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ABSTRACT
The Acph-1 gene region was sequenced in 51 lines of Drosophila subobscura. Lines differ in their chromo-

somal arrangement for segment I of the O chromosome (Ost and O314) and in the Acph-1 electrophoretic
allele (Acph-1100, Acph-1054, and Acph-1.100). The ACPH-1 protein exhibits much more variation than pre-
viously detected by electrophoresis. The amino acid replacements responsible for the Acph-1054 and Acph-
1.100 electrophoretic variants are different within Ost and within O314, which invalidates all previous studies
on linkage disequilibrium between chromosomal and allozyme polymorphisms at this locus. The Acph-
1.100 allele within O314 has a recent origin, while both Acph-1054 alleles are rather old. Levels of nucleotide
variation are higher within the O314 than within the Ost arrangement except for nonsynonymous sites. The
McDonald and Kreitman test shows a significant excess of nonsynonymous polymorphisms within Ost when
D. guanche is used as the outgroup. According to the nearly neutral model of molecular evolution, this
excess is consistent with a smaller effective size of Ost relative to O314 arrangements. A smaller population
size, a lower recombination, and a more recent bottleneck might be contributing to the smaller effective
size of Ost.

DROSOPHILA subobscura has a wide distribution over The advent of recombinant DNA technology has en-
the Palearctic region and rather recently has colo- abled the study of chromosomal polymorphism based

nized the American continent (Krimbas 1992). Chro- on nucleotide variation at molecular markers closely
mosomal and allozymic polymorphisms have been exten- linked to inversion breakpoints. Since the work by Agu-
sively surveyed in natural populations of D. subobscura. adé (1988) in which restriction fragment length poly-
The species harbors a very rich chromosomal polymor- morphisms (RFLPs) at the Adh region were compared
phism that affects all chromosomal elements except the between standard and In(2L)t chromosomes of D. melano-
dot-like element. Several of the described inversions gaster, additional data in different chromosomal systems
and chromosomal arrangements present clear latitudi- of the same and other Drosophila species have been
nal clines not only in the Palearctic region (Krimbas reported (Aquadro et al. 1991; Bénassi et al. 1993;
1992) but also in North and South America. The finding Popadić and Anderson 1994, 1995; Popadić et al. 1995,
that these clines present the same direction in both 1996; Wesley and Eanes 1994; Babcock and Anderson
hemispheres has been taken as evidence of their adap- 1996; Hasson and Eanes 1996). In D. subobscura, the
tive character (Prevosti et al. 1988). rp49 (ribosomal protein 49) gene region, which maps

The O chromosome, which corresponds to Muller’s D at section 91C very close to one of the breakpoints of
element (Muller 1940), is by far the most polymorphic the O3 inversion, has been used as a molecular marker
with 24 described inversions that form complex chromo- of the O314 and Ost chromosomal arrangements. Both
somal arrangements with overlapping and nonoverlap- RFLP analysis (Rozas and Aguadé 1990; Rozas et al.
ping inversions. This chromosome, the longest of the 1995) and direct sequencing (Rozas and Aguadé 1993,
complement with 25 sections (Kunze-Mühl and 1994; Rozas et al. 1999) have shown that the O314 ar-
Müller 1958), has been subdivided into two segments: rangement has a higher level of silent polymorphism
I and II. Segment I, which is the distal segment (sections at the rp49 gene region than Ost. On the other hand,
91–99), presents alternative gene arrangements, such comparison of this gene region between D. subobscura
as Ost and O314. These arrangements exhibit clear latitu-

and the closely related species D. madeirensis and D.
dinal clines in Europe where Ost is the prevalent arrange-

guanche indicates that the O3 inversion, which is presentment in northern populations where O314 is rare, while
in these species but absent in current populations of D.O314 is more frequent than Ost in southern populations.
subobscura, is the ancestral gene arrangement (Ramos-
Onsins et al. 1998).

In D. subobscura, as in D. melanogaster, the acid phospha-
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(Segarra et al. 1996). Acph-1 is one of the several allo- origin and posterior expansion of the Ost and O314 gene
arrangements was already detected at the rp49 genezyme loci whose variation in natural populations of

D. subobscura was studied by starch electrophoresis. This region (Rozas and Aguadé 1993, 1994; Rozas et al.
1999). Present data at the Acph-1 locus confirm thelocus presents a common allele, Acph-1100, with frequen-

cies ranging between 85 and 90%, and a less common monophyletic character of Ost and O314, and nucleotide
diversity at the Acph-1 noncoding regions further sup-allele, named Acph-1054 by Loukas et al. (1979), with

z10% frequency. In addition, rarer alleles, mainly with ports the proposed estimates of the age of these arrange-
ments. Finally, in contrast to rp49 that is monomorphica higher mobility than Acph-1100, have also been de-

tected. The location of Acph-1 in segment I of the O at the protein level, the rather high level of variation
at the ACPH-1 protein has enabled us to detect an excesschromosome motivated extensive studies on the possi-

ble association of the two more frequent Acph-1 electro- of nonsynonymous polymorphism in the Ost gene ar-
rangement relative to O314.phoretic variants with the different chromosomal ar-

rangements in that segment. In contrast to other loci
also located in segment I, such as Pept-1 (peptidase-1)

MATERIALS AND METHODSand Lap (leucyl amino peptidase), no clear and consis-
tent associations were detected for Acph-1 (Loukas et Fly samples: The natural population of D. subobscura ana-

lyzed was sampled in El Pedroso. The isochromosomal linesal. 1979, 1980; Fontdevila et al. 1983; Larruga and
studied were a subset of those described in Rozas et al. (1995),Pinsker 1984).
which had been established using the O chromosome Va/BaThe Acph-1 gene was first cloned and sequenced in D.
balancer stock (Sperlich et al. 1977). Both the O chromosome

melanogaster (Chung et al. 1996) and subsequently in the arrangement and the Acph-1 electrophoretic variant were de-
three species of the subobscura cluster (D. subobscura, termined for each line. Lines were grouped in two chromo-

somal classes (Ost and O314) according to their arrangementD. madeirensis, and D. guanche; Navarro-Sabaté et al.
for segment I of the O chromosome. In fact, all O314 lines1999). The gene is organized into five exons interrupted
were O31417 (segment I314 1 segment II7) and all Ost lines wereby four rather short introns. The encoded protein (447
Ost (segment Ist 1 segment IIst) except line J34 that was O7amino acids long in the obscura group species) has a (segment Ist 1 segment II7).

signal peptide in the N-terminal end and a transmem- Twenty-one Ost and 20 O314 lines were studied; within each
gene arrangement lines were randomly sampled. All lines inbrane domain in the carboxyl end, both of which are
these samples had the Acph-1100 electrophoretic variant exceptcleaved off to give the mature peptide. Both immunolog-
lines J34ST and J61ST within Ost and lines J70 and J72 withinical studies (MacIntyre et al. 1978) and analysis of
O314, which had the Acph-1054 variant. Most lines in these sam-

divergence at nonsynonymous sites (Navarro-Sabaté ples were collected in autumn 1989. However, the lack of
et al. 1999) indicate that ACPH-1 is a rapidly evolving seasonal differentiation detected at the rp49 gene region

(Rozas et al. 1995) enabled us to include some lines sampledenzyme.
in other seasons of the same year.Here, we report the study of nucleotide variation at

