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ABSTRACT

Geminiviruses are important plant pathogens characterized by circular, single-stranded DNA (ssDNA) genomes. However, in
the nuclei of infected cells, viral double-stranded DNA (dsDNA) associates with host histones to form a minichromosome. In
phloem-limited geminiviruses, the characterization of viral minichromosomes is hindered by the low concentration of recov-
ered complexes due to the small number of infected cells. Nevertheless, geminiviruses are both inducers and targets of the host
posttranscriptional gene silencing (PTGS) and transcriptional gene silencing (TGS) machinery. We have previously character-
ized a “recovery” phenomenon observed in pepper plants infected with pepper golden mosaic virus (PepGMV) that is associated
with a reduction of viral DNA and RNA levels, the presence of virus-related siRNAs, and an increase in the levels of viral DNA
methylation. Initial micrococcal nuclease-based assays pinpointed the presence of different viral chromatin complexes in symp-
tomatic and recovered tissues. Using the pepper-PepGMV system, we developed a methodology to obtain a viral minichromo-
some-enriched fraction that does not disturb the basic chromatin structural integrity, as evaluated by the detection of core his-
tones. Using this procedure, we have further characterized two populations of viral minichromosomes in PepGMV-infected
plants. After further purification using sucrose gradient sedimentation, we also observed that minichromosomes isolated from
symptomatic tissue showed a relaxed conformation (based on their sedimentation rate), are associated with a chromatin activa-
tion marker (H3K4me3), and present a low level of DNA methylation. The minichromosome population obtained from recov-
ered tissue, on the other hand, sedimented as a compact structure, is associated with a chromatin-repressive marker (H3K9me2),
and presents a high level of DNA methylation.

IMPORTANCE

Viral minichromosomes have been reported in several animal and plant models. However, in the case of geminiviruses, there has
been some recent discussion about the importance of this structure and the significance of the epigenetic modifications that it
can undergo during the infective cycle. Major problems in this type of studies are the low concentration of these complexes in an
infected plant and the asynchronicity of infected cells along the process; therefore, the complexes isolated in a given moment
usually represent a mixture of cells at different infection stages. The recovery process observed in PepGMV-infected plants and
the isolation procedure described here provide two distinct populations of minichromosomes that will allow a more precise
characterization of the modifications of viral DNA and its host proteins associated along the infective cycle. This structure could
be also an interesting model to study several processes involving plant chromatin.

Geminiviruses are important plant pathogens consisting of cir-
cular, single-stranded DNA (ssDNA) genomes ranging from

2.7 to 5.2 kb packed into 1 or 2 icosahedral twine-shaped particles
with a size of 22 by 38 nm (1). Geminiviruses are classified into
seven genera (Begomovirus, Mastrevirus, Curtovirus, Becurtovirus,
Eragrovirus, Topocuvirus and Turncurtovirus) on the basis of their
genome organization, host range, and insect vector (1–4). After
transmission by the insect vector, the ssDNA genome is released
from the capsid and converted to double-stranded DNA (dsDNA)
through complementary strand replication (CSR) assisted by host
enzymes (5). Viral DNA is further processed into a covalently
closed circular conformation (cccDNA), which is wrapped
around nucleosomes to form a minichromosome that is the tem-
plate for replication and transcription and to interact with
other cellular proteins (6–8). In addition, it might associate
with viral movement proteins and histone H3 to move from
cell to cell (6–8).

RNA silencing is a ubiquitous eukaryotic gene regulation
mechanism. In plants, it can act posttranscriptionally (posttran-
scriptional gene silencing [PTGS]) by cleavage or translation

arrest of RNA targets in a sequence-specific manner or at the
transcriptional level (transcriptional gene silencing [TGS]) by cy-
tosine methylation of DNA and/or posttranslational modifica-
tions of histones (i.e., methylation, acetylation, phosphorylation,
ubiquitination) located at the DNA targets (9–11). Geminiviruses
are both inducers and targets of the host PTGS and TGS machin-
ery, mediated by the formation of small interfering RNAs
(siRNAs) homologous to the viral mRNA and DNA. This inter-
play of PTGS and TGS has been understood as part of the plant
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defense pathways, although the precise mechanisms are not yet
well characterized (12–14). Correspondingly, geminiviruses have
developed potent suppressors of gene silencing (15–17). TGS di-
rected against the viral minichromosome may lead to epigenetic
modifications in an attempt to stop or reduce virus replication
(18). In a few documented examples, this leads to a process called
host plant recovery (19, 20). The natural outcome of this plant-
virus interaction (host recovery) is the emergence of new asymp-
tomatic leaves after a typical symptomatic infection. Host recov-
ery is generally accompanied with reduced virus titers and a
sequence-specific resistance to a secondary infection, and it has
been linked with the induction of an antiviral RNA-silencing pro-
cess (21, 22).

The hypothesis that the epigenetic arms of the silencing mech-
anism are also an important defense pathway against geminivi-
ruses is based on several lines of evidence. (i) The efficiency of
virus replication in protoplasts is reduced when viral DNA is
methylated in vitro before transfection (23, 24). (ii) Arabidopsis
mutant lines for key genes of the transcriptional gene silencing
pathway (i.e., cytosine methyltransferases, methyl cycle enzymes,
Dicer-like and dsRNA binding proteins) are hypersensitive to vi-
rus infection and show altered methylation levels (25). (iii) Gemi-
niviral DNA has been shown to be associated with nucleosomes
containing both repressive (H3K9me) and active (H3Ac) histone
modifications (26). (iv) Transgenes containing geminivirus pro-
moters are silenced and their cytosines methylated when plants
are superinfected with the cognate virus. An increased level of
DNA methylation on episomal viral progeny has been also ob-
served (18, 27). (v) A suppressor of gene silencing from a gemini-
virus changed the global methylation profile of infected plants
(28). (vi) Host recovery was accompanied by the presence of vi-
rus-related siRNAs and elevated cytosine methylation of gemini-
virus DNA (25).

