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Abstract The widespread occurrence of epigenetic alter-
ations in allopolyploid species deserves scrutiny that DNA
methylation systems may be perturbed by interspecies
hybridization and polyploidization. Here we studied the
genes involved in DNA methylation in Nicotiana tabacum
(tobacco) allotetraploid containing S and T genomes inher-
ited from Nicotiana sylvestris and Nicotiana tomentosifor-
mis progenitors. To determine the inheritance of DNA
methyltransferase genes and their expression patterns we
examined three major DNA methyltransferase families
(METI, CMT3 and DRM) from tobacco and the progenitor
species. Using Southern blot hybridization and PCR-based
methods (genomic CAPS), we found that the parental loci
of these gene families are retained in tobacco. Homoeolo-
gous expression was found in all tissues examined (leaf,
root, flower) suggesting that DNA methyltransferase genes
were probably not themselves targets of uniparental epige-
netic silencing for over thousands of generations of allote-
traploid evolution. The level of CG and CHG methylation
of selected high-copy repeated sequences was similar and
high in tobacco and its diploid progenitors. We speculate

Nucleotide sequence data reported are available in the DDBJ/EMBL/
GenBank databases under the accession numbers
AM946602-AM946620 and FM872474-FM872476.

Communicated by G. Reuter.

Electronic supplementary material The online version of this
article (doi:10.1007/s00438-008-0420-8) contains supplementary
material, which is available to authorized users.

J. Fulnecek (<)) - R. Matyések - A. Kovarik
Institute of Biophysics,

Academy of Sciences of the Czech Republic, v.v.i.,
Kralovopolska 135, 612 65 Brno, Czech Republic
e-mail: fulnecek@ibp.cz

URL: http://www.ibp.cz/labs/ME/

that natural selection might favor additive expression of
parental DNA methyltransferase genes maintaining high
levels of DNA methylation in tobacco, which has a repeat-
rich heterochromatic genome.
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Introduction

Allopolyploidy, defined as interspecific hybridization and
genome multiplication, has been considered a major force in
the evolution of angiosperm species. Experiments with syn-
thetic and natural allopolyploids showed that parental
genomes evolve in a complex manner, involving numerous
genetic and epigenetic changes (Soltis and Soltis 1995; Leitch
and Leitch 2008). Of the epigenetic changes, the most impor-
tant in plants is cytosine methylation at symmetrical (CG,
CHG) and non-symmetrical (CHH) sequence motifs (Ingelbr-
echt et al. 1994; Meyer et al. 1994; Vanyushin 2006). DNA
methylation plays a pivotal role in silencing of genes, transpo-
sons and maintenance of chromosome integrity (Vaillant and
Paszkowski 2007). Changes in gene expression, transposon
activation and karyological instability have been frequently
observed in allopolyploid plants and DNA methylation is
likely to be involved in harmonizing genome structure and
expression after the genome merger. Changes in DNA meth-
ylation patterns occur more frequently in synthetic allotetrap-
loids than their parents (Madlung et al. 2002), perhaps related
to the silencing of “redundant” genes in a doubled genome.
The molecular basis underlying these allopolyploid-induced
epigenetic changes is largely unsolved, but one possibility is
that there is altered expression of parental alleles or genes
encoding DNA methyltransferase activities.

@ Springer


http://dx.doi.org/10.1007/s00438-008-0420-8

408

Mol Genet Genomics (2009) 281:407-420

Three major families (METI, CMT and DRM) involved
in DNA methylation have been identified in many monocot
and dicot plant species (for reviews see Finnegan and
Kovac 2000; Pavlopoulou and Kossida 2007), and homolo-
gous sequences can be found in conifers and mosses (http://
genome.jgi-psf.org/euk_home.html). Methylation at CG dinu-
cleotides is maintained by the MET1 family of enzymes that
is common to higher eukaryotes. The second family, called
Domains Rearranged Methyltransferase (DRM) has charac-
teristic rearrangement of conserved motifs in the catalytic
domain (Cao et al. 2000), and probably catalyzes methylation
of naive DNA (Wada et al. 2003). The chromomethylases
(CMT) are unique in higher plants (Henikoff and Comai
1998). These enzymes maintain methylation of CHG
trinucleotides (Lindroth et al. 2001; Papa et al. 2001).

Nicotiana tabacum is an important model plant for
genetic, biochemical and evolutionary studies. Its allotetra-
ploid genome (2n =4x =48) is thought to be formed by
interspecific hybridization between diploid progenitors close
to modern Nicotiana sylvestris (2n =24) and Nicotiana
tomentosiformis (2n = 24). Numerous coding genes and
repeated sequences have been characterized in detail and
recently a gene space library has been constructed (Rushton
et al. 2008) making tobacco a convenient plant system for
genetic manipulation. Tobacco genes encoding MET1 and
DRM activities have been isolated and characterized at the
biochemical level (Nakano et al. 2000; Wada et al. 2003).
NtMET] is a putative major tobacco maintenance enzyme
expressed in dividing cells (Nakano et al. 2000). Tobacco
transgenic lines carrying antisense NtMETI construct
showed hypomethylation of DNA in CG sequences (Nakano
etal. 2000). However, NtMET1 peculiar features are a
complete lack of in vitro activity, a hypo- rather hyper-
methylation effect on DNA when overexpressed in vivo,
and interaction with a GTPa-ase protein (Kim et al. 2007).
The NtDRM enzyme shows strong preference towards
non-CG motifs (Wada et al. 2003) and may be involved in
RNA-directed DNA methylation reactions in tobacco
(Mette et al. 2000; Fojtova et al. 2006).

