Intraspecific Nuclear DNA Variation in Drosophila
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We have summarized and analyzed all available nuclear DNA sequence polymorphism studies for three species of
Drosophila, D. melanogaster (24 loci), D. simulans (12 loci), and D. pseudoobscura (5 loci). Our major findings
are: (1) The average nucleotide heterozygosity ranges from about 0.4% to 2% depending upon species and function
of the region, i.e., coding or noncoding. (2) Compared to D. simulans and D. pseudoobscura (which are about
equally variable), D. melanogaster displays a low degree of DNA polymorphism. (3) Noncoding introns and 3’ and
5’ flanking DNA shows less polymorphism than silent sites within coding DNA. (4) X-linked genes are less variable
than autosomal genes. (5) Transition (Ts) and transversion (Tv) polymorphisms are about equally frequent in non-
coding DNA and at fourfold degenerate sites in coding DNA while Ts polymorphisms outnumber Tv polymorphisms
by about 2:1 in total coding DNA. The increased Ts polymorphism in coding regions is likely due to the structure
of the genetic code: silent changes are more often Ts’s than are replacement substitutions. (6) The proportion of
replacement polymorphisms is significantly higher in D. melanogaster than in D. simulans. (7) The level of variation
in coding DNA and the adjacent noncoding DNA is significantly correlated indicating regional effects, most notably
recombination. (8) Surprisingly, the level of polymorphism at silent coding sites in D. melanogaster is positively
correlated with degree of codon usage bias. (9) Three proposed tests of the neutral theory of DNA polymorphisms
have been performed on the data: Tajima’s test, the HKA test, and the McDonald-Kreitman test. About half of the
loci fail to conform to the expectations of neutral theory by one of the tests. We conclude that many variables are
affecting levels of DNA polymorphism in Drosophila, from properties of nucleotides to population history and,

perhaps, mating structure. No simple, all encompassing explanation satisfactorily accounts for the data.

Introduction

The ‘‘struggle” to measure genetic variation in
populations has a long history, with Drosophila playing
a leading role as a model system for study (reviewed in
Lewontin 1974; Powell 1994). The ultimate view of ge-
netic variation must be at the level of the DNA sequenc-
es, which are now accumulating at a rapid pace. Suffi-
cient numbers of studies have been done on intraspecific
nucleotide variation in Drosophila that we can begin to
see the patterns emerging. Here we review and analyze
the available data to highlight these patterns. Inasmuch
as pattern infers process, we also discuss processes or
mechanisms of molecular evolution.

The Data

While many studies using restriction fragment
length polymorphisms have been performed on Dro-
sophila, we confine ourselves here to nucleotide se-
quence data. Likewise we confine ourselves to studies
of nuclear genes as relatively few DNA sequencing
studies have been done on Drosophila mtDNA. Three
species have been studied in sufficient detail to be use-
ful: Drosophila nielanogaster, D. simulans, and D.
pseudoobscura. The Appendix lists the genes, their
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map positions, accession numbers to GenBank dat
base, and references to the original publications. A_%l
sequences analyzed were taken from GenBank 86.0,
December 1994 or directly from the original refei«
ences. Gene names and map positions were from
“FlyBase (1994),” The Drosophila Genetics Da@
Base. Because D. pseudoobscura has not been exteﬁ’i-
sively mapped at the DNA level, only chromosomal
locations are given for this species. N

Tables 1, 2, and 3 summarize the intraspecific vari:
ation for D. melanogaster, D. simulans, and D. pse@
doobscura, respectively. Drosophila melanogaster is thé
best studied species with 24 genes or gene regio@
which have been characterized for intraspecific DNA sg-
quence polymorphism. Half the number of genes, 12,
have been studied in D. simulans. Drosophila psei%
doobscura has been studied for only five genes, but the
sample sizes are very large for two of the genes. g

For most analyses we broke the nucleotide data into

three classes: %
N

clL

Total or total coding: Silent (synonymous) and re-
placement sites in protein-coding DNA

Silent or silent coding: Only silent substitutions in
protein-coding DNA

Noncoding: Introns and 5’ and 3’ sequences adjacent
to coding DNA

Because not all genes have been studied for all classes
of DNA, the sample size varies from case to case.
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262 Moriyama and Powell

Table 1
Polymorphisms of Nuclear Genes in D. melanogaster

CODING REGION

NONCODING REGION

(5, INTRONS, 3')

Nucleotide Diversity®

Polymorphic Nucleotide
Polymorphic Sites Total Silent Sites Diversity®
ALLELE Length Length
GENE #a (bp) TsP Tv®  Syn Rep Total (] ™ (] (bp) Ts Tv Total ™ 6
ase....... 6 1,068" 5(1) 1(0) 3 3 6 206 246 507 557
su(s).. ... (50) 3,214 3 7 10 1.00 0.70
su(wa)d ... (50) 1,985 8 9 17 175 1.96
pn ... 8(6) 11,1734 10) 0(© 0 1 1 022 033 0.00 0.00 345 1 0 1 097 1.27
Pgd ...... 13 1,443 3(2) 1(0) 3 1 4 133 0.89 418 287 2900 8 5 13 1.59 147
AR 6 804h S5(H 0@ 5 0 5 209 274 1011 1327 183 0 0 0 0.00 0.00
per....... 6 1,682"  14(6) 6(5) 19 1 20 495 521 2064 21.50 186 5 4 9 17.63 21.54 o
Yp2 ...... 6 1,046" 6(1) 3(1) 7 2 9 446 377 1517 1294 68 2 0 2 1592 13.07 g
Zw ..., 33 1,558 16 (1) 8(4) 22 2 24 384 380 1581 1590 147 3 6 9 2065 17.065
Total (X-linked) ........... 50(18) 19(10) 59 10 69 30 31 6l g’_
Average (X-linked) ........ 271 274 10.14 10.29 744 7138
Acp26Aa .. 10 792 8(1) 8(2) 5 11 16 735 7.14 1071 1034 5841 7 6 13 876 7.98 g
Acp26Ab .. 10 270 4(0) 1(0) 3 2 S 881 655 2427 2039 -
Adh ...... 15 768 11 (5) 8(5) 16 3 19 811 7.61 2851 2590 1210 17 42 600 19.10 17.025
Adhr .. ... 11 816 4(1) 2(1) 3 3 6 134 251 2.08 5.89 845 6 7 13 443 546 2
LeplPsie .. 10 384 0O 1(1) 0 1 1 122 093 0.00 0.00 184 0 1 1 2.67 2.02§
Pgi ...... 11 1,674 3() 1(1) 2 2 4 078 0.82 1.62 1.79 889 4 2 6 189 2302
Amy-d . 8(5) 1482 21(6) 16(10) 28 9 37 882 9.63 2729 3186 503 20 9 29 2648 27953
Amy-p .10(6) 1482  25(7) 9(6) 26 8 34 975 811 3351 27.19 437 4 15 19 2450 20.008
Sod ...... 11 4410 5@ 2(1) 5 2 7 437 542 1499 1641 969 29 21 52 17.81 18.83G
(CRS)®.. 25 4410 5 2 5 2 7 358 420 1227 1273 969 29 21 521 1156 14.608
Est-6 ..... 13(12) 1,632 32(11) 13(4) 28 17 45 721 8.89 2205 25.06 119 1 6 7  17.19 1948=
tra ....... 11 588 1) 0 1 0 1 074 058 319 251 342 0 1 1 054 10l
Rh3 ...... 5 1,149 2(1) 0(0) 2 0 2 070 084 297  3.57
boss ...... 5 1,566" 11 (2) 503) 14 2 16 486 490 19.09 18388
Micl ..... 16 3140 00 0@ 0 0 0 0.00 0.00 0.00 0.00 656 10 9 19 11.79 9.00
Ciovvnnn. 10 958k 00 0@ 0 0 0 0.00 0.00 0.00 0.00
Total (autosomal) .......... 127 (37) 65(33) 133 59 192 98 119 220
Average (autosomal) ....... 443 441 1340 13.29 11.72 11.53
Total (all) ................ 177 (55) 84(43) 192 69 261 128 150 281
Average (all)f ............. 402 403 1346 1351 10.82 10.52

2 If numbers of alleles differ between coding and noncoding regions, the number for noncoding region is shown in parentheses.

b Transitional and transversional polymorphisms at fourfold degenerate sites are in parentheses.

¢ Nucleotide diversities were muitiplied by 10°. In/del sites were excluded from estimation (‘“‘Length” is the total length of alignment and includes in/del sites
multiple-hit correction was done. The number of silent sites for each coding region was estimated by Nei and Gojobori (1986)’s method.

4 From direct sequencing and single-strand conformation polymorphism analysis.

¢ Pseudogene, excluded from calculations of “Total” and ““Average” of coding regions.

f Nucleotide diversity for X-linked genes are multiplied by 4; and added to those for autosomal genes.

