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ABSTRACT Cytosine DNA methylation is a conserved epigenetic silencing mecha-
nism that defends against biotic stresses such as geminivirus infection. As a counter-
measure, geminiviruses encode proteins that inhibit methylation and transcriptional
gene silencing (TGS). Previous studies showed that V2 protein of Tomato yellow leaf
curl virus (TYLCV) functions as a TGS suppressor. However, how V2 mediates TGS
suppression remains unknown. Here we show that V2 interacts directly with a Nicoti-
ana benthamiana histone deacetylase 6 (NbHDA6), a homolog of Arabidopsis HDA6
(AtHDA6), known to be involved in gene silencing in cooperation with methyltrans-
ferase 1 (MET1). NbHDA6 genetically complemented a late-flowering phenotype and
restored histone deacetylation of an AtHDA6 mutant. Furthermore, our investigation
showed that NbHDA6 displayed histone deacetylase enzymatic activity, which was
not inhibited by V2. Genetic analysis revealed that silencing of NbHDA6 expression
resulted in enhanced susceptibility to TYLCV infection. In addition, methylation-
sensitive PCR and bisulfite sequencing analysis showed that silencing of NbHDA6 ex-
pression caused reduced DNA methylation of the viral genome in infected plants.
HDA6 was previously shown to recruit and physically interact with MET1 to function
in gene silencing. Using competitive pulldown and coimmunoprecipitation assays,
we demonstrated that V2 did not interact but competed with NbMET1 for direct
binding to NbHDA6. These findings suggest that V2 interacts with host HDA6 and
interferes with the recruitment of MET1 by HDA6, resulting in decreased methylation
of the viral DNA genome by TGS with a concomitant increase in host susceptibility
to TYLCV infection.

IMPORTANCE Plants employ repressive viral genome methylation as an epigenetic
defense against geminiviruses. In turn, geminiviruses encode proteins that inhibit
methylation by TGS. Previous studies showed that TYLCV V2 can efficiently suppress
TGS, but the mechanism remains unknown. We showed that V2 interacted with
NbHDA6 but did not inhibit its enzymatic activity. As HDA6 is known to be involved
in gene silencing in cooperation with MET1, we explored the relationship between
V2, NbMET1, and NbHDA6. Our investigation showed that V2 did not interact but
competed with NbMET1 for direct binding to NbHDA6. To our knowledge, this is the
first report that viral proteins inhibit TGS by interacting with histone deacetylase but
not by blocking the methyl cycle. This work provides an additional mechanism for
TGS suppression by geminiviruses.
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Cytosine DNA methylation is a well-characterized epigenetic silencing mechanism
modulating a number of key biological processes, including genomic imprinting,

X-chromosome inactivation, suppression of repetitive elements, and carcinogenesis (1,
2). It also acts as an effective defense system against invading nucleic acids, such as
those of geminiviruses (3–5).

The Geminiviridae is a plant virus family consisting of members with small, single-
stranded DNA (ssDNA) genomes that cause extensive agricultural losses in crops
worldwide. Geminiviruses are currently classified into 9 genera (Becurtovirus, Begomo-
virus, Curtovirus, Eragrovirus, Mastrevirus, Topocuvirus, Turncurtovirus, Capulavirus, and
Grablovirus) with the genus Begomovirus containing the largest number of plant viruses
in tropical, subtropical, and temperate agroecosystems (6, 7). Viruses belonging to the
Geminiviridae specify 4 to 7 proteins, and they replicate in infected-cell nuclei by rolling-
circle replication (RCR), complementary-strand replication (CSR), and recombination-
dependent replication (RDR) using double-stranded DNA (dsDNA) intermediates (8–12).
These dsDNA intermediates associate with cellular histones to form minichromosomes (13,
14), which are potential targets for repression of transcription.

Plants employ transcriptional gene silencing (TGS) as a defense against geminivi-
ruses (15–17). As a counterdefensive measure, geminiviruses produce unique proteins
that serve as transcriptional gene silencing suppressors to interfere with this process.
Virus-encoded TGS suppressors act through divergent mechanisms. The most exten-
sively studied geminivirus silencing suppressors are the AC2/AL2 protein encoded by
members of the genus Begomovirus and the related C2/L2 protein encoded by mem-
bers of the genus Curtovirus. Both AC2/AL2 and C2/L2 suppress TGS by a mechanism
that correlates with methyl cycle interference through inhibition of adenosine kinase
(ADK) activity (18–20). In addition, Beet severe curly top virus (BSCTV) C2 interferes with
the host epigenetic defense by attenuating the activity of 26S proteasome-mediated
degradation of S-adenosyl-methionine decarboxylase 1 (SAMDC1), highlighting the
importance of the methyl cycle for defense against geminiviruses (21). More recently,
AC2/C2 was shown to interact with and inhibit the H3K9 histone methyltransferase
SUVH4/KYP to attenuate TGS (22, 23). Besides AC2/C2, the �C1 protein encoded by
Tomato yellow leaf curl China betasatellite (TYLCCNB) interacts with and inhibits the
activity of S-adenosyl homocysteine hydrolase (SAHH) to block the methyl cycle (24).
Furthermore, replication-associated proteins (Reps, also known as C1, AL1, or AC1) of
several geminiviruses suppress TGS by reducing the expression of plant DNA methyl-
transferases, methyltransferase 1 (MET1) and chromomethylase 3 (CMT3) (25). In addi-
tion, the AC5 protein encoded by Mungbean yellow mosaic India virus (MYMIV) was
shown to prevent TGS by repressing the expression of domains rearranged methyl-
transferase 2 (DRM2) (17). Our previous studies have shown that the V2 protein of
Tomato yellow leaf curl virus (TYLCV) is a TGS suppressor (26). However, how TYLCV V2
mediates TGS suppression remains unknown.

Histone deacetylase 6 (HDA6) is a well-studied histone deacetylase that has multi-
faceted roles in regulation of genome maintenance, development, environmental stress
responses, gene silencing, and maintenance of cytosine methylation in plants (27–29).
HDA6 was first identified to play a role in transgene silencing through an auxin-
responsive element mutant screening, where HDA6 mutant alleles axe1-1 to axe1-5
release auxin-responsive reporter gene silencing in the absence of auxin treatment (30).
In addition, HDA6 was also required for maintenance of TGS (31). The role of HDA6 in
methylation maintenance was further highlighted by the observation that HDA6 was an
essential component in the process of RNA-directed DNA methylation (32). Several
studies have demonstrated that HDA6 plays an important role in gene silencing in
cooperation with MET1. Analysis of locus-directed heterochromatin silencing indicated
that HDA6 and MET1 cotarget to heterochromatin sites and maintain heterochromatin
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silencing (28). Moreover, Liu et al. reported that HDA6 physically interacts with MET1 to
function cooperatively in gene silencing (33).

