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Abstract 
Meiotic recombination is an integral cellular process, required for the production of viable gametes. Recombination rate is a fundamental genomic 
parameter, modulating genomic responses to selection. Our increasingly detailed understanding of its molecular underpinnings raises the 
prospect that we can gain insight into trait divergence by examining the molecular evolution of recombination genes from a pathway 
perspective, as in mammals, where protein-coding changes in later stages of the recombination pathway are connected to divergence in intra- 
clade recombination rate. Here, we leverage increased availability of avian and teleost genomes to reconstruct the evolution of the 
recombination pathway across two additional vertebrate clades: birds, which have higher and more variable rates of recombination and similar 
divergence times to mammals, and teleost fish, which have much deeper divergence times. Rates of molecular evolution of recombination 
genes are highly correlated between vertebrate clades and significantly elevated compared to control panels, suggesting that they experience 
similar selective pressures. Avian recombination genes are significantly more likely to exhibit signatures of positive selection than other 
clades, unrestricted to later stages of the pathway. Signatures of positive selection in genes linked to recombination rate variation in 
mammalian populations and those with signatures of positive selection across the avian phylogeny are highly correlated. In contrast, teleost 
fish recombination genes have significantly less evidence of positive selection despite high intra-clade recombination rate variability. Gaining 
clade-specific understanding of patterns of variation in recombination genes can elucidate drivers of recombination rate and thus, factors 
influencing genetic diversity, selection efficacy, and species divergence.
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Introduction
Although meiotic recombination, the exchange of genetic ma
terial between homologous chromosomes is ubiquitous in 
sexually reproducing organisms, the rate at which it occurs 
varies significantly within and between species (Stapley et al. 
2017). This variation has wide-ranging consequences: 
Recombination generates new combinations of alleles within 
populations, shaping patterns of genetic variation within 
and between genomes and modulating the efficacy of selection 
(Hill and Robertson 1966; Charlesworth et al. 1993). 
Recombination rate can also directly impact zygote viability. 
In most species, a minimum of one crossover event per 
chromosome pair is required to ensure the resulting gametes 
each receive the proper genetic complement (Baker et al. 
1976).

Proximally, recombination rate is determined by the num
ber of crossover events, which arise through a highly-regulated 
and complex cellular pathway (Dapper and Payseur 2019). 
While there are still large gaps in our understanding of how 
and why recombination diverges between species, it is likely 
that variation in the genes that regulate the meiotic recombin
ation pathway are important contributors (Kong et al. 2008; 
Chowdhury et al. 2009; Sandor et al. 2012; Johnston et al. 
2016; Kadri et al. 2016; Shen et al. 2018). Thus, one strategy 

for understanding how species diverge is to inspect molecular 
evolution of genes involved in this pathway.

The meiotic recombination pathway can be divided up into 
discrete steps (Meuwissen et al. 1992; Baker et al. 1996; 
Keeney et al. 1997; Page and Hawley 2004; Snowden et al. 
2004; Keeney 2008). Previous research in mice, yeast, and 
nematodes identified roughly six stages in the meiotic recom
bination pathway and key genes acting on each step (Fig. 1). 
In mammals, two lines of evidence connect protein-coding 
changes in later stages of the pathway to differences in rates 
of recombination. First, within populations, individual vari
ation in recombination rate is linked to genetic variation at 
key loci in the recombination pathway (Dumont et al. 2009). 
Genetic variants that impact recombination rate within species 
have been identified in humans, pigs, cattle, sheep, and red deer 
(Kong et al. 2008; Sandor et al. 2012; Johnston et al. 2016, 
2018; Kadri et al. 2016; Petit et al. 2017; Halldorsson et al. 
2019; Brekke et al. 2022). The majority of these gene variants 
are found in the latter half of the recombination pathway, regu
lating which double strand breaks are resolved as crossovers. 
Second, Dapper and Payseur identified signatures of positive 
selection in a focal panel of meiotic recombination genes within 
mammals (Dapper and Payseur 2019). Specifically, genes in
volved with the stabilization of homologous pairing and the 
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crossover/non-crossover (CO/NCO) decision showed greater 
likelihood of signatures of adaptive evolution, supporting the 
hypothesis that changes to genes associated with the CO/ 
NCO decision drive divergence in recombination rate between 
populations (Martini et al. 2006; Cole et al. 2012).

An important consideration in examining the evolution of 
the recombination pathway outside of mammals is that most 
work uncovering the genetics and cellular mechanisms of mei
otic recombination has been carried out in model organisms, 
such as yeast, Caenorhabditis elegans, and the house mouse. 
However, the deep conservation of pathway elements between 
these distantly related model organisms suggests that we may 
be able to infer gene function in non-model organisms with 
some confidence (Kanaar et al. 1996; Bergerat et al. 1997; 
Cole et al. 2010; Kumar et al. 2010; Kan et al. 2011; 
de Massy 2013; Loidl 2016; Zelkowski et al. 2019; Hinman 
et al. 2021).

Due to their higher recombination rate variability, avian and 
teleost genomes may afford greater power to identify correla
tions between molecular evolution and divergence in recom
bination rates, providing a strong test of the hypothesis that 
changes to the genes that regulate later stages of the recombin
ation pathway drive divergence in recombination rate between 
vertebrate genomes. Yet, there are also interesting genomic dis
tinctions between these clades that may result in different se
lective pressures shaping the evolution of recombination rate 
and its regulatory pathway. Unlike mammalian and teleost ge
nomes, avian genomes contain numerous microchromosomes, 
<0.5 μm diameter chromosomes that each require a recombin
ation event to segregate properly (Solovei et al. 1994; Waters 
et al. 2021). Additionally, PRDM9, a key, rapidly evolving 
gene directs recombination hotspots in most mammalian and 
some teleost genomes (Baudat et al. 2010; Myers et al. 2010; 
Parvanov et al. 2010; Auton et al. 2013; Zhou et al. 2018; 
Raynaud et al. 2025). But, it is notably absent in avian, yeast, 
and plant genomes (Oliver et al. 2009; Baker et al. 2017; 
Cavassim et al. 2022). Despite the loss of PRDM9, leading to 
stable recombination hotspots in avians (Singhal et al. 

(2015), we find evidence of large genome and chromosome- 
wide variation in recombination rate. These significant differ
ences in recombination mechanism underlie the importance of 
investigating meiotic recombination rate evolution in non- 
model, and specifically non-mammalian, organisms.

While major drivers of the evolution of meiotic recombin
ation genes have yet to be determined, several hypotheses pro
vide motivation for deeper investigation into the selective 
landscape of recombination rate variation. Because recombin
ation events play an important role in proper chromosomal 
segregation during meiosis, karyotype evolution may drive re
peated bouts of selection on recombination rate (Kong et al. 
2004; Ritz et al. 2017; Dapper and Payseur 2017). 
Karyotypic evolution in birds, while largely stable, produced 
massive variation in number of chromosomes between bird 
clades, with diploid chromosome numbers varying between 
40 and 142 (Degrandi et al. 2020). Both birds and mammals 
have experienced significant chromosome rearrangement 
events, leading to significant variation in karyotype structure 
between species (Ferguson-Smith and Trifonov 2007). While 
mammalian chromosomes retain large conserved segments, 
bird chromosomes have experienced frequent, independently 
occurring chromosome fusions and fissions, leading to varying 
numbers of microchromosomes (Ferguson-Smith and 
Trifonov 2007; Graphodatsky et al. 2011; Kapusta et al. 
2017; Degrandi et al. 2020; Damas et al. 2022; Huang et al. 
2022). Additionally, birds have shorter genomes, introns, 
and intergenic regions than mammals, potentially due to 
chromosomal rearrangements (Botero-Castro et al. 2017). 
Mammals and birds have “elastic” genomic architectures 
due to complicated patterns of DNA gain and loss (Kapusta 
et al. 2017). Teleost fish have also experienced significant kar
yotypic evolution due to a whole genome duplication, subse
quent rediploidization, and loss/partitioning of gene 
duplicates (Jaillon et al. 2004; Volff 2005; Parey et al. 
2022). These significant changes in karyotype and genomic 
architecture may drive directional selection on recombination 
rate to ensure the one-crossover rule is maintained, and to 

Fig. 1. The meiotic recombination pathway can be broken down into six steps. (1) First, double-stranded breaks (DSBs) are non-randomly introduced 
throughout the genome. (2) Once these breaks are introduced, they are processed via nucleases, which leave each DSB with an ssDNA tail. (3) These tails 
allow DSBs to be lined up appropriately along homologous chromosomes via homology search and strand invasion. (4) The synaptonemal complex (SC) 
forms a proteinacious scaffold that stabilizes DSBs and homologous chromosomes and creates a structure on which crossover events occur. (5) Though 
the majority of DSBs are resolved as non-crossovers, a non-randomly distributed subset of the DSBs are designated as crossovers. (6) Finally, DNA repair 
occurs on both crossovers and non-crossovers, resolving all DSBs. Key genes that regulate each step are listed at the bottom of the figure. 
Figure modified from Dapper and Payseur (2019).
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compensate for potential downstream effects of chromosomal 
rearrangements. Meiotic drive and indirect effects on other, 
linked loci may also generate recurrent directional selection 
on recombination rate (Brandvain and Coop 2012). Meiotic 
drivers occur frequently in females, as the unequal division 
in gametes may result in drivers preferentially segregating to 
the oocyte, with other loci being relegated to the polar bodies 
(Brandvain and Coop 2012). Genetic conflict can thus arise 
between drivers and other loci; this conflict may be mediated 
by selection on recombination rate modifiers, which can neu
tralize the efficacy of meiotic drivers. Similar to the conflict be
tween meiotic drivers and other loci, theory also predicts that 
inter-locus sexual conflict can also generate recurrent selection 
on recombination rate (Dapper and Lively 2014). Strong dir
ectional selection on other traits is another plausible indirect 
driver of adaptive evolution on meiotic recombination genes. 
Research in Drosophila melanogaster identified a relationship 
between increased recombination rate and polygenic develop
ment of DDT resistance (Flexon and Rodell 1982). In plants, 
inter-species analysis reveals higher rates of recombination in 
domesticated taxa (Ross-Ibarra 2004), though there is less 
consensus on the relationship between domesticity and recom
bination rate in mammals and birds (Burt and Bell 1987; Otto 
and Barton 2001; Martin et al. 2006; Muñoz-Fuentes et al. 
2015). In mice and humans, there is an association between 
higher recombination rates and fecundity (Gorlov et al. 
1992; Kong et al. 2004). While these traits are not specific 
to meiotic recombination, it is possible that directional selec
tion acting on beneficial alleles is linked to variants associated 
with recombination rate variation, such as those previously 
mentioned in humans and livestock (Kong et al. 2008; 
Sandor et al. 2012; Johnston et al. 2016, 2018; Kadri et al. 
2016; Petit et al. 2017; Halldorsson et al. 2019; Brekke 
et al. 2022). Birds provide a strong comparative system for in
vestigating patterns of molecular evolution in the meiotic re
combination pathway. Both birds and placental mammals 
have divergence times of ∼100 million years (Jarvis et al. 
2014; Claramunt and Cracraft 2015; Prum et al. 2015; 
Dunwell et al. 2017; Liu et al. 2017; Kuhl et al. 2021; 
Carlisle et al. 2023). Avian diversity is well-represented by 
an array of high-quality genome assemblies. Interestingly, avi
an genomes appear to experience recombination rates that are 
on average twice as high as those observed in mammals 
(Ellegren 2010; Stapley et al. 2017) with greater 
between-species divergence, but higher karyotypic conserva
tion (Ellegren 2010; Zhang et al. 2014; Kapusta et al. 2017). 
Teleost fish provide an interesting foil to both mammal and 
avian meiotic recombination pathway evolution. Linkage 
map length data suggest that fish have both the highest and 
lowest recombination rates across vertebrates while still main
taining an average recombination rate twice that of mammals 
(Stapley et al. 2017). However, it is important to note that tele
ost fish also have a divergence time over twice that of mam
mals and birds (Takezaki 2018; Cooney et al. 2021).

