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ABSTRACT

Nucleotide sequences of eight Est-5A and Est-5C genes corresponding to previously sequenced Est-5B
genes in Drosophila pseudoobscura were determined to compare patterns of polymorphism and divergence
among members of this small gene family. The three esterase genes were also sequenced from D. persimilis
and D. miranda for interspecific comparisons. The data provide evidence that gene conversion between
loci contributes to polymorphism and to the homogenization of the Est-5 genes. For Est-5B, which encodes
one of the most highly polymorphic proteins in Drosophila, 12% of the segregating amino acid variants ap-
pear to have been introduced via gene conversion from other members of the gene family. Interlocus gene
conversion can also explain high sequence similarity, especially at synonymous sites, between Est-5B and
Est-5A. Tests of neutrality using interspecific comparisons show that levels of polymorphism conform to
neutral expectations at each Est-5 locus. However, McDonald-Kreitman tests based on intraspecific gene
comparisons indicate that positive selection on amino acids has accompanied Est-5 gene duplication and

divergence in D. pseudoobscura.

HE X-linked Esterase-5 locus in Drosophila pseudo-

obscura is one of the most polymorphic allozyme
loci in Drosophila (Lewontin and Hubby 1966;
Coyne et al. 1978; Keith 1983). As such, there has been
considerable interest in addressing the adaptive signifi-
cance of Est-5 variation, especially in reference to the
high frequency allozyme variants (Yamazaki 1971;
Arnason 1982, 1991; Keith 1983). However, studies of
allozyme variants are not likely to be appropriate for
Est-5, because members of a single protein electro-
phoretic class may be heterogeneous in amino acid
composition and thus an assemblage of “true” alleles
(Veuille and King 1995).

A molecular characterization of the Est-5 gene re-
gion revealed three closely linked genes called Est-5C,
Est-5B, and Est-5A (arranged 5’ to 3'; Brady et al. 1990).
An analysis of gene expression showed that Est-5A is
transcribed in the third instar larvae, Est-5B is ex-
pressed in adults of both sexes and is the structural lo-
cus for the major adult ESTS5 protein (hereafter called
EST5B), and Est-5C expression was not detected
(Brady et al. 1990). Brady and Richmond (1990) pro-
posed an evolutionary history of the Est-5 gene duplica-
tions in D. pseudoobscura, with reference to Est-6 and Est-
P in Drosophila melanogaster, based on comparisons of
nucleotide sequences, patterns of gene expression, and
properties of the enzymes. They propose that the first
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gene duplication predated the divergence of D. pseu-
doobscura and D. melanogaster, and gave rise to the Est-
5A-Est-P lineage and to the Est-5B/C-Est-6 lineage. A
second duplication in the D. pseudoobscura lineage gave
rise to Est-5B and Est-5C. Based on this scenario, there is
a lower than expected level of sequence divergence be-
tween Est-5A and Est-5B (17.5% nucleotide and 18.6%
amino acid differences), compared with the ortholo-
gous Est-P and Est-6 loci (32.7% nucleotide and 35.8%
amino acid differences), which is attributed to gene
conversion (or reciprocal recombination) between Est-
5A and Est-5B (Brady and Richmond 1990).

Many studies have now shown that members of mul-
tigene families do not evolve independently, and vari-
ous mechanisms of homogenization, including un-
equal crossing over and gene conversion, have been
proposed to explain the concerted evolution of the
gene family members (Arnheim 1983). Although gene
conversion is considered to be a homogenizing mecha-
nism, there is evidence that gene conversion can also
generate variability among members of multigene fami-
lies (Xiong et al. 1988; Kuhner et al. 1991; Wines et al.
1991; Ohta 1992, 1995).

Although the evolutionary history of the Est-5/6
gene family shows evidence of gene conversion (and/
or reciprocal recombination) and concerted evolution,
it is unclear if interlocus gene conversion generates
genetic variability in the gene family members, and es-
pecially if this mechanism generates Est-5B sequence
variation and amino acid polymorphism in D. pseudo-
obscura. Previous work indicates that sequence variation
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among members of different EST5B protein electro-
phoretic classes does not deviate from neutral expecta-
tions, suggesting that the considerable amino acid poly-
morphism is selectively neutral (Veuille and King
1995). Thus, an analysis of sequence variation includ-
ing Est-5A and Est-5C is likely to provide a more com-
plete picture of the evolutionary forces and molecular
mechanisms influencing polymorphism and diver-
gence at Est-5B.

In this study, eight Est-5A and Est-5C alleles corre-
sponding to previously sequenced Est-5B alleles were se-
guenced in D. pseudoobscura, and the three genes were
sequenced in Drosophila persimilis and Drosophila mir-
anda for interspecific comparisons. The goals of this
study were to describe patterns of polymorphism and
divergence in this gene family and to examine if gene
conversion contributes to sequence variation, espe-
cially to the highly polymorphic Est-5B locus in D. pseu-
doobscura. The data also allow examination of amino
acid divergence, which may accompany functional di-
vergence of the duplicated genes. The interspecific
comparisons allow tests of neutrality and examination
of putative gene conversion tracts within a phyloge-
netic context.

