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tools you will use for annotating your proof will be in the Annotations section, 

pictured opposite. We’ve picked out some of these tools below: 

1. Replace (Ins) Tool – for replacing text. 

Strikes a line through text and opens up a text 

box where replacement text can be entered. 

How to use it 

‚  Highlight a word or sentence. 

‚  Click on the Replace (Ins) icon in the Annotations 

section. 

‚  Type the replacement text into the blue box that 

appears. 

2. Strikethrough (Del) Tool – for deleting text. 

Strikes a red line through text that is to be 

deleted. 

How to use it 

‚  Highlight a word or sentence. 

‚  Click on the Strikethrough (Del) icon in the 

Annotations section. 

3. Add note to text Tool – for highlighting a section 
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box where comments can be entered. 

How to use it 
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‚  Click on the Add note to text icon in the 

Annotations section. 

‚  Type instruction on what should be changed 

regarding the text into the yellow box that 

appears. 

4. Add sticky note Tool – for making notes at 

specific points in the text. 

Marks a point in the proof where a comment 

needs to be highlighted. 

How to use it 

‚  Click on the Add sticky note icon in the 

Annotations section. 

‚  Click at the point in the proof where the comment 

should be inserted. 

‚  Type the comment into the yellow box that 
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‚  Click on the Attach File icon in the Annotations 
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‚  Select the colour and type of icon that will appear 

in the proof. Click OK. 
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proofs and commenting on these marks.

Allows shapes, lines and freeform annotations to be 

drawn on proofs and for comment to be made on 

these marks.  
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section. 

̋" Click on the proof at the relevant point and draw the 
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Summary

� Viroids – ancient plant-pathogenic long noncoding RNAs – have developed a singular evo-

lutionary strategy based on reprogramming specific phases of host-metabolism to ensure that

their infection cycle can be completed in infected cells. However, the molecular aspects gov-

erning this transregulatory phenomenon remain elusive.
� Here, we use immunoprecipitation assays and bisulfite sequencing of rDNA to shown that,

in infected cucumber and Nicotiana benthamina plants, Hop stunt viroid (HSVd) recruits and

functionally subverts Histone Deacetylase 6 (HDA6) to promote host-epigenetic alterations

that trigger the transcriptional alterations observed during viroid pathogenesis.
� This notion is supported by the demonstration that, during infection, the HSVd–HDA6 com-

plex occurs in vivo and that endogenous HDA6 expression is increased in HSVd-infected cells.

Moreover, transient overexpression of recombinant HDA6 reverts the hypomethylation status

of rDNA observed in HSVd-infected plants and reduces viroid accumulation. We hypothesize

that the host-transcriptional alterations induced as a consequence of viroid-mediated HDA6

recruitment favor spurious recognition of HSVd-RNA as an RNA Pol II template, thereby

improving viroid replication.
� Our results constitute the first description of a physical and functional interaction between

a pathogenic RNA and a component of the host RNA silencing mechanism, providing novel

evidence of the potential of these pathogenic lncRNAs to physically redesign the host-cell

environment and reprogram their regulatory mechanisms.

Introduction

Viroids are a class of subviral plant pathogenic long noncoding
RNAs (lncRNAs) composed of a circular, single-stranded
(240–400 nt in length) molecule (Flores et al., 2014; Palukaitis,
20142 ; Katsarou et al., 2015). Limited by their nature as obligate
intracellular parasites, viroids must optimize their minimum
nonprotein-coding genome to ensure autonomous proliferation
within infected hosts (Ding, 2010). To overcome this challenge,
these lncRNAs have evolved through their adaptive history
into versatile molecules that are able to subvert specific plant cell
components and/or mechanisms at different functional levels
(Navarro et al., 2012a,b3 ; Gago-Zachert, 2016). A representative
example of this ability can be observed in the generation of their
progeny. Replication of viroids in the nucleus (for members of
the family Pospiviroidae) or chloroplasts (for members of the fam-
ily Avsunviroidae) is a sequential process that involves transcrip-
tion, cleavage and circularization of RNA strands. An increasing
body of evidence has demonstrated that, besides recruiting cellu-
lar mechanisms commonly involved in host RNA metabolism

(Navarro et al., 2000; Gas et al., 2007; Nohales et al., 2012a,b),
4viroids are able to subvert and redirect DNA-dependent factors

such as DNA-dependent RNA Polymerase II (RNA Pol II)
(Flores & Semancik, 1982; M€uhlbach & S€anger, 1997) and/or
DNA ligase 1 (Nohales et al., 2012b) during progeny generation
to promote their accumulation in infected cells. However, the
strategy used by these pathogenic lncRNAs to reprogram the
activity of the cellular components involved in host RNA and/or
DNA processing is currently unknown.

The functional alterations induced by viroids in infected plants
– more commonly recognized as symptoms – represent another
aspect of the infection cycle that is intimately associated with the
ability of viroids to interfere with host cell homeostasis. Although
the basis of viroid pathogenesis remains to be fully deciphered,
this process can be envisioned as the product of diverse disrup-
tions in plant gene expression generated by viroid interference in
ncRNA-directed regulatory networks (Owens & Hammond,
2009; Navarro et al., 2012a,b; Gomez & Pallas, 2013; Palukaitis,
2014; Gago-Zachert, 2016). In recent years, several studies have
provided evidence for the existence of a close interplay between
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viroid-induced pathogenesis and RNA silencing. The idea that
viroid-derived sRNAs (vd-sRNAs) can trigger the post-
transcriptional cleavage of host mRNAs and induce the expres-
sion of plant symptoms (Papaefthimiou et al., 2001; Wang et al.,
2004; Gomez et al., 2009) was validated experimentally for
viroids that replicate in the nucleus (Gomez et al., 2008; Eamens
et al., 2014; Adkar-Purushothama et al., 2015) and chloroplasts
(Navarro et al., 2012b). However, the recent observation that
Hop stunt viroid (HSVd) infection is associated with decreased
levels of methylation for normally silenced host genes (Martinez
et al., 2014; Castellano et al., 2015) opened the door to the
notion that the viroid interference of plant gene expression is a
multilayered process, which may also include epigenetic
alterations in host gene expression (Castellano et al., 2015;
Dalakouras et al., 2015).

