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ABSTRACT

The yellow (y) gene maps near the telomere of the X chromosome in Drosophila melanogaster but not
in D. subobscura. Thus the strong reduction in the recombination rate associated with telomeric regions
is not expected in D. subobscura. To study the divergence of a gene whose recombination rate differs
between two species, the y gene of D. subobscura was sequenced. Sequence comparison between D.
melanogaster and D. subobscura revealed several elements conserved in noncoding regions that may corre-
spond to putative cisacting regulatory sequences. Divergence in the y gene coding region between D.
subobscura and D. melanogaster was compared with that found in other genes sequenced in both species.
Both, yellow and scute exhibit an unusually high number of synonymous substitutions per site (). Also
for these genes, the extent of codon bias differs between both species, being much higher in D. subobscura
than in D. melanogaster. This pattern of divergence is consistent with the hitchhiking and background
selection models that predict an increase in the fixation rate of slightly deleterious mutations and a
decrease in the rate of fixation of slightly advantageous mutations in regions with low recombination
rates such as in the y-s¢ gene region of D. melanogaster.

N Drosophila melanogaster, the yellow (y) gene is located
at the tip of the X chromosome at cytological posi-
tion IB, in a region where recombination is greatly
reduced (DUBININ et al. 1937). Natural populations of
D. melanogaster exhibit a low level of nucleotide poly-
morphism in the y-achaete-scute region (AGUADE et al.
1989; BEGUN and AQUADRO 1991; MARTIN-CAMPOS et al.
1992). In this species a similar reduction in heterozygoz-
ity has been detected in other genomic regions with
low recombination rates as is the case, for instance, of
the cubitus-interrruptus Dominant gene that maps on the
fourth chromosome (BERRY ¢t al. 1991) or the suppressor
of forked region located near the centromere of the X
chromosome (LANGLEY ¢f al. 1993). Moreover, the same
pattern of reduced variation has been observed in other
Drosophila species, such as D. simulans (BEGUN and
AQUADRO 1991; BERRY ¢t al. 1991; MARTIN-CAMPOS et al.
1992) and D. ananassae (STEPHAN and LANGLEY 1989;
STEPHAN and MiITCHELL 1992), in regions of restricted
recombination.

The low level of variation detected in these genomic
regions has been explained by two alternative selective
models: the hitchhiking model and the background
selection model. According to the hitchhiking model,
the fixation of selectively favored mutations causes a
reduction in neutral variation at closely linked sites
(MAYNARD SMITH and HAIGH 1974); the extent of the
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reduction depends on the strength of selection and on
the rate of recombination (KAPLAN ¢f al. 1989). In the
background selection model, the reduction of intraspe-
cific variation is thought to be due to negative selection
acting against deleterious alleles (CHARLESWORTH et al.
1993). The effect of background selection on neutral
variation is also negatively related to the recombination
rate.

In addition, both the hitchhiking and the back-
ground selection models predict, for regions with re-
duced recombination, an increase in the rate of fixation
of slightly deleterious mutations and a decrease in the
rate of fixation of slightly advantageous mutations
(BIRKY and WALSH 1988; CHARLESWORTH 1994). Both
predictions are related to the Hill-Robertson effect
(HiLL and ROBERTSON 1966) that proposes a reduction
in the effective population size for a locus linked to a
second locus under selection. This reduction implies
that selection is relaxed in these regions, which is consis-
tent with the observation that D. melanogaster genes lo-
cated in genomic regions with a drastic reduction in
the recombination rate tend to exhibit a low codon bias
(KLiMAN and HEY 1993). In fact, ARAsHI (1995) inferred
weak selection acting against mutations that cause
changes from preferred to unpreferred codons. Thus,
the lower codon bias detected in regions with no recom-
bination would seem to be the result of an increase in
the rate of fixation of these slightly deleterious muta-
tions. This increase would be reinforced further if we
consider that codon bias is also affected by weak selec-
tion favoring backward mutations from unpreferred to
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preferred codons since the fixation rate of these slightly
advantageous mutations would be reduced in regions
of low recombination.

The predictions of the hitchhiking and background
selection models can also be tested by comparing the
levels of polymorphism for particular genes that, in dif-
ferent species, map at chromosomal sections with
strong differences in the recombination rate. Moreover,
predictions of divergence can be tested by comparing,
for a particular pair of species, the levels of divergence
between genes that map at chromosomal regions with
strong differences in recombination rate and genes with
similar recombination rates. Only a few data are avail-
able according to the first approach in which levels of
variation between D. melanogaster and D. ananassae can
be compared (STEPHAN and LANGLEY 1989; LANGE et
al. 1990; MiyasHITA and LANGLEY 1994; STEPHAN et al.
1994).

In applying the second approach for testing predic-
tions of the hitchhiking and background selection mod-
els, we cloned and sequenced the yellow gene in D. subob-
scura as the recombination rate of the y gene region
differs between this species and D. melanogaster. As
stated above, in D. melanogaster, the y gene maps very
close to the telomere where recombination is strongly
supressed. In contrast, in D. subobscura it maps at section
2B of the X chromosome (SEGARRA et al. 1995). Al-
though data on recombination rates in the latter species
are sparse, this chromosomal region is separated from
the centromere by more than one euchromatic section
and, thus, a strong reduction of the recombination rate
is not expected. In fact, in D. melanogaster the strong
supression of recombination is limited to centromeric
and, at least, certain telomeric regions and to the entire
fourth chromosome. The reductional effect on recom-
bination decreases as the distance from the centromere
or telomere increases and, for instance, section 19 of
D. melanogaster (one chromosomal section from the cen-
tromere) has recombination rates similar to those of
other sections in the middle of the X chromosome (KLI-
MAN and Hgy 1993). Therefore, there is no reason to
suspect that recombination is supressed in the y gene
region of D. subobscura, although accurate measures of
recombination rates are not available in this species.
Divergence of the y gene between D. subobscura and D.
melanogaster was compared to divergence at other genes
with similar (or also different) rates of recombination
in the two species.

MATERIALS AND METHODS

The ADsubRA111 random genomic library of a D. subobscura
strain from Raices (Canary Islands) was screened according
to BENTON and DAVIES (1977). Two fragments that partially
contain the y gene of D. melanogaster were used as probes: a
3.1-kb Bglll-Clal fragment that includes the first exon and a
2.2-kb Clal-Bglll fragment that includes the complete second

exon (GEYER and CORGES 1987). After isolation of the positive
recombinant phages, their DNA was purified (MANIATIS et al.
1982). These DNAs were biotin labeled by nick translation
and in situ hybridized to D. subobscura and/or D. melanogaster
polytene chromosomes as described by SEGARRA and AGUADE
(1992).

