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ABSTRACT

Polyploidization is an abrupt speciation mechanism for eukaryotes and is especially common in plants.
However, little is known about patterns and mechanisms of gene regulation during early stages of polyploid
formation. Here we analyzed differential expression patterns of the progenitors’ genes among successive
selfing generations and independent lineages. The synthetic Arabidopsis allotetraploid lines were produced
by a genetic cross between A. thaliana and A. arenosa autotetraploids. We found that some progenitors’
genes are differentially expressed in early generations, whereas other genes are silenced in late generations
or among different siblings within a selfing generation, suggesting that the silencing of progenitors’ genes
is rapidly and/or stochastically established. Moreover, a subset of genes is affected in autotetraploid and
multiple independent allotetraploid lines and in A. suecica, a natural allotetraploid derived from A. thaliana
and A. arenosa, indicating locus-specific susceptibility to ploidy-dependent gene regulation. The role of
DNA methylation in silencing progenitors’ genes is tested in DNA-hypomethylation transgenic lines of A.
suecica using RNA interference (RNAi). Two silenced genes are reactivated in both ddmI- and metI-RNAi
lines, consistent with the demethylation of centromeric repeats and gene-specific regions in the genome.
A rapid and stochastic process of differential gene expression is reinforced by epigenetic regulation during

polyploid formation and evolution.

VER 70% of flowering plants are polyploids and
many model organisms, including Arabidopsis and
maize, are of polyploid origin (LEwIs 1980; MASTERSON
1994; LErrcH and BENNETT 1997; ARABIDOPSIS GENOME
INtTIATIVE 2000; GAUT 2001). Ancestral genome dupli-
cation is also observed in yeast, Caenorhabditis elegans,
and Drosophila, which contains ~30-45% of the dupli-
cate genes (OHNO 1970; WoLFE and SHIELDS 1997;
RUBIN et al. 2000; McLYSAGHT et al. 2002; LANGKJAER
et al. 2003). Whole-genome duplication results in auto-
polyploidy (duplication of a diploid genome) or allopoly-
ploidy (combination of two or more divergent genomes).
In animals interspecific hybrids are sterile (CLARKE
1984; O’NEILL et al. 1998; VRANA et al. 2000) and no
general mechanism is available to produce disomic poly-
ploids (Orr 1990). In plants allopolyploids can be formed
via chromosome doubling of interspecific hybrids or
fertilization of unreduced gametes (GRANT 1981; THOMP-
soN and LUMARET 1992). Many important crops such
as wheat, cotton, and canola are allopolyploids (HEYNE
1987; HiLu 1993; MasTERSON 1994). Thus, polyploid
formation is a major evolutionary feature in many plant
(GrRANT 1981; MasTERSON 1994; OTTO and WHITTON
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2000) and some animal (Bocart 1980; ScHuLTZ 1980;
Becak and Becak 1998) species.

The evolutionary success of allopolyploid plants is
thought to be associated with changes in genome orga-
nization and gene expression (SOLTIs and SoLtis 1995;
WENDEL 2000; Liu and WENDEL 2002; OSBORN et al.
2003). The combination of two genomes may create
interactions that give rise to novel gene expression. As
a result, polyploid species often display new traits and
genetic variability (LEwis 1980; LEviN 1983; RAMSEY
and ScHEMSKE 1998). The heterozygosity and hybrid
vigor resulting from the combination of two different
genomes is maintained in self-pollinating allopolyploids.
Furthermore, additional set(s) of genomes may free
some genes from the pressure of natural selection and
allow them to develop separate functions (FERris and
WHITT 1976; BAILEY et al. 1978). Indeed, some genes
originating from different progenitors are expressed in
specific tissues or at different developmental stages, as
demonstrated in cotton (Apawms et al. 2003).

Arabidopsis is an attractive model system to elucidate
fundamental biological processes associated with evolu-
tionary consequences and molecular mechanisms of
polyploid formation. The Arabidopsis genome is se-
quenced (ARABIDOPSIS GENOME INTTIATIVE 2000), and
powerful reverse and forward genetics are available. New
polyploids are easily created and propagated (COMATI et
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al. 2000; BUSHELL et al. 2003; CHEN et al. 2004). More-
over, duplicate genes can be silenced in Arabidopsis
polyploids using the RNA interference (RNAi) approach
(WATERHOUSE et al. 2001; LAWRENCE and PIKAARD
2003), providing valuable resources to elucidate mecha-
nisms for establishing and maintaining the expression
status of the progenitors’ genes in polyploids.

Rapid changes in genome structure and gene expres-
sion have been documented in a variety of polyploid
plants, including Arabidopsis, Brassica, cotton, and wheat
(Comat et al. 2000; WENDEL 2000; LEE and CHEN 2001;
KasukusH et al. 2002, 2003; MADLUNG et al. 2002; AbAMS
et al. 2003; HE et al. 2003; OsBORN et al. 2003), of which
many are not caused by genetic mutations. However,
little is known about when and how the differential
expression patterns of progenitor genes are established,
because natural accessions of polyploids are presumably
old and “established” and the exact progenitors are
often unknown, except for a few newly formed polyploid
species such as Tragopogon (Coox and Sovrtis 1999;
Sovtis and Sortis 1999) and Spartina anglica (Ray-
BOULD el al. 1991). In this study, we compared and
analyzed gene expression patterns in both natural and
newly formed Arabidopsis allotetraploid lines. We de-
signed a series of experiments to determine: (1) when
the differential expression patterns are established in
subsequent selfing generations after polyploid forma-
tion; (2) whether the same set of genes is silenced within
a lineage or among different lineages of the new allo-
polyploids; and (3) how the silenced genes are main-
tained. We analyzed and compared gene expression
patterns in synthetic allotetraplods in several successive
generations and across several independent lines de-
rived from the same parents. Silencing of selected genes
occurred independently in different lines, suggesting
that certain loci may intrinsically be more susceptible
to epigenetic modifications. Remarkably, independent
silencing was observed in the natural Arabidopsis suecica,
whose progenitors, while clearly the same species, were
unlikely to be genotypically related to the parents of
the synthetic allotetraploids. The epigenetic nature of
the silencing was indicated by the reactivation of these
genes concurrent with RNAi inhibition of either MET
or DDMI. Taken together, these results suggest that a
subset of genes is susceptible to epigenetic remodeling
induced by allopolyploidization.

MATERIALS AND METHODS

Plant material: The synthetic A. suecicalines were produced
by pollinating an autotetraploid A. thaliana [Landsberg erecta
(Ler), spontaneously tetraploidized during tissue culturing,
accession no. CS3900 in the Arabidopsis Biological Resource
Center (ABRC); 2n = 4x = 20], with autotetraploid A. arenosa
(accession no. 3901; 2n = 4x = 32), as previously described
(CHEN et al. 1998; CoMAT et al. 2000). One of the four indepen-
dent allotetraploid lines (605A or Allo745) was selfed for two
generations (52-S3) and then crossed with the natural A.
suecica (pollen donor), which resulted in increased seed yield.

