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Abstract

Rates of synonymous and nonsynonymous substitution were investigated for 24 genes in threeDrosophilaspecies,
D. pseudoobscura, D. subobscura, andD. melanogaster. D. pseudoobscuraand D. subobscura, two distantly
related members of theobscuraclade, differ on average by 0.29 synonymous nucleotide substitutions per site.
D. melanogasterdiffers from the twoobscuraspecies by an average of 0.81 synonymous substitutions per site.
Using a method developed by Gillespie, we investigated the variance to mean ratio, or Index of Dispersion,R, of
substitutions along the three species’ branches to test the fundamental prediction of the neutral theory of molecular
evolution, E(R)= 1. For nonsynonymous substitutions, the averageR,Ra is 1.6, which is not significantly different
from the neutral theory prediction. Only 5 of the 24 genes had significantly largeRa valves, and 12 of the genes had
Ra estimates of less than one. In contrast, the Index of Dispersion for synonymous substitutions was significantly
large for 12 of the 24 genes, with an average ofRs= 4.4, also statistically significant. These findings contrast
with results for mammals, which showed overdispersion of nonsynonymous substitutions, but not of synonymous
substitutions. Weak selection acting to maintain codon bias inDrosophila, but not in mammals, may be important
in explaining the high variance in the rate of synonymous substitutions in this group of organisms.

Introduction

The behavior of the molecular clock has been a major
issue in evolutionary genetics ever since its propos-
al by Zuckerkandl and Pauling (1962,1965) and Mar-
goliash (1963). The constancy in the rate of amino
acid substitution found by Zuckerkandl and Pauling
for mammalian hemoglobins (� and �) challenged
conventional Darwinian thinking and provided moti-
vation for Kimura’s (1969) neutral theory of molecular
evolution. A key prediction of this theory is that the
rate of substitution per year,Ky, will be equal to the
mutation rate to neutral alleles,�yf0, where�y is the
total mutation rate per year, andf0 is the fraction of
mutations that are selectively neutral.f0 is assumed to
vary among proteins (King & Jukes,1969); the remain-
ing mutations (�y(1� f0)) are assumed to be strongly
deleterious and thus do not contribute to molecular
evolution.

More generally, a molecular clock will be expect-
ed for any gene in which the proportion of mutations
fixing along a lineage—either by selection or by drift—
remains constant. However, conditions for achieving
a constant rate of evolution are more stringent under
selection than under neutrality. In particular, the rate
of substitution of selectively advantageous mutations
is determined by the product of four parameters,Ky

= Ne�yfas, whereNe is the effective population size;
�y the total mutation rate per year;fa the fraction of
advantageous mutants; ands the selection coefficient
(Kimura & Ohta, 1971). Because population size is
likely to fluctuate over time, Kimura doubted that the
rate of adaptive substitution would be constant.

Both models require a constant mutation rate per
year to be compatible with the mammalian data. Ohta
and Kimura (1971) indicated that the mutation rate
is expected to be constant per generation (�g) rather
than per year, so that for neutral mutationsKy =
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(�g=g)f0, whereg is the generation time. Thus, neu-
tral mutations should exhibit a generation-time effect
(GTE); that is, the longer the generation time of the
species in a given lineage, the smaller the number
of neutral substitutions per year. Such an effect has
been observed in mammals for synonymous substi-
tutions (Li, Tanimura & Sharp, 1987), but the effect
appears to be much weaker for amino acid replacement
changes (Ohta, 1993). For slightly deleterious muta-
tions,Nes�=1;Ky = (�g=4Nesg)fn, wherefn is the
fraction of nearly neutral mutations. In this case, a con-
stant number of substitutions per year will be expected
only if there is an inverse relationship betweenNe and
g,Ne / 1/g. This inverse relationship between popula-
tion size and generation time, a central premise of the
nearly neutral theory, was initially supported by weak
empirical evidence (Kimura & Ohta, 1971) with some
conspicuous examples—elephants andDrosophila—,
but is now statistically well established (Chao & Carr,
1993).

Perhaps the strongest evidence against a molecular
clock for proteins has come from the study of varia-
tion in rates among lineages (Ohta & Kimura, 1971;
Langley & Fitch, 1973, 1974; Kimura, 1983; Gille-
spie, 1984, 1986a,b, 1989; Ohta, 1995). Under neutral
theory, substitutions conform to a Poisson process, so
that the Index of Dispersion,R(t) (R for convenience),
the ratio of the variance in the rate to the mean rate, is
expected to equal one (Ohta & Kimura, 1971). A sig-
nificantly large variance in the rate of evolution among
lineages can be evidence for selectively driven sub-
stitutions, but it can also be indicative of nonselective
factors. These factors, termed lineage effects, act on all
genes within a lineage (Gillespie, 1989), and include
differences in branch lengths, generation times, muta-
tion rates and/or efficiency of DNA repair (Britten,
1986), and metabolic-rate effects (Martin & Palumbi,
1993).

Kimura (1983) represented the radiation of mam-
malian orders as a star phylogeny, which eliminated
lineage length (and phylogeny)as a variable, and found
an average value ofR for five genes to be 2.6. A star
phylogeny for mammalian orders is not widely accept-
ed, however (see Easteal, 1988). Gillespie (1989,1991)
studied 20 coding sequences from humans, rodents
(mouse or rat), and artiodactyls (bovine) (Li, Tanimura
& Sharp, 1987). As there is only a single topology for
the phylogeny of three species, there can be no error
in the tree itself. He used the average rate of evolu-
tion of all genes along each branch to estimate lineage
effects and used the residual differences among lin-

eages to estimate the variance in the substitution rate.
This was achieved by weighting the observed number
of synonymous (or nonsynonymous) substitutions in
each gene by the average number of synonymous (or
nonsynonymous)substitutions for all the genes in each
lineage (see Gillespie, 1991, for details). This analysis
revealed a clear difference between the averageR for
replacement (Ra) and synonymous (Rs) substitutions,
suggesting that the two kind of substitutions are sub-
ject to different evolutionary forces. When the number
of replacements for a given gene was weighted with
the replacement lineage effects, 12 out of the 20 genes
showed a significantly higherRa than expected under
neutrality, with an averageRa of 6.95. On the other
hand, when the number of synonymous substitutions
was weighted with the synonymous lineage effects,Rs