Experiments in two different hosts (cucumber (Cucumis
sativus) and Nicotiana benthamiana) have shown that HSVd-
infected plants overaccumulate ribosomal-derived sRNAs
(rb-sRNAs) as a consequence of increased transcriptional activity
of rRNA precursors. This phenomenon correlated with a signifi-
cant reduction in the methylation levels of ribosomal DNA
(rDNA) promoter regions, providing evidence that specific rRNA
genes commonly silenced by cytosine methylation are transcrip-
tionally reactivated during viroid infection (Martinez et al., 2014;
Castellano et al., 2015). These results suggest that HSVd infec-
tion could be associated with alterations of the epigenetic path-
ways that regulate the transcription of repetitive rDNA.
Intriguingly, the regulatory disorders observed in viroid-infected
plants display certain similarities to those described previously in
Arabidopsis mutants for Histone Deacetylase 6 (HDA6). The
hda6 mutants lose the maintenance of symmetric methylation of
45S rRNA promoter regions, which increases their transcrip-
tional activity in parallel with massive overproduction of rb-
sRNAs (Earley et al., 2010), resembling, at least in part, the
observations in HSVd-infected plants. In Arabidopsis, HDA6, a
class I RPD3-like HDAC, is recognized as a component of the
plant-specific gene silencing mechanism called RNA-directed
DNA methylation (RdDM) (Dalakouras & Wassenegger, 2013).
Increasing evidence indicates that HDA6 is an epigenetic regula-
tor involved in the maintenance and de novo DNA methylation
of Transposable Elements (TEs), rRNA genes and transgenes
(Aufsatz et al., 2002; Probst et al., 2004; May et al., 2005; To
et al., 2011; Liu et al., 2012a,b; Hristova et al., 2015) via interac-
tions with Methyltransferase 1 (MET1). The similarity between
the regulatory disturbances observed in HSVd-infected plants
and hda6 mutants prompted us to speculate that viroid-induced
interferences in the regulatory pathways mediated by HDA6
could be linked to the epigenetic alterations observed in HSVd-
infected plants.

In order to provide experimental evidence to support this
hypothesis, we analyzed the possible interrelation between
HSVd infection and HDA6 in both cucumber and
N. benthamiana plants. Our results reveal that viroid infection
is associated with overaccumulation of HDA6 in the natural
HSVd–host cucumber. In parallel, we demonstrate that
HSVd RNA is able to bind HDA6 in vitro and confirmed

that this interrelation also occurs in vivo during viroid infec-
tion. Regarding the functional aspects of the interaction
between HSVd and HDA6, the data obtained by bisulfite
sequencing demonstrated that transient overexpression of
recombinant HDA6 in infected plants reversed the
hypomethylation of the ribosomal genes induced by viroid
infection, directly linking viroid-mediated recruitment of
HDA6 and loss of methylation maintenance. Moreover, we
provide evidence of an inverse correlation between transient
expression of HDA6 and HSVd accumulation in both
cucumber and N. benthamiana hosts, suggesting that the
recruitment of this protein to the HSVd-HDA6 complex,
which we observed in vivo, may play a crucial role in viroid
accumulation in infected plants.

Materials and Methods

Plant material

Twelve-day-old cucumber (Cucumis sativus L cv Suyo) and 20-
d-old Nicotiana benthamiana Domin plants were agro-inoculated
with the Agrobacterium tumefaciens strain C58C1 transformed
with a binary pMOG800 vector carrying a head-to-tail infectious
dimeric Hop stunt viroid (HSVd) cDNA (Y09352) (Gomez &
Pallas, 2006) or an empty vector in both cotyledons and basal
leaves. Plants were maintained in growth chambers at 28°C for
16 h with fluorescent light and at 24°C for 8 h in darkness. Plants
were analyzed as described in the figure legends. The HSVd/Nb
plants (Gomez & Pallas, 2006) used in this study that carry a
dimeric sequence of HSVd are able to process, accumulate and
systemically transport viroid mature forms. Untransformed and
HSVd/Nb plants were maintained in growth chambers (16 h
light : 8 h dark, 28°C day : 24°C night) for 6–7 wk.

Expression and purification of recombinant HDA6

The putative cucumber Histone Deacetylase 6 (HDA6) was
amplified by RT-PCR using the SuperScript® III One-Step RT-
PCR System with Platinum® Taq DNA Polymerase (Invitrogen)
according to the manufacturer’s instructions. The primers
HDA6-DIR: GGATCCATCCGACGACATTCACG and HDA
6-REV: CTCGAGTAAGAAGTATGGCTTGATCCTAG car-
rying the BamHI and XhoI restriction sites, respectively, were
used for amplification. The amplified fragments were cloned and
sequenced. After establishing the correct cucumber HDA6
sequence, HDA6-ORF was BamHI and XhoI digested and cloned
into the expression vector pETDue-1 (Novagen 5) to obtain a
recombinant version of HDA6 including amino-terminal
Met-Gly-Ser-Ser-His6 extensions. The recombinant protein was
purified under denaturing conditions by chromatography using a
1-ml Ni-NTA Agarose column (NI-NTA Purification System;
Invitrogen) according to the manufacturer’s instructions. The
purified recombinant HDA6 protein was used to generate poly-
clonal antiserum in rabbits as described previously (Gomez &
Pallas, 2004) and to perform HSVd-RNA binding assays by
Northwestern blot.
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Western blot assays

Protein extracts obtained from cucumber and N. benthamiana
were fractionated by SDS-PAGE 12% and transferred to PVDF
membranes. Membranes were treated for 1 h in blocking solution
(TBS (500 mM NaCl, 20 mM Tris, pH 7.5), 5% defatted milk,
2% BSA, and 0.1% Triton X-100) and incubated overnight with
the antiserum against cucumber HDA6 or Green Fluorescent
Protein (GFP) accordingly. Membranes were washed (TBS,
0.5% Tween 20), incubated with anti-rabbit IgG linked to
horseradish peroxidase whole antibody. The antibody-protein
complex was detected by luminescence (ECL+Plus; Amersham-
Pharmacia Biotech, Amersham, UK6 ) according to the manufac-
turer’s instructions. The serological detection of nuclear and
cytoplasmic protein controls was performed with antisera against
Histone 3 (H3) and UDP-glucose pyrophosphorylase (UDP)
(Agrisera AB, Vannas, Sweden – AS10710 and AS05086, respec-
tively) according to the manufacturer’s instructions.