These random samples were enlarged with six Acph-1054 lines:the Acph-1 gene region in a natural population of D.
four Ost (J4ST, J8ST, A1ST, and A4ST) and two O314 (J77 and

subobscura from El Pedroso, which is well characterized A10). Moreover, one Ost (J56ST) and three O314 (J21, A11,
at the chromosomal and allozymic levels (Fontdevila and A12) lines that presented a rare electromorph with a

higher mobility than Acph-1100 were also included in the study.et al. 1983; Rodrı́guez-Trelles et al. 1996). Lines from
Finally, to corroborate the amino acid replacement responsi-this natural population differing in their chromosomal
ble for the different electrophoretic variants, one Acph-1054/arrangement for segment I of the O chromosome (Ost O314 line from Barcelona, Spain and one Acph-1.100/O314 line

and O314) and also in the Acph-1 electrophoretic allele from Central Europe were also analyzed.
(Acph-1100, Acph-1054, and Acph-1.100) have been studied DNA sequencing: Genomic DNA of the different isochromo-

somal lines was purified according to Kreitman and Aguadéin order to relate nucleotide polymorphism with chro-
(1986). The complete Acph-1 gene region (z2.2 kb) was ampli-mosomal and allozyme polymorphism.
fied by polymerase chain reaction (PCR). Amplification prim-This study aims therefore at inferring the gene history
ers located in the 59 and 39 flanking regions were: 59-TCCTAT

of the Acph-1 alleles studied, in particular in those re- GGTCAACGCCTATCG-39 and 59-GTTTTTCATTACCAAAT
sulting in the same and different electrophoretic vari- GCAC-39, respectively. The best PCR conditions were as fol-

lows: 28–34 cycles of 948 for 45 sec, 548 for 45 sec, and 728ants in the two chromosomal arrangements. Only a se-
for 2.5 min. After purification with Qiaquick columns, PCRquencing study can reveal all nucleotide and amino acid
products were used as templates for directly sequencing bothvariation and will thus contribute to understanding the
strands of the amplified region with primers designed approxi-

presence of shared electrophoretic alleles between ar- mately every 300 nucleotides. Cycle sequencing reactions were
rangements. We have found that for ACPH-1, electro- performed using the Perkin Elmer (Norwalk, CT) cycle se-

quencing kit following the manufacturer’s instructions. Thephoresis detects only a minor fraction of the ACPH-1
reaction products were analyzed on a Perkin Elmer ABI PRISMprotein haplotypes. The data have also revealed that
377 automated DNA sequencer.the Acph-1054 and Acph-1.100 alleles have a distinct origin

Partial sequences were assembled using Staden’s (1982)
within each arrangement. In addition, chromosomal programs. Sequences were multiply aligned manually and the
polymorphism may affect the level and pattern of nucle- multiple alignment was edited with the MacClade program

(Maddison and Maddison 1992). The sequences of D. ma-otide variation at linked loci. The footprint left by the
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deirensis and D. guanche (EMBL accession nos. Y18840 and tion between sites and they are conservative for genomic re-
gions with recombination.Y18841, respectively) were used in the interspecific compari-

sons. The sequences reported here will appear in the EMBL The test proposed by Hudson et al. (1987), or the Hudson-
Kreitman-Aguadé test, requires data from two genomic re-database library under accession nos. AJ389424 to AJ389476.

Data analysis: Nucleotide polymorphism was estimated as gions on the intraspecific variation in at least one species and
on the interspecific divergence. This test determines whetherthe number of segregating sites (S), the average number of

pairwise nucleotide differences (k), the nucleotide diversity the level of polymorphism and the level of divergence are
proportional in both regions as expected from neutral predic-(p), or average number of nucleotide differences per site (Nei

1987), and the heterozygosity per site (u) expected under tions. The test assumes free recombination between both ge-
nomic regions and no recombination between sites of thethe neutral model at mutation-drift equilibrium given the

observed S value (Watterson 1975). The pairwise nucleotide same region; however, the test is conservative when these
assumptions do not hold. The McDonald (1996) statisticaldifference distribution or mismatch distribution was also ana-

lyzed. According to the neutral model with no recombination, test contrasts the heterogeneity in the distribution of polymor-
phism and divergence across a DNA region. Putative heteroge-this distribution is Poisson-like in expanding or growing popu-

lations, while it fits to a geometric distribution in constant neity is analyzed by the number of runs detected in the sample,
where a run is defined as a set of one or more polymorphicsize populations (Slatkin and Hudson 1991; Rogers 1995).

The shape of the distribution was characterized by the ragged- (or fixed) sites preceded and followed by at least one fixed
(or polymorphic) site. Directional and balancing selectionness, r, statistic (Harpending et al. 1993; Harpending 1994),

which measures the smoothness of the distribution that is cause the number of runs detected in the sample to be smaller
than that expected under neutrality, which is tested by Montesmaller in expanding than in constant size populations.

The level of genetic differentiation was estimated as the Carlo simulations. The McDonald and Kreitman (1991) test
determines whether the ratio of nonsynonymous to synony-average number of nucleotide substitutions per site (dxy) be-

tween arrangements (Nei 1987). Genetic differentiation be- mous polymorphisms within species is the same as the ratio
of nonsynonymous to synonymous substitutions between spe-tween arrangements was contrasted by the permutation test

proposed by Hudson et al. (1992). The hypergeometric distri- cies, as expected from neutral predictions. The Fs test statistic
(Fu 1997) is based on the probability of having no fewerbution was used to test whether the number of detected shared

silent polymorphisms (sites segregating for the same two nu- haplotypes or alleles than those observed in the data set. An
excess of rare alleles relative to the number expected undercleotides in both arrangements) could be explained by parallel
neutral predictions is reflected by a large negative value ofmutations (Rozas and Aguadé 1994; Rozas et al. 1999).
the Fs statistics.Linkage disequilibrium was analyzed between pairs of infor-

The DnaSP program (Rozas and Rozas 1997) was used tomative sites (sites where the less frequent variant is present
estimate nucleotide polymorphism, linkage disequilibrium,at least twice in the sample). The x2 test was used to detect
recombination, the raggedness statistic, and genetic differenti-significant linkage disequilibrium and the Bonferroni proce-
ation between arrangements and to detect gene conversiondure to correct for multiple tests was applied (Weir 1996).
tracts. The permutation test for genetic differentiation (Hud-In addition, the sign test on D (Lewontin 1995) was applied
son et al. 1992) was performed with the Permtest programto search for overall evidence of linkage disequilibrium in the
provided by the authors. The DnaSP program was also usedcomplete data set. According to this test, linkage disequilib-
to carry out all neutrality tests, except the Monte Carlo simula-rium between independent pairs of polymorphic sites are ana-
tions of the McDonald’s test that were performed with thelyzed; adjacent sites were chosen for simplicity. Polymorphic
DNA Runs program (McDonald 1996). In addition, com-sites with single variants are also included in the analysis. The
puter simulations based on the coalescent algorithm for nolikelihood ratio statistic, G, is used to determine whether the
recombination described by Hudson (1990) and imple-observed number of positive and negative D values differs from
mented in the DnaSP program were used to estimate (afterthat expected under the null hypothesis of site independence.
10,000 replicates) the probability of the observed Tajima’s DRecombination events between polymorphic sites were identi-
and raggedness statistics. The computer program SignTestLDfied by the four-gamete test proposed by Hudson and Kaplan
(S. Ramos-Onsins, personal communication) was used to per-(1985).
form the sign test on D (Lewontin 1995). Critical valuesDifferent neutrality tests were performed to determine
of the observed Fs statistic were obtained by Monte Carlowhether the observed data conformed to the predictions of
simulations (after 5000 replicates) according to the computerthe neutral model of molecular evolution. Tajima’s (1989)
program of Fu (1997). Phylogenetic analysis to reconstructtest, based on intraspecific data, compares the observed poly-
the gene genealogy of the studied lines was performed withmorphism frequency spectrum with that expected under neu-
the MEGA program (Kumar et al. 1994).trality. Negative values of Tajima’s D statistic indicate an excess

