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Abstract

Recombination rate is heterogeneous across the genome of various species and so are

genetic diversity and differentiation as a consequence of linked selection. However,

we still lack a clear picture of the underlying mechanisms for regulating recombination.

Here we estimated fine-scale population recombination rate based on the patterns of

linkage disequilibrium across the genomes of multiple populations of two closely

related flycatcher species (Ficedula albicollis and F. hypoleuca). This revealed an overall

conservation of the recombination landscape between these species at the scale of

200 kb, but we also identified differences in the local rate of recombination despite

their recent divergence (<1 million years). Genetic diversity and differentiation were

associated with recombination rate in a lineage-specific manner, indicating differences

in the extent of linked selection between species. We detected 400–3,085 recombina-

tion hotspots per population. Location of hotspots was conserved between species,

but the intensity of hotspot activity varied between species. Recombination hotspots

were primarily associated with CpG islands (CGIs), regardless of whether CGIs were at

promoter regions or away from genes. Recombination hotspots were also associated

with specific transposable elements (TEs), but this association appears indirect due to

shared preferences of the transposition machinery and the recombination machinery

for accessible open chromatin regions. Our results suggest that CGIs are a major

determinant of the localization of recombination hotspots, and we propose that both

the distribution of TEs and fine-scale variation in recombination rate may be associ-

ated with the evolution of the epigenetic landscape.
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1 | INTRODUCTION

Meiotic recombination plays multiple important roles in DNA

sequence evolution, genome integrity and the process of speciation.
*These authors contributed equally to this study.
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In the context of population genetics, meiotic recombination con-

tributes to patterns of genomic diversity by shuffling alleles on dif-

ferent haplotypes. This can be a double-edged sword because

recombination can not only create novel and potentially advanta-

geous combinations of alleles but can also break up existing advanta-

geous ones. In addition, recombination influences the efficacy of

selection at neighbouring sites along a chromosome (i.e., Hill-Robert-

son interference) (Hill & Robertson, 1966). Moreover, recombination

together with the density of targets for selection influences genome-

wide variation in genetic diversity via the process of linked selection

(Cutter & Payseur, 2013). Both selective sweeps and background

selection reduce genetic variation at neutral sites linked to those

under natural selection, which manifests as a locally reduced effec-

tive population size (Ne). This association between the rate of recom-

bination and local Ne in turn leads to locally accelerated lineage

sorting during the process of speciation in regions of low recombina-

tion (Charlesworth, 2009). Therefore, meiotic recombination has

been suggested to play an important role in shaping the differentia-

tion landscape and linked selection can be seen as a null model in

explaining the existence of islands of differentiation (Cruickshank &

Hahn, 2014; Wolf & Ellegren, 2017).

Recombination can also affect local nucleotide composition by the

process called GC-biased gene conversion (gBGC) (Duret & Galtier,

2009). gBGC is associated with meiotic recombination and leads to

the preferential fixation of “strong” bases (G and C) over “weak” bases

(A and T). Although this bias is not very strong, gBGC gradually estab-

lishes a positive correlation between GC content and recombination

rate over time (Backstr€om et al., 2010; Birdsell, 2002; Duret & Arndt,

2008). Recombination may further impact genomic stability by intro-

ducing point mutations and structural rearrangements via nonallelic

homologous recombination (Sasaki, Lange, & Keeney, 2010; Strathern,

Shafer, & McGill, 1995). Moreover, distribution of transposable ele-

ments (TEs) is associated with variation in recombination rate due to

effective elimination of deleterious TE insertions at high recombina-

tion regions and/or suppression of recombination via epigenetic regu-

lation of TE activities (Dolgin & Charlesworth, 2008; Rizzon, Marais,

Gouy, & Biemont, 2002). However, several studies suggested a posi-

tive association between recombination and insertions of several TE

families because of their integration site preferences (Baller, Gao, &

Voytas, 2011; Liu et al., 2009; Yoshida et al., 2017), indicating com-

plex interaction between recombination and TE distribution.

Studies in rodents and primates have shown that recombination is

genetically regulated by localizing recombination-initiating DNA dou-

ble-strand breaks (DSBs) to small regions of the genome, known as

“recombination hotspots,” where recombination rate is 100- to 1,000-

fold higher than the genomic average (Baudat, Imai, & de Massy, 2013;

Paigen & Petkov, 2010). These recombination hotspots are usually less

than a few kilobases (kb) long and contain degenerate DNA sequence

motifs of 7–13 nucleotides, which are recognized by the zinc finger

protein PR domain-containing 9 (PRDM9) (Myers et al., 2010; Par-

vanov, Petkov, & Paigen, 2010). However, many nonmammalian spe-

cies, such as birds, plants and yeasts, lack PRDM9 but still show highly

variable rates of recombination across the genome with distinct

recombination hotspots (Choi et al., 2013; Pan et al., 2011; Singhal

et al., 2015; Smeds, Mugal, Qvarnstr€om, & Ellegren, 2016). In addition,

dogs, where PRDM9 was pseudogenized, still show hotspots (Auton

et al., 2013; Axelsson et al., 2012; Berglund, Quilez, Arndt, & Webster,

2015). In these species, recombination hotspots tend to coincide with

genomic features, such as regions in the proximity of transcription

start sites (TSSs) and transcription termination sites (TTSs). It has been

suggested that colocalization of recombination hotspots with tran-

scription initiation contributes to an evolutionary stable recombination

landscape (Axelsson et al., 2012; Lam & Keeney, 2015; Singhal et al.,

2015). However, it is not clear whether transcriptional activity per se or

underlying genomic features that are associated with promoter regions,

such as CpG islands (CGIs), are responsible for this colocalization.

Studies of ecological adaptation often use multiple pairs of popula-

tions in ecologically distinct habitats (e.g., Fraser, Kunstner, Reznick,

Dreyer, & Weigel, 2015; Hohenlohe et al., 2010; Westram et al.,

2014), and shared patterns of elevated genetic differentiation along a

chromosome are often considered as a signature of parallel evolution.

However, because of the potential influence of recombination rate

variation on several population genetics statistics (e.g., nucleotide

diversity [p] and genetic differentiation [FST]) via the effect of linked

selection, conserved patterns of recombination rate variation can lead

to concerted evolution of diversity and differentiation landscapes inde-

pendently of ecological selection (Burri et al., 2015; Roesti, Hendry,

Salzburger, & Berner, 2012; Van Doren et al., 2017; Vijay et al., 2017).