In this study, to determine the mechanism of V2-based TGS suppression, a yeast
two-hybrid screening was performed. We show that TYLCV V2 interacts with a Nicotiana
benthamiana histone deacetylase 6 (NbHDA6). Using competitive pulldown and coim-
munoprecipitation (co-IP) assays, we demonstrate that V2 competes with NbMET1 for
direct binding to NbHDA6. The implication of this finding to the geminivirus infection
cycle is discussed.

RESULTS
V2 interacts with N. benthamiana HDA6. To identify host cell targets of V2, we

performed a yeast two-hybrid screen (34) of an N. benthamiana cDNA library using the
TYLCV V2 protein as bait. From a total of approximately 7 � 105 transformants assayed
for histidine prototrophy and �-galactosidase activity, one cDNA clone, designated
NbHDA6 (GenBank accession no. KU170188), was identified as an interacting partner of
V2. Amino acid sequence analysis revealed significant homology between NbHDA6 and
HDA6s from Nicotiana tomentosiformis, Solanum lycopersicum, Vitis vinifera, Morus
notabilis, Theobroma cacao, and Arabidopsis thaliana (85.8%, 93.0%, 82.3%, 84.1%,
83.9%, 78.1%). As is typical for members of the RPD3-like histone deacetylase (HDAC)
protein family, both NbHDA6 and AtHDA6 contain a conserved histone deacetylase
kinase domain, which is necessary for histone deacetylase activity (35). The full-length
coding sequence of NbHDA6 was amplified from N. benthamiana cDNA, and its
interaction with V2 was confirmed using the yeast two-hybrid system (Fig. 1A).

A bimolecular fluorescence complementation (BiFC) assay was further performed to
test for the interaction between V2 and NbHDA6 in plant cells. V2 and NbHDA6 were
fused to the N-terminal fragment of yellow fluorescent protein (YFP) and the C-terminal
fragment of YFP, respectively. The corresponding constructs were codelivered into
RFP-H2B plant leaves by agroinfiltration, and fluorescence was observed using a
confocal microscope at 72 h postinfiltration (hpi). As shown in Fig. 1B, pairwise
expression of pV2-YFPN and pNbHDA6-YFPC resulted in a strong YFP fluorescence
signal in distinct microbodies throughout the cytoplasm and nucleus periphery, but no
fluorescence was observed when pV2-YFPN and pYFPC or pNbHDA6-YFPC and pYFPN

were coexpressed, suggesting a tight interaction between the V2 and NbHDA6 proteins
in plant cells (Fig. 1B). To further demonstrate the interaction of V2 with NbHDA6 and
AtHDA6, in vitro pulldown and co-IP assays were performed. When full-length V2 was
fused with the His tag and NbHDA6 and AtHDA6 were fused with glutathione
S-transferase (GST) tags, V2-HIS was pulled down by GST-NbHDA6 and GST-AtHDA6,
whereas no signal was observed when GST-NbHDA6 or GST-AtHDA6 was replaced by
GST (Fig. 1C). Co-IP experiments showed that NbHDA6 or AtHDA6 could interact with
V2 in Arabidopsis protoplasts while the negative control, AtSAHH, could not (Fig. 1D).
These results indicated a specific and direct association of V2 with NbHDA6 and
AtHDA6.

Subcellular localization and expression pattern of NbHDA6. The subcellular
localization of NbHDA6 was examined by agroinfiltration of epidermal cells of RFP-H2B
plants (Fig. 2A). Consistent with previous studies, green fluorescence was observed in
the nuclei of cells expressing green fluorescent protein (GFP) fusion to the C terminus
of AtHDA6 (36–38). A similar colocalization of the RFP-H2B marker was observed
exclusively in the nuclei of cells expressing NbHDA6-GFP. This indicates that the
NbHDA6-GFP fusion protein localizes in the nucleus of N. benthamiana epidermal cells.
Western blotting showed that NbHDA6-GFP and AtHDA6-GFP fusion proteins were
expressed and remained stable in N. benthamiana cells (Fig. 2B). The expression pattern
of NbHDA6 was analyzed by using real-time reverse transcription (RT)-PCR with total
RNA isolated from various N. benthamiana tissues as the template. As shown in Fig. 2C,
NbHDA6 transcripts were detected in roots, leaves, stems, and flowers of N. benthami-
ana. The highest accumulation of NbHDA6 mRNA was found in root with an interme-
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diate level in flower, and the lowest levels were in leaf and stem, consistent with
previous studies on AtHDA6 mRNA accumulation in Arabidopsis (36).

NbHDA6 functionally complements an Arabidopsis hda6 mutant. The Arabidop-
sis hda6 mutant axe1-5 (ecotype Col-0) develops normally under standard growth
conditions with the exception of a late-flowering phenotype (31, 36, 39). To directly

FIG 1 TYLCV V2 physically interacts with NbHDA6. (A) Yeast two-hybrid assay between NbHDA6 and V2. Yeast strain Y2HGold
cotransformed with the indicated plasmids was spotted on synthetic depleted (SD) growth medium lacking histidine, leucine, and
tryptophan in 10-fold serial dilutions. (B) BiFC visualization of an interaction between V2 and NbHDA6 in N. benthamiana leaves.
RFP-histone 2B (RFP-H2B) was used as a marker for the nucleus. Left panels, YFP fluorescence; middle panels, RFP fluorescence; right
panels, YFP/RFP/bright-field overlay. Bars, 20 �m. (C) Pulldown assay for detecting an in vitro interaction between NbHDA6/AtHDA6
and V2. Equal molar amounts of GST or GST fusion proteins were used to pull down HIS fusion proteins. Immunoblot assays were
performed using anti-HIS or anti-GST antibody to detect the associated proteins. (D) In vivo co-IP assay for the interaction between
NbHDA6/AtHDA6 and V2. Approximately 1% of input and one-quarter of eluted protein complex were analyzed by immunoblotting.
These experiments were repeated three times with similar results.

FIG 2 NbHDA6 localization and expression. (A) Subcellular localization of HDA6. Micrographs showing cells expressing NbHDA6-GFP,
AtHDA6-GFP, or GFP were examined under GFP fluorescence (left panels), RFP fluorescence (middle panels), or an overlay of
GFP/RFP/bright illumination (right panels) by confocal microscopy. RFP-H2B was used as a marker for the nucleus. Bars, 20 �m. (B)
Western blot analysis to detect NbHDA6-GFP, AtHDA6-GFP, or GFP protein expression using anti-GFP antibody. The gel was stained
with Ponceau S to show protein loadings. (C) Real-time RT-PCR analysis of NbHDA6 mRNA levels in N. benthamiana. GAPDH was used
as an internal control. Each data set was derived from at least three biological repeats.
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demonstrate that NbHDA6 in fact encodes a functional HDA6 protein, we examined
whether the NbHDA6 gene could complement the late-flowering phenotype of axe1-5.
Transgenic plants that constitutively expressed a FLAG-tagged NbHDA6 (axe1-5/Nb-
HDA6) were produced (Fig. 3A). The resultant plants were first examined for the
presence and expression of the NbHDA6 transgene. Western blot analysis using an
antibody specific for the FLAG tag revealed the presence of the NbHDA6 protein in
axe1-5/NbHDA6 transgenic lines, but not in axe1-5 or Col-0 control plants (Fig. 3B). We
selected two lines (1# and 5#) for further characterization because of high NbHDA6
expression levels in these plants.