Geminivirus DNA exists in multiple forms in infected cells:
circular ssDNA, which cannot be methylated, is the molecule
found in viral particles; circular dsDNA replicative forms (RF),
which are the templates for replication and transcription and may
or may not be methylated; linear dsDNA forms of heterogeneous
length, some of which may be products of recombination-depen-
dent replication and also may or may not be methylated; and
several heterogeneous linear ssDNA molecules detected in in-
fected plants with a still-undefined role in the virus cycle (29).
Production of ssDNA and dsDNA RF is asymmetric during the
geminivirus infective cycle. Using a quantitative PCR (qPCR) ap-
proach, it has been reported that the dsDNA/ssDNA ratio is about
1:100 in Nicotiana benthamiana and tomato plants infected with
tomato yellow leaf curl Sardinia virus (TYLCSV) (30). Therefore,
studies on virus minichromosome structure and genome modifi-
cations should use methodologies that consider and distinguish
the different molecular structures present in the infected cell. In
addition, in phloem-limited viruses (such as pepper golden mo-
saic virus [PepGMV] and tomato yellow leaf curl virus [TYLCV]),
the actual number of infected cells is quite low; thus, the recovery
of minichromosome complexes in sufficient quantities to be ana-
lyzed is a complicated task (31).

Our group has reported that the recovery phenomenon ob-
served in pepper plants infected with PepGMV is associated with a
reduction of viral DNA and RNA levels, the presence of virus-
related siRNAs, and an increase in the levels of viral DNA meth-
ylation (19, 20). Based on those results and additional evidence, it

was suggested that viral minichromosomes in symptomatic and
recovered tissues could present differences in structure organiza-
tion. Therefore, we proceeded to analyze the minichromosome
populations in both types of tissue. Our initial analysis, based on
micrococcal nuclease sensitivity, supported that hypothesis. We
then designed a simple methodology to obtain a viral minichro-
mosome-enriched fraction. The recovered minichromosomes
were associated with nucleosome core histones, indicating that the
procedure does not disturb the basic chromatin structure. Inter-
estingly, using sucrose gradient sedimentation, we also observed
that minichromosomes isolated from recovered tissue migrated as
a high-density, compact structure (associated with the histone
H3K9me2-repressive marker) whereas the complex isolated from
symptomatic tissue migrated as a low-density structure (associ-
ated with the histone H3K4me3 activation marker). Finally, a high
level of DNA methylation was associated with the compact
minichromosome structure obtained from recovered tissue. The
importance of geminivirus minichromosome isolation and future
applications are discussed below.

MATERIALS AND METHODS
Plant inoculation and collecting of tissue. Pepper (Capsicum annuum L.
var. Sonora Anaheim) seeds were germinated in a bioclimatic chamber at
26 to 28°C with a 16/8-h (light/dark) photoperiod. The fourth leaf on
plants at the four-leaf stage (around 30 days postgermination) were inoc-
ulated with PepGMV (pepper golden mosaic virus) infectious dimeric
clones or with pBluescript for mock inoculations by biolistic bombard-
ment (20). Samples of symptomatic tissue were harvested 10 days postin-
oculation (dpi), whereas recovered tissue was harvested at 24 dpi. Samples
were immediately frozen in liquid nitrogen and stored at �80°C for sub-
sequent analysis.

Micrococcal nuclease sensitivity assay. Fresh tissue (5 g) was ground
into a fine powder with a mortar and pestle using liquid nitrogen. The
powder was resuspended in 20 ml buffer consisting of 10 mM Tris-HCl
[pH 8], 10 mM NaCl, 3 mM MgCl2, 0.15 mM spermine, 0.5 mM spermi-
dine, and 0.5% Triton X-100. The homogenate was first filtered through
three layers of cheesecloth and the resulting filtrate through three layers of
Miracloth (catalog number 475855; Calbiochem). The filtrate was centri-
fuged for 10 min at 1,000 � g (Sorvall super T21, SL50T rotor). The pellet
(nucleus-rich fraction) was washed with 5 ml micrococcal nuclease
(Mnase) digestion buffer (10 mM Tris-HCl [pH 7.4], 15 mM NaCl, 60
mM KCl, 0.15 mM spermine, and 0.5 mM spermidine). The nuclei were
resuspended in 1 ml Mnase digestion buffer containing 10 mM CaCl2. The
nuclei (100 �l) were transferred to several microcentrifuge tubes contain-
ing different concentrations of Mnase (0.5, 1, 2.5, 5, and 10 units)
(EN0181; Thermo Scientific) and 1 �l RNase (10 mg/ml). Samples were
incubated at 37°C for 10 min. To stop the reaction, 80 �l of Mnase diges-
tion buffer and 20 �l of Mnase stop buffer (100 mM EDTA and 10 mM
EGTA) were added to each sample. To eliminate proteins, the samples
were treated with 3 �l of proteinase K (25 mg/ml) and 10 �l of 20% SDS.
Samples were then incubated at 37°C overnight. DNA was extracted from
each sample by standard phenol-chloroform extraction and ethanol pre-
cipitation. DNA was separated by agarose gel (1.5%) electrophoresis (60
V/3 h). Nucleic acids were then transferred to a nylon membrane (10�
SSC, where 1� SSC is 0.15 M NaCl plus 0.015 M sodium citrate). The
blots were hybridized against a biotin-labeled (K0651; Thermo Scientific)
DNA probe (full-length PepGMV A). Detection was performed using a
biotin chromogenic detection kit (K0661; Thermo Scientific). Both label-
ing and detection were performed according to the manufacturer’s pro-
tocol. The image was analyzed using ImageJ software (http://imagej.nih
.gov/ij/).

