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ABSTRACT

Restriction site and insertion/deletion polymorphism in a 45-kb region of the white locus on the X
chromosome in Drosophila melanogaster was investigated for 64 X chromosome lines with six 6-cutter
and ten 4-cutter restriction enzymes. A total of 109 polymorphisms were detected (54 restriction sites
and 55 insertions/deletions). Estimated heterozygosity per nucleotide for this region (0.004-0.008)
was similar to those of the Adk and 87A heat-shock locus regions located on the autosomes in D.
melanogaster. This is contrary to a simple prediction based on the theory of mutation selection-balance
of partially recessive deleterious mutants which predicts less variation on X chromosomes. Large
linkage disequilibria between pairs of polymorphisms (including insertions and deletions) within the
transcriptional unit (especially the 3’ end of the lIst intron) were observed. As expected from
population genetics theory, linkage disequilibria between these polymorphisms were greater for those
pairs that are physically closer on the restriction map. Linkage equilibrium was typically observed
when the pairs of sites were separated by 2 kb or more. Although significant between-line variation
in eye pigment was observed (P < 0.05), there is little evidence for strong associations between this
phenotype and the polymorphisms at the DNA level.

ECENT reports show that population genetic
variation at the DNA level in Drosophila mela-
nogaster is quite high. On the average 1 out of every
200 nucleotides is heterozygous for alternative nucle-
otides. An obvious question concerns the significance
of such DNA sequence polymorphisms to phenotypic
variation, natural selection and long-term evolution.
Since a significant portion of the DNA of metazoans
may be involved in the regulation of gene expression,
a segment of the genome with known regulatory roles
is worthy of study. The white locus provides an oppor-
tunity to examine DNA sequence polymorphism in
coding, noncoding and flanking regulatory regions
and to relate these to phenotypic variation.

The white locus is the first gene for which a mutation
was reported in Drosophila melanogaster (MORGAN
1910; BrRIDGES and MORGAN 1923). Completely
amorphic white mutants lack pigment in the compound
eye, ocelli, testes sheath and Malphigian tubules, while
retaining good fertility and viability in the laboratory.
However, population cage experiments have sug-
gested that the white locus can be a subject of natural
selection [see JoNES and PROBERT (1980) and refer-
ences therein). The locus is found on the X chromo-
some (1.5 and 3C2) (BRIDGES 1938; LINDSLEY and
GRELL 1968). white has played an important role in
the advance of general and molecular genetics [see
reviews by JupDp (1987) and HazeLrRIGG (1987)]. The
white locus region has been cloned (BINGHAM, LEVIS
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and RUBIN 1981), and a 14-kb region which includes
the structural gene has been sequenced (O’HARE et
al. 1984). Genetic experiments have identified sites
within the complex white locus (centromere proximal
and 5’ of the transcriptional unit) that are involved in
dosage compensation, interaction with the trans-act-
ing regulator encoded by the zeste locus, pairing-
dependent regulation and tissue-specific expression
[see JuDD (1976, 1987) for references]. Recent trans-
formation experiments have located some of these
functions in the 5’-flanking DNA (LEvis, HAZELRIGG
and RUBIN 1985; BINGHAM and ZACHAR 1985; PIR-
ROTTA, STELLER and BozzeTTI 1985). Despite the
abundance of information on this locus, the functional
nature of the white gene product, which apparently
consists of 705 amino acids, has not been established,
although involvement in trans-membrane pigment
transport has been suggested (SULLIVAN and SULLI-
VAN 1975; MouNT 1987).

GREEN (1959a) mapped a significant difference in
eye pigment between two strains of wild-type flies.
This suggested the existence of variation at the white
locus affecting adult eye pigment deposition in natural
populations of D. melanogaster. Recent studies of nat-
ural populations of D. melanogaster have shown an
enormous amount of DNA polymorphism in and
around several loci. Some of this molecular variation
seems to be associated with variation in gene expres-
sion (AQUADRO et al. 1986; LAURIE-AHLBERG and



200 Miyashita and Langley

StaM 1987; LANGLEY et al. 1988). It has been found
that the white locus region is also highly polymorphic
(LANGLEY and AQUADRO 1987).

