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Abstract

Transposable elements (TEs) are mobile genetic elements with very high mutation rates that play important roles in shaping genome

architecture and regulating phenotypic variation. However, the extent to which TEs influence the adaptation of organisms in their

natural habitats is largely unknown. Here, we scanned 201 representative resequenced genomes from the model plant Arabidopsis

thaliana and identified 2,311polymorphic TEs from noncentromeric regions. We foundexpansionandcontractionof different types

of TEs in different A. thaliana populations. More importantly, we identified twoTE insertions that are likely candidates toplay a role in

adaptive evolution. Our results highlight the importance of variations in TEs for the adaptation of plants in general in the context of

rapid global climate change.
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Introduction

Transposable elements (TEs) represent an important source of

genetic variation (McClintock 1984) and are highly dynamic in

diverse species, such as Drosophila (Petrov et al. 2011; Kofler

et al. 2015) and Arabidopsis thaliana-related species (Hu et al.

2011; Agren 2014; Quadrana et al. 2016; Stuart et al. 2016).

TEs play crucial roles in shaping genomic architecture and

phenotypic variation in diverse organisms (Finnegan 1989;

Feschotte et al. 2002; Kazazian 2004; Lisch 2013).

Besides their well-known effect on genome size, the pres-

ence or absence of TEs affects various biological processes

(Chuong et al. 2017). For example, inserted TEs can contrib-

ute to the coding sequences of existing genes or even form

new coding genes in the genome (Lin et al. 2007; Hoen and

Bureau 2015; Joly-Lopez et al. 2016). In addition, inserted TEs

can regulate the expression levels of genes through either cis-

or trans-regulatory elements located within TE sequences or

through epigenetic modifications induced by the insertion or

deletion of TEs (Naito et al. 2009; Hollister et al. 2011; Lisch

2013; Seymour et al. 2014; Stuart et al. 2016; Wei and Cao

2016). In maize, a transposon insertion located between 58.7

and 69.5 kb upstream of the well-known domestication gene

teosinte branched1 (tb1) acts as an enhancer of gene expres-

sion, which partially explains the increased apical dominance

in maize compared with its progenitor (Studer et al. 2011). In

melon, a transposon insertion located at the 30 downstream

of CmWIP1 induced epigenetic changes, thereby regulating

sex determination (Martin et al. 2009). In oil palm, loss of

methylation on the Karma transposon in the intron of

DEFICIENS contributed to the origin of a mantled somaclonal

variant (Ong-Abdullah et al. 2015). In peppered moth, the

industrial melanism mutation was induced by a transposon

insertion at the first intron of cortex, which increased its ex-

pression level and induced melanization (Van’t Hof et al.

2016). In Drosophila melanogaster, the activation of TEs

is a contributing factor to ageing (Wood et al. 2016).
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More importantly, TEs might function as agents of rapid ad-

aptation, because they can rapidly create genetic diversity

(Schrader et al. 2014; Stapley et al. 2015). Overall, TEs have

emerged as important “functional elements” in the genomes

of diverse organisms.

Despite the importance of TEs in shaping genome archi-

tecture and phenotypic variation, the TEs that are under pos-

itive selection in natural plant and animal populations are

largely unknown. Moreover, it is important to address which

genes are regulated by TE insertions to facilitate the rapid

adaptation of the organism to global climate change (Rey

et al. 2016). The answers to this question is largely unknown,

except in D. melanogaster; some TEs were found to be can-

didate adaptive TEs based on frequency variation among pop-

ulations (Gonz�alez et al. 2008, 2010), and/or on functional

validation (Daborn 2002; Aminetzach et al. 2005; Schmidt

et al. 2010; Magwire et al. 2011; Guio et al. 2014; Mateo

et al. 2014; Ullastres et al. 2015; Merenciano et al. 2016).

In this study, to explore the effect of TEs on adaptation at

the whole-genome level, we investigated natural populations

of A. thaliana, as TEs in this model plant have been annotated

in detail and many accessions have been sequenced, and this

plant originated in Europe and northern Africa and adapted to

new climates as it expanded eastward to Eastern Asia (Cao

et al. 2011; Long et al. 2013; Schmitz et al. 2013; The 1001

Genomes Consortium 2016; Durvasula et al. 2017; Zou et al.

