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Abstract. We examine the pattern of molecular
evolution of the B-esterase gene cluster, including the
Est-6 and \Est-6 genes, in eight species of the Dro-
sophila melanogaster subgroup. Using maximum
likelihood estimates of nonsynonymous/synonymous
rate ratios, we show that the majority of Esz-6 sites
evolves under strong (48% of sites) or moderate (50%
of sites) negative selection and a minority of sites
(1.5%) is under significant positive selection. Est-6
sites likely to be under positive selection are associ-
ated with increased intraspecific variability. One
positively selected site is responsible for the EST-6
F/S allozyme polymorphism; the same site is
responsible for the EST-6 functional divergence be-
tween species of the melanogaster subgroup. For
VEst-6 83.7% sites evolve under negative selection,
16% sites evolve neutrally, and 0.3% sites are under
positive selection. The positively selected sites of
Est-6 are located at the beginning and at the end of
the gene, where there is reduced divergence between
D. melanogaster and D. simulans; these regions of
VEst-6 could be involved in regulation or some other
function. Branch-site-specific analysis shows that the
evolution of the melanogaster subgroup underwent

Correspondence to: Evgeniy S. Balakirev; c/o Francisco J. Ayala,
Department of Ecology and Evolutionary Biology, 321 Steinhaus
Hall, University of California, Irvine, CA 92697-2525, USA; email:
esbalak@bio.dvgu.ru

episodic positive selection. Collating the present data
with previous results for the B-esterase genes, we
propose that positive and negative selection are in-
volved in a complex relationship that may be typical
of the divergence of duplicate genes as one or both
duplicates evolve a new function.
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Introduction

The conventional model of gene evolution by dupli-
cation is based on the assumption that one gene copy
is sufficient to perform the respective function, so that
a gene duplication is redundant and has no effect on
fitness (Ohno 1970; Kimura and King 1979). After
gene duplication, either one paralogue will acquire a
new function or, more often, one paralogue will be
lost through the fixation of null alleles (Ohno 1970;
Nei and Roychoudhury 1973; Bailey et al. 1978; Ohta
1988; Walsh 1995). The process of nonfunctional-
ization (pseudogenization) is relatively fast and usu-
ally occurs in the first few millions years after
duplication if the duplicated gene is not under any



selection (Lynch and Conery 2000). However,
analysis of sequence data tends to confirm the con-
clusion that a substantial proportion of duplicates is
retained in evolution (e.g., Nadeau and Sankoff 1997,
Hileman and Baum 2003; Zhang 2003). The sub-
functionalization model (or duplication-degenera-
tion-complementation [DDC] model) seeks to resolve
the observed discrepancy between theory and exper-
imental data (Force et al. 1999; Lynch and Force
2000). The model assumes that degeneration of both
paralogues occurs during a period of relaxed selection
following the duplication event. If a population is
small enough, then both paralogous copies might
accumulate mutations that impair different functions
of the ancestral gene, so that each daughter gene
adopts part of the functions of the parental gene and
none of the paralogues is capable of substituting for
the ancestor; both copies are partially degraded by
mutations to the extent that their joint expression is
necessary to fulfill the essential functions of the
ancestral locus (Force et al. 1999; Stolzfus 1999;
Lynch and Force 2000). The DDC model is based on
the same initial assumption of redundancy as the
classical model (Ohno 1970; Kimura and King 1979)
and it is applicable mostly to small populations be-
cause the probability of subfunctionalization ap-
proaches zero in large populations (Lynch et al.
2001). In contrast to the classical theory of duplica-
tion and to the subfunctionalization model, Kon-
drashov et al. (2002) have argued that the retention of
duplication is an adaptive process. They show that
paralogues evolve under purifying selection at a sig-
nificantly faster rate than unduplicated genes with a
similar level of divergence. A majority of fixed
duplicated genes increase fitness when present at two
or more copies in a genome and thus may have been
subject to purifying selection from the moment of
duplication (Kondrashov et al. 2002).

The persistence of functional duplications becomes
an even more challenging issue when considering the
retention of duplications turned into pseudogenes.
Some duplicated genes are maintained in the genome
for a long time for a specific function but may later
become pseudogenes because of relaxation of func-
tional constraints (e.g., Rouquier et al. 2000).
Moreover, pseudogenes may be functional (for a re-
view see, Balakirev and Ayala 2003a) and thus be
long maintained in the genome. True pseudogenes are
thought to be free of purifying selection if the
ancestral gene remains functional; thus accumulation
of recurrent mutations (detrimental or not) would
lead to degenerative disintegration and melting into
the genomic background. However, even in the case
of fixation of null alleles and complete pseudogeni-
zation of the duplicate, the process of genetic
degeneration is not so obvious. In fact, cases of
strong genetic degradation have been described only
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for obligate intracellular pathogens as a result of
long-term  association with eukaryotic hosts
(Andersson and Andersson 2001; Moran 2002).
Pseudogenes are widespread (Harrison et al. 2001,
2002, 2003; Harrison and Gerstein 2002; Torrents
et al. 2003), and contrary to theoretical predictions,
they often maintain their structure as do functional
entities of genome. In many cases strong conservation
and even expression of pseudogene sequences have
been observed (for a recent review see Balakirev and
Ayala 2003a).

Est-6 and Est-6 have very similar exon-intron
structure (Oakeshot et al. 1987; Collet et al. 1990) and
are closely linked, located on the left arm of chro-
mosome 3 of Drosophila melanogaster (at 68F7-69A1
in the cytogenetic map). We have previously investi-
gated the evolution of the B-esterase gene cluster,
including Est-6 and Est-6, in four natural popula-
tions of D. melanogaster (Balakirev and Ayala 1996,
2003b,c, 2004; Balakirev et al. 1999, 2002, 2003;
Ayala et al. 2002). We have now investigated the
B-esterase gene cluster in eight species of the
Drosophila melanogaster species subgroup. We esti-
mate the ratio of nonsynonymous-to-synonymous
substitutions, w = dy/ds, using maximum likelihood
models developed by Yang (1998), Nielsen and Yang
(1998), Yang et al. (2000), and Yang and Nielsen
(2002). The application of these models has led to
detecting positive selection in genes for which the
selective hypothesis was rejected using pairwise
comparisons between sequences (Zanotto et al. 1999;
Yang et al. 2000; Bielawski and Yang 2001, 2003).
The accuracy and power of the likelihood ratio tests
for detecting positive selection have been extensively
tested (Anisimova et al. 2001, 2002, 2003). These
models make it possible also to identify critical amino
acids under diversifying selection, without knowledge
of the functionally important domains. Using this
approach, we show that positive Darwinian selection
promotes the polymorphism and divergence of both
Est-6 and \Est-6 and that there is a complex rela-
tionship between positive and negative selection in a
process that involves functional divergence of dupli-
cate genes and evolution of a new function.