& Constructed Random Sample, which includes 22 Fast alleles and 3 Slow alleles (Hudson et al. 1994).

N

=]

h Partial sequence.
i Noncoding regions for both of Acp26/a and Acp26Ab are included.

i One site includes both of Ts (transition) and Tv (transversion) polymorphisms.

Analyses
Measures of Variation

Two measures of nucleotide diversity have been
commonly used in the literature (Tajima 1993). The first
is designated m (or k), which is the observed average
proportion of nucleotide differences between alleles se-
quenced. This was calculated as:

Zz0oz 1snbny 91 uo1s8n6 Aq L0SSS0L/L9Z/L/E L/BIone/aqW/W

n-1 n
m=3 >k (;) (;) = n(n — 12

where n is the number of alleles sampled, and k; is the
number of nucleotide differences per site between alleles
i and j. The second measure is designated & (or S/a,)
and is the average number of nucleotides segregating
per site based on the expected distribution of neutral



Table 2

Polymorphisms of Nuclear Genes in D. simulans
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CoDING REGION

NONCODING REGION
(5, INTRONS, 3")

Nucleotide Diversity®

Polymorphic Nucleotide
Polymorphic Sites Total Silent Sites Diversity*
ALLELE Length Length
GENE # (bp) TsP Tvb  Syn Rep Total T ) ™ 6 (bp) Ts Tv Total ™ 0
ase........ 6 1,068" 0(0) 0(0) 0 0 0 0.00 0.00 0.00 0.00

pn o........ 4  1L,170"  9(2) 5(1) 8 6 14 6.13 653 15.00 15.75 367 4 O 4 5.61 6.36
T e 6 804" 11(3) 0(0) 11 0 11 6.09 6.04 29.51 29.38 183 5 2 7 16.09 16.84
per........ 6 1,679 27(11) 19(12) 40 6 46 10.72 12.00 4048 45.50 193 5§ 2 7 15.35 16.05
Yp2 ....... 6 1,046" 1(0) 1(1) 2 0 2 0.83 0.84 366 371 66 0 1 1 524 695
Zw ........ 12 1,558"  9(5) 44 13 0 13 347 276 1565 1248 147 2 1 3 13.74 8.42
Total (X-linked) ......... 5721) 29(18) 74 12 86 16 6 22 o
Average (X-linked) ...... 454 470 1738 17.80 11.21 10.9%
Adh ....... 5 768 8(6) 3(3) 11 0 11 6.77 688 27.24 2779 206 6 4 11 2707 27.2%
Pgi ....... 6 1,674 11 (7) 7(5) 16 2 18 395 471 1553 1844 945 9 5 14 5.82 6.6§
Est-69 ..... 4 1,626 41(14) 21(13) 52 12 64 2224 2147 7965 7945 1,362 27 31 600 2498 24.2%
(5' far .. (3) 500 10 15 25 33.81 33.85
Rh3 ....... 5 1,149 21 (8) 8(7) 30 0 30 12.03 1253 51.55 5393 =
boss ....... 5 1566 27(13) 12(9) 38 2 40 1245 1226 52.13 50.95 é’
Clovninn.. 9 958"  0() 1(0) 0 1 1 023 038 000 0.00 >
Total (autosomal) ........ 108 (48) 52 (37) 147 17 164 52 55 110 g
Average (autosomal) ..... 9.61 971 37.68 3843 2292 22.9%
Total (all) .............. 165 (69) 81 (55) 221 29 250 68 61 132 o
Average (all)f ........... 7.83 799 3043 31.08 18.93 18.7@
NoTe.—Footnotes same as table 1 except for d below. %
9 Noncoding region of Est-6 was divided into “5’ far distal segment” and the remainder (Karotam, Boyce, and Oakeshott 1995). §
g
o)

variants in a panmictic population at equilibrium. In
practice § is estimated as:

n—1
b=15/> @k
i=1
where S is the number of segregating sites per site. If
all the nucleotide variants are neutral and assuming pan-
mixia and equilibrium, then: = § = 4N, for auto-
somal genes, 3N, for sex-linked genes. In all the tables,
both 7 and § have been multiplied by 103.

X-linked Versus Autosomal

In order to test whether X-linked and autosomal
genes differ in level of variation we performed t-tests

based on the variance estimates of  and § as given in
Tajima (1993). Tajima provides variance estimates for
both the assumption of free recombination and no re-
combination. We tested all possible combinations: as-
suming free recombination, assuming no recombination,
removing two loci with particularly low recombination
(ase and ci) and assuming free recombination for the
rest of the genes. We tested whether m, — 1, is signif-
icantly different from zero, where m, and m, are the
mean 7 for autosomal and X-linked genes respectively.

We then multiplied 7, by %, subtracted this from the
autosomal diversity, and tested whether this was 51gm£
icantly different from zero. This latter test was to see tf
X-linked genes conformed to the predicted 3% tlié
amount of variation predicted if variation was a diregl
function of population size and there is a 1:1 sex ratlﬁ.‘,

We repeated all tests in a like manner with 9.

Codon Usage Bias

1senb Aq L0

Various measures of codon usage bias have been
proposed. Here we use ENC, the “effective number gf
codons,” which is based on the evenness of use of al-
ternative codons somewhat analogous to effective nul‘ﬁ—
ber of alleles (Wright 1990). This measure has the ad}
vantage of not requiring a database from which to mfg
the “‘optimal” codons as does the codon adaptation in-
dex, CAI (Sharp and Li 1987). For the D. melanogaster
genes analyzed here, ENC and CAI have a correlation
of —0.94 (P < 0.001). A third measure is x%L (Shields
et al. 1988); this measure has a correlation with ENC of
—0.95 (P < 0.001) for the present data set. Thus all
three statistics are measuring essentially the same thing,
so the use of a single measure, ENC, captures the in-
formation in the data. It is important to bear in mind
that the level of codon bias is negatively correlated to
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Table 3

Polymorphisms of Nuclear Genes in D. pseudoobscura

CoDING REGION

Nucleotide Diversity©

NONCODING REGION
(5', INTRONS, 3')

Polymorphic Nucleotide
Polymorphic Sites Total Silent i iversi
AL Length ymorp Length Sites Diversity®
GENE #e (bp) Ts? Tv® Syn Rep Total = 0 ™ 1] (bp) Ts Tv Total 0 6
Adh ........... 107 762 26(10)13(13) 38 1 39 403 976 1618 3854 1,280 81 91 187 2021 31.49
(N. America) 99 762 26(10)13(13) 38 1 39 422 991 1692 39.12 1279 79 91 183 1993 31.26
(Bogotd) ...... 8 762 3(1) 0@ 3 0 3 122 152 492 615 1,213 25 28 54 1437 17.89
Adhr........... 107 834 50(20)29(19) 73 10 83 10.87 1897 4088 74.82 737 24 26 55 10.00 19.82
(N. America) .. 99 834 50(20)28(18) 71 10 81i 10.71 18.80 40.06 73.87 737 23 27 54 1012 19.76
(Bogotd) ...... 8 834 6(2) 107 13 3 16 831 740 30.05 26.96 685 9 4 13 776  1.56
Amy-1 ......... (6) 1,058 22 25 491 2092 20.28 o
Y i 7 4,026 65(25)45(25) 84 30 114 11.01 1156 36.52 3560 1,454 33 28 620 17.02 17.862
Rh3 ... ....... 3 1,081 3(1) 4(Q3) 7 0 7 432 432 1890 1897 Cj—)
Total ........... 144 (56) 91 (60) 202 41 243 160 170 353 Eé_
Average ........ 7.56 11.15 28.12 4198 17.04 22.36 oy
NoTE.—Footnotes same as table 1. S
>
5
7]

ENC. ENC for the D. melanogaster and D. simulans
genes is given in the Appendix.

Recombination Rate

We used the estimates of recombination in D. mel-
anogaster given by Kliman and Hey (19935; R. Kliman,
personal communication, for genes not included in their
publication). This method plots the recombination map
position against the cumulative amount of DNA along
the length of a chromosome. A least-squares polynomial
curve-fitting procedures is used to generate a curve. The
recombination rate is calculated as the derivative of the
curve at the map position of the gene in question. This
makes the assumption that recombination rate is ap-
proximately constant per length of DNA. This recom-
bination rate is given in the Appendix; we have assumed
equal recombination rates for homologous genes in D.
simulans.

Tests of Neutrality

Three tests of the neutrality of molecular polymor-
phisms have been proposed for the type of data pre-
sented here. Tajima’s (1989) test asks the question of

whether 8 and  are significantly different. The statistic
we present is D, which, under the assumption of a beta
distribution, has a mean of 0 and variance of 1; whether
D is significantly different from zero (the expectation if

& = m) was determined from the confidence intervals
given in Table 2 of Tajima (1989).

