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ABSTRACT
Synthetic lethals are variants at different loci that have little or no effect on viability singly but cause

lethality in combination. The importance of synthetic lethals and, more generally, of synthetic deleterious
loci (SDL) has been controversial. Here, we derive the expected frequencies for SDL under a mutation-
selection balance for the complete haploid model and selected cases of the diploid model. We have also
obtained simple approximations that demonstrate good fit to exact solutions based on numerical iterations.
In the haploid case, equilibrium frequencies of carrier haplotypes (individuals with only a single mutation)
are comparable to analogous single-locus results, after allowing for the effects of linkage. Frequencies in
the diploid case, however, are much higher and more comparable to the square root of the single-locus
results. In particular, when selection operates only on the double-mutant homozygote and linkage is not
too tight, the expected frequency of the carriers is approximately the quartic root of the ratio between
the mutation rate and the selection coefficient of the synthetics. For a reasonably wide set of models, the
frequencies of carriers can be on the order of a few percent. The equilibrium frequencies of these
deleterious alleles can be relatively high because, with SDL, both dominance and epistasis act to shield
carriers from exposure to selection. We also discuss the possible role of SDL in maintaining genetic
variation and in hybrid breakdown.

DELETERIOUS mutations play a fundamental role decades ago (reviewed in Thompson 1986b). In particu-
lar, Dobzhansky and many collaborators during thein understanding the evolution of sex (Kondra-

mid-1950’s conducted a large scale search for syntheticsshov 1988, 1993), aging (Charlesworth 1993; Par-

in five species of Drosophila (see, for instance, Spasskytridge and Barton 1993), inbreeding depression
et al. 1958; Lewontin et al. 1981). Since then, the study(Charlesworth and Charlesworth 1987), and the
of synthetic lethals has waned substantially, in part be-level of phenotypic (Kondrashov and Turelli 1992)
cause of concerns about the interpretation of the resultsand molecular (Charlesworth et al. 1993; Charles-

(Thompson 1986b) and in part because the study ofworth 1996) variation present in natural populations.
synthetics is fairly difficult. Here, we present a popula-Two factors with strong influence on the frequency of
tion genetic model of the equilibrium frequency of syn-deleterious mutations within a population are the
thetic mutations that shows that deleterious mutationsstrength of selection against the mutation and how re-
of this type may be more important than has been pre-cessive the mutant allele is relative to the wild-type allele
viously thought.in heterozygotes (Crow and Kimura 1970). The more

The synthetic phenotype need not be lethal to berecessive the mutant, the higher its frequency under a
important, and we will therefore focus on the moremutation-selection balance because the mutant tends
general class of interactions that can be called syntheticto be “hidden” from selection while heterozygous.
deleterious loci (SDL), or loci containing alleles thatAn alternative means by which deleterious mutants
are deleterious only when found together. Gene interac-can be protected from selection is if they only display
tions of this class actually arise fairly naturally in studiesa deleterious phenotype when in combination with an-
of a variety of evolutionary phenomena. For example,other deleterious allele at another locus (Fisher 1935).
in gene duplications it is often assumed that the redun-In its strongest form, this type of epistasis can lead to
dancy provided by the duplication event allows relaxedlethality of particular allelic combinations that will only
selection against the duplicate loci as long as they arebe revealed via crossing and recombination of genotypes
paired with a good copy of the allele at the other locusthat separately harbor one of the deleterious alleles
(Fisher 1935; Ohno 1970; Ohta 1980, 1988, 1994).(Dobzhansky 1946). These so-called synthetic lethals
Selection would only operate against the gene complexwere the subject of a fair amount of study a number of
when mutants are found at both loci. More generally,
in any redundant system selection on the redundant
pathways can be eased when mutations occur along only
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TABLE 1evolution of sex and recombination, in which the focus
has been on “reinforcing epistasis” (Kondrashov 1984, Haploid fitness model
1988). Here the fitness is dependent on the total num-
ber of mutations an individual possesses (Charles- Gamete A1B1 A1B2 A2B1 A2B2

worth 1990; Kondrashov 1995a,b). The truncation-
Frequency x1 x2 x3 x4selection version of this model is very similar to the
Fitness 1 1 2 h1s 1 2 h2s 1 2 s

idea of synthetic lethals, since fitness depends on the
combined effects of these mutations rather than their
individual contributions to fitness. For example, an indi-

where xi is the frequency of the ith haplotype, r is thevidual with three mutations might have substantially
recombination fraction, D 5 x91x 94 2 x92x 93 is the linkagelower fitness than an individual with two mutations,
disequilibrium parameter, and d is 21 when i 5 1 orregardless of where those mutations occur (Milkman

