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Abstract

Meiotic recombination shapes evolution and helps to ensure proper chromosome segregation in 

most species that reproduce sexually. Recombination itself evolves, with species showing 

considerable divergence in the rate of crossing-over. However, the genetic basis of this divergence 

is poorly understood. Recombination events are produced via a complicated, but increasingly well-

described, cellular pathway. We apply a phylogenetic comparative approach to a carefully selected 

panel of genes involved in the processes leading to crossovers—spanning double-strand break 

formation, strand invasion, the crossover/non-crossover decision, and resolution—to reconstruct 

the evolution of the recombination pathway in eutherian mammals and identify components of the 

pathway likely to contribute to divergence between species. Eleven recombination genes, 

predominantly involved in the stabilization of homologous pairing and the crossover/non-

crossover decision, show evidence of rapid evolution and positive selection across mammals. We 

highlight TEX11 and associated genes involved in the synaptonemal complex and the early stages 

of the crossover/non-crossover decision as candidates for the evolution of recombination rate. 

Evolutionary comparisons to MLH1 count, a surrogate for the number of crossovers, reveal a 

positive correlation between genome-wide recombination rate and the rate of evolution at TEX11 
across the mammalian phylogeny. Our results illustrate the power of viewing the evolution of 

recombination from a pathway perspective.
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Meiotic recombination, the reciprocal exchange of DNA between homologous 

chromosomes, during meiosis is a major determinant of genetic diversity in populations, 
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influencing the fate of new mutations (Hill and Robertson 1966), the efficacy of selection 

(Felsenstein 1974; Charlesworth et al. 1993; Comeron et al. 1999; Gonen et al. 2017), and 

several features of the genomic landscape (Begun and Aquadro 1992; Charlesworth et al. 

1994; Duret and Arndt 2008). Recombination is also required for successful gametogenesis 

in most species that reproduce sexually (Hassold and Hunt 2001).

Although recombination rate is often treated as a constant, this fundamental parameter 

evolves over time. Genomic regions ranging in size from short sequences to entire 

chromosomes vary in recombination rate—both within and between species (Burt and Bell 

1987; Broman et al. 1998; Jeffreys et al. 2005; Coop and Przeworski 2007; Kong et al. 2010; 

Dumont et al. 2011; Smukowski and Noor 2011; Comeron et al. 2012; Segura et al. 2013; 

Dapper and Payseur 2017; Stapley et al. 2017). Despite important insights about the 

conditions that favor recombination rate evolution from theoretical work, the balance of 

evolutionary forces responsible for observed patterns of inter-individual variation in nature 

has rarely been examined (Dapper and Payseur 2017; Ritzetal.2017). For example, the form, 

intensity, and significance of natural selection as a driver of recombination rate evolution are 

unknown.

Discovering the genetic underpinnings of differences among individuals—including the 

numbers, genomic locations, and phenotypic effects of causative mutations and genes— 

provides a window into how recombination rate evolves. Genome-wide association studies 

are beginning to reveal the genetic basis of variation in recombination rate within species. 

Individual recombination rates have been associated with variants in specific genes in 

populations of Drosophila melanogaster (Hunter et al. 2016), humans (Kong et al. 2008, 

2014; Chowdhury et al. 2009; Fledel-Alon et al. 2011), domesticated cattle (Sandor et al. 

2012; Ma et al. 2015; Kadri et al. 2016; Shen et al. 2018), domesticated sheep (Petit et al. 

2017), Soay sheep (Johnston et al. 2016), and red deer (Johnston et al. 2018). Variants in 

several of these genes correlate with recombination rate in multiple species, including 

RNF212 (Kong et al. 2008; Chowdhury et al. 2009; Fledel-Alon et al. 2011; Sandor et al. 

2012; Johnston et al. 2016; Kadri et al. 2016; Petit et al. 2017), RNF212B (Johnston et al. 

2016, 2018; Kadri et al. 2016), REC8 (Sandor et al. 2012; Johnston et al. 2016, 2018), 

HEI10/CCNB1IP1 (Kong et al. 2014; Petit et al. 2017), MSH4 (Kong et al. 2014; Ma et al. 

2015; Kadri et al. 2016; Shen et al. 2018), CPLX1 (Kong et al. 2014; Ma et al. 2015; John-

ston et al. 2016; Shen et al. 2018) and PRDM9 (Fledel-Alon et al. 2011; Sandor et al. 2012; 

Kong et al. 2014; Ma et al. 2015; Shen et al. 2018).

In contrast, we know very little about the genetics of recombination rate evolution between 

species. Divergence at the dicistronic gene mei-217/mei-218 explains much of the disparity 

in genetic map length between D. melanogaster and D. mauritiana (Brand et al. 2018). 

mei-217/mei-218 is the only gene known to confer a recombination rate difference between 

species, although quantitative trait loci that contribute to shifts in rate among subspecies of 

house mice have been identified (Murdoch et al. 2010; Dumont and Payseur 2011; Balcova 

et al. 2016).

Most of the genes that function in the cellular pathway that produces crossovers are known 

(see Table 1). Divergence in recombination rate likely traces back to mutations in these 
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genes. Therefore, one strategy for understanding how species diverge in recombination rate 

is to inspect patterns of molecular evolution at genes involved in the pathway that leads to 

crossovers. With this approach, the role of natural selection in the evolution of the pathway 

can be evaluated. mei-217/mei-218 was targeted for functional analysis based on its profile 

of rapid evolution between D. melanogaster and D. mauritiana (Brand et al. 2018). PRDM9, 

a protein that positions recombination hot spots in house mice and humans through histone 

methylation (Myers et al. 2010; Parvanov et al. 2010; Grey et al. 2011; Paigen and Petkov 

2018), shows accelerated divergence across mammals (Oliver et al. 2009). Although these 

examples demonstrate the promise of signatures of molecular evolution for illuminating 

recombination rate differences between species, patterns of divergence have yet to be 

reported for most genes involved in meiotic recombination. A profile of molecular evolution 

across a collection of recombination genes would provide new information about the 

evolutionary forces that shape recombination rate from the perspective of a well-defined 

cellular pathway.