The second test is known as the HKA test (Hudson,
Kreitman, and Aguadé 1987). It is based on the predic-
tion of neutral theory that the same forces and dynamics
that control polymorphism on the intraspecific level

should also control levels of interspecific dlvergencéi
(Kimura 1983). This test requires polymorphism dat%
from two or more genes or gene regions and an inter=.
specific comparison for these genes. One of the geneg
or gene regions is used as a reference of the expectatlom
of neutrality; usually a noncoding region is used, foB
example Hudson, Kreitman, and Aguadé (1987) use@
the 5’ flanking region of Adh. The sequence testecg
against this presumed neutral region is usually coding:;:
DNA. We used the modifications of Berry, Ajioka, an(g
Kreitman (1991) to take into account differences in sam=
ple sizes, and those of Begun and Aquadro (1991) t@
compare autosomal and X-linked genes. The third test
is the McDonald and Kreitman (1991) test. This tes{:
requires polymorphism data for only one locus in tw?
species. The test asks whether the ratio of silent to reg
placement intraspecific polymorphisms is the same ag
the ratio for fixed differences between species. The tesg‘
statistic is a 2 X 2 G-test.

Results
1. Levels of Variation
Species Averages

Z20zsnbny gL u

The overall nucleotide diversity varies among spe-
cies (table 4). In calculating the overall averages (X-
linked plus autosomal), the X-linked measures were
multiplied by 4. As will be clear later, genes in regions
of particularly low recombination have low levels of nu-
cleotide variation, so in table 4 the overall averages and
averages excluding low recombination genes are shown
for D. melanogaster and D. simulans. Drosophila pseu-
doobscura is less well studied in this regard, and as far



Table 4
Mean Diversity Measures

CODING REGION

Total Silent NONCODING

SPECIES ™ 0 4 0 ™ (1
melanogaster (all) .. 402 4.03 1346 1351 10.82 1052
Minus low rec ... 427 424 1454 1455 12.17 11.81
simulans (all) ... ... 783 799 3043 31.08 1893 18.77
Minus low rec ... 938 9.54 36.52 3730 1893 18.77
pseudoobscura . . . . . 756 11.15 28.12 4198 17.04 2236

NoTe.—Both 7 and & are multiplied by 10%. “Minus low rec” refers to
excluding genes in regions of low recombination. For D. melanogaster and D.
simulans, coding, this excludes ase and ci; for melanogaster noncoding, it also
excludes su(s) and su(w?).

as is known, none of the genes studied are in regions of
particularly low recombination. We speculate in the Dis-
cussion why there may be differences among species in
regard to level of polymorphism.

One pattern evident in table 4 is that noncoding
variation is always lower than silent variation in coding
regions. This indicates that noncoding regions (here de-
fined as introns and 5’ and 3’ regions adjacent to coding
sequences) have more selective constraints than silent
sites within coding regions. This is not surprising given
the evidence that these noncoding regions are often in-
volved in gene regulation.

Sex-linked Versus Autosomal Genes

If nucleotide polymorphism is entirely or predom-
inantly neutral, then the level of diversity predicted is
directly proportional to effective population size. X-
linked genes have an effective population size 3% that of
autosomal genes (assuming a 1:1 sex ratio), so sex-
linked genes should exhibit 3% the level of neutral vari-
ation as for autosomal genes. In D. melanogaster and

DNA Variation within Drosophila 265

Table §
Ratio of Nucleotide Diversity of X-linked Gene Regions to
Autosomal

Region melanogaster simulans
Total coding ..... 0.617 (0.589) 0.478 (0.481)
Silent coding . ... 0.766 (0.768) 0.462 (0.462)
Noncoding ...... 0.627 (0.797) 0.482 (0.482)

NOTE.—The mean of the ratio of w and ® is shown. First number is for all
loci; number in parentheses excludes genes in regions of particularly low recom-
bination as identified in footnote to table 4.

D. simulans, enough genes of each type have been stud-
ied to make the comparison. In a qualitative sense, the
data from both species conform to predictions in that
sex-linked genes are less variable on average; this is tfue
for total coding region, silent sites, and for noncodﬂig
DNA (table 5). The data for D. melanogaster are clgse
to the predicted 75%, although the #-tests (data #ot
shown) indicated that the difference between autosorﬁal
and X-linked genes in this species is not statlstlcaﬁly
significant in this species. In D. simulans, X- hnked
genes average about half the variation of autosorﬂal
genes. In this species w, — w, and W, — %, are

nificantly different from zero using total coding se-
quences and assuming no recombination (t = 4.33, PC<
0.001; ¢ = 2.70, P < 0.01, for the two cases, respgc-
tively); no other tests were significant. These assun%)-
tions are surely not realistic, and the lack of statistigal
significance with more realistic assumptions emphasigf_:s
the large variances associated with these estimates. Ngv-
ertheless, there is still good reason to believe that in;\D
simulans X-linked genes may be less variable than stx%ct
neutral theory predicts.

2. Types of Polymorphisms
Transitions versus transversions

L0SSS0L/L9

Table 6 presents the frequencies of transition (Bs)
and transversion (Tv) polymorphisms for the three Dgo-

[0
@
(o]
>
Table 6 S
Summary of Transition (Ts) and Transversion (Tv) Polymorphisms for Different Species and for Different Classes of-
DNA S
C
CoODING o
CHI-SQUARED S
Total Four-fold NON-CODING (FISHER’S EXACT P) N
Ts Tv Tv’s Ts Tv Tv’s Ts Tv Tv’s T/4f T/non 4f/non
melanogaster . ... 177 84 32.2% 55 43 43.9% 128 150 54.0% 4.26 25.98 295
(0.05) (<0.001) (0.10)
simulans . ....... 165 81 32.9% 69 55 44.4% 68 61 47.3% 4.63 7.42 0.22
(0.04) (0.007) 0.71)
pseudoobscura ... 144 91 38.7% 56 60 51.7% 160 170 51.5% 5.36 9.04 0.002
(0.02) (0.003) (0.99)

Note.—*Four-fold” indicates fourfold degenerate, i.e., any nucleotide can be in the third position. Contingency chi-squares are presented for total versus
fourfold (T/4f), total versus noncoding (T/non), and fourfold versus noncoding (4f/non). Chi-squared analyses indicate that the species are homogeneous for all

three classes.
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Table 7
Silent and Replacement Polymorphisms
No.
Re-
No. place- % Replace-
Species Silent ment ment * SD
melanogaster
Total ... 192 69 264 27
In common with simulans ......... 118 33 219 + 34
In common with pseudoobscura .... 21 6 222 £ 80
simulans . ........ ... 0 . 221 29 11,6 £ 2.0
pseudoobscura . ................... 202 41 169 * 2.4

NoOTE.—SD assumes a binomial distribution.

sophila species, the sum of the individual genes in tables
1-3. In the total coding region of all three species, Ts’s
outnumber Tv’s about 2:1, exactly the opposite ratio of
that predicted by random mutation. This pattern is ho-
mogeneous across the three species. However, in the
noncoding regions for two of the three species (D. mel-
anogaster and D. pseudoobscura), Tv’s outnumber Ts’s,
but only slightly, not near the 2:1 ratio expected for
random changes. In D. simulans the ratio is in favor of
Ts’s in the noncoding region, although the sample size
for this species is smaller than for the other two and is
not statistically significantly different from them.

One possible cause of the preponderance of Ts’s
over Tv’s in the coding region is that it is due to the
structure of the genetic code; synonymous or silent sub-
stitutions are more often Ts’s than Tv’s. Stronger selec-
tion against replacement substitutions than against silent
substitutions raises the frequency of Ts’s relative to Tv’s.
For fourfold degenerate codons, selection based on ami-
no acids should be blind. Table 6 presents the frequen-
cies of Ts and Tv polymorphisms at these sites. As pre-
dicted, Tv polymorphisms are more common at fourfold
degenerate sites for all three species and not signifi-
cantly different from the ratio for noncoding DNA.

Silent Versus Replacement

The ratio of silent to replacement substitutions var-
ies considerably among genes and species (table 7).
Overall totals for the species indicate that D. melano-
gaster tends to have the highest proportion of replace-
ment polymorphisms, 26.4%, and D. simulans the least,
only 11.6%; these differences are significant (x> =
18.13, P < 0.001). However, as we just noted, there is
extreme heterogeneity among genes, so a fairer com-
parison among species would be for the same genes
studied in different species. When this is done for D.
melanogaster and D. simulans, the proportion of re-
placement polymorphism in D. melanogaster drops to
21.4%, although still significantly different from D. si-

mulans (x = 7.09 P < 0.01 . Relatively few genes in
common with the other species have been studied in D.
pseudoobscura, so it is difficult to make any firm com-
parisons. For genes studied in common, D. melanogas-
ter has a higher proportion of replacement polymor-
phisms than does D. pseudoobscura, although not sta-
tistically significant (x> = 0.489, P > 0.10).

