Downloaded from https://www.pnas.org by ARIZONA STATE UNIV/LIBRARY CONTINUATIONS ACQUISITIONS & ANALYSES UNIT on August 28, 2023 from IP address 52.43.93.60.

EVOLUTION
MATHEMATICS

PNAS

Check for
updates

Mutation pressure, drift, and the pace of molecular coevolution

Michael Lynch?'

Edited by Montgomery Slatkin, University of California, Berkeley, CA; received April 26, 2023; accepted May 9, 2023

Most aspects of the molecular biology of cells involve tightly coordinated intermolecular
interactions requiring specific recognition at the nucleotide and/or amino acid
levels. This has led to long-standing interest in the degree to which constraints on
interacting molecules result in conserved vs. accelerated rates of sequence evolution,
with arguments commonly being made that molecular coevolution can proceed at
rates exceeding the neutral expectation. Here, a fairly general model is introduced to
evaluate the degree to which the rate of evolution at functionally interacting sites is
influenced by effective population sizes (/Ve), mutation rates, strength of selection, and
the magnitude of recombination between sites. This theory is of particular relevance to
matters associated with interactions between organelle- and nuclear-encoded proteins,
as the two genomic environments often exhibit dramatic differences in the power
of mutation and drift. Although genes within low N, environments can drive the
rate of evolution of partner genes experiencing higher N, rates exceeding the neutral
expectation require that the former also have an elevated mutation rate. Testable
predictions, some counterintuitive, are presented on how patterns of coevolutionary
rates should depend on the relative intensities of drift, selection, and mutation.

coevolution | organelles | mitochondria | molecular drive | plastids

Molecular coevolution across nucleotide sites within species is pervasive. For example,
the vast majority of proteins assemble as multimers, with homomers requiring the
coordinated evolution of specific residues on binding interfaces within single proteins
and heteromers requiring coordination across genetic loci. For proper gene expression,
key residues of transcription factors must closely match specific binding motifs on DNA,
and for accurate translation, tRNA amino-acyl synthetases must specifically bind cognate
tRNAs loaded with the appropriate amino acid. Signal-transduction systems relay specific
messages between receptors and response regulators via precise binding interactions, and
vesicle trafficking in eukaryotes involves multiple layers of protein—protein interactions to
achieve delivery of specific cargoes to appropriate locations. Proper protein folding often
requires accurate recognition of client molecules by chaperones. Bacterial plasmids often
ensure their own survival by harboring precisely interacting toxin—antitoxin systems.

These few examples suffice to illustrate that much of cell biology is based on
intragenomic molecular coevolution, just as much of community ecology is driven by
interspecies coevolution. A key difference with intragenomic coevolution is that the
participating partners are bound together through shared inheritance, genetic linkage,
and/or common population-genetic environments. What remains unclear, however, is
the degree to which such features stabilize vs. drive molecular evolution. On the one
hand, one might expect coevolution to slow down rates of evolution, as the nucleotide
content of an individual site constrains the domain of acceptable changes at other
interacting sites. On the other hand, such interactions might induce an acceleration
of coordinated changes, as when a mildly deleterious change at one site enhances the
strength of selection for a compensatory change at another site. There is a long history of
interest in this problem, ranging from the covarion hypothesis of Fitch and Markowitz
(1) to the Stokes-shift hypothesis of Pollock et al. (2).

Some have argued that certain kinds of cellular evolution result in drive-like processes
that encourage rates of molecular evolution even beyond the neutral expectation. For
example, the centromere-drive hypothesis postulates that in species with “female meiosis,”
wherein only one of four meiotic products is delivered to an egg, centromere features
that facilitate chromosome delivery into gametes will be strongly promoted through
females, with negative side effects on male meiosis driving the emergence of secondary
mutations to suppress the drive process (3, 4). Similar ideas are found throughout the
wider literature on meiotic drive (5, 6). Considerable attention has also been given to the
idea that owing to elevated rates of mutation and a higher vulnerability to genetic drift,
the accumulation of mildly deleterious mutations in organelle genes can impose selection
for compensatory changes in the products of interacting nuclear-encoded genes (7, 8).
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In addition, coevolutionary drive has been invoked as an
explanation for the rapid and coordinated evolution of proteins
involved in mate recognition, e.g., sperm recognition and entry
(9), and mating pheromones and their receptors (10-12).

What remains unclear is whether the expectations of these
largely verbal arguments hold up to more formal scrutiny
when the underlying population-genetic processes are taken into
consideration. Here, simple models are introduced to evaluate
the conditions under which coevolution is expected to drive
molecular evolution to rates approaching or exceeding the neutral
expectation. In the absence of selection, the rate of molecular
evolution per nucleotide site is equal to the mutation rate u
(13), whereas a predominance of purifying selection to remove
mutations or of positive selection for change leads to rates of
fixation smaller than or larger than #, respectively. This general
principle undetlies the widespread empirical use of dpy /ds, where
dy is the rate of evolution at nonsynonymous (amino acid
altering) nucleotide sites and ds is the rate of evolution at
synonymous (and putatively neutral) sites, both of which are
readily estimated by comparing gene-sequence data from closely
related species. Thus, the following analyses focus on expected
rates of evolution at key functional sites scaled to the mutation
rate.

