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Abstract.—One of the striking observations from recent whole-genome comparisons is that changes in the number of
specialized genes in existing gene families, as opposed to novel taxon-specific gene families, are responsible for the
majority of the difference in genome composition between major taxa. Previous models of duplicate gene evolution
focused primarily on the role that neutral processes can play in evolutionary divergence after the duplicates are already
fixed in the population. By instead including the entire cycle of duplication and divergence, we show that specialized
functions are most likely to evolve through strong selection acting on segregating alleles at a single locus, even before
the duplicate arises. We show that the fitness relationships that allow divergent alleles to evolve at a single locus
largely overlap with the conditions that allow divergence of previously duplicated genes. Thus, a solution to the
paradox of the origin of organismal complexity viathe expansion of gene families existsin the form of the deterministic

spread of novel duplicates via natural selection.
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Recent whole-genome comparative studies have revealed
striking changes in the size of gene families associated with
major taxonomic transitions (Chervitz et al. 1998; Lander et
al. 2001; Holt et al. 2002; Young et a. 2003; Spaethe and
Briscoe 2004). Gene families can include thousands of mem-
bers and are involved in every aspect of organismal function
(Hughes 1999). The large-scale evolution of such gene fam-
ilies is enigmatic because existing theories of the evolution
of gene duplication primarily rely on either neutral diver-
gence (Ohno 1970) or mutational degradation of existing du-
plicates (Force et al. 1999; Lynch and Conery 2000, 2003a,b;
Lynch and Force 2000; Lynch et al. 2001). Before a dupli-
cation can reach fixation, however, it must arise in a single
individual and be governed by population genetic processes
that depend on the fitness of individuals with one or two
copies of the gene. Previous theories have typically assumed
that the evolution of gene familiesfollows atwo-step process.
First, gene duplications can become fixed in a population by
drifting to fixation (Lynch and Force 2000) or through weak
selection acting on redundancy alone (Clark 1994; Wagner
1999; Otto and Yong 2002). Second, after the duplication
has been fixed in the population, the pair of duplicate loci
may diverge and take on different functions or one copy may
be lost. During this phase, duplication is assumed to generate
functional redundancy that frees the duplicate to explore ge-
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notypic space. In refinements of this theory, the duplicates
may diverge by gaining a novel function (neofunctionaliza-
tion) or through subfunctionalization, where each of the du-
plicate genes takes on some of the functions that the original
gene performed (Force et al. 1999; Lynch and Force 2000;
Lynch et al. 2001). The presence of arare neofunctional allele
before duplication can generate weak positive selection for
duplication (Lynch and Force 2000; Walsh 2003). Because
these theories rely on random drift or weak selection to pro-
duce duplicates, they are insufficient to explain the rapid
evolution of large gene families.

While the existing scenarios for gene duplicate evolution
are similar in their focus on the role that postduplication
events play in the divergence of duplicate genes, they differ
in their assumptions about when divergence begins and what
types of mutations lead to divergence. In the neofunction-
alization scenario, mutations can lead to null allelesor alleles
with a new function (Walsh 1995; Walsh 2003). Here, the
outcome depends on a race between the process of psuedo-
gene formation and the fixation of a beneficial mutation. In
contrast, several scenarios have been proposed where dupli-
cate genes take on alternative subfunctions after duplication.
This can occur when a single gene codes for a protein that
has multiple biological functions (gene sharing; Piatigorsky
and Wistow 1991; Hughes 1994) or is expressed in multiple
tissues (as in the duplication-degeneration-complementation,
or DDC, theory; Force et al. 1999). Walsh (2003) provided
a synthetic review of a number of these subfunctionalization
models. His analysis shows that subfunctionalization and
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neofunctionalization can interfere with one another and that
conditions that limit drift favor neofunctionlization, while
small population size and a high subfunctionalization mu-
tation rate favor subfunctionalization. Because the DDC mod-
el relies primarily on drift to set the stage for adaptive main-
tenance of duplicate alleles, it ismost likely to have an effect
in small populations.

In contrast to these postduplication analyses, several au-
thors have considered the role that existing polymorphism at
a single locus contributes to the selection on duplicates of
that locus (Spofford 1969; Ohno 1970; Hammerstein 1996;
Otto and Y ong 2002; Walsh 2003). These studies have shown
that, when alternative alleles are maintained because of het-
erozygote advantage, duplications can rapidly spread through
the population. After a random duplication event, one of the
duplicate genes will become fixed for a single allele, while
the other locus will become fixed for the alternative allele.
This allows individuals to act as genetic heterozygotes yet
breed true. When fitness is assumed to depend on having at
least one copy of each allele, but dosage effects are not pres-
ent, then the gene duplicate will always be under positive
selection to spread (Otto and Yong 2002). Tight linkage and
strong selection against homozygotes increases the rate of
spread of the gene duplicate. This effect can be quite strong
when the two homozygotes have similar fitness effects, but
can even create selection for the spread of aduplication when
one homozygote is lethal and the other differs from the het-
erozygote by only a small amount (Walsh 2003).

Genetic redundancy has been considered to be the feature
that allows duplicate genes to diverge (Ohno 1970; Force et
al. 1999; Lynch and Force 2000; Lynch et al. 2001), but
redundancy precedes duplication. In diploid species, redun-
dancy is not unique to duplicated genes because dominance
creates the same kind of redundancy at single-copy genes
(Phillips and Johnson 1998). It is therefore the mode of in-
heritance that most distinguishes duplicate loci from single-
copy genes because segregation preventsthe fixed inheritance
of alternative allelic variants at asingle locus (Spofford 1969;
Hammerstein 1996; Otto and Y ong 2002; Proulx and Phillips
2005). Put another way, heterozygotes at a single locus are
broken up by segregation, whereas for duplicate loci an in-
dividual can carry copies of alternative alleles at separate
loci. In the Ohno (Ohno 1970) framework, it is actually this
differencein heredity that allows duplicate loci to mutate and
drift to high frequency, not a change in the nature of redun-
dancy. Therefore, to understand how gene families arise, we
need to examine the conditions that lead to the initial diver-
gence of alleles descended from a common ancestor, whether
at one locus or two.

