Downloaded at Palestinian Territory, occupied on December 21, 2021

Check for
updates

A simple expression for the strength of selection on
recombination generated by interference

among mutations

Denis Roze®?’

2International Research Laboratory 3614, CNRS, 29680 Roscoff, France; and PStation Biologique de Roscoff, Sorbonne Université, 29680 Roscoff, France

Edited by Nicholas H. Barton, Institute of Science and Technology, Klosterneuburg, Austria, and accepted by Editorial Board Member Anne M. Villeneuve

March 26, 2021 (received for review November 10, 2020)

One of the most widely cited hypotheses to explain the evo-
lutionary maintenance of genetic recombination states that the
reshuffling of genotypes at meiosis increases the efficiency of
natural selection by reducing interference among selected loci.
However, and despite several decades of theoretical work, a quan-
titative estimation of the possible selective advantage of a mutant
allele increasing chromosomal map length (the average number of
cross-overs at meiosis) remains difficult. This article derives a sim-
ple expression for the strength of selection acting on a modifier
gene affecting the genetic map length of a whole chromosome
or genome undergoing recurrent mutation. In particular, it shows
that indirect selection for recombination caused by interference
among mutations is proportional to (NeU)?/ (NeR)3, where Ne
is the effective population size, U is the deleterious mutation
rate per chromosome, and R is the chromosome map length.
Indirect selection is relatively insensitive to the fitness effects
of deleterious alleles, epistasis, or the genetic architecture of
recombination rate variation and may compensate for substantial
costs associated with recombination when linkage is tight. How-
ever, its effect generally stays weak in large, highly recombining
populations.

evolution of recombination | genetic architecture | genetic interference |
meiosis | multilocus population genetics

Genetic variation for rates of crossing over at meiosis has
been reported in several species (1-6), showing that recombi-
nation landscapes may evolve by selection or drift; accordingly,
differences in recombination rates have been observed between
closely related species (7-11) and over broader taxonomic scales
(12, 13). It has been recognized for a long time that both direct
and indirect selective forces may drive the evolution of recom-
bination (14-16). Direct selection stems, in particular, from
molecular constraints acting on the number of cross-overs. In
particular, it is usually thought that, in most species, at least
one cross-over per bivalent is required to ensure proper chro-
mosomal disjunction and segregation at meiosis; for example, in
humans, low recombination is associated with the production of
aneuploid gametes and infertility (17-21). Too many cross-overs
may also be detrimental, as it may lead to disjunction failure
during the first meiotic division (22) and to elevated mutation
rates (23). Indirect selection corresponds to the potential bene-
fits associated with the production of novel genotypes (14, 24).
In particular, recombination increases the efficiency of natural
selection in the presence of negative linkage disequilibria (LDs)
between selected loci, that is, when beneficial alleles tend to be
associated with deleterious alleles at other loci. Negative LD may
be the consequence of epistatic interactions (on fitness) among
loci (25, 26) but is also predicted to arise in any finite population
under selection (a phenomenon known as the Hill-Robertson
effect, or selective interference) (27-32).

The strength of indirect selection has been quantified under
different scenarios using three-locus modifier models, represent-
ing a neutral modifier locus affecting the rate of recombination
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between two selected loci (e.g., refs. 25, 26 and 29-35). In
general, these models show that indirect selection on a recom-
bination modifier should mostly stem from its effect on selected
loci to which it is tightly linked (as the modifier remains longer
associated with the beneficial combinations it contributed to cre-
ate than when loci are loosely linked). However, evaluating the
overall strength of indirect selection on a modifier affecting the
genetic map length of a whole genome or chromosome remains
challenging. This is partly due to the fact that the contribution
of higher-order disequilibria between selected loci (associations
between three, four, or more loci) is difficult to assess, and also to
the fact that the mathematical approximations used often break
down in the case of tightly linked loci (corresponding to the
situation in which indirect selection should be strongest). Mul-
tilocus simulation models have offered important insights (30,
36-39), showing that indirect selection caused by selective inter-
ference among many loci may be rather strong when linkage is
tight. However, these simulations are necessarily restricted to
limited ranges of parameters (in particular, they often focus on
situations in which recombination is very rare), and, therefore,
how the strength of selection for recombination scales with the
different parameters describing mutation and selection remains
unclear. Another limitation of current theory is that most mod-
els on selective interference consider haploid organisms, while
many eukaryotic species are diploid. As a consequence, we are
still lacking general expressions quantifying the possible strength