was significant in only five genes, with an averageRs

of 4.64.
The estimation ofRs can be seriously biased

because of multiple substitutions in a site (Kimura,
1983; Gillespie, 1989; Bulmer, 1989). Bulmer (1989)
has pointed out that high rates of synonymous substitu-
tions increase the variance in the longest lineage, and
therefore the value ofR. After computer simulation,
where the Jukes and Cantor (1969) correction for mul-
tiple hits was applied, the average values ofRa and
Rs were 7.8 and 3.3, respectively. Ohta (1995) ana-
lyzed 49 single-copy mammalian genes in a similar
manner, findingRa = 5.6 andRs = 5.89. These results
indicate some overdispersion of the molecular clock.
It should be pointed out, however, that in Gillespie’s
influential 1989 analysis, the averageR was strong-
ly influenced by three highly overdispersed genes, all
of which encode hormones (see Wallis, 1996). With-
out them, the overdispersion index was much smaller
and not significantly different from one. Nonetheless,
there is general agreement that replacement changes in
mammalian evolution are significantly overdispersed.

Lineage effects, including the generation time,
have also been investigated by comparing weighted
and unweighted estimates ofR. Gillespie (1989) and
Ohta (1995) found strong lineage effects for synony-
mous substitutions, but only a weak effect for nonsyn-
onymous substitutions. As rodents have substantially
shorter generation times than primates or artiodactyls
as well as a higher synonymous substitution rate, the
strong GTE for synonymous substitutions supports the
view that they are mostly neutral. This interpreta-
tion assumes, however, that the rodent lineage did not
branch prior to the primate-artiodactyl split (Easteal,
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1988, 1990; Li et al., 1990; Li & Graur, 1991; Bulmer,
Wolfe & Sharp, 1991; Easteal & Collet, 1994).

Easteal and Collet (1994) found a constant rate per
year among the primate and rodent lineages for syn-
onymous substitutions, indicating that the substitution
rate is independent of generation time and metabol-
ic rate. They also found a higher rate of nonsynony-
mous substitutions in the rodent lineage and suggest-
ed that replacement changes are slightly deleterious
(Ohta, 1973, 1992). Li (1997) has pointed out that
Easteal and Collet’s results should be taken with cau-
tion because of the saturation in the number of transi-
tion substitutions in mammalian genes. A reanalysis of
the same data produced a significantly higher synony-
mous substitution rate in the rodent lineage than in the
human lineage. In addition, Ohta (1995) has indicated
that if members of multigene families are omitted from
the analysis, then the synonymous substitution rate in
rodents becomes higher.

Thus, from the analysis of mammalian data, it is
generally accepted that synonymous and replacement
substitutions show different patterns of evolutionary
change, consistent with different evolutionary process-
es: protein evolution is overdispersed and exhibits only
weak generation time effects, whereas synonymous
substitutions show relatively little overdispersion but
show pronounced generation time effects (Li, Tanimu-
ra & Sharp, 1987; Gillespie, 1989; Ohta, 1995).

The high averageR for nonsynonymous substitu-
tions, i.e., the overdispersed clock, has been attributed
to the action of natural selection (Gillespie, 1986a,
1989, 1991) and used as evidence against the neu-
tral theory. Gillespie has suggested that protein evo-
lution is episodic, with occasional bursts of substi-
tution caused by environmental change. In contrast,
Ohta (1995) argued for a nearly neutral model of pro-
tein evolution, where both random genetic drift and
selection influence the rate of substitution. She pro-
posed that the data for nonsynonymous substitutions
can be explained by nearly neutral mutations, fluctu-
ations in population size, and compensatory substitu-
tions. Ohta also indicated that positive selection on
nonsynonymous substitutions can be detected for par-
ticular genes due to duplication and/or functional dif-
ferentiation (Ohta, 1991). Because of the potentially
large effect of multiple hits on the variance ofR (Bul-
mer 1989), both Gillespie (1989) and Ohta (1995) have
been cautious in concluding that synonymous substi-
tutions are overdispersed.

The analysis presented here focuses on the varia-
tion in substitution rates among lineages inDrosophi-

la. We have compared 24 coding sequences fromD.
melanogasterand twoobscuragroup species (D. sub-
obscuraand D. pseudoobscura) and calculated the
Index of Dispersion for synonymous and replacement
substitutions. This analysis differs from previous stud-
ies on mammalian lineages in two important ways: (1)
there is a clear difference in lineage lengths, because
D. melanogasteris a member of the sister group to
the obscuragroup, and (2) effective population sizes
are likely to be several orders of magnitude larger for
Drosophilaspecies than for mammals.Mammalian lin-
eages can be thought of as having a long-term effective
population size of the order 104 (Nei & Graur, 1984),
whereasDrosophila lineages appear to have effective
population sizes of at least 106

�107 (Kreitman, 1983;
Schaeffer, Aquadro & Anderson, 1987; Riley, Hal-
las & Lewontin, 1989). If replacement changes are
overdispersed inDrosophila, as they are in mammals,
we can conclude that the process(es) underlying the
overdispersed clock is insensitive to effective popula-
tion size. In contrast, if replacement substitutions are
not overdispersed inDrosophila, then the fixation of
mutations that are definitely deleterious inDrosophila
but that are weakly deleterious in mammals may be
important in the overdispersion of mammalian protein
evolution.