Because the process of the evolution of gene duplicates has
typically been separated into a duplication phase and a di-
vergence phase and focused on two- or few-allele models, the
adaptive dynamics of allelic change have been largely over-
looked. Here, we use tools from adaptive dynamics and evo-
lutionary theory to create a model of the evolution of gene
duplicates that considers evolutionary dynamics before, dur-
ing, and after duplication (Abrams et al. 1993; Dieckmann and
Law 1996; Metz et al. 1996; Geritz et al. 1998; Kisdi and
Geritz 1999; Geritz and Kisdi 2000; Van Dooren 2000). In
our model, the same selective forces that can act to cause
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duplicate genesto diverge are present before duplication, when
the gene exists as a single diploid locus. By comparing the
conditions that cause divergence to occur at a single locus to
the conditions that cause duplicate genes to diverge, we can
predict when divergence will precede duplication. We first
develop a general model of this process that shows that the
evolution of novel genetic function is likely to both precede
and promote gene duplication. The central result is that most
genotypic fitness landscapes that allow divergence of genes at
a recently duplicated locus aso allow divergence of alleles at
a single locus. Under most adaptive landscapes that allow
divergence of duplicate gene copies, populations with only a
single gene copy will travel over the evolutionary landscape
to points where heterozygote advantage evolves and gene du-
plication is favored. We then apply this approach to simula-
tions of a specific model of metabolic or regulatory flux, which
confirms the predictions of the general model and illustrates
the temporal dynamics of gene duplication. These simulations
show that the time required for the allelic divergence process
can be quite short compared with the time required for gene
duplication to proceed via neutral processes.

THE MODELS
A General Model for Allelic Divergence

Fitness relationships

We employ an adaptive dynamics approach (Abrams et al.
1993; Dieckmann and Law 1996; Metz et al. 1996; Geritz et
al. 1998) to model divergence of alleles at either a single
diploid locus or at a pair of duplicate loci in an infinite pop-
ulation. This approach has been used to study the evolution-
ary divergence of genotypes when ecological pressures create
disruptive selection through spatial heterogeneity or resource
competition (Doebeli 1996; Dieckmann and Doebeli 1999;
Kisdi and Geritz 1999; Geritz and Kisdi 2000; Van Dooren
2000; Kisdi 2001). These studies have found that evolution-
ary branching occurs under the same conditions in diploid
models, but with more complicated dynamics (Geritz and
Kisdi 2000). This modeling framework assumes that a con-
tinuum of possible alleles exists and that these alleles are
linked by mutation. The population will evolve in time be-
cause of both population genetic changes in the allele fre-
guencies and through the addition of new alleles by mutation
and the loss of existing alleles by selection. The method
approximates the evolutionary trajectory by assuming that a
fixed number of resident alleles are present in the population
and have reached their equilibrium frequencies. A mutant
aleleis then introduced into the population and is followed
until it goes extinct or reaches an equilibrium frequency.
Thus, population genetic dynamics act on a fast time scale,
whereas mutational dynamics act on a slow time scale. This
framework allows us to investigate the long-term evolution-
ary outcome in a way that is not possible using only two-
allele population genetic models.

In our model, an alleleis defined by a continuous variable
that reflects its effect on gene function and therefore on or-
ganismal fitness. Thus, W(x;, X,) isthe fitness of anindividual
carrying one allele with value x; and another with value x,.
In the case of an individual carrying a duplicate copy of the
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gene in question, fitness is a function of four variables W(x;,
X2, X3, X4). We assume that the duplicate and original locus
behave identically, so the order of the variables has no effect
on fitness.

The first step in defining an evolutionary model that in-
corporates gene duplication is to define fitness functions that
relate the action of multiple alleles at single diploid loci to
multiple alleles at a pair of duplicate loci. To insure that
direct selection on copy number does not drive our results,
we assume that fitness depends only on the relative frequency
of alleles. This will occur, for instance, if total transcription
levels are regulated or if the interaction between structural
gene products depends on stochiometry. This assumption en-
sures that

W(XL XZ) = W(XI! X1, X2, X2)1 (1)

which equates the fitness of an individual with only a single
copy of the gene who has one copy of alele x; and another
of x, with the fitness of an individual with a duplicate copy
of the gene with two copies of allele x; and two copies of
allele x,. Starting only with this relationship, several features
of the fitness function are apparent. First, there will not be
any direct selection on duplication per se, because increasing
copy number does not have an effect on fitness. Second, the
relationship between heterozygote and homozygote fithessin
the single-locus case and individuals carrying copies of dif-
ferent alleles in the duplicate case is related to the way that
fitness changes when one alleleis substituted at asinglelocus.
Equation (1) expresses the relationship between fitness in
individuals with single copies of the gene in question to
fitness in individuals with two copies of the gene. We can
use equation (1) to understand how new mutations that cause
guantitative change in gene function will affect fitness in
individualswith either asingle copy of the gene or aduplicate
pair of genes. Taking implicit derivatives of equation (1)
yields the useful relationships

Wio.yy = 2Wi000,)» 2
W2 = 2(Woo002 + Woo11), and (©))
W1, = W01, 4)

where for the moment we adopt the notational convention
that the partial derivatives of the fitness function are denoted
with subscripts for the number of partial derivatives with
respect to that variable: IW(xy, X2)/0x; = Wy g, and 92W(xq,
X2, X3, Xg)l0%30Xs = Wi0,0,1,1,-

Equations (2—4) relate changes in allele function in indi-
viduals with single copies of the gene to the same changes
in allele function in individuals with duplicate copies of the
gene. For instance, equation (1) says that replacing one copy
of an allele in an individual with a single copy of the gene
will have twice the effect on fitness as the same replacement
(of only one allele) in an individual with duplicate copies of
the gene. These derivatives determine whether novel muta-
tions that have small fitness effects will spread in the pop-
ulation for a given genetic system.