Restriction map analysis, Southern blotting, isolation of two
cross-hybridizing fragments and cloning into the pBluescript
II SK* vector were performed as described by MANIATIS ef al.
(1982). A set of nested deletions for both orientations of each
of the two recombinant clones was obtained according to
HENIKOFF (1984). The insert size of the resulting subclones
was determined after their amplification by PCR using the
universal primers of the vector polylinker (KILGER and
ScHMID 1994). After ordering the subclones by decreasing
lengths, they were sequenced by the dideoxy method (SANGER
et al. 1977). Sequences of the overlapping subclones were
assembled using the STADEN’s program (STADEN 1982). The
complete sequences of both strands of the two isolated frag-
ments were obtained. As these fragments did not overlap, two
primers (one from each of the fragments) were designed to
obtain the complete sequence of the y gene region. A 253-
bp fragment was PCR amplified using the DNA of one of the
positive recombinant phages as template. Both strands of this
fragment were sequenced after isolation of single stranded
DNA by exonuclease digestion (HIGUCHI and OCHMAN 1989).

Sequence analysis and alignment of the y gene region of
D. subobscura and D. melanogaster (GEYER et al. 1986; GEYER
and CORCES 1987) and of the deduced Yellow proteins were
performed using the GAP and the BESTFIT programs of the
Wisconsin GCG package (DEVEREUX et al. 1984). Nucleotide
divergence in the y coding region was estimated by using the
DIVERGEN program (COMERON 1994). This program gives
the number of synonymous substitutions per synonymous site
(p) and the number of nonsynonymous substitutions per
nonsynonymous site (p,) according to the unweighted
method of NEr and GOjoBORI (1986), and computes the cor-
responding corrected estimates K; and K, respectively, using
different correction methods.

Codon bias in the y gene of D. melanogasterand D. subobscura
was estimated by four different methods: the scaled x?, CBI,
F,; and GCs,. The scaled x* (SHIELDS et al. 1988) is the sum
of x” values obtained within each class of synonymous codons
assuming equal codon usage divided by the number of codons
analyzed; this measure was computed without applying Yates’
correction. The codon bias index (CBI) proposed by MORTON
(1993) is based on the relative use of codons within synony-
mous class. The relative use of a codon in a gene is calculated
as the ratio between the number of ocurrences of that codon
and the number of ocurrences of the most frequently used
synonymous codon. Both, the scaled x* and CBI methods
measure departure from the random use of codons but do
not take into account which codons are used preferentially.
F.p gives the frequency of preferred or optimal codons in a
gene (IKEMURA 1985) and was computed by using the CO-
DONS program (LLOYD and SHARP 1992). As preferred co-
dons for D. subobscura have not been established, those of
D. melanogaster were considered when computing F,, in D.
subobscura genes. In fact, when grouping different genes se-
quenced in D. subobscura, the codons used preferentially for
a particular amino acid in D. subobscura agree with those iden-
tified as preferred codons in D. melanogaster (AXASHI 1995).
There is only a partial deviation in the valine class of synony-
mous codons. In D. melanogaster GTC and GTG are classified
as preferred codons though significance is higher for GTC.
In the analyzed genes of D. subobscura, GTC and GTG are also
used preferentially, but GTG exhibits a higher frequency of
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FIGURE 1.— In situ hybridization of ADsubRA4.1 on polytene
chromosomes of D.subobscura. Hybridization signal at sec-
tion 2B of the X chromosome is shown by an arrowhead.

usage. Finally, GCs, gives the G+C content for the third-codon
positions that are synonymously variable. This is an indirect
estimate strongly correlated with codon bias in D. melanogaster
(SHIELDS et al. 1988) since in this species preferred codons
end mostly in C though some end in G. GCs,; was also com-
puted using the CODONS program (LLOYD and SHARP 1992).
Codon usage for a particular gene was compared between D.
melanogaster and D. subobscura by the distance measure (D)
proposed by MORTON (1993). This measure is used for pair-
wise comparison of relative codon usage tables and was com-
puted for a single gene as the sum over all codons of the
difference (in absolute value) between the two species in the
relative use of codons in that gene.

RESULTS

Three partially overlapping recombinant phages
(ADsubRA2.1, NDsubRA3.1 and ADsubRA4.1) that puta-
tively contained the y gene of D. subobscura were iso-
lated. After in situ hybridization on D. subobscura poly-
tene chromosomes, the three phages were mapped at
section 2B of the X chromosome (Figure 1), thereby
corroborating that they were true positives. A 4.2-kb
BamHI fragment from ADsubRA4.1 and a 3.1-kb BamHI
fragment from ADsubRA2.1 were isolated, cloned and
sequenced. These fragments are adjacent to each other
in the genome and, thus, the complete sequenced re-
gion, which includes the y gene of D. subobscura, has a
length of ~7.3 kb. This sequence is deposited in the
EMBL data library under accession number Y13909.

The complete sequence of D. subobscura was com-
pared with that of D. melanogaster (GEYER et al. 1986),
which allowed identification of the putative coding re-
gion. The 7.3-kb sequenced region includes 1969 bp of
the 5’ flanking region, the first exon (259 bp), a large
intron with a length of 3238 bp, the second exon (1445
bp) and 446 bp of the 3’ flanking region. The general
organization of the y gene is conserved between D. sub-
obscura and D. melanogaster. The location of the intron
in the coding region is identical in both species; how-
ever, a considerable difference in its length was de-

tected (3238 bp in D. subobscura vs. 2721 bp in D. melano-
gaster).

The high number of nucleotide substitutions and in-
dels accumulated in flanking regions and in the intron
during divergence makes their alignment uncertain.
However, some conserved stretches of nucleotides were
identified in the 5’ flanking region. These conserved
elements and their relative location are indicated in
Figure 2. The conserved element II, which contains
an imperfect palindrome, may be part of the putative
enhancer identified by GEYER and CORCES (1987) and
MARTIN et al. (1989) and roughly located by deletion
analysis between positions —1868 and —700 in D. mela-
nogaster. Moreover, the conserved element III may be
related to the sequence also described by these authors
in D. melanogaster spanning between —294 and —92 in
D. melanogaster, which affects yellow gene expression in
larvae. Element IV is the furthest downstream element
conserved in the 5’ flanking region (Figure 2). This
element contains the TATA box and transcription initi-
ation site that are maintained in both species and are
included in a longer conserved sequence. It is notewor-
thy that between sites —1620 and —1314 of the D. subobs-
cura 5" flanking region the trinucleotide CAG is re-
peated with an unusually high frequency (44%). The
longest stretch of adjacent CAGs includes 10 repeats
of this trinucleotide (Figure 3). CAA/CAG repeats are
known as opa-boxes (WHARTON et al. 1985) and form
part of different genes implicated in development in
which they code for stretches of glutamine residues.
The CAG-rich region of D. subobscura does not seem
to be included within any other coding region as it is
interspersed with inframe stop codons; however, this
possibility cannot be completely discarded. A similar
CAG-rich region has not been detected in D. melanogas-
ter. Apart from the conserved elements in the 5" flank-
ing region, some conserved stretches of nucleotides
were also identified in the large intron (Figure 4). In
the 3’ flanking region the polyadenylation signal (AA-
TAAA) was identified but no other conserved long
stretches of nucleotides were detected.