A primary purpose of the present study was to find
the relationship between the variation of eye pigment
level (a phenotype of the white locus) and the naturally
occurring variation at the DNA level of the white locus
region. This type of information is critical to under-
standing of the maintenance and significance of ge-
netic variation in natural populations. From the view-
point of population genetics, genes on the X chromo-
some in D. melanogaster are expected to show less
variation than autosome genes for two reasons. The
force of random genetic drift in reducing standing
variation is expected to be somewhat stronger, since
the effective population size for genes on the X chro-
mosome is % that of genes on the autosomes. A
potentially greater reduction in the relative amounts
of standing variation can be expected from natural
selection against mildly deleterious mutations. The
hemizygosity of X chromosomal genes in males every
third generation will lead to a more rapid elimination
and lower equilibrium frequency of partially recessive
deleterious mutants (HALDANE 1927). To the extent
that molecular variation is indeed mildly deleterious
(OHTA 1972, 1987; KIMURA 1983), genes on the X
chromosome, such as white, should be less variable.
Random genetic drift may also cause linkage disequi-
librium (HiL and ROBERTSON 1968; OHTA and KI-
MURA 1969). If linkage disequilibrium among molec-
ular polymorphisms is due to random genetic drift,
then the level of linkage disequilibrium among X
chromosome polymorphisms should be comparable to
that observed among polymorphic sites in and around
autosomal loci. It has already been reported that the
white locus region contains amount of variation at the
DNA level comparable to that of the Adhk region
located on the second chromosome (LANGLEY, MONT-
GOMERY and QUATTLEBAUM 1982; AQUADRO et al.
1986) and a heat-shock locus on the third chromo-
some (LEIGH BROwN 1983), and that some of the
polymorphic variations in the white locus region are
in linkage disequilibrium (LANGLEY and AQUADRO
1987). However, the size and structure of the sample
of LANGLEY and AQUADRO were inappropriate to
draw any general conclusions other than that there
are significant amounts of restriction site and inser-
tional variation in the white locus region. Here these
problems were investigated in more detail.

MATERIALS AND METHODS

Lines: Sixty-four X chromosome isogenic lines, that orig-
inated from three different collections (North Carolina,
Texas and Fukuoka, Japan), were used in this experiment.
The construction of these lines was described in MIYASHITA
et al. (1986). These X chromosome lines have a co-isogenic
background for the second and third chromosomes derived

from a single highly inbred line (Ho-R). Therefore, any
variation in eye pigment can be attributed to the differences
among the X chromosomes. The effect of the fourth chro-
mosome was assumed to be negligible.

Experimental design and eye pigment measurement:
For each line, 25 pairs of flies were placed in a half-pint
milk bottle, and allowed to lay eggs for 4 days. Two bottles
were used for each line. Emerging flies were aged for 6 days
in separate vials for each sex. After aging, flies were frozen
in liquid nitrogen. Two samples of 10 heads from each sex
were collected by vortexing frozen flies, and kept at —70°
until the eye pigment assay. The setup of the bottles and
collection of head samples were repeated twice (2 blocks).
Samples from each block were assayed in one day. A total
of 507 samples were used, because 5 samples were lost
during the experiment.

Eye pigment was measured by a slight modification of the
method of EPHRUSSI and HERALD (1944) and HAZELRIGG,
LEvis and RUBIN (1984). Only the brown eye pigment was
measured, since it has been shown that the amounts of the
two eye pigments (red and brown) are correlated (GREEN,
1959a). A sample of 10 fly heads from each line in a 1.5-ml
Eppendorf tube was homogenized in 20 gl of TE (10 mMm
Tris-HCI, pH 8, and 1 mM EDTA), from which 5 ul were
taken for protein assay. To the remaining homogenate, 100
ul of acidified methanol (0.1% HCI in absolute methanol)
was added and homogenized again. After adjusting the
volume to 1 ml with the acidified methanol, the sample was
vortexed for 30 min, spun for 5 min in an Eppendorf
centrifuge, and then the supernatant was transferred to a
new tube. To the sample, 40 ul of 0.5% hydrogen peroxide
was added, then the sample was spun for 10 min. The
supernatant was used for OD measurement at 480 nm. The
amount of total protein in 10 heads was determined by the
method of LOWRY et al. (1951).