4, and 1 when i 5 2 or 3.1978).
Selection is assumed to act primarily against the A2B 2The frequency of SDL alleles in natural populations

synthetic haplotype, but it can also act against the A1B 2depends on the mutation rate at both loci, the strength
and A2B1 carrier (or repulsion) haplotypes. The fitnessesof selection against the synthetic genotype as well as
of each haplotype are given in Table 1. Using thesethe genotypes carrying the mutations, and the rate of
values, the change in frequency caused by selection isrecombination between the interacting loci. Here, we
given byprovide a theoretical framework for predicting the fac-

tors influencing the frequency of SDL in natural popula-
x-i 5 x″i wi/w, (3)

tions and discuss the types of experiments necessary to
assess these frequencies. Although they will probably be where wi is the fitness of haplotype i, and w 5 1 2
very difficult to detect, SDL could potentially play an s(h1x 2 2 h2x 3 2 x 4) is the mean fitness in the population.
important role in several evolutionary processes. Some of the equilibrium properties of diploid models

similar to that given above have been described (Karlin

and McGregor 1971; Christiansen and Frydenberg
MODEL

1977; Allendorf 1979; Bengtsson and Christiansen

Haploid model: We will consider a random mating 1983). We do not wish to rederive these results, but
population of effectively infinite size that undergoes a will instead focus on some novel approximations of the
life cycle of discrete generations, each generation con- mutation-selection balance equilibrium achieved in the
sisting of separate mutation, recombination, and selec- symmetric case, where n 5 m and h 5 h1 5 h 2 (Table
tion steps. A genetic system with two loci, each with two 1). Here, we will use the parameter, h, to describe the
alleles, will be assumed. This yields four haplotypes: degree of epistatic shielding of one locus by another. In
A1B1, the predominant (and most fit) haplotype in the the haploid model, h functions similarly to an interlocus
population; A1B 2 and A2B1, the two haplotypes that are dominance parameter in a fashion analogous to the
carriers for the synthetic lethal or deleterious alleles; intralocus dominance parameter that is usually used.
and A2B 2, the synthetic deleterious haplotype. The fre- The important distinction here is that recombination
quencies of these haplotypes in the population will be can break up the coupling between alleles. Thus, h 5
represented respectively by x 1, x 2, x 3, and x 4. We will be 1 means that A1 and B1 are completely epistatic (in the
primarily concerned with a mutation-selection balance classic sense; Wade 1992; Phillips 1998) to A2 and B 2,
between mutations toward the A1 and B1 alleles and h 5 1/2 means that there is no epistasis on an additive
selection against the A2B 2 haplotype. Because the A2 and scale, and h 5 0 means that A2 and B 2 are completely
B2 alleles are expected to be rare, back-mutation will epistatic to A1 and B1.
be ignored. Assuming that the mutation rate from A1 Complete epistasis (h 5 0): With complete epistasis and
to A2 is given by m and from B1 to B 2 by n and ignoring a completely symmetrical model the equilibrium condi-
double mutation, then the change in allele frequency tions for Equations 1–3 can be solved analytically. First,
due to mutation is given by for synthetic lethality (s 5 1), the equilibrium frequency

of the carrier haplotypes (x 5 x 2 5 x 3) is given byx91 5 (1 2 m 2 n)x1, (1a)
x 5 {m(rm 2 1)x92 5 (1 2 m)x 2 1 nx1, (1b)

1 √m[r 1 m(1 2 2r 2 r 2) 2 m2r(1 2 2r)]}/r(1 2 m)2.x93 5 (1 2 n)x 3 1 mx1, (1c)
(4)x94 5 x 4 1 mx2 1 nx 3. (1d)

A very good approximation to this equation can beThe change in haplotype frequencies caused by recom-
obtained by ignoring all terms smaller than √m yieldingbination is then calculated by

x″i 5 x9i 1 drD, (2) x ≈ √m/r, (5)
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TABLE 2given r @ m. This bears a striking similarity to the stan-
dard single-locus approximation for mutation-selection Diploid fitness model
balance with complete dominance, q ≈ √m/s (Crow and
Kimura 1970, p. 259), except here the frequency of the A1A1 A1A2 A2A2

carrier haplotype is determined by selection against the
B1B1 1 1 1

synthetic lethal and maintained at higher levels by tight B1B2 1 1 2 ks 1 2 h2slinkage. An equivalent result has been found by Nowak B2B2 1 1 2 h1s 1 2 s
et al. (1997), who report that the expected frequency
of the A1B1 haplotype in this case would be 1 2 2√m/r.

