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ABSTRACT

Newly emerging data from genome sequencing projects suggest that gene duplication, often accompa-
nied by genetic map changes, is a common and ongoing feature of all genomes. This raises the possibility
that differential expansion/contraction of various genomic sequences may be just as important a mecha-
nism of phenotypic evolution as changes at the nucleotide level. However, the population-genetic mecha-
nisms responsible for the success vs. failure of newly arisen gene duplicates are poorly understood. We
examine the influence of various aspects of gene structure, mutation rates, degree of linkage, and popula-
tion size (N) on the joint fate of a newly arisen duplicate gene and its ancestral locus. Unless there is
active selection against duplicate genes, the probability of permanent establishment of such genes is usually
no less than 1/(4N) (half of the neutral expectation), and it can be orders of magnitude greater if
neofunctionalizing mutations are common. The probability of a map change (reassignment of a key
function of an ancestral locus to a new chromosomal location) induced by a newly arisen duplicate is also
generally >1/(4N) for unlinked duplicates, suggesting that recurrent gene duplication and alternative
silencing may be a common mechanism for generating microchromosomal rearrangements responsible for
postreproductive isolating barriers among species. Relative to subfunctionalization, neofunctionalization is
expected to become a progressively more important mechanism of duplicate-gene preservation in popula-
tions with increasing size. However, even in large populations, the probability of neofunctionalization
scales only with the square of the selective advantage. Tight linkage also influences the probability of
duplicate-gene preservation, increasing the probability of subfunctionalization but decreasing the probabil-

ity of neofunctionalization.

OSTERED in part by the belief that gene duplication

is a major contributor to the origin of evolutionary
novelties, substantial theoretical and empirical atten-
tion has been given to the evolutionary fates of gene
duplicates. The traditional view has been that a gene
duplicate will ultimately suffer one of two fates: either
one copy will be silenced by degenerative mutations
(nonfunctionalization) or one copy will evolve a new
beneficial function (neofunctionalization) that perma-
nently preserves it in the population (HALDANE 1933;
FisHER 1935; OuNo 1970; NEI and RoyCHOUDHURY 1973;
CHRISTIANSEN and FRYDENBERG 1977; BAILEY el al.
1978; TAkAHATA and MAaRUYAMA 1979; L1 1980; WATT-
ERSON 1983; WaLsH 1995). Under this model, the alter-
native copy always retains the original function. However,
a third possible fate has recently been recognized: both
copies may be reciprocally preserved through the fixa-
tion of complementary loss-of-subfunction mutations
(subfunctionalization), which results in a partitioning
of the tasks of the ancestral gene (FORCE et al. 1999;
LyncH and Force 2000a; Stortzrus 2000; WAGNER
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2000). Such a partitioning of ancestral-gene tasks may
also be driven by a form of positive Darwinian selection,
the acquisition of copy-specific mutational refinements
to alternative gene subfunctions previously kept at sub-
optimal levels by pleiotropic constraints (PIATIGORSKY
and Wistow 1991; HuGHEs 1994). Finally, it has been
suggested that redundancy may be directly advanta-
geous as a mechanism for minimizing the phenotypic
effects of null alleles and/or developmental accidents
(CLARK 1994; NOowAK ef al. 1997; KRAKAUER and NOWAK
1999; WAGNER 1999).

As pointed out by SPOFFoRD (1969), a significant gap
in our understanding of gene duplication concerns the
critical initial phase during which a single copy of a
duplicated gene must rise to a high enough frequency
in the population to become subject to the mutational
processes noted above. Almost all of the existing theory
for the evolution of duplicate genes starts with the as-
sumption that all members of the base population carry
two fully functional genes at both loci. This is perhaps
a reasonable scenario for a newly established polyploid
species, but an alternative approach is required to ex-
plain the establishment of single-gene duplicates origi-
nating by more common processes such as replicative
translocation or tandem duplication.

Our focus is on the ultimate fate of a pair of duplicate
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loci, one of which (the ancestral copy) carries active
alleles in all members of the population and the other
of which (the descendant copy) is initially represented
by a single gene in a single (heterozygous) individual,
all other individuals at this latter locus being effectively
null homozygotes. We restrict our attention to whole-
gene duplication, so that processed pseudogenes or par-
tial duplications are not considered, and we assume that
there is no intrinsic disadvantage to duplicates as might
arise if gene-dosage issues were important. Given these
starting conditions, several potential outcomes can be
envisioned:

First, as with any newly arisen mutation, there is a
high probability that the new copy will be rapidly lost
by random genetic drift. If there is no selective advan-
tage for the new copy, this probability will be equal to
AN=1—-[(1/(2N)], where N denotes the population
size. Upon such an outcome, all evidence of the duplica-
tion event will be eliminated from the population.

Second, in the rare event that the new duplicate rises
to high frequency, it may randomly accumulate a higher
load of degenerative mutations than the ancestral copy
and in the absence of any selective advantage may even-
tually become nonfunctionalized. In this case, the ances-
tral gene copy is permanently retained, while a semiper-
manent record of the duplication event may transiently
remain in the form of a pseudogene.

Third, if functional alleles rise by chance to high fre-
quency at the new duplicate locus, it is possible that the
ancestral copy will become a nonfunctional pseudogene.
In this case, the population is again returned to the single-
gene state of the ancestral population, but the genomic
location of the functional gene will have changed (HAL-
DANE 1933; WaLsH 1995).

Finally, both copies of the locus may become perma-
nently preserved either by subfunctionalization, with
each copy carrying out a unique set of subfunctions
(or both being mutationally reduced to the level of
expression of the single-copy ancestral gene), or by neo-
functionalization, with one copy evolving a new benefi-
cial function at the expense of the original function
(which is retained by the other copy). A change in map
position will result if the two loci become subfunctiona-
lized or if the original locus becomes neofunctionalized.

The evolutionary outcome of a gene-duplication event
relates to three issues of potentially broad evolutionary
significance. First, the mechanisms by which gene dupli-
cates become permanently preserved have a bearing on
the evolutionary potential of a species. For example, a
neofunctionalizing mutation is equivalent to the origin
of an evolutionary novelty, while subfunctionalizing mu-
tations can provide new evolutionary flexibility by releas-
ing an ancestral gene from pleiotropic constraints. We
refer to the probability that a newly arisen gene dupli-
cate becomes permanently preserved as ©. Second,
complete or partial silencing of an ancestral gene results
in chromosomal repatterning, equivalent to a change
in the genetic map, assuming the loci are not completely

linked. Such changes are of relevance to the speciation
process, as they passively induce postzygotic genomic
incompatibilities in hybrid progeny (WERTH and WIND-
HAM 1991; LyncH and Force 2000b). We refer to the
probability that a newly arisen gene duplicate induces
a map change as A. Third, if duplicate genes become
fixed in a population more frequently than their paren-
tal loci are lost, an expansion of the genome must occur.
We refer to the probability that a newly arisen gene
duplicate results in a permanent expansion of the ge-
nome size as I'. This is equivalent to the probability of
joint preservation of a pair of duplicates.

The development of a comprehensive theory for the
evolution of duplicate genes raises formidable technical
difficulties because the process involves two multiallelic
loci with epistatic interactions. We have been successful
in deriving some analytical approximations that help
provide insight into the mechanisms governing the dy-
namics of duplicate-gene evolution, but to establish the
validity of the theory it has also been necessary to rely
extensively on computer simulations.

