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1  | INTRODUC TION

A central aim in evolutionary biology is to elucidate the genetic basis 
for local adaptation. One widely used approach for discovering can‐
didate targets of spatially varying selection involves the sampling 
of many individuals or populations from a continuous geographical 
transect, such as latitude, longitude or altitude (Endler, 1977, 1986; 
reviewed in Adrion, Hahn, & Cooper, 2015). Characterizing biolog‐
ical variation along such a transect allows for the identification of 

clines, broadly defined here as gradients in any measurable geno‐
typic or phenotypic character (Endler, 1977). While demographic 
processes can also generate clinal variation (Endler, 1977; Vasemägi, 
2006), only spatially varying selection is expected to preserve the 
long‐term maintenance of clinal variation in the face of persistent 
gene flow.

The genus Drosophila provides an excellent opportunity to study 
the effects of spatially varying selection in natural populations, as 
both Drosophila melanogaster and Drosophila simulans have recently 
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Abstract
Natural	populations	often	exist	in	spatially	diverse	environments	and	may	experience	
variation in the strength and targets of natural selection across their ranges. 
Drosophila provides an excellent opportunity to study the effects of spatially varying 
selection in natural populations, as both Drosophila melanogaster and Drosophila simu‐
lans	live	across	a	wide	range	of	environments	in	North	America.	Here,	we	character‐
ize patterns of variation in transposable elements (TEs) from six populations of 
D. melanogaster and nine populations of D. simulans sampled from multiple latitudes 
across	North	America.	We	find	a	nearly	twofold	excess	of	TEs	in	D. melanogaster rela‐
tive to D. simulans, with this difference largely driven by TEs segregating at the low‐
est and highest allele frequencies. We find no effect of latitude on either total TE 
abundance	or	average	TE	allele	 frequencies	 in	either	 species.	Moreover,	we	show	
that, as a class of mutations, the most common patterns of TE variation do not coin‐
cide with the sampled latitudinal gradient, nor are they consistent with local adapta‐
tion acting on environmental differences found in the most extreme latitudes. We 
also	do	not	find	a	cline	 in	ancestry	for	North	American	D. melanogaster—for either 
TEs or single nucleotide polymorphisms—suggesting a limited role for demography in 
shaping patterns of TE variation. Though we find little evidence for widespread cli‐
nality among TEs in Drosophila, this does not necessarily imply a limited role for TEs 
in adaptation. We discuss the need for improved models of adaptation to large‐scale 
environmental heterogeneity, and how these might be applied to TEs.
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(within	 the	 last	 500	years)	 been	 introduced	 in	North	America	 and	
Australia, having since colonized the bulk of both continents (David 
& Capy, 1988; Lachaise et al., 1988). D. melanogaster has been the 
subject of many studies on clinal variation in phenotypic traits, inver‐
sion polymorphisms and single loci (reviewed in Adrion et al., 2015; 
Hoffmann & Weeks, 2007). Recent studies utilizing whole‐genome 
technologies have also identified candidate single nucleotide poly‐
morphisms	 (SNPs)	 and	 copy	 number	 variants	 (CNVs)	 that	 are	 po‐
tential	targets	of	spatially	varying	selection	in	both	North	America	
and Australia (Fabian et al., 2012; Kolaczkowski, Kern, Holloway, & 
Begun,	2011;	Machado	et	al.,	2016;	Reinhardt,	Kolaczkowski,	Jones,	
Begun,	&	Kern,	2014;	Schrider,	Begun,	&	Hahn,	2013;	Turner,	Levine,	
Eckert, & Begun, 2008).

While early studies of single‐gene clines used data from several 
populations (e.g., Berry & Kreitman, 1993; Verrelli & Eanes, 2001), 
the initial studies of genome‐wide clines sampled only the endpoints 
of a geographic transect (e.g., Kolaczkowski et al., 2011; Turner et 
al., 2008). These studies typically used pairwise measures of genetic 
differentiation to identify candidate targets of selection; while pair‐
wise comparisons can be a useful approach to identifying locally 
adapted variants, the lack of information about variation at inter‐
mediate localities along environmental transects means that such 
variation may not vary clinally (i.e., monotonically) with environ‐
mental	factors.	Recent	work	on	genome‐wide	SNPs	in	these	species	
has	 used	more	 than	 two	populations	 in	North	America	 (Bergland,	
Behrman,	 O'Brien,	 Schmidt,	 &	 Petrov,	 2014;	 Bergland,	 Tobler,	
González,	Schmidt,	&	Petrov,	2016;	Fabian	et	al.,	2012;	Machado	et	
al., 2016), offering the opportunity to better understand the effects 
of spatially varying selection on this type of variation.

Transposable elements represent another important source of 
genetic variation that could vary clinally, but that have not been 
studied	as	extensively	as	SNPs	 in	this	context.	While	the	vast	ma‐
jority of TE insertions are expected to have deleterious fitness 
effects (reviewed in Charlesworth & Langley, 1989; Barrón, Fiston‐
Lavier,	Petrov,	&	González,	2014),	TEs	can	also	play	a	role	in	adap‐
tation	(González,	Karasov,	Messer,	&	Petrov,	2010;	Hof	et	al.,	2016;	
Schlenke	&	Begun,	2004;	Schrader	et	al.,	2014).	TEs	have	been	impli‐
cated	in	resistance	to	viral	infection	(Magwire,	Bayer,	Webster,	Cao,	
& Jiggins, 2011) and resistance to insecticides in D. melanogaster 
(Daborn, 2002; Schmidt et al., 2010), as well as insecticide resistance 
in the mosquito, Culex pipiens	(Darboux,	Charles,	Pauchet,	Warot,	&	
Pauron,	 2007).	Moreover,	 not	 only	 can	 TEs	 disrupt	 gene	 function	
via alterations of the peptide sequence (reviewed in Casacuberta 
&	González,	 2013),	 TEs	 can	 also	 contribute	 to	 the	 modulation	 of	
gene expression (Cridland, Thornton, & Long, 2015; Lee, 2015; Lee 
& Karpen, 2017). However, investigations of clinal patterns in TEs 
have, thus far, been limited to exploring only a few TE families within 
D. melanogaster	(González,	et	al.,	2010;	Ullastres,	Petit,	&	González,	
2015). For example, allele frequency clines on multiple continents 
were	 identified	 for	 a	 particular	 TE	 from	 the	 invader4	 family	 in	
D. melanogaster (Ullastres et al., 2015).

Here, we investigate genome‐wide TE variation from latitudi‐
nally sampled populations of D. melanogaster and D. simulans, with a 

focus on identifying clinal patterns of TE variation that might suggest 
a role for TEs in responding to spatially varying selection. Using our 
updated software, teflon (Adrion, Song, Schrider, Hahn, & Schaack, 
2017), we discover and estimate the allele frequencies of all TEs 
across the genomes of these two species. Comparisons between 
species allow us to quantify lineage‐specific differences in TE abun‐
dance and chromosomal distributions that may be correlated with, 
or a consequence of, important life history differences. Combining 
a high‐resolution recombination map in D. melanogaster with infor‐
mation about the distribution of heterochromatin, we are also able 
to test long‐standing population genetic predictions about how TE 
density and allele frequencies should be shaped by recombination, 
demonstrating that the previously observed effects of recombina‐
tion are likely influenced by heterochromatin. We test important 
predictions	 for	 a	 model	 of	 secondary	 contact	 in	 North	 American	
D. melanogaster, showing that there is little evidence for a cline in 
ancestry due to admixture. We cluster common patterns of TE allele 
frequency variation across the genome and identify clinal outliers to 
infer the extent to which TEs may be responding to spatially vary‐
ing selection. Finally, we consider the consequences of employing 
different sampling regimes on evolutionary inferences. Our results 
demonstrate that many biological and evolutionary conclusions may 
be idiosyncratic to the particular sampling regime implemented, 
while the signatures of different types of selection may not be dis‐
tinguishable when sampling along continent‐wide climatic gradients.

