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Abstract

Meiotic recombination through chromosomal crossing-over is a fundamental feature of sex and an important driver
of genomic diversity. It ensures proper disjunction, allows increased selection responses, and prevents mutation ac-
cumulation; however, it is also mutagenic and can break up favorable haplotypes. This cost-benefit dynamic is likely
to vary depending on mechanistic and evolutionary contexts, and indeed, recombination rates show huge variation
in nature. Identifying the genetic architecture of this variation is key to understanding its causes and consequences.
Here, we investigate individual recombination rate variation in wild house sparrows (Passer domesticus). We inte-
grate genomic and pedigree data to identify autosomal crossover counts (ACCs) and intrachromosomal allelic shuf-
fling (¥inie) in 13,056 gametes transmitted from 2,653 individuals to their offspring. Females had 1.37 times higher
ACC, and 1.55 times higher 7., than males. ACC and 7;,,, were heritable in females and males (ACC h*> = 0.23 and
0.11; Finyg h> = 0.12 and 0.14), but cross-sex additive genetic correlations were low (r, = 0.29 and 0.32 for ACC and
Fintra)- Conditional bivariate analyses showed that all measures remained heritable after accounting for genetic values
in the opposite sex, indicating that sex-specific ACC and r;,,, can evolve somewhat independently. Genome-wide
models showed that ACC and 7j,,, are polygenic and driven by many small-effect loci, many of which are likely to
act in trans as global recombination modifiers. Our findings show that recombination rates of females and males
can have different evolutionary potential in wild birds, providing a compelling mechanism for the evolution of sexual
dimorphism in recombination.

Key words: recombination, polygenic, quantitative genetics, crossover count, wild population, GWAS.

Lenormand 2002). On the other hand, recombination can in-
crease the risk of mutations at DNA double-strand break
sites (Halldorsson et al. 2019; Hinch et al. 2023) and can
break down favorable allele combinations previously built
up by selection (Charlesworth and Barton 1996). Despite

Introduction

Meiotic recombination via chromosomal crossing-over is an
essential process in sexual reproduction and has a key role in
generating diversity in eukaryotic genomes (Coop and
Przeworski 2007). Crossing-over can be beneficial: it ensures

proper segregation of chromosomes (Koehler et al. 1996),
prevents the accumulation of deleterious alleles, and in-
creases the speed at which populations can respond to selec-
tion (Hill and Robertson 1966; Felsenstein 1974; Otto and
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these trade-offs, there is extensive variation in recombination
rate both within and between chromosomes, individuals, po-
pulations, sexes, and species (Myers et al. 2005; Coop and
Przeworski 2007; Ritz et al. 2017; Stapley et al. 2017). The
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cost—benefit dynamic of recombination rate is likely to vary
depending on mechanistic and evolutionary contexts, and if
rates are heritable (i.e. there is underlying additive genetic
variation), then they have the potential to respond to selec-
tion. Therefore, understanding the genetic basis of recom-
bination rate variation—that is, the amount of additive
genetic variation and the effect sizes and distributions of
gene variants that contribute to such variation—is a critical
first step in determining if and how they are contributing to
adaptation, and how they themselves are evolving (Ritz et al.
2017; Stapley et al. 2017).

To date, studies investigating the genetic basis of recom-
bination rate variation have mostly been limited to model sys-
tems and livestock and have demonstrated that crossover
(CO) rates can be heritable and associated with particular
genetic variants (Cirulli et al. 2007; Smukowski and Noor
2011; Cattani et al. 2012; Chan et al. 2012; Kong et al. 2014;
Hunter et al. 2016; Johnston et al. 2016, 2018; Johnsson et
al. 2021; Kadri et al. 2016; Petit et al. 2017; Weng et al. 2019;
Samuk et al. 2020; Brekke et al. 2022, 2023a, 2023b). In
some systems such as mammals, the genetic architecture
can be oligogenic, with loci with meiotic functions being re-
peatedly implicated (e.g. RNF212, RNF212B, MEI1, MSH4,
and PRDMY); whereas in other systems, such as Atlantic sal-
mon, variation can be polygenic (i.e. controlled by many
loci of small effect). Nevertheless, the patterns observed in
these studies may not be generalizable to other systems
due to a number of specific factors, such as relatively low in-
dividual variation in recombination rates (e.g. in Drosophila
spp.); long periods of female meiotic arrest (e.g. in humans;
MacLennan et al. 2015); dynamic variation in karyotype
that can affect CO distributions (e.g. in mice; Capilla et al.
2014; Garagna et al. 2014); and a history of strong and sus-
tained directional selection, which theoretically imposes in-
direct selection for increased recombination in small
populations (e.g. in crops and livestock; Otto and Barton
2001; Ross-Ibarra 2004; but see Mufoz-Fuentes et al. 2015).
Another consideration is that in many vertebrates, the posi-
tioning of recombination hotspots is determined by PRDM9,
a gene coding for a zinc finger protein that binds to particular
sequence motifs in the genome to initiate double-strand
breaks (Baudat et al. 2010; Baker et al. 2017). As double-strand
break repair is mutagenic (Hinch et al. 2023), this can erode
the recognized motifs and reduce the number of binding
sites, which may in turn select for novel PRDM9 zinc finger al-
leles and a corresponding rapid turnover of hotspots (Myers
et al. 2010; Grey et al. 2018). Indeed, PRDM9 is one of the fast-
est evolving genes in species where it is functional, but it has
also been lost from clades such as birds, canids, and amphi-
bians, where recombination hotspots appear to be stable
and enriched at functional elements (Singhal et al. 2015;
Baker et al. 2017). Therefore, research in both non-model,
non-PRDMS9, and non-mammalian systems is required to bet-
ter understand the genetic architecture of recombination
rate more broadly, and how it is affected by other intrinsic
and extrinsic variation in natural environments.

A near-universal feature of recombination is that rates
and landscapes differ in their degree and magnitude between

2

male and female gametes, a phenomenon known as
“heterochiasmy” (Lenormand and Dutheil 2005; Sardell and
Kirkpatrick 2020). Numerous hypotheses have been proposed
to explain how it has evolved, including: reducing or increasing
crossing-over in the sex under stronger selection (Trivers 1988;
Burt et al. 1991); gametic selection reducing COs in the sex
with stronger haploid selection (Nei 1969; Lenormand 2003;
Lenormand and Dutheil 2005); counteracting the effects of
meiotic drive (Brandvain and Coop 2012); or that it has arisen
through drift (Burt et al. 1991). Yet despite several compara-
tive investigations of overall rate (Lenormand and Dutheil
2005; Mank 2009; Cooney et al. 2021), there remains little em-
pirical support for these hypotheses. Interestingly, some of the
empirical studies above show that the genetic architecture of
recombination rate can differ between the sexes, in terms of
the large effect loci underpinning them (Kong et al. 2014;
Johnston et al. 2016, 2018; Brekke et al. 2022, 2023a), and/or
their cross-sex additive genetic correlations being significantly
less than one (Johnston et al. 2016; Brekke et al. 2023b).
Therefore, studies that specifically dissect within- and
between-sex genetic architectures in diverse species are im-
perative to gain a full understanding on the molecular me-
chanisms and evolutionary drivers/constraints contributing
to both recombination rate variation and heterochiasmy
from the chromosomal to species levels.

Avian systems present a unique opportunity for further
developing our understanding of the genetic basis of re-
combination rate variation and heterochiasmy in the
wild. Linkage mapping and cytogenetic studies in birds
have shown that despite relatively conserved karyotypes,
there is substantial variation in recombination rates,
broad-scale landscapes, and heterochiasmy (Fig. 1; see
supplementary table S1, Supplementary Material online,
for a full list of references). In addition, birds lack PRDM9
and have highly conserved, stable recombination hotspots
that are enriched at transcription start sites (TSS) and gene
promoter regions, likely due to increased chromatin acces-
sibility (Pan et al. 2011; Singhal et al. 2015; Kawakami et al.
2017; Bascon-Cardozo et al. 2024). A number of wild bird
populations have been subject to long-term, individual-
based studies of their ecology and evolution. As genomic
and pedigree data for these populations proliferates, this
presents an opportunity to investigate recombination in
wild, non-model systems and, ultimately, the relationships
between recombination rates, their genetic architectures,
and individual fitness components such as reproduction
and offspring viability (Johnston et al. 2022).

