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Abstract

:

Geminiviruses are important plant pathogens that affect crops around the world. In some geminivirus–host interactions, infected plants show recovery, a phenomenon characterized by symptom disappearance in newly emerging leaves. In pepper–Pepper golden mosaic virus (PepGMV) interaction, the host recovery process involves a silencing mechanism that includes both post-transcriptional (PTGS) and transcriptional (TGS) gene silencing pathways. Under field conditions, PepGMV is frequently found in mixed infections with Pepper huasteco yellow vein virus (PHYVV), another bipartite begomovirus. Mixed infected plants generally show a synergetic phenomenon and do not present recovery. Little is known about the molecular mechanism of this interaction. In the present study, we explored the effect of superinfection by PHYVV on a PepGMV-infected pepper plant showing recovery. Superinfection with PHYVV led to (a) the appearance of severe symptoms, (b) an increase of the levels of PepGMV DNA accumulation, (c) a decrease of the relative methylation levels of PepGMV DNA, and (d) an increase of chromatin activation marks present in viral minichromosomes. Finally, using heterologous expression and silencing suppression reporter systems, we found that PHYVV REn presents TGS silencing suppressor activity, whereas similar experiments suggest that Rep might be involved in suppressing PTGS.
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1. Introduction


Geminiviruses are important plant pathogens that affect crops around the world. Their genomes are composed of circular, single-stranded DNA molecules packed into an icosahedral twinned particle [1]. Geminiviridae family is divided into nine genera (Begomovirus, Mastrevirus, Curtovirus, Becurtovirus, Eragrovirus, Topocuvirus, Turncurtovirus, Capulavirus, and Grablovirus), based on their genome organization, host range, and insect vector [2]. The begomoviruses comprise the most diverse genus with around 400 species. They infect dicots, are transmitted by whiteflies, and include monopartite and bipartite species [3,4]. Bipartite begomoviruses encode six open reading frames (ORFs) distributed into two molecules called components A and B. Component A contains the capsid protein gene CP in the virion sense strand, whereas the complementary sense strand encodes the replication-associated protein Rep (an essential protein for viral replication), TrAP (a multifunctional protein involved in the activation of late viral genes and suppressor of host gene silencing), and REn (a protein that enhances viral DNA accumulation during the replication). The component B encodes two movement proteins: an intracellular movement protein NSP, and a long-distance movement protein MP [5].



Pepper golden mosaic virus (PepGMV) is a whitefly-transmitted, bipartite begomovirus that infects solanaceous crops such as pepper and tomato in Mexico and Central America. After an initial stage with strong symptoms, pepper plants infected with PepGMV show a reduction of symptoms on the new leaves. This phenomenon has been called host recovery [6]. PepGMV is frequently found in mixed infections with another bipartite begomovirus, Pepper huasteco yellow vein virus (PHYVV). This mixture has been detected in both cultivated and wild peppers [7,8,9]. Interestingly, co-infection assays revealed that this mixed infection results in a synergic interaction, increasing DNA concentration of both viruses, without any noticeable effect on the localization of either virus on infected plants. Additionally, pepper plants with PepGMV/PHYVV mixed infection are unable to show the recovery phenotype [8].



RNA silencing is an important gene regulation mechanism conserved in eukaryotic organisms; in plants, it plays a key role in antiviral defense. Viral dsRNA is recognized by DICER-like proteins and processed into 21 to 24-nt viral-derived small RNAs, which form different complexes with Argonaute (AGO) proteins guided to their corresponding targets in a sequence-specific manner. The silencing process can act at two levels, a post-transcriptional gene silencing level (PTGS) that directs viral and cellular mRNA degradation, and a transcriptional gene silencing level (TGS) by RNA-directed DNA methylation (RdDM) and viral chromatin modifications, to restrict viral replication, transcription, and proliferation [10,11]. Geminiviruses have been reported as targets of both gene silencing pathways, PTGS and TGS [12,13,14]



Geminiviruses replicate in the nucleus of an infected cell by a rolling circle replication mechanism that involves a double-stranded replicative form (RF) intermediary. This intermediary constitutes the template for viral replication and transcription. Viral RNAs are targeted for degradation by a PTGS mechanism [15]. On the other hand, viral RFs are associated with cellular histones to form minichromosomes [16,17], and similar to plant chromatin, viral minichromosomes suffer various DNA and histone modifications guided by TGS mechanism [18]. These modifications could affect viral gene expression. For example, Histone 3 lysine 4 trimethylation (H3K4me3) is associated with transcriptionally active euchromatin, while H3K9me2 and H3K27me3 are repressive marks [19].



As a counter defense, many plant viruses encode suppressors of RNA silencing (VSR), which interfere with silencing pathways using various molecular mechanisms [20,21,22]. Identified geminivirus-encoded VSRs included TrAP, L2, C4, V2, Rep, and C5. These viral proteins can disrupt both PTGS and TGS defensive pathways, interfering at different points: reduction in siRNA synthesis, sequestration of siRNA molecules, interaction with AGO proteins, inhibition of enzymes of the methyl cycle, reduction of the expression of DNA methyltransferases, and interaction with histone methyltransferase KYP [13,23,24,25,26,27,28,29,30,31].



There is strong evidence that viral DNA methylation by RdDM is an important mechanism to regulate viral replication. The in vitro DNA methylation of TGMV reduces viral replication in tobacco protoplasts [32]. Low levels of viral DNA methylation are associated with symptomatic infection, whereas the host recovery infection phenotypes are related to hypermethylated viral genome, association to repressive histone marks and minichromosomes condensation [14,18,33]. Arabidopsis plants with mutations in components of RdDM pathway are unable to recover after infection with Beet curly top virus lacking a suppressor protein that inhibits methylation (BCTV L2-), and viral DNA shows hypomethylation [12,34,35,36]. In natural host–virus interaction, a recovery process also associated with gene silencing was observed in Cucurbit leaf crumple virus-infected watermelon [37]. Similarly, recovery from PepGMV infection was related to hypermethylation of viral genome and minichromosomes compaction in a natural pepper–PepGMV interaction [14,18].



Previous work has focused into the characterization of the PepGMV–pepper host recovery process, however, host recovery is a dynamic phenomenon that can be disrupted by synergic interaction with PHYVV. This study explores how PHYVV superinfection can reverse host recovery in PepGMV-infected pepper plants and the involvement of PHYVV-encoded silencing suppressor activity in this process.




2. Materials and Methods


2.1. Plant Material and Growth Conditions


Pepper (Capsicum annuum var Sonora Anaheim) plants were grown at 26–28 °C. Nicotiana benthamiana lines 16c (transgenic line that expresses constitutively GFP (green fluorescent protein) gene under control of 35S promoter) [38,39] and 16c-TGS plants (transcriptionally silenced GFP), were obtained as previously described [27] and maintained at 22–25 °C. All plants were grown with a photoperiod cycle of 16 h light and 8 h dark.




2.2. Viral Clones


PepGMV and PHYVV dimeric infectious clones have been described earlier [6,40].



To produce all recombinant PVX constructs, DNA fragments including individual PHYVV genes were obtained by PCR amplification using specific primers (Table S1 and Figure S1) using the Pfx DNA pol (Invitrogen, Carlsbad, CA, USA). PCR amplicons were cloned into PVX-containing pgR107 vector [41,42] in the SmaI restriction site, using T4 DNA ligase (Thermo Scientific, Waltham, MA, USA). The correct orientation was verified by PCR and DNA sequencing. PVX::PHYVV-gene constructs were transformed into GV3101 Agrobacterium tumefaciens strain for agroinoculation studies.




2.3. Virus Inoculation


PepGMV and PHYVV infectious clones were inoculated into pepper plants by a biolistic delivery, as previously described [6]. The first and second leaves were inoculated with tungsten particles (0.7 mm, Bio-Rad, Hercules, CA, USA) coated with viral DNA (infectious dimeric clones) accelerated by releasing Helium at low pressure (100 to 120 psi).



Recombinant PVX inoculation into N. benthamiana plants was carried out by an Agrobacterium-mediated procedure as previously described [43]. Agrobacterium cells carrying PVX-derived pGR107 vector containing the specific PHYVV gene to be tested were incubated overnight at 28 °C. The cultures were pelleted and resuspended to an optical density OD600 = 1.0 in a solution containing 10 mM MgCl2, 10 mM MES pH 5.8, and 100 μM acetosyringone. Cells were then incubated at room temperature for at least 4 h prior to their infiltration into N. benthamiana plants at the 3–4 leaf stage. Infiltration was performed by gently pressing a 1 mL syringe (containing the bacterial suspension) into the abaxial surface.



PepGMV-infected pepper plants showing recovery were inoculated with recombinant PVX constructions by mechanical inoculation [44]. To obtain the sap inoculum, leaves of infected N. benthamiana were ground in a 0.05 M potassium phosphate buffer solution (pH 7.5). The resulting suspension inoculum was rubbed with carborundum onto the apical leaves of pepper plants showing recovery. Inoculated leaves were then rinsed with distilled water.