Materials and Methods

Drosophila Strains and Species

The 78 strains of D. melanogaster are from random samples of wild
flies collected in Africa (Zimbabwe), Europe (Barcelona, Spain),
North America (EI Rio, Acampo, California), and South America
(Venezuela). The nonAfrican strains were made fully homozygous
for the third chromosome by crosses with balancer stocks (Seager
and Ayala 1982; see Balakirev et al. 2002; Balakirev and Ayala
2003b). Chung-I Wu kindly provided the D. melanogaster strains
from East Africa (Sengwa and Harare, Zimbabwe). D. sechellia,
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D. mauritiana, D. erecta, D. teissieri, and D. orena strains were
obtained from the Drosophila Species Stock Center (Bowling
Green, OH). D. simulans strain is from Ayala’s laboratory.

DNA Sequence Analysis

The procedures for DNA extraction, amplification, and sequencing
have been described previously (Balakirev et al. 1999, 2002, 2003).
For each line, the sequences of both strands were determined, using
24 overlapping internal primers spaced, on average, 350 nucleotides.
At least two independent PCR amplifications were sequenced in
both directions to prevent PCR or sequencing errors. The popula-
tion data for D. melanogaster are from Balakirev and Ayala
(2003b, c, 2004); see GenBank accessions AF147095-AF147102,
AF150809-AF150815, AF217624-AF217645, AF526538-AF526559,
AY247664-AY247713, AY247987-AY248036, AY368077-AY368109,
and AY369088-AY369115. The data for other D. melanogaster
subgroup species are from Balakirev et al. (2005); see GenBank
accessions AY695919-AY695924. The D. yakuba Est-6 sequence
(Oakeshott et al. 2001) is from GenBank (AJ279007). The esterase
sequences were assembled using the program SeqMan (Lasergene;
DNASTAR, Inc., 1994-1997). Multiple alignment was carried out
manually and using the program CLUSTAL W (Thompson et al.
1994). The program DIVERGE, version 1.04 (Gu 1999), was used
to analyze the gene functional divergence after duplication or
speciation.

Maximum Likelihood Analysis

We measure selective pressure by the ratio w = dyn/ds, where dy is
the rate of nonsynonymous substitutions per nonsynonymous site
and ds is the rate of synonymous substitutions per synonymous
site. Deleterious mutations are eliminated by negative (purifying)
selection, causing the synonymous rate to be higher than the
nonsynonymous rate (o < 1); @ > 1 is an indication of positive
selection. In neutrally evolving genes the nonsynonymous and
synonymous rates are expected to be similar, ® ~ 1. We test for
neutrality using a likelihood ratio test (LRT) by comparing the log-
likelihood values /, and /; obtained under the null hypothesis “w
fixed at 1”7 and the alternative “w is estimated.” LRTs can be
performed only for a pair of nested hypotheses.

Averaging o across the sites in the sequence does not affect the
results of the LRT for neutrality. When the null “w = 1” cannot
be rejected, we cannot conclude that a gene is evolving neutrally
since an estimate of w close to 1 could be an artifact of averaging
across sites. Since assuming a uniform o ratio on a functional gene
makes it impossible to infer levels of selective pressures at partic-
ular sites and reduces the power of detecting positive selection,
models of heterogeneous selective pressures were also used (Yang
1998; Yang et al. 2000; Bielawski and Yang 2001, 2004; Yang and
Nielsen 2002). An empirical Bayesian approach was used to infer
sites under different functional constraints and hence to investigate
patterns of gene evolution. The direction of the amino acid change
was inferred using ancestral reconstruction by maximum likeli-
hood.

Models for Detecting Heterogeneous Selective
Pressures on a Protein; Site-Specific Models

We investigate the variability of selective constraints on Esz-6 and
VEst-6 with the following models of variable selective pressures
among sites: MO (one ratio), M1 (neutral), M2 (selection), M3
(discrete), M7 (B), and M8 (B&w) (Yang et al. 2000). The simplest
model, MO0, assumes one  ratio for all sites; model M1 allows two
classes, conserved sites with wy = 0 and neutrally evolving sites

with w; = 1; model M7 allows several site classes with o ratios
drawn from the B distribution B(p, ¢) and, hence, limited between 0
and 1. The three models, M0, M1, and M7, are taken as null
hypotheses in the LRTs against their alternative models, M3, M2,
and MB, respectively. Model M3 allows K discrete site classes with
 ratios wy, @y, ..., Wk — | taken in proportions py, py, ..., Pk — 1-
Here we use K = 3 as suggested by Yang et al. (2000); note that
K = 1 in M0. Model M2 adds an extra class to M1 with an w,
estimated from the data. Similarly, model M8 adds one discrete
class to M7 with w estimated from the data. Thereby, we consider
three LRTs: (i) MO (one ratio) vs. M3 (discrete), (ii) M1 (neutral)
vs. M2 (selection), and (iii) M7 (8) vs. M8 (B&w). The LRT
comparing M0 and M3 tests for variability of selective pressure
among sites, whereas LRTs of M1 vs. M2 and M7 vs. M8 are tests
for diversifying selection.

