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ABSTRACT

It has been hypothesized that polyploidy permits the proliferation of transposable elements, due to both
the masking of deleterious recessive mutations and the breakdown of host silencing mechanisms. We
investigated the patterns of insertion polymorphism of an Aelike transposable element and nucleotide
diversity at 18 gene fragments in the allotetraploid Arabidopsis suecica and the autotetraploid A. arenosa. All
identified insertions were fixed in A. suecica, and many were clearly inherited from the parental species A.
thaliana or A. arenosa. These results are inconsistent with a rapid increase in transposition associated with
hybrid breakdown but support the evidence from nucleotide polymorphism patterns of a recent single
origin of this species leading to genomewide fixations of transposable elements. In contrast, most insertions
were segregating at very low frequencies in A. arenosa samples, showing a significant departure from
neutrality in favor of purifying selection, even when we account for population subdivision inferred from
sequence variation. Patterns of nucleotide variation at reference genes are consistent with the TE results,
showing evidence for higher effective population sizes in A. arenosa than in related diploid taxa but a near

complete population bottleneck associated with the origins of A. suecica.

T has been suggested from insertion polymorphism
data that many transposable elements (TEs) in nat-
ural populations are in a balance between the accu-
mulation of copies as a result of transposition and
their removal by purifying selection (CHARLESWORTH
and CHARLESWORTH 1983; BIEMONT et al. 1997;
CHARLESWORTH ¢! al. 1997). Evidence from popula-
tion data for Drosophila (CHARLESWORTH et al. 1992;
HoocLanDp and BreMonT 1996; PETROV el al. 2003),
Arabidopsis lyrata (WRIGHT et al. 2001), maize (TENAILLON
et al. 2002), yeast (FINGERMAN et al. 2003), and even
some human transposons (BoissINOT et al. 2006) has
shown that individual insertions tend to segregate at
low frequencies. Analyses of these data generally sup-
port models of transposition—selection balance where
natural selection acts as the main force opposing ele-
ment spread (CHARLESWORTH et al. 1994). These models
suggest several possible explanations for high rates of
TE accumulation in some taxa: reductions in effective
population size, reduced selection coefficients, and/or
higher transposition rates.

Sequence data from this article have been deposited with the EMBL/
GenBank Data Libraries under accession nos. EU480589-EU480675
and EU553596-EU553811.
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The evolutionary history of maize suggests that the
two major events of polyploid formation and retrotrans-
poson amplification happened on the same phyloge-
netic lineage (TIKHONOV et al. 1999; GAUT et al. 2000).
This proliferation may account for half or more of the
fourfold difference in DNA content between sorghum
and maize. However, a general correlation between
polyploid formation and transposon proliferation re-
mains to be established, and the hypothesized causes re-
main untested. MATZKE and MATZKE (1998) argued that
allopolyploidy permits the proliferation of transposable
elements because the presence of multiple copies of all
genes leads to a buffering from the deleterious con-
sequences of transposition. As a consequence, TEs may
accumulate and fix in allopolyploid genomes, even in
gene-rich genomic regions. A similar argument applies
to autopolyploids; there may be relaxation of selection
relative to diploids when an insertion is present in one of
four copies, although we do not expect the increased
fixation rates predicted in allopolyploids given the ab-
sence of a distinct homeologous locus. An alternative
hypothesis is that hostsilencing mechanisms such as meth-
ylation may break down in allopolyploid hybrids, allowing
transposition rates to become elevated (MADLUNG et al.
2002, 2005). On the other hand, the larger number of
genome copies per individual can reduce the extent
of drift, potentially increasing the efficacy of purifying
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selection compared with a diploid population of the
same size.

Experimental evidence for transposon activation in
a polyploid is found from a study by MADLUNG et al.
(2005), using Arabidopsis genomic microarrays to sur-
vey a heterochromatic region of chromosome 4. They
found that an En-Spm transposon showed transcriptional
activation in an experimentally generated allopolyploid
hybrid compared to its autotetraploid parental lines.
Similar results have been obtained for experimentally
synthesized wheat (KasukusH et al. 2003). Experimen-
tal hybridization in Drosophila has also revealed an
order of magnitude increase in transposition rate com-
pared with parental controls (LABRADOR et al. 1999)
and retrotransposon amplification combined with
demethylation has also been observed in experimen-
tal mammalian hybrids (O’NEILL et al. 1998). In a
natural system, diploid hybrid sunflowers also exhibit
a proliferation of TEs (UNGERER et al. 2006), consis-
tent with hybridization breaking down host silencing
mechanisms.

While these studies support the hypothesis of re-
duced TE silencing associated with hybridization, there
is less evidence in the literature for a clear connection
between gene duplication and a relaxation of selection
on TEs. Two studies in particular have demonstrated
that transposable elements are overrepresented in
duplicated regions of individual genomes (A. thaliana,
HUGHES et al. 2003; rice blast fungus, THON et al. 2006),
although another study in yeast found the opposite
pattern (HuGHEs and Friepman 2004). While the
authors of these studies interpreted their results as
evidence that TEs are important in causing duplication,
the alternative explanation is that these duplicated
regions experience relaxed selection against TEs due
to redundancy in gene function. Brassica oleracea, an
ancient hexaploid species (Z1IOLKOWSKI et al. 2006),
shows evidence for a strong accumulation of many
classes of transposable elements relative to the related
A. thaliana (ZHANG and WESSLER 2004), which is also
consistent with polyploidy allowing for TE proliferation.

Shifts in mating system could also affect the dynamic
of TEs in polyploids, especially because polyploidization
is often associated with an increased potential for selfing
(BARRINGER 2007). Because the transmissibility of TEs
from genome to genome is lower in selfers, population
genetic theory predicts that rates of element movement
in a selfer should evolve to be lower relative to those in
an outcrosser (CHARLESWORTH and LANGLEY 1989).
Furthermore, under models of selection against inser-
tions, the purging of deleterious recessive insertions in
selfers may further reduce TE abundance (WRrRiGHT and
ScHOEN 1999; MorcaN 2001). On the other hand,
models of selection against ectopic recombination
events between insertions (MONTGOMERY ef al. 1991)
predict an accumulation of TEs in selfers if high
homozygosity reduces ectopic pairing (CHARLESWORTH

and CHARLESWORTH 1995; WRIGHT and SCHOEN 1999;
Moracan 2001).

