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ABSTRACT
I studied the cause of the significant difference in the synonymous-substitution pattern found in the

achaete-scute complex genes in two Drosophila lineages, higher codon bias in Drosophila yakuba, and lower
bias in D. melanogaster. Besides these genes, the functionally unrelated yellow gene showed the same
substitution pattern, suggesting a region-dependent phenomenon in the X-chromosome telomere. Because
the numbers of A/T → G/C substitutions were not significantly different from those of G/C → A/T in
the yellow noncoding regions of these species, a AT/GC mutational bias could not completely account for
the synonymous-substitution biases. In contrast, we did find an z14-fold difference in recombination
rates in the X-chromosome telomere regions between the two species, suggesting that the reduction of
recombination rates in this region resulted in the reduction of the efficacy of selection in D. melanogaster.
In addition, the D. orena yellow showed a 5% increase in the G 1 C content at silent sites in the coding
and noncoding regions since the divergence from D. erecta. This pattern was significantly different from
those at the orena Adh and Amy loci. These results suggest that local changes in recombination rates and
mutational pressures are contributing to the irregular synonymous-substitution patterns in Drosophila.

DELETERIOUS mutations arise at much higher specific (Grantham et al. 1980). Second, the most fre-
rates than advantageous and compensatory muta- quently used codons in Escherichia coli and yeast corre-

tions (Chao 1990; Duarte et al. 1992; Rice 1994; spond to the most abundant isoaccepting tRNA species
Andersson and Hughes 1996), indicating the impor- (Ikemura 1981a, 1982), and the degree of codon bias
tance of the effective elimination of deleterious muta- of a gene is positively correlated with the cellular
tions from a population. Linkage associations between amount of its mRNA or protein (Ikemura 1981b; Ben-
selective loci reduce the efficacy of natural selection (the netzen and Hall 1982). Third, the synonymous-substi-
so-called Hill-Robertson effect; Hill and Robertson tution rate in Enterobacteriaceae is negatively corre-
1966; Felsenstein 1974), and thus recombination rates lated with the degree of codon bias (Sharp and Li
affect accumulation rates of deleterious and advanta- 1986). Although mutational bias affects base composi-
geous mutations (Birky and Walsh 1988; Charles- tion to some extent (Carulli et al. 1993; Kliman and
worth 1994; Peck 1994; Barton 1995). Indeed, a posi- Hey 1994; Kliman and Eyre-Walker 1998), the data
tive relationship exists between within-species DNA in Drosophila also provide evidence for selective con-
variation and recombination rates (Aguadé et al. 1989; straints acting on codon usage (Shields et al. 1988;
Stephan and Langley 1989, 1998; Begun and Aqua- Sharp and Li 1989; Akashi 1994, 1995; Moriyama and
dro 1992; Nachman 1997; Dvor̆ák et al. 1998). How- Powell 1997). In particular, Akashi (1995) estimated
ever, most of the studies suggesting the significant role the product of the degree of selection intensity and
of recombination in between-species DNA divergence the effective population size as about 2 in Drosophila
are based on comparisons among different genes or simulans.
among very divergent organisms or genomes (Kliman Two recent articles reported that significant locus-
and Hey 1993; Lynch 1997; Munté et al. 1997), which lineage interaction exists in the synonymous-substitu-
does not necessarily guarantee a constant selective pres- tion rates among Drosophila lineages (Takano 1998;
sure. It is highly desirable to examine the role of recom- Zeng et al. 1998). What is more, Takano’s findings sug-
bination in molecular evolution more directly. gest a higher codon bias in the yakuba achaete-scute com-

Three findings support the hypothesis that most syn- plex (AS-C) genes than in their melanogaster–simulans ho-
onymous changes in unicellular organisms are not mologues. Following Akashi’s method (Akashi 1994),
strictly neutral but under weak selection. First, the usage Takano (1998) calculated the numbers of homologous
of synonymous codons is clearly nonrandom and species codons at which D. yakuba encodes a major codon and

the common ancestor of D. melanogaster and D. simulans
encodes a nonmajor codon (ymaj–msnon), and similarly
for the opposite configuration (ynon–msmaj). Major co-Author e-mail: totakano@lab.nig.ac.jp
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extremely GC-biased substitutions at the orena y locus.
The yakuba lineage showed a significant difference in
the AT/GC bias between the y coding and noncoding
silent substitutions; the orena branch showed no signifi-
cant difference in the substitution pattern between the
coding and noncoding regions, but there were signifi-
cant differences between y and two autosomal genes
(Adh and Amy), suggesting a local mutation effect in
the orena branch.