PRESERVATION BY DEGENERATIVE MUTATIONS

The situation in which mutations to novel beneficial
functions are sufficiently rare to be ignored provides a
useful null model for interpreting the fates of duplicate
genes because the evolutionary dynamics are governed
entirely by random genetic drift and degenerative muta-
tion. Under this model, a newly arisen gene duplicate
has three possible fates: (1) The new copy may simply
be lost by random genetic drift and/or silenced by the
accumulation of degenerative mutations; (2) the new
copy may become permanently fixed in the population,
with the original locus subsequently being silenced by
degenerative mutations; or (3) both loci may become
mutually preserved by subfunctionalization (Figure 1).
The probability of preservation of the duplicate gene
and, in the case of unlinked duplicates, the probability
of a map change are equal to the sum of probabilities
of fates 2 and 3, while the rate of genome expansion is
equal to the probability of fate 3. To accommodate the
fact that all of these probabilities decline rapidly with
increasing N [because the probability of initial establish-
ment is on the order of 1/(2N)], we scale the three
summary statistics (0, A, and I') by multiplying by 2N.
Letting P, denote the probability of silencing of the
original locus and P, denote the probability of subfunc-
tionalization,

@ = A = 2N(Rlon,u + Rub) (la)
and
F = 2Z\]Psul)' (lb)

With this scaling, ® = 1 implies that the probability of
preservation of a newly arisen gene duplicate is equiva-
lent to the rate of fixation of a neutral mutation, 1/(2N).
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F1GURE 1.—Schematic for the alternative stable outcomes
of the gene-duplication process for the subfunctionalization
and neofunctionalization models. For both cases, the ancestral
gene is on the left and the newly arisen duplicate is on the
right. For the subfunctionalization model, the gene is divided
into two sections, each one denoting an independently muta-
ble subfunction. Diagonal lines denote loss of function or
subfunction; diamonds denote neofunctionalization (with an
accompanying loss of the original function). The probabilities
of the alternative fates are listed on the left: non, nonfunction-
alization; sub, subfunctionalization; neo, neofunctionaliza-
tion; and o and m, the original and newly arisen locus, respec-
tively. The genomic consequences of the various fates are
marked on the right.
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Definitions of these and all additional terms associated
with this model are summarized in Table 1.

As in most other theoretical investigations of the evolu-
tion of duplicate genes, we initially consider the double-
null recessive model, whereby all two-locus genotypes
have equal fitness except for the inviable double-null
homozygotes that completely lack a particular function
(or subfunction). Nonfunctionalizing mutations, which
eliminate all gene function, arise at each locus at rate
L per gene copy per generation, and, when a gene has
independently mutable subfunctions, each subfunction
is subject to silencing at rate p,. We restrict our attention
to the situation in which genes have either a single
function (in which case p, = 0) or two independently
mutable subfunctions (each with the same p,). Such
subfunctions may be physically defined in a number
of ways, including tissue-specific regulatory elements,
alternative functional domains of a protein, and/or al-
ternative splice variants. We consider the two extreme

situations in which the duplicate loci are either com-
pletely linked (¢.e, a tandem pair) or freely recom-
bining.

As there is no reason to expect the mutation process
to be altered upon gene duplication, we assume that
the initial locus has allele frequencies expected under
selection-mutation-drift equilibrium prior to duplica-
tion. The new locus is then randomly initiated with
a single copy of either a fully functional allele or a
subfunctional allele, with the probabilities of initial sta-
tus being defined by the relative equilibrium frequen-
cies of the classes of active alleles at the original locus.
We also assume that the founding allele for the new
locus is carried initially in a gamete containing its ances-
tral type at the original locus. In the case of complete
linkage, because a duplicate is permanently associated
with its parental source, a newly arisen subfunctional
gene cannot proceed to fixation, as this would result in
the loss of the alternative subfunction. In the case of
free recombination, the ancestral locus is guaranteed
to be preserved in the event the new locus is founded
by a subfunctional allele.

It is well known that the equilibrium frequency of a
recessive lethal (nonfunctional) allele for a gene with
a single function is \/p, in large populations (Nw, >
1), and this frequency declines in smaller populations
(Figure 2). The equilibrium frequency of nonfunctional
alleles is reduced when genes have independently muta-
ble subfunctions, but this is more than offset by the
frequency of subfunctional alleles (Figure 2). For example,
at large N with p, = p, = 107%, each of the two types
of subfunctional alleles have equilibrium frequen-
cies of 0.0025, while the null allele has frequency 0.0015.
Thus, provided N > 10%, some subfunctional alleles are ex-
pected to be segregating at the initial locus unless p, < .

To evaluate the probabilities of the three alternative
fates (Ponos Pronm> and P.,,) under this model over a range
of population sizes, we performed stochastic simulations
of a gamete-based model, which we have previously shown
to yield equivalent results to individual-based simulations
(Lynch and Force 2000a). An effectively infinite ga-
mete pool is assumed so that recombination and muta-
tion can be treated as deterministic processes. Given the
expected frequencies of gamete types in any generation,
the expected frequencies of zygote genotypes after ran-
dom mating and selection are determined, and then
the actual zygote frequencies are obtained by random
sampling of N genotypes. This cycle of events is contin-
ued until the final fate of the pair of duplicates has
been determined, i.e., when either one locus completely
lacks functional alleles (nonfunctionalization) or when
each locus has completely lost a unique subfunction
(subfunctionalization). For any set of mutational param-
eters, we typically performed enough simulations so that
at least 2500 runs would lead to the gene duplicate
becoming well-established in the population by random
genetic drift. This required as many as 10° replicate runs
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TABLE 1

Terms associated with the model incorporating only degenerative mutations

N Effective population size, assumed to be equal to actual population size.

A 1= [1/(2N)].

(C) Probability that the new duplicate is permanently preserved (X2N).

r Probability that both loci are jointly preserved (X2N).

A Probability that a key (sub)function of the ancestral locus is reassigned to a new genomic location (X2N).

I, Rate of mutations eliminating single subfunctions.

W Rate of mutations eliminating total gene function.

a p/ (e + 21).

e Initial frequency of fully functional alleles at the ancestral locus.

Poono Probability that the original locus is silenced.

Py Probability that the descendant locus is silenced.

P, Probability that the two loci are preserved by subfunctionalization.

Plono Probability that the original locus is silenced, conditional upon prior fixation of the new unlinked duplicate.

b Probability that the two loci are preserved by subfunctionalization, conditional upon prior fixation of the new

unlinked duplicate.

Plis Probability that two unlinked duplicates are preserved by subfunctionalization, conditional upon the new locus being
founded by a functional allele.

Subss Probability that two unlinked duplicates are preserved by subfunctionalization, conditional upon the new locus being

founded by a subfunctional allele.

P Probability that a copy of a functional allele at a new unlinked locus remains intact after 4N generations.

P Probability that a copy of a functional allele at a new unlinked locus has lost a single subfunction after 4 N generations.

P, Probability that a copy of a subfunctional allele at a new unlinked locus remains intact after 4 N generations.

at large N, and we employed no fewer than 5 X 10° runs
at small V.

Linked loci: Cases of absolute linkage can be treated
formally as a single-locus model, and in this case we
refer to a linked pair of duplicates as a two-copy allele.

null, 22.=0.0

subf., 4 = 0.00001

null, 4 = 0.00001

Expected Frequency

10-4 1 1aal L ] 1 1
102 103 104 105 106 107

Population Size (N)

Ficure 2.—Expected equilibrium frequencies of null and
subfunctional alleles at the initial locus at various population
sizes, under drift-mutation-selection balance. Results were ob-
tained by computer simulation with the mutation rate to nulls
being . = 107° and the gene either having a single function
(p = 0) or two independently mutable subfunctions with w, =
107°. In the latter case, each of the two possible types of
subfunctional alleles has expected frequencies equal to the
plotted values.

