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ABSTRACT
We have investigated patterns of within-species polymorphism and between-species divergence for synony-

mous and nonsynonymous variants at a set of autosomal and X -linked loci of Drosophila miranda. D. pseudoobscura
and D. affinis were used for the between-species comparisons. The results suggest the action of purifying
selection on nonsynonymous, polymorphic variants. Among synonymous polymorphisms, there is a signifi-
cant excess of synonymous mutations from preferred to unpreferred codons and of GC to AT mutations.
There was no excess of GC to AT mutations among polymorphisms at noncoding sites. This suggests that
selection is acting to maintain the use of preferred codons. Indirect evidence suggests that biased gene
conversion in favor of GC base pairs may also be operating. The joint intensity of selection and biased
gene conversion, in terms of the product of effective population size and the sum of the selection and
conversion coefficients, was estimated to be �0.65.

DROSOPHILA miranda (a close relative of D. pseudo- reflects the cumulative effects of this reduction in the
efficacy of selection.obscura) provides a model system for studying the

In accordance with theoretical expectation, silent-siteevolutionary effects of reduced recombination. In this
diversities at neo-Y loci are reduced compared withspecies, an autosome (Muller’s element C) has become
their neo-X linked homologs (Bachtrog and Charles-fused to the Y chromosome and does not recombine
worth 2002). In addition, data on protein evolution(the neo-Y ), while its homolog (the neo-X) cosegregates
on the neo-sex chromosomes of this species (Yi andwith the X chromosome and recombines in the homoga-
Charlesworth 2000; Bachtrog 2003a,b) suggest thatmetic females (MacKnight 1939; Steinemann and
there has been an accumulation of amino acid substitu-Steinemann 1998). The neo-Y chromosome shows clear
tions on the nonrecombining neo-Y. This probably re-signs of incipient loss of gene function, including ab-
flects a weakening of the effectiveness of selectionsence of genes, reduction in gene expression, and major
against deleterious amino acid substitutions. In addi-changes (such as deletions) to some coding sequences
tion, there is an apparent excess of fixations of synony-(MacKnight 1939; Steinemann and Steinemann 1998;
mous mutations, creating unpreferred codons on bothBachtrog 2003a,b). The absence of genetic recombi-
the neo-X and neo-Y chromosomes (Bachtrog 2003b).nation on the neo-Y chromosome is expected to result
While a reduction in the effectiveness of selection forin reduced levels of genetic variability and adaptation,
codon usage on the neo-Y chromosome of D. mirandareflecting a reduction in effective population size caused
is in accord with expectation, the reduction for neo-Xby various types of Hill-Robertson effects associated with
genes is surprising, in view of the evidence for selectionselection acting on a nonrecombining block of genes
on codon usage in D. pseudoobscura (Akashi and(reviewed by Charlesworth and Charlesworth 2000).
Schaeffer 1997). But the effective population size (Ne)The degeneration of the neo-Y chromosome probably
of D. miranda appears to be much smaller than that of
D. pseudoobscura (Yi et al. 2003). Unless there is extreme
mutational bias in favor of unpreferred codons (McVean

Sequence data from this article have been deposited with the EMBL/ and Charlesworth 1999; Takano-Shimizu 1999), this
GenBank Data Libraries under accession nos. AY754390–AY754609. could have resulted in evolution toward reduced codon
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E, B, and A, respectively (Ashburner 1989). For the otherThe primary objective of this analysis was to examine
genes, a single allele from each species was investigated. De-the patterns of protein evolution and codon usage bias
scriptions of the sequences analyzed are given in Table 1.

on autosomal and X -linked genes of D. miranda, to deter- Primers were designed for regions conserved between D.
mine whether the patterns observed for genes located melanogaster and D. pseudoobscura after identifying their or-

thologous sequences by means of a BLAST search from http://on the neo-sex chromosomes are a general feature of
hgsc.bcm.tmc.edu/blast/?organism�Dpseudoobscura and sub-this species. We used the publicly available genome se-
sequent alignment. Genomic DNA samples were extractedquence of D. pseudoobscura (http://hgsc.bcm.tmc.edu/
from a single male of each line using Puregene (Gentra Sys-

projects/drosophila/), and a set of DNA sequences that tems, Minneapolis). We employed standard PCR procedures
we determined from D. affinis, for the between-species using the Expand high-fidelity PCR system (Roche Diagnos-

tics, Lewes, East Sussex, UK), gel purifying the products withdivergence estimates. D. affinis is the only readily avail-
Qiaquick (QIAGEN, Crawley, West Sussex, UK).able relative of D. pseudoobscura and its sibling species

Cloning and sequencing: Sequences were cloned from puri-(Powell 1997), yet has been little studied at the level
fied PCR products using TOPO-TA (Invitrogen, San Diego),

of DNA sequences. The use of D. affinis together with except for the X -linked loci for which the use of a single male
D. pseudoobscura allows assignment of mutations to the fly should ensure the hemizygosity of the templates. DNA

sequencing was performed on an ABI3730 automatic sequenc-two branches of the phylogeny connecting D. miranda
ing machine using Dyenamic (Amersham Biosciences, Littleand D. pseudoobscura to their common ancestor, which
Chalfont, Buckinghamshire, UK). To minimize errors in theis extremely useful for inferring patterns of evolution
sequencing procedure for autosomal loci, at least three plas-

and variation at synonymous and noncoding sites mids from each cloning reaction were sequenced. Both strands
(Akashi 1996; Maside et al. 2004). In addition, its rela- were sequenced. All read-outs were checked for accurate base

calling and assembled using Sequencher (Gene Codes, Anntively high level of divergence from the other two species
Arbor, MI). Sequences have been deposited in GenBank (ac-makes it useful for estimates of net between-species di-
cession nos. AY754390–AY754609).vergence.

Sequence analyses: Sequences were edited and manually
The results indicate that efficient purifying selection aligned using Se-Al (A. Rambaut, http://evolve.zoo.ox.ac.uk/

is acting on amino acid replacement polymorphisms, software.html?name�Se-Al). Noncoding DNA (introns and
5�- and 3�-flanking sequences) alignments were performedand that selection is still maintaining codon usage at
using McAlign (Keightley and Johnson 2004), a programthe loci that we studied. The apparent ineffectiveness
that implements a statistical method based on an evolutionaryof selection on codon usage on the neo-X chromosome
model of the frequency distribution of gaps and substitutions

(Bachtrog 2003b) is probably a consequence of poly- observed in Drosophila. Slight differences from the alignment
morphic variants having been classed as fixed differ- used by Yi et al. (2003) for the genes used in that study mean

that there are some numerical differences from their estimatesences.
of divergence and polymorphism. Population genetic analyses
were conducted with DnaSP (� v. 3.99; Rozas 1999).