Evolutionary attractors

A straightforward application of some classical results re-
veals that both the single-locus and duplicate-locus system
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will first evolve to the same monomorphic genetic state. This
analysis follows the assumption that new mutations arise and
segregate in a population until they either go extinct or be-
come fixed. An evolutionary attractor at a single locus is
distinguished by two criteria (Abrams et al. 1993; Metz et
al. 1996; Geritz et al. 1998),

W0 =0 and )
W1, + W2 <0, (6)

where all derivatives are evaluated at the evolutionary at-
tractor. The first criterion implies that among mutations of
small effect, none produce homozygotes with higher fitness
than homozygotes of the attractor allele. The second criterion
implies that the attractor allele can invade populations that
are fixed for alleles on either side of the attractor allele.
Incidentally, inequality (6) also implies that the attractor al-
lele is at a local maximum for homozygous fitness, that is,
alocal maximum of the function W(x, x). An allele that meets
these conditions is an evolutionary attractor in that a popu-
lation that is monomorphic for this allele cannot evolve to
be monomorphic for another allele and conversely that the
attracting allele will increase from low frequency in any pop-
ulation that is fixed for an allele near the attractor.

Attractors at a duplicate locus can be determined in a sim-
ilar way by evaluating derivates of fitness in the two-locus
model to yield:

Wo001 = 0 and @
3W,011 T Wo002 < 0. 8

Substituting the relationships in equation (2—4) into expres-
sions (7) and (8) produces the single-locus criteria of ex-
pressions (5) and (6). Thus, any allele that is an evolutionary
attractor in a single-locus model is also an attractor after
duplication. This means that the starting point for the creation
of gene families through allelic diversification will be the
same, regardless of whether duplication has occurred. Even
though an attractor represents a monomorhpic state that can-
not be replaced by other alleles, it is the evolutionary dy-
namics around such evolutionary attractors that allow evo-
lutionary diversification (Metz et al. 1996; Geritz et al. 1998).

Genetic divergence

Three types of genetic divergence can occur following evo-
lution toward an attractor. If the gene is currently present as
only asingle locus, then allelic divergence can occur, resulting
in a stable polymorphism where two divergent specialized
aleles are present. Simultaneous divergence can occur in a
population in which a single copy of the geneis initially pre-
sent, and then a duplication carrying a slightly diverged allele
is selected for such that the duplication spreads and the alleles
diverge simultaneously. Although in a deterministic model the
likelihood of these two events happening simultaneously is
infinitesimally small, some genetic diversity will always ac-
cumulate through drift. The simultaneous divergence criterion
reveals when this accumulated variance can be used to drive
the spread of a duplicate gene. This method allows us to un-
derstand how the spread of a duplication via drift can con-
tribute to genetic divergence between newly duplicated loci.
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If duplication has already occurred before any substantial di-
vergence, then duplicate divergence can proceed, resulting in
each locus becoming monomorphic for a different specialized
alele. Divergence will occur if, at the evolutionary attractor,
nearby alleles can invade, but not replace, the attractor. We
derived the conditions for each type of divergence (allelic eg.
9, simultaneous eq. 10, duplicate eq. 11) by performing local
stability analyses and used the relationship in equations (1-4)
to relate them to the diploid fitness function (see Appendix 1
available online only at http://dx.doi.org/10.1554/05-
507.1.51):

9°W

— >0, 9

%3 ©
W 1 92w
— — = 0, d 10
X3 3 09X0% an (10)
PW 1 92w (11)
X5 2 0%0%

where the derivatives are all evaluated at the attractor. These
inequalities determine when alleles near the evolutionary at-
tractor can invade, but they also imply that the attractor allele
will be lost (see Appendix 1 available online). Inequality (9)
is equivalent to the generic result from evolutionary theory
that simply states that disruptive selection at an attractor leads
to divergence of alleles in the population (Abrams et al. 1993;
Dieckmann and Law 1996; Metz et al. 1996; Geritz et al.
1998). Inequalities (10) and (11) show how this generic result
is modified by the additional redundancy contributed by du-
plication. Because these expressions are evaluated at an evo-
lutionary attractor, the additional condition that 9°W/oxs +
92WI(0x10%,) < O (inequality 6) must hold and means that these
conditions (9-11) are nested, with the requirements for allelic
divergence being the most stringent and the requirements du-
plicate divergence the most relaxed (Fig. 1). Thisimplies that,
in general, the very same conditions that select for divergence
of alleles at a single locus select for divergence of genes at
duplicate gene pairs. Having additional loci allows finer scale
exploration of the adaptive landscape. With two loci, the ratio
of the alleles can be adjusted in intervals of 25% as compared
to 50% for single-copy genes. In fact, as the number of du-
plicate copies increases, increasingly finer adjustments can be
made. This means that if the single-locus fitness surface has
a saddle point at the attractor, a population with an infinite
number of loci can always climb up the side of the saddle (see
Appendix 1 available online). In other words, the fitness func-
tion must have a saddle point for any kind of divergence to
occur, but in populations with fewer loci the orientation of the
saddle must be correct for divergence to occur. This analysis
shows that only a small; finely tuned set of parameters will
cause divergence to occur only after duplication; we call this
set of parameters the ‘*Ohno zone'’ because it reflects Ohno’s
(1970) belief that duplication was a necessary precursor to
genetic divergence. Because members of gene families pre-
sumably start out as single copy genes, thisimpliesthat genetic
divergence will typically occur before or during the spread of
a duplication in the population.