On the other hand, changes of the recombination landscape can affect

the pattern of genetic diversity in a given lineage, mimicking evidence

of lineage-specific adaptation. For proper inferences of patterns of

genetic diversity, it is therefore important to characterize variation in

recombination rate for each population or species under study.

Using linkage map data, we have previously documented hetero-

geneity in the rate of recombination across the genome of collared

flycatcher (Ficedula albicollis) at the resolution of 200-kb windows

(Kawakami et al., 2014). The precision of pedigree-based recombina-

tion rate estimates (hereafter referred to as pedigree recombination

rate) is dependent on the number of meiotic crossovers in a given

pedigree, and, as a result, there were regions with insufficient resolu-

tion in our previous study, particularly at the centre of chromosomes

where crossovers rarely occurred. To gain a better insight into varia-

tion in recombination rate in avian genomes, we here estimate the

population-scaled recombination rate (q) based on whole-genome

patterns of linkage disequilibrium (hereafter referred to as LD recom-

bination rate) in multiple populations of two closely related species

of Old World flycatchers, collared flycatcher and pied flycatcher

(F. hypoleuca). These two species are estimated to have diverged <1

million years ago with speciation essentially completed, although

occasional hybridization still occur (Nadachowska-Brzyska, Burri,

Smeds, & Ellegren, 2016; Nadachowska-Brzyska et al., 2013; Nater,

Burri, Kawakami, Smeds, & Ellegren, 2015; Wiley, Qvarnstrom,

Andersson, Borge, & Saetre, 2009). LD and pedigree recombination

rate estimates describe two different timescales of recombination

activity. The LD recombination map reflects cumulative events of

recombination for hundreds of thousands of generations (Auton &
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McVean, 2012; Chan, Jenkins, & Song, 2012). In contrast, the pedi-

gree recombination map reflects the per-generation recombination

rate observed in a given pedigree. Therefore, LD recombination rate

estimates of the two flycatchers do not only allow us to characterize

variation in recombination rate and its regulation at much higher res-

olution than before but also to analyse the conservation of the

recombination landscape and the location of hotspots among popula-

tions and species at multiple evolutionary timescales. As the hetero-

geneous landscape of differentiation in Ficedula flycatchers seems

mainly to be the result of the extent of linked selection (Burri et al.,

2015), species-specific estimates of recombination rate further make

it possible to study the impact of changes in the recombination land-

scape on differentiation.

2 | MATERIALS AND METHODS

2.1 | Samples and SNP selection

We used whole-genome sequences of 77 collared flycatchers from

Italy (n = 19), Hungary (n = 20), Czech Republic (n = 19) and on the

Baltic Sea island €Oland in Sweden (n = 19), and 72 pied flycatchers

from Spain (n = 15), Czech Republic (n = 20), mainland Sweden

(n = 20) and on €Oland (n = 17) (Burri et al., 2015). We also used six

additional samples of collared flycatcher collected from the Baltic pop-

ulation, leading to a total of 83 samples of collared flycatcher (sample

Accession nos.: u006, u012, u016, u017 and u117). Detailed informa-

tion about whole-genome sequencing and sequence analysis is

described in Burri et al. (2015). Briefly, sequence reads obtained by

Illumina HiSeq2000 were mapped to a repeat-masked version of the

FicAlb1.5 reference genome of collared flycatcher (Ellegren et al.,

2012), at a mean coverage of 14.7 � 4.59, to identify SNPs for each

population. Of 50,005,568 SNPs initially identified over all the sam-

ples, we selected 10,286,186 and 7,111,155 high-quality SNPs in col-

lared flycatcher and pied flycatcher, respectively, by applying the

following filters: (i) SNPs with more than two alleles were removed; (ii)

individual genotypes with read coverage <5 or >50 were masked and

treated as missing genotypes; (iii) SNPs that were genotyped for <90%

of individuals per species after applying the second filter were

removed; (iv) SNPs with a minor allele frequency (MAF) per population

< 2% were removed to exclude singletons; and (v) SNPs on the Z chro-

mosome that were scored as heterozygotes for at least one female

were removed. Haplotypes of these SNPs were inferred for each spe-

cies separately by FASTPHASE (Scheet & Stephens, 2006) using default

parameters except for the maximum number of EM iteration that was

set to 50. The subpopulation option was used to specify four popula-

tions within species. Five, 10 and 15 clusters of haplotypes were con-

sidered for determining the number of haplotype clusters.

2.2 | Estimation of population recombination rate

LD recombination rate q (q = 4Ner, where Ne denotes the effective

population size, and r denotes the recombination rate) was estimated

using LDhelmet (Chan et al., 2012). This program uses a coalescent-

based, reversible-jump Markov chain Monte Carlo (rjMCMC) simula-

tion to infer historical, sex-averaged recombination rate based on

the patterns of LD between pairs of SNPs. To improve the accuracy

of coalescent simulations, the program takes into account ancestral

allele frequencies and a nucleotide substitution model for inferring

ancestral recombination events while allowing for mutations along

the branches of coalescent trees. To compute frequencies of ances-

tral alleles, we polarized the SNP data of the collared flycatcher and

pied flycatcher populations based on an ancestral flycatcher refer-

ence genome. The ancestral genome was reconstructed using in-

group samples from four populations of collared flycatcher, four pop-

ulations of pied flycatcher and one individual from each of the two

out-group species, red-breasted flycatcher (F. parva) and snowy-bro-

wed flycatcher (F. hyperythra) (Burri et al., 2015). We only consid-

ered sites that had a minimum variant quality of 15 and minimum

mean mapping quality of 20. In addition, we requested a minimum

coverage of 39 per site in at least five individuals per population of

the in-group species and one individual of each out-group species.

The ancestral state was called when at least two of the three groups

(in-group species, red-breasted flycatcher and snowy-browed fly-

catcher) were monomorphic for a given allele. For the polarization of

SNPs, we requested a minimum read coverage of 59 and a maxi-

mum of 509 in at least 18 individuals per population in at least one

population. The prior probability for the inferred ancestral allele was

set as 0.97 while prior probabilities of the other three alleles were

set as 0.01. For collared flycatcher and pied flycatcher, 25% and

21% of variable sites, respectively, were polarized in this way,

whereas prior probabilities at the remaining variable sites were set

as 0.25 for each nucleotide. We used the following nucleotide sub-

stitution matrix with columns and rows ordered as A, C, G and T,

previously established from molecular evolutionary analysis of

chicken intergenic regions (Mugal, Arndt, & Ellegren, 2013).