Significance

Recombination between parental chromosomes during meio-
sis represents an important source of genetic novelty and is
thought to be the main evolutionary benefit of sexual repro-
duction. However, the evolutionary forces driving the rapid
evolution of recombination rates demonstrated by compar-
isons between populations or closely related species remain
obscure. This article provides mathematical quantification of
the selective advantage of a mutation increasing the genetic
map length (average number of cross-overs occurring at meio-
sis) of a whole genome due to the increased efficiency of
selection against deleterious alleles. It shows that the advan-
tage of recombination can be expressed as a simple expression
of the mutation rate per unit map length, providing a simple
way of evaluating its plausible order of magnitude.

Author contributions: D.R. designed research, performed research, analyzed data, and
wrote the paper.

The author declares no competing interest.

This article is a PNAS Direct Submission. N.H.B. is a guest editor invited by the Editorial
Board.

Published under the PNAS license.
"Email: roze@sb-roscoff.fr.

This article contains supporting information online at https:/www.pnas.org/lookup/suppl/
doi:10.1073/pnas.2022805118/-/DCSupplemental.

Published May 3, 2021.

https://doi.org/10.1073/pnas.2022805118 | 1of8

www.manaraa.com

2
©
=
=2
=
o
>
w


http://orcid.org/0000-0003-3545-3504
https://www.pnas.org/site/aboutpnas/licenses.xhtml
mailto:roze@sb-roscoff.fr
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2022805118/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2022805118/-/DCSupplemental
https://doi.org/10.1073/pnas.2022805118
https://doi.org/10.1073/pnas.2022805118
http://crossmark.crossref.org/dialog/?doi=10.1073/pnas.2022805118&domain=pdf

Downloaded at Palestinian Territory, occupied on December 21, 2021

of selection for recombination at the level of a whole genome,
and applicable to most extent species.

This article presents analytical expressions for the strength of
selection on a modifier locus affecting the genetic map length
R of a linear chromosome, in a diploid, randomly mating pop-
ulation of N individuals. The model assumes that deleterious
mutations occur at a rate U per haploid chromosome per gen-
eration at a very large number of possible sites, each mutation
decreasing fitness by a factor of 1 — hs when heterozygous and
1 — s when homozygous (however, we will see that some of the
results extend to more general situations). The mathematical
analysis of the model proceeds in two steps (detailed in Materials
and Methods and in SI Appendix). In the first step, the strength of
indirect selection acting at the recombination modifier locus due
to interference between two deleterious alleles (labeled a and
b) at different loci is quantified (the expression obtained staying
valid even when selected loci are tightly linked). In the second
step, the result of this three-locus model is integrated over all
possible positions of deleterious alleles along the chromosome,
in order to predict the overall strength of selection for recombi-
nation as a function of N, s, h, U, and R. Analytical predictions
are compared with the results of individual-based, multilocus
simulations in which R evolves during a large number of genera-
tions. Various extensions including distributions of fitness effects
of deleterious alleles, multiple recombination modifiers, multi-
ple chromosomes, beneficial mutations, and epistasis have also
been explored, as explained in Materials and Methods. A direct
fitness cost associated with recombination is introduced in the
simulation program, by assuming that the fitness of individuals is
proportional to exp(—c R) (¢ may thus be considered as the fit-
ness cost per cross-over). Indeed, this provides a straightforward
way of evaluating mathematical expressions by comparing the
predicted map length at equilibrium (at which indirect selection
exactly balances the cost of recombination) to its value observed
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in simulations, as well as a simple visualization of the effect of
indirect selection for different parameter values.