The focus of this study was to determine: (1) inheritance
of parental DNA methyltransferase loci in tobacco allote-
traploid; (2) expression patterns of homoeologous methyl-
transferase genes; (3) DNA methylation levels of selected
high-copy sequences in both S and T compartments of
tobacco’s genome.

Materials and methods
Plant material

Nicotiana sylvestris Speg. & Comes (accession number
ITB626) was obtained from SEITA, Institut du Tabac,

@ Springer

Bergerac, France. Nicotiana tomentosiformis Goodsp. (NIC
479/84) was obtained from the Institute of Plant Genetics
and Crop Plant Research, Gatersleben, Germany. Nicotiana
tabacum L. cv. Vielblattriger (00246) originally obtained
from the Tobacco research Institute, Bab, Slovakia has
been cultivated at the Institute of Biphysics for at least
20 years (line T3). The synthetic allotetraploid of N. sylves-
tris and N. tomentosiformis called TR1A was described
elsewhere (Lim et al. 2006b). Seeds were surface sterilised
and germinated for 6-8 days in sterile water, seedlings
were then transferred to soil, and plants were grown in a
greenhouse under standard conditions. Calli were estab-
lished from leaf explants by hormonal treatment according
to standard procedures (Koukalova et al. 2005).

DNA and RNA isolation

DNA was isolated from fresh young leaves by a CTAB
method (Saghai-Maroof et al. 1984). Total RNA was iso-
lated from 100 mg of fresh 6-8 days old seedlings, young,
fully developed and old leaves, root tips, flower buds, and
calli using RNeasy Plant Mini Kit (Qiagen) or TRIzol
Reagent (Invitrogen). Oligotex mRNA Mini Kit (Qiagen)
was used to isolate mRNA from total RNA. Possible con-
taminating DNA in RNA preparations was degraded by a
DNase treatment (DNA-Free Turbo, Ambion). The quan-
tity and quality of RNA and DNA preparations were
checked by absorbance at 260/280 nm and by agarose gel
electrophoresis.

Molecular cloning

For cloning of DNA methyltransferase cDNAs from N. syl-
vestris and N. tomentosiformis we designed several forward
and reverse COnserved-DEgenerated Hybrid Oligonucleo-
tide Primers (CODEHOP, Rose et al. 1998) according to
the conserved motifs of the catalytic domains of METI,
CMT3 and DRM genes in Arabidopsis thaliana and Zea
mays. Sequences of primers are given in Supplementary
Table S1. These primers were used in subsequent RT-PCR
reactions (CODEHOP, 3’, 5 RACE and gene-specific).
Chronology of experimental amplification methods used,
primers, the lengths of PCR products and the clone names
are given in Table S2. Cloning procedures are described in
detail in Supplementary methods. Sequence data were
submitted to the EMBL Nucleotide Sequence Database.
Nicotiana sylvestris cDNA molecules with complete cod-
ing sequences: NsMETI clone 10—accession AM946605;
NsCMT3 clones ch991, ch031, ch034, chm2—accessions
AM946608—-AM946611; NsDRM clones d1991 =d10311,
d2992, d2036, d2m10—accessions AM946617-AM946620.
N. tomentosiformis cDNA molecules with partial coding
sequences: NtoMETI clone mtl—accession FM872474;
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Table 1 Nicotiafna 5y vestris Family Source/gene Clone/GenBank Length 5'UTR CDS (bp)/ 3'UTR
and N. tomentosiformis DNA accession (bp) (bp) (amino acids) (bp)
(cytosine-5) methyltransferase
CDI;A clones isolated in this METI  N. sylvestris 10 4732 37b 4,677 18°
study NsMETI AMO946605 (1,558 aa)
N. tomentosiformis mtl 1,188 - 1,188 -
NtoMETI FM872474 (395 aa)
CMT3 N. sylvestris ch91 2,887 327° 2,226 3342
NsCMT3 AM946608 (741 aa)
ch031 2,722 327° 2,226 169*
AM946609 (741 aa)
ch034 2,762 327° 2,226° 209*
AM946610 (741 aa)
chm?2 2,732 327° 2,226° 179%
AM946611 (741 aa)
N. tomentosiformis ct2 1,501 - 1,501° -
NtoCMT3 FM872475 (500 aa)
DRM N. sylvestris d10311 2,161 250° 1,827 84°
NsDRM AM946617 (608 aa)
d2992 2,381 250° 1,827* 304°
AM946618 (608 aa)
d2036 2,386 250° 1,827% 339P
AM946619 (608 aa)
# Complete sequence; all d2m10 2.309 250b 1.827° 230b
conserved catalytic motifs and AMO46620 (608 aa)
domains were identified within . . b
the clones (Figs. 1, 2, 3; Fig. S1) N. tomentosiformis dtl 778 - 778 -
NtoDRM FM872476 (259 aa)

b Partial sequence

NtoCMT3 clone ct2—accession FM872475; NtoDRM clone
dtl—accession FM872476.