Functional two-copy alleles have a slight selective advan-
tage over their single-copy counterparts during the ini-
tial phase of establishment because single-copy alleles
that experience either subfunctionalizing or nonfunc-
tionalizing mutations can never go to fixation, whereas
a mutated two-copy allele can fix as long as the two
component genes cover all subfunctions. In small popu-
lations, this advantage is negligible because the two-
copy allele is either lost or fixed by random genetic drift
before a significant probability of mutation has accrued,
and the probability that the new duplicate initially drifts
to fixation is very close to its initial frequency, 1/(2N).
Letting Py, and Py, denote the subsequent fate proba-
bilities conditional on the two-copy allele having be-
come established, then because nonfunctionalization
will occur randomly at one locus or the other, P},,, =
(1 = Piw)/2, and

@:QN_I,(l—suh+ .:ub)=1+7
on |2

sub
, (2
2 (2a)

F = s’ub' (2b)

To obtain an expression for P,,, we note that the proba-
bility that the first mutation to be fixed in a two-copy
lineage is of a subfunctionalizing type is 2,/ (. + 2w,).
Conditional on this occurring, joint preservation of the
two genes by subfunctionalization is expected to occur
with probability « = W,/ (. + 2,), because following
the loss of one subfunction from one locus, the subfunc-
tional locus is still free to fix subsequent mutations at
rate p, + W (resulting in nonfunctionalization), while
the intact locus may only fix a mutation for the alterna-
tive subfunction (at rate ,, resulting in subfunctionali-
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zation; FORCE et al. 1999). Thus, for small N, we expect
Pl = 202, and hence ® = 0.5 + o and I = 2o

With increasing population size, there is an increasing
probability that single-copy alleles will mutate during
the long sojourn of a two-copy allele through the popula-
tion, putting the former at a slight selective disadvan-
tage. Consider, for example, the case of genes with a
single function. At the limit as N — oo, the expected
frequency of descendants of the initial two-copy gene
among the total pool of functional genes increases from
the initial level of 1/ (2N) to a stable level of 1/ N (APPEN-
pIx). This transient behavior occurs because the initial
mutations experienced by two-copy alleles are com-
pletely neutral, which causes their descendants to in-
crease at the expense of one-copy alleles. The increase
continues until all two-copy alleles have acquired a muta-
tion in at least one copy, at which point they are selec-
tively equivalent to functional single-copy alleles. These
results suggest that at large N a completely linked pair
of duplicate genes (in this case, assumed to be incapable
of subfunctionalization or neofunctionalization) will fix
with probability 1/N, with a random member of the
pair becoming silenced, which further implies ® — 2N -
(1/N) - 0.5 = 1.0 as N — . The temporal dynamics
outlined in the APPENDIX suggest that this large-popula-
tion approximation should apply provided Nu, > 2.
Using the approach outlined in the APPENDIX, after
considerable analysis, we also obtained results that sug-
gest that ® — 1.0 as N— co when there are two indepen-
dently mutable subfunctions.

The preceding analytical approximations are in close
agreement with observations from computer simula-
tions (Figures 3 and 4). At small N, a = 0.0 when there
is only a single-gene function, yielding ® = 0.5 and I' =
0, whereas a = 0.333 when p, = p,, yielding ® = 0.611
and ' = 0.222. As N— o, @ — 1.0 under the conditions
of one or two subfunctions, and I' — 0.

Unlinked duplicates: For freely recombining loci, the
selective advantage of a newly arisen duplicate is negligi-
ble due to the fact that it does not remain associated
with a functional partner. The key issue then becomes
whether the newly arisen gene is capable of drifting to
fixation in an intact state. As pointed out in LyNCcH and
Forcke (2000a), the probability of subfunctionalization
of unlinked duplicates declines with increasing popula-
tion size because the accumulation of secondary muta-
tions can eventually silence a subfunctional allele during
the long (~4N generation; KiMURA and OHTA 1969)
sojourn to fixation. To account for this behavior, we
present the following approximations, first for a fully
functional newborn gene duplicate and then for a sub-
functional newborn.

Under the assumption of negligible selection, an ini-
tially fully functional allele retains full functionality after
4N generations with probability

Py = ¢ Nt (3)

Scaled Probability of Map Change (A)

Scaled Probability of Preservation (8), and

0.00 M . . + L ,
102 103 104 108 108 107

Population Size (N)

F1GURE 3.—The scaled probability of preservation of a du-
plicate gene (also equal to the scaled probability of a map
change) for the situation in which the rate of mutation to
novel functions is negligible. Open and solid symbols denote
results for freely recombining and completely linked loci, re-
spectively. Squares denote the results for the situation in which
there are two independently mutable subfunctions, each with
mutation rate p, = 107°% and the circles denote the case in
which there is a single function (w, = 0). In both cases, the
rate of origin of mutations that eliminate all function is . =
107°. The dotted lines denote the analytical approximations
for the case of unlinked genes obtained by use of Equations
2a, 3, 4, 6, and 8.

(again, assuming two independently mutable subfunc-
tions) and will have lost a single subfunction with proba-
bility

P=2(1 — ¢ M) g Nt (4)

Having reached the latter state (with the original locus
still intact), joint preservation of the two loci by subfunc-
tionalization will occur with probability a, following the
logic outlined above. Noting that subsequent fixation
events are expected to occur approximately every 4N
generations on average and that PP ! is the probability
that an initially intact gene has lost a single subfunction
4Nt generations following fixation, then the probability
of subfunctionalization, conditional on the initial estab-
lishment of a duplicate, is
aby

Pl = aP > Py = . 5
sub,f 1%0 1-»p (5)

If, on the other hand, the newly arisen duplicate is a
copy of a subfunctional allele, then the probability that
it is intact after the expected 4N generations required
for establishment is

P, = e—4w'(uc+ur>’ (6)
and

Ps’ub,s = OLPQ (7)
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F1GURE 4.—The scaled probability of duplicate-gene preser-
vation by subfunctionalization for the situation in which there
are two independently mutable subfunctions and the rate of
mutation to novel functions is negligible. Open and solid
symbols denote results for freely recombining and completely
linked loci, respectively. The mutation rates are w, = W, =
107°. The dotted line denotes the analytical approximation
for the case of freely recombining loci, obtained by use of
Equations 2b, 3, 4, 6, and 8.

is the conditional probability of subfunctionalization.
Letting fr denote the expected initial frequency of the
fully functional allele at the original locus, then the
weighted conditional probability of subfunctionaliza-
tion 18

Poy, = of(pP/(1 = By)) + (1 = poP)]. (8)

For small N, pr = 1 and P,/(1 — P) — 2a, yielding
Py, = 202 and from Equations 2a and 2b, @ = A =
0.5 + a?and I = 2a? These results are identical to the
expectations for linked duplicates. As N— oo, Pj;, — 0,
implying ® = A — 0.5 and I' — 0. This suggests that
the probability of duplicate-gene preservation at large
Nis twofold lower in unlinked than in linked duplicates.

Provided Nu. < 10, these analytical approximations
for unlinked duplicates yield results that are quite com-
patible with those obtained by computer simulation
(Figures 3 and 4). There are three fairly distinct regions
of response to increasing N. First, for Nu, < 1, ©® =
A =05 + o?and I' = 2a? as predicted by the theory
for small N. Second, for 1 < Nu. < 10, ® = A = 0.5
and I" = 0 as predicted by the theory for large N. Third,
as N increases beyond 10, ® = A gradually approaches
zero. Although this latter phase is unaccounted for by
the theory, it presumably occurs because when Nw, >
1 there is a significant probability that all of the descen-
dants of a newly arisen duplicate become silenced by
mutations prior to the initial establishment of the lin-
eage. In any event, contrary to the situation for linked
duplicates, the probability of preservation of unlinked

M. Lynch et al.

duplicates declines with increasing population size, al-
though, provided Nu. < 10, this probability still equals
or exceeds 1/4N.

PRESERVATION BY NEOFUNCTIONALIZATION

We now consider the situation in which mutations
with phenotypic effects either silence a gene or intro-
duce a new beneficial function at the expense of the
original function (Figure 1). The fitness landscape is
assumed to be one in which individuals that carry no
alleles with the original function have zero fitness, with
the remaining genotypes having fitnesses equal to 1 +
ns, where n = 0, 1, 2, or 3 is the number of neofunc-
tional alleles carried. Silencing mutations are assumed
to arise at rate . per gene copy for both types of active
alleles, whereas alleles of the “ancestral” type (hereafter
referred to as wild type) can also mutate to the neofunc-
tionalized state at rate .

