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ABSTRACT
A two-locus model of reversible mutations with compensatory fitness interactions is presented; single
mutations are assumed to be deleterious but neutral in appropriate combinations. The expectation of
the time of compensatory nucleotide substitutions is calculated analytically for the case of tight linkage
between sites. It is shown that selection increases the substitution time dramatically when selection intensity
Ns ⬎ 1, where N is the diploid population size and s the selection coefficient. Computer simulations
demonstrate that recombination increases the substitution time, but the effect of recombination is small
when selection is weak. The amount of linkage disequilibrium generated in the process of compensatory
substitution is also investigated. It is shown that significant linkage disequilibrium is expected to be rare
in natural populations. The model is applied to the mRNA secondary structure of the bicoid 3⬘ untranslated
region of Drosophila. It is concluded that average selection intensity Ns against single deleterious mutations
is not likely to be much larger than 1.

M

ODELS of compensatory evolution involve mutations from two or more loci. These mutations
are assumed to be deleterious when they occur independently, but, in combination, they (at least partially) compensate each other for their deleterious effects. Kimura
(1985) proposed a two-locus, two-allele model, with alleles A and a at the first locus and B and b at the second
locus, as illustrated in Figure 1A. He assumed that the
two intermediate haplotypes, Ab and aB, are deleterious,
while the wild-type AB and the double mutant ab are
neutral. He further assumed that selection intensity
against the deleterious intermediates is so strong that
their frequencies in a population are very low. Accordingly, he considered only unidirectional mutations from
A to a and from B to b and ignored back mutations
(Figure 2A).
An important example of compensatory evolution is
found in RNA secondary structures. In single-stranded
RNAs, Watson-Crick (WC) pairing of complementary
nucleotide bases is the basic mechanism in the formation of stem-loop structures. It is believed that an individual mutation that breaks up a WC pairing is deleterious
and that a second “compensatory” mutation at the complementary site can reestablish pairing and restore fitness. The relatively simple pattern of intramolecular
WC base-pairing involved in RNA structures has made
them a suitable model for the study of compensatory
evolution (Stephan and Kirby 1993; Golding 1994;
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Schöniger and von Haeseler 1994; Kirby et al. 1995;
Muse 1995; Rzhetsky 1995; Tillier and Collins 1995;
Stephan 1996; Higgs 2000; Savill et al. 2001). Most
of these authors analyzed rRNA secondary structures.
Phylogenetic analysis has revealed a number of compensatory nucleotide changes between species. On the
other hand, however, mismatches, including not only
GU wobble pairs but also other noncanonical pairs, are
frequently observed, indicating that selection against
deleterious intermediates may not be very strong (Rousset et al. 1991; Parsch et al. 2000). This suggests that
Kimura’s compensatory evolution model, which assumes strong selection against deleterious intermediates, may not be generally applicable to the evolution
of RNA secondary structures.
In this article, a compensatory evolution model is described in which selection against deleterious single mutations is not necessarily strong but covers a broad range
of selection coefficients. Under weak selection, deleterious haplotypes may increase in frequency and even fix
in the population as illustrated in a simulation run
shown in Figure 2B. Since back mutations play an important role when the frequencies of deleterious haplotypes
become large, we use a two-locus, two-allele model in
which bidirectional mutations are considered (Figure
1B). This model is different from those used by Kimura
(1985), Iizuka and Takefu (1996), and Stephan (1996),
who assumed that selection against deleterious intermediates is so strong that the mutation process may be
considered unidirectional (see above). Our analysis is
also different from that of Higgs (1998), who assumed
bidirectional mutation but analyzed the model only in
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whether these findings are consistent with our model
of compensatory evolution.
THEORY

Figure 1.—Models of compensatory evolution. (A) Kimura’s (1985) model in which very strong selection is assumed
and only unidirectional mutations are considered. (B) The
model used in this article. Bidirectional mutations are considered. The fitnesses and frequencies are presented in parentheses.

the parameter range of strong selection (i.e., Ns Ⰷ 1,
where N is the diploid population size and s the selection
coefficient).
Our goal is to calculate the time to proceed from the
wild-type state AB to the fixation of the double mutant
ab in this bidirectional mutation model. It should be
noted, however, that neither AB nor ab is an absorbing
state. That means we do not calculate a “fixation” time
sensu stricto but do calculate the time to “flip” back and
forth between AB and ab. This is possible as the nucleotide mutation rate is much smaller than 1/N (see below). To describe the transition between AB and ab, it
is therefore reasonable to use the term “fixation” (or
“substitution”). We present analytical results for the rate
of this compensatory substitution event when there is no
recombination between the two loci and use computer
simulation to obtain this time under the influence of
recombination. The theoretical results are applied to
DNA sequence data of the bicoid 3⬘ untranslated region
(UTR) of Drosophila to estimate the selection intensity
against deleterious mutations.
Another purpose of this article is to evaluate the
amount of linkage disequilibrium generated by the compensatory evolution model. It is known that epistatic
selection may produce significant linkage disequilibrium in natural populations (Lewontin 1974). Schaeffer and Miller (1993) reported linkage disequilibria
in two clusters of DNA polymorphisms in introns of Adh
in Drosophila pseudoobscura. These disequilibria are likely
due to epistatic selection maintaining pre-mRNA secondary structures (Kirby et al. 1995). Here we examine