When the synthetic effects are merely deleterious and
not lethal (s , 1), we can obtain a solution for the x ≈ m(1 2 hs)

hs
. (9)

equilibrium by assuming weak selection (w ≈ 1). Even
with this assumption, however, the solution involves an

This is very similar to the single locus mutation-selectionequation with over 80 terms (not shown). Nevertheless,
balance with partial dominance, q ≈ m/hs (Crow anda good approximation to the equilibrium can be found
Kimura 1970, p. 260), especially when hs is small. Note

by again neglecting terms smaller than √m, which gives
that x does not depend on the recombination rate unless
h is very close to zero, as is shown numerically below.

x ≈ !m(r 1 s 2 rs)
rs

. (6) Diploid model: Diploid models of synthetic lethality
have been extensively analyzed in the mutation-selection
balance context from a variety of viewpoints (Karlin andHere the frequency of the mutants is determined by
McGregor 1971; Christiansen and Frydenbergthe interaction of selection and recombination. The
1977; Allendorf 1979; Bengtsson and Christiansenapproximation can be improved, especially when r is
1983). These studies have generally focused on the exis-small, by also retaining most terms on the order of m,
tence and stability of the equilibria found without in-yielding an equilibrium value as x* 5 x(1 2 x), where
vestigating the actual frequency of the gametes attainedx is given by Equation 6. This weak selection approxima-
at these equilibria. We will first again derive severaltion reduces to the strong selection approximation (5)
approximations for equilibrium frequencies found withwhen s 5 1. Thus, Equation 6 represents a general
the assumption of symmetrical fitnesses and mutationapproximation for complete epistasis. The likely reason
rates, and then numerically explore how these frequen-why the weak selection approximation works well even
cies change when the assumption of symmetry is re-with complete synthetic lethality is because with com-
moved.plete epistasis, selection acts only on the double mutant,

Following Bengtsson and Christiansen (1983), thewhose frequency will tend to be so low that the assump-
changes in gamete frequency generated by mutationtion of w ≈ 1 is a good approximation.
and recombination are as given above in Equations 1The equilibrium frequency of the double mutant can
and 2, except that mutation occurs after selection andalso be found, but again produces a solution with more
recombination. (The order of these steps has virtuallythan 60 terms. An approximation is provided by
no effect on the calculated equilibria, but does impact

x 4 ≈ m(1 2 s)/s, (7) the ease with which the approximations can be derived.)
Using the genotype fitnesses given in Table 2, the

which is fairly close to the square of the single-locus change due to selection is given by Equation 3 with
mutation-selection balance approximation given above, the addition that wi is the marginal fitness of a gamete,
especially when s is small. wi 5 Rj x jwj, and w 5 1 2 s[2k(x1x 4 1 x 2x 3) 1 2h1x 2x 4 1

Partial epistasis (h . 0): If selection is now allowed to 2h2x 3 x 4 1 x 2
4].

operate on the carrier haplotypes, then the frequency Complete epistasis (k 5 0, h 5 0): The major difference
of the synthetic haplotype should be so low that it can between the haploid and diploid models is that the
effectively be treated as zero. Assuming this, solving alleles comprising the synthetic genotype (A2A2B 2B 2) in
Equations 1–3 for the frequency of the carrier haplo- the diploid case are shielded from selection by both
types (x) yields dominance and epistasis. Because of this, the frequency

of the double mutant gamete can be quite high even
x 5

√4rm(1 2 m)2(1 2 rm)(1 2 hs)2 1 y 2 2 y
2r(1 2 m)2(1 2 hs)

, (8) when the synthetic genotype is lethal. The high fre-
quency of this gamete makes it much more difficult
to derive approximations directly from the recursionwhere y 5 m(3 2 2rm)(1 2 hs) 1 hs. This can be approxi-
equations, and we have thus far been unable to find amated by eliminating terms smaller than m and then
general solution for the diploid case. However, if theusing the first two terms of the Taylor series expansion
equilibrium frequency of the double mutant gamete isof the square root function around the point (hs)2 to

give taken to be x 4 ≈ √m/s (Christiansen and Frydenberg
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1977), and assuming that selection is weak enough so where y 5 hs(1 2 m) 1 r(1 2 2m)(2 – hs). Equation 12
can be shown to be fairly well approximated bythat w ≈ 1, the equilibrium for the carrier gamete is

found to be
x ≈ √m/hs, (13)

x 5 {√y 2 1 4r(1 2 2m)(1 2 √m/s)[r √m/s(1 2 2m) 1 m]
which again is the square root of the standard single-
locus result.2y}/2r(1 2 2m), (10)

Deleterious double heterozygotes (k . h): If the fitness of the
where y 5 3m 1 2r √m/s(1 2 2m). Expanding out the double heterozygotes is lower than that of the marginal
terms of (10) and collecting terms with the largest roots heterozygotes (k . h), then almost all selection on the
of m lead to the following approximation, mutations will take place on the double heterozygotes.