Fop, the frequency of “optimal” codons in a gene (MaraisMATERIALS AND METHODS and Duret 2001), was calculated for each gene of D. miranda
using a C program, kindly provided by L. Duret, applyingStrains used: We studied 12 D. miranda lines derived from
the table of optimal codons for D. pseudoobscura (Akashi andsingle wild-caught females: 0101.3, 0101.4, 0101.5, 0101.7 (Port
Schaeffer 1997). Amino acid mutations and synonymous sub-Coquitlam, British Columbia, Canada), 0101.9, MA28, MA32
stitutions were assigned to either the D. miranda or D. pseudoob-(Mather, CA), SP138, SP235, SP295 (Spray, OR), MSH22, and
scura branches of the phylogeny connecting these two closeMSH38 (Mount Saint Helena, CA). The flies were originally
relatives to the outgroup species D. affinis, assuming parsimonyobtained from the National Drosophila Species Resource Cen-
(Akashi 1996). Only changes assigned to the D. miranda lin-ter (Bowling Green, OH) and from M. Noor and W.W. Ander-
eage were used in the analysis of patterns of polymorphism.son. Two other lines from different species were used as out-

groups: a strain of D. affinis from Nebraska (no. 0141.2;
Drosophila Species Resource Center) and a strain of D. pseudo-

RESULTSobscura from Mather, California (provided by J. Coyne). Stocks
of all three species were reared on banana medium at 18�. Sequence polymorphism data: Nucleotide diversityDNA extraction and PCR amplification: The genes studied

within D. miranda at each locus is shown in Table 2.here were initially selected from the sequences of D. pseudoob-
The most variable gene was rosy, in agreement withscura available in GenBank until the release of its complete

genomic sequence (http://hgsc.bcm.tmc.edu/projects/dro previous reports showing that it is highly polymorphic at
sophila/), which subsequently allowed us to broaden the the coding sequence level in several Drosophila species
choice of loci. Some of these genes were included in a previous (Riley et al. 1992; Begun and Whitley 2002). Thestudy of chromosomal and DNA sequence variation in D. mi-

unweighted average silent pairwise nucleotide diversityranda (Yi et al. 2003; see Table 1). We used a longer sequence
for all the genes studied was 0.41% although a slightfor Gapdh2 than did Yi et al. (2003), so that the data for this

locus are new. Twenty loci were used for the population survey overall difference between autosomal and X -linked loci
results reported here: 6 of them are located on chromosome was detected (means of 0.48% vs. 0.28%, respectively).
2 of D. miranda (bcd, Bruce, Gld, hyd, sry-alpha, and rosy), 7 on The results given in Table 3 show that there is no signifi-
chromosome 4 (ade3, Adh, amd, Ddc, Eno, Lam, and Uro), and

cant difference in mean Ks for silent or synonymous7 on the left arm of the X chromosome (AnnX, Cyp1, Gapdh2,
sites between autosomal and X -linked genes (the meansscute, sesB, sisA, and swallow ; Yi et al. 2003; our unpublished

data). These chromosomes correspond to Muller’s elements and standard errors of the silent Ks -values between D.
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TABLE 1

Details of the genes studied

Segment sequenced

Gene 5� 3� Coding b Noncoding b Total b Chromosome

bcd bicoid Exon 2 Exon 3 1068 72 1140 2
Bruce Bruce Exon 19 Exon 23 627 306 933 2
ftz fushi tarazu Exon 1 Exon 2 1017 111 1128 2
Gld glucose dehydrogenase Exon 3 Exon 3 1350 0 1350 2
hb hunchback Exon 1 Exon 1 2001 0 2001 2
hyd hyperplastic discs Exon 15 Exon 19 903 270 1173 2
ninaE (rh1) neither inactivation nor Exon 2 Exon 5 936 762 1698 2

after potential E
Nop56 Nop56 Exon 2 Exon 3 1275 63 1338 2
RpL32 (rp49) ribosomal protein L32 5�-FID 3�-FID 402 814 1216 2
rosy (Xdh) rosy Exon 2 Exon 3 2295 63 2358 2
sry-alpha a serendipity � Exon 1 Exon 1 477 0 477 2
Tl Toll Exon 1 Exon 2 2175 90 2265 2
ade3 (Gart) adenosine 3 Exon 2 Exon 5 1377 801 2178 4
Adh a alcohol dehydrogenase 5�-FID 3�-FID 762 1496 2258 4
Adhr Adh-related Exon 2 Exon 3 678 63 741 4
Amd �-methyl dopa-resistant Exon 1 Exon 2 912 465 1377 4
Ddc dopa decarboxylase Exon 3 Exon 3 912 0 912 4
dpp decapentaplegic Exon 1 Exon 2 1002 2295 3297 4
Eno Enolase Exon 2 Exon 3 c 1050 69 1119 4
Gpdh glycerol-3-phosphate Exon 1 Exon 3 411 3544 3955 4

dehydrogenase
Lam Lamin Exon 1 Exon 2 d 1500 90 1590 4
smo smoothened Exon 3 Exon 6 1284 229 1513 4
Uro urate oxidase Exon 1 Exon 2 864 69 933 4
AnnX Annexin X Exon 2 Intron 3 612 264 876 XL
Cyp1 a cyclophylin 1 Intron 1 Intron 1 0 634 634 XL
Gapdh2 glyceraldehyde-3-phosphate Exon 1 Exon 1 768 0 768 XL

dehydrogenase 2
scute a scute Exon 1 3�-FID 684 407 1091 XL
sesB a stress-sensitive B Exon 2 Exon 4 711 174 885 XL
sisA a sisterless A 5�-FID 3�-FID 636 1292 1928 XL
swallow a swallow Exon 1 Exon 3 1026 144 1170 XL
Est-5B esterase-5B 5�-FID Exon 2 1569 186 1755 XR
Hsp83 (Hsp82) heat-shock protein 83 Exon 1 Exon 1 789 0 789 XR
Sod superoxide dismutase Exon 1 Exon 2 318 399 717 XR

Names in parentheses represent the names used in previous studies. FID, flanking intergenic DNA.
a Polymorphism data are from Yi et al. (2003).
b Length in base pairs (including alignment gaps).
c Exon 2 of D. melanogaster.
d Exon 3 of D. melanogaster.

pseudoobscura and D. affinis are 23.4 � 1.4% and 20.2 � proximate the true variance given the relatively low lev-
els of linkage disequilibrium in D. miranda (Yi et al.2.3%, for autosomal and X -linked genes, respectively),

so there is no evidence for an overall difference in 2003). This yielded an overall mean value of 0.47% for
X-linked loci and 0.51% for autosomal loci, suggestingmutation rate between autosomal and X -linked loci, as

seems usually to be the case in Drosophila (Bauer and that sexual selection may be inflating the value of Ne

for X -linked genes, as previously proposed by Yi et al.Aquadro 1997).
To increase the power of the comparison of X -linked (2003). If the X -linked values are adjusted by a factor

of 4⁄3 , to take account of the fact that the mean diversityand autosomal variation, we combined our data with
those reported by Yi et al. (2003), increasing the number for X -linked genes is expected to be three-quarters of

the autosomal value in the absence of sexual selection, theof sex-linked loci to 12. To correct for differences in
information among different loci, we weighted each difference in mean becomes 0.12%, with a lower bootstrap

