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ABSTRACT

Duplicated genes are an important source of new protein functions and novel developmental and
physiological pathways. Whereas most models for fate of duplicated genes show that they tend to be
rapidly lost, models for pathway evolution suggest that many duplicated genes rapidly acquire novel
functions. Little empirical evidence is available, however, for the relative rates of gene loss vs. divergence
to help resolve these contradictory expectations. Gene families resulting from genome duplications
provide an opportunity to address this apparent contradiction. With genome duplication, the number
of duplicated genes in a gene family is at most 2", where # is the number of duplications. The size of
each gene family, e.g., 1, 2, 3, ..., 27, reflects the patterns of gene loss vs. functional divergence after
duplication. We focused on gene families in humans and mice that arose from genome duplications in
early vertebrate evolution and we analyzed the frequency distribution of gene family size, i.c., the number
of families with two, three or four members. All the models that we evaluated showed that duplicated
genes are almost as likely to acquire a new and essential function as to be lost through acquisition of
mutations that compromise protein function. An explanation for the unexpectedly high rate of func-
tional divergence is that duplication allows genes to accumulate more neutral than disadvantageous

mutations, thereby providing more opportunities to acquire diversified functions and pathways.

ENE duplication is believed to play an important

role during evolution by providing opportunities

to evolve new gene functions that can lead to novel
morphologies, physiologies and behaviors (HALDANE
1933a,b; OHNO 1970; HOOD et al. 1975; TARTOF 1975;
FRYXELL 1996; SHARMAN and HOLLAND 1996) . Two con-
trasting theoretical expectations describe the fate of
duplicated genes. Many models show that most dupli-
cated genes are rapidly lost because they acquire null
mutations (HALDANE 1993b; FIsHER 1935; FERRIS and
WHITT 1977, 1979; BAILEY et al. 1978; ALLENDORF 1979;
KIMURA and KING 1979; TAKAHATA and MARUYAMA
1979; L1 1980, 1982; MARUYAMA and TAKAHATA 1982;
WATTERSON 1983; BASTEN and OHTA 1992; HUGHES and
HuGHES 1993) . Duplicated genes persist only if muta-
tions create new and eventually essential protein func-
tions, an event that is predicted to occur rarely (HAL-
DANE 1933; OHNO 1970; KIMURA and OHTA 1974; OHTA
1980, 1988; CLARK 1994; WALsH 1995). By contrast,
models of pathway evolution suggest that diversification
of developmental and physiological functions depends
on many genes acquiring novel protein functions and
that this is most likely to occur if many genes are dupli-
cated simultaneously (WAGNER 1994, 1996; FRYXELL
1996). Empirical estimates of the rates of gene loss
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functional divergence are important in assessing these
models for the fate of duplicated genes.

We focused on gene families arising from genome
duplications that occurred early in vertebrate evolution.
With genome duplication, all genes are duplicated si-
multaneously, hence the number of genes in the family
is known and all proteins are functional. With time,
some gene family members will be lost and the gene
family will become smaller. The relative rates of gene
loss vs. functional diversification can be estimated from
the number of duplicated genes that persist vs. those
that have been lost. By contrast, tandem duplication
and reverse transcription occur continuously and pro-
duce an unknown number of duplicates, at unknown
times, and perhaps without protein function (WEINER
et al. 1986).

Chromosome location distinguishes genes that arise
from genome duplication vs. tandem duplication. Tan-
dem duplication expands or contracts the number of
related genes at a given locus. Reverse transcription
moves copies of genes to unrelated sites in the genome.
However, with genome duplication and subsequent
chromosome rearrangements, duplicated genes are
part of duplicated segments that often reflect the order
and distances of genes in the ancestral genome (LUN-
DIN 1979, 1989, 1993; NADEAU 1991) . Genetic maps for
humans and mice provide the strongest ev.dence for
these duplications with families of related genes being
found on several chromosomes and with many exam-
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ples of duplicated chromosome segments (COMINGS
1972; LUNDIN 1979, 1989, 1993; MoOR1zOT 1986; NADEAU
1991). Considerable evidence suggests that two ge-
nome duplications occurred early in vertebrate evolu-
tion, the most recent being ~250 myr ago (ATKIN and
OHNO 1967; HINEGARDNER 1968; OHNO ¢f al. 1968). As
a result, most gene families are expected to consist of
one, two, three or four genes. Genetic maps support
this expectation (LUNDIN 1979, 1989, 1993; NADEAU
1991).

