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3. Resultados






Capitulo 3.1. Patterns of nucleotide polymorphism and
divergence in the odorant-binding protein genes OS-E
and OS-F: analysis of the melanogaster species

subgroup of Drosophila

3.1.1 Resumen

En este articulo se describe el andlisis de la variabilidad nucleotidica en
una region de unas 7kb que contiene los genes OS-E y OS-F en cuatro
especies del subgrupo melanogaster de Drosophila, Drososphila melanogaster,
D. simulans, D. mauritiana y D. erecta, asi como en una poblacion natural de
Drosophila melanogaster. Los resultados indican que los genes OS-E y OS-F
estan presentes en las cuatro especies investigadas y mantienen su estructura
génica. Las estimas de divergencia nucleotidica soportan la hipétesis de que
ambos genes son funcionales, aunque presentan diferencias en su tasa
evolutiva y en su constriccion funcional. La variacion nucleotidica en el gen OS-
E presenta un patrdn inusual: existe un exceso de sustituciones no sinénimas
fijadas, y un pico de polimorfismo a lo largo de la region que incluye el gen. Los
resultados se desvian significativamente del modelo neutro y sugieren la accion
de la seleccion natural en la historia evolutiva de estos dos genes del sistema

olfativo.
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ABSTRACT

The Olfactory Specific-E. and -IFgenes (OS-FEand OS-F) belong to the odorant-binding protein gene family,
which includes the general odorant-binding proteins and the pheromone-binding proteins. In Drosophila
melanogaster, these genes are arranged in tandem in a genomic region near the centromere of chromosome
arm 3R. We examined the pattern of DNA sequence variation in an ~7-kb genomic region encompassing
the two OS genes in four species of the melanogaster subgroup of Drosophila and in a population sample
of D. melanogaster. We found that both the OS-E and the OS-F gene are present in all surveyed species.
Nucleotide divergence estimates would support that the two genes are functional, although they diverge
in their functional constraint. The pattern of nucleotide variation in D. melanogaster also differed between
genes. Variation in the OS-E gene region exhibited an unusual and distinctive pattern: (i) a relatively high
number of fixed amino acid replacements in the encoded protein and (ii) a peak of nucleotide polymor-
phism around the OS-E gene. These results are unlikely under the neutral model and suggest the action
of natural selection in the evolution of the two odorant-binding protein genes.

HE olfactory system of terrestrial animals has an
extreme sensitivity and specificity. It can detect and
discriminate a large number of olfactory signals, the
odorants. Olfactory perception is accomplished by spe-
cialized bipolar sensory neurons that extend their den-
drites into an aqueous medium: the olfactory mucus in
vertebrates and the sensillar fluid in insects (STERN and
Marx 1999). Hence, the airborne molecules must tra-
verse the aqueous space that separates neuronal cells
from the external air and stimulate the odorant recep-
tors (STEINBRECHT 1969, 1996). These receptors are
located on the dendritic membrane of the sensory neu-
rons (Buck and AxeL 1991; VoOsSHALL et al. 1999).
The odorant-binding proteins (OBPs) are abundant
low-molecular-weight proteins that bind and solubilize
hydrophobic odorants (or pheromones) in the verte-
brate olfactory mucus and in the insect sensillar lymph.
These small globular proteins are synthesized and se-
creted by some accessory cells surrounding the sensory
neurons. In insects, the OBP family includes the general
odorant-binding proteins (GOBPs) and the phero-
mone-binding proteins (PBPs), which are not homolo-
gous to vertebrate odorant-binding proteins (VOGT and
Rippirorp 1981; PELOSI and MAIpA 1995).

Sequence data from this article have been deposited in the EMBL/
GenBank Data Libraries under accession nos. AJ574644, AJ574762—
AJ574774 (D. melanogaster), A]J563750 (D. mauritiana), A]J567753 (D.
simulans), and AJ574775-A]574776 (D. erecta).
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Despite the low sequence similarity among different
insect OBPs, most of these proteins exhibit a similar
distribution of conserved hydrophobic residues with a
nearly identical predicted secondary structure. Most
proteins of this family contain six highly conserved cys-
teines located in similar positions of the protein (PIKIE-
LNY el al. 1994). In Lepidoptera, these cysteines are
involved in disulfide bridges in both PBPs and GOBPs
(ScALONT et al. 1999). The similar distribution of cys-
teine residues in both groups of OBPs suggests that the
disulfide-bridge pairing might be a general feature of
this family of molecules in insects.

Although the specific function of OBPs in olfaction
is still unknown, they seem to play an important role
in olfactory coding. It has been shown that several OBPs
have different odorant specificities and are present in
distinct subsets of antennal sensilla (PELOST and MAIDA
1995). Additionally, genes encoding olfactory receptors
with different binding specificities are also expressed in
specific areas of the olfactory organ (VOSSHALL el al.
2000). These observations suggest that these proteins
might participate in odor detection by restricting the
spectrum of odorants accessible to the underlying recep-
tors. In addition to the established functions of OBPs
as carrier molecules and in concentrating hydrophobic
odorants in the aqueous medium, it has also been pro-
posed that these proteins could participate in the deacti-
vation of the odorant stimulus (PELOsI and MAIDA 1995).

In Drosophila melanogaster, 51 putative members of the
OBP family have been identified (HEKMAT-SCAFE et al.
2002; VoaT et al. 2002). Two of theses proteins, OS-E
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(olfactory-specific E) and OS-F (olfactory-specific F),
colocalize at the same restricted area of the ventro-
lateral region of the antenna. The OS-E and OS-F genes
(named Obp83a and ObH83b in HEKMAT-SCAFE el al.
2002), which have a similar intron-exon organization,
are arranged in tandem in cytological band 83CD of
the third chromosome. The two encoded proteins are
highly conserved (72% amino acid identity in the ma-
ture protein; PELosI and MAampa 1995) except for a
region in the C-terminal domain of the proteins, which
has been named the heterogeneous region (A1, HEK-
MAT-SCAFE et al. 2000). The close physical proximity
and the high degree of sequence similarity of the two
coding regions seem to reflect arecent gene duplication
event (McKENNA et al. 1994; see, however, HEKMAT-
ScarE ef al. 2000). Two hypotheses have been proposed
to explain the low amino acid conservation of the hAr
region: (i) the Arregion might form a putative binding
site for the odorant molecule and (ii) the Ar region
might be a putative contact site for the olfactory recep-
tor (HEKMAT-SCAFE et al. 2000).

Since olfaction is essential for survival and reproduc-
tion, genes involved in olfactory perception have likely
evolved by the action of positive natural selection. In-
deed, recognition and discrimination of olfactory sig-
nals are critical for finding food sources and for the
reproduction of individuals; furthermore, certain che-
moreceptive processes, like pheromone perception,
contribute to critical evolutionary processes such as re-
productive isolation and speciation. In fact, positive nat-
ural selection has been proposed to be involved in the
evolution of PBPs of the moth Chortstoneura (Lepidop-
tera; WILLETT 2000) and also in the evolution of the
OBPs of fire ants and other closely related species, in
which these proteins could control some aspects of so-
cial organization (KRIEGER and Ross 2002). Here, we
analyze DNA variation at the OS-Eand OS-F'genes in four
species of the melanogaster subgroup of Drosophila (D.
melanogaster, D. simulans, D. mauritiana, and D. erecta)
and also in a natural population of D. melanogaster to
infer the evolutionary history of these genes. We found
that the two genes are present in all surveyed species
and thus originated from an ancient duplication event;
nevertheless, these genes differ in their functional con-
straint. We show that the OS-E gene region has very distinc-
tive evolutionary patterns, specifically, (i) an accumulation
of fixed amino acid replacements in the OS-E protein of
D. melanogasterand (ii) an atypical pattern of nucleotide
polymorphism. These results suggest that positive natu-
ral selection was likely involved in the evolution of this
gene.

MATERIALS AND METHODS

Fly stocks: Fourteen D. melanogaster isochromosomal strains
for the third chromosome were used; these strains were ob-
tained from flies collected in a natural population of Monte-
mayor, Spain, with crosses with the TM6,/MKRS balancer stock

(CIRERA and AGUADE 1997; RamMo0s-ONsINS and AGUADE
1998). A highly inbred D. simulans line (S40; from a natural
population in Montblanc, Spain), obtained by 10 generations
of sib mating, was also used (Rozas et al. 2001). Additionally,
one line of each D. mauritiana and D. erecta kindly provided
by F. Lemeunier were included in the present study.

DNA extraction, PCR amplification, and DNA sequencing:
Genomic DNA from the D. melanogasterlines was CsCl purified
(BINGHAM et al. 1981). DNA from D. simulans, D. mauritiana,
and D. erecta was extracted from a single individual by using
a modification of protocol 48 in ASHBURNER (1989). In D.
melanogaster, an ~4.7-kb genomic region that includes the
complete coding region of both the OS-Eand OS-F'genes, the
intergenic region, and 174 bp of the OS-E 5’ flanking region
was amplified by PCR (SAIKI ef al. 1988; Figure 1). An addi-
tional 2-kb region upstream of the OS-E gene was PCR ampli-
fied in 13 of the D. melanogaster lines (in all lines except line
M47). The amplified fragments were purified with Qiaquick
columns (QIAGEN, Chatsworth, CA) and subsequently se-
quenced by using several oligonucleotides designed at inter-
vals of ~400 nucleotides. The sequenced fragments were sepa-
rated on ABI PRISM 377 and 3700 automated DNA
sequencers. For each line, the DNA sequence was determined
on both strands.

For D. simulans and D. mauritiana, the same 4.7-kb region
was amplified and sequenced by using several of the primers
designed for D. melanogaster and, for the more divergent DNA
regions, by primer walking. In D. erecta, only the OS-E and OS-F
genes were PCR amplified and sequenced. In this species,
primers for amplification and sequencing were designed on
the most conserved regions of the genes among the other three
species and also by the primer walking technique.

Data analysis: DNA sequences were assembled using the
SeqEd version 1.0.3 program (Applied Biosystems, Foster City,
CA). Sequences were multiply aligned with the ClustalW pro-
gram (THOMPSON ef al. 1994), and the initial alignment was
optimized manually. The MacClade program, version 3.06
(MapDIsON and MADDISON 1992), was used to edit the DNA
sequences for further analyses. The secondary structure of the
OS-E and OS-F proteins was inferred by using the PHD and
PROF secondary structure prediction programs (Rost 2001).
The DNA divergence among the studied species was estimated
as K, the number of nucleotide differences per site corrected
according to JUKESs and CANTOR (1969). Phylogenetic analysis
was performed using the neighbor-joining algorithm (Sarrou
and NEer1 1987) implemented in the MEGA version 2 program
(KumaRr et al. 2000) and by the maximum-likelihood method
(FELSENSTEIN 1993). The bootstrap analysis was based on 1000
replicates. Coding DNA sequences at internal nodes of the
phylogenetic tree were reconstructed by the maximume-likeli-
hood ancestral reconstruction approach using codon substitu-
tion models (GoLpDMAN and YANG 1994; YANG et al. 1995).
From the ancestral sequences, we estimated the number of
synonymous and nonsynonymous substitutions in each
branch. All these analyses were performed using the codeml
program included in the PAML 3.0 software (YANG 1997).

The DnaSP version 3.98 program (Rozas and Rozas 1999)
was used for most intraspecific and some interspecific analyses.
The level of DNA polymorphism was estimated as the per-site
nucleotide diversity (; NEI 1987), the Watterson parameter
0 (WATTERSON 1975), and the haplotype diversity (Hd; NE1
1987). Codon bias was measured as the effective number of
codons (ENC; WricHT 1990), which measures the deviation
from equal usage of synonymous codons.

The recombination parameter ¢ (in Drosophila, ¢ = 2Nr,
where Nis the effective population size and ris the recombina-
tion rate per generation between adjacent sites) was estimated
using three different methods. The Hupson (1987) method
estimates ¢from the variance of the average number of nucleo-
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F1cUrRe 1.—Physical map of the OS region. Solid and shaded boxes indicate translated and untranslated exons, respectively.
Numbers above the thick line indicate the position of the nucleotide polymorphisms detected in D. melanogaster. Nucleotide sites
are numbered from the translation initiation site of the OS-E gene. The ~2-kb region upstream of the OS-E gene is not included

in the figure.

tide differences between pairs of sequences, while the Hupson
and Karran (1985) method estimates ¢ from the minimum
number of recombination events in the sample (Ry). The
latter method requires the use of coalescent simulations to
estimate ¢. An estimate of ¢ based on the D. melanogaster re-
combination map was also obtained, assuming (i) that the
recombination rate of the OS region (which is located on
band 83CD) is 0.16 X 10~* (see COMERON et al. 1999) and
(ii) that Nis 10° for D. melanogaster.

Statistical tests: The Tajima (1989) and the Fu and Li
(1993) tests were used to contrast whether the polymorphism
frequency distribution (frequency spectrum) conforms to neu-
tral expectations. The overall genetic association between
polymorphic sites was determined by the Z, (KeLLy 1997),
Wall’s B and Q (WaLL 1999), and Z, (Rozas et al. 2001)
statistics. The confidence intervals of these statistics were ob-
tained by computer simulations (10,000 replicates) on the
basis of the coalescent process assuming a large constant popu-
lation size (KinaMAN 1982; Hupson 1983, 1990; Rozas and
Rozas 1999). Coalescent simulations were conducted using
different values of the recombination parameter and condi-
tioning on the number of segregating sites.

The Hudson-Kreitman-Aguadé (HKA) test (HuDpSON et al.
1987) was conducted to assess whether the levels of polymor-
phism and divergence between species correlated, as expected
under neutrality. The testwas carried out using the 5" Adhgene
region (KREITMAN and AGUADE 1986) as a neutral evolving
region.

The Kolmogorov-Smirnov statistic (Dgs) was used to test for
heterogeneity in the ratio of polymorphism to divergence
along the surveyed DNA region. The test is based on the
maximum absolute difference between the observed and the
expected cumulative number of polymorphic sites (SOKAL and
RoHLF 1995; McDoNALD 1998), and it is generally the most
powerful test for regions with two areas with very different
levels of variation (McDoNALD 1998). The Wu and L1 (1985)
relative-rate test was used to test for heterogeneity in the nucle-
otide substitution rate among lineages. This method is based
on the standardized difference of the corrected estimates of
the number of substitutions per site between two lineages.
The K2ZWULI program (JERMIIN 1996) was used to perform
this analysis. For nonsynonymous sites we used the x* test due
to the small number of substitutions.

RESULTS

Interspecific analysis: We have identified the OS-Fand
OS-Fgenes in the four species studied (D. melanogaster, D.

simulans, D. mauritiana, and D. erecta). Moreover, both the
intron-exon structure and the physical distance between
genes are maintained across these species. Our results
contrast with the previous report of HEKMAT-SCAFE et
al. (2000), where the OS-E gene was not detected in
either D. simulans or D. mauritiana. Nevertheless, the
methodology used in their survey, a restriction-enzyme-
based analysis, likely precluded its detection. Figure 2
shows the multiple alignment of the amino acid se-
quences encoded by the OS-E and OS-F' genes. The six
highly conserved cysteines of the OBP family are present
in all OS proteins, except for the second cysteine of
the OS-E protein in D. erecta that was replaced by a
tryptophan. Moreover, the PHD and PROF programs
predicted that all OS proteins are helical rich. To obtain
clues on the function of specific parts of these proteins,
the predicted structure of OS-E and OS-F was compared
with that obtained for the pheromone-binding protein
of Bombix mori (BmPBP). This protein is also a member
of the OBP family and its three-dimensional (3D) struc-
ture has been determined by X-ray crystallography (SAN-
DLER et al. 2000). The distribution of the predicted
a-helices along the OS proteins (Figure 2) is nearly
identical to that found for the BmPBP.

Nucleotide divergence between species was estimated
using only the DNA sequence fragment clearly alignable
among all species (Table 1); the D. melanogaster line
M2 was used for this analysis. In general, nucleotide
divergence was higher in the OS-E than in the OS-F
region. Despite this difference, both genes have a very
similar and quite low codon bias, with an average ENC
value for all species equal to 50.55 for OS-Eand to 45.28
for OS-F. In both genes, higher Ks than K, values were
detected. In the OS-E gene, divergence estimates were
higher at synonymous than at noncoding sites.