We analyze data using null and alternative models and calculate
the LRT statistic 2A/ (twice the log-likelihood difference). Maxi-
mum likelihood computation is performed with the codeml pro-
gram from PAML (Yang 1997). The distribution of 2A/ among the
replicates is then compared with a y7 distribution, where the de-
grees of freedom v are the difference in the number of free
parameters between the two nested models; we use v = 4 for the
comparison M0-M3 and v = 2 for the comparisons M1-M2 and
M7-MS8. Note, however, that neither of these test statistics follows
the 72 distribution, causing the LRTs to be conservative
(Anisimova et al. 2001). The significance of positive selection was
also assessed with a modified M7-M8 test (Swanson et al. 2003),
which yielded the same results.

Branch-Specific Models

Codon models that allow independent  ratios in different bran-
ches of a topology enable the analysis of changes in selective
pressure with time (Yang 1998; Bielawski and Yang 2001). The
simplest model that does not allow variation along lineages is the
one-ratio model R1 (equivalent to M0 above). The most flexible
lineage-specific model is the free-ratio model, which assumes dif-
ferent w ratios for all branches of the topology. Intermediate
models can be constructed by constraining some branches to the
same o ratio. In a simple case where there is only one duplication
event, model R2 (two-ratio model) assumes two independent w
ratios: for example one for branches preceding the duplication
event and another for all branches following the duplication event.
Models R1 and R2 are nested, and the LRT comparing them
examines whether there is a difference between average selective
constraints before and after the duplication. R3 assumes three
independent  ratios: for example, one for the branches preceding
the duplication event and another two for the branches following
the duplication event in two clades. This model allows selective
pressure to vary between paralogous genes. The LRT of models R2
and R3 tests whether, after the duplication event, the two para-
logues evolve under different selective constraints.

Branch-Site Models: Lineage Specific Changes of
Selective Pressure at Specific Codon Sites

Yang and Nielsen (2002) combine the site-specific and branch-
specific models in order to detect episodic changes in selective
constrains across specific sites. These models are useful for
detecting adaptive evolution in the branches immediately following
a duplication event. The branches of interest are referred to as
“foreground” branches and the other branches are called ““back-
ground” branches. Selective constraints are assumed to vary across
sites, but at a subset of sites selective constrains also vary along
“foreground” branches. The simplest model has four site classes:
two site classes are uniform along the topology (with ratios wy, w));



the other two classes allow the o ratio at a fraction of sites to vary
(to wy) along the foreground branches. Two versions of branch-
specific models are implemented by Yang and Nielsen (2002). In
model A the two uniform classes have fixed ratios: wy = 0 and
w; = 1. Hence, o can differ from 0 and 1 only in the foreground
branches. The LRT comparing MA and M1 (neutral) is a good test
for episodic positive selection. In model B, ratios wg and w; are free
parameters so that some sites can be under positive selection
throughout the phylogeny. Model B can be compared with M3
(discrete) with K = 2 site classes.

Another branch-site model (model D) has recently been pro-
posed (Bielawski and Yang 2004). This model is powerful for
detecting differences in selective constraints in the evolution of two
paralogues. It allows K site classes (implemented for K = 2 and 3).
K — 1 classes have a w ratio uniform over time. The remaining class
allows sites to evolve under different selective constraints in dif-
ferent parts of the topology. Case 1 requires a rooted topology and
distinguishes the two postduplication event clades by allowing
some sites to evolve with different w ratios. Case 2 does not require
a root and allows some sites to evolve with different @ ratios in
background and foreground branches.

Arrangement of Data Analyses

The Est-6 and Est-6 genes from seven species of the D. mela-
nogaster subgroup and 78 lines of D. melanogaster were aligned; the
gaps, termination codons, and introns were removed. The total
sequence length was 1608 bp. Based on these sequences we formed
three datasets. The first dataset, (a) Est-6 (7) and yEst-6 (7), con-
sists of the sequences of the Est-6 and Est-6 genes from seven
species of D. melanogaster subgroup. The second dataset, (b) Est-6
(85) and Est-6 (85), is composed of dataset (a) plus 78 sequences
of the Est-6 and YEst-6 genes from four natural populations of
D. melanogaster. The third dataset, (c) Est-6 (8), includes only Est-6
sequences from eight species of D. melanogaster subgroup. The
seven Est-6 sequences of this dataset are from dataset (a), while the
Est-6 sequence of D. yakuba is obtained from the literature
(Oakeshott et al. 2001; GenBank accessions AJ279007). The three
types of maximum likelihood analysis described above were per-
formed for each dataset.

Results
(a) Est-6 and \Est-6 Dataset (Seven Species)

Site-Specific Models. The likelihood ratio tests
(LRT) of neutrality are highly significant for both
Est-6 (p < 107%) and Est-6 (p < 10*). This means
that none of the genes evolves neutrally (with o = 1,
on average) and strong selective forces are involved:
w = 0.28 for Est-6 and w = 0.22 for Est-6. Site-
specific models (Table 1) are used to explore differ-
ences in evolutionary patterns between FEst-6 and
VEst-6. LRTs comparing M0 and M3 are highly
significant, indicating heterogeneous selective pres-
sure along the sequences for both genes. For the Est-6
gene the estimates suggest that 45.0% of sites are
highly conserved with wy = 0.00, 49.0% of sites
evolve under purifying selection with w; = 0.40, and
the remaining 6.0% of sites evolve under positive
selection with @, = 1.62. The distribution of selec-
tive constrains across Est-6 is different: 85% of sites

Maximum likelihood (ML) estimates for site-specific models of the B-esterase genes in seven species of the D. melanogaster subgroup

Table 1.

p value

ML estimates under the alternative N

lo

ML estimates under the null

df

LRT

Est-6

<107®

—4263.81

—4285.44 M3 (discrete with K = 3):

0.28

MO (one ratio): w

MO vs. M3

0.40, w, = 1.62

0.00, w; =

Wy =

0.06)

0.45, p1 = 0.49, (p2

Po
M2 (selection): w,

<1072

—4264.06

= 0.48)