Our strategy in this article is to develop models in
which values can be estimated for the critical parame-
ters that determine the distribution of gene family sizes
in humans and mice. All models assume that at least
one member of each gene family will remain active. If
a gene provides an essential function, it is assumed that
the need for this function will remain following genome
duplication. The models we propose enabled us to ex-
plore several major questions arising from the history
of genome duplications: what are the relative rates of
gene loss vs. functional divergence, did the second du-
plication occur before resolution of gene fate (loss or
functional divergence) following the first duplication,
and to what extent does functional compensation oper-
ate among duplicate genes even after they have begun
to diverge functionally.

The model of genome duplications: After the first
genome duplication, each gene within the haploid com-
plement will be represented twice (Figure 1). In some
cases, one of these duplicates is eventually lost through
mutations and their families are again composed of a
single member. In other cases, both copies are retained
after duplication. More specifically, one of the two fam-
ily members loses function rapidly, gene family mem-
bers retain overlapping functions for some time pend-
ing resolution of loss vs. divergence, or each family
member acquires novel and essential functions assuring
their preservation. Equilibrium is reached when each
gene family has lost all but one of its exemplars, or
else the two or more remaining genes have all become
functionally distinct. Because most mutations are null
or inactivating with respect to function of the gene
product, loss vs. divergence is usually resolved quickly
(HALDANE 1933b; FISHER 1935; FERRIS and WHITT 1977,
1979; BAILEY ef al. 1978; ALLENDORF 1979; KIMURA and
KING 1979; TAKAHATA and MARUYAMA 1979; L1 1980,
1982; MArRuYAMA and TAKAHATA 1982; WATTERSON
1983; BASTEN and OnTA 1992; HUGHES and HUGHES
1993) . The distribution of gene family sizes documents
the outcome of these alternative fates of gene loss and
functional divergence.

The outcome after the second genome duplication
depends on the fate of the first genome duplication
(Figure 1). If both of the original duplicates remain
from the first genome duplication, then gene families
consist of four genes immediately after the second du-
plication. There are four possible outcomes after the
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FIGURE 1.—Alternative fate of genes following successive
genome duplications. We assume that at least one member
of each gene family must be retained, e.g., the ‘‘keep 0, lose
4" and the “keep 0, lose 2’ options are selectively disadvanta-
geous and hence are not represented. A, A’, A” and A" desig-
nate members of the A gene family. These may have identical,
overlapping, or unique functions.—indicates that gene func-
tion has been lost.

second duplication: all four members of a gene family
could be kept, three could be kept and one lost, two
could be kept and two lost, or one could be kept and
three lost; the fifth possibility, namely, lose all four cop-
ies, is assumed to be rare because at least one copy of
an essential gene is expected to be retained. By contrast,
if one of the two original gene family members has
been lost and only one remains after the first duplica-
tion, families will consist of only two genes immediately
after the second duplication. With time, two outcomes
are possible, either both members of the gene family
are kept, or else one of them is lost and one gene with
the original function is retained. Again, we assume that
at least one family member will be retained because it
provides an essential function. Thus, after two genome
duplications, families may consist of one, two, three or
four genes.

Gene family data: Gene lists and chromosome local-
izations were obtained from the Mouse Genome Data-
base (as posted February 1, 1996) and the Human Ge-
nome Database (as posted May 29, 1996). To identify
gene family members, emphasis was usually placed on
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interpretation of experts working on particular gene
families. To be included in the analysis, family members
must have extensive DNA sequence similarity implying
homology through duplication rather than motif simi-
larity alone or convergent evolution.

