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Polyploidy has been a common process during the evolution of
eukaryotes, especially plants, leading to speciation and the evolution
of new gene functions. Gene expression levels and patterns can
change, and gene silencing can occur in allopolyploids—phenomena
sometimes referred to as “transcriptome shock.” Alternative splicing
(AS) creates multiple mature mRNAs from a single type of precursor
mRNA. Here we examined the evolution of AS patterns after poly-
ploidy, with natural and two resynthesized allotetraploid Brassica
napus lines, using RT-PCR and sequencing assays of 82 AS events in
duplicated gene pairs (homeologs). Comparing the AS patterns be-
tween the two homeologs in natural B. napus revealed that many
of the gene pairs show different AS patterns, with a few showing
variation that was organ specific or induced by abiotic stress treat-
ments. In the resynthesized allotetraploids, 26–30% of the duplicated
genes showed changes in AS compared with the parents, including
many cases of AS event loss after polyploidy. Parallel losses of many
AS events after allopolyploidy were detected in the two indepen-
dently resynthesized lines.More changesoccurred inparallel between
the two lines than changes specific to each line. The PASTICCINO gene
showed partitioning of two AS events between the two homeologs
in the resynthesized allopolyploids. AS changes after allopolyploidy
were much more common than homeolog silencing. Our findings in-
dicate that ASpatterns can change rapidly after polyploidy, thatmany
genes are affected, and that AS changes are an important component
of the transcriptome shock experienced by new allopolyploids.
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Polyploidy is ubiquitous in plants, with many plants being evo-
lutionarily recent polyploids, and all angiosperms having one

or more ancient polyploidy events in their lineage (1–3). Poly-
ploids can display novel phenotypes that may contribute to their
evolutionary success (4). Gene expression levels and patterns in
natural and synthetic polyploids have been widely studied to in-
vestigate the immediate and long-term effects of polyploidy. Some
of the phenomena revealed include nonadditive patterns of gene
expression in polyploids compared with their progenitors, di-
vergence in expression levels and patterns between the homeologs,
and gene silencing, with the effects being variable in different
organ types, in different developmental stages, and in response to
abiotic stresses (reviewed in refs. 5–8).
Alternative splicing (AS) is a posttranscriptional mechanism

that can regulate gene expression. AS also allows multiple pro-
teins to be produced from the same gene. In addition, AS can
cause transcript degradation by including premature stop codons
within the coding region that target the transcripts for nonsense-
mediated decay, and potentially lower levels of gene expression (9,
10). Premature stop codons introduced by AS can sometimes re-
sult in truncated proteins that are functional (11). AS can result in
phenotypic changes and impact many important physiological
processes, such as photosynthesis and defense responses (9). In
plants, it is estimated that∼33% of genes are alternatively spliced,
with intron retention being the most common type of AS (12, 13).
Changes in AS patterns after polyploidy may be an important

aspect of the evolution of duplicated genes in polyploid plants.

A recent study showed extensive divergence in AS patterns be-
tween duplicated genes generated by an ancient polyploidy event
in the Arabidopsis lineage (14). However, there has been only
one report of differential AS patterns in duplicated genes in
natural polyploids: some populations of polyploid Capsella bursa-
pastoris show AS in a FLOWERING LOCUS C (FLC) homeolog,
and it is associated with flowering time variation (15). Little is
known about AS changes at the onset of allopolyploidy and upon
interspecific hybridization. New AS events after interspecific
hybridization have been shown in the S locus in an interspecific
hybrid of Arabidopsis and its derived allopolyploid (16), and for
two SR splicing factors in an interspecific Populus hybrid (17).
Here, we studied AS patterns in a set of homeologous genes in a

natural allopolyploid, Brassica napus (canola), compared with its
progenitor diploid species—B. rapa and B. oleracea—and with
resynthesized Brassica allotetraploid S5 lines derived from the
same parental species as the natural allopolyploid (18, 19). We
assayed AS events by RT-PCR and sequencing a sizable number
of genes to (i) evaluate AS patterns between the resynthesized
allopolyploids and their parents, (ii) compare AS patterns be-
tween naturalB. napus and its diploid progenitor species as well as
identify differences between the homeologs in B. napus, (iii) de-
tect possible organ and stress-specific AS patterns in B. napus, (iv)
compare the patterns of AS between natural and resynthesized
B. napus lines, and (v) compare AS patterns between two in-
dependently resynthesized allopolyploid lines.

