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Transposable elements (TEs) comprise a major component of eukaryotic genomes, and exhibit striking deviations
from random distribution across the genomes studied, including humans, flies, nematodes, and plants. Although
considerable progress has been made in documenting these patterns, the causes are subject to debate. Here, we use
the genome sequence of Arabidopsis thaliana to test for the importance of competing models of natural selection
against TE insertions. We show that, despite TE accumulation near the centromeres, recombination does not
generally correlate with TE abundance, suggesting that selection against ectopic recombination does not influence TE
distribution in A. thaliana. In contrast, a consistent negative correlation between gene density and TE abundance, and
a strong under-representation of TE insertions in introns suggest that selection against TE disruption of gene
expression is playing a more important role in A. thaliana. High rates of self-fertilization may reduce the importance
of recombination rate in genome structuring in inbreeding organisms such as A. thaliana and Caenorhabditis elegans.

[Supplemental material is available online at www.genome.org.]

Transposable elements (TEs) in many organisms have been
shown to accumulate differentially among chromosomal re-
gions, including regions of contrasting recombination rates
(Charlesworth and Langley 1989; Duret et al. 2000; Boissinot et
al. 2001; Bartolome et al. 2002), gene density (Medstrand et al.
2002), and base composition (Lander et al. 2001). One possible
explanation for these patterns is that TEs have insertion prefer-
ences for particular regions. Evidence for insertion bias is strong
for some TEs (Jakubczak et al. 1991), although for the majority
there is little evidence to support insertion preference as an ex-
planation for TE distribution (Nuzhdin et al. 1997). An alterna-
tive is the effects of differential selective constraints on TEs in
different regions of the genome (Charlesworth and Langley
1989). First, TE’s are almost exclusively found outside of coding
regions (Duret et al. 2000; Nekrutenko and Li 2001; Bartolome et
al. 2002; Pavlicek et al. 2002), suggesting that the majority of
insertions into exons are strongly deleterious and rapidly elimi-
nated by selection. Additionally, evidence from patterns of TE
insertion polymorphism in natural populations of some species
indicate that insertions segregating in noncoding genomic re-
gions are almost always at low frequencies, consistent with the
hypothesis that TE abundance is controlled by the action of pu-
rifying selection (Charlesworth and Langley 1989; Wright et al.
2001). If TE abundance in noncoding DNA is determined by a
balance between the forces of transposition and natural selec-
tion, regional genome effects on the strength or efficacy of natu-
ral selection will play a significant role in controlling TE distri-
bution.

Several models of selection against TEs in noncoding DNA
have been proposed. First, abundance may be controlled by weak
selection against the direct effects of insertions into noncoding
regions (Charlesworth and Langley 1989; Biemont et al. 1997). In
particular, insertions into introns and regulatory regions may
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have, on average, slightly deleterious consequences on fitness
(Long et al. 2000; Lander et al. 2001) by causing disruptions in
gene expression. Similarly, element transposition may impose a
significant cost on the host due to expression of TE gene prod-
ucts, leading to selection against TE activity (Nuzhdin et al.
1996). Alternatively, the action of natural selection may be only
indirectly associated with TE mobility, by the deleterious effects
of ectopic recombination between elements located at distinct
sites in the genome, which can cause major chromosomal rear-
rangements and gene deletions (Langley et al. 1988).

Under the ectopic exchange model, lower rates of ectopic
exchange are expected in regions of reduced recombination (Vir-
gin and Bailey 1998), allowing TEs to accumulate in these chro-
mosomal locations (Langley et al. 1988). However, under the
insertion model, the action of positive and negative selection at
linked sites may also weaken the efficacy of selection against
deleterious insertions in regions of reduced recombination (Du-
ret et al. 2000; Eickbush and Furano 2002), a process known as
the Hill-Robertson effect (Hill and Robertson 1966). Although
further modelling is required to assess the action of Hill-
Robertson interference on TEs, the effects of linked selection may
thus also allow elements to accumulate in regions of reduced
recombination. Unlike the ectopic exchange model, however,
the insertion model predicts that TE insertions should accumu-
late in regions of low gene density; even within noncoding DNA,
TE insertions are less likely to interfere with gene expression in
regions with a low proportion of coding DNA.