Col-0, axe1-5, and axe1-5/NbHDA6 plants were grown under long-day (LD) and
short-day (SD) conditions (see Materials and Methods), and the numbers of rosette
leaves present at the initiation of flowering were compared. The flowering of axe1-5
plants was greatly delayed in LD as well as in SD, leading to significantly increased
numbers of rosette leaves at the time of flowering initiation (Fig. 3A and C). As
expected, the delay in flowering time of axe1-5 plants was completely reversed by
NbHDA6 expression in axe1-5/NbHDA6 (Fig. 3A and C). The different flowering times of
axe1-5 and axe1-5/NbHDA6 plants prompted us to analyze whether the expression of
flowering locus C (FLC), a transcription factor that controls the transition from vegeta-
tive to reproductive development, was affected. Real-time RT-PCR analysis indicated
that the expression of FLC was increased in axe1-5 and returned to normal levels in
axe1-5/NbHDA6 compared with Col-0 plants (Fig. 3D). These observations indicate that
the NbHDA6 cDNA is able to genetically complement the axe1-5 mutation, suggesting
that NbHDA6 represents a functional homolog of AtHDA6.

FIG 3 Genetic complementation of the Arabidopsis axe1-5 mutant by NbHDA6. (A) Comparison of growth phenotypes of the axe1-5 mutant, the
complementation line axe1-5/NbHDA6, and Col-0 plants under long-day (LD) conditions. (B) Immunoblot assays were performed using anti-FLAG
antibody to detect the NbHDA6 protein expression of axe1-5/NbHDA6 transgenic plants. Five independent axe1-5/NbHDA6 transgenic Arabidopsis
lines (lanes 1 to 5) are shown. The gel was stained with Coomassie brilliant blue (CBB) to show protein loadings. Two lines (1 and 5) were selected
for further characterization because of high expression levels. (C) Rosette leaf numbers at the initiation of flowering for axe1-5 and axe1-5/NbHDA6
transgenic plants grown under LD or short-day (SD) conditions compared with Col-0 plants. Student’s t test was performed using rosette leaf
numbers at the initiation of flowering from six individual plants. A single asterisk indicates a significant difference (P � 0.05) between the
two-paired samples. (D) Real-time RT-PCR analysis of FLC expression in Col-0, axe1-5, and axe1-5/NbHDA6 plants. Actin was used as an internal
control. Student’s t test was performed, and double asterisks indicate a significant difference (P � 0.01) between the two-paired samples. (E)
Western blot analysis to detect acetylated H3 (H3ac) using H3ac antibody in protein extracts from Col-0, axe1-5, and axe1-5/NbHDA6 transgenic
lines. Total H3 protein was used as loading control. Each data set was derived from at least three biological repeats. Numbers below the blots
indicate the relative abundances of H3ac or H3 proteins calculated by ImageJ.
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To further examine whether HDA6 has an HDAC activity, the levels of acetylated
histone H3 in Col-0, axe1-5, and axe1-5/NbHDA6 plants were analyzed by Western blot
analysis. As shown in Fig. 3E, there were increased levels of acetylated H3 in axe1-5 lines
compared with Col-0, which is consistent with previous studies (36). As seen for the
late-flowering phenotype, the increased level of acetylated H3 of axe1-5 plants was
completely corrected by NbHDA6 expression in axe1-5/NbHDA6. All these observations
suggested that NbHDA6 encodes a functional HDA6 protein.

NbHDA6 activity is not affected by V2. The interaction between V2 and NbHDA6
raises the question of whether this physical interaction affects the activity of the latter.
Histone deacetylases catalyze the removal of acetyl groups from acetylated lysine (K)
residues, which are active epigenetic marks, in the N termini of nucleosomal histones
(41). To investigate whether HDA6 has an HDAC activity, the histone deacetylase
activity of GST-tagged NbHDA6 and AtHDA6 was evaluated. HeLa nuclear extract (NE)
and purified GST protein served as positive and negative controls, respectively. As
shown in Fig. 4A, both NbHDA6 and AtHDA6 displayed weak HDAC enzymatic activity
and the HDAC activity was sensitive to the HDAC inhibitor trichostatin A (TSA). To
further examine whether V2 affects the activity of NbHDA6, NbHDA6 mixed with large
amounts of V2 (32-fold molar excess V2:NbHDA6) were assessed. The results showed
that V2 was unable to inhibit the HDAC activity, at least at this molar excess (Fig. 4A).
The purified HDA6 proteins having very weak deacetylase activity might be due to the
potential cofactors of HDA6 that were lost. Therefore, we repeated the deacetylation
assay with nuclear protein extracts from Col-0, axe1-5, and axe1-5/NbHDA6 plants using
HeLa NE as the positive control. As expected, the nuclear protein extracts of axe1-5/
NbHDA6 plants displayed strong HDAC enzymatic activity, which had no significant
difference with the positive control. However, the HDAC enzymatic activity of nuclear
protein extracts from axe1-5 plants was significantly lower. Moreover, this strong HDAC
enzymatic activity was sensitive to TSA but not V2 (Fig. 4B). Thus, the interaction of V2
with NbHDA6 does not appear to affect the activity of NbHDA6.