2  | MATERIAL S AND METHODS

2.1 | Drosophila samples and sequences

We obtained paired‐end Illumina sequence data for samples of both 
Drosophila melanogaster and Drosophila simulans collected from sev‐
eral localities around the globe at differing time points (Figure 1a, 
Supporting Information Table S1). Samples of D. melanogaster were 
collected from five locations along the East Coast of the United States 
over the span of several years (details in Supporting Information 
Table	 S1)	 and	 from	Panama	City,	 Panama,	 in	 January	 2012	 (Zhao,	
Wit, Svetec, & Begun, 2015). All D. melanogaster samples, with the 
exception of Africa, were prepared as pooled libraries for sequenc‐
ing, with variable numbers of whole female flies used to construct 
each pool (Supporting Information Table S1). To construct an arti‐
ficial pooled sample from these African samples, we combined the 
reads from 27 individually sequenced haploid embryos. We then 
randomly sampled paired‐end reads down to a similar level of cover‐
age as found in our D. melanogaster sample	from	Panama	using	the	
package seqtk (https://github.com/lh3/seqtk).

European D. melanogaster were collected from Vienna, Austria, 
in October 2010 (Bastide et al., 2013). Samples of D. simulans were 
collected	 from	 eight	 sites	 along	 the	 East	 Coast	 of	North	America	
in	 September	 2011	 and	 from	 Panama	 City,	 Panama,	 in	 January	
2012 (Figure 1a, Supporting Information Table S1). D. simulans sam‐
ples from Florida and Rhode Island are the same as those used in 
Sedghifar, Saelao, and Begun (2016). Additional information about 

https://github.com/lh3/seqtk
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pooling, library preparation and sequencing can be found in the 
Supporting Information Appendix S1.

2.2 | Identifying TE positions and estimating allele 
frequencies

We used teflon v0.4	(Adrion	et	al.,	2017;	https://github.com/jradrion/
TEFLoN),	to	discover	and	estimate	the	allele	frequencies	for	all	TEs	in	
each of our populations. Briefly, teflon uses BWA‐mem (Li & Durbin, 
2009) to simultaneously map paired‐end reads to a user‐curated da‐
tabase of TE sequences (see Supporting Information Appendix S1) 
and a modified reference, using information from this mapping to as‐
sociate TE sequences with a unique position in the reference genome 
(r6.13 for D. melanogaster, r2.02 for D. simulans; flybase; dos Santos 
et al. (2015). teflon leverages information about the presence of 
TEs from multiple pooled samples to build a union of all TEs present 
across all populations. In using this information, it is able to estimate 
the allele frequency for TEs in a focal pool, regardless of whether 
they	were	initially	discovered	in	that	pool.	Prior	to	allele	frequency	
estimation, we down‐sampled the alignments from all pools to the 
lowest coverage present in a single pool. In doing so, teflon is able to 
fully leverage the power of the entire data set to discover the posi‐
tions of rare TEs, but avoids biasing allele frequency estimates by fa‐
vouring the calling of rare variants in pools with the highest coverage.

2.3 | SNP analyses and ancestry cline tests

We used the software package popoolation2	 (Kofler,	 Pandey,	 &	
Schlötterer,	2011)	to	call	genome‐wide	SNPs	in	all	eight	of	our	D. mel‐
anogaster samples,	excluding	all	SNPs	within	polymorphic	inversions	
identified by Corbett‐Detig and Hartl (2012). We describe our pipeline 
in detail in the Supporting Information Appendix S1. Ancestry clines 
were tested by calculating pairwise FST	 between	 North	 American	

D. melanogaster populations and both Vienna and Rwanda for every 
TE	 in	the	genome,	as	well	as	 for	all	SNPs	 located	outside	polymor‐
phic inversions. We used Spearman's rank‐order correlation on the 
genome‐wide means of FST to test for an association with geogra‐
phy. Additionally, we calculated the proportion of rare TEs—herein 
defined	as	all	variants	segregating	at	allele	frequencies	≤0.1	in	Vienna	
but	not	found	in	Rwanda,	or	segregating	at	allele	frequencies	≤0.1	in	
Rwanda	but	not	found	in	Vienna—for	each	North	American	popula‐
tion relative to their total abundance in either Vienna or Africa. We 
again used Spearman's rank‐order correlation to test for an associa‐
tion between the proportion of rare TEs and geography.

2.4 | Genome‐wide patterns of TE variation 
in Drosophila

We tested the association between TE allele frequency and re‐
combination rate in D. melanoaster using a general linear model 
(GLM)	 [glm(TE_allele_frequency	 ~recombination_rate	+	chroma‐
tin_state)].	 We	 obtained	 genome‐wide	 recombination	 rate	 esti‐
mates for D. melanogaster from Comeron, Ratnappan, and Bailin 
(2012). D. melanogaster chromatin state boundaries were obtained 
from several sources to explore the effects of using different 
techniques to define these boundaries. We acquired euchroma‐
tin/heterochromatin	boundaries	from	Cridland,	Macdonald,	Long,	
and Thornton (2013) and Lee and Karpen (2017) and multi‐state 
chromatin boundaries from Filion et al. (2010) and Kharchenko 
et	 al.	 (2011;	 cell	 line	 BG3).	 We	 converted	 the	 coordinates	 for	
these data sets to correspond to assembly r6.13 using liftover. 
We tested for an association between reference TE density—cal‐
culated as counts per 10 kb—and allele frequency the same way 
as above. Reference TE coordinates were obtained from flybase. 
Recombination windows and individual TEs were classified as het‐
erochromatic if any portion overlapped or was nested within the 

F I G U R E  1   (a)	Geographic	sampling	locations	for	six	populations	of	D. melanogaster (red) and nine populations of D. simulans (blue). (b) 
Allele frequency spectrum for genome‐wide TEs from all populations for D. melanogaster (red) and D. simulans (blue) [Colour	figure	can	be	
viewed	at	wileyonlinelibrary.com]

https://github.com/jradrion/TEFLoN
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heterochromatic boundary (Cridland et al., 2013; Lee & Karpen, 
2017), overlapped the BLACK state (Riddle et al., 2011) or over‐
lapped states 7–9 (Kharchenko et al., 2011).

2.5 | Clinal variation and differentiation of TEs 
in Drosophila

Allele frequency, as it varies over latitude, can be informative if a 
large number of variants are all exhibiting similar patterns. We refer 
to the line graph of allele frequency on latitude for a single TE in‐
stance	as	an	allele	 frequency	profile	 (AFP),	and	we	constructed	an	
AFP	for	every	TE	in	the	genome.	We	took	two	distinct	K‐means clus‐
tering approaches—Euclidean distance and cosine similarity—to char‐
acterize	the	most	common	AFPs	in	both	species,	and	the	details	for	
both of these methods can be found in the Supporting Information 
Appendix S1. For both clustering methods, we were only able to clus‐
ter TEs that had allele frequencies >0.0 for every population, lead‐
ing to proportionally fewer TEs available for clustering in D. simulans 
(nine populations) relative to D. melanogaster (six populations).