Results showing higher copy numbers of TEs in regions of
reduced recombination in several species (Boissinot et al. 2001;
Bartolome et al. 2002) are consistent with this expectation of
both models. Although most of these studies have examined the
effects of large-scale heterogeneity in recombination, a recent
genetic analysis in maize also provided evidence for a strong
reduction in the rate of recombination in TE-rich regions at a
very local level (Fu et al. 2002). Furthermore, a recent study of TE
frequencies in populations of Drosophila melanogaster has found
evidence for an effect of TE size on the action of selection, which
provides additional support for the model of ectopic exchange
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exchange (Petrov et al. 2003). In contrast with these results, how-
ever, a recent study showed a positive correlation between re-
combination rate and DNA transposon abundance in C. elegans,
and no effect of recombination on retrotransposon abundance
(Duret et al. 2000), suggesting that the predictions of all selection
models do not hold. Although the explanation for the differences
among species is unclear, C. elegans is highly inbreeding in natu-
ral populations (Graustein et al. 2002). In highly inbred species,
low effective rates of recombination across the genome may re-
move effects of recombination rate heterogeneity on genome
structure (Charlesworth and Wright 2001; Morgan 2001). First,
unless population size or physical recombination rates are very
high, the action of Hill-Robertson interference is expected to be
present genome-wide (McVean and Charlesworth 2000), and any
recombination-based heterogeneity associated with the efficacy
of selection may be weak or absent. In addition, high homozy-
gosity in self-fertilizing populations is expected to lead to infre-
quent ectopic recombination events, due to fewer chances for
ectopic pairing, which appears to be promoted by heterozygosity
(Charlesworth and Charlesworth 1995; Morgan 2001; Wright et
al. 2001). Patterns of heterogeneity in TE distributions observed
in the genomes of highly inbred species should thus reflect other
effects of natural selection, or the effects of transposition prefer-
ences, and variation in recombination rate is less likely to play a
role.

To further evaluate this hypothesis, we investigate the ef-
fects of recombination rate and gene density on TE distributions
in the self-fertilizing plant Arabidopsis thaliana. A. thaliana shows
a high diversity of TEs, most of which are widely dispersed across
the genome (Surzycki and Belknap 1999; Le et al. 2000). This
diversity includes all major superfamilies of retrotransposons
(Class I elements), DNA transposons (Class II elements), as well as
a recently identified third class of TEs (Class III; Le et al. 2000;
Kapitonov and Jurka 2001), with similarities to bacterial rolling-
circle transposons (Kapitonov and Jurka 2001). Genome analysis
has provided preliminary evidence for an accumulation of many
TE families in pericentromeric regions (Copenhaver et al. 1999;
Kumekawa et al. 2000), but the relative importance of various
characteristics of genome structure in driving this pattern has not
been investigated.

RESULTS

TE Accumulation in Low-Recombining Regions
Surrounding the Centromere

Central regions of reduced recombination, including the centro-
meres, pericentromeric regions, and heterochromatic knobs,
have been shown to have a strong reduction in rates of recom-
bination (Copenhaver et al. 1999; Haupt et al. 2001), and we first
compare TE abundance in these regions with the chromosome
arms. All classes of TEs show evidence for accumulation in these
regions of reduced recombination surrounding the centromere
(Arabidopsis Genome Initiative 2000; Table 1). In total, TE-
derived DNA represents ~27% of the central regions of reduced
recombination, compared with only 3% of DNA in the rest of the
genome. Two superfamilies of elements, gypsy- like and CACTA,
show a particularly striking accumulation in the centromeric re-
gions, and are almost exclusively found in these regions, and we
therefore consider these elements separately. These TEs, particu-
larly the gypsy-like element Athila, have many centromeric copies
arranged in tandem, often as truncated or fragmented elements,
located near the centromeric core (Pelissier et al. 1995;
Kumekawa et al. 2000). Such elements have been hypothesized
to be associated with centromere function (Malik and Henikoff
2002), and they may have acquired new mutational mechanisms
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Table 1. TE Copy Number (Per MB) and Genome
Characteristics in Regions of Reduced Recombination
Compared With the Chromosome Arms

Reduced Chromosome

recombination arms
Class I 16.3*** 3.5
gypsy 33.0%** 0.3
Class Il 30.6*** 10.2
CACTA 6.5%** 0.16
Class Il 16.9*** 6.7
GC content 0.368** 0.361
Exon density (per Mb) 417** 1300
Fraction of coding DNA 0.137*** 0.326
Intron size (bp)® 188.9** 167.2

#Class | elements include those insertions that could be definitively
classified as copia-like, LINE-like, and SINE-like.