Consider a two-locus, two-allele model for a randomly
mating population with N diploids. There are alleles A
and a at the first locus and B and b at the second locus.
The (bidirectional) mutation rate between A and a is
given by 1 and that between B and b is given by 2
(Figure 1B). The mutation rates are assumed to be much
smaller than 1/(2N), as is the case for nucleotide substitution rates. The relative fitnesses of the haplotypes AB,
Ab, aB, and ab, are given by 1, 1 ⫺ s1, 1 ⫺ s2, and 1,
respectively. Effects of fitness are assumed additive
within locus and therefore the diploid model is equivalent to a haploid model. The haplotype frequencies are
denoted by x0, x1, x2, and x3, respectively.
In the following, we consider the process of compensatory substitution under the joint action of drift, selection, mutation, and recombination. We assume the process starts at x0 ⫽ 1 at t ⫽ 0. First, mutations in AB
produce Ab and aB types. Next, mutations in Ab and aB
may create ab, and some of them fix in the population.
Recombination between Ab and aB may also produce ab.
We are interested in the expected time of compensatory
substitution, defined as the time from t ⫽ 0 (when the
system is at state x0 ⫽ 1) to the time point when the
double mutant ab is fixed (x3 ⫽ 1). Because the mutation
process is bidirectional, the latter state is not an absorption state. The time we are calculating is therefore a
first passage time. Because of the assumption i Ⰶ 1/
(2N), double mutants ab either get lost by drift or go
to fixation; the proportion of ab haplotypes reverting
back to Ab or aB is very small. Recombination can only
retard the fixation process (Kimura 1985; Stephan
1996). The fixation time can be divided into two parts,
T1 and T2. T1 is the waiting time for the “successful”
double mutant ab (that will eventually get fixed) to
appear in the population, and T2 is the time from the
appearance of ab to the fixation event (see Figure 2).
Symmetrical model: Consider a symmetrical model
with s ⫽ s1 ⫽ s2 and  ⫽ 1 ⫽ 2. In the analytical
derivations, recombination is neglected. The four haplotypes are divided into two groups: one consists of AB
and ab, and the other is the group of the deleterious
intermediates Ab and aB. Let X be the frequency of the
group of deleterious intermediates (X ⫽ x1 ⫹ x2) and
Y the frequency of the other group (Y ⫽ x0 ⫹ x3). Denote
the distribution of X by ⌽(X). In phase 1 when the
system waits for a successful double mutant to appear,
it will reach a quasi-equilibrium after a short initial period. At this quasi-equilibrium, its distribution is given
approximately by
⌽(X) ⫽ C exp(⫺4NsX)X 2⫺1(1 ⫺ X)2⫺1,

(1)

where  ⫽ 4N and C is a constant determined such
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Figure 2.—(A) Illustration of the
process of compensatory substitution
when selection is very strong and the
intermediates Ab and aB are maintained in low frequencies. Solid circles present births of ab double mutants. (B) Illustration of the process
of compensatory substitution when
selection is weak. Ab and aB sometimes fix in the population.

that 兰01⌽(X)dX ⫽ 1 (Wright 1931, 1937). Equation 1,
however, is not valid very shortly after t ⫽ 0 because we
use the initial condition X ⫽ 0 (i.e., Y ⫽ 1).
Thus, we assume that when a new ab appears by a
mutation in Ab or aB, the distribution of X before the
mutation is given by (1). After the mutation, Y (⫽ 1 ⫺
X) changes to Y⬘ ⫽ Y ⫹ 1/(2N). Let p be the fixation
probability of the Y group. Since the mutation rate is
assumed to be very small, p can be approximated by
p⫽

1 ⫺ exp(⫺4NsY⬘)
1 ⫺ exp(⫺4Ns)

(2)

(Kimura 1962), and the probability, p⬘, that the new ab
mutant fixes becomes
p⬘ ⫽ p/(2NY⬘).

(3)

Therefore, since a new ab appears with probability 2NX
per generation, the expected number of ab that will fix
in the population is given by
1

␣ ⫽ 2N冮 p⬘X⌽(X)dX,
0

(4)

and the waiting time for the appearance of a successful
double mutant ab becomes
T1 ⫽ 1/␣.

(5a)

This result suggests that the waiting time for the appearance of a successful double mutant, T1, is approximately
exponentially distributed as
F(T1 ⫽ t) ≈ ␣e⫺␣t.

(5b)

In the case of neutrality, since p⬘ is 1/(2N), the time
becomes

T1neu ⫽

1
1

冮 X⌽(X)dX

⫽

2
⬘

(6)

0

because 兰01X⌽(X)dX ⫽ 1⁄2 in this symmetrical model. In
a one-locus neutral model, a substitution occurs every
1/ generations on average (Kimura 1983). Thus, T1neu
can be considered as the expected waiting time for two
independent neutral substitutions.
When selection is very strong, X is maintained in very
low frequency (approximately at the deterministic mutation-selection balance). The expected frequency is then
given by
1

冮0 X⌽(X)dX ≈ 2/s.