Alignment of the D. subobscura and D. melanogaster
yellow gene coding regions is presented in Figure 5.
The putative coding region of D. subobscura encodes a
protein 568 amino acids long, whose complete se-
quence is also shown in Figure 5. This protein has 27
residues more than that of D. melanogaster. The differ-
ence in length of both proteins is due to seven indels
of sizes varying from one to 18 amino acids. Apart from
this difference in length, a total of 54 amino acid re-
placements were detected, resulting in a protein iden-
tity of ~90%. The two putative N-linked glycosylation
sites and the putative signal peptide described in the
Yellow protein of D. melanogaster (KORNEZOS and CHIA
1992) are conserved in D. subobscura.

Estimates of the number of substitutions per site ac-
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ELEMENT I
D. sub.  -1308 ACATGCAGTTAATTAATGACAC .GCACAGGTTGTGCCACGTGTGGCACCTTATAGGC
b. me1.  -1571 Ahcablattakbdtakadirrabebbtatrobiabbohrtrrrtakbadd

ELEMENT 11 FIGURE 2.—Conserved
D. sub. -949 AGAACGGTGC?TCATTTTT?TTTTTT?TTG?T’I{TG? elements ln the 5' ﬂanklng
D. mel. ~1409 I!\(IZJIXILT(LCGéGCAAGGGATCAAGTTGAACCACTT CTA region of the yellow gene

— - —
ELEMENT III

(LD LN ] !

mel. ~261 AACCCAGCGAAAGGTGATGTCTGA....... CTCATTAAATTGGGGCATTCGAGTGTATTTATTAAAC . . . . .. ... ...

sub. ~376 AACACAGCGAAAGGTGATCGGTGATCGGTGGGGCGGTCGCTTTGGGGTCTCGA. |
|

between D. subobscura (D.
sub.) and D. melanogaster
(D. mel). Arrows in ele-
ment II indicate a palin-
dromic motif. Element IV
includes the putative

. TATTTATTAAACGGAACTAAAGCG

LEEL LT

D.
D.
D. sub. ~299 GCCGCGAAAAAl TGCCl‘:TAAAAAll !TC‘T?T?TT?GlT‘TC';TCAAAl ] |GACACCCCCATCCCCGCCAGCCACTCCTCCGCCATCAACTG TATA bOX (11’1 bOld) and
LELLE DL ! L T
D. mel ~210 ... ATGCGTGARAATCAARTCATGGAAGACARA . . . oLttt ittt e i e e e the transcription initiation
D. sub. 215 CCAGAGCGACGCACAGTCCCCCGACGCGARGCTCGAACACACS . AACCTACCCAACACCACAC . GAACCACACGARCCAC  LLC (indicated by an aster-
[CITE T T IR L CTIHL LT T f1 isk). Numbers are given
D. mel. ~181 ........ ACGCAAAGTTGGCCGATCTATGGGAACAGCATAAGCCACCTGATTACCCGAACACTGARCCACCCGRATCAC  considering the first tran-
D. sub. -141 TCAACGAACC scribed nucleotide in the
!
b mel. 2109 TAARACCACC D. me.lanogastersequence as
position +1 (GEYER et al.
ELEMENT TV }986). Dot§ indicate miss-
ing nucleotides.
D. sub. -99 Gll\GGCGAC(lfAC|GCGTT‘I|‘GCGCCTTCG’PCTATGCAATCGTCTCGTTGCCGATGG CAARAARACTTCATATARAACGTGG
[ 1 3y ] 1 |||ll|||ll||H||I|||||
D. mel. -99 GAAGTTGGCGCGCGCCTTCGTTTTCATTTTCATTGGCCTGTCTTCGTCTTCGGAGAAAAAAACCTTCATATAAAACGCGG
D. sub. -19 TC}GACAAATTTTGGCCAAC*AG’I‘CGTTAGCAGCGCCACGGTCCACAGAAGAGGATTAAGA’I‘A
N N R RN A A A
D. mel. -19 CCGACATATTATGGCCACC*AGTCGTTA . CCGCGCCACGGTCCACAGAACAGGATTAAAARA

cumulated in the y coding region during the divergence
of D. subobscura and D. melanogaster were obtained sepa-
rately for synonymous and nonsynonymous sites. The
number of synonymous substitutions per synonymous
site is high (p, = 0.8282). Divergence in the y coding
region was compared with that found in a further 17
genes sequenced in both D. subobscura and D. melanogas-
ter (Table 1). Data on the chromosomal location of
these genes in both species are available except for Sod,
which has not been mapped in D. subobscura. The close
linkage between the yellow and scute genes in D. melano-
gasteris conserved in D. subobscura (BOTELLA et al. 1996)
and, thus, the recombination rate for the sc region also
differs between both species. None of the remaining
genes is located in a chromosomal region that presum-
ably presents a strong reduction in the recombination
rate (as telomeric and centromeric regions) in either
D. subobscura or D. melanogaster. The number of synony-
mous substitutions per site varies considerably among
the different genes. For these other genes p, values
range from 0.3927 in 749 to 0.7919 in sc. Therefore,
y and sc¢ exhibit the highest number of synonymous
substitutions per site. In fact, substitutions at synony-

mous sites are in both cases saturated and any method
of correction is inapplicable or unreliable. A 2 X 2
independence test indicates that the number of synony-
mous substitutions does not differ significantly between
yand sc (x> = 1.504, 1 d.f., P > 0.1). Otherwise, when
Adhr (as the third gene with a highest p, value) is com-
pared with y or sc, this number is significantly higher
(x* = 20.668, 1 d.f., P < 0.005 and x> = 8.993, 1 d.f,,
P < 0.01, respectively).

In contrast to the high p, value, the number of non-
synonymous substitutions per nonsynonymous site is
rather low in the y gene (p, = 0.0653). The corrected
estimate, according to JUKES and CANTOR (1969), is K,
= 0.0683. K, estimates for the other genes sequenced
in D. subobscura and D. melanogaster range from 0.0285
for np4910 0.4050 for the chorion protein gene Cpl5 (Ta-
ble 1). Only Adh, Adhr, Antp, rp49 and SxI are more
conserved at nonsynonymous positions than y.