PExcludes contribution of TE insertions to intron length.
Significance levels are given for the Mann-Whitney U test, *, P <0.05;
**, P <0.01; ***, P <0.001.

for their spread in the centromere. However, all other elements,
which are not found as tandem arrays, also show significant ac-
cumulation in pericentromeric regions of reduced recombina-
tion.

In addition to low levels of crossing-over, A. thaliana peri-
centromeric regions also have low exon density, and the fraction
of DNA that is coding is much lower compared with the rest of
the genome (Table 1; for review, see Arabidopsis Genome Initia-
tive 2000). Similar to recent studies in D. melanogaster (Comeron
and Kreitman 2000), average intron length is significantly larger
in the regions of reduced recombination, even when the contri-
bution of TE insertions to intron size is factored out (Table 1).
Overall differences in base composition are also significant, but
the difference in mean base composition between regions is very
weak. Surprisingly, GC content is slightly higher in the pericen-
tromeric regions compared with the chromosome arms (Table 1).
This contrasts with the pattern at the local level, where base
composition surrounding TE insertions has been found to show
an elevated frequency of AT (Le et al. 2000).

Because gene density is higher in regions of normal recom-
bination, one simple explanation for the differential accumula-
tion of TEs in low-recombining regions is that it reflects the ac-
tion of strong purifying selection against insertions into exons.
We find an almost complete absence of insertions into exons
(Table 2), suggestive of very strong selection. Note that we ex-
clude from this category (1) annotated genes matching solely to
TE-derived gene products, (2) fusion proteins encoding predicted
genes which fuse coding sequence from TE insertions and adja-
cent genes, and (3) acquired genes that are host genes internal to
TE insertions (Yu et al. 2000). Although both fusion proteins and
acquired genes may be expressed and functional, they do not
represent the insertion of TEs into pre-existing host coding re-
gions. TE insertions are also strongly under-represented in in-
trons in A. thaliana (Table 2); in both the centromere and the
chromosome arms, there is a strong reduction in the frequency of
TE insertions in introns. Because most insertions into introns and
exons appear to be under strong purifying selection, this might
be the sole explanation for their low abundance in the chromo-
some arms, where the density of coding regions is higher. When
the abundance of TEs within intergenic DNA is compared, how-
ever, TEs are still significantly in excess in regions of low recom-
bination (Table 2), suggesting that the difference in the abun-
dance of coding DNA alone cannot explain their differential ac-
cumulation.
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Table 2. Location of TE Insertions in Relation to Coding Regions®

Reduced recombination Chromosome arms
Element
class intergenic intron coding intergenic intron coding
Class I° 19.4*** (0.049) 2.99* (0.0004) 1.4* (0.0007) 5.8 (0.014) 0.378 (0.0002) 0.07 (0.0002)
Class II° 35.5%** (0.046) 9.4***(0.023) 0 18.1 (0.018) 1.5 (0.0001) 0
Class 1l 20.9*** (0.014) 3.2 (0.002) 0.56 (0.0005) 12.5 (0.006) 1.1(9.8 x 1079 0

#Upper values in each cell are the number of elements per megabase of DNA in each category, and values in parentheses are the fraction of DNA
in each location occupied by TEs. Significance levels are shown for comparisons between the regions of reduced recombination compared with the

chromosome arms by the Mann-Whitney U test.

PClass | and Class Il elements are shown excluding gypsy and CACTA-like elements, respectively. Two-tailed significance: *, P <0.05; **, P <0.01;

***, P <0.001.

Recombination Rate Does Not Explain TE Distribution
in Intergenic Regions of A. thaliana