We took an empirical rather than a model‐based approach to 
finding candidate TEs responding to spatially varying selection. 
We identified clinal TE outliers for both species by regressing 
TE	 allele	 frequency	 on	 latitude	 [glm(allele_frequency	 ~latitude,	
weights	=	presence_reads	+	absence_reads)],	 whereby	 the	 allele	
frequency for each population was weighted by our confidence in 
the frequency estimate (the sum of presence and absence reads at 
that site). We estimated this regression for all TEs where at least 
three populations had a TE segregating between 0.05 and 0.95. We 
then sorted these regressions by p‐value and used the 2% most 
extreme values to define our outliers. A similar approach was used 
for calculating the proportion of TEs that fall in each p‐value bin.

We calculated isolation‐by‐distance (IBD) by regressing pairwise 
FST for TEs from all populations on the Euclidean distance (in km) 
between the population pairs. Similar to clinal outliers, FST outliers 
were identified by sorting pairwise FST values for genome‐wide TEs, 
with the 2% most extreme values defining the threshold for being 
classified as an outlier. We controlled for the unique sampling ef‐
fect of pooling reads by using an approximation for FST derived in 
Kolaczkowski et al (2011).

2.6 | TEs and their proximity to differentially 
expressed genes

To test whether there may be an effect of TE proximity on clinal pat‐
terns of gene expression, we obtained a set of genes that were highly 
differentially expressed (DE genes; top 50 genes at both 21 and 
29°C) between D. melanogaster collected	 from	Panama	and	Maine	
from	Zhao	et	al	(2015).	We	calculated	the	distance	along	the	chro‐
mosome	from	both	the	5′	and	3′	breakpoints	of	coding	sequences	
(CDSs; obtained from flybase) for all DE genes, and all TEs identi‐
fied on the same chromosome. To characterize differentiation at the 
nearest TE locus, pairwise FST	between	Panama	and	Maine	was	cal‐
culated for each of these TEs. We also calculated these metrics for 

all non‐DE genes across the genome, and for all CDSs, we calculated 
the distance along the chromosome to clinal and FST outliers.

3  | RESULTS

We used our TE discovery tool, teflon (Adrion et al., 2017), to dis‐
cover and to estimate allele frequencies for all TEs present in six 
populations of Drosophila melanogaster and nine populations of 
Drosophila simulans	 sampled	 from	 North	 America.	 Flies	 were	 col‐
lected along a transect spanning roughly 35° of latitude and 12° of 
longitude, with all population collected within 200 km of the coast 
(Figure 1a, Supporting Information Table S1). We discovered a total of 
41,407	TEs	(27,405	in	D. melanogaster	and	14,002	in	D. simulans) pre‐
sent in at least one population across our samples. These results are 
based on paired‐end sequence data from pooled populations, with 
genome‐wide sequence coverage being standardized among popula‐
tions to control for possible differences in the power to identify TEs. 
Further, we required that coverage (defined as the total of “presence” 
and “absence” reads) be between 10 and 100 for any putative TE at a 
particular location in a single population to be included in our analy‐
sis. In order to mitigate any bias due to differences in the complete‐
ness of TE databases between the species (largely due to the fact that 
D. melanogaster has more complete annotations than D. simulans), we 
used identical techniques to construct the TE database for both spe‐
cies (see Supporting Information Appendix S1). However, if there are 
rare classes of TEs in natural populations of D. simulans that have yet 
to be identified, our method will fail to capture them or their effects.

To evaluate the accuracy of teflon in estimating TE allele fre‐
quencies, we used our TE simulation software, simpoolte (https://
github.com/jradrion/simpoolTE), to simulate the random insertion 
and deletion of a total of 25,000 TEs across chromosome 2R from the 
D. melanogaster reference (see Supporting Information Appendix S1). 
At 26X sequence coverage (equivalent coverage to our standardized 
pools from natural populations), teflon produces a mean allele fre‐
quency deviation (±standard error) of 0.028 ± 0.001, 0.053 ± 0.001 
and	−0.010	±	0.0005	for	reference,	non‐reference	and	fixed	TEs,	re‐
spectively (Supporting Information Figure S1). We also compared the 
accuracy of TE allele frequency estimates generated by teflon for all 
classes of insertions and deletions (reference, non‐reference and fixed) 
together with those generated by two other software packages that 
genotype TEs in pooled data, popoolationte2	(Kofler,	Gómez‐Sánchez,	&	
Schlötterer, 2016) and temp	(Zhuang,	Wang,	Theurkauf,	&	Weng,	2014).	
teflon compared favourably to existing software with a mean allele 
frequency deviation (±standard error) of 0.019 ± 0.001 compared to 
−0.061	±	0.002	and	−0.021	±	0.001	for	popoolationte2	and	TEMP,	re‐
spectively (Supporting Information Figure S2).

3.1 | Genome‐wide patterns of TE variation 
in Drosophila

We discovered significantly more TEs in D. melanogaster popula‐
tions	(89.4	per	Mb)	compared	with	D. simulans populations (50.3 per 

https://github.com/jradrion/simpoolTE
https://github.com/jradrion/simpoolTE
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Mb),	and	this	pattern	was	significant	even	after	controlling	for	the	
excess of assembled heterochromatin in the D. melanogaster refer‐
ence (W	=	54;	p	=	4.0	×	10−4;	Mann–Whitney	U test). Furthermore, 
the pattern of elevated TE abundance in D. melanogaster is found 
across all major chromosome arms (W ≥ 51; PMWU	<	4.0	×	10

−4 for 
all comparisons; Figure 2). These results are largely consistent with 
the	 findings	 of	 Kofler,	Nolte,	 and	 Schlötterer	 (2015).	However,	 in	
contrast to their results, we find that the difference in TE abundance 
between	 the	 species	 is	 largely	 driven	 by	 TEs	 at	 the	 lowest	 (≤0.1)	
and highest (>0.9) allele frequencies, rather than being driven by 
TEs segregating at intermediate frequencies (Figure 1b, Supporting 
Information	Figure	S4).	This	distinction	 is	potentially	 the	 result	of	
major differences in sampling between our studies—Kofler et al 
(2015) collected more flies, but only from a single population—but 
might also reflect differences inherent to our different TE geno‐
typing methods. For example, we find that popoolationte2	tends	to	
underestimate the allele frequency for fixed TEs relative to teflon—
producing	a	mean	allele	frequency	deviation	for	fixed	TEs	of	−0.11,	
compared	to	−0.01	for	teflon (Supporting Information Figure S2). It 
should be noted that Kofler et al. (2015) used popoolationte and not 
popoolationte2,	but	if	these	software	packages	have	similar	biases,	
some of the intermediate‐frequency variants identified in Kofler et 
al (2015) may actually represent fixed TEs.