Northwestern blot assays

Recombinant HDA6 was denatured by heating for 5 min at
95°C, fractionated by SDS-PAGE 12% and transferred to nitro-
cellulose membranes (Bio-Rad). Northwestern assays were per-
formed as described previously (Gomez et al., 2005). Briefly,
membranes were incubated in RN Buffer (10 mM Tris-HCl pH
7.5, 1 mM EDTA, 100 mM NaCl, 0.05% Triton X-100, and
19 Denhardt’s reagent) for 2 h at room temperature followed by
a 3-h incubation in RN buffer in the presence of DIG-labeled
HSVd-RNAs (25–50 ng ml�1). The detection of hybrid RNA–
protein was performed using a colorimetric method.

Nuclei isolation

The enriched fraction of nuclear proteins was obtained starting
from nuclei isolated as described previously (Sikorskaite et al.,
2013), with minor modifications. Briefly, tissue extracts were
clarified and treated with Triton X-100 to lyse membranes
(according to the original protocol). Next, nuclei were collected
by centrifugation through 2.5 M sucrose cushion solution
(Nuclei Pure Prep Nuclei Isolation Kit; Sigma). In immunopre-
cipitation (IP) assays, before nuclei isolation, the N. benthamiana
and cucumber leaves were vacuum infiltrated with 1% formalde-
hyde to reversibly crosslink the RNA–protein complexes (Ricardi
et al., 2010).

Immunoprecipitation assays

Two complementary assays were performed to detect the
HDA6–HSVd complexes in vivo in N. benthamiana and cucum-
ber plants.

N. benthamiana Recombinant HDA6 (carrying an amino-
terminal His6 tag) was transiently expressed by agro-infiltration
in the leaves of transgenic N. benthamiana plants constitutively
expressing dimeric HSVd transcripts (HSVd/Nb). Three days

after infiltration, the leaves overexpressing HDA6 were treated
with 1% formaldehyde to reversibly crosslink the RNA–protein
complexes and were used to obtain purified nuclei as described
above. The HDA6–HSVd complexes were captured by affinity
chromatography with a nickel column (NI-NTA Purification
System; Invitrogen) according to the manufacturer’s instructions.
Eluates were analyzed by Western blot and reverse transcription-
polymerase chain reaction (RT-PCR) to detect recombinant
HDA6 and HSVd RNA, respectively.

Cucumber Nuclear extracts obtained from the leaves of HSVd-
infected plants (at 30 d post inoculation (dpi)) as described above
were subjected to conventional IP assays with HDA6-As and
agarose-conjugated protein A (Roche Diagnostics) according to
the manufacturer’s instructions as described previously (Gomez
& Pallas, 2004). Immunoprecipitated extracts were analyzed by
Western blot and RT-PCR to detect recombinant HDA6 and
HSVd-RNA, respectively.

RNA extraction and Northern blot analysis

Total RNAs were extracted using TRI reagent (Sigma) accord-
ing to the manufacturer instructions. Briefly, 500 mg of leaves
from HSVd-infected and control plants were ground in 2 ml of
TRI reagent. Then, 400 ll of chloroform was added, and the
sample was vigorously vortexed and subsequently centrifuged.
The supernatant was recovered, and the total RNAs were pre-
cipitated with isopropanol and resuspended in sterile water.
The total RNA preparations were quantified by spectrometry
and their concentrations were equalized. To analyze the circular
and linear forms of HSVd-RNA by Northern blot analysis,
1.5 lg of the total RNA preparations were electrophoresed
under denaturing conditions in a 5% polyacrylamide mini-gel,
with 0.25 9 TBE and 8M urea. After electrophoresis, the
RNAs were blotted onto positively charged nylon membranes
and hybridized as described previously (Gomez & Pallas,
2006).

Bisulfite conversion and sequencing

Total genomic DNA was extracted from HSVd-infected and
mock-inoculated cucumber and N. benthamiana leaves using a
protocol described previously (Martinez et al., 2014). Total
DNA (1 lg) was diluted into 20 ll of water and subjected to
bisulfite treatment using the EpiTect Bisulfite kit (Qiagen)
according to the manufacturer’s instructions. The rRNA region
to be analyzed and the corresponding oligos were determined
using MethPrimer software http://www.urogene.org/cgi-bin/
methprimer (Li & Dahiya, 2002). PCRs were performed using
Taq DNA polymerase (Promega) and analyzed in 1.5% agarose
gels. PCR products were purified by gel extraction and cloned
using the pTz cloning kit (Fermentas 7). Twenty to 25 clones were
sequenced from each analyzed point from mock-treated and
HDA6-expressing HSVd-infected samples. Two independent
biological replicates were analyzed for HSVd-infected and mock-
inoculated plants.

� 2016 The Authors

New Phytologist� 2016 New Phytologist Trust
New Phytologist (2016)

www.newphytologist.com

New
Phytologist Research 3

1

2

3

4

5

6

7

8

9

10

11

12

13

14

15

16

17

18

19

20

21

22

23

24

25

26

27

28

29

30

31

32

33

34

35

36

37

38

39

40

41

42

43

44

45

46

47

48

49

50

51

52

53

54

55

56

http://www.urogene.org/cgi-bin/methprimer
http://www.urogene.org/cgi-bin/methprimer


Agro-infiltration

Nicotiana benthamiana and cucumber plants were infiltrated with
the HDA6/GFP or unmodified GFP constructs as described
previously (Gomez & Pallas, 2007) and maintained at 28°C
with 14 h of light. GFP expression in plants was analyzed at 72 h
after agro-infiltration using a TCS SL confocal laser scanning
microscope (Leica8 ), with excitation at 488 nm and emission at
510–560 nm. The nuclear localization of the HDA6/GFP was
established using Red Fluorescent Protein (RFP) fused to a
nucleolar-specific peptide as a reference. The GFP- and HDA6/
GFP-expressed proteins were also detected by Western blot
using GFP-specific antibodies, as described previously (Gomez &
Pallas, 2007).