Results

The Hill-Robertson Effect in Diploids. While the Hill-Robertson
effect generates negative LD between deleterious alleles in finite
haploid populations (31, 40), the present model shows that, in
diploids, the average LD between two deleterious alleles a and b
(denoted (D,s)) may be either positive or negative depending
on the dominance coefficient & of these alleles: (D) is neg-
ative when h > 0.25 and positive when h < 0.25. This result is
confirmed by two-locus simulations (Fig. 14). As explained in SI
Appendix, positive (Dq) stems from the fact that although dele-
terious alleles tend to decrease in frequency when they are in
coupling, selection against those alleles becomes weaker as they
reach lower frequencies (if they are partially recessive), allow-
ing them to persist longer in the population (while deleterious
alleles in coupling are more efficiently eliminated from the pop-
ulation in the absence of dominance). Although the average
LD between two deleterious alleles stays very small (propor-
tional to the product of their frequencies in the population),
the sum of all pairwise LDs between mutations occurring along
a whole chromosome may significantly affect the variance in
fitness, in particular, when chromosomal map length becomes
small. In this case, interference between each pair of loci is fur-
ther amplified by the reduced effective population size N, caused
by selection acting at linked loci (background selection; e.g.,
ref. 41 and Fig. 1B). Fig. 1 C and D shows that extrapolations
from the two-locus analytical result match reasonably well the
multilocus simulation results when R is sufficiently large, while
important discrepancies appear under tight linkage; in particular,
the sum of all pairwise LDs is always negative in the simulations
when R is small, even for h < 0.25. These discrepancies must be
due to higher-order interactions (involving three or more loci)
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Fig. 1. (A) Average LD between two deleterious alleles at mutation-selection-drift balance (scaled by (p.gqappqp)) as a function of their domi-
nance coefficient h, for different recombination rates r,, between deleterious alleles (population size N = 1,000, heterozygous effect of mutations
sh kept constant at 0.01). Dots correspond to two-locus simulation results (see S/ Appendix), and curves correspond to the analytical prediction
s’h (1—4h)/ [ZN (rap +25h)2 (rab +3sh)} (from SI Appendix, Eq. S5). (B) Effective population size Ne divided by the census size N (on log scale) at the

midpoint of a linear chromosome, as a function of the chromosome map length R (on log scale), and for different values of the dominance coefficient of
deleterious alleles h (which occur at a rate U =0.2 per chromosome). The sh product is kept constant at 0.01. Curve: prediction from S/ Appendix, Eq. S22;
dots: multilocus simulation results (see Materials and Methods) with N = 10*. (C and D) Sum of all pairwise LDs between deleterious alleles as a function
of the chromosome map length R, and for different values of h. Dots correspond to simulation results (same simulations as in B), and curves correspond to
the analytical prediction 0.095 (1 — 4h)n?/ (NeR h), where i = U/ (sh)is the mean number of deleterious alleles per chromosome (S/ Appendix, Eq. $33). D
shows a magnification of the right part of C (higher values of R). In this and the following figures, error bars measure +1.96 SE.
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affecting pairwise LD, which are not taken into account in
the analysis.

The Strength of Selection for Increased Map Length. Although the
positive LD observed for intermediate values of R and h <
0.25 tends to disfavor recombination (as breaking positive LD
decreases the variance in fitness and reduces the efficiency of
selection), the mathematical analysis of the three-locus model
shows that indirect selection on recombination involves at least
14 different mechanisms (corresponding to the different paths
generating (D) on SI Appendix, Fig. S1), of which only one
involves (Dgs). All of these mechanisms favor recombination in
the absence of dominance at the selected loci (h=0.5), while
dominance generates effects that disfavor recombination (for
example, through its effect on (D,;) just discussed) and other
effects that favor recombination. Interestingly, these different
effects of dominance tend to compensate each other (as shown
by SI Appendix, Figs. S5 and S6), so that the net effect of inter-
ference favors increased map length for most parameter values,
and is often well approximated by ignoring the terms generated
by dominance (as long as h is not too small). In that case, the
strength of indirect selection becomes equivalent as in a haploid
population of size 2N in which mutations have an effect sh on
fitness [results for haploids are derived in a Mathematica note-
book available on Dryad (42)]. Furthermore, when the fitness
effect of deleterious alleles is sufficiently weak (sh < R), selec-
tion for recombination is mostly caused by segregating mutations
located in the chromosomal vicinity of the recombination modi-
fier. In that case, the strength of indirect selection on an additive
modifier increasing map length by an amount R is found to be
approximately 0R sinq, wWith
o (NeU)?

Sind ~ 1.8 (NQR)S [1]
independently of s and 4, and with Ne ~ N exp(—2U/R)under
the model’s assumptions (a more accurate result for higher
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values of sh or lower values of R can be obtained by numerical
integration over the genetic map, as explained in Materials and
Methods and SI Appendix).