of polymorphisms segregating at low frequency in the data set.
The Fu and Li (1993) tests compare independent estimates of
u assuming neutrality. Their D statistic is based on the number RESULTS
of mutations in the internal and external branches of the
gene genealogy, while the F statistic compares the average Nucleotide polymorphism: The multiple alignment
number of pairwise differences (k) and the number of muta- of the Acph-1 gene region analyzed in the 51 lines from
tions in external branches of the genealogy. An outgroup

the El Pedroso population included 2170 sites: 829 arespecies is needed to estimate the number of mutations in
located in noncoding regions (flanking regions and in-external branches, and both the sequences of D. madeirensis

and D. guanche were used for this purpose. In the Fu and Li trons) and 1341 correspond to the coding region. A
test without outgroup (D* and F* statistics) the number of total of 171 nucleotide polymorphic sites were detected
mutations in the external branches is inferred from the num- among the 2134 sites compared after excluding all sites
ber of singletons or polymorphic variants that are present only

with alignment gaps (Figure 1). Insertion/deletion poly-once in the sample. Negative values of the different Fu and
morphisms were also detected but only in noncodingLi’s statistics indicate an excess of unique polymorphisms in

the data set. Tajima’s and Fu and Li tests assume no recombina- regions. The longest length polymorphism, located in
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the 39 flanking region, includes the motif AATCGTGTT were 19 (17 silent) shared polymorphisms, i.e., sites seg-
regating for the same two nucleotides in both arrange-that is repeated once, twice, or three times in the differ-

ent lines. ments. The hypergeometric distribution was applied to
test whether the observed number of shared polymor-Population parameters were estimated only for the

random samples of each chromosomal arrangement phisms could be explained by parallel mutations that
had arisen independently in both arrangements. Ac-(Table 1). Among the 2145 sites scored in the random

samples, 92 and 91 segregating sites (S) were detected cording to the number of silent sites (1135) and the
number of polymorphic silent sites in each arrangementwithin Ost and within O314 arrangements, respectively.

All segregating sites presented only two variants within (73 in Ost and 84 in O314), the expected number of
silent shared polymorphisms for P . 0.05 is only #8.each arrangement. In contrast, there were four sites

with three variants when all lines in the random samples Therefore, the high number of observed shared poly-
morphisms has to be explained by genetic exchange,were considered. On the other hand, the number of

singletons varied considerably between Ost and O314 (40 most likely by gene conversion, between both arrange-
ments.and 27, respectively). The other estimates of polymor-

phism for all sites were lower within Ost than within O314. The algorithm proposed by Betrán et al. (1997) was
used to detect gene conversion tracts between arrange-Although estimates of nucleotide diversity (p) and of u

were similar within O314, u was generally larger than p ments. This analysis was performed using all the lines, as
some lines not included in the random samples showedwithin Ost. The higher number of singletons within Ost

accounts for this difference since singletons have a evidence of gene conversion by visual inspection. There
were 75 informative sites (Betrán et al. 1997) in thelarger effect increasing u than increasing nucleotide

diversity (as p considers not only the number of poly- complete data set. The probability of a site being infor-
mative of a conversion event or c (psi) was 0.01075. Amorphisms but also their frequency). A higher level of

nucleotide polymorphism within O314 was also detected total of 16 gene conversion tracts (4 within Ost and 12
within O314) were identified (Figure 1). The number ofwhen only noncoding regions, silent sites (noncoding

plus synonymous sites), or synonymous sites in the cod- gene conversion events, however, might be lower since
different lines presented the same tracts.ing region were considered. In contrast, estimates of

nonsynonymous polymorphism were higher within Ost Linkage disequilibrium for the random samples of
each chromosomal arrangement was analyzed for allthan within O314.

The distribution of nucleotide diversity (p) across pairs of informative polymorphic sites. In the Ost random
sample, 146 out of 1326 (11%) comparisons showed athe region studied was analyzed by the sliding window

approach and is represented in Figure 2 for each ar- significant association by the x2 test (P , 0.05). The
number of significant comparisons dropped to 15 (1%)rangement. Both arrangements present a peak in the

level of polymorphism around position 900. This win- after applying the Bonferroni procedure to correct for
multiple tests (Weir 1996). In the O314 random sample,dow (100 sites) with the largest p value includes 10

segregating sites within Ost and 13 within O314, all of 231 out of 2016 comparisons (11%) were significant by
the x2 test, but only 20 (1%) remained significant bythem synonymous. The most striking difference be-

tween both graphs is the presence in O314 of a second using the Bonferroni correction. However, these per-
centages are not very informative since, as pointed outpeak around site 1370. The window encompassing this

second peak in the O314 sample includes 8 segregating by Lewontin (1995), some tests of association cannot
give a significant result even with the more extremesites, 1 of them nonsynonymous.

The average number of nucleotide differences be- disequilibrium. Therefore, linkage disequilibrium was
also analyzed with the sign test on D (Lewontin 1995).tween sequences differing in chromosomal arrange-

ment was 40.974, which gives an estimate of the average Within Ost, 91 independent pair comparisons were per-
formed. The observed number of positive D’s was 31number of nucleotide substitutions per site between

arrangements, dxy (Nei 1987), equal to 0.019. In fact, and the expected number was 22.61 (G 5 3.86; 0.025 ,
P , 0.05). Thus a significant excess of coupling linkagethere were 3 fixed differences between arrangements,

while the number of sites that were monomorphic in in this gene arrangement was detected. A similar result
was found within the O314 arrangement (G 5 4.22; 0.025O314 but polymorphic in Ost was 73, and the number of

sites that were monomorphic in Ost but polymorphic in , P , 0.05).
In addition, some clustering of linkage disequilibriathe alternative arrangement was 72. Significant differen-

tiation between arrangements was detected by the per- was detected both within Ost and within O314 arrange-
ments at the beginning of exon 3 (Figure 3). In Ost, allmutation test proposed by Hudson et al. (1992) using

Ks* as the test statistic: P 5 0.000 after 1000 replicates. comparisons between synonymous sites 865, 880, 883,
898, 907, 913, and 922 were significant (0.001 , P ,The two arrangements were considered separately in

all posterior analyses due to their significant genetic 0.01) by the x2 test, although only the association be-
tween sites 898-907 and 913-922 was significant with thedifferentiation.