Figure 3 shows the neighborjoining trees recon-
structed for the OS-F'and OS-F'genes (the same topology
is obtained using the maximum-likelihood approach).
In the OS-Etree, the branch leading to the D. melanogas-
terlineage was rather long. We conducted a relative-rate
test (Wu and L1 1985), using D. erecta as the outgroup,
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FIGURE 2.—Amino acid sequence alignment of the OS-E and OS-F proteins. Amino acids identical to the first sequence are
indicated by a dot. Shaded residues indicate the six cysteines highly conserved in the OBP family. The Cys-to-Trp replacement
(OS-E protein of D. erecta) is also indicated. The line underneath the aligned sequences indicates the predicted signal peptide.
The location of the predicted a-helices is indicated by open boxes below the sequences. The box in the sequences delimits the
hr region (see the Introduction). Dmel, D. melanogaster; Dsim, D. simulans; Dmau, D. mauritiana; Dere, D. erecta.

to determine whether the numbers of substitutions in
the D. melanogaster and in the D. mauritiana (or D. sim-
ulans) lineages were significantly different. This test re-
vealed that the OS-Eregion (including coding and non-
coding sites) evolves faster in the D. melanogaster than
in the D. mauritiana and D. simulanslineages (z = 2.052,
P = 0.021 for D. mauritiana; z = 1.395, P = 0.081 for
D. simulans). Equivalent z results were obtained when
only the coding region was used (z = 2.006, P = 0.024
for D. mauritiana; z = 1.994, P = 0.023 for D. simulans).
In fact, the significantly higher number of substitutions
accumulated in the D. melanogaster lineage was mainly
due to nonsynonymous substitutions (P = 0.058). All
amino acid replacements fixed in the D. melanogaster

lineage are conservative, i.e., with very low physicochemi-
cal distance values (GRANTHAM 1974).

Nucleotide polymorphism in D. melanogaster: Figures
1 and 4 show the distribution of DNA polymorphic
sites along the 4.7-kb region surveyed. A total of 25
nucleotide polymorphisms (9 of them with singleton
variants) and 1 indel polymorphism (6 bp) were de-
tected. All polymorphisms were silent: 1 synonymous
polymorphism at site 30 of the OS-E coding region and
the rest at noncoding positions. Notably, polymorphism
at site 540 results in two different stop codons (TAG
and TAA) of the OS-E gene. Ten different haplotypes
(Hd = 0.956) were detected in the 14 lines analyzed.

Estimates of the per-site recombination parameter

TABLE 1

Nucleotide divergence in the OS region

OS-E OS-F
Species
pair Kie K K, Kic Ks K,
Dmel Dsim 0.0871 0.1102 0.0212 0.0603 0.0725 0.0028
Dmel Dmau 0.0682 0.1102 0.0212 0.0580 0.0510 0.0028
Dsim Dmau 0.0448 0.0347 0.0288 0.0200 0
Dmel Dere 0.2314 0.3831 0.0446 0.1359 0.1164 0.0112
Dsim Dere 0.2242 0.3514 0.0274 0.1507 0.1051 0.0084
Dmau Dere 0.2088 0.3519 0.0274 0.1367 0.0828 0.0084

Ky, number of noncoding substitutions per noncoding site; K5, number of synonymous substitutions per
synonymous site; K, number of nonsynonymous substitutions per nonsynonymous site. Dmel, D. melanogaster;

Dsim, D. simulans; Dmau, D. mauritiana; Dere, D.erecta.
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indicate that the OS genomic region shows a reduction
from the normal recombination levels (COMERON e al.
1999; ANpDOLFATTO and Przeworski 2000). Table 2
summarizes the levels of nucleotide variation estimated
separately for the different functional parts of the OS
region. Estimates of nucleotide diversity for the com-
plete 4.7-kb region (m = 0.0018, silent w = 0.0021) were
rather low. However, levels of nucleotide diversity varied
considerably along the OS region. Silent variation was
highest in the OS-E gene (m = 0.0081) and lowest in
the OS-Fgene (w = 0.0013). Putative heterogeneity in
the distribution of polymorphic to fixed silent sites
along the OSregion was tested by means of the D test.
Significant heterogeneity (P = 0.03) along the region
studied was detected using the most conservative ¢value
(see McDoNALD 1998). We also compared, by means
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Ficure 3.—Phylogenetic trees
of the OS-E and OS-F genes. The
trees were built using 651 sites (423
coding sites) and 805 sites (462 cod-
ing sites) for OS-E and OS-F, respec-
tively. The numbers of nucleotide
substitutions and the number of
nonsynonymous changes (in paren-
theses) are indicated on each
branch. The percentages of boot-
strap replicates supporting the dif-
ferent nodes are in italics.

OS-E

OS-F

of an HKA test, silent polymorphism and divergence
in the total OS region (as well as separately for each
functional part) and in the 5’ Adh region (HupsoN
et al. 1987). A significant deviation from the neutral
prediction was detected for the total OS region (P =
0.027). Interestingly, only variation in the OSF region
departed significantly from neutral predictions (OS-E
region, P = 0.276; OS-Fregion, P = 0.017; intergenic
region, P = 0.231).

We also conducted Tajima’s D and Fu and Li’s D and
F tests separately for the three functional regions (OS-E,
intergenic, and OS-F) to determine whether the fre-
quency distribution of nucleotide variants departs from
that expected under neutrality. For this analysis we used
D. mauritiana as the outgroup. Under no recombination
(which is the most conservative assumption for these
tests), the analysis showed a significant deviation only
in the OS-E region (Table 3). The significantly positive
values of the Tajima’s D and Fu and Li’s F statistics in
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TABLE 2

Nucleotide variation in different OS functional regions

TABLE 3

Neutrality tests

Sites” N ™ 0 K

5" OS-E 161 2 0.0036 0.0039 0.0148
OS-E

Coding 423 1 0.0012 0.0007 0.0397

Noncoding’ 220 4 0.0090 0.0057 0.0793

Silent’ 307.16 5 0.0081 0.0051 0.0899
Intergenic 929 8 0.0023 0.0027 0.0505
OS-F

Coding 462 0 0 0 0.0131

Noncoding’” 2493 10  0.0013 0.0013  0.0470

Silent’ 2594.33 10 0.0013 0.0012 0.0471
Total silent 3991.5 25 0.0021  0.0019 0.0498
Total 4688 25 0.0018 0.0017 0.0438

S, number of segregating sites; K, number of substitutions
per site between D. melanogaster and D. mauritiana.

“Number of sites in the intraspecific data set.

’Including intronic and untranslated regions.

this region reflect an excess of nucleotide variants at
intermediate frequencies. For the OS-FFand intergenic
regions, the test statistic values substantially increased
when line M20 (which accounts for seven of the nine
singletons found in the sample) was removed.

No overall significant association between polymor-
phic sites (linkage disequilibrium) was detected by the
Z,s statistic either in the whole region (Zs = 0.257; P =
0.541) or in its different functional parts (results not
shown). Nevertheless, a significant association was de-
tected between polymorphic sites in the OS-E region (4
of the 10 pairwise comparisons were significant even
after the conservative Bonferroni correction). The OS-E
region also showed significant values of the Z, and Wall’s
Band Q statistics even using the conservative no-recom-
bination assumption (Table 3). These results indicate
that nucleotide variation at the OS-E region is highly
structured (Figure 4).

DISCUSSION

The presence of both the OS-Eand OS-F'genes in the
four Drosophila species studied, and also in species of
the obscura group (A. SANCHEZ-GRACIA, M. AGUADE
and J. Rozas, unpublished results), indicates that the
DNA duplication event is relatively old. Nucleotide di-
vergence estimates among copies and among species
and the phylogenetic trees clearly indicate that the two
genes have evolved independently since their origin by
gene duplication (i.e, there is no evidence for gene
conversion between paralogous copies).

OS-E gene Intergenic OS-F gene

region region region
Tajima’s D 1.982* 0.641 0.229
Tajima’s D* 1.768* 0.522 1.251
Fuand Li’s D 1.195 0.130 —0.633
Fu and Li’s F 1.628% —0.227 —0.540
7 0.827% 0.453 0.309
Wall’s B 0.750% 0.428 0.222
Wall’s Q 1.000%3#* 0.625 0.400

*#0.01 < P < 0.05; ***P < (0.001.
“Excluding line M20.

Our analysis has revealed a higher number of synony-
mous than nonsynonymous substitutions in all phylog-
eny branches, suggesting that both proteins are under
purifying selection. The strength of natural selection,
however, differs in the two genes. Indeed, the lower
nucleotide substitution rates of the OS-F gene indicate
an overall higher functional constraint (Tables 1 and
2; Figure 3) and, therefore, would support that the idea
that these genes have been functionally diverging since
their origin. The detection of the two OS proteins in the
D. melanogaster sensillar lymph (McKENNA ¢ al. 1994) also
supports the active action of natural selection in the
evolution of these genes.

It could be argued, nevertheless, that the different
OS substitution rates were caused by local mutation rate
differences and not by differential functional constraint.
We found that divergence estimates at noncoding posi-
tions in the OS-Fregion are slightly lower than those in
OS-E (Table 2). This fact is likely caused by the presence
of an extremely conserved DNA fragment in the second
intron of OS-F; this conserved region had been already
identified in other species as distant as D. virilis (HEK-
MAT-SCAFE et al. 2000), although its functional signifi-
cance is unknown. Levels of nucleotide divergence across
noncoding regions, nevertheless, are distributed more
homogeneously than in coding regions. This analysis
does notsupport, therefore, that the different evolution-
ary rates found between the two OS genes were caused
by putative differences in the silent mutation rate along
the OS region.

Most D. melanogaster OBP family members (in addi-
tion to OS-Eand OS-F) are located in gene clusters (GAL-
INnDO and SMITH 2001). This suggests that gene duplica-
tion is an important mechanism to increase diversity in
this gene family. In fact, the high sequence divergence
among functional members of the family suggests the
contribution of positive selection to the rapid evolution
and functional diversification of these genes (GALINDO
and SmiTH 2001). It has been also shown that insect
OBPs can form dimers in physiological conditions



Evolution of OS-E and OS-I'in Drosophila 1285

(CampPANACcCI et al. 1999; DANTY et al. 1999; SANDLER
et al. 2000). Since the OS-E and OS-F genes are coex-
pressed in the same cells, the encoded proteins would
be able to form homodimers and also heterodimers.
Although the formation of such heterodimers has not
been demonstrated, this possibility is suggestive since it
might be involved in the evolution of these genes: if
heterodimers were more efficient than homodimers,
selection might have favored the differentiation and
maintenance of the two genes. Certainly, information
on the quaternary structure of these OS proteins would
be relevant to ascertain the role of putative dimers on
the molecular evolution of these genes.

We also found an excess of substitutions at the OS-I
coding region in the D. melanogasterlineage. This excess,
largely due to a high number of nonsynonymous changes,
could be explained by either a relaxation of natural
selection or the action of positive directional selection.
Although a reduction in the selective pressure could
increase the fixation probability of weakly selected muta-
tions (OHaTA 1973, 1992), the reduced levels of nucleo-
tide polymorphism in the OS-E coding region would
not support this hypothesis. Hence, it seems likely that
positive directional selection would have driven these
amino acid changes to fixation (see below).

Currently, the 3D structure of the OS-E and OS-F
proteins has not been determined. However, two lines
of evidence suggest that this structure could be similar
to that of the BmPBP obtained by X-ray crystallography.
First, the secondary structures predicted for OS-E and
OS-F show a remarkable similarity to that previously
predicted for the BmPBP, in which the predicted loca-
tion of a-helices has been confirmed by the 3D structure.
Second, there are five highly conserved phenylalanines
in BmPBP, with two of them (Phel2 and Phell8) in-
volved in the general (i.e., not specific) binding hy-
drophobic surface (SANDLER et al. 2000). In the OS-E
and OS-F proteins, there are also five conserved phenyl-
alanines in all surveyed species. Two of these residues
(Phel8 and Phel08) are also found in similar positions
on the predicted BmPBP hydrophobic surface. Probably
the residues constituting the odorant-binding pocket
and those involved in the specific binding site of the
OS-E and OS-F proteins are in locations equivalent to
those described in BmPBP.

A preliminary analysis of OBPs (PLETTNER el al. 2000;
SANDLER ¢t al. 2000; PENG and LEAL 2001) has shown
that some conservative amino acid changes observed
across a number of Lepidoptera species might alter the
protein-binding specificity. In particular, replacements
among residues such as valine, leucine, isoleucine, or
methionine would be responsible for this change in
specificity. Remarkably, all amino acid replacements
found in the four Drosophila species studied (except the
Cys-to-Trp change in D. erecta; Figure 2) are conservative,
with low physicochemical distance values (GRANTHAM
1974), and are found in protein locations similar to the

changes observed in Lepidoptera OBPs. Furthermore,
four of the six OS-E amino acid changes fixed in the
D. melanogaster lineage also involve valine, leucine, iso-
leucine, and methionine residues. These replacements
are located either in the heterogeneous region (HEk-
MAT-SCAFE ¢t al. 2000) or close to it. Some of these replace-
ments might have been beneficial due to plausible
changes in the binding specificity of the protein. Direc-
tional positive selection would thus have driven them
to fixation.

The action of positive selection should have also left
a fingerprint on intraspecific polymorphism and on the
ratio of polymorphism to divergence. We have shown
that levels of silent nucleotide polymorphism in D. mela-
nogaster were reduced, which is consistent with expecta-
tions for a low-recombining genomic region (BEGUN
and AQUADRO 1992). However, the level of silent nucleo-
tide polymorphism clearly differs between gene copies
(Table 2). In fact, the observed number of segregating
sites and the results of the Kolmogorof-~Smirnov test (P =
0.03) clearly define two regions with distinct levels of
variation: a left part including the OS-E and intergenic
regions and a right part that includes the OS-F gene
region. While the OS-F portion has a low level of varia-
tion, as expected in regions of reduced recombination,
the level of nucleotide variation at the left partis concor-
dant with the average level of silent variation in D. mela-
nogaster (~0.011; MoriyamMa and PoweLL 1996). The
analysis of the ratio of polymorphism to divergence also
shows a clear drop in about the middle of the surveyed
region. The results of the HKA test are significant only
in the OS-Fregion; in this part, silent nucleotide poly-
morphism is likely reduced due to the effects of linked
selection in concordance with its low recombining envi-
ronment. In contrast, no significant HKA results were
obtained at the left part of the OS region, reflecting a
much higher level of intraspecific variation than ex-
pected in a region of low recombination. In particular,
there was a local peak of variation, with most polymor-
phisms at noncoding regions (Figure 5).

To know whether the increase of variation in OS-E is
really a peak of variation (i.e., whether it decays also in
the upstream region), we sequenced an ~2-kb region
upstream of the OS-E gene. The level of variation in
this 5" flanking region (m = 0.002) was similar to that
detected in the OS-Fregion and therefore lower than
that in the OS-E region. The sliding window analysis of
the entire region surveyed (6.7 kb) reveals a peak of
variation in the OS-E region (Figure 5). Clearly, these
results are unlikely not only under the neutral model,
but also under simplistic selective models [such as the
genetic hitchhiking (MAYNARD SMITH and HA1cH 1974)
or the background selection (CHARLESWORTH et al.
1993) models], or demographic scenarios. Heterogene-
ity in the recombination rate or in the silent mutation
rate along the surveyed region could explain the differ-
ent pattern of variation observed in the OS-E and OS-F
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regions. However, itis unrealistic that two closelylocated
genes could differ strongly in their recombination rate.
On the other hand, the similar estimates of the silent
nucleotide divergence along the OS region also do not
support the silent mutation rate heterogeneity hypothesis.

The anomalous levels of nucleotide variation found
in OS-E could be explained by the action of some form
of balancing selection. Nevertheless, it seems difficult
to envisage the target of selection since there is no
replacement polymorphism. Yet, selection might act on
the RNA stability or on some regulatory elements pres-
ent at noncoding positions. Furthermore, several other
features of the data are consistent with the balancing
selection hypothesis. This kind of selection is expected
to increase the levels of nucleotide variation and conse-
quently it can skew the frequency spectrum toward inter-
mediate frequencies. The significantly positive Tajima’s
D and Fu and Li’s Fvalues (Table 3) observed in the
OS-Eregion are in agreement with this prediction. Nev-
ertheless, a simple balancing selection model would not
easily explain the high number of amino acid changes
accumulated in the D. melanogaster lineage. A version of
the hitchhiking model, the “traffic” model (KirBY and
STEPHAN 1996), might account for both the positive
Tajima’s D values observed in the OS-E gene and the
increase of nucleotide diversity in the target region.
This model considers that the fixation of a favorable
mutation might be retarded by the fixation process of
another closely located favorable mutation. Under this
model, neutral variants could increase in frequency near
the selected sites, reaching intermediate frequencies.
Eventually, recombination could generate haplotypes
with a more favorable combination of mutations that
would be driven to fixation. The high structure of ge-
netic variation in the OS-E region revealed by the sig-
nificant linkage disequilibrium values and the Z, and

H—

0S-F

Wall’s Band Q tests is consistent with the traffic hypothe-
sis. In conclusion, the pattern of nucleotide sequence
variation in the OS genes is unlikely under the neutral
model of molecular evolution and suggests the action
of positive natural selection. Further surveys of variation
at genes of the olfactory family might contribute to
establishing which specific mode of natural selection is
acting and thereby to an understanding of the evolution-
ary meaning and fate of these duplicated genes.
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Capitulo 3.2. Unusual pattern of nucleotide sequence
variation at the OS-E and OS-F genomic region of

Drosophila simulans

3.2.1 Resumen

En este capitulo se describe la caracterizacion, secuenciacion y analisis
de la variabilidad nucleotidica de la region gendmica que incluye los genes del
sistema olfativo OS-E y OS-F en una poblacion europea y otra poblacion
africana de la especie D. simulans. En las dos poblaciones, los niveles de
polimorfismo nucleotidico silencioso son mayores a los detectados en la region
homdloga de D. melanogaster. Los resultados de los tests de neutralidad
basados en la teoria de la coalescencia y utilizando la informacion intra- e
interespecifica de D. simulans 'y D. melanogaster, confirman que en el linaje de
D. melanogater el gen OS-E presenta un comportamiento no neutral. Por otro
lado, el patrén del polimorfismo nucleotidico de la poblacién europea de D.
simulans presenta una estructura haplotipica inusual, donde la mitad de las
secuencias son practicamente idénticas (difiriendo en tan sdélo una sustitucion
nucleotidica). Esta estructuracion es incompatible con la prediccion de la teoria
neutralista para poblaciones en equilibrio estacionario. En el trabajo se discute
el posible papel de la seleccion natural positiva, y de factores demograficos, en

la generacion de esta atipica estructuracion de la variabilidad.
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INTRODUCTION

Smell is one of the oldest and most important senses of animals. Olfaction
allows recognizing and discriminating chemical signals providing essential
information to detect and asses food, to identify mating partners and predators,
and to establish individual and collective behavior. Positive natural selection can
therefore play a major role in the evolution of olfactory system genes; indeed,
human olfaction-involved-genes are amongst the most accelerated evolution
genes (e.g. GILAD et al. 2003; CLARK et al. 2003; NIELSEN et al. 2005; see also
GIMELBRANT et al. 2004). Darwinian positive selection, in addition, has been
proposed for the evolution of some olfactory system genes in rodents (EMES et
al. 2004), channel catfish (NGAI et al. 1993), salamander (WATTS et al. 2004;

PALMER et al. 2005) and insects (WILLETT 2000; KRIEGER and Ross 2002, 2005).