The evolutionarily stable (ES) map length corresponds to the
value of R for which indirect selection caused by interference
exactly compensates the cost of recombination, that is, sinqa = c.
Fig. 2 shows that the analytical model often provides accurate
predictions of the ES map length, discrepancies appearing when
the chromosomal mutation rate U is high, for parameter values
leading to low equilibrium values of R (in particular, when the
cost of recombination is strong). As explained in ST Appendix, the
model predicts that the strength of indirect selection on recom-
bination should scale with NR, NU, and Ns (so that the ES
value of NR should not depend on N as long as NU and Ns
stay constant); this is confirmed by the simulation results shown
on SI Appendix, Fig. S24. Fig. 2 also confirms that the selection
and dominance coefficients of deleterious alleles have little effect
on the magnitude of indirect selection as long as s is small; as
a consequence, the results are robust to the introduction of a
distribution of fitness effects of mutations, as illustrated by S/
Appendix, Fig. S2C.

Because the model assumes that mutation and recombination
events occur uniformly along the chromosome, and because indi-
rect selection on the modifier is mostly caused by nearby loci,
selection for recombination should not be much affected by the
physical position of the modifier as long as map length R is not
too small. Similarly, Eq. 1 should still hold when map length is a
polygenic trait coded by several loci located at various positions
along the chromosome. Indeed, SI Appendix, Fig. S2D confirms
that the same equilibrium map length is reached when R is coded
by a single locus or by 100 loci with additive effects (adjust-
ing parameters so that the mutational variance on R stays the
same). The results also extend to the case of a genome consist-
ing of multiple chromosomes (SI Appendix, Fig. S2 E and F).
Indeed, the evolution of a local recombination modifier affect-
ing the map length of its own chromosome is not affected much
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Fig. 2. Equilibrium chromosome map length R (on log scale) for different values of the cost of recombination ¢, as a function of (A) the deleterious
mutation rate per haploid chromosome U, (B) population size N (on log scale), (C) fitness effect of heterozygous mutations sh (on log scale), and (D)
dominance coefficient h of deleterious alleles. Curves correspond to the analytical prediction obtained by extrapolation of the three-locus model (solid
curves are obtained by numerical integration over the genetic map as explained in Materials and Methods, while dashed curves in A and B correspond to
the predictions from Eq. 1, also corresponding to the limits of the curves in C for low sh); dots correspond to simulation results (see Materials and Methods).
Default parameter values are N = 10*, U= 0.2, s =0.05, and h=0.2. In C, h is kept constant at 0.2, while, in D, sh is kept constant at 0.01 (by adjusting s as h
changes). In some of the simulations with ¢ = 0.1, deleterious alleles accumulated in the heterozygous state over time, and the program had to be stopped,
explaining why data points for high U, low N, and low sh are missing (mutation accumulation also occurred for ¢ =0.01 and sh =0.001 in C).
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by the presence of other chromosomes (as their only effect is to
cause a modest reduction in Ne, by a factor of ~exp (—8sh U)
per extra chromosome), while indirect selection on a global
modifier affecting the map length of all chromosomes mostly
stems from its local effect, and is thus still approximately given
by Eq. 1.

Including Beneficial Mutations. Obtaining analytical predictions
for the equilibrium map length when beneficial and deleterious
mutations cooccur remains challenging. Approximations for the
strength of selection for recombination generated by interfer-
ence between two beneficial alleles have been derived for the
case of haploid populations, but, in many cases, accurate predic-
tions can only be obtained numerically (29, 32). Furthermore, no
simple expression exists for the effective population size and for
the probability of fixation of beneficial mutations when both ben-
eficial and deleterious alleles segregate at many loci. Therefore,
the extra effect of beneficial mutations on selection for recom-
bination was only explored by simulation (assuming a constant
rate Upon of mutation toward beneficial alleles, all with the same
selection and dominance coefficients spen and Apen).

As shown by Fig. 3, higher rates of recombination evolve when
beneficial mutations cooccur with deleterious alleles, in partic-
ular, when the deleterious mutation rate U is low. When U is
high, selection for recombination is mostly caused by deleteri-
ous alleles, and the extra effect of beneficial mutations generally
stays minor (SI Appendix, Fig. S3 shows that similar results
are obtained when the rate of beneficial mutation Upen iS pro-
portional to U). The strength of indirect selection caused by
beneficial mutations increases with their heterozygous effect
Sbenben (Fig. 3B), while their dominance coefficient has only a
little effect as long as svenhben stays constant (Fig. 3C). As in the
case of deleterious alleles, the strength of selection for recombi-
nation caused by beneficial alleles scales with NR, NUpen, and
Nspen (Fig. 3D).