Results
Analysis of Alternative Splicing Events in Homeologs of Natural B.
napus. Allotetraploid B. napus, as well as accessions of its dip-
loid parental species, were used to study the evolution of AS
events in homeologous genes. AS was analyzed by performingRT-
PCR and resolving the products on agarose gels (see examples in
Fig. 1A). Seventy-four genes, including 82AS events, were assayed
(Table 1 and Table S1). In eight genes, two AS events were
assayed. An AS event is a single case of AS, such as retention of
a single intron. The most common type of AS event studied was
intron retention (IR), which is the most frequent type of AS in
plants (9). In a polyploid plant, both homeologs could show an AS
event, or one of the homeologs might show the AS event in some
of its transcripts. To determine if one or both homeologs in B.
napus showed a particular AS event, the AS bands from the RT-
PCR gels were sequenced and SNPs between the homeologs were
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evaluated (Fig. 1B). Two different organ types, cotyledons and
leaves from seedlings, and two abiotic stress treatments, heat and
cold, were used because abiotic stresses are known to affect AS
patterns in some genes, and sometimes AS is organ specific (20).
Two biological replicates were assayed for each organ and stress
condition (see Materials and Methods for details); we did not find
any presence/absence variation between the replicates.
Forty-five of the AS events (of 82) occurred in the transcripts of

both homeologs in a gene pair of B. napus under all growing
conditions and in both organ types (Table 1 and Table S2). In
contrast, 18 AS events were present in only one homeolog in at
least one organ type or under one stress treatment; those included
10 events with only the A homeolog, derived from B. rapa, and
eight events with only the C homeolog, derived from B. oleracea.
In six cases, AS was present in both of the homeologs in some
organ types or stress conditions and in only one of the homeolo-
gous genes in other organ types or stress conditions. For example,
gene pair 3, a translation initiation factor, showed AS of both
homeologous genes in leaves under normal growing conditions;
however, only the homeolog derived from B. rapa showed AS in
leaves of B. napus under heat and cold stresses and in cotyledons
under normal, heat, and cold stress conditions (Fig. 2C). Thus,
for a few cases, AS in a particular homeolog was organ specific or
stress specific. For genes that showed AS in only one homeolog,
the result was further verified by doing RT-PCR with a primer
located in the retained intron (Table S3). In this assay only the AS
form was amplified and not the fully spliced form, to potentially
detect low levels of the AS form in one homeolog that might have

been missed by coamplifying the major and minor forms by RT-
PCR. Sequencing of those RT-PCR products confirmed the
presence of one homeolog in the AS band in each case.
In the cases where only one of the homeologs had AS, the fully

spliced form was also sequenced to determine whether homeolog
silencing occurred. In most cases there was expression of the fully
spliced form from both homeologs, indicating that homeolog si-
lencing did not occur. However, in five cases there was homeolog
silencing in one or more of the organ types or stress conditions
(Table 1, Table S2, and Fig. S1). If only one of the homeologous
genes was expressed, then PCR and sequencing of the gene from
genomic DNA was done to determine if there was evidence for
gene loss or rearrangement that disrupted the gene. One home-
olog in each of three gene pairs was not detected (Table 1);
therefore, homeolog loss or chromosome rearrangement occurred
such that the gene is not present or intact. To evaluate the pos-
sibility of recombination between the homeologs, we evaluated
SNP sites in the exons surrounding the AS events. In each case,
both homeologs were present without recombination between
them in the region evaluated for AS. We did not examine home-
ologous recombination elsewhere in the genes, which therefore
could exist in some cases.
Gene pairs with AS in only one of the two homeologs may

represent changes in AS patterns after polyploidy. To compare
AS patterns in B. napus with models of its diploid progenitor
species, B. rapa and B. oleracea, two accessions of each diploid
species were used. Among 80 AS events, 69 showed conservation
among the two accessions each of B. rapa and B. oleracea (Table
S4). In contrast, 11 AS events showed varied presence/absence
among the diploid lines. Eight of those events were present in
only one homeolog in the polyploid, strongly suggesting that the
difference in AS between the homeologs was due to AS absence
in the corresponding diploid and inheritance of this pattern in
the polyploid. In two cases we found no AS isoform in B. napus
(Table 1); these were interpreted as loss of AS in the A home-
olog because both accessions of B. rapa showed the AS event.
Another case, gene 39-1, may have AS gain in both homeologs in
B. napus, because none of the diploid lines showed the event.
When accounting for gene silencing, loss or recombination,

