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DNA methylation is essential for normal developmental processes and
genome stability. DNA methyltransferases are key enzymes catalyzing
DNA methylation. Chromomethylase (CMT ) genes are specific to the
plant kingdom and encode chromodomain-containing methyltransferases.
However, the function of CMT genes in plants remains elusive. In this study,
we isolated and characterized a CMT gene from Nicotiana benthamiana,
designated NbCMT3. Alignment of the NbCMT3 amino acid sequence with
other plant CMT3s showed conservation of bromo-adjacent-homology and
methyltransferase catalytic domains. We investigated the expression patterns
of NbCMT3 and its function in developmental programs. NbCMT3 was
expressed predominately in proliferating tissues such as apical shoots and
young leaves. NbCMT3 protein showed a nuclear location, which could be
related to its putative cellular functions. Knocking down NbCMT3 expression
by virus-induced gene silencing revealed its vital role(s) in leaf morphogenesis.
The formation of palisade cells was defective in NbCMT3-silenced plants as
compared with controls. NbCMT3 has a role in developmental programs.

Introduction
DNA methylation has important roles during developmental processes and chromatin organization. It
acts with other epigenetic modifications such as
histone modification and chromatin remodeling to alter
chromatin structure and gene expression (Huang et al.
2010). In mammalian genomes, methylation is found

primarily at cytosines in the symmetric context CG. In
plant genomes, targets for cytosine DNA methylation are
mainly CG, CHG (where H is either C, T or A) and CHH
(or asymmetric). Practically, any cytosine may be methylated in plant DNA (Gruenbaum et al. 1981, Fulnecek
et al. 1998). DNA methylation is an epigenetic process
that regulates gametogenesis, embryogenesis, silencing
of transposons and imprinting (Surani 2001, Kakutani
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2002, Xiao et al. 2006). The plant DNA methylation pattern can be inherited over multiple generations (Kakutani
2002). Links between RNA silencing and DNA methylation have been suggested (Tariq and Paszkowski 2004).
Aberrant DNA methylation is associated with developmental abnormalities in plants and disease in animals
(Finnegan et al. 1996, Feinberg and Tycko 2004).
DNA methyltransferases methylate cytosine at the
5 position in definite DNA nucleotide sequences. The
eukaryotic methyltransferases (METs) contain N-terminal
regulatory region and C-terminal catalytic domain
(Pavlopoulou and Kossida 2007). Plants feature at least
three classes of DNA methyltransferases based on linear
domain arrangements: METs, chromomethylases (CMTs)
and domains-rearranged methyltransferases (DRMs)
(Meyer 2011, Vanyushin and Ashapkin 2011). METs are
the main maintenance METs targeting symmetric CpG
dinucleotides (Kishimoto et al. 2001). METs are essential
for flower development, embryogenesis and development of visible seeds (Finnegan et al. 1996, Xiao et al.
2006). CMTs have a distinct chromodomain (CD) within
the catalytic motif that is critical for guiding proteins to
heteromatin, which suggests a role for CMT in modifying
DNA in heterochromatin (Wada et al. 2003, Huang et al.
2010). This family is unique to the plant kingdom and has
at least three genes in Arabidopsis (Bartee et al. 2001).
AtCMT3 is actively transcribed (Borges et al. 2008,
Chen et al. 2012). The recent discovery revealed the
role for AtCMT2 gene in methylation of predominantly
CHH sites in H1 containing heterochromatin of mobile
elements in cooperation with DDM1 (Zemach et al.
2013). DRMs have a characteristic rearrangement of
the conserved motifs in the catalytic domain (Cao et al.
2000, Cao and Jacobsen 2002b). At a number of target
loci, MET1, CMT3 and DRM2 often work in concert
to mediate DNA methylation patterns (Vanyushin and
Ashapkin 2011).
The CMT3 group is responsible for maintenance of
cytosine methylation at the CHG sites. Arabidopsis
CMT3 mutants were isolated in three independent studies and show genome-wide loss of CHG methylation
and asymmetric methylation at some loci (McCallum
et al. 2000, Bartee et al. 2001, Lindroth et al. 2001).
Furthermore, CMT3 preferentially methylates transposons, even when they are present as single copies
within the genome. CMT3 mutants show abolished
epigenetic silencing at both the SUPERMAN (SUP)
and phosphoribosylanthranilate isomerase (PAI) loci in
Arabidopsis (Bartee et al. 2001, Lindroth et al. 2001).
In maize, CMT3 is required for in vivo methylation of
CHG sequences (Papa et al. 2001). Thus, CMT3 is a key
plant DNA methyltransferase.
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The roles of CMT3 in the developmental program have
been investigated. Although mutation in Arabidopsis
CMT3 leads to global loss of both CHG and asymmetric
CHH methylation, mutants are morphologically normal
(Bartee et al. 2001, Lindroth et al. 2001, Xiao et al. 2006).
Functional redundancy of DNA methyltransferases in
the plant genome has been suggested (Cao and Jacobsen
2002a, Xiao et al. 2006). Mutations in both AtMET1
and AtCMT3 had marked effects on embryogenesis,
seed viability and plant development as compared
with mutations in either alone (Xiao et al. 2006).
Arabidopsis triple mutants Atdrm1drm2cmt3-7 showed
a pleiotropic phenotype, including developmental
retardation, reduced plant size and partial sterility (Cao
and Jacobsen 2002b). Recent information suggested that
CMT3 has roles in transcription of transposable elements
(Vaillant et al. 2006) and in imprinting this repetitive
DNA in egg cells (Pillot et al. 2010b, Pillot et al.
2010a). CMT3 is required for the correct distribution
of H3K9 dimethylation in egg cells. Arabidopsis plants
defective in CMT3 activity show abnormal embryo
development. These cmt3-induced alterations are visible
only transiently until the preglobular stage, and the
mutant plants are fully fertile (Pillot et al. 2010b).
Therefore, the cmt3 mutant is compensated later
during development. Thus, CMT3 and other DNA
methyltransferases act in a redundant fashion to control
some aspects of plant growth and development (Cao and
Jacobsen 2002b, Xiao et al. 2006, Pillot et al. 2010b).
Use of methyltransferase inhibitors has revealed the
impact of loss of genome-wide methylation on overall plant development. Tobacco (Nicotiana tabacum)
showed hypomethylation of genomic DNA leading to
morphological changes (Fulnecek et al. 2011). In Arabidopsis, reduced growth has been associated with
global reduction in cytosine methylation levels in
seedlings exposed to zebularine (Baubec et al. 2009). In
rice, exposure to 5-azadeoxycytidine caused dwarfism
in plants (Sano et al. 1990). In Brassica rapa, doseresponse to 5-azacytidine guided the generation of
a selfed stochastically hypomethylated population for
screening agronomic traits (Amoah et al. 2012). In
Physcomitrella patens, growth and differentiation during gametophyte development become aberrant after
treatment with zebularine (Malik et al. 2012). Genetic
modification of plant DNA methyltransferases by overexpression and knockdown or knockout strategies further
supported these observations with use of methyltransferase inhibitors. In tobacco (N. tabacum), transgenic
plants overexpressing NtMET1 showed hypomethylation of genomic DNA and growth retardation (Kim et al.
2007). Arabidopsis plants transformed with an antisense construct of AtMETI showed not only reduced
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cytosine methylation but also affected floral development (Finnegan et al. 1996). Thus, hypomethylation of genomic DNA may lead to dysregulation of
gene expression, which in turn causes developmental
abnormalities.
Little is known about the roles of CMT3 in plant
growth and development (Borges et al. 2008, Pillot et al.
2010a). Analysis of the genes encoding the key enzymes
that catalyze DNA methylation is important to understand epigenetic phenomena. In this study, we describe
the isolation and characterization of CMT3 from N. benthamiana. We performed expression analysis to understand the developmental and tissue-specific regulation
of NbCMT3 and investigated the subcellular localization
of NbCMT3 protein. Functional analysis of NbCMT3 by
virus-induced gene silencing (VIGS) revealed its roles in
regulating leaf morphogenesis. The data in this work suggest an important role for NbCMT3 in plant growth and
development.