Allo745 and the other three lines (Allo733, -738, and -747)
were selfed continuously to generation S5. The accession num-
ber of the natural A. suecica used is 94-10-085-10 from Finland
(O’KANE et al. 1995) and available from the ABRC (accession
no. CS22505). Seeds harvested from Allo745 of F—F, genera-
tions were germinated on Murashige/Skoog medium (Sigma,
St. Louis), and plants were grown in a growth chamber (24°/
20° day/night and 16 hr of light/day). Seedlings at 3-4 weeks
old were subjected to DNA and RNA analyses. Two sets of
amplified fragment length polymorphism (AFLP)-cDNA dis-
plays were performed: the first set involved RNAs prepared
from Allo745 in four generations (S2-S5); the second set
involved RNAs prepared from Allo733, -738, -745, and -747,
all in generation S5. For AFLP-cDNA display and RT-PCR
analyses, leaves collected from 10 to 15 plants were pooled for
RNA extraction, except for the RT-PCR analysis in individual
plants in which each plant was randomly selected in genera-
tion S5 (Allo745).

Alllines including diploid and tetraploid lines of A. thaliana,
as well as plants of A. arenosa, and A. suecica, were grown as
described (MADLUNG et al. 2002). The AFLP-cDNA display
was performed as previously described (LEE and CHEN 2001;
MADLUNG et al. 2002). After amplification, the products were
resolved in a 6% polyacrylamide gel as previously described
(CHEN and P1kaArRD 1997a). For each primer pair, at least
two independent reactions using the same RNA samples were
performed to ensure reproducibility. The ¢cDNA fragments
that displayed differential patterns were excised and eluted
in TE and reamplified using the same primer pairs as in display
analysis. Sequencing reactions were performed using the puri-
fied PCR products as template in the dideoxy chain termina-
tion method in an ABI 377 sequencer. For doublets amplified,
individual cDNA fragments were cloned using pGEM vector
(Promega, Madison, WI) and sequenced. Approximately
10-20 inserts from each gene were sequenced from each locus.
Sequences were aligned using Clustal W software (THOMPSON
et al. 1994).

Production of RNAI lines in Arabidopsis polyploids: DNA
fragments were amplified from the 3’ regions of DDMI (310
bp, AF143940) and MET1 (402 bp, L10692), respectively.
Primer sequences for DDMI were 5'-ACTGGCGTTGCTTA
AGGAAGATGA-3" and 5'-CCTCCCAGCCAAAAGTAACCG
ATC-3', and for METI, 5'-TAACGGCTCTGGAAACTGATG
TTGAA-3" and 5'-CAAGACCTATATCAGGATCCCCACCA-3'.
The gene fragments were subcloned into a pART27 vector as
previously described (WATERHOUSE et al. 2001). We used seed-
derived calli to transform A. suecica, because it is difficult to
induce A. suecica to flower. In brief, A. suecica (9502) seeds
were sterilized and transferred onto Murashige/Skoog me-
dium (Sigma, St. Louis) containing 0.5 pg/liter 2, 4-D and
0.05 pg/liter Kinetin and cultured for 30 days in the dark at
28° for callus induction. The fast-growing calli were inoculated
with Agrobacterium (strain LAB4404) containing the Ti plas-
mid 35S::ddm1-RNAi or 35S::metl-RNAi and co-cultured at
25° for 36 hr. To induce shoot growth, the calli were transferred
onto a medium (3.2 g/liter B5 medium in 20 g/liter agar plus
0.5 g/liter MES, 0.5 ng/liter 2, 4-D, 0.05 wg/liter kinetin, 0.1
wg/liter a-napthalene acetic acid, and 2 ug/liter benzyl amino
purine) supplemented with 30 pg/liter kanamycin and 500
wg/liter carbercilin. Greenish calli resistant to kanamycin usu-
ally developed after 1 month of culture in light and were
subcultured on fresh media until transgenic plants were regen-
erated. The T, transgenic plants containing transgenes were
grown in a growth chamber and selfed to T, generations for
DNA and RNA analysis as described below.

DNA, RNA, and RT-PCR analyses: Total genomic DNA and
RNA isolation and DNA blot analyses were performed as pre-
viously described (CHEN et al. 1998; LEE and CHEN 2001; MAD-
LUNG el al. 2002). RNA was isolated from leaf tissue of pools,
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unless noted otherwise, of ~10 plants (3—4 weeks old) using
the Trizol method (Invitrogen, San Diego). To remove geno-
mic DNA, 3 g of RNA were treated with DNase I and subse-
quently used for cDNA production using 100 pmol of N6
random primers and 200 units of Moloney murine leukemia
virus reverse transcriptase (Invitrogen). RNA blot analysis was
carried out using a previously published protocol (T1aN and
CHEN 2001). RT-PCR was performed according to the Super-
Script One-Step RT-PCR kit (GIBCO BRL, Gaithersburg, MD)
with 40 cycles of 94° for 15 sec, 50°-65° for 30 sec, and 72°
for 1 min. The actin gene, Act2 (AN et al. 1996), was used as
a control for PCR quantification.

