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Rates of recombination vary considerably between species. Despite the significance of this observation for evolutionary biology
and genetics, the evolutionary mechanisms that contribute to these interspecific differences are unclear. On fine physical scales,
recombination rates appear to evolve rapidly between closely related species, but the mode and tempo of recombination rate
evolution on the broader scale is poorly understood. Here, we use phylogenetic comparative methods to begin to characterize the
evolutionary processes underlying average genomic recombination rates in mammals. We document a strong phylogenetic effect
in recombination rates, indicating that more closely related species tend to have more similar average rates of recombination. We
demonstrate that this phylogenetic signal is not an artifact of errors in recombination rate estimation and show that it is robust
to uncertainty in the mammalian phylogeny. Neutral evolutionary models present good fits to the data and we find no evidence
for heterogeneity in the rate of evolution in recombination across the mammalian tree. These results suggest that observed
interspecific variation in average genomic rates of recombination is largely attributable to the steady accumulation of neutral
mutations over evolutionary time. Although single recombination hotspots may live and die on short evolutionary time scales, the
strong phylogenetic signal in genomic recombination rates indicates that the pace of evolution on this scale may be considerably

slower.
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The rate of recombination varies substantially among sexual eu-
karyotes. At one end of this spectrum, the yeast Saccharomyces
cerevisiae recombines at an average rate of 340 cM/Mb, and to-
ward the other extreme, the human genome undergoes an aver-
age of just over 0.01 crossovers per megabase of DNA sequence
(Cherry et al. 1997; Broman et al. 1998; Kong et al. 2002). Even
among closely related mammals there is striking interspecific vari-
ation. On average, the human genome experiences twice as much
recombination per meiosis as the mouse genome (Dietrich et al.
1996; Broman et al. 1998; Kong et al. 2002; Shifman et al. 2006),
and over five times that of the domestic opossum (Samollow et al.
2004).

These recombination rate differences bear on several funda-
mental issues in evolutionary biology. First, the rate of recombi-
nation shapes the fates of selected and neutral mutations in pop-
ulations (Fisher 1930; Muller 1932; Hill and Robertson 1966;

Felsenstein 1974). By decoupling beneficial alleles from linked
deleterious variation, recombination accelerates the rate of fixa-
tion of high fitness genotypes (Crow and Kimura 1965; Maynard
Smith 1971). At the same time, recombination also increases the
effectiveness of selection against deleterious mutations (Muller
1964; Kondrashov 1988; Haddrill et al. 2007). These consider-
ations have made the rate of recombination a key parameter in
models of the evolution of sexual reproduction (Michod and Levin
1988). Furthermore, the reduction of linked neutral diversity that
accompanies the fixation of beneficial mutations (genetic hitch-
hiking) or the removal of deleterious mutations (background se-
lection) depends on the recombination rate (Maynard Smith and
Haigh 1974; Charlesworth et al. 1993).

Recombination is also a fundamental determinant of patterns
of haplotype diversity across genomes. On average, species with
higher recombination rates (but similar effective population sizes)
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are expected to exhibit less linkage disequilibrium. Therefore, the
ability to infer evolutionary history using patterns of linkage dis-
equilibrium (Haddrill et al. 2005; Voight et al. 2006), including
the identification of genetic variants that control phenotypic vari-
ation through association mapping (The International HapMap
Consortium 2005), will differ between species.

Despite the central significance of recombination rate to evo-
lution, little is known about how differences between species arise
(but see True et al. 1996 for a detailed discussion). Rates of re-
combination are readily modified by artificially imposed selection
pressures in laboratory populations of Drosophila (Detlefson and
Roberts 1921; Parsons 1958; Mukherjee 1961; Chinnici 1971;
Kidwell 1972; Brooks and Marks 1986), and domesticated plant
species tend to have altered rates of recombination as compared
with their wild progenitors (Ross-Ibarra 2004). These empirical
observations suggest that levels of divergence in recombination
rates could reflect the action of unique selective regimes in dif-
ferent species, but the importance of selection on rates of recom-
bination in nature remains largely unknown. Theoretical studies
indicate that selection can favor altered rates of recombination in
novel (reviewed in Burt 2000), marginal (Lenormand and Otto
2000), or rapidly fluctuating environments (Charlesworth 1976;
Barton 1995; Peters and Lively 1999; Lenormand and Otto 2000),
but empirical support for these findings is wanting. Alternatively,
variation in recombination rates between species could mostly
arise through the accumulation of neutral mutations over time.

Recently, comparative genomic approaches have offered
clues into the evolutionary dynamics of recombination. Rates
measured across orthologous 5 Mb regions in mouse, rat, and
human are only weakly positively correlated between species, in-
dicating that the shared evolutionary history of a genomic region
may be a poor predictor of recombination rate (Jensen-Seaman
et al. 2004). Similarly, comparisons of fine-scale recombination
rates inferred from patterns of polymorphism in human and chim-
panzee populations reveal weak to no correlation between recom-
bination rate profiles over homologous intervals (Ptak et al. 2004,
2005; Winckler et al. 2005). PCR-based methods for measuring
fine-scale recombination rates from large numbers of sperm have
also exposed differences in recombination rates among laboratory
strains of mice (Shiroishi et al. 1995; Yauk et al. 2003; Baudat and
de Massy 2007), and even highlighted rate differences between
individuals within single human populations (Jeffreys et al. 1998;
Jeftreys and Neumann 2002; Neumann and Jeffreys 2006). To-
gether, these observations suggest that local recombination rates
can evolve on short evolutionary time scales.

Whether this pattern of rapid evolution extends to broader
scale recombination rates is unknown. In mammals, broad-scale
recombination rates are constrained by the meiotic mechanisms
that regulate the disjunction of homologous chromosomes (re-
viewed in Coop and Przeworski 2007). A minimum of one chi-

asma per chromosome arm must form to maintain homologue
pairing during meiosis in the face of the polarizing forces that
emanate from the meiotic spindle (Mather 1938; Jones 1984).
Failure to meet this requirement frequently results in cell death
or aneuploid gametes, and mutations leading to systemic errors
in the distribution and number of chiasma at meiosis are frequent
causes of infertility and subfertility in a large number of species
(Micic et al. 1982; Zetka and Rose 1995; Koehler et al. 1996;
Hassold and Hunt 2001; Shah et al. 2003). The tight link between
genomic recombination rates and organismal fitness suggests that
the rate of evolution at this scale could be considerably slower.

In this article, we apply phylogenetic comparative methods
and quantitative evolutionary models to address two key issues in
the evolution of average genomic rates of recombination in mam-
mals. First, we ask whether rates of recombination measured at
the level of entire genomes display a phylogenetic signal. Sec-
ond, we test the hypothesis that neutral evolution gave rise to the
observed distribution of genomic recombination rates in mam-
mals. Our study provides the first phylogenetic analysis of re-
combination rate evolution in mammals and provides insights into
the evolutionary origins of species differences in recombination
rates.

Materials and Methods

GENETIC MAPS

Thirteen mammalian species featuring sex-averaged genetic maps
were identified from the primary literature (Table 1). Five mam-
malian orders within the infraclass Eutheria are represented—
primates (human, hamadryas baboon, rhesus macaque), rodents
(mouse, rat), carnivores (cat, dog), perissodactyls (horse), and ar-
tiodactyls (pig, cow, sheep)—along with two metatherian species
(gray short-tailed opossum and tammar wallaby).

ASSESSING GENETIC MAP COVERAGE

Method 4 of Chakravarti et al. (1991) was applied to correct for
variation in marker density among mammalian genetic maps and
we account for undetected crossover events occurring distal to
terminal markers using the method of Hall and Willis (2005).
The average percentage of the genome that lies within d cM of
a marker was calculated under the assumption of random marker

distribution. This percentage is given by
(1 — e 2Ly % 100%

where 7 is the number of markers on the map, and L is the uncor-
rected estimate of total genetic map length in centiMorgans (Hall
and Willis 2005).

