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ABSTRACT

PGM plays a central role in the glycolytic pathway at the branch point leading to glycogen metabolism
and is highly polymorphic in allozyme studies of many species. We have characterized the nucleotide
diversity across the Pgm gene in Drosophila melanogaster and D. simulans to investigate the role that protein
polymorphism plays at this crucial metabolic branch point shared with several other enzymes. Although
D. melanogaster and D. simulans share common allozyme mobility alleles, we find these allozymes are the
result of many different amino acid changes at the nucleotide level. In addition, specific allozyme classes
within species contain several amino acid changes, which may explain the absence of latitudinal clines
for PGM allozyme alleles, the lack of association of PGM allozymes with the cosmopolitan /n(3L)P inver-
sion, and the failure to detect differences between PGM allozymes in functional studies. We find a significant
excess of amino acid polymorphisms within D. melanogaster when compared to the complete absence of
fixed replacements with D. simulans. There is also strong linkage disequilibrium across the 2354 bp of the
Pgmlocus, which may be explained by a specific amino acid haplotype that is high in frequency yet contains
an excess of singleton polymorphisms. Like G6pd, Pgm shows strong evidence for a branch point enzyme

that exhibits adaptive protein evolution.

NDERSTANDING how selection at higher pheno-

typic levels impacts molecular variation at the sin-
gle gene level is an important question in evolutionary
and physiological genetics. A working view from a physi-
ological perspective would propose that selection on
life history variation results in selection to modulate
energy budgets and this targets the partitioning of meta-
bolic fluxes into growth and reproduction. Central to
this reductionist view is how the differential fluxes at
metabolic crossroads, such as those involving the glyco-
lytic pathway and its numerous junctions, respond to
selection. Historically, allozyme studies revealed much
about polymorphism in these genes, and the observa-
tion that some enzymes are variable, while others are
not, has potential adaptive explanations (GILLESPIE
1991; MrTToN 1998). A fundamentally important ques-
tion is whether intrinsic features of these enzymes, such
as their structure-function constraints or relative roles
in partitioning fluxes among competing pathways, lead
to the gene-specific patterns of intra- and interspecific
variation. Studies of G6pd, which shares a common sub-
strate with both phosphoglucomutase and hexokinase
at the head of the glycolytic pathway at the branch
leading to the pentose shunt, make a compelling case
for both selection acting on the enzyme polymorphism
in Drosophila melanogaster and episodic selection on
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amino acid changes in the lineage leading to D. simulans
(EANES et al. 1993, 1996). To understand this problem
in a larger context, a systematic study of the enzymes
of the pathway is important (EaANEs 1999). This lab has
focused on the need to characterize molecular variation
in these genes and in this report addresses the nature
of molecular variation found at the Pgm locus in D.
melanogaster and D. simulans.

Phosphoglucomutase (PGM; EC 2.7.5.1) plays a major
role in the synthesis and breakdown of glycogen, which
is important to energy storage in muscle tissue, and
catalyzes the interconversion of glucose-1-phosphate
and glucose-6-phosphate (Ray and RosceLLI 1964; Hir-
OSE et al. 1970). PGM shares glucose-6-phosphate with
several other enzymes at a branch point at the head of
the metabolic pathway leading into glycogen metabo-
lism, the pentose shunt, and the main glycolytic corri-
dor. PGM has been routinely studied in many organisms
because of its high level of allozyme polymorphism
(DawsoN and JAEGAR 1970), and there are three com-
mon allozymes in D. melanogaster (HjorTH 1970; TRIPPA
et al. 1970). The Medium mobility allele is widespread,
but seven additional allozyme alleles and other underly-
ing amino acid variants have been revealed by electro-
phoretic and thermostability criteria (TRIPPA et al. 1976,
1977, 1978). A study of geographic variation of the allo-
zyme alleles found no evidence of clines (OAKESHOTT
et al. 1981), which differs from other allozyme polymor-
phisms in D. melanogaster, where latitudinal clines are
common and taken as supporting evidence for the ac-
tion of natural selection (SINGH and RHOMBERG 1987;
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Eangs 1999). D. simulans also has three common allo-
zymes possessing the same electrophoretic mobilities
and geographic patterns as the three common allozymes
in D. melanogaster. This raises the interesting possibility
that the common PGM allozyme polymorphisms could
predate speciation (ANDERSON and OAKESHOTT 1984;
HyvyTiA et al. 1985), and in a pair of species for which
very few shared polymorphisms exist, a locus with shared
allozyme alleles suggests balancing selection maintains
this protein polymorphism. In addition, several lab se-
lection experiments also suggest balancing selection in-
fluences PGM allozyme allele frequencies, although
other studies show inconsistent patterns (CARFAGNA et
al. 1980; OAKESHOTT el al. 1985, 1988). A biochemical
study of the allozyme alleles in D. melanogaster reported
no difference in kinetic properties (Fuccr et al. 1979).
Nonetheless, if a specific allozyme mobility class results
from several different amino acid differences (as sug-
gested by the thermostability studies), this will poten-
tially confound both studies of geographic variation and
functional studies where variation is defined only by
allozyme mobility. Finally, the Pgm locus (located on
the third chromosome at 72D7) also lies just inside
the proximal breakpoint (73E3) of the cosmopolitan
In(3L)P inversion. This inversion exhibits clines with
latitude in natural populations on several continents
(METTLER et al. 1977, KN1BB ef al. 1981), and, in princi-
ple, selection favoring the inversion could actually main-
tain variation at the Pgmlocus (WESLEY and EANES 1994;
HassoN and EANEs 1996). Despite this tight physical
linkage, no significant linkage disequilibrium has been
found between PGM allozyme alleles and the inversion
in natural populations (LANGLEY et al. 1974, 1977).
Given our interest in examining patterns of variation
in metabolic genes, we were interested in addressing
several questions in this study. We first recover and
characterize the primary sequence for Pgm from D. mela-
nogasterand from this investigate overall sequence varia-
tion and the molecular nature of the allozyme variation.
We address whether Pgm is similar to Est-6 in exhibiting
abundant amino acid variation (as predicted from ther-
mostability studies), as well as possessing high levels of
interspecific divergence. Because D. melanogaster and D.
simulans share the same allozyme mobility alleles for
PGM, we will also examine the possibility of a common
mutational origin and long-term persistence of these
allozymes in both species. Finally, we were interested
in determining whether there is evidence for adaptive
protein evolution at the Pgm locus like that seen for
other metabolic enzymes such as Gopd (EANES et al.
1993) and Adh (McDonNALD and KrerTmMAN 1991).

MATERIALS AND METHODS

Isolation of Pgm locus: A third instar larvae cDNA library
made from D. melanogaster was kindly provided by Peter
Gergen (SUNY at Stony Brook). Yeast and human PGM pro-

tein sequences (GenBank accession nos. P33401 and P36871,
respectively) were aligned and four degenerate primers (two
positive, two negative) were constructed from highly con-
served regions of the sequence. Using these primers, a 300-
bp fragment was amplified from the cDNA library via PCR.
This fragment was sequenced with the degenerate primers to
verify the isolation of D. melanogaster Pgm cDNA. Primers spe-
cific to the D. melanogaster sequence were then constructed
from the 300-bp fragment. The cDNA library was then ampli-
fied with vector-specific primers and the cDNA pool was size
selected from a 3% agarose gel to remove other abundant
transcripts of unwanted sizes. The recovered 300-bp Pgm frag-
ment was labeled with biotin-14-dATP using PCR, denatured
at 95° for 5 min, and hybridized to the size-selected single-
stranded cDNA pool at 45° for 8 hr. This DNA-duplex was
then isolated with streptavidin-coated magnetic beads (Dynal,
Inc., Great Neck, NY) at room temperature for 20 min. After
several washes to remove unspecific fragments bound to the
beads, the DNA was eluted from the magnetic beads in 2.5
mM EDTA at 85°, and this template DNA was used directly
for PCR. A specific Pgm positive primer was paired with a
negative cDNA primer to obtain the remaining sequence to
the 3" end. However, due to the reverse transcriptase enzyme
prematurely falling off during transcription, a heterogeneous
fragment pool was amplified when a positive vector-specific
primer was paired with a negative Pgm specific primer. This
PCR fragment pool was cloned and 100 clones were subse-
quently used for PCR templates. The largest cloned insert
from this screen was sequenced and found to be short of the
5" end. A new negative Pgm specific primer was synthesized
from this sequence and combined with the positive cDNA
vector-specific primer to amplify another pool of Pgm tran-
scripts from the template DNA recovered from the magnetic
beads. This “transcript walk” of amplification, cloning, se-
quencing, and primer synthesis was performed several times
until the 5’ end of the coding region was finally discovered.
A new positive Pgm specific primer was then synthesized at
the 5" end to amplify the entire gene from genomic DNA.
Introns were determined when full genomic sequence was
compared to our previously recovered Pgm cDNA sequence.