RESULTS

Differential gene expression in natural and newly
formed Arabidopsis polyploid lines: To determine the
timing of establishment of differential expression pat-
terns, we generated synthetic A. suecicalike allote-
traploid lines (2n = 4x = 26) via interspecific hybridiza-
tion between autotetraploid A. thaliana (2n = 4x = 20)
and A. arenosa (2n = 4x = 32; ComAal et al. 2000; LEE
and CHEN 2001), resulting in genome duplication and
allopolyploidization. Both A. thaliana diploid and auto-
tetraploid lines were also included in the analysis as
progenitors and as a comparison of gene expression
changes for autopolyploids and allopolyploids. AFLP-
cDNA display (MADLUNG et al. 2002; ComAI et al. 2003b)
was performed using RNA prepared from pooled plants
obtained in four selfing generations of an allotetraploid
that was synthesized from A. thaliana and A. arenosa
(Figure 1a). The line (605A) was crossed with a natural
allotetraploid, A. suecica, in the third generation. The
S1 and S4 plants showed the expected set of 13 chromo-
some pairs (CoMATI et al. 2000, 2003b), indicating stable
chromosomal inheritance. The phenotypic variation ob-
served in plants in selfing generations (Figure la and
our unpublished data) could be associated with changes
in gene expression. Indeed, differential gene expression
patterns were detected in these newly formed allote-
traploids. Some genes were expressed in the parents
and remained silenced in the progeny for three or more
selfing generations (Figure 1b, arrows, left), suggesting
rapid establishment of a stable differential regulatory
state. Other genes were expressed in only a few genera-
tions (small arrows, right), indicating that the expres-
sion of these genes in new allotetraploid lines is stochas-
tic in selfing progeny (see below). Furthermore, novel
expression patterns were detected, presumably due to
reactivation of genes that were not expressed in both
parents (Figure 1b, large arrow, right). In a survey of
~2430 cDNA fragments, we identified ~11% that dis-
played changes in S2-S4 generations relative to the two
parents. Among them, ~4% of the changes were related
to A. thaliana, ~5% to A. arenosa, 1% to both parents,
and ~1% to neither parent (or novel expression). The
proportion of differentially expressed genes in the new
allotetraploid lines was higher than that found in the
natural A. suecica lines (LEE and CHEN 2001), which
may reflect, at least in part, a plastic nature of gene
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FiGure 1.—Newly formed Arabidopsis allotetrapolyploids
and differential gene expression. (a) A selfing scheme (from
S1 to S5) for one of the newly formed Arabidopsis polyploids
(605A or 745). A typical flower is shown in each generation,
although variation in plant morphology and flowers exists
among siblings within a progeny array. It is notable that the
flower morphology in S5 resembles that of natural A. suecica.
At4, A. thaliana (Ler) autotetraploid (ABRC accession no.
(CS3900); Aa, A. arenosa autotetraploid (accession no. 3901).
(b) AFLP-cDNA display results were obtained using RNA sam-
ples isolated from A. thaliana diploid (At2), autotetraploid
(At4), A. arenosa (Aa), generations S2-S5 of newly formed
allotetraploid lines, and the natural A. suecica (As) line. Arrows
indicate gene silencing (left), novel expression patterns (large
arrow, right), and random changes in gene expression in
different generations (small arrows, right), respectively.

expression in the new allotetraploid lines. We cloned
and sequenced a subset of 43 candidate genes that show
putative novel expression or differential expression pat-
terns originating from either of the progenitors (Table
1). The candidate genes identified encode proteins for
transposons, cell division, cell metabolism, protein
transport, signal transduction pathways, and unknown
functions. Using locus identifications, the candidate
genes were mapped among five chromosomes of A. thali-
ana; there was no indication of clustering silenced genes
in a chromatin domain (data not shown), which does
not preclude the chromatin effects on some specific
regions.

Rapid and stochastic effects of polyploidization on
the differential expression of progenitor genes: We de-
signed primers specific to a subset of the A. thaliana
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TABLE 1

A set of candidate genes detected by AFLP-cDNA display shows differential expression patterns in
new A. suecica lines

Putative

origin of
Clone ID silencing At2 At4 Aa S2 S3 S4 S5 As Gene ID Gene name
E-AC/1/2X/1 At + + 0 + 4+ - + 0 F2435.19 Peptide transporter
E-AC/3/2X/1 At + + 0 0O 0 — 0 0 F6179 Protein transporter (PT)
E-AC/4/2X/1 At + + - - - = — — T9N14.8 Cryptozoic factor, putative
E-AC/4/2X/2 At + + 0 + + — + — AT4G28710 Myosin heavy chain-like protein
E-AC/8/2X/1 At + + - - - = = — F22Cl12.7 Hypothetical protein
E-AG/6/2X/1 At + + - - - 4+ — 4+ FIM20.33 Myb-like DNA-binding domain
E-AT/1/2X/1 At + + - + + - + — F28Cll Similarity to peroxidase isozyme
E-AT/1/2X/2 At + + o - - - - —= T27G7.16 Unknown protein
E-AT/7/2X/3 At + + 0O + 4+ 0 + 0 FI19K23.19 Similar to peroxidase isozyme
E-TT/2/2X/1 At + + - - - —= = — MYH9.6 Putative protein
E-TT/2/2X/2 At + + 0 - - — — + F26P21.170 Putative protein (PP1)
E-TT/2/2X/3 At + + 0O — — — 0 — F6N7.24 Putative protein
E-AC/7/4X/1 At + + 0 0 0 — 0 0 T21H19.200 Putative protein KIAA1012 protein
E-AT/1/4X/2 At + + - 4+ 4+ - 4+ = T23K8.10 Similarity to serine threonine kinase (STK)
E-TC/4/2X/1 At + + - + + - + — MLJ159 Light-regulated protein
E-AC/7/F3/1 At + + o 0O + 0 — + F7A10.1 Unknown protein
E-AC/5/2X/1 At + 0 + 4+ 4+ + 4+ 4+ MYH9.8 Cellulose synthase catalytic subunit
E-AT/1/2X/3 At + - - — - — — — FI7114150 NAD-dependent malate dehydrogenase
E-TG/6/2X/1 At + — + + + + 4+ — T25K16.6 DNA-binding protein (DBP)
E-AG/6/2X/3 At + + + 4+ 4+ 0 + + FIl4N12.2 Putative lipase
E-AA/5/CA/1 At + + - - - =  — 4+ F22D16.7 Glutathione S-transferase (GST)
E-TG/6/CA/1 At + — + 4+ 4+ + + — FIOM23.190 Putative protein (PP2)
E-TT/4/4X/1 At 0 + + + + + 4+ — MBMI17.52 Similarity to SNF2/RAD54 family (RAD54)
E-AC/5/4X/2 At 0 + 0O + 4+ + + — T40129 Vacuolor sorting protein 35
E-AT/6/4X/2 At 0 + + 4+ 4+ + + 4+ MPA24.12 Nuclear matrix constituent protein 1
E-TA/6/4X/1 At 0 + + 0 + + 4+ + FI6L2.60 Kinesin-related protein
E-AG/3/CA/1 Aa 0 0 + 4+ 4+ 0 0 0 FIOKI1.19 Fructose-2,6-bisphosphatase
E-TG/1/CA/1 Aa 0 0 + + 0 0 0 0 FbM15.5 Hypothetical protein
E-AA/3/CA/1 Aa 0 0 + 4+ 4+ - 4+ 0 KI14A17.7 E2, ubiquitin-conjugating enzyme
E-AA/4/CA/1 Aa - - + + + - - - MJLI2.21 Rotamase FKBP
E-AT/7/CA/3 Aa 0 0 + + 0 + 0 + T24D18.11 Unknown protein
E-TC/2/CA/1 Aa 0 0 + + + 0 0 0 T914.13 Putative ribosomal protein
E-TG/2/CA/1 Aa 0 0 + 4+ 0 + + + FIBl6.11 Chloroplast 50S ribosomal protein
E-TG/3/CA/1  Aa 0 o + + + + + 0 T9G5.7 Copia-type polyprotein
E-AC/8/F2/2 Aa 0 0 + + + + 4+ 0 F1P2.90 Endochitinase-like protein
E-AC/7/Se/2 Aa 0 0 + 0 0 + + + F2A10.1 Unknown protein
E-AA/5/F2/2 Novel - — - 4+ 4+ - = — FHA81 Similar to Rubisco small unit
E-TC/3/F2/1 Novel 0 0 0 + 4+ + 4+ 0 MCOI15.7 Putative protein
E-TC/3/F2/2 Novel 0 o o0 + + 0 + 0 T22P152 Hypothetical protein
E-TG/1/F2/2 Novel 0 0 o + + + + — LHI6299 Similarity to recN gene
E-TT/3/F2/1 Novel 0 0 0 + 4+ 4+ 4+ 0 MKP6.31 Hypothetical protein
E-TT/3/F¥2/2 Novel 0 o 0 4+ + 0 0 0 T3K9.18 Hypothetical protein
E-TT/1/F3/1 Novel 0 0 o O + 0 0 0 T27G7.20 Mg-chelatase, putative

