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ABSTRACT

The rates and patterns of molecular evolution in many eukaryotic organisms have been shown to
be influenced by the compartmentalization of their genomes into fractions of distinct base composition
and mutational properties. We have examined the Drosophila genome to explore relationships
between the nucleotide content of large chromosomal segments and the base composition and rate of
evolution of genes within those segments. Direct determination of the G + C contents of yeast artificial
chromosome clones containing inserts of Drosophila melanogaster DNA ranging from 140-340 kb
revealed significant heterogeneity in base composition. The G + C content of the large segments
studied ranged from 36.9% G + C for a clone containing the hunchback locus in polytene region 85,
t0 50.9% G + C for a clone that includes the rosy region in polytene region 87. Unlike other organisms,
however, there was no significant correlation between the base composition of large chromesomal
regions and the base composition at fourfold degenerate nucleotide sites of genes encompassed within
those regions. Despite the situation seen in mammals, there was also no significant association between
base composition and rate of nucleotide substitution. These results suggest that nucleotide sequence
evolution in Drosophila differs from that of many vertebrates and does not reflect distinct mutational
biases, as a function of base composition, in different genomic regions. Significant negative correlations
between codon-usage bias and rates of synonymous site divergence, however, provide strong support
for an argument that selection among alternative codons may be a major contributor to variability in

evolutionary rates within Drosophila genomes.

UCH of the information concerning the orga-
nization and evolution of the Drosophila ge-

nome has come from two sources: the banding pat-
terns of polytene chromosomes (ASHBURNER 1989)
and the examination of genetic polymorphisms, par-
ticularly those revealed by nucleotide sequencing and
protein electrophoresis (LEWONTIN 1985, 1991). Both
types of analysis have revealed a mosaic structure of
Drosophila chromosomes. The euchromatic portion
of the Drosophila genome comprises approximately
5000 polytene chromosome bands (SORsA 1988), and
the presence of these alternately dark- and light-stain-
ing regions indicates that segments of the chromo-
some are sufficiently heterogeneous to produce the
observed patterns of banding. In addition to cytolog-
ical features, rates of nucleotide sequence evolution
display variation over the chromosome, and adjacent
regions may exhibit different patterns of change
(MARTIN and MEYEROWITZ 1988). Furthermore, com-
parisons of homologous sequences from several spe-
cies of Drosophila show that substitution rates at syn-
onymous sites—those changes that do not alter the
amino acid composition of the protein and are typi-
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cally thought to reflect neutral mutations—vary con-
siderably among nuclear genes (RILEY 1989; SHARP
and L1 1989).

In mammals, the observed heterogeneity in chro-
mosome structure and evolutionary rates among
genes has been attributed to large-scale differences in
nucleotide content over the genome (BERNARDI 1989;
WOLFE, SHARP and L1 1989). Several lines of evidence
suggest that mammalian genomes are compartment-
alized into extensive regions of relatively homogene-
ous base composition, called “isochores” (BERNARDI ¢¢
al. 1985). Structure at the level of base composition
within the genomes of birds and mammals was origi-
nally detected by the heterogeneous distribution of
DNA fragments in buoyant density gradients (SCHILD-
KRAUT and Mar1o 1969; BERNARDI et al. 1985). The
metaphase banding patterns of mammals may reflect
this physical organization of chromosomes (CUNY et
al. 1981; IKEMURA and AoTA 1988; BERNARDI 1989)
in that giemsa-stained (G) bands of chromosomes cor-
respond to AT-rich, late-replicating DNA whereas the
reverse (R) bands are GC-rich, early replicating and
contain a majority of active genes (GOLDMAN ef al.
1984; BicKMORE and SUMNER 1989). Statistical anal-
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yses of nucleotide sequences also revealed an under-
lying base compositional structuring to mammalian
genomes. For example, the synonymous sites, introns
and DNA flanking a given gene all have similar base
compositions, indicating that isochores may extend
over regions many hundreds of kilobases long. Fur-
thermore, the rates of nucleotide substitutions at silent
sites vary with the G + C content of genes and non-
coding DNA (FiLipsk1 1987; WOLFE, SHARP, and Li1
1989; IKEMURA, WADA and AoTA 1990), and regions
of different base content may also be subject to differ-
ences in rates of recombination (HARDISON ¢t al. 1991)
as well as different frequencies of stable insertion of
repetitive elements (BOYLE, BALLARD and WARD
1990, Hardison et al. 1991).