Analysis of variance: The model of analysis of variance
(ANOVA) for the X chromosome effect on eye pigment
variation followed (model 1):

Yju = u + B, + S; + (BsS)y + Xs + (B+X)as
+ (S#X)Jk + (B“S*X),‘jj + Eijkls

where Y was the OD measurement at 460 nm, » was the
overall mean, B; was the ith block effect (i = 1, 2), §; was the
effect of the jth sex (j = male or female), X, was the kth X
chromosome effect (k = 1-64), and e, was the error term.
The terms in parentheses represent the interaction effects.
The effect of sex was assumed to be fixed, and the other
effects were assumed to be random.

In order to test the effect of polymorphic variation at the
DNA level on eye pigment variation, the following model
was used for each polymorphism detected (model 2):

Yijkl(h)m =u+ B+ Sj + (B*S),] + Ve + (B*V),l, + (S*V)jk
+ (B=S#V)i + Xiy + (B*X)aw
+ (S« X)uw + (B*S*=X)sim + e€ijuiom,

where V, was the effect of the kth allele (k¢ = 0:absence or
1:presence) and X,s was the effect of the lth ccromosome
within the kth allele. The other terms were the same as in
model 1. Further, two-locus interaction effects were tested
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with a modified model 2, where another polymorphism
effect (V')/) was added:

Yimuem = 6 + B + §; + (B+S);
+ Vi + (B2V)y + (S2V)p + (BeSsV)in
+ Vi + (BeV ) + (SeV' ) + (BaSsV ')
+ (VeV ) + Xiy + (BeX)ugy + (S*X)jgur)
+ (BeS*X )iy + Cijar’ 10k yms

where V' was the effect of £’th allele of the second poly-
morphisms (¢’ = O:presence, or 1:absence).

For the calculation of the sums of squares for both models
1 and 2, a “GLM?” procedure of the “SAS” statistical system
was used (SPEED, HOCKING and HACKNEY 1978; HELWIG
and CouNciL 1979). The F-tests were performed according
to NETER and WASSERMAN (1974).

Restriction map analysis: Two different levels of anal-
yses were performed: one with six 6-cutter restriction en-
zymes (EcoRI, HindIl1, BamHI, Pstl, Sacl and Sall) of stand-
ard SOUTHERN (1975) blotting technique and the other with
ten 4-cutter restriction enzymes (Alul, Ddel, Haelll, Hhal,
Hinfl, Mspl, Rsal, Sau3 A, Sau961 and Tagql) as described by
KREITMAN and AGUADE (1986a). Genomic DNA from each
of 64 X chromosome lines was purified in CsCl gradient
(BINGHAM, LEVIs and RuBIN 1981).

The purpose of the analysis with 6-cutter restriction en-
zymes was to get a rough picture of restriction map variation
by studying a large region, in this case a 45-kb region, and
to confirm a previous study on the same region of the white
locus (LANGLEY and AQUADRO 1987). The procedures for
digestion, electrophoresis, blotting and nick-translation of
probes were essentially the same as described before (LANG-
LEY, MONTGOMERY and QUATTLEBAUM 1982; AQUADRO et
al. 1986; LANGLEY and AQUADRO 1987), except that
ZetaBind (Cuno) or GeneScreen (DuPont) was used as the
blotting membrane. Six single digestions and two double
digestions (EcoRI and BamHI, HindIll and Sacl) were per-
formed. The probes used in the present study were A phage
clones: Am11B.1, Am1.2 and Am11A.1 described by LEvIs,
BINGHAM and RUBIN (1982).

