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Abstract

A measure of the equilibrium load of deleterious mutations is developed that explicitly incorporates the level of
genome-wide linkage disequilibrium. This measure, called the requisite mutational load, is based on the minimal
net reproductive rate of the least mutated class necessary to prevent deterministic mutation accumulation. If this
minimal net reproductive rate is larger than ecological or physiological constraints allow, then: a) the population is
driven to extinction via deterministic mutation accumulation, or b) a mutational Red-Queen ensues with adaptation
counterbalancing mutation accumulation. Two population parameters determine the requisite mutational load: a) the
equilibrium strength of selection, measured as a selection gradient, and b) the equilibrium opportunity for selection,
measured as the variance in number of mutations per genome. The opportunity for selection is decomposed into
the accumulation of mutations (average number per genome) and the level of genome-wide linkage disequilibrium.
Recombination can substantially reduce the requisite mutational load, compared to clonal reproduction, when there
is buffering and/or reinforcing epistasis and also when there is positive assortative mating for fitness. Recombination
is advantageous because it reduces the negative (variance reducing) linkage disequilibrium induced by beneficial
epistasis. The functional form of the expression for requisite mutational load illustrates why epistasis within
pathways, i.e., among closely interacting genes, is a powerful alternative to genome-wide truncation selection, as a
means of reducing mutational load.

Introduction wide truncation selection. This emphasis on truncation
o selection seems to be inspired more by its theoretical
The concept of mutational load € [W ynmutated — utility in reducing mutational load than any substantive

Wrealized] / W unmutatea) has been used to motivate  ecological evidence for its operation in nature.

a major advantage to sexual recombination (Kimura Here a new measure of mutational load is devel-
& Maruyama, 1966; Crow & Simmons, 1983; Kon- oped. It is motivated by a fundamental difference
droshov, 1988). The biological significance of muta- (genetic polarization, see below) in the structure of
tional load, however, has been disputed for several asexual vs. sexual populations. The new measure is
reasons. First, is calibrated relative to an undefined based on the requisite net reproductive rate of the most
and unmeasurable standard, i.e., to a hypothetical, fit mutational class (that is actually present in a popu-
mutation-free genotype. Second, compensatory factorslation), which is needed to prevent deterministic muta-
(e.g., increased survival of sibs when competition for tion accumulation. This measure is used to suggest how
parental investment is reduced by the death of litter- epistasis within pathways (enzymatic, signal transduc-
mates) may make the demographic impact of muta- tion, developmental, and so forth) can provide a strong
tional load far smaller than predicted by theory. Third, selective advantage to sexual recombination.

theory concerning reduced mutational load in recom-

bining populations is based predominantly on genome-
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Genetic Polarization of an Asexual Population
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Figure 1 Genetic polarization dichotomizes the population into a self-sustaining progenitor Jamsd(the non-self-sustaining living dead.
The distribution shown is arbitrary, because the actual shape depends on the form and extent of epistasis among nonallelic mutations.

General conditions and definitions (i.e., of the size presumed to occur in most eukary-
otes), then most individuals will carry one or more
To begin, consider a population thatis sufficientlylarge deleterious mutations compared to the least-mutated
to ignore sampling error. The genome-wide mutation class of individuals (Kimura & Maruyama, 1966).
rate to mildly deleterious mutationsli;. Mildly dele- When recombination (assumed throughout to
terious mutations are defined as those which, in the include both segregation and intra-chromosomal
heterozygous state, reduce fitness by a few percent orrecombination) is absent, the mutation process gen-
less—most deleterious mutations fall into this category erates a unidirectional flow of new deleterious muta-
(Crow & Simmons, 1983). For simplicity, it is fur-  tions from less to more mutated classes. This unidirec-
ther assumed that each mutation reduces fithess by dional flow is referred to as ‘genetic polarization’ (see
constant decremens, Variation ins will not affect for details, Rice, 1996). It dichotomizes an asexual
the major conclusions of this paper, although genetic population into: a) the progenitor class, i.e., the self-
drift will induce a stochastic form of mutational load sustaining, least-mutated class, and b) all more heavily
whenever some mutations have minuscule effects (i.e. mutated classes. At equilibrium these more heavily
s-values less than BI}). Lastly, only forward muta-  mutated classes are not self-sustaining owing to the
tions, from wild-type to mildly deleterious mutations, factthateach component mutational class relies for part
are explicitly modeled, although the consequences of of its reproduction on newly-mutated individuals cas-
rare reverse and compensating mutations are consid-cading down from less mutated classes. Because they

