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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 ofgene 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 n is the number of duplications. The size of
each gene family, e.g., 1, 2, 3, . . . , 2", reflects the patterns of gene loss us. 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.e., 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 functional divergence is that duplication allows genes to accumulate more neutral than disadvantageous
mutations, thereby providing more opportunities to acquire diversified functions and pathways.

GENE

duplication is believed to play an important
role during evolution by providing opportunities
to evolvenew gene functions that can lead to novel
morphologies, physiologies and behaviors ( HALDANE
1933a,b; OHNO1970; HOODet al. 1975; TARTOF 1975;
FRYXELL 1996;SHARMAN
and HOLLAND
1996). Two contrasting theoretical expectationsdescribe the fate of
duplicated genes. Many models show that most duplicated genes are rapidly lost because they acquire null
mutations ( W A N E 1993b; FISHER 1935; FERRIS and
WHIm 1977,1979;BAILEY et al. 1978;ALLENDOW 1979;
KIMURA and KING 1979;TAKAHATAand "A
1979; LI 1980, 1982; MARWAMA
and TAKAHATA 1982;
WAITERSON 1983;
BASTENand OHTA 1992;
HUGHES
and
HUGHES
1993). Duplicated genes persist onlyif mutations create new and eventually essentialprotein functions, an event that is predicted to occur rarely (HAL
DANE 1933; OHNO 1970; &MUM and OHTA.1974; OHTA
1980,1988; CLARK1994; WALSH1995). 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 tooccur if many genes are duplicatedsimultaneously (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 simultaneously, hence the number of genes inthe 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 p r e
duce an unknown number of duplicates, at unknown
times, and perhaps without protein function (WEINER
et al. 1986) .
Chromosome location distinguishes genesthat arise
from genome duplication us. tandem duplication. Tandem duplication expands or contracts the number of
related genes at a givenlocus.Reversetranscription
moves copies of genes unrelated
to
sites inthe genome.
However,with genomeduplication and subsequent
chromosome rearrangements, duplicated genes are
part of duplicated segments that often reflectthe order
and distances of genes in the ancestral genome (LUNDIN 1979,1989,1993;NADEAU1991) . Genetic mapsfor
humans and mice provide the strongest evidence for
these duplications with families of related genes being
found on several chromosomes and with many exam-
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plesof duplicatedchromosomesegments (COMINGS
1972;LUNDIN
1979,1989,1993;MORIZOT1986; NADEAU
1991) . Considerableevidencesuggests that two genome duplications occurred early in vertebrate evolution, the most recent being -250 myr ago (ATKINand
OHNO1967; HINEGARDNER 1968;
OHNOet al. 1968).As
a result, most gene families are expected to consist of
one, two, three or four genes. Genetic maps support
thisexpectation (LUNDIN
1979,1989,1993; NADEAU
1991) .
Our strategy in this article is to develop models in
which values can be estimated for the critical parameters 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 explore several major questions arising from the history
of genome duplications: what are the relative rates of
gene loss us. functional divergence,did the second duplication occur before resolution of gene fate (loss or
functional divergence) following the first duplication,
and to whatextent does functional compensation
operate 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 complement will be represented twice (Figure 1) . In some
cases, one of these duplicatesis eventually lostthrough
mutations and their families are again composed of a
single member. Inother cases, both copies are retained
after duplication. More specifically,
one of the two family members loses function rapidly, gene family members retain overlapping functions for some timepending resolution ofloss 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 ofits exemplars, or
else the two or more remaining geneshave all become
functionally distinct. Because most mutations are null
or inactivatingwithrespectto
function of the gene
product, loss us. divergence is usually resolved quickly
( HALDANE 1933b; FISHER 1935;
FERRIS and WHITT 1977,
1979; BAILEYet al. 1978; ALLENDORF 1979; KIMURA and
KING 1979; TAKAHATA
and "A 1979; LI 1980,
1982; "A and TAKAHATA1982;WATTERSON
1983;BASTENand OHTA 1992; HUGHES
and HUGHES
1993). The distribution of gene family sizesdocuments
the outcome of these alternative fatesof 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 afterthe second duplication. There are four possible outcomes after the

Ancestral t A
chromo8ome

1
t A

First genome
duplication

t A 1

K r p 3, IOU1

Not appllablo

K r p 2. loo. 2

Kwp 2, I o n 0

Kwp 1. lom 3

Kwp 1. l o r 1

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 disadvantageous and hence are not represented. A, A', A" and A'" designate members of the A gene family. These may haveidentical,
overlapping, or unique functions.-indicates that gene function has been lost.

