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Abstract

Transposable elements (TEs) are genomic parasites capable of inserting virtually any-

where in the host genome, with manifold consequences for gene expression, DNA

methylation and genomic stability. Notably, they can contribute to phenotypic varia-

tion and hence be associated with, for example, local adaptation and speciation.

However, some organisms such as birds have been widely noted for the low densi-

ties of TEs in their genomes and this has been attributed to a potential dearth in

transposition during their evolution. Here, we show that avian evolution witnessed

diverse and abundant transposition on very recent timescales. First, we made an in-

depth repeat annotation of the collared flycatcher genome, including identification

of 23 new, retrovirus-like LTR retrotransposon families. Then, using whole-genome

resequencing data from 200 Ficedula flycatchers, we detected 11,888 polymorphic

TE insertions (TE presence/absence variations, TEVs) that segregated within and

among species. The density of TEVs was one every 1.5–2.5 Mb per individual, with

heterozygosities of 0.12–0.16. The majority of TEVs belonged to some 10 different

LTR families, most of which are specific to the flycatcher lineage. TEVs were vali-

dated by tracing the segregation of hundreds of TEVs across a three-generation

pedigree of collared flycatchers and also by their utility as markers recapitulating

the phylogenetic relationships among flycatcher species. Our results suggest fre-

quent germline invasions of songbird genomes by novel retroviruses as a rich source

of structural variation, which may have had underappreciated phenotypic conse-

quences for the diversification of this species-rich group of birds.
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1 | INTRODUCTION

Transposable elements (TEs) are genomic parasites, which propagate

either via a copy-and-paste (class I elements or retrotransposons) or

via a cut-and-paste (most class II elements or DNA transposons)

mechanism (Kazazian, 2004; Kidwell, 2005). These selfish genetic

elements are present in the genomes of virtually all eukaryotic

organisms and may, in addition to having direct effects on genome

size by their propagation (Elliott & Gregory, 2015; Kapusta, Suh, &

Feschotte, 2017), influence the evolution of transcriptional
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regulation (Lowe, Bejerano, & Haussler, 2007; Slotkin & Martienssen,

2007; Steige, Laenen, Reimeg�ard, Scofield, & Slotte, 2017), differen-

tial DNA methylation (Grandi et al., 2015), 3D genome folding (Sch-

midt et al., 2012; Wang et al., 2015) and chromosome stability

(Farr�e et al., 2016; Konkel & Batzer, 2010). A growing body of evi-

dence suggests that individual TE insertions may have large pheno-

typic effects, including both deleterious effects such as disease

(reviewed by Hancks & Kazazian, 2012) and beneficial traits involved

with adaptation (Guio, Barr�on, & Gonz�alez, 2014; van’t Hof et al.,

2016; Mateo, Ullastres, & Gonz�alez, 2014; Rey, Danchin, Mirouze,

Loot, & Blanchet, 2016; Stapley, Santure, & Dennis, 2015). An excel-

lent example is provided by the classroom case of adaptation in form

of the industrial melanism mutation identified in the peppered moth

(Biston betularia), which is a TE insertion (van’t Hof et al., 2016).

Understanding past and ongoing TE activity is thus an important

aspect of elucidating the molecular basis of phenotypic changes.

Birds have the smallest genomes among amniotes (Gregory, 2017),

ranging from an estimated 0.9 Gb in the black-chinned hummingbird

to 2.1 Gb in the ostrich (Gregory, Andrews, McGuire, & Witt, 2009;

Wright, Gregory, & Witt, 2014) among some 758 species for which

genome size has been estimated (Gregory, 2017). Their average gen-

ome size is 1.33 Gb and thus approximately a third of that of mammals

(Hillier et al., 2004; Kapusta & Suh, 2017). Importantly, the diminutive-

ness of avian genomes coincides with significantly lower densities of

transposable elements (TEs) than in other land vertebrates (~10% in

birds vs. ~30% nonavian reptiles and ~50% in mammals; Chalopin,

Naville, Plard, Galiana, & Volff, 2015; Kapusta & Suh, 2017; Kordi�s,

2009; Sotero-Caio, Platt, Suh, & Ray, 2017). Most bird species exhibit

relatively high degree of chromosomal synteny (Ellegren, 2010) and

stability of chromosome numbers with many species showing 2n � 80

(Ruiz-Herrera, Farr�e, & Robinson, 2012). A common explanation for

this stability is the scarcity of TEs in birds under the assumption that

chromosomal rearrangements are related to or promoted by TE activ-

ity (Janes, Organ, Fujita, Shedlock, & Edwards, 2010; Shedlock, 2006;

Shedlock et al., 2007). Moreover, it has often been suggested that the

small size of avian genomes (and thereby indirectly low TE densities) is

the result of constraints on cell size (and thus genome size) associated

with the metabolic requirements of powered flight (Gregory et al.,

2009; Hughes & Hughes, 1995; Vinogradov, 1997; Wright et al.,

2014; Zhang & Edwards, 2012).

While both phylogenetic analyses of TE presence/absence in dif-

ferent species (Baker, Haddrath, McPherson, & Cloutier, 2014; Kaiser,

van Tuinen, & Ellegren, 2007; Suh, Smeds, & Ellegren, 2015; Suh et al.,

2011, 2016) and analyses of TE divergence landscapes (Kapusta &

Suh, 2017; Zhang et al., 2014) demonstrate that there was TE activity

across the breadth of the avian phylogeny, the low densities of TEs in

avian genomes imply that overall TE activity was likely lower than in

other amniotes (Chalopin et al., 2015; Kapusta & Suh, 2017; Kapusta

et al., 2017; Kordi�s, 2009; Sotero-Caio et al., 2017). However, it is not

known whether this is also a characteristic of contemporary bird spe-

cies such that TE insertions would play a minor role in ongoing trait

evolution and adaptation of birds. To address this question, there is a

need for large-scale analyses of TE presence/absence variation (TEV)

in avian genomes to quantify recent TE activity. Previously, only a sin-

gle TEV has been reported in grebes and chickens, respectively (Lee

et al., 2017; Suh, Kriegs, Donnellan, Brosius, & Schmitz, 2012).