ered when relevant. are not self-sustaining, these lineages are all marching
toward eventual extinction, and hence they are collec-
Genetic polarization tively termed the ‘living dead’ (Rice, 1996). Because

of genetic polarization, only the progenitor class gives
Sexual and asexual populations have a fundamentalrise to persistent genetic lineages.
difference in their genetic structure that plays an impor- Rare reverse and compensatory mutations can
tant role in the accumulation of deleterious mutations move deleterious mutations, via genetic hitchhiking,
(Charlesworth, 1994; Rice, 1996). Consider a pop- against the flow of genetic polarization. But this
ulation that has come to mutation-selection equilib- is a minor influence, analogous to water turbulence
rium with new deleterious mutations entering at rate that occasionally transports a pebble a short distance
Us/genome/generation (Figure 1). Wheh is large upstream.



When recombination is present it moves new dele-
terious mutations bi-directionally to genetic back-
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Dominant-sterile benchmark

grounds of higher and lower fithess. Because genesTo apply the concept of requisite load to the phe-

are no longer trapped in specific genetic backgrounds,

nomenon of deterministic mutation accumulation, a

all mutational classes can contribute to lineages that benchmarkis first established where mutational load is

persist over evolutionary time.

Requisite load

Because of genetic polarization, only the fate of the

self-sustaining progenitor class is relevant to an asex-

ual population. But the fithess of the progenitor class
depends on the level of competition from the living

dead. So a measure of genetic load is developed that

simple to calculate and its demographic interpretation
is intuitively clear. Consider a population (sexual or
asexual) that is semelparous and make the simplifying
assumption that every mutation is dominantand causes
sterility, i.e., individuals expressing one or more muta-
tions are demographically and ecologically equivalent
to unmutated individuals but produce no surviving off-
spring (offspring die immediately after the termination
of parental investment).

The dominant-sterile mutations dichotomize the

focuses on the progenitor class but incorporates the population into a fertile best-class (zero-mutations-

level of competition from the living dead.

class) and all remaining sterile classes carrying one

This is done by integrating the necessary conditions or more mutations (this dichotomy is analogous to

for mutation-selection balance into the traditional def-
inition of mutational load ). For reasons stated pre-
viously, especially the complication of the unknown
fitness of the unmutated class, the measuinas lim-
ited utility. Nonetheless we do know that the rate of
removal of mutations from the gene pool is propor-
tional to the standing variance in fitness (see below),
so some requisite range in fitn€$® pe: — Wonean]

the progenitor class vs. the living dead). Assuming
that new mutations are distributed as a Poisson vari-
ate among zygotes, then only a fractien’? (i.e.,

the size of the zero-class of a Poisson variate) of the
zygotes will not receive a new sterile mutation, and
the net reproductive rate of these unmutated individ-
uals, required for the population to persist, must be
Ryest(req) = €V, because only a fractian V¢ do not

must be attained for mutation-selection balance to be receive a new sterile mutation. Thus,(, = eV¢ — 1)
achieved. We can therefore define the Requisite Stand-is the increment by whictR;.,; must exceed unity to

ing Mutational Load,.,) as the range in fitness, rela-

compensate for the load of deleterious mutations. This

tive to the most fit extant genotype, needed to produce ‘dominant-sterile’ context will serve as a benchmark

sufficient variance in fitness to halt the deterministic
accumulation of mutations, i.e.,

LT@Q = [Wbest(’r‘eq) _Wmean];

WhereWbest(req) is the fitness of the best extant muta-

for mutational load under more realistic conditions.
Requisite load of an asexual population

Next we consider the mutational load of an asexual
population experiencing recurrent mildly deleterious

tional class necessary to prevent deterministic muta- mutations. At any point in time only the progenitor

tion accumulation. This new measure of mutational

class (best class) is generating persistent lineages, so

load represents a genome-wide extension to an indexwe can focus exclusively on this subpopulation. Recall

previously proposed by Crow (1970; his measure 1l1)
in the context of a single haploid locus.