Here, we use a comparative phylogenetic framework to 
measure the rates of molecular evolution and identify signa
tures of positive selection within a panel of key genes in the re
combination pathway in avian and teleost clades. Because 
avian and teleost genomes exhibit higher and more variable re
combination rates, we hypothesize that key recombination 
genes are experiencing elevated rates of molecular evolution 
and significant signatures of adaptive evolution, as expected 
of these differences in recombination rate between mammals, 

teleosts and birds. Therefore, we predict to see signatures of 
positive selection within genes driving the CO/NCO decision 
and synapsis of homologous chromosomes and thus, an asso
ciation between positively selected genes and genes associated 
with recombination rate variation. We address the following 
questions: (i) Do recombination genes evolve more rapidly in 
non-mammals? (ii) Is there more evidence of positive selection 
in recombination pathway genes in other clades? (iii) What 
patterns of molecular evolution influence recombination rate 
variation in birds and teleost fish? (iv) Are bird and 
teleost fish recombination genes with signatures of selection 
also associated with variation in recombination rate? 
Understanding how patterns of variation in recombination 
genes differ between clades provides valuable insight into the 
drivers of recombination rate and thus, the forces governing 
genetic diversity, selection efficacy, and species divergence.

Results
Bird and Teleost Genomes Have Higher and More 
Variable Rates of Recombination Than Mammals
While previous studies have found that avian recombination 
rates are approximately double those observed in mammals, 
these comparisons do not control for important karyotypic 
differences between mammalian and avian genomes 
(Ellegren 2010; Stapley et al. 2017). More specifically, avian 
genomes contain numerous microchromosomes, in addition 
to macrochromosomes similar to those found in mammalian 
genomes. Since each microchromosome requires a minimum 
of one crossover to properly segregate (Ellegren 2010), the ex
tended genetic map length observed in avian genomes could be 
due to karyotypic differences alone. In other words, the differ
ences in recombination rate could stem from differences in 
chromosome size and number, rather than differences in the 
cellular regulation of the number of crossovers. To determine 
whether recombination rates in avian genomes are higher than 
those observed among mammals, when taking karyotype into 
account, we performed a meta-analysis of published cytologic
al (MLH1) studies of recombination rates in avian and mam
malian genomes (supplementary file S1, Supplementary 
Material online). We also leveraged previously published esti
mates of genetic map length in teleost fish (supplementary file 
S1, Supplementary Material online) to compare recombin
ation rate measured as cM/Mb and XO/HCN between all 
three clades, due to teleosts’ lack of microchromosomes and 
high recombination rates.

We first compared genome-wide measures of recombination 
rate between avian, teleost, and mammalian clades, measured 
in cM/Mb (estimated from MLH1 and linkage map data) and 
in crossovers per haploid chromosomes number (XO/HCN). 
While birds and teleosts have significantly higher recombin
ation rates when measured as cM/Mb than mammalian 
genomes (Fig. 2a, P < 0.0001, Wilcoxon rank sum test), con
firming previous reports, we did not find a significant difference 
between genome-wide recombination rates between these 
three clades when measured as XO/HCN (Fig. 2b, P > 0.05, 
Wilcoxon rank sum test). In fact, the trend is towards avian 
and teleost genomes having fewer crossovers per chromosome 
pair than mammalian genomes. However, both comparisons 
fail to isolate differences in regulation of recombination rate 
from karyotypic differences. Just as microchromosomes may 
increase recombination rate when measured as cM/Mb, they 
are expected to depress measures of genome-wide 
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recombination when measured as XO/HCN. To better deter
mine whether avian genomes differ from their mammalian 
counterparts in recombination rate at the chromosomal scale, 
we compared the average number of MLH1 foci, a proxy for 
the number of crossover events, on chromosome 1—by con
vention, the largest chromosome in the genome. Teleost fish 
were not included in this analysis due to a paucity of MLH1 
foci analyses in this clade. When measured this way, we found 
higher and more variable recombination rates among avian ge
nomes (Fig. 2c and d, P = 0.0108, t-test). There is no correl
ation between the physical size of chromosome 1 and 
average number of crossovers (Fig. 2e, R2 = 0.0006, P = 0.91, 
linear regression). This is exemplified by comparing largest 
chromosome in the mouse and chicken genomes. While they 
are both exceedingly similar in physical size (197 vs. 195 
Mbps, respectively), the largest chicken chromosome has on 
average 9 MLH1 foci, while the largest mouse chromosome 
has on average 1.4 MLH1 foci (Anderson et al. 1999; Pigozzi 
2001; Nam et al. 2010). Importantly, heterochiasmy is not im
plicated in the differences uncovered in our dataset, allowing us 
to make cross sex comparisons. There was no significant differ
ence in avian sex-specific recombination rate when measured 
as cM/Mb (P = 0.5579), XO/HCN (P = 0.1175), or MLH1 
foci on chromosome 1 (P = 0.4764; supplementary fig. S1, 
Supplementary Material online). Restricting our analyses to 
only male data from birds and mammals did not impact the re
sults (supplementary fig. S2, Supplementary Material online). 

Interestingly, the length of the synaptonemal complex (SC) is 
considerably longer relative to physical chromosome size in 
birds than in mammals (P = 0.044, paired t-test) and is signifi
cantly correlated with recombination rate (Fig. 2f, R2 = 0.46, P 
= 0.001, linear regression). This clearly suggests that changes 
to the proteins in the recombination pathway, specifically 
those that regulate and/or form the SC, may be responsible 
for the differences in patterns of recombination between these 
clades and motivates a comparative analysis of the molecular 
evolution of the recombination pathway.

Recombination Genes are Evolving Rapidly 
in Avians, Mammals, and Teleost Fish
If the higher and more variable rates of recombination in the 
avian and teleost clades are due to molecular changes in the 
underlying pathway, we might expect that genes regulating 
the recombination pathway have evolved more rapidly in the 
avian and teleost clades than the mammalian clade. To test 
this prediction, we used PAML (Yang 2007) to measure the 
molecular evolutionary rate, represented by ω, of a panel of 
29 key recombination genes across the avian phylogeny 
(Fig. 3a, supplementary tables S1 and S2, Supplementary 
Material online) and compared these estimates to those re
ported for the orthologous genes across the mammalian phyl
ogeny in Dapper and Payseur (2019) (supplementary table S3, 
Supplementary Material online). We found that the 

Fig. 2. a) Recombination rate differences between birds, mammals and teleosts measured as cM/Mb (*** = P < 0.0001). b) Recombination rate 
differences between birds, mammals and teleosts measured as XO/HCN (crossovers per haploid chromosome number; P = 0.1628). c) Comparison of 
number of MLH1 foci on chromosome 1 in birds and mammals (* = P < 0.05). d) Species-level comparison of average number of MLH1 foci on 
chromosome 1 between birds (black) and mammals (grey) by sex, where females are circles and males are squares. There are no female data for 
mammals. e) Correlation between length of chromosome 1 and average number of MLH1 foci on chromosome 1 (R2 = 0.0006, P = 0.9115, linear 
regression). f) Correlation between average synaptonemal complex length and average number of MLH1 foci on chromosome 1 between mammals and 
birds (R2 = 0.46, P = 0.001, linear regression). Species used for each comparison are available in supplementary file S1, Supplementary Material online.
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evolutionary rates of focal genes across the avian phylogeny 
ranged from 0.0137 to 0.5778 (mean ω = 0.3123, SD = 
0.1606, median = 0.3021; Fig. 4a, Table 1). Within mammals, 
ω values ranged from 0.0268 to 0.8483 (mean ω = 0.3275, SD 
= 0.1971, median = 0.3095; Dapper and Payseur 2019). In 
comparison with mammals, the average rate of evolution of 
avian recombination genes is quite similar, and birds show 
no significant difference in the distribution of ω values (ωBird 

= 0.3123, ωMammal = 0.3275, P = 0.7718, Wilcoxon rank 
sum test; Fig. 4a).

Teleost, or ray-finned fishes, diverged from the tetrapod lin
eage between 350 and 400 million years ago (Near et al. 
2012). Notably, teleost fish broadly lack microchromosomes 
and thus have a similar chromosomal structure to mammals. 
Yet, meta-analyses of genetic maps show they have higher and 
more variable rates of recombination than mammals (when 
measured as cM/Mb; Fig. 2a; Stapley et al. 2017). Though, it is 
noteworthy that our meta-analysis did not find significant differ
ences when comparing the average number of crossovers per 
chromosome (XO/HCN, Fig. 2b). Thus, we may predict to 
also observe similarly elevated rates of evolution of the recom
bination pathway across the teleost clade. To test this prediction, 
we again used PAML (Yang 2007) to measure the molecular evo
lutionary rate, represented by ω, of the panel of 28 key recombin
ation genes across the teleost and basal teleost phylogeny 
(Fig. 3b, supplementary table S4, Supplementary Material on
line). TEX12 was not consistently identified in teleosts and was 
thus left out. Molecular evolution of recombination genes across 
the teleost phylogeny ranged from 0.0272 to 0.3952 (mean ω = 
0.2122, SD = 0.0967, median = 0.2138, supplementary tables 
S5 and S6, Supplementary Material online).