Viral symptoms and DNA accumulation are enhanced in NbHDA6-silenced
plants. To assess the biological significance of the V2-NbHDA6 interaction in vivo, we
silenced the NbHDA6 gene in N. benthamiana using virus-induced gene silencing (VIGS).
Real-time RT-PCR results showed that NbHDA6 genes were simultaneously downregu-
lated in the silenced lines compared with the TRV-GUS control (Fig. 5A and B). Wild-type

FIG 4 Deacetylase activity of NbHDA6 is not affected by V2. (A) Detection of the histone deacetylase activity of
GST-NbHDA6 and GST-AtHDA6 using an HDAC activity fluorometric assay kit. HDA6 mixed with large amounts of V2
(32-fold molar excess V2:HDA6) or HDAC inhibitor TSA were also assessed. HeLa nuclear extract (HeLa NE) served as the
positive control, and purified GST protein served as the negative control. (B) Detection of the histone deacetylase activity
of nuclear protein extracts from Col-0, axe1-5, and axe1-5/NbHDA6 plants using an HDAC activity fluorometric assay kit.
Nuclear protein extracts mixed with large amounts of V2 or HDAC inhibitor TSA were also assessed. HeLa NE served as the
positive control. The relative fluorescence units (RFU) generated from the assay for each mixture are compared. Error bars
represent the standard errors of the means from independent measurements. Student’s t test was performed, and double
asterisks indicate a significant difference (P � 0.01) between the two-paired samples. Each data set was derived from at
least three biological repeats.
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(WT) and NbHDA6-silenced plants were then inoculated with TYLCV, and infection was
monitored over time. NbHDA6-silenced plants infected with TYLCV developed more-
severe symptoms than did WT plants (Fig. 5C). The aboveground plant height of
NbHDA6-silenced plants infected with TYLCV was much lower than that of WT plants
(Fig. 5D). Moreover, the viral DNA, as determined by Southern blot analysis, accumu-
lated at greater levels in NbHDA6-silenced plants than in WT plants (Fig. 5E). Further-
more, we constructed an infectious clone [TYLCV(ΔV2)] that contained a nontranslat-
able V2, and then WT and NbHDA6-silenced N. benthamiana plants were inoculated
with TYLCV(ΔV2). Results showed that both WT and NbHDA6-silenced N. benthamiana
plants infected with TYLCV(ΔV2) developed very mild symptoms (Fig. 5C). Moreover, as
seen with TYLCV, the viral DNA, as determined by Southern blot analysis, accumulated
at greater levels in NbHDA6-silenced than in WT plants (Fig. 5E). These results suggest
that NbHDA6 may play a critical role in host defense against TYLCV infection.

DNA methylation of the TYLCV genome is reduced in NbHDA6-silenced plants.
To test whether the enhanced infection efficiency of TYLCV was associated with
cytosine methylation, we used methylation-sensitive PCR to examine the methylation
status of viral DNA in TYLCV-infected WT and NbHDA6-silenced plants. HpaII, MspI, and
AluI are methylation-sensitive endonucleases whose cleavage activities are blocked by
methylation of cytosine in their target sites. McrBC is a methylation-dependent endo-
nuclease that preferentially cuts methylated DNAs. There are two restriction sites of

FIG 5 N. benthamiana HDA6 silenced lines show enhanced susceptibility to TYLCV infection. (A) Comparison of phenotypes of N. benthamiana plants in which
the NbHDA6 gene was silenced (TRV-NbHDA6) and those of plants treated with a control silencing vector (TRV-GUS). (B) Relative NbHDA6 gene expression levels
in VIGS and control N. benthamiana determined by real-time RT-PCR. TRV-NbHDA6-1, TRV-NbHDA6-2, and TRV-NbHDA6-3 represented three independent VIGS
plants, and TRV-GUS represents the control plants. GAPDH was used as an internal control. Student’s t test was performed, and double asterisks indicate a
significant difference (P � 0.01) between the two-paired samples. Each data set was derived from at least three biological repeats. (C) Phenotypes of TYLCV
or V2-knockout TYLCV [TYLCV(ΔV2)]-infected wild-type, TRV-GUS control, and NbHDA6-silenced plants. Leaves were photographed 30 days after inoculation. (D)
Aboveground plant heights of TYLCV- or TYLCV(ΔV2)-infected WT, TRV-GUS, and NbHDA6-silenced plants. Means with the same letter are not significantly
different (SPSS, P � 0.05). (E) Southern blot analysis of TYLCV viral DNA accumulation in systemic leaves of N. benthamiana infected with TYLCV or TYLCV(ΔV2).
The DNA agarose gel was stained with ethidium bromide for genomic DNA as loading control and then blotted using probes specific for TYLCV. Numbers below
the blot indicated relative abundances of TYLCV viral DNA calculated by ImageJ. Similar results were observed in at least three independent experiments.
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HpaII (mCCGG, CmCGG), two restriction sites of MspI (mCCGG), five restriction sites of
AluI (AGmCT), and many restriction sites of McrBC [(G/A)mC] within the PCR target
regions. Genomic DNA was extracted and digested with these four enzymes, and the
digested DNAs were subjected to PCR separately. We observed that the PCR product
decreased in HpaII- and AluI-digested DNA extracted from NbHDA6-silenced plants
compared to DNA extracted from TYLCV-infected WT plants (Fig. 6A). In addition, McrBC
was not able to cleave DNA extracted from NbHDA6-silenced plants, in contrast to DNA
extracted from TYLCV-infected WT plants (Fig. 6A). However, the PCR product exhibited
no difference using MspI digestion of DNA isolated from NbHDA6-silenced and WT
infected plants (Fig. 6A). These results strongly suggest that the reduced cytosine
methylation, especially in the CG and CHH (where H is C, A, or T) sites, contributes to
the enhanced infection efficiency of TYLCV.

To investigate the methylation status at a higher resolution, bisulfite sequencing
was performed to assess the methylation status of the viral intergenic region (IR). The
TYLCV IR (about 398 bp) includes 67 cytosines in different contexts, with 10 CG, 6 CHG,

FIG 6 NbHDA6 positively regulated the cytosine methylation of TYLCV. (A) Analysis of DNA methylation of the TYLCV genome by
methylation-sensitive PCR. Genomic DNA was digested with HpaII, MspI, AluI, or McrBC and then loaded into the PCR system.
Undigested DNA is shown as a control. (B) Cytosine methylation profiles assessed by bisulfite sequencing. The circles represent
cytosine residues and are color coded according to the sequence context (red for CG, blue for CHG, and green for CHH). Solid circles
indicate methylated cytosines. Each line represents the sequence of an individual clone. (C) Percentages of methylated cytosines in
the TYLCV intergenic regions (IR). Student’s t test was performed using the methylation values from individual clones. Double asterisks
indicate a significant difference (P � 0.01) between the two-paired samples. Error bars represent the standard errors of the means from
independent measurements. Samples were prepared by pooling six leaves from six systemically infected plants at 30 dpi. Similar
results were observed in at least three independent experiments.

Wang et al. Journal of Virology

September 2018 Volume 92 Issue 18 e00036-18 jvi.asm.org 8

http://jvi.asm.org


and 51 CHH sites. Following bisulfite treatment to convert unmethylated cytosines to
uracil, the viral strand was amplified by PCR, and almost 20 clones were sequenced per
treatment. Student’s t test was used to compare methylation values from individual
clones. As shown in Fig. 6B and C, we found that the RNA silencing of NbHDA6 resulted
in a 28% decrease in the total number of cytosine residues methylated, with most
reductions occurring at non-CG sites (23% CG and 30% CHH). In comparison, the
methylation levels at CHG sites were not significantly different between TYLCV-infected
WT and NbHDA6-silenced plants. These results indicate that enhanced disease is
accompanied by a substantial reduction in methylation.