Origin of wild lines: D. melanogaster isofemale lines were
collected from a Davis Peach Farm, Mt. Sinai, New York, popu-
lation in 1995 (DPF95) and made homozygous for the third
chromosome using the TM3/TM6 balancer. Lines were geno-
typed for allozyme mobility (HjorTH 1970), and based on the
frequency of the three common allozyme mobilities (Medium,
Fast, and Slow) in this population, a constructed random sam-
ple (CRS, HUDSON et al. 1994) of 22 lines was sequenced.
Therefore, parameter estimates (i.e., 0 and ) calculated from
this sample reflect the frequencies of PGM allozyme alleles
in this population. Isofemale lines collected in 1990 from two
populations in Zimbabwe [Havare, Z(H) and Sengwa Wildlife
Preserve, Z(S) ] were kindly provided by C.-I. Wu’s laboratory.
Thirteen of these lines were made homozygous for the third
chromosome and were sequenced for Pgm to compare the
level of variation in Zimbabwe with the North American popu-
lation sample. Using primers specific for the In(3L)P arrange-
ment (WESLEY and EANES 1994), extracted third chromosome
lines were screened for the inversion and Pgm was sequenced
from these: Davis Peach Farm, Mt. Sinai, New York (3 lines;
DPF95), Maryland (1 line; MD90), Spartanburg, South Caro-
lina (1 line; SC96), and Homestead, Florida (5 lines; HFL97).
D. simulans isofemale lines were collected from a Davis Peach
Farm population in 1996 (DPF96), and a survey for the three
PGM allozyme allele frequencies was performed. We se-
quenced a CRS of 13 lines, which reflects the frequencies of
the alloyzme alleles in this population. Lines genotyped as a
Fast or a Slow allozyme mobility were made homozygous at
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the Pgm locus after two generations of mating with a Medium
mobility allele stock. Conversely, lines genotyped with a Me-
dium allozyme mobility were made homozygous at the Pgm
locus after two generations of mating with a Fast mobility allele
stock. Flies were then cut in half, and the abdomen was used
to check allozyme genotype while the thorax served as tissue
for DNA extraction. Nine D. yakuba isofemale lines from a
1999 West African sample (T. F. C. Mackay’s laboratory) were
sequenced and used to partition fixations into the D. melano-
gaster and D. simulans lineages. Finally, a PGM null allele (line
Pgm®®") found in a natural population sample from Great
Britain (LANGLEY et al. 1981; BURKHART el al. 1984) was ob-
tained from the Bloomington Stock Center (B4039) and se-
quenced.

PCR amplification and sequencing: Fragments were ampli-
fied in 10-pl volumes in an Idaho Technologies (Idaho Falls,
ID) Air-Thermo-Cycler by PCR from single-fly CTAB genomic
preps (WINNEPENNINCKX el al. 1993). PCR products are ex-
cised from 2% agarose gels for 50-pl reamplifications using
internal primers. DNA fragments were purified from PCR
reactions [Bio-Rad (Hercules, CA) Prep-A-Gene kit] and dou-
ble-stranded DNA templates were manually sequenced using
the Sequenase kit (United States Biochemical Co., Cleveland)
and [*S]dATP (Amersham, Buckinghamshire, England). Re-
actions were run on acrylamide gels with an electrolyte gradi-
ent and electrophoresed for 3-7 hr. All sequences are stored
under GenBank accession nos. AF290313-AF290370.

RESULTS

Levels of intraspecific polymorphism: The isolation
of the primary Pgm sequence from the D. melanogaster
cDNA library yielded a 1680-bp coding region equal to
560 amino acids in length and shows high similarity to
known PGM protein sequences from many other taxa
(WHITEHOUSE et al. 1998). Upon sequencing genomic
DNA, four exons of 78, 247, 1219, and 136 bp and three
introns of 71, 534, and 66 bp were discovered. There
are 408 silent site equivalents across the 1680-bp coding
region. The CRS of 22 lines (DPF95) is comprised of 3
Slow, 2 Fast, and 17 Medium allozyme alleles and contains
13 silent, 12 replacement, and 17 intron polymor-
phisms. Figure 1 lists a total of 55 variable sites from all
44 lines sequenced for D. melanogaster. The three Slow
allozyme alleles in this data set result from three inde-
pendent amino acid replacements at nucleotide sites
25 (Ala to Thr at amino acid residue 9, or A9T), 1194
(E197K), and 1308 (E235K). Although the latter two
replacements explain the charge changes of the slower
electrophoretic mobilities, the first replacement at nu-
cleotide site 25 (A9T) does not predict a charge change.
Additional sequence data for the Slow allozyme mobility
class reveals that this class is truly heterogeneous; how-
ever, the polymorphism at nucleotide site 25 accounts
for most of the Slow copies in natural populations (our
unpublished data). The two Fast allozyme alleles in the
CRS both possess a pair of tightly linked changes at
nucleotide sites 1324 (R240L) and 1340 (E245D), the
change at nucleotide site 1324 being responsible for
the Fast electrophoretic mobility. The remaining 8 re-
placement polymorphisms in Figure 1 are cryptic amino

acid changes that are not detectable in allozyme screens.
The D. simulanssequences predict that the Medium allele
is the ancestral state. The average numbers of silent
differences within the Medium, Slow, and Fast allele
classes are 1.76, 4.00, and 0.00. On average, Medium and
Fast alleles differ by 2.35 silent sites, Medium and Slow
alleles differ by 2.74 silent sites, and Fast and Slow alleles
differ by 2.67 silent sites.

Sequence variation for the Davis Peach Farm CRS,
the Zimbabwe sample, and the In(3L)P sample are all
summarized in Table 1. The 13 sequences from Zim-
babwe add an additional five silent, four replacement,
and two intron polymorphisms to the North American
sample in Figure 1. A single Slow allozyme allele was
sequenced in this sample (Z26H) and shares the same
change at nucleotide site 25 as that found in the North
American sample (DPF95 94.1). The level of silent poly-
morphism in the Zimbabwe sample is actually lower
than that of the North American sample. This is not a
typical observation seen in comparisons made between
these two geographic regions (BEGUN and AQUADRO
1993; EANES et al. 1996). The Zimbabwe sample segre-
gates several of the North American replacements in
addition to a few unique singletons. The CRS of 22 lines
was screened for the In(3L)P inversion and two lines,
DPF95 13.0 and DPF95 48.2, both bear the inversion.
Eight additional lines containing the inversion are also
listed in Figure 1 and together add only one unique
silent polymorphism. A unique mutation (site 1308)
resulting in a Slow allele (DPF95 13.0) is found on an
inverted chromosome only. A surprising observation,
given the proximity of the breakpoint, is the lack of
divergence between Pgm alleles on standard and in-
verted arrangements. Figure 1 shows the presence of
shared polymorphism between arrangements and indi-
cates some level of exchange. A single gene conversion
event is predicted between the two arrangements at
nucleotide sites 226—-460 (235 bp in length) using DnaSP
(Rozas and Rozas 1999), and exchange of short “gene
tracts” of this nature alone may explain the lack of
divergence between the two arrangements. It seems that
although most of the observed variation is shared among
the three D. melanogaster samples in Figure 1, all three
samples contain private alleles as well. Nucleotide diver-
gence between the Davis Peach Farm CRS and the Zim-
babwe sample is 0.0054 and 0.0015 at silent and replace-
ment sites, respectively. Nucleotide divergence between
the Davis Peach Farm CRS and the In(3L)P sample is
0.0059 and 0.0016 at silent and replacement sites, re-
spectively. Overall, these three samples are not appar-
ently different in silent or replacement variation and
divergence at the Pgm locus. Finally, the Pgm"®* null
allele has a unique replacement polymorphism at nucle-
otide site 931 (G109A) and this change lies in the active
site of PGM (DI et al. 1992; L1u et al. 1997). This glycine
to alanine substitution is not a conservative biochemical
change (ARGOS el al. 1979; CHAKRABARTTY el al. 1991)
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Nucleotide position