In order to determine if rates of molecular evolution of re
combination genes were significantly elevated within each 
clade, we compared ω values to two control panels: (1) genes 
involved in the SHH brain development pathway and (2) 
neighboring genes found up or downstream of our focal panel. 
Strikingly, in all three clades, there is a significant difference in 

the mean ω between recombination genes and both control 
panels (Table 2), despite overall lower ω values in teleosts 
(Fig. 4a). There was no significant difference in rates of molecu
lar evolution between brain and up/downstream genes for all 
clades after multiple testing correction (Table 2, P Bird = 
0.6462, P Mammal = 0.7215, P Fish = 0.1232, ANOVA/ 
Tukey HSD).

The Recombination Pathway is Experiencing Similar 
Selective Pressures Across Vertebrates
If the recombination pathway experiences similar selective 
pressures in vertebrate genomes, we predict that the rate of evo
lution between orthologous genes will be highly correlated 
across all three clades. Conversely, striking differences in evo
lutionary rates between clades may indicate genes, or steps 
within the pathway, which are experiencing divergent selection 
pressures. We found that omega (ω) values for each gene are 
significantly correlated between birds and mammals, support
ing the prediction that they have experienced similiar selection 
pressures (R2 = 0.58, P < 0.0001, linear regression; Fig. 4c). 
Despite overall lower evolutionary rates of recombination 
genes in teleosts (Fig. 4a), we still observed a significant correl
ation in ω values between birds and teleosts (R2 = 0.599, P < 
0.0001, linear regression) and mammals and teleosts (R2 = 
0.577, P < 0.0001, linear regression; Fig. 4d and e), indicating 
that overall the pathway is experiencing similar selective land
scapes. Consistent with this overall trend, there is considerable 
overlap between the most conserved and most rapidly evolving 
genes in the pathway between clades (Table 3). Key recombin
ation genes exhibit striking differences in evolutionary rate 
among clades. Despite the overall concordance between evolu
tionary rates of recombination genes across the avian and 
mammalian phylogeny, TEX11, a gene whose evolutionary 
rate is positively correlated with recombination rate in mam
mals (Dapper and Payseur 2019), shows distinctly different 
evolutionary patterns in the two clades. While TEX11 has an 

Fig. 3. Species tree for birds a) and teleost fish b) used for analysis of molecular evolution in bird and teleost fish recombination genes. Teleost fish 
phylogeny also includes basal teleost Scleropages formosus. Figure generated using Letunic and Bork (2021).
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ω value of >2 SD above the mean in mammals (ωTEX11 = 
0.8483), its evolutionary rate is nearly identical to the mean 
in birds (ωTEX11 = 0.3152) and in teleosts (ωTEX11 = 0.2217). 
Notably, TEX11 is the only recombination gene identified as 
an influential point through Cook’s distance (supplementary 
fig. S5a to c, Supplementary Material online, D = 2.06, thresh
old = 0.5; Cook 1977). As follows, the correlation between avi
an and mammalian ω values increases considerably with the 
removal of TEX11 (R2 = 0.759, P < 0.0001, linear regression), 
as does the correlation between teleost and mammalian ω val
ues (R2 = 0.749, P < 0.0001, linear regression). However, 
TEX11 is only an influential point in comparisons between 
birds and mammals.

The Avian Recombination Pathway Exhibits 
Evidence of Elevated Rates of Positive Selection
Dapper and Payseur (2019) identified evidence of positive se
lection in 11 recombination genes across the mammalian phyl
ogeny, significantly concentrated in the steps of the pathway 

that regulate synapsis and the crossover/non-crossover deci
sion. If the increased variation in recombination rate in the 
avian clade is adaptive, we predict that we may observe 
more evidence of positive selection on genes underlying vari
ation in this trait. If the pathway responds to selection in a pre
dictable manner, we also predict that this adaptive evolution 
will be concentrated in avian recombination genes associated 
with the same steps of the pathway.

As predicted, we observed significantly more genes exhibit
ing signatures of positive selection in birds than in mammals 
(P = 0.0214, Fisher’s exact test; Table 1). More specifically, 
we identified signatures of positive selection in 19 of 29 
(65.5%) recombination genes in birds: MEI4, REC114, 
IHO1, SPO11, MRE11, NBS1/NBN, SPATA22, REC8, 
RAD21L, SYCP1, SYCP2, TEX11, SHOC1, RNF212, 
MSH4, MSH5, HFM1/MER3, CNTD1, and MLH3. Of those 
genes with signatures of positive selection, 16 identified poten
tial codon sites impacted by positive selection (BEB, P > 95%; 
Table 1). However, there is no significant difference between 
birds and mammals for either number of codon sites identified 

Fig. 4. a) Distribution of evolution rates of recombination genes between birds, teleost fish, and mammals (* = P < 0.05). b) Distribution of evolution rates 
between genes in the SHH (brain development), up/downstream and recombination gene panels in birds (** = P < 0.01, *** = P < 0.0001). c to e) 
Correlation of recombination pathway-associated gene omega values between c) Birds and mammals (R2 = 0.58), d) Birds and teleost fish (R2 = 0.599), 
and e) Teleost fish and mammals (R2 = 0.577). Grey shading represents the 95% confidence interval for the linear regression.
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(P = 0.824, Fisher’s exact test) or number of genes returning po
tential sites (P = 0.558, Fisher’s exact test). Because multinucleo
tide mutations (MNMs) can cause false positive signatures of 
selection (Venkat et al. 2018), we reanalyzed all genes for which 
Model 8 was the best fit after removing codons that HyPhy’s 
FitMultiModel reported as potential MNM sites (Lucaci et al. 
2021). After this removal, all genes retained their signatures of 
positive selection except CNTD1, NBS and MSH5 
(supplementary table S7, Supplementary Material online). To 
ensure consistency across clades, we performed the same 
MNM analysis on mammal recombination genes with signatures 
of positive selection from Dapper and Payseur (2019), with no 
significant difference in signal (supplementary table S8, 
Supplementary Material online).

We sought to identify the location of codons under positive 
selection in avian recombination genes to determine if they 
were in functionally important regions. Unfortunately, we 
were unable to find annotated domains for many of the co
dons. However, we were able to identify codons with signa
tures of positive selection within a GAR motif in MRE11 
(581), an N-terminal in REC8 (51 to 53), within subunit A 
in SPO11 (301, 306), and within a Tetratricopeptide-like hel
ical repeat (TPR) in TEX11 (492). The GAR motif in MRE11 
is associated with DSB repair and the recruitment of RAD51 
to damaged sites in mice (Yu et al. 2012b). Two codons in 
SPO11 (sites 301 and 306) are located within a Toprim 

domain, associated with catalyzing double-stranded breaks 
(Zheng et al. 2025). The N-terminal in REC8 is associated 
with binding to the ATPase heads of cohesin subunits Smc3 
and Smc1 in mammalian cell lines. This complex is associated 
with the synapsis of sister chromatids (Xu et al. 2005; Zhang 
et al. 2013). TPRs are associated with protein–protein interac
tions, and the sites under positive selection within the TPR re
gion in TEX11 could be associated with adherence to the 
MRN complex or synaptonemal complex binding (Adelman 
and Petrini 2008). While this is not an exhaustive analysis, 
there is evidence to suggest that proteins associated with the 
formation, processing, and resolution of double stranded 
breaks have undergone adaptive evolution, consistent with 
previous findings in mammals (Dapper and Payseur 2019).

To determine whether the elevated signatures of adaptive 
evolution we observed was specific to the recombination path
way, or a more general feature of the avian genome, we con
ducted the same set of analyses on two control panels of 
genes. First, we selected a conserved pathway involved with 
the Sonic Hedgehog (SHH) pathway of brain development 
(BMI1, CCNA2, CCNB1, CCND1, CCND2, DHH, EN1, 
EN2, FOXM1, GLI1, GLI2, GLI3, IGF2, IHH, MYCN, 
PTCH1, SHH, SMO, SUFU; Oliver et al. 2003; Vaillant and 
Monard 2009; Liu et al. 2014; Carballo et al. 2018). While 
we did observe evidence of positive selection in genes involved 
in this pathway across the avian phylogeny, the incidence was 

Table 1 Evolutionary rates and tests for positive selection across birds at 29 recombination genes, including likelihood ratio tests for each model, average 
omega across the gene, and number of codon sites potentially experiencing positive selection (BEB, P > 95%)

Gene bp N omega M M1-M2 P M7-M8 P M8a-M8 P BEB

A) DSB formation
HORMAD1 1908 29 0.19 7 0 1 0 1 … … 0
MEI4 1724 29 0.44 8 10.86 0 14.48 0 6.96 0.01 1
REC114 1776 29 0.34 8 4.14 0.13 17.23 0 6.81 0.01 1
IHO1 3133 24 0.46 8 9.77 0.01 17.29 0 10.09 0 1
SPO11 3525 29 0.3 8 14.26 0 30.4 <0.0001 16.26 0 4
B) DSB processing
HORMAD2 1383 27 0.29 7 0 1 5.22 0.07 … … 0
MRE11 2103 28 0.24 8 10.46 0.01 27.48 <0.0001 11.94 0 1
NBS1 2533 29 0.45 8 6.5 0.04 18.29 0 5.67 0.02 0
RAD50 4395 29 0.17 8a 0 1 28.17 <0.0001 1 0.32 0
BRCC3 1444 29 0.01 7 0 1 0 1 … … 0
C) Homology search and strand invasion
DMC1 1868 29 0.03 7 0 1 1.76 0.41 … … 0
RAD51 1387 29 0.02 7 0 1 0 1 … … 0
SPATA22 2398 29 0.51 8 12.75 0 22.39 <0.0001 15.9 0 3
MEIOB 2088 29 0.21 8a 0 1 7.89 0.02 2.22 0.14 0
MCMDC2 3566 29 0.21 7 0 1 2.95 0.23 … … 0
D) Synapsis
REC8 2571 29 0.14 8 17.21 <0.0001 37.63 <0.0001 22.99 <0.0001 6
RAD21L 2906 29 0.47 8 0.76 0.68 10.08 0.01 4.38 0.04 0
SYCP1 3577 26 0.45 8 21.22 <0.0001 47.48 <0.0001 17.06 <0.0001 6
SYCP2 5508 26 0.55 8 25.43 <0.0001 65.19 <0.0001 32.09 <0.0001 5
TEX12 1162 29 0.42 7 0 1 1.33 0.51 … … 0
E) CO/NCO decision
TEX11 4555 29 0.32 8 17.87 <0.0001 41.21 <0.0001 12.25 0 3
SHOC1 7924 29 0.58 8 34.6 <0.0001 70.37 <0.0001 47.82 <0.0001 8
RNF212 3074 29 0.52 8 12.59 0 17.74 0 17 <0.0001 4
MSH4 3167 28 0.2 8 21.49 <0.0001 57.91 <0.0001 22.88 <0.0001 4
MSH5 5681 29 0.24 8 0 1 13.65 0 25.4 <0.0001 0
F) Resolution
HFM1/MER3 8134 29 0.37 8 0 1 58.64 <0.0001 41.93 <0.0001 2
CNTD1 3168 29 0.3 8 7.58 0.02 10.57 0.01 6.01 0.01 1
MLH1 6294 29 0.18 8a 0 1 16.21 0 1.78 0.18 0
MLH3 5051 29 0.44 8 33.41 <0.0001 70.92 <0.0001 40.57 <0.0001 11

Significant P-values and BEBs > 0 are bolded.
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not significantly higher than that observed in mammals 
(Table 4, P = 0.6052, Fisher’s exact test). Out of 19 genes, 3 
(15.8%) showed evidence of positive selection in birds 
(Model 8): FOXM1, GLI3, and SHH. We see similar trends 
in mammals, identifying one gene with signatures of positive 
selection (GLI2, supplementary table S9, Supplementary 
Material online). As expected, there is a significant difference 
in the ratio of genes with signatures of positive selection be
tween the SHH pathway and the avian meiotic recombination 
pathway (P = 0.001, Fisher’s exact test).