(7)

If 2/s Ⰶ 1, p⬘ is ⵑ1/(2N) because the average fitness
of the population is nearly one. Therefore, T1 becomes
T1 ⫽ s/(22).

(8)

Equation 8 agrees with Equation 8b in Stephan (1996),
which was obtained for the expected waiting time in
Kimura’s model of unidirectional mutation pressure by
a different method.
T2 is the time from the appearance of a successful
double mutant haplotype to the fixation event. In the
case of neutrality, the expectation of T2 is ⵑ4N (Kimura
and Ohta 1969) since we assumed i Ⰶ 1/(2N). When
selection is very strong, T2 may be close to 4N again.
That is expected because x1 and x2 are very small and
ab has almost no selective advantage in the population.
T2 for moderate selection intensities is expected to be
smaller than 4N because ab has a selective advantage
when x1 and x2 are not very small.
General model: Consider a general model where 1 ⬆
2 and/or s1 ⬆ s2. Recombination is again neglected in
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the analytical treatment. In this case, it is necessary to
investigate the frequency distributions of Ab and aB
separately. Let φ1(x) and φ2(x) be the frequency distributions of Ab and aB, respectively. To obtain these two
distributions, we reconsider the symmetrical model,
where the distribution of the sum of x1 and x2 is given
by (1). In a population with N diploids, the probability
that i haplotypes are Ab or aB is given by
P(i) ⫽

i/2N⫹1/4N

冮i/2N⫺1/4N ⌽(X)dX

(9a)

when 0 ⬍ i ⬍ 2N, and
P(0) ⫽

1/4N

冮0

1

冮1⫺1/4N⌽(X)dX.
(9b)

Let P1(i) and P2(i) be the probability distributions of
the numbers of Ab and aB, respectively. If we assume
that  is so small and Ns is so large that Ab and aB do
not coexist frequently, P1(i) and P2(i) are given approximately by
P1(i) ⫽ P2(i) ⫽ P(i)/2

(10a)

for i ⬎ 0 and by
11
冮 ⌽(X)dX.
2 1/4N

1 ⫺ exp(⫺4Ns2Y⬘)
.
2NY⬘[1 ⫺ exp(⫺4Ns2)]

(14b)

Therefore, the expected number of ab that will fix in
the population per generation is given by
1

1

0

0

␣ ⫽ 2N1冮 p⬘1 x1φ1(x1)dx1 ⫹ 2N2冮 p⬘2 x2φ2(x2)dx2,

(15)

φ1(x) ⫽ φ2(x) ⫽ ⌽(x)/2

(11)

for x ⬎ 1/(4N).
Next we consider φ1(x) and φ2(x) in the general
model, where 1 ⬆ 2 and/or s1 ⬆ s2. If we assume that
Ab and aB do not coexist frequently, the frequencies of
Ab and aB follow two independent distributions. From
the arguments in Equations 9–11, it is expected that
φ1(x) and φ2(x) are given for x ⬎ 1/(4N) by
φ1(x) ⫽ ⌽1(x)/2 and φ2(x) ⫽ ⌽2(x)/2, (12)
where
⌽1(x) ⫽ C1exp(⫺4Ns1x)x 22⫺1(1 ⫺ x)22⫺1 (13a)
and
⌽2(x) ⫽ C2exp(⫺4Ns2x)x 21⫺1(1 ⫺ x)21⫺1,
(13b)
where 1 ⫽ 4N1 and 2 ⫽ 4N2. C1 and C2 are constants
that are determined such that 兰01⌽1(x)dx ⫽ 1 and
兰01⌽2(x)dx ⫽ 1 respectively.
Denote by p⬘1 the fixation probability of a new ab
produced by a mutation in Ab given x1. Since we assume
that Ab and aB do not coexist in the population, Y is
given by 1 ⫺ x1 before the mutation and Y⬘ ⫽ Y ⫹ 1/
(2N) after the mutation. Then, p⬘1 is given by
1 ⫺ exp(⫺4Ns1Y⬘)
.
2NY⬘[1 ⫺ exp(⫺4Ns1)]

T1 ⫽ 1/␣.

(16)

When selection is very strong, T1 becomes
T1 ⫽ s1s2/[(s1 ⫹ s2)12],

(17)

which agrees with Equation 8b in Stephan (1996). No
simple formula for the case of neutrality can be obtained
in this way because we assume that Nsi is so large that
Ab and aB do not coexist frequently.
T2 for the general model is the same as for the symmetrical model. That is, T2 ≈ 4N when selection is very strong
and T2 ⬍ 4N when selection intensity is moderate.