95% confidence limit of �0.13%. This reflects the verylocus by its estimated net variance of nucleotide diversity
for the case of free recombination, which should ap- high among-locus variability in estimates of diversity. To
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TABLE 2

Nucleotide diversity within D. miranda (values expressed as percentages)

� b 	w
c Tajima’s D :

Gene Replacement Synonymous Silent Replacement Synonymous Silent All sites

bcd 0.02 0.74 0.87 0.04 0.95 0.97 �0.63
Bruce 0.04 0.12 0.19 0.07 0.23 0.30 �1.53
Gld 0.02 0.75 0.75 0.03 0.60 0.60 0.51
hyd 0.05 0.00 0.13 0.10 0.00 0.23 �1.79
rosy 0.24 1.75 1.69 0.25 1.69 1.63 0.02
sry-alpha a 0.31 0.30 0.30 0.36 0.28 0.28 �0.45
ade3 0.00 0.09 0.26 0.00 0.10 0.29 �0.45
Adh a 0.00 0.37 0.28 0.00 0.34 0.23 0.99
amd 0.02 0.61 0.27 0.05 0.61 0.35 �1.00
Ddc 0.21 0.32 0.32 0.19 0.31 0.31 0.32
Eno 0.02 0.43 0.34 0.04 0.66 0.52 �1.43
Lam 0.05 0.42 0.33 0.06 0.39 0.31 0.05
Uro 0.00 0.58 0.52 0.00 0.51 0.52 �0.06
AnnX 0.04 0.00 0.00 0.07 0.00 0.00 �1.14
Cyp1 a NA NA 0.49 NA NA 0.63 �0.92
Gapdh2 0.00 0.00 0.00 0.00 0.00 0.00 NA
scute a 0.11 0.36 0.25 0.13 0.42 0.34 �0.89
sesB a 0.00 0.10 0.32 0.00 0.20 0.41 �0.74
sisA a 0.41 0.84 0.75 0.43 0.65 0.84 �0.42
swallow a 0.05 0.18 0.11 0.09 0.15 0.09 �0.83

Average 0.08 0.42 0.41 0.10 0.42 0.44 �1.11

NA, not available.
a Sequence data are from Yi et al. (2003) after realignment with McAlign (Keightley and Johnson 2004).
b Pairwise nucleotide diversity (Nei 1987).
c Nucleotide site variability is based on the number of segregating sites (Watterson 1975).

reduce this variability, we removed runt (X -linked) and rosy ited negative D-values when silent and nonsynonymous
sites were combined, although only hyd was individually(autosomal), which are outside the range of variability

observed for other loci, as well as loci that showed evi- significant. The most negatively skewed values corre-
sponded to hyd and Bruce, with 5 of 5 and 4 of 5 variantsdence for significant departures from neutrality (per,

swallow, and AnnX ; see below and Yi et al. 2003). This being singletons, respectively. The mean values of � and
	w for silent variants are very close to each other (meanincreases the difference between the weighted means

for adjusted X-linked and autosomal values (0.65 and paired difference of �0.038%, with standard error of
0.020%), with 7 of 18 comparisons giving positive values,0.35%, respectively); the lower bootstrap 95% confi-

dence limit for the difference is 0.00% and the differ- so there is no significant evidence of an overall depar-
ture of silent variants from neutral expectation, in agree-ence in observed adjusted mean has P 
 0.05 on a

t-test (t � 2.26, 16 d.f.). This suggests that sexual selec- ment with the conclusions of Yi et al. (2003). In con-
trast, only 1 of 14 loci with replacement polymorphismtion may be acting to reduce autosomal variability in D.

miranda, in agreement with the conclusion of Yi et al. data have larger � than 	w for nonsynonymous variants
(the mean difference is �0.023%, SE 0.005), P � 0.001(2003), but more data are clearly needed to resolve this

point. A possible problem with this conclusion is that on a sign test. This suggests the action of purifying
selection on replacement polymorphisms (see below).there is evidence for weak selection on synonymous

variants (see below). However, the theoretical results of Although the pooled frequency distribution of nonsyn-
onymous variants was more skewed toward low-fre-McVean and Charlesworth (1999) show that such

selection reduces the ratio of X -linked to autosomal quency variants than the distribution of synonymous
variants, the distributions did not differ significantly onvariability, if the deleterious effects of mutations are

recessive or additive, as usually seems to be the case. a Mann-Whitney U -test (data not shown).
Another way of testing whether the patterns of nucleo-The frequency spectrum of variants at each locus was

studied using Tajima’s D statistic (Tajima 1989), for tide variation and divergence are compatible with the
standard neutral model is to apply the HKA test, whichwhich a significantly negative value indicates that there

are more low-frequency variants than expected under asks if polymorphism levels for each locus are propor-
tional to divergence between species (Hudson et al.the neutral model. Fourteen out of the 20 genes exhib-
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TABLE 3

Synonymous (K s), silent (K silent), and nonsynonymous (K a) divergence between D. miranda, D. pseudoobscura,
and D. affinis, expressed as percentages