The same pattern holds true for our second panel of control 
genes located directly up or downstream of recombination 
genes (supplementary table S10, Supplementary Material on
line). Of 33 genes in birds, 6 (20%) exhibited signatures of posi
tive selection (COA3, DECR1, EPB41L2, GPR83, KTN1, 
and MED23, supplementary table S11, Supplementary 
Material online). This is a significantly lower incidence of sig
natures of positive selection compared to recombination genes 
(P = 0.0002, Fisher’s exact test). We also identified significantly 
fewer signatures of positive selection within mammals, with 
only 2 of 32 (6.25%) genes containing these signatures: 
CBY1 and MED23 (supplementary table S12, Supplementary 
Material online; P = 0.0109, Fisher’s exact test).

There is Little Evidence of Positive Selection in the 
Teleost Recombination Pathway
Consistent with their overall lower rate of molecular evolution, 
only two recombination pathway genes showed signatures of 
positive selection within teleost fish: DMC1 and RAD50 
(supplementary table S5, Supplementary Material online). 
Despite these signatures of positive selection, there were no re
ported codon sites impacted by positive selection (BEB, P > 
95%) (supplementary table S5, Supplementary Material online). 
These signatures persist with the removal of possible multi- 
nucleotide mutation sites. Interestingly, both DMC1 and 
RAD50 are highly conserved despite maintaining signatures of 
positive selection (ωDMC1 = 0.0572, ωRAD50 = 0.1101), suggest
ing that these signatures of selection likely come from a small 
number of sites. Thus, the elevated levels of positive selection 
in the recombination pathway do not appear to be universal to 
all vertebrate clades. Additionally, there were very few signatures 

of positive selection in the other gene panels analyzed. Of the 
brain panel, only 1 of 16 (6.25%) of fish brain genes had signa
tures of positive selection (CCND1), though there were no spe
cific sites identified (BEB, P > 95%; supplementary table S13, 
Supplementary Material online). There were no signatures of 
positive selection found within the up/downstream genes in tele
ost fish (supplementary table S14, Supplementary Material
online).

Signatures of Positive Selection Are not 
Concentrated in Specific Steps of the Avian 
Recombination Pathway
All genes that had signatures of positive selection in mammals 
also had signatures of positive selection in birds, resulting in a 
significant correlation between genes under positive selection 
between the two clades (P = 0.0035, Fisher’s exact test). 
However, in contrast with the observation in mammals, we 
did not find that signatures of positive selection are concen
trated in genes that regulate the CO/NCO decision in avian ge
nomes (Table 5). This is due to the increased incidence of 
positive selection in other steps of the avian recombination 
pathway. We did observe a significant paucity of genes with 
signatures of positive selection in the steps of the pathway in
volved in DSB processing and homology search and strand in
vasion steps, consistent with strong purifying selection acting 
on the genes that identify and process DNA damage 
(P = 0.0108, Fisher’s exact test, Table 5).

Integrating Polymorphism Data Reveals Signatures 
of Purifying Selection in the Avian Recombination 
Pathway
We leveraged polymorphism data within chickens, available for 
17 of the recombination genes in our panel, and divergence be
tween chickens and ducks to further explore signatures of selec
tion on the recombination pathway across the avian clade (Yang 
et al. 2021). The McDonald-Kreitman Test compares rates of 
polymorphism with rates of divergence (PNPS/DNDS; 
Mcdonald and Kreitman 1991). When the null assumption is 
violated, the presence and direction of natural selection can be 
inferred. Purifying selection is inferred when PNPS/DNDS > 1, 
due to an over-representation of polymorphic alleles. Positive se
lection is inferred when PNPS/DNDS < 1, which occurs when 
there is less polymorphism in a population due to the fixation 
of advantageous alleles. We identified nine genes with significant 
McDonald–Kreitman tests, supported by neutrality indices (NI) 
and direction of selection (DoS) (P < 0.05, Fisher’s exact test, 
Table 6). However, in all cases, the results were consistent 
with purifying, rather than positive, selection. The McDonald– 
Kreitman tests shown in Table 6 support the presence of purify
ing selection in several genes PAML identified as experiencing 
positive selection (MRE11, SPATA22, MEIOB, SYCP1, 
HFM1). There are a couple of reasons why this apparent dis
cordance is not surprising. First, the McDonald–Kreitman test 
is conservative, requiring strong gene-wide signatures to produce 

Table 2 Comparison of means of recombination, brain, and up/downstream genes for birds, mammals, and teleost fish

Birds Mammals Fish

Brain Up/Downstream Brain Up/Downstream Brain Up/Downstream

Recombination 0.02058 0 <0.0001 <0.0001 <0.0001 <0.0001
Brain … 0.6462 … 0.7125 … 0.1232

Bolded values are significant via ANOVA/Tukey HSD test, α = 0.05.

Table 3 Genes with elevated (1 SD above the mean) and lower (1 SD 
below the mean) rates of molecular evolution by clade

Clade Gene

Omega 1 SD above mean
Mammal IHO1
Bird RNF212
Fish IHO1
Omega 1 SD below mean
Mammal BRCC3
Bird DMC1
Fish RAD50
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significant results. However, in most cases, both positive and 
purifying selection are acting on the same gene at different sites 
which can lead to differing conclusions between PAML and the 
McDonald–Kreitman test (Pavlova et al. 2017; Bahbahani et al. 
2023). The branch-site models used within PAML are used to 
detect signatures of positive selection on specific codons. 
Therefore, it is likely that positive selection is acting on specific 
sites in the midst of more conserved regions. Additionally, our 
results here are restricted to two branches within the avian phyl
ogeny (chickens and ducks), while PAML considers molecular 
rates across all branches, increasing power to detect clade-wide 
signatures of positive selection.

Recombination Genes With Signatures of Positive 
Selection are Associated With Within-population, 
but not Interspecific, Variation in Recombination 
Rate
If the rapid evolution and signatures of positive selection ob
served among recombination genes are associated with their 

regulation of recombination rate, we may expect to see a correl
ation between rates of molecular evolution of genes and the over
all rate of evolution of recombination rate. We used Coevol 
(Lartillot and Poujol 2010) to look for covariation between re
combination rate and divergence of recombination genes. 
Within avians, we used the average number of MLH1 foci and 
XO/HCN on chromosome 1 as an estimate of recombination 
rate. Because of the lack of available MLH1 foci datasets in tele
osts, we estimated XO/HCN from available map lengths. No avi
an genes showed a correlation between divergence and 
recombination rate (Table 7). However, as we were only able 
to include data from eight species in the avian analysis, our power 
to detect such correlations is low. Interestingly, we identified sig
nificant correlations between divergence in RAD21L1 and 
RNF212 in fish (Table 8). However, this significant correlation 
does not persist when controlling for variation in the rate of syn
onymous substitutions (dS).

We also predict that genes associated with within-population 
variation in recombination rate are more likely to contribute to 
between species divergence in recombination rate and exhibit 
signature of positive selection. While there are limited data on 
genes that are associated with within population variation in avi
an species, nine recombination genes included in our panel have 
been associated with variation in recombination rate in mam
mals: REC114, REC8, RAD21L. RNF212, TEX11, MSH4, 
MSH5, HFM1, and MLH3 (Kong et al. 2008; Chowdhury 
et al. 2009; Sandor et al. 2012; Ma et al. 2015; Johnston et al. 
2016; Kadri et al. 2016; Petit et al. 2017; Shen et al. 2018). 
Interestingly, all nine recombination genes associated with re
combination rate variation in mammals have signatures of posi
tive selection in birds. Compared to other genes in the pathway, 
recombination genes associated with variation in recombination 
rate in the mammalian clade are significantly more likely to have 
signatures of positive selection in the avian clade (P = 0.0114, 
Fisher’s exact test). This is contrary to what we see in mammals, 
wherein genes associated with variation in mammalian recom
bination rate are not significantly more likely to experience sig
natures of positive selection compared with other meiotic 
recombination genes (P = 0.2175, Fisher’s exact test).

Table 4 Evolutionary rates and tests for positive selection across birds at 19 brain development genes, including likelihood ratio tests for each model, 
average omega across the gene, and number of codon sites potentially experiencing positive selection (BEB, P > 95%)

Gene bp N omega M M1-M2 P M7-M8 P M8a-M8 P BEB

BMI1 3033 20 0.0205 7 0 1 0 0.9970 … … 0
CCNA2 1917 27 0.1225 7 0 1 3.7940 0.1501 … … 0
CCNB1 1500 13 0.1611 7 0 1 0 1 … … 0
CCND1 4348 29 0.0341 7 0 1 0 0.9990 … … 0
CCND2 5663 29 0.0666 7 0 1 0 1 … … 0
DHH 3158 23 0.0693 7 0 1 0.9440 0.6238 … … 0
EN1 2045 24 0.1204 7 0 1 0.4130 0.8135 … … 0
EN2 2032 20 0.0490 7 0 1 0 1 … … 0
FOXM1 3743 28 0.3612 8 14.7470 0.0006 37.7410 <0.0001 16.1950 0.0001 1
GLI1 4437 28 0.2122 7 0 1 2.5250 0.2830 … … 0
GLI2 7564 28 0.1112 8a 0 1 7.5140 0.0234 0.8280 0.3628 0
GLI3 9272 29 0.1586 8 0 1 17.7500 0.0001 6.6620 0.0099 6
IGF2 5722 29 0.0697 7 0 1 0 1 … … 0
IHH 2679 28 0.1094 7 0 1 3.9060 0.1418 … … 0
MYCN 1326 28 0.1595 7 0.3060 0.8579 2.0750 0.3543 … … 0
PTCH1 7679 27 0.1048 8a 0 1 12.5130 0.0019 1.0060 0.3159 0
SHH 1535 28 0.1490 8 13.8600 0.0010 20.5610 <0.0001 12.8200 0.0003 5
SMO 3257 27 0.1152 8a 5.5420 0.0626 11.9720 0.0025 2.1070 0.1466 0
SUFU 7842 29 0.0248 7 0 1 3.9840 0.1365 … … 0

Significant P-values and BEBs > 0 are bolded.