Despite the extensive use of Drosophila in genetic
studies, the striking banding patterns of Drosophila
polytene chromosomes and the wide variation in silent
substitution rates among genes, relatively little is
known about the broad-scale structure of the Dro-
sophila genome with respect to base composition.
Nuclear DNA (excluding satellite sequences) from
Drosophila melanogaster produces homogeneous band-
ing profiles in buoyant density gradients, indicating
an absence of sharply defined regions whose base
compositions widely differ (THIERY, MAcAya and
BERNARDI 1976). In addition, there is no significant
association between the G + C contents of introns and
silent sites in D. melanogaster (SHIELDS et al. 1988;
MoriyaAMA and HARTL 1993). It is now possible,
however, to perform more detailed analyses of the
physical structure of the Drosophila genome due to
the advent of new techniques including yeast artificial
chromosome cloning (BURKE et al. 1987; GARZA et al.
1989), pulsed field gel electrophoresis (CHU, VOLL-
RATH and Davis 1986) and base ratio analysis with
thin-layer chromatography (KRANE, HARTL and OcH-
MAN 1991).

In an attempt to determine the extent to which
DNA sequence variation is correlated with the orga-
nization of chromosomes, the present study examines
the nucleotide content across large regions of the
Drosophila genome. Much of the D. melanogaster ge-
nome has been cloned in the form of yeast artificial
chromosomes (GARzA et al. 1989) whose locations
have been mapped by in situ hybridizations (AJIOKA et
al. 1991; HARTL 1992). The availability of these
clones makes it possible to determine whether the
Drosophila genome is structured on a scale not re-
solved by conventional analyses. The base composition
of yeast artificial chromosome clones containing large
regions of D. melanogaster DNA from 18 unique eu-
chromatic locations was therefore determined. In ad-
dition, by focusing on chromosomal segments that
encompass genes whose nucleotide sequences are
available from two or more species of Drosophila, we

have been able to assess the relationship between
regional base composition and rates of molecular ev-
olution across larger regions than had previously been
possible.

MATERIALS AND METHODS

Isolation of yeast artificial chromosome (YAC) clones:
YAC clones were selected with respect to their chromosomal
location, insert size and genetic content. Many of the YACs
included in this study contain genes whose nucleotide se-
quences have been determined for D. melanogaster and at
least one other drosophilid, usually Drosophila pseudoob-
scura. Several YACs were isolated by screening 3456 yeast
colonies stamped in ordered arrays on nylon filters. Probes
for screening the library included cloned D. melanogaster
genes and sequences amplified from D. melanogaster ge-
nomic DNA by the polymerase chain reaction (SAIKI et al.
1988). Oligonucleotide primers were based on published
sequences (Genbank release 69) and designed to amplify
regions of several hundred base pairs from the correspond-
ing genes. Probes were radiolabeled by the method of
FEINBERG and VOGELSTEIN (1983), and hybridization was
carried out at 65° for 16 hr in a solution of 1 M NaCl, 1%
sodium lauryl sulfate (SDS) and 10% dextran sulfate. Prior
to autoradiography, filters were washed in two changes of
2 X 88C (20 X SSC is 3 m NaCl and 0.3 M sodium citrate,
pH 7.0) for 5 min each at room temperature, followed by
two changes of 2 X SSC containing 1% SDS for 30 min each
at 65°, and a final rinse in 0.1 X SSC for 30 min at room
temperature.

