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ABSTRACT

Changes in genome structure and gene expression have been documented in both resynthesized and
natural allopolyploids that contain two or more divergent genomes. The underlying mechanisms for rapid and
stochastic changes in gene expression are unknown. Arabidopsis suecica is a natural allotetraploid derived from
the extant A. thaliana and A. arenosa genomes that are homeologous in the allotetraploid. Here we report that
RNAi of met1 reduced DNA methylation and altered the expression of �200 genes, many of which encode
transposons, predicted proteins, and centromeric and heterochromatic RNAs. Reduced DNA methylation
occurred frequently in promoter regions of the upregulated genes, and an En/Spm-like transposon was
reactivated in met1-RNAi A. suecica lines. Derepression of transposons, heterochromatic repeats, and cen-
tromeric small RNAs was primarily derived from the A. thaliana genome, and A. arenosa homeologous loci were
less affected by methylation defects. A high level of A. thaliana centromeric small RNA accumulation was
correlated with hypermethylation of A. thaliana centromeres. The greater effects of reduced DNA methylation
on transposons and centromeric repeats in A. thaliana than in A. arenosa are consistent with the repression
of many genes that are expressed at higher levels in A. thaliana than in A. arenosa in the resynthesized
allotetraploids. Moreover, non-CG (CC) methylation in the promoter region of A. thaliana At2g23810
remained in the resynthesized allotetraploids, and the methylation spread within the promoter region in
natural A. suecica, leading to silencing of At2g23810. At2g23810 was demethylated and reactivated in met1-RNAi
A. suecica lines. We suggest that many A. thaliana genes are transcriptionally repressed in resynthesized
allotetraploids, and a subset of A. thaliana loci including transposons and centromeric repeats are heavily
methylated and subjected to homeologous genome-specific RNA-mediated DNA methylation in natural
allopolyploids.

POLYPLOIDY is a prominent genomic feature for
many plants and some animals (Becak and Becak

1998; Wolfe 2001). Over 95% of angiosperms and
�70% of ferns went at least one event of polyploidiza-
tion (Masterson 1994; Leitch and Bennett 1997), indi-
cating an evolutionary advantage for being polyploids
(Wendel 2000; Soltis et al. 2003; Comai 2005). Increase
in genome dosage may increase gene expression levels
and cell sizes as well as generate ‘‘buffering’’ effects on
deleterious mutations. Moreover, stable meiotic trans-
mission of homeologous genomes in allopolyploids pro-
vides a means for permanent fixation of heterozygosity or
hybrid vigor, leading to broad adaptation to environmen-
tal niches (Soltis and Soltis 2000; Wendel 2000; Comai

2005).
Arabidopsis allotetraploids can be resynthesized by

pollinating Arabidopsis thaliana with A. arenosa pollen

(Comai et al. 2000; Bushell et al. 2003; Wang et al.
2004). A. suecica is a natural and selfing allotetraploid
native to northern Europe (Hylander 1957; Love

1961; O’Kane et al. 1995; Lind-Hallden et al. 2002).
The 26 chromosomes of A. suecica (2n ¼ 4x ¼ 26) are
derived from A. thaliana (2n ¼ 2x ¼ 10) and tetraploid
outcrossing species A. arenosa (2n¼ 4x¼ 32) (Price et al.
1994; Kamm et al. 1995; O’Kane et al. 1995). Although
they are very closely related species, A. thaliana and
A. arenosa exhibit 5–10% DNA sequence variation in
protein-coding sequences (Hanfstingl et al. 1994; Lee

and Chen 2001) and 30–40% nucleotide sequence changes
in 180-bp centromeric repeats (Kamm et al. 1995; Comai

et al. 2003).
DNA methylation changes are observed in newly

formed allopolyploids of Arabidopsis (Madlung et al.
2002) and wheat (Shaked et al. 2001) and are re-
sponsible for the maintenance of silenced rRNA genes
and protein-coding genes in Arabidopsis allopolyploids
(Chen and Pikaard 1997; Lee and Chen 2001). Block-
ing DNA methylation using either chemical inhibitors
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or RNA interference derepresses the silenced genes in
the allopolyploids (Lee and Chen 2001; Lawrence et al.
2004; Wang et al. 2004), suggesting causal effects of
DNA methylation on silencing homeologous genes in
Arabidopsis allopolyploids.

To test the general and specific effects of DNA meth-
ylation loss and species hybridization on gene expression,
we compared gene expression changes in met1-RNAi
A. suecica lines (Wang et al. 2004) and in resynthesized
allotetraploids (Wang et al. 2006). Our data suggest that
there is a little overlap between the genes that are affected
by DNA methylation in the met1-RNAi lines and the genes
that are expressed nonadditively in the resynthesized
allotetraploids. Many expression changes in the met1-RNAi
lines are derived from transposable elements and repetitive
DNA, whereas the genes that are nonadditively expressed
in the resynthesized allotetraploids encode proteins that
are involved in various biological pathways important to
plant growth and development (Wang et al. 2006). The
reactivated transposons and repetitive DNA in the met1-
RNAi lines are preliminarily derived from the A. thaliana
parent, suggesting repression of these elements in natural
allotetraploids, which is reminiscent of genomewide re-
pression of A. thaliana genes in the resynthesized allote-
traploids (Wang et al. 2006). Therefore, both interspecific
hybridization (or allopolyploidization) and DNA methyla-
tion affect the A. thaliana genes that are generally repressed
in the allotetraploids (Chen 2007), but the interspecific
hybridization affects primarily the protein-coding genes,
whereas RNAi of met1 affects transposons and centromeric
repeats. Moreover, disruption of MET1 expression induces
higher levels of short interfering RNA (siRNA) accumu-
lation and DNA methylation in A. thaliana centromeres
than in A. arenosa centromeres. Compared to A. arenosa, the
A. thaliana homeologous genome (as a maternal parent) is
hypersensitive to interspecific hybridization and DNA
methylation perturbation in allopolyploids.

MATERIALS AND METHODS

Plant materials: All plants were grown in vermiculite mixed
with 30% soil in a growth chamber with growth conditions
of 22�/18� (day/night) and 16 hr of illumination per day.
The accessions included A. thaliana diploid ecotype Landsberg
erecta (Ler), tetraploid A. arenosa (Arabidopsis Biological Re-
source Center, accession no. 3901, 2n ¼ 4x ¼ 32), and natural
A. suecica (9502) (2n ¼ 4x ¼ 26). Autotetraploid A. thaliana
(2n ¼ 4x ¼ 20) was obtained through colchicine treatment of
Ler (accession no. CS3900). Transgenic met1-RNAi lines were
generated in A. suecica (9502) as previously described (Wang

et al. 2004). A. suecica was also transformed using a GUS
reporter as a control (AsGUS) (Wang et al. 2004). Resynthe-
sized allotetraploids were derived from previous studies
(Wang et al. 2004, 2006). Rosette leaves were collected prior
to bolting for all plants. For DNA and RNA extraction, leaves
were harvested from individual plants for RNAi transgenic
lines and were pooled from 10 plants for nontransgenic plants.