Table 5 Comparison of proportion of genes with signatures of positive 
selection by recombination pathway step: (A) DSB formation, (B) DSB 
processing, (C) Homology search and strand invasion, (D) Synapsis, (E) 
CO/NCO decision, (F) Resolution

Focal steps Other steps Fisher’s exact test

Focal step(s) Yes No Yes No P-value

A 4 1 15 9 0.6328
B 2 3 17 7 0.3064
C 1 4 18 6 0.0357
D 4 1 15 9 0.6328
E 5 0 14 10 0.1336
F 3 1 16 9 1
A,B 6 4 13 6 0.6981
B,C 3 7 16 3 0.0108
C,D 5 5 14 5 0.2439
D,E 9 1 10 9 0.0976
E,F 8 1 11 9 0.1071

Significant P-values, focal steps, and values are bolded.
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Discussion
Meiotic recombination is a near-ubiquitous biological process, ne
cessary for the production of viable gametes. The rate at which re
combination occurs within and between species shapes species 

divergence (Brooks and Marks 1986; Begun and Aquadro 
1992; Lercher and Hurst 2002; Ptak et al. 2005; Kulathinal 
et al. 2008; Dumont et al. 2009; Nachman and Payseur 2012; 
Brand et al. 2018; Tigano et al. 2022). Importantly, 

Table 6 Comparisons of polymorphism within chickens to divergence between chicken and duck at recombination genes

Pn Ps Pn/Ps Dn Ds Dn/Ds MK Test alpha NI DoS Direction

MEI4 26 8 3.25 81 48 1.6875 0.16 1.1368 1.9259 −0.14 …
REC114 6 2 3 53 43 1.2326 0.46 1.1979 2.4340 −0.2 …
IHO1 25 18 1.39 188 102 1.8431 0.4 0.9331 0.7535 0.07 …
MRE11 25 6 4.17 92 117 0.7863 <0.001 1.3663 5.2989 −0.37 Neg.
NBS1 69 35 1.97 174 133 1.3083 0.09 1.0967 1.5069 −0.1 …
RAD50 121 51 2.37 127 284 0.4472 <0.001 1.3945 5.3055 −0.39 Neg.
BRCC3 16 6 2.67 8 72 0.1111 <0.001 1.6273 24.0000 −0.63 Neg.
RAD51 12 3 4 8 85 0.0941 <0.001 1.7140 42.5000 −0.71 Neg.
SPATA22 15 2 7.5 78 63 1.2381 0.01 1.3292 6.0577 −0.33 Neg.
MEIOB 85 25 3.4 44 76 0.5789 <0.001 1.4061 5.8727 −0.41 Neg.
MCMDC2 58 18 3.22 61 141 0.4326 <0.001 1.4612 7.4481 −0.46 Neg.
RAD21L1 22 8 2.75 155 122 1.2705 0.08 1.1738 2.1645 −0.17 -
SYCP1 103 23 4.48 147 102 1.4412 <0.001 1.2271 3.1074 −0.23 Neg.
TEX12 1 0 - 69 18 3.8333 … … … … …
TEX11 26 9 2.89 202 51 3.9608 0.51 0.9444 0.7294 0.06 …
RNF212 11 3 3.67 15 12 1.2500 0.19 1.2302 2.9333 −0.23 …
HFM1 148 18 8.22 176 165 1.0667 <0.001 1.3754 7.7083 −0.38 Neg.

Significant P-values for the McDonald-Kreitman test are bolded.

Table 7 Correlations between substitution rate and recombination rate, measured as average MLH1 foci across 8 species of birds for 29 recombination 
genes

Correlation coefficient Partial correlation coefficient

Gene dS - ω dS – XO/HCN ω – XO/HCN dS – ω dS – XO/HCN ω – XO/HCN

(A) DSB formation
HORMAD1 −0.02 (0.49) −0.034 (0.47) −0.507 (0.21) 0.007 (0.50) −0.039 (0.47) −0.369 (0.26)
MEI4 0.251 (0.65) 0.701 (0.96) 0.247 (0.65) 0.170 (0.61) 0.424 (0.79) 0.107 (0.57)
REC114 0.004 (0.50) 0.202 (0.61) 0.259 (0.65) 0.004 (0.50) 0.149 (0.60) 0.189 (0.62)
IHO1 0.721 (0.91) 0.408 (0.85) 0.368 (0.78) 0.733 (0.91) 0.102 (0.57) 0.090 (0.55)
SPO11 −0.351 (0.29) 0.560 (0.91) −0.308 (0.31) −0.249 (0.34) 0.276 (0.70) −0.176 (0.39)
(B) DSB processing
HORMAD2 −0.063 (0.47) 0.198 (0.61) 0.052 (0.53) −0.019 (0.49) 0.143 (0.59) 0.047 (0.53)
MRE11 0.142 (0.58) 0.410 (0.73) 0.364 (0.70) 0.050 (0.54) 0.265 (0.68) 0.267 (0.67)
NBS1 0.615 (0.85) 0.805 (0.96) 0.667 (0.88) 0.286 (0.70) 0.470 (0.81) 0.339 (0.72)
RAD50 −0.468 (0.22) 0.800 (0.98) −0.287 (0.34) −0.426 (0.22) 0.677 (0.92) 0.151 (0.60)
BRCC3 −0.038 (0.48) 0.472 (0.76) −0.022 (0.49) −0.015 (0.49) 0.301 (0.70) −0.005 (0.50)
(C) Homology search and strand invasion
DMC1 0.041 (0.48) 0.235 (0.63) −0.058 (0.47) −0.013 (0.49) 0.146 (0.60) −0.041 (0.47)
RAD51 −0.294 (0.35) −0.915 (0.019) 0.289 (0.65) −0.131 (0.41) −0.605 (0.12) 0.110 (0.58)
SPATA22 −0.51 (0.22) 0.759 (0.94) −0.499 (0.23) −0.225 (0.35) 0.450 (0.80) −0.231 (0.34)
MEIOB −0.17 (0.41) 0.192 (0.61) −0.020 (0.49) −0.068 (0.45) 0.122 (0.58) 0.012 (0.50)
MCMDC2 0.196 (0.62) 0.533 (0.92) 0.180 (0.61) 0.154 (0.59) 0.272 (0.71) 0.103 (0.56)
(D) Synapsis
REC8 0.142 (0.59) −0.021 (0.49) −0.052 (0.44) 0.168 (0.60) −0.015 (0.49) −0.038 (0.47)
RAD21L1 0.342 (0.71) 0.015 (0.50) 0.100 (0.57) 0.413 (0.75) −0.014 (0.49) 0.114 (0.57)
SYCP1 −0.107 (0.44) −0.122 (0.38) −0.218 (0.37) −0.118 (0.43) −0.092 (0.42) −0.243 (0.35)
SYCP2 −0.119 (0.41) 0.249 (0.69) −0.309 (0.31) 0.064 (0.54) 0.157 (0.61) −0.298 (0.32)
TEX12 0.053 (0.53) 0.429 (0.81) 0.138 (0.58) −0.001 (0.50) 0.253 (0.69) 0.115 (0.57)
(E) CO/NCO decision
TEX11 0.092 (0.55) 0.161 (0.63) −0.008 (0.50) 0.132 (0.58) 0.109 (0.58) −0.022 (0.49)
SHOC1 −0.086 (0.44) 0.082 (0.59) −0.004 (0.50) −0.072 (0.46) 0.063 (0.55) 0.004 (0.50)
RNF212 −0.069 (0.46) 0.078 (0.54) −0.233 (0.37) −0.007 (0.49) 0.050 (0.53) −0.165 (0.39)
MSH4 −0.055 (0.46) 0.318 (0.76) 0.075 (0.55) −0.065 (0.45) 0.206 (0.66) 0.085 (0.55)
MSH5 −0.502 (0.20) 0.226 (0.63) 0.157 (0.58) −0.484 (0.22) 0.153 (0.59) 0.284 (0.64)
(F) Resolution
HFM1/MER3 0.211 (0.63) −0.013 (0.48) −0.029 (0.48) 0.233 (0.64) 0.013 (0.51) −0.044 (0.47)
CNTD1 −0.082 (0.46) 0.219 (0.76) −0.064 (0.47) −0.021 (0.49) 0.326 (0.71) −0.025 (0.48)
MLH1 0.129 (0.58) 0.289 (0.67) 0.294 (0.69) 0.094 (0.56) 0.217 (0.64) 0.188 (0.63)
MLH3 0.306 (0.69) 0.358 (0.84) 0.065 (0.56) 0.349 (0.71) 0.221 (0.68) −0.061 (0.46)

Posterior probabilities are given in parenthesis. Significant correlations and posterior probabilities are bolded.
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recombination rate itself evolves and exhibits striking patterns of 
divergence between populations, even over relatively short time 
scales (Kong et al. 2008; Dumont et al. 2009; Sandor et al. 
2012; Johnston et al. 2016, 2018; Kadri et al. 2016; Petit et al. 
2017). Recombination events arise through a highly regulated cel
lular pathway (Keeney 2001; Youds and Boulton 2011; Baudat 
et al. 2013; Cannavo et al. 2020), indicating that molecular 
changes in the underlying genes shape the phenotypic evolution 
of this fundamental genomic parameter, motivating a compara
tive study of the molecular evolution of the genes that regulate 
this pathway.