Another important criteria was that gene families
must have arisen through duplication of a chromosome
segment, a whole chromosome, or the entire genome
with the important result that family members are lo-
cated at distant genomic locations and often as part of
known duplicated segments that include members of
other linked gene families (LUNDIN 1979, 1989, 1993;
NADEAU 1991). With tandem duplication or unequal
crossingover, by contrast, gene families expand and
contract locally and their size does not reflect genome
duplication. Moreover, expansion and contraction of
family size occurs continuously, rather than synchro-
nously as occurs with genome duplication. For these
reasons, closely linked family members such as each
Hox complex were counted as a single entity.

Genes that occurred only once in the genome were
excluded because of uncertainty about their origins:
are they the only remaining family member, did they
originate after the last genome duplication, does their
sequence evolve so rapidly that other family members
are difficult to identify with standard methods, or has
insufficient effort been made to find duplicates in as
yet uncharacterized areas of the genome? The latter
problem is less pertinent with known multigene fami-
lies, because the discovery of one duplicate gene tends
to motivate a search for additional family members.
These sources of spurious singe-gene ‘‘families’” would
lead to serious underestimates of the rate of functional
divergence were they to be included in the dataset for
analysis.

For humans, 276 families were identified, of which
188 had two members, 67 had three members, and 21
had four members. For the mouse, 176 families were
identified. Of these, 120 had two members, 45 had
three members, and 11 had four members. An example
from humans of a family with two members is aconitase-
1 and -2 on chromosomes 922 and 22411.2, respec-
tively. An example of a family with three members is
the retinoic acid receptors alpha, beta and gamma on
chromosome 17912, 3p24.3and 12413, respectively, and
an example of a family with four members is the homeo-
box complexes A, B, C and D on chromosomes 7pl15,
17421, 12912 and 2431, respectively. Presence of fami-
lies with three or four members is evidence for at least
two genome duplications (COMINGS 1972; LUNDIN
1979, 1989, 1993; MoRrIZOT 1986; NADEAU 1991; SHAR-
MAN and HOLLAND 1996 ) . Families with more than four
members are found occasionally, but their origins are
probably complex and will be the subject of a separate
study.

Competing models: The first model we elaborate
(Section 3.1) assumes that the two genome duplications

occtirred within a short time span compared to the time
necessary to resolve gene loss vs. functional divergence.
The latter two models assume that loss vs. divergence
of the duplicate genes resulting from the first genome
duplication is completely or partially decided before
the second duplication. The first of these two models
(Section 3.2) assumes that functional divergence is re-
solved before the second duplication. The final model
(Section 3.3) assumes that at the time of the second
duplication, functional divergence may not be com-
plete and that the two persistent duplicate genes may
still compensate each other. This model plays an im-
portant role in evaluating competing hypotheses about
genome duplication and in the construction of a com-
bined model that permits variability in the divergence
patterns among different gene families.

In terms of proportions of gene families with two,
three or four members, the data sets described in the
previous section have only two degrees of freedom.
Thus, to assess and compare the statistical fit of the
three models, and hence the hypotheses they embody,
they each should be based on one parameter only. (Any
reasonable two-parameter model with two degrees of
freedom can be solved to fit data exactly.) To assure
consistency among our three models, all are based on
the same ‘“‘hidden” variable ¢, which represents the
probability of gene loss rather than divergence, without
taking into account the constraint that not all genes in
a family can be lost. Because one of the outcomes of
the unconstrained process (all members of a gene fam-
ily are lost) is unobservable, due to natural selection,
there is no way of estimating ¢ directly from the ob-
served proportions. Based on i, however, we can pre-
dict the proportion of two-, three- and four-member
gene families by conditioning the process in the identi-
cal manner for each of the three models on the con-
straint that an entire gene family cannot be eliminated.