Epistasis. Negative epistasis among mutations is known to gen-
erate a deterministic force favoring recombination (25, 26). In

order to asses its potential importance, the analytical and simula-
tion models were extended to include pairwise negative epistasis
among deleterious alleles, by assuming that each interaction
between two deleterious alleles at different loci decreases fit-
ness by a factor of 1+ e (with e < 0). Increasing the magnitude
of negative epistasis increases the effective strength of selection
against mutations (thus potentially affecting interference among
mutations), and the selection coefficient s is thus decreased as
e becomes more negative, in order to maintain a constant effec-
tive strength of selection (also ensuring that the average number
of mutations per chromosome and the additive variance in fit-
ness in the population remain constant). For a given effective
strength of selection against deleterious alleles (corresponding
to the fitness effect of a heterozygous mutation in an average
genetic background), epistasis cannot be lower than a limit value
(at which s =0, and selection only stems from epistatic interac-
tions) that depends on the mutation rate U, and corresponds to
the lowest values on the z axes of Fig. 4 (see Materials and Meth-
ods). Because selection for recombination due to interference
depends on the effective strength of selection against deleteri-
ous alleles, it is predicted to stay constant along each curve of
Fig. 4. As can be seen from Fig. 4, the effect of negative epista-
sis on selection for recombination often remains small relative to
the effect of interference (as the equilibrium map length is not
affected much by e), even for population sizes as large as 10°. ST
Appendix, Fig. S4 confirms that the average number of deleteri-
ous alleles per chromosome stays approximately constant in the
simulations as e varies (due to the scaling of s), while mean fit-
ness increases as epistasis becomes more negative (43). As shown
by Fig. 4B, the effect of epistasis on the ES value of R becomes
more important for high effective strengths of selection against
deleterious alleles.

Discussion

The observation that recombination rates may evolve over fast
timescales raises the question of the relative importance of the
different types of selective forces that may drive such evolu-
tion. As mentioned in the Introduction, mechanistic constraints
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Fig. 3. (A-C) Equilibrium chromosome map length R (on log scale) as a function of the deleterious mutation rate per haploid chromosome U, for different
values of the rate of beneficial mutation Upen, (A), fitness effect spen (B), and dominance coefficient hye, (C) of beneficial alleles. The black curve corresponds
to the analytical prediction in the absence of beneficial allele (Uye, = 0). Default parameter values are c=0.01, N= 10%, s=0.05, h=0.2, Upe, = 1073,
Spen — 0.02, and hye, = 0.5. In B, the dominance coefficient of beneficial mutations is fixed at hpe, = 0.5, while, in C, the product sye,hpen is kept constant
at 0.01 as hype, Vvaries (by adjusting Spen)- (D) Scaling with population size: NR at equilibrium as a function of Nspen, for NUpen = 10, hpen = 0.5, U=0 (no
deleterious mutation), and ¢ = 0.01. Black and gray dots correspond to simulation results for N = 10* and N = 10°, respectively.
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Fig. 4. Effect of negative epistasis: equilibrium chromosome map length R (on log scale) as a function of the coefficient of epistasis between deleterious
alleles (e) multiplied by 2U, for U=0.2 (gray) and U =1 (magenta). The overall strength of selection against heterozygous mutations is kept constant (at
0.01 in A, and 0.1 in B) by adjusting s as e varies (see Materials and Methods; note that, for each strength of selection, 2Ue cannot be lower than the
left-most values on x axes, for which s=0). Curves correspond to analytical predictions for N = 10* (solid), for N = 10> (dashed), and for the case of an
infinite population (N = oo; dotted); dots correspond to simulation results for N = 10%. Other parameter values are c=0.01 and h=0.2.