Materials and methods

described (Liu et al. 2002b). To generate pTRV2NbCMT3, the N. benthamiana cDNA fragment was PCR
amplified with the primer pairs for NbCMT3-VIGS. The
resulting PCR product was cloned into EcoRI-digested
pTRV2. The recombinant pTRV2-NbCMT3 plasmid
and a pTRV1 vector were transformed separately into
Agrobacterium tumefaciens GV3101. A. tumefaciens
was grown at 28◦ C in Luria-Bertani liquid medium
supplemented with 50 μg ml –1 kanamycin to a stationary
phase. Bacteria were sedimented by centrifugation at
3000 g for 10 min at room temperature and resuspended
in 10 mM 2-(N -morpholino) ethanesulfonic acid (MES
buffer pH 5.2), 10 mM MgCl2 and 200 μM acetosyringone. Agrobacterium cultures containing pTRV1 or
pTRV2-NbCMT3 plasmid were mixed at a 1:1 ratio and
infiltrated onto the lower leaf of plants at the four-leaf
stage by use of a 1-ml needleless syringe (Liu et al.
2002a, Kim et al. 2006). VIGS plants were kept in a
growth chamber at 22◦ C under 16-h light/8-h dark for
1 week. Plants were then cultivated for 3 weeks at 27◦ C
for phenotype analysis.

Plant materials and growth conditions

Total RNA extraction

N. benthamiana plants were grown in a growth room
under 16-h white light/8-h dark at 27◦ C. They were
watered daily and supplemented with fertilizer. The
fertilizer was applied into soil at the time of flowering
and supplemented monthly.

Total RNA was isolated from various tissues of N.
benthamiana plants with use of the RNeasy Plant Mini
Kit (Qiagen, Hilden, Germany), treated with DNase
I (Thermo Fisher Scientific, Bremen, Germany) to
eliminate genomic DNA contamination, then purified
and concentrated by use of the RNeasy MinElute
Cleanup Kit (Qiagen). To assess the VIGS effects in N.
benthamiana, total RNA was prepared from the fourth to
eighth leaves above the infiltrated leaf at 3-week postinoculation. Three biological replicates were grown in
the same growth chamber to minimize experimental and
sample-to-sample variation.