2017). To investigate the effect of TEs on adaptation in nat-

ural populations, we identified both reference and nonrefer-

ence TE insertions using the read pair method. Note that

nonreference TE insertions have been taken into account

recently (Quadrana et al. 2016; Stuart et al. 2016).

We identified 2,311 polymorphic TEs from 201 represen-

tative A. thaliana accessions collected worldwide, and found

the differential expansion and contraction of diverse types of

TEs in different populations. We identified two TE insertions

that are likely candidates to play a role in adaptive evolution.

Overall, this study highlights the potential effects of TEs on

adaptive evolution of A. thaliana in nature.

Materials and Methods

Cluster Analysis of Accessions

Raw paired-end reads of 201 accessions were used in this

study, including 118 representative accessions from Europe,

Central Asia, North America, and Japan, which were

extracted from the 1001 Genomes Project (http://

1001genomes.org/) (Cao et al. 2011; Long et al. 2013;

Schmitz et al. 2013; The 1001 Genomes Consortium 2016),

as well as 83 accessions from our own resequencing project

(Zou et al. 2017), including 24 accessions from Northwestern

China, and 59 accessions from the Yangtze River basin (sup-

plementary table S1, Supplementary Material online). The raw

reads were processed and then mapped to the A. thaliana

reference genome (TAIR10) using BWA (Li and Durbin 2009)

with default parameters. Single nucleotide polymorphisms

(SNPs) were called using the Genome Analysis Toolkit

(GATK) flowchart (DePristo et al. 2011) with a quality value

of 25 as the threshold. Only biallelic SNP sites with minor allele

frequencies greater than 0.05 were used in the principal com-

ponent analysis (PCA) with EIGENSOFT (version 4.2) (Price

et al. 2006). Accessions located between major clusters

were filtered out.

Identifying Polymorphic TE Sites in Populations

Genome resequencing data, and the A. thaliana reference

genome (Col-0 accession, TAIR10) were used to identify poly-

morphic TE sites in the A. thaliana populations. The polymor-

phic TE sites are TE loci in which some accessions harbor TE

insertions but others do not. A method based on paired-end

reads was used to identify nonreference and reference TE

insertions. The paired-end reads is often used to identify poly-

morphic TEs (Platzer et al. 2012; Kofler et al. 2015).

To increase the accuracy of identification, mapping direc-

tion information was integrated into the identification process

as previously described (Platzer et al. 2012): If the mapped

read is reversely complemented, its direction is backward; if

not, the direction is forward (fig. 1B). Mapped reads at the left

and right sides of each TE site should have the same orienta-

tion (a forward-reverse arrangement in mapping result) to

ensure that the detected presence/absence of TEs did not

result from a chromosome inversion event.

Three steps were used to detect nonreference TE inser-

tions. First, two reads in a pair with a mapping distance

>1 kb, including one read uniquely mapped to a non-TE re-

gion and the other mapped to the annotated TE sequence

similar to the predicted TE insertion sequence in the reference

genome, were extracted from the mapping results for each

accession. Information about the families of annotated TEs

was extracted from TAIR10 annotation, which was used to

predict the family types of the inserted TEs. Second, abnor-

mally mapped reads located far from each other but within a

certain range (the sequencing length of one read plus twice of

the designated insertion size between paired reads) were

used to set the insertion range of a polymorphic TE candidate

(supplementary fig. S1A, Supplementary Material online). The

designated insertion size between paired reads was 300 bp

for accessions from our own project and 50 bp for accessions

from the 1001 Project. The sequencing length of one read in

the 1001 Project and our own project was 100 bp. Third,

candidates from accessions in a population were merged to-

gether when they overlapped (>1 bp). During this step, can-

didate polymorphic TEs from different accessions were

integrated at the population level. During the merging pro-

cess, the number of reads supporting a candidate polymor-

phic TE in the population represented the average number of

reads supporting this insertion in all accessions of the
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population. Candidate polymorphic TEs supported by more

than one read pair per accession were identified as the raw

data of polymorphic TEs. Furthermore, polymorphic TEs sup-

ported by at least three reads per accession were used in the

analysis.