To evaluate the probabilities of the alternative fates
of a pair of duplicate loci subject to beneficial mutations,
we employed a simulation approach identical in struc-
ture to that described in the previous section, starting
with a single-copy locus with allele frequencies equal to
the simulated expectations under selection-mutation-
drift equilibrium. The newly arisen duplicate was initi-
ated as a single copy randomly recruited from the pool
of wild-type and neofunctional alleles at the original
locus, and the generation-to-generation cycle of events
was continued until the final fate of the pair of dupli-
cates had been established. It is straightforward to iden-
tify nonfunctionalization as a final stable state, as this
simply requires that one locus becomes fixed for null
alleles. Identification of neofunctionalization as a fate is
slightly more subjective because, in a finite population,
there is always a very small possibility that a neofunction-
alized locus may become lost in the future (because it
carries a beneficial but nonessential function and is
subject to nonfunctionalizing mutations). We consid-
ered neofunctionalization to have occurred when one
locus had completely lost the wild-type allele and ac-
quired a high enough frequency of the neofunction-
alized allele to ensure a probability of fixation of the
latter of atleast 0.99. Using the diffusion approximation
for the fixation probability of a beneficial allele with
additive effects (Kimura 1962), this critical frequency
is equal to

_ 1 _ _—4Ns
Ve 4Nsln[l 0.99(1 — ¢ "], (9)

which for large Ns reduces to p* = 1.15/(Ns). (For
the case of completely linked duplicates, this critical
frequency must be applied to pairs of two-copy alleles
with one neofunctional and one wild-type member, be-
cause neofunctional single-copy genes cannot become
fixed in the population.) In the simulations that we
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TABLE 2

Additional terms associated with the neofunctionalization model

W Rate of origin of neofunctional mutations.

s Selective advantage of a neofunctional allele at the original locus on a background containing at least one
functional allele.

S Initial marginal selective advantage of a neofunctional allele at the new locus.

St Initial marginal selective advantage of a wild-type allele at the new locus.

Peoo Probability that the original locus is neofunctionalized.

Peom Probability that the descendant locus is neofunctionalized.

Preoo Probability that the original locus is neofunctionalized, conditional upon prior fixation of the new linked duplicate.

Pleom Probability that the descendant locus is neofunctionalized, conditional upon prior fixation of the new linked duplicate.

Pl..0(1)  Probability that the original locus is neofunctionalized, conditional upon the new linked duplicate being initially
destined for loss.

Plom(t)  Probability that the descendant locus is neofunctionalized, conditional upon the new linked duplicate being initially
destined for loss.

P Expected frequency of neofunctional alleles at the ancestral locus under selection-mutation-drift balance.

H Expected frequency of null alleles at the ancestral locus under selection-mutation-drift balance.

P ﬁ./(1 - 130)

P 1= p

Up Fixation probability for a beneficial mutation with initial frequency 1/(2N).

up($) Fixation probability for neofunctional alleles at the original locus, following the fixation of wild-type alleles at the new
locus.

up(Sp) Fixation probability for a new wild-type duplicate with initial frequency 1/(2N) and initial marginal fitness s.

up (s,) Fixation probability for a new neofunctional duplicate with initial frequency 1/(2N) and initial marginal fitness s,.

B 2Nugpu/ (e + 2Nugius)

Ny, (1) Expected number of two-copy alleles in a population in generation {, conditional on not yet having been lost or
rescued.

u (1) Probability that a newly arisen locus has been lost by drift by generation ¢ in a population assumed to be effectively
infinite in size.

(1) Probability that a newly arisen locus, initially destined to be lost by drift, acquires a neofunctional mutation in generation
¢ that carries it to fixation.

£(1) Probability that the fate of a two-copy allele has not been determined by generation ¢.

(0 Probability that an effectively neutral allele destined to be lost by drift is lost in generation ¢.

performed, we assumed that the rate of mutation to
neofunctional alleles (107 per gene per generation) is
much smaller than the mutation rate to nulls (107° per
gene per generation, as in the previous section), and s
was 0.001, 0.01, or 0.1.

Under this model, a newly arisen gene duplicate can
be regarded as preserved in the population if neofunc-
tionalization occurs at either locus or if the original
locus becomes nonfunctionalized. Thus, the scaled proba-
bility of preservation is

® = QN(Pneo,m + Pneu,o + Pnon,o): (10)

with the component terms being defined in Tables 1
and 2. For genes that are not completely linked, a map
change occurs if the original locus becomes silenced or
neofunctionalized, so the scaled probability of a map
change is

A = 2N(PDCO,O + Pnon,o)' (11)

Finally, a new gene is added to the genome whenever
one member of the pair is neofunctionalized, as this
results in joint preservation of both copies. Hence,

F = 2N(Rl€040 + PI!C(),H))' (12)

A key feature of this model of gene duplication is
that the original locus (prior to duplication) can exhibit

a balanced polymorphism due to the recurrent input
of mutations and to heterozygote superiority. Although
neofunctional alleles have zero fitness when in the ho-
mozygous state, they have a heterozygote advantage of
swhen associated with wild-type alleles. For large N, a set
of standard recursion equations for allele frequencies
(ignoring drift) yields the approximate equilibrium fre-
quencies of the neofunctional (n) and null (0) alleles.
For p. < [s/(1 + $)1%

L8 = (1 s)?

h=—0ta (15
R 1
b = M(i:s) (13b)
whereas for p, > [s/(1 + 5)1%
ﬁn =~ O’ (143.)
b= Vi (14b)

These results, combined with observations from com-
puter simulations (Figure 5), illustrate two key points.
First, for sufficiently weak positive selection (p. > [s/
(1 + 1%, the mutation pressure against a neofunc-
tional allele overwhelms the selective advantage, main-
taining the frequency of neofunctional alleles at the
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Ficure 5.—Expected equilibrium frequencies of neofunc-
tional (n) and nonfunctional (null, 0) alleles at the initial
locus at various population sizes, under drift-mutation-selec-
tion balance, obtained by computer simulation.

original locus at negligible levels. For example, with s =
0.001 and .. = 107%, p, asymptotically approaches ~w;/
(2s) = 5 X 107 "at large N. In this case, a new duplicate
locus will almost always be initiated with a wild-type
allele, and neofunctionalization will require mutation to
new neofunctional alleles subsequent to the duplication
process. Second, when selection is stronger (. < [s/
(1 + 5)1%), the expected frequency of neofunctional
alleles residing at the original locus is nearly a threshold
function of population size, being closely approximated
by Equation 13a, provided Ns* > 4, and rapidly dropping
to negligible values (<1/2N) for Nbelow the threshold.
For example, as N — oo, with p, = 107%, 5, — 0.0088
when s = 0.01, and 13,, — 0.083 when s = 0.1. This
means that at large population sizes with unlinked loci,
neofunctionalization need not rely on the rare occur-
rence of beneficial mutations but can be poised to move
forward if (1) the new locus is founded with a neofunc-
tional allele or (2) the new locus is founded with a wild-
type allele that subsequently acquires a sufficiently high
frequency that the neofunctional alleles at the original
locus become subject to directional, rather than balanc-
ing, selection.

Linked loci: In the case of complete linkage, a newly
arisen gene duplicate must be of wild type to have any
chance of permanent preservation, because under the
assumptions of the model a linked pair of neofunctional
genes is lethal in the homozygous state. So for linked
duplicates, we considered only the case in which the
initial duplicate carried the essential ancestral function.
In this case, permanent preservation of both loci occurs
when the founding two-copy allele goes to fixation and

one member evolves a new function. This outcome
yields a state of fixed heterozygosity, in the sense that
each gamete carries one allele with the ancestral func-
tion and another with the new function (SPOFFORD
1969).

As noted above, the case of completely linked dupli-
cates can be treated as a single-locus model with two
classes of alleles, single copy and two copy. Ignoring
the weak directional forces of selection, a newly arisen
linked pair of gene duplicates (i.e., a two-copy allele
carrying only wild-type genes) will initially be destined
to go to fixation with probability 1/(2N) and otherwise
to become lost with probability . Should the two-copy
allele proceed down the path toward fixation, one mem-
ber of the pair will ultimately become either silenced or
neofunctionalized. For fully redundant genes, silencing
mutations go to fixation at the rate of .. per locus, since
the number of newly arising mutations is 2N per locus
and the probability of a fixation of a neutral allele is
1/(2N), whereas beneficial mutations to a novel func-
tion go to fixation at the rate of 2Nugw,, as there are
again 2N gene copies per locus, each mutating at rate
W, and in this case fixing with probability u;.. We rely
on the diffusion approximation for the probability of
fixation of a newly arisen beneficial mutation with addi-
tive effects,

1—¢?%
Up =

B 1 — 4%

(15)

(Kimura 1962). Letting B = 2Nuppy,/ (e + 2Nugpiusy)
denote the relative probability of neofunctionalization,
the conditional probabilities of the four possible fates
of linked duplicates destined to fixation are

Pronm = Piono = (1 = B)/4N, (16a)
Pleom = Pieoo = B/4N. (16b)

Were these the only paths to the preservation of a new
duplicate, one would expect the upper limit for ® and
I' to equal 1, because = 1.0. However, we must also
consider the possibility of the appearance of a neofunc-
tionalizing mutation in a two-copy allele that is otherwise
destined to be lost by random genetic drift, as this can
alter the course of events.