Remaining YACGCs included in the study were identified
by screening smaller numbers of clones that were previously
mapped cytologically (AJIOKA et al. 1991; HARTL 1992).
Either the polymerase chain reaction or Southern hybridi-
zation (SOUTHERN 1975) was employed to assay the presence
of D. melanogaster genes within the YAC inserts. PCR-based
assays were performed directly on colonies of yeast harbor-
ing artificial chromosomes to confirm the genetic content
of the Drosophila inserts. Alternatively, the chromosomal
DNAs of yeast clones containing YACs from a given cyto-
logical region were electrophoresed through agarose gels
and transferred to nylon membranes. Probes were prepared
and radiolabeled as described above. Hybridization pro-
ceeded for 16 hr at 65° in phosphate buffer (0.5 m NaCl,
0.1 M NaH;PO,, 5 mM EDTA) supplemented with 0.2%
Sarkosyl, and filters were washed for a total of 30 min in
five changes of 10 mM Tris, 1 mm EDTA (pH 8.0) prior to
autoradiography. The map position of each YAC was con-
firmed by in situ hybridization of biotin-labeled DNA to
preparations of salivary gland polytene chromosomes from
D. melanogaster (AJIOKA et al. 1991).

Base composition of YAC clones: YACs containing frag-
ments of DNA from D. melanogaster Oregon R were prop-
agated in yeast strain AB1380 (GARzaA et al. 1989). Intact
chromosomal DNA from cells grown in 5-ml cultures was
prepared in agarose plugs, and YACs were separated from
the complement of yeast chromosomes by pulsed-field gel
electrophoresis (CARLE and OLsON 1984; CHU, VOLLRATH
and Davis 1986). DNA corresponding to the YAC was
excised from the gel and extracted from agarose by the
glass-powder procedure (GeneClean, Bio 101). The base
composition of each YAC was determined by base ratio
analysis with TLC (KRANE, HARTL and OCHMAN ¢t al. 1991),
and the final values reflect the average for at least three
replicates of each sample.

Data analysis: Estimates of the numbers of synonymous
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and nonsynonymous base substitutions in comparisons be-
tween homologous sequences were calculated by the method
of L1, Wu and Luo (1985), and the base compositions of
published nucleotide sequences were determined by simple
tabulation. Values of F,;, a measure of the relative occur-
rence of optimal codons in a protein-coding region, were
computed by the method of IKEMURA and OZEck1 (1983),
using the codon usage table for D. melanogaster sequences
compiled and provided by PAUL SHARP (personal commu-
nication). A second measure of codon-usage bias, **/L
(SHIELDS et al. 1988), was calculated using software provided
by ETSUKO MoRrivaMA (MORIYaMA and HARTL 1993). For
the analysis of the relation between codon-usage bias and
rate of sequence divergence, the average of the D. melano-
gaster and D. pseudoobscura Fo, or **/L values for each gene
were used. Many of the statistical analyses were performed
with the StatView statistical package. For the analysis of
variance among the G + C contents for the YAC clones, the
square roots of the G + C percentages were arcsine trans-
formed to approximate a normal distribution (SOKAL and
ROHLF 1969).

RESULTS

Nucleotide composition varies within the Dro-
sophila genome: The G + C contents of 18 YAC
clones, which range in size from 140-340 kb, vary
from 36.9-50.9% (Table 1, Figure 1). Analysis of
variance in base composition among three to six rep-
licates for each of the 18 YAC clones demonstrates
that there is significantly more variation among the
YAC clones than there is among replicates for a given
YAC (Fy7, 48 = 44.96, P < 0.0001; 91.5% of variance
among clones, 8.5% of variance between replicates of
clones), even when the highest and lowest G + C
percentages are removed from the analysis (F;5, 43 =
24.36, P < 0.0001; 83.0% of variance among clones,
17.0% of variance between replicates of clones). De-
spite the diversity in base composition among the
cloned inserts of Drosophila DNA, the mean G + C
content of all the YACs was 43.9%, which compares
favorably with the base composition of 43.0% (AsH-
BURNER 1989) determined for the entire D. melano-
gaster genome. In some regions of the genome, nu-
cleotide composition varies considerably, even over a
span of a few megabases. In fact, the two extreme
values—for YAC clones N02-20 (36.9% G + C) and
DY280 (50.9% G + C)—occur within two major
polytene divisions on the right arm of the third chro-
mosome. However, in other regions of the genome,
such as polytene divisions 89, 91 and 92 on chromo-
some arm 3R, broad-scale base content is consistent
over distances of several megabases. Superimposed on
this substructure, there is a tendency toward increas-
ing G + C content with distance from the chromocen-
ter (r = 0.373, P = 0.134; with the extreme values
removed r = 0.463, P = (.08).

