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ABSTRACT A model of the evolutionary dynamics of a
multigene family in a finite population under the joint effects
of selection and (possibly biased) gene conversion is analyzed.
It is assumed that the loss or fixation of a polymorphism at any
particular locus in the gene family occurs on a much faster
time scale than the introduction of new alleles to a monomor-
phic locus by gene conversion. A general formula for the fixa-
tion of a new allele throughout a multigene family for a wide
class of selection functions with biased gene conversion is given
for this assumption. Analysis for the case of additive selection
shows that (i) unless selection is extremely weak or bias is ex-
ceptionally strong, selection usually dominates the fixation
dynamics, (ii) if selection is very weak, then even a slight con-
version bias can greatly alter the fixation probabilities, and
(iii) if both selection and conversion bias are sufficiently small,
the substitution rate of new alleles throughout a multigene
family is approximately the single locus mutation rate, the
same result as for neutral alleles at a single-copy gene. Finally,
I analyze a fairly general class of underdominant speciation
models involving multigene families, concluding for these
models under weak conversion that although the probability of
fixation may be relatively high, the expected time to fixation is
extremely long, so that speciation by "molecular drive" is un-
likely. Furthermore, speciation occurs faster by fixing under-
dominant alleles of the same effect at single-copy genes than by
fixing the same number of loci in a single multigene family
under the joint effects of selection, conversion, and drift.

There has been much recent interest in modeling the evolu-
tion of multigene families (see refs. 1-5 and references there-
in). The role of intergenic gene conversion in structuring
multigene families has been a central issue to much of this
work. With a few exceptions (6-8), most of these models
have assumed no selection and no bias in gene conversion.
Nagylaki and Petes (6) showed that even small amounts of
conversion bias can be extremely important in the probabili-
ty of fixation of a new mutant on a single chromosomal lin-
eage. Single-locus models show that bias in conversion can
effectively oppose selection in some cases (9-12), and it is of
interest to inquire about their joint interactions in a multi-
gene family. Finally, there has been much interest in the pos-
sible role of the various DNA turnover mechanisms (conver-
sion, transposition, unequal crossing over) in promoting spe-
ciation by fixing incompatible alleles, with these turnover
forces presumably overpowering the effects of selection. To
address all of these concerns, I develop here a multigene
family model for the joint interactions of selection, gene con-
version, and genetic drift. To make an analysis possible, I
assume "weak conversion," in a fashion analogous to the
low-migration models Slatkin (13) and Lande (14) used to
investigate geographically structured populations. In the

weak-conversion limit, all of the loci in a multigene family
are monomorphic (although perhaps for different alleles) ex-
cept for relatively short periods of time after the introduction
of a polymorphism at a single locus by gene conversion. Put
another way, in this limit, the time between the actions of
conversion (introducing alleles to a monomorphic locus) is
very long compared with the time required for the joint ef-
fects of selection and genetic drift to fix alleles at those loci.

Formulation

Generations are discrete and nonoverlapping. The randomly
mating diploid monoecious population is finite, with size
characterized by its variance effective population size Ne
and actual size N. Consider a gene family that is composed
of a fixed number of loci n. Only two alleles are considered,
a and A, and the population is initially fixed for allele A at all
n loci. No mutation is assumed, so loci remain monomorphic
unless intergenic gene conversion introduces the alternate
allele. We assume that introduction of new alleles to mono-
morphic loci occurs on a much longer time scale than the
subsequent loss or fixation of the introduced alleles. Under
weak conversion, the fixation of a new mutant throughout a
gene family occurs by first the mutant becoming fixed at a
single locus and subsequently spreading from that locus to
all remaining loci in the gene family.
The probability of fixation at a single locus is a standard

