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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 ddm1- and met1-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.

OVER 70% of flowering plants are polyploids and 2000) and some animal (Bogart 1980; Schultz 1980;
many model organisms, including Arabidopsis and Becak and Becak 1998) species.

maize, are of polyploid origin (Lewis 1980; Masterson The evolutionary success of allopolyploid plants is
1994; Leitch and Bennett 1997; Arabidopsis Genome thought to be associated with changes in genome orga-
Initiative 2000; Gaut 2001). Ancestral genome dupli- nization and gene expression (Soltis and Soltis 1995;
cation is also observed in yeast, Caenorhabditis elegans, Wendel 2000; Liu and Wendel 2002; Osborn et al.
and Drosophila, which contains �30–45% of the dupli- 2003). The combination of two genomes may create
cate genes (Ohno 1970; Wolfe and Shields 1997; interactions that give rise to novel gene expression. As
Rubin et al. 2000; McLysaght et al. 2002; Langkjaer a result, polyploid species often display new traits and
et al. 2003). Whole-genome duplication results in auto- genetic variability (Lewis 1980; Levin 1983; Ramsey
polyploidy (duplication of a diploid genome) or allopoly- and Schemske 1998). The heterozygosity and hybrid
ploidy (combination of two or more divergent genomes). vigor resulting from the combination of two different
In animals interspecific hybrids are sterile (Clarke genomes is maintained in self-pollinating allopolyploids.
1984; O’Neill et al. 1998; Vrana et al. 2000) and no Furthermore, additional set(s) of genomes may free
general mechanism is available to produce disomic poly- some genes from the pressure of natural selection and
ploids (Orr 1990). In plants allopolyploids can be formed allow them to develop separate functions (Ferris and
via chromosome doubling of interspecific hybrids or Whitt 1976; Bailey et al. 1978). Indeed, some genes
fertilization of unreduced gametes (Grant 1981; Thomp- originating from different progenitors are expressed in
son and Lumaret 1992). Many important crops such specific tissues or at different developmental stages, as
as wheat, cotton, and canola are allopolyploids (Heyne demonstrated in cotton (Adams et al. 2003).
1987; Hilu 1993; Masterson 1994). Thus, polyploid Arabidopsis is an attractive model system to elucidate
formation is a major evolutionary feature in many plant fundamental biological processes associated with evolu-
(Grant 1981; Masterson 1994; Otto and Whitton tionary consequences and molecular mechanisms of

polyploid formation. The Arabidopsis genome is se-
quenced (Arabidopsis Genome Initiative 2000), and

1Corresponding author: Molecular Genetics/MS 2474, Department of powerful reverse and forward genetics are available. NewSoil and Crop Sciences, Texas A&M University, College Station, TX
77843-2474. E-mail: zjchen@tamu.edu polyploids are easily created and propagated (Comai et
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Allo745 and the other three lines (Allo733, -738, and -747)al. 2000; Bushell et al. 2003; Chen et al. 2004). More-
were selfed continuously to generation S5. The accession num-over, duplicate genes can be silenced in Arabidopsis
ber of the natural A. suecica used is 94-10-085-10 from Finland

polyploids using the RNA interference (RNAi) approach (O’Kane et al. 1995) and available from the ABRC (accession
(Waterhouse et al. 2001; Lawrence and Pikaard no. CS22505). Seeds harvested from Allo745 of F1–F4 genera-

tions were germinated on Murashige/Skoog medium (Sigma,2003), providing valuable resources to elucidate mecha-
St. Louis), and plants were grown in a growth chamber (24�/nisms for establishing and maintaining the expression
20� day/night and 16 hr of light/day). Seedlings at 3–4 weeksstatus of the progenitors’ genes in polyploids.
old were subjected to DNA and RNA analyses. Two sets of

Rapid changes in genome structure and gene expres- amplified fragment length polymorphism (AFLP)-cDNA dis-
sion have been documented in a variety of polyploid plays were performed: the first set involved RNAs prepared
plants, including Arabidopsis, Brassica, cotton, and wheat from Allo745 in four generations (S2–S5); the second set

involved RNAs prepared from Allo733, -738, -745, and -747,(Comai et al. 2000; Wendel 2000; Lee and Chen 2001;
all in generation S5. For AFLP-cDNA display and RT-PCRKashkush et al. 2002, 2003; Madlung et al. 2002; Adams
analyses, leaves collected from 10 to 15 plants were pooled foret al. 2003; He et al. 2003; Osborn et al. 2003), of which RNA extraction, except for the RT-PCR analysis in individual

many are not caused by genetic mutations. However, plants in which each plant was randomly selected in genera-
little is known about when and how the differential tion S5 (Allo745).

All lines including diploid and tetraploid lines of A. thaliana,expression patterns of progenitor genes are established,
as well as plants of A. arenosa, and A. suecica, were grown asbecause natural accessions of polyploids are presumably
described (Madlung et al. 2002). The AFLP-cDNA displayold and “established” and the exact progenitors are was performed as previously described (Lee and Chen 2001;

often unknown, except for a few newly formed polyploid Madlung et al. 2002). After amplification, the products were
species such as Tragopogon (Cook and Soltis 1999; resolved in a 6% polyacrylamide gel as previously described

(Chen and Pikaard 1997a). For each primer pair, at leastSoltis and Soltis 1999) and Spartina anglica (Ray-
two independent reactions using the same RNA samples werebould et al. 1991). In this study, we compared and
performed to ensure reproducibility. The cDNA fragmentsanalyzed gene expression patterns in both natural and
that displayed differential patterns were excised and eluted

newly formed Arabidopsis allotetraploid lines. We de- in TE and reamplified using the same primer pairs as in display
signed a series of experiments to determine: (1) when analysis. Sequencing reactions were performed using the puri-
the differential expression patterns are established in fied PCR products as template in the dideoxy chain termina-

tion method in an ABI 377 sequencer. For doublets amplified,subsequent selfing generations after polyploid forma-
individual cDNA fragments were cloned using pGEM vectortion; (2) whether the same set of genes is silenced within
(Promega, Madison, WI) and sequenced. Approximatelya lineage or among different lineages of the new allo- 10–20 inserts from each gene were sequenced from each locus.

polyploids; and (3) how the silenced genes are main- Sequences were aligned using Clustal W software (Thompson
tained. We analyzed and compared gene expression et al. 1994).