0.21, (p>

—4269.26

0.62, py = 0.38

M1 (neutral): pgy

M1 vs. M2

0.33, p; = 0.19

Po
M8 (B&w): po

0.64

—4263.92

5,p =040, = 1.32

=09

M7 (B): p = 0.22, ¢ = 0.54 —4264.37

M7 vs. M8

(1 = 0.05) & = 1.62

VEst-6

<10

—4401.83

M3 (discrete with K = 3):

—4415.47

0.22

MO (one ratio): w

MO vs. M3

0.91

0.64, (p» = 0.15)

0.11, w,

Wy = 011, (OF]

0.21, py

M2 (selection): w,

Po

<107

—4401.87

0.12,
0.00, p

0.85, p

—4416.10

M1 (neutral):

M1 vs. M2

0.14
12.83, ¢ = 99

(p2 = 0.86) po =
M8 (B&w): po

0.64, p; = 0.36

M7 B): p = 037, ¢ = 1.22

Do =

0.56

—4401.85

—4402.42

M7 vs. M8

0.15) & = 0.92

P =

Note. The proportion of sites in the class with w; is denoted p;. Statistically significant parameter estimates of positive selection are in boldface. Parameters for model M2 were obtained at the suboptimal

peak (see Anisimova and Yang 2004).
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evolve under strong purifying constraint with
wo = w; = 0.11 and 15% of sites evolve with
w; = 0.91, which could be indicating neutral evolu-
tion. None of the LRTs suggests the existence of sites
evolving by positive selection for yEsz-6. Comparison
of models M1 (neutral) and M2 (selection) is also
significant for both genes; the M2 model fits the data
better allowing an extra class of sites evolving under
weak purifying selection. The LRTs comparing
models M7 (B) and M8 (B&w) are not significant
(note, however, that for the Est-6 gene the model M8
suggests that 5% of sites are under positive selection
with o = 1.62, yet it does not fit the data signifi-
cantly better than the model M7).

Branch-Specific Models.  In order to further
investigate the evolutionary patterns in the Est-6 and
VEst-6 clades we use branch-specific and branch-site
models. Table 2 summarizes the results of the LRTs
performed on the combined Est-6 and Est-6 dataset
using models that allow variation of selective con-
straints only along evolutionary history. Figure 1
shows an unrooted NJ tree used in the analysis with
background/foreground partitions. The branch con-
necting the Est-6 and Y Est-6 clades is denoted as a
background branch, and the w ratio for this branch
as Wpackgr- The others are foreground branches with o
ratios as Wroregr-6 in the Est-6 clade and wyoregr-p in the
VEst-6 clade. The LRT comparing models MO (one
ratio) and MR2 (two ratios) is significant, indicating
that selective pressure is significantly different on the
background and foreground branches; i.e., immedi-
ately after the duplication event most of the sites in
both clades evolve under strong purifying selection
(Wpackgr = 0.09), but later negative selection is
weakened (Weoregr = 0.24) (Fig. 1). This observation
is in good agreement with the results of Kondrashov
et al. (2002) showing that both paralogues produced
by a duplication are subject to purifying selection.

A good test for analyzing the differences in func-
tional constraint between the two paralogues is the
LRT comparing models R2 (two ratios) and R3
(three ratios). This test is not significant: selective
pressures averaged over sites appear to be similar in
both clades. Models that allow variation of selective
constraints over time as well as across sites confirm
positive selection on Est-6 and \Est-6, but they are
unable to pick up significant differences in selective
pressure between the two genes (results not shown).

Branch-Site Models. ~ We use branch-site models
to explore the evolution of the yEsz-6 and Est-6 clades
(Table 3). Two ways of defining background/fore-
ground branches are used. First, we define the branch
connecting the two clades as background and all other
branches as foreground (as in Fig. 1). Such interpre-
tation does not require a rooted tree. Using this

Maximum likelihood (ML) estimates for branch-specific models for the B-esterase genes in seven species of the D. melanogaster subgroup

Table 2.

p value

h

ML estimates under the alternative

lo

ML estimates under the null

df

LRT

<1078

—-7933.80

MR2 (two ratios):

—-7950.34

MO (one ratio): @ = 0.1981

MO vs. MR2

Dpackgr = 009> Dforegr = 0.24

MR3 (three ratios):

wl‘oregr)

((1) = Wpacker

MR2 (two ratios):

0.26

-7933.16

—-7933.80

MR2 vs. MR3

0.22,

Wpackgr — 0097 Wforegr—P

Wpackgr — 009# Wforegr — 0.24

0.26

WDforegr—6

wt‘oregr-6)

(wforegr = Wforegr-P

Note. See Table 1 and Fig. 1 for notations.
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D. teissieri
D. orena
D. erecta
(X¥oregr
D. melanogaster >
WYESst-6
D. secheliia

D. simulans

D. mauritiana J

Model R1: Gbackgr = Woregr - WEst-6 = (Wforegr - Est-6
Model R2: Gbackgr # Woregr - WEst-6 = (Xoregr- Est-6
Model R3: Gbackgr = (Xoregr - WESt-6 + (Xoregr - Est-6

Fig. 1. Unrooted neighbor-joining tree of the P-esterase genes based on the coding sequence (exon I + exon II). Branch lengths are
estimated by ML. Background/foreground and Esz-6/\yEst-6 partitions are as used in branch model definitions.

assumption two LRTs were performed: MA vs. M1
and MB vs. M3 (with K = 2). The LRT comparing
models MA and M1 is significant. This is consistent
with the results from site-specific models. Approxi-
mately 60% of sites have undergone a change in
selective pressure in the background branches. Al-
though under MB a small fraction of sites has a high @
ratio (w, = 26.04) in the foreground branches, the
LRT comparing MB and M3 is not significant.
Keeping the same definition of background and
foreground, we have performed the LRT of MD
(case 1) and M3 assuming a rooted tree comparison
(Fig. 2A). Model MD fits the data significantly bet-
ter. In the background (connecting) branch the two
classes of sites have w ratios 0.03 (strong purifying
selection) and 0.28 (weak purifying selection); later
the functional constraints are relaxed: the two classes
of sites evolve with w; = 0.28, then w, = 0.50.
More interesting yet is to compare the evolution
patterns of the two clades since the duplication event.