Mammals offer a powerful system for dissecting the molecular evolution of the 

recombination pathway for several reasons. First, the evolution of recombination rate has 

been measured along the mammalian phylogeny (Dumont and Payseur 2008; Segura et al. 

2013). Second, recombination rate variation has been associated with specific genes in 

mammalian populations (Kong et al. 2008, 2014; Chowdhury et al. 2009; Sandor et al. 2012; 

Ma et al. 2015; Johnston et al. 2016, 2018; Kadri et al. 2016; Petit et al. 2017; Shen et al. 

2018). Third, laboratory mice have proven instrumental in the identification and functional 

characterization of recombination genes (de Vries et al. 1999; Baudat et al. 2000; 

Romanienko and Camerini-Otero 2000; Yang et al. 2006; Ward et al. 2007; Schramm et al. 

2011; Bisig et al. 2012; Bolcun-Filas and Schimenti 2012; La Salle et al. 2012; Kumar et al. 

2015; Finsterbusch et al. 2016; Stanzione et al. 2016).

Work in mice indicates that the mammalian recombination pathway is roughly divided into 

six major steps, each regulated by a handful of genes (Table 1). The first step is the 

formation of hundreds of double-strand breaks (DSBs) throughout the genome (Keeney et 

al. 1997; Bergerat et al. 1997; Baudat et al. 2000; Romanienko and Camerini-Otero 2000; 

Baudat and de Massy 2007; Finsterbusch et al. 2016; Lange et al. 2016). After formation, 

DSBs are identified, processed, and paired with their corresponding location on the 

homologous chromosome through homology searches and strand invasion (Keeney2007; 

Cloud et al. 2012; Brown and Bishop 2014; Oh et al. 2016; Kobayashi et al. 2016; 

Finsterbusch et al. 2016; Xu et al. 2017). The pairing of homologous chromosomes is then 

stabilized by a proteinaceous structure referred to as the synaptonemal complex (SC) 

(Meuwissen et al. 1992; Schmekel and Daneholt 1995; Costa et al. 2005; de Vries et al. 

2005; Hamer et al.2006;Yang et al.2006; Schramm et al. 2011; Fraune et al. 2014; 

Hernández-Hernández et al. 2016).´ The SC also forms a substrate on which the eventual 

crossover events will take place (Page and Hawley 2004; Hamer et al. 2008). It is at this 

point that a small subset of DSBs is designated to mature into crossovers, leaving the 

majority of DSBs to be resolved as non-crossovers (Snowden et al. 2004; Yang et al. 2008; 

Reynolds et al. 2013; Finsterbusch et al. 2016; Rao et al. 2017). Finally, this designation is 

followed, and each DSB is repaired as a crossover or a non-crossover (Baker et al. 1996; 

Edelmann et al. 1996; Lipkin et al. 2002; Rogacheva et al. 2014; Xu et al. 2017).
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The structure of the recombination pathway suggests that two steps play primary roles in 

determining recombination rate: (1) the formation of DSBs, and (2) the crossover/non-

crossover decision. Although estimated numbers of DSBs and crossovers are positively 

correlated across species of bovids (Ruiz-Herrera et al. 2017), a key regulatory aspect of 

meiotic recombination predicts that recombination rate evolution results disproportionately 

from changes to the crossover/non-crossover decision. In mice, the total number of 

crossovers is relatively robust to changes in DSB number, a phenomenon referred to as 

crossover homestasis (Cole et al. 2012). Accordingly, if divergence in recombination rate is 

driven by directional selection across mammals (i.e., Segura et al. 2013), we expect to 

observe higher rates of molecular evolution and stronger signatures of positive selection in 

genes regulating the crossover/non-crossover decision compared to genes in other steps of 

the pathway. Conversely, if recombination rate is largely subject to purifying selection, we 

would expect to observe higher conservation among genes involved in the crossover/non-

crossover choice. In particular, genes responsible for DSB formation could experience a 

relaxation of selection because their influence on recombination rate is buffered. Consistent 

with the expectation that crossover/non-crossover decision primarily regulates 

recombination rate, many of the genes identified as contributing to standing variation in 

recombination rate function late in the recombination pathway. If these genes contribute 

disproportionately to differences between species, we expect them to exhibit elevated rates 

of molecular divergence compared to other genes in the pathway.

In this article, we examine the molecular evolution of 32 key recombination genes, evenly 

distributed across each major step in the recombination pathway, across 16 species of 

mammals. We ask: (1) Do genes in the recombination pathway exhibit patterns of rapid and 

adaptive evolution across the mammalian phylogeny? (2) If so, are those genes concentrated 

in steps of the recombination pathway that regulate the crossover/non-crossover decision? 

(3) Do genes previously associated with population-level variation in recombination rate 

show elevated rates of evolution between species? (4) Are changes in the rate of molecular 

evolution correlated with genome-wide recombination rate?

Materials and Methods

DATA ACQUISITION AND PROCESSING

We selected a focal panel of 32 recombination genes (see Table 1). The panel was carefully 

selected to allow us to test hypotheses concerning the evolution of the recombination 

pathway. To identify differences in the rate of evolution between pathway steps, we selected 

representative genes that covered each major step as evenly as possible, focusing on genes 

with well-described, integral functions (e.g., SPO11 catalyzes DSB formation). We also 

included genes that have been associated with inter-individual differences in recombination 

rate within mammalian populations (e.g., RNF212) to test the hypothesis that these genes 

are more likely to contribute to divergence between species.