Production of RNAi lines in Arabidopsis polyploids: DNApatterns in synthetic allotetraplods in several successive
fragments were amplified from the 3� regions of DDM1 (310generations and across several independent lines de-
bp, AF143940) and MET1 (402 bp, L10692), respectively.rived from the same parents. Silencing of selected genes Primer sequences for DDM1 were 5�-ACTGGCGTTGCTTA

occurred independently in different lines, suggesting AGGAAGATGA-3� and 5�-CCTCCCAGCCAAAAGTAACCG
that certain loci may intrinsically be more susceptible ATC-3�, and for MET1, 5�-TAACGGCTCTGGAAACTGATG

TTGAA-3� and 5�-CAAGACCTATATCAGGATCCCCACCA-3�.to epigenetic modifications. Remarkably, independent
The gene fragments were subcloned into a pART27 vector assilencing was observed in the natural Arabidopsis suecica,
previously described (Waterhouse et al. 2001). We used seed-whose progenitors, while clearly the same species, were
derived calli to transform A. suecica, because it is difficult to

unlikely to be genotypically related to the parents of induce A. suecica to flower. In brief, A. suecica (9502) seeds
the synthetic allotetraploids. The epigenetic nature of were sterilized and transferred onto Murashige/Skoog me-
the silencing was indicated by the reactivation of these dium (Sigma, St. Louis) containing 0.5 �g/liter 2, 4-D and

0.05 �g/liter Kinetin and cultured for 30 days in the dark atgenes concurrent with RNAi inhibition of either MET1
28� for callus induction. The fast-growing calli were inoculatedor DDM1. Taken together, these results suggest that a
with Agrobacterium (strain LAB4404) containing the Ti plas-subset of genes is susceptible to epigenetic remodeling mid 35S::ddm1-RNAi or 35S::met1-RNAi and co-cultured at

induced by allopolyploidization. 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 �g/liter 2, 4-D, 0.05 �g/liter kinetin, 0.1
�g/liter �-napthalene acetic acid, and 2 �g/liter benzyl aminoMATERIALS AND METHODS
purine) supplemented with 30 �g/liter kanamycin and 500
�g/liter carbercilin. Greenish calli resistant to kanamycin usu-Plant material: The synthetic A. suecica lines were produced

by pollinating an autotetraploid A. thaliana [Landsberg erecta ally developed after 1 month of culture in light and were
subcultured on fresh media until transgenic plants were regen-(Ler), spontaneously tetraploidized during tissue culturing,

accession no. CS3900 in the Arabidopsis Biological Resource erated. The T1 transgenic plants containing transgenes were
grown in a growth chamber and selfed to T2 generations forCenter (ABRC); 2n � 4x � 20], with autotetraploid A. arenosa

(accession no. 3901; 2n � 4x � 32), as previously described DNA and RNA analysis as described below.
DNA, RNA, and RT-PCR analyses: Total genomic DNA and(Chen et al. 1998; Comai et al. 2000). One of the four indepen-

dent allotetraploid lines (605A or Allo745) was selfed for two RNA isolation and DNA blot analyses were performed as pre-
viously described (Chen et al. 1998; Lee and Chen 2001; Mad-generations (S2–S3) and then crossed with the natural A.

suecica (pollen donor), which resulted in increased seed yield. lung et 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 (Tian 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. suecica-like allote-
traploid lines (2n � 4x � 26) via interspecific hybridiza-
tion between autotetraploid A. thaliana (2n � 4x � 20)
and A. arenosa (2n � 4x � 32; Comai 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

Figure 1.—Newly formed Arabidopsis allotetrapolyploidsobtained in four selfing generations of an allotetraploid and differential gene expression. (a) A selfing scheme (from
that was synthesized from A. thaliana and A. arenosa S1 to S5) for one of the newly formed Arabidopsis polyploids
(Figure 1a). The line (605A) was crossed with a natural (605A or 745). A typical flower is shown in each generation,

although variation in plant morphology and flowers existsallotetraploid, A. suecica, in the third generation. The
among siblings within a progeny array. It is notable that theS1 and S4 plants showed the expected set of 13 chromo-
flower morphology in S5 resembles that of natural A. suecica.some pairs (Comai et al. 2000, 2003b), indicating stable At4, A. thaliana (Ler) autotetraploid (ABRC accession no.

chromosomal inheritance. The phenotypic variation ob- CS3900); Aa, A. arenosa autotetraploid (accession no. 3901).
served in plants in selfing generations (Figure 1a and (b) AFLP-cDNA display results were obtained using RNA sam-

ples isolated from A. thaliana diploid (At2), autotetraploidour unpublished data) could be associated with changes
(At4), A. arenosa (Aa), generations S2–S5 of newly formedin gene expression. Indeed, differential gene expression
allotetraploid lines, and the natural A. suecica (As) line. Arrowspatterns were detected in these newly formed allote- indicate gene silencing (left), novel expression patterns (large

traploids. Some genes were expressed in the parents arrow, right), and random changes in gene expression in
and remained silenced in the progeny for three or more different generations (small arrows, right), respectively.
selfing generations (Figure 1b, arrows, left), suggesting
rapid establishment of a stable differential regulatory
state. Other genes were expressed in only a few genera- expression in the new allotetraploid lines. We cloned

and sequenced a subset of 43 candidate genes that showtions (small arrows, right), indicating that the expres-
sion of these genes in new allotetraploid lines is stochas- putative novel expression or differential expression pat-

terns originating from either of the progenitors (Tabletic in selfing progeny (see below). Furthermore, novel
expression patterns were detected, presumably due to 1). The candidate genes identified encode proteins for

transposons, cell division, cell metabolism, proteinreactivation of genes that were not expressed in both
parents (Figure 1b, large arrow, right). In a survey of transport, signal transduction pathways, and unknown

functions. Using locus identifications, the candidate�2430 cDNA fragments, we identified �11% that dis-
played changes in S2–S4 generations relative to the two genes were mapped among five chromosomes of A. thali-

ana; there was no indication of clustering silenced genesparents. Among them, �4% of the changes were related
to A. thaliana, �5% to A. arenosa, 1% to both parents, in a chromatin domain (data not shown), which does

not preclude the chromatin effects on some specificand �1% to neither parent (or novel expression). The
proportion of differentially expressed genes in the new regions.

Rapid and stochastic effects of polyploidization onallotetraploid lines was higher than that found in the
natural A. suecica lines (Lee and Chen 2001), which the differential expression of progenitor genes: We de-