D. miranda vs. D. pseudoobscura D. miranda vs. D. affinis D. pseudoobscura vs. D. affinis

Gene K s K silent K a K a/K s K s K silent K a K a/K s K s K silent K a K a/K s

bcd 4.13 3.58 0.14 0.03 22.32 21.32 0.91 0.04 20.89 19.78 1.02 0.05
Bruce 6.55 6.35 0.23 0.03 39.01 29.57 0.86 0.02 41.59 31.68 0.63 0.02
ftz 6.05 5.39 0.96 0.16 20.83 19.52 3.51 0.17 19.75 18.02 3.36 0.17
Gld 4.16 4.16 0.01 0.00 20.96 20.96 0.40 0.02 20.07 20.07 0.39 0.02
hb 3.77 3.75 0.32 0.09 23.87 23.74 0.93 0.04 22.96 22.83 1.06 0.05
hyd 2.50 2.37 0.60 0.24 20.42 18.35 0.87 0.04 21.78 18.85 0.72 0.03
ninaE 3.73 3.81 0.00 0.00 23.23 32.53 0.84 0.04 23.78 33.81 0.84 0.04
nop56 4.11 3.97 0.31 0.08 17.15 19.14 0.52 0.03 18.82 20.20 0.62 0.03
RpL32 3.21 2.15 0.00 0.00 13.68 13.16 0.00 0.00 17.59 13.71 0.00 0.00
rosy 6.03 5.81 0.52 0.09 28.40 27.00 2.19 0.08 30.66 28.93 2.22 0.07
sry-alpha 2.75 2.75 0.62 0.23 35.60 35.60 11.23 0.32 34.46 34.46 10.80 0.31
Tl 6.92 6.65 0.42 0.06 26.53 25.22 5.94 0.22 24.89 24.29 5.74 0.23
ade3 5.27 5.91 0.83 0.16 22.34 27.16 1.18 0.05 25.49 29.10 0.68 0.03
Adh 4.49 3.21 1.06 0.24 20.34 26.41 1.78 0.09 20.07 25.94 2.14 0.11
Adh-dup 3.87 4.76 0.97 0.25 33.31 33.80 2.64 0.08 35.24 35.22 2.84 0.08
amd 2.30 2.83 0.30 0.13 22.92 16.54 1.47 0.06 23.03 17.54 1.45 0.06
Ddc 6.01 6.01 0.29 0.05 26.99 26.99 1.28 0.05 32.30 32.30 1.01 0.03
dpp 3.26 4.45 1.07 0.33 12.86 18.91 2.14 0.17 11.81 18.92 1.99 0.17
Eno 2.67 2.41 0.01 0.00 12.12 11.20 1.08 0.09 12.77 12.08 1.07 0.08
Gpdh 3.25 3.32 0.00 0.00 7.81 16.09 0.00 0.00 11.43 14.98 0.00 0.00
Lam 3.03 2.40 0.64 0.21 25.10 22.77 3.97 0.16 26.25 23.70 4.23 0.16
smo 3.74 2.80 0.10 0.03 14.41 17.06 0.56 0.04 13.41 16.30 0.41 0.03
Uro 6.96 5.82 0.31 0.04 25.50 23.84 1.23 0.05 26.41 25.04 1.23 0.05
AnnX 8.96 9.55 0.02 0.00 22.87 25.47 0.66 0.03 25.73 30.98 0.64 0.02
Cyp1 — 2.11 — — — 14.48 — — — 14.04 — —
Est-5B 5.78 4.79 0.96 0.17 31.82 24.20 4.47 0.14 31.35 24.17 4.47 0.14
Gapdh2 3.22 3.22 0.00 0.00 15.07 15.07 0.35 0.02 17.02 17.02 0.35 0.02
Hsp83 4.18 4.18 0.00 0.00 17.60 17.60 0.16 0.01 16.77 16.77 0.16 0.01
scute 2.13 3.98 0.26 0.12 23.18 13.84 2.08 0.09 24.63 16.55 2.22 0.09
sesB 2.44 3.83 0.37 0.15 7.15 16.42 0.65 0.09 7.11 15.63 1.02 0.14
sisA 3.91 3.50 1.16 0.30 29.73 25.09 10.56 0.36 31.97 27.40 9.33 0.29
Sod 5.60 1.79 0.41 0.07 16.55 9.55 1.66 0.10 16.57 9.81 1.24 0.07
swallow 4.64 3.70 1.11 0.24 34.64 29.59 8.07 0.23 37.21 30.18 7.71 0.21

Average 4.36 4.10 0.44 0.11 22.32 21.76 2.32 0.09 23.24 22.43 2.24 0.09
SE 0.284 0.287 0.068 0.017 1.359 1.146 0.498 0.015 1.422 1.241 0.469 0.015

Silent (K silent), synonymous (K s), and nonsynonymous (K a) divergence was estimated by the Jukes-Cantor
correction for multiple hits. The data shown in this table are not corrected for within-species diversity.

1987). To do this, we used a maximum-likelihood ver- significantly from the null hypothesis of neutrality, in
agreement with Begun and Whitley (2002) and Rileysion of this test (Wright and Charlesworth 2004),

available at www.yorku.ca/stephenw. The application of et al. (1992). No evidence for departure from neutrality
at rosy was obtained from other tests, such as haplotypethis program to our data on silent sites, using D. affinis

for measuring divergence, showed that only three loci tests. After removing AnnX and swallow, we compared
the log-likelihood obtained when the expected diversi-departed significantly from neutral expectation (con-

servatively adjusting the expected diversity values for ties for X -linked loci were set to three-quarters of the
autosomal values with that for the case of equal expectedX -linked loci to three-quarters of those for autosomes):

AnnX, swallow, and sry-alpha (P 
 0.001, 0.003, and 0.02, values for X -linked loci and autosomes (strong sexual
selection). The resulting � 2 was 5.24, P � 0.023, sup-respectively). All of them showed less variability than

expected from their divergence levels, suggesting possi- porting the above conclusion that D. miranda is subject
to sexual selection.ble effects of selection. The result for sry-alpha is not

significant if allowance is made for multiple tests. rosy, Selective constraints on protein sequences: When a
gene is evolving neutrally, the ratio of nonsynonymousdespite being unusually polymorphic, did not deviate
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to synonymous or silent-site divergence (K a/K s) should sequences, we identified polymorphic replacement and
synonymous mutations within coding sequences of D.be equal to one, but selective constraints on the protein

sequence cause the ratio be lower (K a/K s 
 1), because miranda and apparent fixed differences between D. mi-
randa and D. affinis (Table 4). We then applied theselection removes deleterious nonsynonymous mutations

(Kimura 1983). To assess the levels of selective constraints McDonald-Kreitman test (McDonald and Kreitman
1991), which compares the ratios of polymorphism toon protein sequence in our sample, we estimated the

proportions of replacement (K a), silent (K silent), and syn- divergence among different types of sites that are inter-
spersed along the same sequence. Under the neutralonymous substitutions (K s) per site among D. miranda,

D. pseudoobscura, and D. affinis (Table 3), using the Jukes- model, the ratio of silent to replacement variants should
be the same for polymorphisms as for fixed differences.Cantor correction for multiple hits (Jukes and Cantor

1969). Most genes did not show significant values of this ratio
(except for Ddc and hyd). The existence of an excessOn average, pairwise comparisons among the three

species under analysis show very similar K a/K s ratios. of polymorphisms relative to fixations for replacement
variants, compared with the ratio of synonymous poly-Interestingly, the mean K a -, K s-, and K a/K s-values be-

tween D. miranda and D. pseudoobscura are extremely morphisms to fixations, in the overall data set was evalu-
ated by the Mantel-Haenszel statistic, z. This involvesclose to those for loci on the neo-X chromosome of D.