A. suecica (2n = 4x = 26) is a model allopolyploid
species, most likely formed by combining an unreduced
diploid A. thaliana (2n = 10) ovule with diploid pollen
from the autotetraploid A. arenosa (2n = 4x = 32) or a
close relative (JAKOBSSON et al. 2006). Patterns of poly-
morphism at 52 microsatellite loci and four nuclear
genes in A. suecica suggest very low levels of diversity,
consistent with a recent single origin of this species
(JARKOBSSON et al. 2006). In addition to contrasting
origins (recent allopolyploid vs. older autopolyploid),
A. suecica and A. arenosa differ in mating system, with A.
suecica being self-compatible and highly selfing (SALL
et al. 2004), while A. arenosa is self-incompatible. The
self-incompatibility in A. arenosa is not well understood,
and it is assumed to be close to the system found in its
closely related species A. lyrata (MABLE et al. 2003). The
complete genome sequence of A. thaliana (ARABIDOPSIS
GENOME INITIATIVE 2000) and the near completion
of the genome of A. lyrata (www.jgi.doe.org) make
A. arenosa and A. suecica ideal models for studying
genome evolution in polyploid species.

Here, we take a population genetic approach to study
natural TE insertion and nucleotide variation in
A. suecica and A. arenosa. The recent single origin of
A. suecica (JAKOBSSON et al. 2006) makes this an excel-
lent model for examining the early stages of genome
evolution in an allotetraploid. Given the recent allo-
polyploid origin of this species via a severe population
bottleneck, we predict that natural selection against TE
activity in A. suecica should be less effective than in
related diploids and A. arenosa. In contrast, the out-
crossing autotetraploid A. arenosa may not experience
such a strong relaxation of natural selection and little
increased fixation, although the increased ploidy could
lead to a greater level of TE polymorphism, particularly
in gene-rich regions.

Aclll is a class II transposable element that was
identified in the ecotype A. thaliana (Columbia) in a
survey of TE diversity (LE et al. 2000). The elements
contain short inverted terminal repeats, flanked by
eight-nucleotide host sequence duplications, which
are characteristics of the hobo/Ac/Tam3 (hAT) trans-
poson superfamily (HENK et al. 1999). Many members of
the AT superfamily have been shown to be responsible
for phenotypic variation (COEN and CARPENTER 1986)
and spontaneous mutations (SHALEV and Levy 1997;
ZHANG and PETERSON 1999). Previous analysis of this
element in natural populations has provided evidence
that insertions of this element are subject to weak
purifying selection in the outcrossing species A. lyrata,
with increased population frequencies but no major
shift in the number of sites polymorphic for TEs in the
selfing A. thaliana (WRIGHT et al. 2001).

In this study, we used a PCR-based transposon display
(TD) approach (KORSWAGEN et al. 1996; WAUGH et al.
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TABLE 1

Polyploid Arabidopsis species samples

Species TE/SNP* Ploidy Origin

A. suecica S99 TE 2n = 26" Olofsfors®

A. suecica S460 TE, SNP 2n = 26 Enviken?

A. suecica Sos0 TE 2n = 26 Hammarstrand®

A. suecica Sus7 TE 2n = 26 Central Sweden*

A. suecica S0 TE 2n = 26 Vannas*

A. suecica Se1 TE, SNP 2n = 26 Viannis*

A. suecica S+ TE, SNP 2n = 26 Soder Nyaker?

A. suecica Sso TE, SNP 2n = 26 Nordmaling*

A. suecica Sig9 TE, SNP 2n = 26 Voxnan*

A. suecica So61 TE, SNP 2n = 26 Hammarstrand*

A. suecica S195 TE, SNP 2n = 26 Friggesund*

A. suecica Sis1 TE 2n = 26 Voxnan*

A. suecica Si71 TE, SNP 2n = 26 Los*

A. suecica S450 SNP 2n = 26 Garpenberg

A. arenosa JPL_020 TE, SNP 2n = 4x = 32° Ulreichsberg, Slovakia“
A. arenosa JPL_032 TE, SNP 2n = 4x = 32 Ullrichsberg, Austria*
A. arenosa JPL_048 TE 2n = 4x = 32 Ulreichsberg, Slovakia
A. arenosa JPL_018 TE 2n = 4x = 32 Ulreichsberg, Slovakia“
A. arenosa JPL_019 TE, SNP 2n = 4x = 32 Ulreichsberg, Slovakia“
A. arenosa JPL_047 TE, SNP 2n = 4x = 32 Czeck’

A. arenosa A9 TE, SNP 2n = 4x = 32 Kvasia, Ukraine/

A. arenosa A3 TE, SNP 2n = 4x = 32 Slovensky, Slovakia/

A. arenosa A7 SNP 2n = 4x = 32 Uplaziky, Slovakia/

A. arenosa Care-1 TE, SNP 2n = 4x = 32 Unknown?#

“The sample was used for TE insertion polymorphism (TE) and/or nucleotide variation (SNP) surveys.

* Allopolyploid species.
‘ Autotetraploid species.

“Seeds were obtained from T. Sill, Lund University, Lund, Sweden. All samples are from Sweden.
‘Dry leaves were obtained from Ryan K. Oyama, laboratory of T. Mitchell-Olds, Jena, Germany.
/Seeds were obtained from Karol Marhold and Martin Kolnik, Slovak Academy of Sciences, Bratislava,

Slovakia.

¢Seeds were obtained from The Arabidopsis Biological Resource Center (ABRC) at Ohio State University.

1997; VAN DEN BROECK ¢f al. 1998; WRIGHT et al. 2001),
which is a modified amplified fragment length poly-
morphism (AFLP) procedure (Vos et al. 1995), to ex-
amine the frequency and insertion polymorphism of the
AclII transposon family in natural populations of the
allotetraploid A. suecica and the autotetraploid A.
arenosa. We also conducted sequencing of the insertion
sites for a large fraction of the identified insertions to
examine the genomic locations of insertion sites segre-
gating in nature. We compare our results to those pre-
viously found in the related diploid species to assess the
role of ploidy, allopolyploidy, and population history in
driving TE evolution.