PHYSICAL GENOME SIZE ESTIMATES
Estimates of total physical genome size in megabase were drawn
from the completed genome assemblies of human (Lander et al.
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Table 1. Mammalian genetic maps.

Species Order Genetic map Number of  Average Average number Reference

length (cM)!  markers intermarker  of informative

interval (cM) meioses?

Human Primates 3615 5136 0.704 880 (Kong et al. 2002)
Baboon Primates 2013 352 5.719 865 (Rogers et al. 2000)
Macaque Primates 2275 326 6.979 NAS (Rogers et al. 2006)
Mouse Rodentia 1361 6336 0.215 92 (Dietrich et al. 1996)
Rat Rodentia 1542 3824 0.403 41.4 (Steen et al. 1999)
Horse Perissodactyla 2770 742 3.733 71.8 (Swinburne et al. 2006)
Cat Carnivora 33007 253 13.043 82 (Menotti-Raymond et al. 1999)
Dog Carnivora 38844 2773 1.401 297 (Neff et al. 2006)
Pig Artiodactyla 2286 1042 2.194 78 (Rohrer et al. 1996)
Sheep Artiodactyla 3588 1015 3.535 128 (Maddox et al. 2001)
Cow Artiodactyla 3160 3960 0.798 203 (Ihara et al. 2004)
Wallaby Diprotodontia 829 64 12.953 353 (Zenger et al. 2002)
Opossum Didelphimorphia 644 83 7.759 162 (Samollow et al. 2004)
CFTR = H2=0.810  H3=0.0003 — H%=1.00 =

P=0.041 P=0.256 P=0.002
Mitochondria — H2=1.00 H%=0.0003 — H%=1.00 -

P=0.004 P=0.235 P=0.022

1Sex-averaged.

2\When not explicitly given in the reference, we use the total number of meioses multiplied by the average heterozygosity across markers as an estimate.
3 Actual total genetic map length is 2040 cM, but adjusting this total for unrepresented dot chromosomes and marker poor chromosomes yields an estimated

sex-average genetic map length of 3300 cM.

4 putosomal map length from listed reference plus X chromosome map length taken from (Neff et al. 1999).
5Due to missing data in macaque, the H2 of the average number of informative meioses was calculated using an ML tree constructed without macaque.

2001; Venteret al. 2001), dog (Lindblad-Toh et al. 2005), macaque
(Gibbs et al. 2007), mouse (Waterston et al. 2002), rat (Gibbs
et al. 2004), and opossum (Mikkelsen et al. 2007). The genome
sizes of cow and horse were derived from predictions based on
draft genome assemblies (http://www.hgsc.bcm.tmc.edu/projects/
bovine/; http://www.broad.mit.edu/mammals/horse/), and the pig
estimate of 3000 Mb was taken from the Porcine Genome Se-
quencing White Paper (Rohrer et al. 2002). The projected length
of the wallaby genome is 3.6-3.8 Gb (Hayman and Martin 1974;
Marshall Graves et al. 2004) and we used an intermediate value
of 3.7 Gb in our analyses. Estimates of genome size based on
DNA weight indicate that the baboon genome is comparable in
size to that of other sequenced primates, and that sheep and cow
have similarly sized genomes (Gregory 2007). Therefore, we ap-
proximated the genome size of baboon with that of macaque and
assumed that cow and sheep have equally sized genomes.

BODY SIZE ESTIMATES

The evolution of body weight in mammals has been heavily stud-
ied and is well-characterized (Smith et al. 2004). We collected
sex-average adult body weights (in grams) for each species from
the literature (Nowak 1999a, b) to provide a comparison to the
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evolutionary patterns we found in recombination rates. Weight
measurements were natural log transformed to improve fit to nor-

mality.

MAMMALIAN PHYLOGENIES
The availability of large molecular sequence datasets coupled with
advances in phylogenetic inference has spurred recent progress in
the understanding of the evolutionary relationships among mam-
mals (reviewed in Springer et al. 2004). Despite the large number
of mammalian phylogenies that have been previously published,
none include all 13 species with dense genetic maps. For this rea-
son, we generated our own mammalian phylogenies using the two
datasets that feature sequence data for the complete group of 13
species—CFTR coding sequence and 13 mitochondrial protein-
coding gene sequences.

A multi-species sequence alignment including each of the
13 species with genetic maps and an outgroup (platypus) was
produced from approximately 4.5 kb of coding sequence from
the CFTR gene (see online Supplementary Table S1). Sequences
were aligned using CLUSTAL-W (Thompson et al. 1994) and the
resulting alignment was verified by eye. We used the maximum-
likelihood (ML) methods implemented in the program phyml to
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generate phylogenies under 35 unique models of nucleotide sub-
stitution (Guindon and Gascuel 2003) (see online Supplemen-
tary Table S2). A general time-reversible (GTR) model of molec-
ular evolution with a gamma distribution of rates across four
classes (rate parameter estimate obtained by ML) and ML esti-
mates of base frequencies yielded the best tree, as assessed by
both Akaike and Bayes’ information criteria (AIC and BIC, re-
spectively; Fig. 2A). Nodal support was assessed using 1000 boot-
strap replicates. Individual bootstrap replicates were retained for
further analyses (see below).

We generated a second mammalian phylogeny using mito-
chondrial sequence data from each of the 13 species and platypus.
Coding sequences from 13 mitochondrial protein-coding genes
were obtained from the mammalian mitochondrial genomics
database (http://www.mammibase.Incc.br/home.php), manually
concatenated, and aligned using CLUSTAL-W (Thompson et al.
1994). Again, we constructed phylogenies under 35 unique mod-
els of molecular evolution using phyml and discriminated among
the resultant trees using the AIC and BIC (see online Supple-
mentary Table S3). A GTR model with a gamma distribution of
rates across four classes (rate parameter estimated using ML),
an estimated proportion of invariant sites, and ML estimates of
nucleotide frequencies was optimal by these selection criteria
(Fig. 2B). Due to computational constraints imposed by the size
of this dataset, node support was assessed using just 100 bootstrap
replicates. Individual replicates were again retained for additional
analyses.

The outgroup species platypus was included in the process
of phylogeny construction to root the basal relationship between
Metatheria and Eutheria. We pruned the lineage leading to platy-
pus following the construction of both ML trees and derived the
corresponding phylogenetic variance—covariance matrices using
the vev.phylo function in the ape contributed package to the R
environment for statistical computing (Paradis et al. 2004; R De-
velopment Core Team 2006).

MIXED MODEL COMPARATIVE METHOD

The mixed model approach of Lynch (1991) uses the variance—
covariance phylogenetic relations among species and a Brownian
motion model of quantitative character evolution to partition each
realized phenotypic value, z, into three components

Zi=u-+a; +e

where u is the phenotypic component shared by all members of
the phylogeny, a; is the heritable additive effect of the character in
the /™ taxon, and ¢; is a residual error term that captures variation
due to measurement error, phylogenetic uncertainty, phenotypic
plasticity, rapid evolution along terminal branches, and fluctuat-
ing selection. ML estimates of i, d;, and é;were obtained using
the EM algorithm with convergence established when successive

iterations yielded parameter estimates that differed by less than
1x 107

The variances associated with the heritable additive and er-
ror terms, o2 and o2, are combined to provide an estimate of
phylogenetic heritability

o2

2 a
H = —F—=
p 2 2°
0‘a+0'e

In our analyses, H is the proportion of variation in recom-
bination rate that is attributable to the underlying phylogeny. It
quantifies the degree to which knowledge of the recombination
rate in one species provides predictive information about the rate
in a second species.