Material and methods

Gene sequences

Table 1 lists the locus/gene names of the 24 coding
sequences included in this study, approximately half
of which were sequenced by us. The sequences were
obtained in one of several ways. Eleven genes were
obtained from GenBank or published reports with com-
plete sequences for each of the three species. Of the
remaining 13 genes included in this study, 5 had been
previously sequenced inD. melanogasterand eitherD.
pseudoobscuraorD. subobscura, and 8 were previous-
ly sequenced inD. melanogasteronly. The additional
species sequences were determined by one or a com-
bination of the following procedures. cDNA libraries
of adult flies were constructed in Lambda-Zap (Strat-
agene) for both of theobscuragroup species, and ran-
dom clones were sequenced from their 50ends. BLAST
searches (NCBI Entrez) identified clones with a homol-
ogous sequence inD. melanogaster. In this manner,
we identified six and eight additional genes fromD.
pseudoobscuraandD. subobscura, respectively. The
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Table 1. Sequences used in this study

Gene D. melanogaster D. pseudoobscura D. subobscura

Acc. N.� Acc.N. Acc.N.

Adh X78384 (c) X62181 (c) M15545 (c)

Adhr X78384 (c) Y00602 (c) M55545 (c)

A/A-T/sesB S43651 (c) AF025798a (n) AF025799a (n)

Aprt M18432 (c) L06281 (c) AF025800a (c)

ATPsyn-� X71013 (c) AF025801a (p) AF025802a (p)

Bcd X07870 (c) X55735 (c) X78058 (p)

Cp15 X02497 (c) Benson (1995) (c) X53423 (c)

Cp19 X02497 (c) Benson (1995) (c) X53423 (c)

Cyp1 M62398 (c) AF025803a (n) AF025804a (n)

Ddc X04426 (c) Wang et al. (1996) (p) Wang et al. (1996) (p)

Eno X17034 (c) AF025805a (n) AF025806a (n)

Gad1 X76198 (c) AF025807a (p) AF025808a (p)

Gapdh2 M11255/256/259 (c) AF025809a (n) AF025810a (n)

Gld M29298/X07358/ X13581-2 (c) M29299 (c) AF025811a (c)

Gpdh X67650 (c) U59682 (c) Wells (1996) (n)

Mlc1 M10125 (c) L08052 (c) AF025812a (p)

Rh1/ninaE K02135 (c) X65877 (c) AF025813a (c)

Rp49/RpL32 X00848 (c) S59382 (c) M21333 (c)

Sod M24421 (c) U47871 (p) U47888 (p)

Sry-� X03121 (c) L19536 (c) L19535 (c)

Tpi X57576/S70377 (c) AF025814a (n) AF025815a (n)

Uro X51940 (c) X57113/S94076 (c) AF025816a (n)

Vha14 Z26918 (c) AF025796a (p) AF025797a (p)

Xdh/ry Y00308/Y00307 (c) M33977 (c) Y08237 (c)

� Complete (c), nearly complete (n), or partial (p) coding region.aPresent work.

cDNA sequences were then completely determined
using either primer walking or nested deletion strate-
gies (Zeng & Kreitman, 1996a, b). All DNA sequences
were determinedby cycle sequencing using fluorescent
dye-terminator chemistry and an ABI 373A or ABI 377
sequencer.

For the remaining genes, we constructed oligonu-
cleotide primers to amplify fragments of the homol-
ogous gene from one or both of theobscuragroup
species. The templates were either genomic DNA or
DNA prepared from an aliquot of a cDNA library.After
sequencing these fragments, additional primers were
designed, if necessary, to carry out inverse PCR to
obtain flanking regions. We did not attempt to deter-
mine the complete coding sequence of every gene.

Care was taken to avoid including in the study genes
that were known to be very highly conserved, such as
histone or heat shock genes, or genes that were known
to be members of closely related multigene families.
We also confirmed byin situhybridization that each of

the 24 genes in this study resides on the homologous
chromosome arm in all three species.

The sequences were aligned after translation with
ClustalW (Thomson, Higgins & Gibson, 1994), and in
some cases were adjusted by hand to eliminate unnec-
essary gaps. Comparisons were carried out only for the
regions in which all three sequences were present. All
alignments are available upon request.

R estimation

The number of substitutions along each of the three
evolutionary branches connecting each species to the
common ancestor was first obtained according to the
method of Sarich and Wilson (1973). This method of
estimation produced negative branch lengths in five
genes, precluding further analysis. To avoid negative
branch lengths, we also used parsimony to estimate
the numbers of substitutions along each branch. For
each variable site, an ancestral sequence was obtained
by the parsimony criterion (i.e., when two of the three
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sequences shared a common base). For sites in which
all three sequences were different, one sequence was
chosen at random to represent the ancestor. On aver-
age, 4.3 and 0.9 percent of the sites with synonymous
and replacement changes, respectively, were differ-
ent in all three species. For codons with two or more
variable sites, the order of mutation of the sites was
chosen to maximize the number of synonymous sub-
stitutions, because they are much more frequent. The
observed number of substitutions along each branch
was determined by comparing each sequence with the
ancestral sequence. A two-parametermethod to correct
for multiple hits was applied to the data to yield final
estimates of the number of synonymous (Ks) and non-
synonymous (Ka) substitutions per site, as described in
Comeron (1995). This method is particularly suitable
for pairs of species in which the number of substitu-
tions between them is near saturation. The Index of
Dispersion (R) and lineage weights (w) were estimated
according to Gillespie (1989).

Weighting methods

Three different sets of weights were applied to synony-
mous substitutions to obtain the Index of Dispersion
R: (1) synonymous weights (ws;Rss), (2) synony-
mous weights that assume equal lengths for the two
obscuralineages (wss�p,Rsss�p), and 3) nonsynony-
mous weights (wa;Rsa). In a similar way, nonsynony-
mous substitutions for each gene were weighted using
nonsynonymous weights (wa;Raa), nonsynonymous
weights that assume equal lengths for the twoobscura
branches (was�p; Raas�p), and synonymous weights
(ws;Ras).