At, A. thaliana; At2, A. thaliana diploid; At4, A. thaliana autotetraploid; Aa, A. arenosa; As, A. suecica; S2-5, selfing generations
2, 3, 4, and 5; Novel, expression is present in polyploids but absent in either parent; 0, —, and + indicate no expression, very

low, and very high levels of expression detected, respectively.

gene sequences at the 3’ ends so that only A. thaliana
transcripts are amplified for the majority of genes tested
using genomic and RT-PCR analyses (Table 2). Alterna-
tively, the primer pairs amplify transcripts from both
parents but the amplified products are polymorphic.
Several differential expression patterns were detected
among selfing generations of Allo745 and one genera-

tion of outcrossing (S4; Figure 2). First, expression of
the A. thaliana gene encoding a protein transporter
(PT) was undetectable in the natural and newly formed
allotetraploid line, confirming the data obtained from
the AFLP-cDNA display and indicating rapid establish-
ment of a silenced status. Second, transcripts of A. thali-
ana genes encoding a DNA binding protein (DBP) and
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TABLE 2

Primer sequences and expected sizes of amplified products for the set of genes studied using genomic

and RT-PCR analyses

Gene- Expected size Expected size of

symbol of cDNA genomic DNA Primers

rT 400 796 F-5'-GACGCCATTGATTCCGTCGT
R-5'-CCCTTAACATGCCAATGCAA

PP2 900 1500 F-5'-GGGCACGAGCTAGAAAACGA
R-5'-GGCCTTGGAGATGGAATTGG

STK 902 902 F-5'-GTGTCGCGAAGCTGACTGAT
R-5’-GGATCGATCAAAACCCAAAC

DBP 980 1080 F-5'-GCAGCTACATTCGCTGCTTCG
R-5’-TCCAATCGAAGCCTTTTGCAG

GST 731 930 F-5-ACCCAGCTTCCACAGCCACTA
R-5'-AAATCAAACACTCGGCAGCA

PPI1 804 1000 F-5'-CATGGCTGCTGAGGCTGCTA
R-5'-GCACAAAATGCCCACAACCA

RAD54 190 190 F-5'-CTTCTTCTCACTCTTCTCTCCA

R-5'-AAGAGGGAGGCTGTCTAGGA

PT, protein transporter; PP2, putative protein 2; STK, serine threonine kinase; DBP, DNA-binding protein;
GST, glutathione Stransferase; PP1, putative protein 1; RAD54, SNF2/RAD54 family protein. The GenBank

accession numbers of the genes are shown in Table 1.

putative protein 1 (PP1) were detected in newly formed
lines but were undetectable in natural allotetraploids
although both genes were present (Figure 2), suggesting
that either it takes more than five generations of selfing
to establish this differential expression pattern or the
parental genotypes have a strong effect on the regula-
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tory outcome. Absence of DPB and PP transcripts in a
new autotetraploid line (At4) followed by reactivation
in the allotetraploids may suggest a different mechanism
for gene expression changes between autoploidy and
alloploidy. Third, the A. thaliana genes encoding gluta-
thione Stransferase (GST) and putative protein 2 (PP2)

-PT

-DBP FIGURE 2.—Activation and silencing of progeni-
tor genes in S2-S5 selfing generations of newly
formed Arabidopsis polyploids (Allo745). The
majority of primer pairs used in genomic and

-PP1 RT-PCR analyses was specific to A. thaliana genes
(Table 2). PCR amplification using genomic DNA
as templates is shown at the left, whereas RT-

-GST PCR analysis is shown at the right. PT, protein
transporter; PP1 and -2, putative protein 1 and 2;
DBP, DNA binding protein; GST, glutathione

—-PP2 Stransferase; RAD54, similarity to SNF2/RAD54
family; STK, serine-threonine kinase (the suffix
“t” or “a” indicates that the locus origin is from
thaliana or arenosa, respectively). Actin gene

—RAD54  (Act2) was used as a control. Size differences be-
tween amplified genomic and RT-PCR products
are due to the presence of introns in some genes.

—STK-t

—STK-a

—Act2
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FIGURE 3.—Expression analysis of independently synthe-
sized allopolyploid lines. (a) Four independent allotetraploid
lines were produced by pollinating emasculated A. thaliana
(Ler) tetraploid with pollen collected from A. arenosa. Three
individual S1 plants were self-pollinated to the fifth generation
(S5) and one line (Allo745) was crossed with natural A. suecica
(As) in S3 and selfed to S5. (b) AFLP-cDNA display was per-
formed in the four allotetraploid lines (Allo733, -738, -745,
-747), two parents, and a mix containing an equal amount of
the RNAs from the two parents. The AFLP-cDNA analyses
were replicated in each line using separate cDNA templates.
(c) Differential expression patterns of a subset of genes in
four independent lineages. Multiplex RT-PCR was performed
for four genes that were found to be differentially regulated
in different selfing lineages. Both the gene of interest and
Act2 (as an internal control) were spontaneously amplified
in each reaction. Amplification of the gene fragments using
genomic DNA templates is shown at the left. The same set of
primers used in Figure 2 was used for this study. (d) RT-PCR
was performed in RNA samples prepared from flower buds.
The same sets of primers and controls were used as shown in
c and in Figure 2.

were poorly expressed in newly formed allotetraploid
line but highly expressed in the natural line and A.
thaliana diploid and autotetraploid, suggesting down-
regulation of the genes in early generations and reactiva-
tion of the genes in late generations. Fourth, SNF/
RAD54 expression was observed in newly formed poly-
ploids. The SNF/RAD54 gene, a member of the SNF
subfamily (E1SEN et al. 1995), is involved in both DNA
repair and transcriptional regulation (CoLE et al. 1989;

TABLE 3

Changes in gene expression between the inbred tetraploid
A. thaliana parent and the four independent allotetraploid
lines using AFLP-cDNA analysis

Behavior of AFLP-cDNA products

Category* in allopolyploids %
1 New in one or more lines 0.3
2 Missing in one or more lines 2.1
3 Missing in two or more lines 1.3
4 Much stronger in one or more lines 0.4
5 Much weaker in one or more lines 0.2

“Products on the gel were categorized as genes that were
activated (1); silenced in any of the four lines (2); silenced
in at least two lines, indicating nonrandom silencing (3); and
up- or downregulated, respectively (4, 5).