To quantify the probability of such a rescue effect,
we need to know the number of alleles that are available
targets for neofunctionalizing mutations. The expected
number of two-copy alleles in the population in genera-
tion ¢, conditional on not having yet been lost or having
been rescued, can be shown to be

¢V @2N)

1= ()’ 4

ny () =

where wu (?) is the probability that the locus has been
lost by drift by generation ¢ Because we are focusing
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F1GURE 6.—The scaled probability of preservation of a dupli-
cate gene for the situation in which mutations either com-
pletely silence a gene or endow it with a new function at the
expense of the old function. Solid lines are the predictions
derived from the theory outlined in the text.

on a large-population phenomenon, u (f) can be ap-
proximated with FISHER’s (1922) recursion for a mutant
allele initially present in a single copy,

w,(f) = eV, (18)

starting with 1 (0) = 0. The probability that a two-copy
allele otherwise destined to be lost acquires a neofunc-
tionalizing mutation in generation ¢ that will carry it to
fixation is then

() =1-— e*?mmynm(l)ﬂ_“ct’ (19)

the 2 accounting for the two copies of the ancestral
gene per two-copy allele, and the term ¢ " being the
probability that a gene within the pair has not acquired
a silencing mutation by time ¢ Letting
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FiGURe 7.—The scaled probability of genome expansion
per newly arisen gene duplicate for the situation in which
mutations either completely silence a gene or endow it with
a new function at the expense of the old function. Solid lines
are the predictions derived from the theory outlined in the
text.

20
T = p(®) (20)

() =1 —
be the probability that an effectively neutral allele des-
tined to eventual loss is lost in generation ¢ and €(¢) be
the probability that the fate of two-copy alleles has not
been determined by generation ¢ then the partition of
the contributions to alternative fates for the \ cases in
which a two-copy allele is initially destined to become
lost is

Pleom(8) = Pleoo(8) = 0.5M(0)7(0), (21a)
Plonm() = MO p()[1 = (0], (21b)

with
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€+ 1) =€) = Plon() = Pleoo(t) = Plowm(1).
(22)

The final probabilities of the four alternative fates are
given by

Pnon,m = Pl,l()n,m + EP;I,OD,m(t)7 (233')
=0

Pnon,o = Pl;On,D) (23b)

Rleo,m = Pl’]eo,m + EMeo,m(t)a (QSC)
=0

Pneo,o = Pn/meo,o + 2 n/eo,o(t)' (di)
=0

(For the reader’s convenience, we summarized the
definitions of all terms associated with the neofunction-
alization model in Table 2.)

For the most part, these expressions are in good
agreement with the simulated data (Figures 6 and 7).
Atsmall population sizes, there is a negligible likelihood
of a beneficial mutation resurrecting a two-copy locus
destined to be lost by drift, so from Equations 16a and
16b alone, ® = (1 + B)/2 and I' = B. At the very
smallest population sizes (N < 10%), B asymptotically
approaches .,/ (. + ), which for w, < p. results in
0 —0.5+ (w/ ) and I' = pp/ . On the other hand,
in the limit as N — oo, the chance of the original locus
becoming silenced is negligible, which results in I" = ©
scaling nearly linearly with population size.

Unlinked loci: The probability of neofunctionaliza-
tion can be greatly enhanced in the case of freely recom-
bining loci because a new duplicate locus that is founded
by a neofunctionalized allele is free to move toward
fixation and because the fates of subsequent mutations
at one locus are less influenced by those at the other.
Given that the equilibrium allele frequencies at the orig-
inal locus are related to Nand sin a threshold manner
(Equations 13 and 14 and Figure 5), two alternative sets
of analytical approximations appear to be necessary.

We first consider the situation in which neofunction-
alized alleles are likely to be segregating at nonnegligi-
ble frequencies, p < [s/(1 + 5)]1% which for the parame-
ters that we examined holds for s = 0.1 and 0.01. To
have any chance of establishing itself permanently, a
newly arisen duplicate locus must be founded by either
aneofunctionalized (n) or wild-type (f) allele, the prob-
abilities of which are

P = D/ (1 = o), (24a)
p=1=p (24b)

where [3,, and 130 are defined by the values in Figure 5.
If the founder allele is of the neofunctional type, the
probability of fixation is given by Equation 15 with selec-
tion coefficient

s =51 = po— )/ (L + po+ ), (252)

and, conditional upon such fixation, the original locus

must maintain the original function. If the founder al-
lele is wild type, the probability of fixation is a function
of the relative fitnesses of the ff; f0, and 00 genotypes
at the new locus induced by the presence of 00, 70, and
nn genotypes at the original locus, where 0 denotes a
nonfunctional allele. The latter genotypes have zero
fitness if the genotype at the new locus is 00 but respec-
tive fitnesses of 1, 1 + s, and 1 + 2s if the genotype at
the new locus is ff or f0. Scaling the fitness of the 00
genotype at the new locus to be equal to one, the initial
expected selective advantage of both the ff and f0
genotypes is equal to

S = (ﬁ(} + pAn) (21;"5 + ﬁO + ﬁn)’ (25b)

which for large N and p. < [s/(1 + 5)]? simplifies to
s = &/(1 + 25). WricHT (1969, p. 382) provides a
series approximation for the probability of fixation of
a dominant beneficial mutation, but for the values of s
that we employed this yields results that are very close to
the values obtained with Equation 15 after substituting s
for 5. Conditional upon fixation of the fallele at the new
locus, the neofunctional alleles residing at the original
locus may proceed to fixation with probability

1 — ¢ Ny

1 — 674‘“ ’

up(s) = (26)
and in the event that this does not occur, one of the
two loci is expected to become neofunctionalized via
new mutations with probability 3. Summing up the vari-
ous paths, the probabilities of the four alternative fates
of the gene pair are then given by

Prcom = [prus(s) (1 = we(8))B/2] + [pawr(s)],  (27a)

Pieoo = prup(s) [ue(s) + (1 — ux(5))B/2)], (27b)
Piono = prue(s) (1 — up(s)) (1 — B)/2, (27¢)
Pnon,m =1- Pneo,m - Pneo,o - Pnon,m’ (27d)

where up(s) and w(s,) are obtained from Equation 15
after substituting for s. In the limit for large N, p — 1,
P — /(1 + 29), us(s) — 28/(1 + 29), and we(s,) —
2s(1 + 5)2/(1 + 25)? leading to ® = I' = 4N&(2 +
3)(1 + 5)/(1 + 25)? and A = ©/(2 + 3s). Provided
s < 0.1, these large-N/large-s approximations reduce
further to ® = I' = 8Ns* and A = 4N¢, showing that
all three statistics increase linearly with N (implying that
the probabilities of these fates are independent of N)
and with the square of s.