In addition to the study of TE dynamics, we build on
preliminary surveys of non-TE nucleotide variation in
A. suecica at reference nuclear genes (JAKOBSSON et al.
2006) by surveying nucleotide sequence variation from
18 orthologous gene fragments in both species to obtain
a better picture of the comparative effective population
sizes and demographic history of these species and the
related diploid taxa, A. lyrata and A. thaliana. This con-
text allows us to better understand the interplay of

genetic and historical factors in transposable-element
evolution and the efficacy of natural selection.

MATERIALS AND METHODS

Plant material: A. suecicaand A. arenosaseeds were obtained
from multiple geographic locations as shown in Table 1. Plants
were grown and raised in a growth chamber under 10 hr
daylight at 20°. Genomic DNA was extracted from leaf material
using the DELLAPORTA et al. (1983) protocol.

Transposon display: Transposon display was performed as
described by WRIGHT et al. (2001) with minor modifications. A
total of 100 ng genomic DNA were digested with 2.5 units
Nlalll (New England Biolabs, Beverly, MA) and ligated to
15-pmol adaptor cassettes (Nlalll 503 5" CAAGGAGAGGACG
CTGTCTGTCGAAGGTAAGGAACGGACGAGAGAAGGGAGA
3" and Nlalll 504 5" TCTCCCTTCTCGAATCGTAACCGTTCG
TACGAGAATCGCTGTCCTCTCCTTGCATG 3') with T4 DNA
ligase (Invitrogen, Burlington, ON, Canada).

The ligation reaction was diluted 3-fold, and 3 pl of the
ligation reaction were used as a template for preselective am-
plification with Ac¢lIIspecific primer (5° G(C/A)TTCGGT
TCGGTTA(A/T)TCGGTTAG 3') and adaptor-specific primer
(5" CGAATCGTAACCGTTCGTACGAGAATCGCT 3'), using
the following PCR conditions: 10 min at 94° of initial dena-
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turing, 20 cycles of 1 min at 94°, 1 min at 63°, 1 min at 72°, and
a final extension of 10 min at 72°. PCR products were diluted
50-fold in MilliQ (Millipore, Billerica, MA) distilled water. A
second round of selective amplification was performed using 2
pl of the diluted PCR products under the following PCR
conditions: 10 min at 94° of initial denaturing, 20 cycles of 2
min at 94°, 2 min at 63°, 2 min at 72°, and a final extension of
60 min at 72° with nested adaptorspecific primer (5" GTACGA
GAATCGCTGTCCTC 3") and D2-PA labeled (Beckman Coulter,
Mississauga, ON, Canada) nested elementspecific primer
[5" GGTTCGGTTA(A/T)TCGGTTAGC(G/T)G 3']. A 2-pmol
aliquot was run on a CEQ 8000 sequencer (Beckman Coulter)
and bands were scored manually for presence or absence of
insertions. Note that due to a size cutoff of ~600 bp, our survey
is not an absolute estimate of abundance for this element.
A. thaliana (Col) provided a positive control for this study, based
on band sizes predicted from the whole-genome sequence. To
test the reproducibility of bands, the transposon display was
repeated four times using the same samples, and high repro-
ducibility was observed (~80-85%). Only bands that were
present in at least three of four replicates were included in
the analysis.

Cloning and amplification of the polymorphic fragments:
In addition to labeled amplification, nested amplification was
performed using unlabeled primer, and the amplicons were
cleaned using a QIAquick PCR purification kit (QIAGEN,
Mississauga, ON, Canada), ligated into the PCR.2.1 vector
using the standard TA cloning kit (Invitrogen), and trans-
formed into heat-shock-competent Escherichia coli strain
TOPOI10 F’' (Invitrogen) according to the manufacturer’s in-
structions. Transformants were selected on medium containing
ampicillin and X-gal. White colonies containing recombinant
plasmids were transferred by pipette into PCR tubes containing
10 pl MilliQ water. Colony PCR was performed using 15 pmol of
forward and reverse M13 primers. Colony PCR products from a
wide range of sizes were sequenced by Lark Technologies
(Houston). The sequences were first checked for the presence
of the inverted repeat present at the 5’ end of the sequence and
then submitted to a BLAST search (ALTSCHUL ef al. 1997) to
identify sequence homology for the direct flanking region. To
be conservative with respect to describing insertions in genic
regions, we classified insertions as intronic or exonic only when
the sequence directly flanking the inverted repeat matched
annotated introns and exons. Insertions into other transposable
elements were treated as intergenic. Note that some of the
cloned insertions may not correspond to insertions scored using
transposon display, either because of the size limits of TD or
because of low repeatability of amplification of the insertion.
Sequence analysis identified only a single case where distinct
fragment sizes corresponded to the same flanking sequence
(see below), confirming the assumption that distinct band sizes
generally correspond to distinct insertions. To increase the
flanking sequence information from diploids for comparison,
we also conducted TE-display PCR and cloning in A. lyrata and
A. thaliana. We used four individuals from different geographic
locations of A. thaliana and A. lyrata. A. thaliana samples were
obtained from the Arabidopsis Stock Centre (ABRC) (Edi-0,
Ws-0, LL-0, and Ei-2). The four A. lyrata samples were from
Stubbsand, Sweden (from O. Savolainen), Singing Sands,
Ontario (from B. Mable), Indiana Dunes, Indiana (from B.
Mable), and Karhumiki, Russia (from O. Savolainen).

DNA sequencing of nuclear genes: PCR primers from single
large exons were designed and sequenced as previously de-
scribed in a survey of nucleotide variation in A. lyrata (WRIGHT
et al. 2006; J. Ross-IBARRA, S. I. WRIGHT, J. P. FOXE, L. DEROSE
WiLsoN, G. Gos, D. CHARLESWORTH and B. S. GauT, un-
published results). Briefly, PCR products were amplified in 96-
well plates, and amplicons were sequenced directly on both

strands by Cogenics (Houston). Chromatograms were care-
fully checked using Sequencher v. 4.5 (Gene Codes, Ann
Arbor, MI), and secondary peaks were identified with the aid of
the “call secondary peaks” option. Only double peaks found
on both strands were incorporated in the analysis. In the case
of A. suecica, “fixed heterozygosity” was commonly observed at
the vast majority of variable sites, corresponding to the two
duplicate copies of each locus, and most fixed heterozygosity
was clearly identifiable as sequence differences between the
two putative parental species included in the alignment, A.
thalianaand A. arenosa. In a small number of cases where some
individuals appeared to show only one copy of the two putative
homeologous loci, “allelic dropout” of one copy was suspected
and in all cases reamplification of the same or an adjacent
region confirmed fixed heterozygous sites. These loci, along
with loci with insertion/deletion events causing unreadable
traces, were excluded from analysis of A. suecica variation.
These fixed sites were not included as polymorphisms, and
only sites showing variable polymorphism profiles were in-
cluded in subsequent analyses. Given high levels of selfing in
A. suecica (SALL et al. 2004), we presume that our sequence
profiles reflected homozygous data at each individual
homeolog.