Permutation tests were used to calculate P-values for H3 esti-
mates. Recombination rates were randomly shuffled with respect
to species designations at the tips of the tree whereas the under-
lying topology and branch lengths were kept constant. We then
recomputed the phylogenetic heritability on the permuted dataset
and determined the quantile position of our observed value along
the distribution of permuted values. A total of 10,000 permutations
were used to assess significance in all cases, with the exception of
total genetic map length, physical genome size, marker number
and the average number of informative meioses. Computational
constraints reduced the number of permutations to 1000 for these
quantities. All analyses were performed in the R environment for
statistical computing using base package functions and function
calls within the ape contributed package (Paradis et al. 2004; R
Development Core Team 2006).

ASSESSING LINEAGE-SPECIFIC EVOLUTIONARY
PATTERNS

We constructed ML trees using subsets of the CFTR and mi-
tochondrial sequence alignments to evaluate the contribution of
specific lineages to the evolutionary patterns we find. In particu-
lar, we built trees that exclude the two metatherian taxa and trees
that exclude the two rodent species, as these lineages harbor es-
pecially low rates of recombination relative to other mammalian
species. We reran CLUSTAL-W on each partial sequence dataset
to generate the corresponding optimal alignment. As before, we
considered 35 models of molecular evolution using phyml to iden-
tify the evolutionary model providing the best fit to each partial
sequence dataset. For both the CFTR and mitochondrial trees ex-
cluding the two metatherian species, a GTR model with a gamma
distribution of rates across four classes and a proportion of invari-
ant sites is preferred, as assessed by the AIC and BIC. The same
model yielded the lowest AIC and BIC for the mitochondrial tree
excluding the two rodents, but a GTR model with a gamma dis-
tribution of rates across four classes provided the best fit to the
CFTR sequence dataset that excludes mouse and rat.
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MEASURING THE EFFECTS OF PHYLOGENETIC
UNCERTAINTY

Several additional phylogenies were considered to assess the ro-
bustness of documented evolutionary trends to uncertainty in the
mammalian phylogeny. First, we used the Bayesian methods im-
plemented in Mr.Bayes version 3.1 (Ronquist and Huelsenbeck
2003; Huelsenbeck and Ronquist 2005) to construct Bayesian phy-
logenies based on the CFTR and mitochondrial sequence datasets.
We specified a GTR model of molecular evolution with a gamma
distribution of rates across four classes to generate the posterior
probability distribution of CFTR phylogenies. A GTR model with
a gamma distribution of rates across four classes and a proportion
of invariant sites was used to generate the posterior distribution
of mitochondrial trees. In both cases, two Monte Carlo Markov
chains were simultaneously run for 250,000 generations, with
sampling occurring every 100th generation following a 62,500
generation burn-in period. The consensus CFTR and mitochon-
drial trees were determined by a 50% majority rule criterion,
but we retained all 3750 trees sampled from each posterior dis-
tribution for further analysis (see below). We also constructed
trees using the neighbor joining and parsimony algorithms imple-
mented in phylip version 3.66 (neighbor and dnapars) (Felsen-
stein 1989). The distance matrices input into phylip’s neighbor
program were constructed under Felsenstein’s model of molecu-
lar evolution (Felsenstein and Churchill 1996) using dnadist. We
adopted the default parameter settings in neighbor and dnapars to
construct the trees, with the exception of specifying treatment of
platypus as an outgroup. Nodal support on each tree was quantified
with 1000 bootstrap replicates (see online Supplementary Fig. S1
A-D). As before, the platypus lineage was pruned from each
phylogeny before deriving the corresponding variance—covariance
matrix.

As a second approach to accounting for the effects of phy-
logenetic uncertainty, we considered the distribution of the H?
of recombination across a number of independent bootstrap sam-
ples from the CFTR and mitochondrial datasets. We constructed
an ML tree corresponding to each of 1000 bootstrap replicates
from the CFTR sequence alignment using phyml, with the fol-
lowing evolutionary model features specified: GTR model with a
gamma distribution of rates across four classes, gamma rate pa-
rameter estimated by likelihood, and ML estimates of nucleotide
base frequencies. Similarly, we constructed ML phylogenies for
each of 100 bootstrap replicates from the mitochondrial sequence
alignment, assuming a GTR model with a gamma distribution of
rates across four classes, a proportion of invariant sites, and ML
estimates of base frequencies. Only 100 bootstrap replicates were
considered from the mitochondrial alignment as the computing
time required to infer the ML tree for each replicate was consid-
erable owing to the large size of this dataset. We estimated the
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H? of recombination rate for each bootstrap replicate using the
phylogenetic mixed model to derive a distribution of heritabilities
realized from the empirical CFTR and mitochondrial sequence
alignments. In a similar vein, we also computed the H,% of recom-
bination rate for each of the 3750 trees sampled from the posterior
probability distribution of CFTR trees and each of the 3750 trees
sampled from the posterior probability distribution of mitochon-
drial trees to derive approximations to the corresponding posterior
distributions of H3.

RANDOMIZATION TEST

The randomization test proposed by Freckleton and Harvey (2006)
was performed to evaluate the Brownian assumption of homo-
geneity in the rate of evolution across the tree. Briefly, standard-
ized phylogenetic contrasts were randomly permuted among the
nodes of the mammalian phylogeny. Using established mathe-
matical properties of Brownian motion, a phenotypic trait vector
corresponding to the permuted arrangement of contrasts was de-
rived, and the variance among these randomly generated recom-
bination rates was computed. This procedure was iterated 10,000
times to generate an empirical distribution of variances expected
under a Brownian motion model. The position of the observed
variance along this distribution provides a measure of compliance
to a Brownian motion model; the null hypothesis of neutral evo-
lution is rejected if the observed variance lies in either tail of the
distribution. We used an alpha value of 0.05 to assess significance.

ORNSTEIN-UHLENBECK MODEL

We fit Ornstein—Uhlenbeck (OU) models of stabilizing selection
over the CFTR and mitochondrial ML mammalian phylogenies
using the method of Hansen (1997) as implemented in the R pack-
age OUCH (Butler and King 2004). OU models present an elab-
oration to a Brownian motion model through the inclusion of ad-
ditional parameters that specify an optimal trait value and the
strength of selection toward the adaptive optimum. We consid-
ered four distinct cases and applied standard model selection pro-
cedures to discriminate among the evolutionary scenarios tested.
First, we considered an OU model with no optimal trait value, a
special case that reduces to Brownian motion. Second, we fitted
a model with a single common trait optimum shared by all mam-
malian lineages. Finally, we considered a selective regime with a
metatherian-specific adaptive optimum and one in which only the
rodent lineage was governed by a distinct optimal rate of recombi-
nation. These models were selected to test whether the low rates of
recombination in metatherian species and in rodents were likely to
have arisen by evolutionary shifts in adaptive optima along these
lineages. Models with additional parameters could not be tested
with a dataset of this size (n = 13).
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Results

VARIATION IN AVERAGE GENOMIC RECOMBINATION
RATES AMONG MAMMALS

We measured average genomic recombination rates in 13 mam-
malian species by dividing the total sex-averaged genetic map
length (in cM) of a given species by its physical genome size in
Mb (Table 2). These genomic recombination rates are accompa-
nied by large errors, as both genetic and physical map lengths are
estimated with uncertainty. In particular, genetic map distances
can be imprecise when the number of markers is small and when
map coverage is incomplete, and map resolution is compromised
when recombination fractions are inferred from few informative
meiotic events.