result (15, 16), so we focus first on the probability of spread
throughout a gene family given that we are initially fixed at a
single locus. In the weak-conversion limit, all loci are mono-
morphic (although for potentially different alleles) except for
very short periods of time when a polymorphism is segregat-
ing at a single locus. Genetic drift interacting with selection
causes the segregating locus to become fixed, either for the
introduced allele or for the original allele. After some length
of time, conversion creates another polymorphic locus, and
the process continues until all loci are fixed for the same
allele. We model the locus-by-locus spreading process by a
simple discrete time, discrete space Markov chain. The state
space is {0, 1, ..., n}, where state i means the population
consists of i loci monomorphic for allele a and n - i loci
monomorphic for allele A. Since we do not allow mutation,
the states 0 and n are absorbing. A transition between states
involves first a conversion event (the introduction into the
population of a polymorphism at a monomorphic locus) and
then the subsequent fixation of the introduced allele by the
joint action of selection and genetic drift. In the weak-con-
version limit, we can only move from state i to either state i
- 1 or i + 1. We denote the transition probability from state i
to state i + 1 by Xi and likewise denote by ,i the transition
probability from state i to state i - 1.
The Xi and A completely characterize our Markov chain.

Since the associated transition probability matrix is a contin-
uant, explicit formulae for fixation probabilities and times
are available (17). Specifically, the probability of fixation
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starting from a single copy, ir(1), is

n-i

7(1)= 1 Pk [la]
/k=O

PO Pk = AlA~2 ..

* k [lb]
X1X2 ... Xk

We now proceed to specify the general form of the Xi and
Ai. Recall that two independent events are required for a suc-
cessful state transition, the introduction by conversion of a
polymorphism, and the subsequent fixation of the intro-
duced allele. Starting from state i (the population entirely
monomorphic, with allele a fixed at i loci), let Xq0 be the
per-generation probability that conversion introduces an a
allele at a locus monomorphic for allele A, and let ui(1/2N)
be the probability that allele a is fixed at this site, given it
starts from a single introduced copy. Likewise w4Ofl and
vi(1/2N) are the corresponding probabilities associated with
introduction of an A allele at a locus monomorphic for allele
a and the subsequent fixation of allele A at this locus. Thus,
for 1 s i c n - 1,

Xi = XCof ui(1/2N) [2a]

Ai= Aon vi(1/2N). [2b]

Finally, denoting the initial probability of fixation of allele a
at a single locus by uo(1/2N), we have our general expres-
sion for the probability that, starting from a single copy, a
new mutant is fixed throughout a gene family. We denote
this probability by U(1/2N),

U(1/2N) = uo(1/2N) ir(1). [3]

Thus, to compute [3] we need only specify the Xqof, p4ofl
ui(1/2N), and vi(1/2N).
A slight modification of the Nagylaki-Petes model allows

us to obtain Xqof and Icon. We assume that intergenic con-
version occurs via a Szostak et al. double-strand gap repair
model (18) or by asymmetric heteroduplex formation in a
Meselson-Radding model (19). This restriction ensures that
at most only one locus is converted per conversion event.
Otherwise, the possibility exists that a single conversion
event could introduce a polymorphism at two separate loci.
Let y be the probability per individual per generation that a
conversion event occurs, so that Ny conversion events oc-
cur in the population per generation. Our weak conversion
assumption implies Ny << 1, so that at most a single con-
version event occurs within the population.

Since y measures all conversion events, including those
between loci fixed for the same allele, only a subset of the
total conversion events involve different alleles. Further-
more, even among those conversion events involving differ-
ent alleles, only a subset of these result in conversion intro-
ducing a polymorphism, as the original allele may be main-
tained when the heteroduplex is resolved. Among those
conversion events that involve the two different alleles, let p
be the fraction of these events that result in allele A being
converted to allele a, and likewise let q be the fraction of a
converted to A (6). Note that only (p + q) of the conversion
events between different alleles result in an actual conver-
sion occurring, and that, generally, p + q < 1. From Eqs. 3
and 4 of Nagylaki and Petes (6), for an individual in state i in
which a conversion occurs, a polymorphism is introduced at
an AA monomorphic locus with probability p2i(n - i)/n(n -
1). Likewise, a polymorphism is introduced at an aa mono-
morphic locus with probability q2i(n - i)/n(n - 1).

Ifp # q, conversion is said to be biased. Following Nagy-
laki and Petes (6), we define r = q/p. Equivalently, we can
define a as the conditional probability that allele A is con-
verted to allele a, given that a conversion event that intro-
duces a polymorphism occurs. Thus, a = p/(p + q), with r
and a being related by r = (1 - a)/a. No conversion bias
occurs if a = 1/2 (r = 1), allele a is at a conversion advantage
if a > 1/2 (r < 1), while allele A is at a conversion advantage
if a < 1/2 (r > 1).

