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Gene Conversion may aid Adaptive Peak Shifts
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Gene conversion is often viewed as a homogenizing force that opposes adaptive evolution. The
objective of this study is to suggest a potential role for gene conversion in adaptive evolution of
proteins through aiding the transfer of a population from one adaptive peak to another. Our
hypothesis starts with the observation that a tandem gene duplication may result in an extra
gene copy that is released from selective constraints. In such cases, individually deleterious
mutations may accumulate on the extra copy of the gene, and through gene conversion these
mutations may subsequently be presented to the functioning gene for selection en masse. Thus,
groups of mutations that jointly confer a selective advantage may regularly be made available
for selection. We present a mathematical model of this process and identify the range of rates
of gene conversion, gene duplication and mutation under which it may operate. The results
indicate that the process may be biologically feasible if the rate of appearance of the potentially
beneficial mutations is not too small in relation to the rates of null mutation and of gene
conversion. This process appears to be a possible mechanism for effecting adaptive peak shifts
in large populations. We show that all the evolutionary steps in the proposed model may have
occurred in the evolution of primate y-globin genes. We suggest that hide-and-release mecha-

nisms for genetic variation may constitute a more general principal of evolvability.

Introduction

Modern evolutionary biology has experienced
spectacular successes in proposing and testing
hypotheses about plausible evolutionary paths to
the summit of adaptive peaks (Dawkins, 1996).
However, it is clear that evolution may not
always find a smooth ascent towards a single
well-defined optimum (Lewontin, 1978; Gould,
1989; Dawkins, 1996). Indeed, any reasonably
complex structure consisting of many interlock-
ing parts is prone to generate a rugged fitness
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landscape with many adaptive peaks and valleys
(Kauffman, 1993). While natural selection is the
only known mechanism that consistently effects
the movement of a population towards higher
fitness, it has a shortcoming as an optimization
algorithm on rugged fitness landscapes because it
tends to find the nearest local optimum and
thereafter oppose further evolutionary change.
This provides a difficulty for the Darwinian task
of finding an unbroken series of individually ad-
vantageous steps towards highly refined adapta-
tions such as may be found in the elaborate
structure of tens of thousands of proteins in every
organism.

This problem has generated an interest among
theoretical biologists in finding mechanisms that
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may effect the transition of a population from
one local optimum to another. While some the-
ories put forth have sidestepped the problem by
denying the ruggedness of fitness landscapes or
by postulating mechanisms that can smoothen or
change the landscape (see discussion), random
genetic drift is an essential element in all theories
that actually allow a population to pass through
a state of reduced fitness. The most famous
example is Wright’s (1931, 1932) shifting-balance
theory, which in essence posits that random
genetic drift alone can shift a small isolated sub-
population to the new optimum, where migrants
may then induce the adaptive transfer in the
population at large. However, the problem with
genetic drift as a mechanism for peak shifts is that
it does not work unless the adaptive valley is
extremely shallow or the population size is ex-
tremely small (Lande, 1985; Barton & Rouhani,
1987). Even a population of a few hundred indi-
viduals is simply not able to pass through a state
of substantially reduced fitness on an evolu-
tionarily relevant time-scale.

In this paper, we propose a novel mechanism
of some generality for how a gene may pass a
fitness valley to a higher adaptive peak in large
populations. The mechanism is founded on the
observation that duplicated genes can undergo
gene conversion. When a gene is duplicated, one
of the duplicates may be released from selective
constraints through redundancy or silencing. It is
then free to acquire mutations that would other-
wise be selected against. If the two duplicates are
evolving in concert through gene conversion, at
a rate that is not much in excess of the mutation
rate, the functional copy of the gene will be
repeatedly presented with groups of novel muta-
tions that have accumulated on the other dup-
licate. In effect, the mechanism allows the
population to explore a larger area of the fitness
landscape by testing several mutations at once.

At least since Ohno’s (1970) prescient work,
gene duplication has been viewed as an impor-
tant mechanism for generating novel adaptation.
By duplicating a gene, or indeed any structure,
one of the duplicates may be released from the
selective constraints of the original function and
is free to explore new possibilities. By now there
is little doubt that duplication is a major source
of novelty in protein evolution (Raff, 1996).

Indeed, at least in multicellular organisms, we
suspect that the vast majority of genes may have
originated through duplication from another
gene with a different function [but see Hughes
(1994) and Force et al. (1999)]. The mechanism
proposed here is motivated by the general im-
portance and abundance of gene duplication in
evolution, but differs from previous population
genetic investigations of the fate of duplicated
genes (e.g. Spofford, 1969; Ohta, 1987, Walsh,
1995; Nowak et al., 1997), in that it is not prim-
arily concerned with the functional diversifica-
tion of duplicated loci, but rather with the role of
duplication in the adaptation of a single gene.

In contrast to gene duplication, gene conver-
sion has rarely been assigned a creative role in
evolution, and is usually seen as a homogenizing
force that prevents the evolutionary diversifica-
tion of duplicated genes (Walsh, 1987). It has
been shown that gene conversion may benefit
individual fitness by homogenizing duplicated
genes that carry deleterious mutations when
there is negative epistasis between the mutations
(Hurst & Smith, 1998). Gene conversion may
similarly reduce the mutation load of a multigene
family (Ohta, 1989). Concerted evolution may
also aid the spread of a uniformly advantageous
allele from one duplicate to others (Ohta &
Dover, 1984; Slatkin, 1986; Dover, 1993; Inomata
& Yamazaki, 1996; Hurst & Smith, 1998). Our
proposed mechanism adds another possible link
between gene conversion and adaptation. Unfor-
tunately, the molecular mechanisms of gene con-
version are still not completely elucidated, and
the rates and conditions under which it occurs
are poorly known (Elder & Turner, 1995). As will
be seen, our hypothesis requires that the rate of
gene conversion is limited to a certain range that
is determined by the mutation rate, the popula-
tion size and the strength of selection.

In the following, we present an analytical
model of the process and use this to compute
probabilities and mean times for crossing a two-
step adaptive valley as functions of population
size, strength of selection, rates of mutation, rate
of gene duplication and rates of gene conversion.
These results are then compared with the rate
and mean time of peak shift through genetic drift.
We also investigate the process with simulations
of a more biologically detailed model which
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assumes small population size. We hypothesize
that the process may operate under biologically
realistic parameter values and may be general to
protein evolution. In the discussion, we suggest
that the evolution of fetal specificity of primate -
globins (Chiu et al., 1999) is a possible empirical
example of this process.