associated with chromosomal segregation probably generate sta-
bilizing selection around an optimal number of cross-overs per
bivalent (16, 44), whose exact shape and strength remain difficult
to evaluate from current data. However, it is not immediately
clear why such constraints would differ between closely related
species, and one can imagine that, if not too strong, stabilizing
selection caused by direct fitness effects may leave some room
for evolutionary changes in recombination rates generated by
indirect effects, as suggested by artificial selection experiments
during which map length increased as a correlated response (e.g.,
table 1 in ref. 30). Although a large body of theoretical work
has explored the possible selective advantages of recombination,
assessing the plausible order of magnitude of indirect selection
acting on chromosomal map length stays difficult, as it is gen-
erally not obvious how mathematical results from three-locus
modifier models extend to more realistic situations involving
many genes. The results presented in this article show that
extrapolations from three-locus models accurately predict the
overall strength of indirect selection acting on a modifier affect-
ing the map length of a chromosome in finite diploid populations,
as long as map length is not too small relative to the chro-
mosomal mutation rate (roughly, when U < R). Under tight
linkage (U > R), the analytical model tends to overestimate the
strength of indirect selection (as can be seen from Figs. 2 and
4). Therefore, the approximations presented here may not accu-
rately quantify selection for recombination in populations with
very low (or no) recombination, but they provide correct pre-
dictions in situations where recombination is already frequent,
as in most sexual species. The fact that the model performs
poorly when U > R may be caused by higher-order interactions
among selected loci, and also by the assumption that delete-
rious alleles stay near mutation—selection balance, which does
not hold when sh < 1/N, (Ne being greatly reduced by back-
ground selection when U > R, as shown by Fig. 1B). While an
analytical description of this regime remains challenging (e.g.,
ref. 45), simulation approaches are also problematic, as muta-
tions may accumulate at a high rate when selection is ineffective,
and the equilibrium map length of a population whose mean
fitness declines rapidly is probably not biologically meaning-
ful. Possible compensatory effects among mutations should be
taken into account when dealing with such situations (46), which
would imply extending the model to incorporate distributions
of epistasis.

Current estimates of the distribution of fitness effects of muta-
tions indicate that most deleterious alleles have weak fitness
effects (e.g., ref. 47). Interestingly, the model shows that, in
this regime (and as long as sh > 1/N, for most mutations), the
strength of indirect selection generated by interference among
mutations.does.not.depend.much.on.the details of the genetic
architecture of fitness (selection and dominance coefficients of
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deleterious alleles), and can be approximated by a simple expres-
sion of N.U and N.R (Eq. 1). This stands in contrast to the
evolution of sex modifiers (affecting the rate of sex in partially
clonal organisms), which is more dependent on dominance: In
particular, the simulation results of ref. 48 showed that obligate
asexuality is often favored when h <0.25 (see figure 7 in ref.
48). This difference probably stems from the fact that, unlike
recombination modifiers, sex modifiers have a direct effect on
heterozygosity among offspring (see also ref. 49). In agreement
with previous results (30, 37), the effect of epistasis among muta-
tions stays relatively small (and is well predicted by an extension
of the model presented in ref. 26) even when population size
is large (up to 10° in Fig. 44). Approximation [1] also shows
that the N sina product (determining to what extent indirect
selection is efficient relative to drift) does not depend on N..
From classical diffusion results, one thus predicts that the fix-
ation probability of a recombination modifier (relative to the
fixation probability of a neutral allele) should not depend on N,
since this relative fixation probability is approximately 2N Sing
(e.g., ref. 50, p. 426). This seems to contradict the simulation
results obtained by Keightley and Otto (37) showing that the rel-
ative fixation probability of a recombination modifier increases
with population size. This discrepancy is probably due to the fact
that Keightley and Otto mostly considered situations in which
U > R, while the present approximations break down in this
regime (and also possibly from the fact that the classical diffu-
sion result for the fixation probability may not hold under strong
interference). Interestingly, Keightley and Otto’s results indi-
cate that the relative fixation probability of the modifier may not
depend much on population size N when U =R=0.1and N is
not too small, however (figure 1D in ref. 37), in agreement with
the present results.

Present estimates of the rate of deleterious mutation per
diploid genome are of the order 1-2 in organisms such as
Drosophila and humans (47, 51), although these values are asso-
ciated with considerable uncertainty. According to the present
results (Eq. 1), the corresponding mutation rates per chromo-
some U may generate strong selection for increased map length
in populations with very low recombination (allowing recombi-
nation to be maintained even in the presence of strong direct
costs). However, indirect selection should generally stay rather
weak when R~ 0.5 (one cross-over per bivalent). For example,
Fig. 5 shows the effect of the deleterious mutation rate U on
the equilibrium value of R when direct selection takes the form
of stabilizing selection around R =0.5 (the direct fitness com-
ponent being given by exp[—c (R — 0.5)*] with ¢=0.1, so that
an increase from R =0.5 to R =1 causes a fitness drop of about
2.5%). As can be seen on Fig. 5, indirect selection only causes a
modest increase in map length above R =0.5 for these parame-
ter values, in particular when population size is large. Yet, several
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Fig. 5. Equilibrium chromosome map length R as a function of the deleteri-
ous mutation rate per haploid chromosome U, under direct stabilizing selec-
tion around R=0.5 (of the form Wc:e_‘(R_O'S)Z, with ¢=0.1). Dashed
curves correspond to the predictions obtained by solving —2c (R —0.5)+
1.8 (NeU)?/ (NeR)* = 0 with Ne = N e~2Y/R, while solid curves are obtained
by numerical integration of the three-locus model over the genetic map;

dots correspond to simulation results. Parameter values: s=0.05, h=0.2,
N =10* (black), and N = 10° (gray).