Recombination Rates are More Variable Across 
Avian and Teleost Clades
If recurrent adaptive evolution contributes to divergence in re
combination rate, we may expect to observe more signatures of 
positive selection in clades with higher rates of phenotypic evo
lution. Although differences in genome architecture make it dif
ficult to disentangle the contribution of karyotypic evolution 
and molecular evolution to divergence in recombination rate, 
we leveraged existing MLH1 foci and linkage map data to com
pare recombination rates between avian, teleost, and mamma
lian genomes. We found that the number of crossovers (MLH1 
foci) on chromosome 1, by convention the largest chromosome 
in the genome, is higher and more variable in avian genomes 
than in mammals. Importantly, divergence in foci number is 
not explained by differences in chromosome size but is 

positively correlated with the length of the synaptonemal com
plex (SC), the proteinaceous structure that stabilizes the pairing 
of homologous chromosomes and provides a substrate for the 
resolution of crossovers, which is longer relative to chromo
some size in avian genomes than in mammalian genomes 
(von Wettstein et al. 1984). Thus, these differences are likely 
driven by molecular changes in the recombination pathway, ra
ther than as a direct result of changes to the size and structure of 
chromosomes in the avian genomes. However, the evolution of 
microchromosomes in avian genomes may have indirectly gen
erated selection for higher recombination rates in avian ge
nomes to ensure the minimum of one crossover per 
chromosome necessary for proper chromosomal segregation 
(Hassold and Hunt 2001; Ellegren 2010). Interestingly, our 
meta-analysis reveals that fish have very similar patterns of vari
ation in recombination rate to birds, despite largely lacking mi
crochromosomes. In fact, there are no significant differences in 
the rate of recombination between focal bird and teleost spe
cies. Due to the lack of MLH1 data in fish, we do not know 
if teleost genomes exhibit the degree of variation in crossovers 
per chromosome that we observed in avian genomes.

The Rapidly Evolving Meiotic Recombination 
Pathway Experiences Similar Selective Pressures 
Across Vertebrate Clades
Consistent with prior observations in mammals (Dapper and 
Payseur 2019), recombination genes have significantly 

Table 8 Correlations between substitution rate and recombination rate, measured as XO/HCN across 13 species of fish for 28 recombination genes

Correlation coefficient Partial correlation coefficient

Gene dS – ω dS – XO/HCN ω – XO/HCN dS – ω dS – XO/HCN ω – XO/HCN

(A) DSB formation
HORMAD1 0.253 (0.71) 0.142 (0.66) 0.155 (0.64) 0.292 (0.72) 0.114 (0.61) 0.111 (0.59)
MEI4 0.206 (0.64) 0.253 (0.79) 0.035 (0.53) 0.258 (0.68) 0.196 (0.67) −0.032 (0.47)
REC114 0.013 (0.50) 0.517 (0.92) −0.066 (0.46) 0.115 (0.58) 0.369 (0.78) −0.119 (0.43)
IHO1 0.429 (0.78) 0.584 (0.97) 0.318 (0.73) 0.412 (0.76) 0.357 (0.77) 0.082 (0.55)
SPO11 −0.257 (0.27) 0.552 (0.96) −0.354 (0.25) 0.017 (0.48) 0.483 (0.90) −0.316 (0.30)
(B) DSB processing
HORMAD2 0.100 (0.56) 0.424 (0.86) −0.295 (0.25) 0.361 (0.76) 0.499 (0.87) −0.400 (0.20)
MRE11 0.320 (0.73) 0.188 (0.72) 0.186 (0.64) 0.335 (0.73) 0.097 (0.59) 0.136 (0.59)
NBS1 −0.331 (0.23) 0.506 (0.95) −0.254 (0.30) −0.219 (0.35) 0.441 (0.89) −0.117 (0.42)
RAD50 −0.199 (0.27) 0.419 (0.93) 0.128 (0.64) −0.277 (0.20) 0.472 (0.96) 0.235 (0.75)
BRCC3 −0.037 (0.46) 0.793 (0.99) −0.137 (0.35) 0.230 (0.65) 0.825 (0.99) −0.291 (0.29)
(C) Homology search and strand invasion
DMC1 0.766 (0.92) 0.457 (0.96) 0.482 (0.91) 0.758 (0.91) −0.033 (0.48) 0.221 (0.64)
RAD51 0.060 (0.54) 0.094 (0.57) 0.043 (0.53) 0.075 (0.54) 0.058 (0.54) 0.030 (0.52)
SPATA22 −0.339 (0.27) 0.622 (0.99) −0.322 (0.28) −0.195 (0.37) 0.401 (0.81) −0.204 (0.37)
MEIOB 0.407 (0.81) 0.310 (0.84) 0.672 (0.92) 0.337 (0.72) −0.037 (0.48) 0.632 (0.87)
MCMDC2 −0.044 (0.44) 0.505 (0.97) −0.379 (0.25) 0.288 (0.70) 0.455 (0.87) −0.472 (0.19)
(D) Synapsis
REC8 0.177 (0.63) −0.187 (0.30) −0.471 (0.19) 0.191 (0.63) 0.014 (0.49) −0.489 (0.19)
RAD21L 0.782 (0.99) 0.514 (0.94) 0.725 (0.97) 0.777 (0.96) −0.168 (0.38) 0.479 (0.79)
SYCP1 −0.361 (0.21) 0.169 (0.69) 0.372 (0.79) −0.464 (0.18) 0.473 (0.91) 0.504 (0.84)
SYCP2 0.177 (0.63) 0.328 (0.84) 0.332 (0.79) 0.132 (0.58) 0.249 (0.76) 0.288 (0.74)
(E) CO/NCO decision
TEX11 0.435 (0.87) 0.519 (0.94) 0.082 (0.59) 0.521 (0.90) 0.558 (0.94) −0.243 (0.32)
SHOC1 0.563 (0.89) 0.404 (0.87) 0.051 (0.58) 0.650 (0.91) 0.476 (0.84) −0.314 (0.28)
RNF212 0.689 (0.92) 0.731 (0.95) 0.689 (0.95) 0.477 (0.81) 0.365 (0.73) 0.274 (0.69)
MSH4 0.124 (0.58) 0.308 (0.85) −0.081 (0.45) 0.191 (0.64) 0.273 (0.77) −0.148 (0.39)
MSH5 −0.322 (0.23) 0.401 (0.91) −0.493 (0.18) −0.129 (0.41) 0.210 (0.69) −0.461 (0.20)
(F) Resolution
HFM1/MER3 0.155 (0.60) 0.461 (0.94) −0.377 (0.22) 0.503 (0.85) 0.565 (0.93) −0.571 (0.12)
CNTD1 0.229 (0.63) 0.411 (0.94) −0.003 (0.52) 0.285 (0.66) 0.279 (0.72) −0.167 (0.39)
MLH1 −0.371 (0.24) 0.578 (0.97) −0.201 (0.36) −0.337 (0.27) 0.422 (0.83) −0.006 (0.51)
MLH3 −0.334 (0.24) 0.413 (0.91) −0.315 (0.30) −0.200 (0.36) 0.259 (0.76) −0.258 (0.35)

Posterior probabilities are given in parenthesis. Significant correlation coefficients and posterior probabilities are bolded.
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elevated rates of molecular evolution in both avian and teleost 
clades. While the overall rate of evolution of recombination 
genes was lower in teleosts than birds or mammals, we also 
observed lower rates of evolution in both control panels in 
this clade. Thus, the lower rates of evolution are likely due 
to genome-wide factors, like higher effective population size. 
Thus, despite substantial differences between these clades, 
there is a general pattern of rapid evolution within the meiotic 
recombination pathway. Importantly, elevated rates of mo
lecular evolution are frequently observed in reproductive 
genes (Civetta and Singh 1999; Singh and Kulathinal 2000; 
Swanson and Vacquier 2002; Oliver et al. 2009) and can result 
from either positive selection or relaxed purifying selection 
(Dapper and Wade 2016, 2020). However, the factors gener
ally hypothesized to produce these patterns do not appear to 
apply here. The recombination genes we analyzed are not sex- 
specific, which is expected to relax selection, nor are they like
ly to be involved in post-copulatory sexual selection.

In addition to overall higher rates of molecular evolution, 
we also identified a high correlation between rates of molecu
lar evolution of recombination pathway genes across clades. 
This result suggests that the evolutionary pressures (i.e. selec
tion, drift, and mutation) that shape recombination rate are 
largely consistent across vertebrates.

TEX11 May be a Driver of Mammalian Meiotic 
Recombination Evolution
Within our panel of key recombination genes, we identified 
one notable outlier, TEX11, in the comparison of evolution
ary rates between clades. While TEX11 evolves very rapidly 
in mammals (Dapper and Payseur 2019), its evolutionary 
rate across birds and teleost fish is considerably slower and 
on par with the average rate of evolution of the recombination 
pathway in these clades. TEX11 is particularly interesting be
cause it plays a crucial role in crossover formation and synap
sis maintenance (Yang et al. 2008) and its evolutionary rate is 
correlated with genome-wide recombination rate across mam
mals (Dapper and Payseur 2019).

Notably, all studies of TEX11 phenotype are from mamma
lian systems (Yang et al. 2008, 2015; Tang et al. 2011; Yu 
et al. 2012a, 2021; Yatsenko et al. 2015; Ji et al. 2021; 
Kitayama et al. 2022; Song et al. 2023). Together, these obser
vations suggest that TEX11 may be a mammal-specific driver 
of recombination rate variation. Thus, despite the overall con
cordance between evolutionary patterns, clade-specific drivers 
of the evolution of recombination rate may play important 
roles in driving divergence.

Signatures of Positive Selection are Significantly 
Elevated in Birds
Signatures of positive selection in recombination genes provide 
support for the prediction that directional selection is a driver of 
molecular evolution of recombination rate (Segura et al. 2013). 
In order to determine if there is more evidence of positive selec
tion in non-mammal recombination pathway genes, we per
formed rigorous comparative phylogenetics, using PAML to 
identify signatures of positive selection at the codon level. We 
observed a striking elevation in the signatures of positive selec
tion among genes in the recombination pathway across the avi
an phylogeny, with 19 out of 29 genes surveyed exhibiting 
significant signatures of selection. This is significantly higher 
than the 11 out of 32 genes identified with signatures of positive 
selection in the mammalian recombination pathway (Dapper 

and Payseur 2019) and the 2 of 28 identified in teleosts. To ac
count for the possibility of poorer genome quality, we excluded 
available genome assemblies with significant issues in gene 
alignment prior to data collection and analysis. As maximum 
likelihood models are prone to false positives, we took a num
ber of steps to verify these results, including hand-curation to 
minimize misalignment, utilization of models that account for 
multi-nucleotide mutations (Venkat et al. 2018; Lucaci et al. 
2021), and reanalysis of the mammalian data to ensure consist
ency in data preparation and analysis. While in a few cases these 
measures removed signals of positive selection, there was no 
meaningful change to the overall result. We also selected two 
control pathways not involved in meiotic recombination, or re
productive processes, which we analyzed using the same pipe
line. Our control pathways did not exhibit patterns of rapid 
evolution, such as that observed in some recombination genes, 
nor did we observe a significant elevation in incidence of posi
tive selection. Thus, our result is unlikely to be the result of low
er overall genome quality among the included avian species.