We now turn to the situation in which p. > [s/(1 +
5)1%, which for the parameters that we examined holds
for s = 0.001, and in which case there is a negligible
chance of the new locus being initially founded with a
neofunctional allele. We again take a cohort approach,
similar to that used in the case of linked loci, noting that
the founder allele at the new locus is initially destined to
fix with probability 1/(2N) and otherwise to be lost with
probability N\. In the former case, one of the loci is
expected to eventually become neofunctionalized with
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Ficure 8.—The scaled probability of a map change (for
unlinked duplicates) per newly arisen gene duplicate for the
situation in which mutations either completely silence a gene
or endow it with a new function at the expense of the old
function. Solid lines are the predictions derived from the
theory outlined in the text.

probability § or to become nonfunctionalized with prob-
ability 1 — B. In the latter case, we must account for
the possibility that the new locus, otherwise destined
to be lost, will be rescued with a neofunctionalizing
mutation. The probability of rescue in generation ¢ is
given by

r(f) =1 — ¢ wowm (28)

with w defined by Equation 15 and n,, () by Equation 17,
and the generation-specific contributions to alternative
fates for the cases in which the founder allele is initially
destined to loss are

Pleom(t) = N(0)7(1), (29a)
Plown() = MOp()[1 = r(0)], (29b)

where f (1) is defined by Equation 20, and
€+ 1) =€) = Plon(t) = Plan(D.  (30)

We then have

Prow = (B/AN) + S Plaon(1), (31a)
=0

Pros = B/4N, (31b)

Puno = (1 — B)/4N, (31¢)

Pnon,m = 1 - Pneo,m - I)neo,o - Pnon,m . (31d)

As can be seen in Figures 6-8, the theory for freely
recombining duplicates is in fairly close agreement with
the values of ®, I, and A observed over the full range
of Nand s, the main exception being the overestimation

of A at large Nwhen selection is weak. When Nis small,
® = A = 0.5 independent of s. This is again a conse-
quence of the fact that the probability of fixation of a
newly arisen locus is equal to 1/(2N) and that one of the
loci will then almost always become silenced, because of
the negligible probability of neofunctionalization. On
the other hand, once N exceeds a threshold value (de-
pending on s and ), ® scales linearly with N and
approximately linearly with & in agreement with the
asymptotic expressions given above. A similar scaling
with Nand §* is seen for I" at large N. The abrupt change
in the behavior of ®, I', and A at intermediate N and
strong selection (s = 0.01 and 0.1) corresponds precisely
with the abrupt change in frequency of neofunctional
alleles at the original locus (Figure 5).

DISCUSSION

These results demonstrate that the evolutionary tra-
jectories of duplicate genes are not just functions of
intrinsic organismal properties such as gene structure,
regulatory-region complexity, distribution of muta-
tional effects, etc., but are also highly dependent on the
effective size of a population. This view suggests that
the mechanisms influencing the fates of duplicate genes
may vary dramatically among species (and even within
the history of individual species lineages) depending
on the population size prevailing during the initial ap-
pearance of a duplicate gene. Population size influences
the evolution of duplicate genes in two ways. First, larger
populations are more likely to harbor segregating sub-
functional or neofunctional alleles at the ancestral locus
prior to duplication, raising the possibility that the newly
arisen locus may be founded by an allele other than the
wild type and also the possibility that the ancestral locus
can rapidly become neofunctionalized (without the reli-
ance on new beneficial mutations) if the new locus
becomes established with wild-type alleles. Second, be-
cause the time to fixation (and loss) increases with in-
creasing population size, the potential fates of duplicate
genes can be altered during the long period in which
they drift through large populations and acquire sec-
ondary mutations. For example, subfunctional alleles at
a new locus may become completely silenced by degen-
erative mutations prior to fixation, whereas functional
alleles that are otherwise destined to be lost by drift can
on occasion be rescued by a beneficial mutation. Thus,
attempts to understand the evolution of the duplicate
genes (and by extrapolation, other aspects of genome
expansion/contraction) are not likely to be successful
unless they are considered in the context of the genetic
properties of finite populations.

Preservation of the new copy: Two rather different
models, one incorporating only degenerative mutations
and the other also including beneficial mutations, sug-
gest that the probability of preservation of a newly arisen
duplicate gene is generally no less than half of its initial
frequency (i.e., ® > 0.5) regardless of the degree of
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linkage (Figures 3 and 6). Thus, unless there is active
selection against a duplicate gene, its probability of per-
manent establishment is at least one-half the expected
fixation probability of a neutral allele, i.e., =1/(4N).
Moreover, in the absence of an appreciable likelihood
of fixation of beneficial mutations (either because the
rate of mutation to such alleles is too low, the beneficial
effects are too small, or the population size is insuffi-
ciently large), the probability of preservation is unlikely
to exceed 1/(2N). On the other hand, in sufficiently
large populations, neofunctionalization can lead to
probabilities of preservation (per duplication event)
that are independent of N and orders of magnitude
greater than possible under a scenario dominated by
degenerative mutations. Provided the null mutation rate
is sufficiently small relative to the strength of selection
(ke < [s/(1 + $1% and the effective population size
is sufficiently large (Ns* > 4; Figure 5), most cases of
neofunctionalization following gene duplication are ex-
pected to be driven by neofunctional alleles preexisting
at the ancestral locus rather than by mutations arising
subsequent to the duplication event. If the new locus
is founded by a wild-type allele that reaches sufficiently
high frequency, natural selection will promote the neo-
functional alleles segregating at the original locus. Alter-
natively, the new locus may be founded by a neofunc-
tional allele that goes to fixation, in which case the
original gene function will be maintained at the ances-
tral locus.

Although our results suggest that subfunctionaliza-
tion will be a more common mechanism of duplicate-
gene preservation in small populations, with neofunc-
tionalization becoming progressively more common as
N increases, the exact population size at which neo-
functionalization begins to exceed subfunctionalization
as a preservational mechanism will depend on the rela-
tive rates of origin of the two types of preservational
mutations (W, and p,) and on the selective advantage
of neofunctional alleles. For the case of neofunctionali-
zation, it is noteworthy that ®@(= A) scales not with s,
as would normally be expected for an unconditionally
advantageous allele at a single locus, but with the square
of s. This scaling can be understood most easily by con-
sidering the case of unlinked duplicates at large N. If
the founding allele at the new locus is wild type, its main
initial advantage (relative to “absentee” alleles at the
new locus) arises in backgrounds where the genotype
at the ancestral locus is of type nn, n0, or 00, and from
Equations 13a and 13b it can be seen that the most
abundant of these genotypes, nn, has an expected fre-
quency = [s/(1 + 2s)]% On the other hand, if the
founding allele is of the neofunctional type, it will go
to fixation with probability = 25, and from Equation
25b it can be seen that s; = §/(1 + 2s). Thus, regardless
of the nature of the founder allele, its probability of
fixation scales approximately with * at large N. If sub-
functionalizing mutations greatly outnumber neofunc-

tionalizing mutations and s is typically small, neither of
which seems unlikely, then the majority of successful
gene duplicates may owe their preservation to subfuncti-
onalization. Not included in our analyses is the possibil-
ity that many duplicates may be subfunctionalized at
birth via the duplication process itself, due, for example,
to the failure of the duplicated region to cover the
full ancestral gene sequence (AVEROF et al. 1996). Such
conditions would further increase the relative incidence
of subfunctionalization as a preservational process.

In large populations, the degree of linkage between
duplicate genes can substantially influence the probabil-
ity of preservation of a new gene copy (Figures 3 and
6). When degenerative mutations dominate the process,
a linked pair of functional duplicates has a weak tran-
sient selective advantage over a single-copy allele, be-
cause the former requires at least two mutations to be
silenced. This results in an increase in the probability
of preservation from 1/(4N) at small N'to an asymptotic
level of 1/(2N) at large N. Thus, in the absence of
beneficial mutations, a linked pair of duplicates fixes at
the neutral rate at large N despite the fact that the
underlying process is non-neutral. This behavior con-
trasts with that of an unlinked duplicate, which, in the
absence of beneficial mutations, is prevented from be-
coming permanently established in very large popula-
tions by saturation with silencing mutations by the time
the lineage fixes in the population. In contrast, when
neofunctionalizing mutations become a prominent in-
fluence, linkage reduces the probability of preservation
of gene duplicates. Free recombination facilitates the
neofunctionalization process because a pair of com-
pletely linked neofunctional genes (or a pair containing
one neofunctional and one nonfunctional copy) is pre-
vented from going to fixation by the lack of the critical
ancestral gene function.

These results suggest the hypothesis that duplicate
genes that are preserved by neofunctionalization will
tend to be unlinked, whereas those preserved by sub-
functionalization (or silencing of the ancestral gene)
will tend to be more closely linked (at least during the
period of preservation). It should be noted, however,
that although duplicate genes often arise in tandem
association with the parental locus, they are frequently
recruited to new locations at an early stage of their
history (LyncH and CoNery 2000). The influence of
linkage on the fate of a duplicate pair will clearly depend
on the timing of such translocation events.