3. Variables Correlated with Nucleotide Diversity

In trying to explain levels of nucleotide polymor-
phism, especially variation among loci, several factors
have been considered. In this section we present corre-
lations for several of these for D. melanogaster and D.
simulans, the sample of genes in D. pseudoobscura be-
ing too small for any meaningful tests. The variables age
listed in the Appendix where the value for each locus is
given. In carrying out the correlations, corrections wei’c
made. For comparisons of diversity (7 and 8), X- hnk@d
estimates were multiplied by %;. Taking into account the
lack of recombination in Drosophila males, the recom-
bination rates of X-linked genes were multiplied by‘?/s
(% of all X chromosomes are in recombining femalﬁ
assuming a 1:1 sex ratio) and autosomal recombmatl@l
rates were multiplied by % as only half are in females
(Begun and Aquadro 1992).

Coding Versus Noncoding

w/wo9'dno ol

The first entries in table 8 indicate the correlatiogs
in levels of polymorphism in coding and adjacent noki-
coding DNA. These are the strongest correlations fourd
in these data. For both species the correlation is positi\gig,
being highly so for D. melanogaster, with the smallgr
sample of D. simulans genes precluding statistical sig-
nificance for this latter species. Thus we can conclug:e
there is good evidence in the best studied species tﬁgt
the level of polymorphism in coding and adjacent nog-
coding DNA is positively correlated, with similar pat-
terns exhibited by D. simulans. This is evidence for fg-
gional factors controlling levels of polymorphism re-
gardless of the functions of the DNA.

Codon Usage

1snbny 91 u

Genes vary considerably in their degree of codgn
usage bias, presumably due to variation in some kind 'of
selective constraint on codon usage. If variation in level
of nucleotide polymorphism is due to variation in selec-
tive constraints, one would predict there to be a negative
correlation between codon usage bias and the level of
silent polymorphism in a given gene. Correlations of
level of nucleotide diversity with codon usage bias pres-
ent conflicting results (middle part of table 8). For D.
melanogaster, the results are opposite that just predict-
ed, namely that the level of nucleotide polymorphism is



DNA Variation within Drosophila 267

Table 8
Summary of Correlations between Variables Relevant to Intraspecific Variation

D. melanogaster D. simulans

V ARIABLES n ™ 0 n @ 6
Total vs. noncoding ........... 17 +0.804%* +0.808** 8 +0.582 +0.595
Silent vs. noncoding .......... 17 +0.858%* +0.864** 8 +0.689 +0.695
Total vs. ENC ............... 21 —0.307 —0.257 12 +0.150 +0.136
Silent vs. ENC ............... 21 —0.491* —0.450* 12 +0.068 +0.057
Noncoding vs. ENC .......... 16 —0.600* —0.530* 9 +0.240 +0.305
Total vs. recomb. ............. 22 +0.542** +0.499* 12 +0.539 +0.538
Silent vs. recomb. ............ 22 +0.499* +0.486* 12 +0.592* +0.582*
Noncoding vs. recomb. ........ 19 +0.536* +0.529* 9 +0.118 +0.129
ENC vs. recomb. all data ...... 20 -0.174 12 -0.319
Remove two loci ........... 18 —0.476*

NoTeE.—Numbers shown are the correlation coefficient, r. Significance of this is indicated at the 0.05 and 0.01 level
is the number of pairwise comparisons. “Recomb’ is estimated recombination rate. In
the last entry for D. melanogaster the two anomalous loci, Acp26Aa and Acp26Ab, have been removed. See text for details.

with one and two asterisks. “n”’

greater in genes with greater codon usage bias! (Recall
that codon usage bias is negatively correlated with
ENC.) The effect is especially notable in silent site poly-
morphism, again opposite that predicted by the selective
constraint theory. But perhaps most revealing, the non-
coding nucleotide diversity is also significantly positive-
ly correlated with codon usage bias in adjacent coding
regions. There is no reason to think that nonrandom se-
lection of codons in coding regions should have any
effect on polymorphism in noncoding adjacent DNA.
However, this observation is consistent with that in the
first part of table 8 showing a strong correlation between
level of nucleotide variation in coding regions and the
adjacent noncoding regions. This previous result indi-
cated there was a regional factor(s) at work. The impli-
cation here is that whatever the regional factor(s) is, it
is simultaneously affecting codon usage bias and level
of variation in all classes of DNA, so the correlation of
the latter two variables is due to each being correlated
to a third variable.

In D. simulans the pattern is exactly opposite that
of D. melanogaster and consistent with selective con-
straints affecting both codon usage and level of poly-
morphism. ENC is positively correlated with level of
nucleotide variation (table 8). But again, if one wants to
reach any causal relationship, it need be kept in mind
that the highest correlations exist for noncoding DNA.
However, none of the correlations between codon bias
and nucleotide polymorphisms are statistically signifi-
cant at the traditional 5% level, so there may be nothing
in the D. simulans data that requires “explaining away.”

Recombination

Recombination is known to affect levels of DNA
polymorphisms in Drosophila (e.g., Berry, Ajioka, and

04} papeojumoq

Kreitman 1991; Begun and Aquadro 1992; Aguadé ancg
Langley 1994). Genes residing in regions of the genomjé_’
exhibiting low levels of recombination have less poly%?
morphism than genes in regions with higher levels of
recombination. In D. melanogaster, recombination iéiE_
low near centromeres and telomeres and is absent in the,
fourth dot chromosome. The Appendix presents the re.é
combination rates for the genes studied for polymorS
phisms using the method of Kliman and Hey (1993bg
see Analyses section). Rows 6-8 in table 8 present th§
correlations of this variable with levels of nucleotide:
polymorphism. As detected by others, the data show &
positive correlation between recombination rate and lev<2
el of polymorphism. This holds whether one considers]
total coding, silent, or noncoding polymorphism in Dg
melanogaster. Thus, as expected, recombination rate]
seems to have a regional effect that affects level of poly<
morphism regardless of the function of the DNA in th&
region. Perhaps due to a smaller sample of genes, in D2
simulans the statistically significant positive correlatiort:
only holds for silent polymorphisms, although all classe$
of DNA have positive correlations. >

Zsnbny 9

Recombination and Codon Usage

Given the correlations of both codon usage and re%
combination with levels of polymorphism in D. mela-
nogaster, it is of interest to determine if the former two
variables are correlated with one another. The bottom of
table 8 shows the results. For D. melanogaster, when all
data are used, there is a negative correlation between
level of codon bias and recombination but it is not sig-
nificant at the 5% level. There are two data points that
appear to be outliers in that they have very high levels
of recombination and exhibit very low levels of codon
usage bias; these are the closely linked Acp26Aa and
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Table 9

Tajima’s (1989) Test for Significant Differences between 7 and 8

D. melanogaster

D. simulans

Coding Coding
GENE Total Silent Noncoding Total Silent Noncoding

ase........... -0.93 -0.43 0 0
su(s) ......... 1.22
Suw®) ... .. —0.35
PR -1.04 0 -0.93 -0.62 -0.48 1.11%*
Pgd .......... 1.67 1.44 0.34
A —-1.34 —-1.33 0 0.06 0.03 —0.260
per........... -0.30 -0.25 —1.08 —0.68 -0.70 —-0.25
Yp2 .o, 1.10 1.00 1.03 -0.05 -0.07 -0.96
Zw ..o 0.04 -0.02 0.64 1.09 1.08 2.07*
Acp26Aa .. .... 0.14 0.14 045 S
Acp26Ab ... ... 1.38 0.68 s
Adh ... ...... 0.27 0.40 0.53 -0.11 -0.14 -0.04 8
Adhr ......... ~1.85* —2.21%% -0.83 8
LeplPsi....... 0.82 0 0.82 =
Pgi oooien... -0.15 -0.30 -0.71 —-1.01 -0.98 -0.73 g
Amy-d ........ —-045 -0.76 -0.39 =3
Amy-p ........ 0.97 1.11 1.40 S
Sod (CRS) .... -0.46 -0.10 —-0.80 >
Est-6 ......... -0.84 -0.52 —0.46 0.38 0.03 0.32 S
ra ... ....... 0.67 0.66 -1.13 &
Rh3 .......... -0.97 ~0.98 -030 -033 2
boss.......... -0.07 0.08 0.12 0.17 o
Mic .......... 0 0 1.24 S
[or J 0 0 —-1.09 0 %

NOTE.—Value shown is the D with the associated P * <0.05, ** <0.01. g

5

Acp26Ab (see Appendix). When these two points are 4. Tests of Neutrality %
removed, the negative correlation becomes significant. Tajima’s Test @

For D. simulans, the correlation is likewise negative, but
the small sample size does not allow any strong statis-
tical conclusion, except to note the direction in corre-
lation is the same as for D. melanogaster. We can con-
clude there is good evidence that recombination and co-
don usage are correlated, an observation made previ-
ously by Kliman and Hey (1993b).