The G + C contents of the YACs studied were also
compared with (1) the G + C contents of coding
sequences of the genes they contain, and (2) the G +
C content at fourfold degenerate nucleotide sites in

those genes. Although there is considerable hetero-
geneity in the nucleotide composition of YACs and
sequenced genes, there is no significant correlation
between the nucleotide composition on the broad
scale of hundreds of kilobases and the nucleotide
composition of genes embedded within those large
regions (r = —0.15, P = 0.5; Figure 2). There is also
no apparent association between the G + C contents
of the YACs and the G + C contents at fourfold
degenerate nucleotide sites in the genes (r = —0.162,
P = 0.46, Figure 2). For YACs that included multiple
genes, the G + C contents at fourfold degenerate
nucleotide sites ranged from 62.8-79.8% in N01-65
and from 60.0-74.1% in N03-42 (Table 1).

Nucleotide composition and synonymous site ev-
olution: Analysis of the rates of evolution for loci
contained within the YACs studied was restricted to
loci whose nucleotide sequences have been deter-
mined for both D. melanogaster and a species from the
obscura group. These comparisons require no assump-
tions about divergence times, which would have been
necessary if comparisons among multiple species with
differing degrees of relatedness were included. Syn-
onymous site divergence rates (K,) for the genes used
in this study ranged from 0.40 for Rh1 to 1.45 for pep
(Table 2). A tendency for the rate of sequence diver-
gence to increase with the G + C content was found
(Figure 3), but the association between the two factors
is not statistically significant (r = 0.375, P = 0.24).
When the K, for the most rapidly evolving gene, pcp,
is removed from the analysis, the correlation becomes
stronger but is still not significant (r = 0.501, P =
0.19).

Nucleotide composition and codon-usage bias:
Factors in addition to base composition, such as codon-
usage bias, may influence the rate of synonymous site
evolution in Drosophila. For the genes examined here,
codon-usage bias is independent of the G + C content
of the YAGs containing them (r = 0.044, P = 0.85).
As previously determined for a less comprehensive set
of Drosophila sequences (SHARP and L1 1989; SHIELDS
et al. 1988), there is a significant negative correlation
between codon-usage bias and the rate of nucleotide
substitution (F,, vs. Ky: 7 = 0.595, P = 0.02; ¥2/L vs.
Ks: 7= 0.605, P = 0.008; Figure 4). In Drosophila, as
in bacteria (SHARP and L1 1987), genes with strong
codon-usage bias fix mutations at a slower rate, indi-
cating that codon-usage bias exerts significant con-
straints on the rate of synonymous site evolution in
these organisms.

DISCUSSION

Base composition varies with chromosomal posi-
tion in D. melanogaster: YAC clones containing 140-
340 kb of DNA from unique, euchromatic portions
of the D. melanogaster genome exhibit significant het-
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TABLE 1

Size, genomic location, base composition and genetic content of D. melanogaster YAC clones