Evolution of genome size: Although the preservation
of duplicate genes often leads to an expansion in ge-
nome size, this is not necessarily the case because the
preservation of a new gene copy may be balanced by
the loss of the ancestral copy. For example, in suffi-
ciently small populations, where the likelihood of neo-
functionalization is reduced to negligible levels, a new
duplicate may still become preserved if it drifts to fixa-
tion and the original locus becomes nonfunctionalized,
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but in this case there is no net change in genome size.
Any pressure toward genome-size expansion is expected
to come from subfunctionalization until a critical popu-
lation size has been reached and neofunctionalization
becomes more dominant, the exact threshold popula-
tion size again depending on w,, W, $% and the degree
of linkage between ancestral and descendant loci.

Like nucleotide substitutions, insertions, and dele-
tions, gene duplication appears to be a common attri-
bute of all genomes. For example, analysis of the com-
plete genomic sequences of Drosophila melanogaster,
Caenorhabditis elegans, and Saccharomyces cerevisiae sug-
gests that new duplications may typically become estab-
lished in populations at rates on the order of 107°~107?
per gene per million years (LyNcH and CoNERY 2000).
These are probably conservative estimates as they do not
include duplicates arising in large multigene families.
Thus, on a per-locus basis, the rate of gene duplication
appears to be of the same order of magnitude as nucleo-
tide substitution. With the typical eukaryotic genome
containing on the order of 10°-10° genes, it appears
(very roughly) that 10-1000 new gene duplicates may
become established at high frequency per genome on
a timescale of 1 million years, with their subsequent
long-term fates then depending on the mutational
mechanisms outlined above.

Because subfunctionalizing and neofunctionalizing
mechanisms will generally ensure an innate tendency
toward a net accumulation of new genes, stability in
genome size requires selection against too many gene
duplicates and/or molecular mechanisms that stochas-
tically delete additional copies. In the absence of such
opposing forces, one might expect the expansion of
genome size to be a self-accelerating process, as the
accumulation of more genes provides more substrate
for future duplications. However, the opportunities for
preservation by subfunctionalization are expected to be
reduced as members of a gene family partition up the
tasks of the ancestral gene, and, under the neofunction-
alization model, the likelihood of establishing a new
beneficial function may decline with an increase in or-
ganismal complexity; ¢.e., both w, and w, may decline
with increasing genome size. These design limitations
alone may constrain the indefinite expansion of ge-
nome size, but mutational mechanisms almost certainly
play an additional role. For example, nonessential DNA
appears to have a half-life of ~14 million years in Dro-
sophila and ~880 million years in mammals (PETROV
and HARTL 1998), and comparative analyses have consis-
tently indicated a tendency for the rate of deletion of
DNA to exceed that of insertion (DE JONG and RYDEN
1981; Gu and L1 1995; LyncH 1996). Although numer-
ous mechanisms may counteract the innate tendency
toward genome expansion generated by gene duplica-
tion, it is unlikely that these opposing forces will ever
be perfectly balanced. Rather, the genome sizes of indi-
vidual species may typically undergo stochastic phases of

expansion and contraction depending on the prevailing
aspects of population size and selection regime.

The mechanisms that we have suggested for the
expansion of genome size via duplicate genes need not
be all inclusive. For example, it has been suggested that
genomic redundancies may be selectively maintained
to mask the consequences of null homozygotes or errors
in transcription and translation (CLARK 1994; Nowak
et al. 1997; KRAKAUER and NOWAK 1999; WAGNER 1999).
Although these types of buffering models are diverse in
terms of assumptions, they are most closely related to
our analyses in which both the neofunctionalizing and
subfunctionalizing mutation rates are equal to zero. In
this case, any selective advantage of a newly arisen dupli-
cate gene is entirely derived from masking the effects
of the null homozygote at the original locus, whose
frequency approaches w. when Nis large. However, un-
der this simple model, we find that one member of a
duplicate pair is always eventually lost by random genetic
drift, even at very large population sizes. This seems to
result from the fact that the selective advantage of a
duplicate gene under this model (the equilibrium fre-
quency of null homozygotes at the original locus) is less
than or equal to the silencing mutation rate. Thus, the
permanent preservation of duplicate genes by a buff-
ering mechanism appears to require both very large N
and a frequency of null phenotypes elevated above the
genetic expectation by errors in intracellular processing.

Alterations of the genetic map: Gene duplication may
be of as much relevance to the origin of new species as
it is to the origin of evolutionary novelty within species
(WERTH and WINDHAM 1991; LyNcH and Force 2000b).
As noted above, for unlinked duplicates, the probability
of a map change for gene function (or subfunction)
is generally no less than 1/(4N) per gene-duplication
event, and, in large populations, neofunctionalization
can magnify this probability by several orders of magni-
tude (Figure 8). One consequence of a map change is
that double-null homozygotes segregate out with fre-
quency 1/16 in the progeny of F; hybrids, and addi-
tional problems can arise when nulls are not completely
recessive, when genomic imprinting occurs, when one
member of a pair resides on a sex chromosome, and
when the haploid phase of the genome is transcription-
ally active (LyncH and Force 2000b). If we accept that
the incremental rate of origin of new gene duplicates
in a population is somewhere in the range of 10-1000
per million years, then on the order of a dozen to a few
hundred potential map changes can be expected to
arise in two lineages separated for this time period,
the actual number depending on the fraction of newly
arisen duplicates that are either unlinked at the time
of origin or soon become unlinked by subsequent chro-
mosomal events. Consistent with this view, recent work
in comparative genomics indicates that even when gross
chromosomal gene order remains roughly stable be-
tween species, microchromosomal rearrangements (in-
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cluding reassignments of individual genes to new chro-
mosomal locations associated with duplication events)
are quite common among closely related species (KENT
and ZAHLER 2000; BANcrorFT 2001; DEHAL et al. 2001).
An indirect consequence of gene duplication for the
origin of map changes that we have not considered here
is homologous recombination between duplicated loci,
which can produce reciprocal translocations (Ryu et al.
1998). Thus, there is little question that duplication-
induced map changes are a common genomic property,
and the key remaining questions concern the degree
to which these, as opposed to other mechanisms (e.g.,
changes within genes), dominate the process of repro-
ductive isolation.

Although the origin of new species is often viewed as
a small-population phenomenon, our results demon-
strate how reproductive incompatibilities can passively
arise between very large isolated populations. Because
Aincreases with increasing s, reproductive incompatibil-
ities induced by gene duplication may be accompanied
by the origin of new adaptive functions. However, such
an association is a simple consequence of the change
in map position that frequently accompanies the origin
of genes with new functions, not a result of the adaptive
changes themselves. It is noteworthy as well that map
displacements of divergently resolved gene duplicates
will cause the superficial appearance of negative epi-
static interactions in the genetic analysis of hybrid prog-
eny, even in the absence of any interactions between
the gene products contributing to novelties in the sister
taxa. In this sense, studies of reproductive isolating barri-
ers that do not identify mechanisms to the gene level
may be quite deceiving. As emphasized elsewhere (Lyncha
and CoNERry 2000; LyncH and Force 2000b), the gene-
duplication model for the origin of genomic incompati-
bility is consistent with both the leading genetic models
for the origin of reproductive isolation (the epistasis
model of DoBzHANSKY 1936 and MULLER 1940 and the
chromosomal rearrangement model of WHITE 1978 and
others), while invoking fewer assumptions than either.
Our results also raise the hypothesis that divergent reso-
lution of gene duplicates following a genome-wide or
chromosomal duplication event may promote the origin
of many nested reproductive isolation events in descen-
dant lineages, with adaptive radiations following as a
secondary consequence.