Isolation of PepGMV minichromosome. Fresh tissue (20 g) was
ground into a fine powder with a mortar and pestle using liquid nitrogen.
The powder was immediately transferred into an ice-cold 500-ml beaker
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containing 200 ml buffer A (10 mM Tris-HCl, pH 9, 80 mM KCl, 1 mM
spermidine, 1 mM spermine, 0.5% Triton X-100, 500 mM sucrose, and 15
mM �-mercaptoethanol) supplemented with one Sigmafast protease in-
hibitor cocktail tablet (catalog number S8830). The homogenate was first
filtered through two layers of cheesecloth and the resulting filtrate
through two layers of Miracloth (475855; Calbiochem). The filtrate was
centrifuged for 15 min at 2,000 � g (Sorvall super T21, SL250T rotor). The
nucleus-rich pellet was resuspended in 1 ml buffer B (10 mM Tris-HCl
[pH 8], 1% Triton X-100) and centrifuged again for 5 min at 2,000 � g
(Sorvall super T21, SL50T rotor). The pellet was resuspended in 1 ml
extraction buffer (10 mM Tris-HCl [pH 8], 0.05% Sarkosyl, 1% Triton
X-100) and incubated on ice for 15 min. The suspension was centrifuged
for 15 min at 2,000 � g. The supernatant that contained the viral
minichromosome was recovered (32).

ChIP. The chromatin immunoprecipitation (ChIP) protocol was
based on the method described by Saleh et al. (33). Symptomatic and
recovered tissues (1 g) were used for isolation of PepGMV minichromo-
some (500 �l). Protein A beads (16-157; Millipore) were used for pre-
clearing (2 h at 4°C). Immunoprecipitation was carried out overnight at
4°C using anti-histone H2B (07-371; Millipore) and anti-histone H3 (06-
755; Millipore) antibodies. DNA was extracted using phenol-chloroform,
followed by ethanol precipitation. Purified DNA was quantified by real-
time PCR as described below. For the sucrose gradient fraction analysis,
the fractions were first concentrated 10-fold using Centricon tubes (nom-
inal molecular weight limit [NMWL], 10,000; Amicon Ultra-4) to obtain
a final volume of 50 �l. Then, 10 �l was used for each antibody assay.
Protein A beads (16-157; Millipore) were used for preclearing (2 h at 4°C).
Immunoprecipitation was carried out overnight at 4°C using anti-
histone H3K9me2 (17-648; Millipore) and anti-histone H3K4me3
(17-614; Millipore) antibodies. DNA was extracted using phenol-chlo-
roform, followed by ethanol precipitation. Purified DNA was quanti-
fied by real-time PCR.

Sucrose gradient centrifugation. The supernatant containing the viral
minichromosome (1 ml) was separated using a discontinuous sucrose gradi-
ent (10 mM Tris-HCl [pH 8], 1� protease inhibitor cocktail, and 15%, 25%,
or 35% [wt/vol] sucrose). Samples were centrifuged at 250,000 � g and 4°C
for 1 h (SW55Ti rotor; Sorvall). Six fractions were collected. Fractions
were washed two times with 5 ml Tris buffer (10 mM Tris-HCl [pH 8])
and concentrated 10-fold using Centricon tubes (NMWL, 10,000; Ami-
con Ultra-4) at 4,000 � g and 4°C for 15 min (8947 rotor and 6563E
adapter; IEC Multi Thermo Electron Corporation). Aliquots of 20 �l were
treated with 2% SDS, 25 mM EDTA, and 3 �l proteinase K (20 mg/ml)
and incubated at 37°C overnight. DNA was extracted for each fraction by
standard phenol-chloroform extraction and ethanol precipitation.

Quantification of viral DNA by real-time PCR. PCR was performed
on a StepOne System (Applied Biosystems) using SYBR green JumpStart
Taq ReadyMix (S4438; Sigma). For 20-�l reaction volumes, 2 �l of DNA
solution was used along with 1 �l of each 10 �M primer. Amplification
was done as follows: the denaturation was at 95°C for 2 min, the amplifi-
cation and quantification program (95°C for 15 s, 57°C for 1 min, with a
single fluorescence measurement) was repeated 40 times, and the melting
curve program was 60 to 95°C with a heating rate of 0.1°C per s and a
continuous fluorescence measurement. The primers used were PepGM-
VRepq5= (5=-CAAAGCTGGTGATCCGAAAAACG-3=) and PepGM-
VRepq3= (5=-GTTAAACGAGGATAATGGATAAGG-3=) for an expected
PCR product of 120 bp. To create standard curves for the absolute quan-
tification of viral DNA, serial dilutions containing PepGMV dsDNA in the
range of 103 to 107 molecules per �l were prepared (monomeric PepGMV
A cloned in pBluescript). Standard curves were obtained by linear regres-
sion analysis of the quantification cycle (Cq) value of each of the three
technical replicates over the log10 of the amount of DNA. qPCR efficiency
(E) was calculated as follows: E � e(ln10/�s) � 1, where a slope (s) of �3.570
represents an efficiency of 96.5%. Quantification of viral DNA was ob-
tained by extrapolation of Cq data with the corresponding standard curve.

PCR assay of Alien transposon. For the detection of Alien transpos-
able elements, a PCR assay was carried out under the following condi-
tions. Primers used were CaAlienFw, TTAGACGTG AATGCCCC
GAG, and CaAlienRv, GGTAGAGTGTATTGGCTAACTTTG. The
amplification program was an initial denaturing treatment at 95°C for
5 min and 30 cycles of the following steps: 94°C for 30 s, 60°C for 30 s,
and 72°C for 30 s.

Quantification of viral ssDNA and dsDNA. Quantification of ssDNA
and dsDNA molecules was performed with a procedure similar to the one
described previously for TYLCV and TYLCSV (30). The monomer
PepGMV A standard was used to prepare standard curves for the absolute
quantification. Viral strand-specific primers for T4 DNA polymerase
DNA synthesis containing a 5= virus-unrelated TAG sequence were
VS-TAG (5=-AGTTTAAGAACCCTTCCCGCCATGACGCTGTTGGT
GTGGTTCT TG-3=) for viral strand (VS) determination and CS-TAG
(5=-AGTTTAAGAACCCTTCCCGCCCCATCGTGTAGGCAAGCGTTT
CTG-3=) for viral complementary strand (CS) determination. Strand-
specific qPCR primers were CS (5=-CATGACGCTGTTGGTGTGGTTCT
TG-3=) and VS (5=-CCCATCGTGTAGGCAA GCGTTTCTG-3=). Strand-
specific primers were combined with the TAG oligonucleotide (5=-AGTT
TAAGAACCCTTCCCGC-3=) for qPCR assays as described previously
(30). qPCR efficiency (E) was calculated as follows: E � e(ln10/�s) � 1,
where a slope (s) of �3.113 represents an efficiency of 109.5% to CS and s
of �3.302 represents an efficiency of 100.8% to VS. Quantification of viral
DNA was obtained by extrapolation of Cq data with the corresponding
standard curve.