S. R. PROULX AND P. C. PHILLIPS

Selection for duplication

In addition to explaining the emergence of the genetic
divergence and specialization that characterize genefamilies,
this model also provides an explanation for how gene du-
plicates are fixed by selection. Previous work has shown that
the redundancy of gene duplicates can generate, at best, weak
selection on the spread of the duplication (Clark 1994; Nowak
et al. 1997; Wagner 1999; Walsh 2003), whereas heterozy-
gote advantage can generate strong selection for duplication
(Spofford 1969; Otto and Yong 2002; Walsh 2003; Proulx
and Phillips 2005). In the system modeled here, heterozygote
advantage is created whenever allelic divergence occurs, but
is expected to be a transient phenomenon that is relieved by
gene duplication. It is important to note that heterozygote
advantage is not an assumption of the model, rather our re-
sults show that populations can evolve into the region where
heterozygote advantage is present. Once heterozygote ad-
vantage has evolved, there will be positive selection for the
spread of a gene duplication, which we call ‘*‘selection for
duplication’’. This spread can be measured by defining a
linear invasion matrix for the duplicate copy of the gene that
isinitially present at low frequency. Recently, Otto and Y ong
(2002) used this method to show that, for a specific fithess
function where heterozygotes gain the same benefit regardl ess
of the number of copies of each allele, heterozygote advan-
tage generates positive selection for gene duplication. This
result can be extended to our model by determining the in-
vasion rate of the duplication into a population with asingle-
copy gene that is polymorphic for alleles near the attractor.
Without loss of generality, we assume that the allele x; is
initially duplicated. We follow the number of gametes with
the duplication that consist of haplotypes of (x;, X;) and (X,
Xq). The linear invasion matrix is

(Pp-Wy + g-(L - 1)-W)/W  g-r-W/W

_ _ |, (12
pr-WyW  (p-(1— )Wy + g-W,)/W
where Wy = W(xy), Wy, = W(Xq, X1, X2), P is the frequency
of allele x;, g = 1 — p, and r is the rate of recombination
between the two duplicate gene copies (see Appendix 2 avail-
able online only at http://dx.doi.org/10.1554/05-507.1.s2).
Given our fitness function and the relationships of the fitness
derivatives defined in the equations (1-4) and substituting in
equilibrium valuesfor p and g, the eigenvalueis alwaysgreat-
er than one, and thus the duplication always spreads. This
occurs because, under the assumptions of the model, hap-
lotypes with the duplication are more likely to be involved
in associations between alternate allelic variants and there-
fore benefit from heterozygote advantage. Tight linkage is
known to play an interesting role in the spread of duplicate
genes under heterozygote advantage because chromosomes
with alternative allele copies can spread rapidly, but it may
take some time to form (Otto and Y ong 2002).

Our approach shows that allelic divergence is likely to
occur under a similar large subset of the conditions that pro-
mote divergence of duplicate genes and that allelic diver-
gence will produce positive selection on the spread of du-
plicate genes. Taken together, these results imply that allelic
divergence will usually occur before duplication and lead to
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the rapid spread of gene duplicates, suggesting the possibility
that gene families can expand rapidly dueto natural selection.

Dynamic Smulation Model
Reaction flux model

To further explore how particular features of gene function
influence the creation of gene families and to test our ana-
Iytical predictions, we have created a stochastic, sexual, in-
dividual-based simulation of genetic divergence and gene
duplication. Many genes are expressed under a variety of
conditions (reviewed in Hughes 1994), including transcrip-
tion factors during development, metabolic proteins in dif-
ferent tissues, receptors that interact with multiple ligands,
structural proteins that interact with multiple partners, and
even genes whose function depends on environmental con-
ditions (Fig. 2a). We derived a model loosely based on met-
abolic flux produced by an enzyme that operates in two tis-
sues. Total organismal fitness is determined by the function
of the protein in each tissue and involves no between-tissue
epistasis. Tissue i has a different optimum protein (allele)
state ¢;, and the flux produced by a protein (2) is a Gaussian
function G, ,; (X) that has a maximum where the protein state
matches the optimum protein for that tissue with variance o2,
This model can be characterized by two main parameters, the
difference between the tissue optima ({) and the specificity
of the tissues (o2). Total flux within a tissue is determined
by a Michaelis-Menton type saturating function:

4]

32
e
“a
1+§j:n

where nisthe total number of alleles. This approach has been
used to model both flux and transcription rates (Hurst and
Randerson 2000; von Dassow et al. 2000; Salazar-Ciudad et
al. 2001; Johnson and Brookfield 2003). Because we assume
that there is no epistasis between tissues, total fithessis sim-
ply the product of tissue specific flux, W= ®,-®,. Thismodel
is symmetric and an attracting point always exists midway
between the tissue-specific optima. The fitness derivatives at

this attracting point are
A g2 g2 g2
o) ) ol

(13)

452
©2 ~ 22 12
8041 + exp<Q>
and (14)
g2 {2
ézexp<saz> 2 exp(a;)
Wiy = — ' T (15)

8o4

where { = {, — {;. These expressions can be substituted into
expressions (9-11) to show that divergence will only occur
when the tissues are more different than a critical amount
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that depends on the strength of selection on enzymes within
each tissue (o2; Fig. 2b).