The high number of TEs in pericentromeric regions is consistent
with either model of selection, as these regions are both gene-
poor and recombination-poor. Furthermore, the dense methyl-
ation and difference in chromatin structure in heterochromatic
regions may make these insertions more effectively silenced
(Singer et al. 2001), preventing the potentially deleterious expres-
sion of TE-derived gene products in these regions. It is therefore
important to examine whether, in addition to this comparison
between genomic regions, there are general correlations between
TE abundance and recombination rate. Given the underrepresen-
tation of TEs in coding regions, we consider only the TE content
in intergenic regions for this analysis. Excluding the centromere-
specific TEs (gypsy and CACTA), no correlation is observed be-
tween the rate of recombination and TE abundance in intergenic
DNA (Table 3). Note that this whole-genome correlation with
recombination is not significant, despite accumulation of ele-
ments near the centromere; because the pericentromeric regions
represent a low proportion of total DNA, even this effect is not
detected in a genome-wide correlation. Only gypsy and CACTA,
which are almost exclusively present in the central regions of
reduced recombination, show a significant negative correlation.
If we consider only the chromosome arms, no negative correla-
tion is observed for any class of TE, and all three major classes of
element, in fact, show a positive relationship with TE frequency.
This positive relationship can be explained at least in part by a
negative correlation between coding density and recombination
rate along the chromosome arms (Table 3). Using a partial cor-
relation correcting for the effect of coding density, there is no
significant effect of recombination rate on Class II or III ele-

ments, and we observe a weaker positive relationship between
recombination rate and TE abundance for Class I TEs (Table 3).
Provided that the rate of ectopic recombination correlates with
the rate of crossing over, these results suggest that selection
against ectopic exchange does not drive TE distribution in A.
thaliana.

Effect of Gene Density on TE Abundance

in Intergenic DNA

Our initial analysis suggested that selection against insertions
into exons and introns is playing an important role in TE distri-
bution in the A. thaliana genome, given their strong underrep-
resentation compared with intergenic DNA. We also wish to test
whether regions of high gene density show an underrepresenta-
tion of insertions in intergenic regions, due to a higher density of
untranslated and cis-regulatory regions. Alternatively, silencing
of TE insertions by DNA methylation and associated changes in
chromatin structure might interfere with the expression of
nearby genes (Gendrel et al. 2002). In a given sample of DNA
along the chromosome, increases in TE-derived DNA could force
the amount of coding sequence to be smaller, violating the stan-
dard assumptions of correlation analysis. To avoid this effect, we
excluded the contribution of TEs to sequence length when sam-
pling bins of constant size (100 kb) across the genome to look at
effects of coding density on TE frequency. In contrast to recom-
bination rate, all element families show a significant negative
correlation between the fraction of coding DNA and TE fre-
quency in intergenic regions (Table 3). If we consider only the
chromosome arms, the negative correlation remains significant
for Class I and II elements, but not Class III (Table 3). Further-
more, a partial correlation analysis, factoring out the effects of

Table 3. Spearman Rank Correlation Coefficients Between Element Frequency, Fraction of Coding DNA and Recombination Rate®
Total genome Chromosome arms
Recombination Fraction of Recombination Fraction of

rate coding DNA® rate coding DNA®
Class | —0.005 (0.067*) —0.375*** (—0.322***) 0.127** (0.0898%) —0.187*** (—0.202***)
gypsy —0.378*** (—0.257***) —0.426*** (—0.469***) 0.060 (0.124***) —0.057 (—0.117**)
Class Il —0.011 (—0.006) —0.318*** (—0.232***) 0.080* (0.021) —0.100*** (—0.155***)
CACTA —0.247*** (—0.193***) —0.271*** (—0.276***) 0.023 (0.0011) —0.074* (—0.057)
Class Il 0.035 (0.09**) —0.244*** (—0.218***) 0.076* (0.037) —0.064 (—0.164***)

Fraction of coding DNA 0.099*

= —0.139** —

*Values given in parentheses are partial correlations, factoring out effects of coding fraction and recombination rate, respectively.
PDirect correlations between coding density and TE abundance are calculated by making bins that exclude TE contributions to DNA length. Partial
correlations, factoring out recombination rate effects, use the original bins for accurate estimation of recombination rates over real physical distance.

Two-tailed significance: *, P <0.05; **, P <0.01; ***, P <0.001.
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recombination rate, still reveals a residual negative correlation
between coding density and TE abundance for both the whole
genome and the chromosome arms (Table 3).