The mutants will be found primarily on the carrier
x ≈ √m/r 1 √m/s. (11) gametes (A1B 2 and A2B1), and therefore double hetero-

zygotes should be more common than either marginalWhen linkage is tight (r → 0), then (11) can be further
heterozygote. Since selection against the mutants is veryapproximated by x ≈ √m/r, the haploid lethal approxi-
effective in this scenario, the frequency of the syntheticmation given by (5) above. Similarly, when linkage is
gamete should be very low. This will be especially truenot too tight and selection is weak, (11) can be approxi-
if linkage is tight. If both r and x 4 are assumed to be

mated by x ≈ √4 m/s, which is the square root of the zero and w ≈ 1, then the recursion equations can be
normal single locus approximation for the case of com- solved to yield
plete dominance. Because the ratio of the mutation rate
to the selection coefficient is much less than one, the

x ≈ √9m2 1 4ksm(1 2 m) 2 3m

2ks(1 2 m)
. (14)quartic root of this will be larger than the square root,

and the two-locus equilibrium will be much higher than
Ignoring factors smaller than √m, (14) can be approxi-the corresponding single-locus equilibrium. Unless link-
mated byage is fairly tight (r , O[√ms]) the selection term should

dominate this equation. The approximation given by x ≈ √m/ks, (15)
(11) provides the easiest interpretation, but numeri-

which is the same result as (13) with k substituted forcally, including a few more terms from (10) greatly
h. Therefore, the equilibrium frequency of the carriersimproves the accuracy of the approximation. Algebra-
will be largely determined by which of the heterozygotesically this can be achieved by refining (11) by taking
provides the smallest degree of dominance for fitness,x* 5 x(1 2 x), as was done above.
because this class of heterozygotes will be the primaryAdditive double heterozygotes (k 5 1⁄2h): Moving away from
focus of selection.complete epistasis introduces three more parameters

Numerical calculations: The accuracy of the approxima-into the fitness model (Table 2). The degree of domi-
tions given above was evaluated by solving Equationsnance of the marginal heterozygotes, h1 and h 2, de-
1–3 via iteration from a starting point of x1 5 1, with thescribes how dominant a mutant allele at one locus is
exception that gamete frequency changes from doublewhen found on a genetic background that is homozy-
mutations were included in the numerical calculations.gous at the other mutant allele (i.e., A1A2B 2B 2 and
The iterations were continued until the frequency of x 2A2A2B1B 2). Similarly, the degree of dominance for the
had changed less than 1023m for at least 10,000 genera-double heterozygote (A1A2B1B 2) is described by the pa-
tions.rameter, k (Table 2). We have been unable to find a

general solution to the recurrence equations when these
parameters are allowed to take general values. How- NUMERICAL RESULTS
ever, in the symmetrical case in which h 5 h1 5 h 2, if

Haploid model: Under a model with symmetrical fit-the double heterozygotes are constrained to have be-
nesses and mutation rates, the carrier haplotypes can behaved additively with respect to the marginal heterozy-
maintained at significant frequencies, especially whengotes (k 5 1⁄2h), we find that the equilibrium frequency
epistasis is close to complete (Figure 1A). The approxi-of the synthetic genotype (A2A2B 2B2) is approximately
mations work remarkably well (Figure 1A), and so thex 4 ≈ m/hs, the single-locus mutation-selection balance
nature of the equilibrium can be interpreted directlyequilibrium (see below). Assuming this frequency, then
from them. With complete epistasis (h 5 0), the fre-the weak selection approximation for the equilibrium
quency of the carrier haplotypes is proportional to thefrequency of the carrier gamete is
square root of the mutation rate and roughly inversely

x 5 {hsm[r(1 2 2m) 2 2(2 2 m)] 2 2rm(1 2 m) proportional to the square root of the product of the
recombination rate and the strength of selection (6).