For each gene, reference sequences from 16 species of mammals were downloaded from 

both NCBI and Ensembl (Release89) (Wheeler et al. 2006; Zerbino et al. 2017). These 16 

species were selected using the following criteria: (1) availability of high-quality sequences 

for recombination genes, (2) availability of testes expression datasets, (3) availability of 
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estimates of recombination rate, and (4) coverage of a range of divergence times, without 

saturation at synonymous sites.

Alternative splicing is widespread and presents a challenge for molecular evolution studies 

(Pan et al. 2008; Barbosa-Morais et al. 2012). To focus our analyses on coding sequences 

that are transcribed during meiosis and to validate the computational annotations for each 

gene in each species, we used available testes expression datasets. Meiotic recombination 

occurs in adult testes and fetal ovaries. Transcripts present in these tissues are likely to 

represent the most relevant isoform. We relied entirely on testes expression datasets because 

fetal ovary expression datasets were not available. We downloaded raw testes expression 

data for each species from NCBI Gene Expression Omnibus (GEO) (Table S1) (Barrett et al. 

2012). We converted the SRA files into FASTQ files using SRAtoolkit (Leinonen et al. 

2010). The reads were mapped to an indexed reference genome (Tables S2 and S3) 

(Bowtie2; Langmead and Salzberg 2012) using TopHat (Trapnell et al. 2009). The resulting 

bam files were sorted using Samtools (Li et al. 2009) and visualized using IGV 2.4.10 

(Thorvaldsdóttir et al. 2013). We used this approach to (1) identify the transcript expressed 

in testes, (2) check the reference transcript for errors, and (3) revise the reference transcript 

based on the transcript data.

We compared expression data to annotations from both Ensembl and NCBI (Wheeler et al. 

2006; Zerbino et al. 2017). When both transcripts were identical, we selected the NCBI 

transcript. The Ensembl transcript was used instead when (1) the NCBI reference sequence 

was not available, (2) none of the NCBI transcripts matched the expression data, or (3) there 

were sequence differences between the two transcripts and the Ensembl transcript was more 

parsimonious (i.e., had the fewest differences when compared to the rest of sequences in the 

alignment). The use of testes expression data was a key quality control step. We found 

frequent errors in isoform annotation. The transcripts of each gene identified via testes 

expression dataset were highly concordant across species, further validating this approach. 

The inclusion of species in this study was primarily determined by the availability of testes 

expression data.

PHYLOGENETIC COMPARATIVE APPROACH

For each gene, we used phylogenetic analysis by maximum like-lihood (PAML 4.8) to 

measure the rate of evolution across the mammalian phylogeny and to search for molecular 

signatures in dicative of positive selection (Table 2) (Yang1997,2007). This approach 

requires a sequence alignment and a phylogenetic tree. For each gene, sequences were 

aligned using Translator X, a codon based alignment tool, powered by MUSCLEv3.8.31 

(Edgar 2004; Abascal et al. 2010). Each alignment was examined by hand and edited as 

necessary. We used a species tree that reflects the current understanding of the phylogenetic 

relationships of the species included in our study (Fig. 1) (Prasad et al. 2008; Perelman et al. 

2011; Fan et al. 2013; Chen et al. 2017; Letunic and Bork 2019).

Due to the ambiguity in the relationship between Laura-sithians and the placement of tree 

shrews, we also inferred gene trees using MrBayes (Ronquist et al. 2012; Fan et al. 2013; 

Chen et al. 2017). To infer each gene tree, we selected the general time reversible (GTR) 

substitution model with gamma-distributed rate variation across sites and the Markov chain 
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Monte Carlo (MCMC) sampling was run until the standard deviation (SD) frequency was 

less than 0.01 (Ronquist et al. 2012). We used this approach to account for effects of 

incomplete lineage sorting (ILS) (Pamilo and Nei 1988; Rosenberg 2002; Scornavacca and 

Galtier 2017). Using gene trees and using the consensus species tree produced highly similar 

results (Table S4).

For 19 genes, transcripts from all 16 species were used. For 11 genes in which the 

chimpanzee and bonobo sequences were identical, we excluded the bonobo sequence, as 

required by PAML 4.8 (Yang 1997, 2007). For one gene in which the chimpanzee, bonobo, 

and human sequences were all identical, we excluded the chimpanzee and bonobo 

sequences. In only two cases, a suitable reference sequence could not be identified for a 

given species (RNF212B: rat; TEX11: tree shrew).

We estimated rates of synonymous and nonsynonymous substitutions per site using the 

CODEML program in PAML 4.8 (Yang 2007). This program considers multiple 

substitutions per site, variation in the rate of transitions and transversions, and effects of 

codon usage (Yang 2007). Rates of substitution were computed for six different models of 

molecular evolution (Table 2). The fit of each model was compared using a likelihood ratio 

test. Reported substitution rates assume the best-fit model for each gene.

IDENTIFYING SIGNATURES OF SELECTION

To test for positive selection, we compared the fit of models including a class of sites with ω 
> 1 to the fit of models in which all classes of sites have ω ≤ 1. Specifically, we report three 

comparisons: Model 1 versus Model 2, Model 7 versus Model 8, and Model 8 versus Model 

8a (Table 2). The first comparison, M1 versus M2, compares a model with two classes of 

sites (ω < 1, ω= 1) to a model with a third class of sites where ω > 1, indicative of positive 

selection (Yang 2007). More complex models (M7 and M8) were developed to consider 

variation in ω < 1 among sites within genes by including 10 site classes drawn from a beta 

distribution ranging from 0 to 1 (Yang 2007). In this case, Model 8 includes one additional 

class of sites in which ω > 1 (for a total of 11 site classes), allowing for the identification of 

signatures of positive selection (Yang 2007). In cases in which a large fraction of sites within 

a gene are evolving neutrally (ω = 1), Model 8 will fit significantly better due to a very poor 

fit of Model 7 rather than a signature of positive selection. To avoid incorrectly identifying 

signatures of positive selection in this case, we also compared Models 8–8a, which contains 

a larger fraction of neutrally evolving sites than Model 7 (Swanson et al. 2003). We report 

the number of codons in each gene estimated to have ω > 1 (Bayes empirical Bayes, BEB; P 
> 0.95).