Model and Methods

As illustrated in Fig. 1, we start with a gene in
state 1 and consider the task of passing through
states 2 and 3 with successively lowered fitness to
state 4 which is more fit than state 1. We consider
a two-step adaptive valley as this allows us to see
how the process scales with an additional step
without making the results unduly complicated.
By the term “state” we mean steps in a process
and not specific alleles. The model does not
assume that specific allelic states have to be
traversed in order.

As illustrated below, a very small or a very
large population may traverse the fitness valley
through genetic drift or random occurrence of
double mutations, respectively. However, our
primary interest is in the more complicated path
illustrated in Fig. 2. The first step is the duplica-
tion of the gene into two duplicates that are both
in state 1. We denote a population as in state “11”
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FIG. 1. Illustration of the fitness valley to be crossed. The
four states of the gene are on the x-axis. The valley is to be
crossed in the sequence 1 —» 2 — 3 — 4. The parameter s rep-
resents the heterozygote selective advantage of the new peak
relative to the old, while the parameter s, is the heterozygote
selection coefficient against each step down in the valley.
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when it is fixed for this duplicate. If one of the
gene copies is silenced after the duplication, or if
the expression of the duplicates is redundant and
regulated by downstream factors, it is reasonable
to assume that one of the gene copies can freely
accumulate mutations under relaxed selective
constraints. For now, we will focus on the former
situation in which one duplicate is silenced; how-
ever, we later discuss adjustments to the model
that take into account expression of both gene
copies following the duplication.

The next step is the appearance of a mutation
from state 1 to state 2 in the silenced duplicate
(Fig. 2). As this gene is not expressed, this
12-haplotype may drift to fixation. When this
happens, we denote the population as being in
state 12. Similarly, further mutations can appear
on the silent duplicate and drift to fixation, bring-
ing the population successively into states 13 and
14. Finally, in state 14, gene conversion can effect
the transition of the expressed gene from state
1 to state 4 so that it can be brought to fixation
by selection. If this happens, the population is in
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FIG. 2. Flow diagram depicting the model. The boxes
represent populations being fixed for different states of the
duplicated gene. The first number represents the state of the
gene being expressed, while the second number represents
the state of the unexpressed (or redundant) gene. The para-
meters along the arrows are rates of transition from one
state to another. The -1-box represents the pre-duplication
stage, and the adaptive peak is reached when the population
ends in the -44- box. See main text for explanations.
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state 44 and is considered to have reached the
new adaptive peak.

However, along this path several other possi-
bilities must be considered. First, gene conversion
may occur at every step along the path, and not
just in the final step. If the expressed gene is
converted to state 2 or 3, the effect is deleterious
and we assume that such an allele is always
eliminated by selection. However, the silent du-
plicate can also be converted back to state 1 by
the expressed gene at any point in the process.
This convert is then neutral and may drift to
fixation bringing the population back to state 11.
If the gene conversion rate is too high, we see that
this may effectively block the process. The other
possibility is that the silent duplicate may acquire
mutations that are not on the path to the new
adaptive peak. Such mutations may block the
passage to the new peak by blocking the con-
certed evolution of the two duplicates, or by
having deleterious effects that are sufficiently se-
vere to overshadow the advantage of state 4 when
it emerges. If such mutations appear, the process
has to start all over again from state 1.

Let 6 denote the rate of duplication per allele
per generation. In the “silent-duplicate” model
this only includes cases where the duplicate is
truly silenced after the duplication. The rate
of substitution of the duplicate is then
2No1/2N =6, where N is the population size.
Let x denote the rate of gene conversion per
duplicate per generation. We assume this is con-
stant and unbiased throughout the process.
When the silenced duplicate is converted, the
product is neutral, and the rate of substitution is
k. However, at the last step of the process, from
14 to 44, the rate of substitution is approximately
2Nx2s = 4sNx, where s is the heterozygote coef-
ficient of selection in favor of state 4 over state
1 (minus the effect of any deleterious mutations
that may have accumulated on the duplicate
throughout the process). The approximation 2s
for the fixation probability of a new advantage-
ous allele is good provided sN is not smaller than
one and s is not too large.

Let v,,, v,3, and v;4 be the rates of mutation
per allele per generation for the transitions 1 — 2,
2 — 3 and 3 — 4, respectively. As these mutations
are neutral in the silenced locus, the rate of sub-
stitution equals the mutation rate. Note that

these mutation rates may be smaller than typical
estimates of locus-specific mutation rates, as
there only will be a small subset of possible muta-
tions that actually are a part of the path to the
new optimum. It is reasonable to assume that
U1y > Va3 > U3y, as fixation of the first mutation
may narrow the target for further changes, but as
it will turn out that the v’s can be interchanged
without affecting the results, we will without loss
of generality assume that they all have the same
value, v. Let u, be the rate of mutations per allele
per generation that are either able to block the
concerted evolution of the two duplicates or are
so deleterious when expressed that they can out-
weigh the fitness benefit of the new adaptive peak.
We will refer to u, as the null-mutation rate. When
appearing on the silent duplicate, the rate of
substitution of these null mutations is uy. If the
accumulation of many mutations with minor del-
eterious effects is the main source of decay of the
silent duplicate, it might be reasonable to increase
the probability of “losing” the duplicate as time
progresses. However, if insertions, deletions or
other mutations with major effects are the main
risk, then it is more accurate to keep the null-
mutation rate constant throughout the process.
Mainly for simplicity, we keep uo constant.

One caveat is that the analysis of this model
assumes that all fixations happen instantane-
ously in time. We do not consider the possibility
that a second mutation or gene conversion hap-
pens when another is segregating. In a very large
population this assumption will be invalid.

