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Letter

Epigenetic silencing of transposable elements:
A trade-off between reduced transposition and
deleterious effects on neighboring gene expression

Jesse D. Hollister and Brandon S. Gaut'

Department of Ecology and Evolutionary Biology, University of Californina, Irvine, Irvine, California 92697-2525, USA

Transposable elements (TEs) are ubiquitous genomic parasites. The deleterious consequences of the presence and activity
of TEs have fueled debate about the evolutionary forces countering their expansion. Purifying selection is thought to
purge TE insertions from the genome, and TE sequences are targeted by hosts for epigenetic silencing. However, the
interplay between epigenetic and evolutionary forces countering TE expansion remains unexplored. Here we analyze
genomic, epigenetic, and population genetic data from Arabidopsis thaliana to yield three observations. First, gene expression
is negatively correlated with the density of methylated TEs. Second, the signature of purifying selection is detectable for
methylated TEs near genes but not for unmethylated TEs or for TEs far from genes. Third, TE insertions are distributed by
age and methylation status, such that older, methylated TEs are farther from genes. Based on these observations, we
present a model in which host silencing of TEs near genes has deleterious effects on neighboring gene expression, resulting
in the preferential loss of methylated TEs from gene-rich chromosomal regions. This mechanism implies an evolutionary
tradeoff in which the benefit of TE silencing imposes a fitness cost via deleterious effects on the expression of nearby genes.

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

Transposable elements (TEs) have been found in almost every
eukaryotic genome surveyed to date (Wicker et al. 2007). The
complement of TEs within any one genome can be quite diverse
and typically includes both Class I retroelements and Class II DNA
elements. The proliferation of these elements is largely responsible
for differences in genome size among eukaryotes (Kidwell 2002). In
some cases, particularly in plants, TE proliferation can fuel rapid
shifts in genome size. For example, cotton, maize, and a relative of
rice have at least doubled in genome size within the last ~5 million
yr (Myr) due to the proliferation of TEs (SanMiguel et al. 1998;
Hawkins et al. 2006; Piegu et al. 2006).

Presumably host defenses against TEs counteract genome
expansion, and three distinct mechanisms have been proposed
to limit TE copy number. New TE insertions are hypothesized to
be eliminated by purifying selection due to (1) the deleterious ef-
fect of insertion at a specific site (Finnegan 1992; McDonald et al.
1997), (2) ectopic recombination between TEs at different chro-
mosomal positions (Langley et al. 1988), or (3) metabolic costs to
the host (Badge and Brookfield 1997). Evolutionary genetic anal-
yses have attempted to discriminate among these mechanisms. To
our knowledge, all species studied to date exhibit a dearth of TE
insertions within coding genes (Charlesworth and Langley 1989;
Bartolome et al. 2002; Rizzon et al. 2003; Wright et al. 2003), sig-
naling either a strong bias against insertion into protein coding
regions or, more likely, that the “deleterious insertion” model applies
fairly universally to insertions within genes (Yang et al. 2007).

The forces that limit the accumulation of TEs within non-
coding regions are less clear, however, and may vary from species
to species. In Drosophila melanogaster, for example, the accumula-
tion of TEs is negatively correlated with recombination rate, sug-
gesting that ectopic recombination acts to remove TEs (Bartolome
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et al. 2002; Rizzon et al. 2002). This view is bolstered by the finding
that large TEs are generally found at lower population frequencies
(Petrov et al. 2003), which is consistent with the notion that longer
TEs are more effective templates for ectopic recombination.

In contrast to D. melanogaster, there is no consistent negative
correlation between TE accumulation and recombination in the
partial selfers Caenorhabditis elegans or Arabidopsis thaliana (Duret
et al. 2000; Wright et al. 2003). In part, this may reflect the theo-
retical expectation that ectopic recombination among TEs occurs
less frequently in inbred species, because ectopic recombination
events are more likely in heterozygotes (Montgomery et al. 1991).
Instead, in these species the genomic distribution of TEs seems to
be governed by a combination of insertion biases, which vary
among TE families, and selection against TE insertions near genes
(Rizzon et al. 2003; Gaut et al. 2007). However, the mechanism of
selection against TEs near genes has not been elucidated fully for
any organism and particularly for these species in which ectopic
recombination may be infrequent.

Epigenetic pathways also shape the proliferation and accu-
mulation of TE sequences. In many eukaryotic lineages, TEs are
targeted for DNA methylation by small RNA (sRNA)-mediated
pathways (Almeida and Allshire 2005). In plants, DICER-LIKE
RNase enzymes produce 24-bp sRNA that guides ARGONAUTE
and other downstream proteins to complementary DNA sequen-
ces, thereby promoting and maintaining DNA and histone meth-
ylation (Zhang 2008; Teixeira et al. 2009). There is a strong
correlation between methylation and sRNA targeting; silenced TE
sequences are generally characterized by identity with 24-bp
sRNAs and by dense, even DNA methylation (Lippman et al. 2004;
Zilberman et al. 2007; Lister et al. 2008).

In the model plant A. thaliana, the overarching effect of TE
methylation is to silence transposition (Zhang 2008), as evidenced
by dramatically increased levels of TE transcription in metl
methylation mutants (Zilberman et al. 2007; Lister et al. 2008).
In addition to preventing proliferation of new TE sequences,
silencing of TEs near genes may also prevent the production of
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aberrant transcripts via read-through transcription beyond TE
termini (Barkan and Martienssen 1991). However, methylated
sequences may also affect the expression of nearby genes, typically
reducing expression (Jahner and Jaenisch 1985; Lippman et al.
2004; Zhang et al. 2008). On occasion, the reduction of gene ex-
pression could prove adaptive. For example, Lippman et al. (2004)
demonstrated that expression of the flowering time gene FWA is
correlated with the methylation status of a nearby SINE-like TE.
More generally, however, one might expect that alteration of gene
expression due to methylation of nearby TEs may have deleterious
effects on gene and genome function.