Cloning and DNA sequence analysis
To isolate the full-length cDNA sequence of CMT3 in N.
benthamiana, we performed a homology search using
an N. benthamiana Blast search of the database DanaFarber Cancer Institute and Harvard School of Public
Health (DFCI, http://compbio.dfci.harvard.edu/cgi-bin/
tgi/Blast/index.cgi). The expressed sequence tags (ESTs)
with accession number EST750961 in N. benthamiana
were obtained by using Arabidopsis AtCMT3 as the
query nucleotide sequence. Design of the forward and
reverse primers spanning the open reading frame of
NbCMT3 was based on the ESTs and the NsCMT3
sequences. The full-length cDNA of NbCMT3 was
amplified with primers designed from the extreme
5 and 3 ends. PCR products were cloned into the
pCR8/GW/TOPO vectors (Invitrogen, Carlsbad, CA) and
constructs were sequenced.
Virus-induced gene silencing
The Tobacco rattle virus plasmid 1 (pTRV1; pYL192)
and pTRV2 (pYL156) vectors used for VIGS have been
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Semiquantitative RT-PCR
Total RNA was reversed transcribed into cDNA by the
ImProm-II Reverse Transcription System with a mixture of oligo (dT)18 and (dT)20 as primers according
to the manufacturer’s manual (Promega, Madison, WI).
The sequence-specific primer pairs and recommended
annealing temperatures (Ta) corresponding to each gene
are in Table S1. cDNA was added to the PCR mixture containing GoTaq Green Master Mix (Promega) and
1 μM of each primer pair. The PCR conditions were initial
denaturation at 94◦ C for 2 min, 30 cycles of amplification
(94◦ C for 30 s, primer-specific annealing temperature for
1 min, and 72◦ C for 2 min) and final elongation at 72◦ C
for 10 min (Table S1). The PCR products were immediately separated by electrophoresis in a 2% agarose gel.
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Subcellular localization of NbCMT3
cDNA fragments of various lengths corresponding to
NbCMT3 were PCR-amplified and cloned into the
pGDG vector (Goodin et al. 2002) with the Sal I and
ApaI site to generate the NbCMT3:green fluorescence
protein (GFP) in-frame fusion construct under control
of the Cauliflower mosaic virus 35S promoter. The
NbCMT3:GFP construct was introduced into A. tumefaciens GV3101. The transformed cells were cultured
similar to that described for VIGS. Corresponding
Agrobacterium strains harboring the NbCMT3:GFPderived construct and the p19 silencing plasmid were
mixed at a 1:1 ratio and co-infiltrated into leaves of 2- to
4-week-old N. benthamiana plants. The cell suspension
was then pressure infiltrated into the undersides of N.
benthamiana leaves by use of a needleless syringe. Four
days after infiltration, the abaxial epidermis of infiltrated
N. benthamiana leaves was assayed for fluorescence
by confocal laser-scanning microscopy (LSM780, Carl
Zeiss, Germany). Nuclei were stained by adding one
drop of 4 ,6-diamidino-2-phenylindole (DAPI) staining
solution (1 μg ml−1 ) to epidermal cells. Epidermal cells
were incubated in the dark for 15 min, and DAPI
fluorescence was visualized by UV illumination.
Restriction digestion analysis with
methylation-sensitive and -insensitive
isoschizomers
Genomic DNA was isolated from leaves of N. benthamiana plants with use of a DNeasy Plant Mini
Kit (Qiagen). The methylation-sensitive and -insensitive
isoschizomers were used for the restriction digestion analysis of genomic DNA. Two enzyme pairs,
HpaII/MspI (Promega) and PspGI/Bst NI (NEB, Ipswich,
MA), were used to detect CCG and CHG methylation, respectively (Uthup et al. 2011). Genomic DNA
(2 μg) was digested with the respective enzyme in a
20-μl reaction mix according to the manufacturer’s recommendations. The restriction-digested genomic DNA
was immediately separated by electrophoresis in a 1%
agarose gel.

and polymerized at 65◦ C. Transverse sections (800 nm)
were cut at the middle region of leaf samples by use of
an ultramicrotome (Richert-Jung Ultracut S), then stained
with fresh 1% toluidine blue O, followed by a quick wash
in water. Sections were examined by light microscopy
(Axioskop 2, Carl Zeiss, Oberkochen, Germany), and
photomicrographs were captured.

Scanning electron microscopy
Leaf samples were fixed with formaldehyde-acetic
acid-alcohol (FAA) solution [18:1:1 ethanol (50%),
glacial acetic acid, formalin] under a vacuum. After
dehydration in an alcohol–acetone series, the specimens
were critical-point-dried in liquid carbon dioxide.
The dried materials were mounted and coated with
platinum–palladium in a sputter coater and examined
under a scanning electron microscope (Hitachi S-4200)
with an accelerating voltage of 15 kV.

Plant tissue culture
Organogenesis in vitro from leaf discs with VIGS effects
was performed as described (Anand et al. 2007, Lee
et al. 2011) with minor modification. Six-week-old N.
benthamiana leaves were sterilized for 5 min twice by
use of 5% sodium hypochlorite with a few drops of
Tween-20. After the lower leaves of the plants were
inoculated with various VIGS constructs for 3 weeks,
the upper leaves with suppressed gene expression and
altered morphology were collected from NbPDS - or
NbCMT3-silenced plants. The sodium hypochloritetreated leaves were rinsed with a lot of sterilized
water for 10 min twice. Leaf discs were dissected from
surface-sterilized leaves with use of a scalpel blade. The
discs with the epidermal side up were incubated on
solid shoot-induction medium [0.46% (w/v) MS salts,
3% (w/v) sucrose and 0.8% phytoagar supplemented
with 0.1 μg ml –1 1-naphthaleneacetic acid (NAA) and
1 μg ml –1 6-benzylaminopurine (BA) (pH 5.9)] at 25◦ C.
Histochemical detection of H2 O2 and O2 • –