The recent availability of massive whole-genome resequencing

data paves the way for estimating the amount and character of TEVs

segregating within populations. Studies of model organisms including

human (Rishishwar, Tellez Villa, & Jordan, 2015; Sudmant et al.,

2015), mouse (Nell�aker et al., 2012), Drosophila melanogaster (Barr�on,

Fiston-Lavier, Petrov, & Gonz�alez, 2014; Kim et al., 2014), yeast (Jef-

fares et al., 2015; Liti et al., 2009) and Arabidopsis thaliana (Quad-

rana et al., 2016; Stuart et al., 2016) have shown that rates and

diversity of transpositions vary significantly between and within pop-

ulations. This is likely of significance to evolutionary processes in

population and species differentiation.

Here, we investigated the quantity and diversity of recent TE

activity in Ficedula flycatchers, a well-established system for specia-

tion genomic research (Burri et al., 2015; Ellegren et al., 2012; Nada-

chowska-Brzyska, Burri, Smeds, & Ellegren, 2016; Nadachowska-

Brzyska et al., 2013). This avian system is highly suitable for the

inference of TEVs because of an existing chromosome-level genome

assembly of the collared flycatcher Ficedeula albicollis (Ellegren et al.,

2012; Kawakami et al., 2014) and extensive prior genomic informa-

tion on the phylogenetic relationships among species (Nater, Burri,

Kawakami, Smeds, & Ellegren, 2015) and genome-wide levels of

nucleotide diversity (Dutoit, Burri, Nater, Mugal, & Ellegren, 2017).

The latter is particularly important as it serves as baseline informa-

tion on the amount of genetic variation present within these species.

We in-depth annotated the TE content of the flycatcher genome

and scanned whole-genome resequencing data of 200 genomes from

10 populations of four Ficedula flycatcher species for TEVs. In addi-

tion, we screened a three-generation pedigree of collared flycatchers

for TEVs and followed the inheritance of segregating variants. This

provides, to our knowledge, one of the first large-scale assessments

of TEVs segregating in natural populations of nonmodel species.

2 | MATERIALS AND METHODS

2.1 | Identification of flycatcher-specific repeats

We manually curated a de-novo prediction of repeats in the collared

flycatcher genome generated by RepeatModeler (version 1.0.5, Smit &

Hubley, 2010) using standard procedures for repeat consensus cura-

tion (Lavoie, Platt, Novick, Counterman, & Ray, 2013; Suh, Churakov

et al., 2015). This included MAFFT (version 6; Katoh & Toh, 2008) align-

ment of the 20 best BLASTN (Altschul, Gish, Miller, Myers, & Lipman,

1990) hits (with 2-kb flanks) per repeat candidate and manual curation

of majority-rule consensus sequences. Most repeat candidates had

been automatically classified as “unknown” by RepeatModeler. We

classified nearly all of these as LTR retrotransposons because their

curated consensus sequences had canonical 50-TG. . .CA-30 termini

(Wicker et al., 2007) and were flanked by target site duplications of

4 bp (endogenous retrovirus 1; ERV1), 6 bp (endogenous retrovirus K

or 2; ERVK or ERV2) or 5 bp (endogenous retrovirus L or 3; ERVL or
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ERV3; Kapitonov & Jurka, 2008). Finally, we compared the curated

consensus sequences (Data S1) to avian repeats from Repbase (Bao,

Kojima, & Kohany, 2015; mostly from chicken Gallus gallus and zebra

finch Taeniopygia guttata) in CENSOR (http://www.girinst.org/censor/

index.php) and named them following a nomenclature similar to the

one used for the zebra finch (Warren et al., 2010). Consensus

sequences with sequence similarity to known repeats across their

entire length in CENSOR were given the name of the known

repeat + suffix “_fAlb,” while consensus sequences with partial

sequence similarity to known repeats were named with the suffix “-

L_fAlb” (“L” denoting “like”). Consensus sequences with no significant

sequence similarity to known repeats were considered as belonging to

novel repeat families, which were named with the prefix “fAlb,” fol-

lowed by the respective superfamily name (e.g., new families

fAlbLTR1, fAlbLTRK1 and fAlbLTRL1; Table S1; Data S2 and S3). The

new CR1 subfamilies were classified (Figure S1) by alignment to Rep-

base CR1 subfamilies from chicken and zebra finch using MAFFT (Data

S4), followed by maximum-likelihood phylogenetic analysis using

RAxML (version 8.1.11, GTRCAT model, 1,000 bootstrap replicates;

Stamatakis, Hoover, & Rougemont, 2008) on the CIPRES Science

Gateway (Miller, Pfeiffer, & Schwartz, 2010).

2.2 | Generation of collared flycatcher TE landscapes

We merged the consensus sequences of the finalized repeat curation

and classification (Data S1; also deposited in Dfam_consensus,

http://dfam-consensus.org/) with all avian repeat consensus

sequences present in Repbase (mostly from chicken and zebra finch).