Methylation density comparisons. Aliquots of the sedimented
minichromosome extract containing 100 ng of viral DNA were treated
according the manufacturer’s instructions (EZ DNA Methylation-Gold
kit D5005). Bisulfite-treated DNA was used as the template for PCR using
primers and conditions previously described (19). Viral complementary
strand (CS)-specific primers were designed to direct the amplification of a
580-bp fragment that includes the first 60 bp of the Rep coding region, the
337 bp of the PepGMV A intergenic region (IR), and the initial 183 bp of
the CP coding region. As a bisulfite conversion control, 100 ng of plasmid
containing a PepGMV A monomeric clone was used for test samples. PCR
products were cloned with the CloneJET PCR Cloning kit (catalog num-
ber K1231), and several clones were sequenced. Data were analyzed using
Kismeth software (34) (http://katahdin.mssm.edu/kismeth/revpage.pl).

RESULTS
Micrococcal analysis of viral minichromosomes from symp-
tomatic and recovered tissues. Previous results have suggested
that viral minichromosomes from symptomatic and recovered
tissues could present differences in structure organization (19,
20). Therefore, we decided to compare the minichromosome
populations from both types of tissue using a micrococcal nu-
clease sensitivity assay. Nuclei from symptomatic, recovered, and
mock tissues were isolated and treated with several concentrations
of micrococcal nuclease. Digestion products were analyzed by
agarose gel electrophoresis and Southern blot hybridization using
PepGMV A as a probe. Figure 1 shows the results of the analysis.
Figure 1A shows the typical DNA band ladder showing mono-
meric (ca. 150 bp) and multimeric bands. In the GelRed-stained
gel, most of the DNA observed is related to the plant genome. The
hybridization signal observed in Fig. 1B is related to viral DNA. To
be able to compare the nuclease effects in the two cases, the hy-
bridization image was analyzed using ImageJ software, and results
are shown in Fig. 1C. Using the presence and relative concentra-
tion of the bands corresponding to the mono-, di-, and trimeric
DNA bands as a reference, the minichromosome from symptom-
atic tissue (S) presents a higher sensitivity to nuclease degradation
than the one observed from the minichromosome extracted from
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recovered tissue. Even at the lowest nuclease concentration (0.5
U), the monomeric form shows already the highest relative con-
centration. In the treatment with the highest nuclease concentra-
tion (10 U), most of the viral DNA (80%) is found in the mono-
meric fraction. In general, a good correlation between the nuclease
concentration and the relative concentration of mononucleosome
concentration is observed for the S tissue (Fig. 1C, left side). On
the other hand, the viral minichromosome from the recovered
tissue seems to be more resistant to nuclease digestion. For exam-
ple, it is possible to detect mono- and dimeric bands only at the
nuclease concentration of 2.5 U. More striking, the dimeric frac-
tion is still the major form detected at the highest nuclease treat-
ment (10 U).

These results support the hypothesis that, indeed, PepGMV
DNA is organized as a minichromosome. In addition, they also
show that the minichromosome from symptomatic tissue is
more sensitive to nuclease digestion, suggesting a more re-
laxed, accessible structure than the one obtained from recov-
ered tissue.

Solubilization of a nuclear extract enriched for viral nucleo-
protein complexes. One of the constraints to study viral
minichromosome is the low concentration. This is especially no-
ticeable in phloem-limited viruses such as our model, PepGMV.
In addition, the problem of contamination with plant chromatin
fragments with varied structure, size, and composition is probably
the most difficult burden.

Starting with a nucleus-rich subcellular fraction, we have de-
veloped a procedure to obtain a nuclear extract enriched with
nucleoprotein complexes associated with viral dsDNA. This ex-
tract has a minimal contamination of plant chromatin or viral
ssDNA; therefore, it offers to facilitate the study of viral processes
such as replication and transcription as well as viral genomic
structure. After testing several salts (NaCl, KCl, MgCl2), deter-
gents (individually or in mixtures, such as SDS, Tween 20, Sarko-
syl, Triton X-100), and different pH buffers (from pH 5 to pH 9),
the optimal protocol to recover most of the dsDNA associated with
histones was an incubation of a nucleus-rich fraction with a mixture
of Triton X-100 (1%) and Sarkosyl (0.05%) at pH 8. Use of detergents

FIG 1 Micrococcal nuclease sensitivity assay of minichromosomes obtained from samples of symptomatic and recovered plant tissue. Nuclei from mock-
inoculated plant tissue (M) and symptomatic (S) and recovered (R) tissue from a PepGMV-infected pepper plant were treated with increasing concentrations of
micrococcal nuclease for 10 min at 37°C. After treatment, the resulting DNA fragments were purified and analyzed by 1.5% agarose gel electrophoresis and
Southern blot hybridization using PepGMV A DNA as a probe. (A) Migration of the DNA fragments on a GelRed-stained agarose gel. A typical ladder of
nucleosome multimers is observed in all samples. (B) Hybridization results of the PepGMV DNA fragments generated after micrococcal nuclease digestion. (C)
Relative concentrations (%) of the monomeric (ca. 150 bp), dimeric (300 to 350 bp), and trimeric (ca. 500 bp) fractions observed in panel B after nuclease
digestion.
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such as SDS and Sarkosyl (concentrations of �0.05%) or high NaCl
concentrations usually resulted in the extraction of free viral DNA,
i.e., without associated proteins (histones). Treatment with other
detergents such as Tween 20 or Triton X-100 failed to extract viral
DNA from the nucleus-rich fraction. In addition, it has been re-
ported that when buffers with pH �7 are used, chromatin tends to
condense, whereas a buffer with pH �9 favors histone dissocia-
tion from chromatin (35).