The mathematical description of the model
and the necessary calculations for producing our
results are given in the appendices. In the results
we present two statistics to assess the feasibility
of peak shifts. The first is the probability, o, of
effecting a peak shift given that a duplication has
occurred and become fixed in the population.
The actual rate of peak shifts in an ensemble of
genes or populations challenged with same adap-
tive valley is then 4 = . This is computed in
Appendix A. The second statistic, computed in
Appendix B, is the expected waiting time, ¢, for
a peak shift to occur starting from the pre-du-
plication stage. For comparison, we present
a similar analyses of peak shift through pure
genetic drift and fixation of double mutants in
Appendices C and D.
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In evaluating the results, it is crucial to decide
what constitutes an evolutionarily realistic rate of
peak shift. This is somewhat subjective and the
reader may have opinions different from ours.
We will judge rates of peak shift up until the
order of 10~ 8 per generations and waiting times
up to the order of 108 generations to be evolu-
tionarily relevant. It does not seem unrealistic
that a gene or a protein may sit trapped on a local
adaptive peak for 100 million generations. This is
especially likely if the improvement relates to
internal biochemical function, which may be buf-
fered against changes in the external envir-
onment. Furthermore, from the perspective of
a genome with tens of thousands of genes, rates
on this order may still make the process regular
in the genome as a whole. Finally, when compar-
ing the feasibility of the gene-conversion model
with the shifting-balance model, one should re-
member that the latter postulates a large number
of subpopulations in which a peak shift can
occur. Doing the same for the gene-conversion
model may increase the rate of peak shift with
a factor equal to the number of subpopulations
(except when population size is the limiting
factor).

To assess the accuracy of the theoretical ap-
proximations, we also computed mean time to
peak shift from a set of individual-based stimula-
tions as described in Appendix E. The simula-
tions showed that the analytical results were very
accurate over a range of parameter values with
N ranging from 100 to 1000. Hence, we do not
report detailed results from the simulations.

Results
PEAK SHIFT IN THE GENE-CONVERSION MODEL

The full formulas for the probability and
expected time to peak shift are given in Appendi-
ces A and B. Here we illustrate their main
properties with several approximations based on
restricting the range of parameter values. A set of
numerical examples is given in Table 1.

Both the rate of peak shift and the inverse of
the expected time are increasing monotonically
with sN and rapidly reach an asymptote when
o becomes insignificant in comparison with
4sNk. Hence, unless the gene-conversion rate is
much smaller than the null-mutation rate, the
process is insensitive to sN. Unless otherwise

TABLE 1
Probabilities and times to peak shift under the gene-conversion model

v U K 0 sN o f

10°8 106 10-° 10°° o) 2.5%x1077 8.1x 1012
1077 10~ 10~ 10~¢ o0 0.00022 9.3x10°
10-° 106 10-° 10°° o) 0.071 2.7 x 107
10~¢ 1077 1077 10°¢ o0 0.73 5.0 x 10°
1073 106 10°° 10°° 0 0.73 1.7 x 108
1077 10~ 10~ 10~¢ 5 0.00020 1.0 x 10*°
10°° 106 10°° 10°° 5 0.065 3.0 x 107
10~¢ 10~ 1073 10~¢ o0 0.0063 3.2x 108
10-° 10°8 1073 10-° 0 0.43 1.4 x 108
10~¢ 10°° 10°¢ 1073 o0 0.071 1.4 %107
10°° 106 10°° 1077 0 0.071 1.5x 108

Note: The last two columns show the probability of peak shift given that a duplication
has occurred, o, and the expected time it takes before the population arrives at the new
peak from the pre-duplication stage, f, as functions of parameter values. The parameters
are the forward-mutation rate, v, the null-mutation rate u,, the gene-conversion rate, «,
the gene-duplication rate, J, the population size, N, and the selective advantage of the
new peak over the old, s. The computation of o and ¢ are based on the exact eqns (A.8)
and (B.2). The first five rows show the effect of increasing v relative to the other
parameters. The next two rows illustrate that the process is relatively insensitive to
changes in populations size and the selective advantage of the new peak. The next two
show some effects of increasing « relative to ug, and the last two rows show some effects of

altering the gene duplication rate.
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mentioned, we will therefore assume that sN is
infinity.

Case 1. All rates equal. Here we assume that
v =1ug =k = d. Then, expressing the results in
terms of 0, the rate of peak shift becomes 4 = 6/11
and the expected time becomes t = 27/6. Thus,
peak shifts are about one order of magnitude
slower and more rare than gene duplications. We
judge the process as biologically realistic in
this case unless 6 = v = uy, = k is smaller than
about 1077,

Case 2: Forward-mutation rates smaller than
null-mutation rates. In this case, we make ap-
proximations based on v < ug:

03 _ (ug + 0)(up + x)?
o = 42 , t = 3 .
uo(up + x) 36

(1)

In addition to the rate of duplication, the major
limitations on the rate of peak shift is either
the ratio (v/uo)?, or, if the gene-conversion rate
is larger than the null-mutation rate, the ratio
03 Juo®. If we assume «x smaller than u, and that
v is one order of magnitude below ug, the rate
becomes 4 = 10735, or one-thousandth of the
gene-duplication rate. If rate of gene duplication
are as high as 107> this falls into our range of
evolutionary realistic rates. However, even when
0 is very high, the expected time is 7 = u3/v3,
which demands rates of forward mutations on
the order of 10~ ° to give an expected time as low
as 10® generations. In conclusion, the process is
unrealistic if the forward-mutation rate is an
order of magnitude or more less than the null-
mutation rate. Note though that the process
speeds up an order of magnitude if it takes only
one mutational step, instead of two, to cross the
adaptive valley.

Case 3: Null-mutation rates small. If we as-
sume that u, is much smaller than x and 6 we get

1)3

*= uo(? + 3v(k + v)) + v’

P o(k? + 31)1()1365-1- v) + 03' )

Note that the probability of peak shift ap-
proaches unity as the null-mutation rate goes to
zero. However, this does not necessarily mean
that the process is biologically relevant as it still
may take a forbiddingly long time to arrive at the
new peak if gene conversion is too frequent. If the
duplication and conversion rates are smaller than
the rates of forward mutation, the expected time
approaches 1/0 and the process is limited by the
waiting time for a duplication to occur. Hence,
when v is equal to or larger than the other para-
meters, the process is biologically realistic.

Case 4: Gene-conversion rates large. 1f the rate
of gene conversion is too large relative to the
rates of forward mutation, the process may never
be able to reach the final step. If we assume that
k is much larger than u, and v (and that
uok? > v3), we get

3 2
v_z’ t_=(u0+3(3);c 3)
UoK v°0

Hence, a rate of gene conversion two orders of
magnitude above the rates of forward mutations
may produce unrealistic rates and times of peak
shifts. However, if the rate of gene conversion is
only one order of magnitude above the forward-
mutation rates, peak shifts may still be realistic.
Assume, for example, that v =uq=6=10"°
and x=10"° then we get o« =0.01 and
f = 2 x 10, which may be biologically realistic.