and likely inheritance of AS from the diploid progenitors, a total
of 16 events (20%) showed likely AS change in the polyploid
compared with its progenitors. Those changes could have taken
place early in allopolyploid evolution or later over evolutionary
time. It is notable that loss of AS from one homeolog was more
common than silencing of one homeolog.
The vast majority of the events assayed are IR, which is the

most common type of AS in plants, with many of those causing
premature stop codons that could result in production of trun-
cated proteins or in transcript degradation by nonsense-medi-
ated decay that may lower the total level of expression of the
genes. Evolutionary conservation can provide some clues as to
the possibility of the AS isoforms being functional. An analysis of
the AS events indicated that most show evolutionary conserva-
tion between species (SI Text and Table S5).

Analysis of Alternative Splicing Events in Two Resynthesized B. napus
Allotetraploid Lines. To determine if extensive AS changes in
homeologs might occur within a few generations after polyploid
formation, we assayed AS in two resynthesized B. napus allote-
traploid lines in the S5 generation, derived by hybridization be-
tween B. rapa and B. oleracea and chromosome doubling (18, 19).
We determined whether one or both homeologs showed AS in the
resynthesized allopolyploids for 81 AS events in 73 genes using
leaves and cotyledons of seedlings. AS was assayed by RT-PCR
and sequencing of the RT-PCR products (Fig. 2). No differences
in AS patterns were found between the two organ types. In
resynthesized line 1, 39 events were present in both homeologs, 15
events were found in only the A homeolog derived from B. rapa,

Fig. 1. RT-PCR and sequencing assays of AS. (A) RT-PCR assays of AS in three
Brassica species. Examples of RT-PCR gels showing AS events in B. napus (Bn)
compared with two accessions of the diploid progenitor species B. rapa (Br1
and Br2) and B. oleracea (Bo1 and Bo2) in cotyledons. (Upper) Gene 22. (Lower)
Gene 16. Plus and minus signs indicate presence or absence of reverse tran-
scriptase. Numbers indicate size markers (M). (B) Sequencing chromatograms
showing AS of one or both homeologs in B. napus in two different organ types
and under two abiotic stress conditions. Shown are short regions of the chro-
matograms fromdirect sequencingof theASbands from theagarose gels from
three example genes. C, cold stress; H, heat stress; cot, cotyledons. (Left) Gene 1
showed twopeaks at an SNP site, in each case indicatingAS in both homeologs.
(Center) Gene 17 showed one peak at an SNP site, in each case indicating AS in
only the homeolog derived from B. rapa. (Right) Gene 3 showed two peaks at
an SNP site in leaf under normal conditions, indicating AS in both homeologs;
however, there was only one peak at the SNP site in all other cases, indicating
AS only in the B. rapa homeolog. Multiple SNPs were evaluated for each gene.
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and 14 events were present in only the C homeolog derived from
B. oleracea (Fig. S2 and Table 1). In resynthesized line 2, 42 events
were present in both homeologs, 14 events were found only in the
A homeolog, and 14 events were present only in the C homeolog.
Thirty-six of the AS events were found in both homeologs in both
of the synthetic allopolyploid lines (Table 1). In contrast, 23 of the
AS events were present in only one homeolog in both resynthe-
sized lines, and surprisingly in each case it was the same homeolog
(Table 1). There were no examples of AS in only the A homeolog
of one line and in only the C homeolog of the other line. Ten of the
AS events were found in both homeologs of one line but only one
homeolog of the other line. For cases that showed AS in only one
homeolog, the result was further verified by RT-PCR with a

primer located in the intron; sequencing of those RT-PCR
products confirmed the presence of one homeolog in theAS band.
In each case where only one homeolog showed AS, we also

determined if one or both homeologs showed the fully spliced
form or if there was homeolog silencing, and if both homeologous
genes were present, as discussed previously with natural B. napus.
Three genes showed homeolog silencing in one resynthesized line
or the other, whereas three other genes showed homeolog si-
lencing in both resynthesized lines (Table 1). One gene showed
evidence of homeolog loss or recombination. The possibility of
homeologous nonreciprocal recombination (HNR) accounting
for AS in one homeolog was also evaluated. HNR has been shown
to occasionally occur between homeologs in the synthetic Brassica
allopolyploid lines (19). PCR was performed with genomic DNA,