MATERIALS AND METHODS

DNA sequence: Directly from the products of the polymer-
ase chain reaction (PCR), I determined the following se-
quences: the yellow (y) and extramacrochaetae (emc) sequences
of a single male fly of D. yakuba (stock no. 14021-0261.0 from
the National Drosophila Species Resource Center at Bowling
Green, Ohio); the y, lethal of scute (l’sc), and achaete (ac) of a
single male of D. erecta (a stock was provided by N. Inomata);

Figure 1.—Assumed phylogenetic relationships (clado- the y sequences of a highly inbred line of D. simulans [Sim-5
gram) among the six Drosophila species. There are nine (G20)], a single male fly of D. teissieri (a stock was provided
branches: three internal branches, the mel–sim (node D to A), by N. Inomata), and a single male of D. orena (a stock was
yak–tei (node D to B), and ere–ore (node D to C) and six provided by C. C. Laurie). The primer sequences are available
terminal branches, the melanogaster, simulans, yakuba, teissieri, upon request. The sequence data appear in the DNA Data
erecta, and orena. Bank of Japan, European Molecular Biology Laboratory, and

GenBank sequence databases with the following accession
numbers: from AB017569 through AB017577 and from
AB026336 through AB026344. The other sequences used weredons are the ones that appear in greater frequency in
derived from previous research (Geyer et al. 1986; Geyerhighly biased genes (Akashi 1995). These numbers
and Corces 1987; Villares and Cabrera 1987; Alonso andwere then used to obtain a ratio that would indicate Cabrera 1988; Garrell and Modolell 1990; Martı́n-

codon-bias difference between the species. The ratio Campos et al. 1992; Takano 1998). Four ac and four l’sc se-
(ymaj–msnon/ynon–msmaj) was significantly higher in the four quences from D. melanogaster, D. simulans, D. yakuba, and D.

erecta and six y sequences including D. teissieri and D. orenaAS-C genes in the telomeric region of the X chromosome
were aligned using CLUSTALW (Thompson et al. 1994), andthan in the other nine genes studied (Takano 1998).
the alignments were modified by eye in some cases. GapsA lack of outgroup species sequences, however, pre- and regions with alignment difficulty were excluded from the

vented the inference of direction of the substitutions; analysis. Lengths of alignments are 1290 bp for the y second
it thus could not be determined if there was a relaxation exon sequences, 525 bp for the 59 flanking sequences of the

y, 205 bp for the y intron sequences, 771 bp for the entire l’scof codon bias in the melanogaster lineage or an increase
coding sequences, 606 bp for the entire ac coding sequences,in bias in the yakuba lineage. Another question is
and 535 bp for the partial emc coding sequences. The Adh andwhether the change in selection intensity is specific to
Amy proximal sequences of the same six species were analyzed

these functionally related AS-C genes or specific to this with the published alignments except for two cases of the 39
region. To answer these questions, I determined the regions of the Adh and Amy ( Jeffs et al. 1994; Shibata and
DNA sequences of the two AS-C genes of D. erecta, and Yamazaki 1995).

The numbers of substitutions on each branch were countedthe yellow (y) sequences of D. simulans, D. yakuba, D.
on the basis of the following parsimonious assumptions, with-teissieri, D. erecta, and D. orena. Most of the previous
out correction. The phylogenetic relationships among the sixstudies suggest that D. erecta and D. orena are more dis- species are depicted in Figure 1, which is supported by most

tantly related to D. melanogaster than D. yakuba, as illus- previous studies (e.g., Jeffs et al. 1994). The nucleotides at
trated in Figure 1 (Solignac et al. 1986; Cariou 1987; the nodes were estimated as those that require the smallest

number of total substitutions, and sites at which any nodeJeffs et al. 1994; Shibata and Yamazaki 1995). The y
nucleotide could not be determined uniquely were excluded.gene is located distally to the AS-C genes and is function-
The numbers of silent sites excluded were 3 at ac, 0 at l’sc, 14ally unrelated to the AS-C genes. The results suggest a at y, 21 at Adh, and 10 at Amy. In addition, two substitutions

region-dependent substitution pattern. I also present in the mel–sim branch occurred in one codon of the y gene.
evidence that D. yakuba has z14 times higher recombi- Because two different pathways had roughly equal weights cal-

culated according to Miyata and Yasunaga (1980; 0.54 fornation rates in the telomeric region of the X chromo-
the pathway to require one synonymous and one replacementsome than D. melanogaster. It is posited that this differ-
substitution vs. 0.46 for the other to require two replacementence results in very biased substitutions in the two
substitutions), these substitutions were also excluded from the

lineages—a relaxation of purifying selection in the mela- analysis.
nogaster lineage and a manifestation of positive selection I used Akashi’s classification of synonymous substitutions:

preferred substitution (which means substitutions from a non-in the yakuba lineage. Furthermore, this study reveals
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major codon to a major codon), unpreferred substitution from reciprocal crosses 3 2 replications 3 2 different days 3 3
species, within 5 days. Five-day-old virgin F1 females werea major codon to a nonmajor codon, and the others (Akashi