Similar to findings by Kofler et al. (2015), we find that insertion 
densities	among	TE	orders	[long	terminal	repeats	(LTRs),	non‐LTRs,	
terminal	inverted	repeats,	helitron	and	foldback]	differ	between	spe‐
cies, with the overall abundance of both LTRs and non‐LTRs being ele‐
vated (2.7‐fold and 2.6‐fold increase, respectively) in D. melanogaster 
relative to D. simulans (W = 54; PMWU = 0.002 for both comparisons; 

Figure 2). Allele frequencies are not significantly different among TE 
orders, with the exception of higher allele frequencies for helitrons 
(Supporting Information Figure S5), which is strongly driven by our 
decision	to	group	INE‐1	elements	with	this	order.	INE‐1	represents	
a family of elements that has been thought to be inactive in D. mela‐
nogaster for millions of years (Kapitonov & Jurka, 2003), and they 
may	only	be	distantly	related	to	helitrons	(Thomas	&	Pritham,	2015;	
Thomas,	Vadnagara,	&	Pritham,	2014).	We	also	tested	for	a	correla‐
tion between TE abundance and library insert size, but found mixed 
results—library size is significantly correlated with TE abundance 
for D. simulans (R2 = 0.9, PLM <	2	×	10−16), but not in D. melanogaster 
(R2 = 0.005, PLM = 0.89; Supporting Information Figure S6).

As TE insertions are largely expected to be deleterious, we chose 
to explore the relationship between TEs and recombination rate in 
D. melanogaster (the species in which a high‐quality recombination 
map is available). In doing so, we found a significant effect of chro‐
matin state on the relationship between TE allele frequency and re‐
combination rate (PGLM	<	2	×	10

−16; Supporting Information Figure 
S7). When using euchromatin/heterochromatin boundaries from 
Cridland et al. (2013), the overall negative correlation with recombi‐
nation rate disappears (PGLM = 0.998) when TEs in euchromatic and 
heterochromatic regions of the genome are considered separately 
(Supporting Information Figure S7). We also looked at the relation‐
ship between TE density (calculated as reference TEs annotated in 
flybase per 10 kb) and recombination rate. Similar to the patterns we 
observed in allele frequencies, the significant negative correlation 
between TE density and recombination rate is completely eliminated 
after controlling for TEs in heterochromatin (PGLM = 0.19; Supporting 
Information Figure S8). While heterochromatin is overrepresented 
among the lowest recombination regions, recombination in euchro‐
matin spans the entire range of rates, including windows with effec‐
tively no crossing‐over.

However, these patterns become increasingly complex de‐
pending on the exact boundaries used to define euchroma‐
tin and heterochromatin. For example, we do not observe the 
negative correlation with recombination rate disappearing 
when using chromatin boundaries reported in Lee and Karpen 
(2017) (Supporting Information Figure S9) or Filion et al. (2010) 
(Supporting Information Figure S10). Interestingly, the proportion 
of genome‐wide TEs that are classified as heterochromatic dif‐
fers dramatically among data sets, from <5% using the boundaries 
from Lee and Kerpen (2017) to >60% using the boundaries from 
Filion	et	al.	(2010).	Moreover,	when	we	use	multi‐state	chromatin	
maps based on empirically derived methylation profiles, we ob‐
serve wildly differing relationships depending on the particular 
methylation state (Supporting Information Figure S11). Together, 
these results suggest that chromatin state itself may be playing 
a role in the accumulation of TEs in these regions, a role often 
attributed to the reduced efficacy of selection in regions of lower 
recombination or to a reduction in fitness costs for insertions in 
regions of lower gene density (Charlesworth & Charlesworth, 
1983; Charlesworth & Langley, 1989; Fontanillas, Hartl, & Reuter, 
2007;	Rizzon,	Marais,	Gouy,	&	Biémont,	2002).

F I G U R E  2   Distribution and density of TE orders in 
D. melanogaster (top bars, red lines) and D. simulans (bottom bars, 
blue lines) plotted along each of the five major chromosome arms 
in D. melanogaster. Counts of TEs on each chromosome arms 
are shown per megabase. TE densities (inner line graphs) are 
represented as counts per non‐overlapping 100 kb windows. Only 
TEs present at alignable positions in both species are shown [Colour	
figure	can	be	viewed	at	wileyonlinelibrary.com]



1528  |     ADRION et Al.

3.2 | Ancestry clines in North American 
D. melanogaster

Genome‐wide	 patterns	 of	 clinal	 variation	 may	 be	 caused	 by	 par‐
ticular demographic histories, which could then be spuriously in‐
terpreted as selection (Bergland et al., 2016; Endler, 1977). It has 
recently	been	suggested	 that	North	America	 represents	a	zone	of	
secondary contact for D. melanogaster, where high‐ and low‐latitude 
populations are thought to have been independently founded by 
European‐ and African‐derived populations, respectively (Bergland 
et	 al.,	 2016;	Caracristi	&	 Schlötterer,	 2003;	Kao,	 Zubair,	 Salomon,	
Nuzhdin,	&	Campo,	2015).	 Such	a	history	could	produce	genome‐
wide patterns of clinality as the recent colonists started to mix at 
mid‐latitudes.	However,	 the	selective	sorting	 in	the	New	World	of	
alleles with histories of latitudinal variation in Old World popula‐
tions	 could	 also	 generate	 clinal	 patterns	 in	 the	New	World:	 Since	
African populations are low‐latitude samples, the higher frequency 
of “African” alleles in low‐latitude American population cannot by 
itself be used as evidence to distinguish between demographic and 
selective	explanations	for	North	American	clines.

To assess the potential for recent secondary contact to affect 
our inferences and to tease apart the ancestral sorting of alleles 
driven by selection from admixture, we compared the allele fre‐
quencies	of	TEs	in	North	American	D. melanogaster with flies from 
their reputed ancestral ranges. We used teflon to discover and to 
estimate the allele frequency for TEs in European (Vienna) and 
African (Rwanda) populations of D. melanogaster, and compared this 
variation	to	populations	in	North	America.	Our	results	suggest	that	
all	 North	 American	 populations	 are	 significantly	 more	 differenti‐
ated from African flies than they are from European flies (W = 36; 
PMWU = 0.002; Supporting Information Table S2), consistent with 
data	 on	 the	 differentiation	 of	 SNPs	 between	 these	 continents	
(Bergland	et	al.,	2016;	Kao	et	al.,	2015;	Pool,	2015).

We found evidence for a cline in FST	 for	 TEs	 between	 North	
American versus Rwandan D. melanogaster (ρ = 0.83; p = 0.03; 
Figure 3a). This pattern is consistent regardless of whether we in‐
clude TEs found in major cosmopolitan inversions in D. melanogas‐
ter (Supporting Information Figure S12a). However, the fraction of 

the variance in FST that is explained by latitude is extremely small 
(R2 = 0.0009). This cline in FST could be the result of admixture after 
secondary contact, but it could also be the result of a small num‐
ber of locally adapted variants found in both the ancestral range 
and	North	America.	To	tease	apart	 these	scenarios,	we	tested	an‐
other prediction from the admixture model: Alleles that are rare in 
European samples and absent from African samples should be more 
common	in	high‐latitude	North	American	populations	and	should	be	
absent in low‐latitude populations. Similarly, rare alleles from Africa 
that are not found in Europe should be found at higher proportions 
in	low‐latitude	North	American	populations	and	should	be	absent	or	
in smaller numbers in high‐latitude populations. This test should be 
especially useful when using TEs, as the vast majority of TEs are rare.