Table 1. AS patterns in homeologs of natural B. napus and the resynthesized allopolyploids

No. Gene function/putative function B.n. Syn 1 Syn 2 No. Gene function/putative function B.n. Syn 1 Syn 2

1 Unknown function AC A♦ AC 40 Tetrahydrofolate dehydrogenase C♦ C♦ C♦
2 Vacuolar protein AC C* AC 41 Homolog of mammalian Bax AC AC AC
3 Translation initiation factor A♦ A♦ AC 42 Ascorbate peroxidase AC AC AC
4 Vesicle membrane protein AC C♦ C♦ 43 Subunit of dehydrogenase A* AC AC
5 Unknown function AC AC AC 44 Disulfade isomerase-like NIa♦ A A
6-1 Protein TYR phosphatase-like C♦ A♦ A♦ 45-1 Unknown function AC AC AC
6-2 Protein TYR phosphatase-like C♦ C♦ C♦ 45-2 Unknown function AC AC AC
7 Beta carbonic anhydrase 6 AC A♦ AC 46 Unknown function AC AC AC
8 Ascorbate peroxidase AC AC AC 47 Nuclear cap binding protein C♦ C♦ C♦
9 20S proteasome subunit A* AC AC 48 Glycine-rich protein AC AC AC
10 Plasma membrane protein AC A AC 49 Microsomal signal peptidase A♦ A♦ A♦
11 Unknown function NIa♦ AC AC 50 DEAD/DEAH box helicase AC AC AC
12 Unknown function AC AC AC 51 DNA damage responses A* nd nd
13 Unknown function AC AC AC 52 Haloacid dehalogenase-like AC AC AC
14 Ubiquitin-conjugating enzyme AC A♦ A♦ 53 Unknown function AC AC A♦
15 Unknown function AC AC AC 54 Prohibitin 2 AC AC AC
16 Cold acclimation protein A A A 55 Nudix hydrolase homolog AC AC AC
17 Dormancy-associated protein A♦ AC A♦ 56 ERF subfamily AC AC A♦
18 CDC2 kinase subfamily AC AC AC 57 Dehydrogenase reductase C* C♦ C♦
19 Protein kinase AME3 AC AC AC 58-1 Inorganic pyrophosphatase AC NI NI
20 Lammer-type protein kinase AC AC AC 58-2 Inorganic pyrophosphatase AC NI NI
21 Ferritin AC A♦ A♦ 59 Chromatin remodeling factor AC C♦ C♦
22 Ferredoxin-like superfamily AC AC AC 60 Pantothenate kinase AC C♦ C♦
23 Poly(A) polymerase AC AC C♦ 61 Vacuolar protein sorting AC A♦ A♦
24 SR splicing factor AC C* AC 62-1 Unknown function AC C* C*
25 DNA repair AC AC AC 62-2 Unknown function AC C* C*
26 DNA repair A− C* C* 63 Peroxiredoxin Q AC AC AC
27 Glycine-rich protein AC AC AC 64-1 Unknown function AC AC AC
28-1 Splicing factor RSZ33 A− A− A− 64-2 Unknown function C♦ C♦ C♦
28-2 Splicing factor RSZ33 A− A− A− 65 Thioredoxin-like protein A A* A*
29 Unknown function A A A 66 Unknown function A♦ C* AC
30 Transferase activity A AC AC 67-1 Cold acclimation protein AC AC AC
31 Dihydropyrimidine C− C♦ AC 67-2 Cold acclimation protein AC AC AC
32 Homeodomain-leucine zipper C♦ AC C♦ 68 GTP-binding family C♦ C♦ C♦
33 Kinase A A A 69 26S proteasome C C C
34 Ubiquitin related AC AC AC 70 Rab GTPase homolog H1e C♦ C♦ C♦
35 D-cysteine desulfhydrase AC C* C* 71 Isopropylmalate dehydrogenase AC AC AC
36 20S proteasome beta subunit AC AC AC 72 Chlorophyll b reductase AC C♦ C♦
37 Ankyrin repeat family AC AC AC 73 Calmodulin AC AC AC
38 Mitochondrial translocase A A A 74 Transmembrane protein A♦ A♦ A♦
39-1 Cytochrome b561 AC NI NI
39-2 Cytochrome b561 C C NIc♦