factors may increase the strength of indirect selection. A first
is that cross-overs are generally not uniformly distributed along
chromosomes but tend to occur preferentially at the chromo-
some peripheries (at least in plants and animals), which may stem
from constraints associated with the pairing of homologs during
the first meiotic division (52). While gene density is also higher
at the chromosome peripheries in plants, this is not particularly
the case in animals (52), and the local deleterious mutation rate
per unit map length should thus be higher in the central part
of chromosomes, increasing the magnitude of indirect selection
on recombination modifiers located in the central part. Second,
sweeps of beneficial alleles may increase selection for recom-
bination during periods of adaptation. While the results shown
on Fig. 3 and SI Appendix, Fig. S3 indicate that the effect of
beneficial alleles stays negligible when the beneficial mutation
rate is very small relative to U (Uben < 1072 U), map length
may be significantly increased by selective sweeps under higher
values of Uyen, in particular, when the fitness effect of advanta-
geous mutations is not too small. Similarly, fluctuating selection
acting at several loci may reinforce the overall effect of indi-
rect selection (31). Last, many populations present some form
of spatial structure, increasing interference effects and selec-
tion for recombination due to local drift (53, 54). Comparisons
between populations or species presenting different demogra-
phies or degrees of spatial structure may thus yield further
insights on the potential role of indirect selection in the evolution
of recombination.

Materials and Methods

Analytical Three-Locus Model. The model represents a diploid population of
size N with discrete generations, and considers three loci: a recombination
modifier locus (with two alleles M and m) and two selected loci (each with
two alleles, A, a at the first locus and B, b at the second). Alleles a and
b are deleterious, reducing fitness by a factor 1 — h;s; when heterozygous
(where j stands for a or b), and by 1 —s; when homozygous. The effects
of deleterious alleles are multiplicative across loci (no epistasis); for exam-
ple, the fitness of a double heterozygote is (1 — s, ha)(1 — s, hp). Mutations
toward deleterious alleles occur at a rate u per generation. Back-mutations
are ignored, but their effect should be negligible as long as deleterious
alleles stay rare in the population. Diploid parents produce a very large
number of gametes (in proportion to their fitness) which fuse at random
to_produce zygotes (including the possibility of selfing), among which N
are sampled randomly to form the next adult generation. At meiosis, the
recombination rate between loci i and j in|individuals with genotype MM,
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Mm, and mm at the modifier locus is ry, rjj +hm drj;, and r; 4 drj;, respec-
tively; drjj thus measures the effect of allele m on the recombination rate
between loci i and j, while hy, is the dominance coefficient of this allele. In
SI Appendix, an expression for the expected change in frequency at the
modifier locus (valid for any ordering of the three loci along the chro-
mosome) is derived to the first order in drj;, under the assumptions that
selection coefficients and recombination rates are small (of order ¢, where
e is a small term), drift is weak relative to selection (1/N < €), and u < € so
that the frequencies of deleterious alleles remain small. As in ref. 31, the
general principle of the method consists in deriving expressions for differ-
ent moments of allele frequencies and LDs. As long as selected loci are near
mutation-selection balance, changes in allele frequencies remain small (of
order 1/N < ¢), so that quasi-linkage equilibrium approximations can be
used even when recombination rates are small, yielding expressions that do
not diverge under tight linkage and that may thus be integrated over the
genome (see also refs. 40 and 55). In the case of an additive recombination
modifier (hn = 1/2), the expected change in frequency of the modifier takes
the form

or, R
(Apm) % = F(Tma: b Tabs Sa. Do Sbs 1 )Pa P PG, 121

where f is a function of recombination rates, selection, and dominance coef-
ficients, and where p, and p;, correspond to the frequencies of deleterious
alleles at mutation-selection balance [see S/ Appendix and Mathematica
notebook (42) for derivations].