11111111111111112 2222 2222222
1 22222223 4455566667889 911333355666788990 1112 2222333
257 90 02226771 6825847781022 359024937124426795 5790 1589224
518 87 00562287 0337404869615 174840421762262385 6854 6997178
Line a aab
SIM GGG GG CCGTTGTC TGGGGGCTAT-TT GGGGGACGCGGGCAGCAG CTCG CGAGCAC
DPF95 3.0 < B - CA. .u.....
DPF95 23.1 G e G R CA. .nnn..
DPF35 84.3 G N CA. «iivn..
DPF95 4.3 ..C.. Ao, T CA. «vinn..
DPF95 29.3 e AT. . it T. .CA. .......
DPF95 36.4 G AT.. nuvrnn.. T CA. voovn..
SC96 5.3% G e F N T. CA. ..vnnn.
DPF95 56.2% G AT. et T... .CA. ....... . T .
DPF95 13.0% G AT. A, Te.. .CA. «vo.... FiGure 1.—List of 55 poly
DPF95 54.0 - A AT . i CA. ....... morphic sites identified across
DPF95 2.1 L.Con AL AT .. e CA. ....... 2354 bp of ngm in 44 lines of
DPF95 73.1 LG B BT i CA. .T. D. melanogaster. Characters a
DPF95 77.4 G A. AT it A...... CA. +vvvn.. . :
DPF95 90.2 e AT.. .evinnn.. AA...... CA. ....... and b designate nucleotide po-
pgm™’ Y o S AT.. C.ovvnnnn. A....... CA. «unn.. sitions responsible for Slowand
DPF95 94.1 A.. .C ...C.. CAALALAT. . e A.. .CA. ...A.. Fast allozyme polymorphisms,
Z(H) 26 a.. ...C.. CBRALALLAT .. e LCA. ....... ) g . 4
DPF95 4.2 . T..C.... ..C..A.A..TC. . TA.A. ..... c. respectively. Nucleotide poly
DPF95 38.3 . T..C.... ..C..A.A..TC. TT. .., T A.A. ..... c. morphisms shown in boldface
Z(8) 49 e L TGl L CLAALLTC. e TAA. ..... CT type are amino acid polymor-
Dppgg ég.i .:. . ggi ..g..i.i. gg ................. 3 :.i. :g phisms. Ttalics refer to poly-
DPF . A, o0 T..ColAr L C AR TC. i JA. .A...C. Lo ) :
Z(H) 23 T Cuiat i Ca it BUUTC. e T A.A. ..... c. morphisms in introns [, IT, and
Z(s) 11 TGt G ALTC. e TAA. ..... c. III, respectively. SIM refers to
Z(S) 48 . T..C.. LCLLLALTC. T .T A.A. ..T..C. D. simulans line DPF96 3.0.
2?;?5456.1 . $ (c: g ....... gcc BAL L g ]1:.1:\. ..... S Line labels followed by an as-
Z(H) 38 CTT.C. o Cai i BLTC T AL ... terisk have the In(3L)P inver-
Z(S) 24 . T..C.. Cot i B TC et T LA ....... sion.
Z(s) 35 . T..C.. Co'vtlBAUuTCh e Tornn.. A
MD90 709.1% G e Ter vinnnn T....A..... T A.A. ..... c.
HFLS7 1.0% O Tev vrnnn. T....A..... T AA. ..... c.
HFL97 13.0% B o Ter i, T....A..... TAA. ..... c.
HFL97 15.0%* B T Ter vrnnnn T....A..... T AA. ..... C.
HFL97 50.0% F Y Tev . T....A..... TAA. ..... C.
DPF95 53.1 S N « B AT.t v G...T A.A. .A...C.
Z(H) 39 .. AL LLCALL L ALTe. oo A..... T AL ...
Z(S) 51 ..C.. Covinn . T CA .
zZ(s) 15 G Tee v T, CA ..
DPF95 2.0 G T e e e
DPF95 48.2% ... .. ... T Covirnnnn. Bt i TA...A .....
HFLO7 93.0% ... .. oeeio... T Cuivrrnnnn Bt T AL ...
DPF95 100.3 v e e TCovun... < T Gueer et
Z(H) 36 AA..T ..C...... L A..... T A, ...,

and may explain the reported loss of PGM activity for
this allele.

The summary statistics for the 13 D. simulans alleles
are presented in Tables 1 and 2. The CRS of 2 Slow, 1
Fast, and 10 Medium alleles are presented in Figure 2.
When compared to D. melanogaster, Table 1 shows almost
asixfold increase in the level of silent site polymorphism
for D. simulans with 64 silent site polymorphisms in
the sample. The level of replacement polymorphism is
lower, which is typical for these two species (MORIYAMA
and PoweLL 1996). Five replacement and 22 intron
polymorphisms are also shown in Figure 2. All 5 of
the replacement polymorphisms result in rare allozyme
alleles, none of which are shared with D. melanogaster.
The two sampled Slow allozyme alleles are the result of
two different replacements at the nucleotide level. Line
DPF96 10.6 has a second replacement polymorphism
at nucleotide site 217 (A49G) in addition to the change
responsible for its Slow mobility at site 205 (E45A). Line

DPF96 17.4 has a change at nucleotide site 1128
(D175N) that results in the second Slow allele. Line
DPF96 36.2 has a second replacement polymorphism at
nucleotide site 1954 (T450I) in addition to the change
responsible for its Fast mobility at nucleotide site 1075
(K157M). Additional Fast alleles were sequenced (our
unpublished data), and all show the same polymor-
phism at nucleotide site 1075. In contrast to D. melano-
gaster, the second intron is highly variable in length
within D. simulansand is omitted from the data in Figure
2. An apparent 2-bp insertion in the third intron in D.
melanogaster and the highly variable second intron in D.
simulans account for the only differences in gene length
for the two species.