Several genetic maps, like those for human and cow, are ex-
tremely high quality, whereas others are less complete. For ex-
ample, several chromosomes are extremely marker poor or com-
pletely unrepresented on the cat genetic map, and the estimate of
total genetic map length in this species is partially interpolated
from cytological data (Menotti-Raymond et al. 1999). Additional
trouble points include the limited number of informative meiotic
events captured on the rat and mouse genetic maps and the rela-
tively small pedigrees used to build the maps for horse and pig.
The most recent dog genetic map does not include X chromo-
some data, and we use the sex-averaged X chromosome genetic

Table 2. Average genomic recombination rates.

map length from an earlier map. Few genetic markers were used to
construct the metatherian maps, but independent cytological evi-
dence corroborates the low genomic recombination rates revealed
by genetic maps (Hayman et al. 1988; Sharp and Hayman 1988),
and suggests that the addition of more markers would result in
little expansion in map size.

Several patterns indicate that the substantial length variation
among mammalian genetic maps reflects bona fide recombina-
tion rate differences between species rather than differences in
map coverage and resolution (Table 2). First, there is a strong lin-
ear relationship between total genetic map length and the average
number of chiasmata per male meiosis (Adjusted R> = 0.86, P =
3.7 x 107%; solid line, Fig. 1), suggesting that estimates of ge-
netic map length capture the amount of recombination per genome
per meiosis with reasonable levels of precision. This solid linear
model fitis particularly notable given that this regression line com-
pares a measure of male recombination to a sex-averaged measure
(and therefore provides a conservative estimate of the reliability
of genetic maps). Furthermore, the regression line from the seven
species with the most marker-dense genetic maps (rat, mouse,
cow, pig, human, dog, and sheep; dashed-line, Fig. 1) provides a
decent approximation to the relationship between chiasma count
and total genetic map length in the remaining six species (filled
circles, Fig. 1). Second, we detect no correlation between total ge-
netic map length and marker number across the set of mammalian

Species Genetic Physical  Rate Natural Chakravarti  Hall and Percent Body
map genome (cM/Mb)! log-transformed et al. (1991) Willis (2005) genome weight
length length rate correction correction coverage’  (kg)'3
(™)' (Mb) (cM/Mb) (cM/Mb)  (cM/Mb)

Human 3615 3191 1.133 0.125 1.144 1.144 100 4.248

Baboon 2013 3100 0.649 —0.432 0.732 0.739 82.6 2.996

Macaque 2275 3100 0.734 —0.309 0.838 0.830 76.1 1.792

Mouse 1361 2600 0.523 —0.648 0.527 0.527 100 —3.912

Rat 1542 2800 0.551 —0.596 0.747 0.746 100 —1.204

Horse 2770 2700 1.026 0.026 1.128 1.122 93.1 6.273

Cat 3300 3000 1.100 0.095 1.348 1.295 53.5 1.386

Dog 3884 2500 1.554 0.441 1.604 1.603 99.9 2.996

Pig 2286 3000 0.762 —0.272 0.796 0.795 98.8 4.610

Sheep 3588 3000 1.196 0.178 1.260 1.258 94.5 5.298

Cow 3160 3000 1.053 0.052 1.070 1.070 100 6.620

Wallaby 829 3700 0.224 —1.496 0.309 0.291 53.8 1.386

Opossum 644 3500 0.184 —1.693 0.228 0.222 729 —2.303

CFTR H?=0.810 H?=1.00 H3=0.903 H?=0.995 H3?=0952 H3}=0.955 - H3=0.945
P=0.041 P=0.001 P=0.0217 P=0.0187 P=0.0183 P=0.0161 P=0.0208

Mitochondria H2=1.00 H3=1.00 H2=0.996 H%=0.998 H2=0.995 H3=0.993 - H2=0.998
P=0.004 P=0.001 P=0.0083 P=0.0048 P=0.0072 P=0.0089 P=0.0050

1 Sex-averaged.
2 Percentage of the genome predicted to lie within 5 cM of a marker, assuming a random distribution of markers across the genome.
3 Natural log transformed.
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Figure 1. Relationship between total genetic map length and av-
erage male chiasma count. Simple linear regression of total genetic
map lengths in centiMorgans units on the average number of chi-
asma at diplotene of meiosis | in males. The solid black line is a
least squares linear model fit to all the datapoints (y = 60.3x —
201.8). The slope of this line is significantly nonzero (P = 3.8 x
10—%) and variation in male chiasma counts is well explained by
variation in total genetic map lengths (Adjusted R2 = 0.85). The
dashed line is a least squares linear model that was fit to the seven
species featuring the highest quality genetic maps (open circles: y
= 50.1x + 372.7, Adjusted R2 = 0.85). Species excluded in this
partial regression are denoted by the filled circles.

maps (Spearman’s p = 0.38, P = 0.19). A relationship between
these variables is expected if variation in marker number is predic-
tive of total genetic map length. Moreover, there is no correlation
between the number of informative meiotic events and total ge-
netic map length (Spearman’s p = 0.0056, P = 0.99), indicating
that differences in the resolution of these mammalian maps cannot
explain the observed levels of variation among them. Finally, we
calculated the expected genome coverage of each map given the
total number of markers on the map (Hall and Willis 2005). For
all species except cat and wallaby, at least 70% of the genome
is predicted to lie within 5 cM of a marker on the genetic map
(Table 2) and all the mammalian maps used in this analysis have
at least 90% coverage at a distance of 15 cM. These coverage
estimates are conservative, as they assume a random distribution
of genetic markers. In reality, marker ascertainment schemes in-
tentionally select loci that are overdispersed across the genome to
maximize physical coverage. Taken together, these observations
strongly suggest that the mammalian genetic maps used in this
study accurately measure total amounts of recombination.
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PHYLOGENETIC HERITABILITY OF MAMMALIAN
RECOMBINATION RATES

At first glance, there appears to be some phylogenetic organiza-
tion in the distribution of average genomic recombination rates in
mammals (Table 2). Two trends are most prominent. First, the two
metatherians (wallaby and opossum) have lower genomic average
rates of recombination than any eutherian species, suggesting that
the Methatheria—Eutheria split was accompanied by either a jump
in the genomic average rate of recombination along the euthe-
rian lineage or a reduction in rate along the lineage leading to
metatherians. Second, within Eutheria, rodents display the lowest
rates of recombination (Table 2). On the whole, it appears that
more closely related species have more similar average rates of
recombination (Fig. 2).

To test this hypothesis, we use Lynch’s phylogenetic mixed
model of quantitative trait evolution (Lynch 1991) to estimate the
phylogenetic heritability (H3) of the average genomic recombina-
tion rates. The H2 of mammalian average genomic recombination
rates along the nuclear CFTR phylogeny is 0.903 (Table 2) and
this value lies in the 0.9783 quantile (P = 0.0217) of the dis-
tribution of 10,000 random H% values generated by permuting
recombination rates across the tree tips (see Materials and Meth-
ods; Fig. 3A). Likewise, the H,% of genomic recombination rates
on the mitochondrial phylogeny is significant (H%, =0.996, P =
0.0083; Figure 3B). This signal is robust to removal of the rodent
lineage (H2 = 0.879, P = 0.0350 for the CFTR tree; H2 = 0.991,
P = 0.0151 for the mitochondrial tree), and also withstands ex-
clusion of the metatherian clade (H 12, =0.872, P = 0.0217 for the
CFTR tree; H,% =0.981, P = 0.0361 for the mitochondrial tree).

The degree of phylogenetic relatedness is also an excellent
predictor of total genetic map length unstandardized by genome
size (CFTR: H3 = 0.810, P = 0.041; Mitochondrial: H%, = 1.000,
P = 0.004; Table 2). Both the amount of recombination per se (as
measured by cM) and the amount of recombination that occurs
per unit of physical sequence (as measured by cM/Mb) are well
predicted by the phylogenetic relationships among mammals.