This custom library was used for annotation of the male collared

flycatcher reference genome fAlb15 (in-house version of FicAlb1.5;

Kawakami et al., 2014) and female collared flycatcher W chromo-

some sequence (Smeds et al., 2015) using RepeatMasker (version

4.0.1; Smit, Hubley, & Green, 1996–2010; parameters -a -xsmall -

gccalc). We then generated TE landscapes from the resultant .align

files as described elsewhere (Suh, Churakov et al., 2015). The male

reference individual was from Sweden (Gotland, Baltic Sea; B), and

the female used for W chromosome assembly was from Hungary

(H).

2.3 | TEV prediction in 200-flycatcher and pedigree
resequencing data

Using .bam files from whole-genome resequencing data (Burri et al.,

2015), we predicted TE insertions absent from the reference gen-

ome assembly (nonreference TEVs) from discordant read mapping

(Figure 1) against the fAlb15 reference using RetroSeq (version

1.41; Keane, Wong, & Adams, 2013). We chose RetroSeq over

other available TEV detection programs (reviewed in Rishishwar,

Mari~no-Ram�ırez, & Jordan, 2017) because it is, to our knowledge,

the most widely used program and was among the best performing

in human TEV benchmarking (Rishishwar et al., 2017) after MELT

(Gardner et al., 2017) and Mobster (Thung et al., 2014). TEV map-

ping was carried out for 200 resequenced Ficedula flycatchers

including 79 collared flycatchers from four populations [Italy (I),

Hungary (H), Czech Republic (CZ), and Sweden, Baltic Sea (B)], 79

pied flycatchers Ficedula hypoleuca also from four populations [Spain

(E), Sweden mainland (S), Czech Republic (CZ), and Sweden, Baltic

Sea (B)], 20 Atlas flycatchers Ficedula speculigera from Morocco, 20

semicollared flycatchers Ficedula semitorquata from Bulgaria, one

red-breasted flycatcher Ficedula parva from Sweden and one snowy-

browed flycatcher Ficedula hyperythra from Indonesia. It was also

carried out for an additional 11 resequenced collared flycatchers

from a three-generation pedigree (Smeds, Mugal, Qvarnstr€om, &

Ellegren, 2016). Discordant and split reads were identified by Retro-

Seq and mapped against our library of collared flycatcher repeat

consensus sequences (Data S1). We ran RetroSeq separately for

each individual and merged the resulting VCF (Danecek et al., 2011)

files of TEV calls into one for the 200-flycatcher data and one for

the pedigree data. Following recent observations of the basepair

accuracy of insertion site prediction by RetroSeq (H�enaff, Zapata,

Casacuberta, & Ossowski, 2015), we considered TE insertions of

copies from the same TE family detected in different individuals as

orthologous if their breakpoint predictions were within 100 bp of

each other.

We employed a series of very strict filters to make sure that

only the most confident TEV loci remained for downstream analy-

ses. (1) We excluded TEV loci from resequenced reads that

F IGURE 1 Schematic overview of TEV discovery from resequencing data. (a) A situation where the reference genome contains an empty
target site (white square; i.e., TEV absence) at a unique genomic locus, and a resequenced individual contains a TE insertion (red) flanked by a
duplicated target site (i.e., TEV presence), (b) mapping of resequencing reads against the reference will yield properly mapped read pairs (blue)
and discordant read pairs (orange) where one of the reads instead maps to a library of transposable elements consensus sequences [Colour
figure can be viewed at wileyonlinelibrary.com]
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overlapped with other fAlb15 reference repeats including 200-bp

flanks. The 200-bp flanks correspond to two times the read length,

which we consider necessary to minimize the number of false TEV

calls due to erroneous paired-end read mapping in a short-read

assembly. This filter is even more conservative than other studies

using RetroSeq (e.g., 100-bp flanks; Lammers, Gallus, Janke, & Nils-

son, 2017). For this step, we conducted fAlb15 repeat-masking with

the same input library as for the TE landscape analyses (i.e., fly-

catcher repeats + avian repeats from Repbase) but added a partially

curated library of hooded crow repeats (Vijay et al., 2016) to mask

as many potential repeat regions as possible; (2) We excluded TEV

loci that overlapped with fAlb15 reference tandem repeats. We ran

Tandem Repeats Finder (Benson et al., 2013) on a hard-masked ver-

sion of fAlb15 (RepeatMasker annotation masked as “N” nucleo-

tides) to maximize the masking of tandem repeats; (3) We excluded

TEV loci that overlapped with “N” assembly gaps including 200-bp

flanks (Lammers et al., 2017) and scaffold ends including 200-bp

flanks, as well as scaffolds smaller than 1 kb; (4) We excluded TEV

loci that overlapped with regions that remained unmapped in SAM-

tools mpileup (Li et al., 2009) when mapping resequencing data

from the reference individual against the fAlb15 reference assembly;

(5) Finally, we excluded TEV loci where none of the TEV calls

passed all internal RetroSeq filters (i.e., call status FL = 8; FL < 8

indicates calls which failed a particular filter: “1—depth too high in

region, 2—not enough reads in cluster, 3—not enough total flanking

reads, 4—not enough inconsistently mapped reads, 5—neither side

passes ratio test, 6—one side passes ratio test, 7—distance too

large at breakpoint”; Keane et al., 2013). The resultant filtered VCF

files contained 11,888 TEV loci in the 200-flycatcher data (Data S5)

and 713 TEV loci in the pedigree data (Data S6). The genomic loca-

tions of these TEVs were annotated using the collared flycatcher

ENSEMBL annotation as intergenic regions, introns, coding

sequences and untranslated regions.