It is convenient to consider the duplication event to
be at the root of a tree on the branch connecting the
two clades. We now define all branches of the [ Est-6
clade as background branches and all branches of the
Est-6 clade as foreground branches (Fig. 2B). The
LRT comparing MD (case 2) and M3 for K = 2 is
not significant, but adding an extra class improves the
fit. The LRT comparing models MD (case 2) and M3
for K = 3 is significant (at 5%), and the ML esti-
mates indicate that the pattern of evolution is sig-
nificantly different in the two clades. Two classes of
sites evolve with constant o ratios of wy = 0.05,
w; = 0.58, in both the YEst-6 and the Est-6 clades.
The remaining 16% of sites (belonging to the third
class) evolve with different w ratios in each clade:
w = wy, = 0.14 in YEst-6 and w = w; = 0.70 in
Est-6. Accordingly, 16% of the sites are conserved in
VEst-6 but evolve under relaxed functional con-
straints in Est-6. This is also consistent with o ratio
estimates under a free ratio model.
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Table 3. Maximum likelihood (ML) estimates for branch-site models for the B-esterase genes in seven species of the D. melanogaster subgroup

p value

h

ML alternative estimates

lo

ML null estimates

df

Models

<107%

—-7862.21

MA: py = 0.25, p; = 0.14

-7966.97

M1 (neutral):

M1 vs. MA Unrooted tree

022 (p> + ps = 0.60)

Wy =

MB:

0.46, p, = 0.54

M3 (with K = 2):

Po

0.95

—-7857.26

—-7857.31

2

M3 vs. MB Unrooted tree

26.04

0.06, w; = 0.53, w, =

o3
Po

0.64, p, = 0.36

Po =

0.64, pr = 0.35 (92 + p3 = 0.01)

MD (case 1) (K = 2):

0.06, w; = 0.52

M3 (with K = 2):

(2]

0.01

—7854.24

—-7857.31

M3 vs. MD (case 1) K = 2 Rooted tree

1= 0.55, py = 0.45

po = 0.64, p; = 0.36

0.50

wo = 0.03, w; = 0.28, w,

MD (case 2) (K = 3):

wy = 0.06, w; = 0.52

M3 (with K = 3):

<0.05

—-7849.85

-7851.79

M3 vs. MD (case 2) K = 3 Rooted tree

0.59, p1 = 0.25 (p» = 0.16)

wo = 0.05, @, = 0.58,

Po =

0.14)

0.33, p1 = 0.53 (i
wo = 0.00, w; = 0.22, w, = 0.84

Po =

0.14, w3 = 0.70

(0))

Note. See Table 1 and Fig. 2 for notations.

(b) Est-6 and \yEst-6 Dataset (85 Sequences)

Site-Specific Models. The LRTs of neutrality are
highly significant for both Est-6 (p < 107*°) and
VEst-6 (p < 107%). This means that neither gene
evolves neutrally (with @ = 1, on average) and
strong selective forces are involved: @ = 0.258 for
Est-6 and v = 0.262 for Est-6. All LRTs are highly
significant (Table 4) and suggest the existence of a
small fraction of sites (1-3%) under positive selection.
For the two genes’ combined data, the ML parameter
estimates under M3 (discrete) indicate that approxi-
mately 49% of sites are highly conserved with
o = 0.02, 48% of sites evolve under purifying
selection with w; = 0.38, and the remaining 3% of
sites evolve under positive selection with w, = 1.86.
For the Est-6 gene the estimates suggest that 48.1% of
sites are highly conserved with @y, = 0.003, 50.4% of
sites evolve under purifying selection with w; = 0.41,
and the remaining 1.5% of sites evolve under positive
selection with w, = 4.54. The majority of YEst-6
sites (83.7%) evolve under strong purifying constraint
with @y = 0.11, 16% of sites are neutral with
w; = 1.1, and 0.3% of sites are under positive
selection with w, = 8.63. For both Est-6 and yEst-6
the ratio values of dy/ds are significantly greater than
one, even with the Bonferroni correction. LRTs
comparing models M1 (neutral) vs. M2 (selection)
and M7 (B) vs. M8 (B&w) are also significant for both
separate and combined analyses. All tests support the
presence of sites under positive selection.

The sites predicted to be under positive selection
using the Bayesian method are shown in Table 5. The
few sites inferred to evolve under positive selection
are different in the two clades, which might be an
indication of functional differences between Est-6
and YEst-6. The Est-6 sites with very high posterior
probabilities are (coordinates of Oakeshott et al.
2001) Thr37 — lle, Asn237 — Asp, Ala247 —
Thr, Leu388 — Val, and Ser487 — Ala. The yEst-6
sites with very high posterior probabilities are Thr12
— Ser and Thr460 — Val.

The amino acid replacement Asn237 — Asp is
responsible for the F/S allozyme polymorphism of
EST-6 and it is located in the region with an elevated
level of silent polymorphism (Balakirev et al. 1999,
2002; Balakirev and Ayala 2003b). We have sug-
gested previously that this site is under balancing
selection. The present analysis confirms our previous
suggestion. Other Est-6 sites evolving under positive
selection are located in regions of elevated replace-
ment polymorphism (data not shown). The strong
signal of positive selection in Est-6 is surprising but
not totally unexpected. The Kelly (1997) and Wall
(1999) tests reject the neutral model for Est-6
(Balakirev and Ayala 2003c, 2004); moreover ,there is
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Fig. 2.
branches, respectively. A Model D, case 1. B Model D, case 2.

strong haplotype structure and significant linkage
disequilibrium within the gene (Balakirev and Ayala
2003c, 2004). The two positively selected sites within
Est-6 are located at the beginning and at the end of
the gene (amino acid positions 12 and 460; coordi-
nates of Oakeshott et al. 2001), where the level of
interspecific divergence between D. melanogaster and
D. simulans is significantly decreased (Balakirev and
Ayala 2003c, 2004). Healy et al. (1996) have shown
that sequences at the beginning of the Est-6 tran-
scription unit contain elements that modulate the
expression of Est-6. Moreover, Brady and Richmond
(1992) detected some sequence similarity in this re-
gion between Est-6 (D. melanogaster) and its orto-
logue Est-5A (D. pseudoobscura). The obvious
decrease in interspecific divergence and presence of
sites under positive selection may indicate function-
ally important regions within Est-6, such as sites
participating in the regulation of the Esz-6 gene
(Healy et al. 1996).