Southern blot analysis

Genomic DNA was digested with 10 U ug™! of restriction
endonucleases and the fragments were electrophoretically
separated in a 0.8% agarose gel. The DNA fragments were
alkali blotted onto Hybond XL. membrane (GE-Healthcare)
and hybridized with 3?P-labeled DNA  probes
(>10% dpm pg~! DNA, DekaLabel DNA Labeling Kit, MBI
Fermentas). The blots were hybridized with full-length
cDNAs derived from NsMETI, NsCMT3 and NsDRM
clones (Table 1). The repetitive probes involved cloned
HRS60 (Matyasek et al. 1989) and NTRS (Matyasek et al.
1997) satellites, 5S_T-genome sub-region (Fulnecek et al.
2002a), 5S_S-spec (Clal-BstUI fragment of the intergenic
spacer AJ131164), endogenous NsEPRV pararetroviruses
(Gregor et al. 2004) and endogenous geminiviral GRDS5
(Ashby et al. 1997). Southern blot hybridization was car-
ried out under high-stringency conditions using standard
procedures (Sambrook and Russell 2001) in a 0.25M
sodium phosphate buffer (pH 7.0) supplemented with 7%
w/v sodium dodecyl sulfate (SDS) at 65°C for 16 h. Probes
were washed with 2x SSC (20x SSC=3M NaCl and
0.3 M sodium citrate, pH 7.0), 0.1% SDS (twice for 5 min)

then with 0.2x SSC and 0.1% SDS (twice for 15 min at
65°C). The membranes were exposed to Storage Phosphor
Screen (Storm, GE-Healthcare) for 2 days.

Northern blot analysis

Ten pg of total RNA per lane were separated in 1% aga-
rose gel and transferred to nylon membranes (Hybond
XL, GE-Healthcare) in 10x SSPE [20x SSPE =3.6 M
NaCl, 0.2 M (NaH,PO,/Na,HPO,, pH =7.0) and 0.02 M
EDTA]. The RNAs were hybridized with the antisense
METI, CMT3 and DRM-specific riboprobes derived from
inserts of 10, ch991 and d2036 N. sylvestris clones. The
probes were prepared by incorporation of [alpha-
32PJUTP (10 mCi m1™", 3,000 Ci mmol~!, MP Biomedi-
cals) in a RNA polymerase reaction (RNAMaxx High
Yield Transcription Kit, Stratagene). The membranes
were prehybridized and hybridized in UltraHyb Ultrasen-
sitive Hybridization Buffer (Ambion) at 68°C for 2 h and
at 68°C for 24 h, respectively. The blots were washed
twice with 2x SSC, 0.1% (w/v) SDS at 68°C for 5 min
each, then twice with 0.1 x SSC, 0.1% (w/v) SDS at 68°C
for 15 min each, and finally high salt wash [5x SSC,
0.5% (w/v) SDS at 68°C for 15 min each] was used. The
membranes were exposed to a Storage Phosphor Screen
(Storm, GE-Healthcare) for 2 days.
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Cleaved amplified polymorphic sequence assay

The genomic cleaved amplified polymorphic sequence
(CAPS) was used to analyze species-specific polymorphisms
within the METI, CMT3 and DRM genes. The selected
coding regions were as follows: 72-4,549 nt of NsSMET]I,
28-1,892 nt of NsCMT3 and 1-1,816 nt of NsDRM. For the
sequences of primers, see Tables S1, S2. PCR conditions:
initial denaturation at 95°C for 1 min was followed by 35
cycles of 95°C for 20 s, annealing step for 30 s and 72°C for
6 min. Annealing temperatures were 52.5, 50 and 55°C for
METI1, CMT3 and DRM, respectively. All amplifications were
performed using PfuUltra IT Fusion HS DNA polymerase
(Stratagene). After PCR the products were digested with
selective restriction enzymes and separated on agarose gels.

The cDNA-CAPS was carried out using cDNA samples
prepared from total RNA by random-primed reverse tran-
scription. The amplified regions involved 72-2,420 nt of
NsMETI, 38-1,336 nt of NsCMT3 and 580-1,266 nt of
NsDRM coding sequences. PCR conditions were as fol-
lows: initial denaturation at 95°C for 1 min was followed
by 35 cycles (40 cycles for CMT3) of 95°C for 20's, 50°C
(METI1, DRM) or 55°C (CMT3) annealing step for 30 s and
72°C for 2 min (METI, CMT3) or 1 min (DRM).

Phylogenetic analysis

Amino acid sequences of the C-terminal catalytic domains
were aligned using a PILEUP program (Wisconsin Package
Version 10.3). Sequences used in distance analysis are
given in Table S3. The gaps were deleted from alignments
prior to distance analysis. In order to root the CMT3 and
DRM trees the sequences were treated as follows: chrom-
odomains in CMT3 orthologues were deleted and catalytic
motifs of the DRM proteins were rearranged at their point
of rearrangement. The evolutionary relationships were inferred
using Phylip programs (Felsenstein 1989; http://mobyle.
pasteur.fr/cgi-bin/MobylePortal/portal.py). The distance data
were obtained by running a PROTDIST program according
to the Jones—Taylor—Thornton distance model (Jones et al.
1992) and bootstrap resampling of 100 replicates. The
distance trees were constructed from distance data
(randomized input order) employing a Neighbor-Joining
algorithm (Saitou and Nei 1987) implemented within the
NEIGHBOR program. Finally, consensus distance trees
including bootstrap values were plotted using CONSENSE
and DRAWTREE programs. The divergence (d) was defined
as a number of sites with mismatches/total sites.