Levels of significance

Two approaches were used to test the null hypothe-
sis of a Poisson distribution of substitutions. The first
method (the Poisson approach) is equivalent to that
described in Gillespie (1989). The estimated number
of substitutions along a branch for a locus was cor-
rected for lineage effects by multiplying each estimate
by the appropriate lineage weight (wsor wa) to obtain
the mean number per lineage. Null distributions of the
six R values were obtained for each locus by produc-
ing 10,000 random Poisson-distributed numbers with
a mean equal to the estimated number of substitutions
for each lineage. Confidence intervals for each locus
were obtained directly from each null distribution.

In the second approach (the Sequence approach),
we generated for each gene a pseudo-random coding
sequence with the same number of codons as that con-
tained in the actual gene and the same percentage of
G+C at third positions of codons. Synonymous and
nonsynonymous substitutions were introduced onto
this sequence, taken to be the common ancestor, to
obtain three independent final sequences. The mean
numbers of substitutions per lineage was the same
as those estimated from the actual data, and for each
replicate this number was assumed to be Poisson dis-
tributed. Substitutions were allowed to be transitions
or transversions (biased to maintain the average G+C
content in the different codon positions) with the same
frequency as that estimated from the average for all
the genes. Transition and transversion fractions were
considered separately for synonymousand nonsynony-
mous substitutions. Finally, the parsimony method,
described above, was used to estimate the number of
synonymous and nonsynonymous substitutions along
each lineage, andRwas estimated as described above.
Confidence intervals were obtained from the null dis-
tribution of the different estimates ofR after 1,000
independent replicates for each gene.

Results

Number of synonymous and nonsynonymous
substitutions

A total of 26 coding sequences were available for com-
parison in the three species,D. melanogaster, D. sub-
obscura, and D. pseudoobscura. Antennapediaand
Zen, available in GenBank for the three species, were
excluded from the analysis because the sequences for
these genes consisted only of the highly conserved
homeodomain region, representing a very small frac-
tion of the protein. The 24 genes contained a total
of 7418 codons, with an average of 26.0% synony-
mous sites. Table 2 presents the number of synonymous
and nonsynonymous substitutions along each lineage
for each gene, estimated according to the parsimo-
ny method. The average estimated numbers of syn-
onymous substitutions per site for theD. subobscura,
D. pseudoobscura, andD. melanogasterlineages are
0.138, 0.153, and 0.587, respectively. Similarly, the
numbers of nonsynonymous substitutions per site are
0.013, 0.011, and 0.057 for theD. subobscura, D.
pseudoobscura, andD. melanogasterlineages, respec-
tively. These values are very similar to the correspond-
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Table 2. Estimated numbers of synonymous and nonsynonymous substitutions1

Synonymous substitutions Nonsynonympus substitutions

D. subobscura D. pseudoobscura D. melanogaster D. subobscura D. pseudoobscura D. melanogaster Codons2

Adh 38.37 23.66 80.40 5.04 8.08 25.22 254

Adhr 21.07 27.14 180.52 10.62 3.01 22.37 272

A/A-T 6.64 13.51 49.48 4.54 2.01 17.65 288

Aprt 23.07 21.80 98.03 7.10 3.03 32.05 181

ATPsyn-� 26.69 20.02 225.19 0.00 1.00 5.02 323

Bcd 10.99 2.12 47.22 9.37 4.06 33.30 93

Cp15 13.80 18.67 54.90 7.18 12.43 60.00 108

Cp19 17.38 15.68 72.40 11.24 6.48 92.54 167

Cyp1 4.10 7.32 48.47 1.00 1.00 8.30 157

Ddc 44.95 52.66 155.57 10.09 8.06 33.02 321

Eno 18.66 17.84 108.04 2.00 2.00 42.14 409

Gad1 24.41 33.44 128.16 4.01 3.01 14.85 369

Gapdh2 18.89 59.47 219.32 1.00 0.00 10.62 304

Gld 52.47 61.74 337.96 8.03 5.02 68.25 612

Gpdh 23.26 27.93 171.29 1.00 1.00 5.18 350

Mlc1 3.11 0.00 7.58 0.00 1.00 3.03 86

Rh1 40.20 40.79 90.02 1.00 6.03 10.05 370

Rp49 6.29 8.56 43.07 1.00 0.00 7.63 134

Sod 10.09 11.07 48.34 0.00 1.00 20.37 114

Sry-� 85.18 122.04 302.32 74.09 69.55 232.22 514

Tpi 25.00 41.26 68.87 1.00 2.01 25.82 235

Uro 62.18 38.47 128.05 13.66 13.15 51.99 334

Vha14 3.09 8.72 76.39 0.00 0.00 1.00 90

Xdh 206.22 220.40 685.24 41.55 42.40 181.56 1333

Average 32.48 36.63 136.17 7.98 7.65 40.09 323

1 The estimated numbers of synonymous and nonsynonymous substitutions for each lineage have been obtained as described in
Material and methods.
2 Codons indicate the effective number of codons where the comparison among the three species is possible.

ing estimates of the average number of substitutions
per site between pairs of species, shown in Table 3.

Index of Dispersion (R)

The synonymous (ws) and nonsynonymous (wa) lin-
eage weighting factors are shown in Table 4. These
estimates of relative lineage lengths were determined
by summing the 24 substitution rates in each lin-
eage. The nonsynonymous weights are nearly iden-
tical for the twoobscuraspecies, but the synonymous
weight is 13% larger forD. pseudoobscuraas a con-
sequence of the greater number of synonymous sub-
stitutions assigned to this lineage. This suggests that
D. pseudoobscurahas accumulated synonymous sub-
stitutions at a slightly faster rate thanD. subobscura.

Estimates ofR for synonymous and nonsynony-
mous substitutions using three different weighting

schemes are shown in Table 5. The level of significance
for each value ofR, determined by simulation using
the Sequence approach (see Material and methods), is
shown for each gene, as well as for the average and
for all (concatenated) sequences. Synonymous substi-
tutions show a significant departure (P< 0.05) from
the neutral expectation for 12 of the 24 genes when
the synonymous weighting factor (Rss) is applied. Six
of the R values are significant atP< 0.01. The aver-
age value ofRss is 4.365 (P< 0.03) for synonymous
substitutions.