Figure 3 shows the neighbor-joining analysis (SATTOU
and NEr 1987) of all 44 sequences of D. melanogaster and
13 sequences of D. simulans. It is based only on silent
and intron polymorphisms within and between both
species, and this illustrates the clustering of silent varia-
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TABLE 1

Summary parameter estimates for D. melanogaster
and D. simulans

Sample n 0, 0, T, v,

D. melanogaster

CRS 22 0.0087  0.0026  0.0052  0.0015
Zimbabwe 13 0.0063  0.0020  0.0051  0.0013
In(3L)P 10 0.0043 0.0011  0.0052  0.0012
D. simulans 13 0.0506 0.0013  0.0483  0.0007

CRS refers to the constructed random sample (see text)
of 22 D. melanogaster sequences from the Davis Peach Farm
population. All estimates are based on 408 silent site equiva-
lents. 6, and m, and 6, and 7, are measures of nucleotide
diversity for silent and replacement sites, respectively.

tion independent of the amino acid polymorphisms.
Although recombination can obscure the true genealog-
ical relationship among allele copies, this analysis is
used simply as an exploratory method to structure the
variation at this locus. However, the analysis using all
polymorphic sites (including amino acid polymor-
phisms) results in the same clustering of alleles indicat-
ing strong disequilibrium across the gene. As previously
pointed out in Figure 1, Figure 3 demonstrates that
there is no evidence of geographic structuring when
the Davis Peach Farm and Zimbabwe populations are
compared in a genealogical framework. In addition, the
In(3L)P sequences do not form one single cluster, but
three small clusters, representing gene conversion
events that have led to some divergence between alleles
on inverted chromosomes and convergence with alleles
on the standard arrangements. Two In(3L)P sequences
branch in a cluster that is ancestral to all other se-
quences, including all other standard alleles, an observa-
tion not uncommon for this inversion (HAssoN and
Eangs 1996). All allozyme alleles are also labeled in
Figure 3. Although several Pgm alleles share electropho-

retic mobilities, both species possess Slowmobility alleles
that are more closely related to Medium and Fast alleles
than they are to other Slow alleles. The difference in
levels of silent polymorphism within each species is re-
flected in the deeper branches in D. simulans compared
to D. melanogaster.

Linkage disequilibrium: There is pervasive linkage
disequilibrium across the entire 2354-bp region of the
Pgm gene in D. melanogaster. This is notable from Figure
4 in the high associations of polymorphisms for the
22 sequences of the Davis Peach Farm CRS. Using 21
polymorphic sites (21 singletons are omitted), 99 out
of 210 pairwise correlations are statistically significant
by a chi-square test (P < 0.05). Figure 4 also shows that
nucleotide sites more than 2 kb apart show some of the
strongest disequilibria (33 of the 210 pairwise correla-
tions are significant at the 0.1% level with a Bonferroni
correction). Because two of the sequences in our Davis
Peach Farm CRS (DPF95 48.2 and DPF95 13.0) are
associated with the In(3L)P inversion, this could inflate
estimates of linkage disequilibrium for the entire data
set. However, because there is no apparent association
between the inversion and Pgm variation, and because
no divergence exists between arrangements, linkage dis-
equilibrium estimates did not change even when these
two alleles were removed from the analysis.

Tests of the polymorphism frequency spectrum: TAJ-
MA (1989) and Fu and L1 (1993) tests were applied to
the data for both species. We tested the Davis Peach
Farm CRS of 22 sequences of D. melanogaster, the 13
Zimbabwe sequences, the 10 In(3L)P sequences, and
the 13 D. simulans sequences, each independently, to
see if either the silent or replacement polymorphism
frequency distributions differed from that expected for
a neutral distribution of variation. All test results are
presented in Table 3. Only the analysis of D. simulans
replacement polymorphism by the Fu and Li test is
significant.

TABLE 2

Intra- and interspecific comparisons for D. melanogaster and D. simulans
for the 1680-bp coding region of Pgm

Silent Replacement Fisher exact test

D. melanogaster and D. simulans

Polymorphic 77 17

Fixed 34 0 P < 0.001
D. melanogaster

Polymorphic 13 12

Fixed 19 0 P < 0.0001
D. simulans

Polymorphic 64 )

Fixed 11 0 P=0.63

Silent site divergence is partitioned into the two lineages by use of D. yakuba data and tested wvs. silent site
polymorphism within each lineage. The total number of fixed differences does not equal the sum of the fixed
differences in the two lineages because several fixations were ambiguous when compared with D. yakuba.
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Nucleotide position

1111111111113111111
11111 122222223333344 000011111122223333

2 889999900024 700112990244800 677812236623480133
7 230456814672 335577392417068 459921803902491747

Line a b a
MEL C AGAGGCGACCCA CGAACTGACTCCTAG CAGCTCGCCGGACATCCC
DPF96 7.0 . ..... Ao oo C..... AGO L c...T.T
DPF96 20.3 . ..... N C..... ALGLL L. cC...T.T
DPF96 18.0 . ..... 2 C..... ALGLL L G...T.T
DPF96 9.4 . ..... 2 AGLL L cC...T.T
DPF96 10.6 ... AR L. ¢ ..Cc.G..CT.. T..AA.A..... TA.TA.C..T
DPF96 36.2 TAG..A...G.G ...T..... cC...C. .TA....... TG..... T
DPF96 13.1 . ..... 2 Al AL TCA.C.TT
DPF96 13.2 AG..Q..% ..... 2. Cg.g.. 2 ....... ggz.g gg FIGURE 2.—List of 92 pobwnorphk
DPFS6 3.0 . ..... LT oLl . G.. AL . : . . .
DPF96 22.2 R A..T... ..... A....T.G.. ..A....... TCA.C.TT sites identified across 18;52 bp of Pgmin
DPF96 17.4 T ... G- T..T..Ac...... A ..A...A.TA.C..... T 13 lines of D. simulans. Characters a and
DPF96 5.1 ABAG..T. .A...A......... ..TTGT.TTA.G.T.... b designate nucleotide positions respon-
DPF96 43.3 A.AARG..T A A C.o.... ..TT. .. TTA.G.T. ... sible for SlowandFastallozyme polymor-
- — phisms, respectively. Nucleotide poly-
Nucleotide position morphisms shown in boldface type are
1111111111111111111121111111122222 2222222222 22 amino acid polymorphisms. Italics refer
3344444555666666667788899999900011 1111111222 23 to polymorphisms in introns I and III,
4611238015014567790836901357936904 6677899001 82 respectively (intron II omitted). MEL re-
Line 3129761876496210940782240740166684 1706656673 57 fers to D. melanogaster line DPF95 2.0.
MEL ATCCCCCGAGCAGCGTATCGCGTCCCCCCAACGC TTAATCGTCC CA
DPF96 7.0 cC..T....... CA....CTA..... Ao ALGALA... Al
DPF96 20.3 Cooniiil CA .CTA..... Ao ALGALA. .. AL
DPF96 18.0 Coonniinn CA....CTA..... Ao A.GA.A A
DPF96 9.4 Cooiiniiil CA CTA. ... AL T .A.GA.A A
DPF96 10.6 C..TTT..G AT...CTA.C........... T ....... C C
DPF96 36.2 cC..T...G...AT.ACCTAT. . TA.T....... ..... T.C
DPF96 13.1 Corei i CTA....... AT...AT ........ G
DPF96 13.2 C..... T...T...... CTA....... A.GG... C.G.......
DPF%96 3.0 C...t T...T...... CT...... A...GG... C.........
DPF96 22.2 C..... T...T...... CTA..... A...GG... C.........
DPF96 17.4 Cer e S
DPF96 5.1 T....C.A....... C.A..C....A...T.T G.o.... T
DPF96 43.3 . T....C.A....T..C.A..C....A T.T Gool T

Interspecific comparisons: Table 2 shows the sum-
mary of polymorphism and divergence for the total cod-
ing region of 1680 bp in D. melanogaster and D. simulans.
Pooled polymorphisms for the two species result in 77
silent and 17 replacement polymorphisms. Comparing
the Davis Peach Farm CRS of 22 sequences of D. melano-
gaster with the 13 sequences of D. simulans, the total
numbers of fixed silent and replacement sites between
the two species are 34 and 0, respectively. Because intra-
specific polymorphism and interspecific divergence are
correlated, a statistical test of independence can deter-
mine if these values deviate from that expected under
neutrality (McDoNALD and KrRerTMAN 1991). The 2 X
2 contingency Fisher’s exact test of the pooled polymor-
phism (77/17) vs. the divergence at silent and replace-
mentsites (34/0) is highly significant (<< 0.001). Using
D. yakuba as an outgroup, the number of fixed differ-
ences along the D. melanogastersimulans lineage can be
partitioned into either species’ lineage, as shown in
Table 2. There is no significant difference in the num-
ber of silent fixations in either lineage. However, when
the number of silent and replacement polymorphisms
in each species is contrasted with the number of fixed
silent and replacement differences by lineage using a

Fisher’s exact test, the D. melanogaster comparison is
highly significant (P < 0.0001), whereas the D. simulans
contrast is not. Compared to the level of divergence at
silent and replacement sites along the D. melanogaster
lineage (19/0), there appears to be a significant devia-
tion in the ratio of silent to replacement polymorphism
(13/12). The level of silent site polymorphism at Pgm
(6 = 0.0087) is typical of other D. melanogaster loci
(Moriyama and PoweLL 1996). Assuming that the si-
lent site variation is neutral, the difference in the ratios
of polymorphism to divergence at replacement and si-
lent sites could indicate unusually high amino acid poly-
morphism or unusually low amino acid divergence. Be-
cause interspecific comparisons often show no replace-
ment site divergence for these species (MORIYAMA and
PowEeLL 1996), this suggests that the observation of high
replacement polymorphism at the Pgm locus in D. mela-
nogaster is unusual.