DNA and RNA analysis: Genomic DNA was isolated using
a published protocol (Chen et al. 1994). DNA probes were

obtained from PCR using the primers shown in supplemental
Table 1 followed by purification ½QIAGEN (Valencia, CA) PCR
purification kit� and were prepared by a random-priming method
(Amersham, Arlington Heights, IL) with radioactive labeling
(½a-32P�ATP). Hybridization and washing were performed using a
published method (Church and Gilbert 1984).

RNA was extracted using TRIzol reagent (Invitrogen Life
Technologies, San Diego), following the manufacturer’s in-
structions. Total RNA (25 mg) was subjected to electrophoresis
in a polyacrylamide gel (15%, polyacrylamide:bisacrylamide¼
38:1) and transferred onto Hybond-N1 membrane (Amersham
Pharmacia, Piscataway, NJ) for small RNA blot analysis. The
DNA oligonucleotide probes (supplemental Table 2) were end
labeled using T4 polynucleotide kinase as previously described
(Chen and Pikaard 1997) and hybridized with the small RNA
blot using a published protocol (Church and Gilbert 1984).
Signals were detected by exposure to Kodak X-ray films or ana-
lyzed by the PhosphorImager BAS1800II system (Fuji, Tokyo).

DNA microarrays and data analysis: Spotted oligo-gene
microarrays were used for genomewide gene expression assays
following a published protocol (Wang et al. 2005). The 70-mer
oligos hybridized equally well with both A. thaliana and A.
arenosa genes (Lee et al. 2004; Wang et al. 2006) because they
share �95% nucleotide sequence identity in coding regions
where the oligos are designed. A total of eight slides were used
for two biological and four technical replications. Each bio-
logical replication consists of two technical replications (four
slides). Within a technical replication, one slide was hybrid-
ized with an equal amount of Cy3-labled A. suecica control
cDNA and Cy5-labeled met1-RNAi cDNA as probes and an-
other with the same two cDNA samples labeled in a reverse Cy3
and Cy5 combination. We used 500 ng of mRNA in each
labeling reaction using Cy3- or Cy5-dCTP (Amersham Bio-
sciences). The dye-swap experiment was replicated using an
independently isolated RNA sample. Raw data were collected
using Genepix Pro4.1 after the slides were scanned using
Genepix 4000B (Axon Instruments/Molecular Devices, Sun-
nyvale, CA). The data were processed using a lowess function
to remove nonlinear components and analyzed using a linear
model (Wang et al. 2006). This linear model was employed to
partition variation in the observed data relative to technical
and biological variation. Given that each feature is repre-
sented once on an array, the linear model is

Yijkplm ¼ m 1 Ai 1 Dj 1 Tk 1 Gl 1 AGil 1 DGjl 1 TGkl

1 TDGjkl 1 eijklm ;

where m represents the overall mean effect; A, D, T, F, and G
represent main fixed effects from the array, the dye, the
treatment (e.g., RNA from two species), and the gene, re-
spectively; and i¼ 1, . . . , 8, k¼ 1, 2, j¼ 1, 2, and l¼ 1, . . . , 27,648
(including 26,090 70-mer Arabidopsis oligos plus controls).
The interaction terms AG, DG, TG, and TDG represent array-by-
gene, dye-by-gene, treatment-by-gene, and treatment-by-dye-
by-gene interactions, and eijklm denotes the random error and
is used to test for significance of main and interaction effects
in the model. The hypotheses that reflect whether a gene, g,
has undergone differential expression between treatments, t
and t9 (e.g., control and met1-RNAi A. suecica), are

H0: Tt 1 TGtg ¼ Tt9 1 TGt9g

H1: Tt 1 TGtg 6¼ Tt9 1 TGt9g:

A standard t-test statistic is used for this comparison, based
on the normality assumption for the residuals. The false
discovery rate (FDR) (a¼ 0.05) of Benjamini and Hochberg
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(1995) was employed to control multiple testing errors. All
analyses of variance models were fit using standard statistical
packages (SAS, R, and Matlab) (Moser et al. 1988; Ihaka and
Gentleman 1996).

We selected the genes that were differently expressed at a
statistically significant level (FDR, a ¼ 0.05) under both
common variance and per-gene variance. The microarray data
were deposited in GEO (http://www.ncbi.nlm.nih.gov/geo/)
(accession no. GSE9512).

Functional categories of up- and downregulated genes were
classified using ftp://ftp.arabidopsis.org/home/tair/Ontologies/
Gene_Ontology/OLD/ATH_GO_GOSLIM.20070317.txt (TAIR
release on March 17, 2007) and compared using Venn diagrams.
The differentially expressed genes (identities) in met1-RNAi lines
compared to A. suecica control were mapped to oligonucleotide
sequences using Perl scripts. The oligos were mapped to genomic
coordinates using high (red) and low (blue) gradients corre-
sponding to gene densities. Vertical lines above and below the
chromosomes showed up- and downregulation, respectively, and
the length was proportional to the logarithm-fold changes in
differential gene expression.

RT–PCR and SSCP analyses: Approximately 5 mg of total
RNA was treated with DNase I, and first-strand cDNA was
synthesized using reverse transcriptase (RT) Superscript II
(Invitrogen) according to the manufacturer’s recommenda-
tions. An aliquot (1/100) of cDNA was used as a template in
quantitative (or real-time) RT–PCR (qRT–PCR), single-strand
conformation polymorphism (SSCP) (Adams et al. 2003), and
cleaved amplified polymorphism sequence (CAPS) analyses
(Wang et al. 2004). qRT–PCR was performed in an ABI7500
machine (ABI Biosystems, Forest City, CA), using the primers
(supplemental Table 3) and the SYBER green dye method as
previously described (Lee et al. 2004), except that ACT2 was
used as a control to estimate the relative expression levels of
the genes tested. For SSCP analysis, the primers were from A.
thaliana loci and used to amplify both A. thaliana and A. arenosa
loci. The PCR reactions were performed using one cycle of 94�
for 2 min followed by 25–30 cycles of amplification at 94� for 30
sec, 53� for 30 sec, and 72� for 90 sec. The amplified products
were denatured in a loading buffer and resolved in a 0.53
mutation detection enhancement (MDE) gel (SSCP analysis).
The images were captured, and band intensities were quanti-
fied using a Fujifilm Phosphorimager. In brief, a 12% poly-
acrylamide gel is made containing 0.53 TBE, 0.5% of 10%
APS, 0.1% of TEMED, and ddH2O. The gel is allowed to
solidify and is run in 0.53 TBE for the appropriate time
for good separation. We use 200 V for 10 hr running for a 20 3
20-cm gel.