Light microscopy
Fixation and embedding of N. benthamiana leaf tissues
for light microscopy was as described (Chaffey et al.
2002, Juang et al. 2012) with some modification. Leaf
tissues were fixed with 2% paraformaldehyde plus
2.5% glutaraldehyde in 0.1 M phosphate buffer (pH 7.4)
and post-fixed in 1% osmium tetroxide. Samples were
dehydrated in an alcohol series, embedded in LR white
resin (LR White, London Resin Co., Basingstoke, UK)
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Three-week-old N. benthamiana plants were used.
H2 O2 and O2 • – were visually detected by treating
leaves with 3, 3 -diaminobenzidine (DAB) and nitroblue
tetrazolium (NBT), respectively (Yang et al. 2011). For
DAB staining, plants were placed in a solution of
1 mg ml−1 DAB (pH 3.8) for 8 h under light. To detect
O2 • – , 0.5 mg ml−1 NBT was supplied with 10 mM NaN3
in 10 mM potassium phosphate buffer (pH 7.8). Stained
samples were decolorized in boiling ethanol.
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Fig. 1. Alignment of the amino acid sequences of NbCMT3 with representative CMT3 members from other plant species. The protein sequences are
deposited in GenBank under the following accession numbers: Nicotiana benthamiana NbCMT3 (JQ965931), Nicotiana sylvestris NsCMT3 (CAQ18903),
Oryza sativa OsCMT3 (BAH37019), Zea mays ZmCMT3 (NP_001104978), Elaeis guineensis EgCMT3 (ABW96889), Arabidopsis thaliana AtCMT3
(AAK71870) and Brassica rapa BrCMT3 (BAF34637). The black boxes indicate identical residues, and gray boxes indicate conservative substitutions.
Hyphens indicate gaps introduced to optimize alignments. The numbers on the left indicate the amino acid residues in NbCMT3 protein sequence. The
BAH domain is marked with purple lines. The chromo domain is highlighted in blue. The red lines indicate the conserved methyltransferase catalytic
motifs I, IV, VI, VIII, IX and X. The alignments were generated at the BOXSHADE web site (http://www.ch.embnet.org/software/BOX_form.html).

Results
Isolation of a full-length cDNA encoding CMT3
from N. benthamiana
A full-length cDNA clone of 2303 nt was isolated
and termed NbCMT3. The nucleotide sequence of the
NbCMT3 cDNA contained an open reading frame that
would encode a protein of 740 amino acids, with an
ATG codon at nucleotide 81 and a stop codon at 2303
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(Fig. 1). The molecular mass of the predicted polypeptide
was 83.55 kDa. The NbCMT3 protein sequence showed
significant homology to Nicotiana sylvestris NsCMT3,
Arabidopsis AtCMT3 and Oryza sativa OsCMT3, with
95, 57 and 57% identity, respectively. The gene
sequence encoding NbCMT3 was deposited in GenBank
(accession no. JQ965931).
We generated sequence alignments of NbCMT3 with
CMT3s from other plants (Fig. 1). The CMT3 protein
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sequence is divided into N-terminal regulatory and
C-terminal catalytic domains. CMT3 proteins exhibit
little sequence conservation at the N-terminal region.
NbCMT3 is composed of a bromo-adjacent-homology
(BAH) and a methyltransferase catalytic domain. The
predicted functional domain, containing a CD domain
characteristic of the CMT family, was also conserved
in the NbCMT3 amino acid sequence. CMT contains
a special CD domain between the conserved methyltransferase catalytic motifs I and IV (Fig. 1). All motifs
characteristic of the CMT family were identified in the
NbCMT3 protein sequence.
Tissue-specific expression and subcellular
localization of NbCMT3
To understand the biological roles of NbCMT3, we first
analyzed the expression pattern of NbCMT3 in different
tissues. Semiquantitative RT-PCR analysis with NbCMT3
gene-specific primers revealed steady-state NbCMT3
expression in all tissues examined, including young and
mature leaves, flowers and roots. The NbCMT3 transcript
was more abundant in proliferating tissues such as young
leaves, with less accumulation in mature and old leaves
(Fig. 2A). Notably, NbCMT3 was expressed predominately in apical shoots. We investigated the expression
of cyclin B (CYCB) and cyclin-dependent protein kinase
B (CDKB) genes as indicators of mitotic activity in
plant tissues. The expression of CYCB and CDKB was
increased in apical shoots and gradually decreased
with leaf maturation. Staygreen (NbSgr ) is a marker
gene of leaf senescence. As expected, NbSgr gene
was expressed more strongly in mature and old leaves
than in apical shoots. Expression analysis of NbCMT3
suggested that it was developmentally regulated and
predominately expressed in proliferating tissues.
To determine the subcellular localization of NbCMT3
protein, we fused GFP to NbCMT3 under control of
the Cauliflower mosaic virus 35S promoter (Fig. 2B). In
transient expression assays, we introduced different GFPNbCMT3 fusions and an empty-vector control into leaf
epidermal cells of N. benthamiana by Agrobacteriummediated infiltration. The co-infiltration of the silencing
inhibitor gene p19 from Tomato bushy stunt virus (TBSV)
allowed for the efficient expression of plant proteins in
the transit expression system (Voinnet et al. 2003). We
generated three GFP-NbCMT3 fusion constructs for the
N-terminal 200, 350 and 405 residues of NbCMT3.
GFP-NbCMT3-200 contains the BAH domain and the
other two fusions (-350 and -405) include both the
BAH and CD domains (Fig. 2B). The accumulation of
protein fusions was validated by immunoblot analyses
of total protein extracts from agroinfiltrated leaves
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Fig. 2. Organ-specific expression of NbCMT3 and subcellular localization of NbCMT3. (A) Analysis of NbCMT3 expression in different
Nicotiana benthamiana organs. Total RNA was purified from different
organs of 1-month-old N. benthamiana plants, including apical shoots
(AS), young leaves (YL), mature leaves (ML), old leaves (OL), flowers (F)
and roots (R). The diagram illustrates representative leaf developmental stages. ‘AS’ denotes shoot apexes; ‘YL’ green young leaves; ‘ML’,
mature green and healthy leaves; ‘OL’, oldest green leaves in N. benthamiana plants. The gel shows semiquantitative RT-PCR of mRNA levels
of NbCMT3, NbCDKB, NbCYCB and NbSgr with gene-specific primers
(Table S1). The NbEF1 was an internal loading control. The experiments
were repeated with three independent samples and similar results were
obtained. (B) Subcellular localization of NbCMT3 in N. benthamiana. A
schematic diagram of the constructs used for transient transformation
of N. benthamiana leaf epidermal cells. The N-terminal 200 (NbCMT3200), 350 (NbCMT3-350) or 405 residues (NbCMT3-405) of NbCMT3
were inserted in-frame with green fluorescence protein (GFP). Plasmids
containing the fusion constructs under the control of Cauliflower mosaic
virus 35S promoter were transformed into N. benthamiana epidermal
cells by agroinfiltration. Confocal laser scanning microscopy of the fluorescence of NbCMT3-derived proteins was visualized at 4 days after
infiltration. The photographs were taken in the dark field for green
fluorescence and under bright light for morphology of the cell. Staining
with DAPI indicated the localization of cell nuclei. The empty vector
(pGDG) harboring the GFP construct was a control. White bars, 10 μm.

