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ABSTRACT

The region encompassing the Rpl1215 gene that encodes the largest component of the RNA polymerase
Il complex (1889 amino acids) has been sequenced in Drosophila subobscura, D. madeirensis, D. guanche,
and D. pseudoobscura. Nonsynonymous divergence estimates (K.) indicate that this gene has a very low
rate of amino acid replacements. Given its low K, and constitutive expression, synonymous substitution
rates are, however, unexpectedly high. Sequence comparisons have allowed the molecular clock hypothesis
to be tested. D. guanche is an insular species and it is therefore expected to have a reduced effective size
relative to D. subobscura. The significantly higher rate of synonymous substitutions detected in the D. guanche
lineage could be explained if synonymous mutations behave as nearly neutral. Significant departure from
the molecular clock hypothesis for synonymous and nonsynonymous substitutions was detected when
comparing the D. subobscura, D. pseudoobscura, and D. melanogaster lineages. Codon bias and synonymous
divergence between D. subobscura and D. melanogaster were negatively correlated across the Rpl1215 coding
region, which indicates that selection coefficients for synonymous mutations vary across the gene. The
C-terminal domain (CTD) of the Rpl1215 protein is structurally and functionally differentiated from the
rest of the protein. Synonymous substitution rates were significantly different in both regions, which
strongly indicates that synonymous mutations in the CTD and in the non-CTD regions are under detectably

different selection coefficients.

YNONYMOUS mutations have been classically con-

sidered to behave near neutrality (Kimura 1983)
because they do not contribute to variation of the pri-
mary structure of proteins. According to Ohta’s nearly
neutral theory (Ohta and Kimura 1971; Ohta 1972),
mutations that comply [Nes| = 1, where N, is the effective
population size and s is the selection coefficient, should
be defined as nearly neutral. Contrarily, strictly neutral
mutations should satisfy [N.s| < 1 for any effective popu-
lation size. Under a strictly neutral model (Kimura
1968, 1983; Kimura and Ohta 1971) the rate of substi-
tutions per year (K,) is equal to the neutral mutation
rate per generation () divided by the generation time
(9): Ky = we/g. Then, assuming constant neutral muta-
tion rate per generation, strictly neutral mutations
should exhibit generation-time effects (Ohta and
Kimura 1971; Gillespie 1991). For slightly deleterious
mutations K, = p/4Nsg (Kimura and Ohta 1971),
and consequently rate constancy will be achieved only
if there is a negative correlation between N, and g. Such
a correlation has been reported by Chao and Carr
(1993) for highly diverged species. A direct prediction
from the nearly neutral theory is therefore that synony-
mous substitution rates among different lineages of
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closely related Drosophila species with equal generation
times will depend on the effective population size. Also,
testing the molecular clock hypothesis (Zuckerkandl
and Pauling 1965) by comparing the synonymous rates
among different lineages can shed some light on the
magnitude of the selection coefficients of mutations at
synonymous sites in Drosophila.

Synonymous substitution rates vary extensively among
different genes in Drosophila, and this variation is nega-
tively correlated with codon usage bias (Shields et al.
1988; Sharp and Li 1989). Kliman and Hey (1994)
detected a small but significant correlation between the
base composition of introns and codon bias among dif-
ferent loci of Drosophila melanogaster, which indicates a
residual effect of mutational processes on base composi-
tion at synonymous sites. In Drosophila, variation in
the strength of natural selection acting on synonymous
mutations, usually related to the expression level, has
been proposed to explain the observed pattern of varia-
tion of codon bias among genes (Shields et al. 1988;
Moriyama and Hartl 1993; Kliman and Hey 1994).
Indeed, selective constraints on synonymous sites to
ensure amino acid incorporation accuracy and/or to
enhance elongation rates in the translation process
(Kurland 1987a,b; Precup and Parker 1987; Bulmer
1991; Akashi 1994; Comeron and Kreitman 1998)
have also been proposed to modulate the codon bias
of a particular gene. The secondary structure of mRNA
could also have some effect on Drosophila synonymous
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substitutions (Comeron and Aguadé 1996) as has been
suggested in enterobacteria (Lawrence et al. 1991; Eyre-
Walker and Bulmer 1993). Recently, Comeron et al.
(1999) have proposed that both the recombinational
environment and the length of the coding region also
contribute significantly to synonymous divergence and
codon bias of a particular gene in Drosophila.

The RNA polymerase Il complex is responsible for
transcription of protein-encoding genes (McKnight and
Yamamoto 1992). The locus that encodes its largest
subunit has been sequenced in several eukaryotic organ-
isms. Extensive homology between prokaryotic and eu-
karyotic RNA polymerases Il has been reported (Alli-
son et al. 1985). The largest subunit of the RNA
polymerase Il complex has an unusual C-terminal do-
main (CTD) that consists of a motif of seven amino
acids tandemly repeated (Corden 1990). The consen-
sus sequence of the repeat is Tyr-Ser-Pro-Thr-Ser-Pro-
Ser. The number of repeats varies among species, but
the sequence characteristics are highly conserved
among eukaryotes. Its function is considered essential
for the viability of a wide range of eukaryotes (Nonet
et al. 1987; Allison et al. 1988), and it has been shown
recently that it plays an important role in mRNA capping
(McCracken et al. 1997).