1995). crossed to 2- to 6-day-old males in a vial. The next day, all the
parental flies were transferred to a new bottle and discardedIn situ hybridization: In situ hybridization with digoxigenin-

labeled probes was performed on the salivary gland chromo- 5 days later. All the emerging flies from the bottles were
counted every day after the 11th or 12th day from transfer,somes. The genomic DNA of the three species was labeled via

PCR using the following primers: 59-TTTACTTGCGGCGA except for 2 days. Because of fecundity differences among the
three species, each cross had a different number of flies: 5TGGTCA-39 and 59-AGGTGGCTTATGCTGTTCCC-39 for the

y locus, 59-CGACTGCGACAAGGTGAGCAC-39 and 59-GGA pairs of flies for D. melanogaster, 10 pairs for D. simulans, and
8 pairs for D. yakuba. The mean numbers of F2 flies per bottleAGTGGAGGCTGCCGACTG-39 for su(wa), and 59-AGGAGG

ACGACATCACCAAGA-39 and 59-CAACGGTCTCGGCGGC were 881 for D. melanogaster, 670 for D. simulans, and 795 for
D. yakuba. All the crosses were done at 228.AACCT-39 for sta. These primers were designed from the pub-

lished sequences, GenBank accession nos. X06481 (Geyer Single-strand conformation polymorphism (SSCP; Orita et
al. 1989) and length-polymorphism markers were developedand Corces 1987), X06589 (Chou et al. 1987), and M90422

(Melnick et al. 1993). for the y, su(w a), and sta loci, but visible mutations were used
for the y and w loci of D. melanogaster and D. simulans. AnMeasuring recombination frequency: I used three lines for

each species: y white (w) stock and two isofemale lines for D. SSCP marker was also made for the w locus of D. melanogaster
to confirm genotypes of some males. Table 1 summarizes themelanogaster (one collected in Australia and the other collected

in West Africa); y w stock and two inbred lines for D. simulans primer sequences and the genotype-determining methods.
Because of failure of amplification of the yakuba sta-1 frag-(one collected in Congo and the other collected in Madagas-

car); and three isofemale lines for D. yakuba, one from the ments for some template DNAs, the sta-2 primers were de-
signed and used for amplification of these DNAs and theNational Drosophila Species Resource Center at Bowling

Green, Ohio (stock no. 14021-0261.0, yak-1 in this article) genotype of all recombinants was determined using the sta-2
primers as well as the sta-1. Each of the nine parental fly stocksand two from Umeå Drosophila Stock Center, Umeå, Sweden

(stock nos. S180 and S181). Using these lines, two different was originated from single-pair mating and homozygous for
the markers used. The su(w a) primers for D. melanogaster wereG0 crosses with reciprocal crosses were done to make F1 fe-

males for each of the three species. For D. melanogaster and designed from the published sequence, GenBank accession
number X06589 (Chou et al. 1987), the sta primers exceptD. simulans, these F1 females were backcrossed to the parental

y w stocks with two replications; for D. yakuba, they were crossed for the yakuba sta-2 from M90422 (Melnick et al. 1993), and
the others from our sequence data (data not shown). Theseparately to two out of the three stocks used as parental

stocks. The same G1 crosses were repeated twice on different polymerase chain reaction was done in a total volume of 10 ml
including 1 unit of AmpliTaq Gold (Roche Molecular Systems,days. Thus, I made 48 crosses: 2 different G0 crosses 3 2

TABLE 1

Summary of the markers

Gene Primers Method

D. melanogaster
y Visible marker
su(wa)-1 CGACTGCGACAAGGTGAGCAC Length variation

GGAAGTGGAGGCTGCCGACTG
su(wa)-2 GACGATGCTTCACTCAAACTA SSCP of HindIII digests

CGGATGTGCCTGACCAGACAG
sta GGAGGACTGGAACGAGGACAC SSCP

GCATAATAAGGTGGAAGCACG
w Visible marker
w CGACAGGCGAGTGACAATAAA SSCP

GACAACAAAGAAACGGCAATG
D. simulans

y Visible marker
su(wa) CGACTGCGACAAGGTGAGCAC SSCP

TAAACCGACATTTTCCCTGTG
sta GGCAAGACCTGGGAGAAGC SSCP

GCGACGAGATGACGAAGAT
w Visible marker

D. yakuba
y GCAACTGCGTCTGACATCATT Length variation

GCTTGTGGTTTTCTGGTGGTG
su(wa) AGTAACAAACCCAAGTAGCAA Length variation

CGAATCAGAGCGAGAGGAACG
sta-1 the same primers used for D. melanogaster SSCP
sta-2 ATGGCACTACATCAGCACAGC SSCP

GCAGAAAATGAAAACAATAGG
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Branchburg, NJ). SSCP of amplification products was analyzed
on 5–20% gradient polyacrylamide gels run at z58 in a buffer
circulation system (AE-6370; Atto, Tokyo) as in Hongyo et al.
(1993); the length polymorphism was analyzed on 3% Agarose-
21 gels (Nippon Gene, Toyama, Japan).