In transient HDA6 silencing assays, 11-d-old cucumber plants
were infiltrated with Agrobacterium transformed with the vector
hp-HDA6 or empty vector (control) in both cotyledons. At 1 d
post agro-infiltration (dpa), the distal part of the cotyledons was
inoculated with Agrobacterium transformed with a vector carrying
a dimeric HSVd cDNA. At 3 dpi with HSVd, the HSVd-
inoculated area was eliminated and total RNAs were extracted
from the remaining parts of the cotyledons. The RNA was used
to determine HSVd accumulation and HDA6 mRNA levels by
RT-PCR.

Analysis of GFP expression

GFP expression was analyzed using a Leica MZ 16 F fluorescence
stereomicroscope equipped with filters DSR, GFP2 and V
(Leica). Tissue sections were also observed using a TCS SL confo-
cal laser scanning microscope (Leica), with excitation at 488 nm
and emission at 510–560 nm. GFP was also detected by Western
blot using GFP-specific antibodies, as described previously.

Plasmid constructs for RNA silencing assays

A fragment of the cucumber HDA6 sequence between positions
369 and 868 (GenBank accession XM_004138046.2) was
inserted in sense orientation between the XhoI and KpnI sites and
in reverse orientation between the XbaI and HindIII sites of
pHANNIBAL (GenBank accession no. AJ311872) to produce a
hairpin expression cassette, which included a CaMV 35S pro-
moter and an A. tumefaciens ocs terminator. This cassette, flanked
by two NotI restriction sites, was inserted into the unique NotI
site of the binary plasmid pMOG. The empty pHANNIBAL
NotI cassette was also inserted into the binary plasmid pMOG to
produce the control plasmid. Both plasmids were electroporated
into A. tumefaciens C58C1.

RT-PCR analysis

Total RNA was extracted from the leaves of the HSVd-infected
and mock-inoculated plants using TRI reagent (Sigma) according
to the manufacturer’s instructions. RT-PCR analysis was per-
formed using the SuperScript® III One-Step RT-PCR System
with Platinum® Taq DNA Polymerase (Invitrogen) according to
the conditions described below.

HSVd amplification Primers Dir-1 (GGTTCGCTCCAACC
TGCTTTTG) and Rev-1 (CCCCGGGGCTCCTTTCTCA
GGT) flanking a ~150 bp region of HSVd RNA. Assay condi-
tions: RT (30 min at 50°C and 3 min at 95°C); 25 PCR cycles at
(95°C/15 s, 55°C/20 s, and 70°C/15 s).

25S rRNA amplification Primers 25S-Fw (TATATAAGGG
GGGTAGAGGTGTTG) and 25S-Rv (ATRCCAAACACAAC
TCACAACAACC) flanking a ~500 bp region of rRNA. Assay
conditions: RT (30 min at 50°C and 3 min at 95°C); 20 PCR
cycles at (95°C/15 s, 55°C/20 s, and 70°C/30 s).

RuBisCO mRNA amplification Primers Rub-Dir (TACTTG
AACGCTACTGCAG) and Rub-Rev (CTGCATGCATTGCA
CGGTG) flanking a region (~180 nt) of RuBisCO mRNA were
used to amplify this mRNA as a loading control. RT-PCR condi-
tions 45°C for 30 min, followed by 30 cycles of 95°C/15 s,
58°C/20 s, and 70°C/15 s.

Primers H6-Dir (ATGTCCGACGACATTCACGGCG) and
H6-Rev (TTTCGGGGCTGACGGAGGCGAG) flanking a
region (~280 nt) of cucumber HDA6 mRNA were used to
amplify this mRNA. RT-PCR conditions were 45°C for 30 min,
followed by 30 cycles of 95°C/15 s, 62°C/20 s, and 70°C/24 s.

Primers Act-Dir (GGAGCTGAGAGATTCCGTTG) and
Act-Rev (GGTGCAACGACCTTGATTTT) flanking a region
(~270 nt) of cucumber Actin-7 mRNA (XM_004147305.2) were
used to amplify this mRNA as a loading control. RT-PCR condi-
tions were 45°C for 30 min, followed by 27 cycles of 95°C/15 s,
57°C/20 s, and 72°C/20 s.

Results

Cucumber HDA6 is a nuclear protein that is overexpressed
during HSVd infection

In order to characterize the putative HDA6 protein in cucumber,
we first retrieved the predicted HDA6 sequence from GenBank
(accession no. XM_004168847.1). Next, starting from a total
RNA preparation, we used RT-PCR to amplify the full-length
cDNA corresponding to the cucumber HDA6 ORF and cloned
the sequence into a plasmid to express a recombinant version of
the protein with an amino-terminal His6 tag in Escherichia coli.
Recombinant HDA6 was purified by affinity chromatography
using a nickel column (Supporting Information Fig. S1a) and
used to generate a polyclonal antiserum (HDA6-As) in rabbit
(Fig. S1b). To evaluate whether the cucumber HDA6 exhibits
nuclear localization, like Arabidopsis HDA6, we generated a vec-
tor expressing the complete HDA6 ORF fused to GFP under the
control of the 35S promoter. The HDA6-GFP DNA was cloned
into a binary vector to be transformed into Agrobacterium and
was used for the analysis of transient expression by means of
agro-infiltration. Observation of the infiltrated leaves using con-
focal microscopy revealed that, unlike the free GFP used as a con-
trol (detected in the cytosol and the nucleus), the HDA6-GFP
was localized mainly in the nuclei of the cucumber (Fig. 1a) and
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N. benthamiana (Fig. S2) cells. It is important to note that the
predicted size of HDA6-GFP (81 kDa) exceeds the size exclusion
limit (40–60 kDa) for passive diffusion of proteins through
nuclear pores (Raikhel, 1992). Moreover, specific detection of
HDA6 in nuclear fractions recovered from untreated cucumber
plants by Western blot assays (Fig. 1c) provided additional

evidence supporting that endogenous cucumber HDA6 accumu-
lates in the nucleus. Similar results were obtained in immunologi-
cal assays performed with nuclear extracts of N. benthamiana
plants transiently expressing recombinant HDA6 (Fig. S3), rein-
forcing the confocal microscopy observations and demonstrating
that recombinant cucumber HDA6 can accumulate in the nuclei