Results

General Two-Locus Model. Molecular coevolution involves epis-
tasis, as the genotypic fitnesses at each locus depend on the genetic
constitution at the other. The matter is evaluated here with a
simple model involving two nucleotide sites (or genetic loci),
each with two alternative states, a/A and b/B, respectively. A
haploid system is assumed (extension to diploidy only requires
that population sizes be multiplied by 2, provided within-locus
effects are additive), and the fitnesses for the four haplotypes ab,
aB, Ab, and AB are taken to be 1, 1 — 51, 1 — 55, and 1 — 54
(Fig. 1). Thus, assuming s4 = 0, ab — B mutation would restore
the optimal state of fitness when occurring on a Ab background,
and similarly for an a — A mutation on an aB background. A
simple example of such a model involves stem bonds in RNA
molecules, where A:T and G:C are viewed as alternative high-
fitness states, with G:T and A:C being the only viable low-fitness
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Fig. 1. Flow diagram for four haplotype states, with the my, denoting
population-level rates of transition from one state of fixation to another. The
four states (x,y = 1,---, 4) are denoted next to their genotypic designations.
The ab haplotype is arbitrarily designated as the one with the highest fitness
(scaled to equal 1), but the model is otherwise fully general, i.e., there is
no essential ordering of magnitudes of sy, s3, and s4. In the case of purely
compensatory mutations, the AB haplotype has fitness equivalent to that of
ab, i.e., s, =0, and in the case of symmetry, s = s, = s3.
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intermediates. However, in its most general form, the model
can be used to explore the molecular coevolutionary features
of different interacting molecules, including those encoded in
different genomic environments (e.g., organelle vs. nuclear). In
addition with a change in sign of s, any haplotype can have a
fitness exceeding that of the normalized ab type (here a positive
s designates a deleterious mutation).

Aspects of this model were studied by Kimura (14), but over
more limited parameter space than explored here, and with three
restrictive assumptions: 1) that both sites have identical mutation
and drift properties; 2) that the strength of selection exceeds that
of mutation; and 3) that mutations are irreversible. Extensions
were made by Higgs (15) to allow for reversible mutations, but
again under the assumptions of constant population sizes and
mutation rates. Both studies reduced a double-diffusion process
to a single dimension to estimate the time to transition from one
fixed beneficial state to the other. Below, more general expressions
are given for the average rates of nucleotide substitution at both
sites, allowing exploration of the full range of population-genetic
environments and revealing behavior not previously appreciated.

The goal here is to evaluate the long-term rate of sequence
evolution for interacting sites. To accomplish this, reversible
mutations are allowed for such that over time, the population
will wander among alternative evolutionary states dominated by
one of the four haplotypes. The residence time in each category
and the transition rates between states depend on the fitnesses of
the intermediate types, as well as on the effective population sizes
and mutation rates associated with each site. From a knowledge
of this quasi-steady-state distribution of alternative states and
the forms of the transition coefficients, one can then derive the
long-term average substitution rates at the two sites. Although
only two biallelic sites are pursued in this initial analysis, the
results should also apply to an entire system of interacting pairs,
provided that each pair of interacting sites evolves independently
of other such pairs.

We start with the assumption that fixations of new mutations
occur sequentially such that the population almost always resides
in one of the four monomorphic states, with transitions only
occurring between adjacent haplotype states in a stepwise fashion.
Such a system will then evolve to a steady-state distribution
of alternative states, defined by the relative magnitudes of the
per-generation transition coefficients denoted in Fig. 1. The
probabilities of a population residing in the four alternative states
over a long evolutionary time period are

Py = [mavmag(m31 + mss) + mzimasz(ma + mag) /G,
[1a]

Py = [mssmaz(miz + m3) + miamsy (may + ma3) ]/ C, .
(1b]

Ps = [ magmaz(miz + miz) + mizmar (mag + maz) |/ C,
[1c]

Py = [miamys(m31 + mss) + mizmsa(ma + mag) 1/ C,
[1d]

where C is a normalization constant equal to the sum of the
numerators in Eq. la—d.

Although the algebra is tedious, there is a simple heuristic way
of obtaining these results. The numerator for each probability
is equal to the sum of four terms, each a product of the three
transition coefficients jointly pointing toward the haplotype state
(two chains of three consecutive coefficients and two involving
one transition pointing from one direction and a chain of two
pointing from the other direction). This rule of thumb may be
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useful for obtaining steady-state frequencies involving more than
two states (e.g., the eight haplotypes with a three-site system),
although the number of contributing pathways increases rapidly
with the number of sites.