Table 10
Tajima’s (1989) Test on D. pseudoobscura Genes

CODING REGION

GENE Total Silent NONCODING
Adh ..... All data —1.82* —1.79% -1.19
N. America —~1.79* —1.77* —-1.21
Bogota —0.81 —0.82 -1.06
Adhr .... All data -1.39 —1.46 -1.57
N. America —1.41 —-1.49 —1.56
Bogota 0.63 -0.58 0.13
Amy-1 0.20
ry c..... -0.28 0.15 -0.27
Rh3 ..... 0 NA:2

2 NA: Not applicable due to small sample size.
*P < 0.05.

Tables 9 and 10 present the results of Tajima’s tests
for all available data for the three species. In the cage
of D. melanogaster, it can only be concluded that tge
data are remarkably consistent in indicating no signifi-
cant difference between 1 and § and thus, by this cH-
terion, the data are consistent with neutral theory. Orﬁy
two tests (out of 58) are significant, and both are for tife
coding region of the Adhr gene and thus the two data
sets are not independent. Adhr is the Adh-related gene
tightly linked to Adh, sometimes also called Adh(dué).
Why this gene stands out is not clear. One might pé”,\g—
tulate it is because it is a duplication of Adh that has
not yet reached equilibrium; however, this duplication'\fs
present in several other Sophophoran species so it is
unlikely to be a young duplication. It may simply be
chance that one out of 24 genes deviates at a signifi-
cance level less than 5%. Similarly for D. simulans, 2
tests out of 30 indicate a significant difference, both oc-
curring in noncoding regions of X-linked genes.

Drosophila pseudoobscura, on the other hand, ex-
hibits a more interesting pattern with regard to Tajima’s
test (table 10). Adh and Adhr in this species are the best-



Table 11
HKA Tests on D. melanogaster Genes

DNA Variation within Drosophila 269

NONCODING REFERENCE Locus

Test Locus 5’ 2 3 4 5 6 7 8 10 11 12 13 14 15 16 17 20
1. ase ...... — — * — — — — — — — — — — — — — —
2. pn....... —_ — —_— —_ * _ * % * * —_— —_ * * * * — *
. . _ NA * * *% * * _ _ * * * * _ *
3. Pgd...... _ — _ _ — _ *%k * *k _ _ *% Aok * *k* _ *
_ . _ _ _ _ EETY * * _ _ *k sk * *kk _ *
4.z ... — — — — — — — — — — — — — — — — —
_ — * — _ - — _ — — — — — o _ —
5. per ...... — — *kx - — — — — — — — — —_— — — — —
— — EX 23 J— - —_ J— —_ — —_— —_ — — — _ —_— —_—
S
*
6. YPZ ...... —_ —_— Fxk i —_— o —_ —_ —_ _ — —_— _— ad —_ —s=
—_ _ sdeokoskk —_— — N J— I J— J— * p— J— - —_— * 3
8
7. Zw ...... — — *k — — — — — — — — — — —_— — — —a
J— — FK% sk k —_ — — —_ —_ — —_ —_— J— —_— — —_ * ___8
=
8. Acp26Aa .. — _ _ _ kokk — *okk * * _ _ sk sk * Fokok _ * O
* 3
_ — — _ — _ — - — — _ _ — — — —3
9. Acp26Ab .. — @ — @ kEx — — — I — — — * -5
_ —_ okeok * — _ — _ — _ * _ — _ — * =
©
10. Adh ... .. — kdokx * — — — N — — — *k
* —_ *kkok * —_ —_ —_— — —_ — *Kok % P — J— — k% __%
3
11. Adhr — — — —_ — — — — —_ — —_ — — — — — —5
_ —_ _ _ * _ * _ * _ — * * _ * _ =0
i ©
12. Pgi ..... — — — — * — * — * — — * * — * — —3
— I _ _ * _ *k * * _ — * sk * * _ * 3
3
13. Amy-d — —  wERRk — —_ — — — — * — — — — * —=
_ _ sokokok — _ _ — _ — _ * _ _ _ _ * _ 0
o
ok ok * * =
14. Amy-p — — — — —_ — —_ — — — — — — —3
_ R L _ _ _ _ _ — * — _ _ _ * _ @
e
=
15. Sod .. ... — — *k — — — — — — — — — —_ — —_ — —
=
_ _ * _ _ — _ — — _ _ _ — _ — _ -
o)
16. Est-6 — — Fkk — — — — — — — — — — — — * —=
— _ *kok — _ — — _ _ _ _ _ _ _ _ _ _o
a
17. tra. ... .. * _ — _ seokokk Kok dkokkk skkk ok * _ sokk kokkk *k ok ok - ***g
_ — _ _ * _ *% * * — _ * %% * sk _ * 2
o
18. Rh3 — — — — * — * — — — — — * — * — —=
..... =
—_— _ —_ —_ J— —_ % —_ — —_ — —_— * —_— — —_— R
&
19. boss — — *k — — — — — — — — — — — — — —
o
—_ _ *ok _ _ _ _ — _ _ _ _ — _ — _ >
N
20. Micl — — — NA — — * — * — — * * — — —_ — 2
— —_ _ — - — _ — _— — — * _ — _ _z
NA &
21. ¢ci ...... * — NA  ®kkk EETTS EET T sk % *kk *ok * sk *kok ok EEES EEETY _ ***i
— — NA *okok * ok ok * *% * _ *k *k sk * *kok — * o
o
o

Note.—Upper entry in each cell is for total coding, and lower entry for silent only. The 5’ column is for the Adh 5’ region, the original region used by Hudsox’f
Kreitman, and Aguadé (1987). Other numbers across the top refer to numbers next to genes in the first column. In some cases when there were no polymorphisms,
the test could not be performed; these are indicated by the NA entries. * P < 0.05, ** P < 0.01, *** P < (.005, **** P < (.001.

studied genes for intraspecific nucleotide polymorphism
for all Drosophila. Adh exhibits a significant difference

between 8 and , the former being larger producing a
negative D. This is consistent with a pattern of there
being too many rare nucleotide polymorphisms with re-
spect to predictions of the neutral theory (see e.g., Brav-

erman et al. 1995). The difference is only evident for
North American populations and does not appear to hold
for the isolated Bogotd population. The closely linked
Adhr and the genes on the other chromosomes do not

indicate any differences between  and Tr, SO it is un-
likely that the cause of the deviation for N. American
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Adh is due to some overall populational factors, which

1d ha A o ff, Thirtha
wouia o eXpeCteu to affect all genes Uliuall] Curmer-

more, unlike the case with D. melanogaster and D. si-
mulans, many fewer genes have been studied in D. pseu-
doobscura, so many fewer tests are possible; therefore
the significant deviation in one of the data sets is less
likely to be a statistical artifact.

The HKA Test

This test combines information on interspecific di-
vergence with level of intraspecific polymorphism. Giv-
en the relatively large numbers of genes studied for
polymorphism and the large number of potential refer-
ence sequences against which to test them by the HKA
test, the number of possible tests is very large. We have
performed about 1,000 HKA tests on the data in tables
1 and 2. Rather than present the full tables of all tests,
for many purposes it is sufficient to see the patterns in
the results.

First we need to make some comments on the ref-
erence loci, the region assumed to be neutral against
which one tests other regions. Hudson, Kreitman, and
Aguadé (1987) first used the 5’ Adh noncoding region;
this is the standard reference. We tested all 16 other
noncoding regions from D. melanogaster using this
standard and, with the single exception of Pgd, none
displayed a statistically significant difference with the
HKA test (data not shown). For D. simulans, we per-
formed all possible pairwise HKA test for the eight non-
coding regions studied in this species; none was signif-
icant (data not shown). With the single exception noted
(Pgd in D. melanogaster), these results indicate it is rea-
sonable to use the noncoding regions as references for
HKA tests; they do seem to be behaving homogeneously
as expected if they were all neutral. (However, as we
noted in table 4, these noncoding regions are less vari-
able than silent sites in coding regions, so there may be
some selective constraints, although they would appear
not to be affected sufficiently differently as to be de-
tected by the HKA test.)