Bisulfite sequencing: Bisulfite sequencing was performed
according to published protocols (Frommer et al. 1992; Cao

et al. 2003) and a protocol that is published online at http://
www.methods.info/Methods/DNA_methylation/Bisulphite_
sequencing.html. Primer sequences are shown in supplemen-
tal Table 4. The percentage of cytosine methylation was
estimated using average ratios of signal peak of C’s to T’s at
the same site in three independent experiments.

RESULTS

Reactivation of transposable elements and hetero-
chromatic genes in met1-RNAi A. suecica lines: To study
the effects of DNA methylation on gene regulation in
allopolyploids, we generated transgenic A. suecica lines
that overexpressed double-stranded met1 (Wang et al.
2004). The expression level of endogenous MET1 was

�5% of the wild type in the met1-RNAi A. suecica plants.
Reduced DNA methylation caused severe growth and
developmental abnormalities, and the severity increased
in selfing progeny. This is probably because hypomethy-
lation induces other changes in the genome as observed
in the selfing progeny of ddm1 mutants (Stokes and
Richards 2002; Stokes et al. 2002). The data suggest that
disruption of met1 expression affects gene regulation and
development in allopolyploids.

We used spotted oligo-gene microarrays (Wang et al.
2005) to detect transcriptome changes in one of the met1-
RNAi A. suecica lines generated (met1-1-RNAi) (Wang

et al. 2004). A total of 197 genes (199 oligo probes) were
expressed statistically significantly different (P # 0.05)
in the met1-RNAi A. suecica plants compared to a control
A. suecica line that was transformed with a GUS reporter
(AsG) (Wang et al. 2004) (supplemental Table 5). Two
loci (At5g32511 and At2g05510) each had duplicate
oligo probes in microarrays. Approximately equal num-
bers of genes were up- and downregulated, indicating
that DNA methylation affects silencing and activation of a
subset of genes through direct effects on specific targets
and indirect effects on downstream genes, respectively.

To determine chromosomal location and distribution
of up- or downregulated genes in the met1-RNAi line, we
mapped 196 genes onto five chromosomes in Arabidop-
sis (Figure 1A). Upregulated genes were clustered toward
centromeric and heterochromatic regions, suggesting
that these regions are generally repressed by DNA meth-
ylation. In contrast, the downregulated genes were evenly
distributed along the chromosomes, indicating that
these genes are probably located in enchromatic regions,
and their expression changes are associated indirectly
with DNA methylation or inversely with changes in DNA
methylation.

We used RT–PCR to validate a subset of genes that
displayed up- and downregulation in met1-RNAi A. suecica
lines. Similar to a previous study (Wang et al. 2006), 18 of
20 genes (90%) tested could be validated by RT–PCR. For
example, a gene encoding transposon related (TPR) was
upregulated, and three genes encoding VSP1, pathogen
related (PAR), and expressed protein (EXP) were re-
pressed (Figure 1B). Two genes encoding transposon
En/spm related (TES) and serine carboxypeptidase (SCP)
that were detected by statistical tests using common
variance but not per-gene variance were also validated
by RT–PCR, suggesting that the number of differentially
expressed genes may be underestimated using both per-
gene and common variances (Wang et al. 2006).

The differentially expressed genes detected in the
met1-RNAi A. suecica lines were classified into 14 catego-
ries according to the GOSlim biological process anno-
tation (TAIR release on March 17, 2007) (Figure 2A).
The observed percentage of the genes that are differen-
tially expressed in the met1-RNA1 lines in all 14 functional
classifications was low, suggesting that DNA methylation
affects a small fraction (�1%) of the genes in A. suecica.
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Compared to the expected percentage of an entire Arabi-
dopsis genome (Figure 2A, dashed line), transposons
and pseudogenes are significantly enriched in differen-
tially expressed genes in met1-RNAi A. suecica (Pearson’s
chi-square test with Yates’ continuity correction, x2 ¼
23.78, d.f. ¼ 1, P ¼ 1.07 3 10�6). Of 197 differentially
expressed genes, 33 (17%) genes are transposons and
pseudogenes, whereas only �7% (1801 of 24,377) of
oligo probes in microarrays represent pseudogenes and
transposable elements. The data indicate that reduced
DNA methylation disrupts the regulation of a subset of
transposons and heterochromatic genes. The propor-
tions of genes in response to abiotic and biotic stresses
were also overrepresented in the met1-RNAi lines (sup-
plemental Table 5) as in the resynthesized allotetraploids
(Wang et al. 2006), suggesting downregulation of MET1
and that polyploidization affects stress-responsive path-

ways. This supports the role of DNA methylation in
defense mechanisms (Yoder and Bestor 1996).

Effects of DNA methylation and allopolyploidization
on gene expression in allotetraploids: Treating resynthe-
sized and natural Arabidopsis allotetraploids with 5-aza-
DC, a chemical inhibitor for DNA methyltransferases,
induces dramatic changes in phenotypes (Madlung

et al. 2002) and reactivation of protein-coding genes
(Lee and Chen 2001), suggesting that DNA methylation
is responsible for reactivation of some genes in the
allotetraploids. It is unknown how changes in gene ex-
pression in the newly formed allotetraploids correlate
with those in reduced methylation lines in natural allo-
tetraploids. One hypothesis is that allopolyploidization
induces DNA methylation changes in the genes that are
repressed in synthetic allopolyploids, and reduced DNA
methylation induces activation of repressed genes in

Figure 1.—(A) Chromosomal distribution of
the 221 genes that were up- or downregulated in
met1-RNAi A. suecica. Colors represent oligonucle-
otide/gene densities along five chromosomes
of A. thaliana from high (red) to low (blue).
Blue-colored regions with gaps are locations of
low gene densities and coincide with centromeres.
Vertical bars represent genes that are up- or down-
regulated, and the length is proportional to the
logarithm-fold changes. The length of chro-
mosomes is shown above chromosome 1. (B)
RT–PCR validation of gene expression changes
detected by microarrays. The colors of hybridiza-
tion signals in two biological replicates are shown
on the left, and the RT–PCR results are shown on
the right. ACT2, action control; control, A. suecica
transgenic plants transformed using a GUS re-
porter; met1-RNAi, A. suecica transgenic plants
that overexpress double-stranded MET1.
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natural allopolyploids. To test this, we compared the
genes that are up- or downregulated in the met1-RNAi
A. suecica line with the genes that are expressed non-
additively (different from the midparent value) in two
independent allotetraploids lineages (Allo733 and
-738). Totals of 1362 and 1469 genes are nonadditively
expressed in Allo733 and -738, respectively (Wang et al.
2006). By comparing the gene lists, we found that 63
genes (Figure 2B) were common in the met1-RNAi line
and one or both allotetraploid lines, suggesting that
expression of these genes is affected by DNA methyla-
tion and interspecific hybridization or allopolyploidiza-
tion (supplemental Table 6). Among them, 34 genes
were common in the met1-RNAi line and both allote-
traploids, and 11 and 18 were detected in the met1-RNAi
line and in allotetraploids, respectively. This relatively
small number of overlapping genes between the two
experiments indicates that DNA methylation affects

a subset of heterochromatic genes and transposons,
whereas interspecific hybridization or allopolyploidiza-
tion affects the majority of protein-coding genes in
various biological pathways (Wang et al. 2006). A few
genes showed opposite changes in Allo733 and allo738.
For example, At2g14580 was downregulated in Allo733
but upregulated in Allo738. The differential gene ex-
pression patterns in independent allopolyploid lines
may give rise to epigenetically associated natural varia-
tion over time (Chen 2007).