MATERIALS AND METHODS

Sampling: D. pseudoobscura isofemale lines were established
by Keith (1983) from collections made in 1979 in the James
Reserve in the San Jacinto Mountains in southern California
and near the Gundlach-Bundschu Winery in the Sonoma Val-
ley of northern California, and they were maintained since
then in the laboratory. Nucleotide sequences of Est-5A and
Est-5C were determined from lines representing eight differ-
ent EST5B protein electrophoretic classes: three lines from
the James Reserve (J3, J5, and J10) and five lines from the
Gundlach-Bundschu (G2-G6) populations. Line G3 repre-
sents the most common EST5B electrophoretic class. The Est-
5B lines were chosen originally to characterize the nature of
electrophoretic classes, and they are a honrandom popula-
tion sample (Veuille and King 1995).

Cloning and sequencing: The Est-5 genes in D. pseudo-
obscura were isolated from NZAPII (Stratagene, La Jolla, CA)
subgenomic libraries and were constructed by cloning 8- or
3-kb EcoRI restriction fragments that include the Est-5C and
Est-5B, and Est-5A gene regions, respectively. A D. persimilis ge-
nomic library in A\EMBL3 and a D. miranda genomic library in
AEMBLA4 were provided by R. Norman. Clones were isolated
by plaque hybridization using D. pseudoobscura Est-5 clones
provided by J. Brady. The clones were purified, and the three
gene regions were individually subcloned into either pUC19
or pBSKS- (Stratagene) using standard procedures (Sam-
brook et al. 1989).

Either plasmids or PCR-amplified templates were se-
quenced using oligonucleotide primers designed from pub-
lished sequences (Brady and Richmond 1992). Plasmid tem-

plates were manually sequenced using Sequenase version 2.0
(United States Biochemical, Cleveland, OH). PCR templates
were amplified using a thermal cycler (MJ Research, Water-
town, MA); the reaction components 1X rTth buffer, 240 pM
dNTPs, 5U rTth polymerase (Perkin Elmer, Norwalk, CT), 50
nM primers, 625 ng genomic DNA, 1.25 mm MgCl,; and the
reaction profile 30 cycles of 94° 30 sec, 54° 1 min, 72° 2 min,
followed by 72° 5 min, and 4° hold. The PCR products were
purified with spin columns (Centricon 100; Amicon, Beverly,
MA), and ~300 ng of template was used in the automated se-
quencing dye termination reaction (model 373A; Applied
Biosystems, Foster City, CA). Complete and overlapping cov-
erage was obtained in both directions for all sequences.

Sequence analysis: Sequences were assembled using the
Gap and Pretty programs of the University of Wisconsin Ge-
netics Computer Group (Devereux et al. 1984) or the Ge-
netic Data Environment programs (Smith et al. 1994). The
sequences have the following accession numbers in the Gen-
Bank database: D. pseudoobscura Est-5A, AF016135-AF016142;
D. pseudoobscura Est-5C, AF016143-AF016160; D. persimilis Est-
5C and Est-5B, AF016110; D. persimilis Est-5A, AF016111; D. mi-
randa Est-5C and Est-5B, AF016109; and D. miranda Est-5A,
AF016108. Sequence alignments were made using ClustalW
(Thompson et al. 1994), followed by manual adjustments
based on amino acid alignments. The alignments included
Est-6 and Est-P of D. melanogaster (GenBank accession numbers
M33780 and M33781, respectively). Nucleotide diversity and
the number of net nucleotide substitutions per site between
populations (loci) were estimated by the method of Nei
(1987) using the computer program DnaSP, version 2.0 (Rozas
and Rozas 1995). Estimates of nucleotide substitution were
made using the Jukes-Cantor correction, and numbers of syn-
onymous and nonsynonymous sites were estimated by the
method of Nei and Gojobori (1986) using the computer pro-
gram MEGA (Kumar et al. 1993). Alignment gaps were ex-
cluded in pairwise comparisons.

Phylogenetic analysis: The genealogical relationships of
genes and alleles were estimated using maximum parsimony
(PAUP; Swofford 1992) and by the neighbor-joining method
using the Jukes-Cantor distance estimation in MEGA (Kumar
et al. 1993). For the parsimony analysis, heuristic searches
with 100 random addition replicates, TBR branch swapping,
and MULPARS options were invoked. Strict consensus trees
were constructed from the multiple equally parsimonious
trees. The tree topologies were evaluated by 100 bootstrap
replicates. Three data sets were analyzed: coding regions, 5’
flanking regions, and 3’ flanking regions.