To illustrate, consider the duplication of a single
gene whose functionality is unique. After enough time
has elapsed for the fate of the two copies to be resolved,
both copies can persist or either one can persist. Selec-
tive pressures rule out the loss of function of both. This
can be modeled by the conditional probabilities

— )2 _
Pr [both survive] = (1 ¢'2) _1-4y
1-4¢ 1+
Pr [only one survives] = 2¢(1 - 2") = 2¢ '
1-y 1+ ¢

For the two models ( Sections 3.2 and 3.3) with a long
time interval between the two genome duplications, the
value of ¥, and hence the dynamics of loss and diver-
gence, are assumed to be the same after the second
duplication as after the first.

Section 3.1: The short-interval model with neither gene loss
nor functional divergence between successive duplications: If
the time interval between successive duplications is
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short, the fate of a pair of genes issuing from the first
duplication will not be decided before the second dupli-
cation: not enough mutations will have accumulated to
silence either of the genes and not enough time will
have elapsed for one to acquire a new function. What
happens when the second duplication event gives rise
to four exemplars? Because functional divergence has
not occurred, as many as three genes in each family may
lose function without causing a selective disadvantage.
Thus

Pr [ four genes survive] = (—I—:%Zi ,

Pr [three genes survive] = ﬂ%::w—f)—?: ,
Pr [two genes survive] = %—;-ﬂﬁ )
Pr [one gene survives] = ilp—:%i‘}ﬂ)- .

Section 3.2: The long-interval model with complete func-
tional divergence before the subsequent duplication: If the
time interval between successive duplications is long,
the fate of a pair of genes issuing from the first duplica-
tion will be settled before the second duplication: two
genes with divergent and essential functions are re-
tained or one gene is lost and one is retained. For the
case of two genes with fully divergent functions before
the second duplication, what happens when the second
duplication event gives rise to two new duplicate pairs?
In this model, we postulate that because of functional
divergence, the genes in one new pair cannot function-
ally compensate for the genes in the other. One but
not both genes in each pair may lose function, since
loss of both would be selectively disadvantageous.

In the case where, after the first duplication only one
copy is retained, the second duplication gives rise to
just one pair of genes. These may acquire divergent
functionality so that both are retained; alternatively no
new functionality emerges and one copy is lost. Thus

Pr [ four genes survive ] =-%%{5{%§;,

Pr [ three genes survive] = % ,
Pr [two genes survive] = o (‘1 ‘/:L) ;?;"; *h,
Pr[onegenesunmms]==ZT§%%33.

These probabilities are derived by taking account of
the fact that after the second duplication, if there are
two pairs of duplicates, the two pairs evolve indepen-
dently as if each were the result of a single gene duplica-

tion described by the illustrative equations before Sec-
tion 3.1.

Section 3.3: The long-interval model with partial functional
divergence: In this model, as in Section 3.2, the loss or
divergence of duplicate genes is resolved before the
second duplication. As in Section 3.1, however, we postu-
late that functional compensation can occur among any
of the two, three or four genes in a family, despite
ongoing functional divergence, perhaps because the
time scale for complete divergence and loss of compen-
satory function tends to be longer than that for gene
loss and perhaps longer than the interval between ge-
nome duplications. Then

Pr [four genes survive ] = (1 +(gltr)—(ip)—5¢‘) ’
4p(1 - §)*

Pr [three genes survive] =

(1+4) (1 -y’
Pr [two genes survive ]

61— y)°
(1 +¢)(1-y*)
Pr [one gene survives ]
_ WAt
1+ A -¢*  A+¢)*

Choosing among the models: We assessed the three
models only on the basis of the numbers of two-, three-
and four-gene families in the humans and mouse data-
bases, for reasons given above. We estimated ¢ in the
models in Section 3.1, 3.2 and 3.3 by maximum likeli-
hood applied to the data summarized in Table 1, which
also contains the results of this analysis.