0:1125 0:1478 0:5654 0:1743
0:2061 0:0000 0:1939 0:5999
0:5999 0:1939 0:0000 0:2061
0:1743 0:5654 0:1478 0:1125

2
664

3
775

We ran five independent rjMCMC simulations for each population

with each run for 2,000,000 iterations after 200,000 iterations of

burn-in. Estimated LD recombination rate was averaged over the five

runs. Based on the results of simulation analysis (Text S1, Figure S1

Supporting Information), we used a block penalty of 10 to minimize

overfit while maintaining resolution of variation in recombination rate.

To characterize variation in recombination rate across genomes,

we calculated weighted average of the LD recombination rate in

200-kb windows by taking the number of SNPs into account. Fol-

lowing a previous approach (Auton et al., 2012), the estimated LD

recombination rate (q = 4Ner) in a given window was converted into

the unit of per-generation recombination rate (cM/Mb) by dividing it

by genomewide Ne. The genomewide Ne was estimated for each

population separately by regressing q to the pedigree recombination

rate of collared flycatcher in 200 kb (Kawakami et al., 2014). Follow-

ing Auton et al. (2012), robust linear regression was used (without
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intercept) to obtain the gradient of the fitted line between these

two recombination rates. Using this approach, we estimated geno-

mewide Ne for four populations of collared flycatcher (Baltic: 52,500,

Czech: 142,040, Hungary: 154,109 and Italy: 156,129) and four pop-

ulations of pied flycatcher (Baltic: 159,103, Czech: 119,910, Sweden:

160,521 and Spain: 125,909). Correlation analyses between popula-

tion-specific and species-specific estimates of LD recombination rate

were performed after applying log-transformation to normalize the

data. Nucleotide diversity (p), genetic differentiation (FST) and popu-

lation branch statistics (PBS), reported in Burri et al. (2015), were

also log-transformed for correlation analysis with LD recombination

rate. Because of the short branch lengths within species relative to

the branch lengths between species, PBS for Italian population of

collared flycatcher and Spanish population of pied flycatcher were

used as representatives of respective species.

To evaluate sensitivity and specificity of detecting recombination

hotspots, we used the program MaCS (Chen, Marjoram, & Wall, 2009)

to simulate sequences of 200 kb with various combinations of effec-

tive population size, background recombination rate, the number of

haplotypes and hotspot intensity and width (Text S1, Supporting Infor-

mation). Based on the results of these simulations (Table S1, Support-

ing Information), recombination hotspots were called if given pairs of

SNPs had at least 10 times higher recombination rate than the mean

recombination rate of each surrounding 200-kb window, and the

width was at least 750 bp from the beginning to the end of hotspots.

Recombination hotspots were not called in windows with low SNP

density (<1 SNP/kb). LDhelmet occasionally infers narrow spikes with

unusually high q, which is likely to be a spurious artefact of the

rjMCMC procedure (Chan et al., 2012). To distinguish between spuri-

ous peaks and true recombination hotspots, we only called recombina-

tion hotspots that were detected in all five independent rjMCMC runs.

2.3 | Strength of gBGC

Preferential fixation of “strong” bases (S) over “weak” bases (W) by

gBGC leaves footprints mimicking directional selection by skewing the

site frequency spectrum at sites with S-W polymorphisms (Duret &

Galtier, 2009; Glemin et al., 2015; Mugal, Weber, & Ellegren, 2015).

Based on the expected allele frequency shifts at recombination hot-

spots, we quantified the intensity of recombination at recombination

hotspots by using a variant of Fay & Wu’s H (Fay & Wu, 2000), which

we refer to as HgBGC. Fay & Wu’s H is a measure of deviations from

the expected site frequency spectrum under a model of neutral molec-

ular evolution. We defined HgBGC as HW-to-S – HS-to-W, where HW-to-S

was calculated for W-to-S polymorphisms and HS-to-W for S-to-W

polymorphism. This should give a quantitative measure of the strength

of gBGC, with negative values of HgBGC indicating regions under

strong influence of gBGC (i.e., high recombination activity).

2.4 | Motif identification

We used HOMER 4.2 (Heinz et al., 2010) and MEME suite 4.11.1 (Bailey,

Johnson, Grant, & Noble, 2015) to discover sequence motifs

associated with recombination hotspots. In the HOMER de novo motif

enrichment analysis, we searched for 6- to 16-bp sequence motifs

enriched at 1-kb regions containing recombination hotspots at the

centre relative to 1-kb “cold” regions that were at least 10 kb away

from neighbouring hotspots and had a GC content similar to the one

in hotspots (<2% difference). In the MEME motif discovery analysis, 6-

to 20-bp sequence motifs were searched at 1-kb hotspot regions rela-

tive to “cold” regions using discriminative motif discovery mode. Only

hotspots shared among populations of collared flycatcher were used.

2.5 | Annotation of the recombination landscape

To investigate the distribution of hotspots with respect to annota-

tions of the collared flycatcher genome (Ensembl release 73, assem-

bly version FICALB_1.4), we classified the genome into nine

nonoverlapping sequence categories: (i) intergenic regions not

belonging to other categories, (ii) TEs, (iii) CpG islands (CGIs) in inter-

genic regions, (iv) promoter regions with CGIs (2 kb upstream of

TSSs), (v) promoter regions without CGIs, (vi) first exons, (vii) other

exons, (viii) first introns and (ix) other introns. We defined promoter

regions as regions 2 kb upstream of TSSs as promoters are not

annotated for the collared flycatcher genome. Collared flycatcher-

specific repeat annotations were used for the definition of transpos-

able elements (Smeds et al., 2015). CGIs were identified in the

unmasked genome using CPGCLUSTER version 1.0 (Hackenberg et al.,

2006) with default parameter settings and a minimum length of at

least 50 bp. The density of hotspots was measured as the proportion

of base pairs derived from hotspot sequences in a given annotation

category. A recombination hotspot that overlapped several cate-

gories was assigned values to each of these categories proportional

to the length of the overlap. We computed mean LD recombination

rate with respect to the distance to the closest gene based on

nonoverlapping 5-kb windows. We distinguished between regions

upstream of the TSS or downstream of the TTS by considering the

orientation of the closest gene. In addition, an average for the tran-

scribed region itself was calculated.

To estimate LD recombination rate in TEs and compare it with

the approximate time since transposition of TE copies, we re-esti-

mated LD recombination rate using repeat unmasked data. LD

recombination rate was calculated for each copy of TEs using all

pairs of adjacent SNPs within the TE copies. We chose 72 LINE sub-

families and 127 LTR retrotransposon subfamilies, which had more

than 50 copies within each subfamily in the collared flycatcher gen-

ome assembly. Consensus sequences of subfamilies of these TEs

were constructed following Smeds et al. (2015) and merged with a

library from Vijay et al. (2017) (Data S1, Supporting Information).