In Drosophila the largest component of the RNA pol
Il complex is a 215-kD peptide that is encoded by the
Rpll1215 gene (Jokerst et al. 1989). This gene is sup-
posed to be ubiquitously expressed in cells because of
its critical role in the transcriptional process, which, on
the other hand, leads to the prediction that it will be
a very conserved gene at the amino acid level. The
expression pattern and the expected amino acid con-
straints would support the a priori idea that the Rpll1215
gene should exhibit a high codon bias. However, as
predicted by Li (1987) for the case of absolute linkage
among sites, smaller selection coefficients on individual
synonymous mutations would be expected from its very
long coding region (1889 codons in D. melanogaster;
Comeron et al. 1999). These features make the Rpll215
gene an ideal candidate for the study of different as-
pects of synonymous substitution rates. In this sense,
the comparison between the palearctic species D. subob-
scura and the insular species D. madeirensis and D. guanche
provides an excellent opportunity to test the effects on
synonymous rates of the expected reduced N, of the
latter species by contrasting the molecular clock hypoth-
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esis. On the other hand, we have addressed the question
of whether the proposed reduction of N, in D. melanogas-
ter as compared to D. simulans (Akashi 1995, 1996) can
also be detected in the Rpl1215 gene when D. melanogas-
ter is compared to D. subobscura and D. pseudoobscura.
Moreover, the long coding region of the Rpll215 gene
has allowed us to study the pattern of variation of codon
bias and synonymous divergence across the gene, where
possible sources of variation among genes (like muta-
tional pattern, recombinational environment, or ex-
pression levels) can be overruled. Finally, the presence
of the CTD region in this gene provides a unique chance
to explore possible natural selection fingerprints in two
regions of a gene that are structurally and functionally
differentiated (Allison et al. 1988).

MATERIALS AND METHODS

DNA preparation, cloning, and sequencing strategy: Two
recombinant phages were isolated from a random genomic
library of D. subobscura (AsubRalll) from Raices (Canary Is-
lands). Two different sets of probes from D. melanogaster were
used separately in the screening (Figure 1): (i) a 1.3-kb EcoRI-
Pstl and a 1.2-kb Pstl-EcoRI fragment (isolated from a recombi-
nant plasmid kindly provided by A. Greenleaf) that included
the entire second exon of the Rpl1215 gene; (ii) a 3.6-kb EcoRI-
EcoRI fragment that covered the third and fourth exons of
the gene. After Southern blot analysis of the two positive
phages, three DNA fragments (a 3.4-kb EcoRI vector and a
4.8-kb EcoRI-EcoRI from one of the phages and a 5.2-kb Sall-
Sall from the second phage) were subcloned in pBluescriptll
vectors. A set of nested deletions was obtained for each orienta-
tion of each subclone (Henikoff 1984). The sequence of
both strands of a 7.8-kb region was obtained by manually
sequencing each subclone, entirely or partially, using double-
stranded DNA and the dideoxy chain termination method
(Sanger et al. 1977).

For D. madeirensis and D. guanche, genomic DNA was ex-
tracted from adult flies of isofemale lines using a CsCl gradient
(Bingham et al. 1981) and a standard small-scale method
(Ashburner 1989) with minor modifications, respectively.
After digestion of the DNA with a set of restriction enzymes
and Southern blot transfer, two different probes that encom-
passed the 5’ and 3’ ends of the Rpl1215 gene of D. subobscura
were used separately to perform hybridization: (i) a 0.7-kb
Clal-digested PCR fragment that included 0.6 kb of the non-
coding 5’ region, the first exon, and a small part of the first
intron; (ii) a 0.6-kb Sall-vector fragment within the CTD. In
both species, digestion with Hindlll produced a single band
that showed cross-hybridization with both probes, and this
enzyme was then used to construct the corresponding libraries
with the ADASH vector (Stratagene, La Jolla, CA). A 1.8-kb

—_ Figure 1.—Structure of the Rp-
11215 gene in D. melanogaster. Ex-
ons are shown as gray boxes. Black
lines represent introns and flank-
ing regions. The CTD included in
exon 4 is depicted as a white box.
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Probes used to isolate the Rpll1215
region in D. subobscura are pre-
sented below the gene.
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Sall-Sall fragment that partially contained the third and fourth
exons of the Rpll215 gene of D. subobscura was used as probe
to perform screening of the libraries. In each case, several
positive recombinant phages were isolated. After restriction
map analysis, the entire Rpll215 region was cloned in two
DNA fragments for D. madeirensis (7.8-kb EcoRI-HindlIll and
4.8-kb EcoRI-EcoRl) and in three fragments for D. guanche
(4-kb EcoRI-EcoRl, 0.3-kb EcoRI-EcoRI, and 4.5-kb EcoRI-Xbal).
Synthetic oligonucleotides designed on the D. subobscura se-
quence were used to obtain the complete sequence of the
Rpl1215 region of D. madeirensis (7.1 kb) and D. guanche (6.2
kb) for both strands. For those regions with a high level of
divergence, new specific primers were designed. The dideoxy
method and double-stranded plasmid DNA were used to man-
ually sequence one strand, while fluorescent dye-terminator
chemistry (Perkin Elmer, Norwalk, CT) and an ABI 377 se-
guencer were used to obtain the sequence of the other strand
by cycle sequencing.

For D. pseudoobscura, a highly inbred strain (kindly provided
by C. Segarra) and a standard small-scale method (Ashburner
1989) were used to isolate genomic DNA from adult flies.
Four overlapping fragments, 1.9, 2.3, 1.4, and 1.8 kb long,
were amplified by PCR from genomic DNA. Most of the prim-
ers used for the amplifications and for sequencing were de-
signed on the D. subobscura sequence, although some specific
oligonucleotides were designed in highly diverged regions.
The cycle sequencing method with fluorescent dye-terminator
chemistry and an ABI 377 sequencer were used to obtain the
sequence of both strands of a 5.7-kb region.

All sequences were assembled using Staden’s programs
(Staden 1982). Sequences newly reported in this study are
deposited in the EMBL sequence database library under acces-
sion nos. Y18876, Y18877, Y18878, and Y18879.