2.4. Superinfection Assays


Pepper plants were initially inoculated with PepGMV. Twenty-one days after PepGMV inoculation, recovered pepper plants were then superinfected with either PHYVV or PepGMV. Leaf tissue was collected at 7, 21, and 30 days after inoculation (dpi) as indicated in Figure 1A. Samples were immediately frozen in liquid nitrogen and stored at −80 °C for subsequent analysis.




2.5. Viral DNA Accumulation in Infected Plants


Total DNA extraction was carried out according to a CTAB protocol [45]. Apical leaves from five plants were mixed and ground in liquid nitrogen. Approximately 0.3 g of leaf tissue was transferred to a microfuge tube containing 1 mL of extraction buffer (3% CTAB, 1.4 M NaCl, 20 mM EDTA, 100 mM Tris pH 8, 3% PVP), and incubated at 65 °C for 10 min. After chloroform extraction, the DNA was precipitated with 2.5 vol of ethanol, washed with 70% ethanol, and resuspended in water.



Viral DNA accumulation was determined by quantitative real-time PCR (qPCR) using the Maxima SYBR Green qPCR Master mix (Thermo Scientific) and CFX-96 Real-time system thermal cycler (Bio-Rad), following manufacturer’s instructions. The PCR protocol included an initial denaturing step at 95 °C for 10 min, followed by 35 cycles of 95 °C for 15 s and 59 °C for 60 s. The PepGMV titer determination was carried out by a relative expression protocol according to the 2−∆∆CT method [46] using C. annuum Elongation factor alpha 1 (EF1-α) gene as normalizer control. The primers used are listed in Table S1.




2.6. Isolation of PepGMV Minichromosomes


The procedure for viral minichromosome enrichment has been previously described [18]. Briefly, 2 g of fresh tissue was ground in liquid nitrogen until a fine powder was obtained. The powder was then homogenized at 4 °C in 20 mL of 10mM Tris-HCl buffer, pH 9.0 that contained 500 mM sucrose, 80 mM KCl, 0.5 mM spermidine, 0.5 mM spermine, 0.5% Triton X-100, 10mM EDTA, and 15 mM β-mercaptoethanol supplemented with Sigmafast protease inhibitor cocktail tablet (Sigma-Aldrich, St. Louis, MO, USA). The resulting homogenate was first filtered through two layers of cheesecloth and, then, two layers of Miracloth (475855; Calbiochem). The filtrate was centrifuged for 15 min at 2000× g (e.g., Sorval RC-5B, ss-34 rotor). The nuclei-rich sediment was resuspended in 0.5 mL of extraction buffer (10 mM Tris-HCl pH 8 plus 0.1% Sarkosyl detergent) and immediately incubated on ice for 15 min. The suspension was then centrifugated at 2000× g for 15 min. The supernatant (nuclear extract) containing viral minichromosomes was recovered and saved for further analysis.




2.7. Methylation Density Analysis


To analyze the level of methylation of PepGMV DNA, DNA from the minichromosome-enriched supernatant was extracted by a phenol-chloroform method [47]. We mixed DNA obtained from three independent extractions of minichromosomes and 100 ng of DNA from this mix was first linearized by digestion with EcoRI restriction enzyme and then treated with bisulfite using an EZ DNA Methylation-Gold kit (Zymo Research, Irvine, CA, USA). Following manufacturer’s instructions methylation analysis was focused on a 580-bp fragment that includes the entire intergenic region (IR, 337 bp) and the 5′ends of both CP (183 bp) and Rep (60 bp) open reading frames as depicted in Figure 2A. The 580bp fragment was amplified using primers previously described [14,18]. As a control for the bisulfite conversion, 100 ng of a plasmid containing a monomeric clone of PepGMV A was mixed with an excess of plant DNA and used in a parallel bisulfite treatment reaction.



To analyze methylation level of the 35S promoter region, total DNA was extracted from plant vascular tissues using the CTAB protocol. Extracted DNA (200 ng) was digested with enzyme EcoRI, an enzyme that does not cut inside the promoter region. As in the case of viral DNA, bisulfite treatment was performed following the procedure suggested by the manufacturer (EZ DNA Methylation-Gold kit D5005, Zymo Research). After treatment, plant DNA was used as template in a PCR assay for the amplification of a 338-bp fragment of the 35S promoter using previously reported primers [48,49] with some modifications (Table S1).



PCR products obtained from the bisulfite-treated DNA were cloned using the CloneJET PCR Cloning kit (Thermo Scientific). At least 12 clones from each sample were sequenced and analyzed using Kismeth software (http://katahdin.mssm.edu/kismeth/revpage.pl) [50].




2.8. ChIP-qPCR Analysis


The chromatin immunoprecipitation (ChIP) protocol was based on the method described by Saleh et al. [51]. The anti-histone H3K9me2 (ab194680; Abcam, Cambridge, MA, USA) and anti-histone H3K4me3 (ab8580; Abcam) antibodies were bound to protein A dynabeads for 4 h at 4 °C.



Symptomatic, recovered, and superinfected tissues (1 g) were used for isolation of PepGMV minichromosomes (500 μL). Protein A dynabeads (Thermo Scientific) were used for pre-clearing for at least 2 h at 4 °C. After pre-clearing the minichromosomes extract was incubated with the antibody-Protein A dynabeads overnight at 4 °C. DNA was extracted using phenol-chloroform, followed by ethanol precipitation. Purified viral DNA was quantified by real-time qPCR.




2.9. PHYVV Gene Expression Analysis


RNA extraction was performed with TRIzol reagent (Invitrogen) according to the manufacturer’s recommendations. RNA solution was DNase treated for 15 min at room temperature using 1 U of DNaseI Amp grade (Invitrogen) per μg of total RNA. The enzyme was then inactivated by incubation at 65 °C for 10min in the presence of EDTA. cDNA was synthesized using iScript Advanced reverse transcriptase (Bio-Rad) and an incubation at 46 °C for 20 min. First-strand cDNA was used as template for PCR amplification with the gene-specific primers. As an additional control, PVX-specific primers flanking the multicloning site were used to verify the integrity of vector constructions containing PHYVV genes. EF1-α-derived amplicon was also used as PCR internal control. All primers are listed in Table S1.




2.10. Suppressor Silencing Analysis


To test if PHYVV complete virus or its encoded genes are TGS suppressors, N. benthamiana 16c-TGS plants at the 3–4 leaf stage were inoculated by biolistic with dimeric infectious clones of PHYVV, or by agroinoculation with the PVX constructs to express the PHYVV genes individually.



Agrobacterium-mediated virus inoculation was carried out as previously described [43]. Agrobacterium cultures were pelleted and resuspended to an optical density OD600 = 1.0 in a solution containing 10 mM MgCl2, 10 mM MES pH 5.8, and 100 μM acetosyringone, and were incubated at room temperature for at least 4h prior to infiltration.



For agroinoculation of N. benthamiana 16c-TGS, plants at the 3–4 leaf stage were infiltrated by gently pressing a 1 mL syringe to the abaxial surface.



PTGS assays were performed in N. benthamiana 16c plants (expressing constitutively GFP) by agroinfiltration-mediated transient expression, using co-infiltration of 35S-GFP construct with either pBINX expressing PHYVV Rep or REn proteins under control of 35S promoter, or pBINX empty vector as control.



GFP fluorescence was monitored (in inoculated leaves or in new emerged systemic leaves for PTGS and TGS assays, respectively) under handheld UV lamp (UVP Blak-Ray™ B-100AP), photographed with a Canon EOS RebelT3 digital camera, and tissue collected and stored at −80 °C for subsequent analysis.




2.11. GFP Expression Analysis


RNA extraction was performed with TRIzol reagent (Invitrogen) according to the manufacturer’s recommendations. RNA solution was DNaseI treated as mentioned before. The cDNA was synthesized with iScript Advanced reverse transcriptase (Bio-Rad) at 46 °C for 20 min.



Real-time PCR was performed by using Maxima SYBR Green qPCR Master mix on CFX-96 Real-time system thermal cycler (Bio-Rad), following the manufacturer’s instructions. The primers used are in Table S1. Relative transcript levels were obtained using the 2−∆∆CT method [46], and NbEF1a as normalizer gene.




2.12. Chop-PCR Analysis


Total DNA was extracted from plant vascular tissues, and 1μg was digested with 10 U of McrBC (New England Biolabs, Ipswich, MA, USA), methylation-dependent restriction endonuclease, in a 20 μL reaction according to the manufacturer’s recommendations. The enzyme was heat-inactivated, and 1 μL of the cleaved DNA was amplified with primers for CaMV 35S promoter (Table S1). PCR products from not digested DNA were used as controls.





3. Results


3.1. PHYVV Superinfection Reverts Host Recovery in PepGMV-Infected Pepper Plants


In previous works, we have shown that pepper plants infected with PepGMV present a host recovery process three weeks after inoculation [6]. On the other hand, pepper plants simultaneously inoculated with PepGMV and PHYVV show an enhancement of the induced symptoms compared with the ones observed after individual infections (synergism). In addition, plants that show synergism do not present recovery [8]. We wondered if a superinfection with PHYVV of a recovered PepGMV-infected plant will alter the recovery process and induce synergism. To test this, we inoculated pepper plants with PepGMV and after the recovery stage was established, the plants were challenged with PHYVV as described in Figure 1A.