Smulation of the flux model

We conducted individual-based simulations using the flux
model. Haplotypes were defined by two allele values at two
loci. Each allele could either be anull allele or have a value
between the two tissue optima. A fixed number of alleles
partition the allele space between the two endpoints. Adults
were formed by assuming random mating, with adult fitness
determined by the full complement of alleles (2, 3, or 4). The
next generation of gametes was produced in frequencies de-
termined by the parental fithess with recombination occurring
between the two parental haplotypes. Because mutation was
assumed to be rare, at most one mutational event could occur
in each haplotype. Mutation could increase or decrease the
allele value by one allele class, cause gene duplication in
single-copy haplotypes, or cause the loss of a gene copy in
duplicate-gene haplotypes. The population size was held con-
stant by selecting the haplotypes for the next generation from
a multinomial distribution with the probability for each hap-
lotype set to the relative frequency of that haplotype.

In some simulations, populations wereinitialized with only
single-copy genes present. Duplication was not allowed until
generation 2500 so that the single-locus dynamics could
equilibrate. At generation 2500 the duplication rate was set
to 10-5, and the rate of gene loss set to 10-3. This scenario
assumes that genes typically evolve as single-copy genes
before gene duplication has an opportunity to occur. We also
simulated populations that were initialized with the dupli-
cation already present in every haplotype. This scenario more
closely matches traditional models of the evolution of gene
duplicates where random drift is assumed to fix duplications.

We show results from simulations where there were 20
alleles, o2 = 5, the mutation rate between alleles is 0.0005,
recombination occurs at rate 0.1, population size is 10,000,
and the simulation was run for 10,000 generations. The value
of { varied through 4.5, 5.5, 7.0, 8.0 (Fig. 2b). The alelic
mutation parameters were chosen to ensure that there were
on average 10 new mutants per generation. We use these
same parameter values to explore the relationship between
population size and the relative timing of the allelic diver-
gence process and a neutral gene duplication process, except
that in these simulations{ isfixed at 7 and the allelic mutation
rate is set to 10-5.

Smulation results

The simulations show divergence under the conditions pre-
dicted by our analytical approach (Fig. 2c). When the tissues
differ by a small amount, the population evolves to the at-
tracting point where a single allele encoding a protein that
functions well in both tissues is predominant in the popu-
lation (Fig. 2c, row 1). When duplications arise by mutation,
they remain at low frequency. Even if aduplication is already
fixed in the population, selection keeps the population in a
monomorphic state. For parameters in the Ohno zone, the
single-locus population converges on the attractor and does
not diverge even when duplicates are introduced via mutation
(Fig. 2c, row 2). However, if the population is already fixed
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0°W/0x2 <9*W Jox dx,

No divergence

0°W/dx2 +0°W [ox,0x, <0
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0°W/0x3 >9*W [ox,0x,

0°W/ox3 =0,
0°W/ox0x, =0

Fic. 1. Allelic divergence is the most likely form of divergence. Inequalities (2—4) are plotted to show the regions of parameter space
that lead to the three kinds of divergence. These axes are transformed onto the vectors [62W/ox3, 92W/ (0x,0X,)] and [02W/ox5, 92WI(9X10X2)].
The conditions for an evolutionary attractor restrict the parameters to the area in the plot. In the gray area on the left genetic divergence
will not occur, regardless of the number of gene copies. In the red region labeled ‘‘ Duplicate divergence,”’ divergence can only occur
if the gene duplicate has already been fixed in the population. In the gold region labeled ‘‘ Simultaneous divergence,”’ genetic divergence
can occur if the duplication has already been fixed or while it is segregating. In the green region labeled ‘* Allelic divergence,”” divergence
can occur at a single locus, while a duplication is segregating, or at a pair of duplicate loci. Because gene families must begin as single-
copy genes, populations in the green region are likely to undergo genetic divergence before duplication occurs. Likewise, in the gold
region divergence is likely to begin before a duplication is fixed in the population. Only in the red region is divergence likely to follow

duplication.

for the duplication, then divergence does occur and each in-
dividual expresses two distinct proteins. When the tissues
differ by a larger amount, the single-locus population still
evolves to the evolutionary attractor, but when duplications
arise they are ableto spread into the population while genetic
divergence accumulates (Fig. 2c, row 3). Because this part
of the process depends on the availability of specific com-
binations of mutants, the duplication must achieve amoderate
frequency before divergence can occur. For all larger values
of the difference between the tissues, allelic divergence oc-
curs in populations with one gene copy (Fig. 2c, row 4).
Individuals in these populations will express either one pro-
tein specialized for only one tissue or two proteins, one spe-
cialized for each tissue. This is a rapid process and is not
mutation limited. Following allelic divergence the gene du-
plication spreads through the population to fixation.

These simulations show how the stability conditions from
equations (2—4) are realized dynamically. For populationsin
the Ohno zone, divergence of duplicate pairs proceeds much
more slowly and stops at | ess extreme val ues than popul ations
that experience simultaneous or allelic divergence (right col-
umn of Fig. 2c). This implies that even when duplications

become fixed by chance in the Ohno zone, the amount of
time required for divergence may be large enough to allow
pseudogenes to form before a significant fitness advantage
accumulates (Fig. 2c, row 3; see Walsh 2003). In contrast,
populations in the allelic divergence zone undergo rapid ge-
netic divergence that can be triggered by a small change in
the parameters. This implies that changes in environmental
conditions that alter the internal parameters could trigger a
burst of allelic divergence and the sudden creation of many
gene families.