I determined only F2 male genotypes from the molecular
markers because typing of X-chromosome markers was easier
for males than females. This probably did not affect the results
seriously because no significant F2 sex difference was found
in the recombination fraction for the y and w loci for D. mela-
nogaster (83/6854 in males and 105/7245 in females) and
D. simulans (97/5159 in males and 104/5566 in females) and
because there was no significant difference between the num-
bers of F2 males and F2 females for D. yakuba (6302 males and
6422 females). Genotypes were determined for all melanogaster
and simulans recombinants between the y and w loci, except
for four accidental losses of simulans recombinants and ne-
glected double crossovers between the y and w ; genotypes
were determined for randomly chosen yakuba F2 males, 40 to
47 males from each bottle.

RESULTS

Synonymous-substitution bias in the melanogaster and
yakuba lineages: Using the D. erecta sequences as an
outgroup, I estimated the number of synonymous substi-
tutions along the melanogaster and yakuba lineages at the
y, ac, and l’sc loci. The results indicated an accumulation
both of unpreferred synonymous substitutions in the
mel–sim and melanogaster branches and of preferred ones
in the yak–tei and yakuba branches (Table 2). Although
there was no evidence for a relaxation of codon bias in
the melanogaster lineage at y, the ratio of the number of
preferred substitutions to that of unpreferred substitu-
tions was significantly higher in the yak–tei 1 yakuba
branches than the mel–sim 1 melanogaster branches (P
from Fisher’s exact test , 0.01, for 18 and 1 vs. 11 and
8). The same result was obtained for the pooled data
of the ac and l’sc genes (P , 0.001, G9 with Williams’
correction 5 17.6, for 18 and 5 vs. 7 and 25). Together
with a lack of substitution bias in the nine genes from
other genomic regions in the (yakuba 1 yak–tei 1 mel–
sim; Takano 1998), the findings suggest region-specific
changes in substitution pattern.

The substitutions at the emc gene on the third chromo-
some did not support a function-dependent-change hy-
pothesis either. emc functions as an antagonist to the
AS-C genes and there are dosage-sensitive interactions
between emc and the proneural genes such as ac and sc
(Moscoso del Prado and Garcia-Bellido 1984; Ellis
et al. 1990; Garrell and Modolell 1990). Selection
intensity acting on the AS-C genes might have changed
between the two species, still keeping a balance between
the expression levels of the AS-C and emc genes. Under
this hypothesis, we expect the same substitution pattern
at the emc gene as the AS-C genes; however, the number
of homologous codons at which D. melanogaster encodes
a major codon and D. yakuba encodes a nonmajor codon
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TABLE 3

Lack of mutational bias in the noncoding regions at the yellow locus

mel–sim 1 melanogaster 1 simulans yak–tei 1 yakuba 1 teissieri

Region A/T → G/C G/C → A/T Others A/T → G/C G/C → A/T Others

59 flanking and intron 21 27 14 13 15 8
(13 1 3 1 5)a (13 1 8 1 6)a (7 1 5 1 2)a (5 1 4 1 4)b (4 1 7 1 4)b (2 1 5 1 1)b

Synonymous 14 16 9 32 7 6
substitutions in coding (8 1 3 1 3)a (10 1 0 1 6)a (3 1 3 1 3)a (17 1 3 1 12)b (3 1 0 1 4)b (3 1 1 1 2)b

G9 5 0.1 (P . 0.50)c G9 5 9.2 (P , 0.005)c

a The numbers of substitutions in the mel–sim, melanogaster, and simulans branches are given individually.
b The numbers of substitutions in yak–tei, yakuba, and teissieri.
c The results of a G-test with Williams’ correction for the numbers of two classes of substitutions, A/T → G/C and the reverse,

between the coding synonymous substitutions and the noncoding silent ones are given. Because none of 12 tests of independence
[3 combinations of branches (e.g., mel–sim vs. mel, mel–sim vs. sim, and mel vs. sim) 3 2 regions (noncoding and coding) 3 2
(melanogaster–simulans and yakuba–teissieri)] was significant, the number of the substitutions in the three branches (mel–sim,
melanogaster, and simulans; yak–tei, yakuba, and teissieri) were pooled.

opposite configuration (nine and eight, respectively), y locus. However, because the substitutions in the Adh
noncoding regions also showed a significant A/T toimplying a lack of substitution bias at this locus.

Taken together, the present results suggest that the G/C bias (P , 0.005, G9 with Williams’ correction 5
9.4, for 11 vs. 1), the change is not specific to the ybiased synonymous-substitution pattern was a region-

dependent phenomenon in the X-chromosome telo- locus, but the degrees of bias may depend on regions.
This change, in turn, probably led to the higher substi-mere and not specific to functionally related genes.