miranda after excluding two loci that appear to be under the sum over all the tables of the deviations of the
observed numbers of replacement polymorphisms frompositive selection (Bachtrog 2003b, Table 2). How-

ever, given the close relationship between D. miranda the expected numbers when the cell frequencies for a
table are the products of the row and column frequen-and its sibling species D. pseudoobscura (Yi et al. 2003),

it is desirable to apply a correction for within-species cies, divided by its sampling standard deviation (Snede-
cor and Cochran 1980). For the number of indepen-genetic variation when comparing them. The silent pair-

wise nucleotide diversity for D. pseudoobscura (�silent � dent 2 � 2 tables used here, z should be close to a
standard normal variate. This was checked by compar-1.48%) was estimated by taking the mean of individual

locus values from previous studies (Hamblin and Aqua- ing the normal probability values to those from 10,000
resamplings of the 2 � 2 tables, keeping row and columndro 1999; Kovacevic and Schaeffer 2000; Machado

et al. 2002). The mean of this and the mean for D. numbers fixed; there was excellent agreement. Includ-
ing all 18 relevant loci, z � 3.00, P 
 0.001; if rosymiranda in the present analysis (�silent � 0.34%, exclud-

ing the unusually highly variable rosy locus) were sub- is removed (which contributes a large fraction of the
polymorphisms), z � 2.73, P 
 0.01. If singletons aretracted from the mean silent divergence between the

two species (K silent � 4.10%), providing a slightly lower removed from the tables, the corresponding z-statistics
become 1.28 and 1.01, respectively, which are nonsig-estimate of net divergence (K silent � 3.19%). An analysis

of published value for DNA sequence polymorphism nificant. This suggests strongly that the low-frequency
replacement polymorphisms are slightly deleterious. Wein D. pseudoobscura suggests that the replacement-site

nucleotide diversity is fairly similar to that for D. miranda estimated the value of Nes (where Ne is the effective
population size, and s is the selection coefficient on a(V. Noël, C. Bartolomé and B. Charlesworth, un-

published data), so that the adjusted mean value of K a homozygous deleterious replacement variant), using a
modification of the method of Maside et al. (2004) foris �0.36%. This yields a ratio of adjusted mean K a to

mean K silent of 0.11, which is the same as the mean of estimating the intensity of selection on codon usage.
This involves using the frequency spectrum for segregat-K a/K s. Given the much larger divergence from D. affinis,

the lack of correction for within-species polymorphism ing mutations under selection with no dominance
(Equation 9 of McVean and Charlesworth 1999) towill have only a small effect on the comparisons with

D. affinis. As shown in Table 3, all genes are subject to calculate the expected proportion of singletons in a
sample, yielding a maximum-likelihood estimate of Nespurifying selection (K a/K s 
 1).

However, it should be pointed out that there is some on the assumption of independence among sites with
the same selection coefficient for each site. Poolingheterogeneity in selective constraints among loci: sry-

alpha, sisA, and swallow seem to exhibit unusually fast across loci, we obtained a value of 1.2, with 2-unit sup-
port limits (0.2, 2.7). Variation among sites in the selec-rates of amino acid evolution, although there was no

evidence for positive selection even when these three tion coefficient is likely to cause this estimate to be
downwardly biased (see below).loci were pooled (see below). There is a slightly but not

significantly higher mean K a for X -linked genes (3.0 � Codon usage bias: As described in materials and
methods, we estimated codon usage bias from the fre-1.1%, compared with 1.9 � 0.50% for autosomes). This

is consistent with the higher rate of protein sequence quency of optimal codons (Fop) for each gene, i.e., the
fraction of optimal codons among all codons in theevolution observed for the right arm of the X in com-

parisons of D. pseudobscura and its relatives, relative to the gene (Ikemura 1981; Duret and Mouchiroud 1999).
The major codon preferences of D. pseudoobscura aresame genes (which are autosomal) in comparisons of D.

melanogaster and its relatives (Counterman et al. 2004). very similar to those of D. melanogaster (Akashi and
Schaeffer 1997), so that preferences in either speciesTo examine further the nature of selection on protein
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TABLE 4

McDonald-Kreitman tests (coding regions)

Fixed Polymorphic

Gene Synonymous Nonsynonymous Synonymous Nonsynonymous P

bcd 46 7 7 1 1.00
Bruce 44 4 1 1 0.19
Gld 58 4 6 1 0.42
hyd 36 5 0 2 0.02*
rosy 124 33 29 13 0.22
sry-alpha 34 34 1 4 0.36
ade3 68 11 1 0 1.00
Adh 34 10 2 0 1.00
amd 42 10 4 1 1.00
Ddc 49 8 2 4 0.01**
Eno 28 8 5 1 1.00
Lam 74 42 4 2 1.00
Uro 41 8 3 0 1.00
AnnX 28 3 0 1 0.13
Gapdh2 26 2 0 0 —
scute 31 10 2 2 0.56
sesB 12 3 1 0 1.00
sisA 38 42 2 6 0.28
swallow 62 54 1 2 0.60

Pooled 875 298 71 41

Synonymous and Nonsynonymous are the number of synonymous and nonsynonymous changes, respectively.
D. affinis was used as an outgroup. P was calculated using the two-tailed Fisher’s exact test, comparing numbers
of synonymous vs. replacement changes in the fixed and polymorphic categories, respectively. *P 
 0.05,
**P  0.01.

can be used to define optimal codons for D. miranda. To assess this, we classified synonymous changes as
either polymorphic variants within D. miranda or fixedTo check this, we compared the values of Fop using the

tables of preferences from both species and the results differences between D. miranda and D. pseudoobscura (Ta-
ble 6). The ancestral state was inferred by parsimonydid not differ significantly (Table 5), except for those

from sry-alpha, whose Fop-values were 0.42 and 0.57 using using D. affinis as a distant outgroup (Akashi 1995),
and mutational changes were assigned to the branchesthe D. pseudoobscura and D. melanogaster preferences, re-

spectively. Given that D. miranda is much closer to D. of the phylogeny leading to D. miranda and D. pseudo-
obscura. To avoid confounding effects of polymor-pseudoobscura than to D. melanogaster, we used the D.

pseudoobscura preferences in all the subsequent analyses. phism within D. pseudoobscura, for which data are lack-
ing in our study, we consider only fixed mutations as-The major codon preference model assumes that se-

lective forces on synonymous codons are weak (Bulmer signed to the D. miranda branch. We found that rpd was
much higher for P → U mutations than for U → P1991; Akashi 1995). Comparisons of sequence data

within and between species thus provide a means of changes (1.9 vs. 0.5, P 
 0.01, one-tailed contingency
test), consistent with the action of weak selection againstdetecting these forces, which otherwise would be diffi-

cult to detect (Akashi 1995). Given that selection is P → U changes. In addition, the numbers of P → U
and U → P fixations do not differ significantly fromexpected to be less efficient at removing slightly deleteri-

ous mutations than preventing their fixation (Kimura equality (19 and 12, respectively), consistent with codon
usage being in equilibrium in these two species (Bulmer1983; Akashi 1995), one way of detecting selection at

synonymous sites is to compare the ratio of polymor- 1991). If there had been a genome-wide relaxation of
selection on codon bias (consistent with a recent declinephism to divergence (rpd) between the two different

classes of synonymous changes that change codon usage in the effective population size, Ne), as seems to have
happened in D. melanogaster (Akashi 1996), we wouldbetween preferred (P) and unpreferred (U ) codons. If

there is no selection, the rpd ratio for P → U changes observe an excess of P → U fixations.
Conversely, a recent population expansion would pro-should be equal to that for U → P changes. In contrast,

higher ratios of polymorphism to divergence for P → duce an excess number of singletons compared to neu-
tral expectation. To check for this, we performed a FuU than for U → P changes are expected if there

is selection against unpreferred (nonoptimal) codons and Li (1993) test. As shown in Table 7, there was no
overall significant departure from neutral expectations(Akashi 1995).
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TABLE 5 phism to divergence relative to the ratio for synonymous
mutations, contributed by low-frequency variants (Ta-Estimates of codon usage bias (Fop) in D. miranda
bles 2 and 4). This contrasts with the results of the survey
by Weinreich and Rand (2000) of data on 39 nuclearFop Fop