Seven days after the initial inoculation, plants exhibited characteristic yellow mosaic symptoms (Figure 1B). At 21 dpi (Figure 1C), the newly emerged leaves showed a reduction in the severity of symptoms. This stage, known as recovery, has been described previously [6]. Superinfection of the recovered plant with PHYVV resulted in the re-emergence and increase of symptoms (Figure 1E). In contrast, the newly developed leaves of the plants superinfected with PepGMV remained asymptomatic (Figure 1D).



To further examine if the changes in symptom severity were correlated with viral DNA concentration, we performed a qPCR to quantify PepGMV DNA in apical leaf tissue from all treatments. This data revealed that PHYVV superinfection caused a 4.5-fold increase in PepGMV DNA accumulation compared with untreated, recovered plants. On the other hand, PepGMV superinfection did not significantly alter the accumulation of viral DNA (Figure 1F).



These results indicated that the presence of PHYVV induces an increase in PepGMV viral titer that is correlated with the emergence of severe symptoms (synergism) that disrupt the host recovery stage.




3.2. DNA Methylation Level of PepGMV Genome is Reduced in PHYVV Superinfected Plants


Considering that the recovery process is usually associated with viral DNA hypermethylation [14,18,34], we asked whether PHYVV superinfection could induce changes in the level of methylation of PepGMV DNA.



To answer that, we performed an enrichment of PepGMV minichromosomes from four types of tissue samples: symptomatic, recovery, and both types of superinfections, PepGMV and PHYVV, (see Figure 1A). After DNA extraction, we carried out bisulfite sequencing of PepGMV complementary strand of a 580 bp fragment encompassing 60 nt of Rep coding region, 337 nt of intergenic region (IR), and 183 nt of CP coding region as previously described [14,18].



The analyzed region (Figure 2A) contains 138 cytosines in the following contexts: 30 CG, 28 CHG, and 80 CHH (where H is any nucleotide except G). Cytosine methylation profiles representing individual PepGMV bisulfite sequencing clones obtained from all different tissue samples are shown in Figure 2B. Twelve independent clones were analyzed from each type of tissue.



It is interesting to highlight that, in a given plant sample, two types of viral genome populations can be found, one highly methylated and one almost unmethylated. The overall percentage of methylation depends on which of the two populations represent the majority in the analyzed stage (symptom, recovery, or superinfection).



Bisulfite sequencing of viral DNA obtained from symptomatic and recovered tissues confirmed that level of DNA methylation (methylated cytosines, mC) is higher in recovered tissue than the level obtained with symptomatic tissue in all sequence contexts (71% and 20%, respectively) (Figure 2C). Remarkably, similar hypermethylation (70% mC) was observed in PepGMV superinfected tissue but not in the equivalent sample from PHYVV superinfection where considerably lower methylation was observed (35% of mC). These results confirm that viral DNA hypermethylation is a hallmark of recovered tissue.




3.3. CHIP-qPCR Analysis


Geminivirus dsDNA RF associates with host histones to assemble into a minichromosome structure that can be affected by epigenetic regulation [16]. To verify the chromatin state of PepGMV minichromosomes after superinfection with PHYVV, we conducted chromatin immunoprecipitation (ChIP) analyses of two well characterized histone marks: H3K4me3, reported in active chromatin and H3K9me2, reported associated to a repressive state of chromatin. After viral minichromosome enrichment, viral DNA was pulled down with the respective antibodies (anti-H3K4me3 or anti-H3K9me2), and quantified by a qPCR procedure targeting PepGMV IR. The obtained results confirm that in symptomatic tissue more viral DNA is associated with H3K4me3 activation mark than to the repressive mark H3K9me2 (Figure 3A), On the other hand, in recovery tissue viral DNA is preferentially associated with the repressive mark H3K9me2 (Figure 3B). Results from the superinfection experiments showed that in the case of PHYVV superinfection, the pattern between H3K4me3 and H3K9me2 (Figure 3C) is similar to the one obtained with symptomatic tissue (Figure 3A). On the other hand, in the case of PepGMV superinfection, the pattern observed (Figure 3D) is similar to the one observed with recovery tissue (Figure 3B). Overall, these results show that the altering of the recovery process of a PepGMV-infected plant by superinfection with PHYVV is associated with changes in viral chromatin epigenetic marks and a reduction of the levels of PepGMV genome methylation.




3.4. PepGMV Accumulation in Recovery Plants is Enhanced by PHYVV Encoded Rep and REn Proteins


PHYVV encodes six genes in two genomic components, A and B. Component A contains four genes: AC1 codes for a replication-associated protein (Rep), AC2 codes for a transcriptional activator protein (TrAP), AC3 codes for a replication enhancer protein (REn), and AV1 codes for the coat protein (CP). Component B contains two genes that are involved in viral movement, BC1 (MP, movement protein) and BV1 (NSP, nuclear shuttle protein) [40]. To test if a specific PHYVV gene could alter the host recovery stage of a PepGMV-infected plant, each gene was individually expressed in plants using a PVX-based expression vector. Expression of each PHYVV gene was verified by reverse transcription PCR using gene-specific primers (Figure S2).



As illustrated in Figure 4A, in contrast to the results obtained with the complete virus (PHYVV superinfection, Figure 1E), the expression of individual PHYVV genes is not enough to alter the recovery phenotype and induce the re-emergence of symptoms, i.e., to cause synergism. In addition to symptom evaluation, plants inoculated with PVX vector containing specific genes were also analyzed in terms of PepGMV DNA accumulation. Figure 4B shows the relative concentration of PepGMV DNA obtained in plants inoculated with the different PVX vectors using as reference the viral concentration obtained in plants inoculated with an empty PVX vector.



Plants inoculated with PVX-REn vector clearly show a higher accumulation of PepGMV DNA. Interestingly, plants inoculated with PVX-Rep showed a slight increase in viral titer that was not significant with the Dunnett’s multiple comparisons test, but using a pairwise comparison (empty PVX and PVX-Rep) and a Student’s t-test, the result was significantly different.




3.5. Expression of PHYVV REn Reduces the Levels of PepGMV DNA Methylation


Since in PHYVV superinfected plants the PepGMV DNA is less methylated than present in recovered or PepGMV superinfected plants, we next asked whether the increase of PepGMV titters in plants that express PHYVV Rep and REn is associated with changes in the PepGMV DNA methylation status. To address that question, we performed bisulfite sequencing as described previously [14,18]. First, we determined that if PVX does not interfere with PepGMV DNA methylation, the PepGMV DNA methylation level remained high (68%) despite PVX presence. While in PepGMV recovered plants expressing PHYVV Rep, the methylation level decreased slightly in comparison to recovered (50% of cytosines are methylated) and in PepGMV recovered plants expressing PHYVV REn the PepGMV DNA methylation is similar to PHYVV superinfection (38%) (Figure 5B). These results show that both PHYVV Rep and REn proteins are involved in decreasing PepGMV DNA methylation suggesting a Rep and REn proteins role in defensive TGS pathway disruption.




3.6. PHYVV REn Is a TGS Silencing Suppressor


Transcriptional gene silencing acts as a defensive barrier against DNA viruses, in counter-defense, viruses encode suppressors of gene silencing to evade this mechanism [21].



N. benthamiana 16c-TGS line contains a GFP transgene downstream of a transcriptionally silenced CaMV 35S promoter. This line is frequently used to evaluate the TGS suppression activity [27,49]. To investigate if viral proteins Rep and REn, as well as the entire PHYVV, are able to suppress transcriptional gene silencing, we inoculated silenced N. benthamiana 16c-TGS plants with either PHYVV or recombinant PVX vectors expressing Rep or REn ORFs. Inoculated plants were evaluated under the UV light 10 dpi when plants inoculated with the virus had already developed symptoms.



The results indicate that PHYVV infection induces TGS suppression in 16c-TGS plants allowing the expression of GFP (Figure 6A). As shown in Figure 6B, the expression of REn (PVX::REn) is also able to suppress TGS. On the other hand, the expression of Rep, TrAP, or CP does not suppress TGS, and therefore, no GFP fluorescence was observed (Figure 6B and Figure S3A). In addition to the evaluation of fluorescence, GFP expression was also determined by RT-qPCR quantification of GFP transcripts (Figure 6C). To test the effect of the virus or viral protein on TGS suppression, we evaluated the levels of methylation of the 35S promoter that directs the expression of the GFP gene on the 16c-TGS plants. Bisulfite sequencing showed that the level of methylation of the 35S promoter in plants infected with either PHYVV or the vector PVX::REn was significantly lower than the level found in the same promoter from mock-inoculated plants. Similar results were obtained with a methylation-dependent (chop-PCR) assay (Figure 6D–F). On the other hand, although the expression of Rep resulted in a reduction of the levels of PepGMV DNA methylation on recovered pepper plants (Figure 5B), in this assay, the expression Rep was not able to either restore GFP expression (Figure 6C,D) or cause changes on 35S promoter methylation (Figure 6E,F).