In this study, we examine the relationship among TE density,
TE methylation, and gene expression in A. thaliana, building on
the hypothesis that TE methylation may suppress gene expression
and thus typically have negative consequences. To test this hy-
pothesis, we focus on three predictions. First, if TE methylation
suppresses neighboring gene expression, then gene expression
should be a function of the genomic distribution of methylated
(silenced) TEs. Therefore, we predict a negative correlation be-
tween gene expression and the density of silenced TEs. Second, if
suppression of gene expression often has deleterious effects, then
population genetic analysis should reveal that purifying selection
acts more strongly on methylated TEs that are close to genes.
Third, if silenced TEs near genes are often deleterious, they should
be preferentially lost from gene-rich regions, resulting in an age
distribution in which old, methylated TE insertions are rare or
absent from genic regions. To test these predictions, we generated
an extensive data set of TE population frequencies throughout the
A. thaliana genome, and employed a combination of genomic,
epigenetic, and population genetic analyses.

Results

TE genomic distribution and gene expression

We compiled a data set of 5986 TEs from the A. thaliana genome
release version 8, including families of both Class I retrotrans-

Table 1. Features of A. thaliana TE data set

posons and Class II DNA transposons (Table 1). We employed
a BLAST-based culling procedure to ensure that our data set con-
tained only TEs belonging to well-defined, multicopy families
(see Methods). Consistent with prior investigations (Wright et al.
2003), 85.7% of the TEs in our data set occupied intergenic re-
gions; i.e., they were not within exons, introns, or untranslated
regions (UTRs). To compare the observed distribution of TE in-
sertions to random expectations, we generated 100 replicates
of 5986 random insertion sites across the five A. thaliana chro-
mosomes. Across replicates, between 47% and 51% of the simu-
lated insertion sites were within genes compared with ~15%
of observed TE insertions (P < 0.01), suggesting an obvious bias
against genic insertions. The underrepresentation of TEs in
genes likely reflects strong selection against such insertions
(Golding et al. 1986; Charlesworth and Langley 1989; Naito et al.
20006).

To explore the interaction between TE insertions and host
gene expression, we used massively parallel signature sequencing
(MPSS) data to obtain mRNA expression profiles of 20,756
A. thaliana genes (Meyers et al. 2004). The nearest neighboring
genes to the TE insertions in our data set (n = 4606 genes; see
Methods) were expressed at lower levels compared with the
genome-wide distribution of gene expression (median expression
for nearest gene to a TE 2.00 transcripts per million [TPM] vs. 7.25
TPM genome-wide; Mann-Whitney U test  MWU] P < 10~ %°). To
minimize potential effects of interactions between particular
genes and TEs, we calculated the number of TEs in a 10-kb window
around the 20,756 genes for which MPSS expression data
were available. Genome wide, gene expression was negatively
correlated with the number of TEs within 10 kb (Spearman’s
p = —0.23; P < 107'%) (Fig. 1). This trend was also apparent con-
sidering only the distal portions of chromosome arms (i.e., >5 Mb
from centromeres; Spearman’s p = —0.11; P < 10~'%). Taken to-
gether, these results indicate either that TEs do not accumulate
around highly expressed genes or that the accumulation of TEs
dampens gene expression.

Median distance
to gene (bp)

Median distance to mTEs/uTEs —— Unique/ancient = Polymorphic/fixed
Family Copy no. gene (bp) (percentage methylated) mTEs uTEs insertions insertions
Class |
gypsy 1571 13,030 1405/32 (98%) 12,900 688 882/689 7/53
Copia 273 2119 214/45 (82%) 3505 0 179/94 6/19
LINE 137 1300 104/29 (78%) 1714 0 99/38 4/8
SINE 130 667 91/27 (77%) 671 242 110/20 6/18
Class | total 21 8617 1814/133 (93%) 9435 7 1277/842 23/98
Class Il
Helitron® 1236 844 909/276 (76%) 1088 0 983/253 168/145
MULE 1007 1414 810/126 (86%) 1732 0 771/236 21/30
CACTA 487 6330 393/25 (94%) 6604 0 288/197 1/3
hAT 241 971 178/52 (77%) 1306 0 190/51 18/20
Mariner 228 437 139/74 (65%) 628 131 167/61 3/7
MITE 256 455 171/58 (74%) 521 406 241/15 30/30
Pogo 122 458 74/47 (61%) 1208 0 92/30 1/2
Harbinger 73 941 55/17 (76%) 1721 71 87/35 6/1
Groo 30 678 21/2 (91%) 145 1601 22/8 2/5
Other Class Il 158 1143 73/60 (54%) 1710 58 115/43 2/5
Class Il total 3838 1089 2823/737 (79%) 1410 0 2920/916 252/248

Includes 278 loci from Hollister and Gaut (2007).
mTEs, methylated TEs; uTEs, undermethylated TEs.
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There were striking differences in
the distribution of mTEs and uTEs. mTEs
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had a significantly lower proportion of
insertions into genes than uTEs (mTEs:
7.8% of 4665, uTEs: 50.6% of 881; Fisher’s
exact test [FET] P < 10729). In addition,
intergenic mTEs were farther from genes
than intergenic uTEs (median distances
3277 and 934 bp, respectively; MWU P <
1071%). To evaluate these differences based
on a random expectation, we compared
the distribution of mTEs and uTEs to the
100 simulated random TE distributions
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Methylated TEs are associated with reduced
neighboring gene expression

The negative correlation between expression and TE density may
be caused by chromatin modifications associated with epigenetic
silencing. To address this hypothesis, we used previously published
genome-wide data for A. thaliana to assess the level of cytosine
methylation of TE sequences in our data set. The data were pro-
duced by Illumina sequencing of bisulfite-treated genomic DNA
(BS-seq) (Lister et al. 2008). Using these data, we were able to assess
the level of methylation of 93% of the TEs in our data set (see
Methods). A substantial proportion of TE sequences had low pro-
portions of methylated cytosines (=10%) (Fig. 1A). Hereafter, we
refer to these TEs as undermethylated TEs (uTEs; n = 881), and to
TEs with >10% methylation of cytosines as methylated (mTEs;
n = 4665). We cross-validated assignment of methylation status
using another A. thaliana DNA methylation data set (Zilberman
etal. 2007). There was high correspondence between data sets with
regard to TE methylation status (see Methods), and we procured
qualitatively identical results with both data sets. Hereafter we
report results based on the BS-seq data.