Bioinformatic analysis of tobacco genomic database

We have used N. sylvestris methyltransferase cDNA
sequences as queries to search a tobacco (cultivar Hicks
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Broadleaf) gene space library using BLASTN program.
The library data sets were generated by the Tobacco
Genome Initiative (TGI, http://www.tobaccogenome.org/)
using methylation filtration technology. To the date of anal-
ysis (3 January 2008) the nucleotide database contained
1,271,256 gene-space sequence reads (GSRs). The GSR
hits (about 50) for each methyltransferase family were
transferred to the Seqlab interface of Wisconsin Package
Version 10.3. Each GSR was then aligned (pairwise,
BESTFIT) to cDNA sequences of N. sylvestris and N. tabacum
and adjusted manually. Intron—exon boundaries were deter-
mined using a GT-AG rule. The number of sequences was
narrowed by discarding false positives. Finally, the GSRs
were assembled to genomic contigs (Supplementary files
MET1_assembly, CMT3_assembly, DRM_assembly).

Results

Cloning of DNA methyltransferase cDNAs from tobacco
diploid progenitors

Based on homologies to known plant DNA methyltransfer-
ase sequences we have cloned and sequenced cDNAs of
METI, CMT3 and DRM genes from N. sylvestris and
N. tomentosiformis. The clones obtained are listed in Table 1.

The METI family was represented by a single cDNA
clone in each species that we called NsSMET! and NtoMET],
respectively.

The CMT3 family was represented by four cDNA clones
of N. sylvestris (NsCMT3) and a single clone of N. tomen-
tosiformis (NtoCMT3). Nicotiana sylvestris clones ch991
and chm2 had identical coding sequences while clones
ch031 and ch034 differed from the consensus by one and
two silent point mutations, respectively. We do not know
whether the sequence polymorphisms reflect cloning/
sequencing errors, heterozygosity or more gene copies/vari-
ants in the genome. Some variability in the length of the 3’
untranslated region (3'UTR) could originate from alterna-
tively polyadenylated molecules.

Two DRM-specific RT-PCR products (d1 and d2) were
obtained from N. sylvestris. Sequencing revealed that the
d1 clones were about 200 bp shorter in 3'UTR than the d2
clones. Since the coding region (1,827 bp) was identical
between the clones and the variation in 3'UTR probably
arose from alternative splicing we therefore assign these
cDNA clones to one NsDRM gene. A single NtoDRM clone
was isolated from N. romentosiformis.

Since conventional RT-PCR cannot reveal the structure
of the 5" mRNA terminus we applied 5" RACE. Through
this method we identified 5’ untranslated regions (5'UTR)
for transcripts corresponding to all three gene families in
N. sylvestris. In frame stop codons preceding the first AUG
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codon delimitated 5'UTR in NsMETI and NsDRM
whose lengths were 198 and 283 nt, respectively. There
were no in frame stop codons in the NsCMT3 clones.
However, a motif at +389 similar to a Kozak consensus
sequence (AACAATGGC, Liitcke et al. 1987) suggested
translation initiation within that region.

Phylogenetic analysis

The phylogenetic trees of DNA methyltransferase catalytic
domains of the MET1, CMT3 and DRM families were con-
structed using amino acid sequences deduced from plant
DNA methyltransferase cDNAs (Figs. 1, 2, 3; Table S3).
The trees yielded several well-supported branches reflect-
ing phylogenetic relationships between the species. As
expected the Nicotiana genes fell to the same branch as
those of tomato (Solanaceae). All three trees showed
tight clustering of N. sylvestris and N. tomentosiformis
sequences with those of N. tabacum. In general the topolo-
gies were congruent with those previously published
(Pavlopoulou and Kossida 2007). At the amino acid level,
the similarities between obtained Nicotiana orthologs were
as follows: 98.2% NsMET1 versus NtoMET1, 97.8%
NsCMT3 versus NtoCMT3 and 99.2% between NsDRM
and NtoDRM. At the nucleotide level, sequence identities
were 98.8, 97.1, 97.9% for METI1, CMT3 and DRM gene
families, respectively.

Inheritance of DNA methyltransferase loci in tobacco

Next we determined the ancestral origin of tobacco loci
using Southern blot hybridization and genomic CAPS
(Fig. 4). In the Southern blot hybridization Fig. 4a, the
probes derived from NsMETI cDNA hybridized to three
fragments (2.1, 3.1 and 4.2 kb) in N. sylvestris and two
fragments (2.1, 3.7 kb) in N. tomentosiformis. In N. taba-
cum all four parental bands were detected. Similar hybrid-
ization band-additivity was observed with the NsCMT3 and
NsDRM cDNA probes. Also genomic CAPS profiles
(Fig. 4b, S2) were additive for all three families of DNA
methyltransferases. These results indicated that both paren-
tal MET1, CMT3 and DRM methyltransferase loci remained
intact in tobacco.

Reconstitution of genomic structure of tobacco
DNA methyltransferase loci

To further characterize tobacco DNA methyltransferase
genes we queried the tobacco gene space database for
sequences homologous to N. sylvestris cDNAs. The
gene-space sequence reads (GSRs) were aligned with
cDNA sequences of each methyltransferase family (for
the alignments see supplementary files MET1_assembly,

CMT3_assembly, DRM_assembly). The GSR hits split into
two groups matching N. sylvestris sequences and N. tabacum
sequences, likely inherited from the N. fomentosiformis
progenitor. For each locus, we designed a tentative map of
its genomic organization (Fig. S3). The contigs assembled
from individual GSRs involved genic regions, promoters,
introns and 3’ adjacent sequences. The size and position of
introns were similar between homoeologous loci. More-
over, the tobacco MET1 and CMT3 orthologs had the same
number of introns as those of Arabidopsis indicating a
conserved genomic structure among dicots. The DRM loci
were more divergent having 11 introns in tobacco and 9
introns in Arabidopsis. A prominent feature of tobacco
METI was a microsatellite-like sequence in the eighth
intron; in the N. sylvestris derived homoeolog it was
(AT)9(GT)27, and in the N. tomentosiformis derived
homoeolog it was (GTAT)4(GT)17.