Multilocus Extrapolation. The result from the three-locus model can be
extrapolated to the case of a modifier affecting the map length R of a lin-
ear chromosome, along which deleterious mutations occur at a given rate
U per generation. For simplicity, | assume that the modifier is located at the
midpoint of the chromosome, that the density of mutations and cross-overs
is uniform along the chromosome, and that all deleterious alleles have the
same selection and dominance coefficients s and h. Under these assump-
tions, one obtains that the strength of indirect selection at the modifier
locus is given by

av [ 1z [h
Sina s V [ o4ty x+yydxdy
e 0 0
P 31
5 [# 1x—yigtoy. be—ylaay

where g(pma. pmb, pap) is @ function of scaled recombination rates pma =
rma/ (Sh), pmp =rmp/ (sh), and p,, =ra/ (sh) that can be found in the
Mathematica notebook available on Dryad (42). The first double integral
in Eqg. 3 corresponds to the overall effect of pairs of selected loci located on
opposite sides of the modifier locus on the chromosome, and the second
corresponds to the overall effect of pairs of loci located on the same side of
the modifier locus. Ne corresponds to the effective population size, which
is reduced by background selection effects. When R is sufficiently large,
Ne remains approximately constant along the chromosome and is given
by Ne =~ N exp(—2U/R)(56). When R/ (sh)is large, indirect selection mostly
stems from the effect of loci located in the chromosomal vicinity of the mod-
ifier, and the integrals in Eq. 3 may be approximated by the same integrals
taken between zero and infinity, which yields Eq. 1. Note that, because the
number of loci at which mutations can occur is effectively infinite in this
extrapolation (infinite sites model), a given mutation occurs only once and
does not reach mutation-selection balance. Nevertheless, the three-locus
model (which assumes an equilibrium frequency of u/ (sh) for each muta-
tion) still provides correct predictions for the strength of indirect selection
in this limit (see also refs. 40 and 55). Presumably, this is because a small tract
of chromosome with mutation rate dU (and over which the mean number of
deleterious alleles per haplotype is ~ dU/ (sh)) behaves similarly to a locus
in the three-locus model.

Epistasis. The analysis of ref. 26 on the effect of epistasis on selection for
recombination can be extended to the case of tightly linked loci segregating
for deleterious alleles, and integrated over the genetic map (see S/ Appendix
for more details). Assuming that epistasis e is weak (of order €2) relative to
the strength of selection (of order €), one obtains that the deterministic
change in frequency at the modifier locus generated by epistasis is given by

Apm &~ Z aj Dmi + Z (aia/ + e) Dmij, 14

i i<j
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where a; ~ —sh +2e }_._,; pj represents the effective strength of selection
against the deleterious allele at locus i, p; is the frequency of the deleteri-
ous allele at locus j, and e is epistasis, while two- and three-locus LDs are
given by

€ PiPj

Dj~ ——F—, [51
rij —a;j — aj
*6"[]‘ (hm + dm Pm)Dij aj Dmi/‘
Dpijx ————— , Dmi= —_—, 6
mij [P PmQm i Z —a [6]

i mi
with dm = 1 — 2hp,, and where rp; is the probability that at least one recom-
bination event occurs between the three loci. In Fig. 4, the effective strength
of selection against deleterious alleles (a; < 0, the same for all loci) is kept
constant as epistasis varies, in order to maintain a constant average num-
ber of deleterious alleles per genome and constant additive variance in
fitness. The calculations detailed in SI Appendix show that, for a given
effective strength of selection a;, the minimal possible value of epistasis e
is —a;®/ (2U) while sh is given by — (a; +2Ue/a;) varying between zero
(when e = —a;?/ (2U) and selection is entirely due to epistatic interactions)
and —a; (when e =0).

Simulation Model. The multilocus simulation program represents a popu-
lation of N individuals carrying two copies of a linear chromosome. Each
generation, the number of new deleterious mutations per chromosome is
drawn from a Poisson distribution with parameter U, while the position of
each new mutation on the chromosome is drawn from a uniform distribu-
tion between zero and one (the number of loci at which mutations can
occur is thus effectively infinite). The fitness of each individual is computed
as W = (1—sh)"he (1 —s)"ho exp(—cR), where ny. and ny, are the numbers
of heterozygous and homozygous mutations present in its genome, and R
is the chromosome map length coded by its recombination modifier locus.
Gametes are produced by recombining the two chromosomes of the par-
ent, the number of cross-overs being drawn from a Poisson distribution with
parameter R (the chromosome map length of the parent), while the position
of each cross-over along the chromosome is drawn from a uniform distri-
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