Fig. 1 10Cucumber Histone Deacetylase 6 (HDA6) is a nuclear protein that is overexpressed during Hop stunt viroid (HSVd) infection. (a) Confocal
microscopy imaging of cucumber leaves expressing HDA6/ Green Fluorescent Protein (GFP) (upper panels) and unmodified GFP (lower panels). As can be
observed, HDA6/GFP accumulates mainly in the cell nucleus. Fibrillarin fused to Red Fluorescent Protein (RFP) was used as a nucleolar marker. Cell
chloroplasts are shown in magenta. (b) The correct expression of the recombinant HDA6/GFP protein in the infiltrated tissues was established by western
blotting using anti-GFP. (c) Serological detection (using HDA6-As) of endogenous HDA6 in nuclear extracts of cucumber leaves (middle panel). Histone 3
(H3) (lower panel) and UDP-glucose pyrophosphorylase (UDP) (upper panel) were used as well-established markers of the nuclear and cytoplasmic
fractions, respectively. TE, total extract; W1 and W2, Wash 1 and 2, respectively; NP, nuclear pellet. (d) Differential detection of endogenous HDA6 in two
dilutions (1 : 1 and 1 : 2) of nuclear extracts from mock-inoculated and HSVd-infected leaves. Accumulation of H3 was assessed as a loading control. The
presence of viroid in the infected leaves was confirmed by dot blot hybridization using HSVd-specific probes.
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of N. benthamiana cells. Next, we reasoned that, as stated in the
introduction, a close interaction might occur between HSVd and
HDA6 during infection; viroid pathogenesis may be accompa-
nied by alteration in the pattern of HDA6 accumulation in
infected cucumber cells. To address this issue, we analyzed the
levels of endogenous HDA6 in the nuclear extracts of HSVd-
infected and control plants by Western blot. As shown in Figs 1d
and S4, viroid infection was associated with increased accumula-
tion of HDA6 in the nuclei of infected cucumber cells, providing
evidence of a functional link between HSVd infection and
HDA6 metabolism.

HSVd RNA binds to HDA6 in vitro and in vivo

Keeping in mind that it is generally accepted that viroids use
direct interaction as a general mechanism to recruit and subvert
host cell factors, we performed in vitro assays to determine
whether cucumber HDA6 possesses potential HSVd RNA bind-
ing activity. Northwestern blot analysis (Gomez et al., 2005)
indicated that HDA6 efficiently bound to full-length HSVd tran-
scripts with both plus and minus polarity (Fig. 2a). To comple-
ment these data with in vivo approaches in a heterologous
system, recombinant HDA6 was expressed by agro-infiltration in
transgenic N. benthamiana plants accumulating HSVd (HSVd-
Nb) (Gomez & Pallas, 2007). Nuclear extracts were purified
from the infiltrated leaves and subjected to capture assays for
recombinant HDA6 (carrying an amino-terminal His6 tag) by
affinity chromatography using a nickel column. Western blot

analysis of the eluates confirmed that recombinant HDA6 could
be recovered efficiently from infiltrated leaves (Fig. S5a). The
RNAs extracted from the different eluates were subjected to RT-
PCR assays to detect viroid RNA and demonstrate that HSVd
could be amplified from the eluates containing the HDA6 pro-
tein (Fig. S5b). No amplification of HSVd RNA was observed in
the eluates recovered from control HSVd-Nb leaves infiltrated
with Agrobacterium carrying the empty vector (Fig. S5b). To
provide more robust in vivo evidence of the HSVd-HDA6 inter-
action, we next performed canonical IP assays in infected cucum-
ber plants using the polyclonal antiserum generated against
cucumber HDA6 protein (HDA6-As). Immunoprecipitation
studies were carried out starting from nuclear extracts (Fig. 2b).
When the immunoprecipitates were electrophoresed on SDS-
PAGE and analyzed by Western blot assays, we observed that
HDA6 was specifically recovered (Fig. 2c). By contrast, no pro-
tein bands were detected in the immunoprecipitation control per-
formed with antibody-free protein-A agarose beads (Fig. 2c). The
presence of HSVd RNA in the immunoprecipitation extracts was
confirmed by RT-PCR. A band of the expected size was only
detected in the immunoprecipitation extract containing HDA6
and not in the IP-control lacking HDA6 (Fig. 2c, lower panel).

HDA6 overexpression reverses the hypomethylation
induced by HSVd infection

Having confirmed that HSVd interacts directly with HDA6 in
infected plants, we next attempted to establish whether this