uTEs/10 kb

Figure 1. (A) Histogram showing the proportion of methylated cytosines for n = 4665 TEs, based on
bisulfite-treated genomic DNA sequencing (BS-seq) data. Note the large proportion of TEs with <10%
methylation, which we deemed as “undermethylated TEs” (uTEs). TEs with >10% methylation are re-
ferred to as “methylated TEs” (mTEs). (B) Proportion of uTEs in 500-bp windows of increasing distance
from genes. “0 bp” represents TEs within genes. Half of the TEs within genes are unmethylated, but this
proportion drops below 20% within 1.5 kb. (C,D) Box plots showing normalized expression for genes as
a function of density of mTEs (C) or uTEs (D) within a 10-kb window centered on the gene. Gene
expression is measured in transcripts per million (TPQ). Box heights represent inter-quartile distance;

2 a 4 distance of 1.5-2 kb from genes, the

proportion of uTEs was similar to the
genome-wide proportion (15%) (Fig. 1B).

Notably, genes nearest to mTEs were
expressed at lower levels than genes
nearest to uTEs (2.00 TPM vs. 8.0 TPM;
MWU P<10~'%). We implemented a mul-
tiple regression model to assess the in-
dependent associations of mTE and uTE
density on genome-wide gene expres-
sion. In A. thaliana, expression is highly
correlated with chromosomal location
(Yamada et al. 2003), so we also controlled for the normalized
distance between genes and centromeric regions in the linear
model. Under this model, the density of mTEs was significantly
correlated with reduced gene expression (P < 107%) (Fig. 1C) while
the density of uTEs was not (P = 0.88) (Fig. 1D). These patterns
suggest that abundance of mTEs, not simply abundance of TEs, is
associated with low expression of nearby genes and that this effect
is independent of chromosomal location.

Population frequency of TEs

Population genetic analyses are ultimately required to evaluate the
strength of selection acting on TEs (Golding et al. 1986; Wright
et al. 2001; Petrov et al. 2003; Lockton et al. 2008). We screened
a panel of 48 A. thaliana individuals for presence/absence of 621
TE insertions using a PCR-based assay (Fig. 2A), representing the
largest data set of TE polymorphisms ever assembled for a plant
species. Insertions were surveyed randomly with respect to geno-
mic location. Our assays covered TEs in intergenic locations (n =
530), exons (n = 44), introns (n = 22), and UTR (n = 25). Overall,

Genome Research 1421

www.genome.org


http://genome.cshlp.org/
http://www.cshlpress.com

Downloaded from genome.cship.org on June 19, 2026 . Published by Cold Spring Harbor Laboratory Press

Hollister and Gaut

44% of the 621 TE insertions were polymorphic in our panel of 48
individuals.

If silencing of TEs has deleterious effects on the expression of
nearby genes, a key prediction is that the site frequency spectrum
(SES) of mTEs near genes should be skewed toward rare variants due
to the effects of purifying selection (Williamson et al. 2004). To test
this prediction, we divided the TE frequency data set (n = 621) into
mTE (n = 527) and uTE (n = 78) subsets. There was a higher per-
centage of polymorphic insertions in the uTE sample (53%) than
the mTE sample (44%), but the excess was not significant (FET
P=0.15).

The presence and direction of selection acting on a class of
mutations is commonly inferred by comparing the SFS to a (pre-
sumably) neutral class of polymorphisms, typically synonymous
single nucleotide polymorphisms (sSNPs). We compared the TE
SES with the SFS for A. thaliana sSNPs, utilizing a genome-wide
nucleotide sequence data set consisting of 876 fragments of 500-
800 bp sequenced in the same 48 individuals that made up our TE
frequency panel (Nordborg et al. 2005). After using information
from the 8X draft version of the Arabidopsis lyrata genome to
correct for ascertainment biases (see Methods), we tested whether
the SFS for polymorphic insertions in either mTEs or uTEs was
similar to the sSNP SFS. The SFS of mTEs was significantly skewed
toward low frequencies, compared with sSNPs (MWU test P<10~7)
(Fig. 2B). Conversely, the SFS of uTEs was indistinguishable from
sSNPs (P = 0.56) (Fig. 2B).

Under the hypothesis proposed here, mTEs are deleterious
because of their effect on nearby genes. Therefore, mTEs that are
relatively distant from genes should have an SFS similar to sSNPs
and uTEs. We noted that the proportion of uTEs decreased sharply
until insertions were >1.5 kb from genes, suggesting a convenient

0.25
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o
N

0.15
0.1
djmlﬂ.lﬂlﬂiﬂ
<0.1 0.1 0.2 03 04 0.5 0.6 0.7 0.8 0.9

Frequency
OsSNP uTE B mTE>1.5kb EmMTE

Figure 2.

demarcation for designation of proximity to genes. Consistent
with our hypothesis, polymorphic mTEs >1.5 kb (n = 38) from
genes were statistically indistinguishable from sSNPs (MWU P =
0.67) (Fig. 2B). However, considering only polymorphic mTEs <1.5
kb from genes (n = 180), there was a significant skew toward low
frequencies compared with sSNPs. The failure to detect a differ-
ence in polymorphic mTEs >1.5 kb from genes could be due to the
small sample size of only 38 insertions. To investigate statistical
power, we generated 10,000 random subsamples of size 38 from
polymorphic mTEs <1.5 kb from genes and calculated the number
of times a subsample generated a significant MWU relative to the
sSNP SES. Over 90% of the tests showed a significant difference,
indicating that sample size alone is unlikely to be responsible for
the similarity between the mTEs >1.5 kb from genes and the sSNP
data set. These SFS comparisons suggest that purifying selection is
detectable predominantly for mTEs near genes.