RESULTS

Nucleotide sequence variation: Figure 1 shows the
location of the polymorphic nucleotide sites and the in-
terspecific differences in the total region sequenced of
each Est-5 gene. Est-5A is the only one of three genes
that shows length variation in the coding region both
within and between species. In D. pseudoobscura, Est-5A
is polymorphic for a CTA (Leu) deletion from 73 to 75
bp (Figure 1A), relative to Est-5A in D. persimilis and
D. miranda. CTA is duplicated in this region, and the

Figure 1.—Polymorphic sites in D. pseudoobscura Est-5, including sequences of D. persimilis (per5) and D. miranda (mir5). Dots
indicate sequence identity, and dashes indicate deletions compared with line J5. The numbering of sites above the sequence is rel-
ative to the initiation codon, which begins with +1. Domains of the gene regions are noted above the numbered nucleotide sites.

(A) Est-5A, (B) Est-5B, and (C) Est-5C. I, intron regions.
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l\ 1222222222333333334444444555555555
123223566688012223564555899144555555
559689306918775790522016702069012345

J5 VLGSLAAVNVSRSQSKSQSVFSDQRDEDC.......

Jgg8 ...Tv...S.I....M.K..Y.EH............
J10 ..STV...SGI......... Y.E..... G.......
G2 I-..V..LSLI......... Y.E.S...........
G3 I-.TV...S.I......... Y.E.............
G4 I-.TV...S.I....... T.Y.E..... Fooooo..
G5 ....V...S.I.T....... Y.E..oooo,
G6 I-.TV...S.I......... Y.E.oooviiiiii
per5A I.S.VS..S.I..HR..... Y.E..... F.o......
mirS5A I.S.V.T.S..Q....A..LYAE..EQN.QRCLIFF

E3 1112223333333444445555
12228991272890112458457990113
483463230805516377976474017463

J5 TSADLLQGRGDLRADSVQKLYDKIIINTVR

J8 A.V..T. ... i D.vevnnnn.
J10 A...... E.ooieinnn D..M...A.Q
G2 A.VY....K...... TIK..DE.M...A..
G3 A...M...K.NV.S...... D.....ovt
G4 A....... K.N......... Do L
G5 A.V........ VG....... | N
G6 AF...... Koooooooon D....VT...
perSB A....SR....V...... EWD.Q.T.....
mir5B E........ V.V..E.I...D....... D.
(: 12223444555
145974690156023
6128804617761467
J5 LSFEVGQTAAIAVVFV
J8 ..... D.M....... E
J10 ...DA...G.......
G2 ..N......... I..E
G3 Rieviiiiiennannn E
G4 ...D.....a. E
G5 ....A....T..... E
G6 R.N.AD.M....... E
per5C ....A...... S...E
mir5C ....A.RM..V..LLE

Figure 2.—EST5 amino acid polymorphism in D. pseudo-
obscura, including D. persimilis (per) and D. miranda (mir).
Dots indicate sequence identity, and dashes indicate deletions
compared to line J5. Numbering is relative to the initial Met.
(A) EST5A, (B) EST5B, and (C) EST5C.

polymorphism involves the presence or absence of one
of the duplications. The polymorphism is in intermedi-
ate frequency, with half of the lines having the deletion.
Based on an alignment of the three Est-5 genes, the
CTA duplication is present in Est-5A but not Est-5B in
these species. Est-5A in D. pseudoobscura is presumably
functional because no stop codons occur in the coding
regions, and putative regulatory sequences are con-
served in these eight lines; although no EST5A proteins
have been identified, there is evidence that the gene is
transcribed (Brady et al. 1990).

In D. miranda, Est-5A encodes a protein seven amino

TABLE 1

Nucleotide diversity among eight D. pseudoobscura haplotypes

Locus Region N (bp) S k T

Est-5A 5’ Noncoding 460 6 2.75 0.0060 = 0.0010
3’ Noncoding 377 15 5.43 0.0145 = 0.0030
Coding 1647 43 13.86 0.0084 = 0.0013
Total 2540 64 22.29 0.0088 = 0.0009

Est-5B 5’ Noncoding 404 10 3.11 0.0078 = 0.0012
3’ Noncoding 314 7 2.39 0.0083 = 0.0013
Coding 1638 62 20.89 0.0128 = 0.0013
Total 2411 81 26.89 0.0113 = 0.0011

Est-5C 5’ Noncoding 231 2 0.96 0.0042 = 0.0008
3’ Noncoding 404 18 596 0.0148 = 0.0027
Coding 1638 45 15.96 0.0097 = 0.0012
Total 2333 68 24.11 0.0104 = 0.0010

Total bp sequenced includes the intron regions: Est-5A (56
bp), Est-5B (55 bp), and Est-5C (60 bp). Estimates were made
using DnaSP (Rozas and Rozas 1995). Estimates are of 3N .
S, number of polymorphic sites; k average number of nucle-
otide differences; m, nucleotide diversity = SE (Nei 1987).

acids longer than in D. pseudoobscura, D. persimilis, and
the putatively homologous Est-P gene in D. melanogaster.
Thus, assuming that the shorter Est-5A gene is ances-
tral, the increase in gene length results froma T to C
substitution at position 1701 that changes the UAG
stop codon to a CAG (GIn) sense codon (Figure 1A). A
UAG stop codon is present 18 nucleotides downstream
from the CAG codon [from 1722 to 1724 base pairs
(bp)], and the EST5A protein in D. miranda is ex-
tended by seven amino acids (Figure 2A).