DISCUSSION

Excess of amino acid polymorphism: The principal
observation of this study is the large number of amino
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acid polymorphisms segregating in both species. The
significance of this observation is supported by the Mc-
Donald-Kreitman test using the pooled data for both
species. The overall level of silent divergence (8%) is
typical of these two species (MORIYAMA and POWELL
1996) and therefore cannot explain the significant devi-
ation in the McDonald-Kreitman test. By using D. yakuba
as an outgroup, fixations along the D. melanogaster-sim-
ulans lineage can be partitioned into each species’ lin-
eage and compared to levels of silent and replacement
polymorphism. Although the ratio of silent to replace-
ment polymorphisms is near parity within the D. melano-
gaster lineage (13/12), the ratio for fixations at silent
and replacement sites is dramatically different (19/0).

' DPF96 3.0
DPF96 22.2

1743

DPF952.0 FIGURE 3.—Neighbor-join-
Z(S) 51 ing tree based on silent substi-
Z(SZ)(:i??’Q tutions among and between
HFL97 1.0 * the 44 D. melanogaster and 13
HFL97 13.0 % D. simulans Pgm sequences. S;, S,,

| HFL97 15.0 % and S; designate Slow alloyzme
HFL97 50.0* alleles due to three unique mu-
MDDF’QIEQZSOSS;: tations at the nucleotide level

in D. melanogaster. S;and Ss des-
ignate Slowallozyme alleles due

2(S) 35 to two unique mutations at the
Z(H) 44 nucleotide level in D. simulans.
DPF95 56.1 } 83 I, and F, designate Fast allo-

%gg)) 12;3’ zyme alleles due to two unique
Z(S) 48 mutations at the nucleotide
DPF95 85.1 level in D. melanogaster and D.

DPF95 44.3 simulans, respectively. Asterisks

designate sequences with the
In(3L)P inversion. Scale indi-
cates one difference.

Because the contrast of silent and replacement polymor-
phism (64/5) to silent and replacement divergence
(11/0) in the D. simulans lineage is not statistically sig-
nificant, the result from the pooled data from both
species (P<<0.001) appears largely due to the significant
excess of replacement polymorphism in the D. melano-
gaster lineage (P < 0.0001).

The relative difference between levels of polymor-
phism and divergence at the Pgm locus is atypical of
other genes in D. melanogaster. Figure 5 plots the rela-
tionship of replacement polymorphism (characterized
as 0,) to divergence at replacement sites (d,) for 17
genes. Sequence data for genes that exhibit protein
polymorphism were taken from GenBank (see Figure 5
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for references for original data). WATTERSON’s 6, (1975)
was calculated using the effective number of replace-
ment sites, and divergence was calculated as the total
number of fixed differences between species (compared
with D. simulans) divided by the effective number of
replacement sites. Overall there is a strong positive cor-
relation (»* = 0.587; P < 0.001), and loci that show
high levels of amino acid polymorphism also display
high levels of amino acid divergence. An extreme ex-
ample is Est-6, where a high level of amino acid polymor-
phism is paralleled by extensive amino acid divergence
(CookE and OAKRESHOTT 1989; KAROTAM et al. 1995).
This correlation is expected under the neutral theory

2500

because polymorphism is simply an intermediate stage
in divergence between species. When the McDonald-
Kreitman test is performed on each of the 17 genes for
D. melanogaster, only 2 reject the neutral expectation.
These outliers, Pgm and G6pd, both show highly signifi-
cant departures, but in opposite directions. In addition,
the exclusion of these two outliers from the plot in
Figure 5 results in an even stronger correlation (r? =
0.750; P<0.0001). G6pd possesses two protein polymor-
phisms, but displays a very high number of fixed replace-
ments (EANES et al. 1993). This pattern is consistent
with adaptive protein evolution where amino acid re-
placements are favored, fix rapidly, and are generally
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TABLE 3
Neutrality tests for D. melanogaster and D. simulans intraspecific
polymorphism
Tajima’s D Fu and Li’s D
Sample n  Silent Rep Silent Rep
D. melanogaster
CRS 22 —145 —147 —-157 -1.32
Zimbabwe 13 -0.69 —-139 -112 —141
In(3L)P 10 0.80 0.32 0.60 0.38
D. simulans 13 —-0.13 —1.59 0.16  —2.74%*

CRS refers to the constructed random sample of 22 D.
melanogaster sequences from the Davis Peach Farm population.
Tajima’s D and Fu and Li’s D are shown for tests of the silent
and replacement polymorphism frequency spectrums for all
four samples. **P < 0.01.

unseen as polymorphisms. A significant and dispropor-
tionate number of these fixed differences have accumu-
lated in the D. simulans lineage, and this is consistent
with a larger effective population size and increased
efficacy at fixing adaptive protein polymorphism (EANES
et al. 1996). By showing no amino acid fixations, yet
a significant excess of amino acid polymorphism, the
pattern for Pgm is unique among D. melanogaster loci.

Excessive intraspecific amino acid variation has been
reported in several studies involving mtDNA (BALLARD
and KrREITMAN 1994; NACHMAN et al. 1996; RAND and
KANN 1996) and three explanations have been proposed
for this excess: (1) Replacement mutations are typically
slightly deleterious and as a consequence contribute
disproportionately to polymorphism and divergence
(Kimura 1983; OnTA 1992). (2) There has been a re-
cent period of relaxed constraint that would affect im-
mediate within-species amino acid variation, but not
long-term substitution rates (KENNEDY and NACHMAN
1998). (8) Positive selection maintains amino acid poly-
morphism by fluctuating over time and space, and these
fluctuations either retard or do not impact fixation
probabilities (GILLESPIE 1991, 1994).

There is increasing evidence that the classical neutral
model (KiMURrA 1983) is inadequate to explain certain
patterns in DNA evolution (KrEITmMAN 1996; OHTA
1996). A more realistic relaxed model assumes a spec-
trum of selection where many segregating mutations
possess selection coefficients near the reciprocal of the
effective population size. As population size decreases,
selection becomes increasingly less effective at count-
ering drift and at the limit behaves as in the classical
neutral model. This slightly deleterious or nearly neu-
tral model is difficult to test explicitly because it involves
an unknown spectrum of selection coefficients for
classes with unknown mutation rates. It can be shown
that as selection intensity or population size changes,
fixation rates are more responsive than polymorphism
levels (Kimura 1983). Nevertheless, under both models
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FiGUure 5.—Relationship between amino acid polymor-
phism (8,) and amino acid divergence (d,) for 17 D. melanogas-
ter loci. Plotted loci are the following: (1) Pgm, this study; (2)
Sod, HUDSON et al. (1994); (3) Tpi, HASSON et al. (1998); (4)
Pgi, Joun H. McDONALD, personal communication; (5) per,
KrmvaN and Hey (1993a); (6) boss, Ayara and HARTL (1993);
(7) Adh, McDoNALD and KrRerTMAN (1991); (8) Gld, HAMBLIN
and AQUADRO (1997); (9) runt, LABATE et al. (1999); (10) Pgd,
BeGUN and AQuaDRrRO (1994); (11) Amy-p and (12) Amy-d,
INoMATA et al. (1995); (13) Est6, CoOOKE and OAKESHOTT
(1989); KAROTAM et al. (1995); (14) ase, HILTON et al. (1995);
(15) Gé6pd, EaNEs et al. (1993); (16) Mst26Aa and (17)
Mst26Ab, AGUADE et al. (1992). Boxed loci, Pgm (1) and G6pd
(15), show significant deviations from neutrality by McDonald-
Kreitman tests (both P < 0.001).