MivAGAwWA et al. 2002). RAD54 was not expressed in
the diploid Arabidopsis ecotype Ler (At2), only poorly
expressed in natural A. suecica (As), but highly expressed
in the newly formed autotetraploid (At4) and S2-S4
generations of allotetraploids as well as the allotetra-
ploid outcrossed to natural A. suecica (S4). The RAD54
expression patterns coincide with unstable chromo-
some behaviors observed in newly formed polyploids
(both auto- and allotetraploids; Comal et al. 2000). Fi-
nally, expression states of the progenitor genes changed
in selfing generations. Either one of the parental loci
or both STK loci were expressed among four selfing
progeny. In genomic PCR reactions, both sets of progen-
itor genes were amplified in newly formed and natural
A. suecica lines, ruling out a possibility of sequence
elimination or interchromosomal DNA recombination.
These data suggest that the differential expression states
of duplicate genes are either rapidly or gradually estab-
lished during polyploidization.

Is the same set of genes subjected to silencing in
successive selfing generations and multiple independent
lineages? Given the silencing frequency we observed, if
all genes are equally likely to be silenced, independent
allopolyploid lines should show silencing of mostly dif-
ferent genes. However, that is not the case. We tested
which genes are silenced in four independently synthe-
sized allotetraploid lineages (Allo733, -738, -745, and
-747) (Figure 3, a and b) and analyzed ~3640 AFLP-
c¢DNA products (Table 3). Here we excluded gene ex-
pression differences between the allotetraploids and A.
arenosa parent to avoid heterozygosity in the outcrossing
A. areonsa (MADLUNG et al. 2002). We found that ~3%
are subjected to differential expression; 2.1% were si-
lenced in at least one of the four independent lines,
while ~0.4 and ~0.2% of the genes were strongly up-
or downregulated, respectively. Significantly, ~1.3% of
genes were silenced in more than one independent line,
indicating that “choice” of silencing is not random.

We further investigated whether a similar set of genes
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differentially regulated in successive selfing generations
is also subjected to silencing in four independent lin-
eages (Figure 3c). First, the PT expression was very low
in all of the four different lines, with the lowest levels
in Allo745. Second, the RAD54 expression was low in
the A. thaliana diploid and natural A. suecica but high
in the tetraploid progenitor, very low in A. arenosa, and
variable in the four new allotetraploid lines. Finally, a
strong attenuation of GST expression was observed in
all allotetraploid lines (regardless of outcrossing in
Allo745) compared to the diploid and tetraploid A.
thaliana lines. No GST transcript was detected in syn-
thetic line Allo738. In comparing these results with that
observed in selfing generations, it is clear that a similar
set of genes is subjected to differential regulation in
both successive selfing generations and independent
lines of newly formed allotetraploids.

Differential expression of progenitors’ genes may
lead to subfunctionalization of homeologous or dupli-
cate genes (LyncH and Force 2000; Apams et al. 2003).
To test this, we examined the expression patterns of
these genes in flower buds (Figure 3d) as well as in
leaves (Figures 2 and 3c). Similar stochastic expression
patterns were observed for the majority of genes tested.
In addition, the expression of GST, RAD54, STK-(, and
STK-aloci was slightly variable between flower buds and
leaves in some of the lines tested.

How is differential gene expression established? Ri-
bosomal RNA genes subjected to nucleolar dominance
are selectively silenced in allopolyploids, although it
takes two generations to complete the silencing process
(CHEN et al. 1998). Is the differential expression pattern
selectively or stochastically established among different
individuals or siblings within the same generation? We
examined the expression patterns of eight plants ran-
domly selected in the fifth generation (S5; Figure 4).
The serine-threonine kinase (STK) gene was coex-
pressed in the pooled plants in generation S5. However,
each individual displayed an expression pattern differ-
ent from that of the progenitors (Figure 4a). There
was a silencing trend for the A. thaliana STK-t locus in
generation 4, because STK-t was poorly expressed in
seven of eight plants; one plant displayed a high level
of STK-t expression. This trend may contribute to the
silencing pattern observed in late generations and natu-
ral A. suecica lines, in which no STK-t expression was
detected among 10 different plants (data not shown).
If a stochastic silencing mechanism is at work, the STK-t
locus should be expressed in at least some lines. A simi-
lar behavior was observed in the study of the A. thaliana
DBP gene, which was expressed in pooled plants in all
of the generations examined. However, the A. thaliana
DBP was silenced in two of the eight plants in the Sb
generation and natural A. suecica lines (Figure 4b). Al-
though the expression of the DBP and STK genes was
dynamic and stochastic, RAD54 expression was stable
among different siblings in the same generation (Figure

At2At4 Aa S2 S3 S4 S5 As a

—STK-t
—STK-a
— STK-t
— STK-a
At2 At4 Aa S2 S3 S4 S5 As b
-DBP
o0
At2 At4 Aa S2 S3 S4 S5 As (o]
- RAD54
- RAD54

FIGURE 4.—Stochastic expression patterns of progenitor
genes within a selfing generation. (a) RT-PCR analysis of STK
in pooled plants of four selfing generations and among eight
siblings in generation 5 in Allo745. For simplicity, the same
set of RT-PCR results obtained from pooled plants (shown in
Figure 2) were used in this figure. Within the fifth generation,
eight individual siblings (S5-3, -5, -8, -10, -11, -14, -16, and
-18) were used for RT-PCR analysis. (b and ¢) RT-PCR analysis
of DBP (b) and RAD54 (c) was performed using the same set
of plants as described above. RT-PCR of Act2 is shown as an
internal control.

4c). A. arenosa is a natural autotetraploid that displays
some chromosomal abnormality during meiosis (COMAI
et al. 2000), showing a relatively high level of RAD54
expression. But only a trace amount of RAD54 transcript
was detected in natural A. suecica. We extended the
RAD54 analysis to three independent synthetic allote-
traploid lines and independently grown A. arenosa and
A. suecica (Figure 3c). We also included in the analysis
A. thaliana diploids (1 Lerand 1 Col) and autotetraploid
lines (2 Lerand 1 Col) that had been derived simultane-
ously from colchicine-treated parents (data not shown).
RAD54 expression was moderately to strongly active in
all lines except the original diploid Ler.