(Fig. S1). The cells were stained with DAPI to reveal
nuclei and then examined by a fluorescence microscope.
GFP signals for NbCMT3-350 and -405 were detected
in nuclei (Fig. 2B), whereas signals for the empty-vector
control and NbCMT3-200 were uniformly distributed
throughout epidermal cells. The full-length NbCMT3
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sequence fused to a venus fluorescence protein was
also localized in the nucleus (Fig. S2). Thus, NbCMT3
is a nuclear protein and the CD domains may play an
important role in cellular localization.
VIGS of endogenous NbCMT3
To better characterize the function of NbCMT3 in growth
and developmental programs, we used VIGS to suppress
endogenous NbCMT3 in N. benthamiana. The cDNA
fragment corresponding to the 3 region of the NbCMT3
open reading frame was cloned into the TRV-based
VIGS vector (Fig. 3A). A homology search for NbCMT3
in the genome of N. benthamiana revealed at least
two homologs (NbCMT3 and NbCMT3-2) (Fig. 3B).
Alignment of nucleic acids showed high sequence
identity between NbCMT3s and the VIGS fragment
(Fig. 3B; Fig. S3). Agrobacterium strains containing
these TRV-VIGS constructs were inoculated into N.
benthamiana plants by leaf infiltration. Semiquantitative
RT-PCR revealed the suppression of NbCMT3 and
NbCMT3-2 in plants (Fig. 3C). Suppression of phytoene
desaturase (NbPDS ) gene expression was included as a
positive control. Expression of the housekeeping gene
elongation factor 1 (NbEF1) was an equal loading
control and remained constant in all tested plants. In
NbCMT3-silenced plants, the levels of target mRNAs
were significantly decreased as compared with controls
infected with TRV alone (Fig. 3C). RT-PCR with the two
primer pairs spanning the various regions of NbCMT3
cDNA showed reduced PCR product in TRV2-NbCMT3
plants. Expression of genes encoding other METs such as
MET1 and DRM in NbCMT3-silenced plants was similar
to that of control plants, which indicates the specificity
of gene silencing for NbCMT3s.
Changes in genomic methylation patterns in
NbCMT3-silenced plants
We examined the impact of silencing NbCMT3 on
changes in methylation patterns at the genome-wide
level with two pairs of methylation-sensitive and
-insensitive restriction enzymes (HpaII-MspI and PsP GIBst NI). The isoschizomeric pair HpaII-MspI recognizes
and cuts the sequence CCGG. HpaII digestion of DNA
is inhibited by methylation of either C in the sequence
CCGG, and MspI is inhibited by methylation of the
outer C in the non-CG context CCGG. The PspGI/Bst NI
pair recognizes the sequence CCHGG. PspGI cannot
cleave if the inner C is methylated; Bst NI is insensitive
to methylation at this position. Both MspI and PspGI are
suitable enzymes for studies of methylation at CCG and
CHG trinucleotides, respectively. In NbCMT3-silenced
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Fig. 3. Suppression of NbCMT3 gene expression in Nicotiana
benthamiana plants by virus-induced gene silencing (VIGS). (A) NbCMT3
cDNA structure and the VIGS construct containing the cDNA fragments.
The box indicates the open reading frame region of NbCMT3. The two
primer sets corresponding to the 5 region of the NbCMT3 coding region
were used in RT-PCR to assess the knockdown efficiency of the host
gene by VIGS. (B) Alignment of two NbCMT3 homologs with the cDNA
fragment used for virus-induced gene silencing (VIGS). The underline
in red denotes the conserved region of the two NbCMT3 homologs
used for VIGS. The gene sequences encoding NbCMT3 and NbCMT3-2
were deposited in GenBank (accession nos. JQ965931 and KC453971,
respectively). (C) Characterization of the NbCMT3-silenced leaf tissues in
N. benthamiana plants. Effect of NbCMT3 knockdown was determined
at 3 weeks after infiltration with A. tumefaciens harboring the Tobacco
rattle virus 2 (TRV2)-based constructs. The empty-vector control (TRV-Ve)
and NbPDS-silenced plants (TRV-PDS) served as a control as compared
with NbCMT3-silenced plants (TRV-CMT3). The NbCMT3, NbCMT3-2,
NbDRM1, NbMET1, NbPDS1 and NbEF1 cDNA fragments were amplified
by RT-PCR with the gene-specific primers (Table S1). NbEF1 was an
internal loading control. At least 3 biological replicates were performed,
and similar results were obtained.