A typical starting material for this method is a nucleus-rich
extract obtained after grinding 20 g of tissue from approximately
100 infected plants. A sequential treatment with 1% Triton X-100
(mainly to reduce chloroplast contamination) and 0.05% Sarkosyl
at pH 8.0 released, from the nucleus-rich fraction, viral nucleo-
protein complexes that were associated mostly with viral dsDNA
and almost no plant chromatin. Standard DNA extraction (chlo-
roform and ethanol precipitation) of the nuclear extract yielded
10 �g of viral DNA. Viral DNA (dsDNA and ssDNA) was ob-
served and identified by agarose (1%) gel electrophoresis and hy-
bridization (using PepGMV A DNA as a probe) (Fig. 2A).

To confirm the identity of viral dsDNA and ssDNA bands,
DNA from the Sarkosyl supernatant was digested with EcoRI and
HindIII restriction enzymes. These enzymes recognize unique
sites in PepGMV A and B components, respectively (20). After
digestion of circular dsDNA, viral DNA would migrate as mono-
meric, linear dsDNA molecules (ca. 2,600 bp), whereas ssDNA
molecules would remain undigested. Figure 2B shows the typical
migration of those molecular entities under our standard gel elec-
trophoresis conditions. Considering that around 80% of the pep-
per genome is related to transposable elements (36), we tried un-
successfully to detect, in the solubilized fraction, DNA from a
transposable element using PCR assays (37) (Fig. 2C). This sug-
gested that contamination of that fraction with genomic DNA was
minimal.

To verify if viral DNA was being released as nucleoprotein
complexes (i.e., minichromosome structures), a chromatin im-
munoprecipitation assay coupled with a quantitative PCR ampli-
fication (ChIP-qPCR) was carried out. For the analysis, we used
antibodies against H3 and H2B histones and specific primers that
direct the amplification of a fragment of PepGMV A DNA. Both
histones are part of the typical octameric core of nucleosomes
(38). The immunoprecipitation assays were carried out with
minichromosome extracts obtained from symptomatic tissue.
The results of the qPCR analysis of the immunoprecipitation
complexes are shown in Fig. 2D. The fact that both antibodies
(against H3 and H2A) were able to pull down viral DNA suggests
that viral DNA is indeed associated with histones and that solubi-
lization from the nuclei did not disturb the basic minichromo-
somal structure. The variation on the quantification of viral DNA
is probably due to the different specificities and concentrations of
these commercial antibodies. Similar results were also obtained
with H4 antibody (data not shown).

Comparison of viral minichromosome populations from
symptomatic and recovered stages. Recent studies with a system
based on an L2-deficient mutant of beet curly top virus (BCTV)
and Arabidopsis thaliana suggested that host recovery is the con-
sequence of an interplay of plant gene silencing-related proteins
(i.e., AGO4, DCL3, DRB3) and geminivirus silencing suppressors
(C2, L2) (26). In our model, we have also shown differential meth-
ylation levels of viral DNA in S and R tissues that might lead to
differences in minichromosome structure as suggested by the data

shown in Fig. 1. We hypothesized that viral DNA with a higher
level of methylation could be associated with minichromosomal
structures arranged in a condensed structure, typical of silent,
nonexpressing chromatin. On the other hand, viral DNA present
in symptomatic tissues and showing a lower level of methylation
could be associated with a relaxed chromatin structure to facilitate
transcription and replication processes. To verify these differ-

FIG 2 Extracts from Sarkosyl-treated nuclei are enriched for viral dsDNA. (A)
GelRed-stained 1% agarose gel containing total DNA solubilized after deter-
gent treatment of a nuclei preparation. Lane 1, DNA obtained from nuclei
treated with Triton X-100; lane 2, DNA obtained after treatment with Triton
X-100 and Sarkosyl. Nucleic acids in lanes 1 and 2 were transferred to a nylon
membrane and analyzed by Southern blotting hybridization using a PepGMV
A probe (lanes 3 and 4). As a comparison, a total nucleic acid extract from a
symptomatic tissue is shown in lane 5 as well as its corresponding hybridiza-
tion image (lane 6). DNA bands corresponding to viral dsDNA and ssDNA are
labeled. (B) To verify the identity of viral DNA molecules, samples as in lanes
2 and 4 in panel A were digested with EcoRI and HindIII restriction enzymes
and analyzed by agarose electrophoresis and Southern blotting. Lane 1, undi-
gested control; lane 2, EcoRI-digested extract; lanes 3 and 4, hybridization
results of lanes 1 and 2. DNA forms are labeled as linear double-stranded (lds),
circular double-stranded (cds), and single-stranded (ss) DNA. Numbers on
the left of panels A and B represent molecular size markers in base pairs. (C) To
verify the levels of “contaminant” host genomic DNA, a PCR assay designed to
detect a mobile element reported in pepper (Alien transposon) was carried
out. Lane c, pepper DNA as a positive control; lane 1, DNA from a Triton
X-100 plus Sarkosyl supernatant; lane 2, DNA from the Triton X-100 plus
Sarkosyl pellet (sediment). (D) To confirm the nature of the nucleoprotein
complexes extracted by Sarkosyl, a ChIP-qPCR analysis was carried out using
antibodies against histones H2B and H3 and PepGMV-specific primers. Data
are presented as percentages of the input.
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ences, we decided to carry out an additional characterization of
both minichromosome populations. This analysis was performed
by taking advantage of the fact that different structures of viral
minichromosomes can be differentiated by a discontinuous su-
crose gradient (39, 40), because the sedimentation rate is defined
by the density of the minichromosome (weight/volume ratio).
The sedimentation rate of a viral minichromosome would be
higher if it were organized in a compact structure. On the other
hand, a more relaxed structure should present a lower sedimenta-
tion rate (41).

Extracts from symptomatic and recovered tissues were centri-
fuged side by side as described in Materials and Methods. Six
fractions were collected from each sucrose gradient for viral DNA
quantification by qPCR. In extracts from symptomatic tissue, 50
to 70% of the viral dsDNA was present in fractions 1 and 2 (Fig.
3B) (low-density fraction; 15% sucrose). In contrast, in extracts
from recovered tissue, 55 to 75% of dsDNA was found in the
bottom, in fraction 6 (high density, 35% sucrose) (Fig. 3C). This
suggested that most of the viral dsDNA released from the nuclei
obtained from the symptomatic tissue is present in a relaxed
minichromosome structure; on the other hand, viral dsDNA from
recovered tissue showed a higher sedimentation rate, suggesting a
condensed minichromosomal structure.