Silenced genes are maintained by DNA methylation:
Transcriptional activation of mobile elements is ob-
served in newly formed Arabidopsis and wheat poly-
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F1GURrE 5.—Transformation and regeneration of demethyl-
ation A. suecica plants using RNAi. The RNAi was constructed
using a pART27 vector (WATERHOUSE ¢t al. 2001). PCR-ampli-
fied sequences of DDMI and METI were used (see MATERIALS
AND METHODS). (a) A. suecica seeds were germinated for callus
induction (~4 weeks). (b) Four-week-old calli were incubated
with Agrobacterium strain LAB4404 containing a construct
containing a selectable marker (NPTII) and a double-stranded
ddml or metl (36 hr). The regeneration time of transgenic
plants was ~3 months. (c and f) A. suecica lines as controls.
(d and g) ddmI-RNAi lines. (e and h) metI-RNAi lines. The
RNAi lines displayed some abnormal developmental and floral
phenotypes (d, e, g, and h).

ploids (CoMAI et al. 2000; MADLUNG et al. 2002; KasH-
KUSH el al. 2003), which may alter the expression of
neighboring genes in the genome (KasHkuUsH et al.
2003). Moreover, the newly formed A. suecica lines are
susceptible to the treatment with 5'-aza 2'-deoxycytosine
(aza-dC; MADLUNG et al. 2002), a suicide inhibitor of
DNA methyltransferases (Haar 1995). The silenced
rRNA or protein-coding genes are shown to be reacti-
vated by the aza-dC treatment (CHEN and PIKAARD
1997b; LEE and CHEN 2001; MADLUNG ¢! al. 2002). How-
ever, aza-dC has toxic effects on cellular growth and
development (Haar 1995). To study a causal relation-
ship between DNA methylation and silencing of dupli-
cate genes, we employed RNAi (WATERHOUSE el al.
2001) to silence AtDDM1 or AtMET1 in natural A. suecica
lines. Multiple independent lines were generated for
each construct, although a single representative plant
was shown for each transgenic line (Figure 5). Control
(wild type) plants were regenerated through the same
tissue-culture process using the pART27 vector (WATER-
HOUSE et al. 2001) alone. Compared to the control plants
(Figure 5, c and f), both ddmI- and metI-RNAi A. suecica

lines showed phenotypic abnormalities, suggesting that
DNA methylation is important to plant growth and de-
velopment (VONGS et al. 1993; MARTIENSSEN and RicH-
ARDS 1995; FINNEGAN et al. 1996; RONEMUS ef al. 1996).
The abnormal phenotypes included development of
aerial rosettes, fusion of flower organs, and a delay in
flowering time. The metI-RNAi lines displayed more se-
vere phenotypes than ddmI-RNAi lines.

We further examined whether the phenotypes were
stable in selfing generations and whether the expression
of target genes was affected in the RNAI lines. Seedling
phenotypesin the T, generation (Figure 6a) were consis-
tent with those in the T, generation (Figure 5). Further-
more, using RT-PCR analysis, we found that the expres-
sion of endogenous target genes (both DDMI and
MET]I) was dramatically reduced; <5% of transcripts
were detected in independent RNAi lines compared to
the control (Wt) and wild-type (WT) plants (Figure 6,
b and c). Similar levels of DDMI or METI expression
were detected in both WT and Wt plants, ruling out a
possibility that target genes may be suppressed through
a tissue-culture process. It is notable that DDM1I expres-
sion levels were much higher in A. arenosa and control
plants than in A. thaliana, suggesting a high requirement
of methylation-dependent gene regulation in auto- and
allotetraploid plants. However, the expression of target
genes was greatly reduced in both ddmI- and metI-RNAi
A. suecicalines, although they displayed different pheno-
types (Figures 5 and 6a), suggesting that DDMI and
MET1 may have overlapping but different functions in
regulating the DNA methylation process. Moreover, A.
arenosa-DDM1 (AaDDM]I) that was highly expressed in
A. arenosa and A. suecica was greatly repressed in the
ddmI-RNAi A. suecica lines (Figure 6b).

We selected two lines from each transgenic strain (for
each construct) for further analysis, namely ddmI-RNAi
#3 and #7 and met-RNAi #1 and #12 in T, generation.
To determine whether DNA methylation was affected
in the RNAI lines, we analyzed methylation patterns
of Mspl- and Hpall-digested genomic DNA. Hpall is
inhibited from cleavage by methylation of either the
outer or the inner cytosine of the CCGG site, whereas
Mspl cleavage is not inhibited by methylation of the
inner cytosine but partially inhibited if the outer cyto-
sine is methylated (MCCLELLAND et al. 1994). Both ddm I-
and metI-RNAi lines showed decreased levels of DNA
methylation in centromeric repeats, gene-specific re-
gions (Figure 7, a—d), and rDNA (data not shown). DNA
methylation was less severely reduced in the ddmI-RNAi
lines than in the metI-RNAi lines (Figure 7d), suggesting
that AtDDM1and/or AaDDM1loci may still be expressed
in the ddmI-RNAi lines. Alternatively, the RNAi may
not work as efficiently for DDM 1. Same Mspl restriction
patterns were detected between the control and RNAi
lines (Figure 7, c and d), suggesting that non-CG methyl-
ation is not affected in the RNAI lines.

Importantly, two silenced genes (RAD54 and PPI)
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were partially reactivated in both ddmI- and metI-RNAi
lines (Figure 7, f and g), regardless of relatively small
effects on CpG methylation in the centromeric repeats
in the ddmI-RNAi lines (Figure 7d). The levels of PPI
reactivation were correlated with low and high levels of
demethylation in the ddmI- and metI-RNAi lines, respec-
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FIGURE 6.—Inheritance of phenotypes and
downregulation of endogenous DDM1 and METI
expression in T, generations of ddml- and metl-
RNAI plants. (a) Seedling (3 weeks old) pheno-
types of A. suecica control (WT), ddmI-, and metl-
RNAI lines. (b) Downregulation of endogenous
DDM1 expression in two independent ddm I-RNAi
lines (nos. 3 and 7). At4, A. thaliana autotetra-
ploid; Aa, A. arenosa; WT, A. suecica; Wt, A. suecica
transformed with the pART27 vector (WATER-
HOUSE et al. 2001). (c) Suppression of endogenous
MET]1 expression in two independent metI-RNAi
lines (nos. 1 and 12). Only <5% of endogenous
DDM]I and METI mRNAs were detected in the
ddm1- and metI-RNAI lines, respectively. The ex-
pression of Actin 2 (ACT2) was used as a control
for RNA loading and RT-PCR analysis.

tively (Figure 7, d and g). Furthermore, RAD54 dere-
pression in ddml- and metl-RNAi lines was correlated
with the demethylation of promoter sequences in this
locus (Figure 7, a and c). Compared to the methylation
patterns in a wild-type plant, cytosines in three CG sites
located within a 1.4-kb region upstream of the ATG