AT/GC mutational bias at the y locus: Because all the tution rate in the orena branch compared with the erecta.
Indeed, the Tajima’s 1D test (Tajima 1993) showed amajor codons are C- or G-ending codons (Akashi 1995),

a hypothesis to explain the above results is that there significant departure from the molecular clock hypothe-
sis (P , 0.001, x2 5 20.0, for 60 in orena vs. 20 inis A/T → G/C (A or T to G or C) mutational bias in

the yakuba lineage and G/C → A/T mutational bias in erecta; P , 0.001, x2 5 14.5, for 41 vs. 13 synonymous
substitutions in the coding region). Consistently with athe melanogaster lineage, specifically in the telomeric

region of the X chromosome. Comparing AT/GC biases lack of strong mutational bias, the same tests for the
Adh and Amy data showed no significant deviation (P .between the coding and noncoding regions of the y

gene, I examined mutational biases and their relation- 0.1, x2 5 2.7, for 28 in orena vs. 17 in erecta at Adh; P .
0.5, x2 5 0.4, for 14 in orena vs. 11 in erecta at Amy).ship with codon-usage biases. Table 3 reveals an absence

of AT/GC-biased substitutions in the 59 flanking region Difference in recombination rates in the telomeric
region of the X chromosome between D. melanogasterand the intron both in the mel–sim, melanogaster, and

simulans branches and in yak–tei, yakuba, and teissieri. and D. yakuba: A difference in recombination rates is
another possible cause of the interspecific difference inThis table also reveals a significant heterogeneity in the

numbers of A/T → G/C silent substitutions and the codon biases. Because of linkage to deleterious muta-
tions and advantageous mutations that occur in thereverse between the coding and the noncoding regions

in the yakuba and teissieri lineages. The data thus contra- vicinity, a reduction of recombination rate leads to a
reduction of effective population size in the region in-dicted the AT/GC-biased mutation hypothesis.

Unexpectedly, the orena y locus showed extremely GC- volved (Hill and Robertson 1966; Maynard Smith
and Haigh 1974; Kaplan et al. 1989; Begun and Aqua-biased substitutions, which has increased the G 1 C

content at silent sites by z5% since the divergence from dro 1992; Charlesworth et al. 1993; Charlesworth
1994; Peck 1994; Barton 1995; Santiago and Cabal-D. erecta (Table 4). The ratio of the number of A/T →

G/C substitutions to the number of the reverse in the lero 1998). The lower the recombination rate, the
smaller the effective size. The telomere of the X chro-orena branch was significantly different from those at

Adh (P from Fisher’s exact test ,0.01, for 54 and 3 vs. mosome of D. melanogaster (the y-AS-C region) is a re-
gion of severely reduced recombination (Lindsley and13 and 6) and Amy loci (P from Fisher’s exact test ,1026,

for 54 and 3 vs. 3 and 9). This ratio was also significantly Sandler 1977).
The interspecific difference in the degree of codondifferent from those at y in the ere–ore branch (P from

Fisher’s exact test ,0.002, for 54 and 3 vs. 15 and 8) bias suggested that natural selection at the AS-C and
y genes acts more effectively in D. yakuba than in D.and in erecta (P from Fisher’s exact test ,1024, for 54

and 3 vs. 5 and 8). This suggests that the local mutation melanogaster. To explain the observed region-specific
substitution patterns in the melanogaster and yakuba lin-pressure changed in the orena branch markedly at the
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Figure 2.—Localization of the y, sta, and su(w a) genes on
the polytene chromosomes of D. yakuba (A), D. erecta (B), and
D. melanogaster (C).

eages, we expected a higher recombination rate of this
region in D. yakuba than in D. melanogaster. To test this,
I studied recombination frequency in the regions of y,
suppressor of apricot [su(wa)], and stubarista (sta) genes,
where the three genes of D. yakuba are all in the tip of
the X chromosome and in the same order as in D.
melanogaster, as shown in Figure 2. The standard genetic
map positions in D. melanogaster are 0.0 for y, 0.1 for
su(wa), 0.4 for sta, and 1.5 for w (Lindsley and Zimm
1992). The fulfillment of the prediction is shown in
Table 5. The recombinant fraction in D. melanogaster
was consistent with the published map positions, but
the magnitude of recombination frequency in D. yakuba
was .10 times higher than that in D. melanogaster both
in the y-su(wa) and in the su(wa)-sta region. The recombi-
nation frequency in the y-sta region of D. yakuba did not
differ between the two F1 genotypes (12/337 for yak-1/
S181 and 13/347 for S180/S181). The estimates for D.
simulans were even lower than those of D. melanogaster.