To support these conclusions, two control samples of the su-
crose gradient sedimentation analysis were included in parallel
tubes. The first one consisted of an infective dimeric clone of
PepGMV A as a “naked,” protein-free DNA sample. After sedi-
mentation, fractions were collected and analyzed as mentioned
above. Free DNA showed a low sedimentation rate under these
conditions and was found primarily in the interphase formed be-
tween the loading sample and the top segment of gradient fraction
1 (low density) (Fig. 3A). The second control consisted of an arti-
ficially reconstituted minichromosome obtained with cloned viral
DNA (monomer copy plus plasmid) and commercial calf histones
(H9250; Sigma) (H2A, H2B, H3, H4, and H1). Nucleosome as-
sembly was carried out by mixing DNA and histones in a 0.6:1
ratio followed by a dialysis in an NaCl gradient (2 M to 0.1 M) as
described previously (42). To verify the structure of the reconsti-
tuted minichromosome, the resulting complex was digested with
micrococcal nuclease and analyzed by agarose gel electrophoresis
(data not shown). This artificial minichromosome was then sedi-
mented as mentioned above. Viral DNA quantification showed
that, in this case, most viral DNA was recovered in the high-den-
sity fraction 6 (Fig. 3D).

Viral DNA in F1S and F6R samples is primarily in dsDNA
form. To corroborate the dsDNA nature of the viral DNA present
in F1S and F6R samples, we implemented a procedure to quantify
viral ssDNA and dsDNA molecules using a qPCR analysis follow-
ing the protocol described for TYLCV (30). This procedure is
based on the independent labeling of both strands of viral DNA
(sense and complementary orientations) and its quantification by
real-time qPCR. According to Rodríguez-Negrete et al. (30), in the
case of TYLCV, more than 99% of the complementary (�) strand
is present as part of the dsDNA (RF intermediate), whereas the
virion sense (	) strand is present mainly in two forms: (i) associ-
ated with RF in equimolar concentration with the complementary
strand and (ii) as circular, ssDNA free form (and probably most of
it encapsidated). Another set of virion sense, ssDNAs could be the
molecules identified in two-dimensional (2D) gels for several

geminiviruses and proposed to be part of the replicative process
(29).

To verify the efficiency of the procedure, we first analyzed the
concentrations of ssDNA and dsDNA present in a total DNA ex-
tract from apical, newly emerged leaves of a PepGMV-infected
plant expressing typical severe symptoms. Figure 4A shows that

FIG 3 Identification of two viral minichromosomal populations in PepGMV-
infected tissue. Quantification by qPCR of viral DNA molecules present in
each fraction of discontinuous sucrose gradient (15%, 25%, and 35% sucrose).
(A) “Naked” viral DNA (dimer). (B) Viral DNA from symptomatic tissue
extract. (C) Viral DNA from recovered tissue extract. (D) “Reconstituted”
minichromosome (monomer plus histones added). Fraction 1 (F1) corre-
sponding to the top (15% sucrose) and fraction 6 (F6) corresponding to the
bottom (35% sucrose) of the tube. (E) Sucrose gradient scheme; the fractions
collected are indicated. Error bars represent the averages for three independent
replicates (B and C). In each case (A to D), the scale in the y axis represents the
relative concentration of viral DNA in the fraction of the respective gradient.
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almost 90% of the viral DNA isolated from an infected plant is in
the ssDNA form. This result is similar to the one reported for
TYLCV in Nicotiana benthamiana and tomato, where around
99% of the TYLCV DNA was in the ssDNA form. Therefore, we
proceeded to analyze the DNA present in the F1S and F6R sam-
ples. As seen in Fig. 4B and C, most of the DNA present in both
fractions is in dsDNA form, supporting the notion that the viral
DNA released from the nucleus-rich fraction with the Sarkosyl
treatment is found mainly as a dsDNA nucleoprotein complex.
This was also confirmed by analyzing the viral DNA obtained
from F1S and F6R using agarose (1%) gel electrophoresis and
digestion with restriction enzymes.

Bisulfite sequencing confirmed differences in methylation
levels between minichromosome populations from S and R
samples. Nuclease sensitivity assay digest and sedimentation data
(Fig. 1 and 3) suggest that the minichromosome structure ob-
tained from S tissue presents an open or relaxed conformation; on
the other hand, the minichromosomes obtained from R tissue
showed a “condensed” conformation. It has been reported that a
condensed chromatin correlates with high levels of DNA methyl-
ation (43). To verify if there was a difference in DNA methylation
levels in the two minichromosome populations (S and R), we
conducted a high-resolution methylation analysis of PepGMV A
intergenic region/CP using a bisulfite sequencing approach. The
comparison of contrasting samples, fraction 1 of S samples (F1S)
and fraction 6 of R samples (F6R), is shown in Fig. 5.

The distribution of the methylated cytosines in the analyzed
fragment from both minichromosome populations is shown in
Fig. 5A and B. Figure 5A shows all cytosines using a color code to
distinguish cytosine types (CG, CHG, and CHH). Full symbols
represent a methylated C. Figure 5B aligns the cytosine distribu-
tion along the corresponding viral genomic region and includes
the percentage of methylated Cs in the analyzed samples. It was
noteworthy that, contrasting with previously published results
(19), the methylation patterns obtained here were rather homo-
geneous. In the previous work, the DNA samples used for meth-
ylation analysis were total DNA extracts from S and R tissues with
any further purification procedure (as the one performed in this
case), representing perhaps a mixture of all minichromosome
structures presented in that tissue. The overall percentage of
methylated cytosines in F1S was low (6.4%), whereas the percent-
age of methylated cytosines in F6R was quite high (89.3%)

(Fig. 5C). As generally observed in plant systems, all types of cy-
tosines were methylated at similar rates: 4.72, 6.54, and 6.99% for
CG, CHG, and CHH, respectively, for the F1S sample; and 91.21,
91.23, and 87.88% for CG, CHG, and CHH for the F6R sample.
The results shown in Fig. 5 strengthen the correlation between the
structure of the minichromosomes, their methylation levels, and
the recovery phenomenon (14, 25).