Despite differentiation between arrangements, there Bonferroni correction. The information in these sites
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TABLE 1

Estimates of polymorphism within gene arrangement

Coding region

Total Silent Noncoding Synonymous Nonsynonymous
Arrangement (2145 sites) (1135 sites) (804 sites) (331 sites) (1010 sites)

Ost (n 5 21) S 92 73 34 39 19
Singletons 40 25 16 9 15
k 20.838 18.070 6.781 11.2858 2.7672
p 0.0097 0.0159 0.0084 0.0341 0.0027
u 0.0119 0.0179 0.0117 0.0327 0.0052

O314 (n 5 20) S 91 84 37 47 7
Singletons 27 24 12 12 3
k 26.332 24.8580 9.679 15.1829 1.4644
p 0.0123 0.0219 0.0120 0.0459 0.0014
u 0.0120 0.0209 0.0130 0.0400 0.0019

forms two haplotypes (CTTGATG and GGCACAA) that lines (Figure 4). All sites segregated for only two vari-
ants. Although 2 residues (18 and 358) were polymor-segregate at intermediate frequencies within Ost. In this

arrangement, disequilibrium between these sites is not phic for the same variants in both arrangements, the
presence of an alanine at site 18 (line A4ST) and of acomplete and, in fact, recombination events have been

detected between sites 865-880 and 880-898 when valine at site 358 (line J50ST) can be explained by the
gene conversion tracts detected in these lines. The firstapplying the four-gamete test (Hudson and Kaplan

1985). In O314, 10 of the 20 significant disequilibria with three replacement polymorphisms (4, 10, and 18) affect
the signal peptide of the preprotein that is not includedthe Bonferroni correction affect synonymous sites 898,

907, 913, 922, and 928 (Figure 3). At these sites two in the mature protein. All other amino acid polymor-
phisms should affect the mature protein since the trans-haplotypes (GATGA and ACAAG) in complete disequi-

librium and segregating at intermediate frequencies membrane domain is encoded by exon 5 (Chung et al.
were detected within the O314 random sample.

Replacement polymorphism: Twenty-seven out of 447
amino acid residues were polymorphic among the 51

Figure 2.—Sliding window analysis of the distribution of
nucleotide diversity (p) within the random samples of the Figure 3.—Nucleotide polymorphic sites at the beginning

of exon 3 that show clustering of linkage disequilibria in OstOst and O314 arrangements. Windows include 100 sites with
successive displacements of 25 sites. The x-axis values indicate and/or O314 random samples. The sites affected within each

arrangement have been shaded differentially. Numbers in thenucleotide position across the Acph-1 gene region and those
in the y-axis indicate nucleotide diversity. Solid boxes in the last column indicate the absolute frequency of each haplotype

in the random samples. The corresponding haplotypes for D.lower part of the figure indicate the coding exons; a thin line
shows flanking regions and introns. madeirensis and D. guanche are also shown.
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Figure 4.—Replacement
polymorphisms at the
ACPH-1 protein in the 51
lines studied from the El Pe-
droso population using as
reference the previously
published sequence of D.
subobscura (B2ST, EMBL ac-
cession no. Y18839). Lines
are named as in Figure 1.
Two additional lines [B10(3
1 4)/054 from Barcelona
and MP110(3 1 4)/.100
from Central Europe] se-
quenced to corroborate the
amino acid replacement re-
sponsible for the corre-
sponding electrophoretic
alleles are also included.
Fixed differences relative to
D. madeirensis and D. guanche
are shown in the last two
rows of the alignment. The
numbering at the top corre-
sponds to nucleotide sites as
in Figure 1. Numbers in
boldface (below those of
nucleotide sites) corre-
spond to amino acid resi-
dues of the ACPH-1 prepro-
tein. Asterisks indicate re-
placement polymorphic
sites in the El Pedroso sam-
ple as depicted in Figure 1.
The last column of the fig-
ure shows an identification
number for each protein
haplotype within Ost and
within O314. Haplotype 10
(h10) in Ost is identical to
haplotype II (hII) in O314

and corresponds to the sin-
gle haplotype shared be-
tween both arrangements.
Shaded boxes indicate the
amino acids characteristic
of the Acph054 and Acph.100

electrophoretic alleles within
each chromosomal arrange-
ment.

1996) and no replacement polymorphism was detected random samples of each arrangement exceeds that ex-
pected under the neutral model with no recombination.in that exon. When only random samples were consid-

ered, 19 residues (15 singletons) were polymorphic The probabilities of observing 17 or more haplotypes
in Ost and 9 or more in O314 are P 5 0.000 and P 5within Ost and only 7 (3 singletons) were polymorphic

within O314. These polymorphic residues result in 17 0.009, respectively. In fact, the values of the Fs statistics
are Fs 5 215.206 for Ost and Fs 5 24.715 for O314. Thedifferent protein haplotypes in Ost and 9 in O314. Only

one of these haplotypes is shared between arrangements critical values for these test statistics at the 0.005 level of
significance are 25.01 and 23.76 for each arrangement,(Figure 4). The number of protein haplotypes in the
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respectively. Although these values may be affected by None of the tests were significant (P . 0.1) either for Ost

or O314 when considering all sites. However, the negativerecombination, the large departure detected within Ost

would probably still be significant. sign of the different statistics within Ost indicates a higher
than expected number of low frequency polymorphismsNone of the detected replacements differentiated all

the Acph-1054 lines from all the Acph-1100 lines. Therefore, for all sites and also for noncoding and synonymous
sites. This deviation was significant for some of the testsa single amino acid replacement cannot explain the

difference in mobility between both electromorphs. when only nonsynonymous sites were considered, which
indicates an excess of singletons or unique nonsynony-However, when the Acph-1054 and Acph-1100 electropho-

retic alleles were compared within chromosomal ar- mous polymorphisms within Ost. In contrast, within O314

the frequency spectrum of polymorphisms was in goodrangement, all Acph-1054 Ost lines had a lysine (K) at
position 255 instead of the glutamic acid (E) present agreement with neutral predictions, although the differ-

ent statistics for nonsynonymous polymorphisms alsoin all Acph-1100 Ost lines. Thus, the E/K replacement may
explain the difference in mobility between electro- presented negative values.

Putative departure from the direct relationship be-morphs but only within Ost. In contrast, all Acph-1054 O314

lines shared the presence of a lysine (K) at position 241 tween polymorphism and divergence predicted by the
neutral theory was determined by the Hudson-Kreit-instead of the asparagine (N) present in the Acph-1100

O314 lines, indicating that the N/K replacement would man-Aguadé test (Hudson et al. 1987) using either D.
madeirensis or D. guanche in the interspecific comparison.be responsible for the Acph-1100 and Acph-1054 electropho-

retic alleles within O314. This result was further con- The test was applied after dividing the Acph-1 gene re-
gion into two regions of equal length. None of the testsfirmed by the presence of a lysine at position 241 in

one Acph-1054 O314 line from Barcelona. Therefore, the performed within Ost or within O314 random samples
were significant (results not shown). Heterogeneity inelectrophoretic allele Acph-1054 is not a homogeneous

class but it includes two protein classes characterized the ratio of polymorphic to fixed differences across the
Acph-1 region was also tested by the runs test proposedby the presence of a lysine at residue 255 or 241 in

complete linkage disequilibrium with arrangements Ost by McDonald (1996). The number of runs detected
within Ost was 64 or 42 when using D. guanche or D.and O314, respectively. The presence at residues 255

and 241 of a glutamic acid (E) and an asparagine (N), madeirensis in the interspecific comparison. These num-
bers were not significantly smaller than those expectedrespectively, both in D. madeirensis and D. guanche, indi-

cates that the presence of a lysine (K) in these residues under the neutral model (P 5 0.12 and P 5 0.55, respec-
tively, after 5000 replicates with a recombination param-for the Acph-1054 electrophoretic alleles would be the

derived state. eter R 5 16). Likewise, the 76 and 39 runs detected
within O314 in the D. guanche and D. madeirensis interspe-Different amino acid replacements within each ar-

rangement seem also to be responsible for the higher cific comparisons did not depart from neutral expecta-
tions (P . 0.5).mobility electromorph. The only Ost Acph-1.100 line from