signed primers specific to a subset of the A. thalianamay reflect, at least in part, a plastic nature of gene
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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 � � � � 0 F24J35.19 Peptide transporter
E-AC/3/2X/1 At � � 0 0 0 � 0 0 F617.9 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 � � � � � � � � F22C12.7 Hypothetical protein
E-AG/6/2X/1 At � � � � � � � � F1M20.33 Myb-like DNA-binding domain
E-AT/1/2X/1 At � � � � � � � � F28C11 Similarity to peroxidase isozyme
E-AT/1/2X/2 At � � 0 � � � � � T27G7.16 Unknown protein
E-AT/7/2X/3 At � � 0 � � 0 � 0 F19K23.19 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 � � 0 � � � 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 � � � � � � � � T23K8.10 Similarity to serine threonine kinase (STK)
E-TC/4/2X/1 At � � � � � � � � MLJ15.9 Light-regulated protein
E-AC/7/F3/1 At � � 0 0 � 0 � � F7A10.1 Unknown protein
E-AC/5/2X/1 At � 0 � � � � � � MYH9.8 Cellulose synthase catalytic subunit
E-AT/1/2X/3 At � � � � � � � � F17I14.150 NAD-dependent malate dehydrogenase
E-TG/6/2X/1 At � � � � � � � � T25K16.6 DNA-binding protein (DBP)
E-AG/6/2X/3 At � � � � � 0 � � F14N12.2 Putative lipase
E-AA/5/CA/1 At � � � � � � � � F22D16.7 Glutathione S-transferase (GST)
E-TG/6/CA/1 At � � � � � � � � F10M23.190 Putative protein (PP2)
E-TT/4/4X/1 At 0 � � � � � � � MBM17.52 Similarity to SNF2/RAD54 family (RAD54)
E-AC/5/4X/2 At 0 � 0 � � � � � T4O12.9 Vacuolor sorting protein 35
E-AT/6/4X/2 At 0 � � � � � � � MPA24.12 Nuclear matrix constituent protein 1
E-TA/6/4X/1 At 0 � � 0 � � � � F16L2.60 Kinesin-related protein
E-AG/3/CA/1 Aa 0 0 � � � 0 0 0 F10K1.19 Fructose-2,6-bisphosphatase
E-TG/1/CA/1 Aa 0 0 � � 0 0 0 0 F5M15.5 Hypothetical protein
E-AA/3/CA/1 Aa 0 0 � � � � � 0 K14A17.7 E2, ubiquitin-conjugating enzyme
E-AA/4/CA/1 Aa � � � � � � � � MJL12.21 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 T9J14.13 Putative ribosomal protein
E-TG/2/CA/1 Aa 0 0 � � 0 � � � F1B16.11 Chloroplast 50S ribosomal protein
E-TG/3/CA/1 Aa 0 0 � � � � � 0 T9G5.7 Copia-type polyprotein
E-AC/8/F2/2 Aa 0 0 � � � � � 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 � � � � � � � � F5A8.1 Similar to Rubisco small unit
E-TC/3/F2/1 Novel 0 0 0 � � � � 0 MCO15.7 Putative protein
E-TC/3/F2/2 Novel 0 0 0 � � 0 � 0 T22P15.2 Hypothetical protein
E-TG/1/F2/2 Novel 0 0 0 � � � � � LHI6299 Similarity to recN gene
E-TT/3/F2/1 Novel 0 0 0 � � � � 0 MKP6.31 Hypothetical protein
E-TT/3/F2/2 Novel 0 0 0 � � 0 0 0 T3K9.18 Hypothetical protein
E-TT/1/F3/1 Novel 0 0 0 0 � 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 tion of outcrossing (S4; Figure 2). First, expression of
the A. thaliana gene encoding a protein transportertranscripts are amplified for the majority of genes tested

using genomic and RT-PCR analyses (Table 2). Alterna- (PT) was undetectable in the natural and newly formed
allotetraploid line, confirming the data obtained fromtively, the primer pairs amplify transcripts from both

parents but the amplified products are polymorphic. the AFLP-cDNA display and indicating rapid establish-
ment of a silenced status. Second, transcripts of A. thali-Several differential expression patterns were detected

among selfing generations of Allo745 and one genera- 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

PT 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

PP1 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 S-transferase; 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 tory outcome. Absence of DPB and PP1 transcripts in a
new autotetraploid line (At4) followed by reactivationlines but were undetectable in natural allotetraploids

although both genes were present (Figure 2), suggesting in the allotetraploids may suggest a different mechanism
for gene expression changes between autoploidy andthat either it takes more than five generations of selfing

to establish this differential expression pattern or the alloploidy. Third, the A. thaliana genes encoding gluta-
thione S-transferase (GST) and putative protein 2 (PP2)parental genotypes have a strong effect on the regula-

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

a 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).

Miyagawa 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; Comai et al. 2000). Fi-
nally, expression states of the progenitor genes changed
in selfing generations. Either one of the parental lociFigure 3.—Expression analysis of independently synthe-
or both STK loci were expressed among four selfingsized allopolyploid lines. (a) Four independent allotetraploid

lines were produced by pollinating emasculated A. thaliana progeny. In genomic PCR reactions, both sets of progen-
(Ler) tetraploid with pollen collected from A. arenosa. Three itor genes were amplified in newly formed and natural
individual S1 plants were self-pollinated to the fifth generation A. suecica lines, ruling out a possibility of sequence(S5) and one line (Allo745) was crossed with natural A. suecica

elimination or interchromosomal DNA recombination.(As) in S3 and selfed to S5. (b) AFLP-cDNA display was per-
These data suggest that the differential expression statesformed in the four allotetraploid lines (Allo733, -738, -745,

-747), two parents, and a mix containing an equal amount of of duplicate genes are either rapidly or gradually estab-
the RNAs from the two parents. The AFLP-cDNA analyses lished during polyploidization.
were replicated in each line using separate cDNA templates. Is the same set of genes subjected to silencing in(c) Differential expression patterns of a subset of genes in

successive selfing generations and multiple independentfour independent lineages. Multiplex RT-PCR was performed
lineages? Given the silencing frequency we observed, iffor four genes that were found to be differentially regulated

in different selfing lineages. Both the gene of interest and all genes are equally likely to be silenced, independent
Act2 (as an internal control) were spontaneously amplified allopolyploid lines should show silencing of mostly dif-
in each reaction. Amplification of the gene fragments using ferent genes. However, that is not the case. We testedgenomic DNA templates is shown at the left. The same set of

which genes are silenced in four independently synthe-primers used in Figure 2 was used for this study. (d) RT-PCR
was performed in RNA samples prepared from flower buds. sized allotetraploid lineages (Allo733, -738, -745, and
The same sets of primers and controls were used as shown in -747) (Figure 3, a and b) and analyzed �3640 AFLP-
c and in Figure 2. cDNA products (Table 3). Here we excluded gene ex-

pression differences between the allotetraploids and A.
arenosa parent to avoid heterozygosity in the outcrossingwere poorly expressed in newly formed allotetraploid
A. areonsa (Madlung et al. 2002). We found that �3%line but highly expressed in the natural line and A.
are subjected to differential expression; 2.1% were si-thaliana diploid and autotetraploid, suggesting down-
lenced in at least one of the four independent lines,regulation of the genes in early generations and reactiva-
while �0.4 and �0.2% of the genes were strongly up-tion of the genes in late generations. Fourth, SNF/
or downregulated, respectively. Significantly, �1.3% ofRAD54 expression was observed in newly formed poly-
genes were silenced in more than one independent line,ploids. The SNF/RAD54 gene, a member of the SNF
indicating that “choice” of silencing is not random.subfamily (Eisen et al. 1995), is involved in both DNA

repair and transcriptional regulation (Cole et al. 1989; 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; Adams 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-t, and
STK-a loci 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 Figure 4.—Stochastic expression patterns of progenitor

genes within a selfing generation. (a) RT-PCR analysis of STK(Chen et al. 1998). Is the differential expression pattern
in pooled plants of four selfing generations and among eightselectively or stochastically established among different
siblings in generation 5 in Allo745. For simplicity, the sameindividuals or siblings within the same generation? We
set of RT-PCR results obtained from pooled plants (shown in

examined the expression patterns of eight plants ran- Figure 2) were used in this figure. Within the fifth generation,
domly selected in the fifth generation (S5; Figure 4). eight individual siblings (S5-3, -5, -8, -10, -11, -14, -16, and

-18) were used for RT-PCR analysis. (b and c) RT-PCR analysisThe serine-threonine kinase (STK) gene was coex-
of DBP (b) and RAD54 (c) was performed using the same setpressed in the pooled plants in generation S5. However,
of plants as described above. RT-PCR of Act2 is shown as aneach individual displayed an expression pattern differ-
internal control.