Fig. 2 11Hop stunt viroid– Histone Deacetylase 6 (HSVd–HDA6) form a stable complex in vitro and in vivo. (a) Two dilutions (1 and 0.5 lg) of recombinant
HDA6 and glutathione S-transferase (GST, used as a control) were subjected to SDS-PAGE (upper panel), transferred to nitrocellulose membranes and
analyzed by Northwestern blot with HSVd probes in both (plus and minus) polarities (lower panel left and right, respectively). (b) Purification of nuclear
extracts from HSVd-infected cucumber plants. Selective accumulation of Histone 3 (H3) and UDP-glucose pyrophosphorylase (UDP) were used as
indicators of enriched cytoplasmic and nuclear fractions (upper and lower panels, respectively). TE, total extract; W1 andW2, Wash 1 and 2, respectively;
NP, nuclear pellet. (c) Immunoprecipitation (IP) of HSVd-HDA6 complexes. The nuclear fraction, which was extracted from HSVd-infected plants, was
divided into two identical parts. One part was incubated with Protein-A agarose and subjected to IP assays using polyclonal HDA6-As. An equivalent
fraction was incubated without HDA6-As as a negative control C(�) IP. The IP of HDA6 was confirmed by SDS-PAGE analysis and serological detection by
Western blot (upper panels). Total RNAs extracted from IP fractions were subjected to RT-PCR analysis to confirm the specific recovery of HSVd RNA.
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interaction exerts a functional effect on the alteration in the
methylation of host DNA observed in HSVd-infected cucumber
(Martinez et al., 2014) and N. benthamiana (Castellano et al.,
2015) plants. First, the time point at which viroid RNA could be
detected in systemic leaves of HSVd-inoculated cucumber and
N. benthamiana plants (Fig. S6a) was determined. Next, we
expressed recombinant HDA6 in the apical leaves 3 d before the
time point established for HSVd detection. After systemic infec-
tion was established, the leaves overexpressing recombinant
HDA6 were collected and processed to obtain total RNA and
DNA (Fig. S6b,c). The recovered DNA was analyzed by bisulfite
sequencing of a region of the cucumber 45S-rDNA promoter
(Fig. 3a) containing nine symmetric (five CG, four CHG) and
14 asymmetric (CHH) potential methylation sites (Fig. 3b) that
were previously demonstrated to be hypomethylated during
HSVd infection (Martinez et al., 2014). Genomic cucumber
DNA samples, obtained from HDA6-expressing and control
plants, were bisulfite-converted, amplified by PCR and cloned
for sequencing. Methylation analysis revealed that, as observed
previously (Martinez et al., 2014), HSVd infection decreased the
relative number of methylated cytosine residues in cucumber

leaves not overexpressing HDA6 compared to noninfected con-
trol plants (Fig. 3c). Alterations in methylation were observed in
both symmetric and asymmetric sequence contexts (Fig. 3c,d).
By contrast, a significant increase in the amounts of total methy-
lated cytosine was observed in HSVd-infected leaves overexpress-
ing recombinant HDA6 in comparison with HSVd-infected
leaves without exogenous HDA6 supplementation (Fig. 3c). A
detailed analysis showed that this increase in the methylation
level was maintained in both symmetric and asymmetric
sequence contexts (Fig. 3d). Comparable results regarding
cytosine hypomethylation in symmetric sequence contexts were
obtained when these assays were performed in conventionally
HSVd-infected N. benthamiana plants but not in asymmetric
sequence contexts (Fig. S7).

HSVd accumulation is affected by HDA6

Our results support the idea that the hypomethylation status
associated with HSVd infection could be a consequence of the
viroid-mediated recruitment of HDA6 in infected cells, which
would explain the disrupted transcriptional scenario observed in

Fig. 3 12Histone Deacetylase 6 (HDA6) reverses hypomethylation of the cucumber 45S rRNA gene induced by Hop stunt viroid (HSVd) infection. (a)
Diagram of the intergenic region of the 45S rRNA highlighting the area of the promoter region analyzed by bisulfite sequencing. The arrows represent the
oligos used in the PCR assay and their relative positions in the rRNA. (b) Graphic representation of the potential symmetric (S) and asymmetric (As)
methylation positions predicted to exist within the analyzed region. (c) Histogram illustrating the relative DNA methylation levels of the 45S rRNA
promoter in cucumber plants: mock-inoculated (green bars), HSVd-infected (red bars) and HSVd-infected plants overexpressing recombinant HDA6 (blue
bars). Total methylation (paired t-test values) means 0.50 (mock), 0.38 (HSVd) and 0.45 (HSVd/HDA6); **, P < 0.0005. Symmetric methylation (paired t-
test values) means 0.88 (mock), 0.70 (HSVd) and 0.77 (HSVd/HDA6); *, P < 0.025; **, P < 0.0025. Asymmetric methylation (paired t-test values) means
0.24 (mock), 0.16 (HSVd) and 0.23 (HSVd/HDA6); *, P < 0.015; **, P < 0.0005. D) Positions of methylcytosines in the analyzed regions displayed in the
symmetric (CG and CHG) and asymmetric (CHH) sequence context. The height of the bar represents the frequency at which cytosine was methylated in
the three analyzed samples: mock-inoculated (green bars), HSVd-infected (red bars) and HSVd-infected plants overexpressing recombinant HDA6 (blue
bars).
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the host during HSVd infection (Martinez et al., 2014; Castel-
lano et al., 2015). To clarify whether the HSVd–HDA6 interac-
tion influences viroid accumulation, HSVd presence was
analyzed in tissues overexpressing recombinant HDA6 using the
RNA extracts obtained from the leaves described above (Fig. S6).

A semi-quantitative RT-PCR assay was used to compare the
levels of HSVd in viroid-infected cucumber and N. benthamiana
plants (Fig. 4a, left and right, respectively). Our data clearly
demonstrated that, unlike the endogenous RNAs used as con-
trols, the HSVd accumulation estimated by RT-PCR