Whereas the above analysis suggests that selection against
insertions near coding regions is influencing TE distribution, the
corresponding correlation coefficients are low, and it is unclear
how strong the action of purifying selection would be to explain
the data. To assess the insertion model more directly, we use a
maximum likelihood framework to test whether a simple model
that includes an effect of coding density on the amount of selec-
tive constraint in intergenic regions provides a significant im-
provement to the likelihood of the data compared with a model
that assumes elements are randomly distributed in intergenic
regions (see Methods). Because the high fraction of TE-derived
DNA and the high frequency of nested insertions in the centro-
mere will violate the assumptions of independence among inser-
tions, we consider only the chromosome arms for this analysis,
and once again exclude TE contributions to sequence length.

For all three TE classes, a model that includes increases in
selective constraint in intergenic regions with an increasing
amount of coding DNA provides a significant improvement to
the likelihood compared with a model of random distribution in
intergenic regions, consistent with the action of purifying selec-
tion against insertions near genes (Table 4). We can use this
model to estimate «, a measure of the amount to which increases
in coding DNA increase the selective constraint in intergenic
regions. Estimates of « range from 0.27 for Class II elements to
0.64 for Class I. Additional factors, such as variation across indi-
vidual element families and genomic regions in «, the presence
of nested insertions, and the influence of historical selection
pressures predating the evolution of self-fertilization may all play
a role in causing residual departures from expectation. Neverthe-
less, we can use our analysis to roughly estimate the total fraction
of intergenic DNA that is under purifying selection against TE
insertions along the chromosome arms (see Methods). Using the
total amounts of intergenic and coding DNA in our sample from
the chromosome arms, our estimates of a would imply that be-
tween 18% and 44% of intergenic DNA is under selective con-
straint against TE insertions. Similarly, given an estimated aver-
age of 1308 bp of coding DNA per gene along the chromosome
arms, this implies that each gene has on average 235-837 bp of
intergenic DNA that are under selective constraint against TE
insertions. Given the short distance between genes in the com-
pact A. thaliana genome (average length of intergenic DNA, 2013
bp), this conclusion appears reasonable. Computer simulations
of insertion into unconstrained regions using the observed values
of the abundance of coding and intergenic DNA and the maxi-
mum likelihood estimates of parameters confirm that the ob-

Table 4. Likelihood Ratio Test for Selection on Insertions in
Intergenic DNA

Element & r, model

class (95% C.1.)? 2 AL (95% C.1.)°

Class | 0.64 (0.52, 0.70) 31.1*** —0.178 (—0.124, —0.232)
Class Il 0.27 (0.04, 0.42)  4.9* —0.07 (—0.01, —0.126)
Class Il 0.34 (0.1, 0.49) 6.7**  —0.085 (—0.027, —0.144)

*Maximum likelihood estimate and approximate 95% credibility in-
terval for the estimate of «, using the x? approximation.

PMean and 95% confidence interval of the Spearman rank correlation
coefficient between TE frequency and coding density from 10,000
computer simulations of random insertion using the maximum like-
lihood estimates of « and v.

Significance of likelihood ratio test: *, P <0.05; **, P <0.01; ***, P <0.001.
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served correlation coefficients between TE frequency and coding
density are expected with this level of selective constraint
(Table 4). This illustrates that even fairly strong selection against
insertions in intergenic DNA will generate similar correlations
between coding density and TE frequency along the chromo-
some arms to those observed.

Multivariate Analysis of TE Distribution

It is important to assess whether our analyses on the basis of
pairwise correlations and the three major TE Class categories are
robust to a more global, multivariate analysis. To investigate this,
we used principal components analysis to summarize multivari-
ate patterns of TE abundance in intergenic DNA for all individual
TE element families, excluding CACTA and gypsy-like elements.
The first axis in this data reduction, which explains 23% of the
variance, shows a general increase with TE abundance; all TE
families increase in abundance with an increasing value for factor
1 (see Supplemental Data, available online at www.genome.org).
We performed a multiple linear regression, using factor 1 as the
dependent variable, with coding density, recombination rate,
and GC content as independent variables. The model, which
explains 20% of the overall variance in global TE abundance,
provides confirmation of our primary conclusions. As expected,
this analysis shows no significant effect of recombination rate on
this multivariate measure of TE abundance (P > 0.05), whereas
there is a highly significant negative effect of coding density
(regression coefficient = —0.42, P < 0.05). The model also shows
a significant positive effect of base composition (regression coef-
ficient = 0.40, P < 0.05), presumably as a result of the increased
GC content close to the centromeres (Table 1).