The olfactory system constitutes the principal sensory modality of invertebrates,
showing a high specificity and sensitivity. Odorant receptors (OR) are located in
the external membrane of specialized sensory neurons, extending their
dendrites into an aqueous fluid. Hydrophobic odors traverse the fluid space
bound to OBPs (Odorant-Binding Proteins), which deliver them close to
receptors. The OBP multigene family includes two different families of proteins,
the GOBPs (General Odorant-Binding Proteins) that binds and transport
general odorants, and the PBP (Pheromone Binding Proteins) specialized in
pheromone perception (VOGT and RIDDIFORD 1981; PELOSI and MAIDA 1995).
These two families have a monophyletic origin. There is little knowledge about

the evolution of Drosophila OBP multigene family. This family contains fifty-one
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putative members located in clusters and scattered across the genome
(HEKMAT-SCAFE et al. 2002). Surprisingly, this number is very close to the actual
number of the OR genes (about 61 members; VossHALL 2000). This fact, jointly
with the different odorant binding specificities and gene expression patterns
(e.g. VOGT et al. 1991, 1999; GALINDO and SMITH 2001; VOGT et al. 2002),
suggest that OBPs have an important role in the olfactory coding and not

merely odorant carriers.

We have studied the molecular evolution (at intraspecific and interspecific
levels) of two members of the OBP gene family (the OS-E and OS-F genes) in
different Drosophila species (SANCHEZ-GRACIA et al. 2003; see also HEKMAT-
SCAFE et al. 2000). These genes likely originated by an old gene duplication
event (likely >40 myr), and interestingly still maintain a high degree of
conservation at the gene structure, amino acid, and nucleotide levels. In this
study, we detected a significant gradient of the nucleotide polymorphism levels
along the OS-region of D. melanogaster, and an excess of fixed amino acid
replacements in the lineage of this species (in the OS-E gene). Although the
results are unlikely for a neutral evolving region, we could not discriminate

among the different selective scenarios that might accommodate the data.

Here, we analyze levels and patterns of DNA polymorphism and divergence
along the OS-gene region in two populations of D. simulans to provide new
insights on the evolution of these olfactory genes and, particularly, to assess if
the evolutionary pattern observed in D. melanogaster is a species-specific

feature or, on the contrary, it is shared by other Drosophila species. We found
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that levels of silent variation, and recombination rates, are significantly higher in
D. simulans than in D. melanogaster. Additionally we also detected that the
European population of D. simulans is highly structured, with a very unusual
haplotype configuration. We discuss these findings with their implications on the

molecular population genetics of D. simulans.
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MATERIALS AND METHODS

Drosophila strains: Twenty-two highly inbreed D. simulans lines (obtained
after 10 generations of sib mating) randomly sampled from two natural
populations were surveyed: eleven lines from a European population
(Montblanc, Spain; S lines), and eleven from an African sample (Maputo,
Mozambique; MZ lines) (Rozas et al. 2001). Present analysis also includes the
fourteen lines of D. melanogaster (Cérdoba, Spain; M lines), one line of D.

mauritiana and another of D. erecta reported in SANCHEZ-GRACIA et al. (2003).

DNA extraction, PCR amplification, and DNA sequencing: Genomic DNA of
D. simulans was extracted using a modification of protocol 48 from ASHBURNER
(1989). For the European sample, a ~5kb fragment (named as fragment 1)
including the OS-E and OS-F genes and their intergenic region, was amplified
by PCR (SAIKI et al. 1988), while in the African lines, the amplified fragment (a
~2kb fragment named here as fragment 2) only included the OS-E transcription
region, the intergenic region and the first untranslated exon of the OS-E gene.
The amplified fragments were cycle-sequenced and separated on a Perkin-
Elmer (Norwalk, CT) ABI PRISM 377 automated DNA sequencer, following the
manufacturer’s instructions. For each line, the DNA was sequenced on both
strands. The new reported nucleotide sequences have been deposited in the

EMBL nucleotide sequence database under accession nos. XXXXXX-XXXXXX.

Data analysis: Nucleotide sequences were assembled using the SeqEd 1.03

software (Applied Biosystems), multiple aligned with Clustal X (THOMPSON et al.
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1997), and edited with the MacClade version 3.06 program (MADDISON and
MADDISON 1992). Phylogenetic analysis was performed using the neighbour-
joining algorithm (SAITou and NEI 1987) implemented in the MEGA version 2
program (KUMAR et al. 2001). The bootstrap analysis was based on 1000
replicates. We estimated the number of synonymous and nonsynonymous
substitutions in each branch of the tree by using the codeml/ program

implemented in PAML package version 3.14 (YANG 1997).

The DnaSP version 4.0 program (RozAs et al. 2003) was used for most
intraspecific and some interspecific analyses. The level of DNA polymorphism
was estimated as the per-site nucleotide diversity (r; NEI 1987), the Watterson
parameter (6; WATTERSON 1975), the haplotype diversity (h; NEI 1987) and the
number of haplotypes (k, Nei 1987). Nucleotide divergence between species
was estimated as K, the number of per site substitutions corrected according to
JUKES and CANTOR (1969). The confidence intervals, and P-values, of a number
of neutrality tests were obtained by Monte Carlo simulations based on the
neutral coalescent process assuming the infinite-sites model in a large
constant-size population (KINGMAN 1982a, 1982b; HubsoN 1983, 1990).
Coalescent simulations were performed assuming either no intragenic
recombination (10000 replicates) or with variable levels of recombination (2000
replicates) (HUDSON 1983; RozAs et al. 2003). This information allows obtaining
the empirical distribution of statistics that, in turn, was used to determine their
confidence intervals. Computer simulations were carried out either fixing the
value of @ (6 = 4Nv, where N is the effective population size and v is the per-

gene mutation rate), or the number of segregating sites. These two methods
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yielded similar results and thus we will present results based on only the

coalescent conditional on the number of segregating sites.

The recombination parameter C (in Drosophila, C = 2N.r, where r is the per-
generation recombination rate for the studied region) was estimated using three
different methods. The HUDSON (1987) method estimates C (Cy) from the
variance of the average number of nucleotide differences. The HUDSON AND
KAPLAN (1985) method estimates C (Cr) from the minimum number of
recombination events in the sample (Ru) by using coalescent simulations.
Estimates of C based on the D. simulans recombination map (Cu) (ANDOLFATTO
and PRzEWORSKI 2000) was obtained assuming that r =1.04 x 10% (i.e.,
assuming that the OS and GI/d regions, which are located in chromosomal
bands 83CD and 84D, respectively, have the same recombination rate), and
that N, is 2 x 10°. We also used computer simulations to estimate the C, value
(Rozas et al. 2001); that is, the minimum value of C compatible at the 5% with
the observed Ry value. The effect of intragenic recombination on nucleotide

variation was also analyzed using ZZ statistic (RozAs et al. 2001).

The TAJIMA (1989), Fu and LI (1993) and Fu (1997) tests were conducted to
contrast whether the DNA polymorphism pattern conforms to the neutral
expectations. FAY and Wu’s (2000) test was used to asses for the presence of
high frequency derived nucleotide variants in the sample. The correlation
between polymorphism and divergence expected under the neutral model was
tested using the HKA test (HUDSON et al. 1987). The putative genetic

differentiation between populations was determined by a permutation test (1000
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replicates) using the S, statistic HubsoN (2000). We calculated the age of the
putative selective sweep assuming that all mutations detected in the sample
were new mutations originated after the variation sweep caused by the

hitchhiking effect.
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RESULTS

European sample

DNA sequence variation: We surveyed initially a genomic region that included
the OS-E and OS-F genes with their intergenic region (4896 bp, fragment 1;
figure 1) in 11 European lines of D. simulans. A total of 96 polymorphic
nucleotide sites (consisting in 99 mutation events), and 12 insertion/deletion
polymorphisms (ranking from 1 to 60 bp in length) were detected. All
polymorphisms were silent: 10 were synonymous (6 and 4 in the OS-E and OS-
F coding regions, respectively), while the rest were in noncoding regions (figure
2). All length polymorphisms were in noncoding regions. Table 1 shows
estimates of nucleotide variation for the different OS-region functional parts. As
in previous reports, levels of synonymous variation (at the coding region) were
slightly higher than those present at noncoding fragments. Estimates of the
silent nucleotide diversity (zs. = 0.0088) were similar to that obtained in other
surveys at the same European population of D. simulans (CIRERA and AGUADE

1997; AGUADE 1998, 1999; RozAS et al. 2001).

Current silent nucleotide variation levels in D. simulans were higher than those
estimated at the homologous syntenic region of D. melanogaster (zsi. =
0.0021). The intraspecific nucleotide variability distribution along the OS-region
was also quite different between species. 1) D. simulans does not show the
gradient in nucleotide diversity observed in D. melanogaster (SANCHEZ-GRACIA

et al. 2003), and 2) the HKA test (HUDSON et al. 1987) was not significant.
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Indeed, in D. simulans, levels of polymorphism and divergence correlated, as
expected by the neutral model, both for the total region as for the different

functional parts (P > 0.05, figure 2).

We analyze putative departures from the neutral frequency spectrum by a
number of neutrality tests. No significant results were obtained by Tajima’s D,
Fu and Li D and F and Fay and Wu’'s H tests, even though the atypical
nucleotide structure observed in the sample (see below). Nevertheless, all
statistics presented positive values (except for Fay and Wu's H), reflecting a

rather excess number of substitutions segregating at high frequency.

The analysis at the OS-E coding region of the relative levels of synonymous
and nonsynonymous substitutions within D. simulans, and between D. simulans
and D. melanogaster, were significant (MK test, P = 0.005). The test,
nevertheless, were not significant using the DNA sequence of D. mauritiana as
divergence data; therefore, this non neutral behavior is caused by a number

substitutions fixed on the D. melanogaster lineage.

Linkage disequilibrium and recombination: The ZZ statistic value in the
European sample was positive and statistically significant (P = 0.001),
evidencing a major role of the intragenic recombination in shuffling nucleotide
variation among DNA sequences. Table 2 shows the estimates of the
recombination parameter C obtained by different methods. The unusual
haplotype structure detected at the OS-region (see below) could be the

responsible for the discrepancy between Cy and Cr estimates (much more
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dependent on departures of the neutral equilibrium assumptions), and those
based on the recombination map, Cu (ANDOLFFATO and PRzEWORSKI 2000). In
all cases, nevertheless, recombination levels in D. simulans were clearly higher
than those for the syntenic region of D. melanogaster. For the total sample,
35% of the pairwise comparisons (1506) showed significant linkage
disequilibrium values; nevertheless none of them were significant after applying
the conservative Bonferroni procedure. Z,s values were, however, highly

significant (P < 0.001) after applying the conservative C, value (C. = 11.7).

Haplotype structure: Present data shows a highly structured nucleotide
variation pattern. We identified 6 sequences (out of eleven) identical or nearly
identical (differing by a single nucleotide substitution; figure 2). This group of
sequences was named as haplogroup H#1. The rest of sequences (H#2
haplogroup) harbored, on the contrary, 83 segregating sites (85 mutations) and
12 indels. In addition, two of the later sequences (S18 and S28) show a
chimerical pattern, likely caused by a recombination event between these two
divergent haplotypes. We performed computer simulations based on the
coalescent process to investigate whether this pattern might be compatible with
the neutral equilibrium model. The analysis shows that this haplotype structure
was clearly unlikely under the neutral model, even using the conservative C_
value in the simulations (table 4). In particular, we found that number of
haplotypes and the haplotype diversity levels were significantly reduced. This
reduction in the haplotype diversity also generates highly significant Fs (Fu
1997) values. We also made coalescent simulations to estimate the probability

of observing a given number of identical sequences (or differing by only one
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segregating site) in the sample (Rozas et al. 2003). This probability value is a
function of 6, C and the sample size. Again, the results were highly significant
(P (X 2 6) <0.001). These tests were also highly significant (P < 0.005) even
when it used the strong conservative criteria of no recombination (table 4). This
strong haplotype structure extends for all over the OS region (including all their
functional regions). The reconstructed neighbor-joining tree (figure 4) clearly
illustrates two separate clusters (H#1 and H#2 haplogroups) with a reduced
level of variation in the H#1 group. The branch lengths also reflect the
substantial differences in the population mutational parameter between D.

melanogaster and D. simulans.

African sample

To determine whether this unusual haplotype structure was also present in
other populations of D. simulans, we extended the analysis to 11 additional
sequences from a population of the putative ancestral geographical area for the
species, the east African population of Maputo (Mozambique) (LACHAISE et al.
1988). Table 3 summarizes the nucleotide variation estimates for the ~2kb
comparable sequenced regions (figure 1). In agreements with previous reports,
levels of nucleotide diversity were lower in the European (derived) sample.
Silent nucleotide divergence between D. melanogaster and D. simulans (Ksi. =
0.088), however, was within the range estimated for other genes (MORIYAMA

and POWELL 1996).
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In the African sample we did not found the unusual haplotype structure detected
in Europa; nevertheless, one line has identical information than that in the H#1
group (figures 5, 6). This different pattern of variation causes that both
populations were genetically differentiated [P = 0.012; S,, statistic (HUDSON
2000)]. The neighbor-joining tree (figure 6) clearly reflects this pattern of
variation. Interestingly, haplotype-based tests are significant (table 4) even after

including the African sample (not structured) in the analysis.
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DISCUSSION

Nucleotide diversity at the OS-region in D. simulans and D. melanogaster

Previous studies at the OS-region in D. melanogaster have shown major
differences in the evolutionary history of OS-E and OS-F genes. Here, we have
also found that D. melanogaster and D. simulans show a distinctive evolutionary
pattern. Levels of silent nucleotide variation, as well as estimates of the
recombination parameter, were higher in D. simulans than in D. melanogaster
(tables 1 and 2). These results can not be attributed to putative changes in the
chromosomal location of the OS-region between these species; although there
is a fixed inversion between D. melanogaster and D. simulans (3R
chromosomal arm: 85F1-93F6), it does not include the OS-region and thus, we
can assume that the OS-genes are in a syntenic conserved segment [see
AULARD et al. (2004) for a review]. Comparisons of the genetic and cytogenetic
maps between these species, however, revealed marked differences in the
recombination rate along the 3R chromosomal arm (TRUE et al. 1996). In fact, in
D. simulans the coefficient of exchange at the OS-region is four times higher
than in D. melanogaster. A reduction in the recombination rate will increase the
linkage selection effects, which can be seen as a reduction in the effective
population size (MAYNARD SMITH and HAIGH 1974; CHARLESWORTH et al. 1993;
HiLL and ROBERTSON 1966). This factor, with the global higher effective
population size proposed for D. simulans [AKASHI 1996; see also MOUSSET and
DEROME (2004)], might explain current discrepancies in the levels of silent

variation between the two species.
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The significant results of the HKA test at the OS-region in D. melanogaster
(SANCHEZ-GRACIA et al. 2003), but not in D. simulans, would agree with the
linkage selection effect hypothesis. This fact, however, can not explain the
significant silent nucleotide variation gradient detected along the OS region in
D. melanogaster. Yet, a N, reduction might also affect the fixation probabilities
of slightly deleterious mutations (e.g. nonsynonymous muations). In fact, in D.
simulans, we did not detect any nonsynonymous polymorphisms, and only a
single fixed replacement (since the split of the two Drosophila species), while at
the OS-E gene of D. melanogaster we observed 6 nonsynonymous fixations
(SANCHEZ-GRACIA et al. 2003). Furthemore, present MK tests clearly indicate
that the non neutral behavior, likely caused by an excess of nonsynonymous
fixations, occurs in the D. melanogater linage and not in D. simulans. Therefore,
the data might be interpreted as a relaxation of the strength of selection in D.
melanogater. In this case, nevertheless, the two OS-genes should be affected
with a ratter same intensity, and it should also affect both fixed and polymorphic
changes. However, we did not detect any amino acid replacement segregating
at OS-E or OS-F genes in these species. Consequently, although a putative Ne
reduction might explain part of the data, they can not account for the differential
behavior of the two OS genes of D. melanogaster, suggesting that the OS-E

and OS-F genes are evolving under different selective evolutionary forces.