If DNA methylation is responsible for gene repression
in diploids (Martienssen and Colot 2001; Richards

and Elgin 2002) as in allotetraploids, the genes should
be downregulated in the new allotetraploids but upre-
gulated in the met1-RNAi A. suecica line. Indeed, 24 of 34
(�70%) genes belonged to this category (supplemental
Table 6). The other 10 genes belonged to three catego-
ries: (1) 6 genes were downregulated in both allotetraploids

Figure 2.—(A) The percentages of the genes
in each functional category that are differentially
expressed in met1-RNAi A. suecica and two resyn-
thesized allotetraploids (Allo733 and -738) (Wang

et al. 2006). The ratios in the y-axis were calcu-
lated using the observed percentage of the genes
that are differentially expressed in each functional
category in a microarray experiment divided by
the expected percentage of all annotated genes
in the Arabidopsis genome. The dashed line
shows the observed percentage of the genes that
are differentially expressed in a microarray exper-
iment (e.g., the met1-RNAi line) equal to that of
the expected genes in the whole genome (100%).
Original microarray data were deposited in GEO
(accession no. GSE9512). (B) Venn diagram show-
ing comparison among the numbers of up- or down-
regulated genes in met1-RNAi A. suecica (blue) and
nonadditively expressed genes in two allotetra-
ploids, Allo733 (red) and Allo738 (green). AsG,
A. suecica transformed with a GUS reporter.
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and the met1-RNAi line, (2) 1 gene was upregulated in
both allotetraploids and the met1-RNAi line, and (3) 2
genes were upregulated in the allotetraploids but down-
regulated in the met1-RNAi line. Moreover, 134 of 197
genes (�68%) that showed expression changes in the
met1-RNAi line did not alter expression in resynthesized
allotetraploids. The data suggest that DNA methylation

plays a role in gene repression in resynthesized allote-
traploids but is not solely responsible for A. thaliana
gene repression in the resynthesized allotetraploids.

Reactivation of A. thaliana genes in met1-RNAi A.
suecica: Gene activation or silencing can occur in one or
both homeologous loci in an allotetraploid. To de-
termine the progenitors’ origin of expression variation
in A. suecica, we analyzed allelic expression patterns of 11
genes that were up- or downregulated in the resynthe-
sized allotetraploids and met1-RNAi A. suecica lines,
using SSCP. Primers for RT–PCR analysis were designed
exclusively in exons of A. thaliana sequences such that
both A. thaliana and A. arenosa genes can be amplified.

The results obtained from RT–PCR (Figure 1B) and
SSCP (Figure 3) analyses confirmed the data obtained
using microarray analysis in both met1-RNAi lines and
resynthesized allotetraploids. Among eight genes exam-
ined (supplemental Table 7), five of six genes that were
upregulated in the met1-RNAi line were derived from A.
thaliana homeologs, whereas two downregulated genes
were associated with A. arenosa homeologs, suggesting
that A. thaliana genes are generally repressed in the
natural allotetraploids and are sensitive to changes in
DNA methylation. An example is shown in Figure 3. The
controls showed that genomic DNA of At1g36470 was
equally amplified in A. thaliana (lane 9), A. arenosa (lane
10), and A. suecica (lane 11) and that ACT2 expression
levels were equal in all lines tested (Figure 3A, right).
Compared to the corresponding genomic loci, the
upregulated alleles of At1g36470 in two met1-RNAi lines
(met1-1 and met-1-12, bottom two arrows) were derived
from A. thaliana origin (Figure 3A, left). Expression of
new alleles (top two arrows) was also detected probably
due to derepression of the alleles in met1-RNAi A. suecica
lines. Similarly, At2g23810 was downregulated in resyn-
thesized allotetraploids and upregulated in met1-RNAi
lines. The downregulated alleles were mainly from an
A. thaliana parent (Figure 3B, solid arrows), whereas
upregulated alleles were of both A. thaliana and A.
arenosa origins (Figure 3B, open arrows).

Hypomethylation-induced reactivation of the genes
and transposable elements in met1-RNAi A. suecica: To
test if loss of DNA methylation is associated with gene
activation in allopolyploids, we analyzed DNA methyla-
tion changes in reactivated genes and transponsons us-
ing DNA blot analysis. HpaII and MspI are isoschizomers
that have the same recognition site (59-CCGG-39) but
different digestibility due to DNA methylation. MspI
does not cut if external cytosine is methylated, whereas
HpaII fails to cut if internal cytosine is methylated and
cuts poorly if external cytosine is methylated (Mann and
Smith 1977).

The genes encoding a serine carboxypeptidase gene
(SCP, At5g36180) family member and two CACTA-like
transposase (En/Spm) family members (At4g08010 and
At1g44070) were upregulated 30-, 12-, and 9-fold, respec-
tively (supplemental Table 5). In the met1-RNAi lines, all

Figure 3.—Parental origins of the up- or downregulated
genes in met1-RNAi A. suecica. (A) SSCP analysis of At1g36470
encoding a Tnp2/En/Spm CACTA-element that is located
close to the centromeric region. The RT–PCR SSCP products
of At1g36470 are shown on the left, and genomic amplification
and RT–PCR SSCP results of ACT2 are shown on the right. The
cDNA samples are A. thaliana diploid (At2, lanes 1 and 12),
A. thaliana autotetraploid (At4, lanes 2, 9, and 13), A. arenosa
(Aa, lanes 3, 10, and 14), an equal mixture of At4 and Aa (lanes
4 and 15), A. suecica (lanes 5 and 16), A. suecica 9502-GUS (lanes
6, 11, and 16), met1-1-RNAi A. suecica (lanes 7 and 18), and met1-
12 RNAi A. suecica (lanes 8 and 19). Arrows indicate A. thaliana
origin of cDNA fragments. Molecular size markers are shown
in the first lane. (B) RT–PCR and SSCP analyses of At2g23810
that encodes a putative senescence-associated family protein.
Solid and open arrows indicate the origins of cDNA fragments
from A. thaliana and A. arenosa, respectively.
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three genes were cut by HpaII, whereas they were un-
digested by HpaII in A. thaliana diploid (2x) and tetra-
ploid (4x), A. arenosa, and A. suecica control (lanes 6–9)
(Figure 4A, At4g08010, and data not shown). Multiple
fragments detected indicate multiple copies of this locus
(At4g08010) in the genome. The data suggest that reac-
tivation of these three genes is associated with reduced
CG methylation. No differences were detected among
MspI-digested patterns in these genes, suggesting that
MET1 affects mainly the CG methylation in allotetra-
ploids as in diploids.