Contrary to predictions from the admixture model, we found 
that	 the	 proportion	 of	 rare	 TEs	 (allele	 frequency	≤	0.1)	 present	 in	
Vienna but absent in Rwanda is not significantly associated with lat‐
itude (ρ = 0.03; p = 0.5; Figure 3b). Likewise, the proportion of rare 
TEs present in Africa but absent in Europe does not significantly de‐
crease with latitude (ρ	=	−0.6;	p = 0.12; Figure 3b). This result, along 
with the extremely small degree to which variance in FST is explained 
by latitude, suggests that, at least for TEs, there is little evidence for 
a	cline	in	ancestry	due	to	admixture	for	North	American	populations	
of D. melanogaster. However, the patterns we observe could be the 
result	of	important	differences	between	TEs	and	SNPs.	For	example,	
selection	 is	 expected	 to	hold	TEs	 at	 lower	 frequencies	 than	SNPs	
(Barrón	et	al.,	2014;	Charlesworth	&	Langley,	1989),	which	could	re‐
duce our ability to capture within and among population variation.

We therefore set out to test for an ancestry cline using genome‐
wide	SNPs	in	these	same	populations.	We	estimated	the	allele	fre‐
quencies	 for	 all	 SNPs	 (excluding	 those	 in	 polymorphic	 inversions)	
and calculated FST using popoolation2 (Kofler et al., 2011). Similar to 
TEs, we found evidence for a weak cline in FST	between	SNPs	from	
North	 American	 and	 Rwanda	 D. melanogaster (ρ = 0.83; p = 0.03; 
Supporting Information Figure S13a). However, yet again, the frac‐
tion of the variance in FST explained by latitude is exceedingly small 
for	SNPs	(R2 = 0.0037). It should also be noted that this correlation 
is	strongly	influenced	by	Panama,	and	no	significant	relationship	ex‐
ists	when	Panama	is	excluded	(ρ = 0.7; p	=	0.12).	Moreover,	we	did	

F I G U R E  3   (a)	Genetic	differentiation	(FST)	between	North	American	populations	of	D. melanogaster and populations sampled from Africa 
(Rwanda,	green)	and	Europe	(Vienna,	white).	(b)	Proportion	of	rare	TEs	[segregating	at	allele	frequency	≤0.1	in	Rwanda	(green)	or	in	Vienna	
(white)]	that	were	discovered	in	each	North	American	population	of	D. melanogaster. Error bars represent the standard errors of the means 
averaged among chromosomes X, 2L, 2R, 3L and 3R [Colour	figure	can	be	viewed	at	wileyonlinelibrary.com]
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not	 find	evidence	 for	a	SNP	cline	 in	FST	between	North	American	
versus Viennese D. melanogaster (ρ	=	0.14;	 p	=	0.64;	 Supporting	
Information Figure S13a).

Once again, we tested a direct prediction from the ancestry 
model—that	 the	proportion	of	 rare	SNPs	 found	 in	Europe	but	not	
Africa	(or	vice	versa)	should	correlate	with	latitude	in	North	America.	
Consistent with our findings for TEs, we found that the proportion 
of	 rare	SNPs	 (allele	 frequency	≤	0.1)	 present	 in	Vienna	but	 absent	
in Rwanda is not significantly associated with latitude (ρ	=	−0.54;	
p = 0.88; Supporting Information Figure S13b). Finally, we found 
that	 the	 proportion	 of	 rare	 SNPs	 (allele	 frequency	≤	0.1)	 present	
in Rwanda but absent in Vienna is also not significantly associated 
with latitude (ρ	=	−0.66;	 p = 0.09; Supporting Information Figure 
S13b). Taken together, these results do not support the presence of 
an	appreciable	cline	in	ancestry	in	North	American	D. melanogaster, 
at least when using the Rwanda sample as representative of Africa.

3.3 | Clinal variation of TEs in Drosophila

We looked for a correlation between latitude and TE abundance 
among our populations, as temperature has been shown to affect 

both	transposition	rates	and	TE	copy	number	(Paquin	&	Williamson,	
1984;	 Vieira,	 Aubry,	 Lepetit,	 &	 Bie	 mont,	 1998),	 and	 clines	 in	 TE	
abundance have been found to coincide with altitude in domesti‐
cated maize (Bilinski et al., 2018). However, we found no effect of 
latitude on TE abundance for either species (PGLM > 0.75, for both 
comparisons;	 Figure	 4a).	 Additionally,	we	 found	 no	 consistent	 dif‐
ferences in average TE allele frequencies from populations spanning 
the	 transect	 (Figure	 4b).	 These	 results	 are	 consistent	with	 similar	
rates of transposition activity along the transect, as well as similar 
modes of selection on TEs across latitudes. However, it should be 
mentioned that these particular tests would not capture TE‐medi‐
ated selection that altered the abundances of TEs at both ends of 
the transect.

Common patterns in allele frequency variation over geographic 
space can be informative about both the demographic processes or 
selective pressures influencing the genome (Endler, 1977, 1986). We 
refer to the line graph of allele frequency on latitude for a single TE 
as	an	AFP,	and	we	constructed	an	AFP	for	every	TE	in	the	genome.	
To identify the most common patterns of allele frequency variation 
for TEs, we took a K‐means clustering approach. Specifically, given 
AFPs	for	each	TE	at	a	specific	genomic	location	in	each	population,	

F I G U R E  4   (a) The relationship between TE abundance and latitude. R2 and p values are from the linear model of abundance on latitude 
for	each	species.	Grey	ribbons	show	95%	confidence	intervals.	(b)	Genome‐wide	TE	allele	frequencies	for	all	populations.	(c)	The	five	most	
common patterns of TE allele frequency variation in D. melanogaster (left) and D. simulans (right). Lines represent the clustered trajectory of 
TE allele frequency on latitude, and points show the centroids for each cluster. Counts indicate the number of TEs that were clustered into 
each pattern [Colour	figure	can	be	viewed	at	wileyonlinelibrary.com]
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we clustered these profiles into the most common patterns ob‐
served (see Supporting Information Appendix S1). We found that the 
five most common spatial patterns of TE allele frequency variation 
(in each species independently) are not clinal, but rather flat trajec‐
tories	that	do	not	steadily	go	up	or	down	with	latitude	(Figure	4c).	
Because these flat trajectories may be disproportionately influenced 
by the mean allele frequencies of each cluster, we also clustered TEs 
on cosine similarity, a measure of the similarity between the shape of 
these TE profiles, rather than the absolute allele frequencies at each 
latitude. We find that clustering on cosine similarity and increasing 
the number of clusters to K = 8 produces a single cluster in D. mela‐
nogaster that exhibits slight clinality (Supporting Information Figure 
S14),	which	again	suggests	that	only	a	small	fraction	of	all	TEs	in	the	
genome are clinal. Together these results suggest a relatively modest 
role for demography in shaping TE allele frequencies, and in conjunc‐
tion	with	IBD	results	from	SNPs	in	other	studies	(e.g.,	Machado	et	al.,	
2016), hint at a limited role for demography in shaping variation in 
Drosophila in	North	America.