Here, we examine sex-specific variation in individual auto-
somal recombination rate and its genetic architecture in a
wild meta-population of house sparrows (Passer domesticus).
House sparrows are small passerine birds native to Eurasia and
are now distributed across most human-habited areas of the
world. They are human commensals, often found in cities and
farmland, and their ubiquity makes them a model system for
ecology, evolution, and adaptation (Anderson 2006). House
sparrows in the Helgeland archipelago have relatively low dis-
persal from their natal island (Saatoglu et al. 2021), allowing
for detailed data on survival and reproduction to be collected
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Fig. 1. Phylogeny of birds where within-sex recombination rates have
been estimated using linkage mapping or cytogenetic analysis of
chiasma counts. Chiasma count estimates are indicated with asterisks
(*). The underlying data is provided in supplementary table S1,
Supplementary  Material online, using data compiled in
Malinovskaya et al. (2020a) and other sources. The phylogeny was ob-
tained from TimeTree v5 (Kumar et al. 2022). This figure should be
taken as illustrative only—some of the linkage map data is likely to
have had poor marker densities in telomeric regions and have less
resolution to detect double COs. As recombination landscape and
CO rates are sex-dependent, this could underestimate recombination
in one sex, hence why we have not made a formal comparison.
(References: Pigozzi and Solari 1998; Pigozzi 2001; Hansson et al.
2005, 2010; Calderon and Pigozzi 2006; Backstrom et al. 2008;
Stapley et al. 2008; Groenen et al. 2009; Jaari et al. 2009; Aslam et al.
2010; Kawakami et al. 2014; van Oers et al. 2014; Torgasheva and
Borodin 2017; Weng et al. 2019; Pefialba et al. 2020; Malinovskaya
et al. 2020a; Robledo-Ruiz et al. 2022).

since 1993 (Jensen et al. 2004; Stubberud et al. 2017;
Araya-Ajoy et al. 2021). This population has extensive genom-
ic resources, including an annotated reference genome
(Elgvin et al. 2017), a 6.5 K SNP linkage map (Hagen et al.
2020), high-density SNP arrays (Lundregan et al. 2018), and
a dense genetic pedigree (Niskanen et al. 2020). In this study,
we characterize individual recombination rates using SNP
and pedigree data, focusing on autosomes to allow a direct
comparison between recombination in the same genome
within each sex. We investigate: (i) how recombination varies
at the broad scale across chromosomes; (ii) the additive gen-
etic variance and genetic architecture of individual recombin-
ation rates; and (iii) how these factors vary between the sexes,
including the potential for female and male rates to evolve
independently.

Results

Linkage Mapping
Autosomal linkage maps were constructed using data from
1,320 full-sib families, incorporating linkage information

from 9,777 gametes transmitted by 1,805 individuals to
their offspring. We mapped 56,765 autosomal SNPs of
known position relative to the house sparrow genome
Passer_domesticus-1.0 to 45,022 unique centiMorgan (cM)
positions on 28 autosomes, with heterogeneity in the land-
scape of recombination within and between the sexes
(supplementary figs. S1 and S2 and tables S2 and S3,
Supplementary Material online). The female and male
autosomal maps were 19944 cM (2.18 cM/Mb) and
1,627.2 cM (1.78 cM/MDb), respectively. The female map
length was 1.23 times longer than the male map length.
There was a strong correlation between chromosome length
and genetic map length in each sex (r* = 0.97 and 0.96 for
females and males, respectively; P < 0.001), and recombin-
ation rates were female-biased for most chromosomes
(Fig. 2a). Chromosome-wide recombination rate (cM/Mb)
was higher on smaller autosomes (r* = 0.749, P < 0. 0001, fit-
ted as a logarithmic function), with micro-chromosomes
demonstrating recombination rates 3 to 5 times that of
the genome-wide average (Fig. 2b). Despite their high recom-
bination rates, chromosomes 21, 22, 25, 27, and 28 still had
linkage map lengths much shorter than the expectation of
50 cM, indicating that the obligate CO was not always
sampled on those chromosomes with the current genomic
dataset. Summary statistics for map lengths are provided
in supplementary table S2, Supplementary Material online,
and the full sex-specific linkage maps are provided in
supplementary table S3, Supplementary Material online.

Identification of Meiotic COs

We used the full pedigree of 12,959 genotyped individuals to
phase chromosomes infer CO positions in gametes transmit-
ted from focal individuals (FIDs) to their offspring. In total,
we identified 236,671 COs in 13,054 phased genotypes
from 6,409 gametes transmitted from 1,354 unique female
FIDs and 6,647 gametes transmitted from 1,299 unique
male FIDs. Larger chromosomes had more COs per gamete
than small chromosomes, with chromosomes 1 and 2 having
up to 8 COs per gamete in some rare cases in both sexes
(Fig. 3; supplementary fig. S3, Supplementary Material
online). Chromosomes 10 to 20 generally had 50% non-
recombinant chromosomes, likely reflective of CO interfer-
ence over these short chromosomes leading to a single
obligate CO, which has a 50% chance of segregation into
the gamete. Chromosomes 21 to 28 had more than 50%
of chromosomes with no COs, meaning that we had low
power to pick up COs on these chromosomes; these chro-
mosomes were discarded from estimates of genome-wide
recombination rates.

Individual Recombination Rate Variation

The CO dataset (for chromosomes 1 to 20 and 1A) was used
to calculate recombination rates in each gamete using 2
measures: the total autosomal CO count (ACC) and the
rate of intra-chromosomal allelic shuffling (ipeq), which is
the probability that 2 randomly chosen SNP loci on the
same chromosome are uncoupled by a CO during meiosis
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Fig. 2. Variation in recombination rates between chromosomes, showing correlations between a) the sex-specific linkage map lengths (cM) and
chromosome length (Mb) and b) sex-specific chromosomal recombination rate (cM/Mb) and chromosome length. Numbers are individual
chromosomes, and lines and shaded areas indicate the regression slopes and standard errors, respectively. Chromosome 25 has been omitted
from b) due to its exceptionally high recombination rate (30 cM/Mb and 26.9 cM/Mb in females and males, respectively).
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Fig. 3. Distribution of CO counts per chromosome as the proportion of total number of gametes (n = 13,054). The white dashed line is the
minimum expected proportion of gametes with 0 COs per chromosome due to obligate crossing-over and Mendelian segregation of COs
into gametes. Separate plots for each sex are provided in supplementary fig. S3, Supplementary Material online.

(Veller et al. 2019). In contrast to ACG, iy accounts for the 13.8, respectively (Fig. 4). The mean rate of intra-
effect of CO positioning, where COs located toward the cen- chromosomal shuffling ¥, was 1.55 times higher in females
ter of a chromosome will lead to higher shuffling than COs (Fig. 4). ACC and ;4 Were positively correlated (r* = 0684,
located at chromosome ends. The mean ACC was 1.37 times P < 0.0001; supplementary fig. S4A, Supplementary Material
higher in females than in males, with mean ACCs of 18.9 and online).
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Fig. 4. Distributions of female and male recombination rates in gametes transmitted from FIDs to their offspring for a) ACC and b) i, (rate of

intra-chromosomal shuffling).

Table 1 Proportions of phenotypic variance explained by additive genetic (h?), permanent environment effect (pe>), and residual variance (r*)

Rate measure Sex Ve Vp (Obs) Mean Va h? pe® I Mindep Ya
ACC F 23.93 24.41 18.92 5.561 0.232 0.057 0.016 0.126 0.292
0.5 . 0.761 0.029 0.023 2.13e 0.023 0.15
(0.56) (0.761) ( ) ( )* ( =) ( ) i (0.154)
M 10.76 10.56 13.76 1.202 0.112 0.077 6.35¢ 3 0.077
(0.221) . (0.273) (0.025)*** (0.023)* (1.44e73) (0.019)***
Fintra F 5.50e > 5.56e > 0.02 6.40e~° 0.116 1.28¢° 0.077 0.319
(1.04e7°) (7.24e77) (0.012)*** (2.43¢77 (0.01)** (0.151)
M 5.77¢~° 5.75e~° 0.017 8.07¢~¢ 0.14 0.049 0.082
(1.18¢7%) (1.43¢7%) (0.027)*** (0.020)* (0.019)***

Vp and V5 (obs) are the phenotypic variances as estimated from the animal model and from the raw data, respectively. The mean value is from the raw data. I, is the evol-
vability (note that I, cannot be estimated for Fiuq due to it being on the absolute scale). hizndep is the trait heritability independent of the genetic value of the other sex, and ra
is the additive genetic correlation. Values in parentheses are the standard errors. Significances of h%, pe? and h;zndep estimates are indicated by *(P < 0.05), **(P < 0.001), and
***(P < 0.001). All results are from 6,409 gametes from 1,354 females and 6,647 gametes from 1,299 males on all COs occurring on chromosomes 1A and 1 to 20.