that a fraction 1— e~ V< of the offspring from the
progenitor class receive one or more new mildly dele-

If we measure fitness in absolute terms, i.e., as the terious mutations and therefore do not contribute to this

expected net reproductive rat) (of different geno-
types, then this requisite load equation becomes

Lreq = Rbest(req) -1,

because the genetic equilibrium mean fitngggriust

be unity at demographic equilibrium. A general solu-
tion for Ry, (req) IS presented below, after a standard
for comparison is established.

class next generation. Because these mutated zygotes
are recruited to the living dead, they are effectively
sterile because many will survive and act as competi-
tors for resources. Thus the load of an asexual pop-
ulation is equivalent to that of the dominant sterile
benchmark described above, i.d,., = eV? — 1.
Whenever demographic, ecological, and/or physiolog-
ical constraints caus®y.,: to be less thaa’?, then the
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progenitor class will decline in size each generation and slope or selection gradient) &, onn. At equilibrium

deterministic mutation accumulation will ensue. Such A = —ATpmu = —Uyg, SO,

mutation accumulation will be opposed by reverse and

compensatory mutations, buthf,. ,; is much less than 0= AN = ANyt + ANge =

eV, then net mutation accumulation will ensue. = (@)

Accurate estimates @f,; for most metazoans with Ua + [(Bra) @)/ R
large genomes (e.g., vertebrates) are not yet avail- where the superscriptdenotes the equilibrium value.
able but extrapolations from studies of humans and If we next definaw,, as the fithess of genotypes relative
Drosophila(Mukai, 1979; Kondroshov, 1988; Crow, to the most fit extant genotype, themA: R, /Rpest-

1993) suggest thatl; > 5 is feasible. In this case an  Assuming demographic equilibriun® = unity and
asexual population would have to haklg.,; > e° = rearrangement of (2) yields,

148, a value far beyond the physiological/ecological

capabilities of most vertebrates. Thus once a species

evolves to be sufficiently complex (i.e., with large Ryest(req) = 1/ [(—E’w,n)(&%/Ud)] , (3)
genome and hence lardgie;), then asexual reproduc-

tion is an evolutionary dead-end because it will lead to where B, ,, is the equilibrium regression of relative
deterministic, open-ended mutation accumulation and fiiness (Un’) onn.

eventual extinction. Equation (3) can be made more intuitive by express-
ing its right side in terms of the selection gradient
and opportunity for selection of the dominant-sterile

) benchmark. Note thaﬁ‘?wyn is maximized in the most
In sexual populations, the best-class does not clonally gyyreme case of the dominant-sterile benchmark. In
reproduce itself but instead is produced via recombi- ipis case, B, ,, = —eU? (Appendix 1). This moti-
w,n — .

nation and segregation of mildly deleterious mutations vates the index $* = standardized selection gradient

from the population as awhole. For example, ifamem- _ (observed selection gradient) / (its maximal possible
ber of the best-class mated at random, then very few _A _Ud
value) =B, ,,/(—e~“%).

gf s offsprln? vf\;oulq be recl:drUIted to t.he best—glass, To simplify further, note that the last factor in equa-
ecause most ofispring would carry an increéased num- ;. , (3), 62/Uy), is the ratio of the standing variance

bler offmlitatl(r)lns._\tNhen rec?mbln%tmr:_bundf thtﬁ betst:- (62) in the number of mutations per individuah)(
class taster thar Its OWn net reproductive rate, tenthe y;iqeq by its minimal value, i.e., divided by the muta-

req_l|1_|hS|te load of a sexu;lt_poptilatlon IS rfgu;:ed.. isti tional variance im (U,), which is the standing variance
¢ t'e necessar;l/ c;pn rions to lpreven € elrm|n|s||c for the case of the dominant-sterile benchmark. This
mutation accumuiation In sexual vs. asexual popuia- i, oo he used as a standardized measure of the rela-

tions gant_be cotmp?trﬁd l?y ?ollvlng for the r_eqU|S|te net tive opportunity for selection to act and is denoted here
reproductiverate otthe best-c a3 fst(req)) IN A SEX- by O*. Substitutings* andO* into (9),
ual population. At equilibrium,

Requisite load of a sexual population

A = ﬁafter selection — ﬁprior to selection Rbest(req) = eUd/(S*O*)' (4)
) — _ Thus the requisite net reproductive rate of the best-
- ngon[f(n)Rn/R] - (18 class is a simple function of the standardized selection
— [COV[n, R)/T] (1b) gradient and opportunity for selection.