While these simulations verify our analytic results by
showing that allelic divergence can occur, we can also use
the simulations to determine the relative time required for
allelic divergence in populations subject to drift. The allelic
divergence process can be divided into two phases, theinitial
phase of divergence at a single locus and the time required
for a duplication event to occur and spread to fixation. We
conducted a series of simulations in populations of different
census size to quantify the effects of drift and selection on
the time required for this process to occur. In this set of
simulations, we set 02 = 5 and { = 7. These values were
chosen because they are just outside of the Ohno zone and
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Fic. 2. Selection to perform in multiple tissues or cell types can lead to the evolutionary divergence among genes. (a) In our flux
model, an organism is thought of as containing two distinct tissues that have different internal conditions. These distinct tissues can be
due to a gradient in a transcription factor, differences in cell types, or even exposure to different environmental conditions. Differences
in the tissues leads to differential performance of alleles expressing proteins within these tissues. The overall difference is given by ¢
and the specificity of a given tissue is given by ¢2. (b) Genetic divergence will evolve if the difference between the tissues exceeds a
critical value. When the difference is below this threshold, divergence will not occur regardless of the duplication state of the gene (gray
region). Increasing the difference above the threshold causes divergence to occur only if a duplication has already been fixed in the
population (red region). At higher levels of difference, duplications can invade a population of single-copy individuals simultaneous
with the divergence of alleles (gold region). Finally, for higher levels allelic divergence can occur before any duplication arises (green
region). Only in the small red region is duplication expected to precede evolutionary divergence. (c) Individual based simulations of the
dynamics of duplication and allelic divergence for the parameter values indicated by the roman numeralsin b (¢ = 4.5, 5.5, 7.0, 8.0).
Each figure shows the results from a representative simulation run for a single population. In the panels on the left, the simulation begins
with only one copy of the gene, with the allele value away from the attracting point, and duplication is not allowed to occur until
generation 2500. The frequency of each allele is represented by the color intensity, while the hue represents the frequency of duplicate
genes carrying each allele (blue represents single-copy genes and red represents duplicate genes). The population first moves toward the
attracting point before divergence can occur. In the panels on the right, the simulation begins with the duplication already fixed. As the
difference between the tissues increases, divergence occurs under a broader range of circumstances.

intherangewhere allelic divergenceis predicted. Using these
values gives a conservative estimate for the time required for
alelic divergence, as larger values of { will create stronger
selection for allelic divergence and speed up the process.
We measured the time until polymorphism was achieved
by running simulations that start with all individuals fixed
for asingle allele, the attractor allele (allele 10), at a single
locus. The duplication rate was set to zero and the simulation
was run until a polymorphism was fixed in the population.
Polymorphism was defined as a population where the attrac-
tor alele (allele 10) and the neighboring alleles (alleles 9
and 11) had gone extinct and the frequency of alleles on

either side of the attractor was greater than 0.4. Figure 3a
shows results for 20 simulations for each population size
shown.

The time until duplication following polymorphism was
measured by initializing populations with a polymorphism at
asingle locus. The allele values were set at 8 and 12 at equal
frequencies to reflect the state of the population at the end
of the simulations of divergence time. The population could
evolve through allelic substitutions at either locus and
through duplication of the original locus. We compared these
duplication times to the predicted waiting time for a dupli-
cation to fix under a neutral model (Fig. 3b).
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Fic. 3. Amount of time taken by components of the allelic divergence and gene duplication process. Panels compare mean time for
the two phases of the process under the allelic divergence model proposed here with a model of neutral gene duplication followed by
adaptive divergence. For all simulations shown there were 20 alleles, so that the attractor allele has the value 10, 62 = 5, { = 7, and
recombination occurs at rate 0.1. (a) Time until polymorphism in populations with only a single copy gene (black bars) or a previously
duplicated gene (light bars) shown on a log scale. Bars show mean time until the attractor allele and the two neighboring alleles were
lost in 20 simulations with standard error bars. The allelic mutation rate was set to 10-5 and gene duplication was prohibited. (b) Time
until duplication in populations that can undergo allelic divergence (black bars) and under a neutral model (light bars) shown on a log
scale. Black bars show the mean time until all individuals carry two copies of the focal gene with the allelic mutation rate and duplication
rate set to 10-5. Light bars show the expected time until fixation of a gene duplicate. (c, d) Total time for the allelic divergence process
and for a process of neutral duplication followed by divergence, shown on alog scale. The black bars show the sum of the time until
polymorphism at a single-copy locus (solid) and the time until duplication of a polymorphic locus (hatched). Thus, the total height of
the black bar represents the total time for the allelic divergence process to reach completion by first evolving polymorphism and then
fixing a duplication. The light bars show the sum of expected time for duplication under the neutral model (solid) and the time until
polymorphism at a previously duplicated locus (hatched). Thus, the light bars represent total time for a neutral duplication process
followed by adaptive divergence (note that the hatched portion is too small to see). (c) Results for simulations with equal allelic mutation
rate and duplication rate set to 10-5. If the duplication rate is an order of magnitude lower at 10-6 (d), then time until duplication via
neutral processes is orders of magnitude greater than the amount of time required for the entire allelic divergence process.

The total time required for each process was compared by
summing the duplication time and the divergence time for
each process. We calculated the total time of the allelic di-
veregence (AD) process by adding the mean waiting time
until a polymorphism formed to the mean waiting time for
duplication in a polymorphic population. This was compared
to the total time of a process involving duplication by neutral

processes followed by adaptive divergence of the two loci
(NA). This is an underestimate of the NA process because
the rate of gene loss is set to zero. The expected time until
a gene duplicate is fixed under the NA process is given by
(1/v) + 4N, where v isthe duplication rate. Small populations
have relatively low waiting times for neutral duplication but
would also have similarly low waiting times for loss of the
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duplicate locus through mutation and drift. A more accurate
analysis would include the expected proportion of time the
population spends in the duplicated state, which would de-
pend on the ratio of the rate of duplication to the rate mu-
tational inactivation of the gene.