2.4 | Comparison of TEV vs. SNP heterozygosities
and derived allele frequencies

Given that coverage in the resequencing data ranges from 5 to 279

among the 200 flycatcher genomes (Burri et al., 2015), we considered

the coverage too low to allow for reliable homozygous/heterozygous

TEV genotype calls in RetroSeq. TEVs were therefore treated as domi-

nant markers, that is, markers where homozygotes and heterozygotes

cannot be distinguished, as classically has been the case for data with

presence/absence alleles such as amplified fragment length polymor-

phisms (AFLPs; Excoffier & Heckel, 2006). As there is limited evidence

for inbreeding in collared flycatchers (Dutoit et al., 2017), we imputed

heterozygosity levels assuming Hardy–Weinberg equilibrium by letting

the frequency of absence calls be q2 in p2 + 2pq + q2 = 1. Addition-

ally, we imputed heterozygosities using the software AFLP-SURV (Veke-

mans, Beauwens, Lemaire, & Rold�an-Ruiz, 2002), which is based on a

Bayesian method with a nonuniform prior distribution (Zhivotovsky,

1999), under Hardy–Weinberg equilibrium or observed levels of

inbreeding (FIS = 0.004; Dutoit et al., 2017).

3 | RESULTS

3.1 | In-depth TE annotation of the collared
flycatcher genome

We conducted an in-depth annotation of repetitive elements in the

collared flycatcher reference genome assembly fAlb15 by combining

automated de-novo prediction of repetitive elements in RepeatMo-

deler, and manual curation and classification of repeat consensus

sequences. The manual curation was particularly important for iden-

tifying LTR retrotransposons (or their solo-LTRs) because RepeatMo-

deler automatically classified most of these as “unknown” TEs.

Following the general classification systems for TEs (Kapitonov &

Jurka, 2008; Wicker et al., 2007), we defined our manually curated

TE consensus sequences as TE subfamilies (Table S1). If these sub-

families exhibited sequence similarity to known TEs in CENSOR or

to other subfamilies from our annotation, we considered these to

belong to the same TE family (Table S1). TE subfamilies or groups of

similar TE subfamilies were then defined as novel TE families (prefix

“fAlb”; Table S1) if they had no significant sequence similarity to

known TE families in CENSOR. We identified a total of six satellite

repeat subfamilies (some of these LTR-derived) and 85 TE subfami-

lies, the latter grouping into five CR1 long interspersed element

(LINE) families (see Figure S1 for their phylogenetic relationships),

nine endogenous retrovirus 1 (ERV1) long-terminal repeat (LTR) fam-

ilies, 19 ERVK LTR families and 11 ERVL families (Table S1). Among

these, five ERV1 LTR families, 14 ERVK LTR families and four ERVL

LTR families (i.e., 23 in total) represented previously unknown fami-

lies (Figure S2).

In total, we identified 193,611 TEs or TE fragments in the collared

flycatcher genome assembly using RepeatMasker (Table 1), represent-

ing 5.5% of the genome (Table 1). Also including all forms of tandem

repeats, the total repeat content of the assembly was 11.7%.

3.2 | Timescale of TE activity in the collared
flycatcher genome

To estimate the relative timescales of activity of different repeat

families/subfamilies, we analysed the distribution of pairwise Kimura

2-parameter distance between TEs and their respective consensus

sequence, also called TE landscapes (Figure 2). For autosomal TEs,

we dated their approximate age of insertion using the estimated

mutation rate of collared flycatcher of 2.3 9 10�9 mutations per site

per year (Smeds, Qvarnstrom, & Ellegren, 2016). The dated TE land-

scape suggested that the vast majority of detectable TE sequences

are ancient, with most TE accumulation (especially CR1 retrotrans-

posons) occurring between 33 and 54 million years ago (MYA). Note

that there is an upper limit to how far back in time TE activity can

be reliably detected, as at some point mutations will have accumu-

lated such that sequences are beyond recognition as TEs. However,

the distribution of pairwise distances also suggested that there has

been TE activity all the way until in the very recent past, indicating

that TEs may segregate in contemporary populations. In fact, the
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extent of very recent TE activity is likely to be underestimated from

the occurrence of young TEs in genome assemblies due to issues

leading to collapsed or unassembled repeats.

Notably, over 90% of autosomal TE sequences presumably

younger than 11 MY (Figure 2; that is, <5% distance to consensus)

belonged to the group of LTR retrotransposons (mostly from the 23

novel LTR families; Figure S2). CR1 retrotransposons, the “typical”

TEs of bird genomes (Hillier et al., 2004; Kapusta & Suh, 2017; War-

ren et al., 2010; Zhang et al., 2014), only made up <10% of the bp

and underwent a decrease in accumulation towards present times;

very few CR1 retrotransposons accumulated within the last 5 MY.

The TE landscape of the Z sex chromosome was overall similar in

shape but with slightly higher TE densities. The female-specific W

chromosome had very high densities of retrovirus-like LTR retro-

transposons (Figure 2; cf. Smeds et al., 2015). The trend of relatively

recent replacement of CR1 activity by LTR activity was also visible

on the Z and W sex chromosomes (Figure 2, cf. Smeds et al., 2015).

We then compared the diversity of LTR retrotransposon families

among three bird lineages, collared flycatcher, zebra finch (both

belonging to Passeriformes, with an estimated divergence time of

21.2 MYA; Moyle et al., 2016) and chicken, by BLASTn searches of

the respective species’ LTR subfamilies against the other genomes

(Data S2 and S3). This showed that among the 23 LTR families

newly described from collared flycatcher, 14 families (comprising 33

subfamilies) were specific to the flycatcher lineage, while nine were

present in low copy numbers also in the zebra finch (and absent in

chicken) but not identified in previous repeat annotations of that

species. This corroborates the observation of recent LTR activity in

the flycatcher lineage. Reciprocally, 17 families (comprising 175 sub-

families) were specific to zebra finch (Figure 3).