Each transition coefficient is equal to the product of the rate of
origin and probability of fixation of the mutation type. Denoting
mutation rates and population sizes for the two loci as #4 and up
and N4 and N, respectively, the population-level rates of origin
of mutations for the two loci are Uy = Nyuy and Ugp = Npugp.
The probability of fixation of a mutation arising at locus x is
given by

1 — = 2News/Ne

Px(s) = —=y (2]

1 — e 2N,ys

(16, 17), where N,, and N, denote the effective and absolute
population sizes for locus x, and the value of s depends on
the difference in fitness between the mutant haplotype and the
originating type (as outlined in Fig. 1). For example, 712, which
denotes the fixation of a deleterious mutation arising at the
second locus on a ab background, is equal to Up - ¢p(—s2).
In contrast, 7,4 denotes a mutation arising at the first locus (on
a aB background) and is equal to Uy - ¢4(s2 — s4).

Substantial simplification of Eq. 1a—d is possible in a number
of cases. Consider, for example, the situation of complete
symmetry, with the two intermediate haplotypes (aB and Ab)
having equivalent reductions in fitness (s = 5 = s53) and the
two end types (ab and AB) having equivalent higher fitness
(s4 = 0). Depending on whether the transitions are beneficial
() or deleterious (), each new mutation has a probability of
fixation of

1 _ 672:
Gix = 1= [3a]
or
1 _ 62:
P = T N [3b]

where x denotes the locus of mutational origin. Here, for purposes
of illustration, it is assumed that effective and absolute population
sizes are equal to each other within sites but not necessarily
between the two loci. If this is not the case, the appropriate
modifications (as in Eq. 2) need to be implemented; in effect, the
necessary changes are simply equivalent to substituting for s an
effective selection coefficient equal to V,s/N. For this special case
of symmetrical fitnesses, the system of Eq. laand b reduces to the
following long-term steady-state probabilities of the population
residing in the four alternative states:

A ~ Booa + buB
Py = P4 = Pap = Pag = ,
e b AR T B @oa + ban) + (P05 + dap) |
[4a]
ﬁz = E = T)Ab = EB =0.5— E, [4b]

where 8 = Uy/Up.

General expressions for the mean rates of substitution per site
relative to their neutral expectations are obtained by weighting the
rates of transition between alternative states by the originating
haplotype probabilities and dividing by site-specific mutation
rates,

PNAS 2023 Vol. 120 No. 27 e2306741120

2 = (m3Py + masPy + m31 D3 + mayPy) ug, [5a]

ds
dp ~ ~ ~ ~
A = (m12P1 + m1 Py + m34P3 + myzP4) [ up, [5b]
which for the case of symmetrical fitnesses reduce to
dy ~ ~
i 2NA(Paalr + Ppal2), [6a]
dp ~ ~
= 2Np(@apPr + ¢s8P2). [6b]

To evaluate the adequacy of these sequential-model approx-
imations, as well as to obtain more general results, computer
simulations were run over the full range of mutation and
recombination rates, population sizes, and selection intensities
known across the Tree of Life (18-20). These followed a
standard Wright—Fisher structure with consecutive episodes of
deterministic mutation (at rates #4 and u#p), recombination
(at rate ¢ between sites), and selection (using the coefficients
52, 83, and s4), followed by multinomial sampling of the four
haplotype frequencies (to incorporate random genetic drift, with
population sizes ranging from N = 103 to 10%). To maintain
reasonable computational times at large NV, some down-scaling
of N was done, while keeping Nu, Ns, and Nc constant, which
retains the proper scaling of stochastic relative to deterministic
processes. After verifying that such rescaling did not influence the
equilibrium results, simulations proceeded for 10’ N to 107N
generations for each parameter set, with population status being
monitored every N/10 generations. The final compilation of
results for each set of population-genetic conditions yielded
information on the long-term mean frequencies of the four
haplotypes, P, along with the evolutionary rates (summed
frequencies of bidirectional transitions between alternative alleles)
for each site. For practical reasons, fixations were inferred to have
occurred when a haplotype with frequency >0.999 gave rise to
another haplotype above the same threshold.

Complete Linkage. We start with the situation in which the two
loci are completely linked, as will often be true for nucleotide sites
within the same gene or for any pair of sites on a nonrecombining
chromosome (commonly believed to be the case within organelle
genomes and always the case with an asexual). Under these
conditions, N = Ny = Ng and # = ugq = up. In the case
of complete symmetry, ¢p = ¢p4 = P, Oy = Pus = Pup, and
Eq. 6a and b for the sequential model reduce to

dan _ 2N
(d_s>; = Wéo) + (e 7l

for both loci. This expression, which is equivalent to N times
the harmonic mean of the beneficial and deleterious fixation
probabilities for new mutations, is independent of the mutation
rate and further reduces to 4Ns - ¢ =2 for N5 > 1. There is then
no situation in which the rate of evolution exceeds the neutral
expectation, as dy/ds — 1 for small Ns and — 0 for large Ns,
with the shift in behavior occurring at Ns >~ 1.