Since the sequence of a 14-kb white locus region encom-
passing the transcriptional unit was available (O’'HARE ¢t al.
1984), it was possible to apply the technique of KREITMAN
and AGUADE (1986a). By this technique, detailed variation
in the restriction map within and around the white locus
transcriptional unit was determined. The procedure of
digestion, blotting, probe preparation, hybridization and
nick-translation of probes was described in KREITMAN and
AGUADE (1986a). Probes were prepared by purifying frag-
ments from 4 plasmid subclones kindly provided by ROBERT
Levis: pml1.5 (EcoRI site +6611-HindIII site +3171),
pm12.5 (HindIlI site +3172-Sall site —670), pm12.3 (Sall
site —671-Sall site —1532) and pm12.8 (Sall site —1533-
Sall site —=3050). As a result, 9661 bp of the white locus
region, including the entire transcriptional unit, were stud-
ied.

RESULTS

Restriction map variation: Figure 1 summarizes
the restriction map variation for the 64 X chromosome
lines of the white locus region in D. melanogaster. The
locations of polymorphisms were numbered according
to the coordinate system of LEvis, BINGHAM and
RuUBIN (1982), in which the insertion point of the copia

element in w® was assigned to be zero. A total of 327
restriction sites were scored (56 sites in the 6-cutter
restriction enzyme study and 271 sites in the 4-cutter
restriction enzyme study). Nineteen 6-cutter restric-
tion sites and 42 4-cutter restriction sites were poly-
morphic. Estimates of variation at the DNA level from
these data accommodated the fact that three of the 4-
cutter restriction enzymes (Alul, Sau3A and Tagl)
share recognition sequences with four of the 6-cutter
restriction enzymes (HindIII, BamHI, Sacl and Sall)
and some insertion/deletion polymorphisms were as-
sociated with restriction site polymorphisms. This lat-
ter problem was resolved by comparing the restriction
patterns of these enzymes with those predicted by the
published sequence of the white locus region, and
assuming that restriction site polymorphisms that were
consistently associated with insertion/deletion poly-
morphisms in the same region of the DNA were
caused by the deletion of part or all of the recognition
sequence. A total of 109 polymorphisms (54 restric-
tion sites and 55 insertions/deletions) were detected
(Table 1). An interesting observation was that one
polymorphic BamHI site (location +4435) could be
attributed to two differences: (1) the gain of a Tagql
site #58, deletion of a G at +4436 or 4437, or alter-
natively insertion of an A between 4436 and 4437)
and (2) the loss of a Sau3A site and the gain of a Hinfl
site #59, both +4434, substitution of C for T). From
the 54 restriction site polymorphisms, three measures
of nucleotide variation were calculated. The individ-
ual population estimates were very similar to those
obtained from pooling the data. The heterozygosity
per nucleotide (which is approximately equal to § =
4N, u, under selective neutrality, where N, is the effec-
tive population size and g is the mutation rate to
selectively neutral alleles) was estimated to be 0.008
+ 0.005 for the region studied with 6-cutter restric-
tion enzymes and 0.004 + 0.002 for the region studied
with 4-cutter restriction enzymes (EWENS, SPIELMAN
and Harris 1981; HupsonN 1982). These estimated
standard deviations were based on the model of no
recombination (HuDsoN, 1982). The indices of nu-
cleotide diversity [x of NEI and L1 (1979) and NEI and
TajMA (1983)] were 0.009 %= 0.005 and 0.004 +
0.002 for the 6-cutter and 4-cutter regions, respec-
tively. The heterozygosity per nucleotide calculated
according to ENGELS (1981) gave similar estimates.
The estimates from the 6-cutter restriction enzyme
study were in agreement with those (§ = 0.013 +
0.007 and = = 0.011 % 0.006) of the previous inves-
tigation of the white locus region (LANGLEY and
AQUADRO 1987). As found in a previous report
(LANGLEY and AQUADRO 1987), these estimates of
variation in the white locus region were similar to
those reported for the Adh locus region located on
the second chromosome (LANGLEY, MONTGOMERY
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and QUATTLEBAUM 1982; KREITMAN 1983; AGUADRO
et al. 1986), and for the 87A heat-shock locus located
on the third chromosome (LEIGH BrowN 1983).
Given the large standard errors there was little power
to discern differences among these estimates.