3.3 | Abundance and diversity of TE presence/
absence variation (TEV)

Next, we used the in-depth repeat annotation of the fAlb15 assem-

bly as a reference for mapping of whole-genome resequencing data

from 200 Ficedula flycatcher genomes using RetroSeq (see Materials

and Methods). These were from 10 populations of four closely

related black-and-white flycatcher species (collared flycatcher, pied

flycatcher, semicollared flycatcher and Atlas flycatcher; divergence

time <1–2 MYA; Nater et al., 2015), plus single individuals from two

outgroup species (red-breasted flycatcher and snowy-browed fly-

catcher). We focused on identifying TEs present in any of the 200

genomes that were absent in the collared flycatcher genome assem-

bly (“nonreference TEVs”; see Figure 1), potentially representing TE

presence/absence variation (TEV). Given the challenge in confidently

distinguishing between homozygote and heterozygote TEV calls (see

Materials and Methods), it should be noted that “presence” means

“presence of one or two allelic copies.” We refrained from analysing

TEVs representing TE insertions present in the reference genome

assembly (“reference TEVs”) but absent in individuals from the rese-

quencing data. This was mainly because short-read assemblies (such

as collared flycatcher) typically contain many assembly gaps in TE

sequences, especially for copies belonging to young TE families,

which we assumed problematic for presence/absence mapping. Also,

and more generally, demonstrating the presence of a sequence in

resequencing data is more straightforward than proving its absence

(cf. below, concerning a dependence of coverage on the ability to

detect TE insertions).

After very stringent filtering of TEV calls predicted by RetroSeq

(Keane et al., 2013), we found a total of 11,888 TEV loci where the

TABLE 1 RepeatMasker annotation of the male fAlb15 assembly and the female W chromosome assembly from collared flycatcher using a
manually curated collared flycatcher repeat library merged with avian repeats from Repbase

Repeat type

Autosomes (fAlb15) Z chromosome (fAlb15) W chromosome

Copies Total bp Total % Copies Total bp Total % Copies Total bp Total %

SINE 6,722 790,514 0.07 392 45,132 0.07 20 2,037 0.03

LINE 113,197 30,879,733 2.94 8,515 3,782,019 5.50 1,105 567,451 8.09

LTR 47,428 19,986,049 1.90 5,136 2,681,766 3.90 5,621 2,746,777 39.15

DNA 3,121 471,889 0.04 143 23,400 0.03 3 592 0.01

Unclassified 2,112 359,824 0.03 95 15,555 0.02 1 78 0.00

Total interspersed repeats 172,580 52,488,009 4.98 14,281 6,547,872 9.52 6,750 3,316,935 47.28

Small RNA 494 48,005 0.00 29 2,136 0.00 9 956 0.01

Satellites 2,602 1,197,524 0.11 100 13,635 0.02 85 41,985 0.60

Simple repeats 306,888 61,255,371 5.84 20,348 3,589,682 5.22 815 43,628 0.62

Low complexity 47,533 2,728,128 0.26 3,505 197,242 0.29 159 16,382 0.23

Total tandem repeats 357,517 65,229,028 6.21 23,982 3,802,695 5.53 1,068 102,951 1.46

Total repeats 530,097 117,717,037 11.19 38,263 10,350,567 15.05 7,818 3,419,886 48.74

Assembly 1,047,509,136 68,824,682 7,015,564

Gap (“N”) bp 13,281,900 718,894 86,899

Repeat copy numbers and total basepairs were taken from the RepeatMasker .tbl file where copy numbers are estimated after merging repeat fragments

derived from the same insertion event. Note that the collared flycatcher assembly is based on short reads, and repeat copy numbers may be overesti-

mated for young TEs interrupted by assembly gaps.
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TE insertion was absent from the collared flycatcher assembly. Of

these TEVs, 10,211 segregated within or among the four black-and-

white species (see further below; Figure S3, Data S5). Most TEVs

belonged to eight different LTR families, notably from all three major

groups of endogenous retroviruses ERV1, ERVK and ERVL (Table 2).

The finding of >10,000 polymorphic TEs among four closely related

flycatcher species provides evidence for significant TE activity in the

recent past in this avian lineage and means that TE insertions can

potentially have played a role in recent trait evolution. We analysed

the distribution TEs in relation to other genomic features and,

assuming a random distribution in the genome, found a slight over-

representation in intergenic regions (ratio of observed number to

expected number = 1.12; 95% confidence interval: 1.11–1.13) and a

slight underrepresentation in introns (0.82; 0.80–0.83), potentially

indicating that TE insertions on average have a somewhat more

deleterious effect in introns than in intergenic regions. Moreover, an

overall deleterious effect on coding sequence was quite evident

from a strong underrepresentation in this sequence category (0.22;

0.18–0.28), and a similar effect was also seen for untranslated

regions (0.63; 0.54–0.71; Table S2).

Phylogenetic network analysis (Huson, 1998) of population-

pooled TEVs recapitulated the phylogenetic relationships among the

four black-and-white Ficedula flycatcher species given by analyses of

genome-wide sequence data (Nater et al., 2015; Figure S4). These

relationships included detection of the collared/pied/Atlas flycatcher

clade, the pied/Atlas flycatcher clade and the divergence of Spanish

pied flycatchers from the remaining pied flycatcher populations

(Nater et al., 2015). Furthermore, the distribution and extent of

reticulations within the phylogenetic network were in agreement

with the previously noted high prevalence of phylogenetic discor-

dance due to incomplete lineage sorting at the base of this rapid

four-species radiation (Nater et al., 2015). This demonstrates that

TEVs, at least in these species, behave in a similar way to nucleotide

sequence polymorphisms in terms of how they segregate within and

between species. However, we note that as our analysis is based on

nonreference TEVs, the amount of phylogenetically concordant TEVs

may be underestimated for collared flycatchers.