MULTINUCLEOTIDE MUTATIONS

Multinucleotide mutations (MNMs) occur when two mutations happen simultaneously in 

close proximity (Schrider et al. 2011; Besenbacher et al. 2016). MNMs violate the PAML 

assumption that the probability of two simultaneous mutations in the same codon is zero 

(Yang 2007; Venkat et al. 2018). Recent work has shown that MNMs can lead to the false 

inference of positive selection when using branch-site tests in PAML (Venkat et al. 2018). 

Although we did not use branch-site tests, it is possible that MNMs contributed to some of 
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the signatures of positive selection we observed. Although we could not directly identify 

MNMs in our dataset, we conducted an additional analysis to gauge the potential effects of 

MNMs on our results. We used PAML to reconstruct the ancestral sequence at each node in 

the phylogeny (Yang 2007). For the reconstruction, Model 8 was chosen because we 

specifically reanalyzed genes that showed evidence for positive selection when comparing 

Model 7 with Model 8. From the ancestrally reconstructed sequences, we identified any 

codons in which PAML inferred more than one substitution on a single branch (codons with 

multiple differences; CMDs). All identified CMDs were removed from the sequences in 

which they occurred. For example, if a CMD was identified in an external branch, that codon 

was replaced with—only in the sequence of that species. If a CMD was inferred on an 

internal branch, the codon was replaced with—in all species descended from that internal 

branch. For each gene that showed evidence of positive selection using the unedited 

sequences, we also conducted PAML analyses using sequences from which all CMDs were 

removed.

POLYMORPHISM AND DIVERGENCE IN THE PRIMATE LINEAGE

To further examine evidence for selection on recombination genes, we compared divergence 

between humans and macaque to polymorphism within humans in the recombination genes. 

We chose the macaque–human comparison because the moderate levels of protein 

divergence between this pair of species is expected to provide good power for detecting 

signatures of selection (Gradnigo et al. 2016). Human polymorphism data were downloaded 

from ExAC database (Lek et al. 2016). The ExAC database spans 60,706 unrelated 

individuals sequenced as part of both disease-specific and population genetic studies (Lek et 

al. 2016). To avoid biases introduced by population structure, we restricted our analyses to 

the population with the largest representation in the database: European, non-Finnish, 

individuals (N = 33,370) (Lek et al. 2016). We also conducted complementary analyses that 

were restricted to individuals of African descent (N = 5,203) to ensure that the demographic 

history of European populations did not bias our results. The results from both populations 

were highly concordant (Table S5). Polymorphism data for the correct transcript of RNF212 
(based on expression data) was not available in the ExAC database; this gene was not 

included in this analysis.

We compared counts of nonsynonymous and synonymous polymorphisms to counts of 

nonsynonymous and synonymous substitutions using the McDonald–Kreitman test 

(McDonald and Kreitman 1991). The neutral expectation is that the ratio of non-

synonymous to synonymous substitutions is equal to the ratio of nonsynonymous to 

synonymous polymorphisms (McDonald and Kreitman 1991). Significant deviations provide 

evidence of natural selection. The neutrality index (N I) measures the direction and degree of 

departures from the neutral expectation (Charlesworth et al. 1994). An N I < 1 indicates 

positive selection, and the fraction of adaptive amino acid substitutions can be estimated as 1 

− N I (Charlesworth et al. 1994; Fay et al. 2001; Smith and Eyre-Walker 2002). We also 

measure the direction of selection (DoS) for each gene, an additional statistic that estimates 

the direction and degree of departures from the neutral expectation and has been shown to be 

less biased than N I under certain conditions (Stoletzki and Eyre-Walker 2010). A positive 

DoS is consistent with positive selection; a negative DoS indicates purifying selection 
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(StoletzkiandEyre-Walker2010). Additionally, we estimated pairwise divergence (ω) 

between human and macaque using the yn00 package in PAML (Yang 2007) (Table S6).

IDENTIFYING EVOLUTIONARY PATTERNS

To identify evolutionary patterns among recombination genes, we compared the rate of 

evolution and the proportion of genes experiencing positive selection among groups of 

interest. All statistical analyses were performed in R (R Core Team 2015).

EVOLUTIONARY RATE COVARIATION

To determine whether recombination genes coevolve, we computed the evolutionary rate 

covariation (ERC) metric: the correlation coefficient between branch-specific rates among 

pairs of proteins (Clark et al. 2012). ERC is frequently elevated among interacting proteins 

(Pazos and Valencia 2001; Hakes et al. 2007; Clark et al. 2009) and is assumed to result 

from (1) concordance in fluctuating evolutionary pressures, (2) parallel evolution of 

expression level, and/or (3) compensatory changes between coevolving genes (Clark et al. 

2012, 2013; Priedigkeit et al. 2015). We used a publicly available ERC dataset (https://

csb.pitt.edu/erc_analysis/index.php) to compare the median ERC-value among a subset of 

the focal recombination genes (N = 25) to other genes in the genome, as described in 

Priedigkeit et al. (2015).

To control for an observed elevation in ERC among recombination genes and test for 

relationships between specific groups, we also conducted an ERC analysis that was 

restricted to the focal set of 32 recombination genes. Branch lengths were calculated using 

the aaML package in PAML (Yang 2007) and pairwise ERC values were calculated 

following the methods of Clark et al. (2012). Using this approach, we specifically compared 

the ERC values among three of the most rapidly evolving recombination genes (TEX11, 
SHOC1, and SYCP2) to the other recombination genes.