Gene (D. pseudoobscura) (D. melanogaster) genes from various Drosophila species, which showed
little evidence for purifying selection, although selec-bcd 0.50 0.52
tion against low-frequency nonsynonymous variants hasBruce 0.55 0.56
been inferred for D. melanogaster on somewhat differentftz 0.60 0.56
grounds (Fay et al. 2002). A high frequency of adaptiveGld 0.60 0.57

hb 0.55 0.50 amino acid substitutions among nonsynonymous fixed
hyd 0.21 0.25 differences has been suggested by recent applications
ninaE 0.57 0.62 by Smith and Eyre-Walker (2002) and Fay et al. (2002)
nop56 0.59 0.64 of modifications of the McDonald-Kreitman test to com-RpL32 0.67 0.75

parisons between D. simulans and D. yakuba and betweenrosy 0.64 0.61
D. simulans and D. melanogaster, respectively. A likelihood-sry-alpha 0.42 0.57
based extension of this approach by Bierne and Eyre-Tl 0.66 0.63

ade3 0.48 0.48 Walker (2004) estimated that �20% of amino acid
Adh 0.66 0.69 substitutions between D. simulans and D. yakuba are
Adh-dup 0.56 0.57 driven by positive selection.
amd 0.53 0.55 In contrast, application of the method of Smith andDdc 0.60 0.62

Eyre-Walker (2002) to the seven loci in our data setdpp 0.44 0.41
with more than five polymorphisms in their coding se-Eno 0.76 0.77
quence yields an estimate of �0.32 for this proportion,Gpdh 0.48 0.46

Lam 0.64 0.64 with an upper 95% bootstrap confidence limit of 0.07.
smo 0.50 0.52 For this small set of genes, there is therefore no strong
Uro 0.64 0.64 evidence for anything other than purifying selection
AnnX 0.69 0.65 on amino acid substitutions. The results of BachtrogCyp1 0.66 0.67

(2003a,b) and Bachtrog and Charlesworth (2002)Est-5B 0.42 0.40
suggest that 2 of 10 neo-X -linked genes of D. mirandaGapdh2 0.33 0.40
have been subject to positive selection for amino acidHsp83 0.67 0.70

scute 0.63 0.61 replacements since the divergence of the neo-X and neo-
sesB 0.66 0.72 Y chromosomes. It is not clear whether this difference
sisA 0.63 0.56 between the neo-X genes and the genes surveyed here
Sod 0.69 0.73 is meaningful.swallow 0.58 0.55

Maintenance of codon usage in D. miranda by selec-
tion: Our finding that codon usage in D. miranda seemsAverage 0.57 0.58
to be approximately in equilibrium ostensibly differs

Fop-values for D. miranda were calculated using the prefer- from the results for genes on the neo-sex chromosomes
ences table of D. pseudoobscura and D. melanogaster.

of D. miranda (Bachtrog 2003b), which suggested that
selection was not maintaining codon bias. However, it
seems likely that the excess of fixations of unpreferredfor both coding and noncoding sequences. This is in

agreement with the results of Yi et al. (2003), who found mutations on the neo-X chromosome lineage observed
by Bachtrog (2003b) is probably due to the use ofno convincing evidence for a recent population expan-

sion in D. miranda from polymorphism data on a set of only one sequence per locus, which causes some poly-
morphisms to be incorrectly classified as fixations. Given12 autosomal, X, and neo-X linked genes, in contrast to

its close relative D. pseudoobscura (Machado et al. 2002). that selection in favor of preferred codons generates an
excess of P → U over U → P polymorphisms (Akashi
1995), inclusion of polymorphisms among fixations will

DISCUSSION
inflate the number of inferred P → U fixations.

To test this possibility, we reestimated the number ofNature of selection on protein sequences in D. mi-
randa : Our analysis of polymorphism and divergence changes between D. miranda and D. pseudoobscura using

a single, randomly chosen sequence from each gene.data on 20 autosomal and X -linked loci of D. miranda
suggests that there is a predominance of purifying selec- The number of substitutions to unpreferred codons

was greatly overestimated when we employed a singletion on polymorphic amino acid replacement variants,
as indicated by an excess of low-frequency nonsynony- sequence, with 37 P → U and 14 U → P fixations

(P 
 0.005, �2-test against 1:1 expectation). When wemous polymorphisms over neutral expectation and a
significantly larger ratio of nonsynonymous polymor- compared our results with those shown in Table 4 of
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TABLE 6

Synonymous changes (using D. pseudoobscura preferences table)

Fixed Polymorphic

Gene P-U U-P P-P U-U Total NS P-U U-P P-P U-U Total NS

bcd 3 0 0 0 3 0 3 0 0 2 5 1
Bruce 1 1 0 1 3 1 0 0 0 1 1 1
Gld 1 3 0 1 5 0 2 1 0 3 6 1
hyd 0 0 0 1 1 2 0 0 0 0 0 1
rosy 2 1 0 1 4 0 14 2 0 5 21 11
sry-alpha 0 0 0 2 2 0 0 0 0 1 1 4
ade3 2 0 0 1 3 5 1 0 0 0 1 0
Adh 2 0 0 1 3 2 2 0 0 0 2 0
amd 1 1 0 0 2 0 3 0 0 0 3 1
Ddc 0 1 0 1 2 1 1 0 0 1 2 2
Eno 0 0 0 2 2 0 5 0 0 0 5 1
Lam 1 0 0 1 2 1 1 1 0 2 4 2
Uro 2 1 0 2 5 1 1 0 0 0 1 0
AnnX 2 2 0 0 4 0 0 0 0 0 0 1
Gapdh2 1 0 0 0 1 0 0 0 0 0 0 0
scute 0 0 0 0 0 0 2 0 0 0 2 2
sesB 0 2 0 0 2 0 0 1 0 0 1 0
sisA 0 0 0 1 1 4 1 1 0 1 3 6
swallow 1 0 0 2 3 3 1 0 0 0 1 2

Total 19 12 0 17 48 20 37 6 0 16 59 36

Bachtrog (2003b), we found no significant differences fer 1997), so that GC-biased gene conversion (Galtier
et al. 2001; Birdsell 2002), or recent changes in thein the proportions of changes for either the neo-X or

the neo-Y chromosomes using �2-contingency tests. This intensity of mutational bias (Francino and Ochman
1999), could be confounded with the effects of selectionstrongly suggests that the use of a single allele inflates

the estimates of numbers of P → U fixations for the
highly polymorphic neo-X chromosome. We also exam- TABLE 7
ined the pattern of ostensible fixations for the loci se-