As population sizes become large, the assumptions of the
sequential model break down because deleterious haplotypes
maintained at low frequency by selection—mutation balance
can acquire secondary (compensatory) mutations. This enables
simultaneous fixations at both loci in a neutral fashion, e.g.,an AB
haplotype arising by two mutations in a population dominated

https://doi.org/10.1073/pnas.2306741120
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Fig. 2. Rates of substitution at the two sites scaled to the neutral expectation as a function of Ns (the ratio of the strength of selection to drift), for the case
of complete linkage with both sites experiencing equal mutation rates, selection coefficients (s = s = s3 and s4 = 0), and population sizes. The data points
denote computer-simulation results, obtained over a range of Ne from 103 to 109 for each set of s and u. The solid black line denotes the sequential-model
prediction, which is independent of the mutation rate (Eq. 7), whereas the horizontal dashed lines extend to the stochastic-tunneling domain (Eq. 9) and do
depend on the mutation rate. Simulation data on fixation rates are only given when the population-level mutation rate per site Nu < 0.1 and the deterministic
expected frequency of the deleterious type ~u/s < 0.1, as otherwise recurrent mutations make it difficult to accurately ascertain fixation events from observed

allele frequencies that become bounded away from 1.0.

by ab haplotypes. Such a process is commonly referred to as
stochastic tunneling (21-24). As an example, for the case of
symmetrical fitnesses (s = s3 = s and 54 = 0), approximately
half of the time, the population will be dominated by the ab
haplotype, with deleterious Ab and aB haplotypes each being
maintained at frequencies near #/(2u+ s) by selection—mutation
balance (/s for s 3> u). Multiplying these frequencies by the
number of individuals, noting that compensatory mutations (at
the second locus) arise and fix at rates # and 1/, and taking the
products of terms and summing through both pathways yields a
rate of transition from dominance by the ab to the AB haplotype
equal to 242/(2u + s). The same rate applies in the opposite
direction, and dividing by the mutation rate yields the scaled

tunneling rate
dan 2u
(4) - 2 .
s ), 2u+ts

in the limit of large N (=2u/s for s 3> u). Unlike the situation in
the sequential-fixation regime, the scaled tunneling rate depends
on the mutation rate but is independent of the population size.

Taking into consideration both paths to fixation, and noting
that as a first-order approximation, the stochastic-tunneling
regime requires that the power of selection exceed that of drift, a
composite estimate of the total substitution rate per locus (relative
to the neutral expectation) is

d_N ~ d_N — N2 (d—N>
(%)_<¢)+U ‘ ) ds ), ol

For low mutation rates, # = 107, which are in accord with per-
site estimates for a wide range of microbes (19), the predictions
from Eq. 9 are in close agreement with observations derived from
computer simulations (Fig. 2). At # = 1077, above the known
upper limit for cellular organisms, the simulation estimates fall
below Eq. 9 when s/# < 1 and Nu > 0.1. However, such
deviations are simply a consequence of the failure to always

4 of 10 https://doi.org/10.1073/pnas.2306741120

properly identify true genealogical fixation events with haplotype
frequency data when high levels of polymorphism are maintained
by mutation pressure.

The general conclusion to be drawn for completely linked sites
is that in the region of 1 < Ns < 10, there is a precipitous
shift in the behavior of dy/ds from the expectations under
the sequential model (Vs < 1) to those under the tunneling
model (Vs > 10). As expected from Eq. 8, the magnitude of
this drop-off increases with larger s/ because intermediate-state
haplotype frequencies are reduced when selection is stronger. As
the intensity of selection declines below the mutation rate, the
scaled tunneling rate 2u/(2# + 5) — 1, and the population
spends nearly equal time in the four alternative states.

Extension of these results to other fitness schemes is presented
in SI Appendix. The key point is that for the case of complete
linkage, the main conclusions derived for the case of symmetrical
fitnesses are retained. Regardless of the level of asymmetry in
fitnesses, both sites evolve at identical relative rates and dy/ds <
1, i. e., molecular coevolution does not drive the rate of evolution
beyond the neutral expectation. For the case in which the two
intermediate states have different fitnesses (s # s3), but the
end states have equal fitness (s4 = 0), the preceding conclusions
continue to hold, except that the transition from the sequential to
the tunneling domains extends over a longer range of NV, owing
to the fact that the two sites have different ranges of effective
neutrality. For the case in which s = 53 but s4 > 0 (one end
state has a higher fitness advantage than the other), the relative
rate of evolution continuously declines with increasing NV, owing
to the fact that the population resides almost entirely in the
beneficial end state, asymptotically diminishing the probability
of tunneling toward zero.