Such elevated signatures of positive selection in avians fur
ther support the possibility of clade-specific drivers of recom
bination rate evolution. While recombination genes are 
evolving rapidly in all clades, it is possible that the differences 
in signatures of selection within these genes are due to 
avian-specific genome structure. Avian genomes have a differ
ent size and structure than either mammalian or teleost ge
nomes: they contain microchromosomes (Waters et al. 
2021). If microchromosomes in avian genomes experienced 
selection for higher recombination rates to meet the one- 
crossover rule, perhaps by selecting for longer synaptonemal 
complexes, this shift in genome architecture could drive recur
rent positive selection on the recombination pathway across 
the avian phylogeny (Hassold and Hunt 2001; Ellegren 2010).

In contrast with birds and mammals, there are very few signa
tures of positive selection in teleost fish recombination genes. The 
relative paucity of signatures of selection may be the result of low
er power to detect patterns of positive selection due to overall 
stronger purifying selection in this clade—or because the recom
bination pathway has not experienced the same degree of recur
rent positive selection in fish genomes. Interestingly, the teleost 
genomes have experienced a more recent whole genome duplica
tion event than avian and mammalian clades (Taylor et al. 2003). 
Such events are expected to exert strong selection on the recom
bination pathway because tetraploidy can increase instances of 
aneuploidy during meiosis (Comai 2005; Bomblies et al. 2016; 
Paim and FitzHarris 2019). Notably, of the two teleost recombin
ation genes with signatures of positive selection, one (RAD50) is 
part of the complex that processes new DSBs, holding broken 
ends of DNA together, where the other (DMC1) helps catalyze 
homologous chromosome pairing (Tarsounas et al. 1999; 
Lamarche et al. 2010). While only two teleost recombination 
genes exhibited signatures of positive selection, there is consider
able overlap in the most and least rapidly evolving recombination 
genes among clades. These repeated patterns of positive and puri
fying selection within recombination pathway genes between 
clades suggest that while there are significant phenotypic differen
ces between clades, there are predictable effects of selection acting 
on the meiotic recombination pathway.

Predictable Selection Pressures Govern Pathway 
Step Evolution
The structure of the recombination pathway suggests that di
vergence in rate may arise from upstream changes that alter 
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the number of potential crossover sites (DSB formation) and/ 
or downstream changes that regulate the number of potential 
sites that are resolved as mature crossovers (CO/NCO deci
sion; Martini et al. 2006; Cole et al. 2012; Sandor et al. 
2012; Kadri et al. 2016; Ortiz-Barrientos et al. 2016; Petit 
et al. 2017; Johnston et al. 2018). Molecular genetic and evo
lutionary analyses in mammals suggest that protein-coding 
and/or regulatory changes to genes that regulate the crossover 
(CO) versus noncrossover (NCO) decision are most likely to 
affect the evolution of recombination rate (de Vries et al. 
1999; Romanienko and Camerini-Otero 2000; Yang et al. 
2008; Dumont et al. 2009; Kumar et al. 2010; Reynolds 
et al. 2013; Segura et al. 2013; Kadri et al. 2016; Guiraldelli 
et al. 2018; Dapper and Payseur 2019). However, as a result 
of the high incidence of signatures of positive selection across 
the avian meiotic recombination pathway, genes experiencing 
signatures of positive selection are not concentrated in the CO/ 
NCO decision pathway steps, as seen in mammals. Instead, 
there are significant signatures of positive selection within 
the steps of the pathway responsible for the formation of 
double-stranded breaks, synapsis, and the CO/NCO decision. 
This supports the hypothesis that changes in proteins that gov
ern SC development and maintenance within the avian gen
ome may contribute to differences in recombination rate 
between mammals and birds but also raises the prospect that 
variation may also be driven by differences in the number of 
double-strand breaks generated early in the pathway. 
Conversely, there is evidence of significant purifying selection 
acting on avian recombination genes that process and identify 
DNA damage, a trend also seen within mammals.

One limiting factor of our detection of signatures of positive 
or purifying selection along the phylogeny lies with the 
McDonald–Kreitman (MK) test, which can return underesti
mated rates of positive selection in the presence of sightly dele
terious mutations and variable site effective population sizes 
(Fay et al. 2001; Charlesworth and Eyre-Walker 2008; 
Eyre-Walker and Keightley 2009). The lack of available poly
morphism data for all species examined in this study also lim
its our ability to use the MK test detect adaptive evolution 
along the phylogeny. Notably, the polymorphism data in 
our study comes from two closely related taxa (duck and 
chicken). It is possible that with more phylogenetically diverse 
data, the preponderance of slightly deleterious mutations in 
polymorphism datasets would not have such a strong masking 
effect on signatures of positive selection.

Genes Associated With Intra-specific Variation 
are More Likely to Exhibit Signatures of Positive 
Selection
Importantly, while patterns of molecular evolution can be in
dicative of recurrent positive selection acting on protein- 
coding genes, they do not reveal the source of the selective 
pressure. Thus, while our observation of elevated signatures 
of positive selection is consistent with the hypothesis that se
lection favored elevated rates of recombination across the avi
an phylogeny, it is also possible that these signatures arise as 
result of pleiotropic selection. If the molecular evolution of 
these genes is driven by their effect on recombination rate, 
we may expect to observe the following: (i) correlations be
tween the rates of phenotypic and molecular evolution, such 
as the positive correlation between the rate of molecular evo
lution in TEX11 and recombination rate across the mamma
lian phylogeny Dapper and Payseur (2019) and (ii) genes in 

the recombination pathway that influence recombination 
rate are more likely to exhibit signatures of positive selection 
than those that do not.

In contrast to our first prediction, we did not observe a signifi
cant correlation between evolutionary rate and recombination 
rate across the avian or teleost phylogenies. However, it is im
portant to note because we were only able to include eight species 
in this analysis, we have limited power to detect such a correl
ation. This lack of correlation may also be consistent with a real
istic scenario in which the interplay between genetic drift and 
purifying selection shape the overall rate of evolution of genes, 
and positive selection acted on small subset of impactful sites.

Previous studies identified recombination gene variants as
sociated with recombination rate variation within mammals. 
If genes implicated in mammalian recombination rate vari
ation behave similarly in avians and teleosts, we would expect 
to see high correlation between these and genes with signa
tures of positive selection. Interestingly, in line with our se
cond prediction, we did observe a significant positive 
correlation between genes associated with within-population 
variation in recombination rate in mammalian populations 
and thus likely to impact recombination rate in avian ge
nomes, and those that exhibited a significant signature of posi
tive selection across the avian phylogeny. Given the overall 
conservation of function of genes in the recombination path
way, this correlation suggests that molecular evolution of 
these genes across the avian phylogeny may contribute to vari
ation in recombination rate. We did not find a significant cor
relation between genes associated with mammalian variation 
in recombination rate and genes that exhibit signatures of 
positive selection in mammals. However, the overall lower 
number of genes experiencing positive selection in mammals 
may reduce our power to identify such a correlation, as there 
is also a significant correlation between the genes experiencing 
positive selection in avian and mammalian genomes. All genes 
that had signatures of positive selection in mammals also had 
signatures of positive selection in birds, providing additional 
support for the hypothesis that positive selection may act on 
the meiotic recombination pathway in predictable ways.

One important caveat to our study is the potential confound
ing effect of GC-biased gene conversion (gBGC) on signatures of 
positive selection reported by PAML. This process may result in 
mildly deleterious G/C alleles being favored over neutral A/T al
leles, artificially inflating the dN/dS ratio of the region (Galtier 
and Duret 2007; Ratnakumar et al. 2010). There is also some evi
dence to suggest that gBGC can have a significant impact on 
measures of dN/dS in Ficedula flycatchers and Galloanserae 
(Bolívar et al. 2016; Rousselle et al. 2019). Despite the risk of 
false positives within PAML’s measures of selection, we still 
see patterns of non-synonymous changes in recombination genes 
in birds, coupled with phenotypic changes in recombination rate, 
linking changes in genes regulating meiotic recombination mech
anisms to phenotypic divergence.

Understanding the impact of changes to proteins involved in 
meiotic recombination is crucial to elucidating mechanisms re
sponsible for between-species divergence. This study substan
tiates the existence of similar selective landscapes acting 
upon the meiotic recombination pathway between vertebrate 
clades. Specifically, we identify strikingly similar rates of mo
lecular evolution within key avian, teleost and mammalian re
combination genes. TEX11, an important element of the CO/ 
NCO decision, is a significant outlier to this trend, suggesting 
the possibility of clade-specific drivers of meiotic 
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recombination rate variation. Additionally, we identify strong 
between-clade patterns of selection acting on recombination 
pathway genes: Patterns of positive selection acting on genes 
mediating recombination rate variation and those responsible 
for the formation and resolution of double-stranded breaks, 
and patterns of purifying selection acting upon genes respon
sible for DNA damage identification and processing, suggest
ing that changes in recombination pathway proteins drive 
recombination rate variation.

Methods
Meta-Analysis of Cytological Data
We collected data from published cytological studies of avian 
(N = 9, male; N = 14, female) and mammalian (N = 11, male) 
genomes (supplementary file S1, Supplementary Material on
line). All studies included in the meta-analysis used immuno
fluorescence to label MLH1 foci, with two exceptions which 
used phosphotungstic acid. Due to difference in the feasibility 
of gamete collection, the mammalian studies almost exclusive
ly report MLH1 data from male sperm cells, while the major
ity of avian studies report MLH1 data from female egg cells. 
As we did not observe significant heterochiasmy in avian ge
nomes (P = 0.4764, t-test, supplementary fig. S1, 
Supplementary Material online), we report data that maxi
mized sample size by comparing male and female avian 
MLH1 estimates and male mammalian MLH1 estimates. 
Analyses that included only male estimates supported the 
same conclusions and can be found in the supplementary 
material (supplementary fig. S2, Supplementary Material on
line). In cases where multiple MLH1 foci counts were reported 
for a single species, we chose to include data from the study 
with the largest sample size (determined by the number of in
dividuals and total cell count). All included studies reported 
the average genome-wide MLH1 foci count (a proxy for the 
total number of crossovers in the genome). We compared 
two measures of genome-wide recombination rate: (i) total 
number of MLH1 foci per haploid chromosome number 
(XO/HCN) and (ii) estimated centimorgans per megabase 
(cM/Mb). To estimate genetic map length from MLH1 foci 
data, we multiplied the number of MLH1 foci by 50 cM/ 
foci, giving us an estimate of genetic map length (cM). We 
then divided total map length by genome size measured in 
Mb. We estimated genome size using two approaches: (i) by 
using the total size of the genome assembly (Mb), which 
may underestimate length because they may not include re
gions of the genome that are difficult to assemble and (ii) by 
converting genome weight (C-value, pg) to an estimated gen
ome size (Mb). Genome weights were found using the 
Animal Genome Size Database (Gregory 2024). For the con
versions, we assumed that 1 pg is roughly 978 Mb (Gregory 
2024). Both methods of estimating total genome size produced 
qualitatively similar results (supplementary file S1, 
Supplementary Material online).