Haplotype structure in D. simulans

We have detected a strong and atypical genetic structure, caused by the

presence of a number of lines with an identical sequence (haplogroup H#1).
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Several studies have also showed that African (putative ancestral) and
European (derived) populations of these species are genetically structured [e.g.
Pgd (BEGUN and AQUADRO 1994), runt (LABATE et al. 1999), In(2L)t breakpoint
(ANDOLFATTO and KREITMAN 2000), vermilion and G6pd genes (HAMBLIN and
VEUILLE 1999; VEUILLE et al. 2004) and rp49-jan-ocn region (Rozas et al. 2001,
PARCH et al. 2001; QUESADA et al. 2003)]. None of these surveys, however,
have show a continuous structured genomic region as longer than the observed
in the OS-region. These results again could not be explained by putative
differences in the effective population size, and are more likely to reflect

demographic and/or selective effects.

Demographic factors: There are a number of demographic scenarios that, at
priori, might explain this unusual haplotype configuration. D. simulans, as D.
melanogaster, originated in tropical areas and, with the rise of agriculture (i.e. in
historical times), spread worldwide as human commensal (DOBZHANSKY 1965;
LACHAISE et al. 1988). The species, therefore, experienced a number of founder
events, and likely adaptive changes, through a period much shorter than the
within species MRCA time (4N, as average). Therefore, the signature of the
historical events should still be present in patterns of molecular evolution, and
hence, the assumption of neutral stationary equilibrium can be unjustified.
HAMBLIN and VEUILLE (1999) suggested that D. simulans derived populations
could have been generated by a recent admixture of genetically differentiated
African populations. ANDOLFATTO and PRzEWORSKI (2000), comparing the
population parameters C and 6 in 16 independent loci of D. simulans, found

greater than expected intralocus linkage disequilibrium. They showed that the
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data does not fit with a symmetric island model, and would need more complex
demographic scenarios to be explained. ANDOLFATTO (2001) reexamined the
available data and concluded that, although congruent with a simple bottleneck
caused by the out-of-Africa, it might be also explained by the presence of an
ancient (African) population structure. Besides, WALL et al. (2002) found that
under reasonable conditions, no simple evolutionary model (a simple hitchhiking
or a bottleneck) could explain the North American D. simulans data set of

BEGUN and WHITLEY (2000).

Several pieces of the OS data reflect the signature of a demographic event,
either a bottleneck caused by founder effects originated in the out-of-Africa, or a
recent population admixture. First, Montblanc and Maputo are clearly
genetically differentiated populations. Second, levels of silent nucleotide
variation in the European population were lower than in the African sample
(table 3). Third, the strong haplotype structure detected in the European sample
departs significantly from the neutral equilibrium (figure 4). Under the bottleneck
scenario, however, we should not expect two major haplogroups, one with
nearly no variation and the other with regular levels of polymorphism. This
pattern is more plausible under a model that considers the admixture of two
highly differentiated populations. This scenario requires, nevertheless, that one
of such populations should harbor no variation. Moreover, present DNA
polymorphism pattern could also be caused by more complex demographic
scenarios; for example by spatial or temporal fluctuations in the local effective

population sizes (see GRAVOT et al. 2004). Nevertheless, it is not clear whether
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this scenario could have occurred in the evolutionary history of the Montblanc

population.

Selective factors: The presence of the H#1 haplotype (with nearly zero
variation) in a very large fragment (~5kb), could be the fingerprint caused by the
increase in frequency of an advantageous mutation in, or close to, the OS-
region, i.e. a selective sweep (MAYNARD SMITH and HAIGH 1974). This scenario
has also been proposed to explain the similar unusual haplotype structure
observed in the rp49 gene (RozAs et al. 2001), and in their closest linked
regions in this species (PARSCH et al. 2001; QUESADA et al. 2003, MEIKLEJOHN et
al. 2004). These authors found the same haplotype structure both in ancestral
and derived populations, with no significant differentiation between them.
Moreover, QUESADA et al. (2003) observed that the haplotype structure
gradually decayed at both sides of the most structured stretch, as expected for
a recombining region under positive natural selection. MEIKLEJOHN et al. (2004)
come to the same conclusion in another survey at the same genomic region.
Due that OS and rp49 regions are clearly unlinked (they are located 16 polytene

bands apart) these surveys, likely, would be detecting different sweep events.

In contrast to RozAs et al. (2001) data, we found that the unusual haplotype
structure is present only in the European population; therefore, the putative
selective event might reflect some local adaptations. The microsatellite
variability screen at several D. simulans populations is consistent with that
scenario (SCHOFL and SCHLOTTERER 2004); this study suggests that the number

of beneficial mutations seems to be higher in derived populations, and would
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reflect the adaptive process to new environments. We can not discard,
nevertheless, that the selective sweep really originated in the ancestral Africa
population. In fact, we also detected one line of the haplotype H#1 in this
population (figure 5). In this case, current patterns of variation might be
explained by the action of natural selection (in the African population) followed
of some demographic events (bottleneck or admixture). The estimates of the
time back to the hitchhiking event (~10,000 years for the OS-region; ~6,500

years for the rp49 region), is consistent with this hypothesis.

Most of the nucleotide variation surveys in D. simulans have been conducted in
North American populations, being the Europe samples exceptionals. In
addition, many of these studies analyzed only a few number of sequences, or
used inadequate sampling strategies to draw firm conclusions (e.g. ANDOLFATTO
and PzRewORSKI 2000; ANDOLFATTO 2001; WALL et al. 2002). Interestingly, if we
ignore polymorphism data form surveys with less than 8 sequences (within a
single population), many of the studies would point to selective forces to explain
for most of the data (e.g. ZUROVCOVA and EANES 1999; KERN et al. 2002, 2004;
SCHLENKE and BEGUN 2003, 2004, 2005; DEROME et al. 2004; DUMONT et al.
2004; LAzARO 2005; but see also INRVIN et al. 1998; ScHMID et al. 1999;
DUVERNELL and EANES 2000). Therefore, we should consider that, without
discarding the probable occurrence of overlapping demographic events,
adaptive evolution could have a conspicuous role in D. simulans populations. A
large-scale genomic survey in different geographically distributed populations of
D. simulans would be needed to unambiguously determine such major role of

the positive selection in this species.
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TABLE 1

Summary of the nucleotide variation at the OS-region in the Montblanc
population of D. simulans

5' OS-E Intergenic OS-F Total
Silent
No. sites® 75 308.5 934 2609.3 3926.8
S 2 12 18 64 96
=  0.0087 0.0144 0.0070 0.0088 0.0088
6  0.0091 0.0133 0.0066 0.0088 0.0086
K  0.0194 0.1076 0.0522 0.0462 0.0519
Synonymous
No. sites® 88.5 101.3 189.8
S 6 4 10
T 0.0275 0.0111 0.0188
0 0.0232 0.0135 0.0180
K 0.1260 0.0578 0.0887
Noncoding
No. sites® 75 220 934 2508 3737
S 2 6 18 60 86
=  0.0087 0.0091 0.0070 0.0087 0.0083
6  0.0091 0.0093 0.0066 0.0086 0.0081
K  0.0194 0.1000 0.0522 0.0457 0.0499

S, number of segregating sites; K, nucleotide divergence between D. simulans
and D. melanogaster

@ Number of sites in the polymorphism data set
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TABLE 2

Estimates® of the recombination parameter C for the OS-region

D. simulans D. melanogaster
(n=11) (n=14)

Ru (Cr) 6(25) 2(12)

CH 3.7 12.5

CL 11.7 4.5

Cum 186.8 14.7

@ European population data.

n, sample size
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TABLE 3

Summary of the nucleotide variation at the fragment 2 of D. simulans

Maputo Total

Sample size 11 22
S(n) 71 (72) 81 (83)
No. sites 1733 1733
No. silent sites 1398.4 1398.4
TSI 0.0200 0.0176
KsiL 0.0594 0.0606

S, number of segregating sites; n, number of mutations; zs., silent
nucleotide diversity; Ks, silent nucleotide divergence between D.

simulans and D. melanogaster.
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TABLE 4

Haplotype-based tests for the fragment 2

Montblanc?
I+1 6 <0.001
k 6 0.005°
h 0.86 0.005
FusFs 7.59 0.005
Total®
I+1 7 0.077
k 14 0.227°

h 094 0.141

Probability
C=0 C=C. C=0Cwum
<0.001 <0.001
0.001 <0.001
0.001 <0.001
0.001 <0.001
0.006 <0.001
0.03 0.001
0.019 <0.001
0.005 <0.001

FusFs 3.62 0.094

@ Montblanc sample, n = 11; m = 4622; C. = 11.7
® Total sample, n = 22; m= 1733; CL=24.8

¢, Strobeck’s (1987) S statistic

m, number of sites
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FIGURE LEGENDS

Figure 1. Structure of the OS-region in D. melanogaster. Black and grey boxes
indicate the coding regions of the OS-E and OS-F genes, respectively. White
boxes indicate untranscribed exons. Introns are indicated by a V. The two

amplification fragments are also indicated.

Figure 2. Nucleotide polymorphisms found at the complete OS-region of the
Montblanc population. A dot represents nucleotides identical to the first
sequence. For length polymorphisms, the position indicates the first site
affected. Site 1 corresponds to the first position of the OS-E translation start
codon. Coding positions are shaded. The two last rows indicate the nucleotide
present in D. mauritiana and D. melanogaster for each polymorphism detected
in D. simulans. Dashes indicate the absence of the corresponding variant. E,
OS-E coding region; F, OS-F coding region; d, deletion; i, insertion; d#,

delection of # bp; i# insertion of # bp; Rec, putative recombinant sequences.

Figure 3. Sliding window of silent polymorphism and divergence along the OS-

region. Window size, 1000 bp; step size, 250 bp.

Figure 4. Neighbor-joining tree of the OS-region reconstructed using Jukes and
Cantor corrected distances. D. simulans and D. melanogaster sequences are
depicted as light circles and solid diamonds, respectively. Bootstrap values
>90% are shown under the branches, and X/Y values, represent the number of

synonymous and nonsynonymous changes, respectively.
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Figure 5. Nucleotide polymorphisms detected at the fragment 2 for the two

populations of D. simulans. African lines are shown as MZ.

Figure 6. Neighbor-joining tree of the OS-region (fragment 2). Open and solid

circles indicate Montblanc and Maputo sequences, respectively.
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Capitulo 3.3. Patterns of nucleotide and chromosomal
polymorphism at the OS-E and OS-F genes of

Drosophila subobscura

3.3.1 Resumen

En el presente articulo se investiga la variacion nucleotidica de la region
que incluye los genes OS-E y OS-F en dos ordenaciones cromosomicas (Oj3+4]
y Os:4423), presentes en dos poblaciones naturales de Drosophila subobscura.
Como los genes se encuentran dentro del fragmento invertido su localizacién
difiere entre las dos ordenaciones cromosdémicas y la recombinacion se puede
ver reducida en los heterocariotipos. El analisis de los niveles y patron del
polimorfismo de DNA son consistentes con un origen monofilético de la
inversion. A pesar de de que las dos ordenaciones cromosomicas estan
fuertemente diferenciadas, existen evidencias de que ha habido flujo genético
entre las mismas, probablemente provocado por eventos de conversion génica.
Los tests basados en la distribucion de las frecuencias de las mutaciones
indican que las ordenaciones cromosdémicas no se encuentran en equilibrio,
sino que probablemente aun reflejan el efecto de la expansion poblacional que
se produjo después del origen de la inversion. Bajo esta hipotesis se ha

estimado que la inversidn Oy3 se origind hace unos 0.25 millones de afios.
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INTRODUCTION

Chromosomal inversion polymorphism is a common feature in the genus
Drosophila, and likely one of the best studied systems in population genetics.
Three-quarters species of the genus harbor polymorphic inversions in natural
populations, and 60% of them are paracentric, i.e. the inversion does not
include the centromere (POwWELL 1997). There are strong evidences supporting
the adaptive character of the inversion polymorphism: DOBzZHANSKY (1948,
1950) population cage experiments, and the correlation between latitude and
the frequency of chromosomal arrangements detected both in the Old World
and in the recently colonized areas of North and South America (PREVOSTI et al.
1988; KrRIMBAS and POWELL 1992) clearly supports this adaptive character. The
genetic content of the inversion, and interactions among loci included in the
inverted fragment, would likely play a major role in the maintenance and
evolution of chromosomal polymorphism. However, it is not fully understood the
specific selective mechanism. There are two major hypotheses: i) the
coadaptation hypothesis (DoBzHANSKY 1948, 1950) that proposes that a
favorable combination of genes would act harmoniously (epistatic interactions)
within a local population; in this sense, the study of SCHAEFFER et al. (2003),
showing evidences for epistasis among genes included in D. pseudoobscura
inversions, will support this hypothesis. On the other hand, ii) the position effect
model suggests that the inversion breakpoints would alter the expression
patterns -or the function- of the genes close or within the breakpoints. A putative
example for this mechanism has been recently reported in a D. buzzati

chromosomal inversion (PUIG et al. 2004).
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In the last years a number of studies have analyzed the pattern at nucleotide
variation in genes included in chromosomal inversions (e.g. AGUADE 1988;
RozAs and AGUADE 1990, 1993, 1994; AQUADRO et al. 1991; BENASSI et al.
1993; PopADIC and ANDERSON 1994, 1995; WESLEY and EANES 1994; POPADIC
et al. 1995; BABCOCK and ANDERSON 1996; HASSON and EANES 1996; RozAs et
al. 1999). These surveys have shown an extensive genetic differentiation
between gene arrangements, which is consistent with the reduction in the
recombination levels expected in inversion heterozygotes (ROBERTS 1976).
Nevertheless, some extent of genetic exchange (either by gene conversion or
double crossover) between different gene arrangements has also been
detected (RozAs and AGUADE 1990, 1994; RozAs et al. 1999). In D. subobscura,
the pattern of nucleotide polymorphism in inversion-included genes is consistent
with a monophyletic origin of the inversions (RozAs and AGUADE 1990, 1993,
1994; RozAs et al. 1999). These studies have also reported deviations of the
nucleotide polymorphism distribution pattern expected for a constant-size
population, which likely reflects the population (gene arrangement) expansion
process caused by the rapid raise of a new gene arrangement to its equilibrium
frequency. Theoretical and empirical studies have suggested that the level of
genetic differentiation should be weaker in the central part of the inversion loop
than close to the breakpoints (NAVARRO et al. 1997; RozAs et al. 1999). Genetic
differentiation would decay in function of the genetic exchange rate among
arrangements. While the rate of gene conversion might be uniform along the
inversion loop, the contribution of double crossovers to genetic exchange would
be considerably higher in the central part of the inversion loop. Recently,

however, MUNTE et al. (2005) have showed, in a particular inversion system, a
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strong genetic differentiation between arrangements, which extends along large
chromosomal distances, even affecting the central part of the inversion. The
comparative analysis of the nucleotide and chromosomal variation in a genomic
region included in a particular inversion could provide, therefore, valuable
information about the origin, age and the evolutionary fate of inversion

polymorphism systems.

Here, we have studied nucleotide variation at the OS region of D. subobscura in
two different chromosomal arrangements from two populations. In D.
melanogaster, the OS region is located close to the centromere of the 3R
chromosomal arm, and includes two odorant binding protein (OBP) genes, OS-
E and OS-F with their intergenic region (figure 1). In D. subobscura this region
maps on the O chromosome, which is the longest and most polymorphic
chromosome for inversions in this species (the O chromosome is homolog to
the 3R chromosome arm of D. melanogaster). In particular, the OS-region is
located close to one of the breakpoints of the inversion O23;. Here, we have
analyzed the patterns of nucleotide variation at the OS-E and OS-F genes in D.
subobscura in two different chromosomal inversions. We found that nucleotide
variation is clearly not at the steady-state equilibrium, but reflects the expansion
process caused by the increase in frequency of the inversion. We used this
DNA polymorphism data to study the origin, age and fate of this chromosomal

polymorphism system.
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MATERIAL AND METHODS

Fly samples: The complete OS-region was sequenced in 29 D. subobscura
isochromosomal lines (15 from El Pedroso, Spain and 14 from Bizerte, Tunisia)
previously reported in RozAs and AGUADE 1994 and in RozAs et al. 1999). For
each line, the chromosomal gene arrangement had been previously determined
(Rozas et al. 1999). The cytological location of the OS-region in D. subobscura
was determined by in situ hybridization using a modification of the MONTGOMERY
et al. (1987) protocol (SEGARRA and AGUADE, 1992). Present study also includes
one highly inbreed line (after 10 generations of sib mating) of D. guanche

(kindly provided by G. PERIQUET).