Putting the above results and definitions together, and not-
ing that p = (p + q)a, q = (p + q)(1 - a), we have

AXC~n = N~y(p + q)aF
2 i))XIOf= Ny(p +q)a[ n(n 1)1

= Ny(p + q)(1 a)[ 2i0

-nn l)J'

[4a]

[4b]

For given a and y values, the underlying molecular basis of
conversion affects the rate at which actual conversions oc-
cur. We account for this by considering the effective conver-
sion rate, which we define as y(p + q). A simple extension
of Nagylaki and Petes (6) Eqs. 4b and 4c to include double-
strand gap formation allows p and q to be computed for any
arbitrary combination of interchromatid asymmetric, sister-
chromatid asymmetric, and double-strand gap conversion
events. Since our formulations are completely described by
a and y(p + q), we will not consider further the formulation
of p and q in terms of the underlying molecular events.

Calculation of ui(1/2N) and vi(1/2N) proceeds directly
from Kimura's standard one-diallelic-locus result (15, 16)
upon specification of the fitnesses. Denote the fitness of an
individual with i a alleles on one haploid set andj a alleles on
its other haploid set by w(i, j). The genotypes AA:Aa:aa at
the segregating locus have fitnesses w(i, i):w(i, i + 1):w(i +
1, i + 1) if we start in state i and introduce allele a into a
locus monomorphic for A. Since for fixed i these fitnesses
are constant, the probability of fixation of allele a, ui(1/2N),
is obtained by inserting these fitnesses into Kimura's general
one-locus result. We compute vi(1/2N) in a similar fashion.
We expect that for many gene families the fitness of an

individual depends solely on the total number of copies of
allele a it carries. This introduces a great simplification in
obtaining ui(1/2N) and vi(1/2N). Denote by w(x) the fitness
of an individual who carries allele a at a fraction x of the total
loci in the gene family. In computing ui(1/2N), the geno-
types AA:Aa:aa have fitnesses w(i/n):w([i + 1/2]/n):w([i +
1]/n). If the number of loci is fairly large, we expect small
changes in the total composition of allele a to produce small
changes in fitness. We use this assumption for further simpli-
fication by expanding the last two fitnesses in a Taylor series
about w(i/n), and then normalize by dividing through by
w(i/n). This yields fitnesses 1:1 + sj:1 + 2si for the geno-
types AA:Aa:aa where

Si= w'(i/n)/{2nw(i/n)}, [5]

where the prime denotes differentiation. The probability of
fixation under additive selection is a standard result (15, 16),
and from [5] we have for 1 s i < n - 1:

ui(1/2N) (1/2N) [4NeSj/{1 - exp(-4Nes,)}] [6a]

vi(1/2N) (1/2N) [4Nesi/{exp(4Nesi) - 1}]. [6b]

Finally, without loss of generality, we can take w(O) = 1, and
we obtain uo(1/2N) from [6a] with so = w'(0)/2n.
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By inserting [4] and [6] into [1], and using this result in [31,
we obtain

U(112N)= cw'(O)
2N[1 - exp{-cw'(O)}]

1+ I r'kexp. CZ s4! [7]
k=1 ~ }

c = 2Ne/ln S = W'(i/n)/w(i/n).

Note that [7] is independent of both the effective conversion
rate y(p + q) and the underlying recombination map.

Results for Additive Selection

In this section, we further refine [7] under additive fitnesses,
with neutral alleles as a special case obtained by letting se-
lection vanish. Define w(x) = 1 + sx as the fitness of an
individual who carries allele a at a fraction x of the total sites
in the gene family. If we further assume that Isl << 1, from
[5] we have that si - s/2n, and [7] reduces considerably to

U(1/2N) = 1 Cs i-K
8

2N [1 - exp(-cs)] 1 - K' [8]

K = r exp(-cs), c = 2Ne/ln.