For each locus, we calculated WATTERSON’s (1975) estima-
tor of the population mutation parameter 6 = 4N.u, where N,
is the effective population size and wis the mutation rate, using
a modification of Perl code (Polymorphurama) written by D.
Bachtrog and P. Andolfatto (University of California, San
Diego). For an equivalent comparison with related diploids,
we estimated 0 in A. arenosa by treating our observed data as a
sample size of n X 4, where nis the number of individuals, and
using the number of segregating sites to calculate Watterson’s
estimator. In A. suecica, because the data come from two
homeologous loci in a highly selfing species, we estimated 6 by
taking the number of individuals as the sample size, and the
total number of segregating sites to calculate Watterson’s
estimator, and then dividing this estimate by two. This effec-
tively gives an average estimate of the population mutation
parameter from the two homeologous loci. Diversity statistics
were calculated separately for synonymous and nonsynon-
ymous sites.

TE data analysis: Because there was no evidence for poly-
morphic TEs in A. suecica, we analyzed only the TE poly-
morphism data for the self-incompatible A. arenosa for signs of
selection. Data analysis was complicated by the fact that
transposon display does not allow for inferences about the
number of copies present in an individual (1/4, 2/4, 3/4, or
4/4). To proceed, we made three alternative assumptions.
First, we used the simplifying assumption that genotype fre-
quencies were at Hardy-Weinberg proportions, which re-
quires that the rates of nonrandom mating, population
subdivision, and double reduction are low. In particular, the
population frequency of each insertion was estimated as

XTE — 1 — \4/2, (1)

where zis the proportion of individuals in the sample lacking
the element (i.e., the frequency of the “null” phenotype).
Population structure can, however, generate a departure
from Hardy-Weinberg that elevates the frequency of homo-
zygotes, causing xrg to underestimate the true frequency of
insertions. This is anticonservative with respect to testing for
purifying selection on TEs. To account for possible departures
from Hardy—Weinberg equilibrium, we also fit the data to two
models of inbreeding (details provided in supplemental
material S1). Inbreeding model 1 is based on the model of
BENNETT (1968), assuming that departures from Hardy—
Weinberg are due to selffertilization and ignoring double
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reduction. Model 2 assumes that each pair of alleles in a
tetraploid can be identical by descent in a manner that is inde-
pendent from all other pairs. Because the TE display in-
formation is effectively a dominant marker, no information
about the inbreeding coefficient can be obtained from the
data, and the inbreeding coefficient (f) and the underlying TE
frequency (xrg) cannot be estimated simultaneously. However,
the sequence polymorphism data from individual nucleotide
sites are codominant and provide information on the number
of copies of one fourfold homozygous class (e.g., GGGG), the
alternative homozyogous class (e.g., AAAA) and the “hetero-
zygous” class (GGGA, GGAA, and GAAA). We therefore used
the single-nucleotide polymorphism (SNP) genotype fre-
quency data to estimate the inbreeding coefficient using
maximum likelihood and then applied this estimate when
analyzing the TE data set.

Specifically, to estimate the inbreeding coefficient, we used
SNPs at 15 loci with sample sizes greater than or equal to six
individuals (see Table 4). At a given site m, let P(AAAA | f, x,,)
be the probability of observing one fourfold homozygous class
and P(aaaa|f, x,,) be the probability of observing the
alternative fourfold homozygous class, given the inbreeding
coefficient, f, and the frequency of allele A at this site, x,,, as
described in supplemental material S1. The likelihood of
observing i individuals of type AAAA and j individuals of type
aaaa out of a sample of n individuals is then

Pm(ivj" n7 f7 Xm)

~ (G 5 PAAAAL . ) X Plaaaalf )
X (1 — P(AAAA|f, xy) — P(aaaa|f, xm))"_i_j.

To obtain a maximume-likelihood estimate of facross sites, we
assume that all polymorphic sites are independent and ex-
perience the same inbreeding coefficient (ignoring double
reduction) and that each site has its own allele frequency.
Multiple polymorphic sites within the same locus will experi-
ence some linkage disequilibrium, violating the assumption
of independence. Our likelihood analysis is thus a “compos-
ite” likelihood, and confidence intervals will thus not reflect
the true uncertainty in the underlying inbreeding coefficient.
However, our primary purpose is to generate a point estimate
of ffor analysis of the TE site frequencies, and thus we use the
maximum composite-likelihood estimate of f, allowing each
site to have its own allele frequency. Note that it is possible that
allelic dropout may lead to an underestimate of the proportion
of'individuals in the heterozygous class from the sequence data.
However, this will tend to overestimate the inbreeding co-
efficient and thus give us a conservative value with respect to
testing for purifying selection on TE polymorphism.

The maximum composite-likelihood estimate of fwas then
used to estimate underlying TE frequencies xrg using maxi-
mum likelihood. Specifically, the probability of observing i of
kindividuals with an insertion is

P(i|k, [, xrE)

— (f)(l — P(null| f, xng))"P(null |/, ocrE)k"'7

where null is the null genotypic class lacking the element,
determined by the model of inbreeding.

We calculated Tajima’s (1989) D statistic using the number
of polymorphic insertions and the average pairwise differ-
ences in insertion site profiles, inferring element frequencies
assuming Hardy—Weinberg proportions and the two models of
inbreeding described above. Significance of Tajima’s D under

the three scenarios was inferred assuming free recombination,
which is reasonable given the genomewide distribution of
insertions.