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 4c). A. arenosa is a natural autotetraploid that displays

some chromosomal abnormality during meiosis (Comaiseven of eight plants; one plant displayed a high level
of STK-t expression. This trend may contribute to the et al. 2000), showing a relatively high level of RAD54

expression. But only a trace amount of RAD54 transcriptsilencing pattern observed in late generations and natu-
ral A. suecica lines, in which no STK-t expression was was detected in natural A. suecica. We extended the

RAD54 analysis to three independent synthetic allote-detected among 10 different plants (data not shown).
If a stochastic silencing mechanism is at work, the STK-t traploid lines and independently grown A. arenosa and

A. suecica (Figure 3c). We also included in the analysislocus should be expressed in at least some lines. A simi-
lar behavior was observed in the study of the A. thaliana A. thaliana diploids (1 Ler and 1 Col) and autotetraploid

lines (2 Ler and 1 Col) that had been derived simultane-DBP gene, which was expressed in pooled plants in all
of the generations examined. However, the A. thaliana ously from colchicine-treated parents (data not shown).

RAD54 expression was moderately to strongly active inDBP was silenced in two of the eight plants in the S5
generation and natural A. suecica lines (Figure 4b). Al- all lines except the original diploid Ler.

Silenced genes are maintained by DNA methylation:though the expression of the DBP and STK genes was
dynamic and stochastic, RAD54 expression was stable Transcriptional activation of mobile elements is ob-

served in newly formed Arabidopsis and wheat poly-among different siblings in the same generation (Figure
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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 et al. 1996).
The abnormal phenotypes included development of
aerial rosettes, fusion of flower organs, and a delay in
flowering time. The met1-RNAi lines displayed more se-
vere phenotypes than ddm1-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
phenotypes in the T2 generation (Figure 6a) were consis-
tent with those in the T1 generation (Figure 5). Further-
more, using RT-PCR analysis, we found that the expres-
sion of endogenous target genes (both DDM1 and
MET1) 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 DDM1 or MET1 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 DDM1 expres-

Figure 5.—Transformation and regeneration of demethyl- sion levels were much higher in A. arenosa and control
ation A. suecica plants using RNAi. The RNAi was constructed

plants than in A. thaliana, suggesting a high requirementusing a pART27 vector (Waterhouse et al. 2001). PCR-ampli-
of methylation-dependent gene regulation in auto- andfied sequences of DDM1 and MET1 were used (see materials

and methods). (a) A. suecica seeds were germinated for callus allotetraploid plants. However, the expression of target
induction (�4 weeks). (b) Four-week-old calli were incubated genes was greatly reduced in both ddm1- and met1-RNAi
with Agrobacterium strain LAB4404 containing a construct A. suecica lines, although they displayed different pheno-
containing a selectable marker (NPTII) and a double-stranded

types (Figures 5 and 6a), suggesting that DDM1 andddm1 or met1 (36 hr). The regeneration time of transgenic
MET1 may have overlapping but different functions inplants was �3 months. (c and f) A. suecica lines as controls.

(d and g) ddm1-RNAi lines. (e and h) met1-RNAi lines. The regulating the DNA methylation process. Moreover, A.
RNAi lines displayed some abnormal developmental and floral arenosa-DDM1 (AaDDM1) that was highly expressed in
phenotypes (d, e, g, and h). A. arenosa and A. suecica was greatly repressed in the

ddm1-RNAi A. suecica lines (Figure 6b).
We selected two lines from each transgenic strain (for

ploids (Comai et al. 2000; Madlung et al. 2002; Kash- each construct) for further analysis, namely ddm1-RNAi
kush et al. 2003), which may alter the expression of #3 and #7 and met1-RNAi #1 and #12 in T2 generation.
neighboring genes in the genome (Kashkush et al. To determine whether DNA methylation was affected
2003). Moreover, the newly formed A. suecica lines are in the RNAi lines, we analyzed methylation patterns
susceptible to the treatment with 5�-aza 2�-deoxycytosine of MspI- and HpaII-digested genomic DNA. HpaII is
(aza-dC; Madlung et al. 2002), a suicide inhibitor of inhibited from cleavage by methylation of either the
DNA methyltransferases (Haaf 1995). The silenced outer or the inner cytosine of the CCGG site, whereas
rRNA or protein-coding genes are shown to be reacti- MspI cleavage is not inhibited by methylation of the
vated by the aza-dC treatment (Chen and Pikaard inner cytosine but partially inhibited if the outer cyto-
1997b; Lee and Chen 2001; Madlung et al. 2002). How- sine is methylated (McClelland et al. 1994). Both ddm1-
ever, aza-dC has toxic effects on cellular growth and and met1-RNAi lines showed decreased levels of DNA
development (Haaf 1995). To study a causal relation- methylation in centromeric repeats, gene-specific re-
ship between DNA methylation and silencing of dupli- gions (Figure 7, a–d), and rDNA (data not shown). DNA
cate genes, we employed RNAi (Waterhouse et al. methylation was less severely reduced in the ddm1-RNAi
2001) to silence AtDDM1 or AtMET1 in natural A. suecica lines than in the met1-RNAi lines (Figure 7d), suggesting
lines. Multiple independent lines were generated for that AtDDM1 and/or AaDDM1 loci may still be expressed
each construct, although a single representative plant in the ddm1-RNAi lines. Alternatively, the RNAi may
was shown for each transgenic line (Figure 5). Control not work as efficiently for DDM1. Same MspI restriction
(wild type) plants were regenerated through the same patterns were detected between the control and RNAi
tissue-culture process using the pART27 vector (Water- lines (Figure 7, c and d), suggesting that non-CG methyl-
house et al. 2001) alone. Compared to the control plants ation is not affected in the RNAi lines.

Importantly, two silenced genes (RAD54 and PP1)(Figure 5, c and f), both ddm1- and met1-RNAi A. suecica
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Figure 6.—Inheritance of phenotypes and
downregulation of endogenous DDM1 and MET1
expression in T2 generations of ddm1- and met1-
RNAi plants. (a) Seedling (3 weeks old) pheno-
types of A. suecica control (WT), ddm1-, and met1-
RNAi lines. (b) Downregulation of endogenous
DDM1 expression in two independent ddm1-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
MET1 expression in two independent met1-RNAi
lines (nos. 1 and 12). Only �5% of endogenous
DDM1 and MET1 mRNAs were detected in the
ddm1- and met1-RNAi lines, respectively. The ex-
pression of Actin 2 (ACT2) was used as a control
for RNA loading and RT-PCR analysis.

were partially reactivated in both ddm1- and met1-RNAi tively (Figure 7, d and g). Furthermore, RAD54 dere-
pression in ddm1- and met1-RNAi lines was correlatedlines (Figure 7, f and g), regardless of relatively small

effects on CpG methylation in the centromeric repeats with the demethylation of promoter sequences in this
locus (Figure 7, a and c). Compared to the methylationin the ddm1-RNAi lines (Figure 7d). The levels of PP1

reactivation were correlated with low and high levels of patterns in a wild-type plant, cytosines in three CG sites
located within a 1.4-kb region upstream of the ATGdemethylation in the ddm1- and met1-RNAi lines, respec-