CpG-corrected Kimura 2-parameter (K2P) genetic distances were cal-

culated between TE copies and the consensus sequences of each

subfamily, and these distances were used as a proxy for the time

since transposition or “age of TEs” (Kapusta & Suh, 2017). Correla-

tion between mean K2P genetic distance and LD recombination rate

was evaluated separately for LINEs and LTR retrotransposons using

all copies within LINEs and LTR retrotransposons.
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To test whether LD recombination rate was higher in TEs with

CGIs than those without CGIs, LINE and LTR retrotransposons were

subdivided into four classes: (i) TEs whose ancestral consensus

sequences contained CGIs and were identified within 400 bp from

the nearest CGIs in the present-day reference genome, (ii) TEs

whose ancestral consensus sequences did not contain CGIs and

were identified within 400 bp from the nearest CGIs in the present-

day reference genome, (iii) TEs whose ancestral consensus

sequences contained CGIs and were inserted >400 bp away from

CGIs in the present-day reference genome and (iv) TEs whose ances-

tral consensus sequences did not contain CGIs and were inserted

>400 bp away from CGIs in the present-day reference genome. To

test the effect of the presence of CGIs in the ancestral consensus

sequences on LD recombination rate, we performed a one-tailed

Wilcoxon rank-sum test by comparing classes (i) and (ii) with (iii) and

(iv). Similarly, to test the effect of CGIs in the current reference gen-

ome, we compared classes (i) and (ii) with (iii) and (iv). Accurate

genotype calling at repetitive regions, such as TEs, can be difficult

and may result in errors in subsequent haplotype phasing, which can

consequently lead to overestimation of LD recombination rate. How-

ever, the phasing error rate was not different between regions with

and without TEs (error rate = 1.48% and 1.54%, respectively; Wil-

coxon test, p = .178). Density of TEs was measured as the propor-

tion of base pairs derived from TEs in 200-kb windows.

3 | RESULTS

3.1 | LD recombination map of the flycatcher
genomes

Whole-genome LD recombination maps were constructed for each

population of collared flycatcher separately after applying stringent

filters (see Materials and Methods). The mean genomewide LD

recombination rate (estimated in 200-kb windows) across all four

populations was 3.69 cM/Mb on autosomes and 2.63 cM/Mb on

the Z chromosome (Table S2, Supporting Information). The LD

recombination maps showed that the autosomal rate was highly vari-

able both within and between chromosomes with a negative nonlin-

ear relationship with chromosome size (Figure S2, Supporting

Information). The rate generally increased towards the ends of chro-

mosomes (Figure S3, Supporting Information) and was 1.5–2.1 times

higher in distal 5.5-Mb regions than internal regions. Notably, how-

ever, the rate sharply declined at the very distal ends of chromo-

somes (<0.5 Mb) with 29–58% reduction relative to the adjacent 5-

Mb region (Figure S4, Supporting Information). Confirming earlier

observations based on linkage data (Smeds et al., 2014), the pseudo-

autosomal region (PAR), which spans 630 kb at the terminal part of

the Z chromosome, had about five times higher LD recombination

rate (18.98 cM/Mb) than the autosomal average. Recombination was

particularly concentrated at the 100-kb region distal to the boundary

between PAR and the rest of the Z chromosome (31.46 cM/Mb)

(Figure S5, Supporting Information).

The above observations were largely in agreement with those

from the existing pedigree recombination map of collared flycatcher

(Kawakami et al., 2014) with significant correlation between two

estimates of recombination rate (Pearson’s correlation coefficient

r = 0.62, p < 10�16) (Figure 1a, S6, Supporting Information). How-

ever, estimates of the LD recombination map revealed variation in

the recombination rate in low recombination regions, where rare

recombination events were not captured in the pedigree-based link-

age analysis. For example, the pedigree recombination map has a

total of 45.6 Mb of 200-kb windows with an estimated rate of

0 cM/Mb. Our estimates in these windows ranged between

0.01 cM/Mb and 6.98 cM/Mb, with a mean of 2.27 cM/Mb. Given

the association between low recombination regions and islands of

differentiation (Burri et al., 2015), the improvement of the resolution

of recombination rate estimates in such regions represents an impor-

tant advancement. It should also be noted that the LD

0 10 20 30

0
5

10
15

20
25

Pedigree recombination 
rate (cM/Mb)

LD
 re

co
m

bi
na

tio
n 

ra
te

C
ol

la
re

d 
fly

ca
tc

he
r (

cM
/M

b)

(a)

0 10 20 30

0
5

10
15

20
25

Pedigree recombination 
rate (cM/Mb)

LD
 re

co
m

bi
na

tio
n 

ra
te

P
ie

d 
fly

ca
tc

he
r (

cM
/M

b)

(b)

0 5 10 15 20 25

0
5

10
15

20
25

LD recombination rate
Collared flycatcher (cM/Mb)

LD
 re

co
m

bi
na

tio
n 

ra
te

P
ie

d 
fly

ca
tc

he
r (

cM
/M

b)

(c)

F IGURE 1 The relationship between LD recombination rate and pedigree recombination rate in 200-kb autosomal windows. (a) Correlation
between LD recombination rate of collared flycatcher and pedigree recombination rate of collared flycatcher. (b) Correlation between LD
recombination rate of pied flycatcher and pedigree recombination rate of collared flycatcher. (c) Correlation between LD recombination rate of
collared flycatcher and LD recombination rate of pied flycatcher. [Colour figure can be viewed at wileyonlinelibrary.com]

4162 | KAWAKAMI ET AL.



recombination map provided recombination rate estimate at chromo-

some ends where the rate was not available in the pedigree map (a

total of 89.69 cM in 23.2 Mb).

Next, we estimated LD recombination rate for four populations

of pied flycatcher. Mean genomewide LD recombination rate based

on 200-kb windows averaged across all four populations was slightly

(~1.1 times) higher in pied flycatcher than in collared flycatcher in

both autosomes and the Z chromosome (Wilcoxon rank-sum test,

p < 10�16 for autosomes and p = .0006 for the Z chromosome)

(Table S1, Supporting Information). Nevertheless, the patterns of

interchromosomal and intrachromosomal variation were similar in

the two species (Figures S2–S6, Supporting Information). This was

reflected by a significant correlation between the per-window LD

recombination rates of collared flycatcher and pied flycatcher (Pear-

son’s correlation r = 0.79, p < 10�16) (Figure 1c), demonstrating con-

servation of the recombination landscape between species at this

scale.