The age distribution of TE insertions

Our hypothesis further predicts that mTEs are preferentially re-
moved from genic regions over time, due to their deleterious
effects on gene expression. To investigate this directly one must
have some notion of the age distribution of TE insertions. We
made a rough determination of ages of TEs in two ways. We first
made use of the polymorphism data set, separating polymorphic
from fixed TE insertions. Under neutrality, fixed TE insertions
should be older than polymorphic insertions, on average (Kimura
1983). This interpretation is subject to caveats about selection
coefficients on TE insertions (see Discussion), but the contrast
between fixed and polymorphic insertions should roughly ap-
proximate “older” versus “newer” insertions. In our sample of 621

-
:)—TE Present
-

= —— TEAbsent

Cc

Distance to gene (bp)
500 1000 1500 2000 2500 3000 3500
1

T T T T
Polymorphic Fixed Polymorphic Fixed
uTEs uTEs mTEs mTEs

(A) An example of a gel representing one of 621 TE frequency assays in a panel of 48 individuals. The first three lanes are Col-0 positive controls

with combinations of primers; subsequent lanes represent one individual in the panel. Large, paired bands (~700 and ~1500 bp) indicate presence of TE
in one individual; the smaller, single band (~400 bp) represents absence of the TE. (B) Comparison of site-frequency spectra (SFS) of sSSNPs, unmethylated
TEs, methylated TEs >1.5 kb from genes, and all methylated TEs. The SFS of methylated TEs contains an excess of the low-frequency TEs, consistent with
a deleterious effect of TE silencing near genes. (C) Box plots showing distance to the nearest gene for polymorphic and fixed uTEs and mTEs.
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insertions, polymorphic mTEs were significantly closer to genes
than fixed mTEs (median distance of 587 bp for polymorphic TEs,
865 bp for mTEs; MWU P < 0.001) (Fig. 2C). In contrast, poly-
morphic and fixed uTEs were distributed at similar distances from
genes (median of 310 bp for polymorphic, 157 bp for fixed; MWU
P=0.5) (Fig. 2C).

As an alternative approach to examining the age distribu-
tion of TEs, we determined which insertions were unique to A.
thaliana and which were shared (orthologous) between A. thaliana
and its closest relative A. Iyrata. The shared TEs must have been
present in the common ancestor of the two species and thus
inserted >5 Myr ago (Mya) (Koch et al. 2000). Hereafter, we refer
to these elements as “ancient.” We identified ancient insertions
by computational comparison of A. thaliana TEs and flanking
regions to the draft A. lyrata genome (see Methods). For a subset
of 66 TEs, the computational results were confirmed by compari-
son to a data set of resequenced TE flanking regions in A. lyrata
(DeRose-Wilson and Gaut 2007), with 97% agreement between
methods.

Based on this computational approach, we estimated that
30% of 5986 TEs are ancient and presumably inserted >5 Mya.
Conversely, 4218 TEs (70%) are present only in the A. thaliana
genome, representing “unique” insertions to A. thaliana. These
unique TEs are roughly evenly distributed near (=1.5 kb) and
distant (>1.5 kb) from genes. The distribution has shifted over
time, however, such that a much higher proportion of ancient TEs
are >1.5 kb from genes (FET P < 10~'7); as a consequence, ancient
TEs are distributed farther from genes than unique TEs MWU P <
10~'%). Ancient and unique TEs can be further discriminated as
mTEs or uTEs. Ancient mTEs are farther from genes than unique
mTEs (median distance of 6980 vs. 1862 bp; MWU P < 107'%),
while ancient uTEs are nearer to genes than unique uTEs (median
distance of 142 vs. 0 bp; MWU P < 0.005), due to a higher pro-
portion of ancient uTE insertions into genes (FET P < 0.03). Con-
sidering intergenic uTEs only, ancient and recent insertions
are similarly distributed (median distance of 988 vs. 851 bp; MWU
P=0.4). Overall, the analysis of ancient (i.e., either fixed or shared)
and more recent (i.e., either polymorphic or unique) TEs is con-
sistent with our prediction that mTEs are preferentially removed
from gene-rich regions over time.

Using sRNA targeting as a proxy for methylation

Both de novo DNA methylation and restoration of methylation
patterns are dependent upon sRNA, which targets homologous
sequences for epigenetic modification (Chan et al. 2004; Teixeira
et al. 2009). Although it is clear that SRNA targeting and methyl-
ation status do not share a one-to-one correspondence (Lister et al.
2008), methylation of TE sequences and presence of SRNA map-
ping to TEs are highly correlated (Zhang et al. 2006). Therefore, as
an independent test of the robustness of the silencing-associated
patterns reported above, we repeated all analyses using sRNA
mapping to our TE data set as a proxy for methylation.

We quantified sSRNA matching the TEs in our data set using
the MPSS library of sRNA signatures (Lu et al. 2005). For each TE,
we measured sRNA targeting both in the number of SRNA hits per
base pair (hbp) and also at the sSRNA expression level (abundance;
see Methods). We counted both sRNA that were unique matches to
a given TE and those that mapped to multiple TEs, because mul-
tiply mapping sRNA sequences have been shown to be necessary to
explain DNA methylation patterns in the A. thaliana genome
(Lister et al. 2008).

Targeting was pervasive among TEs: For the full TE data set,
median hbp was 0.003 and mean abundance was 1.6 transcripts
per quarter-million (TPQ) per TE. As expected (Zhai et al. 2008),
methylated TEs matched significantly more SRNA than unmeth-
ylated TEs: Median hbp and abundance for methylated TEs were
0.004 and 2.0 TPQ, respectively, while median hbp and abundance
for unmethylated TEs were both 0 (MWU P < 10~'® for both
measures).