3.7. PHYVV Rep Is a PTGS Silencing Suppressor


In plants, PTGS is another silencing mechanism that involves the degradation of mRNAs and is critical for host defense against RNA and DNA viruses. We tested whether Rep or REn proteins from PHYVV were able to suppress this silencing pathway. For this, we co-infiltrated plants of the line 16c of N. benthamiana with a mixture of either 35S:GFP plus 35S:Rep or 35S:GFP plus 35S:REn. This N. benthamiana line was selected to constitutively express GFP. Thus, the presence of a highly expressed GFP vector will induce silencing of the chromosomal GFP copy. The co-inoculation of a PTGS suppressor source will affect the silencing caused by the external, introduced GFP cassette [38].



As expected, the agroinfiltration of 35S:GFP vector without a source of PTGS suppressor (empty pBINX) causes the silencing of GFP in the infiltrated area resulting in a lack of GFP fluorescence (Figure 7A). However, silencing is impaired by the co-infiltration of 35S:GFP with a vector expressing Rep protein (35S:Rep). In the infiltrated tissues, a good level of GFP fluorescence is observed even at similar levels to the one observed when 35SGFP is co-inoculated with a source of a well-characterized PTGS suppressor, p19, from a tombusvirus [52] (Figure 7A). This result indicates that PHYVV Rep protein is a suppressor of post-transcriptional silencing, PTGS. In parallel experiments with a vector expressing REn (35S:REn), no silencing suppression effect was observed (Figure 7A,B). Two additional PHYVV proteins, TrAP and CP, were also evaluated with this procedure. Similarly to REn, no evidence for a PTGS suppression effect was observed in those experiments (Figure S3B). In addition to the evaluation of GFP fluorescence, the PTGS suppression effect was also evaluated by quantification of GFP transcripts (Figure 7B,C). The levels of GFP transcripts detected correspond to the fluorescence observed in Figure 7A.





4. Discussion


Virus–host interactions are usually studied as a simple infection. However, mixed infections by two or more viruses are often found in nature [53]. Mixed infection between PepGMV and PHYVV has been studied in our laboratory from different points of view [7,8]. Often simultaneous inoculations (co-inoculations) are performed, leading to a synergistic effect without recovery, typically observed in a single infection [8]. We focused on the effect of superinfection by PYHVV in plants that underwent recovery following PepGMV infection. First, we inoculated plants with PepGMV, and once the plants had shown symptoms and the recovery process had been established, the plants were then superinfected with PHYVV (see Figure 1).



Previous works with PepGMV single infections have shown that the recovery process involves silencing of the viral minichromosome using both PTGS and TGS pathways (siRNA production, hypermethylation of the viral IR, minichromosome compaction, and association with histone repressive marks) [14,18]. In this study, we show that recovered, asymptomatic plants still maintain a reduced number of active, expressing PepGMV genomes that rapidly reinitiate a productive infection upon inoculation with the second virus, PHYVV resulting in a typical synergistic infection (Figure 1E,F). In synergistic conditions, the PepGMV population was characterized by methylation and histone modification levels similar to those of the symptomatic phase of a single PepGMV infection (Figure 2 and Figure 3).



Viral DNA methylation was demonstrated to be important for plant defense against geminiviruses. Hypermethylation of the viral genome has been associated with the recovery phenotype in different models of plant–geminivirus interaction [12,14,34,35,36]. In addition, mutants of RdDM are more susceptible to infection and show an exacerbated symptomatology compared to wild type plants [34].



The next question in this research was as follows: Is there a PHYVV protein responsible for synergism? In a previous study, a different approach to answer this question was used. In that study, each gene of the interacting viruses was independently mutated to study its role in the co-inoculation. It was determined that from the PepGMV side, TrAP was required for synergism, whereas on the PHYVV side, it was not possible to identify a gene solely required for synergism. Unfortunately, using that approach, Rep could not be evaluated since Rep mutations are usually lethal and no complementation occurs between PHYVV and PepGMV since iterons (Rep binding sites) are dramatically different [54]. In addition, it was complicated to evaluate REn since REn and TrAP ORFs are overlapped, thus, a mutation at the REn ORF also affects TrAP [8].



Given the need to express the viral proteins of PHYVV in pepper, the difficulty to obtain a pepper stable transforming line [55], and that N. benthamiana plants infected with PepGMV do not show recovery [7], we decided to express PHYVV proteins using an expression vector based on PVX.



Using PVX vectors, it was possible to show that TrAP, CP, MP, and NSP are not essential for synergism, whereas Rep and REn play important roles in the process by leading to an increase of PepGMV accumulation. For example, a 2.7-fold increase in viral DNA when expressing REn in comparison with the empty vector (Figure 4). It is interesting to mention, however, that even with that increase in the concentration of viral DNA, no symptom reappearance was observed. It is difficult to explain this result, but a possibility is that the number of infected cells by the PVX vector and the interacting PepGMV is different, therefore, the percentage of cells having both viruses simultaneously might be quite low. Another possible explanation is that even with the reported viral concentration, the viral titer needed to reach a putative threshold for symptoms is not reached.



Rep and REn are associated with viral replication. However, at least for Rep, its interaction with its own viral genome is quite specific. On the other hand, these viral proteins are reported as multifunctional, therefore, their participation in a synergism process might be through another pathway, with a lower virus specificity. We initially determined that an increase in PepGMV accumulation after superinfection with PHYVV of PepGMV recovered plants is associated with a reduction of viral DNA methylation (Figure 2). Next, we observed that PepGMV methylation level was lower in plants with a REn expression vector (38%) than in plants with a Rep expression vector (50%). Interestingly, the value obtained with REn is similar to the one obtained with PHYVV superinfection. These results suggested that these proteins could be suppressors of silencing.



Multiple geminiviral proteins have been associated with the gene silencing suppression, principally TrAP (AC2, C2, L2) [27,32,56,57,58]. In African cassava mosaic virus (ACMV), the suppressor of silencing is C4 like Tomato leaf curl New Delhi virus (ToLCNDV) [26,59], while in CLCuDV both TrAP and C4 have suppressor functions [24]. Another protein associated with suppression is V2 from Mulberry mosaic dwarf-associated virus (MMDAV), Apple geminivirus (AGV), Tomato yellow leaf curl virus (TYLCV), and Beet curly top virus (BCTV) [29,48,60,61,62]. Therefore, despite belonging to the same viral family each virus has different suppressor silencing proteins, so this function cannot be generalized in all geminiviruses and it is necessary to analyze each individual virus.



Although PHYVV was described almost 30 years ago [40,63], this is the first analysis in search of silencing suppressors encoded in this virus. To determine silencing suppressor activity, we used the N. benthamiana lines 16c and 16c-TGS, which have been widely used for this purpose [27]. As shown in Figure 6 and Figure 7, PHYVV Rep is not able to suppress TGS but might be able to for PTGS. In contrast, REn is shown to suppresses TGS, but not PTGS in N. benthamiana. These viral proteins act as a counter defense at different levels. Further research should be done to investigate in detail how they suppress gene silencing.



The ability of geminiviral Rep to suppress silencing has been poorly studied. TYLVC Rep decreases the expression of Met1 and CMT3 DNA methyltransferases, in addition to decreasing methylation at host DNA loci, such as FWA or a reporter TGS-silenced gene (GUS gene), resulting in the release of TGS arrest and the expression of the corresponding genetic element [30]. Regarding PTGS, we obtained some evidence that PHYVV Rep might have suppressive activity. There are no reports of a Rep protein from another begomovirus showing PTGS suppression. However, a Rep protein from the mastrevirus Wheat dwarf virus (WDV), was reported with PTGS suppression activity [25].



Research on the role of REn protein is scarce. REn has been reported as an enhancer of replication since REn mutants show a decrease in viral replication. Interestingly, viral replication can be restored by complementation with REn from other viruses suggesting a low specificity [64,65]. This enhancement in viral replication is associated with the interaction between REn, Rep, and PCNA [65,66]. Rep and REn have been shown to interact with Replication Protein A (RPA) [67,68], a single-stranded DNA binding protein involved in several processes, including maintenance of TGS of transposon elements [69,70]. RPA silencing resulted in enhanced TYLCSV infection [71]. Regarding the other activity, REn from AbMV was suggested to avoid early TrAP brake of viral replication [72].



Contradictory results on its interaction with proteins that affect chromatin have been reported with Tomato leaf curl Kerala virus [68] and TYLCV [73]. Nevertheless, geminiviral REn has never been reported as a TGS suppressor. The evidence shown here with PHYVV REn and this activity warrant further research to facilitate our understanding of these multifunctional proteins, and special emphasis is required to study the interaction between viral proteins, i.e., Rep-REn.



In summary, in a recovered plant the silencing mechanisms are activated to restrict viral replication through DNA methylation. However, when plants are superinfected with PHYVV these mechanisms are not sufficient to maintain the PepGMV genome repressed, and therefore synergism is triggered. The combined presence of Rep, Ren, and TrAP from two geminiviruses might generate a strong silencing suppressive response that the plant is not able to counteract. Nevertheless, these interactions might also help us to understand why these viruses keep sharing the same geographical distribution after many years without any indication that one might gradually eliminate the other one as it has been reported in many areas with the arrival of a “foreign” entity.