To understand the high rate of synonymous substitu-
tions per site detected in the y gene, its codon bias
was estimated in D. subobscura and D. melanogaster, and
compared with codon bias estimates for the other genes
sequenced in both species. Codon bias was estimated

-1620 CAGTGGATGAGAAGGCAGCTTCATTAACAGACGGAGCAGATGCAGGAACAGCCACATACACACTAACAGACACAGCAGCA

-1540 GCAGCAGTAACAGAAGCATTAACATATTCAGCAGCATTAGCAGACGGGAACAGCAGCAACAGACACAGCAGGAACAGCAG

~1460 CAGCAGCAGCAGCAGCAGCAGCAGCAACAGCAGCAGCACAGACCCAGCAACATTCACAGCAGCACTCACAGATGCTGCAG

~1380 CAAAACCAACAGATACCACCACAGATAGCAACATTCACAGCAAGAAAAACATTCGCAGCAGGAACAG

FIGURE 3.—Nucleotide sequence of the CAG-rich fragment detected in the 5’ flanking region of the yellow gene of D. subobscura.
All CAG wrinucleotides present in the sequence are underlined. Numbers are given as in Figure 2.
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FIGURE 4.—Conserved
elements in the intron of
the yellow gene between D.
subobscura (D. sub.) and
D. melanogaster (D. mel.).
Their relative position is
indicated as in Figure 2.
Dots indicate missing nu-
cleotides.

ELEMENT I
D. sub. 998 GACCTCTCCAAAATCCGGTTAATTCGCTCAGCGCATTCAGGTGTTGCATTTACATTTTCAACAATTAACCGTTGTAAGCA
SO NN e T N T
D. sub. 1078 GCCGAAGCGCAGACTAGCGGCATTGGTATTATATGACCATAGCGAGTATATATTTTATATTGTATGTGGGGGTATTATAT
1 i
D. sub. 1158 ....CTGGCAATTGTGAAGGCTTCTTCAGGGTCAGCCAAAGGCCCAGCCCCAGCCCCAGTCCGAGCCCCAGTCCGAGCCC
T
D. sub. 1234 CACTCCGAGCCCCACTCCGAGCCCCACTCCGAGCCCCACTCCGAGAGCTGGCTCTTACAAATGGAAACCCAATC . CAAAT
T NN
D. sub. 1313 ACAATAAACTTACAATATTATGGCATTATGCCATTAACCAATGATTAGCTTTCAGTTCAATCAAAGTGAGAGTTGCACAA
DU T e S T ]

ELEMENT II
D. sub. 1592 ACATTCTGGCCCAGCCTTGAGGGCGAT . . .« v v vv v v v TCGAATGCC..........-... CAAAAAAAAAACC@GAA
D. mel. 1465 LTL%%é$éééééLééé$$é£ééTéTC$TTTTAAAAAGATA%ééLC%éAéTACCTCCAGTCAATGLLATALTLGCéééégl
D. sub. 1645 GGCCAAACCAGCCAGCAAAAGTACACA. . .o v v v i e e e e ce s GAAATTATGGTAAAGTGAAATATTT . GTG
D. mel. 1545 ééééGAATéGééAAAAAATAAACéCéAAGTTACGGCAAACAAAACATAGTGAAAG%%G%ééCAALé%éGAACLL%%AAAé
D. sub. 1700 GCACGCTCCAATGGATAGGCAACGGCCCACAAAAGTCGATCAATTAGCCAAACAAAATCCGCGGTAGC
et e St el T T

ELEMENT III
D. sub. 2085 ATTTGCAATGCGACAAGATTAGCAATTGAAATCGAGCGGCAGACTGCAGTTAGCAATTGAAAACAAAATCGGATTAAGA .
O 1N N R TR
D. sub. 2164 ........... ATGCAGCTCAGAAACTAARA
D. mel. 1909 CGGGAAGTTGTA%C&GAT%%Téiigé%|III

ELEMENT IV
D. sub. 3210 AAAGCAGTTTTCAAAACATTAATTTGTCCACGGTAATTTCTTTTTG
o vaz. 319 debbhnbo LU bbb e s

ELEMENT V
D. sub. 3650 GCTTGTTGCGGCTAATGACATCGGAAATTGCACGCAA
o s, 2710 Db escndsdd LM KL

as scaled x*, CBI, F,, and GCs,. Table 2 shows these
codon bias estimates, and for each gene the ratio be-
tween the D. subobscura and D. melanogaster estimates is
also shown. The y gene presents the highest ratio for
F,, and GG;, and only sc exhibits a higher scaled x* and
CBI ratio than y.

The y and sc genes have, therefore, 2 much higher
codon bias in D. subobscura than in D. melanogaster. This
difference in codon bias causes y and sc to exhibit the
highest D values (Table 2), a measure of codon usage
difference between two species when comparing the
relative use of codons for a particular gene (MORTON
1993). Moreover, the number of residues for each
amino acid is relatively high due to the length of the
Yellow protein. For this reason, equal codon usage for
the y gene between D. subobscura and D. melanogaster was
analyzed independently for each class of synonymous
codons by x* contingency tables. Sixteen out of 18 com-
parisons were significant at the P < 0.05 level. Only
the usage of synonymous codons for cysteine and for

phenylalanine did not differ significantly between both
species (P > 0.05).