Similar to the detection of nonreference TE insertions, a

read pair with the following features was considered to rep-

resent a candidate polymorphic reference TE: 1) read pair with

a mapping distance greater than 1 kb and less than 10 kb

(90% of annotated TEs in the reference genome are shorter

than 10 kb); 2) both of the paired reads uniquely mapped to

the reference genome in non-TE regions; 3) annotated TEs are

present between the mapped positions of the two reads in

the reference genome. These read pairs with distances below

a certain length (the designated insertion size between paired

reads) were merged together as candidate polymorphic TEs

identified by reference TE insertion method (supplementary

fig. S1A, Supplementary Material online). Finally, candidate

polymorphic nonreference and reference TEs were integrated

together into the polymorphic TE data set.

Evaluating the Sensitivity and False Discovery Rate of Our
Method

To estimate the detection power of our method, the refer-

ence accession Col-0 was resequenced using Illumina HiSeq

2000 with 100 bp pair-end reads, and the reads were

remapped to the modified reference genomes. In detail, to

evaluate nonreference TE insertion method, annotated, non-

overlapping TE sequences (if overlapping, the longest one was

FIG. 1.—Identification of polymorphic reference and nonreference TE sites. (A) Diagram of polymorphic TE sites. (B) Diagram of the polymorphic TE

identification method. (C) Flowchart of the polymorphic TE detection method.
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used) in the A. thaliana reference genome were deleted from

the original regions and moved to the 30 end of the chromo-

some they were located (supplementary fig. S1B,

Supplementary Material online). This modified TE-deleted ge-

nome sequence (Col-0-noTEs) was the same as Col-0, except

for the locations of TEs. Given that the background of rese-

quenced reads of Col-0 was from the real reference genome

with the annotated TEs in their original positions, remapping

these reads to the genomes of Col-0-noTEs could uncover

“nonreference TE insertions” that were deleted from the

real reference genome, thereby allowing the detection effi-

ciency of nonreference TE insertions to be calculated. For ref-

erence TE insertions, the Col-0-moreTEs genome was created

by randomly inserting all TEs annotated in TAIR10 into the

Col-0 genome and subjecting it to the same remapping strat-

egy. Centromeric regions of A. thaliana chromosomes were

defined according to a previous study (Ziolkowski et al. 2009).

The identified TE sites in the populations were validated

using 20 randomly chosen TE sites (see supplementary table

S2, Supplementary Material online for information about the

20 TEs and 12 accessions used for validation). Primers were

designed to span the predicted TE sites (supplementary table

S6, Supplementary Material online). In addition, for TE dele-

tion sites, the PCR product of one randomly chosen accession

per TE site was sequenced to confirm the TE deletion.

Detection of Adaptive TE Insertions

In iHS (integrated haplotype score) statistic analysis, biallelic

homozygous SNP sites and polymorphic TE loci with minor

allele frequencies greater than 0.05 were used to calculate iHS

using the selscan program (Szpiech and Hernandez 2014).

The absolute value of iHS (jiHSj) was used to detect selective

sweeps. A significant high jiHSj value is an indicator of the

location of a TE locus in a selective sweep region. To estimate

the significance of observed iHS values, we computed iHS

values in permutated data (100 permutations) for TEs with

the top 5% highest jiHSj values. At each TE locus and in each

permutation, a number of accessions equally to the original

number of TE insertion accessions were randomly sampled

without repetition from a population, which were considered

as permutated accessions with TE insertion alleles; corre-

spondingly, other alleles were considered as non-TE alleles.

These permutations were performed 100 times for each TE

locus in popE, popN, and popY, respectively. After permuta-

tions, TEs with observed jiHSj values higher than the permu-

tated values were further analyzed.

The fTE statistic was estimated according to the method

reported in a previous study (Gonz�alez et al. 2008).

Permutation analyses on fTE were also performed for each

polymorphic TE locus in each population (100 permutations).

A significant low fTE is an indicator of positive selection on TE

insertion alleles. TEs with significantly low fTE values were con-

sidered as putatively candidates. Finally, iHS was also

estimated for all SNPs in 20 kb regions flanking the candidate

adaptive TEs. Extended haplotype homozygosity (EHH) statis-

tic was performed by Rehh package based on polymorphic

data set used in iHS calculation.

Statistical Analysis

All statistical analyses were performed using the R package

v3.1.3 (R Core Team 2014). All P-values in multiple testing

were adjusted using the “fdr” option in the “p.adjust” func-

tion in R (Benjamini and Hochberg 1995).