Finally, it could be interesting to identify the host (pepper) proteins interacting with PHYVV Rep and REn proteins by using heterologous systems as the Yeast Two-hybrid system (Y2H) or Mass spectrometry-based systems in order to elucidate this novel mechanism of silencing suppression.








Supplementary Materials


The following are available online at https://www.mdpi.com/1999-4915/12/3/286/s1, Table S1: Primers, Figure S1: Schematic representation of PHYYV genome, Figure S2: Expression of PHYVV individual genes, Figure S3: Suppressors silencing analysis.





Author Contributions


Conceptualization, M.G.R.-G., E.A.R.-N. and R.F.R.-B.; Methodology, M.G.R.-G., E.A.R.-N. and R.F.R.-B.; Investigation, M.G.R.-G.; Resources, E.A.R.-N. and R.F.R.-B.; Writing—Original draft preparation, M.G.R.-G.; Writing—Review and editing, E.A.R.-N. and R.F.R.-B.; Supervision, R.F.R.-B.; Project administration, R.F.R.-B.; Funding acquisition, R.F.R.-B. All authors have read and agreed to the published version of the manuscript.




Funding


This research was funded by a Consejo Nacional de Ciencia y Tecnología (Conacyt Mexico) grant (Num. 257869) to R.F.R.-B.; M.G.R.-G. was supported by a PhD fellowship also from the Conacyt.




Acknowledgments


We thank Diana Trejo-Saavedra for technical advice and helpful critical discussions, and Jose Luis Hernández for taking care of the plants.




Conflicts of Interest


The authors declare no conflict of interest. The funders had no role in the design of the study; in the collection, analyses, or interpretation of data; in the writing of the manuscript, or in the decision to publish the results.




References


	



Hanley-Bowdoin, L.; Bejarano, E.R.; Robertson, D.; Mansoor, S. Geminiviruses: Masters at redirecting and reprogramming plant processes. Nat. Rev. Microbiol. 2013, 11, 777–788. [Google Scholar] [CrossRef]

	



Zerbini, F.M.; Briddon, R.W.; Idris, A.; Martin, D.P.; Moriones, E.; Navas-Castillo, J.; Rivera-Bustamante, R.; Roumagnac, P.; Varsani, A. ICTV Virus Taxonomy Profile: Geminiviridae. J. Gen. Virol. 2017, 98, 131–133. [Google Scholar] [CrossRef]

	



International Committee on Taxonomy of Viruses (ICTV). Available online: https://talk.ictvonline.org/taxonomy/ (accessed on 2 July 2019).

	



Brown, J.K.; Zerbini, F.M.; Navas-Castillo, J.; Moriones, E.; Ramos-Sobrinho, R.; Silva, J.C.F.; Fiallo-Olivé, E.; Briddon, R.W.; Hernández-Zepeda, C.; Idris, A.; et al. Revision of Begomovirus taxonomy based on pairwise sequence comparisons. Arch. Virol. 2015, 160, 1593–1619. [Google Scholar] [CrossRef] [PubMed]

	



Fondong, V.N. Geminivirus protein structure and function. Mol. Plant Pathol. 2013, 14, 635–649. [Google Scholar] [CrossRef] [PubMed]

	



Carrillo-Tripp, J.; Lozoya-Gloria, E.; Rivera-Bustamante, R.F. Symptom remission and specific resistance of pepper plants after infection by Pepper golden mosaic virus. Phytopathology 2007, 97, 51–59. [Google Scholar] [CrossRef]

	



Méndez-Lozano, J.; Torres-Pacheco, I.; Fauquet, C.M.; Rivera-Bustamante, R.F. Interactions Between Geminiviruses in a Naturally Occurring Mixture: Pepper huasteco virus and Pepper golden mosaic virus. Phytopathology 2003, 93, 270–277. [Google Scholar] [CrossRef] [PubMed]

	



Rentería-Canett, I.; Xoconostle-Cázares, B.; Ruiz-Medrano, R.; Rivera-Bustamante, R.F. Geminivirus mixed infection on pepper plants: Synergistic interaction between PHYVV and PepGMV. Virol. J. 2011, 8, 104. [Google Scholar] [CrossRef]

	



Rodelo-Urrego, M.; Pagán, I.; González-Jara, P.; Betancourt, M.; Moreno-Letelier, A.; Ayllõn, M.A.; Fraile, A.; Piñero, D.; García-Arenal, F. Landscape heterogeneity shapes host-parasite interactions and results in apparent plant-virus codivergence. Mol. Ecol. 2013, 22, 2325–2340. [Google Scholar] [CrossRef]

	



Pumplin, N.; Voinnet, O. RNA silencing suppression by plant pathogens: defence, counter-defence and counter-counter-defence. Nat. Rev. Microbiol. 2013, 11, 745–760. [Google Scholar] [CrossRef]

	



Voinnet, O.; Pinto, Y.M.; Baulcombe, D.C. Suppression of gene silencing: A general strategy used by diverse DNA and RNA viruses of plants. Proc. Natl. Acad. Sci. USA 1999, 96, 14147–14152. [Google Scholar] [CrossRef]

	



Raja, P.; Wolf, J.N.; Bisaro, D.M. RNA silencing directed against geminiviruses: Post-transcriptional and epigenetic components. Biochim. Biophys. Acta Gene Regul. Mech. 2010, 1799, 337–351. [Google Scholar] [CrossRef] [PubMed]

	



Chellappan, P.; Vanitharani, R.; Pita, J.; Fauquet, C.M. Short Interfering RNA Accumulation Correlates with Host Recovery in DNA Virus-Infected Hosts, and Gene Silencing Targets Specific Viral Sequences. J. Virol. 2006, 80, 1064. [Google Scholar] [CrossRef]

	



Rodriguez-Negrete, E.A.; Carrillo-Tripp, J.; Rivera-Bustamante, R.F. RNA Silencing against Geminivirus: Complementary Action of Posttranscriptional Gene Silencing and Transcriptional Gene Silencing in Host Recovery. J. Virol. 2009, 83, 1332–1340. [Google Scholar] [CrossRef] [PubMed]

	



Ramesh, S.V.; Sahu, P.P.; Prasad, M.; Praveen, S.; Pappu, H.R. Geminiviruses and Plant Hosts: A Closer Examination of the Molecular Arms Race. Viruses 2017, 9, 256. [Google Scholar] [CrossRef] [PubMed]

	



Abouzid, A.M.; Frischmuth, T.; Jeske, H. A putative replicative form of the abutilon mosaic virus (gemini group) in a chromatin-like structure. MGG Mol. Gen. Genet. 1988, 212, 252–258. [Google Scholar] [CrossRef]

	



Pilartz, M.; Jeske, H. Abutilon mosaic geminivirus double-stranded DNA is packed into minichromosomes. Virology 1992, 189, 800–802. [Google Scholar] [CrossRef]

	



Ceniceros-Ojeda, E.A.; Rodríguez-Negrete, E.A.; Rivera-Bustamante, R.F. Two Populations of Viral Minichromosomes Are Present in a Geminivirus-Infected Plant Showing Symptom Remission (Recovery). J. Virol. 2016, 90, 3828–3838. [Google Scholar] [CrossRef] [PubMed]

	



Du, J.; Johnson, L.M.; Jacobsen, S.E.; Patel, D.J. DNA methylation pathways and their crosstalk with histone methylation. Nat. Rev. Mol. Cell Biol. 2015, 16, 519–532. [Google Scholar] [CrossRef]

	



Bisaro, D.M. Silencing suppression by geminivirus proteins. Virology 2006, 344, 158–168. [Google Scholar] [CrossRef]

	



Csorba, T.; Kontra, L.; Burgyán, J. viral silencing suppressors: Tools forged to fine-tune host-pathogen coexistence. Virology 2015, 479–480, 85–103. [Google Scholar] [CrossRef]

	



Rishishwar, R.; Dasgupta, I. Suppressors of RNA silencing encoded by geminiviruses and associated DNA satellites. Virus Dis. 2019, 30, 58–65. [Google Scholar] [CrossRef] [PubMed]

	



Zhang, J.; Dong, J.; Xu, Y.; Wu, J. V2 protein encoded by Tomato yellow leaf curl China virus is an RNA silencing suppressor. Virus Res. 2012, 163, 51–58. [Google Scholar] [CrossRef] [PubMed]

	



Amin, I.; Hussain, K.; Akbergenov, R.; Yadav, J.S.; Qazi, J.; Mansoor, S.; Hohn, T.; Fauquet, C.M.; Briddon, R.W. Suppressors of RNA silencing encoded by the components of the cotton leaf curl begomovirus-betasatellite complex. Mol. Plant Microbe Interact. 2011, 24, 973–983. [Google Scholar] [CrossRef] [PubMed]

	