Size Distance® %G + C
YAC No. (kb) Gene? Map Position® (mb) YAC (sE)? %G + Cy¢
DY396 160 sevenless 10A1-2 (X) 10.9 42.7 (0.3) 66.1
NO1-65 210 Gart 27C (2L) 12.3 45.6 (0.7) 62.8
N01-65 210 pep 27C (2L) 12.3 45.6 (0.7) 79.8
N05-59 200 spalt 33A2 (2L) 7.3 45.5 (1.0) 26.0
N02-27 250 Adh 35B3 (2L) 5.1 41.2 (0.2) 80.4
DY132 200 Ddc 37C1-2 (2L) 2.7 45.5 (0.2) 71.6
N05-96 210 Lep 44D (2R) 3.7 44.1 (0.3) 65.3
NO03-81 150 engrailed 48A3-4 (2R) 7.1 40.4 (0.6) 76.1
DY177 200 hsp82 63B-C (3L) 18.4 44.0 (0.5) 74.2
DY178 190 chorion 515 66D11-15 (3L) 18.7 45.2 (0.7) 56.5
DY178 190 chorion 519 66D11-15 (3L) 18.7 45.2 (0.7) 59.3
N03-42 340 Sod 68A8-9 (31) 11.7 42.1 (0.7) 74.1
NO03-42 340 sgs-8 68C3-5 (3L) 11.5 42.1 (0.7) 60.0
N03-42 340 sgs-7 68C3-5 (3L) 11.5 42.1 (0.7) 60.6
N03-42 340 sgs-3 68G3-5 (3L) 11.5 42.1 (0.7) 66.5
N02-20 140 hunchback 85A3-Bl (3R) 3.7 36.9 (0.6) 70.5
DY280 170 rosy 87D8-12 (3R) 7.6 50.9 (0.4) 65.0
DY338 190 Ubx 89F (3R) 10.9 43.0 (0.2) 75.5
N03-88 170 RA2 91D1-2 (3R) 12.4 43.4 (0.2) 69.4
N10-42 180 Rh1 92B6-7 (3R) 13.3 43.3 (0.5) 82.0
NI11-84 140 Rh3 92D1 (3R) 13.5 43.2 (0.2) 80.9
N04-56 260 rough 97D5-7 (3R) 20.2 44.2 (0.4) 69.3
NO04-74 260 rp49 99D (3R) 22.5 49.3 (0.3) 78.8

4 Abbreviations, accession numbers and citations for sequences are as follows: sevenless (J03158; BASLER and HAFEN 1988); Gart (J02527;
HENIKOFF et al. 1986); pcp = pupal cuticle protein (JO2527; HENIKOFF et al. 1986); spalt (X57474; FREI et al. 1988); Adh = alcohol
dehydrogenase (M19264; BODMER and ASHBURNER, 1984); Ddc = dopa decarboxylase (X04661; EVELETH et al. 1986); Lcp = larval cuticle
protein (JO1080; SYNDER et al. 1982); engrailed (M10017; POOLE et al. 1985); hsp82 = heat shock protein (X03810; BLACKMAN and MESELSON
1986); chorion proteins s15 and s19 (X02497; WONG et al. 1985); Sod = superoxide dismutase (X13780; KWIATOWSKI, PATEL and AYALA
1989); sgs-3, sgs-7, sgs-8 = salivary gland secretion proteins (X01918; GARFINKEL PRUITT and MEYROWITZ 1983); hunchback (Y00274) (TAUTZ
et al. 1987); rosy = xanthine dehydrogenase (Y00308; LEE et al. 1987; KEITH et al. 1987); Ubx = ultrabithorax (K01963; WILDE and AKAM
1987); Rh2 = ocellar opsin protein (M12896; COWMAN, ZUKER and RUBIN 1986); RhI = ninaE = R 1-6 opsin protein (K02315; O’Tousa et
al. 1985; ZUKER, CowMAN and RUBIN 1985); Rh3 = R7 opsin protein (M17730; ZUKER et al. 1987); rough (M23629; TOMLINSON, KIMMEL
and RUBIN 1988); rp49 = ribosomal protein 49 (X00848; KONSUWAN et al. 1985).

b palytene band designations are followed by chromosome arm location in parentheses.

¢ Numbers reflect the distance, in megabases, from the chromocenter.

4 S is the standard error of the mean G + C percent determined from three to six replicates for each YAC.

¢ Base composition at fourfold degenerate nucleotide sites.

erogeneity in regional base composition, indicating
that the Drosophila genome is more heterogeneous
than studies of banding profiles in buoyant density
gradients have suggested. In regard to this level of
heterogeneity, the structure of the Drosophila ge-
nome may be analogous to the structure of mamma-
lian genomes, which are known to contain large re-
gions of distinct and widely different base composition
(BERNARDI ¢t al. 1989). Although the heterogeneity
in regional base composition within Drosophila ge-
nomes is on the scale of that observed in warm
blooded vertebrates, the prevalence or extent of this
structuring along Drosophila chromosomes remains
unclear.