We are most interested in the cases where conversion op-
poses selection-i.e., s > 0 and a < 1/2 (or equivalently, r >
1) or s < 0 and a > 1/2 (r < 1). Selection enters into the
fixation probability in an exponential form, so that if IcS»>>
1, selection will dominate the fixation process unless bias is
almost complete in the opposite direction. For Icsl large, [8]
simplifies even further. If JcsI >> 1, s > 0, and r exp(-cs)
<< 1, then

U(1/2N) -sNl/Nn, [9a]

while if JcsI >> 1, s < 0, and r exp(-cs) >> 1, then

U(1/2N) (-sNe/,lN) rn-1 exp(2Nes). [9b]

If we have both weak selection (Icsl << 1) and weak conver-
sion bias (a = 1/2 + 131P << 1), then uo(1/2N) 1/2N and
K 1 - (413+ CS). IfK= 1 + 6, whereI1l << 1andnf2<<
1, we can approximate (1 - K)/(1 - Kn) by e/[exp(gn) - 1].
Thus, provided that n(4p + CS)2 << 1, we have

U(1/2N) (1/2N)(4f3 + cs),
when exp[n(4,B + Cs)] >> 1 [iOa]

U(1/2N) -(1/2N)(4f3 + cs) exp[n(4,B+ Cs)],
when exp[n(4,8 + Cs)] << 1 [lOb]

U(1/2N) 1/(2Nn), when n1413 + csl << 1. [lOc]

Eq. 10 shows that for weak selection, small amounts of con-
version bias can have a very major effect, but as seen from
[lOc] if both selection and conversion bias are sufficiently
small (14no + 2Nesl << 1) the probability of fixation is the
same as a neutral allele with no conversion bias.
Of some interest is R, the rate of substitution of new al-

leles in a gene family, which we define as the expected num-
ber of alleles arising each generation that are destined to be-
come fixed throughout the gene family. Let v be the per lo-
cus mutation rate, so that on average in each generation

2Nnv alleles arise by mutation, each with probability
U(1/2N) of becoming fixed throughout the gene family, giv-
ing R = 2NnvPU(1/2N). For [lOc], this reduces to R v,
which is also the substitution rate of neutral alleles at a single
locus (20). Thus, provided that selection and conversion bias
are sufficiently small (14n,4 + 2Nesl << 1), the substitution
rate of new alleles throughout a gene family is the same as
for a single locus. Likewise, [lOa] and [lOb] show that biased
conversion and selection can greatly increase or decrease R
over that for effectively neutral alleles.

Implications for Speciation

There has been speculation on the role of gene families in
speciation events, especially when differences in gene family
composition are assumed to cause reduced fitness. Dover et
al. (21, 22) have proposed that the same molecular forces,
such as gene conversion, that homogenize multigene families
may be able to overpower selection and allow for the spread
of underdominant alleles in a gene family. This would result
in the accumulation of reproductive isolation if the spread
occurred in an isolated population. Dover refers to this type
of speciation as molecular drive. We can gain some insight
into the feasibility of such speciation models by examining
the spread of underdominant alleles through a gene family.
Suppose w(i, i) = 1, w(i, i + 1) = w(i, i - 1) = 1 - h, where,
as before, w(i, j) is the fitness of an individual with i copies
of allele a on one haploid set and j copies on its other set.
From this symmetry, uo(1/2N) = ui(1/2N) = vi(1/2N). De-
note this common probability by u(1/2N), which is the prob-
ability of fixation of an underdominant allele (14, 23, 24).
We compute ir(1) directly from [1] using [2] and [4] and

observing that when ui(1/2N) = vi(1/2N), these cancel in
[lb], leaving only the effects of conversion bias, yielding

Ir(1) = (1 - r)/(1 - r). [11]

Thus, the probability of fixation throughout a gene family of
an underdominant gene fixed at a single locus is independent
of the strength of selection in the weak-conversion limit. The
effect of selection is as a stabilizing force, increasing the
time between state transitions, which increases the expected
time to fixation throughout the gene family.