(10b)

These results indicate that φ1(x) and φ2(x) may be given
approximately by

p⬘1 ⫽

p⬘2 ⫽

and T1 is given by

⌽(X)dX and P(2N) ⫽

P1(0) ⫽ P2(0) ⫽ P(0) ⫹

In the same way, the fixation probability of a new ab
produced by a mutation in aB given Y⬘ ⫽ 1 ⫺ x2 ⫹ 1/
(2N) becomes

(14a)

COMPUTER SIMULATIONS

Computer simulations were carried out for the following reasons. The first one is to check the theoretical
results for T1 shown above, because we use the following
assumptions in the derivation. We use approximate formulas for the distribution of the haplotype frequencies
ignoring the initial condition (X ⫽ 0 at t ⫽ 0). In the
general asymmetric model, we assume that two haplotypes, Ab and aB, do not coexist. The second reason is
to examine the effect of recombination on T1 under a
broad range of selection coefficients. In contrast to the
strong selection case (Kimura 1985; Stephan 1996),
we were unable to find analytical expressions for T1
with recombination when selection is weak. T2 is also
investigated by simulations with and without recombination. Another purpose of the simulations is to evaluate
the amount of linkage disequilibrium generated in the
process of compensatory substitution.
Monte Carlo simulations with mutation, selection, recombination, and random genetic drift were conducted
in a constant size population of N diploids as follows.
Each replication of the simulations starts from the initial
condition (x0, x1, x2, x3) ⫽ (1, 0, 0, 0). In every generation,
the frequencies are determined by the pseudosampling
method (Kimura and Takahata 1983). The recombination rate between the two loci is assumed to be r per
generation. Every 4N generations, the frequencies (x0,
x1, x2, x3) are scored to investigate their frequency distributions. The amount of linkage disequilibrium (D ⫽
x0x3 ⫺ x1x2) is also calculated. Each replication ends
when (x0, x1, x2, x3) ⫽ (0, 0, 0, 1) is reached for the first
time, and T1 and T2 are recorded. When 0 ⱕ t⬘ ⱕ T2
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(with t⬘ ⫽ t ⫺ T1), (x0, x1, x2, x3) is recorded every N/
10 generation to calculate D.
Computer simulations with no recombination were
conducted assuming N ⫽ 100, s ⫽ s1 ⫽ s2, and  ⫽ 1 ⫽
2, and the results for T1 and T2 are summarized in
Table 1. The theoretical results for T1 in the symmetrical
model were compared with the simulation results with
no recombination (Figure 3). In Figure 3A, the theoretical expectation calculated by (5a) is shown with the
simulation results of  ⫽ 0.01. Ns was changed from 0
to 5. The theory is in very good agreement with the
results of the simulations. Figure 3B shows the results
of theory and simulations for a relatively high mutation
rate ( ⫽ 0.1) although our model assumes very low
mutation rates. It is shown that Equation 5a gives a quite
good approximation even for  ⫽ 0.1, unless Ns ⫽ 0.
The underestimation for Ns ⫽ 0 may occur because
frequent recurrent mutations reduced the fixation
probability of ab. The degree of reduction is expected
to be relatively small when T1 is large. For all parameter
sets examined, the standard deviation of T1 is similar to
the mean (Table 1), supporting the exponential distribution of T1 as suggested by (5b). Similar results were
obtained from computer simulations with N ⫽ 1000
(data not shown).
The effect of recombination on T1 was also investigated by computer simulations with  ⫽ 0.01 and 0.1
(Table 1). The effect of recombination is very small
when selection is weak. The effect, however, can be seen
for selection intensity Ns ⬎ 1. In Figure 4, a clear positive
correlation is observed between 4Nr and T1 when Ns ⫽ 2
and 5. These results are consistent with those of Kimura
(1985) and Stephan (1996). Similar relationships between 4Nr and T1 were observed in other two-locus models with epistatic interactions (Michalakis and Slatkin
1996; Christiansen et al. 1998).
The results for T2 are also shown in Table 1. T2 is
much smaller than T1 in all the parameter sets investigated. First, we consider T2 with no recombination. In
the case of neutrality, T2 obtained from simulations for
 ⫽ 0.01 is close to 400 as expected from the theory,
although T2 for  ⫽ 0.1 is a little ⬎4N. When selection
is very strong (Ns ⱖ 5), T2 is close to 4N again. T2 for
moderate selection intensity is ⬍4N.
T2 may be negatively correlated with recombination
rate (Table 1). The degree of reduction in T2 is larger
when selection is stronger. T2 for 4Nr ⫽ 0 is similar to
that for 4Nr ⫽ 10 when Ns ⱕ 1, while T2 for 4Nr ⫽ 10
is much smaller than that for no recombination when
Ns ⱖ 2. The result for the T2 phase may be understood
as follows. Since recombination usually occurs between
AB and ab in T2, it reduces the fixation probability of
ab and increases T1. As the fixation probability is reduced, only ab, which increases its frequency quickly,
can successfully fix in the population.
Theoretical results for T1 in the general model were
compared with the results of computer simulations, and
the results for 1 ⫽ 0.02 and 2 ⫽ 0.01 are shown in
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Figure 5 with the theoretical expectations calculated
from (16). It is shown that the theoretical expectations
are in good agreement with the results of simulations
when Ns1 ⱖ 0.5 and Ns2 ⱖ 0.5. If one of the selection
intensities is very small, Equation 16 overestimates T1
because the assumption used to derive (16) does not
hold. In the derivation, we obtained approximate formulas for φ1(x) and φ2(x) under the assumption that Ab
and aB do not coexist at the same time. If one of the
selection intensities, say Ns1, is very small, φ1(x) given
by (12) does not agree with the frequency distribution
of Ab obtained by simulations. Similar results were obtained for other values of 1 and 2. Good agreement
between the theory and simulations was observed when
neither Ns1 nor Ns2 is small (data not shown).
Table 2 shows the amount of linkage disequilibrium
(D ⫽ x0x3 ⫺ x1x2) in the process of compensatory substitution obtained by simulations under the symmetrical
model with no recombination. D was calculated every
4N generations as long as 0 ⬍ t ⬍ T1. For this interval
of 4N generations, we found almost no correlation between sampling. Mean and variance were calculated for
all runs. For  ⫽ 0.01 the level of linkage disequilibrium
is extremely low. Even for  ⫽ 0.1 D is very small although much larger than that for  ⫽ 0.01. This indicates that almost no linkage disequilibrium is expected
during the waiting time for the appearance of a successful double mutant haplotype. Simulations with recombination showed that recombination reduces the level of
linkage disequilibrium (data not shown).
On the other hand, strong positive linkage disequilibrium is generated after a successful double mutant has
appeared and is on its way to fixation (0 ⬍ t⬘ ⬍ T2). The
average of linkage disequilibrium for t⬘ ⱖ 0 is plotted in
Figure 6. Selection increases the level of linkage disequilibrium significantly (Figure 6, A and B). Each distribution of D has a peak near t⬘ ⫽ 100. As Ns increases, the
peak is getting larger and seems to saturate at D ≈ 0.2.
Note that the theoretical maximum value of D is 0.25,
which is reached when x0 ⫽ x3 ⫽ 0.5 and x1 ⫽ x2 ⫽ 0.
When selection is weak, the level of linkage disequilibrium is higher for  ⫽ 0.1 than for  ⫽ 0.01.
Figure 6C shows the effect of recombination on the
level of linkage disequilibrium when  ⫽ 0.01 and Ns ⫽
2. As the recombination rate increases, the level of linkage disequilibrium is getting weaker. Similar results
were obtained for other mutation rates and selection
intensities (data not shown).
DISCUSSION