Heritability and Genetic Correlations of Individual
Recombination Rates

The proportion of phenotypic variance in ACC and ¥4
explained by additive genetic effects (the narrow-sense
heritability, h”) was determined within each sex using an
animal model approach fitting a genomic relatedness ma-
trix as a random effect. We also calculated the mean-
standardized additive genetic variance for ACC, defined
as the evolvability (I,), which quantifies the expected pro-
portional change per one unit of selection (Hansen et al.
2011). For all models of ACC and ¥4, only fixed effects
of total phase coverage and total phase coverage” were sig-
nificant (supplementary table S4, Supplementary Material
online), as were the additive genetic, permanent environ-
ment (repeated measures), and residual random effects
(Table 1).

ACC was heritable and evolvable in females (h* = 0232,
I,=0016) and males (h*>=0.112, [,=0.006, P < 0.001,
Table 1). The cross-sex additive genetic correlation was posi-
tive (ra=0292, se=0.154), but was not significantly

different from 0 (2 LRT = 3.48, P=0.062) and was signifi-
cantly lower than 1 (2 LRT =19.06, P < 0.001), indicating
that the genetic basis of ACC has a significant unshared com-
ponent between males and females. This was confirmed
when conditioning the within-sex ACC on the genetic value
in the opposite sex, where female and male ACC remained
independently heritable (h” = 0.126 and 0.077, respectively,
P < 0.001, Table 1). We also calculated the permanent envir-
onment effect, a repeated measures parameter which ac-
counts for constant differences between individuals over
and above the heritability (Kruuk 2004). This effect was low-
er but significant in both females and males (pe” = 0.057 and
0.077 respectively, P < 0.05, Table 1), indicating that ACC is
also partially explained by individual differences not attribu-
ted to additive genetic effects.

Fintra Was heritable in females and males (h> = 0.116 and
0.140, respectively, P < 0.001, Table 1); as this metric is on
the absolute scale, evolvabilities cannot be calculated (see
Hansen et al. 2011). When corrected for ACC by adding it
as an additional fixed covariate, heritabilities were reduced
but remained significant (h* = 0.042 and 0.084, respectively,
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Fig. 5. Genome-wide association plots for ACC and intra-chromosomal shuffling (Fin.q) in females and males at 65,840 SNPs. Phenotypic mea-
sures are from 6,409 gametes from 1,354 females and 6,647 gametes from 1,299 males. The dashed line is the genome-wide Bonferroni-corrected
significance level (equivalent to o= 0.05). Chromosome 0 indicates SNPs of unknown genomic position. Association statistics have been cor-
rected with the genomic control parameter A. P-P plots of the null expectations of each plot is provided in supplementary fig. S5, Supplementary
Material online. Note that visually, P values on the Z chromosome appear to be lower than on other chromosomes. This is an artifact of over-
plotting of much higher marker densities on the other chromosomes, and association statistics are not significantly lower on the Z chromosome.

P <0.001). The cross-sex additive genetic correlation of
ACC was positive (ra =0.319, se =0.151) and was signifi-
cantly different from 0 (3 LRT =454, P=0.033) and 1
(3 LRT =23.21, P < 0.001), again indicating that the genet-
ic basis of ¥j, has an unshared component between males
and females. This was confirmed when conditioning the
within-sex ¥, On the genetic value in the opposite sex,
where female and male 7;,,, were independently heritable
(h*=0.082 and 0.077, respectively, P <0.001, Table 1).
There was a significant permanent environment effect for
Fintra I mMales (pe2 = 0.049), but not females (Table 1).

For both ACC and ¥y, We investigated the potential
contribution of female-restricted chromosomes, i.e. the
germline-restricted chromosome (Borodin et al. 2022)
and the W chromosome to phenotypic variation by fitting
individual matriline (i.e. the path of inheritance from
mothers to offspring) as an additional random effect.
Matriline did not explain any of the phenotypic variance,
indicating that neither female-restricted chromosomes
significantly contributed to variation in recombination
rates in this population. A full explanation of why this ana-
lysis was carried out is provided in the Discussion and
Materials and Methods sections.

Genome-Wide Association Studies of Individual
Recombination Rates

Genome-wide association studies were carried out usinga lar-
ger genomic dataset of 65,840 SNPs, including Z-linked SNPs
and any SNPs of unknown position relative to the house
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sparrow genome. These models accounted for repeated
measures within the same individuals. We did not identify
any loci that were significantly associated with variation in
ACC or Tjyrg in females or males (Fig. 5; supplementary fig.
S5, Supplementary Material online), with a power analysis in-
dicating that we had 95% power to identify any loci explain-
ing >32% of the phenotypic variance. We carried out
Empirical Bayes analyses of the GWAS summary statistics
to identify loci with significant non-zero effects. For female
ACGC, 4,696 SNPs (7.13%) and 1,178 SNPs (1.79%) had non-
zero effects at the significance thresholds of o= 0.05 and
0.01, respectively (supplementary fig. S6, Supplementary
Material online). For male ACC, 179 SNPs (0.27%) and 7
SNPs (0.01%) had non-zero effects on ACC at the levels of
a=0.05 and 001, respectively (supplementary fig. S6,
Supplementary Material online). For female ¥, 1213
SNPs (1.84%) and 143 SNPs (0.22%) had non-zero effects
at the significance thresholds of o = 0.05 and 0.01, respect-
ively (supplementary fig. S6, Supplementary Material online).
For male ¥ipsa, 1,254 SNPs (1.9%) and 151 SNPs (0.23%) had
non-zero effects on ACC at the levels of o= 0.05 and 0.01,
respectively  (supplementary fig. S6, Supplementary
Material online).

Chromosome Partitioning of Additive Genetic
Variance

To confirm the hypothesis of a polygenic architecture of
recombination rates, we used a chromosome partitioning
approach estimating the contribution of each chromosome

20z Joquiaydag £z U Josn 1930101qiqiBojoig AQ 61 | L17/L/6. L 9ESW/6/ L 1/91oIME/aqW/ WO dNO"01WapED.//:SA)Y WOy PapEOjuMOQ


http://academic.oup.com/mbe/article-lookup/doi/10.1093/molbev/msae179#supplementary-data
http://academic.oup.com/mbe/article-lookup/doi/10.1093/molbev/msae179#supplementary-data
http://academic.oup.com/mbe/article-lookup/doi/10.1093/molbev/msae179#supplementary-data
http://academic.oup.com/mbe/article-lookup/doi/10.1093/molbev/msae179#supplementary-data
http://academic.oup.com/mbe/article-lookup/doi/10.1093/molbev/msae179#supplementary-data
http://academic.oup.com/mbe/article-lookup/doi/10.1093/molbev/msae179#supplementary-data
http://academic.oup.com/mbe/article-lookup/doi/10.1093/molbev/msae179#supplementary-data
http://academic.oup.com/mbe/article-lookup/doi/10.1093/molbev/msae179#supplementary-data
http://academic.oup.com/mbe/article-lookup/doi/10.1093/molbev/msae179#supplementary-data
http://academic.oup.com/mbe/article-lookup/doi/10.1093/molbev/msae179#supplementary-data
http://academic.oup.com/mbe/article-lookup/doi/10.1093/molbev/msae179#supplementary-data

The Genetic Architecture of Recombination Rates - https://doi.org/10.1093/molbev/msae179

MBE

ACC: Females ACC: Males lintra: FEMales intra: Males

01009 , ¢ oo - S . >

AdjR2=0.328 ||| AdjR?=0.067 Adj R2=0.325 Adj R2 = 0.382 pJ

P = 0.001 (| P=0.102 P = 0.001 P < 0.001 Q

0.075 ' S

3

(o]

8

$ 0.050- * 3

C [}

8 2

@ 0.025 2

S 0.025 : 'y + + 4

o » g

£ 0.000- — = — 2

5 |

C
(0]
=

L 01007 AqR2= iR2 = iR2= B2 = m

5 Adj R2 = 0.323 Adj R2 = 0.004 Adj R2=0.155 AdjR2=0.133 g

c P =0.001 P =0.302 P =0.022 P =0.032 g

£ 0.0751 5

o 3

S =

= 0.050- S

2

(o]