DNA sequencing: Genomic DNA from El Pedroso lines was obtained following
KREITMAN and AGUADE (1986), while that from Bizerte and of D. guanche was
extracted by using a modification of protocol 48 from ASHBURNER (1989). In D.
subobscura a ~4.5 kb region, including the complete OS-E coding region and
part of the OS-F gene, was amplified by PCR (SAKI et al. 1988), using
oligonucleotides designed in conserved regions among three species of the
melanogaster subgroup of Drosophila (SANCHEzZ-GRACIA et al. 2003, and
chapter 3.2). The 3’ fragment of the OS-F gene was obtained by the inverse-
PCR technique (OCHMAN et al. 1988). The amplified fragments were cycle-
sequenced, using several oligonucleotides designed at intervals of ~400
nucleotides, and separated on a Perkin-Elmer (Norwalk, CT) ABI PRISM 3700
automated DNA sequencer following the manufacture’s instructions. For each

line, the sequence of both strands was determined. The sequence data from
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this work have been deposited in the EMBL, Gen Bank, and DDBJ Nucleotide

Sequence Databases under the accession numbers XXXXXXXX-XXXXXXXX.

Data analysis: The OS nucleotide sequences were multiple aligned by using
the Clustal W program (THOMPSON et al. 1994). The initial alignments were
further optimized using the MacClade program version 3.06 (MADDISON and
MADDISON 1992). The DnaSP program version 4.10.3 (Rozas et al. 2003) was
used to estimate nucleotide diversity, genetic distances, to detect putative
genetic differentiation between populations and gene conversion tracts, and to

conduct neutrality tests.

Nucleotide diversity, n, was estimated as the number of nucleotide differences
per site (NEI 1987), while nucleotide divergence, K, was estimated as the
number of nucleotide substitutions per site using JUKES and CANTOR (1969)
correction. Estimates of silent nucleotide variation include variability both in the
noncoding part as in the synonymous sites of the coding region. DNA
divergence between gene arrangements was calculated as D,y, the per site
average number of nucleotide substitutions between populations (chromosomal
arrangements in our case), and as D, the net number of nucleotide

substitutions per site between populations (NEI 1987).

The phylogenetic analysis was performed by the neighbor-joining algorithm
(SaITou and NEI 1997) implemented in MEGA version 3 program (KUMAR et al.
2004); bootstrap values were based on 1000 replicates. For the analysis, the

DNA sequence of the OS-region of D. guanche was used as outgroup.
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The proportion of nucleotide diversity that is attributable to variation between
populations, Fs, was estimated following HUDSON et al. (1992). The average
level of gene flow, N, was estimated from Fg, assuming the island model with
populations at migration-drift equilibrium (WRIGHT 1951; HUDSON et al. 1992).
The S, statistic (HuDSON 2000) was computed to test for genetic differentiation
between gene arrangements; their statistical significance was assessed using
the permutation test based on 1000 replicates. We used the R, statistic
(RAMOs-ONsINS and RozAs 2002), which is based on the difference between the
number of singleton mutations in a particular DNA sequence and the average

nucleotide diversity, for detecting putative recent past population growth events.

We applied the MCDONALD and KREITMAN (1991) test to examine whether the
number of polymorphic and fixed synonymous and nonsynoymous substitutions
conforms -or deviates- from the neutral theoretical expectations. We also used
Tajima’s D (TAJIMA 1989), Fu and Li's D and F (Fu and LI 1993), Fu's Fs (Fu
1997) statistics to test for deviations in the distributon of intraespecific
nucleotide variation. The statistical significance, including the confidence
intervals of these test-statistics, was obtained by computer simulations (10000
replicates) based on the coalescent process with no recombination (HUDSON
1990). We also performed coalescent simulations with recombination for the
within-arrangement analysis. These computer simulations were conducted
assuming a conservative value (C.) of the population recombination parameter
C (C = 4Nec, where N, is the effective population size and c is the
recombination rate per generation for the complete OS region); C. (ROzAs et al.

2001) represents, the minimum value of C compatible (at 5%) with the
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estimated minimum number of recombination events (Ry; HUDSON and KAPLAN
1985). We applied the algorithm described in BETRAN et al. (1997), which is
based in the \ parameter, to identify putative gene conversion tracts in the

sample.
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RESULTS

Cytological location of the OS-region: The in situ hybridization on politene
chromosomes showed a unique signal located on cytological band 98D at the O
chromosome of D. subobscura (figure 1). This chromosomal position lies within
paracentric inversion Og3, which define two major chromosomal classes in the
sample, the Ojz.4) (including Osz:+s and Osias+g) and the Oaz.a423 (figure 1), where

the recombination for the OS region is restricted.

Overall nucleotide variation: The surveyed region extends over 5808 bp
(5202 bp excluding sites with alignment gaps). The structure of the OS genomic
region is nearly the same than in D. melanogaster, the major difference is in the
the size of the intergenic region, ~1kb in D. melanogaster and ~2.5kb in D.
subobscura. Table 1 summarizes the nucleotide polymorphism and divergence
levels in the different functional parts of the OS-region. We detected 377
segregating sites (representing a minimum of 394 mutations) among the 29
lines of D. subobscura; eight of these polymorphisms were nonsynonymous
(figure S1). The average nucleotide diversity (zr) was 0.0112. Figure 2 shows
the distribution of silent nucleotide polymorphism and divergence (between D.
subobscura and D. guanche) along the OS-region. As detected in SANCHEZ-
GRACIA et al. (2003), the level of silent variation in the OS-F gene was lower
than in the OS-E and intergenic regions, except for a ~300 bp fragment located
in the first intron of the former gene. Polymorphism and divergence, however,
are well correlated, as expected under the neutral model. Nevertheless,

polymorphic and fixed synonymous and nonsynonymous mutations are
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uncorrelated (MK test, P = 0.03), being the OS-E gene the main responsible for

this significant departure (OS-E, P = 0.005; OS-F, P = 1.000) (table 2).

Nucleotide variation and chromosomal arrangements: Table 3 shows a
summary of the genetic differentiation between Oj3+4) and Oaz.4+23 classes. The
D,y and D, values (D, = 0.0125; D, = 0.0028) indicate a high DNA divergence
between arrangements; even so there were 50 shared mutations between
arrangements, with no fixed difference between them. We investigate whether
the two chromosomal arrangements are genetically differentiated by using the
Shn test statistic (HUDSON 2000). The results clearly indicate that the two
chromosomal classes are highly differentiated (Sy, = 0.965; P < 0.001). We also
examined if the number of shared mutations observed between arrangements
could have arisen independently in each arrangement or —on the contrary-
these mutations would be incorporated by some form of gene flow. For the
analysis we assumed a homogeneous mutation rate across silent sites. Results
indicated that the observed number of shared mutations are extremely unlikely
under the parallel mutation scenario (the expected number of shared
polymorphism is 2.67+1.6, P < 0.001). Likely this number of shared
polymorphisms should be explained by gene flow between chromosomal
classes; in fact, the analysis using BETRAN et al. (1997) algorithm identifies 6
putative gene conversion tracts, with length sizes ranging from 2 to 397 bp

(figure S1).

Figure 3 shows the phylogenetic tree for the complete OS-region, using the D.

guanche sequence as outgroup. The sequences form two clear separated
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clusters, which corresponds with the two chromosomal classes. This topology,
clearly indicate the monophyletic origin of the Oz3 chromosomal inversion.
Nevertheless, there was a DNA sequence (line TB132) that is located out of the
two groups. This sequence, likely, could have incorporated information from

other chromosomal inversions (see below).

Table 4 summarizes the nucleotide polymorphism at the OS-region in D.
subobscura, and the divergence with D. guanche, separately for each gene
arrangement. Levels of silent polymorphism are higher in the Opg:g (s =
0.0141) than in the Os:4+23 (71 = 0.0085) sequences. Nevertheless, the pattern
of silent diversity along the OS region is similar in the two chromosomal
classes, and it is also well correlated with that pattern of silent divergence
(figure 2). Both chromosomal arrangements present negative TAJIMA’S D values,
although not significant. The neutral model, however, close to the critical value
in both chromosomal classes using Fu and LI's D and F tests (P ~0.05, under
the conservative assumption of no intra-chromosomal class recombination). If
we use the conservative C, value in the coalescent simulation model, all tests
are significant in both gene arrangements (P < 0.05). Since these values might
be inflated by gene conversion events, we also estimated TAJIMA’S D and Fu
and Li's D and F values after subtracting all nucleotide variants that might have
been incorporated in gene conversion tracts; the results, nevertheless, were

also significant (results not shown).

We examined the pairwise number of differences (by the mismatch distribution)

at the OS-region independently for each gene arrangement. Both chromosomal
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classes showed a similar distribution (figure 4), close to that expected under the
expansion model (SLATKIN and HUDSON 1991; ROGERS and HARPENDING 1992).
It is known (RozAs et al. 1999), however, that recombination could also
generate the mismatch growth distribution in a constant-size population. To
circumvent this confounding effect, we applied the R, and Fs statistics which
likely are less sensitive to recombination than the mismatch distribution-based
tests. We obtained significant low R, and Fs values (table 4), as expected from

a recent severe population growth event.

Since the OS-region maps within the inversion 23, we can use DNA
polymorphism information to date the origin of this inversion. For the analysis
we assumed that this inversion is monophyletic, and that all variation observed
within the arrangement originated in this arrangement after the expansion
process that followed the origin of the inversion. For such analysis we
subtracted all nucleotide variation likely incorporated by gene conversion
events, and i) assume that the divergence time between D. guanche and D.
subobscura is 1.8 to 2.8 myr (RAMOS-ONSINS et al. 1998), ii) that silent
divergence between these species is Ksi = 0.079, and therefore, silent
nucleotide substitution per site and per year at the OS-region would be A = 2.19
x 10® or A = 1.41 x 108, respectively. Following the approximation of RozaAs et
al. (1999) using current silent polymorphism estimates, 75 = 0.0082, the time

for the origin of inversion O3 should be about 0.19 or 0.29 millions of years.
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DISCUSSION

Our interest in the OS-region in D. subobscura stemmed from previous data in
D. melanogaster and D. simulans suggesting that variation at this region might
be shuffled by positive natural selection. In addition, the cytological location of
this region in D. subobscura allowed the analysis of the nucleotide variation

related to the chromosomal polymorphism in this species.

Silent nucleotide diversity at the OS-region of D. subobscura was higher than
that observed in the European populations of D. melanogaster and D. simulans
(SANCHEZ-GRACIA et al. 2003; chapter 4). The high number of DNA
polymorphisms, and the detected correlation between polymorphism and
divergence -as expected under the neutral model- allow us to conduct a fine
analysis of the functional constraints along the OS-region. Levels of silent
nucleotide variation at the OS-E gene, and the intergenic region, were higher
than that observed at the coding region of the OS-F gene and in some parts of
their first large intron (figure 2). A similar pattern was already observed in the
DNA variation analysis of D. melanogaster and D. simulans species. Therefore,
the results of D. subobscura corroborates the higher evolutionary rate of the
OS-E gene, and the presence of at least two non coding extremely conserved
regions in the large intron of the OS-F gene. These regions likely should

constitute important regulatory regions, and deserves further investigation.

Results of the MK test show a significant excess of fixed nonsynonymous

substitutions in the OS-E gene between D. subobscura and D. guanche.
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However, when we repeated the MK analysis using the divergence data of D.
madeirensis, we did not found any departure form the neutral expectations (see
also chapter 3.4). Therefore, the significant results of the MK test might be
attributable to an excess of nonsynonymous fixations in the D. guanche lineage.
These amino acid changes might be advantageous, and their fixation could
have been promoted by positive selection. Nevertheless, the reduced effective
population size of the D. guanche (LLOPART and AGUADE 1999; PEREZ et al.
2003) might have increased the fixation probability of nearly neutral mutations
(as unpreferent synonymous mutations or amino acid replacements), due to a
relaxation in the strength of selection (OHTA and KIMURA 1971; OHTA 1972).
Only under the positive selection scenario, however, the number of
nonsynonymous substitutions per nonsynonysmous site (Ka) can be higher than
the number of synonymous substitutions per synonymous site (Ks), i.e., Ka/Ks
>1. At the OS-E gene of the D. guanche lineage, on the contrary, the
synonymous rate (Ks = 0.083) is higher than the nonsynonymous rate (Ka=
0.024) and, thus, we can not discard that the fixed amino acids were nearly
neutral mutations. Therefore, there are not patent evidences for positive
selection in the whole analysis of the gene. Nevertheless, it is possible that
positive selection would act only on a few amino acid positions; in this case,
testing for positive selection using estimates of synonymous and
nonsynonymous substitutions at the whole gene would be highly conservative.
This possibility might be investigated by using different approaches, as the ML
analysis using codon evolution models that account for heterogeneity in the

distribution of functional constraints along the sequence, which have much
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more power to detect the footprint of natural selection (see chapter 3.4; YANG et

al. 2000; ANISIMOVA et al. 2001, 2002).

Here we have detected a significant genetic differentiation between gene
arrangements, as expected by the suppression of recombination in
heterocariotypes. This suppression, however, is not complete; in fact the
number of shared substitutions between arrangements is higher than that
expected for an independent accumulation of mutations. That is, the reduction
in recombination occurs in spite of some forms of gene flow (double crossing
over or gene conversion) between gene arrangements. Actually, we identified
several gene conversion tracts between chromosomal classes, confirming that
this mechanism is involved in the genetic exchange among polymorphic
chromosome inversions (RozAs and AGUADE 1994; NAVARRO-SABATE et al.
1999; RozAs et al. 1999; MUNTE et al. 2000). Nevertheless, the phylogenetic
tree of the OS-region clearly shows two differentiated groups, as expected by
the major role of the suppression of recombination between gene
arrangements, and supports the monophyletic origin of this inversion. These
results are in concordance with other nucleotide variation studies on the same
polymorphic inversion system (RozAs et al. 1999). It should be noticed,
however, that one of the O(3.4) sequences is not within their chromosomal group
in the tree. Although we have not identified any gene conversion tract in this
sequence, it might have incorporate genetic information from other gene

arrangements not analyzed in the present study.
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The rapid increase in the frequency of an inversion, from their origin
(monophyletic) to its equilibrium frequency can be envisaged as a population
growth event; therefore, it could leave recognizable signatures in the pattern of
DNA molecular diversity for some periods of time (ROGERS and HARPENDING
1992; HARPENDING 1994). Population growths lead to star-shaped genealogies
and unimodal (Poisson-like) distributions of the pairwise number of differences
(mismatch distribution). In the present study, the shape of mismatch distribution
(in both gene arrangements) fit well with the Poisson-like distribution (figure 4).
However, intragenic recombination, by shuffling nucleotide variation among
DNA sequences, can also generate smooth mismatch distributions (Poisson-
like) on a constant-size population. The R, and Fs coalescent-based neutrality
statistical tests are more powerful than other tests in detecting population
growth events, and are less sensitive to recombination than mismatch
distribution-based statistics (RAMOS-ONSINS and RozAs 2002). In addition, for
small sample sizes, as is our case, the R, statistic is even more powerful than
Fs (RAMOS-ONsINS and RozAs 2002). The analysis showed negative values of
these statistics, as expected by a population (chromosomal arrangement)

growth.

Consequently, gene arrangements are not in steady-state equilibrium and still
reflect the expansion event. Under this scenario we estimated that the time to
origin of the inversion would be about 0.19 or 0.29 Myr. Since an inversion
would need at least 10’ generations to reach their equilibrium frequency
(NAVARRO et al. 2000), (in D. subobscura would correspond to 2 myr; five

generations per year, ASHBURNER 1989; POWELL 1997), present estimates of the
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times for the origin of the inversion O3 are consistent with a non-equilibrium
state of the Os+4+23 chromosomal arrangement. These times are slightly lower
than those estimated for other inversions of the O chromosome, but agree with
the evolutionary history of the O chromosome inversion polymorphism system

of D. subobscura (RozAs et al. 1999).
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TABLE 1

Summary of nucleotide variation at the OS-region in D. subobscura

Silent
No. sites?®

n

T

0
K
Synonymous

No. sites?

n

Noncoding

No. sites?