Figure 7.—Demethylation and reactivation of
RAD54 and PP1 in ddm1- and met1-RNAi lines of
natural A. suecica. (a and b) Diagrams of RAD54
(a) and DBP (b) genomic fragments. The restric-
tion sites of HindIII (Hi) and MspI (M) or HpaII
(Hp) are shown. One, two, and three asterisks
indicate CG methylation in the wild type, wild
type and ddm1-RNAi, and all three lines, respec-
tively. (c and d) DNA blot analyses of A. suecica,
ddm1-, and met1-RNAi lines. The DNA was di-
gested by HindIII and then by either MspI or HpaII
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 HindIII and
MspI- or HpaII-digested DNA was hybridized with
a probe derived from the promoter region of
DBP. At2, A. thaliana diploid; At4, A. thaliana auto-
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 ddm1- and met1-RNAi A. suecica lines.
The silenced RAD54 was derepressed in RNAi-
demethylation lines. However, silenced DBP, PT,
STK-t were not derepressed in the RNAi lines. (g)
RNA blot analysis showed reactivation of PP1 in
the RNAi-demethylation lines. A low level of reac-
tivation might be correlated with a low level of
demethylation in the ddm1-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 ddm1- formation and thus affects the genetic redundancy re-
sulting from the combination of two genomes in a poly-RNAi line, whereas cytosines in all CG sites were demeth-

ylated in the met1-RNAi line. In the ddm1-RNAi line, ploid cell (Osborn et al. 2003). Moreover, increase in
gene or genome dosage may result in overexpressiondemethylation occurred only in the cytosine of the CG

site located at �2.9 kb upstream of the ATG codon. of genes that are associated with disease syndromes or
abnormal development in animals (Lengauer et al.Three silenced genes (DBP, PT, and STK-t) tested

were not reactivated in either ddm1- or met1-RNAi lines 2000; Emanuel and Shaikh 2002). Thus, some homeo-
logous genes are silenced or downregulated, whereas(Figure 7f). The silenced DBP was heavily methylated

in the ddm1- and met1-RNAi lines, as well as in the control others are coexpressed and/or upregulated to meet
the needs of protein synthesis and cellular functions inplants (Figure 7, b and e), indicating that RNAi does

not completely disrupt the expression or function of polyploid cells (Lee and Chen 2001). Which homeolo-
gous loci are subjected to silencing or activation? Inthe target genes (i.e., DDM1 and MET1). Alternatively,

other chromatin factors (e.g., histone methylation or nucleolar dominance (Reeder and Roan 1984; Pikaard
1999), only one set of parental rRNA genes is tran-deacetylation) or mechanisms such as paramutation

(Mittelsten Scheid et al. 2003) and RNAi may account scribed in an interspecific hybrid or allotetraploid.
There is a preference for the expression of progenitors’for the differential expression of homeologous genes

in allopolyploids (Osborn et al. 2003). 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

DISCUSSION
flower development (Chen and Pikaard 1997b). For
protein-coding genes, we found that 26 of 43 (�60%)The fate of homeologous genes during polyploid for-

mation: We estimate that �3–11% of the progenitors’ candidate genes that are highly expressed in A. thaliana
diploid or autotetraploid are subjected to downregula-genes are susceptible to changes in expression in new

allotetraploids. The lower number may be underesti- tion in at least one generation or an allotetraploid line.
Moreover, a few homeologous genes are randomly se-mated because gene expression differences between the

allotetraploid and the A. arenosa parent were excluded lected for silencing. Either of the progenitor’s loci
(STK-t and STK-a) in A. suecica can be switched “on” ordue to heterozygous alleles in the outcrossing A. arenosa

genome. The upper number may be overestimated be- “off” in five successive selfing generations and among
siblings within a selfing generation, suggesting a stochas-cause we scored all polymorphic bands between an allo-

tetraploid and the two parents, including A. arenosa. It tic effect on the expression of some homeologous loci.
For loci such as PT and PP2, the decision on choosingis notable that either the A. thaliana or the A. arenosa

parent contributed to an equal amount of expression which locus to silence is made early during polyploid
formation so that the silencing is observed immediatelychanges (4–5%) in the allotetraploid progeny. The ma-

jority of changes were associated with cDNA fragments after polyploidization. For STK, this process is gradually
established with a trend of preferentially expressing thepresent in only one of the two parents, suggesting that

the genes highly expressed in one parent may be suscep- STK-a locus among eight siblings in the S5 generation
(Figure 4a), which is reminiscent of the expression oftible to changes during allopolyploidization. However,

the data obtained from AFLP-cDNA analysis need to the A. arenosa locus (STK-a) in the natural A. suecica
line tested. It is notable that outcrossing to natural A.be carefully interpreted. For example, the number of

amplified polymorphic fragments varied from one suecica had a little effect on the expression of the genes
studied (Figures 2–4), suggesting that the gene expres-primer pair to another, suggesting that the technique

is dependent on the efficiency of detecting restriction sion states are stable after they are established.
Although the process of establishing an expressionpolymorphisms among different samples. Moreover,

some “false positives” may be associated with PCR ampli- state of homeologous loci is stochastic, this process af-
fects only a subset of genes in the homeologous ge-fications. Thus, differentially expressed genes detected

in AFLP-cDNA display should be verified using at least nomes. Significantly, we have shown that the same set
of genes (PT, GST, and RAD54) exhibiting differentialone independent method such as RT-PCR, sequencing,

or single-strand confirmation polymorphism analysis expression in selfing generations and siblings in Allo745
display similar activating and silencing patterns in four(Lee and Chen 2001; Adams et al. 2003).

Duplicate genes and genomes provide new genetic independently derived allotetraploid lineages (Figure
3c). Moreover, another subset of genes, including DBP,material for evolution (Ohno 1970; Lynch and Conery

2000; Wolfe 2001; Liu and Wendel 2002; Wolfe and PP1, and RAD54 (Figure 2) and several others (Table
1), show expression differences between the diploidLi 2003) by gaining new functions or functional diver-

gence. However, the fate of homeologous genes in the and isogenic autotetraploid lines, suggesting dosage-
dependent gene regulation (Birchler 2001). The auto-allopolyploids is poorly understood. An appealing hy-

pothesis suggests that the expression of homeologous and allopolyploidization may have different effects on
gene regulation, because the two sets of genes (althoughgenes is reprogrammed during early stages of polyploid
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in a small sample) only partially overlap. Taken to- 1997a; Lee and Chen 2001; Lawrence et al. 2004).
Chemical inhibitors for DNA methyltransferases or his-gether, the data suggest that a subset of homeologous

genes is susceptible to epigenetic modulation during tone deacetylases derepress the silenced rRNA genes
(Chen and Pikaard 1997a; Lawrence et al. 2004), pro-polyploidization (see below).