0.025 - ' | 3

| | ® =

L s

0.000 salla # 2

100 150 0 50 100 150 0 50 100 150

Chromosome Length (Mb)

Fig. 6. Chromosome partitioning of additive genetic effects on ACC and intra-chromosomal shuffling (Fis,) in females and males. Each point
indicates the proportion of phenotypic variance explained by a chromosome-specific genomic relatedness matrix modelled as a function of
chromosome length. The top row partitions variance for recombination rates estimated on all chromosomes (1 to 20 and 1A), which accounts
for cis and trans effects combined. The bottom row partitions variance for recombination rates excluding that chromosome, accounting for
trans effects only. Correlations are analyzed with a linear regression (full results in supplementary table S6, Supplementary Material online).
Full chromosome partitioning results are provided in supplementary table S7, Supplementary Material online.

to the phenotypic variance (Yang et al. 2011b). We com-
puted separate genomic relatedness matrices for (i)
chromosome i and (ii) all chromosomes excluding i, and
fit both as random effects in an animal model. Larger
chromosomes contributed more to the total additive
genetic variance for female ACC, female ¥, and male
Fintra (linear regression P <0.01, Fig. 6; supplementary
tables S6 and S7, Supplementary Material online), sup-
porting the hypothesis of a polygenic architecture under-
pinning these traits. The absence of an effect for male
ACC is likely due to a lack of model convergence leading
to estimates of 0 for two of the largest chromosomes, 2
and 3; when removing these two chromosomes, the linear
regression was significant (t =4.120, P < 0.001, adjusted
R*=0.5).

We then modified this approach to determine if the poly-
genic components underpinning recombination rate are
commonly acting in trans (i.e. they affect the global recom-
bination rate) rather than cis (i.e. they affect the recombin-
ation rate on the chromosome on which they are situated,
and/or are in linkage disequilibrium with heritable aspects
of chromatin structure that affect local recombination
rates). For each chromosome i, we calculated ACC and
Finra for chromosomes 1A and 1 to 20 excluding i and
then reran the animal models and correlations as above.
Similarly, larger chromosomes contributed more to the total

additive genetic variance for female ACC, female ¥, and
male Fipyq (linear regression P < 0.05, Fig. 6; supplementary
tables S6 and S7, Supplementary Material online). These ef-
fects were weaker for female r;,,, and male ¥;,;,, when com-
pared to the full model above, suggesting that a significant
component of variation in intra-chromosomal shuffling
may still act in cis. However, for female ACC, this effect
was highly similar in both models, indicating that polygenic
variation in female ACC is likely to be more commonly
acting in trans within this population.

Discussion

In this study, we have shown that female house sparrows
have 1.37 times higher ACCs and 1.55 times more intra-
chromosomal shuffling (¥i,:q) than males. ACC was mod-
erately heritable in both females and males (h* = 0.23 and
0.11, respectively), as was Fiya (h>=0.12 and 0.14,
respectively). A genome-wide association study found
no regions of the genome with a significant effect on
recombination rate, with chromosome partitioning and
Empirical Bayes approaches supporting a polygenic
genetic architecture. Larger chromosomes contributed
more additive genetic variation to ACC and ¥4 in the
rest of the genome, with further analysis implying that
polygenic effects in female ACC are mostly acting in trans,
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i.e. affecting the global recombination rate. For both ACC
and ¥y, the inter-sex additive genetic correlation was
low (ra ~ 0.3), and both traits remained heritable within
each sex after controlling for the genetic values of the op-
posite sex, indicating that the genetic architecture can
evolve independently within each sex. Here, we discuss
in more detail the mechanisms by which polygenic archi-
tecture is likely to contribute to variation in recombin-
ation rate, how this differs between the sexes, and how
the broad-scale recombination landscape compares
with other studies.

Sex Differences in Recombination and Its Genetic
Architecture

This study provides a compelling example of heterochiasmy
in both recombination rates and the broad-scale recombin-
ation landscapes. More importantly, our study shows that
these sex differences are also underpinned by different gen-
etic architectures. Male and female recombination rates are
likely to have some degree of shared genetic architecture, as
shown by additive genetic correlations of rp ~ 0.3; while
there were moderate standard errors around these esti-
mates, this value was significantly lower than 1 for both
ACC and Tipyq. Both traits remained heritable within each
sex, even after conditioning on genetic values in the opposite
sex, with values ranging from h”> = 0.077 to 0.13.

This indicates that there is potential for evolution of
recombination rates within each sex independent of that
in the other sex, which could affect the degree and poten-
tially the direction of heterochiasmy within the population.
With the exception of domestic chickens (Weng et al. 2019),
our study is the largest study of individual variation in re-
combination in birds, and our study is the largest to inves-
tigate sex-specific effects at the individual and population
levels. As the number of gametes from males and females
are similar in our study, and coverage is high across the
chromosomes we analyzed here, we are confident that we
capture the vast majority of biologically meaningful auto-
somal COs within each sex. While we cannot directly relate
heterochiasmy in a single population to a particular hypoth-
esis outlined in the introduction, our results add to a grow-
ing body of data that there is sexual dimorphism in not only
the rate of crossing-over, but also in its positioning and in its
genetic architecture. More broadly, our results suggest that
while there are fundamental similarities in recombination
between female and male meiosis, the observed differences
in our study may indicate some distinct biological processes
at work between the sexes. Future studies investigating the
evolutionary causes and consequences of recombination
should endeavor to consider how sex differences in meiotic
processes contribute to observed variation.

Variation in CO Count and Intra-chromosomal
Shuffling

Much of the theory proposed to explain the advantages and
disadvantages of recombination rate variation centers
around the generation and preservation of beneficial haplo-
types through shuffling of alleles at linked sites (Hill and
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Robertson 1966; Felsenstein 1974; Kondrashov 1988). The ef-
ficacy and extent to which COs shuffle linked alleles within
chromosomes is not only a function of CO count, but also
of the CO position (Veller et al. 2019). For example, a CO in
close proximity to a chromosome end will lead to much
less allele shuffling than one in the center of a chromosome
(Veller et al. 2019). However, almost all previous studies inves-
tigating the genetic architecture of recombination rates have
focused solely on ACCs (e.g. Kong et al. 2014; Ma et al. 2015;
Johnston et al. 2016; Petit et al. 2017; but see Brekke et al.
2023b). In our study, we modelled both ACC and 7;;, to con-
sider 2 different (but not necessarily independent) phenom-
ena, which respectively represent more the variation in the
mechanistic process of CO formation (ACC) and the vari-
ation in CO positioning and potentially the evolutionary
consequences of recombination (¥;..4). We identified a sub-
stantial correlation between ACC and Fiyyq (r* = 0.684), re-
flecting that much of the variation in ¥, is driven by
ACC, whereas the remainder may be due to other factors,
such as individual differences in chromatin landscape, differ-
ences in the genetic architecture, and/or random processes
that affect CO positioning. Females demonstrate higher
ACC and ¥y, than males, but this difference is stronger in
terms of allele shuffling rather than the number of COs
(~1.5X vs. 1.37X%, respectively). Therefore, females may exhibit
a stronger capacity to drive responses to selection than males
in this population, although in reality, it may be that the sex-
averaged rate is more meaningful in terms of longer term re-
sponses to selection (Burt et al. 1991).

One limitation of our method to characterize COs using
pedigree information is that we only use data from gametes
that resulted in an offspring. This leads to a “missing frac-
tion” of recombination measures in the population, mean-
ing that our measured rates may not reflect the true rate of
crossing-over during meiosis; for example, problems in mei-
osis and lower rates of crossing-over can translate into low-
er fertility and increased rates of aneuploidy in humans
(Hassold and Hunt 2001; Kong et al. 2004; Handel and
Schimenti 2010; MacLennan et al. 2015). A full understand-
ing of any missing fraction would aim to characterize vari-
ation at the pre-zygotic stage, e.g. by verifying rate variation
using chiasma count data (Malinovskaya et al. 2020a) or
gamete sequencing approaches (Dréau et al. 2019) to com-
pare with our pedigree estimated measures. Nevertheless,
these methods also have limitations: cytogenetic in birds re-
quires sacrificing individuals to obtain reproductive tissues,
and at present, gamete sequencing approaches would be
prohibitively expensive to generate large amounts of data
(Dréau et al. 2019). Therefore, our pedigree approach is a
powerful and useful method to generate large numbers
of sex-specific recombination measures (often from preex-
isting data in long-term ecological studies).