In contrast to our methylation-based analysis, from which we
had to exclude 8% of TEs due to poor coverage of BS-seq data (see
Methods), we were able to use 100% of our data set of TEs with this
analysis of SRNA targeting. Using several quantitative thresholds
for sSRNA targeting (see Methods), we reanalyzed our genomic and
population genetic data. The simplest threshold labeled TEs
matching at least one SRNA as “sRNA+,” and TEs with no matches
as “sRNA—" (see Methods). Assuming sSRNA targeting is a proxy for
epigenetic silencing, we were able to replicate our main results: (1)
the density of sSRNA+ TEs was correlated negatively with gene ex-
pression (P < 2 X 107'*) while the density of SRNA— TEs was not
(P = 0.134); (2) only sRNA+ TEs within 1.5 kb of neighboring
genes have a frequency spectrum skewed toward low frequency
insertions compared with synonymous sites MWU P < 9 X
10~®) (Supplemental Fig. S1) consistent with purifying selection
acting on these insertions; and (3) ancient SRNA+ TEs are distrib-
uted farther from genes than the simulated random distribution
(permutation test P < 0.01), unique SRNA+ TEs (MWU P < 107'%),
and sRNA— TEs (both unique and ancient; MWU P < 107'9)
(Supplemental Fig. S2). That we uncover the same basic patterns
using sRNA data strongly, and independently, supports the pre-
ceding analyses based on BS-seq data.

TE family dynamics

Thus far, we have not carefully considered heterogeneity in char-
acteristics among TE classes and TE families. Although each TE
family follows the three general trends we have documented, i.e.,
gene expression is a function of TE density, mTEs are farther from
genes than uTEs (Table 1); and older mTEs are farther from genes—
there are differences among them. For example, one longstanding
view has been that some Class I TEs tend to insert into gene-poor
heterochromatic regions (Pereira 2004), while some Class II TEs in-
sert preferentially into or near genes (Cresse et al. 1995; SanMiguel
et al. 1996). Consistent with this view, we also find that Class I TEs
are distributed farther from genes than Class II TEs (P < 107%). In
addition, a higher proportion of Class I insertions are methylated
(93%) and fixed (81%) compared with Class II elements (79%
and 50%, respectively). Overall, these patterns suggest that Class I
TEs have been less active recently, on average, in A. thaliana (see
Discussion).

There is also considerable heterogeneity among families
within the same class. For example, CACTA elements and MULEs,
both of which are families of class II DNA transposons, have
strikingly different distributions with respect to genes MWU P <
10~1%) (Table 1). Similarly, among Class I families, gypsy-like LTR
elements are distributed very far from genes (median distance,
13,030 bp), while LINE elements tend to be much nearer (median,
1300 bp; MWU P < 10~ ). Such within-class differences may re-
flect insertion preferences; MULEs are known to insert preferen-
tially near transcription start sites (Cresse et al. 1995), while gypsy-
like elements prefer insertion into heterochromatin (Pereira
2004). However, these patterns may also reflect a combination of
the proportion of mTEs (presumably silenced) in a family and
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purifying selection against mTEs near genes. For example, CACTA
and gypsy-like TEs are nearly all methylated (94% and 98%, re-
spectively), while MULE and LINE elements have proportionally
fewer methylated insertions (86% and 78%, respectively).

Discussion

Our investigations of gene expression, DNA methylation, and TE
population genetics suggest a model for the removal of TEs from
the A. thaliana genome (Fig. 3). It is undoubtedly true that a subset
of new insertions interrupts crucial genes and is rapidly removed
by strong natural selection (Naito et al. 2006). This strong selection
likely accounts for much of the under representation of TE inser-
tions in protein coding genes. Many of the remaining TE insertions
are silenced via DNA methylation (Slotkin et al. 2003; Teixeira
et al. 2009). In turn, silencing has effects on the expression of
nearby genes (lida et al. 2004; Lippman et al. 2004; Slotkin and
Martienssen 2007; Zhang 2008). We hypothesize that these are
largely—although not exclusively—deleterious effects, promoting
preferential removal of methylated TEs from gene-dense regions
over time.

Four observations are consistent with this model: (1) gene
expression is negatively correlated with the density of methylated,
but not unmethylated, TEs (Fig. 1C,D); (2) the signature of puri-
fying selection, a skewed SFS relative to sSSNPs, was detectable only
for mTEs within 1.5 kb of the nearest gene (Fig. 2B); (3) mTEs are
farther from genes than uTEs, even on a per family basis (Table 1;
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Figure 3. Model of the effect of silencing on the distribution of a TE
family. Horizontal lines represent chromosomes in a population sample of
eight individuals and are divided by dashed lines into regions of high (left)
and low (right) gene density. (A) New TE insertions are distributed ran-
domly along chromosomes. (B) Some insertions become silenced by DNA
methylation. mTEs near genes interfere with gene expression, and are
removed by purifying selection, while the evolutionary trajectory of other
TEs are governed largely by genetic drift. (C) Eventually these processes
result in a TE distribution in which most insertions are methylated and
sequestered in regions of low gene density.

Fig. 1B); and (4) the distribution of mTEs, but not uTEs, migrates
away from genes over time (Fig. 2C). Among Class II elements,
ancient families, such as CACTA-like elements, tend to be farther
from genes (P < 10~'%), while more recently active families, such as
MITEs and Helitrons, tend to be closer to genes (P<4 X 10! and
P < 1075, respectively). The net result of this model of selection
against TEs is the now familiar distribution of TEs concentrated in
gene-poor regions (Charlesworth et al. 1994; Wright et al. 2003).