To test whether activation of transposons induces
their mobility, we performed genomic DNA blot analysis
using EcoRI (G/AATTC) and NdeI (CA/TATG) that are in-
sensitive to CG methylation for digestion (McClelland

et al. 1994). Two new fragments were detected in both
met1-1 and met1-12 lines (Figure 4A, arrows) but not in
the A. suecica control, A. arenosa, and A. thaliana diploid
or autotetraploid lines (Figure 4A, right), suggesting
that reduced CG methylation induces activation and
mobility of CACTA-like transposons in met1-RNAi A.
suecica lines. On the basis of the restriction map, the
small fragment corresponded to the EcoRI–NdeI frag-
ment, whereas the large fragment may be due to the NdeI
or the EcoRI site that is present in A. suecica but not in
A. thaliana (Ler) or from another locus.

Approximately 50% of the genes that display expres-
sion changes in the met1-RNAi line were downregulated,
which is contrary to a general correlation between re-
duced DNA methylation and increased gene expression
(Cao et al. 2000; Cao and Jacobsen 2002). To determine
how reduced DNA methylation represses gene expression,
we analyzed At5g25610, a gene encoding a dehydration-
responsive protein RD22 precursor, that was downregu-
lated in met1-RNAi A. suecica lines. The intensity of a
promoter fragment increased in HpaII-digested geno-
mic DNA located in the 59 promoter region of the gene
in met1-RNAi lines (Figure 4B). A relatively low level of
methylation was also detected in the control plants
(AsGUS) and new allotetraploids (F1 and F2), suggest-
ing sensitivity of this site to the changes in DNA meth-
ylation and polyploidization. MET1 primarily reduces
CG methylation. Increase in DNA methylation is likely
caused by an effect that is indirectly associated with a
met1 defect. The increase in DNA methylation in the
promoter region is probably associated with the down-
regulation of this gene in an overall demethylation
genetic background, which is reminiscent of another
observation that dense methylation is present around
the transcription start site and within the coding region
of the SUPERMAN (SUP) gene in A. thaliana that over-
expresses antisense MET1 (Kishimoto et al. 2001). In
natural and met1-RNAi A. suecica (9502) lines, the HpaII
site is heavily methylated. CG methylation of this site is
either undetectable in A. thaliana diploid, tetraploid,
and resynthesized allotetraploid (At2, At4, and allote-
traploids F1) lines or at a very low level in the early

generation of allotetraploid (F2) lines. The data suggest
a gain of DNA methylation at some specific sites during
allopolyploid formation and evolution. Alternatively,
some downregulated genes may be caused indirectly by
decrease in DNA methylation. For example, derepres-
sion of a transcription repressor may induce downregu-
lation of many genes in the hypomethylation genetic
background. Low hybridization signals detected in A.
arenosa (Figure 4B, lanes 3 and 11) are probably due to
sequence divergence because an A. thaliana DNA probe
was used (Figure 4B).

Upregulation of A. thaliana homeologous genes and
decrease of DNA methylation in the A. thaliana pro-
moters: Both the density and the specific sites of DNA
methylation can affect gene regulation. To further dis-
sect the effects of DNA methylation on gene activation,
we analyzed promoter methylation of At2g23810 and
At2g38470 that were activated and repressed, respec-
tively, in the met1-RNAi lines using the bisulfite sequenc-
ing method (Frommer et al. 1992; Jacobsen et al. 2000).
This method allows a precise analysis of methylation in a
specific region by converting all unmethylated cytosines
into uracils, whereas methylated cytosines remain un-
changed. Thus, the methylated and unmethylated cy-
tosines can be distinguished after sequencing. After
bisulfite reactions, we directly sequenced PCR ampli-
cons to determine the degree of methylation in the
amplicon population.

We amplified �500-bp fragments upstream of the
ATG codon for promoter methylation analysis. Primers
were designed from A. thaliana promoter sequences,
and A. arenosa promoter fragments may not be ampli-
fied because of sequence divergence. We analyzed
cytosine methylation changes in met1-RNAi lines, resyn-
thesized and natural allotetraploids, and A. thaliana lines.
At2g23810 encodes a putative senescence-associated
protein (SAP1). SAP1 was expressed at high levels in
A. thaliana and repressed in resynthesized allotetra-
ploids (F5) (Wang et al. 2006), and silenced in natural
allotetraploid A. suecica. Silencing of this gene corre-
lated with hypermethylation of both CG and non-CG
sites predominately from �350 to �430 bp and from
�450 to �480 bp (Figure 5E). In met1-RNAi A. suecica
lines, the overall methylation levels in both CG and non-
CG sites were dramatically reduced (Figure 5F), and
SAP1 was reactivated (supplemental Table 6). Interest-
ingly, non-CG methylation occurred at only one site
(CC, position �450) in A. thaliana diploids and autote-
traploids, and �5% of the cytosines in this site were
methylated (Figure 5, A and B). The methylation levels
of this site increased to �80% in the fifth generation of
resynthesized allotetraploids (Figure 5D), which may
lead to the repression of this gene. In addition, two
other sites (�420 and �350) were methylated at low
levels in the second generation of resynthesized allote-
traploids (Figure 3C). These sites coincided with two
methylation peaks observed in A. suecica (Figure 5E,
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dashed lines). In met1-RNAi lines, non-CG methylation
at position �450 remained, compared to other sites,
suggesting an important role of this site for methylation
initiation and spreading. This does not exclude a possi-
bility for the role of A. arenosa SAP1 in DNA methylation
and expression variation.

At2g38470 that encodes a putative WRKY family
transcription factor was downregulated in the met1-
RNAi line. The cytosine methylation levels in the pro-
moter region of this gene were consistent in all lines
examined (data not shown), suggesting that met1
defects and allopolyploidy do not alter its methylation
and expression patterns.

Roles of RNA interference in maintaining differential
methylation patterns of A. thaliana and A. arenosa
centromeres in met1-RNAi A. suecica: Preferential activa-
tion of A. thaliana genes in met1-RNAi lines and DNA
methylation changes in resynthesized allotetraploids let
us hypothesize that the homeologous genomes in natural
allotetraploids have different sensitivities to the pertur-
bation of DNA methylation. Centromeres in Arabidopsis
are heavily methylated and packed as facultative hetero-
chromatin (Fransz et al. 2000). To study demethylation
effects on centromeres, we analyzed methylation changes
in centromeres in met1-RNAi lines using A. thaliana and
A. arenosa centromere-specific probes (Comai et al. 2003).