A second independent measure of recombination, average
male chiasma count, reproduces the strong phylogenetic signal
observed with map-based estimates of recombination rate (CFTR
Tree: H3 = 0.997, P = 0.0170; Mitochondrial Tree: H3 = 0.999,
P =0.0046; Table 3). In mammals, at least one chiasma per chro-
mosome arm is necessary to ensure proper segregation of ho-
mologous chromosomes during meiosis (Dutrillaux 1986; Pardo-
Manuel de Villena and Sapienza 2001). The number of chiasmata
in excess of the number of chromosome arms provides a gauge of
how much recombination occurs beyond this mechanistic require-
ment. The phylogenetic heritability of the number of chiasmata
in excess of chromosome arms is also significant in mammals
(CFTR Tree: H,% =0.956, P = 0.0239; Mitochondrial Tree: H,z, =
0.997, P = 0.0201; Table 3), implying that interspecific variation
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Figure 2. Mammalian phylogenies. (A) Maximum-likelihood mammalian phylogeny based on CFTR coding sequences. The tree was
constructed assuming a general time reversible model of molecular evolution with a gamma distribution of rates across four classes.
Values at nodes represent the percentage of bootstrap replicates out of 1000 that support the clade. (B) Maximum likelihood tree based
on concatenated mitochondrial coding sequences. The phylogeny was constructed under a general time reversible model of molecular
evolution with a gamma distribution of rates across four classes and assumes a proportion of invariant sites. Nodal support is given as
the percentage of bootstrap replicates (n = 100) that yield the clade.

in the number of chromosome arms does not explain the signal

we report.

EVALUATING MODEL ASSUMPTIONS AND

cult to evaluate the appropriateness of this assumption for a sam-
ple of size n = 13. Nevertheless, a log-transformation of the data
increases the phylogenetic signal of mammalian recombination
rates (CFTR Tree: H% =0.995, P = 0.0187; Mitochondrial Tree:

EXPLORING SOURCES OF ERROR
The phylogenetic mixed model assumes that phenotypic values
are normally distributed. Although we detected no deviation from

H? = 0.998, P = 0.0048; Table 2).
The phylogenetic mixed model further assumes that error as-
sociated with phenotypic measurement is randomly distributed

normality in mammalian genomic recombination rates, it is diffi- with respect to the phylogeny. Recombination rate estimates are
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Figure 3. Null distribution of phylogenetic heritability in mammalian recombination rates. Recombination rate values were randomly
permuted with respect to species designations at tree tips and the Hf, of each pseudo-random replicate was estimated using the phylo-
genetic mixed model. In total, 10,000 permutations were conducted to generate the expected distribution of Hf, in mammalian average
genomic recombination rates under the null hypothesis of no phylogenetic effect. Across the CFTR phylogeny, the observed Hf, (0.903) lies
at the 0.9783 quantile of the distribution and is denoted by the vertical line (A). Along the mitochondrial tree, the Hf, of recombination
rates is 0.996 (vertical black line), and this value lies at the 0.9917 quantile of the empirical distribution (B).
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Table 3. Average male chiasma counts per genome per meiosis.

Species Haploid Number of Average Chiasma in excess
chromosome chromosome chiasma of the number of
number arms/haploid genome count chromosome arms

Human 23 41 53! 12

Baboon 21 42 41.5! -0.5

Macaque 22 42 39! -3

Mouse 20 20 23! 3

Rat 21 33 29.5! -35

Horse 32 41 50.5! 9.5

Cat 19 38 50.5! 12.5

Dog 39 39 80.5! 41.5

Pig 27 32 40! 8

Sheep 19 31 55! 24

Cow 30 31 55! 24

Wallaby 8 14 232 9

Opossum 9 15 21.5%4 6.5

CFTR H2=0.791 H%=1.00 H%=0.997 H%=0.956
P=0.0331 P=0.0015 P=0.0170 P=0.0239

Mitochondria H2=0.698 H2=1.00 H2=0.999 H2=0.997
P=0.0534 P=0.0015 P=0.0046 P=0.0201

1Burt and Bell 1987.
2Sharp and Hayman 1988.
3Hayman et al. 1988.
4carvalho et al. 2002.

associated with large uncertainties, particularly when marker sam-
pling is limited, but variation in marker number among mam-
malian genetic maps is not phylogenetically heritable (CFTR Tree:
H% = 0.0003, P = 0.256; Mitochondrial Tree: H3 = 0.0003, P =
0.235; Table 1). Rates of recombination inferred from chiasma
number have lower sampling variances than genetic map-based
rates (Broman et al. 2002), and we replicate a strong phylogenetic
signal using this alternative measure. In addition, the signal is ro-
bust to the genetic map corrections proposed by Chakravarti et al.
(1991) and Hall and Willis (2005) (Table 2).

Alternative genetic-map-based estimates of genomic recom-
bination rates also reveal a significant phylogenetic trend. Substi-
tuting an estimate of the average rate of recombination in mouse
inferred from a second genetic map still yields a high phylogenetic
heritability (H3 = 0.894, P = 0.0228 and H3 = 0.993, P = 0.0102
for the CFTR and mitochondrial trees, respectively) (Shifman et al.
2006). Similarly, the estimate of H? is still quite high when the
raw cat genetic map length (2040 cM) is used in place of the cyto-
logically ameliorated estimate (CFTR: H3 = 0.809, P = 0.0319;
Mitochondrial: H,% =0.962, P = 0.0346), and also when the es-
timate of the total genetic map length for dog is taken from the
earlier, marker poor map (1845 cM; CFTR: Hf, = 0.796, P =
0.0394; Mitochondrial: H3 = 0.987, P = 0.0208) (Neff et al.
1999). Joint consideration of these three alternative estimates of
average recombination rate still yields a high heritability (H3 =
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0.772, P = 0.0391 and H? = 0.988, P = 0.0194 for the CFTR
and mitochondrial trees, respectively). Overall, the phylogenetic
signal appears to be surprisingly robust to error in genomic re-
combination rate estimates.

A third assumption of the phylogenetic mixed model is that
the underlying phylogeny is known without error. The phylogeny
of mammals remains unresolved, but much of the uncertainty con-
cerns the placement of short branches that contribute minimally to
the covariance between species (Springer et al. 2004). Accounting
for this uncertainty is therefore not likely to qualitatively change
the pattern that emerges from the phylogenetic distribution of
mammalian recombination rates, but we nonetheless take several
measures to assess its impact on the signal we report.

First, we jointly consider mammalian trees constructed from
the nuclear CFTR locus and mitochondrial sequence data. Anal-
yses based on these two trees corroborate nicely, effectively dis-
missing the possibility that the signal is produced by evolution-
ary processes specific to either sector of the genome. Second,
the CFTR and mitochondrial ML trees recovered under differ-
ent models of molecular evolution all yield high estimates of H3
in recombination rate, ruling out evolutionary model choice as a
conflating factor (Range of CFTR H% = 0.902-0.911; see online
Supplementary Table S2; Range of mitochondrial H% = 0.987—
0.995; see online Supplementary Table S3). Third, average ge-
nomic recombination rates are still phylogenetically distributed
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Table 4. Phylogenetic heritability of genomic average recombina-
tion rate on Bayesian, parsimony, and neighbor-joining (NJ) trees.