For the species with population samples, we identified between

13 and 630 TEVs per individual. Importantly, both within each of

these species and for all species taken together, there was a strong

positive relationship between genomic sequence coverage and num-

ber of TEVs detected per individual (Figure 4). A near-linear increase

in the number of TEVs was apparent across the whole range of

sequence coverage, from 29 to 279 (Table S3).

Not surprisingly given the observed relationship between cover-

age and TEV detection, we found the largest number of TEVs in the

population with the highest mean sequencing coverage (Atlas fly-

catcher, n = 20 individuals, 2,446 TEVs, mean coverage = 20.99;

Table 3) and the lowest numbers in the two populations with the

lowest coverage (Spanish collared flycatcher, n = 20 individuals,

1,489 TEVs, mean coverage = 13.09; Baltic Sea collared flycatcher,

n = 19 individuals, 1,561 TEVs, mean coverage = 12.99). However,

as the total number of sampled individuals was much higher for

F IGURE 2 Transposable element (TE) landscapes of collared
flycatcher autosomes, and the Z and W sex chromosomes.
Approximate ages of TE insertions were calculated by dividing the
Kimura 2-parameter (K2P) distance by two times the mutation rate
of collared flycatcher, namely 2.3 9 10�9 mutations per site per
year (Smeds, Qvarnstrom et al., 2016). The age distributions suggest
dominance of LTR retrotransposon activity within the last 22 MY
(i.e., 0-10% K2P distance) [Colour figure can be viewed at
wileyonlinelibrary.com]
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collared flycatcher and pied flycatcher (n = 79 for both species) than

for Atlas flycatcher and semicollared flycatcher (n = 20 for both), the

total number of TEVs per species was highest in collared flycatchers

(4,161 TEVs, 5.6 TEVs/Mb) and in pied flycatchers (3,806 TEVs, 5.1

TEVs/Mb). There was a high degree of TEVs shared among the sam-

pled ingroup species (Figure 5a), confirming that lineage sorting of

ancestral genetic variation is still incomplete in this recent species

radiation.

The observed number of TEVs per individual corresponded to an

average density of one TEV every 1.5–2.5 Mb in flycatcher genomes

(Table 3). Per population sample of 19–20 individuals, the density

was one every 0.3–0.5 Mb. To quantify levels of polymorphism per

locus, we treated TEVs as dominant markers (i.e., where the pres-

ence or absence of an allele is scored similar to, for example, AFLPs;

Excoffier & Heckel, 2006) and imputed heterozygosity and derived

allele frequency under Hardy–Weinberg equilibrium from the fre-

quency of absence calls for each of the sampled flycatcher popula-

tions (Figure S5, Table 4). Mean heterozygosity per population was

between 0.12 and 0.16, and the mean derived allele frequency

between 0.09 and 0.15 (Table 4). We obtained similar heterozygosity

estimates when using a Bayesian method with nonuniform prior dis-

tribution (Zhivotovsky, 1999) (Table S4), and this was the case irre-

spective of assuming Hardy–Weinberg equilibrium or taking

inbreeding into account. Indeed, inbreeding levels in flycatcher popu-

lations are low (FIS = 0.004; Dutoit et al., 2017; Table S4). When we

limited diversity estimation to only include individuals with >159

genomic coverage (Table 4), estimates of heterozygosity as well as

derived allele frequency were on average slightly higher than when

using the full data set. This is not unexpected given the observed

relationship between coverage and ability to detect TEVs. The allele

frequency spectrum indicated that about half of all TEVs were pri-

vate, that is, present in only a single individual (Figure S5b). On top

of the overall challenges in population genetic analysis of dominant

markers, it is difficult to compare these diversity estimates with data

from SNPs due to the very different procedures and protocols for

genotyping. However, the results were largely in agreement with

previous SNP data from the same flycatcher populations, which

show similar polymorphism levels and allele frequency spectra (Burri

et al., 2015; Dutoit et al., 2017).

We attempted to infer the timescales of retrotransposition events

leading to TEVs within and among Ficedula flycatchers by parsimony-

based mapping of TEVs on the phylogenetic tree of the sampled popu-

lations and species. This revealed frequent retrotransposition across

initial (representing TEVs shared among two or more species), shallow

(TEVs shared among two or more populations within species), as well

as terminal (species- or population-specific TEVs) branches of the phy-

logeny (Figure 5b). Given the rapid divergence of these species, and

limited differentiation among populations within species, sequencing

F IGURE 3 Emergence of novel LTR retrotransposon families (FA) and subfamilies (SF) in the three avian genomes with manually curated TE
annotations. The divergence estimates are based on timetrees of major avian taxa (Jarvis et al., 2014) and passerines (Moyle et al., 2016). Each LTR
family is defined as a group of similar LTR subfamilies with no sequence similarity to LTR subfamilies from a different LTR family. For details on the
distribution of LTR families and subfamilies across the three genomes, see Data S2 and S3 [Colour figure can be viewed at wileyonlinelibrary.com]

TABLE 2 Number of polymorphic TE insertions (TEVs) from the
10 most abundant TE families in 200 flycatcher genomes and the
number of segregating insertions traced across a three-generation
pedigree of collared flycatchers