Consistent with the largely deleterious effects of TEs on fitness, 
we find that the vast majority of TEs (>75% in D. melanogaster and 
>66% in D. simulans) are found in clusters representing low allele 
frequencies (<0.1) and that the fraction of TEs segregating at in‐
termediate frequencies (between 0.25 and 0.75) is quite small (6% 
in D. melanogaster and 12% in D. simulans;	Figure	4c).	This	twofold	
excess in the fraction of TEs segregating at intermediate frequen‐
cies in D. simulans is curious, as more efficacious selection against 
deleterious TEs is expected in D. simulans, given both its larger effec‐
tive population size (Andolfatto, Wong, & Bachtrog, 2011; Aquadro, 
Jennings,	Bland,	 Laurie,	&	Langley,	1992;	Aquadro,	 Lado,	&	Noon,	
1988)	and	higher	recombination	rate	(Sturtevant,	1929;	True,	Mercer,	
& Laurie, 1996). Additionally, we did not find a deficit of TEs on the 
X chromosome relative to the autosomes in either species (p > 0.33 
for both tests; Fisher's exact test), which would be expected if there 
was an effect of recombination rate on the removal of TEs, as the X 
chromosome exhibits somewhat higher rates of recombination than 
the autosomes in D. melanogaster (Comeron et al., 2012). This result 
also suggests that TEs may not be recessive deleterious mutations 
on average.

To identify individual TEs that exhibit strong clinality, we re‐
gressed allele frequency in each population on latitude (See 
Supporting	Information	Appendix	S1).	Previous	studies	have	shown	
stronger clinal patterns in D. melanogaster relative to D. simulans for 
both	morphological	traits	and	SNPs	(reviewed	in	Gibert	et	al.,	2004;	
Machado	et	al.,	2016).	To	contrast	the	extent	of	clinal	variation	for	
TEs between these species, we compared the number of TEs that 
showed significant allele frequency associations with latitude across 
the genome. We found marginally more clinal TEs in D. melanogaster 
(6.6% at p ≤ 0.05) relative to D. simulans (5% at p ≤ 0.05; Supporting 
Information Figure S15a). This pattern is also consistent with mar‐
ginally stronger IBD for TEs in D. melanogaster (r = 0.43;	 p = 0.04;	
Mantel	 test)	 relative	 to	D. simulans (r = 0.29; p = 0.19;	Mantel	 test;	
Supporting Information Figure S15b), as IBD will tend to generate 
clinal variation by its very nature (Vasemägi, 2006). Further, the 

pattern of stronger IBD in D. melanogaster remained after exclud‐
ing all TEs found in cosmopolitan inversions (Supporting Information 
Figure S16), suggesting a limited role for inversions in shaping geo‐
graphical patterns of TE variation. A similar pattern, showing both 
stronger clinality and stronger IBD in D. melanogaster relative to 
D. simulans,	 has	 previously	 been	 shown	 for	 genome‐wide	 SNPs	
(Machado	et	al.,	2016).

We defined clinal TE outliers as the top 2% of p‐values (cor‐
responding to an expected FDR of 80% for D. melanogaster and 
91.8% for D. simulans) for the weighted linear regression of allele 
frequency on latitude. In total, we identified 132 clinal TE outliers 
in D. melanogaster	 and	 124	 in	D. simulans (Supporting Information 
Figure S17). We found that clinal TE outliers exhibit only modest 
differentiation between the endpoint populations in both species 
(Supporting Information Figure S18). Interestingly, we also found a 
strong asymmetry in the direction of clinality for these outliers from 
both D. melanogaster and D. simulans: The majority of outliers (67% 
and 77%, respectively) show a negative correlation between allele 
frequency and latitude (Supporting Information Figure S19). This 
asymmetry cannot be explained by inversions in D. melanogaster, as 
clinal TE outliers are not more likely to be found within cosmopoli‐
tan inversions than expected by chance (PFET	=	0.67).	Moreover,	this	
asymmetry is not seen in FST outliers (top 2% of FST values) between 
Panama	and	Maine	(Supporting	Information	Figure	S20).	Similar	to	
the patterns we observed in TE abundance across the chromosomes, 
we did not find a difference between the number of clinal TE outliers 
on the X chromosome relative to the autosomes in either species 
(PFET > 0.28 for both tests).

3.4 | Clinal outliers versus FST outliers

Due to what was once the high cost of whole‐genome sequencing, 
many previous studies interested in the targets of spatially varying 
selection in Drosophila relied on sampling only two distant points 
along an environmental gradient—for example, populations from 
Maine	and	Florida	(e.g.,	Turner	et	al.,	2008).	To	contrast	inferences	
that might be drawn when sampling only two populations with those 
drawn when utilizing a denser sampling scheme along the entire envi‐
ronmental gradient, we compared the TEs identified as clinal outliers 
to those identified as FST outliers when examining only two popula‐
tions. We found that the vast majority (>91%) of FST outliers between 
Panama	and	Maine	do	not	overlap	with	clinal	outliers	drawn	 from	
all populations spanning the same latitudinal gradient (Supporting 
Information Figure S21). However, given such a high expected FDR 
for clinal TEs, our expectation for the overlap between clinal outliers 
and FST outlier should be modest at best—for example, if 100% of 
clinal outliers were false positives, we should expect no more con‐
cordance between clinal outliers and FST outliers than that produced 
by chance. Indeed, our results differ dramatically from studies look‐
ing	at	SNPs,	where	over	30%	of	FST	outlier	SNPs	in	D. melanogaster 
were	shown	to	be	clinal	(Svetec,	Cridland,	Zhao,	&	Begun,	2016),	po‐
tentially suggesting that TEs have a relatively smaller role in local 
adaptation	when	compared	to	SNPs.	 Interestingly,	 the	distribution	
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of FST values for outlier TEs does not differ dramatically from that of 
outlier	SNPs—100%	of	our	outlier	TEs	would	have	been	classified	as	
outliers using the FST thresholds from Svetec et al. (2016).

To further examine this pattern, we compared pairwise FST 
outlier TEs using different sets of endpoint populations span‐
ning	 roughly	 similar	 latitudinal	 gradients—FL‐PA	 versus	 GA‐ME	
for D. melanogaster	and	FL‐NJ	versus	GA‐ME	for	D. simulans (see 
Figure	1).	Here,	we	found	that	the	vast	majority	(>94%)	of	pairwise	
FST outliers found using one set of endpoints does not overlap 
with FST outliers using a different set of endpoints (Figure 5 and 
Supporting	Information	Figure	S22).	Moreover,	we	also	found	that	
a small fraction (1.2%) of the pairwise FST outliers that do over‐
lap between sets of endpoints, do so with the signs of their allele 
frequency difference reversed. Together these results suggest 
that, while pairwise FST outlier TEs may be influenced by locally 
adapted variants, they do not necessarily relay information about 
adaptation to obvious underlying geographical or environmental 
gradients.

3.5 | TEs and their proximity to functional 
regions of the genome

One important mechanism by which TEs can impact phenotypic 
variation is through the modulation of gene expression, possibly 

via their propensity to promote the spread of heterochromatin 
(Lee, 2015; Lee & Karpen, 2017). To test the hypothesis that TEs 
might be contributing to the differential expression of protein‐cod‐
ing genes in D. melanogaster, we compared the proximity of TEs in 
D. melanogaster to the top DE protein‐coding genes sampled from 
whole	male	 transcriptomes	 using	 the	 same	 samples	 from	Panama	
and	Maine	(measured	in	Zhao	et	al.,	2015).	We	find	that	the	distance	
between DE genes and their nearest TE is significantly less than the 
distance between non‐DE genes and their nearest TE (t = −3.31;	
p	=	6.72	×	10−4; Welch's t test; Supporting Information Figure S23). 
However, pairwise FST is not different between TEs near DE genes 
relative to those neighbouring non‐DE genes (PWTT = 0.99), sug‐
gesting that while TEs may be influencing differential expression of 
some genes, it is unlikely that these differences are driven by local 
adaptation.