Method of Locus Phylogenetic P-value
phylogeny heritability of
construction recombination
rate
NJ CFTR 0.9096 0.0301
Mitochondrial ~ 0.9866 0.0116
Parsimony CFTR 0.8914 0.0255
Mitochondrial ~ 0.9886 0.0121
Bayesian CFTR 0.9085 0.0220
Mitochondrial ~ 0.9926 0.0104

along trees built using Bayesian, neighbor joining, and parsimony
approaches to phylogeny construction (Table 4). Fourth, we gener-
ated ML trees for 1000 bootstrap sequence samples drawn from the
CFTR sequence alignment and 100 bootstrap sequence samples
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drawn from the mitochondrial dataset. We measured the phyloge-
netic heritability of recombination rate on each bootstrap tree to
generate a distribution of heritabilities realized from the empirical
sequence datasets (Figs. 4A and 4B). The distribution of H ,2, on the
CFTR phylogeny is centered on 0.907, and the corresponding 95%
confidence interval is quite narrow (0.865-0.993), suggesting that
phylogenetic uncertainty has a small effect on the observed signal
(Fig. 4A). We document a similar pattern on the mitochondrial
tree (mean = 0.992, 95% CI = 0.991-0.996; Fig. 4B). Finally, the
distributions of recombination rate H3 along trees sampled from
the Bayesian posterior probability distributions of CFTR and mi-
tochondrial phylogenies are confined to narrow intervals (CFTR
95% CI = 0.867 — 0.992; Mitochondrial 95% CI = 0.990-0.997;
Fig. 4C and D).

The small size of the sequence datasets we used to construct
the mammalian tree and the incomplete nature of our taxon sam-
pling likely explain the inconsistencies between our trees and
previously published mammalian phylogenies. First, the two ML
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Figure 4. Distribution of phylogenetic heritabilities across alternative trees. Additional sequence datasets were generated by bootstrap
sampling from the empirical CFTR and mitochondrial multiple sequence alignments (A and B). A maximum-likelihood phylogenetic tree
was constructed for each bootstrap replicate, and the heritability of recombination rate on each tree estimated using the phylogenetic
mixed model. Panel (A) shows the distribution of heritabilities across 1000 CFTR phylogenies and (B) is the distribution of phylogenetic
heritabilities over 100 alternative phylogenies generated by bootstrap sampling from the mitochondrial sequence alignment. The phy-
logenetic heritability of average genomic recombination rates was also estimated along 3750 trees sampled from the Bayesian posterior

distribution of CFTR (C) and mitochondrial (D) phylogenies.
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trees we recover do not capture the well-accepted sister relation-
ship between primates and rodents (Murphy et al. 2001b; Waddell
et al. 2001; Springer et al. 2004; Kriegs et al. 2006; Figure 2),
but instead place rodents as a basal Eutherian lineage. Second,
the CFTR-based ML tree places horse as ancestral to both artio-
dactyls and carnivores, rather than sister to carnivores (Xu et al.
1996; Lin et al. 2002). Despite these two inconsistencies, the trees
used in this analysis are largely congruent with previous recon-
structions of the mammalian phylogeny based on larger datasets,
denser taxon sampling, and more sophisticated approaches of phy-
logeny construction (Madsen et al. 2001; Murphy et al. 2001a;
Lin et al. 2002; Kriegs et al. 2006). Moreover, none of the nodes
supporting these “misplaced” clades are supported by 100% of
bootstrap replicates on our phylogenies, and our analyses of each
independent bootstrapped sequence dataset effectively dismiss the
possibility that alternative topological arrangements yield a weak
phylogenetic signal. The inclusion of additional mammalian taxa
(armadillo, elephant, rabbit, and guinea pig for the CFTR tree;
an additional 21 species for the mitochondrial tree) in phylogeny
reconstruction had little impact on the relative branch lengths and
the topological relationships among the 13 species of interest, sug-
gesting that our trees are not biased by restricted taxon sampling.
The removal of branches featuring species without recombination
rate data from these taxon-rich phylogenies, and the subsequent
estimation of genomic recombination rate H3 along these pruned
trees still yielded strong phylogenetic signals (CFTR: H2 = 0.913,
P =0.0222; Mitochondrial: H% =0.994, P =0.0137). Lastly, ML
trees constructed with an a priori specification of the accepted

P=0.5314
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mammalian topology still bear a high H3 of genomic recombina-
tion rates (CFTR: H3 = 0.921, P = 0.0224; Mitochondrial: H3 =
0.993, P = 0.0505).

HOMOGENEITY IN THE TEMPO OF RECOMBINATION
RATE EVOLUTION IN MAMMALS
The strong phylogenetic signal detected using the phylogenetic
mixed model indicates that the evolution of average genomic re-
combination rate is well approximated by a Brownian motion
model. Good compliance with this model may imply that the evo-
lution of mammalian average rates of recombination is neutral,
but processes such as rapid fluctuating directional selection may
mimic the phylogenetic variance—covariance structure produced
by a Brownian process (Freckleton and Harvey 2006; O’Meara
et al. 2006). If the evolution of mammalian recombination rates is
neutral, and the distribution of mutational effects is similar across
species, the rate of evolution should be constant across the phy-
logeny. We directly test this prediction using a simple randomiza-
tion test (see Materials and Methods).

‘We compare the observed variance in genomic average rates
of recombination to the distribution of trait variances from 10,000
pseudo-replicated samples on the CFTR and mitochondrial phy-
logenies. The observed variance lies in the 46.86 percentile of the
empirical trait variance distribution from the CFTR tree and at the
90.86 percentile of the distribution derived from the mitochon-
drial phylogeny (Fig. 5). The variance in mammalian recombi-
nation rates is within the range of that expected under Brownian
motion along both trees. By this test, we fail to find evidence for
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Figure 5. Distribution of simulated trait variances. Observed phylogeneticindependent contrasts were randomized across the mammalian
tree and properties of Brownian motion were applied to generate phenotypic trait values corresponding to the permuted arrangement
of contrasts. We measure the trait variance associated with each of 10,000 randomized datasets to generate the empirical distribution of

variance in genomic average recombination rates. Across the CFTR phylogeny, the observed trait variance is within the range of randomly
generated trait variances (Observed = 0.16, Quantile = 0.4686) and is denoted by the vertical line (A). Similarly, along the mitochondrial
phylogeny, the observed trait variance (0.16, vertical black line) is not extreme relative to the empirical distribution of trait variances

(Quantile = 0.9086) (B).

286 EVOLUTION FEBRUARY 2008



EVOLUTION OF MAMMALIAN RECOMBINATION RATES

heterogeneity in the rate of evolution in recombination rates across
the various lineages of the mammalian phylogeny.

NONNEUTRAL MODELS OF QUANTITATIVE

TRAIT EVOLUTION

We impose four unique OU models of stabilizing selection onto
the CFTR mammalian phylogeny to determine whether alternative
evolutionary scenarios are likely to have given rise to the observed
phylogenetic distribution of recombination rates in mammals. ML
estimates of the model parameters for each selective regime tested
are given in Table 5. First, we fit a simple Brownian motion model
and compute the maximum likelihood of the data under this neu-
tral regime for comparison to alternative models of stabilizing
selection. Next, we apply a model with a single global trait opti-
mum. The estimate of the optimal genomic recombination rate in
mammals, 0,, is hugely negative in this case (6, = —1.70 x 108),
suggesting that either our sample of 13 species is insufficient for
testing parameter rich models or that the algorithm for estimat-
ing model parameters is prone to converge on local maxima in
the likelihood surface. This model does not present a significantly
better fit to the data than the simple Brownian motion case, as
assessed by the Akaike information criteria and a likelihood ratio
test (X2 = 1.18, df = 2, P = 0.55). The third model considers
a separate optimum value in metatherians, whereas an individ-
ual optimum is specified for the lineage leading to rodents in the
fourth model. The third model provides a significantly better fit
to the data than does the nested Brownian motion case (x> =
18.59, df = 3, P = 0.0003), but yields unrealistic estimates of
several model parameters (Table 5). The large number of param-
eters to be estimated from a sample size of 13 urges that these
results be interpreted with caution (Hansen 1997). A likelihood
ratio test shows that the fourth model is also preferable to the ba-
sic Brownian motion model (x2 = 8.46, df = 3, P = 0.037), but
according to the AIC, the Brownian motion model is preferred
(Table 5). This discrepancy highlights the tenuous nature of these
results and the statistical challenge of estimating a large number
of parameters from a small amount of data. In particular, the esti-
mate of the ancestral recombination rate at the ancestral node on
the phylogeny is negative, a biologically impossible observation
(Table 5).