Results

Identification of Polymorphic TEs in Various Populations

We used paired-end reads to identify polymorphic TE sites,

including both reference and nonreference polymorphic TEs,

based on the inconsistency between the mapping distances

and the insertion sizes of read pairs (fig. 1A and B; supple-

mentary fig. S1A, Supplementary Material online).

Nonreference TE insertions are TEs present in at least one

accession that do not exist in the reference genome at the

syntenic region. Reference TE insertions are TE insertions that

exist in the reference genome but are absent in at least one

other accession (fig. 1A).

The modified reference genome sequence (Col-0), with TE

sequences removed from their original positions in the refer-

ence genome (supplementary fig. S1B, Supplementary

Material online), was used to evaluate the detection power

of our method. Apparently, the use of mapping direction in-

formation was an efficient way to reduce the false discovery

rate (FDR; from 11.26% to 1.39%) while roughly maintaining

the sensitivity of detection (from 90.59% to 89.05%; table 1).

In addition, given that TEs are enriched in centromeric regions,

TEs identified in these regions likely have a much higher FDR

due to the difficulty in mapping short reads to such regions.

Consistently, TEs detected across the whole genome, includ-

ing centromeric regions, had a higher FDR (1.39% vs 1.04%)

and a lower sensitivity (89.05% vs 90.45%) than the modified

genome without centromeric regions (table 1). Furthermore,

TEs located outside of the centromere that are supported by

at least three reads (on average) across all accessions had an

even lower FDR (0.93%; table 1). Therefore, in subsequent

analyses, we focused on the polymorphic TEs outside of cen-

tromere (fig. 1C).

Given that the estimated sensitivity of our method is ap-

proximately 90%, 10% of the TEs were not detected. These

“missing” TEs appear to share common characteristics: Most

are 100 bp or even shorter, and the distances from nearby TEs

are frequently less than 1 kb (supplementary fig. S2A and B,

Supplementary Material online). Consistently, among differ-

ent TE families, the proportions of the TEs identified ranged

from 42% to 98% (supplementary fig. S2C, Supplementary

Material online). For example, for TE families RathE1, RathE2,
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and RathE3, only half of the total TEs were detected, largely

due to their shorter lengths or being located too close to

nearby TEs (supplementary fig. S2D and E, Supplementary

Material online). Therefore, TEs longer than 100 bp and

more than 1 kb away from other TEs could be identified by

our method.

Polymorphic TEs in Three A. thaliana Populations

We used resequenced genomes of 201 representative acces-

sions, mainly from Eurasia (supplementary fig. S3 and table

S1, Supplementary Material online). The resequencing depths

of these accessions were all greater than 15�, and those of

178 accessions were greater than 20�. PCA based on SNPs

revealed that accessions from the Yangtze River basin clus-

tered into an independent group; in contrast, accessions from

Northwestern China formed a cluster with several Central

Asian accessions that joined with the Europe accessions clus-

ter (fig. 2). Eleven accessions that were roughly isolated from

the three main clusters were excluded from subsequent anal-

ysis (fig. 2, accession names shown in red). We ultimately

selected 191 accessions, 59 from the Yangtze River basin,

24 from Northwestern China, and 108 (mainly) from

Europe including Col-0 reference genome for polymorphic

TEs analysis, which were considered to form three large pop-

ulations (hereafter referred to as popY, popN, and popE,

respectively).

Using the paired-end method and excluding TEs present

in only one accession or supported by only one paired-end

read per accession, we identified a total of 4,305 polymor-

phic TE loci in the 3 populations (table 2), including 3,856 in

noncentromeric regions, 2,311 of which were supported by

at least 3 reads pairs per accession. Permutation analyses

revealed that the number of detected polymorphic TEs does

not increase linearly: 95 randomly selected accessions con-

tain nearly 90% of all the polymorphic TEs (supplementary

fig. S4A, Supplementary Material online). Therefore, the

number of TEs tends to reach saturation rather than grow

continually when the number of accessions increases.

Validation of 20 identified TE loci by PCR using 12 repre-

sentative accessions suggested that the FDR of the

predicted TE present/absent events for the 2,311 polymor-

phic TE loci was 5.42% (supplementary table S2,

Supplementary Material online).

One measure of the success of our identification method is

that the allele frequency distribution was U-shaped (fig. 3A).