Figure 4.—DNA methylation changes in the
En/Spm-like transposon (At4g08010) and the
RD22-like gene (At5g25610) and transposon mo-
bility in met1-1 A. suecica. Left: At4g08010 encod-
ing a transposon En/Spm-like (TES) displayed
reduced DNA methylation in met1 A. suecica lines.
Multiple bands detected suggest multiple copies
of this element. A diagram of DNA fragments is
shown at the top. Open boxes and solid lines in-
dicate coding and noncoding regions, respec-
tively. The upstream promoter region is located
toward the centromere. The location of DNA
probes used in the DNA blot analysis is shown be-
low the diagram. DNA samples are met1-1-I RNAi
(lanes 1 and 9), met1-1-II RNAi (lanes 2 and 10),
met1-12-I (lanes 3 and 11), met1-12-II (lanes 4 and
12), A. suecica 9502-GUS (AsG, lanes 5 and 13), A.
thaliana diploid (At2, lanes 6 and 14), A. thaliana
autotetraploid (At4, lanes 7 and 15), and A. are-
nosa (Aa, lanes 8 and 16). N, NdeI; E, EcoRI; H/
M, HpaII/MspI. Molecular size markers are shown
in the leftmost lane. Right: mobility of TES in
met1-RNAi transgenic lines. Arrows indicate new
TES fragments detected. (B) Increased methyla-
tion occurs in the 59 region of a downregulated
gene At5g25610 (encoding dehydration-responsive
protein, RD22) in met1 lines. The upstream pro-
moter region is located toward the centromere.
Allo(F1) and Allo(F2) indicate allotetraploids in
the first and second generations, respectively.
The labels of all other materials are the same
as in A. Arrows indicate an enhanced level of
DNA methylation (approximately threefold in-
crease related to the control in lane 4 using the
common bands in individual lanes at the bottom
of the gel as loading controls).
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A. thaliana and A. arenosa share �60% nucleotide se-
quence identity in centromeric satellite repeats. The
DNA blot was hybridized with an A. thaliana centromeric
probe (Figure 6, A and B). After stripping off the probe,
the blot was rehybridized with an A. arenosa centromeric
probe (Figure 6B). In the met1-RNAi A. suecica lines, cen-
tromeric repeats from both A. thaliana and A. arenosa
were demethylated, and A. arenosa centromeres were less
methylated than A. thaliana centromeres. Moreover, A.
arenosa centromeres were moderately demethylated in
natural A. suecica (HpaII-AsG, Figure 6C), suggesting that
polyploidization or interspecific hybridization plays a role
in differential DNA methylation of homeologous centro-
meres during evolution.

Centromeric heterochromatin is established and
maintained by siRNAs (Bender 2001; Lippman and
Martienssen 2004). However, it is unknown whether
differential centromeric methylation in the allopolyploids
is associated with progenitors’ centromeric siRNAs. In the
met1-1 and -12-RNAi A. suecica lines, we detected sense
centromeric siRNAs (24–26 nt) in A. thaliana and A.
arenosa centromeres (lanes 8 and 9 in Figure 6, D and E,
respectively) but not in other lines, suggesting a role of

demethylation in siRNA accumulation. Using U6 RNA as a
loading control (Figure 6G), we found that A. thaliana
centromeric siRNAs accumulated�10 times more than A.
arenosa centromeric siRNAs in both met1-RNAi A. suecica
lines. This may explain the high level of A. thaliana
centromeric DNA methylation in the met1-RNAi lines that
is generated by RNA-directed DNA methylation (RdDM)
(Hamilton et al. 2002). In contrast, A. arenosa centro-
meres accumulated a small amount of siRNAs, which is
associated with a relatively low level of DNA methylation.
Similar results were obtained using sense and antisense
probes derived from the left and right ends ofcentromeric
repeats (data not shown), suggesting that the entire
centromeric repeats are transcribed in both orientations.
In addition to processed 24- to 26-nt siRNAs, additional
transcripts of�80,�100, and�150 nt in size detected in
both met1-1 and met1-12-RNAi A. suecica lines (Figure 6F)
were likely the processing intermediates derived from
centromeric RNA. Similar intermediates were observed in
tomato when potato spindle tuber viroid (PSTVd) RNA
was expressed (Denti et al. 2004). Transcripts of 160 nt in
size matched the length of individual centromeric repeats
that may serve as the original trigger for RNA interference
and RNA-directed DNA methylation pathways (Lippman

and Martienssen 2004; Matzke and Birchler 2005).

DISCUSSION

Effects of DNA methylation and allopolyploidy on
changes in gene expression: Although rapid and
dynamic changes in genome organization and gene
expression in allopolyploids have been documented,
mechanisms for gene regulation in allopolyploids re-
main poorly understood (Osborn et al. 2003; Chen

2007). Gene expression in allopolyploids may be medi-
ated by dosage-dependent regulation, regulatory inter-
actions, rapid genomic changes including elimination
or rearrangement of homeologous DNA fragments,
and/or epigenetic alterations such as histone modifica-
tion, DNA methylation, and RNA-mediated pathways
(Song et al. 1995; Pikaard 2000; Shaked et al. 2001;
Levy and Feldman 2002; Osborn et al. 2003; Adams

and Wendel 2005; Chen 2007). One hypothesis sug-
gests that epigenetic regulation of duplicate genes and
genomes in allopolyploids may contribute to flexibility
in expressing homeologous genes to improve fitness.
Indeed, stochastic and rapid changes in gene expres-
sion are observed in newly synthesized Arabidopsis
allotetraploids (Wang et al. 2004). Some changes in
gene expression at early generations can be maintained
during evolution as the same expression patterns are
detected in natural allotetraploids, suggesting similar
mechanisms for gene activation and silencing in early
stages and during evolution of allopolyploids.

Our data suggest that allopolyploidy and DNA meth-
ylation may have distinct and some overlapping effects
on gene regulation in allopolyploid genomes. In the

Figure 5.—Site-specific non-CG methylation spreading
within the promoter region of A. thaliana SAP (At2g23810)
in allotetraploids. Bisufite sequencing analysis of DNA methyl-
ation in a promoter fragment is shown (positions�150 to�479
from the transcription start site). The percentage of DNA meth-
ylation (y-axis) is shown as average C/Tratios in three indepen-
dent experiments. (A) A. thaliana diploid. (B) A. thaliana
autotetraploid. (C) Allotetraploid in the second generation
(F2). (D) Allotetraploid in the fifth generation (F5). (E) A. sue-
cica GUS. (F) met1-1-RNAi A. suecica. Arrows indicate the site-
specific non-CG methylation (CC). Circles in E and F indicate
CG or GC methylation sites that are shown in E, and dashed
lines in E show methylation peaks.
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resynthesized allopolyploids, �1400 genes in various
biological pathways and regulatory networks displayed
expression changes, whereas only�200 genes including
many transposons and repetitive elements are affected
by reduced DNA methylation in met1-RNAi A. suecica
lines. Both demethylation and allopolyploidization affect

a large number of stress-related genes, suggesting a
common mechanism for defense responses (Ha et al.
2007; Yoder et al. 1997). A small number of transpos-
able elements showed expression changes in resynthe-
sized allotetraploids, suggesting that many transposons
after ‘‘genomic shock’’ (McClintock 1984) are ‘‘settled