TE family
TE
classification

Number of
population
samples

Number traced
across pedigree

TguERVL2a2_LTR LTR/ERV3 2,993 120

fAlbLTRK12 LTR/ERV2 2,809 86

fAlbLTRK10 LTR/ERV2 2,169 60

TguLTRL1b LTR/ERV3 1,666 74

TguLTR13c LTR/ERV1 794 14

fAlbLTRL3 LTR/ERV3 440 12

TguLTRK3d LTR/ERV2 310 7

fAlbLTRL1 LTR/ERV3 102 2

CR1-E LINE/CR1 82 18

TguLTRL2a8 LTR/ERV3 63 1

SUH ET AL. | 105



F IGURE 4 Number of TEVs plotted against mean genomic coverage of the 200 resequenced flycatchers. Shown are (a) all 200 sampled
individuals, (b) 79 collared flycatchers, (c) 79 pied flycatchers, (d) 20 Atlas flycatchers and (e) 20 semicollared flycatchers. Note the two outliers in
panel A, which are the outgroups red-breasted flycatcher (1,176 TEVs, 13.59 mean coverage) and snowy-browed flycatcher (689 TEVs, 7.89
mean coverage)

TABLE 3 Distribution of TEVs across the sampled species and populations

Collared Pied

Atlas Semicollared
Red-
breasted

Snowy-
browed AllH CZ I B CZ E B S

Number of

individuals

20 20 20 19 20 20 19 20 20 20 1 1 200

Mean coverage 13.4 15.0 13.9 15.8 14.4 13.0 12.9 16.0 20.9 12.3 13.5 7.8 16.1

SD of coverage 3.7 3.5 3.8 4.8 3.4 4.7 3.5 4.6 3.4 3.8 N/A N/A 4.5

Mean number of

TEVs/individual

281 297 299 314 366 304 318 422 542 298 1,176 689 350

SD of number of

TEVs/individual

88 113 80 92 88 89 132 74 49 139 N/A N/A 138

Total number of

TEVs/population

1,821 1,885 1,775 1,610 1,610 1,489 1,561 1,881 2,446 1,452 N/A N/A 11,888

Number of

TEVs/Mb/

individual

0.4 0.4 0.4 0.4 0.5 0.4 0.4 0.6 0.7 0.4 1.6 0.9 0.5

Number of

TEVs/Mb/

population

2.4 2.5 2.4 2.2 2.2 2.0 2.1 2.5 3.3 1.9 N/A N/A 15.9

SD, standard deviation.

The TEV data come from 747 Mb of the genome remaining after filtering (see Material and Methods). Collared flycatcher populations are Italy (I), Hun-

gary (H), Czech Republic (CZ) and Sweden Baltic Sea (B); pied flycatcher populations are Spain (E), Sweden mainland (S), Czech Republic (CZ) and Swe-

den Baltic Sea (B).
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of additional samples would likely move some insertion events further

back on the phylogeny. The highest number of insertion events

(1,871) mapped to the Atlas flycatcher lineage, consistent with the

highest number of TEVs seen in this species. This was mostly due to

higher numbers of TEVs from two LTR families, namely TguERV-

L2a2_LTR and TguLTRL1b (Data S5).

3.4 | Verification of TEVs via a three-generation
pedigree

We finally sought to validate TEVs and confirm stable Mendelian

inheritance by tracing the segregation of TEVs across a three-gen-

eration pedigree of collared flycatchers (sequenced to 36–459 cov-

erage; Smeds, Mugal et al., 2016) consisting of paternal and

maternal grandparents (i.e., four individuals in the P generation),

mother and father (two F1 individuals) and five full-siblings (F2 indi-

viduals; Figure S6a). We identified 713 nonreference TEVs in the

pedigree (Data S6) and most of these belonged to the eight most

common TEV families identified in the 200-genomes data set

(Table 2). For most of the 96% (686) pedigree-concordant TEVs, the

observed pattern was either consistent with stable inheritance across

all three generations of the pedigree and in concordance with it

(417 TEVs, Table S5), or constituted insertions present in the P gen-

eration that were not transmitted to the F1 generation (248 TEVs;

this is not unexpected if they represent P heterozygotes). Moreover,

to directly be able to follow the inheritance of heterozygous loci, we

focused on TEVs present in one P and one F1 individual, as these

markers should be very strong candidates for heterozygosity in the

F1 generation. We then followed their inheritance to the F2 genera-

tion and estimated the binomial probabilities of inheriting TEV pres-

ence in zero to five F2 individuals. The observed and expected

distributions were very similar (Table S6). Overall, this suggests a

low rate of false positives in the pipeline used for TEV detection and

filtering in this study.

Furthermore, the pedigree information permitted us to estimate

a minimum false-negative rate from those TEVs present in one or

more individuals in a fashion that disagreed with the pedigree. We

found 27 TEVs where a missing TEV presence call would explain the

observed TEV call distribution across the pedigree, which would

translate into a minimum rate of 3.8% false negatives (Table S5, Fig-

ure S6). Another 14 TEVs were either false negatives (in which case

the overall false negative would be 5.8%) or constituted de-novo

F IGURE 5 Distribution of 11,888 TEVs across Ficedula flycatcher species and populations. (a) Venn diagram of species-level distributions of
TEVs present only in the ingroup. (b) Number of retrotransposition events per lineage inferred from TEVs parsimoniously mapped on the
population-level phylogeny of Burri et al. (2015). Grey dashed lines indicate the phylogenetic position of the two outgroups (cf. Moyle, Hosner,
Jones, & Outlaw, 2015). Collared flycatcher populations are Italy (I), Hungary (H), Czech Republic (CZ) and Sweden Baltic Sea (B); pied
flycatcher populations are Spain (E), Sweden mainland (S), Czech Republic (CZ) and Sweden Baltic Sea (B) [Colour figure can be viewed at
wileyonlinelibrary.com]