Theory: We analyzed a model of reversible mutations
with compensatory fitness interactions; i.e., single mutations are assumed to be deleterious but harmless (neutral) in appropriate combinations. In proceeding under
mutation pressure, epistatic selection, and genetic drift
from one fitness peak to another, a population must
pass through a valley of lower individual fitness. This
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TABLE 1
Results of computer simulations for T1 and T2
T1

0.01
0.01
0.01
0.01
0.01
0.01
0.01
0.01
0.01
0.01
0.01
0.01
0.01
0.01
0.01
0.01
0.01a
0.01a
0.01a
0.01a
0.01b
0.01b
0.01b
0.01b
0.1
0.1
0.1
0.1
0.1
0.1
0.1
0.1
0.1
0.1
0.1
0.1
0.1
0.1
0.1
0.1
0.1
0.1
0.1
0.1
0.1
0.1
0.1
0.1

T2

Ns

4Nr

Average

SD

Average

SD

0
0
0
0
0.1
0.1
0.1
0.1
0.5
0.5
0.5
0.5
1
1
1
1
2
2
2
2
5
5
5
5
0
0
0
0
0.5
0.5
0.5
0.5
1
1
1
1
2
2
2
2
5
5
5
5
10
10
10
10

0
0.1
1
10
0
0.1
1
10
0
0.1
1
10
0
0.1
1
10
0
0.1
1
10
0
0.1
1
10
0
0.1
1
10
0
0.1
1
10
0
0.1
1
10
0
0.1
1
10
0
0.1
1
10
0
0.1
1
10

81426.85
80537.43
78167.93
81957.87
80883.28
81386.29
84578.92
82925.50
140676.78
137427.44
145571.54
137442.80
493283.25
482967.47
500449.93
501808.16
6405239.28
6625633.54
6815009.08
7910228.05
39703724.89
37156482.42
38959494.54
143457987.78
9580.31
9578.16
9342.23
9245.41
12300.10
12154.04
12322.47
12854.10
27265.74
27158.13
27157.18
29813.13
109963.11
106409.55
111068.48
173029.66
367142.52
404861.45
440442.75
1254455.44
842863.83
889375.90
1025621.37
3752636.84

71271.30
65183.00
67177.99
68238.48
69894.66
72934.91
76346.41
71282.31
133823.65
127141.43
133570.20
125953.56
480379.41
460795.95
500982.35
496928.55
6181700.70
6517420.66
7214899.60
7804179.12
35816596.55
33499185.63
35755352.26
133644325.59
8416.24
8839.07
8083.69
7741.13
11647.45
11510.89
11576.16
12573.64
26622.66
27295.67
26443.99
28505.98
107380.55
110384.68
105695.78
180312.76
383788.82
406154.41
427200.82
1229729.63
873207.49
933199.65
986362.60
3743833.43