Expression analysis

To reveal the size of respective DNA methyltransferase
transcripts we carried out Northern blot hybridization of
N. sylvestris RNA (Fig. 5a). The hybridization signals of
NsMETI, NsCMT3 and NsDRM probes were detected as
single bands in regions of 5, 3.2 and 2.8 kb respectively,
which correlated with the predicted sizes of RNA species
based on cloning experiments.

To examine expression of parental gene families in allo-
tetraploid tobacco we carried out cDNA-CAPS analysis of
RNA samples isolated from tobacco leaves, roots, flowers,
and dedifferentiated calli (Fig. Sb). The PCR products
obtained from amplification of each methyltransferase
family were similar between the species in accord with con-
served lengths of amplified subregions. Upon restriction,
the METI fragment (Fig. 5b, upper panel) remained undi-
gested in N. tomentosiformis while it was digested into two
bands in N. sylvestris. The CMT3 (middle panel) and DRM
(bottom panel) fragments were digested in N. tomentosifor-
mis while they were undigested in N. sylvestris. In N. taba-
cum, all three parental fragments were visible in all tissues
examined. There were little or no differences in restriction
profiles between the tobacco tissues, suggesting that both
parental homoeologs were expressed. The ratio of the sig-
nal of DRM homoeologs varied slightly among the RNAs
isolated from two independent calli (Fig. 5b, bottom panel,
Mspl digestion, lanes 7, 8).

Methylation analysis of repeated sequences in tobacco
and progenitor genomes

We next determined methylation status of retroelements

(NSEPRYV), endogenous viruses (GRDS), 5S rDNA and
satellites in tobacco, its progenitors and synthetic doubled

@ Springer



412

Mol Genet Genomics (2009) 281:407-420

l |

S stretch

E-rich
region

Nicotiana tomentosiformis (NtoMET1)

Nicotiana sylvestris (NsMET1)

Solanum lycopersicum (LeMET)

Oryza sativa (OsMET1-1)

Oryza sativa (OsMET1-2)

Zea mays (ZmMET1)

Fig. 1 Phylogenetic relationships between members of the MET1
family. a Schematic drawing of a domain structure. Translated region
is in gray, conserved amino acid motifs in N-terminal regulatory
domains are in dark gray and black boxes with roman numerals indicate
conserved motifs in C-terminal catalytic domain (Kumar et al. 1994).
Region used for phylogenetic analysis in b is underlined. S-stretch
multiple serine residues; E-rich region glutamic acid residue rich
region; GK repeat repeated glycine lysine residues; BAH bromo

F1 hybrid (Fig. 6). The total sequence analyzed accounts
for approximately 10% of tobacco genome (Skalicka et al.
2005). The genomic DNAs were digested with methyla-
tion-insensitive (Mbol, Mval) and methylation-sensitive
(Hpall, Mspl, Sau3Al, EcoRIl, ScrFI) restriction enzymes.
Mval (cuts at CCWGQG) is isoschizomeric, or nearly so,
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Nicotiana tabacum (NtMET1)

LT Il

BAHII GK I IV VI Vil IX X
repeat il

BAH |

Daucus carota (DcMET1)

Daucus carota (DcMET2)

Pisum sativum (PsMET)

Brassica rapa (BrMET2b)

Brassica rapa (BriMIET1a)
100

Prunus persica (PpMET1)

Arabidopsis thaliana (AtMET1)

adjacent homology domain. b A phylogenetic tree constructed based
on amino acid sequences of C-terminal catalytic domains. Clustering
of Solanaceae species is highlighted. Distance data were calculated
using a Neighbor-Joining method (Saitou and Nei 1987) and the tree
was constructed in Phylip programs (Felsenstein 1989; http://mobyle.
pasteur.fr/). Accession numbers and references are given in Table S3.
The bootstrap values are indicated at the nodes

with EcoRIl (CCWGG) and ScrFI (CCNGGQG), respectively.
Both EcoRII and ScrFI are sensitive to CHG methylation.
Mbol (GATC) is isoschizomeric with Sau3Al and the
context of methylation-sensitivity is dependent on overlap-
ping sequence. Hpall is sensitive to methylation of both Cs
within the CCGG while Mspl (CCGQG) is sensitive to
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Fig. 2 Phylogenetic

relationships between members
of the CMT3 family. a Domain

(S 1 S

structure. A unique BAH I Il chromo IV VI Vil X X
. domain Vil
chromodomain is indicated.
b A phylogenetic tree : |
comprising CMT3 sequences. | '1 ;‘ = 1

The tree was rooted to AtMET1,
OsMET1-2, ZmMET]1 sequenc-

es. The methods and symbols B
used are as described in the

legend of Fig. 1

Glycine max (GmCMT
Arabidopsis thaliana (AtCMT3)

Brassica rapa (BrCMT)

Oryza sativa (OsMET2a)

—
Hordeum vulgare (HvCMT1)

100

Zea mays (ZMETS5)

methylation of outer C only. Methylation sensitivities of
individual restriction enzymes were taken from a REBASE
website (http://rebase.neb.co).