Species divergence: The GCG Wisconsin package programs
(v7.3; Devereux et al. 1984) were used to align the sequences.
For coding regions, insertions and deletions were placed by
eye to minimize the number of amino acid replacements. The
K-Estimator 4.4 program provided by J. Comeron was used to
calculate synonymous (K;) and nonsynonymous (K,) diver-
gence estimates per site according to Comeron (1995). This
is a modification of Li’s (1993) method that tends to minimize
stochastic errors and quantifies in a more accurate way the
number of transitions/transversions substitutions. In the slid-
ing window analysis, confidence intervals of the estimated
divergence values for each window were calculated according
to Comeron and Aguadé (1996). For noncoding regions,
Kimura’s (1980) two-parameter method was applied to esti-
mate the number of substitutions per site.

Codon bias: The codon bias index (CBI; Morton 1993)
was used to estimate the degree of biased usage of synonymous
codons (codon bias) of the Rpll215 coding region in each
species. This measure exhibits a much lower dependence on
the number of analyzed codons and a lower dispersion due
to sampling than “Scaled x?” (x2/L; Shields et al. 1988). More-
over, it is independent of the length of the coding region
(Comeron and Aguadé 1998). For the subobscura cluster
species (D. subobscura, D. madeirensis, and D. guanche), codons
were classified as preferred and unpreferred according to
Akashi and Schaeffer (1997).

Tests of the molecular clock hypothesis: Two different kinds
of tests were used to contrast the molecular clock hypothesis
(Zuckerkandl and Pauling 1965). Tajima’s relative rate tests
with known outgroup (1D and 2D; Tajima 1993) were applied
to test equal rates of evolution between lineages: D. guanche
was used as the outgroup between D. subobscura and D. ma-
deirensis, and D. pseudoobscura was used as the outgroup be-
tween D. subobscura and D. guanche. Both in the D. subobscura/
D. madeirensis/D. guanche and in the D. subobscura/D. pseudoob-

scura/D. melanogaster comparisons, the index of dispersion
(R(t); Gillespie 1989, 1991) was calculated to test whether
the number of substitutions on a lineage is Poisson-distributed
and whether evolutionary rates across lineages are constant
(Kimura and Ohta 1971). In the latter comparison and to
avoid negative values, the number of substitutions on a given
branch of the phylogeny built by the three species was calcu-
lated by comparison of each sequence with a generated ances-
tral sequence that was constructed using a parsimony criterion
(Zeng et al. 1998). Computer simulations that considered
the multiple hits effect were conducted to obtain significance
levels of the estimated R values (Bulmer 1989; Gillespie
1989, 1991) in accordance with Zeng et al. (1998).

RESULTS

Molecular evolutionary rates: The Rpl1215 region was
sequenced in four species of the obscura group (Figure
2): D. subobscura (7816 bp), D. madeirensis (7103 bp),
D. guanche (6220 bp), and D. pseudoobscura (5666 bp).
The structure of the gene in D. subobscura consists of
four exons separated by three introns whose lengths are
1029, 77, and 108 bp, respectively. The different exons
presented the same length in the four species compared
(81, 2244, 2245, and 1097 bp long, respectively). In
D. guanche, the first large intron presented a 783-bp
deletion in the central region relative to D. subobscura
and D. madeirensis. This central region of D. subobscura
showed extensive similarity to an 823-bp region that is
defined as uncharacterized highly repetitive sequence
of the same species (EMBL accession no. AF043638), and
is also described in D. madeirensis (AF043637) and in
D. guanche (AF043639). Table 1 gives a summary of
divergence estimates between species for the Rpll215
region. Introns and flanking regions could only be
aligned between the obscura group species. Divergence
estimates in these noncoding regions were generally
higher than the corresponding synonymous estimates.

mel pse gua mad sub

Figure 2.—Phylogenetic relationships among D. subobscura
(sub), D. madeirensis (mad), D. guanche (gua), D. pseudoobscura
(pse), and D. melanogaster (mel). Branch lengths do not repre-
sent real divergence distances. Node 0 indicates the inferred
ancestral sequence (sequence 0) between D. subobscura and
D. pseudoobscura. This phylogeny is based on data at the chro-
mosomal (Krimbas and Loukas 1984), allozyme (Loukas et
al. 1984), and nucleotide levels (Barrio et al. 1992; Barrio
and Ayala 1997; Ramos-Onsins et al. 1998), and it is also
supported by the present data.
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TABLE 1
Substitutions per site in coding and noncoding regions of the RpII215 gene
D. subobscura D. madeirensis D. guanche D. pseudoobscura D. melanogaster
Coding?
D. subobscura - 0.021 0.058 0.28 0.91
[0.014-0.029] [0.045-0.07] [0.25-0.31] [0.83-0.99]
D. madeirensis 0.0005 - 0.054 0.28 0.9
[0-0.001] [0.042-0.066] [0.25-0.31] [0.82-0.99]
D. guanche 0.001 0.001 - 0.30 0.93
[0-0.002] [0-0.003] [0.27-0.34] [0.84-1]
D. pseudoobscura 0.002 0.003 0.001 - 0.92
[0.001-0.004] [0.001-0.004] [0-0.003] [0.84-1]
D. melanogaster 0.02 0.001 0.019 0.019 -
[0.015-0.025] [0-0.003] [0.014-0.023] [0.014-0.023]
Noncoding’®
D. subobscura - 0.047 0.076 0.34
[0.036-0.059] [0.053-0.1] [0.25-0.45]
D. madeirensis 1372 - 0.076 0.35
[0.054-0.1] [0.25-0.46]
D. guanche 528 537 - 0.33
[0.24-0.43]
D. pseudoobscura 196 196 203 -

Ninety-five percent confidence intervals obtained by computer simulation using the K-Estimator 4.4 program are depicted

between square brackets.

2 Numbers of synonymous and nonsynonymous substitutions per site are depicted above and below the diagonal (upper part),
respectively (1419.6 and 4219.6 average number of synonymous and nonsynonymous sites analyzed).
® Numbers of noncoding substitutions per site and numbers of positions analyzed are shown above and below the diagonal

(lower part), respectively.