Case 5. Gene-conversionrates small. If the rate
of gene conversion is much smaller than the rate
of null mutation, the outcome depends strongly
on sN. If we assume that 4sNx is still much larger
than u,, it can be shown that the process depends
mainly on the ratio of forward to null-mutation
rates and behaves essentially as in cases 1 and 2.
If, on the other hand, 4sNk is much smaller than
Ug, we get

4sNkv3
o =
ug(ug + 3v(ug + 3v)) + ugv>’

e uo(uo + 0)ud + 3v(ug + v)) + uev® @
B 4sNxv36 '
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The process is now limited mainly by the rate of
gene conversion through 4sNk. If, for example,
v =1y, we get oo = sNx/2v, and, if in addition
0 > v, we get t = 5/(4sNk). Hence, with rates of
forward and null mutations equal, 4sNx need
only be of the order of about 10~ 8 to make the
process biologically realistic. This means that the
process is feasible in a large population even
when gene conversion is extremely rare. Essen-
tially, this is due to the fact that gene conversion
is needed only in the last step, and in a large
population there are many individuals in which
the crucial, and now selectively advantageous,
gene conversion may appear.

COMPARISON WITH ADVANTAGEOUS AND
NEUTRAL MUTATIONS

To provide a baseline for evaluating these
results, it is informative to compare with the
expected time for evolution to produce an ad-
aptation through individually advantageous
steps. The expected waiting time for the fixation
of a single mutation occurring at rate v with
selection coefficient s is (4sNv)~!. The successive
fixation of two such mutations is (2sNv)~ !, and
for three mutations, which is comparable in com-
plexity to crossing out two-mutation valley, it is
3(4sNv)~!. In a very large population the pro-
duction of such an adaptation is a rapid event,
but if sN =1 it takes about 7.5 million genera-
tions for v = 10~ 7. The expected time to success-
ively fix three neutral mutations by genetic drift
(ignoring back mutation and the time the muta-
tions spend segregating) is 3v~ ', or, if v = 1077,
30 million generations, regardless of population
size.

COMPARISONS WITH PEAK SHIFTS DUE TO
RANDOM GENETIC DRIFT

In this section, we consider the alternative
possibility of crossing the same adaptive valley
through fixation of deleterious mutations. In
Appendix C, we present and analyse a simple
model of this situation. As before we start the
process in state 1, the gene may then pass into
states 2 and 3 successively by fixation of deleteri-
ous mutations. From state 3 it can go to state
4 through the fixation of a single advantageous
mutation. However, we also include the possibility

that the population may revert from state 3 to
state 2, and from state 2 to state 1, through the
fixation of advantageous back mutations. We
assume these back mutations to occur with the
same rate as the forward mutations and with
a selective advantage equal to the selective disad-
vantage of the forward mutations.

Let v;; denote the rate of mutation from state
i to state j per locus per generation. We assume
all these rates are equal and denote them collec-
tively by v. The rate of fixation of a deleterious
forward mutations is then 2NvP,(s, N), where

eZs/(l—s) _ 1
Py(s, N) = Ry 5)

is the approximate probability of fixation of a
deleterious additive allele where s is the selection
coefficient against the heterozygote (Blrger &
Ewens, 1995). For simplicity, we assume that the
selection coefficients pertaining to the transition
from state 1 to state 2 is the same as those
pertaining to the transition from state 2 to state 3.
We denote this selection coefficient s, to distin-
guish it from the selection coefficient pertaining
to the transition from state 3 to state 4, which we
denote s.

Under these assumptions, the rate of peak shift
is approximately

4 2sNvPy(sy, N)?
T 254(s + 84) + SPu(sas N)

(6)

and the expected time to arrive at the new peak is

. 4s4(s + 54) + 2(sq + 25) Py(sq, N) + Py(sq, N)?
a7 4sNP,(sq, N)*v

(7)

and assuming that P;(s;, N) is much smaller than
sy and s, it becomes

£ = Sq(s + Sd)2 . ®)
SN Py(sy, N)“v

Note that the inverse of the rate becomes identi-

cal to the expected time as the deleterious fixation

probability becomes much smaller than the selec-

tion coefficients.
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In Table 2, we give some numerical examples
of the time and probability of peak shifts due to
drift. The table reveals that a two-step adaptive
valley cannot practically be crossed by genetic
drift if s;N is larger than 1. However, if s;N is less
than 1, genetic drift will usually be more likely
than gene conversion as a mechanism for peak
shifts.

In very large populations peak shifts may also
occur through the random occurrence and fix-
ation of double mutants (Gillespie, 1984; Phillips,
1996). In Appendix D, we consider this possibili-
ty. We derive the stochastic equilibrium distribu-
tion of double deleterious mutants in a large
population and use this to derive the rate of peak
shift due to the occurrence of the final advantage-
ous mutation in a segregating double mutant.
Under this model the expected rate of peak
shift is

.
Adm

_ 4sNv?

SatSaz ®)
where s;; and s;, are the selection coefficients
against the single and the double deleterious
states, respectively, and s is the selection coeffi-
cient in favor of the advantageous state when
it appears. The expected time to peak shift is
the inverse of A4,. Assume for illustration that
v=10"", s,y = 0.01,5;,, = 0.02and s = 0.1. Then
N must exceed 10'° before A, reaches 1078,
With v of the order of 10~°, the population size
must exceed 107. Clearly, this mechanism of peak
shift is an alternative only in extremely large
populations. Note though that 4,, increases with

TABLE 2
Probabilities and times to peak shifts under the
genetic-drift model

v N Sq s o t

107 100 0.01 0.03 0.0010 1.0 x 10°

10~ 300 0.01 0.03 28x1071° 3.6 x 1013
10°% 500 0.01 0.03 44x10717  23x10%?
10°° 100  0.05 0.15 9.6x10° '8 1.0x 10?3
1075 1000 0.001  0.20 0.0014 7.5 x 107

Note: The last two columns show the probability, ¢, of
a peak shift given that the first mutation occurs and the
expected time, f, it takes to arrive at the new peak for
a population where the first mutation has not yet occurred.
The parameters are explained in the main text.

a factor s, /v when the valley contains only one
deleterious step. In the above examples, this
would reduce the necessary population sizes with
4-5 orders of magnitude and make the mecha-
nism much more general.