TABLE 4 Mean heterozygosity (h) and
derived allele frequency (daf) estimates of
TEVs from ten populations of Ficedula
flycatchers using all ingroup individuals
(n = 198) or only those with >159
genomic coverage (n = 87; Table S3)

Population

Collared Pied

Atlas SemicollaredH CZ I B CZ E B S

h (all) 0.12 0.13 0.13 0.15 0.16 0.15 0.16 0.15 0.14 0.16

0.06 0.07

h (>15x) 0.10 0.13 0.14 0.27

daf (all) 0.09 0.09 0.10 0.12 0.14 0.13 0.12 0.15 0.15 0.12

0.04 0.06

daf (>15x) 0.08 0.12 0.15 0.27
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retrotransposition events (mutations) in the pedigree (Table S5,

Figure S6).

4 | DISCUSSION

Our in-depth annotation of repeats in the collared flycatcher refer-

ence genome assembly permitted a detailed investigation of both

ancient and recent TE activities. Transposition in the last 33 MY of

the flycatcher lineage was characterized by LINE and LTR retrotrans-

position, but with virtually no activity of SINEs or DNA transposons,

and an increased dominance of LTR activity over CR1 LINE activity

within the last 11 MY (Figure 2; i.e., 0–5% distance to consensus).

The highest TE activity occurred 33–54 MYA and then declined. The

recent LTR dominance in the flycatcher lineage is very similar to the

situation seen in the zebra finch lineage (Kapusta & Suh, 2017) but

must have evolved largely independently as the flycatcher and zebra

finch lineages are estimated to have diverged 21 MYA (Moyle et al.,

2016). In line with this, both the flycatcher and the zebra finch lin-

eages exhibit a high diversity of novel, retrovirus-like LTR retrotrans-

posons, which are specific to each of the two lineages (Figure 3).

With in-depth repeat annotations from only two songbird lineages, it

is of course difficult to generalize from these observations, but we

hypothesize that songbirds in general are frequently exposed to

germline infiltration by retroviruses. If so, the vast majority of song-

bird retrovirus diversity might yet await discovery.

This genome-scale study provides novel insights into how recent

transposition activity in an avian lineage sets the stage for a rich

source of structural variation within species as well as between clo-

sely related species. We consider the identification of 11,888 non-

reference TEVs from 200 flycatcher genomes to be a conservative

estimate for the amount of TE-derived structural variation in this

sample, mainly because we only analysed nonreference TEVs. Refer-

ence TEVs likely constitute an additional source of TEVs in the sam-

ple but were not analysed due to methodological challenges.

Furthermore, we required the TEV loci to have >200-bp distance to

assembly gaps and repeats in the collared flycatcher reference (thus

excluding 369 Mb or 33% of the reference genome) and filtered

TEVs for call quality more conservatively than originally proposed

for the RetroSeq program (Keane et al., 2013). Finally, we note that

the ability to detect nonreference TEVs in resequencing data was

highly sensitive to coverage. Confidently scoring the full breadth of

TEVs present in an individual is likely to require >309 of genomic

coverage, at least with the present pipeline for scoring TEVs. This is

consistent with recent observations from human TEV benchmarking

(Rishishwar et al., 2017).

We independently verified TEV calls by tracing 713 TEVs across

a three-generation pedigree of collared flycatchers. Only 3.8% of

these TEVs were inconsistent with the pedigree (Figure S6), and 425

TEVs were traced across all three generations, suggesting that false

negatives and false positives did not significantly contribute to the

observed patterns of TEV abundance and diversity. This is further

supported by inheritance patterns of putatively heterozygous TEVs

from the F1 generation to the five F2 individuals (Table S6). Further-

more, population-pooled analysis of the 11,888 TEVs as phyloge-

netic markers (Figure S4) recapitulated the phylogenetic relationships

among the flycatcher species and populations (Burri et al., 2015),

including the previously noted high degree of phylogenetic discor-

dance in the deepest branching event between the four Ficedula

species (Nater et al., 2015).

Importantly, our data highlight the potential importance of TEs in

adaptation and speciation in birds. First, the high LTR retrotrans-

poson activity during the last 20–30 MY in the lineage leading to fly-

catcher (as well as in the independent lineage leading to zebra finch)

suggests that LTR insertions might have influenced the evolution of

many traits. Second, the frequent occurrence of polymorphic TEs

among and within contemporary flycatcher species may very well

imply that TEVs have contributed to recent speciation events and

currently contribute to fitness variation among individuals. These

observations therefore suggest that genome scans aimed at identifi-

cation of loci or genomic regions involved in speciation and adapta-

tion need to integrate screening for TEVs in candidate regions.

Few thoroughly repeat-annotated genomes are available for

birds. The only in-depth genome annotations that so far are compa-

rable to our manually curated collared flycatcher repeat annotation

are for chicken (Hillier et al., 2004) and zebra finch (Warren et al.,

2010). The high diversity of newly discovered retrovirus-like LTR

families in collared flycatcher, most of which are lineage-specific,

suggests a high and yet largely unexplored diversity of songbird-

infecting retroviruses. We note that this unusual diversity of retro-

viruses coincides with the massive diversification of songbirds into

thousands of species. Future research on population dynamics of

retrovirus-like TEs will likely reveal the extent to which arms races

with these genomic parasites impacted the population and species

differentiation of songbirds. Additionally, our population-scale TEV

data pave the way to elucidate how TEVs contributed to phenotypic

variation through their manifold effects on transcriptional regulation,

3D genome folding and chromosomal stability.
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