Fig. 4 13Hop stunt viroid (HSVd) accumulation is negatively affected by Histone Deacetylase 6 (HDA6) overexpression. (a) Representative RT-PCR analyses
of the viroid accumulation in serial dilutions of total RNAs extracted from HSVd-infected cucumber (left) and Nicotiana benthamiana (right) plants
transiently overexpressing recombinant HDA6 or mock infiltrated with empty agrobacterium, as detailed in Supporting Information Fig. S6. RT-PCR
amplification of 25S rRNA (cucumber) and RuBisCo mRNA (N. benthamiana) served as RNA loading controls. (b) Histogram showing the comparison
between the relative intensity of the bands amplified by RT-PCR from the serial dilutions of the RNAs extracted from HSVd/Mock and HSVd/HDA6 plants.
The lower panels show the values obtained when the RT-PCR products obtained for 25S and RuBisCo RNAs used as loading controls were analyzed. The
bars (red for HSVd/Mock and blue for HSVd/HDA6) represent the means of three biological and three technical replicates for each event, � SE of the
means. (c) Graphical comparison of relative HSVd accumulation levels (estimated from the intensity of the RT-PCR products) in mock-infiltrated and
HDA6-overexpressing infected samples. Bars (red for HSVd/Mock and blue for HSVd/HDA6) represent the mean values obtained for HSVd RNA
amplification expressed relative to the controls (25S rRNA for cucumber and RuBisCo mRNA for N. benthamiana plants). Paired t-test values cucumber:
HSVd mean values 8258 (mock) and 5801 (HSVd/HDA6); 25 sRNA mean values 6812 (mock) and 7006 (HSVd/HDA6). Paired t-test values
N. benthamiana: HSVd mean values 5822 (mock) and 4602 (HSVd/HDA6); RuBisCo mean values 7412 (mock) and 7615 (HSVd/HDA6). The P-values are
shown in the figure.
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amplification was significantly lower in viroid-infected cucumber
(Fig. 4b, left, blue bars) and N. benthamiana (Fig. 4b, right, blue
bars) leaves overexpressing exogenous HDA6 in comparison with
mock-infiltrated HSVd-infected controls (red bars). The observa-
tion that viroid accumulation was significantly impaired in both
hosts (Fig. 4c), by an excess of HDA6 in the nuclei of the infected
cells suggests that recruitment of this host factor during the viroid
infective cycle (demonstrated by IP assays) has an influence on
the biological efficiency of HSVd.

In order to provide additional evidence for the physiological
relevance of the HSVd–HDA6 interaction, we infected cucumber
cotyledons overexpressing (by A. tumefaciens-mediated transient
transformation) a hairpin construct designed to silence the gene
encoding cucumber HDA6 (Fig. S8). Total RNA was purified
from the infiltrated areas at 3 dpi and analyzed by semi-
quantitative RT-PCR assay. The relative accumulation of HSVd
was significantly higher in infected cotyledons expressing the
HDA6 hairpin construct in comparison with the relative accu-
mulation of HSVd observed in control plants infiltrated with the
empty vector (Fig. 5a, b and c). RT-PCR analysis of cucumber
HDA6 mRNA indicated a significant reduction at 4 dpi in tissues
infiltrated with the hairpin construct relative to those infiltrated
with the empty vector (Fig. 5d and e), correlating HDA6-
silencing and increasing in HSVd accumulation.

Discussion

Conditioned by their incapacity to encode proteins, it is well
established that viroids are strictly dependent on close interac-
tions with host cellular components and functional mechanisms
to complete their infection cycle. Considered to be a standardized
and unique RNA, viroids have at least two (sequence- and struc-
ture-dependent) concomitant flexible ways to interact with plant
regulatory machinery. This dual nature provides these long non-
coding RNAs (lncRNAs) with the extraordinary potential to sub-
vert plant cell developmental networks at multiple functional
levels to increase their biological efficiency (Gomez & Pallas,
2013). Previous observations revealed that Hop stunt viroid
(HSVd)-infected cucumber and N. benthamiana plants exhibited
an unexpected decrease in the cytosine methylation levels of the
ribosomal gene promoters, demonstrating that HSVd can inter-
fere with specific host methylation pathways during infection in a
similar manner as that observed for other plant pathogens (Raja
et al., 2008; Dowen et al., 2012; Rodriguez Negrete et al., 2013;
Yang et al., 2013; Yu et al., 2013). The similarities between the
observations in HSVd-infected plants (hyper-accumulation of
21-nt rb-sRNAs, loss of symmetric methylation and increased
ribosomal gene transcription) (Martinez et al., 2014; Castellano
et al., 2015) and in mutant Arabidopsis plants that fail to express
Histone Deacetylase 6 (HDA6) (Earley et al., 2010) provide
experimental evidence supporting the possibility that a close
interrelationship between HSVd and HDA6 could occur during
the pathogenesis process. Our first evidence supporting this idea
was the observation that HDA6 accumulation increases in the
nuclei of HSVd-infected cucumber cells, thus establishing a func-
tional connection between viroid pathogenesis and HDA6

metabolism in infected plants. Next, in vitro assays demonstrated
that HSVd RNA could bind recombinant cucumber HDA6,
fulfilling the first characteristics essential for the existence of a
direct interaction. In this regard, it is important to emphasize that
co-compartmentalization of both HSVd–RNA and HDA6 in the
nucleus provides a spatial scenario to permit this interaction
in vivo. Furthermore, the observation that the HDA6–HSVd
complex occurred in vivo in the heterologous HSVd-Nb system
provided additional evidence for this interaction. Finally, recov-
ery of the HSVd–HDA6 complex in immunoprecipitation assays
of viroid-infected leaves confirmed that HSVd recognizes and
recruits endogenous cucumber HDA6 during the pathogenesis
process.

Having established the existence of the HSVd–HDA6 complex
in vivo, we attempted to determine whether this complex pos-
sesses a functional relationship with the hypomethylation of
rDNA observed during viroid infection (Martinez et al., 2014;
Castellano et al., 2015). Bisulfite sequencing of DNA obtained
from viroid-infected cucumber plants infiltrated with empty vec-
tors clearly correlated the HSVd infection with reduced cytosine
methylation in a key promoter region of cucumber 45S rDNA,
reinforcing our previous observation that HSVd infection and
hypomethylation of ribosomal genes occur in parallel in this
viroid host. However, a significant increase in the methylation
levels of this regulatory rDNA region was observed when recom-
binant HDA6 was overexpressed in the leaves of these same
HSVd-infected plants. Furthermore, the modifications in the
methylation levels of cytosine residues in the symmetric sequence
context were also observed when cucumber HDA6 was tran-
siently overexpressed in viroid-infected N. benthamiana plants.
The demonstration that overexpression of exogenous cucumber
HDA6 could reverse, at least in part, the dynamic changes in
rDNA methylation induced by viroid infection in cucumber and
N. benthamiana cells suggests that the alterations in cytosine
methylation observed in the HSVd-infected plants may be associ-
ated with viroid interferences in the HDA6-dependent pathways
responsible for the maintenance of rDNA methylation (Earley
et al., 2010). We can speculate that the interaction between
HSVd and HDA6 interferes with the formation of the HDA6–
MET1 complex that is required to regulate maintenance of DNA
methylation in symmetric sequence contexts (To et al., 2011; Liu
et al., 2012a,b). Further studies will be necessary to determine
whether viroid-mediated recruitment of HDA6 also affects
cytosine methylation in alternative HDA6 targets, such as repeti-
tive DNA encoding transposable elements (Liu et al., 2012a,b) 9.