When there is neither epistasis nor sampling error,
(Br.a)(02)]/R (10) qukage disequilibrium will be absent, recombinati.on
will have no effect, and sexual and asexual populations
whereR,, andf(n) are the net reproductive rate and will have identical genotypic distributions (Kimura &
the fraction of individuals carrying mildly delete- Maruyama, 1966; Haigh, 1978). Therefore, at equilib-
rious mutations, respectively\n is the per gener-  rium, Rycsi(req) sezual = Rbest(req),asex = €7 %
ation change in the mean number of mutations per = Because genetic polarization necessarily causes the
genome,R is the net reproductive rate of the pop- load of an asexual population to bg¢? — 1, it follows
ulation as a wholeg? is the variance im, COV thatS*O* = 1.0 in the absence of recombination. But
denotes covariance, amdy ,, is the regression (i.e.  as shown below, in sexually recombining populations,
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Figure 2 A plot of the log of fitness vs. the number of mutations in a genome illustrates major forms of epAtasi€pistasisB: reinforcing
epistasisC: buffering epistasisT: threshold for buffering epistasi: incomplete buffering epistasis.

epistasis and nonrandom mating can cause the stan-established that diminishing-returns epistasis increases
dardized selection gradien§{) and the opportunity  mutational load when recombination is present (Crow,
for selection (%) to change in a non-compensating 1970) and it will not be discussed further here.
manner and thereby cause the requisite load to devi- Two types of positive epistasis have traditionally
ate fromeV? — 1. When the produc§* O* increases  been discussed concerning a reduced mutational load
beyond unity, then recombination builds the best-class of a sexual population, i.e., that associated with rein-
faster than its own net reproductive rate. Thus recom- forcing and truncation selection. Reinforcing epista-
bination can increase the efficiency of selection and sis occurs when the deleterious effect of a mutation
thereby reduce the mutational load. This motivates the increases with each additional mutation in its genetic
index Ef f* = S*O* as an index of the relative effi-  background (Figure 2B). Truncation selection, in its
ciency of selection. simplest form, occurs when mutations do not reduce

fitness until they accumulate beyond a threshadld (

at which point fithess plummets to zero. Truncation

Impact of epistasis and nonrandom mating on selection combines two forms of epistasis: a) buffering

mutational load epistasis, whereby the harm of individual deleterious
mutations is ameliorated except for those in excess

General of a threshold valueT), and b) reinforcing epista-

sis once the threshold is reached. Because truncation
When epistasis is absent, selection acts independentlyselection includes reinforcing epistasis, the focus here
on each mutation and fithess declines linearly, on a log will only be on the independent effects of reinforcing
scale, with the number of mutations in a genome (Fig- (Figure 2B) vs. buffering epistasis (Figure 2C).
ure 2A). Epistasis among mutations represents syn-  This will be done by examining the impact of these
ergism (i.e., the total effect is greater than the sum two forms of epistasis on the efficiency of selection
of the component effects when acting independently) (Eff*) and its componentsS¢ and O*). Because
and it can be positive or negative. Diminishing-returns the direct effect of recombination is to reduce linkage
epistasis is the major negative form. In this case, the disequilibrium, we also need a measure of the impact
deleterious impact of a mutation decreases with each of recombination on linkage disequilibrium. This is
additional mutation in its genetic background. Itis well
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done by expanding the expression for the opportunity  To display the effects of epistasis in asexual and

for selection as recombining populations, graphs were constructed
showing the change in the equilibrium values%,
O* =62 /Uy = [m)U4)(D*) = A*D*, O*, D*, A*, andEf f*, both when recombination was
present and absent. Because these parameters combine
whereD* = 52 |0 andA* = n/Uy. multiplicatively, all changes are expressed as propor-
The parameted* is the standardized accumulation  tions on a log scale. These proportional changes will be
of mutations, i.e., the actual accumulatiaf) ¢ivided expressed adri(Delta)’ values. For example, if epis-

by this value in the case of the dominant sterile bench- tasis increased®* by 10% (i.e., from 1.0 to 1.1) then
mark (Uy). In the absence of linkage disequilibrium, In(Delta) =In(1.1/1.0), and if it reduced* by 10%

anincrease in the accumulation of mutatioAs)pro- thenIn(Delta) =In(0.9/1.0).
duces a corresponding increase in the opportunity for ~ The base for the graphs in Figure 2 is the case
selection Q). where epistasis is absent (not shown in Figure 2). Here