Closer examination of LD recombination rates estimated sepa-

rately for each of the four collared flycatcher populations revealed

small but statistically significant overall differences among popula-

tions in autosomes (3.63–3.75 cM/Mb, Kruskal–Wallis test,

p < 10�7), while the Z chromosome showed no significant differ-

ences (2.51–2.85 cM/Mb; p = .09) (Table S2, Supporting Informa-

tion). In pied flycatcher, the LD recombination rate was significantly

different among populations both in autosomes (4.02–4.20 cM/Mb)

and on the Z chromosome (3.01–3.25 cM/Mb; p < 10�16). The per-

window LD recombination rate was significantly correlated among

the four collared flycatcher populations (r = 0.88–0.90, p < 10�16 for

all pairwise comparisons) as well as among the four populations of

pied flycatcher (r = 0.74–0.78, p < 10�16 for all pairwise compar-

isons) (Figure 2a). Importantly, interspecific comparisons of popula-

tions showed significantly weaker correlation (r = 0.63–0.67) than

population pairs within species (bootstrap with 1,000 replicates,

p < 10�4 for all comparisons).

3.2 | The relationship between recombination rate
and the diversity landscape

It has previously been shown that variation in genetic diversity

within both collared flycatcher and pied flycatcher genomes is corre-

lated with the pedigree-based recombination rate in collared fly-

catcher (Burri et al., 2015). Here we extend these results by

analysing the relationship between species- and population-specific

LD recombination rates, and species- and population-specific data

on genetic diversity. LD recombination rate and nucleotide diversity

(p) showed a significant and positive correlation in all eight popula-

tions of collared flycatcher and pied flycatcher in 200-kb windows

(Figure 2b). Nucleotide diversity in collared flycatcher populations

were more strongly correlated with the LD recombination rate of

collared flycatcher populations (Pearson’s correlation coefficient

r = 0.40–0.46) than with the LD recombination rate of pied fly-

catcher populations (r = 0.27–0.32). Somewhat surprisingly, the cor-

relation between nucleotide diversity in pied flycatcher populations

and the LD recombination rate of pied flycatcher populations was

equally strong with the LD recombination rate of collared flycatcher

populations (Figure 2b). The correlation between the pedigree

recombination rate in collared flycatcher and nucleotide diversity in

any of the eight populations was significantly lower than the corre-

lation between population-specific estimates of the LD recombina-

tion rate and genetic diversity (Figure 2b, bootstrap with 1,000

replicates, p < 10�4 for all comparisons), suggesting that variation in

recombination rate detected in the LD based map was more tightly

associated with genetic diversity than data from the pedigree-based

map.

Mean genetic differentiation (FST) between populations of col-

lared flycatcher and pied flycatcher (mean of four populations within

species) was negatively correlated with mean LD recombination rate

of collared flycatcher and pied flycatcher (mean of four populations

within species) (Pearson’s correlation coefficient r = �0.73 [95%

confidence interval: �0.71 to �0.75], p < 10�16 in collared fly-

catcher; r = �0.63 [95% confidence interval: �0.61 to �0.65],

p < 10�16 in pied flycatcher). The correlation using LD recombina-

tion rate was stronger than the correlation between pedigree recom-

bination rate of collared flycatcher and FST (Pearson’s correlation

coefficient r = �0.45 [95% confidence interval = �0.42 to �0.47],

p < 10�16). Because of the phylogenetic nonindependence in esti-

mates of FST between several closely related pairs of species and

populations, we also used population branch statistics (PBS), which

reflects lineage-specific patterns of genetic differentiation (Shriver

et al., 2004; Yi et al., 2010). LD recombination rates of four popula-

tions of collared flycatcher showed stronger correlations with PBS in

the collared flycatcher lineage than with PBS in the pied flycatcher

lineage (Figure 2c) (bootstrap with 1,000 replicates, p < 10�4 for all

four comparisons). Similarly, LD recombination rates of four popula-

tions of pied flycatcher showed stronger correlation with PBS in the

pied flycatcher lineage than with PBS in the collared flycatcher

linage (Figure 2c) (bootstrap with 1,000 replicates, p < 10�4 for all

four comparisons). This demonstrates that species-specific estimates

of recombination rate better describe species-specific patterns of

genetic differentiation.

3.3 | Recombination hotspots

To investigate variation in recombination rate at a fine scale, we

identified recombination hotspots in each population of collared fly-

catcher and pied flycatcher using pairwise SNP data. There were

400–1,482 recombination hotspots in the four populations of col-

lared flycatchers and 1,485–3,085 recombination hotspots in the

four populations of pied flycatchers (Table 1). Similar to the hotspots

identified in other species (e.g., 1–2 kb in humans and chimps,

4.3 kb in dogs; Auton et al., 2012, 2013; Jeffreys, Kauppi, & Neu-

mann, 2001), hotspots were generally narrow (mean width 1.64 kb),

with a right-skewed distribution (Figure S7, Supporting Information).

Mean LD recombination rate at hotspots was 99.6 cM/Mb in col-

lared flycatchers (27 times the autosomal average) and 152.4 cM/

Mb in pied flycatchers (37 times the average). The most extreme
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rates observed in single hotspots were 795.8 cM/Mb and

488.2 cM/Mb in collared flycatcher and pied flycatcher, respectively.

Following a previous approach (Singhal et al., 2015), we defined

shared hotspots between populations or between species as those

whose mid-points were located <3 kb from each other in the gen-

omes of the respective population or species. In collared flycatcher,

51% of hotspots were shared between at least one pair of popula-

tions within species, while 39% were shared between at least one

pair of populations between species (Figure 3). The corresponding

proportions in pied flycatcher were 69% and 45%, respectively. For

hotspots not defined as shared between species (i.e., being species-

specific), recombination rate in the other species was still elevated,

indicating that the extent of hotspot sharing was somewhat depen-

dent on the threshold used for calling hotspots. For hotspots unique

to collared flycatcher, the LD recombination rate in the correspond-

ing regions in the pied flycatcher genome was about four times

higher than the local background (Figure 3b). Similarly, for hotspots

unique to pied flycatcher, the LD recombination rate in collared fly-

catcher was seven times higher than the local background (Fig-

ure 3c). We observed similar patterns for population-specific

hotspots within species (Figure S8, Supporting Information).