1 √m2[y 1 hs(3 2 m)]2 1 ym(y 1 hs)(hs 2 m)}/hsy,
However, as selection becomes strong (s . 0.1), further
increases in the strength of selection have fairly minor(12)
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Figure 2.—Equilibrium frequency of the synthetic haplo-
type under different strengths of selection with complete epis-
tasis (h 5 0, m 5 1025). Points are the exact calculations based
on Equations 1–3 and the line is the approximation x 4 5 m
(1 2 s)/s. Recombination rate has a negligible effect on the
equilibrium frequency, which is undetectable on this scale.

haplotypes can be maintained even in the face of strong
selection (Figure 1A).

Moving away from complete epistasis (h . 0) leads
to a precipitous decline in the frequency of the carrier
haplotypes (Figure 1B). Here linkage has little effect
because selection operates primarily on the carriers
themselves rather than on the synthetic haplotypes. The
results in this case are therefore much more similar toFigure 1.—The equilibrium frequency of the carrier haplo-

types under different strengths of selection forhaploids. Points that predicted from an analogous single-locus mutation
are exact calculations based on iterating Equations 1–3 until selection balance, in which the frequency of the carrier
an equilibrium was achieved. The mutation rate was set to haplotype is inversely proportional to the degree of
m 5 1025. (A) The effect of differing recombination rates (r)

masking of one locus by another (9).with completely synthetic epistasis (h 5 0). The solid lines are
Diploid model: Carrier gamete frequencies are sev-the approximation x 5 √m(r 1 s 2 rs)/rs and the dashed

eral orders of magnitude higher in the diploid case thanlines give the approximation x * 5 x(1 2 x). The first approxi-
mation works extremely well unless linkage is very tight, at in the haploid case (Figure 3). When mutations are
which time the two approximations form upper and lower completely shielded from selection by dominance and
bounds on the equilibrium frequency. (B) The effect of the

epistasis except when found as double homozygotescompleteness of epistasis (h). The solid lines are the approxi-
(h 5 0 and k 5 0), frequencies of the carrier gametesmation x 5 m (1 2 hs)/hs. The dots give the results for free

recombination (r 5 0.5). The recombination rate has little can easily exceed 1% (i.e., proportional to the quartic
effect on the equilibrium frequency untilh becomes very small, root of the mutation rate; Equation 11), especially when
as is shown by the diamonds for the case of h 5 0.01 and r 5 linkage is tight (Figure 3A). This is true even when
0.001. For weak selection and nearly complete epistasis, the

selection against the mutants is very strong. In effect,approximation works better when linkage is tight (diamonds)
the synthetic gametes also become carriers in this casethan when there is free recombination (dots), in which case

the approximation from (A) works better (dashed line). because they are shielded by dominance when heterozy-
gous. The frequencies of the synthetic gametes are
therefore also much higher when compared to the hap-
loid situation (Figure 4A), although tight linkage caneffects on the carrier equilibrium (Figure 1). This is
substantially reduce these frequencies (Figure 4B). Notebecause, although selection continues to drive the syn-
that although the gametic frequencies are relativelythetic haplotype to very low frequencies (Figure 2), the
high for loci under strong selection, the genotype fre-negative linkage disequilibrium generated by this selec-
quencies will roughly be the square of these, so that thetion maintains the carrier haplotypes at higher frequen-
frequency of individuals showing the synthetic pheno-cies because they are not directly exposed to selection.

This effect is particularly clear as linkage becomes tight, type will be very low even as the frequency of the carriers
is orders of magnitude higher.in which case relatively high frequencies of the carrier
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Relaxing the assumption of complete dominance and
epistasis reduces the frequencies of the carrier gametes,
but not dramatically so (Figure 3B). Even here, although
any genotype containing both mutants is selected
against, the mutants are shielded from the bulk of selec-
tion because they are primarily found in individuals with
only one mutant, which in turn have normal fitness
(Table 2). The same result holds if the double heterozy-
gotes have lower fitness than the marginal heterozygotes
(Figure 3C). Although the approximations are not
nearly as precise as in the haploid case (especially with
tight linkage), precision is hardly the issue, as both the
approximations and the numerical results predict ex-
tremely high mutant frequencies (roughly the square
root of the predicted haploid frequencies; Equations
13 and 15) considering the strength of selection these
loci are under.

Unbalanced mutation rates: The influence of unbal-
anced mutation rates in complete epistasis has been
solved by Christiansen and Frydenberg (1977), who
found that populations will evolve to an equilibrium in
which the locus with the higher mutation rate is fixed
and the locus with the lower mutation rate is segregating
according to a single-locus mutation-selection balance
(the mutations could also go to fixation via drift in
finite populations; Kimura and King 1979). The rate
of approach to this equilibrium is exceedingly slow,
however, as the population is first rapidly driven to a
mutation-selection balance quasi-equilibrium and then
very slowly approaches the mutation-mutation balance
equilibrium (Christiansen and Frydenberg 1977).
An example of this is given in Figure 5, which shows
that the mutant alleles would be expected to be poly-
morphic for hundreds of thousands of generations as
long as the population does not start right at a fixed
equilibrium. Therefore, unbalanced mutation rates are
unlikely to substantially alter the conclusions regarding
the frequency of SDL given above in the symmetric case.