409.15
398.57
398.07
388.13
399.72
402.71
395.08
412.50
374.22
375.56
358.46
388.20
332.75
330.53
332.07
326.84
315.72
307.46
308.92
277.95
407.11
357.58
380.00
263.44
428.49
419.04
425.07
436.99
411.70
406.76
418.43
419.30
387.76
386.77
381.92
373.17
362.89
374.45
357.52
313.34
393.48
389.55
374.25
270.56
399.17
384.10
363.63
250.16

219.93
213.15
214.43
210.59
225.44
216.01
200.90
227.51
199.43
200.14
202.11
208.63
169.16
162.58
167.98
154.32
164.69
165.18
164.90
122.08
227.50
172.43
194.22
94.02
232.73
240.69
234.17
251.59
226.53
226.92
241.57
214.68
215.25
210.34
201.11
180.51
192.97
200.37
189.19
131.74
214.23
210.28
192.38
102.06
222.50
195.38
182.71
99.06

The averages and standard deviations of T1 and T2 from computer simulations with 1000 replications are
shown.
a
The number of replications is 500.
b
The number of replications is 200.
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Figure 4.—Effect of recombination on T1 under the symmetrical model with  ⫽ 0.01. The results of computer simulations are from Table 1.

haplotype (ab) that will fix in the population, and T2 is
the time from the appearance of a successful double
mutant to the fixation event. The results of theory and
computer simulations show that T1 Ⰷ T2 (Table 1) as
suggested by Stephan (1996).
The expectation of T1 is obtained analytically for the
case without recombination. It is shown that selection

Figure 3.—Relationship between T1 and Ns under the symmetrical model without recombination. The theoretical expectation is obtained from (5a) and represented by a solid curve.
The simulation results are based on Table 1 and presented by
open circles. (A) Results for  ⫽ 0.01. (B) Results for  ⫽ 0.1.

process of compensatory evolution is investigated by
analytical approximation and computer simulation.
Our model is more general than Kimura’s (1985),
which assumed that mutation pressure is unidirectional
and that deleterious intermediates are very strongly selected against. In contrast, our model covers a broad
range of selection coefficients, including very small
ones, and agrees with analyses of Kimura’s model when
selection is strong (Kimura 1985; Stephan 1996).
As in these latter analyses, we focus on the expected
time for the compensatory substitution process to go
from one fitness peak to another. In addition, we study
the structure of variation (linkage disequilibrium)
within a population during this transition. The process
of compensatory substitution is analyzed by dividing it
into two phases defined by the time periods T1 and T2.
T1 is the waiting time for a successful double mutant

Figure 5.—Relationship between T1 and selection intensities Ns1 and Ns2 under the general model without recombination. The theoretical expectations are obtained from (16) and
represented by solid curves. 1 ⫽ 0.02 and 2 ⫽ 0.01 are
assumed. Solid circles, solid squares, open circles, and open
squares represent the results of simulations for Ns1 ⫽ 0, 0.5,
1, and 2, respectively.
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TABLE 2

Results of computer simulations for linkage disequilibrium

0.01
0.01
0.01
0.01
0.01
0.01
0.1
0.1
0.1
0.1
0.1
0.1

Ns
0
0.1
0.5
1
2
5
0
0.5
1
2
5
10

Average (⫻10⫺6)
⫺12.10
⫺0.17
27.93
19.30
13.03
5.34
97.71
1325.20
1652.73
1164.52
475.63
221.47

Variance (⫻10⫺6)
13.73
12.37
9.86
4.56
2.60
0.96
713.98
591.55
419.46
218.09
82.89
37.91

dramatically increases T1 (Figure 3). Although the theory is based on the assumption of very low mutation
rates, it is shown that it is also applicable to very high
nucleotide mutation rates relative to 1/N (e.g.,  ⫽ 0.1)
unless Ns is very small. Thus, our analysis is useful for
natural populations for which  is generally Ⰶ0.1
(Kimura 1983; Nei 1987; Gillespie 1991). Our computer simulations demonstrate that there is almost no
effect of recombination on T1 when selection is relatively
weak (Ns ⱕ 1), while T1 increases significantly with increasing recombination rates when selection is strong
(Figure 4).
Parameter estimation: An important parameter of the
compensatory evolution model is the intensity of selection Ns against deleterious intermediates. In the following, we attempt to estimate this parameter for mRNA
secondary structures. Our theoretical results predict
that T1 is much larger than T1neu unless Ns is very small
(Figure 3), suggesting that nucleotide substitutions occur very slowly in pairing regions of mRNA secondary
structures. It is known that such regions are highly conserved between species in contrast to other (unpaired)
regions (Muse 1995; Parsch et al. 2000). Thus, it may
be possible to estimate Ns in pairing regions from DNA
sequence comparisons.
We compare the rates of substitutions between species
in pairing regions with those in regions that are considered selectively neutral. As an example, we analyze the
bicoid 3⬘ UTR of Drosophila. It has been shown that
bicoid mRNA has a complex secondary structure in the
3⬘ UTR (Macdonald 1990; Seeger and Kaufman 1990;
Ferrandon et al. 1997; Macdonald and Kerr 1998).
Based on the alignment of DNA sequences from nine
Drosophila species, Parsch et al. (2000) identified eight
highly conserved pairing regions, of which seven have
been supported by mutational analysis (Ferrandon et
al. 1997; Macdonald and Kerr 1998). We consider
these eight stems as pairing regions and the remainder
of the 3⬘ UTR as unpaired. It is also assumed that there