We fit the same four OU models on the mitochondrial phy-
logeny and observe similar trends. A Brownian motion model is
preferable over the three more parameter-rich models as assessed
by the AIC, but a likelihood ratio test indicates that the model
with a distinct evolutionary regime in Metatheria provides a bet-
ter fit to the data ()(2 = 8.62, df = 3, P = 0.035; Table 5). Again,
however, we note that the ML estimates of lineage-specific re-
combination rate optima are negative, suggesting that the model
performs poorly on small datasets and/or that the likelihood sur-
face is especially rugged.

Discussion
PHYLOGENETIC SIGNAL OF GENOMIC AVERAGE

RECOMBINATION RATES
Our application of phylogenetic comparative methods demon-

strates that more closely related mammals have more similar sex-
average rates of recombination. This phylogenetic signal is strong
across the mammalian tree, on par with that of log-transformed
body mass (Table 2). The latter phenotype is an especially well-
studied trait in mammalian evolution, and is frequently cited as an
example of a quantitative character exhibiting a clear phylogenetic
signature (Smith et al. 2004). The strong signal in mammalian av-
erage genomic recombination rates persists in spite of errors in
estimates of genetic map lengths, and is robust across a number
of alternative tree topologies, branch lengths, and phylogenetic
model choices (Fig. 4; see online Supplementary Tables S2 and
S3; Fig. S1). In fact, all measurement error, phylogenetic uncer-
tainty, and error due to poor model fit are accounted for in the 1 —
H? term. For genomic sex-average recombination rates, this quan-
tity is small (0.0967 and 0.0042 for the CFTR and mitochondrial
based H% estimates).

The strong phylogenetic signal in sex-averaged mammalian
recombination rates is recapitulated using a second independent
metric of recombination, average male chiasma counts. The phy-
logenetic heritability of this measure is higher than that of sex-
averaged recombination rates measured from genetic maps, a re-
sult that is likely a consequence of two distinct phenomena. First,
because only two of the four chromatids involved in a crossover
exchange at meiosis bear recombinant genotypes, recombination
fractions inferred from patterns of genetic inheritance in pedi-
grees or crosses are impacted by binomial sampling error. Chi-
asma counts are direct cytological observations of recombination
events, and are consequently not affected by error induced by
the sampling of recombinant chromosomes. Second, many mam-
malian species show a striking sexual dimorphism in recombina-
tion rates, which casts some doubt on the biological meaning of a
sex-averaged rate. The stronger phylogenetic signal in male chi-
asma counts may be tethered to the more tractable genetic basis of
this measure. The presence of a striking sex difference clearly mo-
tivates evolutionary analyses of sex-specific recombination rate
evolution (Lenormand 2003), but few sex-specific genetic maps
are currently available in mammals and the temporal aspects of
oogenesis render female chiasma counts challenging to obtain.

Although two distinct measures of recombination agree in
their detection of a prominent phylogenetic signature, our analysis
may be underpowered to detect the absence of a signal. However,
we contend that this possibility is unlikely for several reasons.
Our nonparameteric approach for computing P-values involves the
permutation of recombination rates at the tips of the mammalian
phylogeny followed by the estimation of the H% on the permuted
dataset. We fail to find a high phylogenetic heritability for most
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randomized datasets (Fig. 3), suggesting that 13 species provide
sufficient power to reject the hypothesis of a phylogenetic signal.
Additionally, we do not detect a phylogenetic signature in the
number of markers on the genetic maps of each species (Table 1),
further confirmation that our sample size is large enough to detect
aphylogenetic trends. Finally, the distribution of recombination
rates among mammals is clearly organized in a nonrandom fashion
with respect to phylogeny. The two metatherian species have the
lowest rates of recombination among the species considered, and
within Eutheria, rodents have the lowest rates (Tables 1 and 2).
Based on visually discernable patterns, it is not surprising that we
observe a phylogenetic signal.

The strong phylogenetic signal in mammalian genomic av-
erage recombination rates suggests that the total amount of re-
combination per meiosis in one species can provide a reliable pre-
diction of the average genomic rate of recombination in a second
species for which genetic maps are unavailable. This predictive
power will be highest over short phylogenetic distances. For ex-
ample, we might expect the chimpanzee (for which no genetic
map is currently available) to have a similar average genomic rate
of recombination to human. Building genetic maps for additional
mammalian species—particularly species from clades distantly
related to those sampled in this analysis (e.g., monotremes, bats,
afrotherians, insectivores, and xenartherians)—would be useful
for increasing predictive power across the full breadth of the mam-
malian phylogeny and for further refining the evolutionary pattern
documented here.

ALTERNATIVE EXPLANATIONS FOR THE
PHYLOGENETIC SIGNAL IN MAMMALIAN
RECOMBINATION RATES

The phylogenetic signal in mammalian recombination rates could
be due to the evolution of recombination per se or could represent
a correlated evolutionary response to a distinct genomic or life-
history trait. For example, recombination rates are not indepen-
dent of the number of chromosome arms in a genome (Dutrillaux
1986; Pardo-Manuel de Villena and Sapienza 2001), and the pat-
tern we document could be a correlated evolutionary response to
changes in chromosome number and structure during mammalian
evolution. However, our phylogenetic analyses of the number of
chaisma per male genome in excess of the number of chromosome
arms demonstrate that the amount of recombination in excess of
fundamental requirements is still phylogenetically distributed in
mammals (Table 3).

Relative to their wild progenitors and nondomesticated
species, domesticated plants and animals tend to show elevated
rates of recombination (Burt and Bell 1987; Ross-Ibarra 2004).
Many of the mammalian species used in this analysis are domes-
ticated, and the possibility remains that the phylogenetic pattern
we detect is simply tracking differences in the domestication sta-

tus of different species. However, several trends argue against this.
First, humans are anondomesticated species, yet display one of the
highest mammalian recombination rates. Alternatively, opossum
has been adapted to the laboratory environment, but has the lowest
rate of recombination among the species considered. Although we
cannot wholly dismiss the possibility, it appears unlikely that the
phylogenetic signal we report is solely driven by recombination
rate changes coincidental with domestication. Recombination rate
data from the wild ancestors of domesticated mammalian species
are currently unavailable, but would be useful for a test of this
alternative explanation (Ross-Ibarra 2004).

THE EVOLUTION OF MAMMALIAN RECOMBINATION
RATES MEASURED ON DIFFERENT PHYSICAL SCALES
The marked phylogenetic pattern we have documented in genomic
recombination rates contrasts with expectations for fine-scale
recombination rates. The fine-scale recombination landscape
in mammals may be modulated primarily by recombination
hotspots—small 1-2 kb regions of elevated recombination rate
scattered at roughly 50-kb intervals across the genome—that are
poorly conserved between closely related species (Ptak et al. 2004,
2005; Winckler et al. 2005). Similarly, recombination rates mea-
sured across 5 Mb orthologous genomic regions in human, mouse,
and rat are only weakly positively correlated in pairwise compar-
isons (Jensen-Seaman et al. 2004), and rates of recombination
measured in chicken and a passerine bird show no significant
conservation at the megabase scale (Dawson et al. 2007).