The NSEPRV elements belong to the family of endoge-
nous pararetroviruses (Staginnus and Richert-Poggeler
2006) known to be highly methylated in tobacco and inher-
ited from the N. sylvestris progenitor (Gregor et al. 2004).
Consistently, the methylation-sensitive EcoRIl and ScrFI
enzymes failed to significantly digest NSEPRV repeats
(most material migrated as undigested, unfractionated high
molecular weight DNA) in tobacco and N. sylvestris, while
they were digested with the methylation-insensitive
enzyme Mval, forming 2.2 kb bands (Fig. 6a). A similar
result was obtained with a probe derived from N. tomentos-
iformis pararetroviral sequences (not shown). The GRDS5
family of geminiviruses, inherited from N. tomentosiformis
progenitor (Murad et al. 2002), was also highly resistant
to enzymes sensitive to CHG methylation (Fig. 6b). The
pattern of GRDS5 bands revealed with Sau3Al digestion of
genomic DNA (Fig. 6¢) indicates multiple target sites
within the 1.2 kb units, some apparently lacking methyla-
tion. It is likely that the undermethylated Cs are located in a

Zea mays (ZMET2)

non-symmetrical context since the CHH methylation is
far less frequent than that of CG and CHG in tobacco
(Fulnecek et al. 1998). In conclusion the methylation status
of endogenous viruses has not been materially changed
since the allopolyploidy event.

There is a single 5S locus in each of the progenitor spe-
cies, N. tomentosiformis and N. sylvestris, and both are
found in tobacco (Fulnecek et al. 2002a). The methylation
status of the 5S rRNA genes (Fig. 6d—g) was studied using
locus-specific probes derived from intergenic spacers. In
general there was little (if any) digestion of 5S rDNA with
the methylation-sensitive enzymes, consistent with high
levels of methylation of 5S repeats in plant genomes
(Fulnecek et al. 2002b; Vaillant et al. 2007).

Most of the HRS60 satellite was digested with Mbol into
monomeric bands, indicating conserved GATC sites within
the units (Fig. 6h). In contrast a ladder of bands was formed
after the Sau3 Al digestion in both N. sylvestris and tobacco
samples. The sequence context of the restriction site
(GATC) is GATCCG in HRS60 (Kovarik et al. 2000), and
the ladder-like pattern indicates that there might be rela-
tively little methylation of the cytosine. The NTRS
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Nicotiana tabacum (NtDRM)

icotiana tomentosiformis (NtoDRM)

Nicotiana sylvestris (NsDRM)

Medicago truncatula (MtDRML1a)

Medicago truncatula (MtDRML1b)

Glycine max (GmDRM1a)

Fig. 3 Phylogenetic relationships between members of the DRM
family. a Domain structure. UBA Ubiquitin-associated domain; nls
nuclear localization signal. The “###” symbol denotes point of motif
rearrangement. b A phylogenetic tree comprising DRM sequences.

sequence was analyzed with methylation-insensitive Mval
and isoschizomeric methylation-sensitive ScrFI and EcoRII
(Fig. 61). There was almost no digestion of NTRS repeats
with EcoRII and ScrFI in both diploid and allotetraploid
species while there was extensive digestion with Mval. The
faint signal in tobacco is consistent with the fewer numbers
of repeats in tobacco (Skalicka et al. 2005). The unit loss,
however, was not associated with material change in meth-
ylation status of the NTRS locus. These results showed that
methylation levels of repetitive DNA are comparable in the
genomes of tobacco and the diploid progenitors.

Discussion

DNA methyltransferase genes are highly conserved
among Nicotiana diploid species

Nicotiana sylvestris and N. tomentosiformis are thought to

have diverged about 70 million years ago (Goodspeed
1954). Our data indicate that despite a considerable period
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Arabidopsis thaliana (AtDRM2)

Arabidopsis thaliana (AtDRM1)
Zea mays (Zmet3)

Oryza sativa (OsZmet3)

Hordeum vulgare (HvDnmt3-1)

Glycine max (GmDRM1b)

The methods and symbols used are as described in the legend of Fig. 1.
The tree was rooted to Mus musculus MmDnmt3a, MmDnmt3b
(GenBank: AAC40177, AAC40178) as an outgroup

of independent evolution, relatively few changes have
occurred to coding sequences of the three main DNA methyl-
tranferase families, METI, CMT3 and DRM. Of these, the
MET] family appears to be most conserved (divergence,
d=0.02) while the CMT and DRM families are slightly
more diverged (d=0.04). In tobacco homoeologs, the
introns displayed somewhat higher variation than the cod-
ing sequences and a conserved microsatellite-like motif
was discovered in the eighth introns of METI genes. The
microsatellite sequences differed, adding significantly to
genetic variability between homoeologous sequences. The
presence of the microsatellite could be unique to Nicotiana
genes since there is no such microsatellite in Arabidopsis.
Microsatellites appear to be suitable markers for phylo-
genic studies in Nicotiana (Moon et al. 2008) and it will be
interesting to investigate distribution of MET] intron-linked
microsatellites in other species.