Future work: The theory developed in this article
is meant to provide some heuristic guidance to our
understanding of the mechanisms that lead to the pres-
ervation vs. silencing of duplicate genes, and by neces-
sity a number of assumptions have been made. For ex-
ample, we have focused on nonfunctionalizing and
subfunctionalizing mutations of large effects (as have
most previous theoretical investigations in this area).
However, our earlier work (LyncH and Force 2000a)
suggests that additional subfunctions or mutations of
minor effect will simply increase the probability of dupli-

cate-gene preservation to a level of 1/(2N) when N is
small, and limited simulations at large N suggest the
same. In addition, we have ignored issues of dosage,
which may play a significant role with genes whose prod-
ucts must be in the correct stoichiometric ratios with
those of their interacting partners (FORCE et al. 1999;
SHIMELD 1999). Except in the case of duplications in-
volving entire genomes, such effects would impose nega-
tive selection against newly arisen duplicates. Finally, in
our models involving neofunctionalization, we assumed
that a mutant allele with a gain of function fails to
perform its original function. One can envision a range
of additional models involving neofunctionalizing muta-
tions, the opposite extreme being the case in which
neofunctionalization has no impact on the ancestral
gene function. In the latter case, however, one would
imagine that such unconditionally beneficial mutations
would have ample opportunity to arise at the original
locus (where virtually all of the mutational substrate
resides). We have, therefore, chosen to focus on mutant
alleles that depend on the duplication process to pro-
vide the freedom necessary to move toward fixation.
These issues aside, it is clear that a definitive under-
standing of the forces that dictate the fates of duplicate
genes will require careful work at the empirical level.
Such studies will need to focus on pairs of loci that are
relatively early in their phase of establishment because
the mutations responsible for the initial preservation of
such genes may be substantially different from those
that are incurred during subsequent evolutionary his-
tory. Unfortunately, almost all existing studies of the
biology of duplicate genes have focused on pairs that
have been established for so long that it is impossible
to identify the mutations that were responsible for their
initial preservation. A fundamental issue that remains
to be resolved is the extent to which newborn duplicate
genes share the full spectrum of functions and efficien-
cies of their ancestral copy. Although the preceding
theory assumes complete functional redundancy, there
is no reason why duplicated gene regions should always
provide full coverage of upstream and downstream regu-
latory regions. Less than full coverage will almost cer-
tainly modify the potential evolutionary trajectories of
newly arisen duplicates, most likely increasing the prob-
ability of subfunctionalization, but perhaps providing
new opportunities for neofunctionalization as well.
For newly arising pairs of loci, it will be most instruc-
tive to know the incidence of active vs. partially or com-
pletely silenced alleles at both the original and the de-
scendant locus, as well as the incidence of absenteeism
at the new locus. Silent nucleotide sites should help
reveal the relative ages of pairs of duplicates (assuming
problems with gene conversion are minor), and careful
studies of the rate of substitution at silent vs. replace-
ment sites may clarify whether different gene regions
are evolving in a neutral fashion, are being maintained
by purifying selection, or are in the process of being
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transformed to new beneficial functions. A series of such
studies with loci of different ages could then provide at
leasta qualitative glimpse into the factors that determine
the fates of a typical pair of gene duplicates and the
timescale over which these are established. DErmIT-
zAKIS and CLARK (2001) recently proposed a phyloge-
netic method for testing whether the two members of
a duplicate pair evolve in a similar manner over all of
their protein-coding domains, showing how significant
differences between paralogues can be used to identify
the potential footprints of subfunctionalization. In prin-
ciple, their approach can be extended to regulatory-
region DNA, and the conceptual power of the method
may be greatly enhanced by the inclusion of an out-
group species containing a single-copy gene. The pri-
mary caveat here is that the statistical power of phyloge-
netic comparison is relatively weak unless the phylogeny
is deep enough to contain substantial numbers of nucle-
otide substitutions, so the method of DERMITZAKIS and
CLARK (2001) may be of limited utility in studies of the
earliest stages of gene duplication.

Aswhole genome sequences have emerged for a diver-
sity of species, the identification of newly arisen pairs
of duplicates has become quite feasible (LyNcH and
CoNERY 2000), and it is also clear that duplications still
in the process of spreading through a population can
be located. An example of such a study is the recent
investigation of the a-amylase gene cluster in the D.
melanogaster complex (ROBIN et al. 2000). Phylogenetic
analysis suggests that one member of this cluster is fixed
as a pseudogene in D. melanogaster (a victim of nonfunc-
tionalization), whereas its orthologues remain active
and apparently under purifying selection in the closely
related species D. simulans and D. yakuba. It seems very
likely that this locus contained at least some active alleles
in the common ancestor of these three species but had
not yet arrived at a stable state. Under this interpreta-
tion, the alternative states that have arisen in the descen-
dant lineages may simply be stochastic outcomes of the
mutation process and allelic sorting by random genetic
drift (as in our simulations). It remains to be seen
whether the new locus has been preserved by subfunc-
tionalization or neofunctionalization in the D. simulans
and D. yakuba lineages or whether it is still in a phase
of resolution (in fact, only a single allele was examined
in these two taxa). Several other examples of presence/
absence polymorphisms of duplicate genes are known
in Drosophila, including methallothionein in D. melano-
gaster (LANGE et al. 1990), urate oxidase in D. wvirilis
(LooTENS et al. 1993), and alcohol dehydrogenase in
D. funebris (AMADOR and JUAN 1999).

Finally, we note that our results have not entirely
clarified the conditions influencing the likelihood of
successful gene-duplication events in extremely large
populations. On the one hand, neofunctionalizing mu-
tations are most likely to become permanently estab-
lished in large populations (Figure 6). On the other

hand, if the preservational process is largely driven by
degenerative mutations or if the selective advantage of
a neofunctional allele is sufficiently small, when N, >
10 and the loci are unlinked, it is almost certain that
all of the descendants of a newly arisen duplicate will
be silenced by the time its lineage is fixed (Figure 3).
It is, therefore, at least plausible that the increased ge-
nome size of vertebrates (mouse and human) relative
to invertebrates (flies and worms), of C. elegans relative
to D. melanogaster, and perhaps even eukaryotes relative
to prokaryotes is largely an indirect consequence of
differences in effective population size. This view does
not deny the possibility that increases in genome size
may ultimately facilitate the evolution of organismal
complexity by natural selection, but it does raise the
possibility that nonselective forces, most notably ran-
dom genetic drift and degenerative mutation, set the
initial stage upon which such evolutionary changes can
subsequently take place.
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APPENDIX

Assuming linked duplicates with a single function, we
designate the null and functional single-copy alleles as
0 and f, respectively, whereas the four possible two-copy
alleles are designated as 00, 0f;, f0, and /. Under the
double-null-homozygote model, alleles 0 and 00 are
equally viable, and we define their joint frequency to
be Fy, which implies an absolute fitness for these alleles
of Wy =1 — py. All other alleles have absolute fitnesses
equal to 1, so that mean population fitness is W=

1 — p5. The set of recursion equations for allele fre-
quencies under the assumption of an infinite popula-
tion size is

Apy = (L/W)L(Wo = W)py + pe(py + poy + po)],
Apy= (I/W)[(1 — . — W)pl,

Apy = (/W)L = pe = Wpy + ppyl,

App = (I/W)LA = pe = W + pepyl,

Apy= (1/W)L(A = 2pc — W)pl.

To transform these difference equations into a solvable
set of differential equations, we (1) assume p, remains
at its initial equilibrium value for a one-locus system,
V[ (in reality, there is a very slight initial decline in
po when a functional two-copy allele appears, as this
slightly reduces the input into the 0 class); (2) use
1/ W=1 + pi =1+ pgand (3) ignore terms of order
p?. The frequencies of the four classes of active alleles
then change according to

dpy/dt = 0,
dpo/ dt = dpyo/ dt = pwcpy
dpy/ dt = —pcpyy

Noting that the initial frequencies are ;=1 — (1/2N) —
Ve poy = ppo = 0, and p; = 1/2N, the solutions of the
above equations are

P =1= (1/2N) = Vi,
pofl) = pr() = (1/2N) (1 — e b,
p(t) = (1/2N)e ¥,

which shows that as ¢ — oo, the descendants of the
founding duplicate rise in frequency from p,(0) = 1/
2N to pyfe°) + pp(e) = 1/N.