Overall, the majority of the Est-6 and Est-6 sites
evolve under strong purifying selection, which implies
an existence of strong functional constraint on both
genes. The presence of Est-6 sites evolving under
positive selection is in accordance with our previous
data on population variability of the gene in D.
melanogaster (Balakirev et al. 1999, 2002; Balakirev
and Ayala 2003b, ¢) and also with the interspecific
data of Oakeshott et al. (2001), who have detected
accelerated Est-6 amino acid sequence change during
the evolution of the gene in the D. melanogaster
subgroup. The existence of positively selected sites in
VEst-6 is an interesting feature of our results, indi-
cating diversifying selective pressure at those sites.

For the population data only (78 strains of D.
melanogaster) there is a stronger signal of positive

Rooted maximum-likelihood tree of the B-esterase genes (not to scale). Thin and thick lines are for background and foreground

selection (Table 6) than for dataset (b) (Est-6 [85] and
VEst-6 [85]); also, there are more sites inferred to be
under positive selection (data not shown). However,
due to the low divergence of sequences at the popu-
lation level, it is necessary to take the results of site
difference with caution since the Bayesian prediction
can be inaccurate in this case (Anisimova et al. 2002).

(c¢) Est-6 Dataset (Eight Species)

Oakeshott et al. (2001) have detected accelerated
EST-6 sequence change within the D. melanogaster
subgroup. They attribute this acceleration to either
positive directional selection or a relaxation of
selective constraint, or a mixture of both. The authors
use the Tajima (1993) relative-rate test, which does
not allow the resolution of this ambiguity. We seek to
clarify this situation by analyzing the Est-6 gene in
the eight species of the D. melanogaster subgroup
using the site- and branch-specific models.

Site-Specific Models.  The LRT comparing
models M0 and M3 indicates that 11% sites are under
positive selection, w, = 1.43 (Table 7). However, the
LRTs of models M1 vs. M2 and M7 vs. M8 do not
provide significant evidence of positive selection.
Nevertheless, positive selection cannot be ruled out;
the absence of strong evidence for positive selection
may be due to the small sample size and little
divergence.

Branch-Specific Models.  Three hypotheses are
tested using branch-specific models. First, only the
D. yakuba is defined to be in the foreground. The
two-ratio model yields wy,« = 0.23 for D. yakuba
and wymers = 0.29 for all the remaining branches,
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Table 4. Maximum likelihood (ML) estimates for site-specific models of the B-esterase genes in 78 strains of D. melanogaster and seven species of the D. melanogaster subgroup

P value

ML alternative estimates

l

df ML null estimates

Models

Est-6

< 10—25

—4980.59

M3 (discrete with K = 3):

—-5044.56

MO (one-ratio): @ = 0.2577

MO vs. M3

4.54

Wy — 0003, w); = 041, [0))

0.015)
0.007)

0.481, p; = 0.504, (p,

M2 (selection): @,

Po

<107°

—4996.46

8.46, (p, =

-5011.40

0.65, p, = 0.35

M1 (neutral): po

M1 vs. M2

0.64, p, = 0.35
M8 (B&o): (p; = 0.012) & = 5.12

Po =

<107®

—4980.62

—4999.14

M7 (B): p = 0.22, ¢ = 0.65

M7 vs. M8

0.988, p = 0.43, ¢ = 1.52

Po =

Est-6

< 10—35

-5614.13

M3 (discrete with K = 3):

—-5700.66

MO (one-ratio): v = 0.2616

MO vs. M3

8.63

0.84, p1 = 0.16, (p, = 0.003)

0.10, w; = 1.10, w,

(O))

Po
M2 (selection): @, = 10.09, (p,

<1073

-5629.66

0.003)

-5642.48

MI (neutral): py = 0.64, p; = 0.36

MI1 vs. M2

0.64, p; = 0.36
M8 (B&w): py = 0.997, p = 0.20, ¢ = 0.61

(71 = 0.003) » = 7.64

Po =

<107

-5615.94

-5628.99

M7 (B): p = 0.17, ¢ = 0.52

M7 vs. M8

Note. See Table 1 for notations.

with log-likelihood (/ = —4628.06, which does not
offer significant improvement over the one-ratio
model MO (Table 8). This means that in our dataset
there is no evidence that w along the whole tree differs
significantly from  in the D. yakuba. In a second
test, D. yakuba and D. teissieri, together with the
branch leading to their MRCA, are taken as fore-
ground (Fig. 3). Again, the two-ratio model does not
provide a significantly better fit than MO, with
[ = —4628.23 and wyak 1 i = 0.284, Wothers = 0.279.
Finally, we test the long branch (Fig. 3) separating
D. yakuba, D. teissieri, D. erecta, and D. orena from
the other species: one w ratio is assumed for the
specified branch and o is averaged for all other
branches. The two-ratio model gives a significantly
better fit than MO (after Bonferroni correction for
multiple testing) with / = —4616.52; the estimates of
selection pressure are Wiongest = 0.72, Wothers = 0.21
(Table 8). The constraints of this model are, then,
relaxed by allowing the two clades separated by the
“longest” branch to have different w ratios, and dif-
ferent from @iongest; SO that the model becomes a
three-ratio model. However, the fit is not significantly
better (Table 8). The free-ratio model also does not
provide a significantly better fit than the two-ratio
model, with / = —4610.69 and P = 0.3 (estimates of
o ratios for each branch are shown in Fig. 3).