Figure 6.—Linkage disequilibrium in phase T2. (A) Results
of computer simulations without recombination for  ⫽ 0.01.
The effect of selection intensity is investigated. (B) Results of
computer simulations without recombination for  ⫽ 0.1. (C)
Results of computer simulations for  ⫽ 0.01 and Ns ⫽ 2. The
effect of recombination is investigated.
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TABLE 3
Summary of nucleotide differences in
the bicoid 3ⴕ UTR of Drosophila
Species compared
Total
No. of nucleotides compared
No. of nucleotide differences
No. of substitutions per siteb
Pairing regions
No. of pairs of complementary
sites
No. of different pairs (WC/WC)c
No. of different pairs (WC/WC)d
No. of different pairs (WC/NO)f
No. of nucleotide differences
No. of substitutions per siteb
Unpaired regions
No. of sites compared
No. of differences
No. of substitutions per siteb

mel/sima

mel/pse a

875
34
0.0399

743
248
0.4416

71
0
3
0
3
0.0214

71
7
5(1)e
5(1)g
26
0.2099

733
31
0.0435

601
222
0.5087

The aligned sequence data are from Parsch et al. (2000).
a
mel, D. melanogaster ; sim, D. simulans ; pse, D. pseudoobscura.
b
The expected number of substitutions was calculated by
Jukes and Cantor’s (1969) method.
c
The number of pairs of complementary nucleotide sites
where both species have different Watson-Crick (WC) pairs.
The minimum number of nucleotide changes is two.
d
The number of pairs of complementary nucleotide sites
where one species has a WC pair and the other has a GU
wobble (WO) pair. The minimum number of nucleotide differences is usually one, but see below for an exception.
e
Out of five WC/WO differences, one requires at least two
nucleotide changes between the two species, where D. melanogaster has a GU pair and D. pseudoobscura has a UA WatsonCrick pair.
f
The number of pairs of complementary nucleotide sites
where one species has a WC pair and the other does not have
a WC pair or a GU wobble pair (NO pair). The minimum
number of nucleotide differences is usually one, but see below
for an exception.
g
Out of five WC/NO differences, one requires at least two
nucleotide changes between the two species, where D. melanogaster has an AC pair and D. pseudoobscura has a UA WatsonCrick pair.

is no selection in the unpaired regions. The total length
of the paired segments is 142 nucleotides, corresponding to 71 bp.
We first compare the nucleotide sequences between
D. melanogaster and D. simulans, using the alignment
suggested by Parsch et al. (2000). In 142 nucleotides
of the pairing regions, 3 nucleotide differences are observed and the number of substitutions per site (dp) is
estimated to be 0.0214 by the Jukes and Cantor (1969)
method (Table 3). In the remaining regions of the 3⬘
UTR, 31 nucleotide differences are observed and the
number of substitutions per site (dn) is estimated to be
0.0435. This suggests that the rate of nucleotide substitutions is reduced by roughly a factor of 2 in the pairing
regions in comparison with the remainder of the 3⬘

Figure 7.—Relationship between T1/T1neu and Ns for various
values of .