When the duplication rate is the same as the rate of allelic
mutation, the total time for the AD process is several orders
of magnitude faster than that of the NA process in all but
the smallest populations. In simulations where the duplication
rate is lower than the allelic mutation rate (asis likely to be
the case), the AD process is always much quicker than the
NA process. These results are driven by the relaxation of
selection in small populations, which allows drift to play a
larger role. In very small populations the waiting time for a
neutral duplicationisrelatively low, but theallelic divergence
process becomes mutation limited and is subject to stochastic
variation that prevents the appropriate combination of alleles
on either side of the attractor from becoming common enough
to drive further adaptation. Large population sizes work
against the duplication phase of the NA process to such an
extent that the difference between the AD and NA processes
becomes even greater.

Discussion

Our model suggests a complete picture for the evolutionary
formation and diversification of gene families. Because all
genes begin as single copies, evolutionary forces have time
to act on them before duplication. If conditions promote ge-
netic divergence, then multiple different alleles will evolve
and be maintained in the population. During this phase the
population will exhibit heterozygote advantage and experi-
ence a segregation load. The presence of heterozygote ad-
vantage then creates strong positive selection on the spread
of gene duplications as they arise, so that once a chance
duplication event occurs it is expected to rapidly become
fixed in the population. As the duplication spreads through
the population, the allelic frequencies at each locus will di-
verge as each locus settles on a single allele. At this point a
two-gene family has been created with natural selection act-
ing at every time point to speed the process along. Thus,
adaptive natural selection can play a substantial role in the
formation of gene familiesin particular and genomeevolution
in general.

In our model we examined the evolution of gene families
when there was no direct selection for or against gene du-
plication per se. This was accomplished through our central
assumption that selection acts only on the relative dosage of
alternative alleles, and not directly on copy number (eg. 1).
In future work we will fully explore the effect that direct
selection on dosage has on altering the process of allelic
divergence. However, while selection for increased copy
number could certainly explain the maintenance of duplicate
genes, it cannot explain the evolution of functionally diverse
gene families because strong stabilizing selection on the al-
lele copy number would persist following duplication. Thus,
relaxation of our fitness assumptions does not change the
conclusion that divergence in gene families begins before
duplication and in either case natural selection, rather than
drift, dominates the fixation process.
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Our mathematical analysis assumed that genotypes that are
separated by a small number of mutations are phenotypically
similar. This sort of assumption is necessary for the calculus
of adaptive dynamics. However, the logical relationship be-
tween genotype fitnesses and the maintenance of polymor-
phism holds in the more general case of an arbitrary mapping
between genotype and phenotype. Aslong as the phenotypes
created by multiple-allele genotypes depend on the allelic
values in the same way as for two-allele genotypes, evolu-
tionary divergence of alleles will occur under similar con-
ditions before and after duplication.

Comparison with other processes

This process differs from all recent conceptualizations of
duplicate gene evolution, in that divergence between alleles
can accumulate before duplication. Previous work has noted
that multifunctionality can precede duplication (Hughes
1994, 1999) and that heterozygote advantage can promote
duplication (Otto and Y ong 2002; Walsh 2003), but studies
have not investigated the relationship between the conditions
that allow divergence before and after duplication. The sur-
prising similarity between these conditions substantially al-
ters our view of how gene families are created.

Our model allows for all divergence to occur following
duplication, asit does in the traditional models, but our anal-
ysis shows that thisis unlikely to occur. In general, the same
conditions that promote divergence after a duplication has
already been fixed promote divergence before duplication.
Only in the small set of parameters comprising the Ohno
zone is divergence unlikely at a single locus but selected for
after duplication. Thus, genes that are capable of divergent
selection as gene duplicates are likely to begin the process
of divergence when they are present as only single-copy
genes. The process of divergence, in turn, creates positive
selection for duplication, promoting the process of gene fam-
ily expansion.

Although heterozygote advantage is generated in our mod-
el and creates selection for the spread of gene duplicates, it
is important to note that heterozygote advantage is not an
assumption of our model and may not persist for long periods
of time. Previous work has examined the duplication process
when two alleles with fixed fitness effects are assumed to be
present. For example, Walsh (2003) considered several mod-
els of subfunctionalization and neofunctionalization. In each
scenario he considered, two alleles were segregating in the
population either before duplication or while the population
was polymorphic for a duplication. His model focused on an
extreme fitness relationship where individuals carrying only
the neofunctional allele had fitness of zero, but individuals
heterozygous for the ancestral and neofunctional allele had
a modest fitness increase. Our approach allows an arbitrary
fitness function without specifying afixed pair of segregating
alleles. Because our model follows evolution in the adaptive
landscape preceding duplication, it sheds light on the con-
ditions that lead to the evolution of heterozygote advantage
on the one hand and multifunctional genes on the other.

In some sense, the difference between this model and the
DDC model is in the shape of the fitness landscape. In the
DDC model, mutations are assumed to remove or reduce
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functionality of one subfunction while preserving others. This
is a mathematically degenerate fitness set because the deriv-
ative of fitness with respect to change at one allele at the
locus (or pair of loci) has no effect on fitness, but if all alleles
lose the ability to perform a single subfunction, then fitness
is decreased (Force et al. 1999). This leads to a kind of
degenerate saddle point in the fitness landscape at the at-
tracting allele. Mutations that lose one subfunction have no
fitness cost when rare, whether or not the population has one
or two copies of the gene. In single-copy populations, how-
ever, as a subfunctionalized allele spreads it will sometimes
be in the homozygous state and suffer a fitness cost. These
subfunctional alleles can only be maintained at low frequency
via mutation-selection balance in a similar manner to that of
neofunctional alleles (Walsh 2003). In populations that al-
ready have duplicate copies of the gene, this degenerate sad-
dle point allows the accumulation of complementary degen-
erate mutations and can lead to the maintenance of duplicate
gene copies (Force et al. 1999; Lynch and Force 2000). This
represents the extreme edge of the Ohno zone in our frame-
work, where the criterion of inequality (11) is exactly zero
and divergence is initiated through drift. If mutations can
occur that decrease the ability of the gene to perform one
subfunction but increase its ability to perform the other sub-
function, then the potential for allelic divergence is opened
up because the saddle point becomes nondegenerate, and the
spread of alternative alleles will be driven by selection in-
stead of drift.