Modified histones are present in F1S and F6R samples in dif-
ferent ratios. Chromatin structures associated with active (relaxed)
or repressed (condensed) stages of transcription/replication activities
are also correlated with specific histone modifications (44, 45).
Therefore, we proceeded to analyze the presence of two histone mod-
ifications associated with active or repressed chromatin in F1S and
F6R samples. The assay consisted of an immunoprecipitation pro-
tocol with antibodies that recognize two histone posttranslational
modifications: 
-H3K4me3 (active) and 
-H3K9me2 (re-
pressed). Then, viral DNA pulled down in the immunoprecipi-
tation complex was quantified by qPCR. The results are shown
in Fig. 6. Figure 6A shows that in S tissue more viral DNA is
associated with H3K4me3 than with H3K9me2. This result cor-
relates with a relaxed, active chromatin. On the other hand, Fig.
6B shows that in sample F6R more viral DNA is associated with
the histone modification related to a condensed chromatin
structure H3K9me2. These antibodies were used to verify their
specificity (Fig. 6C) and establish the immunoprecipitation pro-
tocol (33). The concentration of viral DNA obtained from S tissue
is usually several orders of magnitude higher than the one recov-
ered from R tissue (19, 20). Since the Ab concentration is the same
in both cases, the difference in the scales of Fig. 6A and B might
just reflect the concentration disparity.

DISCUSSION

Viral DNA exists in several molecular forms in infected cells: cir-
cular ssDNA (encapsidated form), heterogeneous-length linear
ssDNA (intermediate products of recombination-dependent rep-
lication), and circular dsDNA (generally referred to as RF), which
is the template for replication and transcription (29). Of these
types, the most abundant is ssDNA, which is the product of rep-
lication that is encapsidated (30). Geminivirus studies focused on
the regulatory mechanisms of transcription and replication pro-
cesses have been limited by the low concentration of viral nucleo-
protein complexes that can be obtained from infected tissue. We

FIG 4 Quantification of viral ssDNA and dsDNA in F1S and F6R shows that dsDNA is preferentially released from the nuclei. Quantification of ssDNA and
dsDNA from the total DNA extract from apical PepGMV-infected tissue, similar to the one shown in Fig. 2A, lanes 5 and 6 (A) and DNA extract from sucrose
gradient fractions F1S and F6R as shown in Fig. 2B and C (B and C). Data are expressed as percentages of quantified total molecules.
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implemented here a simple methodology to obtain a solubilized
fraction that is enriched for viral dsDNA that still presents an
association with histones as verified with coimmunoprecipitation
assays with antibodies against several histones (H2B and H3 [Fig.
2] and H4 [not shown]). On the other hand, the majority of the
host chromosomal DNA remains in the nuclei after the detergent
treatment.

Detergents that solubilize viral complexes have been used to
release active nucleoprotein complexes in several systems (46). In
our case, since one of our objectives was to study the posttransla-
tional modifications of the histones associated with viral DNA, it
was important to ensure that the contamination with host chro-
matin was minimal. Therefore, an additional sucrose gradient

centrifugation step was used. Taking advantage of the recovery
phenomenon observed in our pepper-PepGMV model, we com-
pared the minichromosome populations obtained in both symp-
tomatic and recovered tissues (S and R samples). In summary,
nuclease sensitivity assays (Fig. 1) and the sedimentation rate sug-
gest a relaxed structure for the minichromosome isolated from S
tissue (Fig. 3B); in addition, it presents a low methylation level
(Fig. 5) and it is associated with the presence of markers for an
active chromatin structure (H3K4me3) (Fig. 6A). On the other
hand, the minichromosome population released from R tissue
showed a reduced sensitivity in the nuclease assays (Fig. 1), along
with a sedimentation rate that corresponds to a compact structure
(Fig. 3C). The minichromosome from R tissue also presented a

FIG 5 High-resolution methylation analysis of F1S and F6R samples by bisulfite sequencing. Bisulfite-treated DNA from minichromosome-enriched fractions
(F1S and F6R) was used for the analysis. (A) Dot graphics represent all cytosines present in the 580-bp fragment corresponding to the 337 nucleotides (nt) of
PepGMV A intergenic region (IR) and the first 183 nt of the CP gene. Colors represent different cytosine contexts (CG, red; CHG, green; CHH, blue). Filled circles
indicate methylation, and each line represents the sequence of an individual clone (12 clones per condition). (B) The percentage of methylation in each cytosine
in both stages was calculated. Each bar represents the position of a cytosine in the IR/CP fragment. Map and main motifs (Loop, stem-loop structure; TATA,
TATA boxes for Rep and CP promoters; CLE, conserved late element in CP promoter) are included at the bottom. (C) Distribution of methylation in symmetric
(CG/CHG) and asymmetric (CHH) cytosines in the analyzed sequences.
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high level of cytosine methylation (Fig. 5), and it was associated
primarily to inactive chromatin histone marker (H3K9me2)
(Fig. 6B).