In addition, a maximum-likelihood method (PETROV et al.
2003) was used to estimate the strength of selection acting
against transposable elements from the transposon insertion
frequency data. This method assumes that each insertion is
unique and uses a diffusion model to predict the frequency
distribution of the insertion, Fx], over the period of time
between when the insertion occurs and when it is eliminated
from the population by selection. Petrov ef al. then weighted
this frequency distribution by the probability that the TE
would be present in the one sequenced genome available, as
that was their method of detecting TE sites. Using this con-
ditional frequency distribution, the authors determined the
likelihood of the observed TE frequencies given the effective
population size, N,, and the fitness effect of a transposable
element, s, with either h =% (additive case) or =1 (complete
dominance).

Here we adapt this method for an autotetraploid, assuming
Hardy-Weinberg proportions and the two models of inbreed-
ing described above. The Hardy-Weinberg case is described
here, and the inbreeding models are presented in supple-
mental material S1. We first determined the drift term, m[x],
for the diffusion approximation. Under Hardy—Weinberg as-
sumptions, the drift term is

m[x] = 4Npsx(1 — x) (6 + by (1 — 4x)(1 — x)?
+3hy(1 — 2x)(1 — x)x + hg(3 — 4x)x%),
(2)

where x is the insertion frequency, and h;, he, and hg are the
dominance coefficients associated with an individual harbor-
ing one, two, and three copies of the insertion, respectively.
For example, a tetraploid with one TE at a site is assumed to
have fitness 1 + h;s. In addition, the starting allele frequency
1/2N must be replaced with 1/4Nin the derivation of F[x] in
PETROV et al. (2003, p. 884), where Nis the census size and was
assumed to equal N.. At a given site j, the probability that
exactly ¢ individuals bear a TE (in one, two, three, or four
copies) among a sample of k individuals is then equal to

I)](]V7 S, h17 h27 h3)
(f) j(: Flx)(1 — (1 = x)")((1 — x))*ax

1— Jy FIx((1 - x)")*dx

)

where the denominator accounts for the condition that at least
one of the kindividuals must bear a TE for us to have detected
the site using transposon display. Assuming independence
across n insertion sites, the overall likelihood across all
observed insertions is

L= ﬁpj. (3)
J=1

We fit the composite parameter N.s to the data, under three
different dominance assumptions, an additive model (% = 0.25,
hy = 0.5, and &y = 0.75), a partially recessive model (A = 0.1,
ho =0.2,and h3 = 0.33), and a dominant model (& = hy = hy =
1). Note that this diffusion model assumes large population
size, equilibrium between transposition and selection, no
recurrent insertions into the same site, no excision, and
Hardy-Weinberg proportions. To infer the strength of selec-
tion with models that do not rely on Hardy-Weinberg as-
sumptions, we also fit N.s to the data under the two models of
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Ficure 1.—(A) Frequency distribution of A¢III elements in
A. arenosa and A. suecica. The x-axis shows the number of in-
dividuals and the y-axis shows the number of insertion sites
present in x individuals. Total sample sizes were 9 individuals
in A. arenosaand 13 in A. suecica. (B) Inferred allele-frequency
distribution of A¢III elements in A. arenosa. Both models of

inbreeding using the maximum-likelihood estimates of f from
SNP data. Although the A¢like element may experience some
excision, we assume for the purposes of model fitting that this
is negligible, and excision rates should thus be assumed to be
combined with the selection parameter. To test the fit to a
neutral model, a likelihood-ratio test was performed, compar-
ing the maximum-likelihood model to a model where N,s is
constrained to be zero. To assess significance, we compared
twice the difference in log likelihood between the uncon-
strained and the constrained model to a chi-square distribution
with 1 d.f;; this provides an approximate Pvalue that asymptot-
ically approaches the correct P-value for large data sets.

RESULTS

Copy number and insertion polymorphism: TD
profiles among A. suecica accessions showed identical
banding patterns with bands present at all 6 insertion
sites in all of the 13 sampled individuals, suggesting that
these insertions were fixed or nearly so (Figure 1, Table
2) in at least one of the two homeologous regions. In
contrast, TE display of A. arenosa showed a very distinct
banding pattern, with high levels of insertion poly-
morphism seen among the 9 individuals sampled.
Although the mean copy number per individual in A.
arenosa of 5.9 was similar to the 6 observed in A. suecica
(Figure 1, Table 2), most individual insertions were
restricted to one or a few individuals in the sample. In
total, 43 insertion sites were observed in 9 individuals
of A. arenosa, and all were polymorphic, although sub-
sequent cloning and sequencing revealed a single in-
sertion shared with A. thaliana, which could be ancient
and fixed (see below).

Figure 1A shows the frequency distribution of the 43
TE insertions screened using transposon display in
A. arenosa. Thirtyseven TE insertions (87%) were ob-
served in only one individual of the nine sampled. The
estimated insertion frequency distribution of polymor-
phic Aelll-like element insertions in A. arenosa assum-
ing random mating is highly skewed toward low
frequencies (Figure 1B).

Inbreeding coefficient: Using our nucleotide se-
quence polymorphism data, our composite-likelihood
estimate of inbreeding coefficients is 0.4 using the
inbreeding model 1 and 0.3 using the inbreeding model
2 (see supplemental material S1). With either model,
the fit was significantly better than a model with Hardy-
Weinberg proportions enforced (i.e., with fconstrained
to zero; Pvalue <0.001, maximume-likelihood-ratio test),
although the significance level should be treated with
caution due to violation of assumptions of linkage

inbreeding give the same inferred frequency spectrum. (C)
Comparison of the frequency distribution of single-nucleotide
polymorphisms (SNPs) and TE insertions. The x-axis shows
the number of individuals, and the jy-axis is the proportion
of minorfrequency SNP alleles and TE insertions found in
x individuals.
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TABLE 2

Number of polymorphic sites and the average copy number
in both species

Total no. No. of Average no. of
of insertion  polymorphic insertion sites
Species sites sites per individual
A. suecica 6 0 6
A. arenosa 43 42 59

equilibrium. As expected, correcting the inferred TE
frequency spectrum for these levels of inbreeding leads
to a slight increase in inferred element frequencies
(Figure 1B).