DISCUSSION

In the genome of the self-fertilizing A. thaliana, there are strong
effects of chromosome position on TE abundance, with a large
accumulation of TEs close to the centromere. However, although
there is a global difference between regions of contrasting recom-
bination, our results suggest that recombination rate is relatively
unimportant in causing this pattern, and the effects of selection
against TE disruption of gene expression may be the primary
mode of selection affecting TE distribution in this self-fertilizing
species. Our results suggesting a low rate of ectopic recombina-
tion in A. thaliana are in accordance with a recent analysis of long
terminal repeat (LTR) retrotransposons in this species (Devos et
al. 2002), which indicated that small deletions within elements
occurred at a much higher rate than ectopic recombination
events between LTRs.

Along the chromosome arms, most TE families show slight
positive correlations with recombination rate. This is similar to
observations for DNA transposons in the holocentric genome of
the self-fertilizing nematode C. elegans, in which a general posi-
tive correlation between recombination rate and TE abundance is
observed (Duret et al. 2000), whereas no effect of recombination
is seen for retrotransposons. This correlation may result from the
effects of biased transposition (Duret et al. 2000). However, a
negative correlation between recombination and gene density
in the euchromatic portions of A. thaliana, and a generally high-
er gene density in regions of low recombination in C. elegans
(Barnes et al. 1995; Wilson 1999) suggest that these effects may at
least in part also be driven by selection against insertions near
genes.

Under the deleterious insertion model, higher gene density
is expected to reduce the abundance of TEs in intergenic regions,
due to a higher fraction of regulatory regions. However, our re-
sults (Table 2) and those in C. elegans (Duret et al. 2000) suggest
that there is also an increase in TE abundance in introns in re-
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gions of low gene density. Nevertheless, genome analysis in both
A. thaliana and C. elegans has provided evidence for a higher
proportion of pseudogenes in regions of low gene density (Co-
penhaver et al. 1999; Harrison et al. 2001) and a lower proportion
of annotated genes in these regions are known to be expressed
(C. elegans Sequencing Consortium 1998; Copenhaver et al.
1999), suggesting that this accumulation may also reflect a relax-
ation of natural selection against the disruption of gene function.
Together, the results from both species are consistent with the
hypothesis that the mating system plays an important role in the
evolution of genome structure.

It is important to consider whether the results could be con-
sistent with alternative selection models to the deleterious effects
of gene disruption. First, the results might also be interpreted as
consistent with a model of selection against the deleterious ex-
pression of TE-derived gene products. In particular, TE insertions
in regions of high gene density may show higher levels of TE-
derived gene expression due to differences in chromatin struc-
ture, and may consequently impose stronger deleterious effects
on host fitness. However, a large fraction of TEs in the Arabidopsis
genome lack coding capacity, and many appear capable of non-
autonomous transposition (Le et al. 2000; Yu et al. 2000). Given
that a low proportion of TE insertions with coding capacity are
contributing to distribution patterns, the action of selection
against TE-derived gene products seems unlikely to provide a
primary explanation for our results.

Secondly, an important assumption of our analyses is that
current estimates of recombination rates in A. thaliana are reflec-
tive of those in which TE accumulation occurred. If recombina-
tion rates have changed substantially recently, our ability to de-
tect an effect of recombination on genome evolution may be
compromised. Although this possibility cannot be completely
excluded, recent comparative mapping in the outcrossing Arabi-
dopsis lyrata (O. Savolainen, pers. comm.), which diverged from
A. thaliana ~5 Mya (Koch et al. 2000), suggests that map distances
are very similar in these two species, indicating that recombina-
tion rates have remained relatively stable over this time period.

Thirdly, studies of recombination hotspots in yeast and
plants have provided some evidence that recombination prefer-
entially initiates near genes (for review, see Lichten and Goldman
1995; Schnable et al. 1998). If ectopic exchange events are thus
more likely to occur close to coding regions, TEs may show a
pattern of underrepresentation in regions of high gene density
under the ectopic recombination model. Because our recombi-
nation rate estimates are estimated over a large scale, we might
not observe this local effect of recombination on TE abundance
in our analysis. Furthermore, ectopic exchange events between
elements in regions of high gene density may be more deleterious
to the organism, allowing greater accumulation in regions with
fewer genes. Although more understanding of both the fitness
effects of ectopic exchange and the relationship between ectopic
exchange and recombination initiation are obviously needed,
the lack of a negative correlation between recombination rate
and TE abundance once gene density is factored out (from partial
correlation analysis) makes these interpretations unlikely.