Figure 6.—Preferential DNA methylation and
siRNA accumulation in A. thaliana centromeres
over A. arenosa centromeres in allotetraploids.
(A) Diagram of probes used for DNA and RNA
blot analyses. Full-length repeats of A. thaliana
(At, 1) and A. arenosa (Aa, 8) were used for
DNA blot analysis. Three pairs of antisense and
sense DNA oligo probes (�20 bp) are shown,
and the numbers with an asterisk indicate the se-
quences derived from A. arenosa. (B) A. thaliana
centromeric DNA is heavily methylated in met1-
RNAi A. suecica lines. Low hybridization signals
detected in lane ‘‘Aa’’ suggest the DNA probe is
specific to A. thaliana centromeres. The lines
are A. thaliana 2x (At2), A. thaliana 4x (At4), A.
arenosa (Aa), A. suecica-GUS (AsG), and met1-1
and met1-12-RNAi A. suecica lines. (C) DNA blot
analysis showing hypomethylation of A. arenosa
centromeres in met1-RNAi A. suecica lines. Low hy-
bridization signals in lanes ‘‘At2’’ and ‘‘At4’’ sug-
gest the DNA probe is specific to the A. arenosa
centromere. (D) High accumulation levels of
small RNAs derived from A. thaliana centromeres
in met1-RNAi A. suecica lines. The small RNA blot
was hybridized with an antisense A. thaliana cen-
tromeric probe (3). The RNA materials are At2
(lane 1), At4 (lane 2), Aa (lane 3), AsG (lane
4), allotetraploid F1 (lane 5), allotetraploid (F2)
(lane 6), allotetraploid F5 (lane 7), met1-1-RNAi
A. suecica (lane 8), and met1-12-RNAi A. suecica
(lane 9). RNA size markers are shown in lane
‘‘M,’’ and the sizes of small RNAs are indicated
in the right. (E) Low accumulation levels of small
RNAs derived from A. arenosa centromeres in
met1-RNAi A. suecica. The same blot was stripped
off the probe and rehybridized with an antisense
A. arenosa centromeric probe (3*). (F) Accumula-
tion of antisense small RNAs derived from the A.
thaliana centromere in met1-RNAi A. suecica. The
same blot was used except that a sense A. thaliana
centromeric probe (6) was used for hybridiza-
tion. (G) The small RNA blot was hybridized with
an antisense U6 probe.
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down’’ during selfing. Consistent with this notion, many
transposons and heterochromatic genes are repressed
in natural allotetraploids. Disruption of DNA meth-
ylation in natural A. suecica lines releases chromatin
constraints and consequently reactivates these hetero-
chromatic genes. Notably, the majority of reactivated
genes in met1-RNAi A. suecica lines are derived from an
A. thaliana parent, which is reminiscent of genomewide
transcriptome repression in which many genes that are
expressed at high levels in A. thaliana are repressed in
resynthesized allotetraploids (Wang et al. 2006). The
data suggest that allopolyploidization induces homeol-
ogous genome-specific changes in DNA methylation
and gene expression. Although changes in A. arenosa
genomes are relatively unknown, the A. thaliana home-
ologous genome tends to be suppressed in the resyn-
thesized allotetraploids. Repression of transposons and
centromeric repeats are subjected to stable modifica-
tions including DNA methylation in natural A. suecica.
Bisulfite sequencing analysis reveals that reactivation of
A. thaliana-specific transcripts correlates with hypome-
thylation of A. thaliana-specific promoter in met1-RNAi
A. suecica lines (Figure 5).

A role of DNA methylation in epigenetic silencing of
homeologous genes: Cytosine methylation is involved
in epigenetic phenomena such as imprinting and X-
inactivation as well as in dynamic responses to environ-
mental cues and developmental programs (Bird 1992;
Richards and Elgin 2002). In Arabidopsis and Brassica
allotetraploids, DNA methylation is involved in the main-
tenance of silenced homeologous rRNA loci and protein-
coding genes (Chen and Pikaard 1997; Lee and Chen

2001; Lawrence et al. 2004; Wang et al. 2004). We de-
monstrated that downregulation of met1 induces the ex-
pression of a subset of transposons, repetitive elements,
and protein-coding genes. Compared to the control,
�50% of 197 genes were either up- or downregulated in
met1-RNAi A. suecica. Several upregulated genes studied
are associated with the loss of methylation in the pro-
moter regions, whereas a few downregulated genes ex-
amined are correlated with increased levels of DNA
methylation or unrelated to methylation changes, sug-
gesting an indirect effect. The data are consistent with
the genomewide methylation analysis in A. thaliana
diploid. DNA methylation may not directly affect gene
transcription, but loss of methylation in promoters
(Zhang et al. 2006) or gene body (Zilberman et al.
2007) leads to enhanced transcription.

Increase in DNA methylation in a genetic back-
ground with an overall reduced level of DNA methyla-
tion is likely associated with locus-specific modifications.
Alternatively, cytosine methylation including de novo CG
and non-CG may not be affected because other genes
including DOMAINS REARRANGED METHYLTRANS-
FERASES (DRMs) (Cao et al. 2000; Cao and Jacobsen

2002), CHROMOMETHYLASE3 (CMT3) (Bartee et al.
2001; Lindroth et al. 2001; Tompa et al. 2002), and

DDM1 (Vongs et al. 1993) remain functional in the met1-
RNAi A. suecica lines. Although both met1- and ddm1-
RNAi A. suecica plants display similar levels of siRNA
accumulation in centromeres (data not shown), met1-
RNAi lines had severer developmental defects than
ddm1-RNAi lines (Wang et al. 2004), suggesting that
other changes in these A. suecica transgenic plants are
yet to be discovered.

Some silenced genes are not reactivated in the A.
suecica lines overexpressing the double-stranded meth-
yltransferase 1 (MET1) gene (Wang et al. 2004), im-
plying that other mechanisms independent of DNA
methylation are responsible for silencing homeologous
genes in allopolyploids (Chen and Ni 2006; Chen

2007). Alternatively, non-CG methylation may be im-
portant to gene silencing (Martienssen and Colot

2001; Jackson et al. 2002) because MET1 is essential for
the maintenance of methylation in symmetrical CG
dinucleotides in A. thaliana (Finnegan and Kovac

2000). It is also likely that RNAi does not completely
knock out MET1 expression such that residual methyl-
ation remains in the genome. MET1 may also contribute
to de novo CG methylation in the presence of RNA signal
(Aufsatz et al. 2004) and in the maintenance of CG
methylation after removal of the RNA signals ( Jones

et al. 2001). Loss-of-function Arabidopsis mutants (met1-
1�4) display severe reduction in CG methylation and
moderate loss of non-CG methylation in the genome
(Kankel et al. 2003; Saze et al. 2003). In the plants that
possess a single mutation of either met1 or cmt3, tran-
scription and mobility levels of transposons were relatively
low. In met1 and cmt3 double mutants, high frequencies
of transposition can be detected (Kato et al. 2003),
indicating MET1 and CMT3 are partially redundant in
gene function.