V2 competes with NbMET1 for direct binding to NbHDA6. Previous genetic
analysis and protein interaction results indicate that MET1 functions together with
HDA6 to regulate gene silencing (28, 33). In this study, we found that V2 directly
interacted with NbHDA6. These complex interactions prompted us to examine whether
V2 could also directly interact with MET1. Unfortunately, despite considerable effort, we
were unable to express full-length MET1 protein in N. benthamiana or Escherichia coli
cells using standard methods. A truncated MBP-NbMET1 fusion protein was purified
from E. coli cells. Although the truncated MET1 (R2FB) contained only the first bromo-
adjacent homology (BAH) domain (amino acids 735 to 869) from the MET1 protein, it
still can interact with HDA6 (33, 38). Results of in vitro pulldown analysis showed that
MBP-NbMET1 specifically interacted with GST-NbHDA6 but not GST-V2.

To test the possibility that V2 may compete with NbMET1 for binding with NbHDA6,
we performed competitive pulldown assays. We found that the amounts of MBP-
NbMET1 pulled down by GST-NbHDA6 were reduced when increasing amounts of V2
were added to the mixture, suggesting a competition between V2 and NbMET1 in
binding to NbHDA6 (Fig. 7A). This was confirmed by in vivo competitive co-IP assays
between NbHDA6-FLAG and NbMET1-GFP in the presence of V2-HA. The increasing
amount of V2-HA expressed in Arabidopsis protoplasts was accomplished by using an
increasing amount of V2-HA recombinant plasmid for transfection. Again, expression of
V2 in Arabidopsis protoplasts reduced the association of NbMET1 with NbHDA6
(Fig. 7B). These findings demonstrate that V2 competes with NbMET1 for direct binding
to NbHDA6.

FIG 7 V2 competes with NbMET1 for direct binding to NbHDA6. (A) In vitro competitive pulldown assays. The indicated amounts of
V2-HIS or HIS protein were mixed with 2 �g of MBP-NbMET1 and pulled down by 2 �g of GST-NbHDA6. The bound protein was
detected by immunoblotting with the indicated antibodies. (B) In vivo competitive co-IP assays. NbHDA6-FLAG and NbMET1-GFP were
coexpressed in Arabidopsis protoplasts in the presence or absence of V2-HA. The immune complexes were pulled down by using
anti-FLAG agarose beads. These experiments were repeated three times with similar results.
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DISCUSSION

Geminiviruses infect a broad variety of plants and induce a wide range of symptoms
(6, 7). Members of the Geminiviridae replicate their genome via dsDNA intermediates,
which can induce methylation-mediated TGS in infected plants (4, 15). This antiviral
response is counteracted by RNA silencing suppressors, which are encoded by several
geminiviruses. Until now, a few viral suppressors have been reported to suppress TGS
through protein-protein interactions that interfere with the methyl cycle in plants. For
example, the AC2 protein encoded by TGMV and CaLCuV, the C2 protein encoded by
BCTV, and the �C1 protein encoded by TYLCCNB all interact with host factors to block
the methyl cycle (19, 21, 24). TYLCV is a major tomato pathogen worldwide that causes
extensive tomato losses (42). We demonstrated previously that V2 of TYLCV can
suppress TGS when expressed using a PVX vector or when expressed stably in trans-
genic Arabidopsis and is presumably responsible for suppression of TGS during TYLCV
infection (26). In this study, we screened an N. benthamiana cDNA library using TYLCV
V2 as bait in a yeast two-hybrid assay and successfully identified NbHDA6 as a
V2-interacting protein. The interaction between V2 and NbHDA6 was confirmed using
yeast two-hybrid, BiFC, GST pulldown, and co-IP assays (Fig. 1).

What is worth mentioning is that coexpression of V2 and NbHDA6 in leaf cells
resulted in strong yellow fluorescence, indicating an interaction between V2 and
NbHDA6 in N. benthamiana (Fig. 1B). Interestingly, the fluorescence accumulated in
distinct microbodies throughout the cell cytoplasm and nucleus periphery. Earlier
studies on the localization of TYLCV V2 showed that the protein is distributed in the cell
cytoplasm, accumulating in inclusion bodies or aggregates that were observed mainly
at the cell periphery (43). As we have shown in Fig. 2B, transiently expressed NbHDA6
and AtHDA6 localized in the nucleus of N. benthamiana cells. This is expected both from
previous reports showing AtHDA6 localizing to cell nuclei and from the anticipated
location of its clients (histones) (36, 37). Based on the changes of subcellular localiza-
tion, we speculate that the presence of TYLCV V2 in the cell can significantly alter the
subcellular localization pattern of NbHDA6. However, although the coexpression of V2
altered the subcellular localization pattern of NbHDA6, it did not completely break the
nuclear location of NbHDA6. Further studies are necessary to understand why there is
such a change of subcellular localization and how it changes.

Arabidopsis axe1-5 plants contain a splice site mutant of HDA6 that has a base
change at an intron splice site resulting in two HDA6 transcripts with altered lengths
(30). axe1-5 plants display a late-flowering phenotype, as measured by the number of
rosette leaves at the initiation of flowering (31, 33, 36, 39). In addition, increased levels
of acetylated H3 were observed in axe1-5 plants compared with Col-0 plants (36, 44).
To directly demonstrate that NbHDA6 in fact represents a functional HDA6 protein, we
examined whether the NbHDA6 gene can complement the known phenotype of axe1-5
plants. As shown in Fig. 3, the late-flowering phenotype and high levels of H3ac were
completely rescued by NbHDA6 expression. These results suggest that NbHDA6 rep-
resents a functional homolog of AtHDA6 in plants. It is worth mentioning that our
previous studies revealed that flowering in V2 transgenic Arabidopsis was also delayed
compared with the Col-0 plants (26). This similar phenotype indicates functional
correlations between V2 and NbHDA6.

HDA6 regulates several biological processes through histone deacetylation function
(41). By environmental (light, cold, and jasmonic acid) and developmental signals, the
chromatin status is activated and HDA6 deacetylates the target histone acetylation of
HDA6 target genes. Then, deacetylated chromatins regulate the gene activity of several
biological processes in response to the environmental stimuli (45, 46). In addition,
HDA6 functions in inactivating and constitutively silencing genome regions with DNA
methylation by MET1 and the small interfering RNA (siRNA)-mediated pathway (28, 29,
33). In this study, we demonstrate that NbHDA6 has histone deacetylase activity, but
the activity is not influenced by the presence of TYLCV V2 (Fig. 4). Earlier studies
revealed that the effect of AtHDA6 on transgene silencing might be independent from
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its histone deacetylase activity (30). However, HDAC activity of HDA6 has been shown
to be required for rRNA gene variant silencing and spurious intergenic spacer (IGS)
transcription suppression (47). Together these observations suggest that suppression of
TGS by V2 does not occur through inhibition of the deacetylation function of HDA6.