Since we find that the “long” branch separating
the D. yakuba, D. teissieri, D. erecta, D. orena clade
and the D. melanogaster, D. sechellia, D. mauritiana,
D. simulans clade evolves under significantly higher
selective pressure (averaged over sites) than other
branches, we further investigate evolution on this
branch (foreground) using the branch-site model MB.
Model B fits the data significantly better (Table 8).
Moreover, the w ratios suggest that some sites along
the foreground branch underwent episodic positive
selection. More precisely, according to model MB
there are generally two classes of sites. The first class
of sites evolves with wg = 0.06 (strong purifying
selection): 65% of all sites in the sequence belong to
this class and evolve at a constant rate wg; but 3.6%
of all sites change from rate wg to w, = 2.29 (positive
selection) in the foreground (Fig. 3). The second class
of sites evolves with w; = 1.18 (which could be taken
as neutral): 14% of all sites in the sequence belong to
this class and evolve at a constant rate w;, but 17.4%
of all sites change from w; to w, = 2.29 (positive
selection) in the foreground.

Overall, the analysis shows episodic positive selec-
tion during the Est-6 evolution in the D. melanogaster
subgroup. The signal of positive selection is most
obvious when we compare the lineage of D. melanog-
aster, D. simulans, D. mauritiana, and D. sechellia
with the lineage of D. yakuba, D. teissieri, D. erecta,
and D. orena (Fig. 3). This division coincides with a
change in the quaternary structure of EST-6, which is
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Table 5. Sites under positive selection predicted by site-specific models (with posterior probabilities) for the B-esterase genes in 78 strains of

D. melanogaster and 7 species of the D. melanogaster subgroup

Model Est-6 VEst-6

M2 54(T) 1.00%, 253(N) 0.94, 402(V), 0.82, 500(S) 1.00* 29(T) 0.98, 473(T) 1.00*
M3 54(T) 1.00%, 253(N) 1.00%, 263(A) 0.95, 402 (V) 0.99*, 500(S) 1.00* 29(T) 1.00%, 473(T) 1.00*
M3 54(T) 1.00%, 253(N) 0.99*, 263(A) 0.81, 402(V) 0.96, 500(S) 1.00* 29(T) 0.99*%, 473(T) 1.00*

Note. Statistically significant values are in boldface. The amino acids in parentheses are from D. melanogaster reference line ER-S-26F.

homodimeric in D. erecta, D. teissieri, D. orena, and
D. yakuba but monomeric in D. melanogaster, D.
simulans, D. mauritiana, and D. sechellia (Oakeshott
et al. 1990; Richmond et al. 1990). This change in
quaternary structure of the enzyme is moreover
associated with changes in the Est-6 expression pat-
tern. In D. melanogaster, D. simulans, D. mauritiana,
and D. sechellia the gene is mostly expressed in the
male sperm ejaculatory duct and its product (EST-6)
is transferred by males to females in the seminal fluid
during copulation (Richmond et al. 1980) and affects
the female’s consequent behavior and mating pro-
clivity (Gromko et al. 1984). However, in D. erecta,
D. teissieri, D. orena, and D. yakuba species, Est-6 is
mostly expressed in the hemolymph and has no
reproduction-related function (Oakeshott et al. 1990;
Korochkin 1995). Oakeshott et al. (2001) suggest that
changes in three amino acid sites (Ile237 — Asn,
Gly241 — Glu, and Leu242 — Ser) cause the di-
mer-monomer transition of EST-6. This suggestion is
based on the data on similar noncovalent subunit
binding sites found in the ADH of D. lebanonensis
(Benach et al. 1998). However Gu’s (1999) test pre-
dicts with a high posterior probability (0.7894) that
the single amino acid change Ile 237 — Asn, Thr is
responsible for the functional divergence of EST-6
between the lineage of D. erecta, D. teissieri, D. orena,
D. yakuba and the linecage of D. melanogaster, D.
simulans, D. mauritiana, D. sechellia. Interestingly,
this site is also responsible for the F/S polymorphism
in D. melanogaster (Asn237 — Asp). A single amino
acid change is also responsible for the dimerization of
the resisting peptide hormone in multiple species
(Banerjee and Lazar 2001).

Discussion

We examine the patterns of molecular evolution of
the P-esterase gene cluster, including Est-6 and
VEst-6, in seven (plus D. yakuba in some analyses)
species of the Drosophila melanogaster species
subgroup. The results provide strong support for
variable selection intensity among amino acid sites.
There are also significant rate differences between
different D. melanogaster lineages in the Est-6 gene
phylogeny, indicating accelerated rates of nucleotide
substitution, associated with a change of the enzyme

quaternary structure and function. There is statisti-
cally significant evidence supporting the hypothesis of
positive selection driving the evolution of the B-
esterase gene cluster. The maximum likelihood anal-
ysis identifies a number of sites under diversifying
Darwinian selection, in both Est-6 and \Est-6, and
demonstrates the importance of examining numerous
sequences in order to detect positive selection at
individual codon (amino acid) sites.

We have found significant heterogeneity in the
substitution patterns between the two genes, sug-
gesting that each gene has evolved under different
selective constraints. Using maximum likelihood
estimates of nonsynonymous/synonymous rate ratios
(0 = dn/ds), we show that most amino acids sites
(98.5%) in Est-6 are under strong or moderate selec-
tive constraint, while a few sites (1.5%) are under
significant diversifying selection. For \Est-6, the
distribution of selective constrains is different. Al-
though most amino acid sites (83.7%) evolve under
purifying constraint, there is a significant proportion
of sites (16%) that evolve neutrally. Interestingly,
there are two sites within Est-6 that evolve under
strong positive selection. These sites are located at the
beginning and the end of the Est-6 coding region
(amino acid positions 12 and 460 in Oakeshott et al.
[2001] coordinates) and coincide with the regions of
elevated level of intraspecific variability and de-
creased interspecific divergence. The presence of
positively selected sites within both genes is consistent
with our previous results for D. melanogaster and
provides additional support for our hypothesis con-
cerning the functions of Est-6 and YEst-6, namely,
that after the duplication event Est-6 has retained the
esterase coding function, while yEsz-6 has lost that
function but has evolved new ones, and that it may
now operate in conjunction with Esz-6 as an intergene
(Balakirev and Ayala 2003a, ¢, d, 2004).