We next sought to validate the patterns of interspecific variation

in the intensity of recombination hotspots by taking advantage of

the expected effects of recombination on the site frequency spec-

trum via gBGC. There were 2,669 and 5,020 hotspots that were

called as unique to collared flycatcher or pied flycatcher (hereafter

referred to as “collared flycatcher-specific hotspots” and “pied fly-

catcher-specific hotspots,” respectively; Figure 3b and c). Provided

that the location of elevated recombination is conserved between

species (even though called as hotspot only in one species), we

would expect that stronger signatures of gBGC should be observed

in both species at hotspots than coldspots. In agreement with this

prediction, values of HgBGC were more negative in both species at

recombination hotspots than at coldspots regardless of which spe-

cies were used for identifying hotspots (bootstrap with 1,000 repli-

cates, p = .001 and p = .008 for collared flycatcher and pied

flycatcher, respectively) (Figure 4). In addition, for both species,

HgBGC tended to show more negative values when hotspots were

identified in the focal species than in the other species (Figure 4),

although the differences were not statistically significant (bootstrap

with 1,000 replicates, p = .26 at collared flycatcher-specific hotspots

and p = .16 at pied flycatcher-specific hotspots).

3.4 | Association between recombination hotspots
and genomic features

We searched the collared flycatcher genome for sequence motifs

associated with recombination hotspots using HOMER, which uses

ZOOPS scoring (zero or one occurrence per sequence) coupled with

hypergeometric enrichment calculations to determine motif enrich-

ment at hotspots (Heinz et al., 2010). Additionally, we used MEME,

which discovers longer motifs by calculating position-specific priors

to search motifs enriched in hotspot regions based on the expecta-

tion-maximization algorithm (Bailey et al., 2015). HOMER discovered

230 motifs that were significantly enriched at recombination hot-

spots, many of which were mostly composed of G and C nucleotides

(mean GC content = 83%, Table S3, Supporting Information). In

TABLE 1 The number of recombination hotspots detected in four
populations of collared flycatcher and four populations of pied
flycatcher

Population Total Within Between Both

Collared flycatcher Baltic 400 188 271 83

Czech 1,274 619 884 265

Hungary 1,482 678 1,000 322

Italy 1,160 513 752 239

Pied flycatcher Baltic 3,047 1,565 2,216 651

Czech 1,955 1,028 1,469 441

Sweden 3,085 1,441 2,027 586

Spain 1,485 777 1,089 312

The number of hotspots shared within species, between species and

both within and between species is also shown.
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F IGURE 3 LD recombination rate at recombination hotspots in collared flycatcher and pied flycatcher. The recombination rate was
standardized by the background recombination rate in the surrounding 20 kb on each side of the hotspot, and then averaged across hotspots
within species. (a) Shared hotspots between at least one population of collared flycatcher and one population of pied flycatcher. (b) Hotspots
that are unique to collared flycatcher and (c) pied flycatcher. In all three panels, blue lines represent estimates for collared flycatcher and green
lines estimates for pied flycatcher [Colour figure can be viewed at wileyonlinelibrary.com]
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addition, the MEME algorithm also identified a GC-rich degenerate 20-

mer motif (Motif-3) present in 71% of all hotspots (Figure S9, Sup-

porting Information). Mean GC content at recombination hotspots

was 46.3%, higher than the genomewide GC content of 40.7%, in

agreement with localized signatures of gBGC. It should be noted that

the high proportion of G and C nucleotides at recombination hot-

spots was not due to a regionally elevated GC content; mean GC

content in 5-kb flanking regions of hotspots (39.6%) was lower than

the genomic background (Mann–Whitney U test, p = .0003). Other

highly enriched motifs identified by the MEME algorithm included two

CT-rich motifs (Motif-1 and Motif-6), one A-rich motif (Motif-2) and

two CAG/CTG repeats (Motif-4 and Motif-5) (Figure S9, Supporting

Information).

Consistent with the enrichment of GC-rich motifs in recombina-

tion hotspots, the density of hotspots was elevated at CGIs (Fig-

ure 5a) both at intergenic CGIs and in promoter regions overlapping

with CGIs. In agreement with these observations, the mean LD

recombination rate was higher in CGIs than in any other category

(Figure 5b). Importantly, promoter regions with CGIs had a higher

mean LD recombination rate than promoters without CGIs

(7.64 cM/Mb vs. 5.29 cM/Mb). Within genic regions, first exons

showed a higher density of recombination hotspots and also a higher

LD recombination rate than other exons as well as than introns.

Overall, LD recombination rate was high in genic regions and their

surrounding upstream and downstream regions, but decreased away

from genes (Figure 5c). Similar patterns in the distribution of recom-

bination hotspots and recombination rate were observed in pied fly-

catcher (Figure S10, Supporting Information).

Regions of the genome containing TEs had high density of

recombination hotspot, and intergenic TEs showed higher LD recom-

bination rate than intergenic regions without TEs (Figure 5, S10,

Supporting Information). In addition, the density of TEs in 200-kb

windows was positively correlated with LD recombination rate (Pear-

son’s correlation coefficient r = 0.12, p < 10�16) (Figure S11, Sup-

porting Information). This could be either due to colocalization of

TEs and recombination hotspots or direct involvement of TEs in

recombination events. As CGIs were significantly associated with

recombination hotspots (Figure 5), we sought to disentangle these
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two possibilities by subdividing subfamilies of LINEs and LTRs into

four categories each: LINEs and LTRs with or without CGIs in their

ancestral consensus sequences, and LINEs and LTRs overlapping

with CGIs in the present-day genome sequence. If TEs were directly

associated with elevated recombination rate, transposition of TEs

carrying CGIs would be expected to locally increase the recombina-

tion rate. However, subfamilies of LINEs and LTRs with CGIs in their

ancestral sequences did not show elevated local recombination rate

(Wilcoxon rank-sum test, p = 1.00 for LINEs and p = .90 for LTR)

(Figure S12, Supporting Information). Regardless of the presence or

absence of CGIs in the ancestral sequences, the LD recombination

rate was elevated only in copies of LINEs and LTRs overlapping with

CGIs in the genome (Wilcoxon rank-sum test, p < 10�16 for both

LINEs and LTR), arguing for an indirect association between TEs and

recombination hotspots.