Tables 1 and 2 summarize Est-5 variation in D. pseu-
doobscura by gene region and class of site. The complete
intergenic region between Est-5C and Est-5B was se-
guenced and was divided into two regions of equal
length to compare 5’ and 3’ flanking regions. Compar-
isons of the level of polymorphism across genes at func-
tionally different classes of sites show several significant
differences in the patterns of variation.

For all three Est-5 genes, noncoding sites are signifi-
cantly less polymorphic than synonymous sites (Est-5A,
G = 17.70, 2 d.f., P < 0.001; Est-5B, G = 31.09, 2 d.f.,
P < 0.001; Est-5C, G = 21.49, 2 d.f., P < 0.001). This
may be a general pattern in Drosophila (Moriyama
and Powell 1996). They show an average nucleotide
diversity (m) at synonymous sites = 0.028 and noncod-
ing sites w = 0.017 for five nuclear genes in D. pseudo-
obscura. The following estimates of Est-5 variation are
multiplied 4/3 to compare the X-linked Est-5 genes to
autosomal genes. Averaging over the three Est-5 genes,
7 = 0.039 for synonymous sites, and = = 0.013 for non-
coding sites. It appears that the nonrandom sample of
Est-5B sequences does not inflate these estimates. Based
on a random sample of 16 sequences, w = 0.016 for a



Gene Conversion and Est-5 Variation 309

TABLE 2

Nucleotide diversity at synonymous and nonsynonymous
sites in D. pseudoobscura

Locus N (bp) s
Est-5A
Nonsynonymous sites 1250.52 0.0043 = 0.0010
Synonymous sites 390.48 0.0217 = 0.0042
Est-5B
Nonsynonymous sites 1250.44 0.0059 =+ 0.0012
Synonymous sites 384.56 0.0351 = 0.0053
Est-5C
Nonsynonymous sites 1253.00 0.0035 = 0.0009
Synonymous sites 382.00 0.0310 = 0.0051

Nucleotide diversity = SE was estimated by the method of
Nei (1987) using MEGA (Kumar et al. 1993). Estimates are of
3Np.

504-bp intergenic region between Est-5B and Est-5C in
D. pseudoobscura (Babcock and Anderson 1996). This
compares with = = 0.015 for the same (808 bp) inter-
genic region in this study. Thus, the Est-5 genes show
more variation at synonymous sites than other genes in
D. pseudoobscura.

The 3’ flanking regions are significantly more poly-
morphic than the 5’ flanking regions summing across
all three genes (G = 8.80, 1 d.f., P = 0.003), but if the
regions are compared by gene, Est-5A and Est-5C show
significant differences, but not Est-5B (G = 0.046, 1 d.f,,
P = 0.830). Considering the two intergenic regions, the
808-bp region between Est-5C and Est-5B is significantly
more polymorphic than the 774-bp region (of the
~1100-bp region in total) sequenced between Est-5B
and Est-5A (G = 5.12, 1 d.f., P = 0.024).

Each gene shows significantly different levels of poly-
morphism at synonymous and nonsynonymous sites
(Est-5A, G = 27.10, 1 d.f., P < 1075 Est-5C, G = 49.17,
1d.f, P < 10°% Est-5C, G = 51.95, 1 d.f., P < 1079);
however, the three genes have similar levels of polymor-
phism at synonymous sites (G = 3.47, 2 d.f.,, P = 0.176)
and nonsynonymous sites (G = 3.05, 2 d.f.,, P = 0.218).
Although the genes show similar levels of polymor-
phism, estimates of nucleotide diversity, the average
pairwise number of differences per nucleotide site, are
lowest at Est-5A for synonymous sites and lowest at Est-
5C for nonsynonymous sites, and both classes of sites
show the highest nucleotide diversity at Est-5B (Table
2). The original nonrandom sample of Est-5B se-
quences will cause an upward bias in estimates of varia-
tion at nonsynonymous sites at this locus, but this is not
expected to influence variation at synonymous sites.