In contrast, the average value ofR for nonsynony-
mous substitutions is 1.638 (P> 0.15) when the non-
synonymous weighting factor (Raa) is applied. Only
five genes show a significant departure atP < 0.05;
none are significant at theP = 0.01 level. Another
indication that the dispersion indices are different for
synonymous and nonsynonymous changes is that this
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Table 3. Estimated numbers of synonymous (Ks) and nonsynonymous (Ka) substitutions
per site between pairs of species

D. subobscura- D. melanogaster- D. melanogaster-

D. pseudoobscura D. subobscura D. pseudoobscura

Ks Ka Ks Ka Ks Ka

Adh 0.3469 0.0221 0.7177 0.0497 0.5828 0.0549

Adhr 0.2542 0.0222 1.1368 0.0567 1.1266 0.0442

A/A-T 0.0921 0.0094 0.2506 0.0332 0.2773 0.0293

Aprt 0.3344 0.0276 0.9034 0.1035 0.9808 0.0908

ATPsyn-� 0.1808 0.0013 1.0399 0.0067 1.0499 0.0081

Bcd 0.2058 0.0614 0.9698 0.2034 0.7507 0.1732

Cp15 0.3995 0.0856 0.8901 0.3005 0.9385 0.3136

Cp19 0.2548 0.0498 0.6848 0.2914 0.6956 0.2720

Cyp1 0.0972 0.0051 0.4623 0.0262 0.4642 0.0262

Ddc 0.4903 0.0247 1.0115 0.0583 1.1746 0.0551

Eno 0.1151 0.0042 0.3414 0.0461 0.3528 0.0455

Gad1 0.2535 0.0083 0.6164 0.0240 0.6827 0.0204

Gapdh2 0.3299 0.0031 1.0484 0.0168 1.0011� 0.0145

Gld 0.2567 0.0098 0.9183 0.0546 1.003 0.0536

Gpdh 0.2032 0.0026 0.7904 0.0081 0.7894 0.0078

Mlc1 0.0556 0.0045 0.1875 0.0150 0.1116 0.0196

Rh1 0.3097 0.0085 0.5241 0.0135 0.5187 0.0205

Rp49 0.1198 0.0037 0.4875 0.0284 0.5354 0.0246

Sod 0.2773 0.0036 0.7030 0.0828 0.7731 0.0886

Sry-� 0.7285 0.1276 1.4431 0.2577 1.4361 0.2544

Tpi 0.4067 0.0053 0.6382 0.0502 0.6958 0.0519

Uro 0.4637 0.0350 0.9672 0.0833 0.7514 0.0848

Vha14 0.1677 0.0000 1.6392 0.0044 1.7044 0.0088

Xdh 0.5006 0.0281 1.0283 0.0760 1.1054 0.0717

Average 0.2852 0.0231 0.8083 0.0788 0.8126 0.0764

� Ks estimate obtained by using the Jukes and Cantor’s method (1969) because of the
inapplicability of Kimura’s two-parameter method (1980).

Table 4. Weight factors for synonymous and nonsynonymous
substitutions

D. subobscura D. pseudoobscura D. melanogaster

ws 0.475 0.535 1.990

wss�p 0.505 1.990

wa 0.429 0.412 2.159

was�p 0.421 2.159

difference is equally large when the alternative weight-
ing factors are used to estimateR (Rsa andRas).

The comparison betweenRsss�p andRaas�p with
Rss andRaa, respectively, identify residual effects
that can be attributed to lineage differences between
D. subobscuraandD. pseudoobscura.The averageR
values, calculated with equal and unequal weighting

for the obscurabranches, are nearly identical, indi-
cating minimal lineage effects. For the concatenated
sequences, however, theR for synonymous substitu-
tions is nearly significant (Rsss�p = 3.965,P = 0.06)
and can be attributed to a faster synonymous substitu-
tion rate inD. pseudoobscuracompared toD. subob-
scura. We will return to this point in the Discussion.
In contrast,R for nonsynonymous substitutions for the
concatenated sequences calculated with equal weights
is nearly zero (Raas�p= 0.110), as expected under the
constant rate model.

To determine whether genes with a significant
departure ofR from the neutral expectation had a per-
ceptible effect on the weighting factors and, therefore,
on our previous results, the weighting factors were also
estimated after removing these genes. When the new
weights are applied, the averageRss andRaa values,

gene453.tex; 3/06/1998; 12:38; v.7; p.7



376

Table 5. Estimates ofR, Index of Dispersion, for synonymous and nonsynonymous substitutions among
theD. melanogaster, D. subobscura, andD. pseudoobscuralineages