In addition to our observation of regional hetero-
geneity in G + C content in the Drosophila genome,
there is a tendency toward increasing G + C content
with increasing distance from the centromere. Al-

though the effect is not strong enough to lend statis-
tical significance using the limited cytological distri-
bution invoked in this study, it is interesting to com-
pare this observation with results obtained for similar
studies with other organisms. For human chromo-
somes, the most G + C-rich fraction of the genome
maps to telomeric regions, and it has been suggested
that the greatest concentration of genes is situated in
the distal parts of all of human chromosomes (SAcC-
CONE, PESOLE and PREPARATA 1989). The data pro-
vided in this work cannot be used to directly address
the relationship between gene density and base com-
position, though the genetic map of D. melanogaster
reveals no systematic increase in the density of genes
in the distal euchromatic regions of chromosomes
(LINDSLEY and ZiMM 1991), and this may be an im-
portant difference in the organization of mammalian
and drosophilid genomes. In addition, there is no
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FIGURE 1.—Histogram of the distribution of G + C percentages
for 18 YAC clones containing inserts of D. melanogaster genomic
DNA. The large arrow indicates the mean, and smaller arrows are
positioned at one and two sb from the mean. Abbreviations are the
same as those used in Table 1, with the following additions: kb =
hunchback, eng = engrailed, sev = sevenless. The YAC containing the
sgs loci also contains Sod, and the YAC containing Gart also includes

pep.
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FIGURE 2.—(A) G + C percentage of YAC clones vs. the G + C
content of coding sequences within the YACs (r = —0.15, P = 0.5,
d.f. = 21). (B) Plot of the G + C percentage of YAC clones vs. the
G + C percentage at fourfold degenerate nucleotide sites in genes
within each YAC (r = 0.162, P = 0.46, d.f. = 21).

detectable relationship between chromosomal loca-
tion and base composition at fourfold degenerate
nucleotide sites (MORIYAMA and HARTL 1993). A
more detailed and finer scale investigation of the
distribution of compositional heterogeneity and gene
density along a single Drosphila chromosome arm
would be necessary to determine whether this obser-
vation reflects a true organizational property of the
Drosphila genome.

Perhaps the most striking departure from mamma-
lian systems of compositional heterogeneity is the lack
of association of the base composition of chromosomal
segments with base composition in coding regions or
at synonymous sites within coding regions. For those
YAC clones that include more than one sequenced
gene, the nucleotide content at fourfold degenerate
nucleotide sites varies over a range as great as 17.0%.
Analyses complementary to those presented in this

paper, including fine-scale comparisons of introns and
adjacent exons from a large number of Drosophila
genes, also fail to demonstrate any association between
the base composition of genomic regions and the base
composition of coding or noncoding DNA from the
same chromosomal segments (SHIELDS et al. 1988;
MoriyaMA and HARTL 1993). This is in contrast to
what has been observed for mammalian genomes,
where there is a very strong correlation between the
base composition in DNA flanking genes, in introns
and in synonymous sites of coding regions (IKEMURA
1985; BULMER 1987; AissaNI et al. 1991). This cor-
relation has been cited as evidence for a mutational
bias toward a specific G + C content in different
chromosomal regions (BULMER 1987; HARDISON et al.
1991) and has also been used to argue that synony-
mous site evolution in mammals is strongly influenced
by this mutational bias (WOLFE, SHARP and L1 1989).

Synonymous site evolution in Drosophila: Analy-
sis of the relationship between regional base compo-
sition and the rate of nucleotide substitution in Dro-
sophila implies a critical difference between the forces
that generate variability in rates of DNA sequence
evolution in Drosophila and in mammals. In contrast
to the association between local base composition and
evolutionary rate in mammals, there is no significant
correlation between regional G + C content and the
rate of synonymous site evolution in Drosophila. In
mammals, the compartmentalization of the genome
into large regions of homogeneous base composition
has significant effects on rates and patterns of DNA
sequence evolution. For example, comparison of the
rates of synonymous site substitution among rodent
genes shows that, for genes with a G + C content of
more than 50%, the rate of synonymous site evolution
decreases as the G + C content increases (WOLFE,
SHARP and L1 1989). In Drosophila there is greater
than twofold variation in synonymous site divergence
among genes that have been compared between D.
melanogaster and D. pseudoobscura (or Drosophila su-
bobscura), and there is significant heterogeneity in
base composition among the YAC clones that contain
these genes. However, the lack of a statistically signif-
icant correlation between the G + C content and the
rate of evolution of these genes suggests that factors
other than the local base composition, or local muta-
tional biases, are responsible for the variability in
evolutionary rates.