INTERPRETATIONS AND EXTENSIONS OF THE
GENE-CONVERSION MODEL

So far we have been working under the as-
sumption that immediately following the gene
duplication, one of the duplicate copies is com-
pletely silent and therefore released from selective
constraints. However, this is not the only out-
come of a gene duplication event, and may not
even be the most frequent. Thus, we will briefly
consider some alternatives and then discuss the
implications to our proposed model.

One possibility is that both duplicates are
similarly expressed. The consequences of this de-
pend on how the genes are regulated. In some
cases, the total rate of production of a biolo-
gically relevant product of gene expression may
change, a situation that may lead to reduced
fitness and therefore preclude the fixation of the
duplication in the first place. In a few cases alter-
ed expression may lead to increased fitness and
the duplicate may fix in the population, but it will
not be suited to aid a peak shift as mutations on
either duplicate will presumably reduce fitness.
However, if the biologically relevant products
downstream of these genes are regulated to a spe-
cific level that is insensitive to the genes’ rate of
expression, the genes will be redundant with re-
spect to fitness. This situation is essentially cap-
tured by our model, as the duplicate may drift to
fixation and mutations accumulate on one (but
not both) of the gene copies without having del-
eterious effects. In this case, the only change to
the model would be to double the mutation rates
at the 11 state, as either of the duplicates could
start accumulating mutations. After this step, the
model would be the same and our qualitative
conclusions remain unchanged.

It is not known how commonly a duplication
may lead to complete silencing or redundancy of
a gene copy. It is possibly more common for
a duplicate to have some slight residual effects on
fitness resulting from a low, but not ignorable,
level of expression of the copy, slight alterations
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of the regulatory equilibrium in the case of re-
dundancy, or side effects related to competition
for metabolites or transcription factors. As long
as the population is not very large, the outcome
may still aid peak shifts, as slightly deleterious
mutations may occasionally drift to fixation
when s;N < 1. In fact, slight selection on the du-
plicate may aid the peak shift by reducing the rate
of accumulation of null-mutations much more
than it hinders the accumulation of forward
mutations. In essence, its effect is equivalent to
reducing v with one factor and reducing u, by
a larger factor. These factors will increase with
population size. If the rate of null mutation is
large such changes may speed up the rate of peak
shift considerably.

In general, selective advantages or disadvan-
tages of the gene duplication, gene conversion or
forward-mutation steps may be incorporated
into the model simply by reinterpreting the para-
meters in terms of the appropriate substitution
rates. For example, it may not be uncommon for
a gene duplication to confer a selective advant-
age, and Clark (1994) has shown that recurrent
duplication of a gene may reduce its mutation
load and propel the duplicates to high frequency.
Ohta (1989) has similarly shown that gene con-
version may reduce the mutation load of a gene
family and thus aid the invasion of a duplication.
Thus, it is possible that the rate at which duplica-
tions are incorporated into the population is
much higher than the mere haploid duplication
rate, 0.

Discussion

The purpose of this paper was to put forward
and investigate the hypothesis that gene conver-
sion may aid the adaptive evolution of proteins
by presenting groups of mutations to selection
simultaneously. If the mutations interact in their
effects on fitness this may facilitate adaptation. In
the extreme case, mutations that are individually
deleterious, but advantageous as a group, may be
fixed by selection if they can accumulate on a du-
plicated gene with relaxed selective constraints
and then be simultaneously presented for selec-
tion through a gene conversion. Our modeling
has identified a set of evolutionary parameter
values under which such a process may operate.

The most critical difficulty with this hypothesis
is that the rate of accumulation of potentially
beneficial mutations on the duplicate cannot be
very much smaller than the rates of null mutation
and of gene conversion. Indeed, if the forward-
mutation rate is one order of magnitude lower
than the null-mutation rate, the crossing of a
two-step adaptive valley already seems unlikely.
In assessing this result it is important to remem-
ber that the null-mutation rate only includes
mutations with large effects, including deletions
or insertions, that seriously impair functionality
or block gene conversion. Weakly deleterious
mutations may freely accumulate up to the point
where their cumulative effects outweigh the selec-
tive advantage of the new adaptive peak. In any
case, the hypothesis probably requires that for-
ward mutation rates are on the order of 107° or
more. This means that each forward step must
be achievable through many possible nucleotide
substitutions.

There seems to be a considerable range of
gene-conversion rates that may allow peak shifts.
As a rule of thumb, a two-step peak shift may
occur when the parameter 4sNx is larger than
about 10~ 8 and the rate of gene conversion itself
is not more than an order of magnitude in excess
of the forward mutation rate. Gene-conversion
rates have been studied in mammalian cell lines
that contain inserted sequences in which con-
version events produce observable phenotypes.
Estimated per cell-generation rates of gene con-
version in mice and rats range from 6.6 x 10”7 to
5x 1073 (Liskay & Stanchelek, 1983; Rubinitz
& Subrami, 1986; St Onge et al., 1993). Liskay
et al. (1987) found that the rate increased with the
length of the homologous sequences from
6.5x 1077 in 200 bp homologues to 2x 10~° in
1800 bp homologues. Studies like these have re-
sulted in the use of gene conversion rates in the
range of 10~ 7-10" " in theoretical studies (Walsh,
1987; Ohta, 1998). As per organism-generation
rates are presumably higher than per cell-genera-
tion rates, rates of gene conversion may some-
times be too large for the process to operate.
However, given the range of the estimates, it may
not be uncommon to find gene-conversion rates
in the appropriate interval.

The rate of gene duplication may also become
the rate-limiting step if it is too low. However,



504 T. F. HANSEN ET AL.

gene duplication seems to be a rather common
evolutionary event. In Drosophila melanogaster the
rosy locus has been estimated to duplicate at rates
of 1.6 x 1073 to 1.7 x 10~ * per generation (Gelbart
& Chovnik, 1979; Shapira & Finnerty, 1986), and
the maroon-like locus at a rate of 2.7 x 10~ ¢ per
generation (Shapira & Finnerty, 1986).