Synonymous substitutions Nonsynonymous substitutions

Rss Rsss�p Rsa Raa Raas�p Ras

ws wss�p wa wa was�p ws

Adh 6.058�� 4.440� 6.471�� 0.835 0.731 0.263

Adhr 6.830� 7.062�� 2.593 3.519� 3.756� 3.720�

A/A-T 1.280 1.691 1.830 0.599 0.663 0.915

Aprt 0.326 0.137 0.238 1.064 1.154 1.798

ATPsyn-� 15.128��� 15.064��� 6.774�� 0.685 0.677 0.785

Bcd 5.002� 4.691� 3.887� 1.315 1.457 1.831

Cp15 0.326 0.663 1.715 1.190 1.059 1.659

Cp19 0.340 0.144 0.191 3.812� 3.868� 7.483���

Cyp1 2.779 2.878 1.482 0.143 0.143 0.394

Ddc 0.857 1.277 4.441� 0.498 0.560 0.396

Eno 1.846 1.759 0.187 4.309� 4.312� 6.801���

Gad1 0.553 1.092 1.563 0.128 0.157 0.193

Gapdh2 12.885��� 14.962��� 15.082��� 1.440 1.430 1.950

Gld 5.510� 5.895�� 1.334 2.700 2.735 5.419��

Gpdh 4.534� 4.722� 1.361 0.001 0.000 0.043

Mlc1 2.099 1.953 2.102 0.672 0.655 0.588

Rh1 4.204� 3.997� 7.368��� 3.403 3.248� 2.380

Rp49 0.724 0.834 0.343 0.950 0.948 1.247

Sod 0.114 0.143 0.129 3.486� 3.513 4.930��

Sry-� 5.330� 8.166�� 16.917��� 5.111� 5.217� 2.004

Tpi 5.556�� 7.046�� 10.734�� 2.240 2.244 3.661�

Uro 10.021��� 7.393��� 10.735��� 0.396 0.403 0.115

Vha14 8.758�� 8.765�� 5.372� 0.267 0.268 0.338

Xdh 3.707 3.778 16.563��� 0.559 0.504 0.295

Concatenated 0.000 3.965 30.299��� 0.000 0.110 8.114���

Average 4.365� 4.523� 4.975� 1.638 1.654 2.050

Level of significance:� p< 0.05,��p< 0.01,���p< 0.001 based on computer simulations (see text).

4.436 and 1.793, respectively, remain nearly the same
as those obtained when all genes were included in the
estimation procedure. Overdispersed genes, therefore,
do not contribute in any special way to the estimation
of the lineage effects.

In accord with studies ofR in mammals, our results
indicate that synonymous and nonsynonymous substi-
tutions inDrosophilahave different variances in their
rates of evolution. In contrast to mammalian data, how-
ever, it is the synonymous changes rather than the non-
synonymous changes that show significant rate vari-
ability across lineages. InDrosophila,the rates of non-
synonymous substitutions are, on average, compati-
ble with the neutral hypothesis, whereas synonymous
substitution rates are significantly more variable than
expected under a constant rate model.

Significant departure of R

Gillespie (1989) suggested that multiple substitutions
will bias the estimation ofR, especially for synony-
mous substitutions. To investigate this bias, he simu-
lated the evolution of an average sequence and applied
the Jukes and Cantor (1969) one-parameter correction
to obtain a ‘true’R. Bulmer (1989) indicated that the
expected value ofRwill be higher than one when there
are multiple hits and that this effect will be more pro-
nounced for highly diverged sequences and non-star
phylogenies. In the present study, the null distribu-
tion of R, and hence the statistical significance of each
estimated value, was determined from simulated data,
applying the same method for estimating the num-
ber of substitutions along each branch (the Sequence
approach) as for the actual data. Our null distribution,
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Figure 1. Average values ofRss and maximum values at 5% sig-
nificance level for the 24 genes in relation to the overall numbers of
synonymous substitutions per site (Ks).

therefore, takes into account the fact that the expected
Runder the Poisson model can be greater than one.

Figure 1 shows the average values and the 5% con-
fidence limits ofR obtained from the simulated null
distribution for each gene in relation to the estimated
number of synonymous substitutions per site (Ks) for
each gene. This figure also compares the results of the
Sequence and the Poisson approaches. As expected,
the average values ofR increase with high levels of
Ks in the Sequence approach and they are not relat-
ed to the absolute number of substitutions. The Pois-
son approach, in contrast, yields meanR values near
one for allKs values, underestimating the expected
R. Similarly, the maximum accepted values at 5% lev-
el of significance increase drastically withKs in the
Sequence approach, while they are relatively constant
for the Poisson approach.

The averageRunder the constant rate model reach-
es a value of 1.5 for genes with high rates of synony-
mous substitutions (such asSry�� andV ha14), and
the 5% significance level forRss can be as high as 4.7.
The linear regression of the expectedR, E(R), with
Ks; E(R) = (0:33Ks) + 1 (r2 = 0:86; P < 0:001),
was estimated from the data assuming that the linear
regression obeysE(R)= 1 forKs= 0. Not surprisingly,
the coefficient of variation (CV) is close to 1.0 for all
genes (CV = 0.03Ks+1).

Figure 2. Relationship betweenRss and the overall numbers of
synonymous substitutions per site (Ks). The maximum values at
5% and 1% significance level and the expectedR, E(R), obtained
from computer simulation are also indicated (Rss = 4.21�Ks +1;
r2 = 0.21,P< 0.05).

Relationship between Rss and the number of
synonymous substitutions per site

Ohta (1995) proposed thatR should increase linearly
with the number of substitutions if lineage effects are
the cause of differences in the substitution rates, but
that it will be independent if variability in the number of
substitutions is caused by episodic selection (Gillespie,
1987, 1989).

Figure 2 shows the relationship between the
observedR for synonymous substitutions (Rss) and
the total number of synonymous substitutions per site.
SettingR= 1 forKs = 0, there is a significant regression
ofRss withKs (P< 0.05). Nevertheless, as described
above and as noted by Ohta (1995), this positive rela-
tionship can also arise by an upward bias ofR caused
by multiple hits. In our case, the positive relationship
of Rss with Ks exceeds the 5% confidence interval
obtained by computer simulation, suggesting an addi-
tional contribution from lineage effects. The analysis
of Rsss�p values withKs gives equivalent results (P
< 0.01). The correlation betweenRaa and the number
of nonsynonymous substitutions per site (Figure 3) is
marginally significant, largely due toCp19andSry-�
having high values of bothRaa andKa (r2 = 0.17,P
< 0.05). As expected,E(R) for nonsynonymous sub-
stitutions is little affected by the multiple hits effect.

If the observed correlation betweenRss andKs

is related to the rate of synonymous substitution, it
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Figure 3. Relationship betweenRaa and the overall numbers of
nonsynonymous substitutions per site (Ka). The maximum values
at 5% and 1% of significance level and the expectedR,E(R), obtained
from computer simulation, are also indicated.

should also be observed for theKs values in each of
the three lineages.Rss shows a significant correlation
withKs, however, only in theD. melanogasterlineage:
r2 = 0.28 (P < 0.01) for theD. melanogasterlineage
alone;r2 = 0.27 (P < 0.01) for theD. subobscura-D.
melanogasterlineage; andr2 = 0.25 (P < 0.05) for
the D. pseudoobscura-D. melanogasterlineage. The
relationship betweenRss andKs is nonsignificant for
the twoobscuralineages. These results suggest that the
correlation betweenRss andKs is mainly due to genes
with highKs, which in theD. melanogasterlineage
have a higher than expected number of synonymous
substitutions.