Unbalanced selection coefficients: The general solu-
tion to the mutation-balance equation with arbitrary
selection has yet to be found and is likely to be very
complex. Bengtsson and Christiansen (1983) pro-
vide some sufficient, but not necessary, conditions for
a two-locus polymorphism under this model. With
strongly asymmetric fitnesses, the population tends to
move toward fixation of the carrier haplotype with the

Figure 3.—The equilibrium frequency of the carrier ga-
metes (A1B 2 or A2B1) under different strengths of selection
for diploids. Points are exact calculations based on iterating linkage is tighter (r 5 0.01, diamonds), except when selection
Equations 1–3 until an equilibrium was achieved. The muta- is weak. (C) Deleterious double heterozygotes (k . h). The
tion rate was set to m 5 1025. (A) The effect of differing solid lines are the approximation x 5 √m/ks. Here, the ap-
recombination rates (r) with completely synthetic epistasis and proximation works better when there is tight linkage (r 5
dominance (h 5 0, k 5 0). The solid lines are the approxima- 0.01, diamonds) than when there is free recombination (r 5
tion x * 5 x(1 2 x), where x 5 √m/r 1 √m/s. (B) Partial epista- 0.5, points). Varying h in this case has little influence on the
sis with additive double heterozygotes (k 5 h/2). The solid equilibrium frequency (h 5 0 here). In general, regardless of
lines are the approximation x 5 √m/hs. The approximation the form of epistasis operating on the synthetic genotypes,
works well when there is free recombination (r 5 0.5, solid the equilibrium frequency of the carrier gametes is high, even
points), but underestimates the equilibrium frequency when under strong selection.
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Figure 5.—Unbalanced mutation rates and the equilibrium
frequency of the mutant alleles. Allele frequency trajectories
for the case of complete epistasis in diploids (h 5 0, k 5 0)
with unbalanced mutation rates (m 5 1026, n 5 1025), for s 5
0.1 and r 5 0.5. Dashed lines show the balanced-rate equilibria
from Christiansen and Frydenberg (1977), for the two dif-
ferent mutation rates. Each solid line shows the trajectory for
a population started in linkage equilibria with different initial
allele frequencies. The distance between solid points repre-
sents a period of 10,000 generations. Arrows indicate the direc-
tion of evolutionary change. Each population moves from one
quasi-equilibrium to the other and will eventually end up

Figure 4.—Equilibrium frequency of the synthetic gamete
fixed for the B2 allele and at a single locus mutation-selectionunder different strengths of selection (m 5 1025). (A) Free
balance for the A-locus. The populations are polymorphic forrecombination (r 5 0.5). Points are the exact calculations and
hundreds of thousands of generations before approachingthe lines are the approximations x 4 5 √m/s for h 5 0 and
this equilibrium, however. The frequencies are shown on thex 4 5 m/hs for h . 0. (B) Tight linkage (r 5 0.01). Points and
arcsine-square-root scale to accentuate the allele frequenciesthe dashed lines connecting them are based on exact calcula-
near one. Modeled after Christiansen and Frydenbergtions. Note that linkage leads to a strong decrease in the
(1977).equilibrium frequency of the synthetic gamete.

higher fitness, leaving a single-locus mutation-selection equilibrium, then increasing either h1 or h 2 still yields
a polymorphic equilibrium. The precise value taken bybalance at the other locus (Bengtsson and Christian-

sen 1983). The existence of a fully polymorphic equilib- that equilibrium, however, depends to a large extent
on the initial conditions. A few numerical solutions helprium depends on a balance between all parameters,

but is largely determined by the fitness of the double to illustrate this point. In the most permissive situation,
if k 5 0, then a polymorphic equilibrium exists for aheterozygotes, 1 2 ks, because the majority of individu-

als displaying a mutant phenotype will be of this class. wide variety of h values (Figure 6A). More importantly,
the equilibrium frequencies of the carrier gametes un-Loose linkage also tends to favor a polymorphic equilib-

rium (Bengtsson and Christiansen 1983), because in der these conditions are of the same order as those
predicted for the symmetrical case described above. Asthis case it is less likely that a single gamete will come