What Is the Nature of Polygenic Variation
Underpinning Recombination Rates?

In our study, we show that recombination rates are herit-
able and present compelling evidence that this variation is
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polygenic and driven by many loci of small effect. Indeed,
the estimate of h” = 0.232 for female ACC is relatively high
compared to other studies of recombination in other ver-
tebrate species (Kong et al. 2014; Johnston et al. 2016, 2018,
2021; Kadri et al. 2016; Petit et al. 2017; Weng et al. 2019;
Brekke et al. 2023a, 2023b). Our results are similar to mam-
mal studies in that females had higher phenotypic variance
and heritability of ACCs but are in contrast in that these
studies often identify a conserved suite of loci (eg.
RNF212, RNF212B, REC8, MSH4, and HEI10, among others)
that explain a moderate-to-large effect of heritable vari-
ation (e.g. Kong et al. 2014; Kadri et al. 2016; Petit et al.
2017; Johnston et al. 2018; Brekke et al. 2022). A lack of sig-
nificant GWAS in wild populations is often attributed to
reduced power to detect trait loci, due to relatively small
sample sizes compared to human and livestock studies
(Santure and Garant 2018; Johnston et al. 2022). Our
power analysis indicated that a locus would have to con-
tribute >3.2% of the phenotypic variance to be detected,
meaning that we would only detect moderate-to-large ef-
fect loci. However, we were able to leverage chromosome
partitioning and Empirical Bayes approaches to show
strong evidence that the additive genetic variance in re-
combination rates can be attributed to small-effect loci
throughout the genome, indicating a polygenic architec-
ture. It remains an open question as to how a polygenic
architecture of recombination has influenced its evolution.
Nevertheless, the maintenance of polygenic variation can
arise due to a number of factors, such as a large mutational
target for the introduction of new variants (Rowe and
Houle 1996), the distribution of selection coefficients
over many loci (Sella and Barton 2019), and/or genomic
conflict between linked alleles or unmeasured traits with
a similar genetic architecture (Teplitsky et al. 2009;
Ruzicka et al. 2019).

The question remains—how does polygenic variation
contribute variation in recombination rate? This trait ultim-
ately is a phenotype of the genome, and polygenic effects will
likely operate through two main routes. First, SNPs may be in
LD with genomic features that contribute to local regulation
of recombination rate variation in cis, e.;g. via polymorphic
hotspots and heritable aspects of chromatin accessibility
that are linked to nearby SNPs. Second, SNPs may be in
LD with regions of the genome that affect CO formation
in trans, e.g. through modifying the cell environment, chro-
matin structure, and/or the expression and structure of mei-
otic proteins. It is difficult to directly test cis effects in
isolation; this could feasibly test if local variation is associated
with local recombination rate. However, as COs are inherent-
ly rare at a localized level, and with a large number of tests to
be conducted, this analysis becomes challenging and under-
powered. Nevertheless, we were able to test trans effects at a
global level by adapting the genome partitioning approach
to account for recombination rates on chromosomes ex-
cluding the focal chromosome. This indicated that male
and female 7;,,, are likely to be affected by both cis- and
trans-acting polygenic variation, whereas female ACC is
largely driven by trans-acting polygenic variation. Future

work will investigate the correlation of non-zero effect
SNPs with functional variation, as well as individual and
population fine-scale variation of recombination rate to
identify common genomic features within the population.
Our study has also shown that the female-restricted chro-
mosomes, namely, the W and germline-restricted chromo-
some (GRC), are likely to make a negligible trans-acting
contribution to heritable variation in recombination rates
within each sex. The GRC is present in all passerines and
can comprise around 10% of the genome, but is not present
in somatic cells (Pigozzi and Solari 1998; Warren et al. 2010;
Torgasheva et al. 2019; Borodin et al. 2022). In males, it is gen-
erally ejected before meiosis, whereas in females, it duplicates
and forms COs with itself (Malinovskaya et al. 2020b; Pei
et al. 2022). The function and evolution of the GRC are still
poorly understood, but recent work in blue tits (Cyanistes
caeruleus) has shown that it is enriched for meiotic genes as-
sociated with the synaptonemal complex, although its gene
content may differ between species (Kinsella et al. 2019;
Mueller et al. 2023). While genetic variation on these chro-
mosomes could not be captured by the SNP array (as this
only targets somatic genomes), the dense sparrow pedigree
allowed us to solve this question by fitting matriline as a ran-
dom effect. While a negligible effect is likely true in our study
population, we cannot rule out that the W or GRC contri-
butes to variation in recombination rate in other systems.

Trends and Comparisons in Linkage Mapping and
Broad-Scale Recombination Landscapes
Our motivation for constructing a linkage map was to en-
sure that the SNPs were correctly positioned relative to
one another, as any wrongly positioned SNPs could lead
to false calling of COs. Our higher-density linkage maps
showed strong concordance with a previous 6.5 K map in
the same population (Hagen et al. 2020). There is an expect-
ation that our higher-density map will have improved reso-
lution at telomeric regions and micro-chromosomes to pick
up more COs where recombination rates tend to be higher,
and more power to detect double COs, leading to longer
linkage maps. Contrary to our expectation, the male and fe-
male maps were shorter in the current study (~90% of the
previous estimates; supplementary table S1, Supplementary
Material online). This is likely due to the use of Lep-MAP3 in
the current study, which is less sensitive to phasing or geno-
typing errors through design (Rastas 2017) compared to the
Cri-MAP software (Green et al. 1990) used in the previous
study, where such errors can lead to an inflation of the link-
age map length. Both studies also use different mapping
functions (Morgan vs. Kosambi in the current and previous
studies, respectively); however, differences in map distances
between these functions are negligible in high-density maps,
and as marker densities increase, recombination frequencies
can be underestimated relative to map distance, which may
also explain the observed patterns (Kivikoski et al. 2023).
Our map confirmed heterogeneity in the recombination
landscape, particularly between the sexes, where some re-
gions showed strong divergence in rates (e.g. at ~45 Mb on
chromosome 1A, or 15 to 17.5Mb on chromosome 10, among
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others; supplementary figs. ST and S2, Supplementary
Material online). These sex differences indicate that sudden
changes in landscape are not necessarily indicative of rearran-
gements (i.e. when the other sex does not show the same
trend), but they could indicate the positions of broader land-
scape features where males and females can have pro-
nounced heterochiasmy (i.e. differences in male and female
rates). Future work will investigate how recombination rate
variation, particularly between the sexes, is associated with
genomic features. Our overall sex-averaged recombination
rate of ~1.98 cM/Mb was concordant with recombination
rates estimated based on cytogenetic analysis of chiasma
counts and recombination nodules in birds, which range
from 1.6 cM/Mb in female common terns (Sterna hirundo,
Lisachov et al. 2017) to 2.9 cM/Mb in female domestic geese
(Anser anser; Torgasheva and Borodin 2017; see data com-
piled in Malinovskaya et al. 2018 and supplementary table
S1, Supplementary Material online). There is less concordance
with previous linkage maps in other species, particularly with
those carried out with low marker densities in the early days
of linkage mapping, where cM map lengths could be as low as
694 cM for e.g. male Siberian jays (Jaari et al. 2009). It is likely
that marker densities in these cases have led to underestima-
tion of recombination by having low sub-telomeric coverage
of markers, low sample sizes, and/or markers being too widely
spaced to quantify double COs. Therefore, understanding
how landscapes of recombination vary relative to other avian
species requires generation and standardization of higher-
density linkage maps in a wider range of systems (Kivikoski
et al. 2023).

Conclusion

Inthisstudy, we have revealed sexdifferencesin therateand the
genetic architecture of recombination in wild house sparrows.
This study is an important step in investigating the selective
and evolutionary importance of recombination in wild birds,
with future analyses focusing on the effects of CO
interference and association between recombination rates
and fitness effects at the individual level. Future work will
also benefit from a more nuanced understanding of fine-
scale variation in recombination from population-scaled esti-
mates, gamete sequencing, and other molecular approaches
(Johnston 2024). Integrating this information with our current
dataset may shed light on the potential molecular mechanisms
underpinning the distribution of recombination (including
both CO and gene-conversion events) and the specific genom-
ic features associated with local variation in heterochiasmy.
Overall, our results expand our understanding of individual
variation in recombination in a non-mammal system, and
our approach has the potential to be extended to other long-
term studies with genomic, pedigree, and fitness information.