second duplication: allfour 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 c o p
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 duplication, 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 essentialfunction. Thus, after two genome
duplications, familiesmay consist of one, two,three or
four genes.
Gene family data: Gene listsand chromosome localizations were obtained from the Mouse Genome Database (asposted February l, 1996) and the Human Genome Database (asposted 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 similarity 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 located at distant genomic locationsand often as part of
known duplicated segments that include members of
other linked gene families (LUNDIN1979, 1989, 1993;
NADEAU1991 ) . 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 synchronously 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 families, because the discovery of one duplicate gene tends
tomotivate a search for additional familymembers.
These sourcesof spurious singegene “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 aconitase1 and -2 on chromosomes 9p22 and 22q11.2, respectively. An example of a family with three members is
the retinoic acid receptors alpha, beta and gamma on
chromosome 17q12,3p24.3and 12q13, respectively, and
an example of a family withfour members is the homeobox complexes A, B, C and D on chromosomes 7p15,
17q21, 12912 and 2q31, respectively. Presence of families with three or four members is evidence for at least
two genome duplications (COMINGS1972; LUNDIN
1979, 1989,1993; MORIZOT 1986; NADEAU1991; SHARMAN and HOLLAND
1996). Families withmore than four
members are found occasionally, but their origins are
probably complexand will be the subject of a separate
study.
Competing models: The firstmodel we elaborate
( Section 3.1) assumes that the two genome duplications

occurred within a short time spancompared to the time
necessary to resolvegene loss us. functional divergence.
The latter two models assume that loss vs. divergence
of the duplicate genes resulting fromthe 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 resolved before the second duplication. The final model
(Section 3.3) assumes that at the time of the second
duplication, functional divergence may not becomplete and that the two persistent duplicate genes may
still compensate each other. This model plays an important role in evaluatingcompeting hypotheses about
genome duplication and in the construction of a combined 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
previoussectionhaveonly
two degrees of freedom.
Thus, to assess and compare the statistical fit of the
three models, and hence the hypotheses they embody,
they eachshould be basedon 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 family are lost) is unobservable, due to natural selection,
there is no wayof estimating @ directly from the observed proportions. Based on @,however, we can predict the proportion of two-, three- and four-member
gene families by conditioning the process in the identical manner for each of the three models on the constraint 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 elapsedfor the fate of the two copies to be resolved,
both copies can persistor either one can persist. Selective pressures ruleout the loss offunction of both. This
can be modeled by the conditional probabilities
Pr [both survive] = ( 1 -

@I2

1 ” @ 2

--1 -

@

l+$

Pr [only one survives] = 2@(1- $) =- 2@
1 - @ 2
l+@
For the two models (Sections 3.2 and 3.3)with a long
time interval betweenthe two genome duplications, the
value of @,
and hence the dynamics of loss and divergence, are assumed to be the same after the second
duplication as after the first.
Section 3.1: The shmt-interval model with n d t k gae loss
nm finctwnal divergence between successive duplications: If
the timeintervalbetweensuccessiveduplications
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 duplication: 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 manyas three genes in each
family may
lose function without causing a selective disadvantage.
Thus
Pr [ four genes survive] = (1 - *1)4
1-$4 ’
Pr [three genes survive] = 4$(1 - 9 ) 3
1-$4
’
Pr [two genes survive] = W 2 ( 1 1-$4

tion described by the illustrative equations before Section 3.1.
Section 3.3: The long-intaral moa21 with partial functional
divergence: In this model, as in Section 3.2,the loss or
divergence of duplicate genes
isresolved before the
second duplication.As in Section 3.1, however, we postulate that functional compensation can occur among
any
of the two, three or four genes in afamily,despite
ongoing functional divergence, perhaps because the
time scalefor complete divergenceand loss of compensatory function tends to be longer than that for gene
loss and perhaps longer than the interval between genome duplications. Then
Pr [ four genes survive] =

’

Pr [three genes survive] =

(1 -

$r)5

(1 +$)(I

- $4) ’

4$(1 - $ ) 4
(1 + $)(I

- $4)

’

Pr [one gene survives] = 4$3(1 - $)
1-$4

Section 3.2: The long-intmal model with complete functional divergence b@re thesubsequent duplication: If the
time interval between successive duplications is long,
the fate of a pairof genes issuing fromthe first duplication will be settled before the second duplication: two
genes with divergent and essentialfunctions are retained 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 eventgives rise to two new duplicate pairs?
In this model, we postulate that because of functional
divergence, the genes in one new pair cannot functionally compensate for the genes in the other. One but
not both genes in each pair maylose function, since
loss of both would be selectively disadvantageous.
In the case where, afterthe first duplication only
one
copyis retained, the second duplication givesrise to
just one pair of genes. These may acquire divergent
functionality so that both are retained; alternatively no
new functionality emergesand one copy is lost. Thus