An indirect association between the distribution of TEs and

recombination hotspots could suggest that more recently inserted

TEs has had a strong impact on the present recombination landscape

than TE insertion events in the far past. To test this prediction, we

selected 72 LINE and 127 LTR retrotransposon subfamilies, which

had been active in avian genomes at different evolutionary time-

scales. Consistent with the prediction, the age of LINE and LTR sub-

families, measured as the mean genetic distance between the

ancestral sequences and present-day copies within subfamilies, was

negatively correlated with recombination rate (Pearson’s correlation

coefficient r = �0.556 for LINE and �0.241 for LTR, p < 10�16) (Fig-

ure S13, Supporting Information). This provides evidence that young

TE subfamilies are more strongly associated with regions of high LD

recombination rate than older subfamilies.

4 | DISCUSSION

Genomewide polymorphism data obtained by resequencing of indi-

vidual genomes have opened up a new avenue for estimating recom-

bination rate at a very fine scale in various organisms (Auton et al.,

2012, 2013; Singhal et al., 2015). Using whole-genome polymor-

phism data of four populations of collared flycatchers and four popu-

lations of pied flycatchers, we found highly heterogeneous

recombination landscapes in both species. Variation in LD recombi-

nation rate at 200-kb resolution was largely concordant with recom-

bination rate data from a collared flycatcher linkage map (Kawakami

et al., 2014). However, the LD recombination map could improve

the existing pedigree recombination map in at least three aspects.

First, the LD recombination map covered genomic regions that

were not represented in the pedigree recombination map due to lack

of genetic markers, particularly regions towards the ends of chromo-

somes. This allowed detection of steep decline in recombination rate

at the very ends of chromosomes (Figures S3 and S4, Supporting

Information), similar to what has been reported in yeasts, plants and

Drosophila (Comeron, Ratnappan, & Bailin, 2012; Lam & Keeney,

2015; Yelina et al., 2015). This is potentially because of densely

packed chromatin in these highly heterochromatic regions and/or a

deleterious effect of recombination in repeat-rich regions (e.g., non-

allelic homologous recombination and segregation errors) (Barton,

Pekosz, Kurvathi, & Kaback, 2008). Second, the LD recombination

map offered much higher resolution of recombination rate variation

than the pedigree-based map (Figure S6 Supporting Information). In

particular, the LD recombination map allowed for identification of

recombination hotspots and thus direct analyses of the association

between recombination events and genomic features. Finally, our

approach provided a recombination map for the pied flycatcher,

which we previously had to assume to be identical to the collared

flycatcher map as well as population-specific maps of both species.

Using these population- and species-specific maps, we could study

the degree of conservation of rates and patterns of recombination

within and between species. Below, we discuss the evolution of the

recombination landscape in the two closely related Ficedula flycatch-

ers from broad chromosome-scale resolution to fine-scale local pat-

terns.

4.1 | Interspecific variation in recombination
landscape

The recombination landscape was generally conserved between col-

lared flycatcher and pied flycatcher at the scale of 200-kb windows

but less so relative to the conservation between populations within

species (Figure 2a). Because variation in recombination rate is an

important parameter in shaping genetic diversity and genome differ-

entiation via linked selection (Cruickshank & Hahn, 2014; Wolf &

Ellegren, 2017), interspecific variation in recombination rate could

impact on genetic differentiation across the genome. The trend of a

stronger correlation between LD recombination rate and genetic

diversity within each population than across different populations

(Figure 2b) is in line with this prediction. Moreover, that the LD

recombination rate of collared flycatcher was more strongly corre-

lated with collared flycatcher PBS than pied flycatcher PBS (and vice

versa) (Figure 2c) supports that there are differences in recombina-

tion rate between these closely related species and that they impact

on lineage-specific genomic differentiation.

Several recent studies have suggested that a conserved recombi-

nation landscape between distantly related birds is the cause of con-

cordant patterns of genetic diversity and differentiation along

genomes of different avian species (Dutoit et al., 2017; Van Doren

et al., 2017; Vijay et al., 2017). While global conservation of recom-

bination landscape seems indeed likely within flycatcher lineages,

our observations demonstrate that small differences in recombina-

tion rate between even closely related taxa can be translated into

species-specific patterns of genetic diversity and differentiation. This

would be particularly so in low recombination regions because only

a few recombination events are sufficient to counteract the effects

of linked selection (Charlesworth & Campos, 2014).

In addition to the conservation of recombination rate at the scale

of 200-kb windows, we also found conservation of the fine-scale

localization of recombination events between species, that is, con-

servation of hotspot location (Figure 3). This was supported by the
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strong signatures of gBGC seen in both species at hotspots (Fig-

ure 4). Recombination intensity appeared to differ between species

at species-specific hotspots, but the differences were not statistically

supported in our HgBGC measures, possibly reflecting the recent

divergence of the two species. Different recombination intensities at

hotspots have been reported in three commercial chicken breeds,

where similar associations between recombination and genomic fea-

tures were observed (Pengelly et al., 2016). One possible explanation

for the variation in recombination intensity at hotspots in species

without PRDM9 is that differences in gene expression during meio-

sis results in differences in the likelihood of DSB and thereby recom-

bination frequency between individuals and between species (Adrian

& Comeron, 2013; Petes, 2001). In the next section, we further dis-

cuss a possible mechanistic link between location of recombination

hotspots and regions of transcription regulation, the epigenetic mod-

ifications of which are inherently related to gene expression.

4.2 | CGI as a molecular hallmark of recombination
hotspots

Hotspot distribution and elevated recombination rate in CGIs (Fig-

ure 5, S10, Supporting Information) are consistent with the fact that

CGIs are often associated with gene promoter regions in birds (Abe

& Gemmell, 2014; Akan & Deloukas, 2008; Singhal et al., 2015;

Smeds et al., 2016). These findings are also in good agreement with

observations in several nonavian species without functional PRDM9

(Auton et al., 2013; Axelsson et al., 2012; Berglund et al., 2015;

Choi et al., 2013). CGIs at actively transcribed gene promoter

regions often lack cytosine methylation, and these hypomethylated

CGIs are associated with trimethylation of histone subunit H3 at

lysine 4 (H3K4me3), which is a hallmark of open chromatin by

recruiting various chromatin remodelling factors (Flanagan et al.,

2005; Li et al., 2006; Ramirez-Carrozzi et al., 2009; Thomson et al.,

2010). It has been suggested that genomic regions with less con-

densed chromatin have higher recombination rates by allowing the

recombination machinery to bind to DNA and initiate DSBs (Ber-

glund et al., 2015; Choi et al., 2013; Comeron et al., 2012; Shilo,

Melamed-Bessudo, Dorone, Barkai, & Levy, 2015). It is notable that

humans and chimpanzees, which have a functional PRDM9, also

showed elevated recombination rates at regions nearby TSSs and

CGIs, suggesting that the ancestor of these species and other mam-

malian species has acquired the PRDM9-dependent regulation of

recombination while maintaining the ancestral mechanism of localiz-

ing recombination nearby genes and CGIs (Auton et al., 2012). How-

ever, a recent study implicated a possible involvement of PRDM9 in

recombination in more basal vertebrate lineages (Baker et al., 2017),

which warrants further in-depth analysis of the evolutionary origin

of the PRDM9-dependent recombination.