The parameteb* measures linkage disequilibrium  theln(Delta) values are zero for all of the parameters.
in units of52. If there is a random association between The graphs display the impact of epistasis (or nonran-
mutations (i.e., no linkage disequilibrium), theffiol- dom mating) on each parameter when recombination
lows a Poisson distribution and* = 1 (i.e., mean = is presentand when itis absent. Positive (negative) his-
variance for a Poisson variatd)* measuresthe degree tograms indicate the proportional increase (decrease)
to which a nonrandom association between mutations in a parameter. Because of the multiplicative interac-
increases or decreases tfe Requisite load can now  tion between the parameters, the histograms for
be expressed as a simple function of the equilibrium andO* sum to that off f f*, and those ofi* and D*
level of linkage disequilibrium, sum toO*.

Riyest(req) = €V /(S*A*D*). (5) Simulation results

Lastly, the measurén(D*) will also be used as a  Figure 3A illustrates the effects of buffering epistasis.
measure of linkage disequilibrium since, on a log When recombination is present, it keeps the level of
scale, negative valuesbf reduce, and positive values  linkage disequilibrium small (Inp*) ~ 0). The direct

increase, the opportunity for selection. effect of buffering epistasis is to increase the accumu-
lation of mutations £*), and this in turn increases the
Simulation model opportunity for selection®*). Epistasis causes more

mutations to accumulate, because selection acts only
A deterministic simulation model, originally described on the number of mutations in excess of the threshold
by Kimura and Maruyama (1966), was used to explore number 7).
the impact of buffering and reinforcing epistasis on Interestingly, buffering epistasis also has a large
the efficiency of selection in sexual and asexual pop- indirect effect: it makes the equilibrium selection gra-
ulations. The model simulates free recombination dient steeper. The value & increases because the
between all loci. Two parameters were constant acrosso? per expressed mutation (i.e., number mutations

all simulations:U; = 1.0 ands = 0.05 (recall thats in excess of the buffering threshold) is increased.
is the decrement to fitness when a single mutation is This in turn reduces the equilibrium mean number of
expressed). expressed mutations (i.@.supressea = 2 — 1), COM-

The absence of epistasis was modeled by the fit- pared to the case of no epistasis (4, is increased
ness functionw,, = (1 — s)". Buffering epistasis was  but not7ic,presseq)- All €lse being equal, the impact

modeled by the fitness functiom),, = 1if n < T, of an arbitrary individual mutation on fitness is greater
andw, = (1 - 8_)"_T_, if n > T', where the threshold  when fewer mutations are present (and expressed) in
for buffering epistasisT; Figure 2C) is;T" = E(n the genome. For example, consider 0.05 when

| no epistasis) U,/s = 20 (Haig, 1978). Rein-  puffering epistasis is not operating. With one expressed
forcing epistasis was modeled by the fitness function; mutationw; = (1-.05) and the single mutation reduces
wn, = (1—5)7("), wheref(n) = n'®. These parame- fitness by 5%. But if 20 mutations are presevt, = (1—

ter values are arbitrary, but the qualitative relationships

are unchanged when other parameter values are used.
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Recombining Asexual
A. Buffering Epistasis
2 2
1 1
E
-1 -1
2 -2
Eff* Sg* O* A*  D* Efe+ sg*  O* A*  D*

B. Reinforcing Epistasis
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In(Delta)
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<
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Figure 3 The effects of epistasis, positive assortative mating, and sex vs. asex on the standardized opportunity for getactibe (
standardized selection gradiest( linkage disequilibrium p*), and the efficiency of selectiofeff*). When there is no epistasis, the values
S*, 0*, D*, A*, andEff* necessarily equal unity, and this transforms to zero on the natural log scale of the grahs ¢* on figure).