Because allelic divergence will create selection to maintain
both copies of a gene after duplication, duplicate genes that
are maintained for long periods of time will be near or in the
zone of allelic divergence, regardliess of the mechanism of
duplication. In particular, while we have focussed primarily
on tandem duplication in this article, the same arguments
apply to genesinvolved in whole-genome duplications. While
many forces may lead to the maintenance of increased chro-
mosome number after a whole-genome duplication, the fate
of each duplicate gene pair will depend on selection at that
pair of loci. If alelic divergence has occurred before the
whole-genome duplication, then that pair of loci are expected
to be maintained as true genes and diverge in function. It is
even possible that the aggregate effect of allelic divergence
at many individual loci could facilitate the fixation of a
whole-genome duplication, although this effect will be ame-
liorated by negative selection at other loci where copy num-
ber is under stabilizing selection.

An alternative approach to the evolution of gene duplicates
has focussed on the role of gene conversion in inhibiting
divergence between recent gene duplicates (Ohta and Dover
1983; Walsh 1987). Gene conversion can cause one copy of
a tandem gene duplicate to be converted to the other copy.
This acts like a kind of biased mutational reversion to the
most common allele, which will be the ancestral allelein the
early stages of divergence. While we have not modeled this
process explicitly, we believe that it will push the balance
further in favor of allelic divergence. Gene conversion acts
only in already duplicated loci, so it will have no effect on
allelic divergence at single loci. In addition, because allelic
divergence creates a polymorphism at the single-locus gene,
the segregating alleles will not be at low frequency when the
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duplication event occurs. Gene conversion will have two ef-
fects on allele frequency dynamics at the duplicate locus.
First, it will tend to push allele frequencies at the rare du-
plicate locus toward those in the ancestral locus through con-
version from the copy on the homologous chromosome. Sec-
ond, it will increase linkage disequilibrium by creating pairs
of identical alleles on the same chromosome. The first effect
will accelerate the initial spread of a duplication following
allelic divergence, whereas the second will have a retarding
effect. However, this retarding effect is at most as strong as
the gene conversion rate and will act like a form of biased
mutation. This retarding effect will be even stronger, how-
ever, when it affects genes that have duplicated without di-
verging because all of the alleles will initially be identical.
Thus, gene conversion is expected to have more of aretardant
effect on neofunctionalization and subfunctionalization pro-
cesses than on the allelic divergence process.

Empirical evidence

Our model makes several predictions that are consistent
with recently uncovered genomic patterns as well as novel
predictions that have yet to be tested. Because allelic diver-
genceis expected to precede duplication, paralogs will appear
older than other evidence would suggest, which can explain
the apparent burst of evolution after duplication (Dermitzakis
and Clark 2001; Lynch and Conery 2003b). Several recent
studies have revealed patterns of divergence that are incon-
sistent with both the DDC and the neofunctionality model
(Notebaart et al. 2005; Crow et a. 2006). Crow et al. (2006)
observed symmetric positive selection in recently duplicated
hox genes but detect few synonymous substitutions. They
argued that this pattern is inconsistent with both neofunc-
tionalization and the DDC model. These data are consistent
with the allelic divergence model becauseit predictsthat both
alleles will evolve adaptations to specific tissues and that the
alleles will divergence rapidly and thus show short branch
lengths.

The allelic divergence model predicts that alleles will di-
verge before duplicating, which would produce a signal of
evolutionary divergence near the time of duplication. For
example, when duplicates arise by whole-genome duplica-
tion, we expect genes that are maintained as duplicates to
have orthologs in closely related species that are also in or
near the zone of allelic divergence. These orthologs should
have more genetic variation than orthologs of genes that are
not maintained as duplicates, either because they have already
diverged or because they arein the Ohno zone and experience
relaxed selection even in the single-copy state (Fig. 2c).

Duplication and organismal complexity

In the DDC framework, duplicate gene pairs can diverge
under neutral evolutionary processes through the speciali-
zation of each gene on some subfunction of the original sin-
gle-copy locus. This process alone, however, cannot lead to
an increasein organismal complexity unlessthereis selection
for the subfunctions to diverge further or for them to be
modified in some way from their state in the ancestral single-
copy gene. While subfunctionalization may sometimes be the
mechanism of duplicate gene divergence, selection for mul-
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tifunctionality is the ultimate cause. The allelic divergence
model shows how multifunctionality can arise at a single
locus and how this can lead to the adaptive formation of gene
families.

This theory points to a new role for sex, ploidy, and or-
ganismal complexity in the diversification of gene families.
This mode of genetic diversification requires that multiple
alleles be present in a single individual during the phase of
the life cycle that they perform in. Organisms that are pre-
dominately haploid during their multicellular phase will
therefore only be able to evolve gene families after dupli-
cations have been fixed by chance. Allelic divergence before
duplication points to an adaptive explanation for the obser-
vation that gene duplicates persist for longer periods of time
in more complex organisms (Lynch and Conery 2003b, 2004;
Daubin and Moran 2004). Complexity within organisms pro-
duces conditions that favor specialization even before du-
plication and defines the processes that |ead to the formation
and diversification of gene families.
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