The sedimentation analysis, in addition to identifying two
main minichromosome populations, also showed some heteroge-
neity in the minichromosome population, especially the one from
S tissue. The fact that free, “naked” DNA, twice the size of the
PepGMV genome, remained in fraction 1 (Fig. 3A) whereas viral
dsDNA-containing complexes from S samples were distributed in
fractions 1, 2, and 3 suggested a heterogeneous population that
might reflect a variable number of nucleosomes associated with
viral DNA. Such a variability has been observed in other gemini-
viruses using different methodologies. For example, in the case of
abutilon mosaic virus (AbMV), minichromosomes with 5 to 15
nucleosomes were observed by electron microscopy (7). More-
recent work with several geminiviruses (mainly AbMV and
TYLCV) suggested that most cccDNA was organized in minichro-
mosomes with 12 and 13 nucleosomes based on the topoisomers
observed in 1D and 2D gel electrophoresis analysis (47). This type

of heterogeneity has been also observed in other viral systems. For
example, in the infection cycle of herpes simplex virus, the virus
may be in two different states: lysis and latency. It has been found
that when virus is in the lytic process, there is a high level of
transcriptional activity and replication. This activity has been as-
sociated with a structure of a relaxed minichromosome contain-
ing only a few nucleosomes, referred as “nucleosome unstable,”
whereas in latency, virus transcriptional activity is very low and
the chromatin is condensed (48–50). A similar trend is found in
hepatitis B virus (HBV) (51). In this case, it has been observed that
cccDNA methylation in regulatory regions can regulate the ex-
pression of their genes (52–54), but if methylation by RNA silenc-
ing (TGS) is induced, it can suppress viral transcription and ad-
versely affect its replication mechanism (55, 56). Similarly,
different minichromosome populations were also observed in
duck hepatitis B virus infection. Although 21 topoisomers were
reported, the two most abundant populations are the ones with 8
to 10 nucleosomes for active minichromosomes and a second
group with 18 to 20 nucleosomes in less active or inactive
minichromosomes (51, 57).

Overall, the data support a recent suggestion that “form fol-
lows function in geminivirus minichromosome architecture”
(47). Nevertheless, conformations are dynamic and can be af-
fected by host defense factors, virus self-regulation mechanisms,
or both.

Transcriptional gene silencing (TGS) is a widespread mecha-
nism for both defense and self-regulation processes. Cytosine
methylation and modification of histones are recognized hall-
marks for TGS. Upon analysis of methylated cytosine of both pop-
ulations of viral minichromosomes, we observed an important
difference (82.9%) in methylation levels obtained with S (low)
and R (high) samples (Fig. 5). Methylation of viral DNA has been
reported before in association with a recovery process in gemini-
virus-infected plants (25, 26, 58). However, the role and relevance
of those methylated sequences in the geminivirus replication have
been questioned (12, 59).

There are several points to consider in this matter. First, every
experimental model may present individual characteristics that
might not be extrapolated to, or repeated with, all geminiviruses.
An example of this was recently observed with AbMV, TYLCV,
African cassava mosaic virus (ACMV), and Indian cassava mosaic
virus (ICMV) (47). Another example is the fact that not all gemi-
nivirus infections present a recovery stage; therefore, it is impor-
tant, when discussing results, to consider the specific experimental
model. Second, as also noted recently (47), all geminivirus exper-
imental models consist of asynchronous infections, meaning that
when tissue is analyzed it will include infected cells at different
stages and all mixed with uninfected cells. In other words, even
samples collected from apical tissue include cells that were re-
cently infected as well as cells that were infected several hours/days
earlier. This means that some cells might be actively expressing
and replicating viral DNA whereas in other cases the replication
and/or expression of the viral genome might be already in a later
phase, i.e., there may be no replication/expression. This heteroge-
neity might also affect the interpretation of studies on chromatin
structure.

An experimental advantage of our pepper-PepGMV model
and the protocol described here is that this combination allowed
us to separate two distinct populations of minichromosome com-
plexes. Although our system still presents the “inconveniences” of

FIG 6 The minichromosome populations from F1S and F6R fractions present
an opposite association to active and repressive chromatin histone markers.
ChIP-qPCR experiments using antibodies against active (H3K4me3) and re-
pressed (H3K9me2) chromatin markers were carried out for both minichro-
mosome populations from F1S (A) and F6R (B) samples. Input (before im-
munoprecipitation, 100%) and viral pulled-down DNA were quantified by
qPCR (and data are presented as percentages of the input). (C) As a control,
the same antibodies (Abs) were used for ChIP assays for genes/elements
known to be present in usually condensed/repressed (alien transposon) or
relaxed/active (elongation factor) chromatin regions. Total DNA from an
equivalent aliquot of the chromatin sample was used as the “input” control.
Similarly, an aliquot of the same chromatin sample was included in the ChIP
assay, but no Abs were added.
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an asynchronous infection, the presence of two evident infection
stages facilitates the separation of two distinct minichromosome
populations. The first population (S sample) might include
minichromosomes with a low number of nucleosomes or even the
“nucleosome-free” status suggested by some authors (12) and
mostly associated with no-recovery models. On the other hand,
the results obtained with the R samples clearly showed that the
viral minichromosome, at least in this model, does present an
epigenetic regulation that results in viral DNA methylation and
the presence of modified histones associated with inactive chro-
matin, generating a condensed chromatin structure.

Further analysis of viral DNA from the solubilized complexes us-
ing methodologies such as the 1D/2D gel electrophoresis used for
AbMV might generate additional important information. For exam-
ple, it will be interesting to characterize the ssDNA fraction still pres-
ent in the solubilized sample (before the separation through sucrose
gradients). Are those molecules part of a heterogeneous-size ssDNA
predicted in the recombination-dependent replication (RDR) model
(12, 29)? Another attractive possibility is a deep mass spectrometry
(MS) analysis of both minichromosome populations. We are inter-
ested in pursuing that additional characterization.

A major problem is still the low number of infected cells that
results in low concentrations of viral complexes. A typical exper-
iment required 20 g of apical tissue, equivalent in our system to
around 100 infected pepper plants. We are exploring different
approaches to increase this yield to facilitate further analysis. A
possibility is to look for other pepper-infecting viruses that are not
phloem limited or to use some transgenic plants with viral com-
ponents (or genes) that have been shown to generate higher con-
centrations of viral DNA (R. Rivera-Bustamante, data not shown).

With the data presented here, we can conclude that in our
pepper-PepGMV model, a high portion of the minichromosome
population present in symptomatic tissue tends to be a relaxed
structure with low methylation levels and associated with active
chromatin markers. This correlates with previous studies (20), in
which this tissue showed high accumulation of viral DNA and
RNA, suggesting high replication and transcriptional activities.
On the contrary, most of the minichromosome population ob-
tained from recovered tissue presented a condensed structure,
high levels of methylation, and an association of inactive chroma-
tin markers.
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