The divergence values of coding sequences are in good
agreement with values reported for other sequences isolated
from N. sylvestris and N. tomentosiformis, including
GTP-binding proteins (Takumi et al. 2002) and putrescin
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Fig. 4 Inheritance of parental METI, CMT3 and DRM loci in tobacco
genome. a Southern blot hybridization of restricted genomic DNA
with the NSMETI1, NsSCMT3 and NsDRM cDNA probes. b Genomic
CAPS showing additivity of progenitor restriction fragments in tobacco

N-methytransferases (Riechers and Timko 1999). Diver-
gence of internal transcribed spacer (ITS) of rDNA,
believed to be generally under lower selection pressures
(Nieto Feliner and Rossello 2007) than protein coding
sequences, was in a similar range (d = ~0.04, Clarkson
et al. 2004). Perhaps, mutation rates of transcribed gene
families are similar irrespective to their copy number. How-
ever, several genomic in situ hybridization studies showed
clear differences between the genomes of diploid species in
Nicotiana (Lim et al. 2000b; Lim et al. 2006a). This is
probably due to a rapidly evolving repetitive fraction (Lim
et al. 2007) that may account up to 90% of plant genomes
(Schmidt and Heslop-Harrison 1998). Indeed, many spe-
cies-specific satellites (Koukalova et al. 1989; Matyasek
et al. 1997; Jakowitsch et al. 1998), retroelements (Petit
et al. 2007), endogenous viruses (Gregor et al. 2004; Murad
etal. 2004) and intergenic spacer elements (Lim et al.
2004) were isolated from N. sylvestris and N. tomentosifor-
mis (Fig. 6, and for review see Hemleben etal. 2007).
Recent whole genomic comparison of species of Solanum
(including tomato), diverging >70 million years ago, con-
firmed near identical coding sequences and significant
differences in the repetitive fraction (Zhu et al. 2008).
Together, it seems that there is little divergence of genic
sequences while there is massive divergence of repeated
DNA in Solanaceae genomes.

TO . PCR prod.
kb 0.75 3.25 o

samples. Regions used for genomic CAPS are depicted under
panels. Short vertical bars represent positions of restriction enzymes.
N. sylvestris (SY), N. tomentosiformis (TO) and N. tabacum (TA)
species. M Size markers (MBI Fermentas)

Mendelian inheritance of parental DNA methyltransferase
loci in tobacco

Several single nucleotide polymorphisms allowed us to iden-
tify progenitor DNA methyltransferase genes in tobacco. We
found that both homoeologs of all three families (METI,
CMT3 and DRM) were transmitted from diploid species and
faithfully inherited in tobacco. A complete additivity of
hybridization bands (Fig. 4a) also supports the view that the
structure of flanking sequences was not significantly influ-
enced by allopolyploidy. In tobacco, Mendelian inheritance of
parental loci has also been reported for pleiotropic drug resis-
tance NtPDR1 gene (Schenke et al. 2003), putrescin N-meth-
yltransferases (Riechers and Timko 1999), a family of small
GTP-binding proteins (Takumi et al. 2002), lignin forming
peroxidase genes (Matassi et al. 1991), nitrate reductase genes
(Matassi et al. 1991) and glutamine synthase (Matassi et al.
1991). The only exception seems to be a family of tobacco
glucan endo-1,3-beta-glucosidase genes that appear to be a
recombinant between both ancestral sequences (Sperisen
etal. 1991). Together most parental low-copy coding
sequences seem to be unchanged in the tobacco supporting
the more recent origin of its genome (perhaps <2.10° years,
Clarkson et al. 2005) than previously inferred from flower
morphology and DNA reassociation experiments (6.10° years,
Goodspeed 1954; Okamuro and Goldberg 1985).
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The intactness of low-copy sequences contrasts with
rapid elimination of some non-coding repeats (Matzke et al.
2004; Melayah et al. 2004) and 35S rDNA (Volkov et al.
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<« Fig. 5 Expression analysis of METI, CMT3 and DRM genes in

Nicotiana. a Northern blot hybridization of N. sylvestris root tip total
RNA probed with riboprobes derived from NsMETI, NsCMT3 and
NsDRM cDNAs (left lanes). The exposure times of blots were identi-
cal. 18S and 25S rDNA bands are shown in the right lanes as loading
controls (etbr). b cDNA-CAPS experiments were carried out using
total RNA isolated from N. sylvestris (SY), N. tomentosiformis (TO)
and N. tabacum (TA). The RNA samples were from young (lane 1),
fully developed (2), and old (3) leaves, seedlings (4, SY, TO), roots (5),
flower buds (6) and calli (7, 8)

1999; Lim et al. 2000a) seen in natural tobacco and some
synthetic lines (Skalicka et al. 2003, 2005). There may be
several explanations. First, the repeated fraction of genome
could be more sensitive than low-copy genes to the geno-
mic shock associated with allopolyploidy, e.g. Plohl et al.
2008 report intrinsic instability of tandems of inverted
repeats. It is also possible that protein coding genes are
maintained in allopolyploid genomes by natural selection,
while repeated DNA sequences tend to evolve more rapidly
probably due to less stringent functional constrains. Finally,
the relatively young age of tobacco needs to be considered.
For example, N. quadrivalvis and N. clevelandii allotetrap-
loids have protease inhibitor genes from one progenitor
donor (N. obtusifolia) while those of the partner genome
(N. attenuata) have been lost (Wu et al. 2006). However,
both N. quadrivalvis and N. clevelandii are more ancient
(~10% years old) allotetraploids than tobacco and their
chromosomes have major molecular reconstructions
(Leitch etal. 2008). Perhaps, in older polyploids with
genome downsizing, duplicate copies of DNA methyltrans-
ferases could be lost. Based on these observations we can
tentatively write a tempo of structural changes in Nicotiana
allopolyploids as: 35S rDNA =some transposons >
satellites = 5S rDNA > low-copy genic sequences.