Testing whether ectopic exchange is of general importance,
however, will require comparisons of these results with TE dis-
tribution patterns in related outcrossing species (Wright et al.
2001), in which ectopic exchange events are potentially more
frequent. Recent evidence for local suppression of recombination
in TE-rich intergenic regions in maize (Fu et al. 2002) is consis-
tent with models of ectopic exchange, and it might suggest that
low levels of ectopic exchange in the intergenic DNA have al-
lowed for the rapid accumulation of retrotransposons (SanMiguel
et al. 1998) in this species. Alternatively, however, this local re-
duction in recombination might imply that TE silencing by DNA

methylation and changes in chromatin structure may themselves
be a cause of recombination suppression (Gendrel et al. 2002). If
so, ectopic recombination may be generally unimportant in driv-
ing TE distributions in organisms that suppress TE activity by
methylation, as recombination is effectively suppressed within
TE-rich regions. Variation among such organisms in the propor-
tion of neutral insertion sites could then be more important than
recombination in driving striking differences in the abundance
of transposable elements. For example, recent polyploid evolu-
tion or high rates of gene duplication could create a large number
of functionally redundant targets for TE insertion, leading to re-
laxed selection against insertions near duplicate genes (Matzke et
al. 1999). However, it is unclear whether the action of selection
against deleterious insertions can by itself lead to a stable equi-
librium in element abundance (Charlesworth and Langley 1989),
and other forces may also be important in controlling TE copy
number. Possible additional factors include the presence of self-
regulated transposition, or stochastic loss of active elements,
both of which may be more frequent in highly inbred and
asexual populations (Charlesworth and Langley 1986; Wright
and Schoen 1999; Morgan 2001; Wright and Finnegan 2001).
Nevertheless, the data indicate that selection against the delete-
rious effects of the disruption of gene expression may be a gen-
eral force driving patterns of TE distribution, and they suggest
the importance of analyses to uncouple recombination rate and
gene density effects in other eukaryotic genomes. Finally, al-
though our results suggest that TE insertions near genes are gen-
erally under purifying selection, this does not rule out an impor-
tant role of some TE insertions in the evolution of gene expres-
sion (e.g., Daborn et al. 2002), and unusual TE insertions in
promoter and coding regions represent potential candidates for
adaptive evolution.

METHODS

Genome Analysis

The genome sequence and positions of predicted genes for all
five chromosomes of A. thaliana were extracted from The Arabi-
dopsis Information Resource (TAIR—www.arabidopsis.org). The
genome sequence is in the form of pseudomolecules, the concat-
enated sequence of overlapping sequenced clones for each chro-
mosome. These pseudomolecules comprise the entire genome
sequence, with the exception of telomeres, the rDNA islands on
chromosomes 2 and 4, and several small gaps denoted as N’s
(Arabidopsis Genome Initiative 2000). Sequences were divided
into 100-kb fragments across each chromosome, and informa-
tion on base composition and annotated (predicted) gene posi-
tion was collected, excluding a small number of fragments with
estimated gaps or terminal sequence leading to a bin size of <50
kb. Each pseudomolecule was submitted to a BLAST search (NCBI
standalone BLAST released for Unix on April 3,2001) against our
Arabidopsis TE database (www.tebureau.mcgill.ca/), to determine
the positions of each TE superfamily along the entire set of chro-
mosomes. TE positions were then verified manually, to eliminate
all redundancies and record the presence of nested insertions. For
analysis of gene density and the fraction of coding DNA, all an-
notated coding regions that showed matches solely to TE-
encoded gene products were removed. All putative insertions
into annotated exons and introns were verified by individual
BLAST searches of annotated coding regions. Matches to small
internal fragments of TEs, annotated proteins that represent fu-
sions between TE mobility genes and adjacent genes, and
matches to host sequences internal to TE insertions were elimi-
nated.