The symptoms on NbHDA6-silenced plants appeared more severe than on WT plants
after inoculation with TYLCV (Fig. 5C and D), and viral DNA accumulated to higher levels
in NbHDA6-silenced plants (Fig. 5E). Moreover, silencing of NbHDA6 partially restored
the pathogenicity of TYLCV(ΔV2), which is nearly nonpathogenic on N. benthamiana
plants. These results strongly indicate that NbHDA6 may play a critical role in host
defense against TYLCV infection and is specifically targeted by V2 for its virulence
function. In addition to viral symptoms, results of methylation-sensitive PCR and
bisulfite sequencing showed that DNA methylation levels of the TYLCV genome were
reduced in NbHDA6-silenced compared to WT plants (Fig. 6). Several earlier studies
have indicated that gene silencing can be reversed or partially reversed by treatment
with HDAC inhibitors (48, 49). Earley et al. further showed that decreased cytosine
methylation occurs at rRNA gene promoters in HDA6-silenced lines (44). Our results
support the above-mentioned studies and indicate that NbHDA6 is one of the
critical host factors involved in methylation-mediated TGS. Moreover, analysis with
methylation-sensitive restriction enzymes and bisulfite sequencing revealed that meth-
ylation at CGs and CHHs was reduced, while levels of CHG methylation remain relatively
unchanged in NbHDA6-silenced plants. The analysis suggests that HDA6 is not required
for de novo CHG methylation but appears to be required for CG and CHH maintenance
methylation during geminivirus infection.

Previous protein-protein interaction analysis indicated that HDA6 physically inter-
acts with MET1 in vitro and in vivo, and the C-terminal region of HDA6 and the first BAH
domain of MET1, respectively, were responsible for the interactions (33). These results
suggested that HDA6 and MET1 interact directly and act together to function in gene
silencing. In this study, we demonstrated that NbHDA6 interacted with V2 directly and
V2 did not interact with NbMET1 but competed for direct binding to NbHDA6.

Besides suppressing the plant TGS defense by targeting the host HDA6, which we
characterized in this study, several V2-interacting host partners have been identified to
manipulate diverse cellular processes. SGS3, a protein that is required to convert ssRNA
to dsRNA in the RNA-silencing pathway to produce siRNAs, has been reported to
interact with V2. A point mutant of V2 that is unable to bind SlSGS3 also lost its ability
to suppress RNA silencing, suggesting that this interaction is necessary for the sup-
pressor activity of V2 (50). V2 also interacts with CYP1, a tomato papain-like cysteine
protease that is involved in plant defense against diverse pathogens (51). The V2-CYP1
interaction inhibited the enzymatic activity of CYP1 but did not interfere with the
posttranslational maturation of this protein (52). Therefore, during plant-geminivirus
interactions, V2 represents a multifunctional viral anti-host-defense factor to help
successful infection and subsequent spread by diverse countermeasures.

It is important to note that HDA6 also functions in chromatin histone acetylation
through its deacetylation function. Alexiadis et al. directly investigated the influence of
histone acetylation on chromatin replication using an in vitro simian virus 40 (SV40)
minichromosome replication system (53). Through comparing the replication efficiency
of hyperacetylated and normal SV40 minichromosomes, the authors demonstrated that
acetylation of the core histones caused a modest but significant stimulation of the
elongation of replication. Geminiviruses replicate using double-stranded DNA (dsDNA)
intermediates (8–12). These dsDNAs are assembled into host nucleosomes, yielding
circular viral minichromosomes (13, 14). A question to be answered in the future is
whether HDA6 affects viral replication by directly regulating geminiviral minichromo-
some acetylation.

Based on our work and results from others, a working model to explain the
mechanism of V2 and NbHDA6 in virus-plant interaction is proposed (Fig. 8). HDA6 is
a conserved regulator for inactivating and constitutively silencing regions of the
genome with DNA methylation. HDA6 recruits and physically interacts with MET1 to
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function cooperatively in gene silencing. TYLCV V2 is a TGS suppressor that appears to
target NbHDA6 to interfere with recruitment of MET1, resulting in decreased methyl-
ation of the viral DNA, thereby increasing host susceptibility to TYLCV infection.

In summary, we have demonstrated that the V2 protein encoded by TYLCV inter-
acted directly with N. benthamiana HDA6. Genetic complementation revealed that
NbHDA6 complemented the late-flowering phenotype and restored histone deacety-
lation of an AtHDA6 mutation, indicating that NbHDA6 is in fact a functional homolog
of AtHDA6. In addition, NbHDA6 displayed HDAC enzymatic activity, which was not
affected by V2 protein. Genetic analysis revealed that silencing of NbHDA6 expression
resulted in increased susceptibility to TYLCV infection and reduced DNA methylation of
the viral genome in infected plants. Since HDA6 was previously shown to recruit and
physically interact with MET1 to function in gene silencing, we further demonstrated
that V2 does not interact with NbMET1 but competes for direct binding to NbHDA6. To
our knowledge, this is the first report that viral proteins inhibit TGS by interacting with
histone deacetylase but not by blocking the methyl cycle. Our studies described here
add a further mechanism for TGS suppression by geminiviruses.

MATERIALS AND METHODS
Plant material, virus inoculation, and transformation. Wild type (WT) and transgenic N. bentha-

miana plants expressing red fluorescent protein (RFP)-tagged histone 2B (RFP-H2B) (54) were grown at
25°C in growth chambers under long-day (LD; 16-h light/8-h dark) conditions. Arabidopsis was grown at
22°C in growth chambers under LD or short-day (SD; 8-h light/16-h dark) conditions. The hda6 mutant
line axe1-5 was originally isolated based on deregulated expression of auxin-responsive transgenes (30)
and was outcrossed into Arabidopsis WT Col-0 (ecotype Columbia) three times. N. benthamiana plants at
the 4- to 6-leaf stage were agroinoculated with Tobacco rattle virus (TRV) vectors, TYLCV (isolate SH2), and
V2 knockout TYLCV [TYLCV(ΔV2)] as previously described (55–57). For genetic complementation assays,
agrobacterium-mediated transformation of axe1-5 with Agrobacterium tumefaciens EHA105 carrying
pCambia2300-NbHDA6-2�FLAG was performed as previously described (58).