All avian studies and a subset of mammalian studies (N = 8, 
mammals) reported the average number of MLH1 foci counts 
for the largest chromosome in the genome (by convention 
chromosome 1). To test whether variation in number of 
MLH1 foci on Chromosome 1 could be explained by variation 
in chromosome size, we used the size of Chromosome 1 (Mb) as 
reported in the latest genome assembly of each species. Many of 
the cytological studies we surveyed also reported estimated 
length of the synaptonemal complex on Chromosome 1 (N = 

9, male, mammal; N = 6, male, avian; N = 7, female, avian). 
All analyses were performed using R Statistical Software 
[v4.3.0; R Core Team 2021 R Core Team (2023)].

Because we used linkage map data in fish, as opposed to 
MLH1 foci data, we took a different approach to estimating re
combination rates. We estimated teleost fish recombination rates 
as cM/Mb by dividing previously published map lengths (cM) by 
the length of the assembly (Mb). Assemblies used may be found 
in supplementary table S4, Supplementary Material online, and 
data may be found in supplementary file S1, Supplementary 
Material online. In order to estimate teleost recombination rates 
as XO/HCN, we first divided the linkage map by 50. This is be
cause one centimorgan is equivalent to a 1% chance of a recom
bination event. However, the greatest recombination frequency 
one can identify is 50% due to the independent assortment of al
leles during meiosis. Dividing the map length by 50 cM allows us 
to estimate average number of crossover events during meiosis, 
independent of linkage between alleles or crossover interference 
(Chuang and Smith 2023; Kivikoski et al. 2023). Once we had an 
average number of crossovers per meiosis, we divided the cross
over number by the haploid chromosome number for each 
species.

Data Acquisition and Processing
We utilized the same panel of 32 genes from Dapper and 
Payseur (2019) to compare meiotic recombination rate path
way evolution between mammals, birds, and teleosts 
(supplementary table S1, Supplementary Material online). 
Reference sequences were downloaded from NCBI from 29 
bird species and 24 teleost fish species (Fig. 3). These species 
were chosen due to their divergence times and quality of refer
ence sequences. However, we were unable to identify ortho
logs of all 32 recombination genes in avian and teleost 
genomes. Thus, 29 candidate genes were investigated in birds 
(supplementary table S1, Supplementary Material online). 
RNF212B, HEI10, and MUS81 were excluded entirely from 
both birds and teleosts due to a lack of useful data. TEX12 
was not available for teleost fish, so we excluded this gene dur
ing analysis, resulting in 28 focal genes for the teleost recom
bination pathway. Phylogenetic trees were inferred using 
TimeTree, which allows the generation of trees from species 
lists, and fasttree, which allows high-throughput tree gener
ation (Price et al. 2010; Kumar et al. 2022). We then generated 
visual trees with iTOL v.5 (Letunic and Bork 2021). For 26 
genes, sequences were available from all species of birds. 
Sequences were not available for one or more individuals for 
the following genes: MRE11, SYCP1, and MSH4. Sequence 
availability proved more difficult in teleost fish. Data were un
available for one or more teleost fish for 11 genes; however, all 
genes surveyed had at least 18 teleost species represented.

To control for differences in genome quality between clades 
in our subsequent analyses, we also selected a focal panel of 
control genes involved in a brain development pathway 
(BMI1, CCNA2, CCNB1, CCND1, CCND2, DHH, EN1, 
FOXM1, GLI1, GLI2, GLI3, IGF2, IHH, MYCN, PTCH1, 
SHH, SMO, SUFU; Oliver et al. 2003; Vaillant and Monard 
2009; Liu et al. 2014; Carballo et al. 2018). We selected these 
genes for their inclusion in a well-described pathway and be
cause we expect them to be conserved.

While dN/dS is a helpful metric for determining rates of mo
lecular evolution, it is difficult to directly compare clades with 
significantly different effective population sizes. In order to de
termine if omega values differ due to selective pressures or 
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historical effective population size, we selected a panel of 33 
genes found up- or down-stream of chicken recombination 
genes (supplementary table S10, Supplementary Material on
line). We identified orthologs of these genes between our focal 
mammal, bird, and fish species. We used this panel to deter
mine if rates of molecular evolution differed significantly 
both between clades and between gene panels.

Phylogenetic Comparative Approach
We used maximum likelihood approaches to assay evidence of 
selection [using the same approach as (Dapper and Payseur 
2019)]. We used CODEML site models from PAML to meas
ure the rate of synonymous to non-synonymous substitutions 
(Miyata and Yasunaga 1980; Yang 2007). CODEML requires 
a phylogenetic tree, for which we used Newick format, and 
multiple sequence alignments, for which we used PHYLIP for
mat (Felsenstein 2005). To ensure high quality files for ana
lysis, we aligned reference sequences acquired from NCBI 
using MUSCLE and GBlocks via TranslatorX and AliView 
(Castresana 2000; Edgar 2004; Abascal et al. 2010; Larsson 
2014), hand-cleaning when necessary. We aligned bird se
quences with their mammalian counterparts to ensure that 
equivalent regions of the genes were compared. Specific assem
blies used may be found in supplementary tables S2 and S4, 
Supplementary Material online. We used the JC69 model of 
codon substitution and set the following initial parameters: 
kappa = 2, omega = 0.4, alpha = 0. Rates were allowed to 
vary between branches (clock = 0). We calculated these rates 
for six site models (M0, M1a, M2a, M7, M8, M8a) and deter
mined the model of best fit via likelihood ratio test. These pro
cedures were followed for focal recombination genes, brain 
development genes, and a panel of genes found up- or down
stream of chicken recombination genes.

Identifying Signatures of Selection
A common method used to identify signatures of selection is 
comparing the ratio of synonymous (dS) to nonsynonymous 
substitutions (dN) (Anisimova et al. 2001). This is represented 
by ω = dN/dS. If there are a larger number of non-synonymous 
amino acid changes than synonymous changes (higher dN), ω 
increases. If ω is significantly greater than 1, there is evidence 
of adaptive evolution. An ω value significantly less than 1 is in
dicative of purifying selection. Neutrally evolving sites will 
have an ω value close to 1. PAML’s CODEML utilizes several 
evolutionary models to calculate the best fit for the data.

To determine model of best fit for bird recombination genes, 
we first compared Model 1 versus Model 2. M1 assumes that 
there are two classes of sites: one where ω < 1, and one where ω 
= 1, indicating neutral evolution. M2 introduces a third class, 
wherein ω > 1, which indicates positive selection. Models 7 
and 8 control for variation in ω across a beta distribution of 
0 to 1. M7 contains 10 of these site classes where ω < 1, where
as M8 includes a class of ω > 1 to allow for positive selection. 
We compared M7, M8, and an additional model designated 
M8a. M8a allows ω = 1. This model is frequently a better fit 
in genes where there are many sites that are evolving neutrally. 
We also report the number of codons undergoing positive se
lection (Bayes empirical Bayes, BEB; P > 0.95).

Multi-Nucleotide Mutations
Multinucleotide mutations (MNMs) occur when two or more 
mutations in proximity on one haplotype occur during the 

same mutational event (Wang et al. 2020). These mutations 
violate the assumptions of many maximum likelihood models 
of molecular evolution and can potentially contribute to false 
inferences of positive selection (Yang 2007; Venkat et al. 
2018). In order to identify potential MNMs in our dataset, 
we used the FitMultiModelHyPhy analysis file to identify sites 
where a simultaneous nucleotide substitution model may fit 
better (Lucaci et al. 2021). We removed these sites and re-ran 
CODEML on the edited sequences. This process was done 
only for genes that showed evidence of positive selection to de
termine whether this signal remained after the removal of po
tential MNMs.

Polymorphism and Divergence
Polymorphism data were acquired from whole genome se
quences of Nandao chickens (Yang et al. 2021). The data 
are available through the European Variant Archive, under 
the study identifier PRJEB46210. We used the asymptotic 
McDonald–Kreitman test due to its handling of small sample 
sizes and potential linkage between advantageous and mildly 
deleterious polymorphisms with Jukes–Cantor correction to 
compare synonymous and nonsynonymous substitutions and 
polymorphisms (Jukes and Cantor 1969; McDonald and 
Kreitman 1991; Haller and Messer 2017). Briefly, we down
loaded chicken polymorphism data from PRJEB46210 and se
lected variants located within our genes of interest. We 
retrieved divergence data from comparing chicken and mal
lard sequences from the NCBI gene browser. Polymorphism 
and divergence data were compared using the web-based 
tool asymptoticMK (Haller and Messer 2017). At the time 
of the test, the web server was still available. However, the 
R code used to implement the test is still available at https:// 
github.com/MesserLab/asymptoticMK. We also measured 
the neutrality index (NI), which measures divergence from 
the neutral expectation (PN/PS = DN/DS), and the direction 
of selection (DN/(DN + DS) − PN/(PN + PS) for each gene 
(Stoletzki and Eyre-Walker 2011).

Evolutionary Rate Covariance
We used Coevol to identify any correlations between recombin
ation rate and divergence of recombination genes between spe
cies. Briefly, Coevol uses Bayesian Markov Chain Monte 
Carlo (MCMC) methods to estimate correlations between traits 
and substitution rates in sequences given a phylogenetic tree 
(Lartillot and Poujol 2010). Instead of linkage map lengths, 
we used the number of MLH1 foci on chromosome 1 for eight 
species from our focal avian species list (C. japonica, T. guttata, 
H. rustica, G. gallus, A. platyrhynchos, N. meleagris, M. alba, 
and M. gallopavo) as a stand-in for recombination rate. We 
used the same parameters as Dapper and Payseur (2019) in 
Coevol (burn-in = 1,000; MCMC chain = 25,000; relative dif
ference ω < 0.01), which returned pairwise correlation coeffi
cients between recombination rate, ω, and dS, along with 
partial correlation coefficients for each pairwise correlation 
(Dapper and Payseur 2019). We also investigated correlations 
between divergence and recombination rate measured as XO/ 
HCN within the same focal bird panel, excluding M. alba, 
and in 13 species from our teleost fish phylogeny (E. lucius, 
O. mykiss, S. salar, T. rubripes, C. semilaevis, H. burtoni, 
O. melastigma, G. morhua, I. punctatus, A. mexicanus, 
D. rerio, C. harengus, and S. formosus).
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