.05y° = 3585 and each mutation, on average, reduces  The buffering of deleterious mutations can be
fitness by only 3.2%. incomplete but still provide a large advantage. To
When recombination is absent, buffering epistasis simulate incomplete buffering epistasis (Figure 2D)
builds negative (variance reducing) linkage disequi- | fit the fitness modelw,, = [(1 — s)"]/(™™), where
librium (in[D*] < 0). This prevents the increase in  f(n,T) = (n/T)?if n < Tandw, = (1 — s)" if

A* from vyielding a net increase iﬁA)*.AThg build- n > T. In this case most (83%) of the advantage of
up of this linkage disequilibrium driveS*, O*, and complete buffering epistasis was realizég,, is 1.72
Eff* all to unity and thusL,., = eV? — 1, i.e., forasex, and 0.53 forincomplete and 0.29 for complete

the same as the dominant-sterile benchmark. Thusbuffering epistasis.
when recombination is absent, epistasis builds ‘com- Figure 3B illustrates the effects of reinforcing epis-
pensatory disequilibrium, and? = 1/(5*A%) tasis. When recombination is present, linkage dise-

andin(Dx,,,) = —[In(S*) + zn(”fiiﬁ]. quilibrium [In(D*)] is kept near zero. The selection
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gradient 6*) is increased directly due to reinforcing
epistasis increasing the strength of selecti¢inis also
increased indirectly due to a lowered equilibrium val-
ue of7 (i.e., reducedi*, see above). The opportunity
for selection O*) is diminished because the stronger
selection (due to reinforcing epistasis) redudésBut
because the selection gradiefit is increased more
than the opportunity for selectior)¢) declines, the
net effect is an increase in the efficiency of selec-
tion (Eff) and hence a diminished mutational load
(Lyeg < eV4 —1).

When recombination is absent, reinforcing epista-
sis builds compensatory disequilibrium. This variance-
reducing, negative disequilibrium reducés to the
point that the gain in the selection gradient is exactly
off-set by the decline in the opportunity for selection.

In addition to epistasis, nonrandom mating can also
reduce the requisite mutational load. Figure 3C illus-
trates the impact of positive assortative mating (indi-
viduals mate only with others carrying the same num-
ber of mildly deleterious mutations). This form of non-
random mating causes thd to rise far more rapidly
with increasingz, and thereby increasé¥ despite the
reduction in the accumulation of mutation*). The
reduction inA* increases the selection gradiefit},
as described above for the case of reinforcing epista-
sis. Unlike the two forms of epistasis examined above,
however, positive assortative mating builds strong ben-
eficial (i.e., variance enhancing) linkage disequilibri-
um([in(D*) >> 0] and can thereby provide a substan-
tial reduction in the requisite mutational load. Even
weak positive assortative mating can produce a large
reduction in load (data not shown). Obviously, neg-
ative assortative mating would increase the requisite
load of a recombining population.

Overall, epistasis and nonrandom mating can cause

recombination to build the best-class faster than its own
netreproductive rate. Clearly Wné). s (reqrizeq) <<
Ryest(req), then deterministic mutation accumulation
will lead to extinction. But when the increment
(Rbest(req) - Rbest(realized)) is Sma”er! a mutation-

Pathway-epistasis and load reduction

Is epistasis strong enough in natural populations to
provide a non-trivial reduction in the requisite muta-
tional load of sexually recombining populations? There
is some evidence for weak reinforcing epistasis from
studies that examined the fithess of genotypes con-
taining increasing numbers of random mutations (i.e.,
heterozygous recessive lethals) when stacked into the
same genome (Kitagawa, 1967) or when increasing
numbers of random mutations are accumulated on shel-
tered chromosomes (reviewed in Mukai, 1979). But
studies such as these are severely biased against the
possibility of detecting strong epistasis, because they
are concerned with the combined effects of random
mutations that are unlikely to interact directly with one
another.

A more powerful approach would be to look at
closely interacting loci, such as those involved, for
example, in enzymatic, signal transduction, and devel-
opmental pathways. Such groups of functionally inter-
acting loci may be of major importance since only a
small minority of all possible combinations of genome-
wide mutations need to interact epistatically to pro-
vide a large advantage to sexual recombination, i.e.,
Lyeg << eV?—1.