AS status in cotyledons of B. napus (B.n.), resynthesized line 1 (Syn 1), and resynthesized line 2 (Syn 2). A is the homeolog derived from
B. rapa, and C is the homeolog derived from B. oleracea. No., gene pair number. AC, AS in A and C homeologs; A, AS in A homeolog
only; C, AS in C homeolog only; A♦, change in AS after allopolyploidy/loss of AS in C homeolog; C♦, change in AS after allopolyploidy/loss
of AS in A homeolog, AC, change in AS after allopolyploidy/gain of AS in C homeolog; AC, change in AS after allopolyploidy/gain of AS
in A and C homeologs; A*, no expression of the C homeolog; C*, no expression of the A homeolog; A−, loss of the C homeolog; C−, loss
of the A homeolog; NI, no AS isoform present; NIa♦, no AS isoform, loss of AS in A homeolog; NIc♦, no AS isoform, loss of AS in C
homeolog; nd, not determined. Underlining indicates differences in AS or expression among organs or stresses (Table S2).
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and the products were then sequenced. In each case, both
homeologs were present in genomic DNA, without recombi-
nation, in the region evaluated for AS, and thus HNR has not
occurred in those regions of the genes.
Overall, the synthetic allopolyploids showed a surprisingly high

number of cases where AS was present in only one homeolog. Two
possibilities could account for this observation: there were changes
in AS after allopolyploidy, or the diploid parents differed in their
AS patterns. To distinguish between those two possibilities, the
AS patterns in the two diploid parents were assayed by RT-PCR.
There were five events that were not present in the B. rapa parent
and 10 events that were not present in theB. oleracea parent; three
events were not present in either parent or the polyploids (Table
S4). Overall, there was a change in AS from the diploid parents for
21 events in resynthesized line 1 (26%) and 24 events in resyn-
thesized line 2 (30%), in most cases loss of a parental AS event
from one homeolog. Seventeen of the AS events showed changes
from the diploid parents in both lines, whereas there were four
events that showed AS change only in resynthesized line 1 and
seven events that showed AS change only in resynthesized line 2.
Gene 10, a plasma membrane protein, showed the AS event in
both homeologs of resynthesized line 2 even though the event was
absent from transcripts of the B. oleracea parental line, indicating
an AS gain after allopolyploidy.
A particularly interesting case of AS change in the resynthe-

sized allopolyploids was the PASTICCINO2 (PAS2) gene, en-
coding a tyrosine phosphatase-like protein involved in cell division
and differentiation, in which two AS events were assayed in dif-
ferent regions of the gene. The RT-PCR reactions yielded three
products: the fully spliced form, retention of intron 2, and reten-
tion of intron 8 (Fig. 3). The RT-PCR products were sequenced to
determine which homeologs were present in the resynthesized
allopolyploids. Whereas intron 2 was only retained in the tran-
scripts from the A homeolog, intron 8 was only retained in the
transcripts from the C homeolog (Fig. 3) from both resynthesized
lines. Both diploid parents showed both AS events. Thus, the two
AS events were partitioned between the homeologs after poly-
ploidy. Each of the retained introns creates a premature stop
codon, which could result in production of truncated proteins
or in transcript degradation by nonsense-mediated decay that may
lower the total level of expression from the genes. In natural
B. napus, only the C homeolog shows both events; thus there
has been parallel loss of AS from one homeolog, compared with
the synthetic lines, but not partitioning of AS events between
homeologs.

Comparisons Between Natural and Resynthesized B. napus Lines. The
resynthesized allopolyploids showed more cases of changes in AS
patterns, compared with the diploids, than did natural B. napus.
This result was unexpected because we predicted that the resyn-
thesized allopolyploidswould show fewerAS changes than a natural
allopolyploid species. The two resynthesized lines are more similar
to each other in AS patterns than either is to natural B. napus (Fig.
S2), indicatingmore divergence between the resynthesized lines and
the natural line than between the two resynthesized lines. There
were many genes where the AS patterns were the same in all three
lines, mostly cases of AS in both homeologs. In contrast, there are
eight events in eight genes (about 10% of the assayed AS events)
that showed parallel changes in AS patterns, compared with the
diploids, among both resynthesized lines and natural B. napus. For
example, gene 47 encoding a subunit of the nuclear cap-binding
protein complex (CBP20) involved in AS (21) showed AS of only
the C homeolog in natural B. napus and both resynthesized lines.
There were three genes that showed parallel changes in AS in one
resynthesized line and the natural B. napus line. There were no
parallel cases of homeolog silencing among the resynthesized lines
and the B. napus line. Overall the resynthesized lines showed
AS patterns in the homeologs that were largely different from the
natural B. napus line, although a few genes showed parallel home-
olog-specific losses of AS.