Plasmid construction. To produce the bait plasmid for yeast two-hybrid screens, the full-length
coding sequence for V2 was amplified using an infectious clone of TYLCV in pBinplus (59), and the PCR
fragment was then inserted into the EcoRI-BamHI site of the yeast GAL4 DNA binding domain vector
pGBKT7 (Clontech). To generate pGADT7-NbHDA6 vector for yeast two-hybrid verification, the full-length
coding sequence for NbHDA6 was amplified using N. benthamiana cDNA as the template. The PCR

FIG 8 Proposed model for the NbHDA6-V2 interaction in regulation of methylation-mediated TGS during
geminivirus infection. (A) HDA6 is a conserved regulator for inactivating and constitutively silencing
genomic regions through DNA methylation. HDA6 recruits and physically interacts with MET1 to function
cooperatively in gene silencing. (B) The V2 protein encoded by TYLCV is a TGS suppressor. This model
proposes that V2 targets NbHDA6, thereby interfering with the recruitment of MET1 by HDA6. This results
in a decrease in methylation of the viral DNA, leading to an increase in host susceptibility to TYLCV
infection.
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fragment was then inserted into the NdeI-BamHI site of the yeast GAL4 activation domain vector pGADT7
(Clontech). For production of bimolecular fluorescence complementation (BiFC) vectors, the coding
sequence of V2 was amplified and cloned into the PacI-AscI site of p2YN (60) as a fusion with the
N-terminal fragment of yellow fluorescent protein (YFP), resulting in pV2-YFPN. The coding sequence of
NbHDA6 was amplified and cloned into the PacI-AscI site of p2YC (60) as a fusion with the N-terminal
fragment of YFP, resulting in pNbHDA6-YFPC. To generate GST-NbHDA6, GST-AtHDA6, GST-V2, HIS-V2,
and MBP-NbMET1 expression vectors for GST pulldown assays, the coding sequence of V2 was amplified
and cloned into the EcoRI-SalI site of pGEX-6P-1 and pET-32a. The coding sequences of NbHDA6 and
AtHDA6 were amplified from N. benthamiana or A. thaliana cDNA and then inserted into the BamHI-SalI
or EcoRI-XhoI site of pGEX-6P-1, respectively. The coding sequence of truncated NbMET1 (R2FB, con-
taining the first bromo-adjacent homology [BAH] domain (33) was amplified from N. benthamiana cDNA
and cloned into the SalI-XhoI site of pMBP-28. For production of co-IP vectors, the coding sequence of
V2 was amplified and cloned into the KpnI-SalI site of pUC19-35S-HA. The coding sequence of full-length
NbHDA6, AtHDA6, or AtSAHH was amplified from N. benthamiana or A. thaliana cDNA and cloned into
the XhoI-Csp45I site of pUC19-35S-FLAG. The coding sequence of truncated NbMET1 (33) was amplified
from N. benthamiana cDNA and cloned into the KpnI-XbaI site of pUC19-35S-GFP. For subcellular
localization studies, NbHDA6 and AtHDA6 were tagged at their C terminus with green fluorescent protein
(GFP). The PCR-amplified NbHDA6 or AtHDA6 coding sequence was cloned into the KpnI-XbaI site of
pCHF3-GFP to produce pCHF3-NbHDA6-GFP or pCHF3-AtHDA6-GFP, respectively. For genetic comple-
mentation studies, the coding sequence of NbHDA6 was amplified and cloned into the EcoRI-SalI site of
pCambia2300-2�FLAG to produce pCambia2300-NbHDA6-2�FLAG. To generate plasmids for virus-
induced gene silencing (VIGS) assays, partial coding sequences of NbHDA6 (C-terminal 330 to 430 amino
acids of NbHDA6, which is not conserved in the HDAC family) and GUS were amplified and cloned into
the XbaI-BamHI sites of a TRV vector (61). The infectious clone containing a nontranslatable V2 carrying
a nonsense mutation, which terminates translation of the V2 protein at amino acid 8 by a point mutation
that changes glutamic acid (GAA) to a stop codon (TAA), was generated as previously reported (57).
Primers used in plasmid construction are available upon request.

Yeast two-hybrid screen. The plasmid pGBKT7-V2 and an N. benthamiana cDNA library were
cotransformed into Saccharomyces cerevisiae strain Y2HGold (Clontech), and then double transformants
were assayed for histidine prototrophy and �-galactosidase activity. One cDNA clone, designated
NbHDA6, was selected. The plasmids pGBKT7-V2 and pGADT7-NbHDA6 were then cotransformed into S.
cerevisiae strain Y2HGold to verify their interaction. Plasmids pGBKT7-V2 and pGADT7 or pGBKT7 and
pGADT7-NbHDA6 were used as negative controls. Transformants were grown at 30°C for 72 h on
synthetic medium lacking leucine and tryptophan and then transferred to medium lacking histidine,
leucine, and tryptophan to identify binding activity.

BiFC assay. pV2-YFPN and pNbHDA6-YFPC were introduced individually into A. tumefaciens strain
C58C1 by electroporation. BiFC experiments were performed as described previously (60). Leaves of 2-
to 4-week-old transgenic N. benthamiana plants expressing RFP-H2B were infiltrated with C58C1 con-
taining the pV2-YFPN and pNbHDA6-YFPC construct pairs. YFP fluorescence was observed and photo-
graphed using confocal microscopy (Leica TCS SP5) at 72 h after infiltration (hpi) as described previously
(62). RFP-H2B served as a marker for the nucleus (54).

In vitro pulldown assay. Recombinant proteins were produced in Escherichia coli strain BL21 after
induction for 16 h with 1 mM isopropyl �-D-thiogalactoside (IPTG) at 16°C. Bacterial cells were pelleted
through centrifugation, resuspended with phosphate-buffered saline (PBS) buffer, and then sonicated for
30 min. The HIS-fused, GST-fused, and MBP-fused proteins were individually purified using a nickel-
nitrilotriacetic acid (Ni-NTA) resin binding column (Qiagen), GST binding column (Qiagen), and MBP
binding column (Novagen), respectively, according to the manufacturer’s instruction. For GST pulldown
assays, equal amounts of purified proteins were mixed and incubated on GST binding columns for 1 h
at 4°C. After 10 min of centrifugation at 8,000 � g, the mixed proteins were washed 10 times in washing
buffer, eluted, and detected by immunoblotting with anti-HIS (ab18184; Abcam), anti-MBP (ab9084;
Abcam), or anti-GST (ab19256; Abcam) antibody. Competitive pulldown assays were performed as
described previously (63). Briefly, the indicated amounts of V2-HIS or HIS were mixed with 2 �g of
GST-NbHDA6 for 1 h before being incubated with 2 �g of MBP-NbMET1 for pulldown assays.