To ask whether divergence at recombination genes is connected to the evolution of 

recombination rate, we used Coevol, a Bayesian MCMC method that estimates correlations 

between quantitative traits and substitution rates in a phylogenetic context (Lartillot and 

Poujol 2010). As a surrogate for recombination rate, we used published estimates of the 

average number of MLH1 foci per cell for nine species of mammals: Homo sapiens, Macaca 
mulatta, Mus musculus, Rattus norvegicus, Bos taurus, Ovis aries, Equus caballus, Sus 
scrofa, and Canis lupus (Table S7). To account for variation in karyotypes among species, 

we divided MLH1 counts by the number of chromosome arms (autosomal fundamental 

number [aFN]). Evolutionary correlations between this adjusted recombination rate and 

substitution rates for each gene were estimated by Coevol 1.5 (Lartillot and Poujol 2010). 

RNF212B was excluded from this analysis due to the lack of sequence data in R. norvegicus.

Each analysis was run in duplicate to assess convergence. We report the estimated pairwise 

correlation coefficients between recombination rate, ω, and dS, as well as the partial 

correlation coefficients for each pairwise correlation (burn-in = 1,000; MCMC chain = 

25,000; relative difference ω < 0.01).
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Results

RECOMBINATION GENES EVOLVE AT DIFFERENT RATES IN MAMMALS

We used PAML (Yang 1997, 2007) to measure the rate of evolution across the mammalian 

phylogeny of 32 recombination genes carefully selected to (1) cover each major step in the 

recombination pathway as evenly as possible, (2) contain genes that have integral functions 

in each step, and (3) include genes that have been associated with interindividual differences 

in recombination rate within mammalian populations (Tables 1 and 2).

We observed variation in the rate of evolution of recombination genes, with ω spanning a 

range of 0.0268 0.8483 (mean ω= 0.3275, SD = 0.1971, median = 0.3095) (Figs. 2 and 3, 

Table 3). Four genes exhibit particularly rapid evolution when compared to other 

recombination genes, with evolutionary rates greater than 1SD above the mean (IHO1, 
SHOC1, SYCP2, TEX11). At the other end of the spectrum, five genes have evolutionary 

rates more than 1SD below the mean and are highly conserved across the mammalian 

phylogeny (BRCC3, DMC1, HEI10, RAD50, RAD51).

In general, there is very high concordance between evolutionary rate across mammals and 

pairwise divergence between human and macaque (mean ω= 0.3301, SD = 0.2370, median = 

0.30925) (Spearman’s ρ= 0.833774, P = 3.11 × 10−9) (Fig. 2, Table 4, Fig. S1). The genes 

that show the most rapid and most conserved rates of divergence between human and 

macaque are mostly the same genes that show extreme evolutionary rates across the 

mammalian phylogeny. Notable exceptions include MEI4 (ωmammals = 0.4332, 

ωhuman−macaque = 0.7252), CNTD1 (ωmammals = 0.2496, ωhuman−macaque = 0.6803), HEI10 
(ωmammals = 0.1226, ωhuman−macaque = 0.3235), and HORMAD1 (ωmammals = 0.3036, 

ωhuman−macaque = 0.0901). It should be noted that these two measures are not independent 

because divergence between human and macaque sequences was incorporated in the 

phylogenetic analysis across mammals.

RECOMBINATION GENES DISPLAY SIGNATURES OF POSITIVE SELECTION ACROSS 
MAMMALS

We identified signatures of positive selection in 11 of 32 (34.3%) recombination genes using 

site models in CODEML: IHO1, MSH4, MRE11, NBS1, RAD21L, REC8, RNF212, 
SHOC1, SYCP1, SYCP2, and TEX11. For each of these genes, models that include a 

fraction of sites where the rate of nonsynonymous substitutions is estimated to be greater 

than the rate of synonymous substitutions (ω > 1, Model 8) fit better than models that do not 

include such a class of sites (Model 7, 8a) (Table 2). To mitigate the potential for MNMs to 

produce false signatures of positive selection, we reanalyzed this subset of genes after 

removing any codons inferred to have accumulated multiple changes on a single branch 

(CMDs). After conservatively removing all CMDs, one gene (TEX11) retained a significant 

signature of positive selection (Table 5).

Comparing polymorphism within humans to divergence between human and macaque 

revealed that 17 of 31 genes depart from neutral predictions in the form of significant 

McDonald–Kreitman tests (Fisher’s exact test, P < 0.05; Table 4) (McDonald and Kreitman 

1991). These 17 genes harbor an excess of nonsynonymous polymorphisms (Table 4). This 
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pattern suggests the presence of weakly deleterious mutations at recombination genes in 

human populations. Contrary to predictions under this model, however, we detected no 

significant differences in allele frequency between nonsynonymous and synonymous 

polymorphisms (Wilcoxon rank sum test; P > 0.05). None of the recombination genes we 

surveyed displays a significant excess of nonsynonymous substitutions, the expected 

signature of positive selection. Only one gene (TEX11) has a higher ratio of nonsynonymous 

to synonymous substitutions than nonsynonymous to synonymous polymorphisms (NI = 

0.7879; DoS = 0.0534) (Table 4).

RECOMBINATION GENE EVOLUTION DEPENDS ON POSITION IN THE PATHWAY AND 
RECOMBINATION GENES EVOLVE FASTER

To test the hypothesis that genes involved in the crossover/non-crossover decision are more 

likely to exhibit signatures of rapid and adaptive evolution than genes involved in other 

aspects of the recombination pathway, we compared the rate of evolution and proportion of 

positively selected genes between pathway steps. The proportion of genes exhibiting 

signatures of positive selection varied significantly between steps (Fisher’s exact test, P = 

0.0126). To determine which steps exhibited a significant elevation in the proportion of 

genes with signatures of positive selection, we ran post hoc analyses comparing each 

individual step to the rest of the pathway. Although the results were suggestive, after 

corrections for multiple testing, none of the steps exhibited significant elevations in the 

proportion of positively selected genes (Table 6). To identify evolutionary patterns that span 

individual steps, we compared the frequency of positively selected genes among contiguous 

steps to the rest of the pathway. Significantly more genes involved in synapsis and the 

crosssover/non-crossover decision exhibit signatures of positive selection across the 

mammalian phylogeny than genes in the other steps of the recombination pathway (8/11 vs. 