Materials and Methods

Study System
All data were collected from the meta-population of house
sparrows inhabiting an 18-island archipelago covering
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1,600 km” off the Helgeland coast in Northern Norway (mid-
point of 66°32'N, 12°32E), which has been subject to an
individual-based long-term study since 1993 (Jensen et al.
2004). Birds are routinely captured and individually marked
from the beginning of May to the middle of August and for
~1 month in the autumn using mist nets (adults and fledged
juveniles), or as fledglings in accessible nests during the breed-
ing season. A small (25 pL) blood sample is collected from the
brachial vein for DNA from every captured bird. Individual
hatch year was determined as either (i) the first year recorded
for nestlings or fledged juveniles captured in the summer and
autumn, or (i) the year prior to first year recorded for birds
first captured as female adults before June 1 or as males before
August 1, or (iii) a range including the year first recorded and
the year prior for birds first captured as adult females after
June 1 or adult males after August 1; hatch island is also re-
corded alongside hatch year (Ranke et al. 2021; Saatoglu
et al. 2021). Sampling was conducted in strict accordance
with permits from the Norwegian Food Safety Authority
and the Ringing Centre at Stavanger Museum, Norway.

SNP Genotyping and Quality Control

All SNPs used in our analysis were taken from 2 custom house
sparrow Axiom SNP arrays (200 and 70 K) based on the rese-
quencing of 33 individual house sparrows (Lundregan et al.
2018). SNPs on both arrays are distributed across 29 auto-
somes in the house sparrow genome (chromosome 16 was
excluded as sequences on this chromosome is difficult to as-
semble due to containing the highly repetitive major histo-
compatibility complex). All SNPs on the 70 K array are
present on the 200 K array. All SNP positions are given relative
to the house sparrow genome assembly Passer_domesticus-
1.0 (GenBank Assembly GCA_001700915.1; Elgvin et al. 2017;
Lundregan et al. 2018). A total of 3,116 recruited adults were
successfully genotyped on the 200 K array (Niskanen et al.
2020), and an additional 9,079 recruited adults and non-
recruited fledglings and juveniles were successfully genotyped
on the 70 K array. For our analyses, we merged the 2 datasets
using --bmerge in PLINK v1.90b7 (Chang et al. 2015) and re-
moved individuals and SNPs with call rates of <0.1 (using
--mind and --geno) and SNPs with minor allele frequencies
(MAF) of <0.01 in founder individuals (--maf). The merged
dataset contained 65,840 SNPs in 12,965 individuals.

For all autosomal SNPs used in the estimation of recom-
bination rates below, we conducted a second, stricter round
of quality control to minimize the risk of genotypic and/or
phasing errors leading to spurious calls of recombination
events. Mendelian errors were identified with the --mendel
function in PLINK, and SNPs with more than 100
Mendelian mismatches were discarded. It is possible that
these mismatches have arisen due to DSB repair via biased
gene-conversion events (Lorenz and Mpaulo 2022); however,
as this study only considers CO events, there is no loss of rele-
vant information by conducting this quality control step. We
generated summary statistics of SNP loci using the function
summary.snp.data in GenABEL v1.8-0 (Aulchenko et al.
2007) in R v3.6.3. To ensure strong concordance between
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200 and 70 K data, we removed SNPs where there was a dif-
ference between the datasets of more than 3 standard devia-
tions between (i) the minor allele frequency, (ii) deviation
from Hardy—Weinberg equilibrium, and/or (iii) the propor-
tion of heterozygote individuals. After these steps, we re-
tained 56,767 autosomal SNPs and 617 Z-linked SNPs in
12,959 individuals. The mean and median autosomal inter-
marker distances in this final dataset were 16.1 and 9.6 kb,
respectively, and the mean and median Z-chromosome inter-
marker distances were 111.2 kb and 77.9 kb, respectively. We
investigated the linkage disequilibrium (LD) exponential de-
cay profile for all autosomal loci occurring within 500 kb win-
dows using the flag --Id-window-kb 500 in PLINK. LD decayed
to r* = 0.01 at a distance of ~100 kb (supplementary fig. 57,
Supplementary Material online).

Genetic Pedigree Construction

A meta-population—level pedigree was constructed using a
subset of 873 SNP markers in the software Sequoia
(Huisman 2017). This subset of SNPs was selected for the
pedigree construction by filtering the 70 K SNP set using
PLINK 1.9 (Chang et al. 2015) using the --indep command,
specifying a window size of 1,000 KB, step size of 10Kb and
an ¢ threshold of 0.01, whilst filtering for MAF > 0.35 and ex-
cluding Z-chromosome—mapped SNPs. The SNP set was fur-
ther refined by constructing a preliminary parentage-only
pedigree and removing SNPs with Mendelian error rates >
0.03. After these steps, 873 SNPs remained. For genetic sex
assignment, we calculated the Fhat2 inbreeding coefficients
(Fz) using the --ibc command using 306 high-quality
Z-chromosome SNPs. Individuals with F; > 0.95 were as-
signed as female and those with F; < 0.5 assigned as male.
Individuals with F; > 0.5 < 0.95 and were left as “unknown”
sex, as were individuals assigned as genetic females that had
autosomal Fgoy > 0.1, due to inbreeding biasing F, estimates.
We used the R-package Sequoia (Huisman 2017) to construct
a pedigree including 11,073 individuals sampled from
Helgeland and several other nearby populations. We used
the genetic sex for all individuals and assigned known hatch
years as the year of first capture for individuals sampled as
nestlings or first captured as juveniles, and assumed sparrows
first captured as female adults before June 1 or as males before
August 1 were hatched the previous year. We set a possible
hatch year range of year t-1 or t for sparrows first captured
as adult females after June 1 or adult males after August 1
in year t, because by this stage some juveniles are difficult
to distinguish from adults. After the initial parentage-only
pedigree, a final pedigree was constructed with sib-ship clus-
tering and LLR calculation enabled, with a maximum of 8 sib-
ship iterations and a genotyping error rate of 0.002 (Niskanen
et al. 2020).

Linkage Map Construction

Autosomal linkage map construction was conducted using
Lep-MAP v3 (Rastas 2017). The pedigree was ordered into
full-sib families as follows: for each unique male—female mat-
ing pairing (hereafter referred to as the focal individuals, or

FIDs, in which meiosis took place), we constructed a 3-gen-
eration family including all genotyped parents and offspring.
While an FID can be present in several families (i.e. as an off-
spring, parent, or when mating with a different individual),
this design meant that each meiosis was only counted
once. A total of 4,534 full-sib families were constructed,
with 1 to 20 offspring per family. We assumed the same
marker order as the house sparrow genome above, and trea-
ted each chromosome as a separate linkage group. The mod-
ule filtering2 was run with the parameter datatolerance =
0.01 to filter based on segregation distortion, with all markers
passing this step. The module separatechromosomes2 was
run for each linkage group, and markers that were not as-
signed to the main group (i.e. LOD score <5) were excluded
(N'=2 SNPs removed). Finally, the module ordermarkers2
was run to calculate the centiMorgan (cM) positions using
the Morgan mapping function for each sex separately.
Relationships between (i) chromosome length (in mega-
bases) and linkage map length (in cM) and (ii) male and fe-
male linkage map lengths (in cM) were analyzed using linear
regressions in R v4.2.2.