Codon bias is caused by the preferential use of particu-
lar synonymous codons. To relate synonymous substitu-
tions to codon usage, thirdcodon positions that present
a synonymous substitution between D. subobscura and D.
melanogaster have been further analyzed considering
whether they are included in a preferred or unpreferred
codon in D. subobscura and/or D. melanogaster. A total of
189 out of 262 (72%) of these substituted sites indicate
the use of an unpreferred codon in D. melanogaster and
the use of a preferred codon in D. subobscura. Otherwise,
only 11% of these sites are part of a preferred codon in
the former species and of an unpreferred codon in the
latter. The remaining sites are included in both species
in a preferred (14%) or in an unpreferred codon (5%).
This result indicates that most of these third-codon posi-
tions synonymously substituted involve the use of an un-
preferred codon in D. melanogaster and the use of a pre-
ferred codon in D. subobscura. Therefore, the different
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D. mel. ?T?...TT?CA??TCAAA?TGTGGTTT?TTGTGATCCTG .................. ATCACCTTGGTGACGCCGTCTTG
ILLTTTT | | H NNy
D. sub. ATGCACGCCCAGGACAAAGGAGGAATCCTGCCAGCGCTCTCACTTCTGCTGATTGCTGTCGCCATGGTCAGCCCATCGCA
MetHisAlaGlnAspLysGlyGlyIleLeuProAlaLeuSerLeuleuleulleAlavValAlaMetValSerProSerGl 27
R R
| [ | | ] NI
sub. GGCCGCCTACAAGCTGCAGGAGCGCTACAGCTGGAACCAGCTGGACTTTGCCTTCCCCAGTGCCAGGCTCAAGGAGCAGG
nAlaAlaTerysLeuGlnGluArgTyrSerTrpAsnGlnLeuAspPheAlaPheProSerAlaArgLeuLysGluGlnA 54
mel. CTTT?TTTT?T?TAGTT?TT?TTTfGCAA??T?CTCTACCTGTTGGAGTCGAACACTTTGGCAATCGGTTATTCGTCACT
| | N N RN R RN R N ey
D, sub. CCCTGGCCAGCGGCGACTACATACCCACGAATGCCCTGCCCGTCGGTGTCGAGCACTTTGGCAATCGCCTCTTTGTCACC
laLeuAlaSerGlyAspTyrIleProThrAsnAlaLeuProValGlyValGluHisPheGlyAsnArgLeuPheValThr 80
D. mel. GTTCCCCGCTGGCGTGATGGGATTCCGGCCACTCTGACCTATATARACATGGACCGCAGTTTGACGGGTTCACCGGAGCT
IIIIIHI!IIIH IIHI IHHIII [ ||I||||| || HI\II\III 11} IHIII\ LU )
D. sub. CCCGCTGGCG CTACGCTGACC GGACCACAGTGTGACGGGCTCCCCGGAACT
ValProArgTrpArgAspGlyI1eProAlaThrLeuThrTyrIleAsnMetAspHiaServalThrGlySerProGluLe 107
D. mel. AATTCTGTATCTAGATTTT??CT?A?TTATAT?TTGAGATTGCGCCAACAGTATTACCACTGCCTACCGCATTAAAGTG
[LLEL T T | L TP R T TR JE 1
D. sub. GATTCCATACCCGGACTGGCGGGCGAACACGGCCGGGGACTGCGCCAACAGCATCACCACCGCCTACCGCATCAAGCTGG
uIleProTyrProAspTrpArgAlaAsnThrAlaGlyAspCysAlaAsnSerIleThrThrAlaTyrArgllelysVala 134
D. mel. ATGTTTGTGGTT?GCT?TT??TTTT?T?CT?T??AACCGT??GCAT??TCAAT?CTACCACTATTCCGTGTCCCTATGCG
LA [l | | CUTPELELEEECEE T FCEVEEEE PP TEVETLED 1
sub. ACGAGTGCGGCCGTCTCTGGGTGCTGGACACGGGCACTGTGGGCATCGGCAACACCACCACCAATCCCTGCCCCTACGCG
spGluCysGlyArgLeuTrpValLeuAspThrGlyThrValGlyIleGlyAsnThrThrThrAsnProCysProTyrAla 160
D. mel. GTAAATGTCTTTTACTTGATCACGTTTTCGT?AATTCGTAGATACGATTTACCTGGCGTGGACACAAATCCAAATACTTT
PV L 4 SR N A e e A N s Ay
D. sub. ATCAACATCTTCGATCTGGCCACAGACACGCGCATTCGGCGCTACGAGCTGCCCGCGGCAGACACCAACCCGAACACTTT
IleAsnIlePheAspLeuAlaThrAspThrArglleArgArgTyrGluLeuProAlaAlaAspThrAsnProAsnThrPh 187
D. mel. CATAGCTAACATTGCCGT?TATATA???AAAAATTGCGAT?TTGCATATGCCT?TTTTGCCGATGAATTG?GATACGGCT
|||||| PULLLLLELTLTED R N N R R e s e e
D. sub. AGCCAACATTGCCGTGGACATTGGCAAGAGCTGTGACGATGCATTCGCCTACTTTGCGGACGAGCTGGGCTATGGGC
eIleAlaAsnIleAlaValAspIleGlyLysSerCysAspAspAlaPheAlaTerheAlaAspGluLeuGlyTyrGlyL 214
D. mel. TGATTGCTTACTTCTGGGAACTGA?TTAGTCCT??AGATT?TCGGTATTTTCGTATTTTTTCCCCGATCCATTGAGGGGC
N ||||H||H||H|| |11 | | | PUTE L L T
D. sub. TGATCTCTTACTCCTGGGAGCTG GTGGCGCTTCTCCGCGCACTCCTACTTCTTCCCGGACCCACTGCGCGGC
euI1eSerTyrSerTrpGluLeuAsnLysSerTrpArgPheSerAlaH1sSerTyrPhePheProAspProLeuArgGly 240
D, mel. ATTTCAATGTCGCTGGTATTAACTTTCAATG???CGA??T?GGTATA?TTGGT?TGTCCTTTTCGCTTTTTCGATCGGA
PELLEEE LR T ST R LU T AL LT
D. sub. GACTTCAACGTGGCCGGCATCAACTTCCAGTGGGGCGAGGAGGGAATCTTCGGCATGTCGCTGACTCCCATACGCTCCGA
AspPheAsnvValAlaGlyIleAsnPheGlnTrpGlyGluGluGlyIlePheGlyMetSerLeuThrProIleArgSerAs 267
D. mel TGGTTATCGTACCCTGTACTTTAGTCCGTTAGCAAGTCATCGACAATTTGCCGTATCCACGAGGATTTTGAGGGATGAAA
N N e e e NN R e I e
D. sub CGGCTACCGCACCCTCTACTTCAGTCCGTTGGCCAGCCATCGCCAGTTTGCCGTGTCCACGCGCATCCTGCGGGACGAGA
pGlyTyrArgThrLeuTyrPheSerProLeuAlaSerHisArgGlnPheAlavValSexrThrArgIleLeuArgAspGluT 294
D. mel CCAGGACGGAAT?TAGCT?TCATGATTTTGTT?TCTTATTT?AAT?G?TTCCAAACTCCCATTCCACTTCACGTGTGATG
ol LULEE T T | | LU e e i
D. sub. CGCGCACCGAGGACAGCTACCACGACTTTGTGGCGCTGGATGAGCGCGGTCCCAATGCCCACACCACGTCGCGCGTGATG
hrArgThrGluAspSerTyrHisAspPheValAlaLeuAspGluArgGlyProAsnAlaHisThrThrSerArgValMet 320
D. mel. AGCGATGATGGAATTGAGCTGTTCAATTTAATAGATCAAAATGCAGTG?GTTT???GCATT?TTCA?T??CGTACTCACC
S N RN R e [1] [ LI T
D. sub. AGCGACGACGGCGTGGAGCTGTTCAATCTGATTGATCAGAACGCCGTCGGCTGCTGGCACTCATCGATGCCCTACTCGCC
SerAspAspGlyValGluLeuPheAsnLeuIleAspGlnAsnAlavalGlyCysTrpHisSerSerMetProTyrSerPr 347
D. mel. CAATTTCATG?TATT?TGGATCGCGATGACGTTGGCTTATTTTTTT?G??TTTTGTGTTA?TT?TT?T??TTTTA??ll
s
sub. GCAGTCCCATGGCATCGTCGACCGCGACGATGTGGGCCTGGTCTTCCCCGCCGACATCAAGATCGATGAGAACAA
oGlnSerﬂlsGlyIleValAspArgAspAspValGlyLeuValPheProAlaAspI1eLysI1eAspGluAsnLysAan 374
D. mel. TTTGGGTTCTATCCGATAGGATGCCCGTTTTCTTGCTGTCTGACTTGTATTATT?AGTTT?TTATTTTT?A?TTFTTT?G
VR LD LTI T T L L T | |
D. sub. TGTGGGTGCTGTCCGATCGGATGCCGGTGTTCCTGCTTTCCGATCTGGACTACTCGGACACCAACTTCCGCATCTACACA
alTrpValLeuSerAspArgMetProvalPheLeuLeuSeraAspleuAspTyrSerAspThrAsnPheArglleTyrThr 400
D. mel. GCTCCCTTGGCCACTTTAATTGAGATTACTGTGTGT?TTTTGAGGAATAACTTTTTTTTG??GTTAT?TTTTTTTT?ATT
R B A R N e Ay LTI
D. sub. GCCCCGCTGGCCACCCTCATCGAGAACACCGTCTGCGATCTGCGGAACAATGCCTACGGCCCACCCAACACCGTGTCCAT
AlaProLeuAlaThrLeulleGluAsnThrValCysAspLeuArgAsnasnAlaTyrGlyProProAsnThrValSerIl 427