a positive correlation is still expected between levels of
polymorphism and divergence. The relationship will be
complex in contrasts between silent and replacement
sites, because silent and replacement substitutions will
have different frequency distributions under selection
(ArasHI 1999). Therefore, the classical neutral model
may be more applicable to silent site variation, while
replacementvariation may follow a nearly neutral model
where most variation is slightly deleterious. The devia-
tions generated by this mixed model cannot explain
apparent deficiencies of amino acid polymorphisms (or
excess fixations) as seen for G6pd and Adh (McDONALD
and KrRerTMAN 1991; EANES et al. 1993). However, excess
replacement polymorphisms, as seen in mtDNA genes
(BALLARD and KREITMAN 1994; RAND et al. 1994; NIEL-
SEN and WEINREICH 1999) and Pgm (this study), may
be consistent with a nearly neutral interpretation. In
the case of mtDNA, this cannot be further addressed
due to the lack of suitable comparisons (independent
genes with the same N.), but for Pgm, contrasts with
other nuclear genes are informative. If a nearly neutral
model serves as a global explanation for amino acid
variation and Pgm is typical, then one must reconcile
why 10 of the genes with lower amino acid polymor-
phism than Pgm in Figure 5 all possess higher levels of
amino acid divergence. On the other hand, the 5 genes
with comparable levels of amino acid polymorphism to
Pgm show very high levels of amino acid divergence.
The bottom line is that Pgm appears to possess too much
amino acid polymorphism.
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The general observation of lower levels of amino acid
polymorphism in D. simulans is extended to Pgm (MORI-
vAaMa and POwEeLL 1996). Although there are five amino
acid polymorphisms in our sample, they are found only
with the allozyme alleles and likely segregate as low
frequency polymorphisms in larger samples (additional
copies of the allozyme alleles show these amino acid
polymorphisms are rare, but not singletons). Like the
amino acid polymorphisms, many silent polymorphisms
at Pgm segregate as singletons on rare haplotypes. This
odd DNA haplotype structure in D. simulans is possibly
explained by historical population structure and subse-
quent admixture (BALLARD and KREITMAN 1994; Has-
SON et al. 1998; HAMBLIN and VEUILLE 1999). The differ-
ence in levels of polymorphism between D. simulans and
D. melanogaster has been explained by a reduced effec-
tive population size in D. melanogaster resulting in higher
levels of replacement polymorphism (if the majority of
this class are slightly deleterious mutations), but lower
levels of synonymous site variation, as seen here. This
is further supported by the observation of increased
levels of amino acid fixation in many genes in the D.
melanogaster lineage (ArasH1 1995, 1996; EANES et al.
1996). Increased levels of amino acid fixation would be
indicative of a long-term reduction in population size,
but one must then explain for Pgm the absence of amino
acid fixation in the face of the abundance of amino
acid polymorphism.

Other features of the polymorphism at the Pgm locus
are inconsistent with a recent decrease in population
size and a release of deleterious mutation into the pool
of amino acid polymorphisms. Recent contractions in
population size with subsequent expansion result in the
distortion of the frequency spectrum tending toward
mutations at low frequencies, and in the case of mtDNA
variation there are typically excesses of replacement
polymorphism in the singleton class (NACHMAN et al.
1994, 1996; RAND and KANN 1996; HASEGAWA et al. 1998;
NIeLSEN and WEINREICH 1999), consistent with a slightly
deleterious model. However, many of the Pgm amino
acid replacements in the D. melanogaster lineage are
found at substantial frequencies (only 6 of the 12 are
singletons), and both the Tajima test and the Fu and
Li test find no significant skew in either the frequency
distribution of amino acid variation or silent site varia-
tion. Because metabolic enzymes exhibit some of the
highest codon bias for D. melanogaster genes (KLIMAN
and HEy 1993b), we were also interested in examining
silent site fixations between D. melanogaster and D. sim-
ulans for any significant lineage-specific divergence
(ArasHI 1995; EANES et al. 1996). A significant excess
of fixed unpreferred codons would predict historically
relaxed functional constraint at the Pgm locus. We find
no significant difference in silent site fixation between
lineages, nor is there evidence for the fixation of pre-
ferred or unpreferred codons at Pgm in either lineage
when D. yakuba is used as an outgroup. Because codon

bias for Pgmis only slightly above average [codon adapta-
tion index (CAI) = 0.51, relatively low for a metabolic
gene], we might not expect a significant trend for the
fixation of preferred or unpreferred codons. Weak puri-
fying selection acting on amino acid polymorphisms
will not affect the polymorphism frequency spectrum
of linked silent site variation (AKASHI 1999; PRZEWORSKI
et al. 1999). Therefore, while an analysis of polymor-
phism frequency distributions for preferred and unpre-
ferred codons is informative for demographic infer-
ences, it cannot explain the excess of amino acid
polymorphism.

A recent decrease in population size should also be
reflected in other genes since all are demographically
influenced in the same fashion. However, there is no
trend toward an excess of singletons for other D. melano-
gaster genes (AKASHI 1995; Morivama and POWELL
1996). Thus, a period of relaxed functional constraint
for PGM would have to demonstrate that this period
has been fairly recent, given the absence of amino acid
fixation at this locus. Given the recent colonization of
North America by D. melanogaster (DAvVID and CApY
1988), the pattern of variation at Pgm may be an artifact
of a founding population that has undergone a bottle-
neck. The Zimbabwe population represents an addi-
tional population for comparison to patterns of varia-
tion in the North American sample. Compared to
cosmopolitan populations, estimates of nucleotide vari-
ation for other genes from Zimbabwe tend to show
elevated levels of silent polymorphism, which is consis-
tent with a much larger historical ancestral population
size in Africa (BEGUN and AQUADRO 1993; EANES et al.
1996). Both Figure 1 and Figure 3 show that these two
populations share the same genealogy at this locus.
There is neither evidence for geographic clustering due
to fixed differences nor an absence of shared polymor-
phism between population samples. If the analysis of
polymorphism at Pgmis indicative of a decrease in popu-
lation size for recently colonized areas, then we might
expect lowered levels of variation in our North Ameri-
can sample. However, silent site variation is comparable
in the two samples for Pgm, and the Zimbabwe popula-
tion exhibits the same high level of amino acid polymor-
phism (Table 1). Although both samples harbor some
private alleles for both silent and replacement polymor-
phism, the level of nucleotide diversity between samples
is almost identical to the level of variation within sam-
ples. While this is generally unusual for comparisons
between Zimbabwe and non-Zimbabwe populations
(BEGUN and AQUADRO 1993), these patterns of variation
are typical of a few D. melanogasterloci (Acp26Aa, TSAUR
et al. 1998; cecropin, CLARK and WaNG 1997). This dis-
crepancy suggests selection had historically determined
variation at several, but not all, loci in ancestral African
populations before D. melanogaster colonized cosmopoli-
tan regions (BEGUN ef al. 1999). Finally, there is no
excess of singletons for either class of mutations in the



Adaptive Evolution of Drosophila Pgm 1747

North American or the Zimbabwe sample, as would
be expected if amino acid polymorphism had recently
accumulated at this locus or if there had been a recent
bottleneck of silent site variation.