Table 1 lists the haplotypes of the 64 X chromosome
lines used in this study. As expected from the large
number of polymorphisms scored (109), only one pair
of lines shared the same haplotype (i.e., only two
chromosomes, RL23AA and RIL26A, out of the 64
sampled were identical). There were still 59 haplo-
types when only the 54 restriction site polymorphisms
were considered; five restriction site haplotypes oc-
curred twice in the sample. In no case were members
of these pairs of haplotypes found in different geo-
graphic subsamples.

Table 2 shows the summary of x? tests for the
heterogeneity in the number of polymorphisms in
three different regions studied with both 4- and 6-
cutter restriction enzymes. The expected numbers in
the comparison labeled “Restriction Sites Only” were
based on the number of possible single nucleotide
changes that would have been detectable in the study,
i.e., “site equivalents” of KREITMAN and AGUADE
(1986a). The expected values for “Insertions/Dele-
tions” and the total “Restriction Sites and Insertions/
Deletions” were calculated by simply assuming that
the number of polymorphisms were distributed pro-
portionally to the size of the region. The test results
indicated that the transcriptional unit was less variable
than the 5’-flanking region. The number of polymor-
phisms in the 3’-flanking region was small and ap-
peared to be intermediate. This overall pattern held
for restriction sites considered separately. The num-
ber of insertion/deletion polymorphisms showed a
similar tendency, although it was not statistically sig-
nificant. The smaller number of observed polymor-
phic restriction sites in the transcriptional unit could
be attributed to the selective constraints on amino
acid replacement substitutions (KIMURA 1983). To test
for heterogeneity in the number of silent changes, the
transcriptional unit was divided into the exons and
introns. In the exons, there were six restriction site
polymorphisms [Alul (#24, —2184), Hhal & Mspl
(#25, —2089), Sall (#30, —670), Hinfl (#34, 96), Hinfl
& Sau3 A (#54, 3499) and Alul (#55, 3599)], of which
Hinfl & Sau3A (3499) was definitely a replacement
change and Alul (—2184) and Alul (3599) were in
nontranslated regions. The expected values in the 3’-
flanking, exons, introns and 5’-flanking region were
calculated based on “silent site equivalents.” The het-
erogeneity test was not statistically significant (x* =
4.08 with d.f. = 2, P > 0.1). A similar test in which
noncoding exon sequences were pooled with the in-
tron sequences was also not statistically significant (x?
= 3.83 with d.f. = 2, P > 0.1). Thus, these results

indicated that silent polymorphisms occurred in pro-
portion to the size of each region, and that polymor-
phism of the amino acid sequence of the white locus
was significantly lower. In the larger region surveyed
with the 6-cutter restriction enzymes, no heterogene-
ity in the distribution of polymorphic restriction sites
was detected. Nor was the distribution of detectable
small insertion/deletion polymorphisms heteroge-
neous. But as Figure 1 clearly shows, the large inser-
tions (>>100 bp) were found exclusively in the flanking
regions.

Figure 2 is the frequency spectrum of 109 poly-
morphic variations detected in this study. Restriction
site and small insertion/deletion polymorphisms were
distributed continuously from high to low frequency,
while large insertion polymorphisms were (with one
exception, insertion D) limited to very low frequen-
cies. This observation was confirmed by significant
heterogeneity of type of variation and frequency class
(x* = 16.4 with d.f. = 6, P < 0.05). This test was
conducted after classifying the three types of poly-
morphisms into four frequency classes.

Linkage disequilibrium between polymorphic var-
iations: Figure 3 shows the significance levels of x*
tests for linkage disequilibrium between all the pairs
of polymorphisms (including insertion/deletion vari-
ations) in which the rare alleles occurred more than
once in the sample. There were 85 such polymor-
phisms. Since heterogeneities of both allele frequen-
cies and two-locus haplotype frequencies were de-
tected among the three populations, the x* values
calculated from each population were pooled, and this
pooled x*? was tested with the corresponding degrees
of freedom. Although significant linkage disequilibria
were scattered, strong linkage disequilibria were clus-
tered in the transcriptional unit and especially in the
Ist intron. Since the power of the statistical test of
linkage disequilibrium (x?) was affected by the mar-
ginal allele frequencies, it is important to note that
the frequency distribution of polymorphisms in the
transcriptional unit was not significantly different
from that of 5’-flanking region, where linkage dise-
quilibria did not seem to be clustered. Although the
statistical power of tests were decreased when each of
three populations was analyzed separately (because of
smaller samples size in the tests), the clustering of
significant linkage disequilibrium in the transcrip-
tional unit was still observed in each population (analy-
sis not shown).