El Pedroso presented a distinctive isoleucine (I) at site An excess of silent polymorphism is expected to accu-
mulate around old polymorphisms maintained by bal-83 instead of an arginine (R); however, O314 Acph-1.100

lines presented an arginine (R) at that site, but they ancing selection (Hudson and Kaplan 1988). The dis-
tribution of silent polymorphism was therefore furtherpresented a distinctive serine (S) at site 205. An addi-

tional O314 line from Central Europe confirmed that analyzed to determine whether such an excess had accu-
mulated differentially around the nonsynonymous siteswithin O314 the R/S replacement at residue 205 causes

the higher mobility of the Acph-1.100 lines. that cause the difference in mobility of the electropho-
retic alleles Acph-1100 and Acph-1054 in each arrangement.The level of nucleotide polymorphism within chro-

mosomal arrangement and also the level of genetic dif- The average number of silent nucleotide differences
per site, silent dxy, between all Acph-1100 and all Acph-1054ferentiation relative to the Acph-1100 electrophoretic vari-

ant was analyzed to get more information about the lines was analyzed across the studied region for each
chromosomal arrangement using the sliding windowhistory of the different electrophoretic classes (Table

2). Within each arrangement, nucleotide diversity (p) approach (Figure 5). The graph also includes the distri-
bution of the mean silent divergence between the Acph-was similar for the Acph-1054 and Acph-1100 electrophoretic

classes. In contrast, the estimated p for the three O314 1100 lines and D. guanche. The highest peak in the silent
dxy values present in both arrangements is caused byAcph-1.100 lines was almost three times lower than the

nucleotide diversity for O314 Acph-1100 lines. those polymorphisms in linkage disequilibrium at the
beginning of exon 3 that are shared by both arrange-Neutrality tests: Tajima’s (1989) and Fu and Li

(1993) tests were used to contrast whether the observed ments (Figure 3). The region including these polymor-
phisms corresponds, however, to a region with a ratherpattern of polymorphism deviated significantly from

that expected under the neutral model (Tables 3 and high divergence. No peak in the silent dxy values was
detected either around site 1241 (residue 255 of the4). The different tests were performed for all sites or

only noncoding, synonymous, or nonsynonymous sites. protein) within Ost (Figure 5a) or around site 1201 (resi-
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TABLE 2

Nucleotide polymorphism and differentiation of the different Acph-1 electrophoretic alleles

Arrangement Electrophoretic allele No. of lines k p dxy

Ost Acph-1100 19 20.152 0.0094
Acph-1054 6 21.667 0.0101
Acph-1100/Acph-1054 0.0107
Acph-1100/Acph-1.100 0.0136
Acph-1054/Acph-1.100 0.0145

O314 Acph-1100 18 26.366 0.0124
Acph-1054 4 22.333 0.0105
Acph-1.100 3 9.333 0.0044
Acph-1100/Acph-1054 0.0122
Acph-1100/Acph-1.100 0.0111
Acph-1054/Acph-1.100 0.0109

due 241 of the protein) within O314 (Figure 5b). Despite 1241 (P , 0.001); however, in this case a recombination
event was detected by the four-gamete test (Hudsonno detected excess in silent dxy values around the sites

responsible for the Acph-1054 electrophoretic alleles, link- and Kaplan 1985) and the polymorphism at site 1126
is shared by both arrangements. Therefore, there isage disequilibrium was reanalyzed considering all Ost

and all O314 lines although they did not correspond to some evidence that within Ost, the Acph-1054 lines have
accumulated variation differentially from the Acph-1100a random sample. Within Ost, significant linkage disequi-

librium was detected by the x2 test between site 1241 lines.
The previous analysis was extended to the other(responsible for the E/K replacement at residue 255 of

the protein) and sites 985, 991 (0.001 , P , 0.01), and amino acid replacements that do not cause a change in
electrophoretic mobility and that are segregating within1288 (P , 0.001). Interestingly, the less frequent variant

in these sites is present only in the Acph-1054/Ost lines, the random samples of each arrangement. The most
notable result of these analyses refers to the replacementwhich would indicate that polymorphisms at sites 985,

991, and 1288 arose in the Acph-1054 allele. Strong linkage N/S at residue 296 of the protein. As shown in Figure
6, site 1365, the nucleotide site that causes the N/Sdisequilibrium was also detected between sites 1126 and

TABLE 3

Statistical tests of neutrality for the Ost random sample (n 5 21)

Coding region

Total Noncoding Synonymous Nonsynonymous

Tests without outgroup
No. of sites analyzed 2145 804 331 1010
S 92 34 39 19
Singletons (%) 40 (43) 16 (47) 9 (23) 15 (79)

Tajima’s test
D 20.7517 21.1038 0.1618 21.7765

Fu and Li tests
D 20.8752 21.0311 0.3565 22.6880*
F 20.9790 21.2285 0.3474 22.8143*

Tests with outgroup
No. of sites analyzed 2125 784 331 1010
S 90 32 39 19
Singletons (%) 39 (43) 15 (47) 9 (23) 15 (79)

Fu and Li tests
D (D. guanche) 21.0353 20.9006 0.3401 23.2832**a

F (D. guanche) 21.1532 21.1931 0.3421 23.3868**a

D (D. madeirensis) 21.0353 21.1200 0.3401 23.2832**a

F (D. madeirensis) 21.1532 21.3714 0.3421 23.3868**a

* 0.01 , P , 0.05; ** 0.001 , P , 0.01.
a Significant by the Bonferroni procedure.
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TABLE 4

Statistical tests of neutrality for the O314 random sample (n 5 20)

Coding region

Total Noncoding Synonymous Nonsynonymous

Test without outgroup
No. of sites analyzed 2145 804 331 1010
S 91 37 47 7
Singletons (%) 27 (30) 12 (32) 12 (25) 3 (43)

Tajima’s test
D 0.1089 20.2854 0.5867 20.8410

Fu and Li tests
D 0.0000 20.1570 0.2393 20.5777
F 0.0384 20.2275 0.4002 20.7540

Tests with outgroup
No. of sites analyzed 2125 784 331 1010
S 89 35 47 7
Singletons (%) 25 (28) 10 (29) 12 (25) 3 (43)

Fu and Li tests
D (D. guanche) 0.1787 0.1729 0.3462 20.7170
F (D. guanche) 0.2164 0.0780 0.5232 20.8971
D (D. madeirensis) 0.3501 0.3727 0.5002 20.7170
F (D. madeirensis) 0.3546 0.2408 0.6482 20.8971

replacement, lies in a region with a peak of silent differ- A G test of independence was used to determine
whether the number of synonymous and nonsynony-ences between O314 lines carrying the alternative amino

acids. Actually, this peak corresponds to the second mous polymorphisms was significantly different in both
arrangements. Significant departure from neutral ex-peak detected in the distribution of nucleotide diversity

within O314 (Figure 2). However, in this region diver- pectations was detected (G 5 6.14, 1 d.f., P 5 0.013),
confirming the excess of nonsynonymous polymor-gence is also high.