An important result is that the rate of peak
shift by gene conversion increases with popula-
tion size. This sets gene conversion apart from
most other suggested mechanisms that rely on
genetic drift during small population size to effect
the peak shift. We have shown that a two-step
adaptive valley is not likely to be crossed through
genetic drift unless s;N is less than one. With
a selective disadvantage of 1% this restricts the
population size to be less than a hundred indi-
viduals. Clearly, it takes special circumstances,
such as those postulated by the shifting-balance
theory, to maintain population sizes this low over
an evolutionary time-scale. Given that serious
doubts have been raised about the shifting-
balance theory (Coyne et al., 1997), the mecha-
nism suggested in this paper seems a viable
alternative for protein evolution. At the other
end of the spectrum, the random occurrence of
double mutants may be a more realistic mechan-
ism of peak shift in extremely large populations
(Phillips, 1996). But gene conversion or similar
mechanisms (see below) may be the only realistic
way of effecting a peak shift for a large range of
population sizes.

Other proposed mechanisms for peak shifts
rely on changing the adaptive landscape. For
example, Price et al. (1993) describe how a peak
shift may result from a correlated response to
selection and sexual selection may have a similar
effects (Lande & Kirkpatrick, 1988; Satre, 2000).
Wagner et al. (1994) discuss how certain epistatic
interactions may make a peak shift more feasible
and Whitlock (1995) discusses how an increase in
phenotypic variance during a bottleneck may
smoothen the adaptive landscape. None of these
mechanisms seem to have much relevance for the
adaptation of single proteins. The most relevant
discussion of peak shift from this perspective is
provided by Gordon (1994), who considers how
the increase in dimensionality of the adaptive
landscape resulting from a gene duplication may
allow a population to escape a local optimum.

In conclusion, we have shown that gene con-
version may play a role in the adaptive evolution
of proteins for a range of biologial parameter
values that may or may not be realistic. However,
better estimates of crucial parameters are needed
to reach confidence in the mechanism. To the
extent that peak shifts occur at all in protein
evolution, gene conversion seems a more likely
mechanism than any explicit alternative.

To illustrate our hypothesis, we now consider
the evolutionary transition from embryonic to
fetal expression of y-globin genes in simian prim-
ates (Chiu et al., 1999), as outlined in Fig. 3.
Although we present no direct evidence for an
adaptive peak shift, the example minimally
illustrates the feasibility of the various genetic
transitions postulated by our model.

The y-globin gene is a member of the f-type
globin family that, together with genes of the
a-type globin family, encode the protein chains
that form hemoglobin. In humans, the linkage
order of f-type globin genes (5-&-y1-y2-yrn-9-f3-
3') parallels the timing of expression of functional
loci, with the 5" most genes expressed earlier and
the 3’ most genes expressed later in ontogeny.
The expression of the f-type globin loci during
development is determined in large part by the
locus control region (LCR), an enhancer located
far upstream of the -globin cluster (Martin et al.,
1996). Phylogenetic reconstructions reveal that
the tandem duplication of y in a simian ancestor
was mediated by an insertion of two LINE ele-
ments, L1a and L1b into the f-globin gene clus-
ter, flanking the single y gene (L1la-y-L1b) and
a subsequent unequal crossing-over event be-
tween these elements producing L1a-y1-L1ba-y2-
L1b (Fitch et al., 1991). Chiu et al. (1997, 1999)
have proposed that immediately following the
y duplication in the simian ancestor, the newly
duplicated y2 gene may have been largely silent
both during embryonic life because it was located
far enough from ¢ and the LCR to become ac-
tivated, and during fetal life because its promoter
had cis-sequences that bind fetal repressor
proteins with high affinity. In addition to base
substitutions in its promoter which released
binding of fetal repressors, the y2 gene also accu-
mulated substitutions in the coding sequences
which increased the level of oxygen capture from
the mother’s blood, improving its function as
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FIG. 3. Evolution from embryonic to fetal expression of y-globin genes in simian primates. The initial duplication placed
one copy of the y-globin genes (y2) in a zone (between the lines) that, based on distance from the locus control region (LCR), is
not active during embryonic life. The silent y2-gene accumulated mutations that disrupted binding of fetal repressor proteins
(M) and changed amino acid residues in the coding sequence (hatching) that increased the protein’s affinity for oxygen. These
changes would likely have been deleterious if they happened individually in an embryonically expressed gene, but may confer
an advantage in a fetally expressed gene. Gene conversion events transferred the mutations that favor fetal expression of
y2-y1. This situation is most evident in extant catarrhine (Old World monkeys and hominoids) primates, where both 7y genes
are fetally expressed, with y1 expressed at a level three-fold that of y2. Chiu et al. (1999) have proposed that this catarrhine-
specific pattern of y expression resulted from a LINE element insertion between ¢ and y1 that shifted the position of the
y duplication region to a distance from the LCR that favors fetal expression of both y genes, particularly y1. Simplified from

Chiu et al. (1999).

a fetally expressed y gene (Bunn & Forget, 1986).
These changes in the y2 locus were then transfer-
red to the y1 gene by gene conversion (Chiu et al.,
1997). This situation is especially evident in ex-
tant catarrhines, which express both y1 and )2
(y1 > y2) in fetal life (Bunn & Forget, 1986). How-
ever in platyrrhines, y2 is preferentially expressed
and 71 is either non- or very weakly expressed
(Johnson et al., 1996; Chiu et al., 1996, 1999).
Although there is no direct evidence for relative
fitness values of the different stages, it can be
speculated that the evolution of fetal y genes was
associated with extended fetal gestational periods
in simian primates.

The crucial role of gene conversion in our model
is to transfer a group of jointly advantageous

mutations from a silent or non-functional gene
copy to a position where they can be expressed.
We note that there are a variety of other molecu-
lar mechanisms that may lead to the expression
of previously silent mutations. First, if the gene
copy on which the mutations are accumulating is
not completely silent there will be positive selec-
tion to upgrade its rate of expression (and down-
grade the other copy) as soon as the beneficial
group of mutations is in place, and this
may happen without any change in the location
of the gene. Indeed, a straightforward alternative
to the last gene-conversion step is a simple
regulatory mutation that brings the silent
gene to expression. Another alternative is un-
equal recombination between the two tandem
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duplicates (call them a and b) that would produce
a single hybrid gene locus (locus a-b) and a trip-
licated product (locus a, hybrid b-a locus, locus
b). After such an event it is possible that either the
hybrid locus or the hybrid part of the triplicated
product contain both the advantageous group of
mutations from the b-locus and the parts of the
a-locus necessary for proper expression. Interest-
ingly, an unequal-crossover event between the
tandemly duplicated y loci (5'-y1-y2-3") occurred
independently in two different New World mon-
key genera (Aotus and Saimiri), producing a
single hybrid 5-y1/y2-3" locus that is fetally
expressed (Chiu et al., 1996, 1997). Whether any
of these mechanisms are more likely than gene
conversion to achieve the final step is an open
question.