Sequence analysis of AclIl-like insertion sites: In-
formation on all of the cloned flanking sequences of the
Ac¢Ill element is summarized in supplemental material
S2. On the basis of sequence analysis of A. suecica bands,
five of six insertions were cloned; only one insertion
(380 bp) was confirmed as having the same flanking
sequence as in A. thaliana, while two of them were
shared with A. arenosa (A9, 309 bp; Care-1, 156 bp). Of
the remaining two insertions, one is intronic, and one is
inserted into a retrotransposon; these might represent
new insertion events, but they might simply represent
unsampled variants from one of the two parental
species.

We cloned a total of 44 distinct insertion sites in
A. arenosa, which is close to the 43 that were identifi-
able using transposon display. Note that this does not
imply that we have successfully cloned all TD-visualized
insertions, since some of our cloned insertions exceed
or fall below the likely size limits of reproducible
TD visualization. Sequence analysis of insertions in
A. arenosa generally confirmed the patterns from trans-
poson display, in that the vast majority of cloned
insertion sites, 41/44 (93%), were found in only a single
individual. Only one cloned insertion (124 bp) was
shared among three different individuals of A. arenosa
(JPL_32, JPL_19, and JPL_20). We also identified an
insertion (139 bp) that is shared with A. thaliana and
cloned in A. arenosa (Care-1 and A3), which makes it
possibly an ancient fixed insertion. Upon further in-
spection of the transposon display output, we identified
a faint signal in some accessions at this band size, sug-
gesting the possibility of an ancient, shared insertion
with diverged priming sites. A single case was also iden-
tified of a shared insertion site of different sizes (124 bp
in JPL_32 and 111 bp in JPL_19), consistent with
insertion/deletion events or sequence polymorphisms
in the restriction site affecting band sizes. This inser-
tion was considered shared in subsequent selection
analyses.

In the analyses of flanking sequence location, we did
not include two insertion sites in A. arenosa that showed
similarity to exons but no match directly adjacent to the
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FIGURE 2.—Proportion of insertions into different genomic
locations. The x-axis shows the sample population (A. suecica,
A. arenosa, A. lyrata, and A. thaliana). The y-axis shows the per-
centage of insertion sites in each genomic location. Numbers
on the bars indicate the observed numbers of insertions.

insertion, and we classified insertions into transposable
elements, unknown flanking sites, and pseudogenes as
“intergenic.” Consistent with patterns in the diploid
species (WRIGHT el al. 2001), the majority of the
flanking sequences in both A. suecica and A. arenosa
were in noncoding regions, including intergenic and
intronic regions (Figure 2). That said, some of the
sequences cloned in A. arenosa are unknown, with no
significant match in the A. thaliana database, probably
reflective of divergent intergenic regions between
species, as well as the small size of the cloned flanking
regions. Regions with no match to A. thaliana were also
submitted to a BLAST search against the incomplete A.
lyrata shotgun sequences and similar sequences were
found, exclusively in intergenic regions (supplemental
material S2).

Given the deleterious effect of insertions into coding
regions, a very small fraction of insertions should be
found in exonic regions. Surprisingly, however, 7 inser-
tions of 42 cloned and annotated in A. arenosa (17%)
were detected in coding regions. Those exons include
characterized and expressed proteins and are not re-
stricted to hypothetical genes (supplemental material
S2).

The frequencies of intronic, intergenic, and exonic
insertions in A. thaliana, A. lyrata, A. suecica, and
A. arenosaare shown in Figure 2. As previously described
(WRIGHT et al. 2003), the insertions in A. thaliana and
A. lyrata are predominantly intergenic, and our new
results suggest an increasing trend toward a higher pro-
portion of exonic and intronic insertions in A. arenosa. A
3 X 4 exact test was performed to test if there are signif-
icant differences across species in the relative proportion
of insertions into each type of region (intergenic, intronic,
and exonic). This test was not significant using an exact
contingency test (P = 0.235). If we compare genic vs.
intergenic proportions in tetraploids (13 vs. 34) and
diploids (5 vs. 31) in a 2 X 2 contingency test, we again
see a nonsignificant exact contingency test (P = 0.098).
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Estimation of the intensity of selection: Given the
complete fixation of insertions in A. suecica, we focus our
parameter estimation and tests of selection on A. arenosa.
TajiMa’s (1983) D statistic shows a significant departure
from neutrality in favor of an excess of low-frequency
variants, assuming Hardy—Weinberg proportions (D=-2.5;
P < 0.01). Tajima’s D remains significantly negative when
we account for inbreeding in our estimates of pairwise
diversity (model 1, D=-2.12, P< 0.01; model 2, D=-2.43,
P < 0.01). Significantly negative Tajima’s D is consistent
with purifying selection, but it can also be generated by
demographic changes, in particular by growing popula-
tion sizes.

To control for possible departures from demographic
equilibrium, we also examined the site-frequency spec-
trum of single-nucleotide polymorphisms from our
sequencing survey. We focus here on sequence poly-
morphism results from the 11 loci with a PCR success
rate giving a sample of seven or eight individuals and
subsample the latter for an equivalent sample size by
randomly subsampling the data. For direct comparison,
we examined an equivalent sample size of TE-insertion
polymorphism data, excluding the two individuals that
were not used in the resequencing survey. Figure 1C
shows a direct comparison of frequency spectrum for TE
insertions with the frequency spectrum for minor SNPs.
Note that this comparison is conservative with respect to
testing for askewin the TE frequency spectrum, since we
are assuming the minor SNP is the derived base, which
will not always be the case. There is a highly significant
difference between the SNP frequency distribution and
the TE distribution (Mann—Whitney Urtest, P < 0.0001),
consistent with purifying selection controlling TE fre-
quencies. Furthermore, Tajima’s D values were never
negative using the combined SNP data, in contrast to the
analysis of TEs (D = 0.013 under Hardy—Weinberg; D =
0.93 under inbreeding model 1; D = 0.58 under in-
breeding model 2). Given a common demographic
history, the contrasting spectra observed for SNPs and
TEs strongly support a role for negative selection acting
to reduce the frequency of TEs.

We used alikelihood approach to infer the intensity of
selection on data sets both including and excluding the
putative fixed ancient insertion. Because this insertion
appears to be shared between A. thaliana and A. arenosa,
it likely reflects population dynamics prior to the evolu-
tion of tetraploidy and may not represent a polymorphic
insertion segregating at high frequency. Nevertheless,
we examine whether our inference changes with the
presence of a high-frequency polymorphic TE. The like-
lihood plot is illustrated for our data with the additive
model (Figure 3A), the partially recessive model (Figure
3B), and the dominant model (Figure 3C) under
Hardy-Weinberg assumptions.