Altogether, these data support that HSVd is able to recruit and
functionally inactivate host HDA6 during infection, conse-
quently inducing changes in the methylation status of rDNA and
causing transcriptional reactivation of normally silenced rRNA
genes. Moreover, and in response to this functional interaction,
there is increased accumulation of HDA6 in the nuclei of
infected cells during the first steps of the infectious process. These
findings support the view that epigenetic regulation of host tran-
scriptional activity constitutes a regulatory mechanism associated
with the plant response to viroid infection, as was previously
shown for the pathogenesis processes induced by bacteria
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(Dowen et al., 2012; Yu et al., 2013) and viruses (Raja et al.,
2008; Rodriguez Negrete et al., 2013; Yang et al., 2013).

However, a fundamental question remains unanswered: does
the interaction between HSVd and HDA6 provide any adaptive
advantage for viroids? Analysis of the HSVd accumulation esti-
mated by RT-PCR revealed that viroid levels were reduced signif-
icantly when exogenous HDA6 was transiently overexpressed in
infected cucumber and N. benthamiana plants. This suggests that
an excess of free HDA6 in the nuclei of infected cells negatively
affects the accumulation of HSVd, providing evidence for a

functional link between HDA6 activity and viroid biological effi-
ciency. This idea was reinforced by the observation that transient
silencing of cucumber HDA6 favors HSVd accumulation in
infected plants.

Speculations regarding the functional nature of the HSVd–
HDA6 complex during viroid infection seem premature at this
point. However, it is opportune to consider that, although it is
well established that members of the Pospiviroidae family recruit
and re-direct RNA Pol II to transcribe the viroid RNA instead of
the host DNA template (Flores & Semancik, 1982; M€uhlbach &

Fig. 5 14Hop stunt viroid (HSVd) accumulation is increased in cucumber plants with reduced Histone Deacetylase 6 (HDA6) expression. (a) Representative
RT-PCR analyses of the viroid accumulation in serial dilutions of total RNAs extracted from infected cotyledons overexpressing a hairpin construct designed
to silence the gene encoding HDA6 (hp-HDA6) or mock infiltrated with empty vector. RT-PCR amplification of ubiquitin-40S ribosomal protein mRNA
served as a RNA loading control. (b) Histogram showing the comparison between the relative intensity of the bands amplified by RT-PCR from the
dilutions of the RNAs extracted from infected plants infiltrated with hp-HDA6 and empty plasmid, respectively. The values obtained for the RT-PCR
products of ubiquitin mRNA (control) were also analyzed. The bars (red for HSVd/hp-HDA6 and blue for HSVd/Mock) represent the means of three
biological and three technical replicates,� SE of the means. (c) Comparison of relative HSVd accumulation (estimated as in Fig. 4) in HDA6-silenced and
mock-infiltrated samples. Bars (red for HSVd/hp-HDA6 and blue for HSVd/Mock) represent the mean values obtained for HSVd RNA amplification
expressed relative to control. Paired t-test values: HSVd mean values 4468 (HSVd/mock) and 6442 (HSVd/hp-HDA6). The P-value is shown in the figure.
(d) Representative RT-PCR analyses of the HDA6 mRNA levels in total RNAs extracted at 4 d post infiltration from three cucumber cotyledons infiltrated
with Agrobacterium transformed with the vector hp-HDA6 (S4 to S6) and three mock-infiltrated controls (S1–S3). RT-PCR amplification of actin seven
mRNA served as an RNA loading control. (e) Histogram showing the comparison between the relative HDA6 mRNA levels estimated by RT-PCR in HDA6-
silenced and mock-infiltrated samples. Bars (red for hp-HDA6 and green for mock) represent the mean values obtained for HDA6 mRNA amplification
expressed relative to control. Paired t-test values: HDA6 mean values 4458 (mock) and 2146 (hp-HDA6),� SE. The P-value is shown in the figure.
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S€anger, 1997; Bojic et al., 2012), the strategy used by these
pathogenic lncRNAs to reprogram RNA Pol II activity remains a
conundrum. Interestingly, it was previously shown in Arabidopsis
hda6 mutants that, in addition to hypomethylation, loss of
HDA6 activity was associated with spurious Pol II transcription
of nonconventional rDNA templates (normally transcribed by
RNA Pol I) (Earley et al., 2010). Based on these observations, we
envision a hypothetical scenario in which, subsequent to cell
invasion and once localized in the nucleus, HSVd RNA recruits
and functionally inactivates endogenous HDA6 to promote
spurious RNA Pol II activity, as indicated by the overaccumula-
tion of pre-rRNAs and rb-sRNAs in infected plants (Martinez
et al., 2014; Castellano et al., 2015). This favorable transcrip-
tional environment may promote RNA Pol II to recognize and
spuriously transcribe noncanonical templates (viroid RNA) in a
manner similar to that observed for rDNA intergenic regions in
Arabidopsis hda6 mutants (Earley et al., 2010). Further studies
assessing the stability of the HSVd-RNA Pol II complex in rela-
tion to HDA6 accumulation in viroid-infected plants are
required to shed light on this possibility.

In summary, the data reported herein reveal that HSVd is able
to recruit and subvert host HDA6 during infection, providing
novel evidence regarding the potential of viroids to redesign the
host cell environment and reprogram host regulatory mechanisms
to ensure that their infectious cycle can be fulfilled. Furthermore,
this study provides additional support to the emerging idea that
the study of viroids as regulatory elements capable of altering host
cell homeostasis can contribute to interpret the poorly under-
stood pan-regulatory pathways directed by lncRNAs in plants
(Ding, 2010; Gomez & Pallas, 2013; Katsarou et al., 2015; Liu
et al., 2015; Gago-Zachert, 2016).
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