The distribution of nucleotide polymorphism was
tested for heterogeneity by the variance test of Goss
and Lewontin (1996). This method measures the dis-
tance between polymorphic sites and compares the ob-
served variance with the expected values. The test was
applied to the following: (1) the coding plus intron re-

gions of each gene, (2) the intergenic region between
Est-5C and Est-5B, and (3) the intergenic region be-
tween Est-5B and Est-5A. All tests show a highly signifi-
cant nonrandom spatial distribution of polymorphism.
The observed variances of interval length for these
regions are Est-5A = 0.00567, P < 0.001; Est-5B =
0.00106, P < 0.001; Est-5C = 0.00545, P < 0.001; inter-
genic Est-5C and Est-5B = 0.01277, P < 0.001; and inter-
genic Est-5B and Est-5A = 0.05363, P < 0.001.

Amino acid variation: Figure 2 shows the amino acid
polymorphisms in the EST5 proteins, which were deter-
mined from the nucleotide sequences. EST5A has 3.1%
amino acid polymorphism, and the proteins differ by
an average of 5.8 amino acids (Figure 2A). EST5B has
4% amino acid polymorphism, and the proteins differ
by an average of 8.9 amino acids (Figure 2B). All 16
EST5B amino acid sequences show 6.1% polymor-
phism, and they differ by an average of 7.7 amino acids
(Veuille and King 1995). EST5C has 2% amino acid
polymorphism, and the average number of amino acid
differences among the sequences is 3.8 (Figure 2C).

Tests of gene conversion: The method of Betran et
al. (1997) was used to detect gene conversion events
between the Est-5 loci. Their method uses the relative
frequency of a nucleotide at a site to determine if the
site is informative of a conversion event between two
groups of sequences. A segregating nucleotide is infor-
mative if its relative frequency in a group of “con-
verted” sequences is 20% or less and its relative fre-
quency in the group of “converting” sequences is three
or more times higher than in the group of “converted”
sequences. The two outermost informative sites deter-
mine the length of the observed conversion tract. Con-
version tracts of 1 bp in length are not considered
because they cannot be distinguished from parallel mu-
tation events.

This method detected six interlocus gene conver-
sion events (Table 3). In addition, visual inspection of
the data showed that nucleotide sites 132-143 and 942—
960 in Est-5C and Est-5B, respectively, have segregating
nucleotides in higher frequency (25%) than consid-
ered by the method of Betran et al. (which is based on
a minimum of an informative nucleotide pair) that are
shared with another locus. These nucleotides may also
be interpreted as resulting from gene conversion
rather than from parallel mutation events, and they are
included in Table 3.

Considering information from interspecific compar-
isons, there are two ways to explain the Est-5A AG/CA
haplotype variation at nucleotide sites 414-415. In D. per-
similis and D. miranda, these sites are CA at all three
loci, suggesting that these nucleotides are the ancestral
state. Therefore, the low-frequency CA polymorphism
in Est-5A can be explained either by unique mutations
(AG) that have increased in population frequency plus
the maintenance of ancestral variation (CA), or by the
conversion of AG to CA by either Est-5B or Est-5C.
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TABLE 3

Interlocus Est-5 gene conversion in D. pseudoobscura

Nucleotide position

1111 11111111
1111 222 44 66 677 99 90 0000 33333333
3334 555 11 34 900 44 56 2344 22222344

2341 567 45 91 925 27 80 982403569517

Est-5A

J5 CCAC GCT AG GC TATTC AC
J8 T T,
jho- ... ... [CAF]..
G2 e e e e e
G3 e e e e e
G4 e e e e
G5 e e e e e
G6 e e e e e
per5A .... GAT CA
mir-5A .. .. CA TC
Est-5B

J4 CAAT TCT CA TG CACCG GG GCCG GTACACCC

A o L FCACT]..i e
2 ... ... .. ... . P
B ... FACH.. . . ECTRCT.... ...

J6 e WTLO AL L.
J7 e,
J9 e e e e
J5 s ... .. .. [TAT|..
J8 ... [gAc]..
J10 B e
G2 ... ... .. .. .. [C’AG*CCO.]...... A.
G3 - ..

G4 e e e e
G5 e
G6 e e e e e
G1 Cee e e o oameFACH ] o
per5B .... .TC .. .. . . .
mir5B . ...
Est-5C

J5 TTTC GAC CA GC TCC CG GG CAGG ATACACCT
J8 e e e e

CCCT ACTTTGCT

J10 e e e e e e
G2 [EATH... .. .. .....
G3 e e e e e e
G4 e e e e e e
G5 e e e e e e e
G6  [CAATY ... e e
per5C .... ... .. CC ... .. T...... T
mir5C .... ... .. .. T, .. L. oo, T...T

Sites associated with an amino acid change are indicated
with an asterisk. The sites of the converting locus are in bold,
and the converted nucleotides are in shaded boxes. Nucle-
otides identical to the first sequence are indicated by a dot. per,
D. persimilis; mir, D. miranda.