A selection model that manages to maintain amino
acid polymorphisms within D. melanogaster while limit-
ing amino acid fixation is required to explain the pat-
tern of replacement mutation at the Pgm locus. Balanc-
ing selection predicts the persistence of lineages in the
population longer than expected under genetic drift,
and associated lineages should have elevated levels of
between-lineage variation because of hitchhiking near
the selected polymorphisms (KAPLAN et al. 1988; KrREIT-
MAN and HubpsoN 1991). At Pgm, there is no evidence
of an excess of silent variation associated with the amino
acid polymorphisms. The textbook case for balancing
selection has become the study of Adhin D. melanogaster
(KrErT™MAN 1983; KREITMAN and HupsoN 1991), where
a peak of excess silent polymorphism is found around
the I/ S polymorphism. This pattern of variation is novel
and may be the exception rather than the rule for D.
melanogaster loci, even where there is good ancillary evi-
dence for natural selection (KREITMAN and AKASHI
1995; McDoNALD 1998). In addition, evidence suggests
that this excess of silent site variation arose prior to the
Fast allele, and the peak of polymorphism around the
F/ S polymorphism is purely coincidental (BEGUN et al.
1999). The difficulty of using silent polymorphism in
detecting a pattern of balancing selection for Pgm is
further complicated by the many amino acid polymor-
phisms. Because itis also unnecessary to invoke selection
to explain all amino acid variation at the Pgm locus
(some variation may have no adaptive value), it can be
difficult to separate neutral background noise from the
selected signal. There are also other reasons why an
excess of silent site polymorphism may not always ac-
company a balanced polymorphism. If the local recom-
bination rate is sufficiently high or the selected site is
relatively recent, the signature of balancing selection
will not be reflected in the genealogical structure of
linked neutral variation (HuDSON et al. 1994; NAVARRO
et al. 2000). Balancing selection may also be difficult to
detect if much adaptive polymorphism is short lived. In
this case, the accumulation of neutral variation will be
negligible and an excess of silent polymorphism will not
be observed. Instead, adaptive polymorphisms that are
short lived and relatively recent may cause linked neu-
tral variation to be skewed toward an excess of rare
alleles (GILLESPIE 1994, 1997).

Models with fluctuating selection might best explain
the excess of amino acid polymorphisms seen at the
Pgm locus in D. melanogaster. The long-term turnover of
amino acid polymorphisms may be the result of selec-
tion operating in response to fluctuating and ephemeral
environments. Because adaptive episodes or environ-
ments may be short lived, amino acid polymorphisms
may be driven to intermediate frequencies by positive

selection, but fail to reach fixation as they are replaced
by a continuous traffic of amino acid polymorphism.
This incomplete fixation process generates overlapping
hitchhiking events, where silent variation linked to
adaptive amino acid polymorphism is reduced. WAYNE
et al. (1996) explain an excess of amino acid polymor-
phism at the ref(2)Plocus in D. melanogaster as an adap-
tive response for resistance to the rapidly evolving sigma
virus. However, the level of overall amino acid fixation
for this locus is also relatively high. The fact that amino
acid fixation is rare for Pgm suggests that periods of
environmental fluctuation are very short relative to the
strength of positive selection acting on amino acid poly-
morphism.

These episodes may be difficult to detect in DNA
sequences because, while hitchhiking under fluctuating
selection may decrease heterozygosity, the resulting fre-
quency distributions may not deviate from neutrality
(GILLESPIE 1994, 1997; BRAVERMAN et al. 1995). Al-
though the Tajima and the Fu and Li tests were not
significant for the overall gene analysis, the trend of
negative D values suggests an excess of rare alleles at
Pgm. While these statistical tests lack the power to detect
the effect of purifying selection on linked neutral varia-
tion (GOLDING 1997; NEUHAUSER and KrRONE 1997;
PRZEWORSKI et al. 1999), they can detect distortions in
genealogical structure resulting from recent and recur-
rent selective sweeps (BRAVERMAN et al. 1995). We were
interested in whether there possibly is an underlying
structure to the sequence variation that can explain the
apparent excess of rare alleles (DEpAULIS et al. 1999).
A subset of Pgm alleles with significantly fewer silent
polymorphisms than expected under neutrality would
be indicative of a mutation recently favored by direc-
tional selection. Because amino acid mutations have
functional implications, we were especially interested in
accessing the potential of specific amino acid polymor-
phisms to distort the genealogical structure in our sam-
ple. From the polymorphism data in Figure 1 and the
genealogy structure implied in Figure 3, there are two
lineages of Pgm sequences in the North American CRS
that are defined by the amino acid polymorphism at
nucleotide site 2055 (V484L). While our sample con-
tains many amino acid polymorphisms, we were specifi-
cally interested in the site 2055 polymorphism because
itis the only amino acid polymorphism that is intermedi-
ate in frequency and also lies at the base of the gene
tree. For this analysis, lineage A is defined by a G at
nucleotide site 2055 and lineage B is defined by a 7.
Both the Tajima test and the Fu and Li test were used
to test the frequency distributions of both silent and
replacement polymorphisms independently for these
two lineages to detect deviations from that expected
under a strictly neutral model (Table 4). Neither test
found any deviations from neutrality for lineage B, while
both tests found the frequency distributions of both
silent and replacement polymorphisms significantly de-
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TABLE 4

Summary parameter estimates and neutrality tests for the site 2055 lineages

Sample n 0 ™ Tajima’s D Fu and Li’s D
Lineage A (silent) 14 0.0031 0.0014 —1.80* —2.61%*
Lineage A (rep) 14 0.0015 0.0007 —1.90%* —2.25%
Lineage B (silent) 7 0.0090 0.0077 -0.77 —0.15
Lineage B (rep) 7 0.0016 0.0017 0.29 0.76

Lineage A and B refer to the two alleles designated by the amino acid polymorphism at nucleotide site 2055
(see pIscussIoN). Tajima’s D and Fu and Li’s D are shown for tests of the silent and replacement polymorphism
frequency distributions for all four samples. *P < 0.05, **P < 0.01.

viated from neutrality for lineage A. Not only is less
variation associated with lineage A, but also low fre-
quency variants are found in significant excess for this
lineage. It is unclear whether selection is acting upon
the amino acid polymorphism at this defining site, or
a site within or linked with this haplotype. However, it
is clear that this specific Pgm amino acid haplotype may
have recently increased in frequency. A fundamental
feature of the coalescence process is that allele age,
frequency, and intra-allele variability are correlated
(SLATKIN and RANNALA 1997; WiurF and DONNELLY
1999). It should be emphasized that the pattern of varia-
tion associated with this Pgm amino acid haplotype is
not the case of a new mutation, since the A lineage
bears the ancestral state at nucleotide site 2055. An
analysis of this variation along a latitudinal cline shows
this haplotype markedly increasing in temperate cli-
mates (B. C. VERRELLI and W. F. EANES, unpublished
data). This pattern of variation is consistent with a model
of fluctuating selection where a certain amino acid hap-
lotype may increase in frequency and accumulate little
variation over a short period of time, but is limited from
reaching fixation.

Association with the In(3L)Pinversion: Inversion poly-
morphisms are a pervasive feature of Drosophila ge-
nomes and their role in structuring genic variation by
suppressing recombination is an enduring question. In
this regard the Pgmlocus occupies a potentially interest-
ing chromosomal position. We had initially mapped the
cytological position of Pgm by in situ hybridization to
third chromosome bands 72D1-5, which are immedi-
ately inside the proximal breakpoint (73E3) of the
In(3L)P inversion. With the completion of the entire
Drosophila genome sequence, the exact location of Pgm
is determined to be ~180 kb inside the proximal inver-
sion breakpoint. Despite this close proximity and the
apparent old age of the In(3L)Pinversion (WESLEY and
Eanes 1994), there are no fixed differences between
Pgm alleles on different arrangements, and there are
also shared polymorphisms indicating genetic ex-
change. Recombination is expected to be rare near in-
version breakpoints because of difficulty in homologous
pairing in inversion heterozygotes (KrRiMBAs and Pow-
ELL 1993), and this restriction has apparently facilitated

fixations between the standard and the In(3L)P ar-
rangements in the immediate vicinity of the breakpoints
(WesLEY and EANEs 1994; HassoN and EaNgs 1996).
Gene conversion is the likely mechanism for genetic
exchange near inversion breakpoints, and it can explain
the exchange of at least two small tracts of Pgmsequence
between standard and inverted arrangements, and the
three In(3L)P sequence clusters that are distributed
among the standard arrangements in Figures 1 and 3.
Apparent gene conversion has been reported for mp49
on standard and inverted arrangements in D. subobscura
(Rozas and AGUADE 1994; Rozas et al. 1999). This evi-
dence of exchange, combined with the fact that the
same PGM allozyme allele arises from different amino
acid changes, explains the lack of association between
PGM allozyme variation and this inversion in earlier
studies (LANGLEY et al. 1974, 1977).