Some autosomal multiple inversions in the heterozy-
gous condition are known to increase crossing-over fre-
quencies at the tip of the X chromosome (interchromo-
somal effect). For instance, the simultaneous presence
of the heterozygous autosomal inversions, In(2L)Cy 1
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TABLE 5

Recombination frequencies and their 95% confidence limits in the
telomeric region of the X chromosome

Species y-w y-su(w a) su(w a)-sta Entire y-sta region

D. melanogaster 0.0121 (83/6854) 0.0015 (10/6854) 0.0012 (8/6854) 0.0026
[0.0097–0.0150] [0.0007–0.0027] [0.0005–0.0023] [0.0016–0.0041]

D. simulans 0.0188 (97/5159) 0.0008 (4/4946a) 0.0002 (1/4946a) 0.0010
[0.0153–0.0229] [0.0002–0.0021] [0.0 – 0.0011] [0.0003–0.0023]

D. yakuba 0.0219 (15/684) 0.0146 (10/684) 0.0365
[0.0123–0.0359] [0.0070–0.0267] [0.0238–0.0535]

a Because of accidental losses of four recombinants between the y and w loci, the effective number was
obtained by (93/97) 3 the total number of emerging flies (5159). The confidence limits were calculated as
in Stevens (1942) and are shown in brackets.

recombination frequency at the tip of the X chromo- examine this possibility, I studied the dynamics of codon
bias in a population that was not in equilibrium.some by about three times (Schultz and Redfield

1951). Cytogenetic study revealed an inversion on the The above expectation of higher evolutionary rates
of weakly biased genes is not always the case when asecond chromosome [presumably In(2L)m in Lemeu-

nier and Ashburner 1976] in yak-1/S181 heterozy- population is not in statistical equilibrium. To illustrate
this point, consider a population of N diploid individualsgotes, but none on the second and third chromosomes

in S180/S181 heterozygotes. A lack of difference in re- at mutation-selection-drift equilibrium and assume two
states, major and nonmajor, at each codon. For simplic-combination frequencies between the yak-1/S181 and

S180/S181 heterozygotes is consistent with the previous ity, assume that the actual population size (N) is equal
to the effective size (Ne). Assume genic selection, andfinding that the heterozygous, naturally occurring in-

versions In(2L)t and In(3R)P do not increase recombina- let s be the selective advantage of major codons over
nonmajor codons in the homozygous condition. Write ution frequencies at the tip of the X chromosome

(Sniegowski et al. 1994). Consequently, the interchro- for the mutation rate from a major codon to a nonmajor
codon and v for the reverse mutation rate, and furthermosomal effect of heterozygous autosomal inversions

cannot explain z14 times higher recombination fre- assume Ne(u 1 v) ! 1. The substitution rate per codon
divided by the mutation rate (u 1 v), k, is given byquencies in D. yakuba.

In sum, these results are best explained by the hypoth- Eyre-Walker and Bulmer (1995),
esis that the degree of recombination rate affects the

k 5 {2Npuφ(2S) 1 2N(1 2 p)vφ(S)}/(u 1 v), (1)
effective population sizes of local chromosomal regions
and consequently the efficacy of natural selection. where p is the frequency of major codons, S 5 2Nes,

and φ(2S) (φ(S))is the ultimate fixation probability ofEffect of changes in recombination rates on efficacy
of selection and substitution rates: Using a stabilizing- nonmajor (major) codons whose initial frequency is 1/

2N. Note that the first term is the number of substitu-selection model, Kimura (1981) first studied codon-
usage bias and synonymous-substitution rates within the tions from major codons to nonmajor codons and the

second term is the number of the reverse substitutions.framework of the neutral theory. Li (1987) and Bul-
mer (1991) subsequently studied the same problem by φ(S) is given by φ(S) 5 S/(2N(1 2 e2S)) (Fisher 1930;

Wright 1931) and the equilibrium frequency of majorusing selection-mutation-drift models. Both studies con-
cluded that a very weak selective difference between codons (p̂) by p̂ 5 e S/(e S 1 u/v) (Li 1987; Bulmer

1991). Figure 3A shows the substitution rate at equilib-synonymous codons produces a strong bias. These mod-
els predict higher evolutionary rates of genes with rium as a function of S when u/v 5 1.5. Greater selection

intensity (S) generally results in lower substitution ratesweaker selection intensity (Gillespie 1994; Eyre-Walker
and Bulmer 1995). On the other hand, despite the as shown in Gillespie (1994) and Eyre-Walker and Bul-

mer (1995). The equilibrium frequency is a monotoni-great difference in the patterns of synonymous substitu-
tion between the melanogaster and yakuba lineages, the cally increasing function of S; however, a nonzero S

gives the maximum substitution rate when u/v . 1.total number of synonymous substitutions observed was
not significantly different between the two lineages (67 This finding may yield a lower limit for the magnitude

of S. Akashi (1996) studied the base composition atin the mel–sim and melanogaster branches and 55 in the
yak–tei and yakuba branches from Table 2). It may be twofold degenerate sites for weakly biased genes and