D. madeirensis and D. guanche are insular species geo-
graphically restricted to Madeira and to the Canary
Islands, respectively. In contrast, D. subobscura is a pale-
arctic species, and consequently it is expected to have
a larger N, than the insular species. We have analyzed
the effect of the expected smaller N, of D. madeirensis
and D. guanche on the nucleotide substitution rates by
applying Tajima’s relative rate tests (Tajima 1993) be-
tween these species and D. subobscura. On the other
hand, Akashi (1995, 1996) proposed that D. melanogas-
ter exhibits the effects of a reduction of N, on nucleotide
substitutions when compared to D. simulans. We have
addressed the question of whether those effects in D.
melanogaster are also detectable when compared to the
D. subobscura and D. pseudoobscura lineages. Relative rate
tests, however, use only the outgroup species to assign
nucleotide substitutions to each internal lineage, and
substitution rates cannot be tested in the external
branch. The mean-to-variance ratio (Kimura 1983; Gil-
lespie 1989, 1991), also known as R(t), allowed us to
test the molecular clock hypothesis (Zuckerkandl and
Pauling 1965) in a phylogeny built by D. subobscura, D.
pseudoobscura, and D. melanogaster.

Relative rate tests between D. subobscura, D. madeirensis,
and D. guanche: Tajima’s relative rate tests (1D and 2D
methods; Tajima 1993) were applied to coding (synony-
mous and nonsynonymous) and noncoding regions sep-
arately. For variable sites, only those positions with the

same nucleotide in two of the three sequences com-
pared were considered. As in the comparisons between
D. subobscura, D. madeirensis, and D. guanche, variable
codons were affected by a single change, and each ob-
served substitution in the coding region of the Rpll215
gene could be classified unambiguously as synonymous
or nonsynonymous. Results from the 1D method are
shown in Table 2. No significant departure from the
molecular clock hypothesis was detected between the
D. subobscura and D. madeirensis lineages using D. guanche
as the outgroup, either when the total number of the
observed substitutions (1D method) was considered or
when transitional and transversional changes were ana-
lyzed separately (2D method). In contrast, the D. guanche
lineage exhibited a significantly larger number of substi-
tutions in the coding region than the D. subobscura lin-
eage using D. pseudoobscura as the outgroup, when both
the 1D method (P = 0.016) and the 2D method (P =
0.015) were used. The different substitution rates in the
coding region between both lineages can be attributed
to synonymous substitutions (P = 0.007 and P = 0.014
for 1D and 2D methods, respectively). Contrarily, the
noncoding region seems to fit the constant rate hypothe-
sis, which suggests that noncoding and synonymous sub-
stitutions in the Rpll215 region behave differently.
Index of Dispersion Among D. subobscura, D. pseudoob-
scura, and D. melanogaster: We used Gillespie’s R(t) to
test the molecular clock hypothesis in the phylogeny
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TABLE 2

Tajima’s relative rate test in the subobscura cluster species of Drosophila

Substitutions

P values?

Coding region

Coding region

Nonsyn® Syn¢ Noncoding Syn Total Noncoding
D. subobscura 0 19
0.21 0.4 1
D. madeirensis 2 12
D. guanche®
D. subobscura 3 24
0.007 0.016 0.32
D. guanche 0 48

D. pseudoobscura?

2 Calculated from Tajima’s relative rate test (1D method).

® Nonsynonymous.
¢ Synonymous.

4 The species used as the outgroup in each comparison.

built by D. subobscura, D. pseudoobscura, and D. melanogas-
ter (see Figure 2). Analysis focused on the Rpll215 cod-
ing region because noncoding regions could not be
aligned between any species of the obscura group and
D. melanogaster. The numbers of synonymous and non-
synonymous substitutions in each lineage were calcu-
lated using the inferred ancestral sequence (sequence
0 in Figure 2) of both obscura species according to
Zeng et al. (1998). The lineage from the D. subobscura/
D. pseudoobscura split to D. melanogaster was defined as
the D. melanogaster lineage. Langley and Fitch (1974)
pointed out the important contribution of lineage and
residual effects on R values. Lineage effects, like the
generation-time effect and different branch lengths,
were considered constant within a lineage and were
removed by the method proposed by Gil lespie (1989,
1991). In the present study, we used the synonymous
and nonsynonymous weights calculated in Zeng et al.
(1998) from sequences of 24 genes in the same three
species. The R values estimated for synonymous and
nonsynonymous substitutions in the Rpll215 gene are
shown in Table 3.

A significant departure from the expected Poisson
process was detected for synonymous (P = 0.025) and
nonsynonymous (P = 0.008) substitutions in the Rpll-
215 gene. The D. melanogaster lineage presented an ex-
cess of both kinds of substitutions. A similar result was
obtained when the numbers of synonymous and non-
synonymous substitutions on each branch were esti-
mated directly from the corrected distances between
real sequences (Gil lespie 1989), as the calculated R(t)
values (9.74 and 6.36 for synonymous and nonsynony-
mous substitutions, respectively) were even higher than
those obtained by means of the constructed ancestral
sequence.

Analysis of preferred and unpreferred codons: It has

been proposed that mutations at synonymous sites be-
have near neutrality (Ohta and Kimura 1971; Ohta
1972; Kimura 1983), and their fate in the population
would therefore depend on the effective population
size. Codons within a synonymous family can be classi-
fied as major (preferred) and nonmajor (unpreferred)
codons according to Akashi (1995). Selection coeffi-
cients for mutations from preferred to unpreferred co-
dons (unpreferred changes) were calculated by Akashi
(1995, 1997), who suggested deleterious and beneficial
effects on fitness of unpreferred and preferred changes,
respectively. The observed numbers of preferred and
unpreferred changes at the Rpll215 coding region in
the D. subobscura, D. madeirensis, and D. guanche lineages
were studied and the results are summarized in Table
4. Preferred and unpreferred changes were assigned to
one lineage by comparison to an outgroup sequence.