Calculating Individual Recombination Rates
Chromosome Phasing and CO Estimation

The software YAPP v0.2a0 (https://pypi.org/project/
yappgen/; Servin (2021)) was used to phase chromosomes
and identify CO positions in gametes transmitted from
FIDs to their offspring. This approach uses the whole pedigree
rather than the smaller sub-pedigrees above and is more ro-
bust to missing individuals, allowing us to characterize COs in
more individual gametes. YAPP identified 14,769 parent—off-
spring pairs, representing 14,769 gametes in which COs could
potentially be inferred. First, the mendel command was run
with default parameters, removing 143 pairs with higher rates
of Mendelian errors using the default parameters. Next, the
phase command was used to infer the gametic phase of chro-
mosomes. The phase analysis proceeds in 2 stages through
the pedigree, ensuring parents are processed before their off-
spring. In the first stage, Mendelian transmission rules are ap-
plied to reconstruct the gametes passed from parent to
offspring (e.g. a homozygous individual can only transmit
one of the 2 alleles to its offspring). With this information,
the phase of an individual (i.e. the haplotypes received from
each parent) is determined by (i) combining all haplotypes
transmitted to its offspring using the Weighted Constraints
Satisfaction method of Favier et al. (2012) implemented in
ToulBar2 and (i) the haplotypes transmitted by its parents.
In the second stage, the partially reconstructed gametes are
used to infer segregation indicators with a hidden Markov
model, as described in Fledel-Alon et al. (2011) and Druet
and Georges (2015). These segregation indicators allow for
a more precise reconstruction of the gametes transmitted
from parent to offspring, which is then used to produce the
final phase reconstruction for all individuals. Finally, the re-
comb command was run to identify COs from the segregation
indicators. For each chromosome and each meiosis, YAPP
outputs the start and stop positions of the informative length
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of the chromosome (i.e. the total region where phase can be
inferred for a particular individual from the pedigree, or
“coverage”) and the start and stop positions of each CO
interval as determined by the hidden Markov model
(supplementary fig. S4A, Supplementary Material online);
this was included to account for the uneven information
for CO detection across parent/offspring pairs (e.g. due to
variation in inbreeding). This process was run in 3 iterations
of the phase and recomb commands to allow conservative
quality control and minimize the risks of calling false COs.

Iteration 1. After the first iteration, we removed parent—
offspring links with >60 COs per gamete and/or >9 COs
on any chromosomes and removed parents or offspring
with an autosomal heterozygosity of <0.36, as this thresh-
old was associated in an uptick in estimated CO counts,
suggesting a reduced sample quality and/or increased
phasing difficulty (N = 14,127 gametes remaining).

Iteration 2. After the second iteration, we investigated the
genomic locations of double COs (DCOs) in close proximity
(<3 Mb between adjacent CO mid-points). Chromosome 26
had a high number of close DCOs despite its short length
(~6.9 Mb) indicating that this chromosome either has
many structural variants or is poorly assembled, and so all
COs on this chromosome were discarded. We then identified
genomic regions enriched for close DCOs by splitting the
genome into 100 kb bins and tallying the number of CO win-
dow mid-points in each bin. Two regions of the genome
showed elevated close DCOs at chromosome ends: these
were from 0 to 3 Mb of chromosome 4 and from 68 to
699 Mb of chromosome 1A (supplementary fig. S8,
Supplementary Material online). We speculate that these re-
gions have large structural variants (e.g. inversions) and/or
rearrangements relative to the reference genome that lead
to false calling of DCOs in these regions. In this case, we re-
moved all COs overlapping these 2 regions from all further
analyses. We then removed all parent—offspring links with
>45 COs per gamete and/or >9 COs on any chromosome
and removed parents and offspring with a SNP call rate of
<0.98 and/or a heterozygosity value outside 3 standard de-
viations of the mean (N = 13,159 gametes remaining).

Iteration 3. After running for a third iteration, we re-
investigated all DCOs in the data. We assumed that all
COs were Class | COs and subject to CO interference
(>90% of COs in vertebrates, see Pazhayam et al. 2021).
Therefore, we also assumed short DCOs were indicative of
non-CO gene-conversion events, non-interfering Class |l
COs, phasing errors, and/or genotyping errors. After visual
examination of the distribution of distances between
DCOs to determine an appropriate threshold, we identified
an increase in DCOs occurring within an interval of 2 Mb or
less. While the distance at which CO interference operates in
birds is generally unknown, the lack of DCOs on chromo-
somes <10 Mb in length (Figs. 2 and 3) indicates that the
2 Mb threshold is unlikely to incorporate Class | COs.
Therefore, we removed all COs that were <2 Mb apart
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(from the right-hand boundary of the first CO interval to
the left-hand boundary of the second CO interval;
supplementary fig. SOBA, Supplementary Material online).
Any gametes with >5 short DCOs were removed. In cases
of clustered short COs (i.e. 3 or more adjacent COs that
are separated by distances of 2 Mb or less), 1 CO was called
in the case of odd numbers of COs (i.e. a phase change oc-
curred at either side of the cluster), or 0 COs in the case
of even numbers of COs (i.e. there was no phase change
on either side of the cluster).

It should be noted that pedigree-based methods to estimate
COs can only identify those present in one of the 4 cells re-
sulting from meiosis. For each CO, there will be 2 recombin-
ant and 2 non-recombinant chromatids at that position.
Therefore, our CO counts represent a sample of the COs
that happened in meiosis . We assume that each CO is
sampled with a 50:50 probability, but we cannot rule out
that meiosis with 2 or more COs on the same chromosome
may be more likely to be co-inherited on the same chroma-
tid. Therefore, there is an expectation that at least 50% of ga-
metes will have at least 1 CO per chromosome due to
obligate crossing-over, as each CO per meiosis has a 50%
chance of being observed in the gamete due to Mendelian
segregation. We observed that the micro-chromosomes 21
to 28 had a higher-than-expected number of gametes with
no observed COs (>50%; Fig. 3), meaning that not all COs
can be detected. Therefore, all COs occurring on these chro-
mosomes were discarded from downstream analyses. In to-
tal, we retained 212,711 COs in 13,056 phased genotypes
from 6,409 gametes from 1,354 unique females and 6,647 ga-
metes from 1,299 unique males.

Recombination Rate Calculation

The CO dataset was used to calculate recombination rates
in FIDs using two approaches. First, we determined the ACC
by summing the number of COs per gamete. Second, we
calculated the rate of intra-chromosomal allelic shuffling,
Fintra» Which is the probability that two randomly chosen
SNP loci on the same chromosome are uncoupled in mei-
osis (Veller et al. 2019). This was defined as:

n
Fintra = 2Pk(1 - Pk)Li
k=1

where for chromosome k, p, is the proportion of the SNPs
inherited from one parent, L, is its fraction of the genome
length (or gene count), and n is the number of autosomes.
In our initial data exploration, we also quantified ¥, as a
function of individual genes rather than SNP loci (defined
as Fgene). However, Tipy, and g Were highly correlated
(Pearson’s correlation r=0.948, P < 0.001; supplementary
fig. S4B, Supplementary Material online) and so only the
Fintra Measure was used in downstream analyses.

Determining Heritability of Recombination Rate
Univariate Models

Variance components and the proportion of phenotypic vari-
ance in recombination measures attributed to additive
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genetic effects (the narrow-sense heritability, h®) were
determined using an “animal model” fitted by restricted
maximum-likelihood in the package ASReml-R v4 (Butler
et al. 2009) in R v422. A genomic relatedness matrix
(GRM) based on all autosomal markers was constructed
with GCTAv1.94.1 (Yangetal. 2011a). The GRM was adjusted
for sampling error using the —grm-adj 0 argument, which as-
sumes the frequency spectra of genotyped and causal loci are
similar. Models were run for ACC and rj,, in males and fe-
males separately. The fixed effect structure included the total
phase coverage from YAPP (the length of the genome that
can be phased and therefore within which COs can be de-
tected) and the total phase coverage squared. For models
of Fiptra, We fit with and without ACC as an additional continu-
ous fixed effect, as intra-locus shuffling is a function of the CO
count, with both measures highly correlated (Pearson’s
correlation r=0.684, P <0.007; supplementary fig. S6A,
Supplementary Material online). Random effects included
the additive genetic effect (GRM) and permanent environ-
ment effect. The permanent environment effect is a repeated
measures parameter which accounts for constant differences
between individuals over and above the additive genetic
effect, which can be generated by differences in individual en-
vironment and condition, long-term effects of critical devel-
opmental stages, and dominance and epistatic genetic
effects (Kruuk 2004). A failure to account for this effect can
lead to upwardly biased estimates of the additive genetic ef-
fect (Kruuk and Hadfield 2007). Models were also run with a
pedigree-based relatedness matrix calculated using the ainv
function in ASReml-R, but variance estimates were highly
similar to those from the GRM. Initial models were run
with age of the FID in year of gamete formation (defined
as the difference between offspring hatch year and parent
hatch year) as a continuous fixed covariate, and random ef-
fects of FID hatch year, FID natal island and offspring hatch
year (to investigate cohort effects and parse apart environ-
ment effects), and FID’s mother identity (to estimate mater-
nal effects). However, these effects were estimated as
bounded at 0 and were not significant in any models, and
so were discarded from further analyses.