If clinal TE outliers represent true targets of selection via their 
influence on neighbouring genes, we might also predict that clinal 
TE outliers would be closer in proximity to functional regions of 
the genome than non‐clinal genes. However, we find that clinal TE 
outliers were no closer to protein‐coding genes than non‐clinal TEs 
(PWTT	=	0.50;	Supporting	Information	Figure	S24).	We	did,	however,	
identify a small number of clinal TE outliers that overlapped func‐
tionally important regions of the genome. One particular outlier 
of interest is an insertion of a LTR from the family 297 (te23639) 

F I G U R E  5   Allele frequency profiles for all pairwise FST	outliers	(grey	lines)	between	Florida	and	Pennsylvania	(top	left)	and	between	
Georgia	and	Maine	(bottom	left)	for	D. melanogaster	and	between	Florida	and	New	Jersey	(top	right)	and	Georgia	and	Maine	(bottom	right)	
for D. simulans. Red lines highlight the overlap with clinal TE outliers, as calculated by their association with latitude. Only negative allele 
frequency differences are shown [Colour	figure	can	be	viewed	at	wileyonlinelibrary.com]
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into an intron in the gene nAchRα1 in D. melanogaster—a gene that 
has recently been implicated in insecticide resistance in this spe‐
cies	 (Somers,	 Luong,	Mitchell,	Batterham,	&	Perry,	2017).	 Further,	
nAchRα1 was among the genes exhibiting the greatest differential 
expression between D. melanogaster	males	from	Panama	and	Maine	
(Zhao	et	al.,	2015),	and	strongly	clinal	SNPs	flank	this	particular	TE	
(Bergland	et	al.	(2014)	data	as	reanalysed	in	Svetec	et	al.	(2016)),	sug‐
gesting this TE might be a good candidate for additional functional 
analyses.

3.6 | Shared TEs between D. melanogaster and 
D. simulans

Comparing variation between closely related species living in similar 
environments can help to identify the effects of natural selection, 
as homologous traits may display parallel responses to similar un‐
derlying selection pressures (Endler, 1986). We used two confidence 
thresholds for detecting TEs shared between D. melanogaster and 
D. simulans (see Supporting Information Appendix S1 and Figure S3), 
as limitations in discriminating precise TE breakpoints make it dif‐
ficult to define true orthology. In general, we find very few ortholo‐
gous TEs between D. melanogaster and D. simulans:	1.7%	and	0.04%	
for low‐ and high‐confidence shared TEs, respectively. Among our 
admittedly small set of 12 high‐confidence shared TEs, we did not 
find a single clinal outlier or FST	outlier.	Among	our	set	of	453	low‐
confidence shared TEs, we found 6 TEs (1.3%) that are both clinal 
TE outliers and FST outliers, which is not significantly more than ex‐
pected given our outlier thresholds.

4  | DISCUSSION

Describing clinal variation, especially within the context of iso‐
lating the targets of spatially varying selection, has a rich his‐
tory in Drosophila.	Collecting	flies	from	transects	spanning	North	
America, South America, and Australia has aided in the discovery 
of phenotypic clines for many traits (e.g., Azevedo, French, & 
Partridge,	1996;	Cohan	&	Graf,	1985;	James,	Azevedo,	&	Partridge,	
1995;	 Schmidt	 &	 Paaby,	 2008;	 Svetec,	 Zhao,	 Saelao,	 Chiu,	 &	
Begun, 2015), while the advent of next‐generation sequencing 
technology	has	led	to	the	identification	of	genome‐wide	SNPs	and	
CNVs	 differentiated	 between	 many	 of	 these	 same	 populations	
(Fabian	 et	 al.,	 2012;	 Kolaczkowski	 et	 al.,	 2011;	 Machado	 et	 al.,	
2016;	Reinhardt	et	al.,	2014;	Schrider	et	al.,	2013).	In	this	report,	
we describe genome‐wide patterns of TE variation in Drosophila 
sampled	along	a	transect	spanning	much	of	North	America—from	
Panama	City,	Panama	to	Maine,	USA.	We	find	 little	evidence	for	
widespread clinality among TEs in Drosophila, though as we dis‐
cuss below, this does not necessarily imply a limited role for TEs in 
clinally varying traits.

One potentially important cause of some of the clinal genetic 
variation found in natural populations is demography. Specifically, 
patterns of IBD, driven by a balance between migration and drift, can 

generate clinal patterns. Simulation results suggest that there is a 
strong positive correlation between the strength of IBD and the pro‐
portion of loci displaying significant patterns of clinality (Vasemägi, 
2006). Consistent with this prediction, we identified slightly more 
IBD for TEs in D. melanogaster relative to D. simulans accompanied 
by a slightly higher proportion of significantly clinal TEs in D. mela‐
nogaster relative to D. simulans (Supporting Information Figures S15 
and S16). This prediction is also consistent with results from ge‐
nome‐wide	SNP	variation	 in	these	same	species,	which	show	both	
stronger IBD and proportionally more clinal variation in D. melan‐
ogaster relative to D. simulans (Machado	 et	 al.,	 2016).	 It	 should	 be	
noted	that	the	overall	degree	of	IBD	for	both	TEs	and	SNPs	in	these	
species is rather weak, suggesting a relatively minor role for IBD in 
producing clinal outliers.

A second driver of clinal variation may be admixture: This has 
the potential to generate clines after an influx of genetic variation 
from two differentiated source populations into opposite ends of 
a geographic transect. The admixture model additionally requires 
gene flow from the ends of the transect into the middle, so that 
a gradient of ancestry is formed (Caracristi & Schlötterer, 2003; 
Endler, 1977). Admixture has been hypothesized to be import‐
ant for D. melanogaster from	 the	East	Coast	of	North	America,	 as	
it has been suggested that these populations represent a zone of 
secondary contact—where an influx of alleles from Africa into the 
Caribbean occurred separately from the colonization of upper lat‐
itudes by European flies (Bergland et al., 2016; Kao et al., 2015). 
Importantly, we find little evidence for an ancestry cline driven by 
admixture	 among	North	 American	 populations	 of	D. melanogaster 
(Figure 3, Supporting Information Figures S12 and S13). Our results 
may reflect differences between the types of statistics used for as‐
sessing ancestry—here, we used FST and the proportion of shared 
low‐frequency variants, rather than a model‐based ancestry tool 
like admixture	(Alexander,	Novembre,	&	Lange,	2009)—but	our	anal‐
ysis	using	low‐frequency	TEs	and	SNPs	is	a	direct	test	of	a	key	pre‐
diction from the admixture model. Regardless, our results suggest 
that there should be little to no effect of ancestry on clinal patterns 
of TE variation in our study irrespective of the measure used to as‐
sess ancestry.