Although gene conversion has contributed to ex-
change between arrangements, it is possible to infer
the ancestral Pgm sequence initially captured by the
inversion event. Two Pgm sequences found on inverted
chromosomes DPF95 48.2 and HFL97 93 appear ances-
tral to all standard sequences in the genealogy in Figure
3. This is in accord with HassoN and EANEs (1996),
who showed that alleles on the In(3L)P chromosomes
coalesce earlier in time than all alleles on the standard
chromosomes. This basal relationship may be expected
if this inversion is under balancing selection (METTLER
et al. 1977, KN1BB et al. 1981). Pgm alleles on In(3L)P
chromosomes do not show elevated levels of polymor-
phism nor are there any fixed differences between ar-
rangements; however, gene conversion at the Pgm locus
will erode any effect of balancing selection. Although
there is evidence of exchange between arrangements,
Pgmalleles on inverted chromosomes that cluster ances-
tral to all other alleles may represent the allele first
captured by the inversion.

The pattern of linkage disequilibrium: The linkage
disequilibrium analysis of the entire 2354-bp region of
Pgm shows that many sites are strongly correlated. This
chromosomal region is predicted to have moderate
rates of recombination (see HunsoN and KApPLAN 1995).
Using the estimate of the recombination parameter C =
4Nc¢ from Hupson (1987), which is based on the vari-



Adaptive Evolution of Drosophila Pgm 1749

ance in the number of pairwise differences, we obtain
a locus-specific value of C = 11.20. Dividing this value
by our locus-specific estimate of 0, the effective number
of recombination events per mutation event (¢/p) is
estimated to be 1.37. The estimates for a few D. melano-
gasterloci, Mlcl (13.4; LEICHT et al. 1995) and Tpi (8.89;
HassoN et al. 1998), result in larger values, while G6pd
(1.7; EANES et al. 1996), Adh (1.6; Hubpson 1987), and
Sod (0.80; HUDSON et al. 1994) are comparable to Pgm.
There is also direct evidence of recombination in our
sample from inspection of Figures 1 and 3, and using
the criteria of HunpsoN and KapraN (1985) at least five
recombination events are detected in the Davis Peach
Farm CRS. The absence of amino acid fixation, yet a
normal level of silent site divergence at Pgm, implies
that despite ubiquitous linkage disequilibrium across
the Pgm locus, recombination has been sufficient that
amino acid polymorphism has been historically uncou-
pled from silent site polymorphism.

It is likely that much of this disequilibrium has a
recent mutational origin; an immediate association
arises between a new mutation and sites on the allele
that the new mutation first appears. As new mutations
persist as low frequency variants, only after sufficient
time will these initial associations between sites be re-
duced by recombination. Our sample shows evidence
of recombination, but these involve intermediate fre-
quency mutations. Much of the disequilibrium appears
due to a single amino acid haplotype (as defined by a
G at nucleotide site 2055) at high frequency with a
significant excess of low frequency variants. Although
the entire sample shows a trend toward rare mutations
and association between sites, the strong disequilibrium
associated with this amino acid haplotype is likely the
result of recent directional selection.

Within-species allozyme heterogeneity: This study
clearly shows that the PGM allozyme mobility classes can
be heterogeneous mixtures of amino acid replacements,
where amino acid replacements often converge on the
same electrophoretic mobility. This within-allozyme het-
erogeneity had been predicted from thermostability
studies on PGM (TRippPA et al. 1976, 1978) and may
explain the failure to detect functional differences in
kinetic studies (Fucci et al. 1979; CARFAGNA et al. 1980),
the absence of linkage disequilibrium between allozyme
mobility classes and the In(3L)P inversion (LANGLEY et
al. 1974, 1977), and the reported absence of latitudinal
clines for PGM allozyme alleles (OAKESHOTT et al. 1981).
The observation of three allozyme mobility alleles
shared between D. melanogaster and D. simulans war-
ranted study. The Medium allozyme allele in D. simulans
is identical in amino acid sequence to one of the D.
melanogaster Medium allozyme alleles, so both species still
share a common ancestral amino acid sequence from
which numerous alleles emerge. However, the other
Medium alleles and derived Fast and Slow mobility classes
have different mutational origins in the two species.

Katz and HaRrrIsoN (1997) found that although two
distantly related cricket species in the genus Gryllus
shared six allozyme mobility alleles for phosphoglucose
isomerase, there were also no shared amino acid poly-
morphisms between the two species. Both studies em-
phasize how tenuous studies of enzyme variation and
function can be when based solely on electrophoretic
studies, especially in highly polymorphic allozyme loci.

Although D. yakuba does not share the same allozyme
mobility alleles with D. melanogaster and D. simulans, it
exhibits the same high level of allozyme variability.
Three allozyme mobility alleles, two of which are high
in frequency, were found in a screen of only 30 isofemale
lines from the West African population sample. Our
sample of D. yakuba Pgm sequences segregates four re-
placement polymorphisms (which are all responsible
for electrophoretic differences), and like D. melanogaster
and D. simulans, different amino acid replacements re-
sult in the same allozyme mobility alleles (our unpub-
lished data). A preliminary analysis of this sample also
shows a normal level of silent site divergence between
the D. melanogaster-simulans lineage and the D. yakuba
lineage at Pgm, yet alow number of amino acid fixations.

Adaptive protein evolution in the glycolytic pathway:
D. melanogaster has been an important model for study-
ing selection on enzyme polymorphisms dating back to
the earliest of allozyme studies. While there is evidence
for selection on some metabolic enzymes, it is of funda-
mental importance to understand why specific enzy-
matic points in the pathway possess protein polymor-
phisms and rapid evolution, while others do not.
Because of their position and intrinsic ability to allocate
substrate into competing minor pathways (LAPORTE et
al. 1984; KriGHTLEY and Kacser 1987; KEIGHTLEY
1989), molecular variation in branch point enzymes may
be subject to adaptive evolution. The location of PGM
at a branch point at the head of the metabolic pathway
and its high allozyme polymorphism implicated adap-
tive protein evolution. Like G6pd (another branch point
enzyme competing for the same substrate), Pgm shows
significant patterns of adaptive replacement polymor-
phism, but unlike Adh (KREITMAN 1983; KREITMAN and
HupbsonN 1991) and possibly G6pd (McDoNaLD 1998),
Pgm does not exhibit the patterns of silent site variation
expected of long-term balancing selection. It is possible
that selection maintains diversifying variation in the
competing storage of glycogen or that amino acid poly-
morphisms at Pgm arise from structure-function trade-
offs between enzyme activity and stability (see EANES
1999). The absence of any geographic variation for PGM
allozymes was an unusual observation for a metabolic
enzyme in D. melanogaster (OAKESHOTT et al. 1981); how-
ever, we find that amino acid haplotypes at the Pgmlocus
in D. melanogaster show strong and significant clines with
latitude (B. C. VERRELLI and W. F. EANES, unpublished
data). This adds compelling evidence for the selective
maintenance of amino acid polymorphism at this locus.
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