TABLE 3

Estimated numbers of synonymous and nonsynonymous
substitutions and indexes of dispersion [R(?)]

Substitutions R (t)

0-sub? 0-pse® 0-mel® Rpli215

908.19 4.95%
4.63**

Synonymous 186.30 186.43
Nonsynonymous 6.50 3.01 72.73

The R(t) values were calculated using the synonymous (W, =
0.475; Wp,e = 0.535; Wye; = 1.99) and nonsynonymous (Wy,, =
0.429; Wy = 0.412; W,e; = 2.159) weights proposed by Zeng
et al. (1998) for each lineage. Asterisks indicate the level of
significance achieved by computer simulations for one-tailed
tests: *P < 0.05; **P < 0.01.

2The D. subobscura lineage.

®The D. pseudoobscura lineage.

¢ The D. melanogaster lineage.
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TABLE 4

Observed numbers of unpreferred and preferred changes at the RpII215 coding
region in the subobscura cluster species of Drosophila

D. guanche? D. pseudoobscura?
D. subobscura D. madeirensis D. subobscura D. guanche
Pref — unpref 3 9 25
Unpref — pref 6 8 4
P values 0.36 0.017

The observed numbers of unpreferred (pref — unpref) and preferred (unpref — pref) changes in the
D. subobscura, D. madeirensis, and D. guanche lineages are shown. Probability values (P values) were calculated
using a G-test with Williams’ correction (2 X 2 contingency table with the above numbers; Sokal and RohlIf

1997).

2 For each comparison, the species used as the outgroup.
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Figure 3.—Sliding window analysis across the Rpl1215 cod-
ing region (in the x axis) of the number of synonymous substi-
tutions per site (K, in the y axis). Exons of the Rpll215 gene
are depicted as black rectangles below the graph. Ninety-five
percent confidence intervals of the synonymous divergence
estimates are shown as dotted lines. Window size, 360 nucleo-
tides. sub, D. subobscura; pse, D. pseudoobscura; mel, D. melano-
gaster.

For each variable site, the ancestral nucleotide was the
one present in two of the three sequences compared.
Positions with different nucleotides in the three se-
guences were not considered in this analysis. In the
comparison between D. subobscura and D. guanche, the
number of unpreferred changes in the D. guanche lin-
eage was six times larger than the number of preferred
changes. In contrast, preferred and unpreferred changes
were equally frequent in the D. subobscura lineage. We
tested the ratio of preferred to unpreferred changes
between D. subobscura and each of the insular species
(D. madeirensis and D. guanche) by applying a G-test of
independence (Table 4). There was a significant excess
(P = 0.017) of unpreferred changes in the D. guanche
lineage as compared to the D. subobscura lineage. Other-
wise, the D. madeirensis and D. subobscura lineages showed
an equivalent ratio of preferred to unpreferred changes.
Both results are consistent with our previous analysis
using Tajima’s relative rate test and support a reduction
in the intensity of selection on synonymous mutations
at the D. guanche lineage caused by its smaller N..
Divergence and codon bias across the coding region:
Synonymous codon usage (codon bias) for the entire
Rpl1215 coding region was studied using the CBI (Mor-
ton 1993). The CBI values for the species D. subobscura,
D. madeirensis, D. guanche, and D. pseudoobscura were
0.505, 0.502, 0.475, and 0.522, respectively. For D. mela-
nogaster (Jokerst et al. 1989) the CBI value was 0.411.
The distribution of synonymous substitutions across the
Rpl1215 coding region was studied in the comparisons
between D. subobscura, D. pseudoobscura, and D. melanogas-
ter. We performed a sliding window analysis using five
different window sizes: 360, 450, 540, 630, and 720 nucle-
otides. Figure 3 shows the analysis for a window size of
360 nucleotides. In the comparisons between D. melano-
gaster and either D. subobscura or D. pseudoobscura, for
all window sizes there was a variable number of windows
for which synonymous divergence could not be calcu-
lated because of the saturation of the observed synony-
mous substitutions per site (NA windows). All these
windows encompassed, totally or partially, the CTD re-
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Figure 4.—Sliding window analysis of the codon bias (CBI
in y axis) across the Rpl1215 gene (exons are depicted as black
rectangles below the graph) of the D. subobscura (sub), D.
pseudoobscura (pse), and D. melanogaster (mel) species. Window
size, 360 nucleotides.

gion that begins at nucleotide 4741 of the Rpl1215 cod-
ing region of D. melanogaster (nucleotide 4735 in the
obscura group species). We generated a null distribu-
tion to calculate the probability of detecting the ob-
served number of NA windows by chance. Codon posi-
tions of the D. melanogaster-D. subobscura comparison
were randomized and the same sliding window analysis
of synonymous divergence that was applied to the origi-
nal data set was performed. The number of NA windows
from the randomized sequences was compared to the
observed number obtained from the data set. For all
window sizes, the probability of obtaining by chance a
number of NA windows equal or higher than that ob-
served was =0.002, which indicates a heterogeneous
distribution of synonymous substitutions across the
Rpl1215 coding region.

