 2019), but only limited examples of specific virus-inducible miRNAs that were directly involved in viral infection or host susceptibility existed (Zhang et al., 2016). Results from the present study showed that nbe-miR167b-3p expression was suppressed by TbCSV infection and that nbe-miR167b-3p target gene PRCP changed plant growth and susceptibility of N. benthamian to TbCSV.

Some studies indicated that miR167 was involved in plant development, biostress and abiostress. MiR167a was shown to affect the expression of auxin response factors (ARF6 and ARF8) and to induce flower defection and female sterility in tomato (Liu et al., 2014). MiR167 also induced certain changes in leaf shape, stomatal closure and relative water content by regulating differential expressions of its target genes MesARF6 and MesARF8, thus resulting in response to cassava water deficiency (Phookaew et al., 2014). MiR167b inhibited the infection of PVY and PVX by targeting RNA silencing suppressor HC-Pro of PVY and the TGBp1/p25 (p25) of PVX; this improved tobacco resistance to PVY and PVX (Ai et al., 2011). In our study, the expression level of nbe-miR167b-3p was down-regulated in TbCSV-infected plants. Because nbe-miR167b-3p was inhibited in the process of TbCSV infection, it was speculated that nbe-miR167b-3p played an active role in resistance of N. benthamiana to TbCSV infection.

RRSV infection was indicated to increase the accumulation of miR319 in rice plants and simultaneously suppressed the JA-mediated defense against virus infection and symptom development (Zhang et al., 2016). The studies of Wu et al. (2015) revealed that the antiviral function of AGO18 depended on its activity to sequester miR168 to alleviate repression of rice; AGO1 essential for antiviral RNAi increased rice antiviral activity miR528 and negatively regulated viral resistance in rice by cleaving L-ascorbate oxidase (AO) messenger RNA, and thereby reduced AO-mediated accumulation of reactive oxygen. Upon viral infection, AGO18 isolated miR528 leading to elevated AO activity, higher basal reactive oxygen accumulation and enhanced antiviral defense (Wu et al., 2017). In the present study, nbe-miR167b-3p was found to down-regulate the expression by PVX-induced gene silencing system, and these caused downward leaf curling on N. benthamiana plants. The silencing of nbe-miR167b-3p aggravated the symptoms of TbCSV infection and increased the accumulation of TbCSV DNA in N. benthamiana. Then an expression vector overexpressing nbe-miR167b-3p (pCVA-miR167b-3p) was constructed using the pCVA vector and after inoculating N. benthamiana plants with this expression vector, it was found that the up-regulated expression of nbe-miR167b-3p in N. benthamiana not only alleviated symptoms of TbCSV infection, but also reduced the accumulation of TbCSV in N. benthamiana plants.

Experimental results of our study showed that the change in expression level of the target gene PRCP predicted by nbe-miR167b-3p was regulated by TbCSV infection. The gene mainly encodes a PRCP. PRCP proteins are defined by tandem repeats of a degenerated 35 amino acid motif (Small and Peeters, 2000). The PRCP family is one of the largest protein families in plants and there are 450 and 477 PRCP proteins in Arabidopsis and rice, respectively. PRCP proteins were found to play a central and broad role in modulating the expression of organelle genes. For example, delayed greening1 (DG1) and yellow seedling1 (YS1) mutants in Arabidopsis displayed seedling-stage-specific albino and yellow seedling phenotypes, respectively. Both DG1 and YS1 encode chloroplast-targeted PRCP proteins (Zhou et al., 2009; Chi et al., 2010). However, the functions of the PRCP gene in plant responses to virus infection still remain unknown. In this study, it was found that inhibiting expression of nbe-miR167b-3p in plants induced the up-regulation of PRCP, while overexpression of nbe-miR167b-3p induced PRCP down-regulation. Further, the knockdown of PRCP gene did not affect normal growth of tobacco plants, but reduced TbCSV DNA accumulation in and disease symptom development on the plants. In summary, it was demonstrated that TbCSV infection in N. benthamiana reduced the expression of nbe-miR167b-3p, which targeted PRCP genes to regulate plant development and enhanced defense of the plants against virus infection. The study did not determine the mechanism by which expression of nbe-miR167b-3p was down-regulated by TbCSV infection, or how PRCP affected the pathogenic mechanism of TbCSV. Further studies are necessary to examine and illustrate these mechanisms.



CONCLUSION

To conclude, results from this study showed that TbCSV down-regulated the expression of nbe-miR167b-3p in N. benthamiana. The silencing of nbe-miR167b-3p not only affected normal development of N. benthamiana plants and induced downward leaf curling, but also aggravated the viral symptoms and increased the accumulation of TbCSV in N. benthamiana plants. On the contrary, the overexpression of nbe-miR167b-3p alleviated the symptoms of TbCSV, and reduced the accumulation of TbCSV in N. benthamiana. It was also proved that nbe-miR167b-3p responded to the infection of TbCSV by regulating the expression of its target gene PRCP. So far, there has been no report on the action of nbe-miR167b-3p on TbCSV infection.
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