FIGURE 5.—Sequence alignment of the yellow gene coding region of D. melanogaster (D. mel.) (GEYER et al. 1986) and D.
subobscura (D. sub.). The complete sequence of the Yellow protein of D. subobscura s also indicated under the nucleotide sequence
of this species. Amino acid replacements between both species are shown in bold. Dots in nucleotide or amino acid sequences
indicate missing nucleotides or amino acids, respectively. The first nucleotide of the ATG initiation codon is at position 172 in
the D. melanogaster sequence. Numbers correspond to amino acid residues in the D. subobscura Yellow protein.

codon bias detected in the y gene of both species can
be related to the synonymous substitutions accumulated
during their divergence.

A negative correlation between K, and codon bias has
been detected for genes sequenced in D. melanogaster

and species of the obscura group (SHARP and L1 1989).
When applying the nonparametric tests of KENDALL and
SPEARMAN, a significant (P < 0.02) negative association
was also detected, for the 18 genes included in Table
2, between p, and mean codon bias of D. subobscura and



D. melanogaster measured as scaled x° and CBL If the

Divergence in the yellow Gene

GlnSerGlyTrpTrpHisHisGln@lnGlnGlyEnd 568

FIGURE 5.— Continued

D. mel. ACCAAAACAAGCCGTT......... TTGCCAATGGGTCCACCGTTATATACG. . .. .. AAACAATATCGTCCTGTCTTGC
NI [ el 1 (AL
. sub. TCCCAAGCAGGCGGCACCCGGCCACTCCGCTGTCGGACCGCCGCTCTACACGACCACCAACCAGTATCGTCCCGTGCTCT
eProlLysGlnAlaAlaProGlyHisSerAlavalGlyProProLeuTyrThrThrThrAsnGlnTyrArgProvValleu8 454
D. mel. CACAGAAACCTCAGACCAGCTGGGCTTCCTCGCCGCCTCCTCCAAGTCGCACTTATTTGCCCGCCAATTCAGGCAAT.,.
PO AL T |l||||| IIIIIIII LTI []]
. sub. CGCAGAAGCCGCAAACCAGCTGGGGCCCCTCGCTG. ... .. CGCAACTATCTGCCGGCCCTCAACGGCAATCCT
etGlnLysProGlnThrSerTrpGlyProSerLeu ...... ProSerArgAsnTereuProAlaLouAnnGlyAsnPro 478
D. mel. e e e e e e e e e e e GTAGTCTCCAGTATTAGTGTCTCTACAAA
FUATEECEEE T T T
. sub. GGCATTCCCGGCAGTCGCAACAATCTCAACAATCTCGGCGCTCCCGGCCAGGTGGTCTCCAGCGTGAGTGTCTCGACGAA
GlyIleProGlySerArgAsnAsnLeuAsnAsnLeuGlyAlaProGlyGinvValValSerSerValServValSerThrAs 505
. mel. TTCTGTGGGTCCTGCAGGAGTGGAGGTGCCAAAGGCCTATATTTTCAACCAGCACAACGGCATAAATTACGAGACAAGTG
L e et DT T L LT \II LI LU 1
D. sub. CACCGTCGGCCCCTCTGGCATTGAGGTGCCCAAGGCCTATGTGTTCAACCAGCACAATGGCCTCAACTACGAGACCAGCG
n'!.‘hrValGlyProsorGlyIleGluValProLysAlaTeralPheAsnGlnHlsAsnGlyLeuAsnTyrGluThrSerG 532
. mel. GTCCCCATCTATTTCCCACCTATTAACCC?TCCAACCGGGTGGCCAGGATGGTGGGTTAAAAACTTATGTGAATGCCCGC
LA TR {11 H ol A et T
. sub. GGCCGCATCTCTTCCCCACCCTACAGCCGGCA. . .CCCTCCCAGCTCGGGGGTGGACTCAAGACCTATGTAAATGCCCGA
lyProHisLeuPheProThrLeuGlnProAla. .. ProSerGlaLeuGlyGlyGlyLeulysThrTyrValAsnAlaArg 557
. mel. CAATCTGGGTGGTGGCATCATCAGCATCAAGGTTAA
LU LD T A L ) LT
sub CAGTCGGGCTGGTGGCACCACCAGCAGCAGGGCTAG

171

Significant (P < 0.05) or marginally significant (P <

negative correlation is due to selection acting to main-
tain codon bias in both species preventing substitutions
at synonymous sites, a positive correlation between co-
don bias of D. subobscura and D. melanogasteris expected.