Figure 4 shows the codon usage bias across the
Rpl1215 coding region of D. melanogaster, D. subobscura,
and D. pseudoobscura. The distribution across the coding
region of the codon bias estimator CBI was fairly similar
in both species of the obscura group. The sequence
of D. melanogaster, otherwise, showed a region (from
approximately nucleotide 2500 to 4000 of the coding
region) with a different pattern than that observed in
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the obscura species. The negative correlation between
synonymous divergence and codon bias among genes
is well known (Shields et al. 1988; Sharp and Li 1989).
This correlation has been usually associated with differ-
ences in the expression level (Shields et al. 1988; Mori-
yama and Hartl 1993). However, the possible correla-
tion between synonymous divergence and codon bias
across a coding region cannot be explained by differ-
ences in the level of expression (Comeron and Aguadé
1996). For adjacent windows of 540 nucleotides, synony-
mous divergence between D. melanogaster and D. subobsc-
ura across the Rpl1215 coding region was strongly corre-
lated with the D. melanogaster codon bias (Kendall’s
nonparametric correlation r = —0.911; P = 0.0002) but
not with that of D. subobscura (+ = 0.0; P > 0.99; see
Figure 5). The significant negative correlation held for
window sizes of 360 and 630 nucleotides with probability
values of 0.0041 and 0.013, respectively. These results
are consistent with the observation that most synony-
mous substitutions between D. subobscura and D. melano-
gaster were located preferentially in the D. melanogaster
lineage. In fact, there was a negative correlation across
the coding region between the D. melanogaster codon
bias and the number of synonymous substitutions per
site in the D. melanogaster lineage (v = —0.644; P =
0.0095). Neither in the D. subobscura nor in the D. pseudo-
obscura lineages was there a significant relationship be-
tween codon bias and K, across the Rpll215 coding
region (P = 0.53 and P = 0.94, respectively). These
results support the possible acceleration of the D. mela-
nogaster lineage detected by the significant index of dis-
persion.

Comparison between the CTD and non-CTD regions:
Gillespie’s index of dispersion of synonymous substitu-
tions was calculated separately for the CTD and the non-
CTD regions of the Rpl1215 gene. Initially, two different
sets of synonymous weights were used to compensate
for lineage effects: (i) weights calculated by Zeng et al.
(1998), using 24 genes sequenced in the same three
species (D. subobscura, D. pseudoobscura, and D. melanogas-
ter), and (ii) weights of the entire Rpll215 gene. The

Figure 5.—Relationship be-
tween the D. subobscura-D. mela-
nogaster synonymous divergence

s ¢ persite (K,) and the codon bias
o * o (CBI) of (a) D. melanogaster and
¢ . . of (b) D. subobscura across the

Rpl1215 coding region. Proba-
bility values from Kendall’s non-
parametric correlations are T =
—0.911, P = 0.0002 and 7 =
0.0, P > 0.99 for the (a) D. me-
lanogaster and (b) D. subobscura
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TABLE 5

Estimated numbers of synonymous substitutions and indexes of dispersion [R(#)] for
the non-CTD and CTD regions of the RpII215 gene

Substitutions R(t)
0-sub® O-pse® 0-mel® w Whpiizis Wero Whoncto
Non-CTD 163.38 160.06 718.54 2.05 0.62 19.31%**
CTD 23.32 26.65 199.32 8.56** 3.91* 5.73*

The R(t) values were calculated using the following: synonymous weights (W) proposed by Zeng et al. (1998),
Wy, = 0.475, W,,e = 0.535, W,y = 1.99; the RplI215 synonymous weights (Wrgizis), W = 0.436, Wp,e = 0.437,
Wi = 2.127; the CTD synonymous weights (Werp), Wy, = 0.281, Wp,e = 0.321, Wy = 2.399; and the non-
CTD synonymous weights (Wnoncto), Wan = 0.470, W = 0.460, Wy = 2.069. Asterisks indicate significance

levels based on computer simulations for one-tailed tests: *P < 0.05; **P < 0.01; and ***P < 0.001.

2 The D. suhbobscura lineage.
® The D. pseudoobscura lineage.
¢ The D. melanogaster lineage.

numbers of synonymous substitutions in each lineage
and the calculated R values for the two regions are
summarized in Table 5. The CTD region has accumu-
lated more synonymous substitutions in the D. melano-
gaster lineage than expected according to both the Zeng
et al. (1998) survey (R = 8.56, P = 0.002) and the
whole Rpll215 coding region (R = 3.91, P = 0.042). In
contrast, the non-CTD region did not show a significant
departure from the general tendency described in Zeng
et al. (1998). Finally, we addressed the possible incom-
patibility of synonymous rates between the non-CTD
and the CTD regions in the three lineages studied. The
CTD region showed a significant R value (P = 0.018)
when the weights of the non-CTD region were used.
The probability value was much lower (R = 19.31, P <
0.001) for the non-CTD region when the CTD weights
were used. Forces with different intensity seem to have
driven the synonymous evolution of both regions of the
Rpll215 gene.

DISCUSSION

The observed low level of nonsynonymous divergence
in the Rpll215 gene indicates that purifying selection
plays an important role in the evolution of the corre-
sponding protein. In contrast, the synonymous substitu-
tion rate is moderately high. The average numbers of
nonsynonymous (K,) and synonymous (K;) substitu-
tions per site between D. melanogaster and the obscura
species are 0.02 and 0.905, respectively, while the re-
ported averages for 24 genes are 0.08 and 0.81, respec-
tively (Zeng et al. 1998). In the comparison between D.
subobscura and D. pseudoobscura, which is not affected by
the smaller N, of D. melanogaster, the K estimate for
the Rpll215 gene is usually higher than those observed
among genes with low levels of nonsynonymous diver-
gence. In fact, of the 14 genes with K, = 0.0094 or lower
(Zeng et al. 1998), 11 showed K, values lower than the
Rpl1215 estimate. The Rpl1215 gene encodes the largest