plants, MspI digested genomic DNA to fragments of less
than 3 kb (Fig. 4). However, MspI cleavage was significantly inhibited with control and NbPDS -silenced plant
DNA. Thus, CCG methylation was reduced in NbCMT3silenced plants. Digestion of genomic DNA with PspGI
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Fig. 4. DNA methylation analysis by restriction enzyme digestion in
NbCMT3-silenced plants. Genomic DNA extracted from the control
(TRV2-Ve), NbPDS-silenced (TRV2-PDS) and NbCMT3-silenced (TRV2CMT3) was digested with the methylation-sensitive and -insensitive
isoschizomeric enzyme pairs HpaII (H)-MspI (M) and PsPGI (P)-BstNI
(B). The uncut genomic DNA is denoted as ‘U’. Total genomic DNA
was digested with different enzymes, separated on 1% agarose gel
and stained with ethidium bromide. The white arrows to the right of
the figure indicate major differences in the digestion patterns of the
methylation sensitive enzymes (M and P). Molecular weights are given
on the left.

also showed decreased CHG methylation in NbCMT3silenced samples as compared with NbPDS -silenced
and control plants (Fig. 4). Thus, silencing of NbCMT3
gene led to changes in genomic methylation patterns.

Fig. 5. The typical phenotypes of NbCMT3-silenced Nicotiana
benthamiana plants. (A) VIGS phenotypes of the whole plants, leaves and
flowers in TRV2 empty-vector control and NbPDS- and NbCMT3-silenced
plants at 3-week post-inoculation. The photos of upper leaves were
obtained from the top of individual plants. (B) Growth arrest phenotypes
of NbCMT3-slienced N. benthamiana plants. The morphology of shoot
apexes was shown at 6-week post inoculation. Quantification of shoot
length at a similar developmental stage for control and NbCMT3-slienced
plants was compared (n = 8). The experiment was repeated three times,
and a representative result is shown.

at the shoot apex. As well, flower formation was severely
retarded in NbCMT3-silenced lines, which indicates a
role for NbCMT3 in flower development.

Aberrant development with NbCMT3 silencing

Leaf mesophyll cell structure damaged with
NbCMT3 silencing

NbPDS -silenced plants showed photobleaching beginning at approximately 2-week post-infiltration. Plants
with VIGS suppression of endogenous NbCMT3 showed
abnormal leaf development as compared with control
plants (Fig. 5A). The newly emerged leaves of NbCMT3silenced plants were severely wrinkled and had an
irregular shape, with a cluster near the shoot apex (Fig.
5B). The growth retardation of NbCMT3-silenced plants
was especially profound for shoot length. Silencing
NbCMT3 gene expression restricted elongation growth
and resulted in 34% shorter shoot length than in controls
(Fig. 5B). The growth arrest was accompanied by clusters
of malformed leaves with abnormal vascular patterning

To further characterize the NbCMT3-silencing phenotype, we examined the leaf ultrastructure by
light and scanning electron microscopy (Fig. 6).
TRV control leaves had the typical leaf structure
of dicotyledonous plants, with normal epidermal,
palisade and spongy mesophyll cells (Fig. 6). Leaf
cross-sections from NbPDS -silenced plants and control
plants were indistinguishable. However, albino tissue
of NbPDS -silenced plants was characterized by loss
of chloroplast in mesophyll cells (Fig. 6). The leaves
of NbCMT3-silenced plants were small, curled and
distorted (Fig. 5). Microscopy of NbCMT3-silenced
leaves revealed abnormalities in cell structures. The
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NbCMT3-silenced plants show stress phenotypes

Fig. 6. Microscopic examination of leaf structures in Nicotiana
benthamiana plants. Light microscopy of leaf tissues of control (TRV2Ve), NbPDS-(TRV2-PDS) and NbCMT3-silenced (TRV2-CMT3) plants
(upper panel). Stars denote cells at the upper endodermis. Typical
organization of palisade and spongy mesophyll are marked in red and
green, respectively. Scanning electron micrography of adaxial epidermis
from the same VIGS plant lines (lower panel).