0.1) KENDALL and SPEARMAN’s coefficients of rank cor-
relation were detected between codon bias (measured
as CBI, scaled X2 or F,,) in D. subobscura and D. melano-
gaster but only when y and sc were excluded from the

TABLE 1

Divergence in different genes sequenced in D. subobscura and D. melanogaster

Kd

K;e

Gene* n® b

Adh 253 0.4887 (0.0360)
Adhr 271 0.6595 (0.0347)
Antp 377 0.5047 (0.0319)
ben 92 91 0.5750 (0.0608)
Cpl5 107 0.4534 (0.0527)
Cplé 136 0.5011 (0.0470)
Cpl8 165 0.5262 (0.0427)
Cpl19 161 0.4738 (0.0437)
949 133 0.3927 (0.0500)
sc 331 0.7919 (0.0263)
Sod 114 0.5072 (0.0557)
Sry-a 521 0.6329 (0.0250)
Sy 341 0.5809 (0.0333)
Sry-6 414 0.6484 (0.0294)
Sxl 342 0.3832 (0.0309)
Xdh 1333 0.6020 (0.0156)
y 537 0.8282 (0.0190)
zen 343 0.6095 (0.0316)

0.7909 (0.1035)
1.5860 (0.2879)
0.8383 (0.0975)
1.0916 (0.2607)
0.6957 (0.1332)
0.8273 (0.1416)
0.9069 (0.1430)
0.7492 (0.1188)
0.5561 (0.1049)
Inapplicable

0.8460 (0.1722)
1.3926 (0.1600)
1.1172 (0.1478)
1.4990 (0.2168)
0.5364 (0.0632)
1.2170 (0.0791)
Inapplicable

1.2564 (0.1685)

0.0473 (0.0094)
0.0586 (0.0099)
0.0218 (0.0050)
0.0816 (0.0207)
0.4050 (0.0523)
0.1675 (0.0260)
0.2378 (0.0292)
0.2238 (0.0283)
0.0285 (0.0098)
0.2811 (0.0224)
0.0771 (0.0179)
0.2598 (0.0170)
0.1461 (0.0145)
0.1289 (0.0122)
0.0452 (0.0078)
0.0760 (0.0052)
0.0683 (0.0078)
0.1961 (0.0175)

* Accession numbers in EMBL/GenBank DNA sequence library or references are as follows: Adk and Adhr
(mel: KREITMAN 1983 and KREITMAN and HUDSON 1991, respectively, sub: M55545), Antp (met X03790 and
X03791, sub: X60995 and X62246), bcn92 (mel: 246608 and M80598, sub: Z46522), Cp15, Cpl6, Cpl18 and Cpl19
(mel: X02497 and X16715, sub: X12637), rp49 (mel: X00848, sub: AGUADE 1988), scute (mel: M17119, sub:
BOTELLA et al. 1996), Sod (mel: M24421, sub: S72444), Sry-a-3-6 (mel: X03121, sub: L19535 and FERRER et al.
1994), Sxi (mel: M59447, sub: PENALVA et al. 1996), Xdh (mel: YO0308, sub: COMERON and AGUADE 1996) and
zen (mel: X68347, sub: TEROL et al. 1995). mel and sub refer to D. melanogaster and D. subobscura, respectively.

*Number of codons compared.

¢ Number of synonymous substitutions per synonymous site. Standard errors are in parentheses.
¢ p, value corrected according to JUKES and CANTOR (1969). Standard errors are in parentheses.
 Number of nonsynonymous substitutions per nonsynonymous site corrected according to JUKES and CANTOR

(1969). Standard errors are in parentheses.
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TABLE 2

Codon bias in different genes sequenced in D. subobscura and D. melanogaster

Scaled x? CBI Fop GCs,

Gene® sub®/mel°  Ratio sub/mel Ratio sub/mel Ratio sub/mel Ratio D

Adh 0.57/1.06 0.53 0.45/0.69 0.65 0.60/0.75 0.83 0.67/0.81 0.83 11.71
Adhr 0.34/0.19 1.82 0.39/0.23 1.66 0.49/0.39 1.26 0.58/0.53 1.09 13.90
Antp 0.46/0.41 1.12 0.46/0.46 1.02 0.59/0.61 0.97 0.7%/0.75 0.97 10.77
ben 92 0.66/0.68 0.97 0.47/0.59 0.80 0.55/0.64 0.86 0.67/0.75 0.89 15.36
Cpl5 0.88/0.76 1.16 0.56/0.63 0.90 0.54/0.63 0.86 0.60/0.65 0.82 9.71
Cpl6 0.81/0.90 0.89 0.58/0.63 0.93 0.60/0.65 0.92 0.71/0.69 1.03 14.14
Cpl8 0.55/0.80 0.68 0.51/0.66 0.77 0.56/0.64 0.87 0.61/0.70 0.87 9.52
Cpl19 0.75/1.00 0.74 0.62/0.73 0.85 0.63/0.70 0.90 0.70/0.74 0.95 6.88

49 0.87/1.37 0.63
sc 0.74/0.12 6.17
Sod 0.75/0.72 1.04
Sy« 0.33/0.42 0.78
Sry-6 0.48/0.77 0.62
Sry-d 0.31/0.85 0.36

0.60/0.78 0.77
0.64/0.19 3.30
0.61/0.57 1.07
0.31/0.43 0.72
0.48/0.68 0.70
0.38/0.71 0.54

Sxl 0.39/0.30 1.30 0.33/0.32 1.05
Xdh 0.66/0.28 2.36 0.53/0.35 1.53
¥ 0.75/0.21 3.67 0.60/0.29 2.06
zen 0.46/0.31 1.48 0.44/0.38 1.14

0.72/0.78 0.92
0.64/0.40 1.60
0.66/0.66 1.00

0.74/0.84 0.88 8.69
0.83/0.51 1.63 21.16
0.76/0.74 1.03 8.55

0.49/0.57 0.86 0.66/0.70 0.94 13.76
0.62/0.73 0.85 0.74/0.88 0.84 12.32
0.56/0.77 0.73 0.69/0.88 0.78 13.31

0.50/0.49 1.02 0.60/0.59 1.02 9.44

0.63/0.53 1.19 0.77/0.64 1.20 10.75
0.68/0.34 2.00 0.82/0.46 1.78 25.01
0.52/0.54 0.96 0.68/0.65 1.05 11.96

¢See Table 1 for data sources.
®D. subobscura.
°D. melanogaster.

4Ratio of the codon bias estimate between D. subobscura and D. melanogaster.
‘ Distance measure for comparisons between D. subobscura and D. melanogaster of the relative use of codons

as proposed by MORTON (1993).

analysis. This result indicates that y and sc deviate from
the expected trend exhibited by the other genes and
further supports that the high p, value of y and scis not
due to alow codon bias in both species but to the strong
difference in codon bias between them.