The allele frequency distribution of polymorphic TE sites at the

genome level is usually U-shaped (Kofler et al. 2015), whereas

the allele frequency distribution of polymorphic TEs taking

into account only the nonreference TE insertions or only the

reference TE insertions in popE obtained in the present study

is L-shaped (supplementary fig. S5A and B, Supplementary

Material online). The abnormal frequency distribution of TEs

in popE may largely result from the different genetic distances

between the studied accessions and the reference accession.

This bias became stronger with increasing genetic distance

between the studied accessions and the reference accession,

especially for accessions within popE, which are closely related

to the reference genome (Spearman’s rank correlation coef-

ficient [s] ¼0.66, P< 1.26� 10�14 for nonreference TE inser-

tions; supplementary fig. S6A, Supplementary Material

online; s ¼�0.43, P< 4.54� 10�6 for reference TE inser-

tions; supplementary fig. S6B, Supplementary Material on-

line). However, after merging nonreference and reference

polymorphic TEs, there was no significant correlation be-

tween genetic distances and the number of polymorphic TE

insertions (s ¼�0.11, P¼ 0.26) (supplementary fig. S6C,

Supplementary Material online), and the frequency distribu-

tion of polymorphic TEs in popE was U-shaped (supplemen-

tary fig. S5C, Supplementary Material online). Overall,

combining results from nonreference and reference TE inser-

tions is a much more robust way to reveal the evolutionary

pattern of TEs than polymorphic TEs only identified by non-

reference or by reference TE insertions.

Among the 2,311 loci, 1,339 loci were nonreference TE

insertions and the other 972 loci were reference TE insertions.

For each population, we identified 2,064, 1,434, and 1,403

polymorphic TE loci in popE, popN, and popY, respectively. In

addition, 1,047 TE loci were polymorphic in all 3 populations.

In contrast, we identified 618, 81 and 69 population-specific

TE loci in popE, popN, and popY, respectively. Apparently,

popE had the largest number of polymorphic TEs and

population-specific TEs. After the effect of sample size

was ruled out via a permutation test, popE still had the

largest number of population-specific TEs (supplementary

fig. S4B, Supplementary Material online), and also the

largest number of inserted TEs (table 2; supplementary

fig. S4C and D, Supplementary Material online). Most

TEs are distributed at intergenic regions at either the spe-

cies level or the specific population level, but, still, nearly

20% of TEs exist at genic regions in either coding sequen-

ces or introns (fig. 3B). Coding regions (CDS) of 242 genes

contain 245 polymorphic TE insertions (supplementary ta-

ble S3, Supplementary Material online). The functions

of these genes are enriched in defense response

Table 1

Sensitivity and FDR of Various Identification Methods

Identification Method Number of

Identified TEs

Sensitivity

(%)

FDR

(%)

Raw data 10,910 90.59 11.26

Filtering with direction information 9,608 89.05 1.39

Filtering with direction information

in noncentromeric region

8,883 90.45 1.04

Filtering with direction information

in noncentromeric region and at

least three reads

8,853 90.32 0.93
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(GO enrichment analysis, FDR ¼0.000075) and immune

response (FDR ¼0.015). Polymorphic TEs inserted in CDS

regions and untranslated regions (UTRs) were significantly

biased toward low frequencies (frequency �0.1) com-

pared with TEs in intergenic regions (fig. 3C; Fisher’s exact

test, multiple testing corrected P¼ 0.0013 for TEs in CDS

regions and 0.0063 in UTR regions). These results indicate

the spreading of TE insertions in the regions of CDS and

UTR is constrained by purifying selection.

Of the 2,311 polymorphic TEs, 1,445 could be classified

into specific TEs types. The proportion of DNA-type TEs

(35.8%) is significantly higher than that of Helitron-type TEs

(26.0%; v2 test, P¼1.36� 10�8) and LTR-type (long terminal

repeat) TEs (30.7%; P¼ 0.0039). Furthermore, popE, popN,

and popY are roughly consistent in the composition of poly-

morphic TE types, as well as for polymorphic TEs shared

among the three populations (fig. 3D; supplementary table

S4, Supplementary Material online). However, the

FIG. 2.—PCA based on SNP sites in 201 accessions. Accessions filtered out of the three populations are marked with accession names. popE, popN, and

popY represent accessions mainly from Europe, accessions from Northwestern China and accessions from the Yangtze River basin, respectively.