If, unlike mammalian systems, the variability in
evolutionary rates among Drosophila genes cannot be
ascribed to differential mutational properties of dis-
tinct genomic regions-—as broadly indicated by their
base composition—what factors are associated with
the observed patterns of synonymous site divergence?
As suggested by SHIELDS et al. (1988), some form of
selection acting at the level of synonymous codons
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TABLE 2

Codon-usage bias and evolutionary rate of genes from D. melanogaster and D. pseudoobscura

D. melanogaster

D. pseudoobscura

Gene? Fop x%/L Fop x%/L K, (sE)® K. (SE)*
per 0.62 0.57 0.57 0.38 0.71 (0.06) 0.11 (0.009)
Gart 0.49 0.25 0.50 0.32 1.02 (0.08) 0.13 (0.009)
pep 0.58 0.48 0.48 0.32 1.45 (0.51) 0.47 (0.028)
Adh 0.76 0.91 0.69 0.68 0.50 (0.08) 0.07 (0.013)
Hsp82 0.76 0.87 0.69 0.63 0.50 (0.08) 0.05 (0.009)
s15 0.53 0.31 0.46 0.56 0.70 (0.20) 0.37 (0.064)
519 0.66 0.75 0.61 0.52 0.87 (0.20) 0.24 (0.034)
Rh4 0.58 0.35 0.60 0.40 0.73 (0.09) 0.06 (0.011)
bed 0.44 0.22 0.45 0.24 0.99 (0.12) 0.13 (0.020)
rosy 0.51 0.26 0.61 0.49 0.93 (0.07) 0.11 (0.008)
Ubx 0.53 0.26 0.61 0.49 0.66 (0.10) 0.10 (0.015)
Rh2 0.50 0.26 0.65 0.57 0.77 (0.11) 0.11 (0.015)
Rh1 0.67 0.72 0.57 0.36 0.40 (0.06) 0.05 (0.010)
Rh3 0.57 0.55 0.56 0.40 0.62 (0.08) 0.10 (0.014)
rp49 0.77 1.00 0.63 0.58 0.61 (0.15) 0.05 (0.014)

¢ Gene designations and references as in Table 1, with the following additions: per = period (D. melanogaster, M30114: CrTRI et al. 1987;
D. pseudoobscura, X13878; CoLoT, HALL and RosBasH 1988); Gart and pcp (D. pseudoobscura, X06285: HENIKOFF and EGHTEDARZADEH
1987); Adh (D. pseudoobscura, Y00602; SCHAEFFER and AQUADRO 1987); Hsp82 (D. pseudoobscura, X03812: BLACKMAN and MESELSON 1986);
515 and 519 (D. suboboscura, X53423: MARTINEZ-CRUZADO et al. 1988); Rh4 = opsin protein (D. melanogaster, M17718, M17719: MONTELL
et al. 1987; D. pseudoobscura, X65880, X65881: CARULLI and HARTL 1992); bcd = bicoid (D. melanogaster, X07870: BERLETH et al. 1988; D.
pseudoobscura, entered manually by J.P.C. and D.E.K.: SEEGER and KAUFMAN, 1990); rosy (D. pseudoobscura, M33977: RILEY 1989); Ubx (D.
pseudoobscura, X05179: WILDE and AKAM 1987); Rh2, Rh1, Rh3 (D. pseudoobscura, X65878, X65677, X65879: CARULLI and HARTL, 1992);

rp49 (D. subobscura, M21333: AGUADE 1988).