3/21, Fisher’s exact test, P = 0.00179). This result remains significant when applying a 

Bonferroni correction for multiple testing (11 tests, threshold: P = 0.0045).

Comparisons among groups of genes assigned to six major steps in the recombination 

pathway yielded no significant differences in evolutionary rate (mammals: P = 0.1422, 

Kruskal–Wallis test; human vs. macaque: P = 0.2682, Kruskal– Wallis test) (Fig. 4). 

Similarly, genes acting before and after synapsis show similar evolutionary rates across 

mammals (average ωbefore = 0.2723 vs. ωafter = 0.3762, P = 0.1425, Mann–Whitney U test). 

Postsynapsis genes show a trend of evolving faster than presynapsis genes in comparisons 

between human and macaque (average ωbefore = 0.2514 vs. ωafter = 0.3994, P = 0.05827, 

Mann–Whitney U test).

Gradnigo et al. (2016) measured the rate of divergence between human and macaque for 

3,606 genes throughout the genome. We used this dataset to ask whether the rate of 

evolution of recombination genes as a group is different than expected from the genome-

wide distribution. Mean rates for sets of 32 ω values randomly sampled from the 3,606-gene 

list rarely exceeded the mean rate for recombination genes (P = 0.0075, 10,000 random 

draws) (Fig. 5), suggesting that recombination genes evolve faster on average, at least 

between human and macaque.
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RECOMBINATION GENES ASSOCIATED WITH INTERINDIVIDUAL DIFFERENCES DO NOT 
DIVERGE MORE RAPIDLY BETWEEN SPECIES

Recombination genes previously associated with interindividual differences in 

recombination rate within species do not evolve significantly faster between species of 

mammals (average ω= 0.3943 vs. average ω= 0.2925, respectively; P = 0.2381, Mann–

Whitney U test), although the difference in evolutionary rates between these two classes of 

genes is greater when considering only divergence between human and macaque (average 

ω= 0.4181 vs. average ω= 0.2839, respectively; P = 0.08816, Mann–Whitney U test). 

Likewise, the proportion of recombination genes that exhibit signatures of positive selection 

is not significantly higher among genes that have been associated with interindividual 

differences (5/11 vs. 6/21; P = 0.4424, Fisher’s exact test).

EVOLUTIONARY RATES ARE CORRELATED AMONG RECOMBINATION GENES

We used a publicly available database (https://csb.pitt.edu/erc_analysis/index.php) to 

measure correlations in evolutionary rate among pairs of recombination genes across 

mammals (Clark et al. 2012). Recombination genes show levels of ERC (mean ERC = 

0.134) that are significantly higher than the genome-wide distribution of gene pairs 

(permutation P = 0.000358).

Motivated by the findings that TEX11, SYCP2, and SHOC1 are three of the most rapidly 

evolving recombination genes among mammals (Table 3) and that TEX11 has direct protein-

to-protein interactions with both SHOC1 and SYCP2 (Yang et al. 2008; Guiraldelli et al. 

2018), we focused on rate correlations between these genes. TEX11, SYCP2, and SHOC1 
show significantly higher rate correlations (mean ERC = 0.42369) than randomly sampled 

subsets of recombination genes (permutation P = 0.025).

THE RATE OF EVOLUTION OF TEX11 IS POSITIVELY CORRELATED WITH 
RECOMBINATION RATE IN MAMMALS

To ask whether divergence at recombination genes was connected to the evolution of 

recombination rate, we used Coevol (Lartillot and Poujol 2010) to detect covariation in these 

two traits across mammals (Table 7). We used the average number of MLH1 foci per 

chromosome arm as an estimate of the genome-wide recombination rate.

One gene, TEX11, shows a positive correlation between ω and recombination rate (partial 

correlation coefficient = 0.756, posterior probability = 0.96) (Fig. 6). Although the statistical 

significance of these correlations is modest (reflecting the low power of analyses restricted 

to nine species), these results suggest that TEX11 evolves faster at the protein level in 

species with higher rates of recombination. The correlation persists when MLH1 count per 

autosomal haploid chromosome number is used (Table S8).

Discussion

Species of mammals recombine at different rates (Burt and Bell 1987; Dumont and Payseur 

2008; Smukowski and Noor 2011; Segura et al. 2013; Stapley et al. 2017). The genetic 

changes responsible for this evolution remain unknown, but they must have occurred in the 
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pathway that regulates the formation of crossovers. Evaluated in the context of the 

recombination pathway, our portrait of divergence points to processes and genes that are 

good candidates for the evolution of recombination rate and shed light 00on the role of 

natural selection.

Consideration of recombination genes as a group reveals evolutionary patterns. First, the 

evolutionary rates of recombination genes are correlated across the mammalian phylogeny. 

This result is consistent with a broader pattern of ERC among meiosis genes (Clark et al. 

2013), as well as the hypothesis that functionally interacting genes experience concordant 

evolutionary pressures (Clark et al. 2012, 2013; Priedigkeit et al. 2015). Second, 

recombination genes tend to evolve faster than other genes, at least based on comparisons 

between human and macaque. There are multiple features of recombination genes that could 

generate this pattern. The restriction of expression of some recombination genes to meiotic 

cells could reduce the pleiotropic consequences of amino acid substitutions (Duret and 

Mouchiroud 1999; Liao et al. 2006). Additionally, the central role of recombination genes in 

reproduction could accelerate their divergence (Swanson and Vacquier 2002; Dapper and 

Wade 2016). A third possibility is that recombination itself is frequently subject to 

directional selection (Segura et al. 2013; Dapper and Payseur 2017; Ritz et al. 2017), driving 

divergence at the underlying genes.