The heritability of each measure (h°) was determined as
the ratio of the additive genetic variance V, to the total
phenotypic variance V), defined as the sum of random ef-
fect variances and the residual variance as estimated by
the animal model, using the equation h>=V,/Vp. We
also calculated the mean-standardized additive genetic vari-
ance, defined as the evolvability (I4) using the equation
Ia = Va/(x*), where X is the trait mean. This measure quan-
tifies the expected proportional change per 1 unit of selec-
tion (Hansen et al. 2011). Standard errors of these estimates
were derived using the delta method implemented in the
ASReml-R function vpredict.

Bivariate Models

Bivariate models were run to determine the additive genetic
covariances and correlations between male and female ACC
and i, With total phase coverage as a continuous fixed ef-
fect. The additive genetic correlation, ra, was calculated

without constraint using the CORGH function (i.e. correl-
ation with heterogeneous variances) in ASReml-R v4. This
function also allowed us to run additional models where
ra was constrained to 0 or 0.999 (as a correlation of one can-
not be fit by the software). Significant differences between
the observed value and constrained models were tested
using likelihood ratio tests, calculated as 2 times the differ-
ence between the model log-likelihoods, distributed as y?
with 1 degree of freedom.

The CORGH function reports the heritabilities of traits
when unconditional on the genetic values of the other sex.
To confirm this, we also estimated how much of V4 in fe-
males was conditional on genetic values in males (i.e.
Va(f im))» using the following equation:

Va( im) = Vag = (€OVam))* /Vam

where V¢ and Vj,, are the additive genetic variance esti-
mates in females and males, respectively, and cova(sm) is the
additive genetic covariance of the trait between the sexes
(Hansen et al. 2003). The conditional heritability was then cal-
culated as h(zf‘m) = V(s im)/ Vp. The cova( sy estimate was ob-

tained from the same bivariate animal model as above,
specifying the US function (i.e. the covariance matrix is un-
structured). This was then repeated for males, conditional
on genetic values in females (i.e. Va(mjs))-

Potential Contribution of Female-Restricted Chromosomes
to Variation

House sparrows have two female-restricted chromosomes
present in the cell during meiosis | — a haploid germline-
restricted chromosome (GRG (Pigozzi and Solari 1998;
Warren et al. 2010; Torgasheva et al. 2019; Malinovskaya
et al. 2020b; Borodin et al. 2022; Pei et al. 2022) and the W
chromosome. The function and evolution of the GRC are
poorly understood, but recent work in blue tits (Cyanistes
caeruleus) has shown that it is enriched for meiotic genes as-
sociated with the synaptonemal complex, although its gene
content may differ between species (Kinsella et al. 2019;
Mueller et al. 2023). If there is between-individual genetic
variation for recombination rate on the GRC or W chromo-
somes, this may be partially captured by the GRM (as related
females will carry more genetically similar GRCs and W chro-
mosomes), but not by the SNP array variation above. To de-
termine their potential contribution to additive genetic
variation in recombination, we used the pedigree to deter-
mine the matriline identity of each bird (i.e. the path of
inheritance from mother to offspring). Mother identity
was known for 83% of birds through direct observation or
inference of unsampled parents from previous pedigree con-
struction in Sequoia (Huisman 2017; Niskanen et al. 2020).
We identified 351 unique matrilines for the 1,354 female
birds with recombination rate estimates, with 90% of birds
assigned to the 150 most common matrilines. We then fit
individual matriline (representing maternal inheritance of
GRC and W, as well as mitochondria) as an additional
random effect in the animal models above to partition the
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proportion of variance explained by the line of maternal
inheritance independent of the additive genetic effect. If
significant, this implies that variation on the GRC, W
chromosome, or mitochondria may also contribute to herit-
able variation in recombination rate measures.

Determining Genomic Variants Associated with
Recombination Rate

Genome-Wide Association Studies (GWAS)

GWAS of recombination measures were conducted with all
FIDs using the merged SNP dataset (N = 65,840) implemen-
ted in RepeatABEL v1.1 (Ronnegard et al. 2016) in R v3.6.3.
Models were run for ACC and ¥, in males and females sep-
arately. The package models the additive effect of SNPs,
where genotypes (AA, AB, and BB) correspond to 0, 1 and
2, and slopes and standard errors of associations are calcu-
lated. The total phase coverage was fit as a fixed effect,
and the GRM was fit to account for inflation of test statistics
due to population structure. To account for any further in-
flation, we divided association statistics using the genomic
control parameter A, which was calculated as the observed
median y” statistic, divided by the null expectation median
i statistic (Devlin and Roeder 1999). The significance
threshold was calculated using a Bonferroni correction,
with the threshold set at a = 0.05 of P=2.765 X 10~". We
performed a power analysis to evaluate the capacity of our
GWAS to detect biologically meaningful quantitative trait
loci using the method outlined in Visscher et al. (2017) im-
plemented in an R function provided by Kaustubh Adhikari
(https://github.com/kaustubhad/gwas-power) in R v4.2.2.
When specifying a minimum sample size of N = 1,299 un-
ique males in our dataset (i.e. the most conservative thresh-
old), we determined that we had 95% power to identify a
locus explaining 3.2% of the phenotypic variance.

Distribution of Polygenic Effects

We determined the distribution of allele effect sizes and esti-
mated false discovery rates and false sign rates to identify loci
with non-zero effects on recombination rate using the ash
function in the R package ashR v2.2-32 (Stephens 2017).
This package models the slopes and standard errors of the
additive SNP effects from the GWAS in an Empirical Bayes
framework to compute a posterior distribution of SNP effect
sizes across all loci. For SNPs estimated to have non-zero effect
on the trait, the significance of a SNP effect is determined by a
local false sign rate, defined as probability of error when clas-
sifying the slope of the effect as positive or negative, with cut-
off thresholds at o = 0.05 and a. = 0.01. The prior distribution
was specified to be unimodal and symmetric around 0 when
applying the false discovery rate estimation, i.e. effect sizes are
most likely to be 0 and equally likely to be positive or negative;
this was specified using the arguments mixcompdist = “uni-
form” and method = “fdr”.

Chromosome Partitioning of Additive Genetic Variance
We estimated the contribution of each chromosome to the
additive genetic variation in recombination rate, to
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determine if larger chromosomes (i.e. those with more genes)
contribute more to the total additive genetic variance, and
thus supporting the hypothesis of a polygenic genetic archi-
tecture. For each chromosome i, we calculated 2 GRMs: 1
for chromosome i and 1 for all autosomes excluding i.
GRMs were determined using GCTA v1.94.1 with the same
parameters above. We then fit both GRMs in place of the sin-
gle GRM in the animal model structure above. This allowed us
to determine the proportion of variance of the global recom-
bination rate explained by each chromosome. We then inves-
tigated the correlation between chromosome i size and the
proportion of additive genetic variance explained by chromo-
some i using a linear regression in R v4.3.1. It should be noted
that chromosome partitioning analyses can be biased as a re-
sult of heteroscedasticity and censoring (Kemppainen and
Husby 2018), as the trait heritability, SNP effect sizes, and their
physical location will impact inferences of polygenic architec-
ture (Kemppainen and Husby 2018). To quantify the effect of
this, we repeated the chromosome partitioning analysis
above, but permuting the phenotype values across all indivi-
duals within the model. This was done 100 times, due to com-
putational constraints. We compared the permuted data
linear regression with the true regression above, identifying
little impact of censoring and heteroscedasticity on our cur-
rent analysis (supplementary fig. S10, Supplementary
Material online).

Finally, we adapted the chromosome partitioning ap-
proach to determine if genetic variants underpinning recom-
bination rate are more likely to commonly act in trans (i.e.
they affect the global recombination rate) or cis (i.e. they af-
fect the recombination rate on the chromosome on which
they are situated). More simply, this investigates the contribu-
tion of each chromosome to recombination on the remaining
chromosomes. We repeated the analysis above, except for
each chromosome i, we calculated the ACC and Fipyq re-
sponse variables excluding measures from chromosome i.
We then investigated the correlation between chromosome
i size and the proportion of additive genetic variance ex-
plained by chromosome i using a linear regression in R
v4.3.1, as above.

Supplementary Material

Supplementary material is available at Molecular Biology
and Evolution online.
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