Table 2

The Numbers of TE Loci in the Three Populations

popE popN popY Three Populations

Raw TE loci 3,930 (2,046/1,884) 2,891 (1,258/1,633) 2,932 (1,324/1,608) 4,305 (2,421/1,884)

TE loci in noncentromeric region 3,504 (1,756/1,748) 2,556 (1,052/1,504) 2,556 (1,077/1,479) 3,856 (2,108/1,748)

TE loci in noncentromeric region with

at least three reads per accession

on average

2,064 (1,092/972) 1,434 (704/730) 1,403 (700/703) 2,311 (1,339/972)

Inserted TEs 101,085 (16,443/84,642) 19,684 (7,910/11,774) 47,869 (20,282/27,587) 168,638 (44,635/124,003)

Inserted TEs per accession (95%

confidence intervals)

944.767.7

(153.766.9/791.0612.4)

820.265.5

(329.665.0/490.664.9)

811.362.9

(343.862.3/467.663.1)

887.6610.3

(234.9613.8/652.6623.5)

Population-specific TE loci 618 (450/168) 81 (81/0) 69 (69/0) 768 (600/168)

The first number in parentheses is the number of polymorphic TEs identified by nonreference TE insertion, and the second is the number of polymorphic TEs identified by
reference TE insertion.
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compositions of population-specific TEs in each population

were different. DNA-type and LTR-type TEs (37.9% and

39.4%) are enriched in popE-specific polymorphic TEs,

whereas Helitron-type TEs are the major components in

popN- and popY-specific polymorphic TEs (42.2% and

48.3%, respectively; fig. 3D). Overall, these results suggest

that when A. thaliana spread across the world, the expansion

and contraction of different types of TEs differentiated among

A. thaliana populations.

Detecting Adaptive TE Insertions

Given the functional importance of TEs, TE loci with a selective

advantage in specific environments could spread in a popula-

tion and speed up the adaptation of an organism. We aimed

to identify TEs that might have contributed to the adaptation

of A. thaliana as it expanded out of Europe (The 1001

Genomes Consortium 2016; Zou et al. 2017). We screened

for adaptive TEs in each population (popE, popN, popY) in

two steps. First, we identified adaptive TE candidates located

in selective sweep regions using the integrated haplotype

score (iHS statistic), and the nucleotide diversity of TE insertion

alleles compared with that of the background genome (fTE

statistic; Voight et al. 2006; Gonz�alez et al. 2008). Second, we

estimated whether the adaptive TE candidates were the ac-

tual targets of positive selection by comparing iHS values of

the adaptive TE candidates with its surrounding SNP sites in

20 kb regions (fig. 4A). iHS is a commonly used method in

detecting genetic loci under positive selection (Voight et al.

2006; Colonna et al. 2014; Nedelec et al. 2016), as well as in

identifying adaptive TEs (Gonz�alez et al. 2008). Here, we per-

formed iHS analysis in each population (popE, popN, and

popY) on polymorphic TE sites and genome wide SNP sites

with minor allele frequency (MAF) larger than 0.05. We

identified 49, 46, and 38 TE sites having the top 5% highest

jiHSj values among polymorphic TEs, in popE (jiHSj thresh-

olds is 2.33), popN (2.47), and popY (1.94), respectively

(fig. 4B). To quantify the significance of the top 5% highest

jiHSj values, permutations were performed 100 times at

each of the above TE sites. Consequently, 49, 17, and 31

FIG. 3.—Frequency and distribution of polymorphic TEs in A. thaliana populations. (A) Frequency of polymorphic TEs in A. thaliana. (B) Distribution of

polymorphic TEs in the genome. (C) Frequency of polymorphic TEs in different genomic regions. (D) Composition of polymorphic TEs in different populations.
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TE sites with observed jiHSj values larger than the permu-

tated values remained significant in popE, popN, and popY,

respectively (fig. 4B).

Genome regions under positive selection usually have

lower nucleotide polymorphisms than background genomes.

To confirm the result of adaptive TE candidates identified by

the iHS method, we computed the proportion of nucleotide

polymorphisms of TE insertion accessions (pTE, 2 kb around

the predicted insertion site, namely, 1 kb upstream and 1 kb

downstream) to the total nucleotide diversity of all the acces-

sions (pTE þ pnon-TE, in the same 2 kb region) for each poly-

morphic TE locus in each population (fTE statistics).

Permutation analyses on fTE values were performed according

to the same method used for jiHSj permutation, at each TE

site in each population (see Material and methods for details).