F1GURE 7.—Demethylation and reactivation of
RAD54 and PPI in ddml- and metI-RNAi lines of
natural A. suecica. (a and b) Diagrams of RAD54
(a) and DBP (b) genomic fragments. The restric-
tion sites of HindIIl (Hi) and Mspl (M) or Hpall
(Hp) are shown. One, two, and three asterisks
indicate CG methylation in the wild type, wild
type and ddmI-RNAi, and all three lines, respec-
tively. (c and d) DNA blot analyses of A. suecica,
ddml-, and metl-RNAi lines. The DNA was di-
gested by HindIIl and then by either Mspl or Hpall
and subjected to agarose gel electrophoresis. The
DNA was transferred to a blot that was hybridized
with an AtRAD54 promoter fragment (—600 to
ATG codon) as the probe (c). The blot was
stripped of the probe and hybridized with the
probe derived from a 180-bp centromere repeat
(d). (e) Another blot containing HindIIl and
Mspl- or Hpall-digested DNA was hybridized with
a probe derived from the promoter region of
DBP. At2, A. thalianadiploid; At4, A. thalianaauto-
tetraploid; Aa, A. arenosa; WT, A. suecica; Wt, A.
suecica transformed with the binary vector pAR27.
(f) Multiplex RT-PCR analysis of four silenced
genes in ddml- and metl-RNAi A. suecica lines.
The silenced RAD54 was derepressed in RNAi-
demethylation lines. However, silenced DBP, PT,
STK-twere not derepressed in the RNAI lines. (g)
RNA blot analysis showed reactivation of PPI in
the RNAi-demethylation lines. A low level of reac-
tivation might be correlated with a low level of
demethylation in the ddmI-RNAi line (compare
d and g). The RNA blot was rehybridized with a
26S-rRNA gene repeat as a control.
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codon (Figure 7a) remained methylated in the ddml-
RNAi line, whereas cytosines in all CG sites were demeth-
ylated in the metI-RNAI line. In the ddmI-RNAi line,
demethylation occurred only in the cytosine of the CG
site located at ~2.9 kb upstream of the ATG codon.

Three silenced genes (DBP, PT, and STK-l) tested
were not reactivated in either ddmlI- or metI-RNAi lines
(Figure 7f). The silenced DBP was heavily methylated
in the ddm1-and metI-RNAI lines, as well as in the control
plants (Figure 7, b and e), indicating that RNAi does
not completely disrupt the expression or function of
the target genes (i.e., DDMI and MET1I). Alternatively,
other chromatin factors (e.g., histone methylation or
deacetylation) or mechanisms such as paramutation
(MITTELSTEN SCHEID ef al. 2003) and RNAi may account
for the differential expression of homeologous genes
in allopolyploids (OSBORN et al. 2003).

DISCUSSION

The fate of homeologous genes during polyploid for-
mation: We estimate that ~3-11% of the progenitors’
genes are susceptible to changes in expression in new
allotetraploids. The lower number may be underesti-
mated because gene expression differences between the
allotetraploid and the A. arenosa parent were excluded
due to heterozygous alleles in the outcrossing A. arenosa
genome. The upper number may be overestimated be-
cause we scored all polymorphic bands between an allo-
tetraploid and the two parents, including A. arenosa. It
is notable that either the A. thaliana or the A. arenosa
parent contributed to an equal amount of expression
changes (4-5%) in the allotetraploid progeny. The ma-
jority of changes were associated with cDNA fragments
present in only one of the two parents, suggesting that
the genes highly expressed in one parent may be suscep-
tible to changes during allopolyploidization. However,
the data obtained from AFLP-cDNA analysis need to
be carefully interpreted. For example, the number of
amplified polymorphic fragments varied from one
primer pair to another, suggesting that the technique
is dependent on the efficiency of detecting restriction
polymorphisms among different samples. Moreover,
some “false positives” may be associated with PCR ampli-
fications. Thus, differentially expressed genes detected
in AFLP-cDNA display should be verified using at least
one independent method such as RT-PCR, sequencing,
or single-strand confirmation polymorphism analysis
(LEE and CHEN 2001; Apams et al. 2003).

Duplicate genes and genomes provide new genetic
material for evolution (OuNO 1970; LyNcH and CONERY
2000; Wovrre 2001; Liu and WENDEL 2002; WoLFE and
L1 2003) by gaining new functions or functional diver-
gence. However, the fate of homeologous genes in the
allopolyploids is poorly understood. An appealing hy-
pothesis suggests that the expression of homeologous
genes is reprogrammed during early stages of polyploid

formation and thus affects the genetic redundancy re-
sulting from the combination of two genomes in a poly-
ploid cell (OsBORN et al. 2003). Moreover, increase in
gene or genome dosage may result in overexpression
of genes that are associated with disease syndromes or
abnormal development in animals (LENGAUER et al.
2000; EMANUEL and SHAIKH 2002). Thus, some homeo-
logous genes are silenced or downregulated, whereas
others are coexpressed and/or upregulated to meet
the needs of protein synthesis and cellular functions in
polyploid cells (LEe and CHEN 2001). Which homeolo-
gous loci are subjected to silencing or activation? In
nucleolar dominance (REEDER and RoAN 1984; PIKAARD
1999), only one set of parental TRNA genes is tran-
scribed in an interspecific hybrid or allotetraploid.
There is a preference for the expression of progenitors’
rRNA genes (CHEN and PIKAARD 1997b), which exhibits
natural variation in the choice of silencing (PONTES et al.
2003). The silenced loci are partially reactivated during
flower development (CHEN and PIkaarRD 1997b). For
protein-coding genes, we found that 26 of 43 (~60%)
candidate genes that are highly expressed in A. thaliana
diploid or autotetraploid are subjected to downregula-
tion in at least one generation or an allotetraploid line.
Moreover, a few homeologous genes are randomly se-
lected for silencing. Either of the progenitor’s loci
(STK-t and STK-a) in A. suecica can be switched “on” or
“off” in five successive selfing generations and among
siblings within a selfing generation, suggesting a stochas-
tic effect on the expression of some homeologous loci.
For loci such as PT and PP2, the decision on choosing
which locus to silence is made early during polyploid
formation so that the silencing is observed immediately
after polyploidization. For STK, this process is gradually
established with a trend of preferentially expressing the
STK-a locus among eight siblings in the S5 generation
(Figure 4a), which is reminiscent of the expression of
the A. arenosa locus (STK-a) in the natural A. suecica
line tested. It is notable that outcrossing to natural A.
suecica had a little effect on the expression of the genes
studied (Figures 2—4), suggesting that the gene expres-
sion states are stable after they are established.
Although the process of establishing an expression
state of homeologous loci is stochastic, this process af-
fects only a subset of genes in the homeologous ge-
nomes. Significantly, we have shown that the same set
of genes (P71, GST, and RAD54) exhibiting differential
expression in selfing generations and siblings in Allo745
display similar activating and silencing patterns in four
independently derived allotetraploid lineages (Figure
3c). Moreover, another subset of genes, including DBP,
PPI, and RAD54 (Figure 2) and several others (Table
1), show expression differences between the diploid
and isogenic autotetraploid lines, suggesting dosage-
dependent gene regulation (BIRCHLER 2001). The auto-
and allopolyploidization may have different effects on
gene regulation, because the two sets of genes (although
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in a small sample) only partially overlap. Taken to-
gether, the data suggest that a subset of homeologous
genes is susceptible to epigenetic modulation during
polyploidization (see below).