Wang, Y.; Dang, M.; Hou, H.; Mei, Y.; Qian, Y.; Zhou, X. Identification of an RNA silencing suppressor encoded by a mastrevirus. J. Gen. Virol. 2014, 95, 2082–2088. [Google Scholar] [CrossRef] [PubMed]

	



Vinutha, T.; Kumar, G.; Garg, V.; Canto, T.; Palukaitis, P.; Ramesh, S.V.; Praveen, S. Tomato geminivirus encoded RNAi suppressor protein, AC4 interacts with host AGO4 and precludes viral DNA methylation. Gene 2018, 678, 184–195. [Google Scholar] [CrossRef] [PubMed]

	



Buchmann, R.C.; Asad, S.; Wolf, J.N.; Mohannath, G.; Bisaro, D.M. Geminivirus AL2 and L2 Proteins Suppress Transcriptional Gene Silencing and Cause Genome-Wide Reductions in Cytosine Methylation. J. Virol. 2009, 83, 5005–5013. [Google Scholar] [CrossRef]

	



Hao, L.; Wang, H.; Sunter, G.; Bisaro, D.M. Geminivirus AL2 and L2 Proteins Interact with and Inactivate SNF1 Kinase. Plant Cell 2003, 15, 1034–1048. [Google Scholar] [CrossRef]

	



Wang, B.; Yang, X.; Wang, Y.; Xie, Y.; Zhou, X. Tomato Yellow Leaf Curl Virus V2 Interacts with Host Histone Deacetylase 6 To Suppress Methylation-Mediated Transcriptional Gene Silencing in Plants. J. Virol. 2018, 92. [Google Scholar] [CrossRef] [PubMed]

	



Rodríguez-Negrete, E.; Lozano-Durán, R.; Piedra-Aguilera, A.; Cruzado, L.; Bejarano, E.R.; Castillo, A.G. Geminivirus Rep protein interferes with the plant DNA methylation machinery and suppresses transcriptional gene silencing. New Phytol. 2013, 199, 464–475. [Google Scholar] [CrossRef]

	



Castillo-González, C.; Liu, X.; Huang, C.; Zhao, C.; Ma, Z.; Hu, T.; Sun, F.; Zhou, Y.; Zhou, X.; Wang, X.-J.; et al. Geminivirus-encoded TrAP suppressor inhibits the histone methyltransferase SUVH4/KYP to counter host defense. Elife 2015, 4, 1–31. [Google Scholar] [CrossRef]

	



Brough, C.L.; Gardiner, W.E.; Inamdar, N.M.; Zhang, X.Y.; Ehrlich, M.; Bisaro, D.M. DNA methylation inhibits propagation of tomato golden mosaic virus DNA in transfected protoplasts. Plant Mol. Biol. 1992, 18, 703–712. [Google Scholar] [CrossRef] [PubMed]

	



Coursey, T.; Regedanz, E.; Bisaro, D.M. Arabidopsis RNA Polymerase V Mediates Enhanced Compaction and Silencing of Geminivirus and Transposon Chromatin during Host Recovery from Infection. J. Virol. 2018, 92, e01320-17. [Google Scholar] [CrossRef] [PubMed]

	



Raja, P.; Sanville, B.C.; Buchmann, R.C.; Bisaro, D.M. Viral Genome Methylation as an Epigenetic Defense against Geminiviruses. J. Virol. 2008, 82, 8997–9007. [Google Scholar] [CrossRef] [PubMed]

	



Raja, P.; Jackel, J.N.; Li, S.; Heard, I.M.; Bisaro, D.M. Arabidopsis Double-Stranded RNA Binding Protein DRB3 Participates in Methylation-Mediated Defense against Geminiviruses. J. Virol. 2014, 88, 2611–2622. [Google Scholar] [CrossRef] [PubMed]

	



Jackel, J.N.; Storer, J.M.; Coursey, T.; Bisaro, D.M. Arabidopsis RNA Polymerases IV and V Are Required To Establish H3K9 Methylation, but Not Cytosine Methylation, on Geminivirus Chromatin. J. Virol. 2016, 90, 7529–7540. [Google Scholar] [CrossRef] [PubMed]

	



Hagen, C.; Rojas, M.R.; Kon, T.; Gilbertson, R.L. Recovery from Cucurbit leaf crumple virus (Family Geminiviridae, Genus Begomovirus) infection is an adaptive antiviral response associated with changes in viral small RNAs. Phytopathology 2008, 98, 1029–1037. [Google Scholar] [CrossRef]

	



Ruiz, M.T.; Voinnet, O.; Baulcombe, D.C. Initiation and Maintenance of Virus-Induced Gene Silencing. Plant Cell 1998, 10, 937–946. [Google Scholar] [CrossRef]

	



Jones, L.; Hamilton, A.J.; Voinnet, O.; Thomas, C.L.; Maule, A.J.; Baulcombe, D.C. RNA-DNA interactions and DNA methylation in post-transcriptional gene silencing. Plant Cell 1999, 11, 2291–2301. [Google Scholar]

	



Bonilla-Ramírez, G.M.; Guevara-González, R.G.; Garzón-Tiznado, J.A.; Ascencio-Ibáñez, J.T.; Torres-Pacheco, I.; Rivera-Bustamante, R.F. Analysis of the infectivity of monomeric clones of pepper huasteco virus. J. Gen. Virol. 1997, 78, 947–951. [Google Scholar] [CrossRef]

	



Chapman, S.; Kavanagh, T.; Baulcombe, D. Potato virus X as a vector for gene expression in plants. Plant J. 1992, 2, 549–557. [Google Scholar]

	



Lu, R.; Malcuit, I.; Moffett, P.; Ruiz, M.T.; Peart, J.; Wu, A.-J.; Rathjen, J.P.; Bendahmane, A.; Day, L.; Baulcombe, D.C. High throughput virus-induced gene silencing implicates heat shock protein 90 in plant disease resistance. EMBO J. 2003, 22, 5690–5699. [Google Scholar] [CrossRef] [PubMed]

	



Cañizares, M.C.; Rosas-Díaz, T.; Rodríguez-Negrete, E.; Hogenhout, S.A.; Bedford, I.D.; Bejarano, E.R.; Navas-Castillo, J.; Moriones, E. Arabidopsis thaliana, an experimental host for tomato yellow leaf curl disease-associated begomoviruses by agroinoculation and whitefly transmission. Plant Pathol. 2015, 64, 265–271. [Google Scholar] [CrossRef]

	



Lee, H.A.; Kim, S.Y.; Oh, S.K.; Yeom, S.I.; Kim, S.B.; Kim, M.S.; Kamoun, S.; Choi, D. Multiple recognition of RXLR effectors is associated with nonhost resistance of pepper against Phytophthora infestans. New Phytol. 2014, 203, 926–938. [Google Scholar] [CrossRef] [PubMed]

	



Murray, M.G.; Thompson, W.F. Rapid isolation of high molecular weight plant DNA. Nucleic Acids Res. 1980, 8, 4321–4326. [Google Scholar] [CrossRef] [PubMed]

	



Livak, K.J.; Schmittgen, T.D. Analysis of Relative Gene Expression Data Using Real-Time Quantitative PCR and the 2−ΔΔCT Method. Methods 2001, 25, 402–408. [Google Scholar] [CrossRef] [PubMed]

	



Green, M.R.; Sambrook, J. Isolation of High-Molecular-Weight DNA Using Organic Solvents. Cold Spring Harb. Protoc. 2017, 2017, pdb.prot093450. [Google Scholar] [CrossRef]

	



Wang, B.; Li, F.; Huang, C.; Yang, X.; Qian, Y.; Xie, Y.; Zhou, X. V2 of tomato yellow leaf curl virus can suppress methylation-mediated transcriptional gene silencing in plants. J. Gen. Virol. 2014, 95, 225–230. [Google Scholar] [CrossRef]

	



Li, F.; Xu, X.; Huang, C.; Gu, Z.; Cao, L.; Hu, T.; Ding, M.; Li, Z.; Zhou, X. The AC5 protein encoded by Mungbean yellow mosaic India virus is a pathogenicity determinant that suppresses RNA silencing-based antiviral defenses. New Phytol. 2015, 208, 555–569. [Google Scholar] [CrossRef]

	



Gruntman, E.; Qi, Y.; Slotkin, R.K.; Roeder, T.; Martienssen, R.A.; Sachidanandam, R. Kismeth: Analyzer of plant methylation states through bisulfite sequencing. BMC Bioinformatics 2008, 9, 371. [Google Scholar] [CrossRef]

	



Saleh, A.; Alvarez-Venegas, R.; Avramova, Z. An efficient chromatin immunoprecipitation (ChIP) protocol for studying histone modifications in Arabidopsis plants. Nat. Protoc. 2008, 3, 1018–1025. [Google Scholar] [CrossRef]

	



Lakatos, L.; Szittya, G.; Silhavy, D.; Burgyán, J. Molecular mechanism of RNA silencing suppression mediated by p19 protein of tombusviruses. EMBO J. 2004, 23, 876–884. [Google Scholar] [CrossRef] [PubMed]

	