McDonald and Kreitman (1991) proposed a test of phism within the Ost arrangement.
Gene genealogy: Figure 7 shows the genealogy of allneutrality to determine whether the ratio of nonsynony-

mous to synonymous polymorphisms within species is lines studied, which was reconstructed by the neighbor-
joining method (Saitou and Nei 1987) using D. guancheequal to the ratio of nonsynonymous to synonymous

substitutions between species as predicted by the neutral as the outgroup. Genetic distances were estimated for
all sites with the complete deletion option and correctedtheory. The McDonald-Kreitman test was applied using

D. guanche as the outgroup species, as previous interspe- according to Jukes and Cantor (1969). All Ost lines
cluster together in the gene tree and all O314 lines docific analysis had detected deviation in the D. madeirensis

lineage toward an excess of fixed nonsynonymous substi- as well (percentage bootstrap values of 36 and 78, re-
spectively, after 1000 replicates). Therefore, despite evi-tutions (Navarro-Sabaté et al. 1999). As shown in Ta-

ble 5, the McDonald-Kreitman test was highly significant dence of gene conversion between arrangements, the
gene genealogy still reflects the unique origin of eachwithin the Ost random sample (G 5 12.2, 1 d.f., P 5

0.0004). In fact, 33% of the polymorphisms within spe- arrangement. However, line A4ST, with a rather long
gene conversion tract from O314, shows an anomalouscies were nonsynonymous, but only 5% of the fixed

differences between species were nonsynonymous. branching within the Ost cluster. When this line is sub-
tracted from the analysis, bootstrap values increase toThese percentages were more similar within O314 (13%

and 8%, respectively), and no significant departure 93 for Ost lines and 84 for O314 lines. The clustering
of lines according to their gene arrangement was alsofrom neutral expectations was detected for this arrange-

ment (G 5 0.61, 1 d.f., P 5 0.43). There was, therefore, obtained when using Kimura’s (1980) two-parameter
distance or Tamura’s (1992) distance. In addition,an excess of nonsynonymous polymorphisms within Ost,

but not within O314. This was further confirmed by within both Ost and O314 there were two subclusters in
the gene tree. This subclustering within gene arrange-applying the McDonald-Kreitman test to the random

sample of lines collected in autumn 1989. The test was ment was caused by synonymous polymorphisms in link-
age disequilibrium at the beginning of exon 3, as noagain significant for Ost (G 5 7.3, 1 d.f., P 5 0.007),

indicating that pooling data from different seasons had subclustering was detected when those sites were re-
moved from the analysis (result not shown).not caused the detected excess of nonsynonymous poly-

morphisms within Ost. Finally, no clustering of the Acph-1054 lines was de-
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Figure 6.—Sliding window analysis of the distribution of
the average number of silent differences per site (silent dxy)
between the O314 lines that differ at residue 296 (nucleotide
site 1365) of the ACPH-1 preprotein. Windows include 75
silent sites with successive displacements of 10 sites. The graph
also shows the distribution of silent divergence (k) between
lines included in the O314 random sample and D. guanche.
Silent divergence was scaled by T 1 1 (see legend of Figure
5). The values in the x-axis indicate the nucleotide position
across the Acph-1 gene region and those in the y-axis indicate
silent dxy or divergence. The approximate location of nucleo-
tide site 1365 is indicated by an arrow. Solid boxes in the
lower part of the figure indicate the coding exons; a thin line
shows flanking regions and introns.

tected within either the Ost or O314 gene arrangements.
Assuming that the amino acid replacement causing the
Acph-1054 electrophoretic mobility occurred only once
in each arrangement, this result indicates that recombi-
nation within arrangement has obscured the evolution-
ary history of these lines. Actually, recombination withinFigure 5.—Sliding window analysis of the distribution of

the average number of silent differences per site (silent dxy) arrangements may have hidden the real relationships
between Acph-1100 and Acph-1054 lines within (a) Ost and (b) O314 among lines both within the Ost and within the O314arrangements. Windows include 75 silent sites with successive clusters. However, the three O314 Acph-1.100 lines (J21,displacements of 10 sites. The graph also shows the distribu-

A11, and A12) clustered together in the gene tree, whichtion of silent divergence (k) between D. guanche and lines
could be consistent with their more recent origin asincluded in the random samples of the (a) Ost and (b) O314

arrangements. Silent divergence was scaled by the divergence indicated by their low level of nucleotide diversity
time T 1 1 as estimated when applying the Hudson-Kreitman- (Table 2).
Aguadé test for each chromosomal arrangement. The x-axis
values indicate the nucleotide position across the Acph-1 gene
region and those in the y-axis indicate silent dxy or divergence.

DISCUSSIONThe approximate locations of nucleotide sites 1245 and 1205
are indicated by an arrow in a and b, respectively; the nucleo- Level and distribution of nucleotide polymorphism:
tide polymorphism at these sites is responsible for the amino The Ost and O314 arrangements arose independentlyacid replacement causing the difference in electrophoretic

from the O3 arrangement (Ramos-Onsins et al. 1998).mobility between the Acph-1100 and Acph-1054 electrophoretic
The gene genealogy based on the Acph-1 gene regionalleles within each gene arrangement. Solid boxes in the lower

part of the figures indicate the coding exons; a thin line shows (Figure 7), where all Ost lines cluster together as all O314
flanking regions and introns. lines do, clearly supports their monophyletic character,

which was also inferred from variation at the rp49 gene
region (Rozas and Aguadé 1994). Therefore, both ar-
rangements were affected at some time in the past by
the extreme bottleneck implied by their origin. Conse-
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TABLE 5

McDonald and Kreitman tests using D. guanche as an outgroup

Ost O314

Fixed Polymorphic Fixed Polymorphic

Synonymous 37 39 35 47
Nonsynonymous 2 19 3 7

G 5 12.210*** G 5 0.611

*** P , 0.001.

Figure 7.—Gene geneal-
ogy of the 51 lines of D. sub-
obscura from El Pedroso
reconstructed by the neigh-
bor-joining method (Saitou
and Nei 1987) with the com-
plete deletion option. The
number of substitutions per
site corrected according to
Jukes and Cantor (1969)
in the whole Acph-1 gene re-
gion studied was used as the
genetic distance. Numbers
indicate bootstrap percent-
ages for the main nodes on
the tree; the values in brack-
ets show bootstrap percent-
ages for the nodes grouping
all Ost and all O314 lines
when line A4ST/054 is not
included in the analysis.
Lines are named as in Fig-
ure 1.
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quently, nucleotide polymorphisms present in each ar- from this to the other one. The observed clustering of
linkage disequilibria can, therefore, have a historicalrangement either have originated independently by mu-

tation or have been incorporated by genetic exchange, origin as gene conversion events including highly differ-
entiated sites between arrangements may cause strongmost likely by gene conversion (Rozas and Aguadé

1994; Rozas et al. 1999; Navarro et al. 1997), between linkage disequilibrium between adjacent sites that may
persist until recombination breaks the association. AnOst and O314, and even between any of them and O3.