estimated the ratio of G/C → A/T mutation rate to thethat not enough time has elapsed to be able to detect
effects of the changes in recombination rates of the reverse mutation rate as 1.5. As mentioned above, all

the major codons of D. melanogaster are G- or C-endingtwo lineages on the synonymous-substitution rates. To
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Figure 3.—Substitution rates in equilibrium and nonequilibrium conditions. The ratio of mutation rate from a major to a
nonmajor codon (u) to the reverse mutation rate (v) is 1.5 in all figures. (A) Substitution rate in equilibrium state as a function
of twice the product of the effective population size and selection coefficient (S 5 2Nes). The substitution rate is divided by the
mutation rate (u 1 v). (B) Expected number of ultimate fixations of mutations that occurred in the generation when the
strength of selection changed from S to aS divided by the equilibrium substitution rate before the change when a 5 0.25, 0.5,
1.5, 2, 3, and 4. (C and D) Substitution rates as functions of the major-codon frequency (p) when a 5 0.5; S 5 1, 2, and 4 (C),
and when a 5 4; S 5 0.5, 1, and 2 (D). The substitution rate is divided by the equilibrium substitution rate before the change.
The frequency p decreases when a 5 0.5 and increases when a 5 4. The directions of the changes are shown by arrowheads.

codons, and thus natural selection acts against the muta- is a composite of mutations that have arisen at a variety
of times.tional pressure. The substitution rate at equilibrium for

Putting p̂ before the change [e S/(e S 1 u/v)] for p, weu/v 5 1.5 is maximized at about S 5 0.3. The significant
obtain the expected number of ultimate fixations whennegative relationship between the substitution rate and
the strength of natural selection changed. The ratios ofcodon-usage bias in the Drosophila genes (Shields et
this quantity to the original substitution rate in equilib-al. 1988; Sharp and Li 1989; Moriyama and Gojobori
rium for a 5 0.25, 0.5, 1.5, 2, 3, and 4 are graphically1992) may indicate that the selection intensity (S) with
presented in Figure 3B, which shows an increase inrespect to major and nonmajor codons is .0.3 for most
the number of substitutions after the changes in thegenes.
magnitude of S for a , 1 and a . 2. Interestingly, whenNext, consider a case in which the strength of selec-
a 5 2, the quantity given by Equation 2 is exactly thetion suddenly changes from S to aS (a is a constant).
same as the equilibrium substitution rate before theBy substituting aS for S in Equation 1, we have
change. The increase when a , 1 is attributed to a faster
accumulation of disadvantageous mutations (nonmajork 5

aS
1 1 u/v

3 31e
aS 2 u/v
1 2 e aS 2p 1

e aS

e aS 2 14 , (2)
codons); the increase when a . 2 is attributed to an
excess of advantageous substitutions that leads to a new

where k is a function of p. Because we assume that the higher equilibrium frequency of major codons. A tran-
population is generally monomorphic [Ne(u 1 v) ! 1], sient increase of substitution rate is also found with
this provides an approximate substitution rate when the changes in mutation pressure (Sueoka 1993). When
frequency of major codons is p. If this is not the case, u/v 5 1.5 and S . 0.3, the rate for a . 1 decreases
a more rigorous formulation is required to compare as the frequency of major codons approaches a new

equilibrium frequency, and the new equilibrium substi-with the actual data because the number of substitutions
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tution rate for a . 1 is lower than the original one as constant selective pressure. The higher substitution
rates in nonrecombining genomes, for instance, mayexpected (Figure 3D). The substitution rates divided by

the equilibrium substitution rates before the changes be due to a change in the magnitude of selection coeffi-
cients. In contrast, we have compared the codon biasesfor a 5 0.5 are illustrated as functions of p in Figure

3C, and those for a 5 4 in Figure 3D. The relative of the same genes between closely related species, in
which much less environmental and background effectssubstitution rate for a 5 0.5 is always .1 (Figure 3C);

that for a 5 4 is .1 for a limited period (Figure 3D). are expected. More important, these findings suggest,
simultaneously, the action of positive selection for syn-This does not necessarily mean that a high substitution

rate for a . 2 lasts for only a very short time. As an onymous substitutions in the yakuba lineage and relax-
ation of purifying selection against these in the melano-example, assume S 5 1, a 5 4, and u/v 5 1.5. The

equilibrium frequency of major codons before the gaster lineage. One caveat is that we do not know the
recombination rate in the ancestral population, whichchange is 0.64. The relative substitution rate is .1 until

p reaches 0.74, meaning a 10% increase of p. In addition, should presumably lie somewhere between those of the
two species.when S 5 1 and a 5 0.5, the relative substitution rate

immediately after the change is 1.06 and that at the Major and nonmajor codons are defined for the D.
melanogaster genes but not for the D. yakuba genes; thus,new equilibrium state (aS 5 0.5) is 1.08; the relative

substitution rate immediately after the change for S 5 some between-species differences in major codons may
exist. This potential difference, if any, cannot explain1 and a 5 4 is 1.35. These transient-rate effects may

account for a lack of significant difference in the num- the region-dependent difference in codon-usage biases
between the two species. Indeed, the number of (ymaj–ber of substitutions between the melanogaster and yakuba

lineages, despite a greater selection intensity in the ya- msnon) codons for the genes located in other genomic
regions is about the same in the opposite configurationkuba lineage compared with the melanogaster.
(ynon–msmaj); a significant heterogeneity in these numbers
exists between the AS-C genes and the others studied
(Takano 1998). A previous study also shows an absence