component of the RNA pol Il complex and, a priori, it
is therefore expected to have a ubiquitous expression.
Moreover, the reduced number of amino acid replace-
ments in its coding region suggests that accuracy acting
at the translational level may play a significant role in
shaping its codon bias (Akashi 1994). Unexpectedly,
however, the Rpll215 gene of D. melanogaster showed
low bias in codon usage. Recently, a positive correlation
between synonymous divergence and the length of the
coding region (Comeron 1997, Comeron et al. 1999)
as well as a negative correlation between the degree of
codon bias and the length of the coding region (Com-
eron 1997; Moriyama and Powell 1998; Comeron et
al. 1999) have been found. Comeron et al. (1999) have
proposed two different models to explain the correla-
tion between the length of the coding region, the codon
bias, and the synonymous divergence for the entire
range of recombination rates in Drosophila. In these
models selection on synonymous mutations would act
less efficiently on long genes than on short genes. The
Rpll1215 gene has a very long coding region (1889 co-
dons in D. melanogaster), within the 5% longest coding
regions sequenced in this species. Our observation of
low codon bias and high synonymous divergence in the
Rpl1215 gene would be consistent with those predicted
for very long coding regions (Comeron et al. 1999).
Evolutionary rates of the RpII215 gene: If we assume
that substitutions in noncoding regions are neutral, they
should show generation-time effects (Ohta and Kimura
1971; Ohta 1993) and be independent of changes in
N,. According to our results from Tajima’s (1993) rela-
tive rate tests, the numbers of substitutions at the
Rpl1215 noncoding region are not significantly different
between the D. subobscura and D. guanche lineages. It is
therefore likely that both species have a similar genera-
tion time and mutation rate. On the other hand, ac-
cording to Ohta (1972), nearly neutral mutations have
selection coefficients close to the inverse of the effective
population size (|Ngs| = 1), while effectively neutral mu-
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tations satisfy the inequality |[Nes| < 1. Mutations on
synonymous sites in Drosophila are under the influence
of weak selection (Akashi 1995, 1996). The amount of
synonymous mutations that could be maintained in a
population and their probability of fixation would there-
fore depend on N, (Kimura 1983). A reduction of the
effective population size would increase the fraction of
mutations that are considered strictly neutral.

D. guanche is restricted to very specific locations of
the Canary Islands. As detected by the significant relative
rate tests, the rate of synonymous substitutions at the
Rpl1215 gene was higher in the D. guanche than in the
D. subobscura lineage. Also, the R value for synonymous
substitutions (R = 5.51, P = 0.01), estimated using
weights from the five genes available in D. subobscura, D.
madeirensis, and D. guanche species (Adh, Adhr, Marfany
and Gonzalez-Duarte 1993; Gpdh, Sod, Barrio and
Ayala 1997; and rp49, Ramos-Onsins et al. 1998), was
consistent with the relative rate test results. We propose,
therefore, that this higher rate of synonymous substitu-
tions in the D. guanche lineage may be caused by a
smaller effective population size. This smaller N,, proba-
bly associated with both the origin of D. guanche and its
current distribution, could have increased the fixation
rate of the nearly neutral synonymous mutations in the
Rpll215 gene. As argued above, the fate of mutations
in noncoding regions would not have been affected
because their selection coefficients would be much
smaller (s < 1/N,) and therefore their fate would not
depend on N.. A higher rate of synonymous substitu-
tions in the D. guanche lineage as compared to the D.
subobscura lineage might also be caused by a lower
recombination rate at the Rpl1215 region, and therefore
be equivalent to a lower N, (Hill and Robertson 1966;
Felsenstein 1974) in D. guanche. Changes in the recom-
binational map between closely related species (True
etal. 1996) in centromere or telomere-proximal regions
have been recently described. The cytological location
of the Rpll215 region on the sexual chromosome is
equivalent (band 10A) in the three species of the subob-
scura cluster (Segarra and Aguadé 1992) far from the
centromeric and telomeric regions. Although we cannot
exclude changes in the recombination rate between
these species, the smaller N, of D. guanche seems a more
plausible explanation of the higher synonymous substi-
tution rate in this lineage.

The proposed smaller N, of D. guanche should have
affected other regions of the genome. Analysis of the
other five genes sequenced in the three species of the
subobscura cluster revealed that the numbers of synony-
mous differences between D. subobscura and D. guanche
were low (12, 15, 8, 5, and 2 for Adh, Adhr, Gpdh, Sod, and
rp49, respectively) as compared to the 72 synonymous
substitutions found in the Rpll215 gene. Adhr, the gene
with the highest number of synonymous substitutions,
exhibited the same tendency (Tajima’s 1D method, P =

0.075) to accumulate more synonymous changes in the
D. guanche than in the D. subobscura lineage.

The smaller effective population size of D. guanche
as compared to D. subobscura would have reduced the
effectiveness of natural selection on synonymous muta-
tions in that lineage. An equivalent effect in D. melano-
gaster as compared to D. simulans was reported by Akashi
(1996). A reduction in the effectiveness of natural selec-
tion on synonymous sites would have caused the ob-
served significant excess of unpreferred changes at the
Rpll215 gene in the D. guanche lineage. Our results, on
the basis of the analysis of preferred and unpreferred
codons, are consistent with measures of codon bias in
the entire Rpll215 coding region in both D. subobscura
and D. guanche, which indicates that natural selection
on synonymous mutations has been less effective in the
D. guanche lineage. The constancy of the preferred to
unpreferred changes ratio (see Table 4) was contrasted
with a G-test using the number of nucleotide differences
between sequences. Although this ratio is expected to
be different for fixed and polymorphic changes, the
ratio of total preferred to unpreferred changes (fixed
and polymorphic) is predicted to be the same for lin-
eages with equivalent branch lengths, N.’s, and genera-
tion times. Under the assumption of equal branch
lengths and generation times, as would be the case for
the D. subobscura and the D. guanche lineages when com-
pared to D. pseudoobscura, the significant result from
the G-test would also point to a different N, between
D. subobscura and D. guanche.