Lack of correlation between Rss and Raa

As pointed out by Gillespie (1986a), if mutation rate
changes were the cause of differences in rates of substi-
tutions, then a correlation would be expected between
R values for synonymous and nonsynonymous substi-
tutions. As shown in Figure 4, there is no relationship
betweenRss andRaa (r2= 0.01,P> 0.50). As expect-
ed, significant correlations are observed betweenRss
andRsa , the two measures of the synonymous dis-
persion index (r2 = 0.31,P< 0.01), and betweenRas
andRaa, the two measures of the nonsynonymousdis-
persion index (r2 = 0.65,P < 0.001). Taken together,
these results again indicate that synonymous and non-
synonymous substitutions are evolving under different
evolutionary forces.

Figure 4. Relationship between the Index of Dispersion for synony-
mous (Rss) and nonsynonymous (Raa) substitutions.

Discussion

This study addresses two principal questions about
rates of molecular evolution. First, is protein evolution
overdispersed inDrosophilalineages, as it is in mam-
malian lineages? Second, are the patterns of synony-
mous and nonsynonymoussubstitutions different? The
data provide unambiguous answers to both questions.
First, rates of protein evolution are relatively constant
across the threeDrosophilalineages. The average non-
synonymousR taken over the 24 genes is only 1.64,
and it is not significantly different from the neutral
theory’s prediction ofR = 1. Only 5 out the 24 genes
exhibit significantly large values ofR, whereasR is
less than one for 12 of the 24 genes. We tentatively
conclude that the data are consistent with genetic drift
as a driving force in protein evolution inDrosophila.

Synonymous substitutions, on the other hand,
exhibit significantly high values ofR for 12 of the 24
genes, as well as for the average (R= 4.365,P< 0.03).
Before discussing possible causes of this rate variation,
we will first comment on methodological issues con-
cerning the estimation procedures. In the present study,
the levels of significance ofRfor the different genes, as
well as for the average,were obtained by computer sim-
ulation, thus removing many of the factors that can bias
the estimation procedure. Our analysis considered the
multiple hits effect, the putative effect ofKs=Ka ratio,
the G+C content, the transition/transversion ratio, lin-
eage weighting methods,and the method for estimating
the numbers of synonymous and nonsynonymous sub-
stitutions in each lineage. Using parsimony to estimate
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the number of substitutions along each lineage rather
than the standard method of Sarich and Wilson (1973)
allowed us to obtain positive branch lengths for every
gene. In addition, it allowed us to consider transitions
and transversions separately, so that we could esti-
mate the number of multiple hits with a two-parameter
method. Both methods yielded similar estimations of
R. Thus, neither of the two major results—the small
Index of Dispersion for nonsynonymous substitutions
and the significantly large Index of Dispersion for syn-
onymous substitutions —can be the result of any of
these factors.

Detection of lineage effects

Previous studies (Gillespie, 1989; Ohta, 1993, 1995)
compared unweighted with weighted estimates ofR to
examine the influence of lineage effects onR. Because
D. melanogasteris clearly the outgroup of the two
obscuragroup species, we included this obvious lin-
eage effect in all of the analyses. The substitution rate
per year may also be higher inD. melanogasterthan in
theobscuralineages because it has a shorter generation
time (Goddard, Caccone & Powell, 1990).

Other lineage effects could only be studied between
the twoobscuraspecies. BecauseD. subobscuraand
D. pseudoobscuraare sister taxa, the two lineages have
evolved for the same absolute time. Furthermore, they
can be assumed to have approximately the same gen-
eration time. As noticed above, synonymous substitu-
tions show a high value ofR when the same weight
is given to the twoobscuraspecies, reflecting the fact
that they have accumulated at a 13% higher rate in the
D. pseudoobscuralineage than in theD. subobscura
lineage. This difference does not appear to be related to
mutation rates, as the nonsynonymoussubstitution rate
estimates are nearly equal in the two lineages (Table 2).
We, therefore, consider an alternative explanation.

Akashi (1995) estimated the strength of selection
acting on synonymous mutations by comparing poly-
morphismand divergenceof synonymoussubstitutions
in five genes ofD. melanogasterandD. simulans. By
categorizing mutations appropriately (either towards
or away from major codons), he showed that these
synonymous mutations inD. simulansare nearly neu-
tral. He also detected a substantially greater number
of synonymous substitutions in theD. melanogaster
lineage, with the vast majority of changes being away
from a major codon. He suggested that a smaller pop-
ulation size inD. melanogastermay have resulted in
a relaxation of selection against these slightly delete-

rious mutations and, hence, in a higher fixation rate in
this lineage.

Similarly, we suggest that greater fluctuation in the
population size ofD. pseudoobscuraover its evolu-
tionary history might have resulted in a slight over-
all increase in the number of synonymous substitu-
tions. Nucleotide polymorphism data at theXdh locus
for these two species suggests that the current effec-
tive population size may be larger inD. subobscura
than in D. pseudoobscura(Comeron, 1997). This is
unlikely, however, to have been the case during most
of the species’ histories because the average codon
bias, as measured by ENC, theeffective number of
codons, (Wright, 1990) is very similar for the 24 genes
(ENC [D. subobscura] = 40.07, ENC [D. pseudoob-
scura] = 40.33). We suggest, therefore, that the higher
rate of synonymous substitution inD. pseudoobscu-
ra compared toD. subobscuramay be the result of
weak selection for codon bias and greater fluctuation
in population size in theD. pseudoobscuralineage.
In spirit, this is the intersection of Gillespie’s episodic
selection model with Ohta’s nearly neutral model, with
both population size fluctuation and positive selection
playing important roles in the process. With popula-
tion size fluctuation of sufficiently long duration and
appropriate magnitude, the synonymous substitution
rate will be accelerated by the fixation of slightly dele-
terious mutations by genetic drift when population size
is smaller as well as by the fixation of slightly advanta-
geous mutations by selection when the population size
is larger. In principle, episodic weak selection might
also have contributed to a higher than expected Index
of Dispersion for synonymous substitutions.