The observed gene conversion tracts between nucle-
otides 639 and 1044, where Est-5A putatively converted
Est-5B, are coincident with a region of few fixed nucle-
otide differences between these two genes (Figure 3A).
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Figure 3.—The number of fixed differences between Est-5
genes at synonymous and nonsynonymous sites in 50-bp inter-
vals along the coding sequence. (A) Est-5A vs. Est-5B (B) Est-
5A vs. Est-5C, and (C) Est-5B vs. Est-5C.

For example, in the 500-1200-bp region, there are only
13 fixed differences (5 at synonymous sites, 8 at non-
synonymous sites) between Est-5A and Est-5B. This con-
trasts with 110 fixed differences in the first 500 nucle-
otides (57 at synonymous sites, 53 at nhonsynonymous
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sites) and 140 fixed differences (77 at synonymous
sites, 63 at nonsynonymous sites) in the last 447 bp of
the coding region. This pattern of fixed nucleotide dif-
ferences does not occur between Est-5A and Est-5C (Fig-
ure 3B) or between Est-5B and Est-5C (Figure 3C). The
region of few fixed differences between Est-5A and Est-
5B does not correspond to a region of low polymor-
phism in either gene, so it does not seem likely that
constraint on sequence divergence is maintaining the
similarity.

The patterns of fixed differences between the Est-5
genes in D. pseudoobscura are similar to patterns of di-
vergence between the Est-5 genes in D. miranda and
D. persimilis (not shown). However, Est-6 and Est-P in
D. melanogaster do not show the same pattern of diver-
gence as their putative homologs (Est-5B and Est-5A, re-
spectively; Brady and Richmond 1992). Three regions
where there are no fixed differences between the Est-5
genes in all pairwise comparisons, centered on inter-
vals 575, 1125, and 1175 bp, suggests that the lack of di-
vergence is related to functional constraint. Two of
these regions are near but not entirely coincident with
amino acid residues Ser-210 and Glu-340 (the positions
are based on alignment of the three EST5 proteins),
corresponding to codons at nucleotide sites 628-630
and 1028-1030, respectively, which are thought to be
involved in the catalytic function of the enzyme (Karo-
tam et al. 1993). The region encompassing the third
residue of a proposed catalytic triad, His-470, corre-
sponding to nucleotide sites 1408-1410, is not con-
served.

Thus, the length of the region of similarity between
Est-5A and Est-5B may be explained partly by functional
constraint but perhaps mostly by a single gene conver-
sion (and/or reciprocal recombination) event that pre-
dates the divergence of D. pseudoobscura, D. persimilis,
and D. miranda. The accumulation of unique polymor-
phisms and fixed differences in this region is also evi-
dence that the event was not recent. The putative con-
verted Est-5B regions in D. pseudoobscura may then be
remnants of one old conversion event that have been
reshuffled by interallelic recombination.

The lengths of the observed converted gene regions
in Table 3 range from 2 to 28 bp, or up to 405 bp if the
region between nucleotide sites 639 and 1044 is consid-
ered to result from a single event between Est-5A and
Est-5B. The lengths of the true gene conversion tracts
are difficult to estimate. From the model of Betran et
al. (1997), the estimates of true tract length are 10 bp
for Est-5A and Est-5B and 16 bp for Est-5B and Est-5C (A.
Barbadilla, personal communication). These esti-
mates, however, are based on the assumption that con-
version events have not been broken up by subsequent
recombination events. This assumption does not ap-
pear to be valid for Est-5, which shows considerable in-
tragenic recombination (Figure 1), so these estimates
are not likely to be meaningful. In D. melanogaster, esti-

mates of the mean length of gene conversion tracts
within the rosy locus, based on intragenic recombina-
tion using strains with known molecular markers, is es-
timated to be 352 bp (Hilliker et al. 1994). Thus, it
seems plausible that a single gene conversion even may
account for the 405-bp region of Est-5B haloptype varia-
tion in D. pseudoobscura. Longer tract lengths may not
be observed in Est-5 because intragenic recombination
would quickly reshuffle the polymorphisms, except for
those that are very close together.

Tests of neutral molecular evolution: Tests of neutral
molecular evolution applied to the Est-5 data fail to re-
ject the neutral model. Tajima’s D-statistic (Est-5A, D =
—0.60; Est-5B, D = —0.73; Est-5C, D = —0.42) is not sig-
nificant for any locus, although the values of D are neg-
ative and suggest purifying selection (Tajima 1993).
The HKA-test (Hudson et al. 1987), using the inter-
genic region between Est-5C and Est-5B as the reference
locus and D. miranda for the interspecific comparison,
yields nonsignificant x? values: Est-5A, x> = 0.269; Est-
5B, x? = 1.094; Est-5C, x> = 0.375, P < 0.10 (1 d.f.). Ap-
plication of the test to all sites in the Est-5 coding
regions also failed to reject the neutral model, as did
pairwise comparisons of synonymous sites between Est-5
genes.