The maximum-likelihood estimate of N.s for the
additive model is —30 (95% confidence interval, —80
to —10) indicating that this class of element in this auto-
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Ficure 3.—Likelihood surface for the selection parameter
N.sin A. arenosa, where N, is the effective population size and
sis the selection coefficient. (A) Likelihood plot for the addi-
tive model including (shaded line) and excluding (solid line)
the ancient insertion. (B) Likelihood plot for the dominant
model including (shaded line) and excluding (solid line)
the ancient insertion. (C) Likelihood plot for the partially re-
cessive model including (shaded line) and excluding (solid
line) the ancient insertion.

tetraploid is primarily under purifying selection and not
drift. Including the fixed ancient insertion does not
change the inference of purifying selection (N, s = —20).
Similar results were obtained assuming dominant and
partially recessive selective effects (Figures 3, B and C;
Table 3). Adding inbreeding to the models generally
gives smaller estimated selection coefficients, but we still
reject neutrality in favor of purifying selection in all cases
(Table 3).

If the low frequency of transposable elements is due
to negative deleterious consequences of these elements
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TABLE 3

Estimates of the population selection parameter in A. arenosa,
under different selection and mating models

Selection x>-test
Mating model model Nest of Ns= 0"

Hardy-Weinberg ~ Additive -30 77.4"
Partially recessive —50 84"
Dominant —10 82"
Inbreeding Additive -10 68"
model 1 Partially recessive ~ —20 88"
Dominant —10 92"

Inbreeding Additive —20 87.1"

model 2 Partially recessive ~ —20 7.7
Dominant —20 35"

* All Pvalues <0.001.

“Maximum-likelihood estimates of N.s are provided to the
nearest multiple of 10.

’Likelihood-ratio test of selection model vs. neutral model,
constraining Ns to be zero.

in general, we should see similar evidence of selection
whether we look across the populations, as above, or
focus on a single population. To investigate this possi-
bility we inferred selection parameters on a subset of four
individuals (16 chromosomes) from a single locality
(Ulreichsberg, Slovakia). All models still show significant
evidence of selection against TEs (additive model N.s =
—55; partially recessive model N.s = —100; dominance
model N.s = -15; departure from neutral model P <
0.001, assuming Hardy-Weinberg proportions).

Levels of nucleotide variation in A. arenosa and
A. suecica: Levels of diversity at 18 gene fragments are
given in Table 4. Polymorphism levels are generally very
high in A. arenosa; the weighted average estimate of 6 =
4N, u at synonymous sites is 0.045. Interestingly, this is
twofold higher variability than observed in the diploid
A. lyrata (0.02; WRIGHT et al. 2006), consistent with the-
oretical predictions that effective population size of an
outcrossing autotetraploid should be double that of
an outcrossing diploid, all else being equal. In contrast,
A. suecica is almost completely devoid of nucleotide
variation, consistent with previous reports (JAKOBSSON
etal. 2006), although unlike previous work we do identify
some nucleotide diversity in nuclear genes. Overall, 2 of
141oci (14%) showed synonymous variation in A. suecica
and 3 of 14 loci (21%) showed nonsynonymous var-
iation. Interestingly, 2 of the 3 polymorphic loci,
At3g10340 and At3g13290, are closely linked on the
same chromosome (chromosome 3) in A. thaliana and,
given high levels of synteny in the genus (ACARKAN et al.
2000; KUITTINEN ef al. 2004; HanssoN et al. 2006;
KAWABE et al. 2006; SCHRANZ et al. 2007), are also likely
to be linked in A. arenosa. Furthermore, the 21 segregat-
ing sites in these 2 loci are in complete linkage dis-
equilibrium in A. suecica (not shown), suggesting the
maintenance of a large polymorphic haplotype block in

this region of the genome. Of these polymorphic sites,
20 of the 21 are also segregating in our sample of
A. arenosa, consistent with these haplotypes having been
inherited from this parental genome. The single A. suecica
nonsynonymous polymorphism found in Atlg65450
is not found in A. arenosa, suggesting that this is a new
mutation, a low-frequency polymorphism that has not
been sampled, or a polymorphic site in A. thaliana.
Overall, the majority of “fixed heterozygotes,” i.e., fixed
nucleotide differences between homeologs in A. suecica,
can easily be traced in our data set to nucleotide
differences between the sequenced A. thaliana genome
and our A. arenosa polymorphism data set; 227 of 243
(93%) fixed heterozygotes in A. suecica were evident as
either fixed differences between A. arenosa and the
reference A. thaliana (170, or 70%) or a segregating
polymorphism in A. arenosawith a nucleotide difference
in the A. thaliana sequence (57, or 25%) (see supple-
mental material S3 for illustration of site categories).
These latter 25% of fixed heterozygotes likely reflect
large-scale fixation of segregating variation following
allotetraploid origins. If we take our nucleotide poly-
morphism data as representative of the genome as a
whole, the majority of the genome appears to have
experienced a bottleneck of a single genomic allele at
each of the two homeologous loci, while in a small subset
of the genome inherited variation has been maintained,
at least at the A. arenosa parental copy. Our observation
of complete fixation of TE insertions scattered across
the genome is consistent with this model and points to a
near-complete population bottleneck associated with
the origins of A. suecica.

DISCUSSION

In an allopolyploid such as A. suecica, permanent
“heterozygosity” tends to mask deleterious mutations,
where they can persist for longer and even become fixed
under weak selection. Fixation is particularly likely
following a bottleneck, as was suggested for A. suecica
by JAKOBSSON et al. (2006). A severe population bottle-
neck during the origin of the species is a plausible
explanation for the complete fixation of TE insertions in
our sample (13 individuals), particularly given the high
levels of insertion polymorphism found in one parent,
A. arenosa. Certainly, the lack of polymorphic insertions
provides no evidence for an immediate “explosion” of
transposition associated with a breakdown of TE silenc-
ing, and the lack of clear new mobility prevents us from
directly testing for a strong relaxation of selection as-
sociated with allotetraploidy.