TE sites with fTE values lower than their 100 times permutated

values were considered significant, as they are more likely

located in genome regions affected by positive selection.

Among TE sites with significantly high jiHSj values, 33, 7,

and 13 TE sites have significant low fTE values in popE,

popN, and popY, respectively. Adaptive TE candidates with

low fTE values have low nucleotide diversity in TE insertion

alleles, which suggest the positive selection targets may be

the TE insertion alleles. Thus, overall we identified 33, 7, and

FIG. 4.—Identification of adaptive TEs. (A) Flowchart of the adaptive TE detection method. (B) The absolute values of integrated haplotype scores (jiHSj)
at polymorphic TE sites in popY, popN, and popE, respectively. Each point indicates a polymorphic TE site (MAF>0.05). The green line represents the

threshold of top 5% highest jiHSj values in each population. Red points are polymorphic TE sites with significantly high jiHSj values in the permutation

analysis, whereas polymorphic TE sites with nonsignificant jiHSj values are marked as black points. The arrows indicate the two adaptive TEs. (C, D) jiHSj
values of TE_1 and TE_2 (the red points) and SNP sites (the blue points) in 20 kb flanking regions, respectively. Gene models and the TE locus are

corresponding to genome positions used in jiHSj plot. (E, F) Extended haplotype homozygosity (EHH) in adaptive TEs and its flanking regions.

Transposable Elements Enhance Adaptation GBE

Genome Biol. Evol. 10(8):2140–2150 doi:10.1093/gbe/evy171 Advance Access publication August 9, 2018 2147



13 adaptive TE candidates in the 3 populations, respectively

(supplementary table S5, Supplementary Material online).

To further confirm that TEs identified as adaptive candi-

dates are the targets of positive selection, we screened jiHSj
values of SNP sites in 20 kb regions surrounding each TEs

(10 kb upstream and 10 kb in downstream of each TE).

Finally, 2 adaptive TE candidates have the highest jiHSj values

in their flanking 20 kb regions (fig. 4C and D; table 3). The two

adaptive TEs show higher haplotype homozygosities in TE in-

sertion alleles than alleles without the TEs, respectively (fig. 4E

and F). These two adaptive TE candidates are more likely to be

the actual targets of positive selection in the tested

populations.

Discussion

TEs are a major source of genomic mutations, which, like any

environmental mutagen, occasionally lead to beneficial

changes (Lynch 2007). After its discovery in maize

(McClintock 1950), TEs have been investigated comprehen-

sively, including their identification and classification (Lisch

2013), evolutionary dynamics (Petrov et al. 2011; Gonz�alez

and Petrov 2012; Agren 2014; Barr�on et al. 2014; Bousios

et al. 2016; Pietzenuk et al. 2016), and structural and func-

tional effects (Kazazian 2004; Rey et al. 2016; Wei and Cao

2016). From an evolutionary perspective, it is important to

study two aspects of TEs, that is, their evolutionary dynam-

ics in the genome and the contribution of TEs to adaptation

in the context of global climate change. To address these

questions, we need to identify TEs based on resequencing

data sets from natural populations. Most previous studies of

TEs in populations have only focused on polymorphic TEs

absent from the reference genome and have ignored refer-

ence TE insertions, thereby failing to address a significant

portion of TE polymorphisms. In this study, we merged data

from reference and nonreference TE insertions, and dem-

onstrated that combining nonreference and reference TE

insertions is a more robust way to reveal the evolutionary

pattern of TEs.

As TEs represent an important source of genetic variation,

they can contribute to the evolution of an organism in diverse

ways, such as acquiring coding ability and altering the coding

sequence (Cowan et al. 2005; Joly-Lopez et al. 2012; Sun

et al. 2014), and the expression level of a gene (Kobayashi

et al. 2004; Gonz�alez et al. 2009; Butelli et al. 2012). More

importantly, TE mutations could affect adaptation to the en-

vironment (Casacuberta and Gonz�alez 2013; Quadrana et al.

2016; Van’t Hof et al. 2016), and TE mutations with beneficial

effects on adaptation in natural populations could become

fixed. In this study, we found that at least two of 2,311 TE

loci are likely to be targets of positive selection, and thus have

contributed to the adaptation of A. thaliana. Overall, our find-

ings highlight that TEs could play important roles in the ad-

aptation of organisms to global climate change.T
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