Current levels of silent polymorphism at the Acph-1 example of this situation is the linkage disequilibrium
detected between sites 1358 and 1360 (Figure 1). How-gene region (p 5 0.0159 and p 5 0.0219 in Ost and O314,

respectively) are higher than those previously reported ever, in both arrangements the newly transferred haplo-
type would have attained intermediate frequencies,(Rozas et al. 1999) at the rp49 gene region for the same

population (p 5 0.0080 and p 5 0.0101, respectively). which would be more compatible with selection. Al-
though linkage with a replacement polymorphism main-Therefore, lower constraints against the accumulation

of silent variation seem to act at the Acph-1 rather than tained by balancing selection in both arrangements can
be discarded at least for the Acph-1 gene region, theat the rp49 gene region as already inferred from silent

divergence in these regions (Navarro-Sabaté et al. possibility of epistatic selection acting on these sites to
maintain mRNA structure (Kirby et al. 1995) cannot1999). Nevertheless, silent nucleotide diversity at

Acph-1 in Ost is very similar to that detected at the Acp70A be rejected.
Age of the Ost and O314 arrangements: Silent nucleo-gene region (p 5 0.014) in D. subobscura (Cirera and

Aguadé 1998). tide diversity at Acph-1 is higher within O314 than within
Ost. This result is in agreement with that previously foundThe distribution of polymorphism along the studied

region shows a pronounced peak of nucleotide diversity at the rp49 gene region and is consistent with a more
distant origin of the O314 than of the Ost arrangementat the beginning of exon 3 both in the Ost and in the

O314 samples (Figure 2). This region includes different from O3. In fact, levels of silent variation in O314 and Ost

arrangements can be used to date the origin of theseshared synonymous polymorphisms, which are in strong
linkage disequilibrium within each arrangement (Fig- arrangements. Rozas et al. (1999) proposed estimates

of these events according to the expansion model (Slat-ure 3). These sites are, in fact, combined in two main
haplotypes that segregate at intermediate frequencies kin and Hudson 1991; Rogers 1995) and to variation at

the rp49 gene region. These estimates can be contrastedin both arrangements. It is the information in these
sites that causes both Ost and O314 lines to form two with present data at the Acph-1 gene region.

When the expansion model is applied to estimatesubclusters in the neighbor-joining tree (Figure 7). Al-
though the easiest explanation for this clustering of the age of an inversion, it is assumed that nucleotide

variation within each arrangement has not yet reachedshared polymorphisms may be a gene conversion event
between arrangements, none of the detected tracts in- equilibrium and that it has accumulated independently.

Therefore, polymorphic sites included in gene conver-clude these sites. However, this possibility cannot be
completely discarded since the algorithm proposed by sion tracts between arrangements have to be excluded

from the analysis. Two criteria may confirm that nucleo-Betrán et al. (1997) detects only part of the putative
gene conversion tracts. tide variation within the arrangement is still in the tran-

sient phase to equilibrium: first, the negative sign ofThe sequences of D. madeirensis and D. guanche differ
at most of the sites that define the two major haplotypes Tajima’s D statistics, which indicates an excess of rare

variants, and second, the shape of the pairwise nucleo-at the beginning of exon 3 in D. subosbcura (Figure 3).
This would suggest that these sites already segregated tide difference distribution or mismatch distribution

that is Poisson-like in expanding populations and thatin the O3 arrangement at least before the split of the D.
madeirensis lineage, which occurred 0.6–1 mya (Ramos- can be characterized by the raggedness (r) statistics

(Harpending et al. 1993; Harpending 1994).Onsins et al. 1998). If these polymorphisms were ances-
tral, Ost and O314 may have captured different haplotypes Variation at the Acph-1 noncoding regions was used

to estimate the age of the Ost and O314 arrangements.in their origin. Subsequently, the characteristic haplo-
type of each arrangement may have been transferred to The coding region was not considered for this purpose

since the significant excess of nonsynonymous polymor-the other arrangement by independent gene conversion
events. Within each arrangement the transferred haplo- phism within Ost and the clustering of synonymous poly-

morphism at the beginning of exon 3 in both arrange-type would have later increased in frequency. Alterna-
tively, the haplotype not captured in the origin of O314 ments suggest that the pattern of polymorphism in this

region was not neutral. Table 6 shows Tajima’s D and(or Ost) might have been transferred from O3 to this
arrangement by gene conversion, and thereafter it the raggedness statistics for the noncoding region

within the random samples of each arrangement. Taji-would have attained an intermediate frequency. At least
two gene conversion events would also be required un- ma’s D is negative in both arrangements and the ragged-

ness statistic is significant for both O314 and Ost. Theseder this scenario, either from O3 to O314 and Ost, or
sequentially from O3 to one of the two arangements and results together with the Poisson-like distribution in



885Acph-1 Nucleotide Polymorphism

the number of glycosylation sites, since the N residueTABLE 6
at site 241, which is lost in the Acph-1054/O314 electropho-

Tajima’s D and raggedness statistics in noncoding regions
retic allele, forms part of a putative glycosylation site
(Chung et al. 1996). In contrast, within both Ost andOst O314 O314 the Acph-1.100 electrophoretic alleles are due to the

No. of sites 797 797 change of a basic amino acid (R) to a noncharged amino
S 32 30 acid (I and S, respectively), which can explain their
Singletons 16 11 higher mobility toward the anode.
k 6.133 7.358

Acph-1054 and Acph-1.100 electrophoretic alleles differp 0.0077 0.0092
in Ost and O314 arrangements: Our analysis at the nucleo-Tajima’s D 21.2087 20.5090
tide level has shown that the amino acid replacementP value 0.1042 0.3395

Raggedness 0.0181 0.0119 responsible for the Acph-1054 and Acph-1.100 electropho-
P value 0.0400* 0.0116* retic variants is different within Ost and O314 arrange-

ments. This result invalidates, therefore, all previousThese estimates were obtained from the random samples
studies on linkage disequilibrium between chromo-of each arrangement after excluding the noncoding polymor-

phic sites that are included in gene conversion tracts within somal and allozymic polymorphisms at the Acph-1 locus.
Ost. *0.01 , P , 0.05. Present results can explain the observed lack of consis-

tent associations, which had been interpreted as indica-
tive of a high genetic exchange between arrangements

both arrangements (results not shown) are consistent at Acph-1. Actually, each of the two different Acph-1054

with the expansion model. According to this model, t 5 alleles is in complete linkage disequilibrium with the
2mt, where m is the mutation rate. When variation is corresponding chromosomal arrangement. The same
null at the moment of the expansion, as is the case when argument holds for each of the Acph-1.100 alleles, al-
an inversion originates, t corresponds to the average though in this case only one line within Ost was studied.
number of nucleotide differences (p in Table 6). The Forces responsible for allozyme polymorphism: It has
neutral mutation rate can be estimated from the rate long been discussed whether the presence of allozymic
of nucleotide substitutions in interspecific comparisons. polymorphisms is due to the action of selection. Mainte-
Average divergence at Acph-1 noncoding sites between nance of old amino acid polymorphisms by balancing
D. subobscura random samples and D. guanche is 0.0536, selection causes an excess of silent variation at adjacent
which results in a rate of 14.89 3 1029 substitutions per sites (Hudson and Kaplan 1988). In contrast, a rapid
site and per year when the time of divergence between increase in frequency of a recent allozyme by directional
both species is assumed to be 1.8 million years (Ramos- selection causes a lack of polymorphism in that allele
Onsins et al. 1998). Therefore, Ost arrangement arose (Hudson et al. 1994). As discussed by Hasson et al.
some 0.26 mya and O314 arose 0.31 mya. These estimates (1998), data on intraspecific nucleotide variation in allo-
are very similar to those previously obtained for the rp49 zyme loci of D. melanogaster do not seem to support the
gene region (0.24 and 0.33 mya, respectively; Rozas et notion that allozymes are old polymorphisms main-
al. 1999). tained by balancing selection, except for the Adh locus