DISCUSSION

The divergence time of the melanogaster and obscura
groups of Drosophila has been estimated to be 30 mil-
lion years (THROCKMORTON 1975). During this period
of time, an extensive reorganization within the X chro-
mosome occurred (SEGARRA and AGUADE 1992; SE-
GARRA et al. 1995). This reorganization has affected the
y and sc genes, which are located very close to the te-
lomere in D. melanogaster and more than one euchro-
matic chromosomal section from the centromere in D.
subobscura. Although the ancestral location of these
genes is unknown, their telomeric position in the mela-
nogaster lineage can be traced back to at least six to 15
million years. This is the estimated divergence time of
the species included in the melanogaster subgroup (La-
CHAISE ¢t al. 1988), which present a similar banding
pattern of the distal part of their polytene X chromo-
some (ASHBURNER 1989; F. LEMENIEUR, personal com-
munication). Likewise, the nontelomeric position of y
and sc in the obscura lineage is shared by D. subobscura
and D. pseudoobscura (SEGARRA et al. 1995 and C. SE-

GARRA, unpublished result) and, thus, can be traced
back to eight to 12 million years, the estimated diver-
gence time between these two species in the obscura
lineage (SEGARRA and AGUADE 1992; RAMOS-ONSINS et
al. 1997). The chromosomal location of the y and s¢
genes in the melanogaster lineage is associated with a
strong reduction in the recombination rate of both
genes. This reduction due to the telomeric effect is not
expected in the obscura lineage. Therefore, the study of
the divergence in the y and sc genes between D. subobs-
cura and D. melanogaster allows inferences to be made
on the molecular evolution of two genomic regions that
have differed in their recombination rate between the
melanogaster and obscura lineages for a long period of
time.

The pattern of divergence in the y and sc genes has
peculiar characteristics that are not shared by the other
genes sequenced in D. subobscura and D. melanogaster.
First, p, values for y and sc are sufficiently high that
synonymous substitutions have saturated in both genes
(Table 1). Secondly, codon bias in the y and sc genes
is much higher in D. subobscura than in D. melanogaster
(Table 2).

The high divergence at synonymous sites would a
priori be in agreement with an increase in the fixation
rate of synonymous substitutions in the y and sc genes
in the D. melanogaster and/or the D. subobscura lineages.
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A relative rate test (SARICH and WILSON 1973) might
be useful in contrasting these alternatives. However,
this approach cannot be carried out at present since
the sequences of the y and sc genes in an outgroup-
related species are not available.

The major differences in codon bias detected in the
yand sc genes between D. subobscura and D. melanogaster
cannot easily be explained by proposals to account for
differences in codon bias among genes. A direct rela-
tionship between the level of gene expression and co-
don bias was suggested by SHIELDS et al. (1988) in D.
melanogaster genes. Later AKASHI (1994) proposed that
codon bias in highly expressed genes would enhance
the accuracy of protein synthesis. Although the possibil-
ity that y and sc are under different constraints in the
two species cannot be discarded, it seems very unlikely
that both y and sc genes have a higher expression level
and/or that they require a more efficient and accurate
translation in D. subobscura than in D. melanogaster.

According to the nearly neutral theory of molecular
evolution (reviewed by OHTA 1992), the differing co-
don bias in the y and sc genes in D. subobscura and D.
melanogaster may also be due to a difference in the effec-
tive size (N.) between both species provided that synon-
ymous mutations are nearly neutral. In fact, AKASHI
(1995) inferred the action of weak selection acting
against mutations that cause changes from preferred
to unpreferred codons and, thus, that these particular
synonymous mutations can be considered slightly dele-
terious. Consequently, the low codon bias in D. melano-
gaster could be explained if this species had a smaller
effective population size than D. subobscura. However,
were this the case, the same deviation in codon usage
should be detected in the other genes sequenced in
both species, but this is not supported by the results
presented in Table 2.

A reduction in effective size is also expected for sex-
linked genes. Tables 1 and 2 include three Xlinked
genes: y, sc and SxI. Sxl exhibits the lowest p, value
among the 18 genes and a similar codon bias in both
species (Table 2). Thus, its pattern of divergence differs
from y and sc indicating that sex-linkage of these two
genes cannot account for the observed results. In fact,
the reduced effective size of sex-linked genes would
imply a lower codon bias in these genes but in both
species. This, however, is not consistent with the strong
differences in codon bias detected in y and sc.

Therefore, to explain the low codon bias of y and sc
in D. melanogaster, the reduction in N, has to have a
differential effect on these two genes relative to the
other genes (autosomic or sex-linked) included in Ta-
bles 2 and 3. This differential reduction in N, is consis-
tent with the location of y and sc in a region with a
strong reduction in the recombination rate in D. melano-
gaster. The hitchhiking and background selection mod-
els predict an increase in the fixation rate of slightly

deleterious mutations and a decrease in the fixation
rate of slightly advantageous mutations in regions of
reduced recombination. Synonymous changes from
preferred to unpreferred codons can be considered
slightly deleterious while reverse changes from unpre-
ferred to preferred codons can be considered slightly
advantageous (AKASHI 1995). Therefore, a higher fixa-
tion rate of slightly deleterious mutations (from pre-
ferred to unpreferred codons) and a lower fixation rate
of slightly advantageous mutations (from unpreferred
to preferred codons) are expected in the D. melanogaster
than in the D. subobscura lineage for the y and sc genes.
This difference in fixation rates would account for the
strong difference in codon bias detected for y and sc
between D. melanogaster and D. subobscura, which has as
a consequence the high p, value that both genes exhibit
between these species.

According to this argument, a negative association
between p, and r values is expected. The lack of accu-
rate measures of recombination rates in D. subobscura
prevents performance of this analysis. However, when
considering only recombination rates in D. melanogaster
(KLiMAN and Hey 1993) a significant negative associa-
tion between p, and r was detected by the coefficient of
rank correlation of KENpALL (7 = 0.379, P = 0.0207)
and SPEARMAN (p = 0.513, P = 0.0284). This significant
increase of p, values in regions with a strong reduction
in the recombination rate is not consistent with previ-
ous results based on gene divergence between D. mela-
nogaster and D. simulans (BEGUN and AQUADRO 1992;
HILTON et al. 1994). We also failed to detect any associa-
tion between K and rin 30 genes sequenced in these
two species (result not shown). The most pausible ex-
planation for this disagreement may be that the elapsed
time since the divergence between D. melanogaster and
D. simulans has not been long enough to detect the
putative increase of synonymous substitutions in re-
gions with no recombination.

Furthermore, the different rate of fixation of non-
neutral mutations in regions of reduced recombination
may also affect divergence at nonsynonymous sites pro-
vided that they are not neutral. The number of nonsyn-
onymous substitutions per site between D. subobscura
and D. melanogaster is moderate in the y gene but rather
high in sc. However, the rate of nonsynonymous substi-
tutions varies considerably among genes due to differ-
ences in the functional constraints on the encoded pro-
teins. Therefore, to detect the putative effect of recom-
bination on the fixation rate of nonsynonymous
mutations, comparisons using an outgroup species are
required, which would allow a relative rate test to be
applied. Such studies may contribute to establishing if
the rate of nonsynonymous substitutions decreases or
increases in regions with no recombination.
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