It is important to see just what effect selection has on re-
tarding the rate of spread and, hence, the time to fixation.
We approximate the expected time to fixation throughout
the gene family by using a diffusion approximation for our
Markov chain. Let Y(t) indicate the state of the Markov
chain t generations after the initial fixation at the first locus
(the time at which we start the chain). We have that

E[Y(t + 1) - Y(t) IY(t) = i]
= Ny(p + q)u(1/2N)(2a - 1)2i(n - i)/n(n - 1) [12a]

E[(Y(t + 1) - y(t))2 I Y(t) = i]
= Ny(p + q)u(1/2N)2i(n - i)/n(n - 1). [12b]

We rescale space by introducing X,(T) = Y(r)/n, with time
rescaled as r = &-1t generations, '-1 = n2/[2N-y(p +
q)u(1/2N)]. Taking the limit as 8 goes to zero by letting n -*

00 and a -- 1/2, such that n(2a - 1) is fixed, gives the infini-
tesimal generator, L, for the limiting diffusion associated
with our Markov chain model

L = (1/2)x(1 - x)d2/dx2 + Ox(1 - x)d/dx,
= n(2a - 1). [13]

This is the same generator as for genetic drift and additive

Genetics: Walsh



Proc. NatL. Acad Sci USA 82 (1985)

selection and is well characterized (11, 15, 25). The expected
time to fixation starting from a single fixed locus, T(1/n),
when nl2a - 1j << 1 is found using Eq. 31 of Nagylaki (11)
to be

T(l/n) [2n2/{y(p + q)}][\/'- exp(9)
erf(V0)1(2V0)1, [14a]

while if nl2a - 11 >> 1 and 12a - 11 << 1, we use Eq. 32 in
ref. 11 to obtain

T(1/n) [2n ln(2nl2a - lI)/{y(p + q)12a - 11}][V'fexp(9)
erf(V0)12V_0, [14b]

where 6 = Neh and erf(x) is the error function (26). Eq. 14
can be further simplified when 9<< 1 or 9>> 1. If 9 << 1,
\/- exp(9) erf(V9)/(2V9) 1, while it is approximately
exp(9) when 9>> 1. Thus, if Neh >> 1, selection greatly
increases the time to fixation over that of a neutral allele,
while if Neh << 1, the fixation times are essentially equiva-
lent with those for a neutral allele.
We conclude by comparing the effectiveness of speciation

induced by changes within a gene family to speciation in-
duced by changes at many single copy loci. We assume that
a small population has budded off from a larger main popula-
tion, and we ask how quickly reproductive isolation accumu-
lates. One route for the accumulation of isolation is by fixa-
tion of underdominant alleles at a number of loci, so that
hybrids between the bud population and the main population
are multiple heterozygotes and, hence, have reduced fitness.
We contrast independent fixation at many single copy loci
with the single fixation of an allele throughout a large gene
family. In both situations, assume that the fitness of an indi-
vidual who is heterozygous for k different loci is (1 - h)k.
Using Eq. 11 of Walsh (24), we can compare the time to fixa-
tion of an underdominant allele through a gene family of size
n with the time required for independent fixation of underdo-
minant alleles of the same effect at n unique loci. Under the
conditions of [14a], the expected time to fixation in the gene
family takes 2nv/l[y(p + q)] times as long as independent
fixation at single loci, while this ratio is 2v ln(2nl2a -

lI)/[y(p + q)12a - 11 under the conditions of [14b], where v
is the per gamete mutation rate of underdominant alleles.
Provided that 2v/l[y(p + q)] > 1/n, reproductive isolation
accumulates more rapidly through fixation at single copy
loci than by the spread of an underdominant allele through-
out a gene family.

Discussion

We have examined the probability of fixation of a new allele
throughout a multigene family under the joint interaction of
selection (possibly biased), gene conversion, and genetic
drift. The critical assumption in our analysis is that conver-
sion acts on a much longer time scale than the effects of
selection and genetic drift. Conversion introduces a poly-
morphism at a monomorphic locus, and the interaction of
selection and genetic drift fixes that locus before conversion
introduces another polymorphism in the gene family. This
weak-conversion assumption greatly simplifies our analysis.
Our major conclusions are detailed below.