It has been demonstrated that homeologous alleles tein-coding genes (Lee and Chen 2001), and transpo-
sons (Madlung et al. 2002). However, chemicals suchfor some loci, such as AdhA or AdhD in cotton allote-

traploids (Gossypium hirsutum L.; Adams et al. 2003), as aza-dC are known to have toxic effects on cellular
development (Haaf 1995). It is difficult to discernshow alternate expression patterns in different tissues,

suggesting subfunctionalization (Lynch and Force causal effects using chemical inhibitor assays. Here we
have generated loss-of-function A. suecica lines in DDM12000; Adams et al. 2003) of the homeologous genes

after polyploidization. The timing of silencing establish- and MET1 using seed-induced callus transformation
and RNAi. The “dominant negative” strategy is espe-ment is hard to determine in that study, because the

“new” allopolyploid cotton lines used were generated cially useful for silencing endogenous duplicate genes
in polyploids (Lawrence and Pikaard 2003) becausein the 1940s (Beasley 1940) and the number of subse-

quent generations is unknown. A similar phenomenon, genetic redundancy in polyploids makes it impractical
to produce recessive mutations for two homeologouscalled neo-functionalization, has also been observed for

duplicate genes in ancient polyploid or paleo-polyploid loci. In this study, overexpressing double-stranded RNA
corresponding to a target gene (DDM1 or MET1) causedspecies such as maize (Chandler et al. 1989; Mena et

al. 1996). The R and B genes are derived from gene a dramatic reduction in the expression of DDM1 or
MET1 and loss of DNA methylation in centromeric andduplication events in maize and are involved in the same

anthocyanin biosynthesis pathway. Some B alleles can some specific loci. As a result, the silenced genes (RAD54
and PP1) are reactivated in the ddm1- and met1-RNAisubstitute for R function, and only one of the two (B

or R) is required for pigment production in a specific lines. However, three of five silenced genes tested re-
main repressed in ddm1- and met1-RNAi lines, suggestingtissue (Chandler et al. 1989). We find that a few genes

displayed different expression patterns in leaves and that silencing of endogenous duplicate genes is inde-
pendent of DNA methylation. Moreover, the degree offlower buds, which may be subjected to tissue-specific

and/or developmental regulation (Chen and Pikaard reactivation varies in ddm1- and met1-RNAi lines, which
probably correlates with the variability of downregulat-1997b; Adams et al. 2003).

How is gene silencing or activation established and ing endogenous target genes in the RNAi lines. Alterna-
tively, DDM1 and MET1 may have slightly different ef-maintained? Although molecules, factors, and/or sig-

nals involved in establishing an expression status of ho- fects on silenced homeologous loci. Indeed, ddm1 is
considered to be an epi-mutator that induces other epi-meologous genes remain elusive, differential regulation

of homeologous genes in polyploids may be a response genetic lesions maintained in the absence of mutations
in ddm1 (Soppe et al. 2000; Stokes et al. 2002; Stokesto the genomic stress induced by two divergent genomes

in the same cell nuclei. We speculate that initial signals and Richards 2002). It will be interesting to know how
DNA methylation affects the silencing of a subset set oftriggered by homeologous genome interactions include

species-specific factors and/or sequences, DNA repair genes in RNAi lines and in successive selfing generations
of new allotetraploids.and recombination, and/or RNA-mediated mecha-

nisms. RAD54 overexpression is associated with newly Differential epigenetic modifications of homeologous
genes in polyploids may play an important yet unrecog-formed autotetraploids and allotetraploids, which may

provide a repair mechanism for correcting intra- and nized evolutionary role. A mechanism for rapid and
stochastic establishment of genome-specific gene ex-intergenomic exchanges induced in new polyploids.

RNA-mediated gene regulation is related to dosage- pression may control the expression of duplicate genes
in polyploids, leading to natural variation and evolution-dependent transgene expression in Drosophila (Pal-

Bhadra et al. 2002) and Arabidopsis (Mittelsten ary opportunities for adaptive selection and domestica-
tion (Grant 1981; Ramsey and Schemske 1998; Wen-Scheid et al. 1996). It is conceivable that a similar mech-

anism may be involved in the control of endogenous del 2000). The homeologous genes can provide extra
settings of gene control in response to changes in envi-duplicate or homeologous genes in polyploids. More-

over, RNA-mediated process is involved in DNA methyla- ronmental cues and developmental programs, because
the best combination of gene expression patterns maytion and chromatin modifications (Mette et al. 2000;

Matzke et al. 2001), which may be intervened by species- be selected. This is consistent with the “rheostat” model
proposed for the function of multiple copies of FLCspecific factors and DNA sequences from the two related

species that diverged 5.8 million years ago (Koch et al. in Brassica compared to Arabidopsis (Michaels and
Amasino 1999).2000).

DNA methylation and histone modifications serve as Alternatively, polyploidization may induce “genomic
shock” as predicted by McClintock (1984), leading toepigenetic marks in the maintenance mechanism for

the silenced genes in allopolyploids (Chen and Pikaard extensive reprogramming of the genome with concur-
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Comai, L., A. P. Tyagi, K. Winter, R. Holmes-Davis, S. H. Reynoldsrent large-scale activation of transposons (McClintock
et al., 2000 Phenotypic instability and rapid gene silencing in

1984; Comai et al. 2003a). Although a few mobile ele- newly formed Arabidopsis allotetraploids. Plant Cell 12: 1551–
1568.ments were detected in new allotetraploids (Comai et

Comai, L., A. Madlung, C. Josefsson and A. Tyagi, 2003a Do theal. 2000), reactivation of transposons was not commonly
different parental ‘heteromes’ cause genomic shock in newly

observed in this and previous studies (Lee and Chen formed allopolyploids? Philos. Trans. R. Soc. Lond. B Biol. Sci.
358: 1149–1155.2001). However, extensive epigenetic modifications may

Comai, L., A. P. Tyagi and M. A. Lysak, 2003b FISH analysis ofbe associated with the expression of genes involved in
meiosis in Arabidopsis allopolyploids. Chromosome Res. 11: 217–

various regulatory networks in new polyploid cells. An- 226.
Cook, L. M., and P. S. Soltis, 1999 Mating systems of diploid andswers to these questions should come from genome-

allotetraploid populations of tragopogon (Asteraceae). I. Naturalwide expression analyses of new allotetraploid lines.
populations. Heredity 82: 237–244.

Eisen, J. A., K. S. Sweder and P. C. Hanawalt, 1995 Evolution ofWe thank Thomas C. Osborn, Jonathan F. Wendel, and anonymous
the SNF2 family of proteins: subfamilies with distinct sequencesreviewers for critical reading and suggestions on improving the manu-
and functions. Nucleic Acids Res. 23: 2715–2723.script. The work was supported by a grant (DBI 0077774) from the

Emanuel, B. S., and T. H. Shaikh, 2002 Segmental duplications:National Science Foundation to L.C. and Z.J.C. and a grant (GM67015)
an ‘expanding’ role in genomic instability and disease. Nat. Rev.from the National Institutes of Health to Z.J.C.
Genet. 2: 791–800.

Ferris, S. D., and G. S. Whitt, 1976 Loss of duplicate gene expres-
sion after polyploidisation. Nature 265: 258–260.

Finnegan, E. J., W. J. Peacock and E. S. Dennis, 1996 ReducedLITERATURE CITED
DNA methylation in Arabidopsis thaliana results in abnormal plant
development. Proc. Natl. Acad. Sci. USA 93: 8449–8454.Adams, K. L., R. Cronn, R. Percifield and J. F. Wendel, 2003 Genes

duplicated by polyploidy show unequal contributions to the tran- Gaut, B. S., 2001 Patterns of chromosomal duplication in maize
and their implications for comparative maps of the grasses. Ge-scriptome and organ-specific reciprocal silencing. Proc. Natl.

Acad. Sci. USA 100: 4649–4654. nome Res. 11: 55–66.
Grant, V., 1981 Plant Speciation. Columbia University Press, NewAn, Y. Q., J. M. McDowell, S. Huang, E. C. McKinney, S. Chambliss

et al., 1996 Strong, constitutive expression of the Arabidopsis York.
Haaf, T., 1995 The effects of 5-azacytidine and 5-azadeoxycytidineAct2/Act8 actin subclass in vegetative tissues. Plant J. 10: 107–121.