DISCUSSION
of differences in codon usage between D. melanogaster
and D. pseudoobscura, where the latter species is moreThe significant role of recombination in molecular

evolution is suggested by three lines of evidence: (i) a distantly related to the former species than D. yakuba
(Akashi and Schaeffer 1997). Therefore, the absencesignificantly reduced codon bias in the regions of very

reduced recombination rates compared with the other of a detailed knowledge of codon usage in D. yakuba
does not seriously affect the conclusion.regions in Drosophila (Kliman and Hey 1993; Com-

eron et al. 1999); (ii) higher evolutionary rates, prob- As shown in Figure 3, the synonymous substitution
rate depends on the efficacy of natural selection (S 5ably due to higher accumulation rates of mildly delete-

rious mutations in tRNA genes in organelles with no 2Nes) which, in turn, depends on the recombination
rate because of linkage to deleterious and advantageouseffective recombination compared with nuclear tRNA

genes (Lynch 1997), although the recombination ef- mutations. Charlesworth (1994) has pointed out that
changes in the recombinational environment of a locusfects could not be uncoupled from the population-size

effects because the organelles probably have lower Ne due to chromosome rearrangements may lead to an
evolutionary rate variation among different lineages. Inthan the nuclear genomes; and (iii) nonrecombining

genomes that experience multiple rounds of bottlenecks addition, the recombination rate can change drastically
without obvious structural changes (True et al. 1996;exhibit lower fitness than recombining genomes under

the influence of the same level of random genetic drift this study). This hypothesis differs from a model of
deleterious mutations and changing population size(Rice 1994). In addition, a recent study reveals that y

and scute (one member of the AS-C) have the highest (e.g., Takahata 1987) in two ways. First, the recombina-
tion-dependent substitution-rate hypothesis does not as-synonymous substitution rates between D. melanogaster

and D. subobscura among 18 genes compared, and that sume deleterious effects of all mutations but allows for
an excess of advantageous-mutation substitutions rela-the codon bias for these genes is much higher in D. subob-

scura than in D. melanogaster (Munté et al. 1997). Be- tive to deleterious-mutation substitutions after changes
in selection intensity. Second, and more important,cause of chromosome rearrangements, the y and AS-C

genes of D. subobscura seem to be in regions of normal changes in the population size affect all genes in the
genome in the same direction, but the recombinationrecombination rates.

The above data are all consistent with the hypothesis rate may change depending on the region. Actually,
the pattern predicted by the recombination-dependentthat reduction of recombination rates and population

sizes leads to relaxation of selective pressure. Most of substitution-rate hypothesis is similar to that of the
house-of-cards models studied by Ohta (1992), Iwasathese studies, however, are based on comparisons

among different genes or among very divergent organ- (1993), and Gillespie (1994). Gillespie (1994) re-
jected his house-of-cards model as a mechanism forisms or genomes, which do not necessarily guarantee a
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mammalian molecular evolution because the model well. Indeed, we did detect a significant A/T → G/C
mutational bias in the orena Adh noncoding regions,allows only a narrow range of selection intensity to affect

the substitution rate. Akashi’s estimate of 2.2 for Nes of where, although the difference was not statistically sig-
nificant, the number of substitutions in the orena branchD. simulans (Akashi 1995) lies in this range, and thus

the model may be applied to synonymous substitutions was larger than that in erecta (28 vs. 17).
In sum, this study provides evidence for both localin Drosophila. However, the recombination effects can-

not explain the locus-lineage interaction effects ob- recombination and mutation effects as causes of the
irregular molecular evolution at synonymous sites inserved in the synonymous substitutions fully. A signifi-

cant interaction effect also exists in the four AS-C genes Drosophila.
(Takano 1998), but there seems to be a lack of gene- I thank T. Ohta and H. Tachida for suggestions, Y. Ishii for technical
dependent difference in the recombination rates among assistance, and L. Gilner for improving the manuscript. I also thank

two anonymous reviewers and J. Hey for many helpful comments,these genes.
especially one of the reviewers for pointing out an error in the originalI previously studied the substitution-rate variation
version. I thank the National Drosophila Species Resource Center,among the Drosophila lineages with special attention
Umeå Drosophila Stock Center, N. Inomata, and C. C. Laurie for fly
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