Because all three models are based on a single param-
eter Y, they are directly comparable. As formalized in
the next section, the short-interval model is clearly infe-
rior to both of the two long-interval models, indicating
that the time elapsed between the two genome duplica-
tions was long enough so that the process of duplicate
gene loss could at least partially run its course. It is
unclear whether or not the remaining pairs of duplicate
genes had diverged enough to lose the ability to com-
pensate for each other functionally. The evidence for
the two species examined point in opposite directions,
despite the fact that this evidence pertains to the same
evolutionary events in early vertebrate evolution, long
before the split in the lineages leading to humans and
mice.

Combined model: There is no reason to believe that
the fate of all gene families will be resolved simultane-
ously. Suppose a fraction § of genes evolve as in the
model with complete divergence (Section 3.2) and 1 —
0 show functional overlap (Section 3.3). Since our data
for each species contain two degrees of freedom,
whereas our models are both based on the same single

2¢(1 — )
1+¢)2°




long interval with complete divergence, and long interval without complete divergence models
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TABLE 1
Maximum likelihood analysis of human and mouse data under short interval,

Human gene families

Mouse gene families

Model: 3.1 3.2 33 3.1 3.2 3.3
Inter-duplication time: Short Long Long Short Long Long
Complete divergence: n No Yes No n No Yes No

Family size
4 21 13.5 18.4 21.3 11 8.0 10.4 13.6
3 67 80.8 73.6 64.3 45 50.2 45.2 41.0
2 188 181.7 184.0 190.4 120 17.8 120.4 121.4
Total 276 276.0 276.0 276.0 176 176.0 176.0 176.0
¢ 0.60 0.50 0.43 0.61 0.52 0.43
+ 0.05 *+ 0.06 + 0.05 + 0.07 + 0.08 + 0.07
AL 2.63 3.09 0.78 0.34

Confidence intervals for § were calculated according to the 1-LOD rule. AL represents increase log likeli-

1263

hood of the long-interval models over the short-interval model.

parameter ¢, we can solve for ¢ and 8 by substituting
the observed relative frequencies in any two of the three
equations:

Pr [ four genes survive ]

(1 -y)° 1-¢)°
= —"1" 1-86 ,
are T T na -
Pr [three genes survive ]
(1 - )? (1 - )
= —— 1-86 ,
are: T T a e

20(1 -¢) (3¢ + 1)

Pr [two genes survive] = 6

(1+¢)°
ra-g[MUW Wy
(I+¢)(1—9*) (Q+4¢)

In the human data, the solution of these simultane-
ous equations is ¢y = 0.44 and § = 0.22, and in the
mouse data ¢ = 0.50 and 6 = 0.84.

In both cases, the likelihood of the solution is higher,
but not significantly higher, than either of the models
in Sections 3.2 and 3.3, and the 1-LOD confidence inter-
val for s includes the entire interval [0,1]. Thus, more
gene families will have to be documented and added
to our database before we can be precise about the
proportions of gene families corresponding to the alter-
native models.

The analogous exercise, combining the model in Sec-
tion 3.1 with that of Sections 3.2 or 3.3, while not biologi-
cally meaningful, because with whole genome duplica-
tions all gene families must have the same interduplica-
tion time, nonetheless allows us to compare the models
statistically. Thus, with the human data, adding any pro-
portion of # of the short interduplication time model
to either of the long-interduplication times models does

not improve the likelihood significantly. By contrast,
the two-parameter model is significantly better by the
log-likelihood test than the short interduplication time
model alone. The maximum likelihood estimate of 6,
the proportion of the short interduplication time
model is zero, or very close to it. For these data then,
the short-interduplication time model is rejected. The
less numerous mouse data, however, do not by them-
selves confirm these test results, although contrary indi-
cations are not apparent, i.e., the long interduplication
time models both have higher likelihood than the short
interduplication time model. Moreover, combining the
mouse and human samples strengthens the significance
levels of the tests to reject the short-interduplication
time model.