311.58

25

0.0120

0.0204

0.0784

89.58

14

0.0195

0.0398

0.1351

222

11

0.0089

0.0126

0.0565

2155

219

0.0139

0.0259

0.0982

2155

219

0.0139

0.0259

0.0982

2007 .47

142

0.0119

0.0180

0.0578

106.47

12

0.0196

0.0287

0.0924

1901

130

0.0115

0.0174

0.0555

4474.05

386

0.0129
0.0220

0.0790

196.05

26

0.0196
0.0338

0.0112

3778
360
0.0126
0,0214

0.0773

n, humber of mutations; K, nucleotide divergence between D.

subobscura and D. guanche. 2, Number of sites in polymorphism data set
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TABLE 2

MK test
Polymorphic Fixed?®
Syn. Nsyn. Syn. Nsyn. P-value®
Ofz+a
OS-E 9 1 8 12 0.017
OS-F 9 3 8 2 1.000
O3+4423
OS-E 6 1 10 12 0.093
OS-F 4 3 7 2 0.59
Total
OS-E 14 2 8 12 0.005
OS-F 12 5 7 2 1.000
OS region 26 7 15 14 0.033

Syn, synonymous mutations of the coding region; Nsyn, nonsynonymous
mutations. @ substitutions between D. subobscura and D. guanche. ° Fisher's

exact test.
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TABLE 3

Summary of genetic differentiation

Shared Fixed Dy, Da Fst  San v

Oq3+4]-O3+4423 50* 0 0.0125 0.0028 0.224 0.965*** 0.003

@based on the hypergeometric distribution
*0.01 <P<0.05, *™* P<0.001
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TABLE 4

Nucleotide variation and neutrality tests at OS-region in different gene

arrangements

Op3+4 O3+4+23
Sample size 15 14
n 296 154
No. silent sites 4535,12 4639.32
Ts 0.0141 0.0085
Ks 0.0795 0.0789
Tajima’s D -1.3385# -0,8960
Fuand Li's D -1.7717# -1.7866*
Fuand Li's F -2.0242# -1.8703#
Fu's Fs -1.273* -1.917#
Ramos-Onsins and Rozas R» 0.0741** 0.0872*

S, number of segregating sites; n, number of mutations; 7, silent nucleotide

diversity; Ks , silent nucleotide divergence between D. subobscura and D.

guanche. #0.05 <P <0.10; *0.01 <P <0.05; ** P<0.01.
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FIGURE LEGENDS

Figure 1. (A) In situ hybridization on polytene chrormosomes of Drosophila
subobscura using the complete OS region as biotinilated probe. The arrow
indicates the hybridization signal. (B) Location of the OS and rp49 regions in
different chromosomal arrangements of D. subobscura. Shaded bars indicate
the regions affected by inversions. O3 gene arrangement is not present in extant

populations of D. subobscura.

Figure 2. Sliding window of silent polymorphism in D. subobscura, and silent
divergence between D. subobscura and D. guanche along the OS-region for the

total D. subobscura data, and for within chromosomal arrangement.

Figure 3. Neighbour-joining tree of the OS region of the 29 sequences of D.
subobscura. ltalic numbers indicate the percentages of bootstrap replicates
supporting the main nodes. The tree was built using silent nucleotide
substitutions and rooted with the D. guanche sequence. The distance scale is

indicated by a bar.

Figure 4. Distribution of the parwise nucleotide differences in the two gene

arrangements. The expected distributions were obtained from Equation 3 in

ROGERS 1995 and considering 6o = 0.
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FIGURE 1
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FIGURE 2
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FIGURE 3
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FIGURE 4
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SUPPLEMENTARY MATERIAL

FIGURE LEGENDS

Figure S1. Nucleotide polymorphism at the OS region of D. subobscura. The
last row shows the nucleotide variant present in D. guanche of these
polymorphic sites. Nucleotides identical to the first sequence are indicated by a
dot and deletions by a line. White and grey colors indicate information of Os.+4+23
and Os.4), respectively. Gene conversion tracts between gene arrangements
are depicted with the color of the donor gene arrangement. d, deletion. i,

insertion. E, exon. |, intron.
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FIGURE S1
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Capitulo 3.4. Molecular evolution of the OS-E and OS-
F genes in Drosophila: evolutionary inferences from the

sequence variation and protein structure.

3.4.1 Resumen

En este capitulo se analiza la evolucidon molecular de las secuencias
codificadoras de los genes OS-E y OS-F en 14 especies del subgénero
Sophophora de Drosophila, con objeto de determinar el impacto de la seleccion
natural (positiva o negativa) en la evolucion de estos genes duplicados. El
trabajo se ha realizado combinando analisis por maxima verosimilitud de la
variabilidad sindnima y no sindnima (mediante el uso de un modelo de evolutivo
de codones), con la informacién de la putativa estructura tridimensional de la
proteina (determinada en otras OBPs). A partir del numero de substituciones
nucleotidicas entre especies se ha estimado que la duplicaciéon que origind los
dos genes se originé hace unos 43-94 myr. Los resultados indican que, a pesar
de que ambos genes presentan una gran y similar constriccion funcional (o
~0.06), el gen OS-E presenta una tasa evolutiva global significativamente mas
alta. Los resultados indican que la seleccidén natural positiva pudo actuar sobre
posiciones concretas de la zona codificadora de estos dos genes, y pudo tener
un papel importante en la la preservacién de los dos genes duplicados en el

genoma.
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INTRODUCTION

The detection of adaptive changes at the molecular level (i.e. molecular
adaptation) is usually accomplished through the analysis of the number of
nonsynonymous substitutions per nonsynonymous site (Ka) and the number of
synonymous substitutions per synonymous site (Ks). Indeed, under strict
neutrality, synonymous and nonsynonymous mutations will fix at identical rates,
and their ratio (o= Ka/Ks) is expected to be 1. Purified selection against
deleterious nonsynonymous mutations will cause the fixation of synonymous
mutations at a faster rate (assuming that synonymous mutations are strictly
neutral, but see AKASHI 1995) than nonsynonymous mutations, and therefore ®
< 1. Advantageous nonsynonymous mutations, on the contrary, could be fixed
in the population at a faster rate than synonymous mutations, and thus o might

be greater than 1.

There are a number of convincing examples where the action of positive natural
selection has been detected using this approach (e.g. YANG and BIELAWSKI
2000; LIBERLES et al. 2001; LIBERLES and WAYNE 2002). In addition, recent
experimental studies have confirmed the functional significance of some
predicted positive selected changes (IVARRSON et al. 2003; SAWYER et al. 2005;
BisHOP 2005). A critical point of the method lies in the estimation of the number
of nonsynonymous and synonymous substitutions per site. There are three
major groups of methods for detecting positive selection that use phylogenetic
information on a site-by-site basis (i.e. allowing variation in the selective

constraints across sites): i) counting methods, which involves the reconstruction
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of the ancestral sequences using parsimony (Suzuki and GoJOBORI 1999), or by
a likelihood-based approach (NIELSEN 2002; NIELSEN and HUELSENBECK 2002;
SuUzUKI 2004; KosAKovsKY POND and FROST 2005a), ii) random-effects models
(NIELSEN and YANG 1998; YANG et al. 2000; HUELSENBECK and DYER 2004;
KosAKovsky POND and FROST 2005a), where the o ratios are estimated
assuming a given distribution, and ii) fixed-effects models (Suzuki 2004;
MASSINGHAM and GOLDMAN 2005; KOSAKOVSKY POND and FROST 2005a), where
the nonsynonymous to synonymous substitutions ratio is directly estimated at

each codon site.

Although random-effects models are powerful in detecting positive selection
(ANISIMOVA et al. 2001, 2002, 2003; WONG et al. 2004), frequently (under certain
conditions) generate false positive results (Suzuki and NEI 2001, 2002, 2004;
ZHANG 2004). Counting and fixed-effects models are, on the contrary, highly
conservative (WONG et al. 2004; KoOsSAKOVSKY POND and FRosT 2005a).
Recently, YANG et al. (2005) developed a Bayes empirical Bayes (BEB)
approach that takes into account sampling errors in the estimation of maximum
likelihood parameters. These authors argued that the BEB approach would
eliminate most false positive results incorporated in the random-effects models.
Moreover, while random and fixed-effects models (NIELSEN and YANG 1998;
YANG et al. 2000; Suzukl 2004; MASSINGHAM and GOLDMAN 2005) assume a
single (fixed) synonymous substitution rate for all sites, counting methods
implicitly allow for variation across sites. Models incorporating a variable
synonymous substitution rate across sites could likely provide more accurate

estimates of the selective constraints when the synonymous substitution rate
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differs across sites (KOSAKOVSKY POND and FROST 2005a; see also YANG and

SWANSON 2002).

We applied random and fixed-effect models on nucleotide variation at two
genes belonging to the olfactory system. This system, allows individuals
detecting enormously diverse information from the external environment, and in
most animals the odor detection is a fundamental feature for their survival and
reproduction. Therefore, olfactory-involved genes are good candidates to be
evolved by positive natural selection. In fact, there are compiling evidences
where positive selection has driven the evolution of these genes, both in insects
and in vertebrates (e.g. KRIEGER and Ross 2002; WILLETT 2000; EMES et al.
2004; GILAD et al. 2003; NGAI et al. 1993; CLARK et al. 2003; WATTS et al. 2004;

see also GIMELBRANT et al. 2004; TAKAHASHI and TAKANO-SHIMIzU 2005).

In insects, the primary step in the olfactory perception is accomplished by the
Odorant Binding Proteins (OBPs), which bind and solubilize odorants, including
pheromones (HECKMAT-SCAFE et al. 2002). The insect OBPs are small
hydrophilic proteins which bind odorant molecules at the pores of the olfactory
sensilla, transporting them through the aqueous lymph, and delivering near the
olfactory receptors (VOGT 2005). In spite the similar function of insect and
vertebrate OBPs, they are evolutionarily unrelated (TEGONI et al. 2000). In
Drosophila, two of these OBPs genes, OS-E and OS-F, arisen by an old gene
duplication event (HECKMAT-SCAFE et al. 2000) and co-express in the same
specific subset of olfactory sensilla (sensilla tricoidea), in the antennal segment

3 (MCKENNA et al. 1994). The OS-E and OS-F genes are located in tandem
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(~1kb apart), with a similar gene structure and a high sequence similarity (70%
of amino acid identity). Interestingly, the analysis of DNA polymorphism and
divergence in some Drosophila species has showed that these genes evolved
in a non-neutral fashion (SANCHEZ-GRACIA et al. 2003, see chapters 3.2 and

3.3).

Here, we analyzed nucleotide variation at the OS-E and OS-F genes in a
number of Drosophila species to understand the evolutionary forces underlying
their molecular evolution. In particular, we surveyed nucleotide variation at the
coding region of these genes in fourteen Drosophila species of the Sophophora
subgenus. For the analysis, we applied random and fixed-effects models,
integrating information of DNA polymorphism, amino acid and nucleotide-based
divergence, and 3D structure data to determine the selective constraint levels,
and the putative role of positive selection in the evolutionary history of these

genes, and especially in the maintenance of these duplicated gene copies.
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MATERIAL AND METHODS

Fly samples: We used highly inbreed lines (10 generations of sib mating) of D.
teissieri, D. yakuba, D. ananassae, D. pseudoobscura, D. bifasciata, D.
persimilis and D. miranda (species kindly provided by F. LEMEUNIER, G.
PERIQUET and R. C. LEWONTIN). In this study, we also include the DNA sequence
of the OS region from D. melanogaster, D. simulans, D. mauritiana and D.
erecta (SANCHEZ-GRACIA et al. 2003), and that of D. subobscura, D. guanche

and D. madeirensis (chapter 3.3).

DNA extraction and sequencing: Total genomic DNA was extracted from live
flies by using a modification of protocol 48 in ASHBURNER (1989). DNA
fragments, including the complete coding region of the OS-E and OS-F genes,
were amplified by using the Polymerase Chain Reaction (PCR, SAKI et al.
1988). In addition to the primers previously used for the amplification of the OS-
region in D. melanogaster, D. simulans, D. mauritiana and D. erecta (SANCHEZ-
GRACIA et al. 2003; chapter 3.2), we also employed additional oligonucleotides
for the amplification of the new species. Some of these primers were designed
using information of conserved genomic regions between D. pseudoobscura
and D. melanogaster (Berkley Drosophila Genome Project, Release 4;
RICHARDS et al. 2005). Although the length of the amplified genomic regions
varied among species, they always included the coding region of the two genes.
PCR products were purified using the Qiaquick purification kit (QIAGEN,
Chatsworth, CA), and cycle sequenced using primers separated at intervals of

~400 nucleotides. Occasionally, a genome walking strategy was also needed to
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complete the DNA sequence. Sequenced fragments were separated on the ABI
377 and 3700 sequencers. For all species, the DNA sequence on both stains

was determined.

Data analysis: We used SeqMan version 5.53 (DNASTAR, Inc.) for assembling
the DNA sequence of each line. The sequences of the 14 species were multiple
aligned by using the Clustal W program (THOMPSON et al. 1994), and edited with
MacClade version 3.05 program, (MADDISON and MADDISON 1992). For the
analyses we used three different data sets: a multiple alignment for each
individual gene (named as Al_OSE and Al_OSF for OS-E and OS-F genes,
respectively), and another (26 sequences; named as Al _OS) including
information of the mature protein, since the alignment of the signal peptide

fragment between the gene copies was unreliable.

We calculated nucleotide variation estimates by using DnaSP version 4.10
(Rozas et al. 2003), and MEGA version 3 (KUMAR et al. 2004) programs. The
MEGA program was also used to estimate the phylogenetic relationships.
Phylogenetic trees were constructed applying the neighbor-joining algorithm
(SAaITou and NEI 1987), and their reliability was determined by the bootstrap
method (based on 1000 replicates). We applied the MK test (MCDONALD and
KREITMAN 1991) to assess for putative departures of the correlation between
synonymous and nonsynonymous variation within and between species,

expected under the neutral model.

For the maximum likelihood analysis, we applied the random-effects models

from the codeml program, implemented in the PAML package (version 3.14,
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YANG 1997), to obtain the ML estimates under different codon substitution
models:

1. Branch models: MO (one ratio), FR (free-ratio) and branch-specific

models (YANG 1998; YANG and NIELSEN 1998).

2. Site models: M1 (nearly neutral), M2 (positive selection), M3 (discrete),

M7 (beta), M8 (beta&w) (NIELSEN and YANG 1998; YANG et al. 2000).

3. Branch-site models: Models A and B (YANG and NIELSEN 2002).
We first estimated the branch lengths under model MO since it allows obtaining
good initial values to be used in further complex codon model analyses. To
prevent incorrect parameter estimates caused by local optima, the codeml
program was run, for the same model, multiple times specifying different initial
values; these suboptimal estimates might cause low accuracy in Bayesian
identification of positively selected codon sites. The likelihood ratio test (LRT)
was used to compare the fit to the data of two nested models, assuming that
twice the log likelihood (2A¢) difference between the two models follows a 2
distribution, with a number of degrees of freedom equal to the difference in the
number of free parameters (WHELAN and GOLDMAN 1999). P-values were

obtained using the chi2 program, also included in the PAML package.

We also applied the fixed-effects likelihood model (FEL) described in
KosAkovsky POND and FROST (2005a) and included in the Datamonkey web

page (http://www.datamonkey.org, KOSAKOVSKY POND and FROST 2005b). This

model allows estimating synonymous and nonsynonymous substitution rates at
individual codons but allowing variable rates for both types of substitutions. The

statistical significance of the analysis was also assessed by the LRT.
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To determine if the two paralogous genes evolve at different rates, we
conducted the TAJIMA'S one-degree-of-freedom (1D) relative rate test (RRT;
TAJIMA 1993). For the analysis we used all nucleotide substitutions present in

the common sequences of the Al_OSE and Al_OSF data sets (see below).

The secondary structure of the OS proteins was predicted using the PHD
program (RosT 1996, 2001). We also determined the putative 3D structure of

these proteins by using the Predicting Protein 3D server (http://dove.embl-

heidelberg.de/3D, HUYNEN et al. 1998). Such analysis was conducted using the

amino acid sequence of the OS-E of D. melanogaster to search in the PDB
(Protein Data Bank, BERMAN et al. 2000) for proteins with high amino acid
sequence similarity and resolved 3D structure. The 3D structure of the
sequence with the highest blast score was retrieved. The Cn3D version 4.1

program (available at the NCBI web site, http://www.ncbi.nlm.nih.gov/) was

used to visualize the sequence alignment, the 3D structure, and the location of

the relevant amino acid replacements identified in the codon evolution analysis.

Computer resources: Nearly all computations were performed in a 1GHz
PowerPC G4 processor. Models FR, M7 and M8, which have high computation
requirements, were computed using CESCA facilities (Centre de

Supercomputacio de Catalunya).
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RESULTS

Amino acid and nucleotide divergence: Figure 1 shows the multiple
alignment of the OS-E and OS-F mature proteins (conceptual translation). The
six conserved cysteines, typical of the OBP protein family, are present in all
proteins except in the OS-E of D. erecta (see SANCHEZ-GRACIA et al. 2003). We
found 99 amino acid replacements, although none of them produced significant
variations in the predicted secondary structure of the protein (results not
shown). Estimates of the overall amino acid sequence divergence (using the
JTT Matrix) were 0.204 (0.319 between OS-E and OS-F groups, and 0.090 and

0.069 within OS-E and OS-F proteins, respectively).