organization of the epidermal and spongy mesophyll
cells was mostly maintained, but differentiation of palisade cells was disturbed (Fig. 6). Chloroplast-containing
mesophyll cells were randomly distributed along the
epidermal layers. Scanning electron microscopy of
adaxial epidermal layers of NbCMT3-silenced leaves
showed abnormalities in stomatal guard cells (Fig. 6).
Trichomes were less abundant in NbCMT3-silenced
than NbPDS -silenced and control plants. Suppression of
NbCMT3 expression greatly altered leaf development.
Role of NbCMT3 during organogenesis in vitro
To characterize the role of NbCMT3 during organogenesis in vitro, we analyzed phytohormone-stimulated
shoot-forming capacity. Leaf discs of control and
NbPDS - and NbCMT3-silenced plants were cultured
in shoot induction medium containing cytokinin and
auxin. Four weeks after in vitro culture, regeneration of
plantlets from leaf discs was scored visually. Control and
NbPDS -silenced leaf discs showed high-frequency plant
regeneration (99%) as compared with NbCMT3-silenced
plants (0%) (Fig. 7). Controls and NbPDS -silenced plants
showed callus formation followed by shoot regeneration
induced in leaf discs. A great number of plantlets were
regenerated at the edges of the leaf discs from these
plants. Plants with NbCMT3 silencing showed formation
of callus but not shoot regeneration (Fig. 7). Thus,
NbCMT3 may be essential for phytohormone-stimulated
organogenesis.
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To examine whether NbCMT3 silencing affected reactive
oxygen species (ROS) production, we stained leaves of
control and NbCMT3-silenced plants with DAB and NBT
for detecting superoxide H2 O2 and O2 • – , respectively.
Some DAB staining was detected in leaves of control
plants. Dark-brown DAB polymer products were
observed in NbCMT3-silenced plants (Fig. 8A). Similarly,
with NBT staining, control leaves showed slight blue
marks, and NbCMT3-silenced leaves showed more
substantial staining. Suppression of NbCMT3 expression
significantly increased the content of H2 O2 and O2 • – .
The formation of excess ROS in leaf tissues results
from cellular dysfunction in plants exposed to stresses.
We examined the expression of defense-related genes
in NbCMT3-silenced plants. NbPR1a, NbPR1b, NbPR2
and NbWRKY4 expression was induced in NbCMT3silenced plants as compared with controls (Fig. 8B).
However, the transcript levels of developmental-related
genes such as cell division cycle 6 (NbCDC6) and N.
tabacum homeobox (NbNTH3) were downregulated in
NbCMT3-silenced plants. Therefore, silencing NbCMT3
in leaves disrupted ROS balance and led to stress
phenotypes.

Discussion
In this study, we functionally characterized the gene
encoding CMT3 in plant developmental programs by
a VIGS strategy. The full-length cDNA sequence of
NbCMT3 was cloned from N. benthamiana plants.
The amino acid sequence was conserved between
NbCMT3 and CMT3s from Arabidopsis, rice and maize,
so NbCMT3 may function as a DNA methyltransferase.
Subcellular localization studies revealed that NbCMT3
protein was mainly located in the cytoplasm and
nucleus. NbCMT3 gene was predominantly expressed
in actively proliferating tissues such as apical shoots.
VIGS of NbCMT3 resulted in abnormal leaf development
and defective organogenesis in N. benthamiana. The
aberrant development of NbCMT3-silenced plants
agrees with the imbalance of cellular ROS level
and misregulation of development-related genes. We
demonstrate an essential role of NbCMT3 in controlling
plant growth and development.
Expression analysis of NbCMT3 indicated an abundant steady-state mRNA level of the gene in apical
shoots, which gradually decreased with leaf maturation
(Fig. 2). Our data are supported by observations
from previous reports. In Arabidopsis, AtCMT3 was
predominately expressed in replicating root cells labeled
by 5-ethynul-20-deoxyuridine, a thymidine analog that
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Fig. 7. In vitro organogenesis of leaf discs and evaluation of the regeneration capacity in VIGS-treated Nicotiana benthamiana plants. Leaf discs of
control (TRV2-Ve), NbPDS-(TRV2-PDS) and NbCMT3-silenced (TRV2-CMT3) plants were cultured for 4 weeks on shoot induction medium containing
1-naphthaleneacetic acid (NAA) and 6-benzylaminopurine (BA). The total number of leaf discs forming adventitious buds corresponding to each VIGS
lines was recorded. The regeneration rate of plantlets is shown as a percentage (%). The experiments were replicated twice with a minimum of 70
leaf disks for each silenced plant.

Fig. 8. Effect of silencing NbCMT3 on oxidative burst and defense- and
development-related gene expression in Nicotiana benthamiana. (A)
NbCMT3 was suppressed in leaves by use of VIGS with agroinfiltration.
At 2 weeks after inoculation, H2 O2 and O2 • – were detected in situ by
use of DAB (upper panel) and NBT (lower panel) staining of leaves from
vector control (TRV2-Ve) and NbCMT3-silenced plants (TRV2-CMT3). (B)
Semiquantitative RT-PCR analysis of transcript levels of defense- and
development-related genes. RNA was extracted from the fourth leaf
above the infiltrated leaves from TRV2-Ve, TRV2-PDS and TRV2-NbCMT3
plants. NbPR1a, NbPR1b, NbPR2, NbCDC6, NbWRKY4, NbNTH23 and
NbEF1 cDNA fragments were amplified by RT-PCR with gene-specific
primers (Table S1). NbEF1 was an internal loading control. At least three
biological replicates were performed, and similar results were obtained.