We propose this model while recognizing at least three ca-
veats to our analysis. First, we cannot discriminate cause from effect.
For example, we find an association between gene expression and
the density of mTEs but do not know whether TEs tend to prefer-
entially insert near lowly expressed genes or whether the insertion
of TEs causes low expression. While both scenarios may be true to
some degree, our model relies on the latter interpretation, which is
reasonable in light of substantial molecular evidence that meth-
ylation of nearby sequences lowers gene expression (Jacobsen and
Meyerowitz 1997; Lippman et al. 2004; Zilberman et al. 2007;
Zhang et al. 2008). Moreover, our interpretation of cause and effect
is more consistent with our population genetic evidence that sug-
gests stronger selection against mTEs near genes. Experimental
confirmation of the effect of TE silencing on gene expression could
be obtained by studies of allele-specific expression in F; progeny of
parents that differ in the presence of methylated TE insertions near
genes.

Second, our study is limited by the fact that the A. thaliana
methylome has been fully characterized in only the Col-O acces-
sion to date. If there is substantial variation in methylation status
of individual TEs among accessions, we may incorrectly have
assigned the predominant (population-wide) methylation status.
However, a recent examination of methylation patterns on chro-
mosome 4 of the Col-0 and Landsberg erecta accessions revealed
that fewer than 10% of TEs differed in methylation between
accessions (Vaughn et al. 2007), indicating a high degree of sta-
bility of TE methylation patterns. Also note that all singleton
insertions identified in this study, which contribute predomi-
nantly to the inference of purifying selection, are present only in
Col-0. The methylation status for these singletons is known.

Third, we cannot be certain to what extent differences in
insertion bias among TE families affect the genomic patterns we
report. Our analysis suggests that differences in the genomic dis-
tribution and activity of Class I and Class II TEs, as well as among
TE families, may be a function of the proportion of methylated
elements. Overall, TE families that have a higher proportion of
methylated insertions are distributed farther from genes (Table 1).
This suggests a causal relationship between TE methylation and
genomic distribution, but we cannot be certain to what extent
insertion biases, transposition rate, and selection against methyl-
ated TEs near genes influence this relationship. It is likely that all
these factors interact to determine the genomic distribution of TEs,
but further study will be necessary to untangle the interactions
between these factors.

Finally, our age analyses are limited by our assumptions
about the relative ages of polymorphic versus fixed TEs and of
unique versus ancient TEs, respectively. If a substantial proportion
of fixed TE insertions were driven to fixation by positive selection
(or if many polymorphic insertions have been subject to balancing
selection), it is plausible that our assumptions regarding the
relationship between population frequency and age are incorrect.
There is also uncertainty associated with our analysis of TEs shared
between A. thaliana and A. lyrata. We cannot be sure whether
TEs that are unique to the A. thaliana genome have inserted
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subsequent to divergence from A. lyrata or if they were lost (or
unrecognizable) in the sequenced A. lyrata strain. Importantly,
both analyses of age-dependent TE distribution reveal the same
pattern, so our conclusion that the distribution of methylated TEs
only migrates away from genes over time appears to be robust.

TE methylation: An evolutionary trade-off

Despite caveats, our analysis is consistent with the hypothesis that
silencing of TEs may increase the deleterious effect of insertions
near genes. This implies an evolutionary tradeoff between de-
creased activity of TEs and increased deleterious effects of some
insertions on nearby genes. At least two lines of evidence support
the plausibility of this tradeoff by highlighting the catastrophic
effect of unfettered transposition. First, P-element activity in Dro-
sophila is associated with sterility and lethality (Kidwell 1985).
Second, transposition rates estimated from TEs in natural pop-
ulations (nearly neutral rates, presumably) are one to two orders of
magnitude below rates estimated from mutation accumulation
studies (where purifying selection is relaxed), indicating that
most new TE insertions are subject to strong purifying selection
(Nuzhdin and Mackay 1995; Maside et al. 2001; Bergman and
Bensasson 2007). These findings indicate that the benefit of si-
lencing TE families may often outweigh the deleterious effect of
silenced TEs on nearby genes.

The evolutionary tradeoff of silencing we propose provides
new explanations for some well-known patterns of TE distribution.
For example, longer TE sequences show evidence of being subject
to stronger purifying selection than short TE sequences, and this
observation has been interpreted as evidence for the ectopic re-
combination model (Petrov et al. 2003; Hollister and Gaut 2007).
However, it is possible that longer TEs may be more deleterious
not because of more frequent ectopic recombination but rather
because they are methylated more often. Consistent with this
conjecture, methylated TEs were significantly larger than their
unmethylated counterparts in most families of both Class I and II
TEs (Fig. 4). Even among methylated TEs, longer TEs represent
larger regions of modified chromatin, which could have a greater
impact on expression of surrounding genes.

These observations provide an additional reason for the suc-
cess of small nonautonomous TE families. It has already been
suggested that nonautonomous TEs may attain high copy-number
by recruiting the transposition machinery of distantly related TE
families, thereby remaining active even after their full-length
progenitor elements have been silenced (Feschotte et al. 2003).
Their small size may also enable nonautonomous TEs to avoid si-
lencing. In Neurospora crassa, sequences <300 bp are not efficiently
methylated (Lewis et al. 2009). If a similar size limit exists in plants,
it helps explain the abundance of nonautonomous TEs, such as
MITEs, SINEs, and nonautonomous Helitrons, in diverse plant
lineages (Feschotte et al. 2003; Hedges et al. 2004). In support of
these ideas, MITEs, SINEs, and Helitrons have higher proportions
of unmethylated insertions than most other TE families (FET P <
0.004, P <107, P < 1078, respectively).

One interesting product of our analysis is the high proportion
of uTEs that are located within genes (50.5%) (Table 1). An im-
portant feature of our model is that methylation of some subset of
TEs is deleterious to organismal function. It follows that natural
selection could prevent the methylation (or, alternatively, promote
demethylation) of a small subset of TEs that are located near critical
genes. A recent study of genome-wide patterns of DNA methyla-
tion in A. thaliana supports this possibility (Lister et al. 2008). This
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Figure 4. Box plot showing sizes of methylated and unmethylated TEs
from five representative families. Horizontal lines display medians; box
heights, interquartile range. M, methylated insertions; U, unmethylated
insertions. Unmethylated elements are significantly smaller than methyl-
ated elements in each family (MWU P < 0.01).

study revealed a subset of TE insertions near genes that are un-
methylated in the wild-type Col-O0 background but are hyper-
methylated in the DNA demethylase triple mutant rdd. This
finding shows that these TEs are actively demethylated in wild-
type plants, allowing transcription of transposase enzymes (Lister
et al. 2008). DNA demethylation is thought to ameliorate delete-
rious methylation events (Penterman et al. 2007), so the observa-
tion that a small subset of TEs near genes is actively demethylated
is consistent with the notion that methylation of such TEs can be
deleterious, supporting the evolutionary trade-off we propose.