Electrophoresis reveals only a minor fraction of varia- (Kreitman and Hudson 1991), and are generally more
tion at the ACPH-1 protein: Levels of variation at the consistent with the action of directional selection. As
ACPH-1 protein are much higher than those previously the ACPH-1 protein was classically known to be polymor-
reported by electrophoresis. For instance, 15 and 7 phic in D. subobscura, this enzymatic system seemed espe-
amino acid variants have been detected for the Acph- cially suitable for analyzing this aspect.
1100 electrophoretic class within Ost and O314, respectively Acph-1.100 lines within O314 cluster together in the
(Figure 4). Some of these variants differ in the net gene genealogy and their nucleotide diversity is much
charge of the mature peptide and thus they would be lower than that present in Acph-1100/O314 lines. These
expected to present a different electrophoretic mobility. results point to a rather recent origin of the Acph-1.100

In addition, the different mobilities of the detected elec- electrophoretic allele within O314. However, as this allele
tromorphs are only partially explained by present re- is present at very low frequencies in natural populations,
sults. In O314 the N/K replacement responsible for the it cannot be argued that positive selection is acting on
Acph-1100/Acph-1054 electrophoretic alleles implies one this electrophoretic variant.
charge unit change, which can explain the lower mobil- The results are completely different for the Acph-1054

ity toward the anode of the latter electromorph. How- electrophoretic allele. Acph-1054 lines do not cluster to-
ever, in Ost the two electromorphs differ by two charge gether in the gene genealogy within either Ost or O314.
units (E/K) and, consequently, the Acph-1054 electropho- In addition, levels of nucleotide diversity within each
retic allele would be expected to present a lower mobil- arrangement are similar for the Acph-1054 and Acph-1100

ity in Ost than in O314. Nevertheless, the electrophoretic lines. These data are not consistent with a recent and
rapid increase in frequency of the Acph-1054 electropho-mobility of the Acph-1054 alleles may also be affected by
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retic allele within each chromosomal class and indicate poses that mutations causing amino acid replacements
are slightly deleterious. Slightly deleterious mutationsthat both Acph-1054/Acph-1100 polymorphisms are rather

old although likely not older than each arrangement. may persist as polymorphic but they are unlikely to
become fixed. The fate of these slightly deleterious mu-On the other hand, the lack in each case of a peak

of silent dxy values around the site responsible for the tations, however, will be affected by the effective size
(Ne), since they will behave as neutral in small popula-replacement polymorphism does not favor the hypothe-

sis of balancing selection maintaining the correspond- tions but will be efficiently eliminated by negative selec-
tion in large populations. The effectiveness of selectioning allozyme variants, at least for a long period of time.

However, there is some evidence that Ost/Acph-1054 lines acting on weakly selected mutations is also affected by
the recombination rate. In regions with a drastic reduc-have accumulated variation differentially from Ost/Acph-

1100 lines, which may be consistent with the Acph-1054 tion of recombination, levels of polymorphism of mildly
selected mutations are closer to those of neutral vari-allele within Ost being older than the Acph-1054 allele

within O314. Alternatively, both alleles could be equally ants. Therefore, an excess of slightly deleterious poly-
morphisms is expected in such regions (Charles-old if recombination were higher within O314, since it

could have shuffled variation between the Acph-1054 and worth 1994).
Protein evolution in Drosophila seems to conformAcph-1100 alleles in this chromosomal class.

Excess amino acid polymorphism in the Ost arrange- with neutral predictions (Zeng et al. 1998), suggesting
that the effective size of natural populations is largement: The number of nonsynonymous polymorphisms

is higher within Ost than within O314, which causes the enough for selection acting against slightly deleterious
nonsynonymous mutations to be efficient. Interestingly,nucleotide diversity at nonsynonymous sites to be nearly

two times larger in Ost than in O314. In Ost most of the the above-described examples showing an excess of non-
synonymous polymorphisms in Drosophila are detectednonsynonymous polymorphisms are singletons as indi-

cated by the marginally significant (0.1 . P . 0.05) in mtDNA genes with a smaller effective size relative to
nuclear genes and with no recombination, or in nuclearTajima’s D value and significant (P , 0.05) Fu and Li’s

statistics for nonsynonymous polymorphisms. The large genes (pn and Gld) located in regions with a somewhat
reduced recombination rate (Kliman and Hey 1993).negative Fs statistic (Fu 1997) in Ost also supports an

excess of rare protein haplotypes and, thus, of single A reduction of recombination is also expected in genes
located near breakpoints of inversions, where recombi-or recent nonsynonymous mutations within this ar-

rangement. A negative value of these statistics was also nation is highly suppressed in heterokaryotypes. There-
fore, present results may be consistent with a smallerdetected in O314, although the presence of only seven

polymorphisms in this class makes the application of effective size of the Ost vs. the O314 arrangement assum-
ing that nonsynonymous mutations are slightly deleteri-these tests more questionable. In addition, the McDon-

ald-Kreitman test revealed an excess of nonsynonymous ous. There are three not mutually exclusive factors that
may contribute to a small effective size of the Ost arrange-polymorphisms within the Ost but not within the O314

arrangement; also, a G test of independence showed ment.
First, in the sampled population from Galicia the aver-that the number of nonsynonymous polymorphisms

within Ost was significantly higher than the correspond- age frequencies of O314 and Ost in 1989 were estimated
as 0.767 and 0.147, respectively (Rodrı́guez-Trellesing number within O314. Although it would be tempting

to argue that selection may account for the detected et al. 1996). The difference in the frequency of both
arrangements may contribute by itself to a smaller effec-excess of nonsynonymous polymorphism within Ost, the

fact that most of them are singletons does not favor this tive size of Ost. Second, this difference causes the fre-
quency of Ost homokaryotypes in the population to beargument.

An excess of nonsynonymous or replacement poly- much lower than that of O314 homokaryotypes. As re-
combination near breakpoints will only be free in homo-morphisms has been previously reported for mitochon-

drial genes in Drosophila (Kaneko et al. 1993; Ballard karyotypes, recombination at the Acph-1 gene region,
and thus the effectiveness of selection, would be lowerand Kreitman 1994; Rand et al. 1994; Rand and Kann

1996) as well as in mice (Nachman et al. 1994), man, within Ost than within O314. Therefore, the putative lower
effective size of the Ost arrangement may be due bothand chimpanzee (Nachman et al. 1996; Wise et al. 1998).

In nuclear genes this deviation from neutrality has been to its lower frequency and to the consequently lower
recombination in this arrangement. However, both ar-detected only at the Adh (alcohol dehydrogenase; Miya-

shita et al. 1996) and Pgi (phosphoglucose isomerase; guments are based on the current lower frequency of
Ost in Galicia, but the frequency of these arrangementsTerauchi et al. 1997) genes in plants, and at the Gld

(glucose dehydrogenase; Hamblin and Aquadro 1997) varies latitudinally in Europe. An RFLP survey at the
rp49 gene region (Rozas et al. 1995) failed to detectand pn (prune; Simmons et al. 1994) genes in Dro-

sophila. genetic differentiation within gene arrangement be-
tween European populations, suggesting that migrationThese data may be consistent with the nearly neutral

model of molecular evolution (Ohta 1992), which pro- is large enough to homogenize the genetic content of
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