Relationship between the Index of Dispersion and
codon bias

Are the differences in the estimates ofR among genes
also related to codon bias? Synonymous substitutions
in Drosophilahave been shown to be inversely related
to the magnitude of codon bias (Sharp & Li, 1989):
genes with strong codon bias have relatively low rates
of synonymous substitution. We found significantly
higher values ofRss in genes with highKs. In a study
that will be published separately, we have analyzed
the relationship betweenKs and codon bias for the
three independent lineages. The results show thatKsis
significantly correlated with the average codon bias
(ENC) for theD. melanogasterlineage (r2 = 0.26,P
< 0.01) but not for theD. subobscuraor D. pseudoob-
scura lineages (r2 = 0.08, P > 0.10) andr2 = 0.15

gene453.tex; 3/06/1998; 12:38; v.7; p.11



380

Figure 5. Relationship betweenRaa and, (a) the codon bias (mea-
sured as ENC, effective number of codons) and (b) the absolute
difference of ENC for each gene from the average ENC.

(P > 0.05), respectively). Because we also find a
positive correlation betweenKs andRss in the D.
melanogasterlineage,Rss may also be influenced by
codon bias selection in this lineage.

The relationship betweenKs andKa is significant
for bothobscuralineages (r2 = 0.36,P < 0.01,r2 =
0.28,P < 0.01 forD. subobscuraandD. pseudoob-
scura, respectively), but not for theD. melanogaster
lineage (r2= 0.0001,P > 0.90). Perhaps more sur-
prisingly, nonsynonymous substitutions also exhibit
an interesting relationship with codon bias. In theD.
melanogasterlineage, highKa is associated with either
low or high codon bias, whereas a lowKa is restricted
to genes with intermediate codon bias. The correlation
betweenRaa and the absolute departure of ENC from
the average ENC is highly significant (r2 = 0.45, P
< 0.001; Figure 5b), whereas the overall correlation
between ENC andRaa is nonsignificant (r2 = 0.03)
(Figure 5a).

Figure 6. Relationship between the ratioKs=Ka (logarithmic
scale) in theD. melanogasterlineage and the ratio of the expect-
ed to the estimatedR for synonymous substitutions (E(Rss)=Rss).
E(R)=Rss = 3:2(Ks=Ka)�0:66; r2 = 0:37;P < 0:001:

Although these results suggest the existence of an
evolutionary mechanism coupling codon bias selection
with amino acid substitution, we refrain from speculat-
ing about it until this putative relationship is confirmed
with independent datasets. The analysis does indicate,
however, that codon bias selection may be relevant for
understanding both the average and the variance in the
rate of molecular evolution.

Values of R lower than 1

Seven genes exhibitRss values lower than theE(R),
and four (Sod, Aprt, Cp15, andCp19) showRss val-
ues in the range 0.1-0.5. Although theRss values for
these three genes are not low enough to be significant,
they warrant further examination. For nonsynonymous
substitutions, 12 genes out the 24 show aRaa < 1.
Sodand Cp19, however, show a significant overdis-
persion of nonsynonymous substitutions, related to an
increased substitution rate in theD. melanogasterlin-
eage. We therefore examined the relationship between
Rss (relative toE[R]) andKa (relative toKs) in theD.
melanogasterlineage. Figure 6 shows that high relative
nonsynonymous rates are strongly associated with low
synonymous dispersion indices. Equivalent results are
obtained when the substitutions are from all lineages.

Thus, even though nonsynonymous substitutions
have accumulated at a nearly constant rate inDrosophi-
la, there is nevertheless an inverse relationship between
nonsynonymous and synonymousR. Gillespie, in his
series of papers on substitution processes (1993,1994a,
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b) has indicated that R< 1 can be a property of over-
dominance and TIM models (Takahata, Tishi & Mat-
suda, 1975; Takahata & Kimura, 1979) in a rapidly
changing environment. A potential explanation might
be a scenario in which constraints on protein struc-
ture/function influence bothKs andKa, as would be
expected if there is selection for translational accura-
cy (Akashi, 1994). This may to lead to more nearly
constant rates of synonymous substitution for highly
conserved proteins. But, although there is a significant
correlation betweenKs andKa and betweenKa and
codon bias in theobscuraspecies, no significant cor-
relations were found in theD. melanogasterlineage.
This suggests that if such a mechanism is operating, it
may not be pervasive.

Comparison between Drosophila and mammalian
lineages

Unlike mammals, protein evolution is relatively con-
stant inDrosophila, conforming to a key prediction of
the neutral theory. Protein evolution is either not sub-
ject to episodic selection inDrosophila, as it may be in
mammals, or episodic selection is not the cause of the
high Index of Dispersion in mammals. Given that pop-
ulation sizes are larger inDrosophilathan in mammals,
positive selection due to environmental changes would
be expected to be more, rather than less, efficacious
in Drosophila. It is, of course, possible that a larger
proportion of the selection coefficients for amino acid
replacement changes is close to the reciprocal of mam-
malian population sizes. The rate of protein evolution
would then be sensitive to fluctuations in population
size in mammals, but not necessarily so inDrosophila.
On the other hand, synonymous substitutions are like-
ly to be nearly neutral inDrosophila, and the rate of
synonymous evolution may be sensitive to population
size in these species (Akashi, 1994, 1995). Mammalian
genes do not exhibit a large range of codon usage bias,
suggesting that population sizes are too small to sup-
port its evolution. Therefore, populationsize may be an
important determinant of variation in the rates of both
protein and synonymous substitutions, but with differ-
ent consequences in different groups of organisms.
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