to dominate the population. More work will be necessary selection against the double heterozygotes becomes
stronger (k . 0), the existence of a polymorphic equilib-before the nature of all equilibria is determined, but

numerical calculations (not shown) suggest that the rium depends more critically on the balance between
selection on the marginal heterozygotes, but if this selec-total number of possible equilibria is very large. Never-

theless, a wide variety of parameter values yield either tion is sufficiently strong then neither of the carrier
gametes will be fixed (Figure 6B). Again in this morepolymorphic equilibria or the quasi-equilibria described

above when the mutation rates are unbalanced. unbalanced case, the equilibrium frequencies are com-
parably as high as those predicted by the symmetricalIn general, it appears that if a particular combination

of parameters, h1, h 2, and k, results in a polymorphic models.
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linked epistatic loci can be maintained at even higher
relative frequencies because they are further protected
by linkage, whereas recessive alleles are continually ex-
posed to selection via segregation in the single-locus
case. When dominance and epistasis are both operating,
as in the diploid case, then mutant frequencies can
become extremely high for loci under such strong selec-
tion, on the order of one in a thousand, or even more
than one in a hundred (Figure 3).

If SDL can exist at such potentially high frequencies,
why have they not received more attention? The contrast
with single locus mutations is especially striking, because
the theory derived here suggests that SDL frequencies
can be substantially higher than the single locus muta-
tions, yet most of population genetics theory has tradi-
tionally focused on single locus effects. There are a
number of reasonable explanations why this might be
the case.

First, genetics systems in which SDL occur may be
extremely rare. While two or more locus interactions
in general are probably ubiquitous in genetic systems
(Whitlock et al. 1995), the particular form of interac-
tion that leads to a synthetic phenotype may be rare or
unimportant from the standpoint of fitness. Muta-
tionally derived synthetic phenotypes have been fre-
quently observed (e.g., Davis and MacIntyre 1988;
Johnson et al. 1988), and constitute an important means
of functional analysis, particularly in yeast (Fromont-

Racine et al. 1997). Unfortunately, the fitness effects of
these mutations, particularly as single-locus heterozy-

Figure 6.—Unbalanced selection coefficients and the equi- gotes, are usually not known. That the nature of the
librium frequency of the carrier gametes in the diploid case

interaction be synthetic is important for the results pre-with s 5 0.1 and r 5 0.5. Each line shows the equilibrium
sented here, as other forms of interaction would befrequency of the A1B 2 gamete for different values of h1 as the

value of h2 varies from 0 to 0.5. (A) No selection against double expected to lead to much lower equilibrium frequen-
heterozygotes (k 5 0). (B) Some selection against double cies. In particular, if the mutations show penetrance
heterozygotes (k 5 0.1). The 1 gives the expected frequency such that single-mutant genotypes have lower fitness,
under the additive double heterozygote approximation, x 5

then the equilibrium frequencies would be expected√m/hs. These equilibria are the solutions with the initial condi-
to be much lower, probably close to the single-locustion x1 5 1.0. Other, slightly different equilibria are possible
mutation-selection balance. If mutants show individualwith different initial conditions (not shown). In general, as

long as the polymorphic equilibrium exists, varying the bal- deleterious effects, then the fact that their interaction
ance between the marginal dominance parameters (h1 and produces even lower fitness is somewhat inconsequen-
h2) does not alter the qualitative result that the equilibrium tial, because the mutations would be expected to befrequencies are high.

eliminated based on their own effects (Temin et al.
1969). Completely synthetic epistasis is likely to be as
rare as complete dominance.DISCUSSION

A more intriguing possibility is that SDL exist, but
Under reasonable assumptions, SDL would be ex- are difficult to detect. Synthetic genotypes will be very

pected to be found at substantial frequencies in natural rare even if the frequencies of the carriers are very
populations. The predicted frequencies for haploids are high (Figures 2 and 4). In the diploid case, even if the
similar to the analogous single-locus mutation-selection frequency of the synthetic gamete were as high as 1023

balance frequencies (Equations 6 and 9), whereas the (Figure 4), the expected frequency of the double-
diploid frequencies are much higher, closer to the mutant homozygote would be closer to 1026. Thus, even
square root of the single locus results (Equations 11, if SDL exist, they would largely go unnoticed in most
13, and 15). The epistatic shielding from selection of circumstances. Studies looking for synthetic lethals have
one locus by another is essentially the same feature that therefore relied on generating recombination between
allows deleterious recessive mutations to be maintained marked chromosomes in an effort to flush out any un-

derlying interacting loci or, more simply, have mixedin populations when completely recessive. However,
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different chromosomes together. Many of these studies niscent of the traditional arguments regarding the
maintenance of large amounts of variation under selec-report recombinational synthetic lethals, but, as Thomp-

son (1986b) has pointed out, these lethals could have tion without an excessive burden of segregation or muta-
tion load. As long as each selective death eliminatesarisen from mutations and not from recombination.