The discrepant levels of conservation in recombination rates
measured on different physical scales suggest that unique sets
of evolutionary pressures operate at these different levels (Myers
et al. 2005; Coop and Przeworski 2007). It is known that rates of
recombination measured at the genome and chromosomal level are
constrained by the necessity of crossing over for proper homolog
disjunction at meiosis, whereas the rapid evolutionary dynamics
of recombination hotspots appear to be largely driven by biased
gene conversion away from the recombinationally active allele
(Boulton et al. 1997). However, the connection between rates of
recombination measured in individual recombination hotspots and
broader-scale recombination rates has yet to be elucidated and
presents a challenging focus for further investigations.

Although many recombination events do appear to concen-
trate to clearly defined hotspots, the true proportion of recombi-
nation events that occur in these regions (relative to intervening
background sequence) is not known (but see Myers et al. 2005
for an estimate of this fraction inferred from patterns of linkage
disequilibrium in the human genome). If a substantial proportion
of recombination events does not occur in recombination hotspots
but instead takes place in intervening background sequence, the
rapid evolutionary dynamics of hotspots could be largely irrele-
vant to evolution of genomic scale recombination rates. On the
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other hand, the extinction of one hotspot could heighten the in-
tensity of neighboring hotspot loci or permit the birth of a new
hotspot locus in an adjacent region, with the net effect of little
to no change in the recombination fraction of a genomic interval
(Myers et al. 2005). Similar phenomena have been described in
yeast (Wu and Lichten 1995; Fan et al. 1997), and these processes
may also operate to conserve broad-scale rates of recombination
in mammals (Myers et al. 2005).

NEUTRAL EVOLUTION OF GENOMIC AVERAGE
RECOMBINATION RATES

The distribution of average genomic recombination rates in mam-
mals is well predicted by a Brownian motion model, suggesting
that the evolution of average genomic recombination rates has
been largely neutral on this time scale. Although non-neutral pro-
cesses, such as rapidly fluctuating directional selection, can also
produce patterns consistent with Brownian motion (Freckleton
and Harvey 2006; O’Meara et al. 2006), we favor a neutral inter-
pretation for several reasons. First, the phylogenetic heritability
for recombination rates is high, leaving little room for model error.
We would expect a neutral Brownian motion model to present a
poor fit to the data if observed rates of recombination were instead
realized under a selective scenario. Second, phylogenetic inde-
pendent contrasts are randomly distributed across the mammalian
topology, implying constancy of the evolutionary rate of recom-
bination rate. Finally, alternative evolutionary models poorly de-
scribe the phylogenetic distribution of mammalian recombination
rates. A Brownian motion model is statistically favored over sev-
eral simple models of stabilizing selection, although results from
these analyses are challenging to interpret and our small sample
size limits power to test more complicated selective regimes. Even
though we cannot rule out the possibility that this analysis is un-
derpowered to detect departures from neutral evolution, results
from multiple independent approaches fail to conclusively reject
a simple neutral explanation for interspecific variation in genomic
average recombination rates.

RECONCILING NEUTRAL EVOLUTION WITH KNOWN
EVOLUTIONARY CONSTRAINTS

A number of previous studies have concluded that rates of re-
combination may be under strong selective constraints (Hulten
1974; Dutrillaux 1986; Pardo-Manuel de Villena and Sapienza
2001). Proper homologue disjunction at meiosis requires at least
one chiasma per chromosome arm (Mather 1938), but too much
recombination may build strong adhesive forces between chro-
mosomes, inhibiting their separation and migration to opposite
poles at anaphase I. Excessively high rates of recombination may
also foster an environment conducive to nonhomologous recombi-
nation, leading to large-scale chromosomal alterations and wide-
spread genomic instability. Rates of recombination should experi-
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encerigid selective pressures to fall above the minimum for correct
segregation at meiosis, but below the threshold that presents an
assault on genome integrity (Coop and Przeworski 2007). Indeed,
aberrantly high or low rates of recombination are positively asso-
ciated with increased levels of aneuploidy and decreased fecundity
(Kidwell 1972; Micic et al. 1982; Koehler et al. 1996), and there
is a remarkably uniform number of chiasmata per chromosome
arm across a wide range of eukaryotic species (Pardo-Manuel de
Villena and Sapienza 2001).

We propose that rates of recombination evolve neutrally
within the bounds defined by the requirements for proper meiotic
segregation and the maintenance of genome integrity. As rates of
recombination drift toward either extreme, directional selective
pressures act to push them back into the neutral range. Thus, the
average probability of fixation of a mutation affecting recombina-
tion rates will be 1/2N, within the bounded rate interval, but will
be considerably higher or lower near the boundaries, depending
on the mutation’s effect size and the directionality of its effect.
Consistent with this model of genomic recombination rate evolu-
tion, we find that the number of chiasma in excess of fundamental
requirements presents a good fit to a Brownian motion model
(Table 3), and appears to be neutrally evolving. A formal test of
this model, however, will require identifying species situated at the
minimum or maximum recombination rate boundary and asking
whether they experience more rigid evolutionary restrictions.

Most of the mammalian species in this investigation are above
the minimal threshold (Table 3), but their placement in relation
to the upper bound remains undetermined. The biological con-
straints that define this upper limit are poorly characterized, but it
is evident that rates of recombination can be quite high and still
not impose a meiotic threat. The average genomic rate of recom-
bination in the yeast S. cerevisiae is over two orders of magnitude
greater than the average rate in humans (Cherry et al. 1997; Bro-
man et al. 1998; Kong et al. 2002), and the average recombination
rate in the honey bee is more than 10x higher than the rate in any
mammalian species (Beye et al. 2006). Based on these observa-
tions, we speculate that most of the mammalian species considered
in this analysis lie within the putatively neutral recombination rate
region defined by the upper and lower boundaries.

QUANTITATIVE GENETIC PROSPECTS FOR
RECOMBINATION RATE EVOLUTION

Although our analysis has focused on differences in recombination
rates between species, there is also substantial polymorphism for
both global and fine-scale rates of recombination within popula-
tions (Chinnici 1971; Brooks and Marks 1986; Broman et al. 1998;
Kong et al. 2004; Samollow et al. 2004; Neumann and Jeffreys
2006). Studies in Drosophila have shown that this variation re-
sponds rapidly and smoothly to laboratory-imposed selective pres-
sures, indicating the presence of abundant heritable variation for
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recombination (Chinnici 1971; Kidwell 1972; Brooks and Marks
1986). Similarly, domesticated plants and mammals tend to have
higher rates of recombination relative to their wild progenitors and
other nondomesticated species (Burt and Bell 1987; Ross-Ibarra
2004), raising the possibility that loci of economic and agricultural
importance are often tightly linked to modifiers of recombination
rate. The complex genetic architecture of recombination implied
by these studies, coupled with our finding that average genomic
rates of recombination appear to evolve neutrally, suggest that
species differences in recombination are predominantly due to
the accumulation of neutral mutations across many loci.

This finding sets the stage for further application of quan-
titative genetics theory to the evolution of mammalian recombi-
nation rates. If average genomic rates of recombination evolve
neutrally, levels of intraspecific polymorphism should be approx-
imately equal to 2NV, at equilibrium (if most mutations behave
additively), where N, is the effective population size and V/,, is the
rate at which variance in recombination rate accumulates via neu-
tral mutations (Lynch and Hill 1986). This relationship suggests a
simple test of neutral evolution in recombination rates: the amount
of polymorphism in this trait should scale linearly with effective
population size under neutrality (Lynch and Hill 1986). Testing
this prediction would be useful for confirming the pattern we doc-
ument here, but hinges on the development of improved metrics
for quantifying intraspecific levels of recombination rate varia-
tion. Investigating the genetic basis of recombination rate poly-
morphism and divergence—in particular, determining the number
of loci that have contributed to within and between species dif-
ferences and the distribution of effect sizes—represents a critical
first step in this direction and will provide additional clues about
the evolutionary dynamics of this fundamental genetic trait.
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