In the allopolyploids, downregulation of MET1 leads
to an overall reduction of CG methylation and increased
levels of transcription in SCP repetitive gene family and
En/Spm transposons and centromeric repeats, suggest-
ing a causal link between CG methylation maintained
by MET1 and transposon repression. Moreover, an in-
creased level of CG methylation is found at the 59-
transcriptional region of a RD22 gene family member,
corresponding to the suppression of this gene in the
met1-RNAi plants. Both En/Spm transposons are capa-
ble of transposition in the homeologous genomes,
which is in contrast to immobility of CACTA elements
in spite of accumulated transcripts in the A. thaliana
lines that overexpress antisense MET1 (Lippman et al.
2003). This may suggest different effects of met1 defects on
transposon activities in diploid and tetraploid transgenic
plants. However, we do not know whether A. thaliana
En/Spm elements can move into A. arenosa chromo-
somes in the allotetraploids.

Differential DNA methylation and homeologous-
specific regulation of centromeres and other loci in
Allopolyploids: The differential DNA methylation pat-
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terns in A. thaliana and A. arenosa centromeres detected
in met1-RNAi A. suecica lines suggest that centromeric
repeats are modified differently from other genes and
heterochromatic regions in the allotetraploids. Modest
demethylation levels detected in the A. arenosa centro-
meres in wild-type A. suecica strains indicate that repres-
sive chromatin constraints were leaky during polyploid
formation and evolution. This may be associated with
relatively recent events in the formation of natural allo-
polyploids (Jakobsson et al. 2006). The levels of cen-
tromeric sensitivity to perturbation in DNA methylation
may increase over generational time and hence disrupt
normal patterns of meiosis and/or gametogenesis as
previously observed (Comai et al. 2003), which leads to
the increased severity of phenotypic effects in met1-RNAi
A. suecica plants. Moreover, increased mobility of trans-
posable elements and disruption of imprinting patterns
may induce abnormal embryo development and a high
rate of mortality in the sefling progeny in met1-RNAi
lines (Grini et al. 2002; Xiao et al. 2003; Berger 2004).

Changes in DNA methylation have been observed in
allopolyploids in Arabidopsis (Madlung et al. 2002),
wheat (Shaked et al. 2001), cotton (Salmon et al. 2005),
and Brassica (Gaeta et al. 2007) and in interspecific
hybrids in marsupials (O’Neill et al. 1998), although
global methylation changes in eutherian hybrids are
debatable (Roemer et al. 1999). Reduction in DNA
methylation may result in activation of transposons and
other genes in interspecific hybrids or allopolyploids
(Lee and Chen 2001; Madlung et al. 2002). Activation
of retrotransposons may also affect expression of neigh-
boring genes via antisense or sense transcripts as ob-
served in wheat hybrids (Kashkush et al. 2003).

The different levels of centromere demethylation in A.
thaliana and A. arenosa are associated with siRNAs pref-
erentially accumulated in one genome (e.g., A. thaliana),
which correlated with RdDM for transcriptional si-
lencing of the heterochromatic region (Bender 2001;
Lippman and Martienssen 2004). In met1 A. thaliana
mutants, transcriptional gene silencing (TGS) cannot
be established by siRNA signal through the RdDM
pathway (Jones et al. 2001; Aufsatz et al. 2004). In the
allotetraploids, RdRp may convert A. thaliana- or A.
arenosa-specific transcripts from heterochromatic DNA
into a double-stranded form that serves as the precursor
of siRNA formation (Hamilton et al. 2002). Bidirec-
tional transcription from heterochromatin is detectable
in met1 and ddm1 mutants in Arabidopsis (Lippman et al.
2003; Lippman and Martienssen 2004) and in met1-
RNAi A. suecica lines, arguing that transcription from
both the sense and the antisense strand may be the
source of dsRNA production. Moreover, readthrough
transcription of inverted repeats may account for the
occurrence of dsRNA from heterochromatin (Sijen

et al. 2007). The production of dsRNAs from A. thaliana
and A. arenosa centromeric regions may be differentially
regulated in the allotetraploids, which leads to different

levels of methylation accumulation in centromeric re-
gions in the wild-type A. suecica and in the A. suecica
transgenic lines in which MET1 is downregulated.

In Drosophila virilis, endogenous siRNAs are derived
from the transposon Penelope in both males and females
but only maternally loaded in embryos, which may sug-
gest maternal transmission of Penelope siRNA in the
repression of transposition (Blumenstiel and Hartl

2005). A. thaliana homeologous-specific changes in DNA
methylation and small RNA accumulation in allopoly-
ploids may be similar to the maternal repression of
transposons because A. thaliana is used as a maternal
parent in production of allotetraploids (Comai et al.
2000; Wang et al. 2004). We failed to produce interspe-
cific hybrids or allotetraploids using A. arenosa as the
maternal parent, which is reminiscent of hybrid dysgen-
esis in Drosophila (Engels and Preston 1979; Kidwell

1981; Bingham et al. 1982) and Peromyscus (Vrana et al.
2000). It is unknown how similar siRNAs in the same
allotetraploid cells would lead to homeologous genome-
specific methylation patterns. One possibility is that en-
tire centromeric repeats are transcribed and processed
into siRNAs (24–26 nt), which couple with the RNA-
dependent DNA methylation pathways (Hamilton et al.
2002). Indeed, we found that probes derived from
anywhere within the centromeric repeats detected a
consistent amount of siRNA transcripts in A. thaliana or
A. arenosa centromeres in the allotetraploids (data not
shown). The level of sequence divergence between A.
thaliana and A. arenosa centromeres (�40%) may deter-
mine the specificity of RdDM pathways for two homeol-
ogous genomes in allotetraploids. Our data also suggest
that centromeric DNA methylation levels are directly
correlated with siRNA accumulation levels, supporting
the model of RNA interference and heterochromatin
maintenance (Lippman and Martienssen 2004).

In addition to homeologous-specific centromeric
DNA methylation, methylation of some homeologous
loci (e.g., At2g23810) is correlated with gene repression
in Arabidopsis resynthesized and natural allotetra-
ploids. It will be interesting to investigate whether and
how siRNAs affect the initiation and maintenance of
DNA methylation and transcript accumulation of ho-
meologous loci and centromeres in resynthesized and
natural allopolyploids.
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