Discussion
Evolution of Alternative Splicing Patterns in a Natural Allopolyploid.
AS is a fundamental aspect of gene expression that can affect
gene function by creating new protein isoforms and lowering the
total level of gene expression by premature stop codon formation
followed by transcript degradation (9). The evolutionary patterns
of AS changes in natural polyploid species compared with their
progenitor diploid species are unknown. We found that 20% of
the gene pairs examined showed AS changes in B. napus com-

Fig. 2. Sequencing chromatograms of AS in cotyledons of the two resyn-
thesized allopolyploid lines. Shown are short regions of the chromatograms
from direct sequencing of the AS bands from the agarose gels from six
example genes. (A) gene 13, (B) gene 29, (C) gene 6-2, (D) gene 10, (E) gene
31, and (F) gene 3. Scoring was done in the same way as in Fig. 1. Multiple
SNPs were evaluated for each gene.

Fig. 3. Partitioning of AS events in the PAS2 gene (gene 6) between
homeologs in the resynthesized allopolyploids. (A) RT-PCR gel: The 6-2 iso-
form is the Top band, the 6-1 isoform is the Middle band, and the fully
spliced form is the Bottom band. B.r. indicates B. rapa, O indicates B. oler-
acea, and B.n. indicates resynthesized B. napus. Plus and minus signs indicate
presence or absence of reverse transcriptase. (B) Chromatograms from direct
sequencing of the AS bands in the resynthesized allopolyploid: SNP sites are
boxed. Multiple SNPs were evaluated for each region. Only the A homeolog
was present in the 6-1 isoform that retains intron 2, and only the C home-
olog was present in the 6-2 isoform that retains intron 8. Chromatograms
from B. oleracea are shown for comparison.
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pared with the parental diploid species. This value was higher than
the number of gene pairs showing silencing of one homeolog, 6%
of the gene pairs examined. Several gene pairs showed organ-
specific AS of homeologs, indicating that AS in homeologs of
a polyploid can be regulated in an organ-specific manner. Organ-
specific homeolog silencing and biased expression are well docu-
mented in allopolyploids (reviewed in ref. 6), but there have not
been previous reports of organ-specific AS of homeologs. A few
gene pairs showed effects of heat and cold treatments on home-
olog-specific AS patterns. Effects of abiotic stress treatments on
homeologous gene expression have been investigated in cotton
allopolyploids, where considerable quantitative changes to tran-
scription levels in response to different abiotic stresses were shown
for many genes, and regulatory subfunctionalization was shown
for an alcohol dehydrogenase gene (22, 23).

Surprisingly Extensive and Parallel Changes in Alternative Splicing
Patterns in the Resynthesized Allopolyploids. The resynthesized
Brassica allopolyploids show changes in homeolog-specific AS
events in 26–30% of the gene pairs examined compared with their
parental lines. A surprisingly high number (21%) of the genes
showed parallel changes in AS events in the two resynthesized lines.
This result shows that changes in AS in some genes after allopoly-
ploidy are repeatable, and suggests that the phenomenon is not
entirely due to randomevents. If the changes were entirely ormostly
random, one would expect to find cases where AS in the A home-
olog was lost in one line and AS in the C homeolog was lost in the
other line. We did not find any cases of that type. Most of the
changes were homeolog-specific losses of AS in one homeolog, but
in one case there was a homeolog-specific gain of anAS event in one
line. Our study assayed known events identified from expressed
sequence tags in B. oleracea and thus we would preferentially detect
AS losses over gains of novel AS events. Therefore, there were likely
more changes in AS patterns in the assayed genes than revealed
in this study. Overall, changes in AS patterns after polyploidy
appear to be a common occurrence in resynthesized Brassica allo-
polyploids. We evaluated the presence and absence of AS events,
and levels of AS transcripts were not quantified, although the levels
of AS transcripts could vary between the homeologs in some cases.
Thus, changes inAS patterns in the resynthesized allopolyploids are
likely more extensive if AS transcript levels are considered.
Not only was the amount of AS change in the synthetic Brassica