Controls for the rate of mutation to lethality are there- more than one mutation at a time (e.g., the truncation
selection discussed above), then the total selective loadfore required. The only firm evidence for recombina-

tional synthetic lethals is based on the desynthesis and can be greatly reduced (King 1967; Milkman 1967;
resynthesis of the chromosomal segments in question— Sved et al. 1967; Crow 1992). The models of SDL pre-
something that has been difficult to do (e.g., Dobzhan- sented here can therefore be viewed as specific two-
sky and Spassky 1960; Batten and Thoday 1969). locus versions of such a genetic system. Even though
Bichromosomal studies have been somewhat more suc- the frequencies of the SDL carriers are relatively high
cessful (e.g., Temin et al. 1969; Thompson 1986a), but compared to deleterious mutations segregating at single
most of these synthetic chromosomes also have individ- loci, they are still not high enough to explain the large
ual deleterious effects, leading to the issue discussed amounts of molecular variation often observed. Much
above. of this variation is of course probably neutral or nearly

One would need to examine hundreds if not thou- neutral in nature. Nevertheless, SDL may have some
sands of chromosomes to detect synthetics, and even role to play, especially if many loci are involved. SDL
more to get reasonable standard errors of the frequen- therefore provide a means of accounting for fairly large
cies of lethals that appear upon recombination. This amounts of genetic variation in natural populations,
makes comparisons across different species or different while allowing that variation to be explicitly under selec-
chromosomes in the same species exceedingly difficult. tion. It is possible that this variation could be more
In a letter to Curt Stern (25 Jan. 1955), Dobzhansky relevant to quantitative traits than to strictly molecular
sums up the results of the large-scale search for synthet- variation.
ics: “The different species are interestingly different in Evolutionary biologists have also long recognized the
the frequency of synthetic lethals but all of them pro- potential for genetic interaction like SDL to contribute
duce such.” The problem is that these interesting dif- to reproductive isolation and hence speciation (Dob-

ferences could well be due to sampling error. Highlight- zhansky 1937; Mayr 1963). Suppose that a population
ing this problem, Thompson (1986b) used the results is split in two, with little or no gene flow between the
of three studies with large sample sizes and adequate subpopulations. If carrier genotypes are segregating at
controls to estimate the frequency of synthetics on the SDL, then there is a possibility that the two diverging
second chromosome of Drosophila melanogaster. His esti- populations could be fixed for different variants at the
mates for the proportion of the recombinant chromo- SDL. The higher the frequencies of the carriers in the
somes harboring a newly arising synthetic lethal range original population, the greater the likelihood of fixa-
from 0.2 to 1.6%; and the proportion of newly arising tion of alternatives. Alternatively, duplicate genes that
lethals that are synthetic ranges from 26 to 78%. There would behave much as SDL could undergo alternative
is thus some evidence that loosely linked synthetics exist, silencing in the two populations (Werth and Windham

although they probably do not comprise a large fraction 1991). While this process will not result in F1 fitness
of the standing lethals in most populations. It is possible reduction between the two nascent species, it could
that more tightly linked SDL, which would be extremely result in substantial F2 or backcross hybrid breakdown
difficult to study, might be more common (Thompson if there were many SDL with segregating variants in the
1986a). It is also important to note that our analysis original population. A full analysis of this problem will
considered only two-locus effects. None of the data col- require the addition of genetic drift to the models pre-
lected so far can distinguish two-locus interactions from sented above.
interactions involving a much larger number of loci. The empirical evidence to date is not sufficient to
The more SDL involved in the synthetic pathway, the allow judgment as to how common SDL are. If they are
higher the equilibrium frequencies of carriers at each common in the sense that there is a functional basis
locus are likely to be. for this type of two-locus interaction, then the theory

From an evolutionary standpoint, SDL would likely presented here suggests that SDL should be common
have their largest impact on natural populations in in the sense that they should exist at relatively high
terms of the maintenance of genetic variation. The very frequencies within natural populations and may there-
factor that allows the mutant alleles to reach high fre- fore impact both the short- and long-term evolution of
quencies in carrier gametes is the same feature that those populations.
limits the selective influence of these mutations within
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