The significance of the HKA tests for D. melano-
gaster are presented in table 11. Because there are more
than 700 tests, it is difficult to determine if any one
asterisk in a cell has any biological significance. Some
patterns, however, are very clear. For example, Pgd
stands out as an unusual locus that does not conform to
the neutral expectations of the HKA test. Whether used
as the reference locus or test locus (i.e., both the column
and row for Pgd), there are many significant deviations
from neutrality; but note that the coding region for this
locus does not fail the test when its own flanking DNA
is used as the standard. This result is consistent with the
fact that this was the only noncoding region that gave a

Table 12
HKA Test on D. simulans

NONCODING REFERENCE

GENE 2 3 4 5 6 7 8 9
1. ase ... * * * —_ * *% _ *
_ _ — = * -
2. pn . — —_— - - — — - —
3.7 ... — — —_ = = — —
4. per ... — — _ = = — —_ -
5. Yp2 ... — — R — I —
- - - — - - - )
6. Zw.... — [ —_ — — * — _g
=]
- /78
7. Adh ... — — R — — - —
J— J— J— J— J— J— —_ —0O
8 Pgi ... — — —_ = = — — _g
- - - - - - =
9. Est6 .. — — —_ = — — _ _-;;
- - - — — - — &
10. RR3 .. — — - _ — -8
Q
—_ — - = — —_ —0
3
11. boss .. — — —_ — — — - -5
o
- - = - - = = 73
12 Ci R kokokk kkokok ok k — sk %k Fokkok * kKo
*kk *kkk %k * ¥k Fokk * **o

Note.—Constructed the same as table 11.

| /8|0le/oqupl/W

significant HKA test when compared against the stag-
dard 5’ Adh noncoding region. Another locus clearﬁ
failing the HKA expectations of neutrality is the non-
recombining ci locus, the last row (no noncoding sg-
quence is available to use this region as a referenc
Other loci that tend to stand out are pn, Acp26Aa, and
tra. Adh also tends to show significant deviations as al-
ready detected by Hudson, Kreitman, and Agua@é
(1987); however, at that time they used only the 5’ nog—
coding Adh region as a reference. Here we can see thgt
Adh deviates significantly from expectations when 25
other references are used, but not when the remaini
12 are used. Finally we note for this species that the one
locus which stood out as significantly deviating from
neutral expectations in the Tajima (1989) test, Adhr (see
table 9), conforms reasonably well to neutral expecta-
tions with the HKA test, although several significant de-
viations are noted for silent sites for some reference loci.
The results of the HKA test on D. simulans are
more clear (table 12). Only two loci stand out and ac-
count for almost all the significant deviations from neu-
tral expectations: ci and ase, the first and last rows. Both
of these genes are in regions of unusually low recom-
bination. This is almost certainly related to the obser-



DNA Variation within Drosophila 271
Table 13
Results of McDonald and Kreitman Test for D. melanogaster and D. simulans
POLYMORPHIC?
FIXED? melanogaster simulans Total

GENE  Silent Rep. Silent Rep. G Silent Rep. G Silent Rep. G
ase ..... 13 11 3 3 0.03 0 0 FE 3 3 0.03
pn ... 22 5 0 1 FE 8 6 2.69 8 7 3.65
Z.oi... 15 2 5 0 FE 11 0 FE 16 0 FE
per ..... 25 1 19 1 0.04 40 6 1.83 58 7 1.28
Yp2 .... 11 5 8 1 1.40 2 0 FE 10 1 2.03
Zw .. ... 23 25 22 2 15.04%%* 12 1 9.72%:* 330 3 19.82%kk
Adh . ... 2 2 16 3 1.97 11 0 FE 27 3 3.35
Pgi..... 23 1 2 2 5.21% 16 2 0.74 18 4 2.45
Est-6 ... 19 16 30 15 1.27 50 14 5.95% 78 27° 4.73%
Rh3 .... 14 3 2 0 FE 30 0 FE* 32 0 FE*
boss .... 16 3 14 2 0.08 38 2 1.79 52 4 1.13
ci ..., 23 21 0 0 FE 0 1 FE 0 1 FE

NoTE—A G-test is used except when a zero appears in a cell; those cases are denoted FE for Fisher’s exact P tests. * P < 0.05, ** P < 0.005, ***

0.0001.
2 Rep. = replacement polymorphisms.
b Both species have polymorphisms in the same site.

vations made by Begun and Aquadro (1992) that regions
of low recombination show much less intraspecific poly-
morphism but “‘normal” degrees of interspecific diver-
gence. However, ase in D. melanogaster does not show
any signs of deviation from neutral expectations by the
HKA test (table 11).

The McDonald-Kreitman Test

Table 13 presents the results of all the McDonald—
Kreitman tests. Three loci produce G-tests with associ-
ated P values less than 5%. Zw deviates most from neu-
tral expectation as noted by Eanes, Kirchner, and Yoons
(1993). Est-6 and Rh3 deviate sufficiently to produce P’s
just under 5%; Pgi deviates if only D. melanogaster
polymorphisms are used. Interestingly, Adh does not sig-
nificantly deviate when D. melanogaster and D. simu-
lans are the test species, whereas McDonald and Kreit-
man’s (1991) original use of this test was between D.
melanogaster and D. yakuba for which this locus did
significantly deviate from neutral expectation. It should
be noted that D. melanogaster is more closely related to
D. simulans than to D. yakuba (Caccone, Amato, and
Powell 1988; Lachaise et al. 1988) so problems of sat-
uration are less likely for the two closer related species
used for the tests in table 13.

Discussion
Overall Variation

The overall estimated level of per nucleotide het-
erozygosity is 0.4%-2% depending upon region and

oe//:sdny WosmpdpEojUMO(]
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species (table 4); silent site polymorphism can reach %@.
This amount of variation is sufficiently large that §ir—
tually every diploid individual is heterozygous at ev'gry
locus, with the exception of genes in regions of unugu-
ally low recombination and in closely inbred 1nd1v1§u-
als. This high level of variation exceeds that predlc&d
by even the strongest proponents of the ‘“balance” vkw
of populations with the possible exception of B. Wallace
who concluded in 1959 that “we feel that the proport%n
of heterozygosis among gene loci of representative in-
dividuals of a population tends toward 100 per CCTE."
Of course whether this degree of variation, or what p@)—
portion of it, has any significance with regard to adgp—
tive evolution remains an open question. 2
It appears from table 4 that, among these three spe-
cies, D. melanogaster is the least variable and D. psgu-
doobscura the most variable. This is not unexpected gx‘fv-
en the history of these species. Drosophila melanogaster
and D. simulans are cosmopolitan species associated
with human habitats. Almost certainly they origina@d
in sub-Saharan Africa, became adapted to manmade é’gn—
vironments, and were spread around the world by ku-
man transport (David and Capy 1988). Nearly all the
populations sampled for genetic diversity in these spe-
cies have been human-associated and outside Africa.
Thus it is likely these populations have some degree of
founder effect and have not reached population genetic
equilibrium. (For empirical evidence see Begun and
Aquadro [1993], who did sample native D. melanogas-
ter populations from Zimbabwe and found them to be
more variable on the nucleotide level than those sampled
in the New World.) Drosophila pseudoobscura, on the
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other hand, is native to oak-pine forests of the western
one-third of North America and can still be found only
in this region. Thus all the samples of this species came
from its native habitat, or very close to it, and such
populations would be expected to have little founder
effect evident and are likely closer to equilibrium, i.e.,
they have been stable large populations for a long time.
If population size and stability are positively correlated
to level of polymorphism (as population genetics theory
predicts), then the level of nucleotide diversity differ-
ence between D. melanogaster and D. pseudoobscura is
understandable. Drosophila simulans is thought to have
a history similar to that of D. melanogaster, yet its nu-
cleotide diversity is on a par with that of D. pseudoob-
scura. This implies D. simulans may have been subject
to less severe founder effects and perhaps maintains
larger, more stable populations compared to its sibling,
D. melanogaster. Others (e.g., Aquadro 1992; Akashi
1995) have reached similar conclusions.

However, there is one anomalous finding at odds
with this conclusion. The Tajima test did not detect

much difference between m and § in D. melanogaster
populations (table 9). The latter is expected to equal the
former only in a panmictic equilibrium population. Pop-
ulations that recently went through a bottleneck would
be expected to have an excess of rare variant, which
would produce significantly negative D’s by this test
(Tajima 1989; Braverman et al. 1995). Negative and
positive D’s in table 9 are about equally frequent 30
and 26, respectively.