Arabidopsis Genome Initiative, 2000 Analysis of the genome se- on chromosome structure and function: implications for methyla-
tion-associated cellular processes. Pharmacol. Ther. 65: 19–46.quence of the flowering plant Arabidopsis thaliana. Nature 408:

796–815. He, P., B. R. Friebe, B. S. Gill and J. M. Zhou, 2003 Allopolyploidy
alters gene expression in the highly stable hexaploid wheat. PlantBailey, G. S., R. T. Poulter and P. A. Stockwell, 1978 Gene

duplication in tetraploid fish: model for gene silencing at un- Mol. Biol. 52: 401–414.
Heyne, E. G. (Editor), 1987 Wheat and Wheat Improvement. ASA/linked duplicated loci. Proc. Natl. Acad. Sci. USA 75: 5575–5579.

Beasley, J. O., 1940 The origin of American tetraploid Gossypium CSSA/SSSA, Madison, WI.
Hilu, K. W., 1993 Polyploidy and the evolution of domesticatedspecies. Am. Nat. 74: 285–286.

Becak, M. L., and W. Becak, 1998 Evolution by polyploidy in Am- plants. Am. J. Bot. 80: 2521–2528.
Kashkush, K., M. Feldman and A. A. Levy, 2002 Gene loss, silencingphibia: new insights. Cytogenet. Cell Genet. 80: 28–33.

Birchler, J. A., 2001 Dosage-dependent gene regulation in multi- and activation in a newly synthesized wheat allotetraploid. Genet-
ics 160: 1651–1659.cellular eukaryotes: implications for dosage compensation, aneu-

ploid syndromes, and quantitative traits. Dev. Biol. 234: 275–288. Kashkush, K., M. Feldman and A. A. Levy, 2003 Transcriptional
activation of retrotransposons alters the expression of adjacentBogart, J. P., 1980 Evolutionary significance of polyploidy in am-

phibians and reptiles, pp. 341–378 in Polyploidy: Biological Rele- genes in wheat. Nat. Genet. 33: 102–106.
Koch, M. A., B. Haubold and T. Mitchell-Olds, 2000 Compara-vance, edited by W. H. Lewis. Plenum, New York.

Bushell, C., M. Spielman and R. J. Scott, 2003 The basis of natural tive evolutionary analysis of chalcone synthase and alcohol dehy-
drogenase loci in Arabidopsis, Arabis, and related genera (Brassica-and artificial postzygotic hybridization barriers in Arabidopsis spe-

cies. Plant Cell 15: 1430–1442. ceae). Mol. Biol. Evol. 17: 1483–1498.
Langkjaer, R. B., P. F. Cliften, M. Johnston and J. Piskur, 2003Chandler, V., J. P. Radicella, T. P. Robbins, J. Chen and D. Turks,

1989 Two regulatory genes of the maize anthocyanin pathway Yeast genome duplication was followed by asynchronous differen-
tiation of duplicated genes. Nature 421: 848–852.are homologous—isolation of B utilizing R genomic sequences.

Plant Cell 1: 1175–1183. Lawrence, R. J., and C. S. Pikaard, 2003 Transgene-induced RNA
interference: a strategy for overcoming gene redundancy in poly-Chen, Z. J., and C. S. Pikaard, 1997a Epigenetic silencing of RNA

polymerase I transcription: a role for DNA methylation and his- ploids to generate loss-of-function mutations. Plant J. 36: 114–121.
Lawrence, R. J., K. Earley, O. Pontes, M. Silva, Z. J. Chen et al.,tone modification in nucleolar dominance. Genes Dev. 11: 2124–

2136. 2004 A concerted DNA methylation/histone methylation switch
regulates rRNA gene dosage control and nucleolar dominance.Chen, Z. J., and C. S. Pikaard, 1997b Transcriptional analysis of

nucleolar dominance in polyploid plants: biased expression/si- Mol. Cell 13: 599–609.
Lee, H. S., and Z. J. Chen, 2001 Protein-coding genes are epigenet-lencing of progenitor rRNA genes is developmentally regulated

in Brassica. Proc. Natl. Acad. Sci. USA 94: 3442–3447. ically regulated in Arabidopsis polyploids. Proc. Natl. Acad. Sci.
USA 98: 6753–6758.Chen, Z. J., L. Comai and C. S. Pikaard, 1998 Gene dosage and

stochastic effects determine the severity and direction of unipa- Leitch, I. L., and M. D. Bennett, 1997 Polyploidy in angiosperms.
Trends Plant Sci. 2: 470–476.rental ribosomal RNA gene silencing (nucleolar dominance) in

Arabidopsis allopolyploids. Proc. Natl. Acad. Sci. USA 95: 14891– Lengauer, C., K. W. Kinzler and B. Vogelstetin, 2000 Genetic
instabilities in human cancers. Nature 396: 643–649.14896.

Chen, Z. J., J. Wang, L. Tian, H.-S. Lee, J. J. Wang et al., 2004 The Levin, D. A., 1983 Polyploidy and novelity in flowering plants. Am.
Nat. 122: 1–25.development of Arabidopsis model system for genome-wide analy-

sis of polyploidy effects. Biol. J. Linn. Soc. 82: 689–700. Lewis, W. H., 1980 Polyploidy: Biological Relevance. Plenum, New York.
Liu, B., and J. Wendel, 2002 Non-Mendelian phenomenon in allo-Clarke, C. A., 1984 Hybrids and hybridity. J. R. Soc. Med. 77: 821–

829. polyploid genome evolution. Curr. Genomics 3: 489–505.
Lynch, M., and J. S. Conery, 2000 The evolutionary fate and conse-Cole, G. M., D. Schild and R. K. Mortimer, 1989 Two DNA repair

and recombination genes in Saccharomyces cerevisiae, RAD54 quences of duplicate genes. Science 290: 1151–1155.
Lynch, M., and A. Force, 2000 The probability of duplicate geneand RAD52, are induced during meiosis. Mol. Cell. Biol. 3: 3101–

3104. preservation by subfunctionalization. Genetics 154: 459–473.



1973Gene Expression in Arabidopsis Polyploids

Madlung, A., R. W. Masuelli, B. Watson, S. H. Reynolds, J. Davi- between nucleolus organizer chromatin topology and rRNA gene
transcription in Arabidopsis. Proc. Natl. Acad. Sci. USA 22: 22.son et al., 2002 Remodeling of DNA methylation and pheno-

typic and transcriptional changes in synthetic Arabidopsis allo- Ramsey, J., and D. W. Schemske, 1998 Pathways, mechanisms, and
rates of polyploid formation in flowering plants. Annu. Rev. Ecol.tetraploids. Plant Physiol. 129: 733–746.

Martienssen, R. A., and E. J. Richards, 1995 DNA methylation in Syst. 29: 467–501.
Raybould, A. F., A. J. Gray, M. J. Lawrence and D. F. Marshall,eukaryotes. Curr. Opin. Genet. Dev. 5: 234–242.