We also found that hotspot localization was not limited to pro-

moter-associated CGIs, but intergenic CGIs were also associated with

recombination hotspots. It has been shown that artificial insertion of

CGIs into a mouse genome induced H3K4ME3 and modified local chro-

matin state even at sites away from existing promoters, suggesting

that structural chromatin modification can be induced by unmethy-

lated CGIs without promoter function (Thomson et al., 2010). There-

fore, regardless of their functional significance and relative location to

promoters, unmethylated CGIs may be generally targeted by the

recombination machinery. Moreover, our results prompt the idea that

it is not promoters per se that are associated with recombination, but

that only CGI-containing promoters show such an association.

In addition to CGIs, our enrichment analysis identified several

other sequence motifs associated with recombination hotspots (Fig-

ure S9, Supporting Information). Among these, the CT-rich motifs

and the A-rich motif were remarkably similar to the ones identified

as associated with recombination in humans and chimpanzees (Auton

et al., 2012), finches (Singhal et al., 2015), Drosophila melanogaster

(Comeron et al., 2012), Arabidopsis thaliana (Choi et al., 2013; Shilo

et al., 2015) and yeast (Mancera, Bourgon, Brozzi, Huber, & Stein-

metz, 2008). In plants, for example, high recombination regions with

CT-rich motifs are accompanied by trimethylation of H3K4 and his-

tone variant H2A.Z, which lead to low nucleosome density and

increased chromatin accessibility (Choi et al., 2013; Shilo et al.,

2015). In plants and yeasts, the A-rich sequence is known to be

associated with nucleosome-depleted regions due to their unusual

mechanical properties, which disfavour nucleosome formation (Choi

et al., 2013; Jansen & Verstrepen, 2011; Segal & Widom, 2009).

Characterization of epigenetic patterns at these motifs would repre-

sent an important topic for future research in order to investigate

whether these motifs can modify patterns of recombination land-

scape independently or in concert with CGIs in avian genomes.

4.3 | Transposable elements at recombination
hotspots

TEs were preferentially located in high recombination regions, which

is in contrast to findings in insects and plants (Rizzon et al., 2002;

Xu & Du, 2014). The association between TEs and recombination

seen in collared flycatcher appears counter-intuitive in the light of

the increased efficiency of selection against deleterious insertions of

TEs in high recombination regions (Dolgin & Charlesworth, 2008;

Petrov, Fiston-Lavier, Lipatov, Lenkov, & Gonz�alez, 2011). To test

whether the positive association between TEs and recombination

rate is specific to flycatchers or common to other birds, we used LD

recombination rate data from zebra finch (Singhal et al., 2015) and

similarly found a significantly higher recombination rate at TEs

(327.98 q/kb [LINE] and 358.21 q/kb [LTR]) compared to the geno-

mic average (221.89 q/kb). One possible explanation for this associa-

tion is that both recombination and retrotransposition machineries

target accessible genomic regions. Replication of retrotransposons

involves RNA intermediates, which are reverse-transcribed and then

inserted into new genomic locations via self-encoded proteins (Elbar-

bary, Lucas, & Maquat, 2016; Kazazian, 2004; Levin & Moran, 2011).

For example, LTR retrotransposons in yeast preferentially insert

upstream of genes transcribed by RNA polymerase and nucleosome-

free regions flanking genes (Baller et al., 2011; Guo & Levin, 2010).

Moreover, DNase I hypersensitivity assays of various human cell
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lines revealed that up to 80% of LTRs are located in open chromatin

regions (Jacques, Jeyakani, & Bourque, 2013). Although insertion site

preference is less clear for LINEs, their mechanism of target-primed

reverse transcription (TPRT) tends to opportunistically target open

chromatin for LINE integration (Luan, Korman, Jakubczak, & Eick-

bush, 1993; Sandmeyer, Hansen, & Chalker, 1990; Ye, Yang, Hayes,

& Eickbush, 2002).

Assuming an indirect relationship between retrotransposons and

elevated recombination rate by the shared preference for an accessi-

ble chromatin state, it is possible that genomic regions accessible to

the recombination machinery and the retrotransposition machinery

may shift their location in a concerted way. This assumes that pat-

terns of CpG methylation and other epigenetic marks associated

with chromatin state change over time. Such changes have been

documented in primates where only 22% of orthologous CpG sites

were consistently methylated among humans, chimpanzee, gorilla

and orangutan (Hernando-Herraez et al., 2013). The negative rela-

tionship between the age of retrotransposons and recombination

rate in collared flycatcher supports this hypothesis. Mostly young

retrotransposon subfamilies were located in high recombination

regions (Figure S13, Supporting Information), which supports the

idea that young TEs reflect a more recent state of the epigenetic

landscape with higher accessibility to the recombination machinery.

Our results highlight the importance of CGIs as a key molecular

feature for the localization of meiotic recombination events in fly-

catchers. Our analysis thus refines the model proposed for finches

(Singhal et al., 2015) and suggests that it is not functional elements

per se that play an important role for attracting the recombination

machinery, but that the number and location of recombination

events depend on the epigenetic status of CGIs irrespective of their

genomic location. It is tempting to speculate that the conservation

of recombination hotspot locations is a consequence of the con-

served distribution of CGIs between the closely related flycatchers,

but that the activity of recombination at hotspots can vary between

them due to the differences in the epigenetic status of CGIs. The

indirect association between TEs and recombination may reflect the

long-term history of epigenetic modifications of the genome, where

regions of open chromatin accessible to the TE and recombination

machineries change over time. Given the significance of recombina-

tion rate variation in shaping patterns of genetic diversity and differ-

entiation along a genome via linked selection, it is important to

consider the underlying (epi-) genetic changes in the evolution of

recombination landscape in population genomics studies. Although

global patterns of recombination landscape can be conserved for

prolonged time even between distantly related avian lineages, such

epigenetic changes can create interspecific variation in recombina-

tion rate between closely related species, which can affect species-

specific patterns of genomic divergence.
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