We determined, for each lineage, the number and direction of the amino acid
replacements using the ancestral amino acid sequences estimated by the ML
marginal reconstruction method (YANG et al. 1995). For such analysis we used
the accepted phylogenetic tree topology for these species (figure 2). Twenty-
tree replacements are placed in the internal branch separating the two
paralogous groups, 43 in the OS-E and 33 in the OS-F branches. We analyzed
separately radical and conservative replacements (in function of their
physicochemical properties; see ZHANG 2000). Under this criterion, 33 amino
acid replacements did not change any of their physicochemical properties.
Since amino acid replacements generating changes in the net charge could
play a critical role in molecular recognition (HUGHES et al. 1990), we studied in
deep such replacements. We found that thirty of the substitutions resulting in

physicochemical changes altered the net charge (10 of them are located in the
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internal branch separating the two duplicated genes). In addition, two K-V
replacements (at positions 81 and 114), located in the branch separating OS-E
and OS-F groups, involve the change of amino acids typically located in the
inner part of the proteins to those located in the outer part and, therefore, might

cause major changes in the physicochemical properties of the protein.

Figure S1 shows the multiple alignments of the coding regions (Al_OS, Al_OSE
and Al_OSF data sets), and table S1 summarizes the estimates of the
interspecific nucleotide divergence. As expected by the gene duplication origin
of the OBP genes, divergence levels are higher between paralogous copies.
We estimated the divergence time of OS-E and OS-F gene duplication from
information of the number of nucleotide substitutions per site. Assuming 25-55
myr (Russo et al. 1995; TAMURA et al. 2004) for the split of melanogaster and

obscura groups this time would be 43-94 Myr.

In agreement with previous results (SANCHEZ-GRACIA et al. 2003) estimates of
synonymous and nonsynonymous divergence at the OS-E coding region were
higher than those at the OS-F (figure 3); in fact, the evolutionary rates of OS-E
and OS-F coding regions are significantly different (RRT, P = 0.001). The
distribution of nucleotide substitutions along the DNA sequence was not
homogeneous: both genes exhibit high levels of nucleotide divergence in the
signal-peptide fragment, in the so called heterogeneous region (HEKMAT-SCAFE
et al. 2000; named here as het1), and in the area close to the N-terminal region

of the mature protein (named here as het2). Figure 4 show the distribution of
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the average synonymous (Ks) and nonsynonymous (Ka) divergence along the

coding region.

Phylogenetic trees (figure 5) show two clearly separated clusters, one for each
duplicated gene-copy, suggesting that the two paralogs have evolved
independently since the duplication event; in fact, we did not detect any
evidence of gene conversion events between paralogous genes. Estimated and
accepted (figure 2) topologies are, in fact, not completely concordant. Likely, the
low number of substitutions in some lineages would account for this

discrepancy; actually, nodes with discrepancies also have low bootstrap values.

We applied the MK test (MCDONALD and KREITMAN 1991) to investigate putative
departures of the correlation between polymorphic and fixed synonymous and
nonsynonymous substitutions expected under the neutral model. For the
analysis, we used polymorphism data from D. melanogaster (SANCHEZ-GRACIA
et al. 2003), D. simulans (chapter 3.2) and D. subobscura (chapter 3.3), and
present estimates of the numbers of synonymous and nonsynonymous
substitutions in each branch. For each polymorphism data set we used
divergence data from the species belonging to same specific subgroup. We
confirm that the significant departures previously detected at the OS-E gene
using D. simulans and D. subobscura polymorphism data (chapters 3.2 and 3.3)
were promoted by the divergence data of D. melanogaster and D. guanche,
respectively. Since the rest of comparisons (using other outgroups) were not
significant, present departures would be caused by an excess of

nonsynonymous fixations in D. melanogaster and D. guanche lineages.
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Maximum likelihood analysis at the OS-E and OS-F coding region:

Models for variable w ratios among lineages

Table 1 shows the log likelihood (f) values, and ML estimates of the relevant
parameters, under all branch-specific models. Estimates of the transition to
transversion ratio (k) were similar among models, but different between the
paralogous genes. To assess whether the data is compatible with a
homogeneous selective pressure across branches we compared the MO (one
ratio) model, which assumes the same o ratio for the complete tree, with the
free-ratio model (FR), which allows for different o ratios across tree-branches.
Again, the two genes showed different behavior: while for the OS-E gene, FR
model fits the data significantly better than MO model (2A¢ = 36.06, d. f. =22, P
= 0.03), for the OS-F gene the LRT results are not significant; that is, the data is
compatible with a single o ratio for all branches. Estimates of the o values,
nevertheless, indicate that both genes have high and similar levels of functional

constraint (o ~0.06).

Since we had detected departures from the neutral equilibrium model in the OS-
E gene of D. melanogaster and D. guanche (SANCHEZ-GRACIA et al. 2003;
chapter 3.2; chapter 3.3), we examined whether the different ® ratios across
branches might be attributed to a particular excess of nonsynonymous
substitutions in these specific lineages. For such analysis, we applied models
with two different o ratios, one ratio (w¢) for D. melanogaster or D. guanche
branches (foreground branches), and another (wp) for the rest of species

(background branches). These models (referred as MODmel and MODgua) were
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compared with the MO and with the FR model (the models are nested). The
simplest one-ratio model was rejected in D. guanche (2A¢ =11.34,d.f. =1, P
= 0.0008), being D. melanogaster not significant (2A¢ =3.13, d. f. =1, P =
0.08). The FR model, however, was not significantly better than the MODgua
model (2A¢ =24.72, d. f. = 21, P = 0.26). Consequently, D. guanche might

explain most of the variation in Ka/Ks ratio detected among OS-E branches.

The FR model also fits the data better than the MO model when all sequences
are used (AL_OS data set) (2A¢ =70.65, d. f. = 48, P = 0.018). We repeated
the D. guanche and D. melanogaster branch-specific analysis for this complete
data set, and again the MODgua model matched significantly better the data
than the FR model. Interestingly, using this data set the ML estimate of the -
under MODgua model was slightly greater than one (w1 = 1.35). Therefore, the

OS-E gene of D. guanche clearly has a distinctive selective behavior.

Models for heterogeneous selection pressure across amino acid sites

All previous analyses were conducted assuming a homogeneous o ratio across
the sequence. This criterion is, nevertheless, very conservative for detecting
positive selection. In fact, positive selection will likely affect few amino acid sites
in a protein, being the rest highly conserved (with very low o values). Therefore,
for most proteins the o ratio, averaged for all sites, will likely be lower than 1. To
avoid this conservative criterion we applied the random-effects models,

implemented in the PAML package, which can account for variation in the
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selection pressure across codons (NIELSEN and YANG 1998; YANG et al. 2000).

Table S2 shows the ML estimates separately for the three data sets.

Estimates of k at the OS-E gene were similar among all random effect models
(k ~1.35). The analysis applying models M1 (nearly neutral), M2 (positive
selection), and M3 (discrete) indicate that, in this gene, a high proportion of
sites (70-90%) are under strong purifying selection (o values ranging from
0.009 to 0.043), while selection at the rest of sites would be more relaxed (o <
0.33, except in models M1 and M2 where there is one ®» class fixed to 1).
Moreover, ML estimates under models M7 (beta) and M8 (beta&®) shows that
o values have a highly skewed L-shaped beta distribution, being most amino

acids highly conserved, or almost invariable (p ~0.2 and g ~2).

To assess if there are sites evolving under positive selection (0> 1), we
compared models M2 and M1. The ML estimates under these models were
identical; therefore, there is no evidence for positive selection at particular
codon sites. Discrete models, on the contrary, (M3 with two K=2, or three K=3 ®
classes) fitted the data better than model MO. In addition, the estimated
parameters values under these models did not shown evidences for a strictly
neutral class of sites (o = 1); therefore, although discrete models can not be
compared with M1 —the models are not nested- they likely fit the data better. In
addition, results under model M3 (K=3) indicates that there are a small
proportion of sites evolving under positive selection (p, = 0.012, ® = 1.45), and
predicts that one site, a Leucine (L) in position 8 of the AL_OS-E alignment,

evolved under positive selection (8L; 0.05 > P > 0.01). Nevertheless, this model
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is not significantly better than the more simple M3 (K=2) model (2A¢ = 2.82, d.
f. = 2, P = 0.24), providing no evidences for sites evolving at > 1 (figure 6;
table S2). Model M8 also predicts that a small proportion of sites would also
evolve under positive selection (p1 = 0.008, o = 1.66), and identifies the same
target site (8L) than model M3 (K=3). Nevertheless, the posterior probability
value at this site is too low, and the standard error of ® too high, for providing

unambiguously evidence for positive selection at this site (results not shown).

At the OS-F gene, ML estimates of k¥ (k ~2.14) were somewhat higher than
those at OS-E. Nevertheless, for all other parameters, including the ® values
across sites, estimates in OS-E and OS-F were very similar. Models
incorporating more than one class of sites (i.e., M1, M2 and M3) also fit
reasonably better the data than the one-ratio model [most sites are highly
conserved (87-95%), with a very small o ratio (o = 0.02-0.04)]. Similarly, M3
models have higher { values than M1 and M2, resulting in exactly the same
parameter estimates for M3 (K=3) and M3 (K=2) models (table S2; figure 6).
Results for models M7 and M8 (OS-F gene) also show the same L-shaped form

of the w distribution.

For the total data set, ML analysis give equivalent results than the previous
gene-copy specific analyses, and again model M3 (but in this case with K=3 site
classes) is the most likelihood model. There was no evidence for sites evolving
under positive selection, and the distribution of the ® across sites also shows

the pattern obtained at individual genes (figure 6).
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Branch-site models

If the target of selection would affect only few amino acids at specific lineages,
previous models would likely fail to detect the footprint of positive selection. We
applied the branch-site models A and B (YANG and NIELSEN 2002), which were
specifically developed to test for detecting positive selection in particular
lineages, only to the complete data set (AL_OS alignment). Model A, which is
an extension of the model M1, assumes that there are two classes of sites (wg <
0 and ®1 = 1) in all lineages, allowing that some sites evolve under positive
selection (incorporating the ®w, > 1 class) along the lineages of interest
(foreground branches). Model B, which is an extension of the model M3 (K=2),
is similar than model A, but estimates wo and o1 (as free parameters) from the
data. For the analysis we choose 7 different foreground (figure 7): the two
external branches leading to D. guanche and D. melanogaster OS-E (quaE and
melE respectively), the melanogaster (me and mf) and obscura (oe and of)

lineages, and the branch separating OS-E and OS-F clades (d).

The results under model A using of and melE as foreground branches did not
show evidences for positive selection (table 2); in fact, model A fit the data
worse than model M1 (these models can be compared by using the LRT). For
the oe foreground branch, the £ value under model A was the same than under
M1. Although the analysis infers positive selection at 5% of sites, none of them
were significant under the Bayesian procedure. Fixing branches me, mf, d and

guaE as foreground, however, the analysis predicts a number of positive
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selected sites with a high posterior probability, and fitted the data better than

model M1 (P < 0.006).

The amino acids target of selection are, nevertheless, different across branches
(5W, 45A and 77G for branch me; 119V for branch mf; 23P, 85A, 114V, 20lI,
73N and 4E for branch d; 74A, 75I, 78L, 80N and 93E in branch guaE). To
avoid the assignation of neutrally evolving sites as positively selected, we
applied the so called test 2 (ZHANG et al. 2005) that compares the model A with
a fixed w2 = 1 class (named as null model A) and the standard model A. This
modified model A fitted the data better than standard model A for all branches
with positive results (models A vs. M1), except for me and mf branches (LRT, P
= 0.003 and P = 0.006, respectively). Therefore, although branch-site models
predict a number of positive selected sites in specific lineages, it can not
discarded that the ®, > 1 values in lineages d and guaE were, in fact, caused by
a relaxation of the functional constraint (w2 = 1), while positive selection might

act in the me and mf branches.

The branch-site model B, on the other hand, fitted the data significantly better
(P < 0.01) than discrete model M3 (K=2), for the same four foreground
branches with significant results in model A. Indeed, the putative positive
selected sites detected are essentially the same for the two branch-site models.
Estimates of ®y and o1 (shared between foreground and background branches)

are similar to that obtained under site-specific models.

- 151 -



Fixed-effects approach

The distribution of  rate across sites in random-effects models might generate
false predictions of positive selected sites (Suzuki and NEI, 2004; ZHANG 2004).
This problem could be overcome using the fixed-effects models, that directly
estimate the nonsynonymous to synonymous substitution ratio at each site
(Suzuki 2004; Kosakovsky POND and FROST 2005a; MASSINGHAM and GOLDMAN
2005). In addition, if the synonymous substitution rate was not homogeneous
across sites, site-by-site methods (as FEL) —which allow variation in both
synonymous and nonsynonymous substitution rates— will provide better

o estimates (KOSAKOVSKY POND and FROST 2005a).

Here, we applied the FEL model to our complete data set (Al_OS). Estimates of
branch lengths and substitution rates were obtained by ML using the TrN93
(TAMURA and NEI 1993) nucleotide substitution model (the model that best fit the
data), while the ® ML estimates at each site were obtained by the MG94 codon
substitution model (MUSE and GAUT 1994). The average o was 0.106. None
LRT at individual site were significant for o > 1. Nevertheless, there were 62
significant sites with evidence of purified selection (o < 1); these sites are
homogeneously distributed along the coding region (figure 8). Interestingly,
three of such negative selected sites (23P, 74A and 93E) were identified as

positive selected under the branch-site analysis.
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Amino acid replacements and 3D structure:

To determine the putative functional role of the positive and negative selected
amino acid replacements we studied their location in the 3D protein-structure.
For the analysis we aligned the 26 amino acid sequences of this study with that
of the pheromone binding protein of Apis melifera (Amel-ASP1); this protein
gave the best blast score in the 3D Based Homologous Search (24% of identity)
and has their 3D structure determined (LARTIGUE et al. 2003; PDB accession
number 1R5R). The results shows that the het2 region is located in the N-
terminal of the protein (predicted as a-helix by the PHD program), and would
correspond with the complete first helix (a—helix A), while the het1 lies in the

region forming the a—helices D and E in the honeybee PBP structure (figure 9).

Results under branch-sites models predicted a number of putative positive-
selected evolving sites in different branches (figure 10). Eight of these changes
are on (73N, 74A, 751, 77G, 78L, 80N, 85A) or near (93E) the het? region, and
thus between o—helices D and E), and include all changes with high posterior
probability detected in branch guaE. Replacements at positions 4E, 5W, 201 and
23P are located on the het2 region (corresponding to the a—helix A), positions
114V and 119V are on the C-terminal end of the protein, and position 45A is
located at the beginning of the a—helix C in an external position (figure 10). The
two replacements (positions 81 and 114), that involves changes from amino
acid usually located in the outer part of the protein (K) to the inner part (V), are
on the a-helix E and on the C-terminal part of the protein. Finally, sites
predicted as negatively selected are homogeneously distributed along the

protein structure, and did not show any noticeable pattern.
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DISCUSSION

Orthologs of the OS-E and OS-F genes has been identified in all species
studied (seven and six species of the melanogaster and obscura groups,
respectively). Like HEKMAT-SCAFE et al. (2000), we did not found the ortholog of
the OS-E gene in D. virilis (results not shown). Indeed, the analysis of the amino
acid identity and of the intron/exon boundary pattern of two Anopheles gambiae
genes suggested that this species has the orthologs of OS-E and OS-F genes
(VoGT et al. 2002). Phylogenetic analysis, nevertheless, do not support this
result (figure 11); instead, Anopheles sequences should be co-orthologs of the
Drosophila OS-E and OS-F genes, i.e. they should originate by a gene
duplication event after the split of Nematocera and Brachycera species (at least
250 myr). In addition, our estimate for the origin of the duplication event is
clearly in agreement both with the phylogenetic analysis and with D. virilis
results; that is, the duplication event likely occurred after the divergence of the

Drosophila-Sophophora subgenera.

We found that the OS-E and OS-F genes in all Drosophila species are in the
same orientation, have similar exon sizes, and show equivalent intron-exon
boundary positions. Furthermore, the close physical distance between these
genes (intergenic region) is also highly conserved. The maintenance of such
paralogous copies for such long period of time is an unexpected feature, and
suggests the existence of some mechanism of preservation. Several
mechanisms have been proposed to explain the maintenance of duplicated

copy members over long periods of time. The most striking difference among
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them refers to the relative role played by positive selection. OHNO’S (1970)
classical view (i.e. the neofunctionalization model; see also CLARK 1994; WALSH
1995) postulates that functional diversification driven by positive selection would
preserve the duplicated copies. Gene duplicates can also be stably maintained
by the acquisition of independent sub-functions, being all copies needed for
providing the original function. This functional subdivision can result from the
action of positive selection (JENSEN 1976; ORGEL 1977; PIATIGORSKY and
Wistow 1991; HUGHES 1994), or from the accumulation of degenerative
mutations, causing complementary loss of function -without invoking positive
selection- (subfunctionalization model, FORCE et al. 1999; LYNCH and FORCE

2000).