Comments on the significance of y»and @: The values
of ¢ suggest that the rate of gene loss is comparable to
the rate of functional divergence, regardless of the
model proposed to account for patterns of loss vs. diver-
gence. The similarity between ¢ values in the ‘“‘com-
bined model” for humans and mice is also found
among solutions to the three one-parameter models
(range = 0.43-0.60 for humans and = 0.43-0.61 for
mice; Table 1). That ¢ = ~0.5 means that (1 — )/
(1 + ) = ~0.33. In other words, duplicate genes are
almost as likely to acquire a novel and essential function
as they are to be lost through deleterious mutation.
These results should apply to all duplicated genes, re-
gardless of their mode of origin, e.g., tandem duplica-
tion.

The values of § shed light on progress toward resolv-
ing loss vs. divergence and the extent of functional
complementation among gene family members that
were present at the second genome duplication. Al-
though more variable than ¢, neither of the § values,
0.22 for humans vs. 0.84 for mice, approaches 0 or 1,
indicating that each of the two component models is
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appropriate for a significant number of families. The
greater variability of # as compared to ¢ probably re-
flects the fact that both the partial and complete func-
tional divergence models individually fit the data rather
well, so that the estimate of 8 is highly dependent on
small data fluctuations. These fluctuations could result,
for example, from biases in identifying gene family
members either in the laboratory or in databases, or
could simply reflect sampling error.

Comparison of theoretical predictions with the em-
pirical data lead to rejection of one, but not all, of
the proposed models. The *“‘short interval model with
neither gene loss nor functional divergence” (Section
3.1) is clearly inferior to the other models (Table 1).
The data strongly support the argument that loss vs.
divergence processes were being resolved when the sec-
ond genome duplication occurred. By contrast, the like-
lihood for the *“‘combined model”” was not more than
1.0 more than the likelihood over the better of the
individual models for either the human or mouse data,
indicating that the data are ambiguous about the extent
to which compensation vs. divergence was resolved
among those pairs of duplicated genes where neither
was lost. Gene families follow different patterns of loss,
compensation and divergence; when the second ge-
nome duplication occurred, some divergent genes had
already lost their original function, while many others
continued to show functional compensation.

Finally, these results suggest that the two genome
duplications occurred within a relatively short evolu-
tionary interval, an interval that was long enough for
genes resulting from the first duplication to begin de-
ciding their fate, but short enough so that fate was not
fully resolved when the second genome duplication oc-
curred. The fate of duplicated genes is thought to be
resolved rapidly during evolution (HALDANE 1933a,b;
FISHER 1935; FERRIS and WHITT 1977, 1979; BAILEY et
al. 1978; ALLENDORF 1979; KiMURA and KING 1979; Ta-
KAHATA and MARUYAMA 1979; L1 1980, 1982; MARUYAMA
and TAKAHATA 1982; WATTERSON 1983; BASTEN and
OHTA 1992; HUGHES and HUGHES 1993; CLARK 1994;
WaLsH 1995) . Partial functional divergence therefore
implies that the second duplication followed soon, but
not immediately, after the first duplication. Moreover,
successful genome duplication is a rare event in verte-
brate evolution (OHNO 1970). As a result, these two
genome duplications may have occurred within the life
span of a species that was predisposed to resolving tetra-
ploidy that results from genome duplication.

DISCUSSION

The counter-intuitive result that the rates of gene loss
and functional divergence have similar magnitude can
be explained if presence of duplicated genes buffers
the consequences of null mutations, thereby providing
greater opportunities for new functions to evolve (KI-

MURA 1983; L1 1985; CLARK 1994). Previous analyses
assumed that the probability of gene loss was at least an
order of magnitude greater than the rate of functional
divergence (KIMURA and OHTA 1974). This argument
applies to genes with novel and essential functions
where natural selection directly tests the consequences
of each mutation. However, even when null mutations
create neutral alleles, the rate of gene loss is thought
to exceed the rate of functional divergence. With dupli-
cated genes, gene families have greater flexibility to
accommodate mutations that modify functions because
of complementation among partially divergent gene
family members. Mutations that are deleterious when
only a single gene is present may be neutral if a gene
duplicate compensates for loss of function. The high
mutation rate that occurs immediately after gene dupli-
cation is consistent with this interpretation (GOODMAN
1976; L1 and GojoBorI 1983; L1 1985).