allopolyploid surprisingly high, but there were considerably more
cases of AS changes than in natural B. napus (20% of the home-
ologous gene pairs). Why would the synthetic allopolyploids show
more AS changes after polyploidy than natural B. napus? One
possibility is that natural selection has acted in the natural poly-
ploid such that some AS changes within the first few generations
after allopolyploidy have been eliminated. Another possibility is
that the variety of molecular events that accompany the merger of
two divergent genomes in a common nucleus during allopoly-
ploidy and in the first few generations afterward result in variable
and unstable AS patterns during the first few generations. For
example, there may be misregulation of genes whose products
function in AS, such as SR-splicing factors. Stochastic expression
patterns have been observed in a few genes among selfing gen-
erations during the first five generations after allopolyploidy in
Arabidopsis (24). Following the initial stochastic sorting out of AS
patterns, stability may ensue, perhaps resulting in AS patterns
becoming more like the parental patterns over time. Although
a hypothesis based on stochastic AS changes in the first few gen-
erations may sound attractive, our finding of a relatively high
frequency of parallel AS changes in two independently synthesized
lines is not supportive of it. A third possibility is that different
parental populations of B. rapa and B. oleracea created the two
allopolyploids (natural vs. resynthesized), and the amount of ge-
netic changes in allopolyploids might vary when different diploid
populations of each species form an allopolyploid.

Partitioning of Parental AS Patterns Between Duplicates in the
Resynthesized Allopolyploids. PASTICCINO2 (PAS2) showed par-
titioning of parental AS pattern between homeologs in both
resynthesized allopolyploids. There was retention of intron 2 only
in the homeolog derived from B. rapa, and retention of intron 8
only in the homeolog derived from B. oleracea. Partitioning of AS
forms between duplicated genes is indicative of subfunctionaliza-
tion of AS. If each splice form has a different function then it could
lead to retention of both genes. In PAS2 the function(s) of the AS
forms are unknown. Considering the presence of premature stop
codons in each retained intron, the transcripts may get degraded
by nonsense-mediated RNA decay (9), with the resulting effect of
potentially lowering the total level of expression from the genes.
Regulation of expression level might be an important function of
the AS in PAS2. In Arabidopsis thaliana there is a PAS2 mutant
with defective splicing of the final intron, resulting in that intron
being retained in a majority of the transcripts (25). The total level
of transcript accumulation is lowered, presumably because of
transcript decay. The mutant shows impaired embryo and seedling
development as well as ectopic cell proliferation. In contrast,
overexpression of PAS2 slowed down cell division and inhibited
seedling growth (26). Thus, too little or too much expression
of PAS2 is detrimental, and AS may be a way of regulating the
expression level.
There were only eight genes in this study where two AS events

were assayed. Considering the large number of genes that contain
multiple introns with the potential for AS, there could be a sizable
number of genes in the synthetic allopolyploid that show parti-
tioning of AS. Previously in allopolyploids, subfunctionalization
of organ-specific expression patterns was shown in allotetraploid
cotton and Tragopogon (27, 28). However, there have been no
previous reports of partitioning of AS patterns in a synthetic or
natural allopolyploid. Partitioning of AS patterns between dupli-
cated genes has been seen when comparing gene structures in
different plant species (29, 30).

Changes in AS Are Part of the Transcriptome Shock Experienced by
New Allopolyploids. Previous studies of several different synthetic
allopolyploids showed that nonadditive gene expression, biased
expression of homeologs, and homeologous gene silencing are
phenomena that occur after polyploidization events (reviewed in
refs. 5–8). Those events have been referred to as transcriptome
shock (28, 31). AS changes represent a new form of transcriptome
shock that affectsmany genes during the first few generations after
allopolyploid formation. Our results show that AS changes in
homeologs are considerably more common than homeolog si-
lencing, which has been estimated as affecting ∼1–9% of home-
ologs in other studies (24, 32–34). How common are changes in
AS forms after allopolyploidization? The findings here show
changes in AS occurred in 26%of the genes that were examined in
the resynthesized allopolyploids. In A. thaliana and rice, about
33% of genes have AS (12, 13), and the frequency of AS in genes
in Brassica is probably equivalent. The B. napus genome is esti-
mated to contain ∼100,000 genes (35). If ∼26% of the homeolo-
gous pairs show changes in AS in synthetic B. napus compared
with their diploid parents, then AS in ∼4,300 gene pairs may be
affected after polyploidy.
This study of AS patterns in more than one gene in a synthetic