UTR. For the pair of D. melanogaster and D. pseudoobscura,
dp and dn are estimated to be 0.2099 and 0.5087, respectively. The ratio of dn to dp is ⵑ2.4, similar to that of the
comparison between D. melanogaster and D. simulans.
Since it is assumed that the unpaired regions are
selectively neutral, the ratio of dn to dp is comparable to
T1/T1neu. In Figure 7, T1/T1neu is plotted as a function of
Ns for the symmetrical model without recombination.
T1/T1neu is calculated by (5a) and (6). The results show
that T1/T1neu increases rapidly with increasing Ns, as soon
as Ns ⬎ 1. This is particularly the case for  ⱕ 0.01. T1/
T1neu depends weakly on  when  ⱕ 0.01.
In the bicoid 3⬘ UTR of Drosophila (Table 3), the ratio
of dn to dp is ⵑ2.0–2.4. The estimate of  in the unpaired
regions for a D. melanogaster population from Zimbabwe
is ⵑ0.003 (J. F. Baines, Y. Chen and W. Stephan, unpublished results). Figure 7 suggests therefore that the
observed ratio of dn to dp can be explained if Ns is
ⵑ0.6–0.7. If we consider only the number of complete
compensatory substitutions (WC/WC in Table 3) for
the comparison between D. melanogaster and D. pseudoobscura, the ratio of dn to dp becomes ⵑ5 and the estimate
of Ns ≈ 1.
There are, however, some caveats.
1. Ns could be larger than this estimate because dn is
underestimated if selection is acting in the regions
that we consider as unpaired. There may be some
evidence for weak selection in these regions. First,
Macdonald (1990) suggested the possibility of longrange pairings encompassing almost the entire 3⬘
UTR. However, his suggestion was not supported by
a strict phylogenetic analysis (Parsch et al. 2000).
Second, average silent divergence in the unpaired
segments of the 3⬘ UTR between D. melanogaster and
D. simulans is ⵑ0.0435, which is about a factor of 2.5
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lower than in the rest of the bicoid gene upstream of
the 3⬘ UTR (J. F. Baines, Y. Chen and W. Stephan,
unpublished results). On the other hand, even if
weak selection is acting in the unpaired regions, the
estimate of Ns for the pairing regions does not increase much, as the average time of compensatory
substitutions becomes extremely large for Ns ⬎ 1
when mutation pressure is relatively weak (i.e.,  ⱕ
0.01; Figure 7). Thus, it may be concluded that the
selection intensity in the pairing regions of the bicoid
3⬘ UTR is on average not much ⬎1. This estimate is
similar to the estimate of average selection intensity
for codon usage in Drosophila (Akashi 1995).
2. To estimate the selection intensity, we used the average dp of eight pairing regions. In other words, Ns is
the average selection intensity of these eight pairing
regions. Parsch et al. (2000) found heterogeneity
for dp among pairing regions, caused by variation in
both stem length and the physical distance between
base-pairing residues. One reason is that long stems
are under less selective constraints than short ones
(see Figure 3A of Parsch et al. 2000). Another factor
is that short-range pairings (hairpins) experience a
higher rate of evolution than long-range pairings
because of the retarding effects of recombination
when selection is sufficiently strong (Figure 4A of
Parsch et al. 2000). As a consequence, the estimates
of Ns appear to vary substantially among pairing regions.
3. Parsch et al. (2000) were able to distinguish the
effect of stem length from that of physical distance
when only pairing regions with covariations were considered. According to their Figure 4A, they found an
approximately fivefold drop in the rate of compensatory evolution over a physical distance of nearly 200
bp between base-pairing residues. We have to ask
whether such a large decrease of the rate of compensatory evolution is consistent with an estimate of Ns ≈
1. Assuming that a physical distance of 200 bp of the
bicoid 3⬘ UTR corresponds to a value of 4Nr in the
order of 10 (i.e., using the standard estimates of effective population size and recombination rate for D.
melanogaster that are in the order of 106 and 10⫺8,
respectively), this distance effect can be explained
by our model only if Ns is ⵑ5 (see Table 1). Thus,
it appears that this value is not compatible with our
estimate of Ns ≈ 1 obtained without taking recombination into account. However, one has to keep in
mind that for technical reasons the analysis of
Parsch et al. (2000) is based on pairing regions with
covariations only. A much weaker distance effect
would presumably result if all pairing regions were
considered, including those with no covariations
(Parsch et al. 2000). A much larger data set and
more sophisticated methods are needed to take the
distance effect into account.

Linkage disequilibrium: Strong linkage disequilibrium
is sometimes considered as evidence for epistatic selection (Lewontin 1974). We investigated the amount of
linkage disequilibrium in the process of compensatory
substitution. It is demonstrated that the level of linkage
disequilibrium is very low during time period T1. Strong
positive linkage disequilibrium, however, is observed
in phase T2 if selection is strong. This suggests that
significant linkage disequilibria due to compensatory
interactions should be rarely observed in natural populations because T2 is much smaller than T1 if selection
is strong. On the other hand, if selection is weak, linkage
disequilibrium is not very large even in phase T2.
Schaeffer and Miller (1993) detected two clusters
of polymorphisms in the Adh introns of D. pseudoobscura
that exhibit significant linkage disequilibrium. In both
cases, the disequilibria are due to two highly diverged
haplotypes, ha1 and ha2, that have been shown to form
different pre-mRNA secondary structures (Kirby et al.
1995). It was also revealed that this structural polymorphism has predated the species split of D. pseudoobscura,
D. persimilis, and D. miranda because ha1 and ha2 are
similar to D. persimilis and D. miranda haplotypes, respectively (Kirby et al. 1995). This observation is not consistent with our results, which show that a compensatory
substitution requires a long waiting time for a successful
double mutant to occur and that the fixation event of
ab follows relatively quickly. In other words, our model
does not predict that the secondary-structure-forming
haplotypes of Adh are maintained for such a long time,
as observed in these species. This suggests that our
model of compensatory evolution is either too simple,
as it allows only two sites to undergo base changes, or
that some additional form of selection (for instance,
balancing selection) may be maintaining the haplotypes
ha1 and ha2. While there is no evidence for the latter
suggestion, the fact that in both examples the haplotypes were subject to significant rearrangement during
evolutionary time (due to insertions and deletions of
bases) may indicate that the underlying compensatory
process is much more complicated than our two-locus
model assumes. Therefore, to model such complex compensatory changes, models need to be developed that
include compensatory insertions and deletions in addition to base substitutions.
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