Eleven of the 32 recombination genes we examined display signatures of positive selection 

across the mammalian phylogeny. If directional selection has driven the evolution of 

recombination rate in mammals (Segura et al. 2013), we would expect signatures of positive 

selection to be localized near the crossover/non-crossover decision point in the pathway. In 

support of this prediction, 8 of the 11 genes with evidence for adaptive evolution act 

primarily to form the SC (REC8, RAD21L, SYCP1, and SYCP2; Parisi et al. 1999; de Vries 

et al. 2005; Yang et al. 2006; Lee and Hirano 2011) and to regulate the first steps of the 

crossover versus non-crossover decision (TEX11, SHOC1, RNF212, and MSH4; Snowden 

et al. 2004; Yang et al. 2008; Qiao et al. 2014; Guiraldelli et al. 2018). Further evidence of a 

role for directional selection (to increase recombination) comes from the positive correlation 

between divergence at the most rapidly evolving recombination gene (TEX11) and the 

genome-wide recombination rate, although the posterior probability of this correlation is 

modest (in light of multiple testing). The inference of recurrent directional selection on 

genes that function during meiosis also raises the possibility that divergence could be 

connected to genetic conflict. For example, theoretical work suggests that recombination 

rate can evolve to suppress meiotic drive (Brandvain and Coop 2012).

Deeper consideration of evolution at TEX11 provides additional insights about the 

connection between molecular evolution and recombination rate evolution. Fourteen amino 

acid residues in TEX11 exhibit patterns consistent with adaptive evolution (BEB, P > 0.95). 

In contrast to MSH4 or PRDM9, where targets of selection localize to certain protein 

domains (Oliver et al. 2009; Thomas et al. 2009; Grey et al. 2011) the TEX11 residues of 

interest are distributed across the length of the gene. This pattern matches aspects of TEX11 
protein function. The gene encompasses three large, ubiquitous protein interaction (TRP) 

domains (Guiraldelli et al. 2018). Most of the residues with signatures of selection localize 

to two of the large TRP domains, one of which is known to bind to SHOC1 (Guiraldelli et 
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al. 2018). The putative function of TEX11 is to bind to the SC (i.e., SYCP2) and recruit 

proteins that designate which DSBs become crossovers (i.e., SHOC1), a pivotal role at the 

early stages of the crossover versus non-crossover decision (Guiraldelli et al. 2018). The 

rates of molecular evolution of TEX11, SYCP2, and SHOC1 are significantly more 

correlated with each other than expected given observed correlations among all surveyed 

recombination genes. Additionally, these three genes (along with IHO1) exhibit the highest 

rates of evolution across the mammalian phylogeny. Mutations in TEX11 are associated with 

differences in recombination rate in humans and in transgenic mice (Yang et al. 2015). 

TEX11 is also a candidate gene for a quantitative trait locus that contributes to variation in 

recombination rate among inbred mouse strains (Murdoch et al. 2010). Although TEX11 is 

named for a pattern of testes-specific expression, it affects recombination in females as well 

as males (Yang et al. 2015).

Five of the genes that exhibit signatures of positive selection across the mammalian 

phylogeny have been associated with interindividual variation in recombination rate within 

species: RAD21L (Kong et al. 2014), REC8 (Sandor et al. 2012; Johnston et al. 2016, 2018), 

MSH4 (Kong et al. 2014; Ma et al. 2015; Kadri et al. 2016; Shen et al. 2018), RNF212 
(Kong et al. 2008; Chowdhury et al. 2009; Fledel-Alon et al. 2011; Sandor et al. 2012; 

Johnston et al. 2016; Kadri et al. 2016; Petit et al. 2017), and TEX11 (Murdoch et al. 2010). 

However, as a group, recombination genes previously associated with intraspecific variation 

in the genome-wide recombination rate evolve at similar rates to recombination genes 

lacking such an association. Two factors are likely to weaken the association between genes 

that contribute to differences within species and those that diverge most rapidly between 

species. First, genes responsible for species differences in recombination rate could be 

subject to strong directional selection within populations, reducing their contributions to 

intraspecific variation. Second, genes that confer within-species rate variation could be 

targets of diversifying or antagonistic selection, limiting their divergence between species. 

For example, variants at RNF212, a gene associated with intraspecific variation in 

recombination rate in several mammalian species, have contrasting effects in women and 

men (Kong et al. 2008).

The structure of genetic pathways is expected to influence evolutionary trajectories (Rausher 

et al. 1999; Lu and Rausher 2003). Matching this prediction, recombination genes show 

relatively high rate correlations compared to other sets of genes. Nevertheless, our results 

suggest that the selection pressures targeting a gene are not easily deduced from its position 

in the recombination pathway. Perhaps rate variation among domains within proteins masks 

a clearer effect of pathway position. For example, the signal of adaptive evolution in 

PRDM9 is restricted to the zinc finger residues, with much of the gene sequence being 

conserved between species (Oliver et al. 2009; Thomas et al. 2009). Rate heterogeneity 

between genes within steps of the recombination pathway motivates a more thorough 

investigation of functional domains in genes of interest.

Despite evidence for positive selection across the mammalian phylogeny, comparisons of 

polymorphism and divergence yielded no significant signatures of adaptive evolution 

between human and macaque. Instead, many recombination genes display an excess of 

nonsynonymous polymorphisms, consistent with an accumulation of weakly deleterious 
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mutations within humans. This approach searches for patterns of selection at the level of the 

entire gene, whereas positive selection can target certain domains. For example, MSH4 
exhibits evidence for adaptive evolution along the mammalian phylogeny and shows an 

excess of nonsynonymous polymorphisms within humans. These two seemingly disparate 

results are unified by the observation that all six codons in MSH4 with significant signatures 

of positive selection (BEB, P > 0.95) are highly localized in the first 100-bp of the gene, in a 

putative DNA binding domain (Rakshambikai et al. 2013; Piovesan et al. 2017).