or natural allopolyploid is unique. Thus, at this point it is un-
known if extensive changes in AS patterns occur after polyploidy
in other plants or if the synthetic Brassica allopolyploids are
unusual in this regard. Also unknown is whether interspecific
hybridization, chromosome doubling, or molecular events in the
first generations resulted in most of the AS alterations in the
resynthesized allopolyploids. Two previous studies showed that
AS patterns can change after interspecific hybridization. New AS
variants were present in two SR splicing factor genes after in-
terspecific hybridization in Populus (17) and in the S locus in an
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interspecific Arabidopsis hybrid (16). Two studies of synthetic
allopolyploids showed splicing changes within a few generations
after allopolyploidy: a different single (not alternative) spliced
product appeared in the por gene of a cucumber allopolyploid
(36), and the levels of the AS form of one gene changed in a syn-
thetic wheat allopolyploid (37). Future studies of other allopoly-
ploids, autopolyploids, and interspecific F1 hybrids will be needed
to determine the extent of AS changes and their timing after in-
terspecific hybridization and chromosome doubling.
What molecular mechanisms might cause changes in AS pat-

terns in resynthesized allopolyploids? One possibility is that the
combination of diverged AS factors from both parental species
could cause different interactions with the target genes, resulting
in changes in AS patterns. This hypothesis is based on proposals
regarding the combination of diverged regulatory factors in an
allopolyploid, causing changes in gene expression levels and pat-
terns (38). Another possible mechanism is that epigenetic changes
that occur in some allopolyploids, including histone modifications
and cytosine methylation changes, might play a role in the AS
changes. In contrast to the resynthesized Brassica allopolyploids,
divergence in AS patterns between homeologs in natural B. napus
may have been caused by divergence in sequences that are im-
portant for AS, such as sequences where SR proteins bind. There
is a relatively low level of sequence divergence (about 1–2% SNPs
and 1–4% insertions/deletions) between homeologous gene
sequences of B. napus compared with its progenitor species (39).
What implications might AS changes in allopolyploids have for

allopolyploid evolution? Differentially regulating AS between
homeologs might allow more regulatory flexibility in duplicated
genes, particularly in regards to regulating gene expression levels
by AS, as shown for some genes (9). New AS forms in allopo-

lyploids that create new protein isoforms, including truncated
proteins, could result in new gene functions. AS changes in
allopolyploids could be responsible for some of the phenotypic
differences from their diploid parents, although this study was
not designed to examine AS in candidate genes for phenotypes.
In addition, AS changes in homeologs might lead to duplicate
gene retention if AS forms are partitioned between duplicates,
and both forms are essential for function.

Materials and Methods
Detailed information can be found in SI Materials and Methods. Briefly, the
synthetic allotetraploids were created by crossing doubled-haploid B. rapa and
B. oleracea followed by spontaneous chromosome doubling or colchicine dou-
bling (18). The lines were propagated to the fifth generation by single-seed
descent (19). Plants were grown under constant conditions in growth chambers
for 15 d. Cold and heat treatments were done for 24 h at 4 °C and 38 °C, re-
spectively. Nucleic acids were extracted using standard procedures. Genes were
chosen randomly among those that showed AS in B. oleracea from publicly
available ESTs. By comparing ESTs of B. napus, B. rapa, and B. oleracea, SNP sites
in B. napus ESTs were identified. Phylogenetic analyses were performed to
identify homeologs andparalogs. RT-PCRwas performedon cDNAsderived from
DNase-treated RNAs, using oligo(dT) for reverse transcription, with PCR primers
that amplified both homeologs and the genes from the diploids. Products were
resolved by agarose gel electrophoresis, followed by band cutting and Sanger
sequencing. SNP sites on the chromatograms were scored to infer whether one
or both homeologous genes were present in the sequenced AS bands.
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