Roossinck, M.J. Symbiosis versus competition in plant virus evolution. Nat. Rev. Microbiol. 2005, 3, 917–924. [Google Scholar] [CrossRef] [PubMed]

	



Argüello-Astorga, G.R.; Guevara-González, R.G.; Herrera-Estrella, L.R.; Rivera-Bustamante, R.F. Geminivirus Replication Origins Have a Group-Specific Organization of Iterative Elements: A Model for Replication. Virology 1994, 203, 90–100. [Google Scholar] [CrossRef] [PubMed]

	



Min, J.; Shin, S.H.; Jeon, E.M.; Park, J.M.; Hyun, J.Y.; Harn, C.H. Pepper, Chili (Capsicum annuum). In Methods in Molecular Biology (Clifton, N.J.); Springer: New York, NY, USA, 2015; Volume 1223, pp. 311–320. ISBN 9781493916955. [Google Scholar]

	



Jackel, J.N.; Buchmann, R.C.; Singhal, U.; Bisaro, D.M. Analysis of Geminivirus AL2 and L2 Proteins Reveals a Novel AL2 Silencing Suppressor Activity. J. Virol. 2015, 89, 3176–3187. [Google Scholar] [CrossRef]

	



Zhang, Z.; Chen, H.; Huang, X.; Xia, R.; Zhao, Q.; Lai, J.; Teng, K.; Li, Y.; Liang, L.; Du, Q.; et al. BSCTV C2 attenuates the degradation of SAMDC1 to suppress DNA methylation-mediated gene silencing in Arabidopsis. Plant Cell 2011, 23, 273–288. [Google Scholar] [CrossRef]

	



Yang, X.; Baliji, S.; Buchmann, R.C.; Wang, H.; Lindbo, J.A.; Sunter, G.; Bisaro, D.M. Functional Modulation of the Geminivirus AL2 Transcription Factor and Silencing Suppressor by Self-Interaction. J. Virol. 2007, 81, 11972–11981. [Google Scholar] [CrossRef]

	



Vanitharani, R.; Chellappan, P.; Pita, J.S.; Fauquet, C.M. Differential roles of AC2 and AC4 of cassava geminiviruses in mediating synergism and suppression of posttranscriptional gene silencing. J. Virol. 2004, 78, 9487–9498. [Google Scholar] [CrossRef]

	



Zhan, B.; Zhao, W.; Li, S.; Yang, X.; Zhou, X. Functional Scanning of Apple Geminivirus Proteins as Symptom Determinants and Suppressors of Posttranscriptional Gene Silencing. Viruses 2018, 10, 488. [Google Scholar] [CrossRef]

	



Yang, X.; Ren, Y.; Sun, S.; Wang, D.; Zhang, F.; Li, D.; Li, S.; Zhou, X. Identification of the potential virulence factors and RNA silencing suppressors of mulberry mosaic dwarf-associated geminivirus. Viruses 2018, 10, 472. [Google Scholar] [CrossRef]

	



Luna, A.P.; Rodríguez-Negrete, E.A.; Morilla, G.; Wang, L.; Lozano-Durán, R.; Castillo, A.G.; Bejarano, E.R. V2 from a curtovirus is a suppressor of post-transcriptional gene silencing. J. Gen. Virol. 2017, 98, 2607–2614. [Google Scholar] [CrossRef]

	



Garzon-Tiznado, J.A.; Torres-Pacheco, I.; Ascencio-Ibáñez, J.T.; Herrera-Estrella, L.; Rivera-Bustamante, R.F. Inoculation of Peppers with Infectious Clones of a New Geminivirus by a Biolistic Procedure. Phytopathology 1993, 83, 514. [Google Scholar] [CrossRef]

	



Sunter, G.; Stenger, D.C.; Bisaro, D.M. Heterologous Complementation by Geminivirus AL2 and AL3 Genes. Virology 1994, 203, 203–210. [Google Scholar] [CrossRef] [PubMed]

	



Settlage, S.B.; See, R.G.; Hanley-Bowdoin, L. Geminivirus C3 Protein: Replication Enhancement and Protein Interactions. J. Virol. 2005, 79, 9885–9895. [Google Scholar] [CrossRef] [PubMed]

	



Castillo, A.G.; Collinet, D.; Deret, S.; Kashoggi, A.; Bejarano, E.R. Dual interaction of plant PCNA with geminivirus replication accessory protein (Ren) and viral replication protein (Rep). Virology 2003, 312, 381–394. [Google Scholar] [CrossRef]

	



Singh, D.K.; Islam, M.N.; Choudhury, N.R.; Karjee, S.; Mukherjee, S.K. The 32 kDa subunit of replication protein A (RPA) participates in the DNA replication of Mung bean yellow mosaic India virus (MYMIV) by interacting with the viral Rep protein. Nucleic Acids Res. 2007, 35, 755–770. [Google Scholar] [CrossRef]

	



Pasumarthy, K.K.; Mukherjee, S.K.; Choudhury, N.R. The presence of tomato leaf curl Kerala virus AC3 protein enhances viral DNA replication and modulates virus induced gene-silencing mechanism in tomato plants. Virol. J. 2011, 8, 178. [Google Scholar] [CrossRef]

	



Elmayan, T.; Proux, F.; Vaucheret, H. Arabidopsis RPA2: A genetic link among transcriptional gene silencing, DNA repair, and DNA replication. Curr. Biol. 2005, 15, 1919–1925. [Google Scholar] [CrossRef]

	



Xia, R.; Wang, J.; Liu, C.; Wang, Y.; Wang, Y.; Zhai, J.; Liu, J.; Hong, X.; Cao, X.; Zhu, J.K.; et al. ROR1/RPA2A, a putative replication protein A2, functions in epigenetic gene silencing and in regulation of meristem development in Arabidopsis. Plant Cell 2006, 18, 85–103. [Google Scholar] [CrossRef]

	



Czosnek, H.; Eybishtz, A.; Sade, D.; Gorovits, R.; Sobol, I.; Bejarano, E.; Rosas-Díaz, T.; Lozano-Durán, R. Discovering Host Genes Involved in the Infection by the Tomato Yellow Leaf Curl Virus Complex and in the Establishment of Resistance to the Virus Using Tobacco Rattle Virus-based Post Transcriptional Gene Silencing. Viruses 2013, 5, 998–1022. [Google Scholar] [CrossRef]

	



Krenz, B.; Deuschle, K.; Deigner, T.; Unseld, S.; Kepp, G.; Wege, C.; Kleinow, T.; Jeske, H. Early Function of the Abutilon Mosaic Virus AC2 Gene as a Replication Brake. J. Virol. 2015, 89, 3683–3699. [Google Scholar] [CrossRef]

	



Wang, L.; Ding, X.; Xiao, J.; Jiménez-Gόngora, T.; Liu, R.; Lozano-Durán, R. Inference of a geminivirus−host protein−protein interaction network through affinity purification and mass spectrometry analysis. Viruses 2017, 9, 275. [Google Scholar] [CrossRef] [PubMed]








[image: Viruses 12 00286 g001 550] 





Figure 1. Symptom severity and Pepper golden mosaic virus (PepGMV) DNA accumulation. (A) Schematic representation of inoculation protocol. Pepper plants initially inoculated with PepGMV developed symptoms at 7 days after inoculation (dpi). Plants showing recovery (21 dpi) were superinfected with either PepGMV or Pepper huasteco yellow vein virus (PHYVV). Newly developed tissue was collected and analyzed at 30 dpi. Black ovals indicate leaves collected for analysis. (B–E) Symptom severity: (B) PepGMV symptoms, 7 dpi. (C) Host recovery, 21 dpi. (D) PepGMV superinfected plants, 30dpi. (E) PHYVV superinfected plants, 30dpi. (F) PepGMV DNA accumulation. Total DNA was isolated from leaf tissue indicated in black ovals in (A). PepGMV DNA levels were quantified by qPCR using the internal gene CaEF1a for standardization. Bars represent the relative concentration of PepGMV DNA using the value obtained in the recovered tissue as reference. Each bar represents the mean value of three independent biological replicates. Each replica is a pool of five plants. Error bars plotted refer to mean standard deviation. Asterisks indicate samples that are statistically different when compared with the recovered tissue reference (**, p < 0.01, Symptoms-Recovery or PHYVV-Recovery; ns, no significant, PepGMV-Recovery), as determined by Student’s t-test. 
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Figure 2. PepGMV DNA methylation level. (A) Schematic representation of the PepGMV 580 bp fragment analyzed. The analyzed region includes the first 60 bp of Rep coding region, the 337 bp of PepGMV A intergenic region (IR), and 183 bp of the 5′ end of CP coding region. (B) Methylation status of the PepGMV DNA. DNA from minichromosome extraction was treated with bisulfite, the 580 bp fragment was amplified by PCR, and PCR products were cloned and sequenced. Rows represent 12 individual clones from each treatment (organized from high to low methylation). Dot graphics represent all 138 cytosines present in the analyzed region in the following context, CG (30) in red, CHG (28) in blue, and CHH (80) in green. Filled circles indicate a methylated cytosine (mC). (C) Histograms show the percentage of mC residues in all sequence contexts. A Student’s t-test was performed using individual clones as data points. A significant difference between the samples in a pair is indicated as * p < 0.05 (for pair PHYVV Superinfected-Recovered), ** p < 0.01 (for pair Symptomatic-Recovered in CG), or *** p < 0.001 (in CGH, CHH, and total). Pair Recovered-PepGMV superinfected did not show significant differences. 