Inomata & Yamazaki (1996) discuss another
intriguing candidate case where concerted evolu-
tion may be linked to adaptation in the duplic-
ated Amy genes of the Drosophila melanogaster
species subgroup. The coding regions of these
genes show concerted evolution while regulatory
regions are diverging. There is good evidence for
positive selection being involved in both regula-
tory and protein evolution. The role of gene con-
version is not clear, but it may very well be aiding
the spread of an advantageous mutation from
one duplicate to another. Dover (1992, 1993) dis-
cusses cases where gene conversion and other
mechanisms of homogenization may be involved
in spreading alleles over repeated elements and
suggests that this may facilitate molecular co-
evolution with interacting genes.

Finally, we wish to point out that the mecha-
nisms presented in this paper can be viewed as
examples of a more general principle of evolvabil-
ity based on the periodic release of hidden genetic
variation. If the genetic system is able to hide
variation for extended amounts of time, allow it
to accumulate and then reexpress it en masse for
selection, this may enhance evolvability by allow-
ing qualitatively new variations to appear. Gene
conversion is but one mechanism that can
achieve this. A potentially more general mecha-
nism resides in the robustness of the genetic
architecture or the developmental system (Ger-
hart & Kirchner, 1997), where the effects of minor
mutations are absorbed by the system until a cer-
tain threshold is reached. This is supported by

the observation that mutations often have more
severe effects when expressed in a novel genetic
background (Moreno, 1994), and by the observa-
tion that genetic or environmental stress may act
to increase genetic variation (Hoffmann & Par-
sons, 1997). Robustness of the genetic system may
result from stabilizing selection favoring the ca-
nalization of the wild type onto a plateau where
disturbances have minimal effects (Wagner et al.,
1997). The hiding of genetic variation provided
by dominance may serve as a very simple
example where several mutations may potentially
accumulate on a rare recessive allele before they
are expressed for selection. Recently, Rutherford
& Lindquist (1998) have provided a startling
example of such a hide-and-release principle of
evolvability (see also Wagner et al., 1999). Gen-
etic or environmental stress mediated through
the heat-shock protein Hsp90 allow the simulta-
neous release of cryptic genetic variation in
a number of gene-transduction pathways. Intri-
guingly, they may have identified a molecular
mechanism for linking the release of genetic vari-
ation to environmental change.
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Appendix A
The Rate and Probability of Peak Shift

Consider an ensemble of genes or populations
that are presented with the problem of crossing
the two-step adaptive valley illustrated in Fig. 1.
The members of this ensemble can then be in any
of the states indicated in Fig. 2. Let x; be the
probability that any one member of the ensemble
is in state i, where i can be 1, 11, 12, 13, 14, or 44.
We can then represent the model by the following
set of differential equations:

d
% = U34X13 — (4SNK + K + UO)X14, (AS)
dx
d:4 = 4sNKx,,. (A.6)

The rationale for these equations is given in
the main text. Provided the x;’s sum to 1 in the
initial condition, their sum remains equal to 1.
Eventually, all the probability mass accumulates
in x44. We are interested in computing the equi-
librium rate, or flux, at which x; is converted to
x44. Call this rate A, and assume that it is con-
stant in time. To obtain this rate we add an
arbitrary rate of conversion, f3, from x4, to x4 [i.e.
add — fixss to eqn (A.6) and + fx44 to eqn
(A.1)]. In this way, the system has an equilibrium
solution with x; > 0. At equilibrium it must be
true that

j=pri

(A.7)
X1

and we proceed to compute x44/x;. Observe first

that eqns (A.3)-(A.5), and (A.6) with — fix4, ad-

ded can be used to form the ratios X44/Xi4,

X14/X13, X13/xl2 and xlz/xll. Multlp]ylng these

together yields x44/x11, and using them together

dx with eqn (A.2) computes x;;/x;. Multiplyin
s . . 11/X1. Mullplying
dt X1 o(Xin + X1+ X15 + X1a) X44/x11 and xqq/x; yields x44/x;. Using this in
(A.1) edqn (A7) yields
4SNK1)121723U345

A= ,
uo (g + 1 + 4sNK) (o + K)7 + (o + K) (012 + V23 + V34) + 012023 + 012034 + 023034) + 012023034 (U + 45N K)

dx
d;I = 0x1 — (V12 + Ug)X11
+ K(X12 + Xq3 + X14), (A.2)
dx
d;Z =01X11 — (V23 + K + Ug)X12, (A3)
dx
d;S = 0y3X12 — (V34 + K + Ug)x13, (A4)

(A.8)

which turns out to be independent of . Thus,
provided that there is a steady flux from state 1 to
state 44, this flux is given by eqn (A.S8).

This rate can be used to compute the probabil-
ity, o, of peak shift given that a duplication has
occurred, as it is true that « = /0. An indepen-
dent computation of o based on the Laplace
transform of the system is sketched in Appen-
dix B.

Observe that eqn (A.8) is invariant to the posi-
tion of the three v-parameters in the sense that it
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remains unchanged if any two of them are swap-
ped for each other. Thus, there is little loss of
generality in assuming that the v-parameters are
identical.

Appendix B
The Mean Time to Peak Shift

Let the random variable ¢ be the time of arrival
at the new peak (i.e. at stage 44) starting from the
pre-duplication state. The cumulative probability
distribution of t is x44(t). Let f(¢) be the probabil-
ity density of t, and

G(z) = J T om0 dt (B.1)

0

be the Laplace transform of this probability
density. Let F44(z) be the Laplace transform of
X44(t). Now, as x44(t) =5 f(r)dr, we have
the relationship G(z) = zF44(z). We proceed
to compute F,4(z) by solving the Laplace trans-
form of the linear system (A.1-A.6). If we
write the linear system in vector notation as
dx(t)/dt = Ax(t), with initial condition x(0) =
{x1(0), x11(0), x12(0), x13(0), x14(0), x44(0)} =
{1,0,0,0,0,0}, the vector of Laplace trans-
forms of x(t) is F(z) = — (4 — zI)~ *x(0), where
I is the identity matrix. This can be computed by
use of Mathematica and F44(z) is the last element
of F(z). Through differentiation of G(z) we can
now compute moments of the distribution of
arrival times. The mean time to arrive at the new
peak is

= — lim._, G'(2)

(uo + 0)(uo + (1 + 4sN)k)(uo + k)* + 3v(ug + Kk + v)) + v>(ug + 6 + 4sNk)

X44(0) = 0 as initial conditions. When eqn (A.1) is
deleted, the system “leaks” and the remaining
probability mass o = lim,_, ., x44(t) is the prob-
ability that any given duplicate ends up at the
new peak. It can be shown that lim,_, , x44(¢) =
lim,_, ¢ G(z), and computing the limit on the right-
hand side with Mathematica confirms our result
in Appendix A.