Fu and Li’s D-test statisticsquenced in D. affinis for which polymorphism data are
not available for D. miranda (Tables 1 and 2). We found

Gene Coding Noncoding29 P → U vs. 5 U → P “fixations” on the D. miranda
branch. This does not differ significantly from the value bcd �0.23 0.97

Bruce �1.42 �1.12for the set with polymorphism data, when analyzed by
Gld �0.01 NAusing single sequences from D. miranda.
hyd �0.45 �1.07These results imply that codon usage in the recombin-
rosy 0.29 0.95ing portion of the D. miranda genome is still being sry-alpha �0.27 NA

maintained by selection, contrary to the conclusion of ade3 0.70 0.70
Bachtrog (2003b) for the neo-X. More polymorphism Adh 0.95 0.83
and divergence data for the neo-X are clearly desirable amd �0.27 �1.42

Ddc 0.30 NAto check this conclusion, and these are currently being
Eno �2.12 NAcollected. Given the low level of polymorphism on the
Lam 0.52 NAneo-Y chromosome, the bias in this case is negligible,
Uro 1.11 �1.42so that the results of Bachtrog (2003b) imply that AnnX �1.42 NA

P → U mutations are accumulating on the neo-Y chro- Cyp1 NA �1.34
mosome, as would be expected from its exposure to scute �0.63 �1.12
Hill-Robertson effects due to its lack of recombination sesB �1.42 �0.01

sisA �0.01 �1.07(Charlesworth and Charlesworth 2000).
swallow �1.12 NAHowever, other factors could have similar effects to

selection on the ratio of polymorphism to divergence
Combined sample �0.40 �1.55for synonymous mutations. Almost all preferred codons

NA, not available.in D. pseudoobscura end in G or C (Akashi and Schaef-
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TABLE 8

Polymorphic and fixed synonymous changes at coding
and noncoding sites in D. miranda

Fisher’s
Sites GC → AT AT → GC exact test

Coding
Fixed 30 12 P � 0.012
Polymorphic 48 4
rpd 1.60 0.33 rc � 4.80

Noncoding
Fixed 16 22 P � 0.285
Polymorphic 13 9
rpd 0.81 0.41 rnc � 1.99

Figure 1.—Correlation between GC content at the third
codon position and GC content in introns. Solid line, includ-
ing all loci; dashed line, discarding the outlier; arrow, indicates

on codon usage. Given that the former are nonselective the outlier.
mechanisms, they should have similar effects on coding
and neighboring noncoding regions, so that the analysis
of nucleotide substitutions in these two fractions of the substitution patterns between coding sequences and in-

trons, we can conclude that biased gene conversiongenome should reveal which forces are involved.
We compared rpd (GC → AT) to rpd (AT → GC) in toward GC (BGCGC) and/or changes in mutational bias

are not the major forces driving codon usage evolution.coding (rc) vs. noncoding DNA (rnc) and found that rc

was much greater than rnc (Table 8). This is due to a This does not, of course, completely exclude a role for
these forces. BGCGC is expected to generate a correlationsubstantial excess of GC → AT polymorphisms at synony-

mous sites compared with noncoding sites (P 
 0.01, between the base compositions of adjacent coding and
noncoding sequences (Galtier et al. 2001; Marais�2-contingency test with Yates’ correction). However,

there is also a significant excess of GC → AT fixations 2003). For the genes in Table 1, we found a nonsignifi-
cant correlation between the GC content of intronsamong the coding sequences (P 
 0.01), apparently

conflicting with the above inference that base composi- (GCi) and the GC content at the third codon position
(GC3) of the genes in which they reside (Kendall’s � �tion is at equilibrium. No such difference is found for

the noncoding sequences, and the difference between 0.11, P � 0.43, two-tailed test; Figure 1). The pattern is
the same when we use the corresponding D. pseudoob-the two types of sequence is significant (P 
 0.01). The

probable reason for the excess of GC → AT fixations scura sequences. This is consistent with the weak correla-
tions reported for D. melanogaster (Kliman and Heyat synonymous sites is that the expectation of equality

of GC → AT and AT → GC fixations holds only for 1994; Marais and Piganeau 2002), which could not be
detected in the small sample of genes used here.those mutations that arose in the D. miranda lineage

from sites that were fixed at the time of divergence from Estimates of the intensity of selection on codon usage:
To estimate the selection intensities at synonymous sites,the common ancestor with D. pseudoobscura. Given the

low divergence between the two species compared with we applied a maximum-likelihood method based on the
frequencies of P → U mutations among P → U andthe within-species diversity in D. pseudoobscura (see re-

sults), it is likely that a significant fraction of fixations U → P polymorphic sites (Maside et al. 2004). The
scaled selection parameter 4Nes is denoted by �, whereinvolve polymorphisms that were present in the com-

mon ancestor. It is easily shown that the ratio of the 2s is the selection coefficient against a homozygous U
variant (diploidy, no dominance, and equal selectionprobabilities of fixation of deleterious and favorable

variants is higher for polymorphic variants than for new coefficients at each site are assumed). For the pooled
data set, the maximum likelihood of � was 2.5 (2-unitmutations, since a relatively frequent deleterious variant

has already avoided loss from the population. We would support limits 1.5–3.8); this value did not differ signifi-
cantly from those obtained after dividing the data settherefore expect an enrichment of deleterious variants

among fixed differences that have arisen from ancestral into two groups of genes with low bias (Fop 
 0.60, � �
2.6) and high bias (Fop � 0.63, � � 2.2). This lack ofpolymorphisms; this hypothesis can be tested by de-

termining the status of variants within D. pseudoobscura, an apparent difference between classes may reflect the
limited range of Fop-values in our sample of genes: theby comparison with D. miranda and D. affinis, to see if

there is evidence that they are often ancestral (V. Noël, average Fop-values for the low- and high-bias groups were
0.50 � 0.024 and 0.66 � 0.009, respectively.C. Bartolomé and B. Charlesworth, unpublished

data). With � � 2.5, we have an Nes -value of 0.63 (with �95%
confidence interval of 0.38–0.95). This implies the ac-Since our results imply a significant difference in the
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TABLE 9tion of very weak natural selection on synonymous
changes, given that Ne for D. miranda is of the order of Effects of variance in � on estimates of mean � (�)
1 million (Yi et al. 2003). This value of Nes is lower than
previous estimates obtained by different methods in � � � �� �approx �normal

other species of Drosophila (Akashi and Schaeffer
∞ 0 2.50 0.00 2.50 2.501997), but is very similar to that for D. americana, ob-
20 0.13 2.57 0.56 2.59 2.60

tained by the present method (Maside et al. 2004). 10 0.26 2.64 0.84 2.72 2.65
These differences probably reflect the sensitivity to de- 5 0.56 2.82 1.26 3.02 2.87
mographic perturbations of allele frequency spectra of 2 1.85 3.71 2.62 4.19 —