is incorporated into dividing cells during the S phase.
Thus, methylation by CMT3 takes place during DNA
replication (Du et al. 2012). The induction in AtCMT3
expression level was observed in hypocotyl tissues
during phytohormone-stimulated callus formation.
Phytohormone-stimulated callus formation is associated
with cell cycle reactivation (Chen et al. 2012). In B.
rapa, the expression of BrCMT was highest in stamens
from 3 to 5 mm buds among the plant tissues examined
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(Fujimoto et al. 2006). Therefore, the expression of plant
CMTs is closely associated with tissues undergoing
proliferation.
Several lines of evidence suggest the nuclear
localization of plant DNA methyltransferases. For
example, METs, DRMs and DNMTs possess the putative
nuclear localization sequence in the N-terminal regions
(Teerawanichpan et al. 2004, Kim et al. 2007). Indeed,
tobacco NtMET1 localizes to the nucleus in the resting
stage and migrates to the cytoplasm during mitosis
(Kim et al. 2007). Nuclear localization of NtDRM1
was ubiquitous in transformed BY2 cells (Wada et al.
2003). Recently, PpCMT was cloned from the early land
plant P. patens. GFP-PpCMT was specifically localized
in the nucleus (Malik et al. 2012). Little information
is available about the roles of BAH and CD domains
of CMT3 in cellular localization. We demonstrated
that the CD domain of CMT3 is critical for nuclear
localization (Fig. 2B). The BAH domain alone did not
lead to nuclear localization of NbCMT3 (Fig. 2B). The
BAH domain has been proposed to be involved in
protein–protein interaction, recognition of methylated
histones and nucleosome binding (Yang and Xu 2012).
Thus, the CD domain of CMT3 may have functions
distinct from that of the BAH domain. The CD domain
of NbCMT3 may be required for nuclear localization.
Genes encoding CMTs have been isolated and characterized in various plant species such as Arabidopsis
(Bartee et al. 2001), B. rapa (Fujimoto et al. 2006),
tobacco (N. sylvestris) (Fulnecek et al. 2009), oil palm
(Elaeis guineensis) (Rival et al. 2008), maize (Zea mays)
(Papa et al. 2001) and bryophyte (P. patens) (Malik et al.
2012). Mutation in CMT3 blocked CpNpG methylation
and silencing of endogenous genes (Bartee et al. 2001,
Papa et al. 2001). However, the roles of CMTs in plant
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growth and development have not been fully elucidated
because of functional redundancy among CMT3 family
members (Cao and Jacobsen 2002a, Xiao et al. 2006). A
homology search for NbCMT3 in the genome of N. benthamiana revealed at least two homologs (Bombarely
et al. 2012) (Fig. 3; Fig. S3). VIGS can be designed
to silence a single member or multiple members of
a gene family, thus addressing the problem of functional redundancy (Dong et al. 2007). In this study, we
targeted the family genes of NbCMT3 for suppression
by VIGS strategies using the conserved regions of the
DNA sequences (Fig. 3; Fig. S3). Silencing NbCMT3
expression resulted in growth arrest and developmental abnormality in shoots (Fig. 5). NbCMT3-silenced
plants showed significant changes in the structure and
morphologic features of mesophyll cells; the cells were
irregularly shaped, disordered and loosely arranged and
had enlarged intercellular spaces (Fig. 6). Thus, this work
provides direct evidence that CMT3 has profound effects
on plant growth and development.
In vitro plant organogenesis corresponds to the
formation of organs (buds, roots or shoots) from explants
under controlled conditions (Sugiyama 1999). DNA
methylation leading to changes in the chromatin state
occurs in plant cells undergoing callus formation and
organogenesis in vitro (Xu et al. 2004, Pischke et al.
2006, Maury et al. 2012, Wang et al. 2012). In
addition, DNA methylation in promoters participates
in the establishment and/or maintenance of the
undifferentiated state in plant cells (Berdasco et al. 2008).
However, the molecular basis of DNA methylation in cell
differentiation during organogenesis is largely unknown.
Recently, a potential ubiquitin extension protein 6 (UBI6)
showed repeatable variation in DNA methylation and
gene expression during shoot regeneration in sugar
beet (Maury et al. 2012). DNA methylation and histone
modifications regulated de novo shoot regeneration by
modulating WUS expression and auxin signaling in
Arabidopsis (Li et al. 2011). Functional loss of AtMET1
altered the rate of shoot regeneration in Arabidopsis (Li
et al. 2011). In this study, NbCMT3 silencing failed
to induce shoot regeneration (Fig. 7). The defects
in organogenesis were associated with altered ROS
production and development-related gene expression in
NbCMT3-silenced leaves (Fig. 8). CDC6 is an essential
regulator of DNA replication (Shultz et al. 2007). NTH
genes can influence leaf development from the shoot
apical meristem (Nishimura et al. 2000). Therefore,
NbCMT3-mediated DNA methylation is essential for
phytohormone-stimulated organogenesis.
In this study, the developmental abnormalities and
aberrant patterns of gene expression observed in
NbCMT3-silenced plants demonstrate a role for DNA
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methylation in many pathways of plant development.
These findings also highlight the crucial roles of
NbCMT3 during leaf development. A homology search
for NbCMT3 in the genome of N. benthamiana revealed
two homologs (NbCMT3 and NbCMT3-2). NbCMT32 has unique N-terminal sequences as compared
with NbCMT3 (Fig. S3). Identification of the 3 UTR
corresponding to each gene is of important to further
characterize the specific functions of plant CMT3s.
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Additional Supporting Information may be found in the
online version of this article:
Table S1. List of primers and expected lengths of PCR
products described in this study.
Fig. S1. Immunoblotting detection of NbCMT3-derived
fusion proteins expressed from pGDG vectors in
agroinfiltrated Nicotiana benthamiana leaves.

Fig. S2. A schematic diagram representing the constructs
used for transient transformation of N. benthamiana
leaf epidermal cells. The full-length NbCMT3 cDNA
sequence (NbCMT3-741) was cloned into the pSITEII4C1 vector (Martin et al. 2009) to generate a venus
fusion protein.
Fig. S3. Alignment of two NbCMT3 homologs with the
cDNA fragment used for VIGS.

Edited by E. Scarpella

132

Physiol. Plant. 150, 2014