Sex-linked Versus Autosomal

Sex-linked genes are less variable than autosomal
genes (table 5) although in the case of D. melanogaster,
the differences are not statistically significant. In D. si-
mulans the ratio of diversity in sex-linked genes to au-
tosomal genes is even less than the predicted 0.75, being
somewhat less than 0.5 for all classes of DNA. This has
one important implication for understanding the forces
controlling nucleotide variation. One of the major hy-
potheses to account for the reduction of polymorphism
in regions of low recombination is the “‘background se-
lection” model of Charlesworth, Morgan, and Charles-
worth (1993; Charlesworth 1994). This model is based
on the selective removal of deleterious recessive alleles
along with linked neutral variation; the strength or dis-
tance over which such selective elimination will act is
dependent upon recombination. Under such a model the
effective population becomes essentially the frequency
of chromosomes free of deleterious mutations linked
sufficiently close to the studied locus as to affect it
(Hudson 1994; Stephan 1994). Because of the hemizy-
gosity of X chromosomes in males, one would expect,
on average, more efficient selection against deleterious

recessives and thus the fraction of X chromosomes free
of deleterious loci to be higher than for autosomal chro-
mosomes. The pattern observed, especially in D. simu-
lans, is opposite the prediction of the background selec-
tion model.

An alternative model is the positive selective sweep
model (Berry, Ajioka, and Kreitman 1991; Begun and
Aquadro 1992; Hudson 1994). In this model, an advan-
tageous mutation is hypothesized to sweep to fixation
taking with it linked neutral variants. If most new ad-
vantageous mutants are recessive, then the positive se-
lection should again be more effective for X-linked
genes due to hemizygosity in males. This could account
for the reduced heterozygosity for X-linked genes. One
argument against the selective sweep model is the
served frequency distribution of variants; followingza
selective sweep, most new mutations would be expect§d
to be in low frequency relative to the expected distfi-
bution of a population at equilibrium. Braverman et &l.
(1995) show that the data so far collected do not co§-
form to this expectation. U’

What then could account for the lower diversity @f
X-linked genes in D. simulans? One possibility is tEe
mating structure of the species (see, e.g., Charleswoith
1994). Specifically, if males have a higher effective pop-
ulation than females, this could cause the effective pop-
ulation size of X-linked genes to be less than the 75%
of autosomal genes predicted from a 1:1 sex ratio. Tlﬁs
could come about in Drosophila due to the prevalenae
of multiple insemination in many species. Males coﬁd
be inseminating many females, but not all females m@
find a suitable larval substrate on which to deposit eggs
Because each female is carrying more than one mal€’s
sperm, her eggs represent contributions to the next gen-
eration of only a single female but multiple males. @p
the other hand, it must be noted that in the only diré&t
measurements of sex-specific effective population s1zcs
in laboratory populations of Drosophila, the gene@l
finding is that females have a larger effective populatxgn
size than do males (e.g., Crow and Morton 1955).

Types of Polymorphisms

nbny 9| u

With regard to Ts’s and Tv’s, species and gen‘%s
appear to be quite homogeneous. Generally in nonC(ﬁ—
ing regions Tv’s outnumber Ts’s by a small amount (ta-
ble 6), whereas in the coding region Ts’s outnumber Tv’s
by about 2:1. The fact that fourfold degenerate sites
have a ratio of Tv:Ts very similar to noncoding DNA
indicates that the structure of the genetic code and se-
lection against replacement polymorphisms can account
for the preponderance of Ts’s in the coding region. This
assumes that the Tv:Ts patterns at fourfold degenerate
sites and noncoding DNA represent the neutral mutation
process. However, there is evidence of more selective



constraints on noncoding regions compared to silent
sites (table 4); evidently these constraints do not change
the ratio of Tv:Ts in these regions.

With regard to silent and replacement polymor-
phisms, perhaps the most notable aspect of the data is
the great variation from locus to locus in their relative
occurrence, although this could have been anticipated
from allozyme data, which indicated considerable vari-
ation among loci with regard to electrophoretically de-
tectable variation that must be due to replacement poly-
morphisms. While silent polymorphisms generally out-
number replacements (table 7), there are exceptions,
e.g., Acp26Aa in D. melanogaster (table 1). Adh in D.
pseudoobscura is the alternative extreme case with a
single replacement polymorphism detected in more than
85 kb of sequence (107 alleles X 762 bp/allele; table
3). Whether this variation is due to differences in selec-
tive constraints or positive selection for polymorphism
is not clear. The one replacement polymorphism in D.
melanogaster Adh, which causes the fast/slow allozyme
polymorphism, is very likely a case of positive selection
(Kreitman 1991).

One surprise in considering the relative frequencies
of replacement polymorphism is the difference between
D. melanogaster and D. simulans. The former species
has a significantly greater proportion of replacement
polymorphism even when only genes studied in both
species are considered (table 4). This is consistent with
allozyme data which indicate D. melanogaster and D.
simulans are equally variable (Choudhary and Singh
1987); since D. melanogaster has less overall nucleotide
polymorphisms, a greater proportion must be replace-
ments for allozyme variation to be equal. Why D. mel-
anogaster should be more tolerant of replacement poly-
morphisms than is D. simulans remains unknown. It
could be related to the observation that D. simulans is
overall more variable at the nucleotide level than is D.
melanogaster (table 4). If D. simulans has larger more
stable populations than D. melanogaster, then it is ex-
pected that natural selection will be more effective in D.
simulans. This implies that much of the replacement
polymorphism in D. melanogaster is slightly deleterious
but that selection is relatively ineffective in eliminating
the mutations due to small and unstable populations.
Akashi (1995) also detected reduced efficacy of selec-
tion against synonymous substitutions in D. melanogas-
ter relative to D. simulans. This is consistent with a
general populational cause (such as small size), which
would affect all types of substitutions.

Recombination Effects

It is clear from table 8 that there are regional fac-
tors operating which similarly affect coding and adjacent
noncoding DNA. Recombination rate was explored as
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possibly being a regional factor involved and there is
indication it is positively correlated to level of variation
in both D. melanogaster and D. simulans. Whether this
is the only regional factor affecting variation is not clear.
The correlations between nucleotide diversity and re-
combination have r values around 0.5, which means the
amount of variance accounted for (%) is about 25%.
Either recombination is not the only factor or the error
in estimating both diversity and recombination rate ac-
count for the lack of a stronger correlation. (Another
potential regional effect is mutation; however, there is
no evidence that mutation rates or processes vary along
Drosophila genomes [e.g., Woodruff, Slatko, and
Thompson 1983; Moriyama and Hartl 1993].)

It is especially interesting to note the lack of a ngg-
ative correlation between codon usage bias and leveEof
nucleotide variation at silent sites; in fact, for D. m@a
nogaster there is a positive correlation (table 8). Agafm,
recombination may be the key in understanding this.
The level of codon usage bias is positively correlated
with recombination (table 8; see also Kliman and I-‘iiey
[1993b]) presumably because selection can be more;\%f—
fective at single nucleotide positions when recombiga-
tion is high, the so-called Hill-Robertson effect (E—ill
and Robertson 1966). Higher recombination also dn-
creases variation by reducing the hitchhiking effect-;)of
selective elimination of linked loci. So recombination
positively affects level of variation and codon us;bge
bias. Evidently, the selection for codon usage bias is @ot
strong enough to offset the increase in variation dug_:gfto
reduction in hitchhiking. This is in strong contrastito
what is seen in interspecific comparisons; more strongly
biased genes show less divergence between species
(Sharp and Li 1989; Moriyama and Powell, in preg‘a-
ration) but recombination rate does not correlate with
interspecific divergence (Begun and Aquadro 1992).
This seemingly contradictory pattern for intraspec(gﬁc

and interspecific nucleotide variation is lacking an age-

quate explanation. 5
=}

Neutrality or Selection? i

Are the patterns of DNA polymorphisms in D§ -
sophila more consistent with selection playing a mzﬁor
role or does the hypothesis of selective neutrality aENIe—
quately account for the data? The data are not decisive
on this question.

Tajima’s (1989) test rarely rejects neutrality. How-
ever, it may be that this test is sensitive to the sample
size (number of alleles) as the test is strongest in re-
jecting neutrality for the largest data set, Adh from D.
pseudoobscura. Perhaps the inability of Tajima’s test to
detect much if any selection in the data from D. mela-
nogaster and D. simulans is due to the smaller sample
sizes; average number of alleles studied per locus is 11
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and 6, respectively, in contrast to the 99 alleles of Adh
and Adhr for N. American D. pseudoobscura. 1t is clear-
ly of interest to investigate theoretically the effect of
sample size on the sensitivity of the Tajima test. The
HKA test more often detects deviation from neutral ex-
pectation. For D. melanogaster (table 11), 7/21 loci
clearly deviate from neutrality: pn, Pgd, Acp26Aa, Adh,
Pgi, tra, and ci. For these loci too many asterisks appear
in their rows than would be expected by chance. For D.
simulans (table 12) only 2/12 loci show clear deviations
with both loci (ase and ci) in regions of particularly low
recombination. However, the genes failing the HKA test
in D. melanogaster do not particularly cluster in regions
of low recombination and one gene, ase, in such a re-
gion seems to conform well to neutral expectation as
detected by the HKA test (table 11). The McDonaid and

Kreitman (1991) test detects deviations from expectation
as does the HKA test. One quarter (3/12) of the loci

tested in table 13 gave 1nd1cat10ns of deviation from
neutral expectations. Of particular interest is the fact that
these three loci, Zw, Est-6, and Rh3, gave no indication
of deviations in either the HKA or Tajima tests. The set
of loci failing the HKA test is mutually exclusive of the
set that fails the McDonald/Kreitman test.