Free Recombination. In sexually reproducing species, for nu-
cleotide sites on different chromosome arms, including in
organelle- vs. nuclear-encoded genes, segregation across sexual
generations will be nearly completely independent, rendering the
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Fig. 3. Scaled rates of substitution at the two sites relative to the neutral expectation as a function of Nys (the ratio of the strength of selection to drift at the
A/a locus), for the case of free recombination, with various combinations of effective population sizes and mutation rates between sites. Solid and open points
are simulation results for sites A and B, respectively. Continuous lines denote the theoretical expectations described in the text. In all cases, ug = 10~2, and
for any set of conditions, simulations were performed over a range of N,y from 103 to 109. Parameters in the four panels are set as: (4) Ny = Ng, uy = ug; (B)
NA = 1OONB, ug = up, (@) NA = NB, ug = 100UA; and (D) NA = 100NB, ug = 100UA.

process of stochastic tunneling essentially inoperable (25, 26).
Consider a large population predominately in a beneficial AB
state, with the Ab and aB haplotypes maintained by selection—
mutation balance. Although recombination can readily create
an ab haplotype out of an Ab/aB pair, almost all haplotypes
subsequently recombining with the newly arisen ab haplotype
will be of type AB, rapidly converting it back to Ab and/or aB
types. This barrier to evolutionary transitions is most apparent
when mutation rates and effective population sizes are constant
across sites, in which case the scaled substitution rate is closely
approximated by Eq. 7, again independent of the mutation rate
and largely a function of Ns (Fig. 34).

If population sizes and/or mutation rates differ among loci,
as will often be the case when the two sites reside in nuclear vs.
organelle environments, the behavior of the system is still well
described by Eq. 5a and b. To appreciate the nuances that can
arise, however, consider the simplest case of symmetry in which
s = s, = 53 and s4 = 0 and Eq. 6a and b apply (S/ Appendix,
Text). When mutation rates are constant, but population sizes
differ, there are three domains of behavior (Fig. 3B): 1) for
Ny, Np < 1/s, the regime of complete effective neutrality, the
scaled rates of evolution ~1.0 for both loci; 2) for Ny > 1/s

PNAS 2023 Vol. 120 No. 27 e2306741120

but Np < 1/s, the first locus is under efficient selection, and
the second is effectively neutral, but the scaled rates for both loci
remain ~~1.0; and 3) for N4, Ng > 1/s such that both loci are
under efficient selection,

dg Na[(2B + 1)daa + dup]

- = , (10a]
ds B+1
ds B+1

In the latter case, which applies even when mutation rates differ,
both d4/ds and dp/ds are kept low by strong selection for
beneficial alleles, with the dynamics being largely determined
by rare fixations of deleterious alleles and the subsequent
compensatory responses. Under these conditions, the smaller of
the two effective population sizes simply extends the regime of
apparent effective neutrality (d4/ds = dp/ds ~ 1), with the
scaled rates of evolution being nearly equal for both sites (Fig.
3B). In effect, the elevated rate of fixation of deleterious alleles
at the site with smaller /V drives the scaled rate of evolution at
the large-/V site to a similar level by promoting the fixation of
compensatory mutations.

https://doi.org/10.1073/pnas.2306741120
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When N is constant across sites but mutation rates differ,
Eq. 5a and b both reduce to Eq. 7, showing that between-site
variation in the mutation rate alone has no impact on the scaled
rates of evolution in the case of free recombination (Fig. 3C). In
this case, one site produces more deleterious mutations than the
other, but because the fixation probabilities are identical at both
sites, both produce restorative mutations at rates proportional to
their own mutation rates.

Qualitatively different behavior arises when both NV and # vary
between sites. Consider the situation in which one site experiences
a lower effective population size but higher mutation rate, as
seems to frequently occur with metazoan mitochondria (18).
Under these conditions, the site with the lower /V behaves in the
same manner as discussed above, with the shoulder on its scaled
rate function extending to the point appropriate for the smaller
population size (Fig. 3D). In contrast, the scaled evolutionary rate
at the site with large /V/small # is elevated above the neutral ex-
pectation in a large fraction of the domain in which N4s > 1 and
Nps < 1, a point previously noticed by Osada and Akashi (27).

To see why this occurs, consider the extreme case in which
Oba = 25, ¢4 = 0, and ¢pp = ¢p = 1/Np, i, highly
efficient selection at locus A and effective neutrality at locus B.
In this domain,

dy Nys

ey 11
dg Nus(ua/up) + 1 [11]
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which for Nys(uq/up) < 1 is approximately Nys, as can be
seen in Fig. 3D. This approximation can be further understood
by considering that under the conditions noted, the low-/V, site
spends half the time in the B vs. b state, with the high-/V, locus
mutating at rate Nu4 and fixing with probability 2s; dividing
the product of these three terms by uy4 returns dy/ds =~ Nys.
Note that under the opposite mutational condition (x4 >> up),
da/ds >~ up/uyq because evolution at the low-/V, site proceeds
at its neutral rate up, eliciting the same rate of change at the
high-N, site, as compensatory mutations arise at a higher rate
than reversions.