Pr [ four genes survive] = (1 - $ I 3
(1 + $ ) 3 ’
Pr [three genes survive] = 4$(1 - $ ) 2
(1 + w 3 ’

Pr [one gene survives] =

4 v

(1 + 1 ( 1 ) 2 ‘

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 independently as if each were the result of a singlegene duplica-

Choosing among the models: We assessed the three
models onlyon the basis of the numbers of two-, threeand four-gene families inthe humans and mouse databases, for reasons given above. We estimated JI in the
models in Section 3.1, 3.2 and 3.3 by maximum likelihood applied to the data summarized in Table 1,which
also contains the results of this analysis.
Because allthree models are based on a single parameter 9, they are directly comparable. As formalized in
the next section, the short-interval modelis clearly inferior to both of the two long-interval models, indicating
that the time elapsed betweenthe two genome duplications was long enough so that the process of duplicate
gene loss could at least partially run its course. It is
unclear whetheror not the remaining pairsof duplicate
genes had diverged enough to lose the ability to compensate for each other functionally. The evidence for
the two species examinedpoint 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 believethat
the fate of all gene families will be resolved simultaneously. Suppose a fraction 8 of genes evolve as in the
model with complete divergence (Section 3.2) and 1 8 show functional overlap (Section 3.3). Since our data
for eachspeciescontain
two degrees of freedom,
whereas our models are both based on the same single
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TABLE 1
hfaximum likelihood adysis of human and mouse data under short intend,
long interval with complete dmergence, and long interval without complete diveqence models
Human gene families
Mouse

3.1

Model:
Interduplication time:
Complete divergence:
Family size
4
3

2
Total

9

n

Short
No

3.2
Long
Yes

3.3
Long
No

21
67
188
276

13.5
80.8
181.7
276.0

18.4
73.6
184.0
276.0

21.3
64.3
190.4
276.0

0.60

2 0.05

AL

gene families

0.50

0.43

2 0.06

t 0.05

2.63

3.09

n

3.1
Short
No

3.2
Long
Yes

5.3
Long

11
45
120
176

8.0
50.2
17.8
176.0

10.4
45.2
120.4
176.0

13.6
41.0
121.4
176.0

0.61

2 0.07

No

0.52

2 0.08

0.78

?

0.43
0.07
0.34

+

Confidence intervals for were calculated according to the 1-LOD rule. AL represents increase log likelihood of the long-interval models overthe short-interval model.

not improve the likelihood significantly. By contrast,
the two-parameter model is significantly better by the
log-likelihood testthan the short interduplication time
model alone. The maximum likelihood estimate of 0,
Pr [ four genes survive]
the proportion of the short interduplication time
model is zero, or very close to it. For these data then,
the short-interduplicationtime model is rejected. The
less numerous mouse data, however, do not by themselves confirm these test results,
although contrary indiPr [three genes survive]
cations are not apparent, i.e., the long interduplication
time modelsboth have higher likelihood than the short
interduplication time model. Moreover, combining
the
mouse and human samples strengthens the significance
levelsof the tests to reject the short-interduplication
Pr [two genes survive] = 0 2@(1- @ ) ( 3 @+ 1)
( 1 + @I3
time model.
Comments on the significanceof a,% and 9: 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 lossvs. diverIn the human data, the solution of these simultanegence. The similarity between @ values in the "comous equations is @ = 0.44 and 8 = 0.22, and in the
binedmodel" for humans and miceisalso
found
mouse data @ = 0.50 and 8 = 0.84.
among solutions to the three one-parameter models
In both cases, the likelihood of the solution is higher,
(range = 0.43-0.60 for humans and = 0.43-0.61 for
but not significantly higher, than either of the models
mice; Table 1) . That @ = -0.5 means that ( 1 - @ )/
in Sections 3.2 and 3.3,and the 1-LOD confidence inter( 1 + @ ) = -0.33. In other words, duplicate genes are
val for @ includes the entireinterval [ 0,ll. Thus, more
almost as likely to acquire a novel
gene families will have to be documented and added
and essential function
as they are to be lost through deleterious mutation.
to our database before we can be precise about the
These results should apply to all duplicated genes, reproportions of gene families corresponding to the alternative models.
gardless of their mode of origin, e.g., tandem duplication.
The analogous exercise,combining the model inSection 3.I with that of Sections 3.2 or 3.3,while not biologiThe values of 0 shed light on progress toward resolvcally meaningfd, because with whole genome duplicaing loss vs. divergence and the extent of functional
tions allgene families must havethe same interduplicacomplementation among gene family members that
tion time, nonethelessallows us to compare the models
were present at the second genome duplication. Alstatistically. Thus, with
the human data, adding any prothough more variable than @,neither of the 0 values,
portion of 8 of the short interduplication time model
0.22 for humans vs. 0.84 for mice, approaches 0 or 1,
to either of the long-interduplication times models does indicating that each of the two component models is
parameter @,
we can solve for @ and 0 by substituting
the obsewed relativefrequenciesin any two ofthe three
equations:
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appropriate for a significant number of families. The
greater variability of 8 as compared to q? probably reflects the fact that bath the partial and complete functional 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 identifylng gene family
members either in the laboratory or in databases, or
could simply reflect sampling error.
Comparison of theoretical predictions with the empirical 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 us.
divergence processes were being resolved when the second genome duplication occurred. By contrast, the likelihood 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 us. divergence was resolved
among those pairs of duplicated genes where neither
was lost. Gene families followdifferent patterns of loss,
compensation and divergence; when the second genome 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 evolutionary interval, an interval that was long enough for
genes resulting from the first duplication to begin deciding their fate, but short enoughso that fate was not
fully resolvedwhen the second genomeduplication occurred. The fate of duplicated genes is thought to be
resolved rapidly during evolution ( HALDANE 1933a,b;
FISHER1935; FERRISand WHITT1977, 1979; BAILEYet
al. 1978; ALLENDORF 1979; KIMURA and KING 1979; TAKAHATA and MARLJYAMA
1979; LI 1980,1982; MARWAMA
and TAKAHATA1982; WATTERSON
1983; BASTENand
OHTA1992; HUGHESand HUGHES1993; CLARK
1994;
WALSH1995). 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 vertebrate evolution ( OHNO1970). As a result, these two
genome duplications may have occurred within the life
span of a species that was predisposed to resolving tetraploidy that results from genome duplication.
DISCUSSION