If changes on the coding region promote functional diversification it could be
expected that the two duplicated copies evolve with asymmetric evolutionary
rates (e.g. different nonsynonymous substitution rates). Here, we have found
that OS-E and OS-F genes evolved at significantly different rates; nevertheless,
the functional constraint levels are very strong and nearly identical in the two
copies. Similar functional constraint levels, however, are expected in ancient
duplicates (LyNCcH and CONERY 2000, 2003). Thus, these genes could undergo
differences in their selective pressure on a short period of time after the

duplication event, which promoted their functional diversification.

In the present study we have identified 23 replacements in the branch

separating OS-E and OS-F groups (branch d, figure 7). Ten are radical in terms

of charge and 14 in terms of polarity (one of them fitted both criteria).
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Interestingly, five of these replacements (4E, 20I, 23P, 73N and 114V) could
have evolved by positive selection (inferred by the branch-site analysis, models
A and B). Although, the null model A was not rejected (i.e., we can not
completely discard that they correspond to a relaxation of the functional
constraint), the test is highly conservative (see below), mainly for weak
selection (i.e. o close to 1). Yet, 114V is one of the two replacements that might
produce relevant changes in the function of the molecule. It is suggestive,
therefore, that some of these 23 radical changes fixed between the OS-E and
OS-F genes, might have evolved promoted by positive selection, and might
have an important role in the functional diversification of the duplicated

members after the gene duplication event.

Three of the radical replacements predicted as positive selected (4E, 20l and
23P) are located in a region (het2 region), likely involved in the formation of the
first a-helix of the OBP structure (figures 9 and 10); replacements in this region
can alter the position of the first disulfide bridge modifying the size of the
binding cavity (LARTIGUE et al. 2003; TEGONI et al. 2004). For instance, in LUSH
(an OBP of D. melanogaster where the 3D structure has been determined), the
first a-helix is in a more internal position than in Amel-ASP1 and has a small
binding cavity. These changes can affect significantly the binding proprieties of
these molecules. In addition, another putative positive selected replacement
(5W) would place in this first a-helix, consistent with the hypothesis that the N-
terminal part of the protein could be a major target for adaptive changes.

Therefore, amino acid replacements in this region (as the four putative positive
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selected sites) might have been relevant for the functional diversification

between OS-E and OS-F proteins.

The het1 region lies in the a-helices D and E, which in other OBPs includes
hydrophobic residues covering the binding cavity. Therefore, changes in this
region might also have a major functional significance. Replacement 73N might
be located close to the a-helix D end (figures 9 and 10; chapter 3.3),
nevertheless, it is difficult to know whether this specific residue is in the internal

part of the structure and thus exposed to the ligand.

We have found a distinctive evolutionary pattern in D. guanche: all substitutions
increasing the average o value in this lineage (branch models and branch-site
models, tables 1 and 2), are placed in the het?1 region. Several authors
suggested (LLOPART et al 1999; PEREZ et al. 2003) that the reduction in the
effective population size in this insular species would have increased the
fixation probability of slightly deleterious mutations (as “unpreferent”
synonymous mutations, or amino acid replacements). Under this scenario, the
less constrained part of the protein would accumulate a higher number of
substitutions. Consistent with this prediction, we have found that sites with the
greatest o ratio were clustered in the signal peptide, and in the het?1 region
(figure 12). Hence, although in this species we have found » values higher than
1, we should be careful with the evolutionary meaning, since it is difficult to
discriminate the relative role of positive selection and relaxed purified selection.
Nonetheless, the number of nonsynonymous substitutions in the het1 and het2

(het1/het2) regions are uneven distributed among branches (branch d, 8/10;
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rest of the branches, 41/16; y*=4.563,P = 0.03) suggesting that the
evolutionary pattern of these two regions were dissimilar at different periods of

time.

The amino acid replacement at position 114 lies in the C-terminal part of the
protein. In Amel-ASP1, this domain folds inside the protein forming one binding
cavity wall and contains residues that directly interact with the ligand (LARTIGUE
et al. 2003). Conformational changes of this part trigger the release of the ligand
close to the odorant receptor (HORST et al. 2001; LEAL et al. 2005). Interestingly,
this part of the protein is the most divergent among the 4 OBPs with resolved
structures: it presents different lengths, different secondary structure, or even it
is missing (TEGONI et al. 2004). Replacement at site 119, identified as positive
selected in the branch mf (figure 7), is also located in this C-terminal part.
Current information suggests that replacements in this region could have
evolved by positive selection because of their effect in changing the OBP-ligand

interaction between OS-E and OS-F.

In spite that the reported radical changes are the most likelihood to produce
important functional changes between the OS-E and OS-F proteins, we can not
discard that conservative replacements also have an important role. In fact,
IVARRSON et al. (2003) showed that a biochemical conservative replacement,
identified as positively selected using codon-evolution models, caused a
measurable increase in the activity of an enzyme. Therefore, conservative
changes could cause weakly but important functional changes in the OBP

binding activity, or in the ligand specificity, that in turn might be adaptive.
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We should notice that only the ML branch-site model detected positive selected
sites. It has been demonstrated (ZHANG 2004; Suzukl and NElI 2004) that
violations of the underlined assumptions (a few number of o classes, an equal «
value for synonymous and nonsynonymous substitutions, an equal proportion of
sites belonging to certain classes in foreground and background branches, or
the phylogenetic tree performance) could generate frequent false positives
results. Therefore, we can not discard that sites predicted as positive selected
in the branch-site analysis were spurious. Model B, however, performs
reasonably well in all cases, but seems to be unable to distinguishing between
positive and relaxed purifying selection in the foreground branch (ZHANG 2004).
To avoid this problem we used the new model A, which modifies the older
version of model A (YANG et al. 2005) to be more realistic, and it could be
compared with the null model A (fixing @2 = 1). This test (named as test 2 in
YANG et al. 2005), nevertheless, is highly conservative and appears to be a
direct test of positive selection. This test rejected the null hypothesis of
complete relaxation in me and mf branches, and therefore we can conclude that
positive selection likely acted in these lineages. In D. guanche and branch d,
the test 2 was not significant; therefore predicted positive selected substitutions
in these lineages could be selectively neutral. One possibility would be that
these substitutions were complementary degenerative mutations causing some
form of subfunctionalization (Force et al. 1999; Lynch and Force 2000). Since,
branch d includes substitutions occurred after duplication event, in both OS-E
and OS-F lineages (two different branches), the putative positive selected
substitutions in one branch can be compensated by the action of purifying

selection in the other. To distinguish these factors we polarize the
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nonsynonymous substitutions of branch d using as outgroup the OBP
nucleotide sequence of the mosquito Culex pipiens (GenBank Accession
number AF468212). In this new analysis, branch d is splitted into two internal
branches, one leading to the OS-E and the other to the OS-F (figure 13). The
test 2 gave a significant result (P = 0.01) fixing the OS-E internal branch as the
foreground. Furthermore, the amino acids predicted as positive selected are
nearly the same than those inferred using branch d as foreground. Therefore,
positive selection might be involved in the functional diversification of the OS-E
protein, which in turn would be the responsible of the current differences in the

evolutionary rate between OS-E and OS-F coding regions.

Although present analysis allows inferring the footprint of positive selection in
the coding region of the OS-E and OS-F, the evidences are weak. The putative
positive-selected sites promoting the genetic differentiation between duplicates
might have occurred in untranslated or noncoding regions, and therefore,
invisible to present investigation. In D. melanogaster, the two OS genes have
not spatial differences in gene expression (MCKENNA et al 1994; HEKMAT-SCAFE
et al. 1997), avoiding any possibility of functional diversification at this level. On
the other hand, since the relative gene expression levels of the OS-E and OS-F
are unknown we can not determine whether there exist differences in the
amount of product. It has been suggested, however, that differences in intron
sizes, especially in the first intron, could lead to differences in expression levels
and in the evolutionary rate (MARAIS et al. 2005); the presence of some
regulatory sequences in these introns could explain this effect. The OS-F gene

of D. melanogaster has a large first intron (~1.7kb), which separates the two
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first exons (the 5§’ untranslated and the first translated exon), that is absent in
the OS-E gene. Putative regulatory sequences in this intron could cause
differences in the gene expression pattern between genes. In fact, we identified
two highly conserved fragments in the first intron of OS-F gene (chapter 3.3),

that might represent regulatory regions.

Although the preservation of the OS-E and OS-F gene duplication structure
might be promoted by positive selection, at least just after the duplication event,
further functional experiments should be necessary to demonstrate the adaptive
character of the amino acid inferred positive selected by the ML analysis.
Furthermore, it will be also indispensable the analysis of flanking non coding
regions, such the putative regulatory sequences of these genes, and to
investigate for specific differences in the gene regulation. All these studies and
experiments will certainly contribute to the understanding of the precise role of

natural selection in the molecular evolution of OS-E and OS-F gene duplication.
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TABLE 1

Parameter estimates for the branch models

Data Model

OS-E MO

FR

MODmel

MODgua

OS-F MO

FR

mature MO

FR

MODgua

25

47

26

26

25

47

51

99

52

-1733.97

-1715.94

-1732.41

-1728.30

-1398.27

-1390.12

-2245,69

-2210,36

-2238,89

Estimates of
parameters

o =0.072, k=1.31

k=1.36

o =0.068, o, = 0.205,
k=1.32
® =0.063, o, = 0.508,
k=1.33

o = 0.058, k=2.12

k=2.12

o =0.045, k=1.23

k=1.24

D. guanche ®=1.63

o =0.042, o, = 1.35,

k=1.25

Positive
selection

None

None

None

None

None

None

None

Yes

Yes

f, number of free parameters
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TABLE 2

Parameter estimates in branch-site model A?

Foreground
branch

me

oe

mf

of

guakE

melE

-2226.50

-2236.72

-2230.98

-2235.40

-2231.57

-2234.59

-2227.34

Estimates of
parameters

po=0.94, p1=0.03
(P2+p3)=0.03,
®2=998.97

po=0.92, p1=0.03
(p2+p3)=0.05, ,=2.61
po=0.96, p1=0.03
(p2+p3)=0.01, ©,=999
po=0.96, p1=0.04
(p2+p3)=0.00, ®,=1.00
po=0.58, p1=0.02
(p2+p3)=0.40, ,=1.97
po=0.80, p+=0.03
(p2+p3)=0.17, @,=1.00
po=0.83, p1=0.03

(p2+p3)=0. 1 4, w>=1.37

Positive selection

SW** 45A**, 7T7G*

none

119V*

11L, 78L, 96T, 99H: (P > 0.72)

74A, 751, 78L, 80N, 93E: (P > 0.92)

14G, 71V, 72L, 82M, 90I: (P > 0.66)

23P*, 85A*, 114V*

201, 73N: (P > 0.93)

4E: (P > 0.84)

3G, 9A: (P > 0.54)

p, proportion of sites for each site class. Posterior probabilities: * P > 0.95, ** P

> 0.99. ? branch-site model A applied to Al_OS data contains 54 free

parameters
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FIGURE LEGENDS

Figure 1. Multiple alignment of the OS-E and OS-F mature proteins. Black
shades indicate identical amino acids. Grey shades show amino acids with a
similar biochemical properties. mel, D. melanogaster. sim, D. simulans. mau,
D. mauritiana. tei, D. teissieri. yak, D. yakuba. ana, D. ananassae. gua, D.
guanche. mad, D. madeirensis. sub, D. subobscura. mir, D. miranda. per, D.

persimilis. pse, D. pseudoobscura. bif, D. bifasciata.

Figure 2. Accepted topology used for the phylogenetic codon analyses. mel,
melanogaster. sim, D. simulans. mau, D. mauritiana. tei, D. teissieri. yak,

yakuba. ana, D. ananassae. gua, D. guanche. mad, D. madeirensis. sub,

S O O O

subobscura. mir, D. miranda. per, D. persimilis. pse, D. pseudoobscura. bif,

bifasciata.

Figure 3. Estimated pairwise synonymous (Ks) and nonsynonymous (Ka)

divergence for the OS-E and OS-F coding regions.

Figure 4. Sliding window of the average nucleotide divergence along the coding
region (Al_OS data set). Ka, nonsynonymous divergence. Ks, synonymous

divergence. Window length, 50 sites; Step size, 10 sites.

Figure 5. Phylogenetic trees for the OS-E and OS-F coding regions. Trees

were built using information of (A) Al_OS, (B) Al_OSE and (C) AI_OSF data

sets. Numbers indicate the percentage of bootstrap values supporting the
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nodes. mel, D. melanogaster. sim, D. simulans. mau, D. mauritiana. tei, D.
teissieri. yak, D. yakuba. ana, D. ananassae. gua, D. guanche. mad, D.
madeirensis. sub, D. subobscura. mir, D. miranda. per, D. persimilis. pse, D.

pseudoobscura. bif, D. bifasciata.

Figure 6. ML estimates of the proportion of sites (p) with a particular Ka/Ks ratio

(w) under the best fitted models.

Figure 7. Foreground branches used in the branch-site analyses.

Figure 8. Distribution of P-values (Ho: Ka-Ks = 0) of the LRT at individual sites

across the coding region.

Figure 9. Predicted location of the two heterogeneous regions (in yellow): (A)
het2 and (B) het1), on the 3D structure of AmelASP1. a, a-helix. C, C-terminal.

N, N-terminal.

Figure 10. Putative location of the amino acid sites (in yellow) predicted to be

under positive natural selection in the branch-site analysis.

Figure 11. Phylogenetic tree for the OS-E and OS-F coding regions in different
Diptera species. The tree was built using the total number of nucleotide
substitutions. Numbers indicate the percentage of bootstrap values supporting
the nodes. AF437886-AF437884, predicted orthologs of the OS-E and OS-F

genes in Anopheles gambiae (VOGT et al. 2002).
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Figure 12. Distribution of the estimated o values at individual sites along the
coding region of the OS-E and OS-F genes under the M3 (K=3) model (Al_OS

data set).

Figure 13. Foreground branches for the ML branch-site analysis using the

Culex pipiens OBP coding sequence as the outgroup.
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TABLE S2

Parameter estimates for the site-models

Data Model f { Estimates of parameters si?esci:ttii\(/)i
OS-E MO 25  -1733.97 ©=0.07 none
M1 26 -1713.95  po=0.904, (p1=0.096)  not allowed
wo = 0.04
M2 28  -1713.95 po=0.904, p1=0.096 none
o = 0.04

(p2=0.000), mp = 31.32
M3 (K=2) 27  -1705.09 po=0.770, (p1=0.230) none
wo = 0.02, w1 = 0.33
M3 (K=3) 29  -1703.68 po=0.709, ps=0.278 yes
(p2 = 0.012), 0o = 0.01 8L*
w1 =0.24, 0= 1.45

M7 26 -1704.41 p=0.21,9=1.97 not allowed

M8 28 -1703.89 p=0.23,g=2.55 yes
Po=0.992, (p1= 0.008) 8L
w1 =1.66

OS-F MO 25 -1398.27 ©=0.06 none
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mature

M1

M2

M3 (K=2)

M3 (K=3)

M7

M8

MO

M1

M2

26

28

29

26

28

25

26

28

-1394.30

-1394.30

-1391.36

-1391.36

-1391.69

-1391.69

-2245.69

-2236.72

-2236.72

po=0.958, (p1=0.042)
wo = 0.04

po=0.958, p1=0.042
wo = 0.04

(p2= 0.000), w2 = 30.00
po=0.878, (p1=0.122)
wo = 0.03, 1 =0.33
po=0.220, p; = 0.657
(p2 = 0.123), wo = 0.03
w1 =0.03, wp=0.33

p=0.29, q=415

p=0.29,qg=4.15
pPo=1.000, (p1= 0.000)

»1=1.00
o =0.05

po = 0.965, (p1 = 0.035)

mo=(104

po= 0.965, p1=0.035
mo=(104

(p2= 0.000), 0, = 8.47

not allowed

none

none

none

not allowed

none

none

not allowed

none
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M3 (K=2) 27

M3 (K=3) 29
M7 26
M8 28

-2212.41

-2207.77

-2209.45

-2209.45

po=0.638, (p1=0.362)
wo=0.01, ®1=0.13
po=0.408, p1=0.432
(p2 = 0.088), wo = 0.00
w1 =0.06, wy=0.28

p=0.33,q=573

p=0.33,q=574
po=1.000, (p1= 0.000)

o =2.03

none

none

not allowed

none

f, number of free parameters

* P > 0.95 (Bayesian analysis)
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FIGURE LEGENDS

Figure S1. (A) Multiple alignment of the OS-E and OS-F coding regions
corresponding to the mature protein portion (Al_OS data set). (B) Multiple
alignment of the complete OS-E coding region (Al_OS-E data set). (C) Multiple
alignment of the complete OS-F coding region (Al_OS-F data set). Dots indicate

the same nucleotide that the reference sequence (melE).
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