Allowing for asymmetry in the strength of selection does
not greatly alter the behavior of recombining systems (Fig. 4).
First, when mutation rates are equal, but there is asymmetry in
population sizes (Fig. 44), the site with small V again drives
the process and always has the higher scaled evolutionary rate,
as it is most susceptible to the fixation of mildly deleterious
mutations. However, the site with higher N (in this case A)
exhibits a nonmonotonic scaling of the scaled fixation probability
with population size, initially declining with increasing Ny, then
increasing, and then finally monotonically decreasing. This even
occurs when s, = s3. The initial valley in the scaled fixation
probability for site A occurs at Ny =~ 2/s3. To the left of this
inflection point, the strength of selection relative to drift is weak
but non-negligible at site A, which is incapable of fully responding
to the challenges resulting from deleterious fixations at site B.
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Immediately to the right of the inflection point, site B is still
evolving at the neutral rate, but selection at site A is efficient
enough to nearly fully compensate for B-site fixations. Once
both population sizes are sufficiently large, deleterious fixations
are uniformly inhibited, and the scaled rates of evolution decline
in an identical fashion at both sites.

Second, when population sizes are identical but mutation
rates differ (Fig. 4B), both sites have identical dp/ds, which
begins, not being to decline monotonically with increasing /V at
a position determined by the strength of selection at both sites.
Finally, when there are large /V/small # and small N/large u sites,
there is again a domain of intermediate population sizes in which
the former has dy/ds > 1. Asymmetric selection simply alters
the position of the peak.

Intermediate Levels of Recombination. The preceding results
provide accurate descriptions of the pace of sequence evolution in
the extreme cases of zero and free recombination. To gain insight
into how low the recombination rate needs to be for the complete-
linkage results to hold, note that the mean time to fixation of a
neutral mutation in a haploid population is 2N, generations and
that it is reasonable to assume that linked sites have the same
effective population sizes and mutation rates. Consider an AB
haplotype, destined to fixation, arising by secondary mutation
in a population currently dominated by ab. As the AB lineage
proceeds to fixation, from start to finish, it will experience an
average background ab frequency of 0.5, and if a recombination
event involves an ab/AB pairing, 3/4 of the progeny will be non-
AB type, so en route to fixation, the probability that a descendant
of the original mutation will have avoided a recombination event
by the time of fixation is on the order of e=3"+/4. Although this
argument ignores various aspects of the underlying dynamics
of haplotype-frequency changes (including secondary restorative
recombination events), the overall response of the scaled rate of
evolution is closely approximated by multiplying the tunneling
term in Eq. 9 by e Ne¢/2 (SI Appendix, Fig. S2). Increasing
¢ beyond 1/(2N,) eliminates the stochastic-tunneling domain,
thereby imposing a strong barrier to evolution for Ns > 1.

Note that Kimura (14) provided a complex expression for the
role of recombination on the rate of stochastic tunneling, but his
results suggesting only a moderate influence of recombination
were based on the assumption that ¢ < s, which will often not
be the case, and hence are not strictly comparable with the results
herein. Likewise, Higgs’ (15) proposal of a recombination-rate
barrier in the neighborhood of ¢ = #?/s is inconsistent with the
results here.

Discussion

The preceding results yield insight into several consequences
of molecular coevolution between a pair of genomic sites.
Nucleotide sites with mutually constrained fitness effects can
be expected to undergo coevolutionary divergence among phy-
logenetic lineages to an extent that might ultimately give rise to
interspecies incompatibilities (28). However, the degree to which
intermolecular constraints enhance vs. curtail the rate of evo-
lution depends greatly on the population-genetic environment,
sometimes in counterintuitive ways. Even with constant selection
pressures (s), patterns of evolutionary rates driven by molecular
coevolutionary pressures can vary substantially, depending on
variation in N,, #, and ¢ between interacting partners, usually as
ratios of pairs of evolutionary pressures, i.e., N,s, N,c, and #/s,
at both loci.
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Because interacting sites may comprise only a small to
moderate fraction of the full sequences of interacting genes,
the behavior of scaled evolutionary rates (dyy/ds) at the gene-
wide level need not closely reflect the subset of sites experiencing
compensatory mutation, although with adequate phylogenetic
data spatial analyses across gene bodies should be capable of
revealing the kinds of patterns predicted above. For the remainder
of the discussion, the population size will be referred to as /V,
recalling that N, < N has the effect of reducing the effective
strength of selection to N,s/N.

For the case of complete linkage, both sites are expected to
have identical effective sizes and mutation rates, and the predicted
consequences of coevolution are quite general. For symmetrical
selection (s, = 53 = 5) and Ns < 1 (the domain of effective
neutrality), dy/ds >~ 1, whereas for 1 < Ns < 5, dy/ds is a
decreasing function of Ns independent of the mutation rate ().
For Ns > 5 (the domain of stochastic tunneling), dy/ds takes
on a value defined by # and s and likely continues to decline
with increasing N owing to the negative association between
population size and evolved mutation rates (19).