Finally, the ratios of nonsynonymous to synonymous
polymorphisms in D. pseudoobscura (0.65, Est-5A; 0.51,
Est-5B; 0.36, Est-5C) are not significantly different from
the ratios of nonsynonymous to synonymous fixed dif-
ferences between D. pseudoobscura and D. miranda (0.53,
Est-5A; 0.40, Est-5B; 0.29, Est-5C; P < 0.07 for each gene
comparison), based on McDonald and Kreitman’s
(1991) test. In contrast, the results of this test applied
to between gene comparisons are significant for Est-5A
vs. Est-5B and Est-5A vs. Est-5C (Table 4). There is an ex-
cess of fixed differences at nonsynonymous sites in
these comparisons, which indicates selective amino
acid divergence between Est-5A and Est-5B and between
Est-5A and Est-5C.

Genealogical inference: The phylogenetic analyses
were based on an alignment of 1695 nucleotide sites of
the coding regions of the Est-5 genes in D. pseudo-
obscura, D. miranda, and D. persimilis, and of the Est-6
and Est-P genes in D. melanogaster. The maximum parsi-
mony analysis showed that the genes of the obscura
group species (D. pseudoobscura, D. miranda, and D. persi-
milis) clustered within each locus (Figure 4). In this
species group, separate analyses of the 5’ flanking re-
gion (268 nucleotide sites) and the 3’ flanking region
(376 nucleotide sites) showed similar relationships be-
tween genes and loci, although the nearest neighbors
within each Est-5 gene cluster differed, most likely as a
result of recombination (not shown).

The clustering of species within genes indicates that
the Est-5 gene duplications predate the divergence of
the three sibling species and that mechanisms of con-
certed evolution have not homogenized the genes,
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TABLE 4

Polymorphism and fixed differences at nonsynonymous and synonymous sites between
Est-5 genes in D. pseudoobscura

Est-5A vs. Est-5B

Est-5A vs. Est-5C Est-5B vs. Est-5C

Polymorphism Fixed Polymorphism Fixed Polymorphism Fixed

Nonsynonymous 51 125 29 164 46 86

Synonymous 93 136 59 186 100 121
P =0.016 P =0.023 P = 0.058

For the two-sided Fisher’s exact tests, 8 Est-5A, 8 Est-5C, and 16 Est-5B sequences were used.
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Figure 4.—A 50% majority rule bootstrap consensus tree.
Numerals adjacent to each branch refer to bootstrap support
from 100 replicates. Forty-two equally parsimonious trees
were found. The tree length of the strict consensus tree is
1799, with a consistency index of 0.638.

since the species diverged from a common ancestor.
This is in contrast to the relationship between the Est-5
genes in D. pseudoobscura and the Est-6 and Est-P in
D. melanogaster: Est-6 and Est-P genes cluster with one
another and not with the putatively orthologous Est-5B
and Est-5A genes, respectively, so the esterase gene fam-
ily members have been homogenized within the melano-
gaster and obscura species groups since the time of their
divergence (e.g., ~25 mya; Russo et al. 1995). The rela-
tionships among clusters of esterase genes were the
same for the neighbor-joining tree; only the relation-
ships of the D. miranda and the D. persimilis genes with
respect to the D. pseudoobscura alleles differed (not
shown).

DISCUSSION

The data on Est-5A and Est-5C polymorphism and
haplotype variation, in addition to previous data on Est-
5B nucleotide sequence polymorphism, contribute to
understanding the factors that influence Est-5B poly-
morphism and to understanding the evolution of this
small multigene family. The polymorphism data pro-
vide statistical support for the hypothesis that interlo-
cus gene conversion contributes to amino acid poly-
morphism, and may partly explain why Est-5B is a highly
polymorphic allozyme locus. Gene conversion was de-
tected in the coding regions between Est-5A and Est-5B,
and between Est-5B and Est-5C, but not between the two
outer loci, Est-5A and Est-5C. The flanking regions were
not examined for evidence of gene conversion (be-
tween loci) because they are not alignable much be-
yond 250-350 bp. The interlocus conversion events can
explain at least 4 of the 33 (12.1%) polymorphic amino
acid positions in EST5B (16 sequences), 1 of the 17
(5.9%) polymorphic amino acid positions in EST5A,
and 1 of the 12 (8.3%) polymorphic amino acid posi-
tions in EST5C. Interlocus gene conversion can also ex-
plain the following proportions of polymorphic synony-
mous sites: 1/26 (3.8%) in Est-5A, 12/67 (17.9%) in
Est-5B (16 sequences), and 5/34 (14.7%) in Est-5C.
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Figure 5.—Nucleotide diversity in the coding regions of
the Est-5 genes in sliding windows of 100 bp, step size 25 bp,
with centers on 50-bp intervals. (A) Est-5A, (B) Est-5B, and (C)
Est-5C.