To what extent do current gene inventories retain
enough information to reconstruct early patterns of
gene family evolution? We extracted some 270 dupli-
cate human gene families from the literature. This
might seem to constitute but a small percentage of the
3000-6000 known genes. It corresponds rather well,
however, to the proportion that known genes represent
of the total estimated number, 50,000-100,000, of hu-
man genes. In other words, given that only ~5% of
human genes have been identified in these inventories,
when one member of a pair of duplicate genes is discov-
ered, the chances are only ~5% that the other member
will also be known, assuming that gene family members
are independently discovered. Thus 270 families, i.e.,
5% of 3000-6000 genes, are what we would expect
given the current state of knowledge of the human ge-
nome.

Theoretical studies make contradictory predictions
about the fate of duplicated genes and pathway evolu-
tion. Traditional models show that most duplicated
genes are rapidly lost (HALDANE 1933a,b; FISHER 1935;
FeErris and WHITT 1977, 1979; BAILEY ¢f al. 1978; AL-
LENDORF 1979; KIMURA and KING 1979; TAKAHATA and
MARUYAMA 1979; L1 1980, 1982; MARUYAMA and TAKA-
HATA 1982; WATTERSON 1983; BASTEN and OHTA 1992;
HuGHES and HUGHES 1993; CLARK 1994; WALSH 1995),
a conclusion that is not supported by the large number
of multigene families in both humans and mice (Table
1). The critical parameters in these models are effective
population size, mutation rate, fitness, time, and the
ratio of advantageous to deleterious mutations. For
some values of these parameters, it has been proposed
that ~1% of gene duplicates acquire a new function
and that ~99% lose function (WALSH 1995) . Obviously
these numbers do not fit the observed distribution of
family sizes for humans or mice. Only when the effective
populations size is ~500,000 are the rates of gene loss
and functional divergence similar (WaLsH 1995) . Con-
siderable evidence suggests that effective population
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sizes for mammals have been much. smaller by many
orders of magnitude (BERRY 1981; SAGE 1981). The
easiest way to accommodate a substantial rate of diver-
gence is to assume that more mutations than previously
thought contribute to functional divergence.

Models for pathway evolution have different expecta-
tions about gene fate in that they assume a substantial
rate of functional divergence. In particular, mathemati-
cal models for evolution of gene networks show that

the probability of network diversification is maximized.

when ~40% of the genes are duplicated simultaneously
and if these duplicates are either dispersed through out
the genome or are tightly clustered (WAGNER 1994,
1996). Genome duplication is obviously easier than
other mechanisms such as tandem duplication to dupli-
cate many genes simultaneously. More importantly, the
~40% estimate can be interpreted as the number of
duplicated genes that acquire novel and essential func-
tions, a result that is remarkably consistent with our
estimated rate of functional divergence, i.e., (1 — )/
(1 + ¢) = ~0.33, inferred from the distribution of
gene family sizes.

The fate of duplicated genes has an important bear-
ing not only on the acquisition of novel gene functions
but also on the diversification of physiological pathways.
Although the importance of duplication to the evolu-
tion of gene function is widely appreciated, their contri-
bution to the evolution of pathways is only beginning
to be recognized. Genes obviously do not act in isola-
tion, but cooperate instead in complex networks of pro-
tein interactions that together create complex morphol-
ogies, physiologies and behaviors. A recent study of the
evolution of functionally related gene families revealed
striking examples of coevolution with functionally re-
lated families showing similar evolutionary histories
(FrRYXELL 1996). It is evident that early in vertebrate
evolution considerable diversification of functions and
pathways occurred. Perhaps coevolution of genes in
pathways accounts for some of the high rate of func-
tional divergence.
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