Coimmunoprecipitation assay. Arabidopsis protoplast preparation and transfection were essentially
as previously described (40). Protoplasts were transfected with the indicated constructs and incubated
for 12 h, and total protein was isolated with extraction buffer (50 mM HEPES-KOH, pH 7.5, 1 mM EDTA,
150 mM KCl, 1 mM dithiothreitol [DTT], 0.3% Triton X-100, protease inhibitors [Roche]). For immuno-
precipitation, total protein was precleared with protein A agarose (Millipore) for 1 h, followed by
precipitation with 2 �g anti-hemagglutinin (anti-HA) antibody (AB104; Tiangen) together with protein A
agarose for 4 h. Total protein and immunoprecipitates were detected by immunoblotting with anti-FLAG
(F7425; Sigma-Aldrich) or anti-HA antibody, respectively. AtSAHH-FLAG was used as a negative control.
Approximately 1% of input and one-quarter of eluted protein complex were analyzed by immunoblot-
ting. Competitive co-IP assays were performed as described previously (64). MET1-GFP was coexpressed
with NbHDA6-FLAG in the presence of V2-HA constructs in Arabidopsis protoplasts. The experiment was
conducted with an increased amount of V2-HA plasmid (0, 2, 4, 6, or 8 �g), while the amounts of
MET1-GFP and NbHDA6-FLAG plasmids were 10 �g. Total protein extracts were used in the Flag-IP assay.
Purified protein complexes were separated by SDS-PAGE and immunoblotted to detect FLAG, HA, and
GFP signals using anti-FLAG, anti-HA, or anti-GFP antibody (AB105-1; Tiangen). AtSAHH-FLAG was used
as a negative control.
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Subcellular localization of proteins. Plasmids pCHF3-GFP, pCHF3-NbHDA6-GFP, and pCHF3-
AtHDA6-GFP were transformed individually into A. tumefaciens strain C58C1 through electroporation.
Leaves of 2- to 4-week-old RFP-H2B plants were infiltrated with A. tumefaciens harboring each construct
as described. Approximately 48 hpi, 1-cm2 leaf explants were excised and GFP fluorescence was
examined in epidermal cells by confocal microscopy (Leica TCS SP5) as described previously (62). Then,
total proteins of infiltrated plants were isolated with extraction buffer (50 mM HEPES-KOH, pH 7.5, 1 mM
EDTA, 150 mM KCl, 1 mM DTT, 0.3% Triton X-100, protease inhibitors [Roche]) and detected through
Western blot assays using anti-GFP antibody.

RNA extraction and real-time RT-PCR analysis. RNA extraction and real-time RT-PCR procedures
have been described previously (36, 65). For expression levels of NbHDA6 and FLC studies, 4-week-old N.
benthamiana plants and 4-week-old Arabidopsis plants were used. For studies of expression levels of
NbHDA6 in NbHDA6-silenced lines, upper leaves of 4-week-old N. benthamiana plants inoculated with
silencing vectors (TRV-NbHDA6 or TRV-GUS) for 10 days were used. Briefly, 1 ml of TRIzol reagent
(Invitrogen) was used to extract RNA from 0.1 g plant tissue. The first-strand cDNA was synthesized in a
volume of 10 �l that contained reverse transcriptase (Toyobo) at 37°C for 1 h. Real-time PCR was
performed by using SYBR Premix Ex Taq on an Agilent Mx3005P real-time PCR machine according to the
manufacturer’s instructions. The primers used for real-time RT-PCR amplification are available upon
request. Relative transcript levels were calculated using 2�ΔΔCT method with the GAPDH (glyceraldehyde-
3-phosphate dehydrogenase gene) or Actin transcript serving as the internal control. Each data set was
derived from at least three biological repeats.

Histone extraction and Western blotting. Total histone proteins were prepared according to the
method of Li et al. (47). Briefly, seedlings were ground to powder using liquid nitrogen and then
suspended in NIB buffer (250 mM sucrose, 60 mM KCl, 15 mM NaCl, 5 mM MgCl2, 1 mM CaCl2, 15 mM
PIPES [piperazine-N,N=-bis(2-ethanesulfonic acid), pH 6.8, 0.8% Triton X-100]. The suspension was cen-
trifuged, and the pellet was resuspended in 0.4 M H2SO4 for 1 h at 4°C and then precipitated by acetone.
The histone proteins were detected through Western blot assays using anti-histone H3ac (06-599;
Millipore) or anti-histone H3 (06-755; Millipore) antibody.

HDAC activity assay. The histone deacetylase activity of NbHDA6 was evaluated using an HDAC
activity fluorometric assay kit (Biovision) according to the manufacturer’s instructions. For in vitro HDAC
activity assay, 10 �g of HeLa cell nuclear extract (HeLa NE) was used as a positive control. Purified
GST-NbHDA6 or GST-AtHDA6 proteins (100 �g) were used as samples, and 100 �g of purified GST
protein was included in the assay as a negative control. For the semi-in vivo HDAC activity assay, the
nuclear protein extracts of Col-0, axe1-5, and axe1-5/NbHDA6 plants were obtained by using the plant
nucleus isolation/extraction kit (Sigma-Aldrich) according to the manufacturer’s instructions. Ten micro-
grams of HeLa NE was used as a positive control, and 10 �g of the nuclear protein extracts of Col-0,
axe1-5, and axe1-5/NbHDA6 plants was used for the samples. Samples were incubated with 5 �l HDAC
fluorometric substrate. After 30 min, the reactions were stopped with 10 �l lysine developer. Samples
were then read in a fluorescence plate reader with excitation (Ex) and emission (Em) wavelengths of 360
and 460 nm, respectively.

DNA gel blotting. After either mock inoculation or inoculation with TYLCV or TYLCV(ΔV2) for 30
days, total DNAs were extracted from leaves of N. benthamiana plants as described previously. For each
sample, 40 �g DNA was depurinated and denatured within the gel and transferred to Hybond-N� nylon
membranes (GE Healthcare). Gel blotting was performed as described previously (55). Genomic DNA
stained with ethidium bromide was used as a loading control.

Methylation-sensitive PCR and bisulfite sequencing. For methylation-sensitive PCR, genomic DNA
was isolated from the symptomatic plants infected by TYLCV (30 days after inoculation [dpi]) using the
DNeasy plant minikit (Qiagen). Then, 100 ng of the genomic DNA was digested for 1 h at 37°C with 2 U
of HpaII, MspI, AluI, or McrBC in 20-�l reaction mixtures. The enzymes were heat inactivated, and 2 �l of
the cleaved DNA was loaded into PCR mixtures containing primers for full-length TYLCV. PCR products
from genomic DNA that was not digested served as controls. Bisulfite sequencing was performed using
1 �g genomic DNA isolated from the symptomatic plants infected by TYLCV (30 dpi). Genomic DNA was
digested overnight using the restriction enzyme NdeI, followed by overnight treatment with proteinase
K (Tiangen). Bisulfite modification was carried out using the EZ DNA methylation gold kit (Zymo
Research) according to the manufacturer’s instructions. Primers for methylation-sensitive PCR and
bisulfite sequencing are available upon request.
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