The levels of polymorphism in the coding regions
are similar for all three genes and fit neutral theory ex-
pectations. However, the polymorphic sites have a sig-
nificantly heterogeneous distribution in the coding
and intron regions of each gene. Figure 5 shows nucle-
otide diversity in sliding window intervals across the
coding region of each gene. The magnitude of varia-
tion does not always correspond to the same location in
the three genes, and comparisons of the location of
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Figure 6.—Nucleotide diversity in the noncoding regions
between the Est-5 genes in sliding windows of 30 bp, step size
15 bp, with centers on 15-bp intervals. (A) Intergenic region
between Est-5C and Est-5B. (B) Intergenic region between Est-
5B and Est-5A.

conversion tracts (Table 3) and peaks of nucleotide di-
versity show that they are related. In Est-5B, at least
three peaks of nucleotide diversity, at intervals entered
at 250, 700, and 950 bp (Figure 5B), correspond to
gene conversion tracts at sites 255-257, 699-705, and
942-947. In Est-5C, the intervals with the highest nucle-
otide diversity at 100-150 bp (Figure 5C) correspond
to the conversion tract at nucleotide sites 132-134. In
Est-5A, nucleotide diversity at the 400-bp interval corre-
sponds to the tract at sites 414-415. The heterogeneity
is also likely to be influenced by regions of functional
constraint, for example, at residues putatively involved
in the catalytic mechanism of esterases (noted above)
and at six cysteine residues involved in disulfide bridges
(Brady et al. 1990) that are conserved in the three
genes and three obscura group species studied here,
as well as in Est-6 of D. melanogaster, D. simulans, and
D. mauritiana (Karotam et al. 1993).

The maintenance of functional regulatory se-
guences may explain the low level and pattern of varia-
tion in the intergenic regions (Figure 6). One regula-
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tory motif, ACTGGT, identified in D. pseudoobscura
(Healy et al. 1996), corresponds to sites 693-698 bp in
the intergenic Est-5C/Est-5B region, where there is no
sequence variation (Figure 6A). This motif is also con-
served in D. persimilis and D. miranda. The motif is
present in Est-5A (sites 667-673 bp in Figure 6B) in
D. pseudoobscura and D. persimilis, but not in D. miranda,
where a 9-bp deletion is located. Est-5C shows an imper-
fect motif, ATTGGT, at sites —89 to —90 bp from the
translation start site in all three sibling species. In the
3’ flanking regions, polyadenylation signal sequences
(Brady and Richmond 1992) are conserved in the
three genes and species. These are located beginning
at 263 bp in Est-5C (Figure 6A) and at either 110 or 119
bp in Est-5B (Figure 6B; the 3’ region of Est-5A is not
shown).

Evidence of positive selection on Est-5 genes: Ohta
(1994) suggests that an acceleration of amino acid
changes between duplicated genes in conjunction with
functional differentiation is evidence of positive selec-
tion. Although the total number of fixed differences at
nonsynonymous sites is not greater than the total num-
ber of fixed differences at synonymous sites in pairwise
comparisons of the Est-5 genes, the ratios of nonsynon-
ymous to synonymous variation for both fixed differ-
ences and polymorphism show evidence of adaptive
amino acid divergence between Est-5A and Est-5B/Est-
5C. The gene duplication resulting in Est-5B and Est-5C
is putatively the most recent event in the evolution of
the Est-5 gene family (Brady and Richmond 1992).
The number of net nucleotide substitutions per site is
lowest between Est-5B and Est-5C (0.16450 * 0.0210)
compared with Est-5A and Est-5B (0.1989 = 0.0251) and
with Est-5A and Est-5C (0.1989 = 0.0251), and supports
this hypothesis. Therefore, most of the amino acid di-
vergence between Est-5A and Est-5B/C may have pre-
dated the Est-5B/C duplication. The evidence of differ-
ential gene expression of Est-5A and Est-5B (Brady et al.
1990) is consistent with the interpretation of positive
selection on functional divergence, although it is un-
known if the difference in amino acid composition is
associated with a difference in enzyme function.

Variation at Est-5B is higher than variation at Est-5A
and Est-5C, and is relatively high compared to other
D. pseudoobscura genes (Moriyama and Powell 1996),
although there is so far no evidence of selective mecha-
nisms operating on amino acid or total nucleotide se-
guence variation. Perhaps what makes this gene most
unusual is that it lies between Est-5A and Est-5C, so that
in the short term, gene conversion involving two differ-
ent loci contributes to Est-5B sequence variation and
amino acid polymorphism. Mutation and intragenic re-
combination also contribute to haplotype diversity, so
these three factors may explain the considerable Est-5B
allozyme variation. Over longer periods of time, gene
conversion and/or reciprocal recombination has ho-
mogenized the Est-5 genes, based on a phylogenetic

analysis of esterase genes (Figure 4), although there ap-
pears to be selection for amino acid divergence be-
tween the EST5 proteins.
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