The counter-intuitive result that therates 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-

D. Sankoff
MURA 1983; LI 1.985; CLARK
1994). Previousanalyses
assumed that theprobability of gene loss was at least an
order of magnitude greater than therate of functional
divergence ( KIMURA and OHTA1974). This argument
applies to genes withnovel 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 rateof functional divergence. With duplicated genes, gene familieshave 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 thatoccurs immediately after gene duplication is consistent with this interpretation (GOODMAN
1976; LI and GOJOBON1983; LI 1985).
To what extent do current gene inventories retain
enough information to reconstruct early patterns of
gene family evolution? We extracted some 270 duplicate humangene families from theliterature. This
might seem to constitute but a small percentage of the
3000-6000 known genes. It corresponds rather well,
however, to the proportion thatknown genes represent
of the total estimated number, 50,000-100,000, of human 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 discovered, thechances are only -5% that theother member
will also be known, assuming that genefamily 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 genome.
Theoretical studies make contradictory predictions
about the fate of duplicated genes and pathway evolution. Traditional models show that most duplicated
genes are rapidly lost ( HALDANE 1933a,b; FISHER1935;
FERRIS and WHITT1977, 1979; BAILEYet al. 1978; AL
LENDORF 1979; KIMURA and KING 1979; TAKAHATA
and
”A 1979; LI 1980, 1982; ”A and TAKAHATA 1982; WAITERSON1983; BASTEN
and OHTA1992;
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 sizesfor humansor mice. Only when the effective
populations size is -500,000 are the rates of gene loss
and functional divergence similar (WALSH 1995 ) . Considerable evidence suggests that effective population
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sizes for mammals have been much smaller bymany
orders of magnitude (BERRY1981; SAGE1981). The
easiest way to accommodate a substantial rate of divergence is to assumethat more mutations than previously
thought contribute to functional divergence.
Models for pathway evolution havedifferent expectations about gene fate in that they assume a substantial
rate of functional divergence. Inparticular, mathematical models for evolution of gene networks show that
the probability of network diversificationis maximized.
when -40% of the genes are duplicated simultaneously
and if these duplicatesare either dispersed through out
the genome or are tightlyclustered (WAGNER1994,
1996). Genomeduplication isobviously easier than
other mechanisms suchas tandem duplication to duplicate many genes simultaneously. More importantly,
the
-40% estimate can be interpreted as the number of
duplicated genes that acquire novel and essential functions, 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 bearing not only on the acquisition of novel gene functions
but also on the diversification of physiological pathways.
Although the importance of duplication to the evolution of gene function is widely appreciated, their contribution to the evolution of pathways is only beginning
to be recognized. Genes obviously do not act in isolation, but cooperate instead in complex networks of protein interactions that together create complexmorphologies, physiologiesand behaviors. A recent study ofthe
evolution of functionally relatedgene families revealed
striking examples of coevolution with functionally related familiesshowingsimilarevolutionary
histones
( FRYXELL
1996). It is evident that early in vertebrate
evolution considerable diversificationof functions and
pathways occurred. Perhapscoevolutionofgenesin
pathways accounts for some of the high rate of functional divergence.
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