Our results highlight an evolutionary contrast between mammals and Drosophila. 

MCMDC2, the mammalian homolog of the mei-217/mei-218 gene that evolves rapidly and 

adaptively in Drosophila (Brand et al. 2018), exhibits below-average rates of evolution 

compared to other recombination genes and shows no evidence of positive selection. These 

two homologs occupy different positions in the recombination pathway. In Drosophila, 

mei-218 has evolved to replace the function of the missing MSH4 and MSH5 (Kohl et al. 

2012; Finsterbusch et al.2016). This shift in both evolutionary rate and pathway function 

suggests that functional homology is a better predictor of evolutionary rate than sequence 

homology for this recombination gene. Conversely, no ortholog of TEX11 has yet been 

identified in Drosophila. How-ever, meiosis-specific orthologs of TEX11 (Zip4) are present 

in the yeast (Saccharomyces cerevisiae) and Arabidopsis (Arabidopsis thaliana) genomes 

(Adelman and Petrini 2008), motivating investigation into the deeper evolutionary history of 

TEX11.

One cost of the increased sensitivity of PAML is an inflation of the false-positive rate in the 

presence of multinucleotide substitutions (Venkat et al. 2018). It was not possible to directly 

identify MNMs in our dataset, so we chose the highly conservative approach of removing all 

codons inferred to have accumulated multiple mutations on a single branch in the phylogeny. 

Codons removed using this approach could be MNMs, but they also likely include codons 

that either have accumulated sequential mutations along the long branches in the mammalian 

phylogeny or are neither MNMs nor CMDs, due to uncertainty in the inference of ancestral 

sequences. Despite the conservative nature of this approach, we still found a signature of 

positive selection in TEX11, even when all putative CMDs were removed. Nevertheless, 

differences in the results with and without filtering make it difficult to draw conclusions 

about the robustness of signals of selection in the other recombination genes.

Sex differences in recombination rate, known as heterochi-asmy, are widespread in 

mammals (Burt et al. 1991; Lenormand and Dutheil 2005). We used only testes expression 

datasets to identify the relevant isoform of each gene because fetal ovary expression datasets 

were not available. It is conceivable that the isoforms of these genes are sexually dimorphic. 

Additionally, estimates of the genome-wide recombination rate from MLH1 counts were not 

available for females in most of the species we surveyed. Due to these biases in existing 

datasets, our analyses could have missed female-specific evolutionary dynamics of the 

recombination pathway.

Another caveat concerns the interpretation of our findings. Although we would prioritize 

rapidly evolving genes with evidence of adaptive evolution as candidates, evolution of the 

recombination rate between species could be caused by only a few amino acid substitutions 
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(especially along particular mammalian lineages) or by regulatory changes located outside 

protein-coding regions or in transcription factors. We also cannot preclude the existence of 

undiscovered genetic, epigenetic, or environmental modifiers of recombination rate. We 

hope our results will motivate genetic dissection of between-species differences in 

recombination rate through functional evaluation of the candidate genes we identified, 

especially TEX11 and associated genes involved in the SC and early stages of the crossover/

non-crossover decision.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. 
Species tree assumed in analyses of molecular evolution.

Note: Figure generated using Letunic and Bork (2019).
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Figure 2. 
Distribution of ω for 32 recombination genes. (A) Mammals: divergence estimated across 

the mammalian phylogeny. (B) Human–Macaque: pairwise divergence between human and 

macaque.
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Figure 3. 
Evolutionary rate of key recombination genes in the context of the recombination pathway. 

The double lines represent the looped dsDNA of two homologous chromosomes, one 

oriented across the top of the figure and the other across the bottom. Each panel, from left to 

right, illustrates the progression of a homologous recombination event. The process starts 

with hundreds DSBs throughout the genome, a fraction of which are ultimately resolved as 

mature crossovers. Additional information about each gene can be found in Table 1. The 

color of each gene represents its evolutionary rate relative to the average for recombination 

genes (ω = 0.3275): more rapidly evolving genes are depicted in darker shades of red and 

more conserved genes are depicted in darker shades of blue. The corresponding estimates of 

the evolutionary rate of each gene are reported in Table 3. Genes that exhibit a signature of 

positive selection are in bold.
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Figure 4. 
Boxplot of ω by step in recombination pathway.
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Figure 5. 
Distribution of average divergence (ω) between human and macaque of 10,000 gene sets 

randomly drawn from the entire genome. Average ω among these random draws was 

observed to be equal to or greater than that observed among recombination genes less than 

1% of the time (P = 0.0075).
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Figure 6. 
The rate of evolution of TEX11 and recombination rate (MLH1/aFN) are correlated across 

the mammalian phylogeny. Black: Point estimates of recombination rate (derived from 

published estimates of MLH1 foci per cell—see Table S7) and the estimated rate of 

evolution of TEX11 in the terminal branch. Blue: Ancestrally reconstructed estimates of 

recombination rate and evolutionary rate for internal nodes. Error bars represent ±1SD.
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Table 2.

Six PAML site models used to measure evolutionary rate and test for positive selection.

Model Site Classes ω Range Positive Selection?

0 1 <1 No

1 2 < 1,= 1 No

2 3 < 1,= 1,>1 Yes

7 10 0 − 1 No

8 11 0− 1,>1 Yes

8a 6 0 − 1,= 1 No

Note: Models varied in the number of ω classes, the range of ω for each of these classes, and whether a class of sites subject to positive selection 
was included.
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