However, our results do not rule out a more quanti-
tative level of increased activity or relaxed selection. The
rate at which TE insertions will accumulate depends on
the time at which the species formed and the amount of
increased transposition or reduced selection. Given that
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TABLE 4

K. M. Hazzouri et al.

Levels of nucleotide variation at 18 gene fragments in A. arenosa and A. suecica

05 0.
Locus” No. arenosa® No. suecica LS A. arenosa  A. suecica LS A. arenosa A. suecica
Atlg10900 7 (28) — 109.6 0.026 — 337.4 0.0038 —
Atlgl1050 5 (20) 7 106.9 0.047 0 358.1 0.009 0
Atlg15240 7 (28) 6 81.8 0.041 0 305.2 0.0051 0
Atlgh9720 6 (24) — 109.3 0.096 — 373.7 0.024 —
Atlg62390 7 (28) 9 96.4 0.056 0 377.6 0.006 0
Atlg65450 5 (20) 7 109.1 0.039 0 340.9 0.003 0.0005
Atlg68530 7 (28) 8 85.6 0.045 0 277.4 0.0009 0
Atl1g72390 5 (20) 8 65.12 0.0087 0 243.87 0.0024 0
At2g23590 7 (28) 9 134.4 0.021 0 396.6 0.0069 0
At2g26140 6 (24) 8 100.1 0.046 0 334.9 0 0
At2g26730 7 (28) — 85.7 0.039 — 262.3 0 —
At2g28050 6 (24) 9 94.6 0.057 0 349.4 0.019 0
At2g43680 7 (28) — 115.5 0.031 — 379.5 0.0046 —
At3g10340 7 (28) 8 109.55 0.089 0.0245 337.4 0.004 0.001
At3g13290 6 (24) 8 118 0.0068 0.003125 365 0.0066 0.0005
At3g44530 7 (28) 7 1219 0.017 0 388.1 0.009 0
At3g48690 7 (28) — 102.5 0.075 — 386.5 0.0086 —
At3g50740 7 (28) 6 111.1 0.039 0 347.9 0.0037 0
Total 2071.7 0.043° 0.00195  6161.8 0.0068° 0.00015

“Locus names from the Arabidopsis Genome Project (ARABIDOPSIS GENOME INITIATIVE 2000).
’Sample size in A. arenosa. The number of chromosomes is given in parentheses.

‘Number of synonymous sites.
“Number of nonsynonymous sites.

‘Weighted average of estimates of Watterson’s § = 4N_.u across loci.
" A. suecica weighted averages not counting missing loci and accounting for the presence of two paralogous

loci.

the time of origin of A. suecica appears to be very recent
(JAROBSSON et al. 2006 and our results), the rate of
transposition would need to be high to be detectable via
increased copy number in this case. A. suecica origins
have been estimated to be possibly as recent as 12,000
YBP (JAKOBSSON et al. 2006); the hybrid sunflower
species Helianthus anomalus, which has shown evidence
for TE proliferation (UNGERER et al. 2006), may perhaps
be >10 times older (SCHWARzZBACH and RIESEBERG
2002). More detailed studies of TE activity in Arabidop-
sis and other allopolyploids of varying ages, including
expression profiling, will be important to further test for
shifts in TE activity.

In an autotetraploid such as A. arenosa, selection is
expected to be more efficient at preventing the fixation
of deleterious mutations than in an allotetraploid,
because of stronger fitness effects when homozygous,
which is consistent with our transposon display results.
In addition, A. arenosa is widespread throughout Eu-
rope, and our observation of very high levels of nucleo-
tide polymorphism is consistent with the autotetraploid
species maintaining large effective population sizes.

Our TE frequency results for the outcrossing autotet-
raploid A. arenosa are in good agreement with what was
previously reported for the outcrossing diploid A. lyrata
(WRIGHT ¢t al. 2001). The predominantly low frequency

of A¢III like insertions suggests that strong purifying
selection prevents the rise of TEs to high frequencies
and/or that excision rates of TEs are high. Our esti-
mates of N,s (—30 for the additive model in A. arenosa;
—-10 in A. lyrata) in fact suggest stronger purifying selec-
tion in A. arenosa than in A. lyrata, potentially reflecting
alarger long-term effective population size, as suggested
by comparisons of levels of nucleotide diversity in this
study with previous estimates in A. lyrata. Interestingly,
patterns of polymorphism at nonsynonymous compared
to synonymous sites in the orthologous genes from
these two species also follow this trend; from the analysis
of these same orthologous loci in A. lyrata by Foxe and
colleagues (Foxk et al. 2008), the ratio of numbers of
nonsynonymous (164) to synonymous (212) polymor-
phic sites is significantly elevated compared with the
ratio in A. arenosa (176 vs. 323; Fisher’s exact test, P <
0.05). Taken together, this suggests that the increased
effective size in the autotetraploid species dominates
over any relaxation of selection associated with masking
of deleterious recessive mutations.

In contrast, the percentage of insertions into exonic
and intronic regions follows an increasing trend when
we compare A. thaliana (effectively haploid due to high
homozygosity) to A. lyrata (diploid) to A. arenosa (tetra-
ploid) (Figure 3), and the proportion of insertions into
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genic regions is elevated in the tetraploids compared
with the diploids. Although nonsignificant, the trend is
consistent with the masking hypothesis; even if selection
acts strongly against a deleterious mutation when homo-
zygous (largeN.s), a single-copy insertion in an exon
might be subject to weak selection because of the
presence of wild-type copies (small N/ s). However,
gene annotations originated from the A. thaliana ge-
nome, and this could cause a bias, since TE insertions into
exons in this ecotype would likely cause spurious anno-
tation of the region as noncoding. Further study of
insertion locations in TE families in these diploid and
tetraploid species will be important to test whether this
trend is repeatable and significant with larger numbers of
cloned insertions.

Our results provide an interesting contrast in pat-
terns, with TE fixation and a dearth of nucleotide
polymorphism in the allotetraploid A. suecica but with
high levels of TE variation and nucleotide polymor-
phism in the autotetraploid A. arenosa, with evidence for
purifying selection against TEs in the latter case. It will
be important to confirm these results using more ele-
ment families, particularly other classes of element,
which may experience distinct selective pressures and
the potential for greater copy number accumulation.
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