Masterson, J., 1994 Stomatal size in fossil plants: evidence for poly- 1991 The evolution of Spartina anglica C. E. Hubbard (Grami-
neae): origin and genetic variability. Biol. J. Linn. Soc. 43: 111–ploidy in majority of angiosperms. Science 264: 421–424.

Matzke, M., A. J. Matzke and J. M. Kooter, 2001 RNA: guiding 126.
Reeder, R. H., and J. G. Roan, 1984 The mechanism of nucleolargene silencing. Science 293: 1080–1083.

McClelland, M., M. Nelson and E. Raschke, 1994 Effect of site- dominance in Xenopus hybrids. Cell 38: 39–44.
Ronemus, M. J., M. Galbiati, C. Ticknor, J. Chen and S. L. Della-specific modification on restriction endonucleases and DNA

modification methyltransferases. Nucleic Acids Res. 22: 3640– porta, 1996 Demethylation-induced developmental pleiotropy
in Arabidopsis. Science 273: 654–657.3659.

McClintock, B., 1984 The significance of responses of the genome Rubin, G. M., M. D. Yandell, J. R. Wortman, G. L. Gabor Miklos,
C. R. Nelson et al., 2000 Comparative genomics of the eukary-to challenge. Science 226: 792–801.

McLysaght, A., K. Hokamp and K. H. Wolfe, 2002 Extensive geno- otes. Science 287: 2204–2215.
Schultz, R. J., 1980 Role of polyploidy in the evolution of fishes,mic duplication during early chordate evolution. Nat. Genet. 31:

200–204. pp. 313–340 in Polyploidy: Biological Relevance, edited by W. H.
Lewis. Plenum, New York.Mena, M., B. A. Ambrose, R. B. Meeley, S. P. Briggs, M. F. Yanofsky

et al., 1996 Diversification of C-function activity in maize flower Soltis, D. E., and P. S. Soltis, 1995 The dynamic nature of poly-
ploid genomes. Proc. Natl. Acad. Sci. USA 92: 8089–8091.development. Science 274: 1537–1540.

Mette, M. F., W. Aufsatz, J. van der Winden, M. A. Matzke and Soltis, D. E., and P. S. Soltis, 1999 Polyploidy: recurrent formation
and genome evolution. Trends Ecol. Evol. 14: 348–352.A. J. Matzke, 2000 Transcriptional silencing and promoter

methylation triggered by double-stranded RNA. EMBO J. 19: Soppe, W. J., S. E. Jacobsen, C. Alonso-Blanco, J. P. Jackson, T.
Kakutani et al., 2000 The late flowering phenotype of fwa mu-5194–5201.

Michaels, S. D., and R. M. Amasino, 1999 FLOWERING LOCUS tants is caused by gain-of-function epigenetic alleles of a homeo-
domain gene. Mol. Cell 6: 791–802.C encodes a novel MADS domain protein that acts as a repressor

Stokes, T. L., and E. J. Richards, 2002 Induced instability of twoof flowering. Plant Cell 11: 949–956.
Arabidopsis constitutive pathogen-response alleles. Proc. Natl.Mittelsten Scheid, O., L. Jakovleva, K. Afsar, J. Maluszynska and
Acad. Sci. USA 99: 7792–7796.J. Paszkowski, 1996 A change of ploidy can modify epigenetic

Stokes, T. L., B. N. Kunkel and E. J. Richards, 2002 Epigeneticsilencing. Proc. Natl. Acad. Sci. USA 93: 7114–7119.
variation in Arabidopsis disease resistance. Genes Dev. 16: 171–182.Mittelsten Scheid, O., K. Afsar and J. Paszkowski, 2003 Forma-

Thompson, J. D., and R. Lumaret, 1992 The evolutionary dynamicstion of stable epialleles and their paramutation-like interaction
of polyploid plants: origins, establishment and persistence.in tetraploid Arabidopsis thaliana. Nat. Genet. 6: 6.
Trends Ecol. Evol. 7: 302–306.Miyagawa, K., T. Tsuruga, A. Kinomura, K. Usui, M. Katsura et

Thompson, J. D., D. G. Higgins and T. J. Gibson, 1994 CLUSTALal., 2002 A role of RAD54B in homologous recombination in
W: improving the sensitivity of progressive multiple sequencehuman cells. EMBO J. 21: 175–180.
alignment through sequence weighting, position-specific gapO’Kane, S., B. Schaal and I. Al-Shehbaz, 1995 The origins of
penalties and weight matrix choice. Nucleic Acids Res. 22: 4673–Arabidopsis suecica (Brassicaceae), as indicated by nuclear rDNA
4680.sequences, and implications for rDNA evolution. Syst. Bot. 21:

Tian, L., and Z. J. Chen, 2001 Blocking histone deacetylation in559–566.
Arabidopsis induces pleiotropic effects on plant gene regulationO’Neill, R. J. W., M. J. O’Neill and J. A. M. Graves, 1998 Under-
and development. Proc. Natl. Acad. Sci. USA 98: 200–205.methylation associated with retroelement activation and chromo-

Vongs, A., T. Kakutani, R. A. Martienssen and E. J. Richards,some remodelling in an interspecific mammalian hybrid. Nature
1993 Arabidopsis thaliana DNA methylation mutants. Science393: 68–72.
260: 1926–1928.Ohno, S., 1970 Evolution by Gene Duplication. Springer-Verlag, New

Vrana, P. B., J. A. Fossella, P. Matteson, T. del Rio, M. J. O’NeillYork. et al., 2000 Genetic and epigenetic incompatibilities underlieOrr, H. A., 1990 “Why polyploidy is rarer in animals than in plants” hybrid dysgenesis in Peromyscus. Nat. Genet. 25: 120–124.revisited. Am. Nat. 136: 759–770. Waterhouse, P. M., M. B. Wang and T. Lough, 2001 Gene silencing
Osborn, T. C., J. C. Pires, J. A. Birchler, D. L. Auger, Z. J. Chen as an adaptive defence against viruses. Nature 411: 834–842.

et al., 2003 Understanding mechanisms of novel gene expres- Wendel, J. F., 2000 Genome evolution in polyploids. Plant Mol.
sion in polyploids. Trends Genet. 19: 141–147. Biol. 42: 225–249.

Otto, S. P., and J. Whitton, 2000 Polyploid incidence and evolu- Wolfe, K. H., 2001 Yesterday’s polyploidization and the mystery of
tion. Annu. Rev. Genet. 34: 401–437. diploidization. Nat. Rev. Genet. 2: 333–341.

Pal-Bhadra, M., U. Bhadra and J. A. Birchler, 2002 RNAi related Wolfe, K. H., and W.-H. Li, 2003 Molecular evolution meets the
mechanisms affect both transcriptional and posttranscriptional genomics revolution. Nat. Genet. 33: 255–265.
transgene silencing in Drosophila. Mol. Cell 9: 315–327. Wolfe, K., and D. S. Shields, 1997 Molecular evidence for an an-

Pikaard, C. S., 1999 Nucleolar dominance and silencing of tran- cient duplication of the entire yeast genome. Nature 387: 708–
scription. Trends Plant Sci. 4: 478–483. 713.

Pontes, O., R. J. Lawrence, N. Neves, M. Silva, J. H. Lee et al., 2003
Natural variation in nucleolar dominance reveals the relationship Communicating editor: V. Sundaresan