Overall, we find little evidence for widespread clinal variation 
of TEs in both D. melanogaster and D. simulans. One obvious reason 
for this result might simply be that TEs are not common targets of 
spatially varying selection in these species. While TEs have been 
found to underlie the genetic basis for environmental adaptation in 
a number of instances, many of these cases involve a TE disrupting 
the function of a gene that impacts insecticide resistance (Darboux 
et	al.,	2007;	Magwire	et	al.,	2011;	Schmidt	et	al.,	2010).	This	type	of	
gene disruption may be expected to cause a sweep in the presence 
of insecticide, but it is unclear how such a mechanism could drive ad‐
aptation along a continuous fitness landscape, where intermediate 
populations could be locally adapted to some intermediate environ‐
mental condition. It is worth noting, however, that we did identify a 
clinal TE outlier that inserted into an intron of a gene recently been 
implicated in insecticide resistance (Somers et al., 2017).
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A more plausible mechanism for an effect of TEs on clinal ad‐
aptation stems from their ability to module gene expression via the 
expansion of heterochromatin (Lee, 2015; Lee & Karpen, 2017). We 
tested whether TEs were in closer proximity to functional regions of 
the genome, but found that, while TEs were significantly closer to 
genes known to be highly DE, these TEs were not more differenti‐
ated than those neighbouring non‐DE genes (Supporting Information 
Figure S23). We also did not find evidence that clinal TEs were any 
closer to coding regions than non‐clinal TEs (Supporting Information 
Figure	S24).	These	results	suggest	that	TEs	may	be	affecting	expres‐
sion via a proximity effect, but that these differences are not likely 
to be driven by local adaptation for differential expression. It is also 
entirely possible that we may have missed some significant patterns 
of clinal variation by generally treating TEs together, as a class of 
mutation. There are, of course, important biological and evolution‐
ary differences between TE classes, and this is also true for different 
TE orders, TE superfamilies and individual TE families. A more ex‐
haustive search, one that specifically focuses on these differences, 
might come to highlight yet unseen ways that TEs are responding to 
spatially varying selection in these species.

The effect of TEs on the spread of heterochromatin and likewise, 
the effect of heterochromatin on TE population dynamics, prompted 
us to test another long‐standing hypothesis about the association 
between TEs and recombination rate. Both TE density and TE allele 
frequency are predicted to show a negative relationship with recom‐
bination rate because regions of low recombination typically have 
lower gene densities and stronger Hill‐Robertson effects, which re‐
duce the efficacy of natural selection, relative to regions of high re‐
combination	(Barrón	et	al.,	2014;	Charlesworth	&	Langley,	1989).	TE	
insertions in low‐recombination regions are therefore expected to be 
less deleterious, but also, selection is expected to be less efficacious 
in removing them. However, recombination rate is often roughly 
correlated with chromatin state (see Kharchenko et al., 2011), and 
this relationship may obscure the true causes of TE dynamics. As 
expected, we found a significant negative correlation both between 
TE allele frequency and recombination rate and between TE density 
and recombination rate in D. melanogaster. However, both of these 
relationships completely disappeared after controlling for chromatin 
state using the boundaries from Cridland et al. (2013) (Supporting 
Information Figures S7 and S8) and displayed a range of patterns 
when different chromatin boundaries were used (Supporting 
Information Figures S9–S11). Together, these results suggest that 
the relationship between TEs, recombination and chromatin state 
requires further investigation.

Recent evidence for the suppression of transposition, especially 
through	piRNA‐mediated	epigenetic	silencing	(Lee,	2015),	suggests	
the	potential	for	biased	TE	recruitment	into	piRNA	clusters—discrete	
genomic	loci	comprised	of	nested	TE	fragments	that	generate	piRNA	
primary transcripts (Brennecke et al., 2007). The recruitment of TEs 
into	piRNA	clusters	(many	of	which	lie	 in	heterochromatic	regions)	
could be facilitated through heterochromatin‐binding proteins, such 
as Drosophila	HP1	(reviewed	in	Vermaak	&	Malik,	2009)	or	its	homo‐
log,	Rhino,	that	specifically	binds	piRNA	clusters	in	D. melanogaster 

(Zhang	et	al.,	2014).	A	similar	 integration	preference	has	been	ob‐
served in Saccharomyces cerevisiae, where nearly all new Ty5 inser‐
tions occur in heterochromatin at the telomeres (Bushman, 2003), 
and this integration preference is driven by an interaction between 
the Ty5 integrase and a yeast heterochromatin‐binding protein (Xie 
et	al.,	2001;	Zhu,	Dai,	Fuerst,	&	Voytas,	2003).	Our	results	suggest	
that researchers may want to re‐evaluate other patterns previously 
ascribed to differences in recombination, as such differences may be 
confounded with structural elements like heterochromatin.

Lastly, we show that, at least for TEs in these populations, the 
vast majority of pairwise FST outliers are not significantly clinal 
(Supporting Information Figure S21). Likewise, the vast majority of 
FST outliers from one set of endpoints do not overlap with those 
outliers drawn from a different set of endpoints that span the same 
latitudinal distance (Figure 5 and Figure S2). Importantly, our results 
do not invalidate candidate highly differentiated variants discovered 
in	past	studies.	Previous	studies	using	SNPs	have	shown	over	30%	
of FST outliers are truly clinal (Svetec et al., 2016), suggesting that 
the	 role	 of	 SNPs	 in	 local	 adaptation	may	be	more	 important	 than	
that	 of	 TEs.	Moreover,	 previous	 studies	 also	 identified	 significant	
parallel	 differentiation	 between	 outliers	 from	North	 America	 and	
outliers from Australia (Fabian et al., 2012; Kolaczkowski et al., 2011; 
Reinhardt	et	al.,	2014;	Schrider,	Hahn,	&	Begun,	2016),	and	between	
gene expression outliers in D. melanogaster and D. simulans (Zhao	et	
al., 2015), further strengthening the evidence that these outliers are 
targets of selection.

Our results potentially bring in to question the expectations for 
patterns of variation generated when loci respond to spatially vary‐
ing selection across hundreds of kilometres. The commonly used 
expectation of a strict one‐to‐one correlation between geographic 
or environmental variables and allele frequency (i.e., a monotonic in‐
crease in allele frequency along a gradient) might not be reflective of 
the reality of clinal adaptation in many or most cases. For example, 
theoretical work from Barton (1999) hints at the importance of the 
local fixation of adaptive variants in contributing to genetic patterns 
of clinal selection in polygenic traits. In this model, adaptation along 
a continuously varying selection gradient—as opposed to the two‐
optimum model normally considered—results in the repeated fixa‐
tion of alleles as one moves along the gradient, rather than a large 
number of alleles all increasing slowly in frequency together. If these 
theoretical predictions are generalizable to TEs, future attempts 
to identify TEs responding to spatially varying selection may want 
to focus on characterizing patterns of population‐specific sweeps 
rather than clinal allele frequencies.

Our study is among the first to evaluate genome‐wide patterns 
of TE variation along a continuous latitudinally varying transect in 
Drosophila. While we do not find strong evidence that TEs, taken to‐
gether as a class of mutations, are crucial to responding to spatially 
varying selection in these species, we do highlight patterns of varia‐
tion that contribute to our understanding of both differential TE dy‐
namics	between	species	and	the	unique	demographic	history	of	North	
American D. melanogaster. Understanding how spatially varying selec‐
tion shapes genetic variation, and importantly TE variation, across the 
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genome requires future research focused on analysing genomic data 
in	a	spatial	context.	Going	forward,	it	is	imperative	that	we	have	clear	
expectations for the genomic patterns of targets of spatially varying 
selection, as only with reliable expectations can we be confident in 
our ability to elucidate the genetic basis for adaptation.
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