Selection Opposed by Biased Gene Conversion. For additive
selection we showed that conversion bias is unlikely to over-
come selection unless selection is quite weak. Even when
the amount ofper locus selection (s/n) is much less than the
conversion bias (,1), selection can still dominate the dynam-
ics. From [10], we see that if

NeIsl/n > 21p13

then selection dominates the fixation dynamics. Thus, even
if bias is much larger than the amount of per locus selection,
this does not ensure that bias determines the fixation behav-
ior. However, if alleles are effectively neutral (INesl << 1),
conversion bias greatly influences the fixation dynamics, as
first demonstrated by Nagylaki and Petes (6) for chromo-
somal lineages.

Substitution Rates in Multigene Families Versus Single
Loci. Provided that 12Nes + 4n,1 << 1, the substitution rate
of alleles in a multigene family is approximately the per locus
mutation rate, P. This is the same rate as for neutral alleles at
a single locus. Thus, if both selection and bias are sufficient-
ly weak, evolution (in the sense of the appearance of new
alleles that are destined to become fixed) occurs at the same
rate for single copy genes as for multigene families. Nagylaki
(5) shows this is also true for strictly neutral alleles with no
conversion bias for arbitrary conversion rates and recombi-
nation values. Either selection or conversion bias can alter
the substitution rates greatly over neutral unbiased alleles in
a multigene family. Rates for single copy loci are unlikely to
be greatly influenced by conversion, except under unusual
circumstances (12). Bias in conversion as an important evo-
lutionary force is mainly restricted to multigene families.

It may be possible to directly assess the importance of
conversion bias in shaping gene family evolution from DNA
sequence comparisons. If conversion bias is important, then
the substitution rates of neutral alleles should be affected.
Nagylaki and Petes (6) argued that if conversion bias is im-
portant, then most newly arising mutant alleles are likely to
be at a conversion disadvantage. Thus, if conversion bias is
important in gene family evolution, we expect that the third-
base positions in gene families should evolve more slowly
than the third-base positions of single-copy genes. Consist-
ent with this is the observation that third-base substitution
rates are reduced for class I HLA/H-2 genes (27), a family
that has been directly shown to experience conversion (28).
Furthermore, we expect (from [lOb] and [lOc]) that this ef-
fect should be more pronounced in gene families with larger
family size, because the larger family size allows for a finer
discrimination of smaller conversion biases.

Fixation of Underdominant Alleles and Speciation by Molec-
ular Drive. We have examined the fitness function w(i, t) =
1, w(i, i + 1) = w(i, i - 1) = 1 - h in some detail, where w(i,
j) is the fitness of an individual with i copies of allele a on
one haploid set and j copies on the other. In the weak-con-
version limit we do not need to specify w(i,j) for Ii - jil > 1,
so our analysis extends to a wide class of fitness functions of
interest to speciation. Dover et al. (21, 22) have proposed
that conversion (among other forces) allows for the fixation
throughout a gene family of an underdominant allele, which
results in an increase in reproductive isolation when the
fixed population is crossed back to a population fixed for
another allele. Our general underdominant model has the
features proposed by Dover for molecular drive to be a via-
ble speciation mechanism.
We showed that the probability of fixation of an allele

throughout a gene family, given that the allele is fixed at one
locus, is the same as that for a neutral allele with the same
amount of conversion bias. This seems to strongly support
the idea of speciation by molecular drive, provided that it is
also biologically feasible (but see ref. 29). However, we also
showed that while selection does not affect the probability of
ultimate fixation throughout the gene family (once a single
locus is fixed), it strongly affects the expected time to fixa-
tion. Since heterozygotes are at a disadvantage, selection
can greatly reduce the per-generation probability of a suc-
cessful change in genomic state (an increase or decrease in
the number of loci fixed for allele a), which increases the
expected time between successful events. The net result be-
ing that if selection is sufficiently strong (Neh >> 1), it
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greatly increases the expected fixation time, making this an
ineffective speciation mechanism.
Another problem exists with multigene families being in-