For D. melanogaster then, we can conclude that 11/
24 loci failed one of the tests for neutrality. Seven failed
the HKA test, one failed the Tajima test, and three con-
tributed to the significant deviations in the McDonald—
Kreitman test. Drosophila simulans had 5/12 loci fail
one test. Can we then conclude that just less than half
the genes in these species are evolving neutrally and half
are subject to selection? This would be a very naive
conclusion to draw from this analysis. The analyses pre-
sented in this paper emphasize the complexity of inter-
preting intraspecific DNA polymorphism data. The ev-
idence for regional effects, at least partly mediated
through recombination, is very clear. The fact that the
selective constraints on codon usage seem not to affect
the level of polymorphism at silent sites is perhaps the
best example of how misleading it can be to consider
too few variables in understanding these data. The cor-
relation of level of codon bias in a. coding region is

highest with adjacent noncoding DNA. If we had not
considered recombination as another variable, this pat-
tern would have been completely mysterious.

Conclusions

We are particularly struck by two patterns in the
data analyzed here. First is the clear evidence of regional
factors affecting levels of nucieotide polymorphisms.
Such forces seem to override other forces such as se-
lection for codon usage. Second, the contrast between
D. melanogaster and D. simulans in their patterns of
nucleotide diversity is striking. They differ in level of
overall diversity, in the proportion of replacement versus
silent polymorphisms, and in the ratio of diversity ofX-
linked genes to autosomal genes. These two species %re
very closely related, differing by a single paT&Ct‘:Il ic
inversion; furthermore, ecologically the two species %re
very similar. One would think that any genetic procems
such as mutation, recombination, etc., would be very
similar in the two species. So explanations for the c:gyn—
trast in nucleotide diversity must be sought at a dlffergnt
level. We have speculated that size and stability of p@p—
ulations and the mating structure of the species c ald
account for the differences. These observations empha-
size the fact that in evaluating patterns of nucleogde
diversity we need to consider several levels of orgdni-
zation: single nucleotides, codons, chromosomal
regions, populations, and mating behavior. No single
simple explanation seems adequate.
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APPENDIX

Genes Used in This Paper?

DNA Variation within Drosophila 275

melanogaster AND

DIVERGENCE BETWEEN

simulans®
REc. Non-
GENEP SPECIES Marb ENCc RATEY GENBANK Acc# REFERENCE Total Silent coding
ase ....... melanogaster 1-0.0 574 0.00 Hilton, Kliman, and Hey 1995 0.025 0.059
simulans 57.8 Hilton, Kliman, and Hey 1995
su(sff ... melanogaster 1-0.0 0.00 Aguadé et al. 1994
su(w) . ... melanogaster 1-0.1 0.00 Aguadé et al. 1994
pno....... melanogaster 1-[0.5] 54.4 2.02 Simmons et al. 1994 0.026 0.089 0.032
G. Simmons, personal communicaton
simulans' 53.5 Simmons et al. 1994
G. Simmons, personal communicaton
Pgd ...... melanogaster 1-06 372 1.87 Begun and Aquadro 1994 0.038 0.136 0.0602
b A melanogaster 1-1.0 428 2.74 L13043-8 Hey and Kliman 1993 0.032 0.142 0.077 %
simulans 42.1 L13049-53, 55 Hey and Kliman 1993 2
per....... melanogaster 1-14 37.6 294 107817-9,21, 23,25 Kliman and Hey 1993a 0.031 0.129 0.088 %
simulans 36.5 L07826, 28-32 Kliman and Hey 1993a 3
Yp2 ...... melanogaster  1-30 337 2.88 L114421-3 Hey and Kliman 1993 0.020 0.061 0.1213
simulans 33.7 L14426-8 Hey and Kliman 1993 _C%
Zw ....... melanogaster 1-62.9 32.7 231 L13880, 85-90,95-920 Eanes, Kirchner, and Yoon 1993 0.037 0.096 0.068 @
simulans 314 L13876-9, 81-4,91-4 Eanes, Kirchner, and Yoon 1993 ?_,\)
Acp26Aa .. melanogaster  2-[20] 61.0 4.97 X70888-97 Aguadé, Miyashita, and Langley 1992 0.140 0.157 0.036 &
Acp26Ab .. melanogaster ~ 2-[20] 522 4.97 X70888-97 Aguadé, Miyashita, and Langley 1992 0.030 0.058 (BD
Adh ...... melanogaster ~ 2-50.1 314 1.98 M17827,28,30-7 Laurie, Bridgham, and Choudhary 1991 0.014 0.047 0.059 &
simulans 30.3 M19263, X573614 McDonald and Kreitman 1991 2
pseudoobscura 4 M60979-96, X68159—  Schaeffer and Miller 1992, 1993 2
66, X62181-238, g
X64468-89, Y00602 3
Adhr .. ... melanogaster ~ 2-50.1 59.6 1.98 Kreitman and Hudson 1991 0.033 0.132 0.039 g
pseudoobscura 4 M60979-96, X68159—  Schaeffer and Miller 1992, 1993 %
66, X62181-238, %
X64468-89, Y00602 =
LeplPsiE . . melanogaster  2-[58] 0.94 U17196-205 Pritchard and Schaeffer 2
Pgi....... melanogaster ~ 2-58.6 36.7 0.92 127539-46, 53-5 McDonald and Kreitman® 0.016 0.068 0.044 g
simulans 352 L27547-52 McDonald and Kreitmanh 2
Amy-d ....melanogaster 2-779 28.4 3.38 L22717, 18, 20, 24, 28, Inomata et al. 1995 0.032 0.097 0.074 b
30, 32, 34 bt
Amy-p ....melanogaster  2-779 28.4 3.38 122716, 19, 21, 25-7, Inomata et al. 1995 0.028 0.086 0.046 2
29, 31, 33 <
Amy-1 ....pseudoobscura 3 U09746-57 Popadic and Anderson 1994 e
Sod ...... melanogaster ~ 3-32.5 36.3 3.19 Hudson et al. 1994 0.027 0.106 0.065 8
Est-6 ..... melanogaster ~ 3-35.9 54.6 2.72 J04167 Cooke and Oakeshott 1989 0.044 0.129 0.076 )
simulans 529 L34263-5, 70 Karotam, Boyce, and Oakeshott 1995 N
tra ....... melanogaster 345 55.5 1.06 M17478, M19618-20, Walthour and Schaeffer 1994 0.069 0.162 0.054 g
M19464-70 S
Rh3 ...... melanogaster  3-[67] 42.0 3.38 Ayala, Chang, and Hartl 1993 0.024 0.093 E_
simulans 42.7 Ayala, Chang, and Hartl 1993 n
pseudoobscura 2 Ayala, Chang, and Hartl 1993 N
boss ...... melanogaster  3-90.5 49.2 3.88 Ayala and Hartl 1993 0.027 0.106
simulans 48.6 Ayala and Hartl 1993
Micl ..... melanogaster  3-[98] 39.2 3.81 L37312-27 Leicht et al. 1995 0.019 0.082 0.041
[/ A melanogaster  4-0.0 50.1 0.00 Berry, Ajioka, and Kreitman 1991 0.046 0.111
simulans 49.9 Berry, Ajioka, and Kreitman 1991
ry . .o pseudoobscura 2 Riley, Kaplan, and Veuille 1992

* Sequences were taken from GenBank 86.0 (December 1994), the daily update, or original references.
® Gene names and maps were referred from “FlyBase (1994). The Drosophila Genetic Database. Available from the ftp.bio.indiana.edu network server and

Gopher site.”

¢ Effective number of codons by Wright (1990).

4 Recombination rate X 10-3 (Kliman and Hey [1993b] and personal communication from R. Kliman). For Pgi, the value is the average for the bands 44A-E

¢ Numbers of nucleotide substitutions per site between D. mel, ter and D. simulans. When there are multiple sequences, one of each sequence is chosen
arbitrarily. Numbers of silent substitutions are estimated by Nei and Gojobori’s (1986) method without multiple-hit correction.

f Noncoding regions only from direct sequencing and single-strand conformation polymorphism analysis.

¢ Pseudogene.

" Names of submitters to GenBank, but no publication found.
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