Remaining questions and broader implications

At least three crucial questions remain. First, how does the meth-
ylation of TEs in noncoding regions affect gene expression? Thus
far, most experimental examples of mTEs that influence gene ex-
pression are quite close to genes. For example, Lippman et al.
(2004) showed TE-gene coregulation only when TEs were inserted
into or within a few hundred bp of genes. Here we seem to uncover
effects that are more general and perhaps extend to 1.5 kb, based
on genomic correlations (Fig. 1B). One possibility is that methyl-
ation extends from distant mTEs into flanking regions, thus
affecting the chromatin conformation of promoter regions. Ex-
tension of methylated regions has been observed in both mice and
plants (Jahner and Jaenisch 1985; Arnaud et al. 2000), but de novo
methylation and remethylation appear to be targeted accurately in
A. thaliana (Teixeira et al. 2009). It thus seems unlikely that ex-
tension of methylation from TEs to genes could cause the effects
on gene expression predicted by our model. A second possibility is
that the methylated regions are targets for RNA polymerase IV (Pol
IV) complexes, which interferes with regular gene transcription by
Pol II (Erhard et al. 2009). To our knowledge, there is no in-
formation about the physical extent over which Pol IV interference
could occur, however. Finally, TE silencing is associated with
changes in heterochromatin formation (Lippman et al. 2004),
which might have a decreasing effect on gene expression with
distance. In this last case, the effect of distant mTEs on gene
expression could be very subtle and perhaps only observable with
evolutionary analyses such as those described here, which in-
tegrate over both genomic location and time.
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Second, is this a general phenomenon, or one that is limited
to A. thaliana? The highly selfing nature of A. thaliana may have
several effects that are pertinent to the model we propose. On the
one hand, selfing lowers the effective population size, which
increases the proportion of “nearly neutral” alleles that might be
purged from populations with greater effective size (Charlesworth
and Wright 2001). All other things being equal, selfing should
allow TEs to attain higher copy numbers due to decreased effi-
cacy of purifying selection. On the other hand, selfing greatly
decreases heterozygosity, which “unmasks” deleterious recessive
alleles (Barrett and Charlesworth 1991). This process may increase
purifying selection on TEs near genes, leading to more efficient
purging of TEs from the genome. A. thaliana has a small, stream-
lined genome and small TE complement compared with closely
related species, indicating that the latter feature of a selfing habit
may be important in the stabilization of TE copy number. Because
of this, other species with higher TE copy numbers may show a
proportionally greater effect of TE silencing on the epigenetic
regulation of genes, as has been suggested in a recent review
(Zhang 2008). Additional studies in plant and animal species with
larger genomes (and TE copy numbers) will likely provide ample
tests of the model we propose.

Finally, what is the general picture of selection on TEs? Some
insertions may be adaptive; the frequency of such events has not
been well established. Some insertions, particularly those far from
genes and also those that are not methylated, are probably neutral,
or nearly so. However, most insertions are likely deleterious, for
various reasons. Some may have strongly deleterious conse-
quences by interrupting gene function directly. Others may affect
gene expression after methylation, as our results suggest, repre-
senting a tradeoff between the costs and benefits of silencing. In
this scenario, the cost of silencing is a function of the size of the
TE, its distance from neighboring genes, and the function and/or
expression of the neighboring genes. The benefit of silencing is
reduction in TE proliferation with a lower probability of new,
highly deleterious insertions, and perhaps reduced metabolic costs
to the host.

Methods

Annotation of A. thaliana TEs

The annotated A. thaliana genome sequence version 8 was down-
loaded from TAIR (http://www.arabidopsis.org). TE sequences were
annotated using RepeatMasker, with a query set of sequences from
Repbase. We performed a BLAST-based culling analysis of Repeat-
Masker output in which putative TE sequences were removed from
the database if they did not match at least one terminal sequence of
the most complete TE sequence (E-value cutoff, 10~°). We did this
to prevent non-TE sequences matching sequence fragments cap-
tured by Helitrons, MULEs, or other TEs from being included in our
data set. Our data set of n = 5986 TEs is greater than that of a pre-
vious genome-wide analysis of TEs (n = 5069) (Wright et al. 2003).

We compared the position of TE sequences to the TAIR 8 gene
annotations, excluding pseudogenes and TE-associated genes. The
nearest gene adjacent to each TE insertion, and the distance from
gene to TE, was recorded. When multiple TEs shared the same
“nearest gene,” the gene was annotated as nearest to each TE, but
was only considered once in statistical analyses (i.e., sample size
was n = 5986 for TEs, n = 4606 for nearest neighboring genes).
TEs whose positions were within, or overlapped with, genes were
used as a BLAST query (E-value = 107'°) against a separate TAIR 8
gene sequence database to confirm their position. TEs that over-

lapped with exons were also used as a BLAST query against the
TAIR 8 full-length cDNA database. TEs that overlapped with the
exon annotations but did not match cDNA sequences were an-
notated as intronic or intergenic based on the correspondence of
the TE position with the cDNA sequence and gene annotation.

Gene expression, methylation, and sSRNA analysis

We obtained a library of 17-bp signatures and their abundances
from the MPSS Gene Expression database (Meyers et al. 2004).
Gene expression was quantified as the average normalized abun-
dance of signatures uniquely matching a single gene from the TAIR
8 gene annotations. We also measured gene expression as the max-
imum abundance of a signature uniquely matching a gene, and
obtained qualitatively similar results.