volved in speciation events. To see this, suppose an individ-
ual heterozygous at k loci has fitness (1 - h)k, regardless of
whether these heterozygous loci are in a gene family or at
single copy genes. Using this fitness function, we examined
which is more effective in accumulating reproductive isola-
tion: independent fixation of underdominant alleles at single
copy loci or coordinate fixation of the same allele throughout
a multigene family. We showed that fixation occurs at a fast-
er rate at n individual single copy loci than for an entire gene
family. Hence, reproductive isolation accumulates more rap-
idly through fixation at single loci than through fixation of a
single allele throughout a gene family. The reason for this is
that exactly n single locus fixation events are required for
the unique copy loci, but considerably more than n single
locus fixations are required to fix an allele throughout a mul-
tigene family (see [14]). In the process of fixing an allele
throughout a multigene family, loci that are fixed for allele a
may become unfixed by conversion and refixed to allele A
by drift, and these loci must be subsequently refixed for a
(perhaps several times) before a is fixed in the entire family,
the net result being many more than n single locus fixation
events being required to fix the allele.

In conclusion, biased conversion can result in a relatively
high probability of fixation throughout a gene family for an
underdominant allele, but the time required to fixation can
be quite long. Even if the time is sufficiently short to operate
within the lifetime of a species, the accumulation of repro-
ductive isolation by gene families is a much less efficient
process than the accumulation that results at independent
single copy genes.
Genomic Versus Populational Levels of Evolution. Ohta (2)

describes the process of fixation of an allele throughout a
gene family as a double diffusion. For any given locus, the
allele must become fixed at that locus for all individuals in
the population. This is diffusion at the populational level.
Secondly, in addition to all loci becoming monomorphic, all
loci in the gene family must become fixed for the same al-
lele-this diffusion operates at the genomic level. Usually,
evolution proceeds simultaneously at both levels, making
the entire process quite complicated. In the weak conversion
limit, however, these two levels of evolution are decoupled,
as polymorphic loci become monomorphic on a much faster
time scale than the spread of an allele to other loci.
The spread of an underdominant allele provides a useful

example of how the two levels of evolution interact. If selec-
tion is strong (Neh >> 1), the probability of fixation of an
underdominant allele at a single locus is quite small. Howev-
er, once fixation occurs at a single locus, the probability of
fixation throughout the rest of the gene family depends only
on the conversion bias. Fixation is thus unlikely at the popu-
lational level, but much more likely at the genomic level,
especially if bias is strong. In this case, the effect of evolu-
tion at the populational level is to set the time scale for
events at the genomic level. Thus, even if it is likely that the
allele will eventually become fixed throughout the gene fam-
ily, the time scale for a successful fixation may make such an
event biologically unlikely.
We can also gain insight into the nature of genomic versus

populational levels of evolution by comparing the relative
drift parameters at the two levels of diffusion. If random
sampling forces are strong, the deterministic force (conver-
sion bias, selection) must be sufficiently large to overcome
it. At the genomic level, the diffusion operates over the num-
ber of genes in the gene family, n, while at the populational
level selection operates over the effective population size,
Ne. Usually, Ne >> n, so that the populational level is able
to discriminate smaller effects of selection than the genomic

level can for the effects of bias. As an example, recall for
weak additive selection and biased gene conversion that the
quantity 4nf3 + 2Nes determines the behavior. The amount
of bias can be considerably larger than the amount of per
locus selection (s/n), but provided that [15] holds, selection
dominates the system. This reflects the finer discrimination
for smaller deterministic forces at the populational level
compared with the genomic level.

Relaxation of the Weak-Conversion Limit. It is likely that
many gene families do not satisfy the weak-conversion limit
conditions. What can we say about such families? The weak-
conversion limit is the situation in which selection should
have the least effect (compared to gene conversion) on struc-
turing gene families. Outside of the weak-conversion limit,
individuals exist in the population that are polymorphic for
more than one locus. If selection is operating in such a fash-
ion that it only depends on the number of copies of, for ex-
ample, allele a these individuals carry, then variation in fit-
ness increases as we leave the weak-conversion limit. This
increased variance strengthens the effects of selection.
Thus, our conclusions that even a very small amount of se-
lection will structure a gene family hold under much more
general conditions of higher conversion rates. Secondly, the
weak-conversion limit provides the optimal conditions for
molecular drive models of speciation, and because we have
shown that even under these most favorable conditions it is
an ineffective mode of speciation, it is even more unlikely
under strong conversion.
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