Thus, for tightly linked sites (within closely spaced segments
of genes or anywhere within nonrecombining genomes), it is
expected that: 1) scaled rates of evolution will decline with
increasing V in different lineages experiencing identical selective
pressures; 2) both participants will have matching evolutionary
rates within phylogenetic lineages; and 3) 4 /ds will not exceed
1.0, i.e., there is no molecular coevolutionary drive beyond the
neutral expectation. These conclusions hold even when there is
an asymmetry in the strength of selection operating on sites,
except that the transition between the two domains of behavior
noted above occurs near the point where V is equal to the inverse
of the smallest selection coefficient. That is, relaxed selection on
one site induces a broader population-size domain in which both
sites evolve in an effectively neutral fashion (as the more weakly
selected site induces the need for compensatory evolution).

Free recombination alters these expectations for situations in
which sites differ in effective population sizes and/or mutation
rates (18). When differences in the power of drift exist between
sites, as will commonly be the case for organelle vs. nuclear
genomes, the site experiencing the smaller NV dictates the rate
of evolution at both sites, unless Ny, N >> 1/s, in which case
molecular coevolution grinds to a halt, freezing the two sites
into one particular configuration. Moreover, provided only N
or only u, but not both, differs between sites, d/ds behaves
in an essentially identical manner at both sites, as observed with
linked sites. In effect, a sufficiently small-/V site can evolve in
a nearly neutral fashion (dy/ds >~ 1), with the overall system
retaining high fitness as the associated large-V site is driven to
fix compensatory mutations by selection. As a consequence, the
latter has djy/ds >~ 1 well out into the range where its Ns > 1, a
condition that is typically expected to lead to purifying selection.

With sufficiently high recombination rates, an asymmetry in
the scaled patterns of evolution arises when both NV and # differ
between sites. Intermediate states of low fitness (Ab and aB) can
be restored to high fitness by either a reversion at the prior site
of mutation or by compensatory mutation at the alternative site.
When one site has low /V / high # (say site B) and the other high
N [ low u (site A), provided s is sufficiently low, site B evolves at
the neutral rate by mutation pressure, driving the scaled rate of
functional evolution at site A to levels as high as Nys > 1. This
leads to the appearance of very strong positive selection on the
site experiencing more efficient selection, although the process is
completely driven by internal pressures. In the opposite situation,
where there is high N / high « (site A) and low N / low « (site B)
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coupling, with the former being under efficient selection and
the latter effectively neutral, d4/ds ~ up/ug < 1, the ratio
of mutation rates at the two loci, rendering the appearance of
stronger purifying selection on the high-/V site. Thus, a simple
change in the ratio of mutation rates in a coevolving system
can lead to qualitatively different conclusions using 4y /ds as an
indicator of the direction of selection (even when the magnitude
of selection s is kept constant).

These results are relevant to the interpretation observations
on DNA sequence evolution at putatively coevolving sites.
For example, most methods for inferring coevolution from
comparative sequence data rely on patterns of covariation of
rates of base substitutions for pairs of sites/genes among different
phylogenetic branches (e.g., refs. 29 and 30). It has been argued
that such covariation of dy/ds reflects lineage-specific changes
in selection pressures with parallel effects on members within
specific cellular pathways (31, 32). However, although the use of
dpn /ds sometimes controls for interspecies variation in mutation
rates, this is not always the case with coevolving sites (as illustrated
in several of the preceding formulations), and it does not remove
the effects of population-size differences, which influence rates
of functional-site evolution through their effects on fixation
probabilities. Consider, for example, the situation for fully linked
sites with constant s and # (Fig. 2). Here, for populations
straddling Ns 2~ 5, both members of an interacting pair can
jointly have relatively high or low djy/ds, despite experiencing
the same absolute strength of selection (5). Thus, phylogenetic
correlations of dp/ds between pairs of target sites/genes do
not necessarily reflect temporal changes in absolute selection
intensities.

Eukaryotic molecular complexes that derive their components
from organelle- and nuclear-encoded genes have served as popular
targets in studies of molecular coevolution, motivated by the
substantial differences in N and # that can exist between these
two genomes within species (18). In principle, some aspects of
organelle bottlenecking and uniparental inheritance may also
alter the efficiency of selection (33-35). Specific attention has
been given to the idea that elevated rates of mutation and/or
reduced effective population sizes in organelle genomes lead to the
accumulation of mildly deleterious mutations, creating pressure
for the fixation of compensatory mutations (7). Support for this
idea derives from studies on the base-pairs in the stems of tRNAs
and rRNAs in organelle vs. nuclear genomes (36-40). For such
genic regions, the scaled rates of molecular evolution for nuclear
genes are often two- to three-fold lower than for organelle genes,
presumably because of reduced NV experienced by the latter, and
in accordance with the expectations for linked sites (Fig. 2).