In the D. madeirensis lineage neither noncoding nor
synonymous substitutions departed from molecular
clock expectations when compared to the D. subobscura
lineage. These results, though consistent with those
found for the rp49 region (Ramos-Onsins et al. 1998),
are quite unexpected, considering that D. madeirensis,
as D. guanche, is currently an insular species. Although
the A (=X) chromosome shows some structural reorga-
nizations between D. subobscura and D. madeirensis (Papa-
ceit and Prevosti 1989), the cytological location of
the Rpll215 gene does not change between these two
species. The short divergence time between D. subob-
scura and D. madeirensis (0.6-1 X 10° years according to
Ramos-Onsins et al. 1998) could explain our results,
considering that the average fixation time for neutral
mutations is 4N, generations and that this time increases
exponentially for deleterious mutations (Kimura 1983).
The much longer divergence time between D. subobscura
and D. guanche would have allowed us, therefore, to
detect the effect of a smaller N, on synonymous substitu-
tion rates.

The mean-to-variance ratios (R) calculated for non-
synonymous and synonymous substitutions at the
Rpl1215 gene were significantly higher than one. A re-
duction or fluctuation of N, in the D. melanogaster lineage
(Zeng et al. 1998) could have caused the observed over-
dispersion. Congruently, the CBI measures of codon
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bias of the Rpll215 gene in the obscura group species
were systematically higher than in D. melanogaster, sug-
gesting that the effectiveness of natural selection acting
on synonymous sites might be different between the
D. melanogaster and the obscura lineages. We conclude,
therefore, that mutations on synonymous sites at the
Rpl1215 gene are indeed nearly neutral and hence sensi-
tive to changes in N..

Different selection coefficients on synonymous muta-
tions across the RpII215 gene: It is widely accepted that
in Drosophila there is a negative correlation between
synonymous substitution rates and codon bias (Shields
et al. 1988; Sharp and Li 1989). Shields et al. (1988)
suggested that in some Drosophila genes there would
be a positive correlation between codon bias and expres-
sion levels, which would indicate a stronger selection
on highly expressed genes. Differences in codon bias
among genes could then be explained by different ex-
pression levels, which suggests a wide range of selection
coefficients on synonymous mutations. The length of
the Rpl1215 coding region (5667 bp) and the high level
of synonymous divergence were the most adequate to
study variation of codon bias and synonymous diver-
gence across the coding region. Synonymous divergence
(K,) between D. subobscura and D. melanogaster correlates
negatively with the D. melanogaster codon bias across the
Rpl1215 coding region, which suggests that the selec-
tion coefficients on synonymous mutations may vary not
only among genes but also within a particular gene.
This variation of selection coefficients within the Rpll215
gene is supported by the observed heterogeneous dis-
tribution of the synonymous divergence across the cod-
ing region and, obviously, cannot be explained by differ-
ent levels of expression. The intragenic analysis of
codon bias and synonymous divergence allowed us to
study at what levels natural selection would most proba-
bly act on synonymous mutations at this gene. According
to a mutation-selection-drift theory (Bulmer 1991), nat-
ural selection could modulate the synonymous codons
usage to enhance translational efficiency (translational
accuracy and/or elongation rates) or to maintain the
MRNA secondary structure (Hasegawa et al. 1979; Ste-
phan and Kirby 1993; Parsch et al. 1997). Conflicting
selection pressures on synonymous mutations, as pre-
dicted by selection on mRNA structure, would prevent
anegative correlation between K,and codon bias (Eyre-
Walker and Bulmer 1993). The observed correlation
between codon bias and synonymous divergence across
the Rpl1215 coding region indicates that selection acts to
enhance translational efficiency rather than to maintain
the mRNA secondary structure. Bulmer (1991) sug-
gested that selection at the level of translational accuracy
would generate a negative correlation between codon
bias and the rate of nonsynonymous divergence (K,).
Equivalent results are then expected along a given cod-
ing region if there is a heterogeneous efficiency of selec-
tion on synonymous mutations (Comeron and Aguadé

1996). There isa close to significant negative correlation
between codon bias of D. melanogaster and nonsynony-
mous divergence between D. melanogaster and D. subob-
scura along the Rpl1215 coding region (r = —0.45; P =
0.052; window size, 540 nucleotides). In agreement with
the general low rate of nhonsynonymous substitutions,
this correlation suggests that selection would contribute
to shaping of the codon bias of the Rpll215 gene by
enhancing the accuracy of translation.

We have already pointed out that changes in the effec-
tive size of populations could affect the fate of mutations
differently, depending on their selection coefficients.
We have also shown that synonymous selection coeffi-
cients vary across the Rpll215 coding region. The esti-
mated mean-to-variance ratios (index of dispersion;
Gillespie 1989, 1991) for the CTD and the non-CTD
regions of the Rpll215 gene support the proposal that
selection coefficients of synonymous mutations are de-
tectably different in these two regions. Indeed, the syn-
onymous substitution rates of the non-CTD region did
not show a significant departure from the tendency
described in Zeng et al. (1998). In contrast, the pro-
posed reduction or fluctuation of the D. melanogaster N,
would have had a stronger effect on the CTD region.
The CTD is a highly conserved structure with an essen-
tial function among a wide range of organisms (Nonet
et al. 1987). It contains several amino acids (primarily
serine residues but also threonine and tyrosine residues
to a lesser degree) that can be phosphorylated (Zhang
and Corden 1991; Baskaran et al. 1993; Yuryev and
Corden 1996). An important interaction between the
phosphorylated CTD of the largest subunit of the RNA
polymerase Il complex and the enzyme responsible for
MRNA capping has been reported recently (McCracken
et al. 1997). A stronger selective constraint at the trans-
lational level on synonymous mutations in the CTD re-
gion than in the non-CTD region may explain the sig-
nificantly detected different effect of the N, change in
the D. melanogaster lineage in these two regions of the
Rpll1215 gene.
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