Additive expression of parental DNA methyltransferase
loci in different plant organs

Copies of duplicate genes may be expected to be retained
only if both copies have a selective function. Selection may
arise from a necessity to maintain gene product dosage, in rela-
tive or absolute terms in a duplicated genome (see below),

Fig. 6 DNA methylation of repeated sequences in N. tabacum and
diploid parental species. Restricted genomic DNA of N. sylvestris
(SY), N. tomentosiformis (TO), N. tabacum (TA) and doubled F1
hybrid of N. sylvestris and N. tomentosiformis (F1) were hybridized on
blots with the S- and T- genome-specific probes. About 5-10 pg of
restricted DNA was loaded into each lane. a Endogenous pararetrovirus
family NSEPRV; b, ¢ Geminivirus-related GRDS5 family; d, f5S rDNA
intergenic spacer from N. sylvestris; e, g 5S tDNA intergenic spacer
from N. tomentosiformis; h HRS 60 subtelomeric satellite; i NTRS
subcentromeric satellite. Restriction enzymes were: Mval (Mv),
EcoRII (Ec), Scrfl (Sc), Mbol (Mb), Sau3Al (Sa), Mspl (Ms) and
Hpall (Hp)
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or through neofunctionalization or subfunctionalization of
duplicate copies (Adams and Wendel 2005). Subfunction-
alization can apparently occur rapidly since synthetic
allopolyploid lines showed 5-6% transcriptome divergence
from the parental values in Arabidopsis (Wang et al. 2006).
We tested the possibility that paternal/maternal DNA methyl-
transferase genes are differentially expressed in various
organs. We found that in leaves, roots and flowers all three
families of genes were equally expressed from both S and
T loci, suggesting absence of uniparental silencing. The
METI and CMT3 signals in mature and old leaves were
rather weak compared to other tissues confirming limited
expression of “maintenance” enzymes in non-dividing cells
(Nakano et al. 2000). However, the expression patterns
were similar among diploid and tetraploid species indicat-
ing that relatively low METI and CMT3 levels in developed
leaves were not related to allopolyploidy. It is therefore
likely that little (if any) epigenetic silencing was imposed
on parental DNA methyltransferase genes during evolution
of tobacco.

Additive expression of DNA methyltransferase loci
correlates with inheritance of dense cytosine methylation
at repeated loci

Tobacco possesses a highly repeat-rich allotetraploid
genome in which ~28% of cytosines appear to be methyl-
ated (Messeguer etal. 1991). In animals, interspecific
hybridization can trigger drastic hypomethylation of the
genome (O’Neill et al. 1998). We found that satellites, 5S
rDNA and endogenous viruses were equally methylated at
both CG and non-CG motifs in progenitor species, natural
tobacco and synthetic F1 hybrids (Fig. 6). Although we
cannot exclude the possibility of methylation changes at
other sequences (medium and low copy) not analyzed in
this study, the data are consistent with Mendelian inheri-
tance of DNA methylation patterns in large fraction of
parental genomes. Thus, in contrast to animal hybrids, there
is no evidence of dramatic methylation changes in tobacco.
Endoreduplication (up to 64C) of cells during tomato fruit
ripening was not accompanied by material changes in glo-
bal methylation levels (Teyssier et al. 2008), suggesting
that methylation patterns may be rapidly established on
dramatically multiplied chromosomes. Methylation of
repeated sequences could be important for their stability in
cell nucleus (Peng and Karpen 2008) decreasing their
recombination frequency (Maloisel and Rossignol 1998)
and preventing intergenomic homogenization (Dadejova
et al. 2007). Silencing of DNA methyltransferase genes (or
their physical elimination) might be more deleterious in
allopolyploids combining highly heterochromatic and
highly methylated genomes than in systems with less DNA
repeats and heterochromatin. Certainly some repeated
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sequences were lost or reduced in copy number in both
natural and synthetic tobacco (Skalicka et al. 2005). Perhaps,
DNA methyltransferase loci and their expression could be
under strong selection constraints in plant allopolyploid
genomes. In this context artificial inhibition of DNA meth-
yltransferase activities was associated with severe develop-
mental defects in tobacco (Vyskot et al. 1995) and other
allopolyploids (Madlung et al. 2002). Further, RNAi exper-
iments in Arabidopsis indicate that reduced DNA methyla-
tion disrupts regulation of a subset of transposons and
heterochromatic genes (Wang et al. 2006). Considering that
DNA methylation is a complex process requiring a number
of auxiliary factors in addition to DNA methyltransferases,
including short RNAs (Rangwala and Richards 2004), we
can even speculate that some factors could be genome-spe-
cific, and that each compartment could be methylated by its
own methylation system.

The maintenance of parental DNA methyltransferase
gene families in a relatively young tobacco allotetraploid
genome, their active expression status opens the opportu-
nity for subneofunctionalization and neofunctionalization
on longer evolutionary scales. In this context, it will be
interesting to analyze these genes in ancient (>1 million
years old) Nicotiana allotetraploids that have experienced
deep chromosomal reconstructions (Lim et al. 2007).
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