1 4.79 4.79 4.79 5.55 —the methods used previously (Maside et al. 2004).
0.5 23.00 11.30 16.30 8.38 —We also estimated the selection intensities from the

proportion of U singletons among P → U and U → P) The first four columns relate to a gamma distribution of
polymorphisms (Maside et al. 2004); the results were the scaled selection intensity �; the fifth gives the estimate of

mean � obtained for a general distribution from the second-not significantly different from the above estimate (� �
order Taylor series approximation, with the same variance as1.2, upper 2-unit support limit 3.1). This agrees with
the gamma distribution; the sixth is the estimate for a normalthe absence of evidence for a recent population expan-
distribution with this variance. See text for further details.

sion in D. miranda, described above.
Effects of BGC: The absence of evidence for BGCGC

in our data on noncoding sequences may simply reflect The larger predicted value of mean GC3 compared
with the observed value thus suggests that BGCGC maythe relatively small amount of polymorphism data. Fol-

lowing the approach of Maside et al. (2004), we have have some effect on the base composition of both cod-
ing and noncoding sequences, since it causes an under-indirect evidence for effects of BGCGC. We can compare

the expected value of GC3 with that expected from the estimation of the mutational bias parameter (Maside
et al. 2004). A GC3 content of 0.69 with a ��-value of 2.0estimated mutational bias in favor of GC → AT muta-

tions and the intensity of selection on preferred codons. implies a mean k-value of 3.3; this in turn suggests a ��-
value of 0.75 for noncoding sequences, to account forThe former can be estimated from the GC content of

introns (GCi); assuming equilibrium under neutrality, the observed value of GCi. This is well within the 2-unit
support limits for the maximum-likelihood estimate ofthe mutational bias k for a gene (the ratio of the muta-

tion rates for GC → AT and AT → GC mutations) can �� from the noncoding polymorphism data in Table 8
(��1.0–1.8); further data on polymorphisms at non-be estimated from the standard formula for statistical

equilibrium under mutation pressure alone (Bulmer coding sites are needed to examine this question fur-
ther. This value of k requires a � of 1.48 to yield the1991) as (1/GCi) � 1. Taking the mean of 1/GCi over

all 27 D. miranda genes for which data are available, observed mean value of Fop (Table 5); this falls within
the 2-unit support limits for the maximum-likelihoodthe estimated mean value of k is 1.77, with a standard

deviation of 0.49. Assuming as a rough approximation estimate of �. This analysis does not, of course, distin-
guish between the effects of selection and BGC on non-that the selection intensity for GC3 (��) is 80% of that

estimated for preferred codon usage (i.e., �� � 2.0; coding sequences, but comparative studies of base com-
position across the genome tend to support a role forMaside et al. 2004), the predicted value of GC3 from

the equation for equilibrium under selection, drift, and BGC (Marais 2003).
Effects of variation in the selection parameter: An-mutation (Bulmer 1991) is 0.81, much larger than the

observed value of 0.69. other question is the extent to which estimates of � may
be biased by variation in �-values among different sites.This value might, in fact, be somewhat underesti-

mated if there is variance in k among genes, as indicated This is relatively hard to examine in the context of
maximum likelihood without using simulations, but isby the substantial variance in GCi. A second-order Tay-

lor series correction for the effect of variance in k on simple to model for the method of moments estimator
obtained by equating the theoretical and observedthe equilibrium value of GC3 (p) yields the following

prediction for mean GC3, values of the proportion of P → U polymorphisms
among P → U and U → P polymorphisms. Unless
the existence of variation in � among sites has a large

p � p(k)
⎧
⎨
⎩
1 �

Vk

(k � exp ��)2

⎫
⎬
⎭

(1a) effect on the sampling distribution, this should yield
some insight into the effects of variation in �, since

p(k) � exp ��/(k � exp ��), (1b) the method of moments estimator and the maximum-
likelihood estimator must converge asymptotically.

Table 9 shows examples of three different methodswhere overbars indicate mean values, and Vk is the vari-
ance in k. Substituting the estimated standard deviation of calculating the effect of a distribution of �-values

on estimates of mean �. Each codon is assumed to beof k into this expression increases the predicted mean
GC3 by a factor of only 1.025, so the effect is negligible. sampled independently from the relevant distribution.
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The left-hand part of the table shows the results of from the polymorphism data and a high mutational bias
are required to explain all features of the data. Moderateassuming a gamma distribution; i.e., the probability den-

sity of a given value of x is proportional to ���x��1 to high variability in � requires higher mean �-values
than if variability is absent, and high variability is difficultexp(�x/�). The shape parameter, �, was assigned arbi-

trarily (first column), and the expected proportion of to reconcile with the overall level of codon usage bias.
A similar analysis was also carried out for data on D.P → U polymorphisms was calculated by numerically

integrating the expression given by Equation 1 of americana, previously analyzed by Maside et al. (2004)
on the assumption of no variation in �. Their data setMaside et al. (2004) over a gamma distribution with a

given value of the � parameter (note that the sign of � was reduced to five alleles per gene for this purpose.
Very similar results to the above were obtained; within the expression that follows their Equation 1 should

be reversed). The value of � that equalizes observed a gamma distribution, the estimated value of mean �
increases from 2.58 to 10.3 as � changes from 20 to 0.5.and expected proportions of P → U polymorphisms

for the assigned �-value was then determined iteratively However, these mostly predict too high a mean Fop,
especially for the set of low codon usage bias genes, as(second column). The corresponding means and stan-

dard deviations were calculated from the standard for- was found for the case of no variation in � by Maside
et al. (2004). Using their estimate of k � 3.6 for low-mulas for a gamma distribution (third and fourth col-

umns). bias genes, together with the lower 95% confidence
interval for the proportion of P → U polymorphismsThe corresponding mean values from the second-

order Taylor series approximation for the expected pro- for low-bias genes, a gamma distribution with �-values
of 5, 2, and 1 yields estimates of mean � of 1.62, 1.92,portion of P → U polymorphisms are shown in Table

9, column 5, and the value for a normal distribution and 2.12 and mean Fop-values of 0.59, 0.65, and 0.70,
respectively, compared with an observed mean Fop ofwith the same variance as the gamma distribution is

shown in column 6, for that part of the parameter space 0.59. Again, it seems that a relatively low variance in �
is most compatible with the data.where a normal distribution of � produces only a negligi-

ble fraction of negative values of �. This work was funded by a grant from the Biotechnology and Biolog-
For the gamma distribution, it is evident that variation ical Sciences Research Council UK to B.C., and a National Science

Foundation doctoral dissertation improvement grant to SY. B.C. isin � causes the mean value of � to be underestimated
supported by the Royal Society. We thank Peter Keightley and Laurentif the variance is ignored, as was done above (where �
Duret for providing their computer programs, and two anonymouswas estimated as 2.5 by both maximum likelihood and
reviewers for their constructive comments on the manuscript.

method of moments). The underestimation is very large
for �-values 
1.0, but these generate coefficients of
variation in � that exceed 1 and hence represent very
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