BS-seq data were downloaded from the NCBI Short Read Ar-
chive (SRA000284). These data consisted of 39,113,599 approxi-
mately 36-bp reads produced by Illumina sequencing of bisulfite-
treated genomic DNA from inflorescence tissue and mapped to the
A. thaliana reference genome (Lister et al. 2008). We determined
the percentage of methylated cytosines relative to genomic DNA
for each read that overlapped with a TE sequence, and averaged
over reads to determine the percentage of methylated cytosines for
each TE. Using this method, individual cytosines that had con-
flicting evidence of methylation among reads were given less
weight in the calculation of overall methylation levels. We con-
sidered the methylation status of a TE “ambiguous” if <50% of its
length was covered by one or more reads. Using this cutoff, we
were able to determine the percentage of methylated cytosines for
93% of our TE data set (n = 5546). TEs with <10% methylated
cytosines were considered uTEs.

To independently verify the BS-seq data, tiling array DNA
methylation data were obtained from the NCBI Gene Expression
Omnibus (accession no. GSE5974). We assigned methylation sta-
tus to TEs following the method described by Zilberman et al.
(2007). Ninety-five percent of TEs labeled as mTEs (=10% meth-
ylated cytosines) were also methylated in the tiling array data, and
80% of TEs labeled uTEs were unmethylated in the tiling array. We
expected a higher proportion of uTEs to show evidence of meth-
ylation on the tiling arrays due to cross hybridization, because
most TEs are methylated. We were unable to confirm the meth-
ylation status of 18% of the TEs with tiling array data due to lack of
coverage on the array. Because the tiling array data set was used for
quality-control purposes and the correspondence between the two
data sets was so high, we included all TEs with adequate coverage
in the BS-seq data set in our analysis (1 = 5546 or 93%). However,
all results were fully reproducible using only the tiling array data to
determine methylation of TEs (data not shown).

sRNA data were downloaded from the Arabidopsis MPSS Plus
website (http://mpss.udel.edu/at/) (Lu et al. 2005). These data in-
clude the sequenced 17-bp sRNA signatures generated by MPSS
and full-length approximately 24-bp sRNA generated by 454 Life
Sciences (Roche) sequencing, as well as the normalized abundan-
ces of all SRNA in number of TPQ in both seedling and in-
florescence tissues. We analyzed the FLR inflorescence and SDC
seedling libraries because they had the highest read counts of any
available SRNA library.

We assigned sRNA sequences to TEs based on a perfect match
between the SRNA and the TE. sRNA signatures that had more than
one matching sequence on a particular TE (i.e., the sSRNA motif was
repeated) were counted only once. Overlapping sRNA hits were
counted separately. To obtain a measure of sSRNA targeting density
independent of the size of TEs, we divided the total number of
sRNA signatures matching a TE by the length of the TE, in bp, to
calculate the hbp. To quantify the abundance of SRNAs matching
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TEs, we took the average TPQ for all sSRNA signatures matching
a TE. We tried three cutoffs for labeling a TE sRNA+, arranged in
order of stringency: (1) presence of at least one sSRNA signature that
matched the TE, (2) presence of at least one sSRNA signature at
abundance higher than one TPQ that matched the TE, or (3)
a mean TPQ higher than one for all SRNA matching the TE. We
used cutoff 1 for the reported analysis, but our results were quali-
tatively consistent using any of the cutoffs (data not shown).

Population genetic data

TEs were screened for presence/absence in a panel of 48 A. thaliana
individuals, as described by Hollister and Gaut (2007). In addition
to the 278 insertion frequencies previously published, we screened
another 343 insertions for the present work (Supplemental Table
S$1). We downloaded alignments of 876 sequenced fragments in 96
A. thaliana accessions, and divided each into the subset of 48
individuals that made up our TE population frequency screen
panel. For each of these alignments, we identified the A. lyrata
orthologous sequence by reciprocal BLASTN, using the 8 X version
of the A. lyrata genome (http://genome.jgi-psf.org/Araly1/Araly1.
download.ftp.html; D. Weigel, pers. comm.). The A. lyrata out-
group sequence was aligned using the Profile Alignment option in
ClustalW. We continued analyses only on the subset of alignments
in which the A. lyrata sequence and the A. thaliana alignment
shared >90% identity over >80% of the alignment length.

Because we assayed the frequency of TEs first identified in the
Col-0 sequenced genome, our TE polymorphism data have a strong
ascertainment bias that ultimately results in underrepresentation
of low-frequency TE insertions. We created similar biases in the
SNP data set by including only derived sSNPs in Col-0, based on
comparison to the A. lyrata outgroup. We compared this corrected
sSNP data to the TE frequency data of unique—i.e., derived—TE
insertions. The ascertained SNP data set contains 1134 synony-
mous sites. Polymorphism information was extracted from se-
quence alignments using the Libsequence evolutionary genetics
software package (Thornton 2003).

Identification of ancient and unique TEs

Each TE and 2 kb of flanking sequence at its 3" an 5’ ends was
extracted from the A. thaliana genome. These sequences were used
as a BLAST query against the 8 draft A. lyrata genome sequence
(E-value cutoff, 1071°). A TE insertion was considered ancient if it
fulfilled one or both of two complementary conditions (Supple-
mental Fig. $3). The first condition required a continuous stretch of
A. lyrata sequence matching the A. thaliana sequence from 50 bp
flanking the sequence to 50 bp inside the TE sequence. The second
criterion attempted to control for divergence between shared
insertions. We found the best A. Iyrata matches to the flanking
sequences nearest to both ends of the TE in A. thaliana. We then
subtracted the distance from the end (for the 5’ match) or the start
(for the 3’ match) of the matches to the beginning (5') or end (3')
of the TE in A. thaliana. If the distance between the A. Ilyrata
matches to the flanks, minus the distance from the matches to the
TE in A. thaliana, was greater than half the TE length but less than
two times its length, we considered the TE ancient.
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