More closely connected to the theory for unlinked sites are
molecular complexes consisting of nuclear- and mitochondrial-
encoded proteins. Several studies have shown that phylogenetic
lineages with rapidly evolving mitochondrial-encoded subunits
show parallel elevation in the rates of evolution of nuclear-
encoded subunits (27, 41-44). For example, studies in animals
and yeast indicate that the scaled rates of evolution of mi-
tochondrial ribosomal—protein sequences are >10x those for
cytoplasmic ribosomes (45—47). Despite both sets of genes being
encoded in the nuclear genome, they, respectively, assemble
around mitochondrial- and nuclear-encoded ribosomal RNAs.
Similar observations have been made for the complexes involved
in organelle-harbored OXPHOS (oxidative phosphorylation)
complexes, but notably, components of complexes that are fully
encoded in the nuclear genome do not exhibit elevated rates
of evolution (48, 49). Such coordinated patterns are expected
if rate elevations in nuclear-encoded proteins are driven by the
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need to compensate for fixations of mildly deleterious alleles
within a low-/V, nonrecombining mitochondrion (which might
also experience relaxed selection, i.e., reduced s).

Despite their high levels, dy/ds for nuclear-encoded mi-
tochondrial genes does not typically exceed the conventional
criterion for positive selection (dy/ds = 1.0). However, a
few examples of dy/ds > 1.0 for nuclear-encoded subunits
have been inferred to be associated with elevated organelle
mutation rates (27, 44, 47, 50). If these enhanced rates are
indeed consequences of coevolutionary drive (as opposed to being
results of other forms of positive selection), as noted above, the
population-genetic environments of the two genomes must differ
in a specific way with respect to N and #, with /s being in the
range of effective neutrality for the organelle subunits and in the
range of efficient selection for the nuclear-encoded gene and «
being elevated in the organelle relative to the nuclear genome
(Figs. 3D and 4C).

These observations are complemented by observations on
plant—organelle genome evolution. For reasons that remain
unexplained, in most land plants, plastid genomes exhibit
mutation rates that are 5 to 10x lower than those in coexisting
nuclear genomes (51), and the situation can be even more extreme
in plant mitochondria. Notably, however, a few land-plant
lineages have evolved dramatic increases in plastid mutation rates,
and these exhibit the kinds of alterations in protein-sequence
evolution noted above for metazoan mitochondria, including
enhanced rates of amino acid substitutions in nuclear-encoded
subunits of plastid molecular complexes (42, 50, 52, 53).

As mentioned above, however, the unusual situation for land
plants in which organelle genes (O) commonly have lower N
and # relative to their nuclear-encoded (N) counterparts yields a
substantially different prediction from that outlined in Fig. 3D.
In the generic land-plant case, the organellar site, with lower
N and u, is expected to consistently have the higher dp/ds,
and neither site ever has dy/ds > 1 (Fig. 5). For Nys < 1,
both sites evolve in an effectively neutral fashion, whereas for
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Fig. 5. The behavior of scaled fixation rates with unlinked loci when the
mutation rate and effective population size is 100x lower at one site (green
dashed line; u = 10*9) than at the other (black line).
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the intermediate regime (Nys > 1 but Nps < 1), there is a
shoulder in which the slowly mutating organellar site evolves
in an effectively neutral manner, with the nuclear-encoded site
compensating for the former but at a correspondingly lower
dy/ds owing to its higher mutation rate. In the illustrated
example, the nuclear gene has a 100-fold higher mutation rate,
resulting in a 100-fold reduction in dp/ds in this intermediate
region. Only after the effective population sizes at each site exceed
1/sdoes djy /ds uniformly decline at both sites with increasing V.

These results suggest that comparative analyses involving
interacting organelle/nuclear-encoded partners in species with
different mutation-rate profiles should provide a useful basis for
testing the theory outlined above. Indeed, many of the apparent
inconsistencies between observations on compensatory muta-
tions/molecular coevolution and verbal theoretical expectations
(e.g., ref. 54) will remain unresolved until the population-genetic
environments of the participating loci are taken into consid-
eration. Under the assumption that distributions of selection
coefficients are not a function of N, which needs empirical
validation, the following predictions are testable with sequence
data from appropriately chosen phylogenetic lineages:

1) With one exception mentioned below, there should generally
be a decline in dp /ds with increasing N, i.e., coevolutionary
constraints usually slow down the rate of evolution in
increasingly large-V settings. This, of course, is the usual
expectation for nucleotide sites under purifying selection, but
in this case, there is an expected phylogenetic correlation
between pair members, with both participating sites expected
to have identical long-term scaled rates of evolution.

For completely linked sites, the behavior of the system should

be independent of the mutation rate, unless N5 > 5, in which

case, however, dp/ds is likely to be nearly indistinguishable
statistically from 0.0 unless # > 10~ or so.

3) When disparities in N exist between two coevolving sites,
the site with the lower /V is expected to dictate the pace of
evolution, with dp /ds >~ 1.0 until N5 > 1 for the low NV site.

4) When both IV and the mutation rate (#) differ between
coevolving sites, the behavior of the system qualitatively
depends on the coupling of V and #. When the latter are
negatively associated (e.g., low N with high ), the high-
N/low-u site has the potential to exhibit dy/ds > 1, the
only situation in which intraspecies molecular coevolution
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