It has been demonstrated that homeologous alleles
for some loci, such as AdhA or AdhD in cotton allote-
traploids (Gossypium hirsutum L.; Apams et al. 2003),
show alternate expression patterns in different tissues,
suggesting subfunctionalization (LyncH and FORrcCE
2000; Apams et al. 2003) of the homeologous genes
after polyploidization. The timing of silencing establish-
ment is hard to determine in that study, because the
“new” allopolyploid cotton lines used were generated
in the 1940s (BEASLEY 1940) and the number of subse-
quent generations is unknown. A similar phenomenon,
called neo-functionalization, has also been observed for
duplicate genes in ancient polyploid or paleo-polyploid
species such as maize (CHANDLER el al. 1989; MENA et
al. 1996). The R and B genes are derived from gene
duplication events in maize and are involved in the same
anthocyanin biosynthesis pathway. Some B alleles can
substitute for R function, and only one of the two (B
or R) is required for pigment production in a specific
tissue (CHANDLER et al. 1989). We find that a few genes
displayed different expression patterns in leaves and
flower buds, which may be subjected to tissue-specific
and/or developmental regulation (CHEN and PIKAARD
1997b; Apawms et al. 2003).

How is gene silencing or activation established and
maintained? Although molecules, factors, and/or sig-
nals involved in establishing an expression status of ho-
meologous genes remain elusive, differential regulation
of homeologous genes in polyploids may be a response
to the genomic stress induced by two divergent genomes
in the same cell nuclei. We speculate that initial signals
triggered by homeologous genome interactions include
species-specific factors and/or sequences, DNA repair
and recombination, and/or RNA-mediated mecha-
nisms. RAD54 overexpression is associated with newly
formed autotetraploids and allotetraploids, which may
provide a repair mechanism for correcting intra- and
intergenomic exchanges induced in new polyploids.
RNA-mediated gene regulation is related to dosage-
dependent transgene expression in Drosophila (PAL-
BHADRA et al. 2002) and Arabidopsis (MITTELSTEN
SCHEID et al. 1996). It is conceivable that a similar mech-
anism may be involved in the control of endogenous
duplicate or homeologous genes in polyploids. More-
over, RNA-mediated process is involved in DNA methyla-
tion and chromatin modifications (METTE et al. 2000;
MATZKE et al. 2001), which may be intervened by species-
specific factors and DNA sequences from the two related
species that diverged 5.8 million years ago (KOCH et al.
2000).

DNA methylation and histone modifications serve as
epigenetic marks in the maintenance mechanism for
the silenced genes in allopolyploids (CHEN and PIKAARD

1997a; LEE and CHEN 2001; LAWRENCE et al. 2004).
Chemical inhibitors for DNA methyltransferases or his-
tone deacetylases derepress the silenced rRNA genes
(CHEN and PIRAARD 1997a; LAWRENCE et al. 2004), pro-
tein-coding genes (LEE and CHEN 2001), and transpo-
sons (MADLUNG et al. 2002). However, chemicals such
as aza-dC are known to have toxic effects on cellular
development (Haar 1995). It is difficult to discern
causal effects using chemical inhibitor assays. Here we
have generated loss-of-function A. suecicalines in DDM1
and METI using seed-induced callus transformation
and RNAi. The “dominant negative” strategy is espe-
cially useful for silencing endogenous duplicate genes
in polyploids (LAWRENCE and PikaArD 2003) because
genetic redundancy in polyploids makes it impractical
to produce recessive mutations for two homeologous
loci. In this study, overexpressing double-stranded RNA
corresponding to a target gene (DDM1 or METI) caused
a dramatic reduction in the expression of DDMI or
MET]I and loss of DNA methylation in centromeric and
some specific loci. Asaresult, the silenced genes (RAD54
and PPI) are reactivated in the ddmlI- and metI-RNAi
lines. However, three of five silenced genes tested re-
main repressed in ddm - and metI-RNAi lines, suggesting
that silencing of endogenous duplicate genes is inde-
pendent of DNA methylation. Moreover, the degree of
reactivation varies in ddml- and metI-RNAI lines, which
probably correlates with the variability of downregulat-
ing endogenous target genes in the RNAI lines. Alterna-
tively, DDM1 and MET1 may have slightly different ef-
fects on silenced homeologous loci. Indeed, ddml is
considered to be an epi-mutator that induces other epi-
genetic lesions maintained in the absence of mutations
in ddml (SOPPE et al. 2000; STOKES et al. 2002; STOKES
and RicHARDS 2002). It will be interesting to know how
DNA methylation affects the silencing of a subset set of
genes in RNAi lines and in successive selfing generations
of new allotetraploids.

Differential epigenetic modifications of homeologous
genes in polyploids may play an important yet unrecog-
nized evolutionary role. A mechanism for rapid and
stochastic establishment of genome-specific gene ex-
pression may control the expression of duplicate genes
in polyploids, leading to natural variation and evolution-
ary opportunities for adaptive selection and domestica-
tion (GRANT 1981; RamseEy and SCHEMSKE 1998; WEN-
DEL 2000). The homeologous genes can provide extra
settings of gene control in response to changes in envi-
ronmental cues and developmental programs, because
the best combination of gene expression patterns may
be selected. This is consistent with the “rheostat” model
proposed for the function of multiple copies of FLC
in Brassica compared to Arabidopsis (MICHAELS and
AMASINO 1999).

Alternatively, polyploidization may induce “genomic
shock” as predicted by McCrLINTOCK (1984), leading to
extensive reprogramming of the genome with concur-
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rent large-scale activation of transposons (MCCLINTOCK
1984; Comar et al. 2003a). Although a few mobile ele-
ments were detected in new allotetraploids (CoMAI et
al. 2000), reactivation of transposons was not commonly
observed in this and previous studies (LEe and CHEN
2001). However, extensive epigenetic modifications may
be associated with the expression of genes involved in
various regulatory networks in new polyploid cells. An-
swers to these questions should come from genome-
wide expression analyses of new allotetraploid lines.
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