b Synonymous site divergence and standard error (S) of the divergence, determined by the method of L1, Wu and Luo (1985).
¢ Nonsynonymous site divergence and standard error (SE) of the divergence.
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FIGURE 3.—G + C content of D. melanogaster YAC clones vs. the
synonymous site divergence for genes compared between melano-
gaster group species and obscura group species (r = 0.375, P = 0.24,
d.f. = 10).

may contribute to the diversity of evolutionary rates
observed in Drosophila. The strong, negative corre-
lation between codon-usage bias and synonymous site
divergence suggests that highly biased genes in Dro-
sophila are constrained in their evolution by incorpo-
rating only a limited subset of the potential codons.
In bacteria, where the molecular basis for codon-usage
bias has been examined, those codons that are used
more frequently are those with the largest cellular
tRNA pools (IKEMURA 1985). As a result, bacterial
genes that are highly expressed have high codon-usage
biases, and the reduced rate of synonymous site evo-
lution in these genes may reflect selection for trans-
lational efficiency (SHARP and L1 1987). However, the
molecular basis for codon-usage bias in a metazoan
such as Drosophila is not easily explained, particularly
since different tissues may have different tRNA pools,
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FIGURE 4.—Codon-usage bias, as measured by F,, vs. synony-
mous site divergence (K,) for genes compared between melanogaster
and obscura group species (r = —0.595, P = 0.02, d.f. = 12). Codon-
usage bias, as measured by **/L, vs. synonymous site divergence for
the same set of genes (r = —0.605, P = 0.008, d.f. = 12).

and levels of gene expression may differ among spe-
cies or among populations of the same species (e.g.,
FANG and BRENNAN 1992). Furthermore, codon-
usage bias of homologous loci in D. melanogaster and
D. pseudoobscura may differ significantly (CARULLI and
HARTL 1992). Regardless, codon-usage bias does not
appear to be a reflection of genome compartmentali-
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zation in Drosophila, because there is no association
between codon-usage bias and regional base compo-
sition.

The nature of Drosophila compositional hetero-
geneity: The Drosophila genome is subdivided into
large regions that differ from one another in base
composition, and further analysis of compositional
heterogeneity in the Drosophila genome may eluci-
date additional organizational features that are re-
sponsible for this pattern. The total genetic content
of each of the chromosomal segments that we inves-
tigated is not known, so the observed heterogeneity
in nucleotide content could be a function of the
amount of coding DNA (which is relatively G + C
rich) included in each of the yeast artificial chromo-
some clones, or the distribution of satellite DNA and
other repetitive elements. Additional analysis of the
distribution of coding sequences within the YAC
clones will determine if coding capacity of the clones
is responsible for the differences in G + C content. A
hierarchical analysis of compositional heterogeneity
at several levels of scale, including lambda or cosmid
clones that span several hundred contiguous kilobases,
may reveal that there are other patterns of heteroge-
neity that are not observed in comparisons of YAC
clones.

Our data argue against a model of Drosophila ge-
nome organization and evolution that includes muta-
tional biases that are purely a function of regional
differences in base composition, but they do not sug-
gest that rates of DNA sequence evolution are com-
pletely independent of genomic context. BEGUN and
AQUADRO (1992) have recently demonstrated that the
level of nucleotide polymorphism in D. melanogaster
and its sibling species Drosophila simulans is strongly
influenced by the variation in recombination rates in
different chromosomal regions. The presence of chro-
mosomal inversion polymorphisms within natural
populations of Drosophila also affects the evolution of
numerous genetic loci (AQUADRO et al. 1991). There-
fore, variability in rates of synonymous site divergence
among Drosophila genes incorporates the combined
effects of differences in recombination rates, selection
among alternative codons and perhaps other un-
known factors. Our results, and those presented by
SHIELDS et al. (1988) and by MoRr1vyaMA and HARTL
(1993), suggest fundamental differences in the forces
that influence rates and patterns of molecular evolu-
tion in Drosophila and in mammals: variability in
mutation rates, as a function of the compartmentali-
zation of the genome into regions of distinct base
composition and mutational properties, does not ap-
pear to be a dominant force contributing to the ob-
served heterogeneity in rates of DNA sequence evo-
lution in Drosophila.
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