To see why this is the case, suppose that a genome
could be decomposed inkbindependent pathways of
strongly interacting loci. If buffering and/or reinforcing
epistasis were expressed among mutations within, but
not between, pathways then

K

Rbest(req) eUd/ H 5:0:7 (6)

i=1
where the subscriptdenotes a specific pathway and
with the constraint thab:0r < e(U9i (Appendix
2). For example suppodé; = 2.0 and there are 100
independent pathways with: 1) equal portions of the
genome associated with each pathway, 2) no epista-

al Red-Queen may ensue with mutation accumulation sis between mutations from different pathways, and 3)
being accommodated by perpetual compensating adap-buffering epistasis within pathways which increased
tation. Recombination, by reducitit). s;(,c,) Via epis- S{O;‘ from unity to 1.0186 (Appendix 3). The reg-
tasis and nonrandom mating, extends the permissibleuisite net reproductive rate of the least mutated class
range of phenotypic complexity (largé;) that can (Rpest(req)) declines from 7.39, assuming no pathway-
potentially evolve. epistasis or asexual reproduction, to only 1.16.
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Evidence for pathway epistasis Conclusions and future research

Evidence for strong epistasis within pathways is still Load, sex, and epistasis

fragmentary. Control theory predicts that buffering

epistasis may be an incidental byproduct of the inherent A major goal of this paper was to develop a heuris-
properties of flux through enzymatic pathways (Kacser tic model that illustrateow sex (recombination and
& Burns 1979; Szathmary, 1993). mating) can reduce mutational load. Inspection of the

This theory, however, is based on extremely sim- expression for requisite load,
plified conditions. Most pathways operating in nature o
will be forced to operate under a wide range of cytoso-  Lres = Rbest(req) — 1 = {e/?/[S*O*]} =1 =
lic conditions, including factors such as desiccation, {eUd/[S*A*ﬁ*]} _1
salt imbalance, broadly varying temperatures across
both time and position within the organism, trace ele- makes it clear that the critical feature of sex is to break
ment deficiency/surplus, heat-shock induced deficits the antagonism (i.e., compensating changes) between
in availability of constituent enzymes, and many oth- the equilibrium selection gradierfft) and opportunity
er factors too numerous to list here. This variation in for selection O*). When reinforcing and/or buffering
cytosolic conditions in the past should have selected epistasis is present, this antagonism is mediated by the
for resilient pathways. A recent theoretical analysis of build-up of compensatory linkage disequilibrium.

a signal transduction pathway in bacteria supports this ~ Beneficial epistasis is a two-edged sword; it helps
conclusion (Barkai & Leibler, 1997). If pathways have by increasing the selection gradient and/or the oppor-
evolved that are robust to such environmental insults, tunity for selection, but it hurts by inducing the build-
then those same pathways may be preadapted to tol-up of compensatory linkage disequilibrium. Asexual
erate the minor genetic insults represented by mildly populations experience both the advantage and dis-
deleterious mutations. Thus past selection for path- advantage of epistasis, and consequently experience
ways to operate under a wide range of environmental no net gain. Recombination, however, rescues sexu-
conditions may have fortuitously built buffering epis- al populations from the disadvantage of compensatory
tasis among strongly interacting mutations. disequilibrium.

One clear example of buffering epistasis within a The parameters* and O* have simple intuitive
developmental pathway comes from the early work on interpretations. In a general sense, mutational load is
genetic assimilation and canalization (e.g., Wadding- reduced when selection culls more mutations per selec-
ton, 1953). For example, the crossveinless pheno- tive death (or sterility). Thus the more efficient selec-
type is extremely rare in laboratory populationdof tion is in removing mutation-rich genotypes, in excess
melanogasterbut this condition is seen at low fre- of mutation-poor genotypes, the lower the mutational
guency when the flies are heat shocked during devel- load.
opment. By selecting, over many generations, only The selection gradient measures the degree to
those flies that expressed the crossveinless phenotypavhich selection culls more heavily from mutation-rich
under heat shock, Waddington generated lines thatcompared to mutation-poor genotypes (i.e., from the
expressed the trait without heat shock (genetic assim-right as opposed to the left side of the fitness distri-
ilation). Thus the genetic variation for the crossvein- bution of Figure 1). All else being equal, the greater
less phenotype was initially present at low frequency the selection gradient the greater the number of muta-
but hidden by canalization (buffering epistasis) when tions removed per selective death (or sterility), and
rare. Once the genetic variation accumulated sufficient- hence the greater the efficiency of selectibff¥). But
ly (beyond threshold levels), it was expressed. This a steep selection gradient has a cost in the follow-
and other studies on canalization provide preliminary ing generation, because there will be fewer mutation-
evidence for epistasis in the context of developmental rich genotypes available (negative linkage disequilib-
pathways. rium; In(D*) < 0) and this reduces the opportunity

for selection.