Appendix C
Peak Shifts by Genetic Drift

The genetic-drift model explained in the main
text is given by the set of differential equations

dx
d—tl = — a13X1 + dz1X2, (C.1)
dx
d—tz = a13X1 — (6121 + 023)XZ + aszzX3, (Cz)
dx
d—; = dy3Xy — (6134 + a32)X3, (C3)
dx
d_t4 = d34X3, (C4)

where X; is the probability of being in state i, and
a;; represent a rate of transfer from state i to state
j. By using the same technique as explained in
Appendix A, it can be shown that the rate of
transfer from state 1 to state 4 is

1= a12023034
vd —_ .
dr1d33 + Az1034 + d23034

(C.5)

4sNv3Kd

The method of Laplace transforms can also be
used as an independent check of the computation
of the fixation probability, «, given in Appen-
dix A. We now work with the system where a
duplication is assumed fixed in the population,
i.e. we delete eqn (A.1) from the system, and
have x;;(0) =1 and x1,(0) = x;3(0) = x14(0) =

. (B.2)

Now, with the assumptions in the main text
a12 = ay3 = 2NvPy(sy, N), where Py(sq, N) is the
probability of fixing an additive deleterious
mutation with selection coefficient s; against the
heterozygote as given in the main text. Further-
more, d,; = d3, = 4s;Nv and as, = 4sNv. Using
this in eqn (C.5) gives eqn (6).
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The expected time to cross the valley by gen-
etic drift is computed by the same means as in
Appendix B:

td=

a12(ar3 + azp +azys) + azi(azs +azs) +arzaag

B

A120d33034

(C.6)

which under the assumptions in the main text
leads to eqn (7).

Appendix D

Rate of Occurrence of Double Mutants in Large
Populations

In this appendix, we derive the stochastic
equilibrium distribution of double deleterious
mutants in mutation-selection balance. We as-
sume random mating, and that N is large and
constant. Let X;(¢) and X,(t) be random vari-
ables representing the number of single and
double deleterious alleles in the population at
time t. Then the cumulant generating function
(cgf)of X (t+ 1)is

Ci(z;t+ 1) =In(E[exp(zX(t + 1)])

ofinle (S )]

(D.1)

where y; is the number of offspring from the i-th
individual and A, is the number of new mutants.
Let Y,(z) be the c.g.f. of y; and assume that this is
independent of X, (t). We further assume that A,
is independent of X ;, and binomially distributed
with parameters v; for the mutation rate per
allele and 2N for the number of alleles that can
mutate (2N is an approximation to 2N — X ).
Then M,(z) = 2N In(1 —v{ + v,€*) is the c.gf.
of A;. From eqn (D.1) we can compute
Ci(z;t+1)=Cy(Y1(2); t) + M(z). Let C;(z) be
the c.g.f. of X at stochastic equilibrium. This is
then given implicitly as

Ci(2) = C1(Y1(2) + M (2). (D.2)

Differentiating C, (z) with respect to z and solving
for z =0 gives C;(0) = M (0)/(1—Y'(0)). As Y’'(0)
is the mean number of offspring from a deleteri-
ous allele, the selection coefficient against that
allele is s;; = 1 — Y'(0). Thus, we get E[X] =
C1(0) = 2Nvy/sa1 .-

Let C,(z) be the equilibrium c.g.f. of X,. This is
of the same form as C;(z) except that 2N is
replaced by the random variable X since the
new mutations must occur on alleles that already
carry the first mutation. Thus, M,(z) =
In(E[E[exp(z4,)|X1]] = In(E(exp(X{In(1 — v,
+ v,€%)) = C{(In(1 — v, + v,€7)), where v, is the
per locus mutation rate for the second mutation.
From this we get

C1(2) = C1(Y2(2)) + Ci(In(1 — vy + v2€7)). (D.3)

Differentiating C,(z) and C,(z) at z = 0 and solv-
ing, we get E[X,] = C5(0) = C1(0)v,/(1—Y3(0)).
Thus,

2NU11)2

Sd1542

E[X>] = (D.4)

where s;, = 1 — Y5(0) is the selection coefficient
against the double mutant.

For a peak shift to occur, the advantageous
mutation must appear on one of the double-
mutant alleles and then go to fixation. This hap-
pens at a rate 2sX ,v3, where v; is the probability
of occurrence per allele for this last mutation. In
eqn (9) we give the expectation of this rate. For
simplicity, we assume that all mutation rates are
equal, i.e. v = vy = v, = v3.

Appendix E
Simulations

Individual-based simulations were performed
in the following manner. The initial population
was completely homozygous for the “1” haplo-
type and the simulation ended when the “44” or
“40” haplotype became fixed in the population.
During each generation several mutation steps,
several gene conversion steps, a duplication step
and a combined selection/mating step were
performed. The mutation, conversion and dupli-
cation steps involved summing the number of
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chromosomes qualified for each event and multi-
plying this by a per chromosome probability of
occurrence. A uniform pseudorandom number
between 0 and 1 was then compared to the prod-
uct, if less the event occurred in a single, random-
ly chosen, individual. This was repeated for every
possible event. Each event could occur at most
once per generation. After the first series of steps
a combined selection/mating step occurred, two

individuals were chosen at random (with replace-
ment and weighted by relative fitnesses) and
mated to produce an offspring. This process con-
tinued until the appropriate number of progeny
was generated. Fixation of the ending genotype
was tested for and if found not to have occurred
the process was repeated. Upon completion, the
number of generations taken was recorded and
the entire simulation started anew.
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