We have characterized the patterns of evolution in
the B-esterase gene cluster using different approaches,
which include molecular population analysis
(Balakirev and Ayala 1996, 2003b, c, 2004; Balakirev
et al. 1999, 2002, 2003; Ayala et al. 2002), entropy
and GC-content analyses (Balakirev et al. 2003,
2005), and codon substitution models that allow for
variable nonsynonymous/synonymous rate ratios
(o = dn/ds) among sites and between branches
(present work). All approaches reveal significantly
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Table 8. Maximum likelihood estimates for branch-specific models of the Esz-6 gene in eight species of the D. melanogaster subgroup

P value

ML alternative estimates

lo

ML null estimates

df

Models

<1075

-4616.52

MR2 (two ratios):

MO (one ratio): o = 0.2804 -4628.23

MO vs. MR2

Wothers = 0.22, Diongest — 0.72

MR3 (three ratios): Mjongest = 0.72,

(0) = Wothers — wlongesl)
MR?2 (two ratios): @oghers = 0.22,

0.31

—-4616.01

—4616.52

MR2 vs. MR3

Wyak +tei+ore+ere 023,

WDiongest — 0.72 ((Dolhers

0.18

®Dsim + mau + sec + mel
MB: wy = 0.06, v,

= Osim + mau + sec + mel)

Wyak + tei + ore + ere
M3 (with K = 2):

<107

—4575.02

1.18, w, = 2.29

—4589.21

M3 vs. MB

0.65, py = 0.14 (pa+p; = 0.21)

Po =

078, py = 0.22

Po =

1.1

wo = 0.08, o

Note. See Table 1 and Fig. 1 for notations.
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different patterns in Est-6 and \yEst-6. The Est-6 gene
shows a typical pattern of molecular evolution, as
revealed in many other functional genes, which
involves signals of positive selection; the yEst-6 gene
combines characteristics of evolution as are expected
for both functional and nonfunctional genes
(Balakirev and Ayala 1996, 2003a, ¢, d, 2004; Bala-
kirev et al. 2003, 2005). Some of the observations, but
not others, are consistent with the hypothesis that
VEst-6 is a pseudogene, a state of affairs that obtains
in other putative pseudogenes in Drosophila as well as
in several other organisms (Balakirev and Ayala
2003a, d).

We have advanced the “intergene” concept to ex-
plain the observed evolutionary features of Est-6 and
VEst-6, as well as numerous other examples of con-
served, expressed, and functional pseudogenes (Bal-
akirev and Ayala 2003a, ¢, d, 2004). This intergene
concept proposes that pseudogenes arisen by dupli-
cation are likely to interact with their ancestral genes,
forming a functional complex (“intergene’’), in which
the new duplicate fulfills new functions derived from
the function of the ancestral gene. We define the in-
tergene as a functionally interacting entity, in which
each separate component (gene and pseudogene)
cannot successfully accomplish a newly evolved
functional role. Pseudogene duplications persist in
populations because they participate in the ancestral
gene’s regulation and/or enhance its allelic variation.
The Est-6/\Est-6 complex in D. melanogaster may
exemplify such an intergene. The Est-6 gene plays the
structural role (coding for the EST-6 enzyme) in the
complex, while Est-6 enhances genetic variation in
the Est-6 gene and contributes to regulate its
expression (Healy et al. 1996). There is strong linkage
disequilibrium between Est-6 and \Est-6. We suggest
that intergenic epistatic selection plays a significant
role in the evolution of the B-esterase gene cluster,
preserving \yEst-6 from degenerative destruction and
reflecting functional interactions between Est-6 and
Est-6. Other examples of similar intergenes are Ste
and [Su(Ste)] (Hardy et al. 1981; Livak 1984, 1990) in
Drosophila melanogaster, nNOS and pseudo-NOS in
the mollusk Lymmnaea stagnalis (Korneev et al. 1999),
the cytokeratin 17 gene and cytokeratin 17 pseudo-
gene (Troyanovsky and Leube 1994) in humans, and
the Makorinl-Makorinl-pl pseudogene in mice
(Hirotsune et al. 2003), plus immune response and
antigenic coding sequences in diverse organisms
(Balakirev and Ayala 2003a).

The population dynamics of intergenes is unex-
plored. The present data suggest that, after the
duplication event, the ancestral and derived genes
(comprising an “‘intergene’) evolve mostly under
purifying selection. This agrees with the results of
Kondrashov et al. (2002) showing that two para-
logues produced by a duplication are subject to
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Fig. 3. Maximum-likelihood tree of the Est-6 sequences in eight species of the D. melanogaster subgroup. The numbers at nodes are @

values.

purifying selection and do not experience a phase of
neutral evolution. They hypothesize that gene dupli-
cations that persist in an evolving lineage are bene-
ficial from the time of their origin due primarily to a
protein dosage effect. We show that the persistence of
the duplicate may be accounted for also by other
explanations, which include regulatory interaction
and generation of genetic variation. Kondrashov
et al. (2002) suggest that duplications are likely to
give rise to new functions at a later phase of their
evolution, once a substantial degree of divergence is
reached. A large divergence may not be necessary if
the derived gene includes regulatory elements that
readily interact positively with its homolog ancestor.
In this case, an intergene or gene duplication may be
immediately advantageous and maintained by selec-
tion; any new mutant that provides some additional
functional role for the derived gene may further favor
the duplicate’s evolutionary persistence.

There are 16% of sites within Est-6 that evolve
neutrally but the neutral fraction is much less in Est-
6. This difference may account for the higher entropy
level and lower GC content of Est-6 than of Est-6
(Balakirev et al. 2003, 2005). The overwhelming
fraction of sites evolves under strong negative selec-
tion in both Est-6 and Est-6. A small fraction of
sites is subject to significant positive selection in both

genes. The strong negative selection prevents the
degeneration process of the Est-6 sequence, whereas
positively selected sites reflect the functional impor-
tance of some regions or sites within the gene. Thus,
there is a balance between negative and positive
selection in intergene evolution that is a consequence
of strict functional demands combined with the rise
of new variability that enhances the functional pos-
sibilities of the B-esterase gene cluster.
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