The opportunity for selection measures the degree
to which a population regenerates mutation-rich geno-
types. With asexual reproduction, only the weak force
of mutation regenerates the genotypes removed by
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selection. When epistatic selection removes mutation- Leibler, 1997), experimental support is critically lack-

rich genotypes faster than mutation can regener- ing.

ate them, compensatory (i.e., negative) disequilibri- Because so many pathways have been well-

um accrues and* declines. With sex, recombina- characterized by molecular biologists, there is a unique

tion rapidly regenerates the mutation-rich genotypes opportunity for biochemists and physiologists to con-

removed by epistatic selection (momﬁ*] toward tribute to our understanding of the adaptive significance

0) and the advantage of epistasis is realized. of sexual recombination. Studies in which minor effect
In summary, genetic polarization isolates the mutations are stacked within pathways could be used as

progenitor class from the remainder of the population. a powerful test for buffering and reinforcing epistasis.

As a result, any detrimental mutation (no matter how A preliminary study concerning a developmental path-

minor) is effectively a dominant sterile, and this con- way is currently underway in my laboratory. Ecological

strains the requisite load of an asexual population to be studies of the extent of positive assortative mating for

Lyeq = Rpest(req) —1= eVd — 1. Since the fitness of  fitness also seem feasible, but to my knowledge, are

the progenitor class depends upon the level of compe-absent.

tition fromthe living dead (i.e Ryesi(req) = 1/E(wy)

; Appendix 2), this constraint can be expressed as
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Appendix 1

The regression#,, ») of relative fitness,,) on the
number of mutations per genome) (s equal to the
COV (w,,n)/62. In the dominant-sterile casw,, is
dichotomous, equaling 1 wher= 0 and 0 otherwise.
Because the distribution of new mutations is assumed
to be Poisson,;) and the because the probability
density at zero of such a Poisson variatei§'¢, the
expectation ofv,, is

18

E(w,) =

(wn) f(n)
0

1e7 V) + 040+ ... =V

3

Because the expectation and variance of Poisson vari-
ate are equal, th&(n) = 02 = Uy,. With the prob-
ability density ofn, E(w,), and E(n) defined, the
covariance betweemandw,, can be expressed as

]_

E(n)E(w,) =0— E(n)E(wy,)

(oo}

2. n(wn)f(n)

n=0

COV (wp,n) = [

because all terms in the summation are zero. Next, the
regression o, onn (B, ) can be expressed as

Byn = COV (wn,n)/o% = —(Ua)(e~"?)/Uq

= —e Ud,

Appendix 2

To begin, consider the definition @f,, at mutation-
selection balance,

Wy = Rn/Rbest(req).
Taking expectations of both sides,

E(wn) = E(Rn/Rbest(req).)
= (1/Rbest(req).)E(Rn.)
= 1/Rbest(req)7
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because th&(R,) = 1 at demographic equilibrium.

By rearrangemenRy,.(eq) = L/E(W,). If there areK
independent pathways and no epistasis between muta-
tions residing in different pathways, then

K

E(w,) = 1;[1E(wn),-

= S (e VD8 07)

K .
=e UdT] SrO;.
i=1

Finally, sinceRy.(req) = 1/ E(wp),

K
Ryestireqy = ¢/ [] 5707
i=1

Appendix 3

AssumingU, = 2 and that there are 100 independent
pathways, then in a eukaryote with more than 10,000
loci per genome there would be more than 100 inter-
acting loci per pathway. Next suppose that buffering
epistasis within pathways suppresses mutation expres-
sion until at least 30 have accumulated (g, = 1.0
whenn<30), at which point each additional mutation
reduces fitness by 5%w,, = [1 — 0.05"2%). Using

the deterministic simulation model described in the text
with U, = 0.02, therS; O was found to equal 1.0186.