Recombination Rate Estimation

The physical positions were also recorded for those genetic mark-
ers that have both been mapped to the Recombinant Inbred (RI)
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recombination map (see http://nasc.nott.ac.uk/new_ri_map.
html), and have been precisely physically mapped on the basis of
flanking sequence, using the marker position information from
TAIR. To estimate rates of crossing over, the relationship between
genetic and physical distance was examined for each chromo-
some. Because marker density was relatively low close to the cen-
tromere, each chromosome was divided into two fragments, with
the boundary representing the centromere. Each fragment had
an average of 40 markers, with a total of 400 markers used ge-
nome wide. Third-order polynomials were fitted to the relation-
ship between genetic and physical distance (in cM/Mb) in each
region, similar to the approach of Kliman and Hey (1993; see
Supplemental Data). Rates of crossing over could then be esti-
mated by taking the first derivative of this polynomial at any
given physical position. With two exceptions, the polynomial
fits explained >97% of the variance in genetic distance; the right
arm of chromosome 5 had an R? of 0.96, whereas the left arm of
chromosome 2, represented by 19 markers, had an R* of 0.87.
Boundary regions with low marker density between the central
regions of low recombination and the chromosome arms were
excluded from correlations with recombination rate.

Central regions of reduced recombination, which include
the centromeres and heterochromatic knobs, were also delimited
using the genetic marker data in order to compare these regions
with the rest of the genome, hereafter called the chromosome
arms. The central regions have been shown to have a strong
reduction in rates of recombination, by recombination rate esti-
mation that is independent of the genome project data used here
(Copenhaver et al. 1999; Haupt et al. 2001). Because of low-
marker density, comparisons were restricted to central regions of
clearly reduced recombination versus the chromosome arms,
with boundary regions of low-marker density excluded from the
analysis. In the case of chromosome 1, fine-scale estimates of
recombination rates in the centromeric region by Haupt et al
(2001) allowed the recombination boundary on the short arm to
be precisely delimited to BAC clone T22A1S. Estimates of average
recombination rate along the arms (4.9 cM/MB) using the poly-
nomial fits were very similar to estimates of the average genome
recombination rate, 5.0 cM/MB (Haupt et al. 2001). In the central
regions of reduced recombination, average recombination rate
using polynomial fits was estimated to be 1.5 cM/MB, although
this includes regions with much greater recombination rate re-
duction, up to perhaps complete suppression in the centromere
core (Haupt et al. 2001).

Testing Effects of Coding Density on Purifying Selection
Against Insertions

We used a maximum likelihood method to test for the presence
of selective constraint in intergenic regions. If TE insertions are
inserted randomly within intergenic DNA along the chromo-
some arms, they should follow a Poisson distribution. Specifi-
cally, the likelihood of observing n insertions is the product of
the likelihoods in each bin i:

ni

U

L=11L;=11 -
n;let
Assuming no selective constraint in intergenic regions, the para-
metric mean y; = (vI;), in which [; is the number of base pairs of
intergenic DNA in bin i estimated directly from the data, and v is
the per base pair probability of an insertion. This model assumes
complete independence among bins, that is, no local insertion
preference, and by constraining v across bins, we assume that TE
distribution is random across intergenic DNA. We can calculate
the maximum likelihood estimate of v, using the observed values
of n and I for each bin. As an alternative model, we allow u; to
vary as a function of the observed amount of coding DNA (C;) in
bin i: u; = v(l; — «C;), where aC; < I;. Here,
aC;
I

1
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is a measure of the proportion of intergenic DNA in bin i that is
under selection against TE insertion, and the total proportion of
intergenic DNA under selective constraint against TE insertions
can be estimated by summing across all bins. We assume that a
given insertion site in intergenic DNA is either unconditionally
deleterious, with probability

or neutral, with probability

By calculating the joint maximum likelihood of v and «, and
comparing it with a model in which a =0, we can test for an
effect of coding density on TE distributions. Significant improve-
ment to the likelihood is assessed using the statistic

)

2In{—,

Lo

in which L, assumes a =0, and L, allows «a > 0. This statistic is
asymptotically x? distributed with 1 degree of freedom. To ex-
amine the expected correlation between coding density and TE
frequency under a model with these parameter estimates, we also
run 10,000 computer simulations of random TE insertion into
unconstrained intergenic DNA using the observed sizes of inter-
genic and coding DNA in each bin. In these simulations, we
simply assume a Poisson distributed number of insertions into
each bin, with the parametric mean u; in bin i given by the
selection equation above. These simulations assume that the
only factor influencing TE distribution is random insertion into
unconstrained sites.
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