Figure 2. PepGMV DNA methylation level. (A) Schematic representation of the PepGMV 580 bp fragment analyzed. The analyzed region includes the first 60 bp of Rep coding region, the 337 bp of PepGMV A intergenic region (IR), and 183 bp of the 5′ end of CP coding region. (B) Methylation status of the PepGMV DNA. DNA from minichromosome extraction was treated with bisulfite, the 580 bp fragment was amplified by PCR, and PCR products were cloned and sequenced. Rows represent 12 individual clones from each treatment (organized from high to low methylation). Dot graphics represent all 138 cytosines present in the analyzed region in the following context, CG (30) in red, CHG (28) in blue, and CHH (80) in green. Filled circles indicate a methylated cytosine (mC). (C) Histograms show the percentage of mC residues in all sequence contexts. A Student’s t-test was performed using individual clones as data points. A significant difference between the samples in a pair is indicated as * p < 0.05 (for pair PHYVV Superinfected-Recovered), ** p < 0.01 (for pair Symptomatic-Recovered in CG), or *** p < 0.001 (in CGH, CHH, and total). Pair Recovered-PepGMV superinfected did not show significant differences.



[image: Viruses 12 00286 g002]







[image: Viruses 12 00286 g003 550] 





Figure 3. ChIP-qPCR analysis of the association of H3K4me3 (active) and H3K9me2 (repressive) histone marks with PepGMV minichromosomes. After minichromosome enrichment from symptomatic (A), recovered (B), recovered PHYVV-superinfected (C), or recovered PepGMV-superinfected (D) tissue, an immunoprecipitation assay was carried out using antibodies against H3K4me3 or H3K9me2, and pulled down viral DNA was quantified by qPCR using PepGMV IR specific primers. The data are presented as percentages of the input. Bars represent mean values of three independent biological replicates; error bars plotted refer to standard deviation of the mean. NA, no antibody 
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Figure 4. Effect of the expression of individual PHYVV genes in recovered PepGMV plants. (A) PepGMV recovered plants were inoculated with a PVX-vector expressing PHYVV individual genes. Ten days after inoculation, plant phenotype was analyzed and apical tissue collected for viral DNA quantification. (B) PepGMV DNA accumulation. PepGMV DNA levels were quantified by qPCR using the host gene CaEF1a for internal normalization. DNA concentration from different samples is expressed in reference to the value obtained with plant inoculated with PVX empty vector. Bars represent mean values of three independent biological replicates. Each replica is a pool of five plants. Error bars plotted to refer to the standard deviation of the mean. Asterisks indicate samples that are statistically different from the PVX empty vector sample (**** p < 0.0001; ns, not significant) determined by Dunnett’s multiple comparisons test. 
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Figure 5. PepGMV DNA methylation level. PepGMV recovered plants were inoculated with PVX expressing PHYVV Rep or REn genes. Ten days after PVX inoculation apical leaves were collected for minichromosome extraction. DNA present in the minichromosomes was treated with bisulfite and used in a PCR assay to amplify and clone the viral fragment shown in Figure 2. Twelve clones per treatment were sequenced. (A) Cytosine methylation detected in individual clones. Dot graphics represent all cytosines present, 138 in total with CG (30) in red, CHG (28) in blue, and CHH (80) in green, filled circles indicate a methylated cytosine (mC). (B,C) Histograms show the percentage of mC residues in different sequence contexts. A Student’s t-test was performed using individual clones as data points. No significant difference was detected between control samples inoculated (PVX) and samples inoculated with PVX:Rep (B). On the other hand, a significant difference was observed between the control samples (PVX) and samples inoculated with PVX:REn (C) and it is indicated as * p < 0.05. 
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Figure 6. Transcriptional gene silencing (TGS) suppressor silencing analysis. (A) Nicotiana benthamiana 16c-TGS plants were inoculated by a biolistic procedure with PHYVV dimeric clones. Inoculated plants were evaluated at 10 dpi for green fluorescent protein (GFP) fluorescence using UV light. (B) N. benthamiana 16c-TGS plants were infiltrated with Agrobacterium strains harboring either an empty PVX-derived vector or a vector expressing PHYVV Rep (PVX::Rep) or REn (PVX::REn) proteins. Again, plants were evaluated for GFP fluorescence at 10 dpi using UV light. (C) Quantification of GFP expression by RT-qPCR. GFP expression levels were normalized to NbEF1a. Bars represent the mean values for three independent biological replicates, each replica contains a mix of three plants. Error bars represent standard deviation of the mean. Asterisks indicate pair samples that are statistically different (for PVX-PVX::REn: ** p < 0.01; for Mock-PHYVV: *** p < 0.001), determined by Student’s t-test. (D) Analysis of DNA methylation level of the 35S promoter by chop-PCR. Total DNA was extracted from vascular tissues, digested with methylation-dependent endonuclease McrBC, and used as template for the amplification of a 35S promoter segment using specific primers. Undigested DNA samples were used as control. (E,F) Analysis of DNA methylation level of the 35S promoter by bisulfite sequencing. Total DNA was extracted from vascular tissues and treated with bisulfite. PCR amplification and cloning of the amplicons was performed as explained in Section 2. Twelve clones per treatment were sequenced. (E) Cytosine methylation in individual clones. Dot graphics represent all cytosines (69) present in the fragment with the following contexts: CG (8) in red, CHG (11) in blue, and CHH (50) in green. Filled circles indicate a mC residue. (F) Histograms show the percentage of mC residues in all different sequence contexts. A Student’s t-test was performed using individual clones as data points. A significant difference between the samples in a pair is indicated as * p < 0.05 or ** p < 0.01. 






Figure 6. Transcriptional gene silencing (TGS) suppressor silencing analysis. (A) Nicotiana benthamiana 16c-TGS plants were inoculated by a biolistic procedure with PHYVV dimeric clones. Inoculated plants were evaluated at 10 dpi for green fluorescent protein (GFP) fluorescence using UV light. (B) N. benthamiana 16c-TGS plants were infiltrated with Agrobacterium strains harboring either an empty PVX-derived vector or a vector expressing PHYVV Rep (PVX::Rep) or REn (PVX::REn) proteins. Again, plants were evaluated for GFP fluorescence at 10 dpi using UV light. (C) Quantification of GFP expression by RT-qPCR. GFP expression levels were normalized to NbEF1a. Bars represent the mean values for three independent biological replicates, each replica contains a mix of three plants. Error bars represent standard deviation of the mean. Asterisks indicate pair samples that are statistically different (for PVX-PVX::REn: ** p < 0.01; for Mock-PHYVV: *** p < 0.001), determined by Student’s t-test. (D) Analysis of DNA methylation level of the 35S promoter by chop-PCR. Total DNA was extracted from vascular tissues, digested with methylation-dependent endonuclease McrBC, and used as template for the amplification of a 35S promoter segment using specific primers. Undigested DNA samples were used as control. (E,F) Analysis of DNA methylation level of the 35S promoter by bisulfite sequencing. Total DNA was extracted from vascular tissues and treated with bisulfite. PCR amplification and cloning of the amplicons was performed as explained in Section 2. Twelve clones per treatment were sequenced. (E) Cytosine methylation in individual clones. Dot graphics represent all cytosines (69) present in the fragment with the following contexts: CG (8) in red, CHG (11) in blue, and CHH (50) in green. Filled circles indicate a mC residue. (F) Histograms show the percentage of mC residues in all different sequence contexts. A Student’s t-test was performed using individual clones as data points. A significant difference between the samples in a pair is indicated as * p < 0.05 or ** p < 0.01.



[image: Viruses 12 00286 g006]







[image: Viruses 12 00286 g007 550] 





Figure 7. Post-transcriptional gene silencing (PTGS) suppressor silencing analysis. (A) N. benthamiana 16c plants were co-agroinoculated with a mixture of 35S:GFP plus pBINX empty vector or vectors expressing different viral proteins to be tested for PTGS suppression: 35S:p19, 35S:Rep, or 35S:REn. Five days after agroinoculation plants were evaluated for GFP fluorescence under UV light. (B) Quantification of GFP RNA expression by RT-qPCR. GFP RNA expression levels were normalized using the expression of the internal gene NbEF1a. Bars represent the mean values for three independent biological replicates. Error bars represent standard deviation of the mean. Asterisks indicate samples that are statistically different to pBINX (** p < 0.01; *** p < 0.001; ns, not significant), determined by Student´s t-test. (C) A RT-PCR assay was carried out to detect the expression of the GFP gene using primers that direct the amplification of the complete open reading frame (ORF). Total RNA was used for RT, followed by a PCR amplification (30 cycles). The amplification of host gene EF1α was used as internal control. 
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