All the pair-wise linkage disequilibria within each
population in the 10-kb region studied with both 4-
cutter and 6-cutter restriction enzymes were ex-
pressed as R? (square of correlation coefficient of
variation frequencies), and ordered into 50 groups
based on the physical distance between the sites. The
average R? values and average distances were calcu-
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TABLE 2

Number of polymorphisms at the white locus region studied with both 4- and 6-cutter restriction enzymes

3’-Flanking re- Transcriptional 5’-Flanking re-
gion (817 bp) unit (5971 bp) gion (2873 bp)
Obs. Exp. Obs. Exp. Obs. Exp. Total x2(df=1)
Restriction site and insertion/ 5 6.3 33 45.7 36 22.0 74 12.7 (P < 0.005)
deletion
Restriction site only 2 2.4 17 25.8 21 11.6 40 10.5 (P < 0.005)
Insertion/deletion only 3 2.9 16 21.0 15 10.1 34 3.6 (NS)

Obs, observed; Exp, expected; Ns, not significant.

C} RESTRICTION SITES
SMALL INSERTIONS/DELETIONS (<100BP)

B LARGE INSERTIONS/DELETIONS (>100BP)

FIGURE 2.—Frequency spectrum of polymerphic variations in the white locus region of D. melanogaster. Polymorphic variations are labeled

by the numbers in Table 1.

lated for each group. Figure 4 shows the relationship
between the average R? and the average distance. As
expected from population genetics theory, linkage
disequilibrium declines as distance increases. Linkage
equilibrium was reached at about 2 kb. Expected
values in the plot were obtained by fitting the ob-
served values (average R values) to the expectation
of R* with a correction for sample size (WEIR and
HiLL 1986; R. R. HUDSON, personal communication).
The relatively poor fit of the expected curve to the
observed points was probably due to the marginal

constraints of the expectation of R* and/or hetero-
geneity among regions of the white locus in the overall
amount of linkage disequilibrium (this nonlinear
regression was done with a “NLIN” procedure of
“SAS”). The same pattern of decrease in linkage dis-
equilibrium was observed for the entire 45-kb region.

Eye pigment variation: Since the eye pigment was
not significantly correlated with the amount of total
protein in the head, only the raw values of eye pigment
measurement were used for all the analyses. It was
shown by the ANOVA model 1 that there was a
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FIGURE 3.—Pair-wise linkage disequilibria between polymorphic variations in the white locus region of D. melanogaster. Significance of x?
test is shown for each pair. The box outside indicates the transcriptional unit of the white locus. Polymorphic variations are labeled by the
numbers in Table 1. The solid line delineates the region studied with both 4- and 6-cutter restriction enzymes.

significant, but not very strong, X chromosome effect factor(s) on the X chromosome that influence the
on the variation of the eye pigment (P < 0.05). This amount of eye pigment. The amount of eye pigment
result suggests that there exists segregating genetic was not different between the sexes. Neither was there
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FIGURE 4.—Relationship between map distance and linkage dis-
equilibrium in the 10-kb region studied with both 4-cutter and 6-
cutter restriction enzymes. Degree of linkage is expressed in terms
of square of correlation in frequency (R?). Expected values in the
plot were obtained by fitting the observed values (averages) to the
expectation of R* with a correction for sample size (WEIR and HILL
1986). E(R?) = 1/(1 + 4C»d) + 1/n,, where d = distance in base
pairs and n, = average of sample size. ‘C’, the product of effective
size of population and recombination rate per base pair, was ob-
tained by fitting. Fitting was also done with a more complex model
based on the results of HupsoN (1985) and R. R. HUDSON (personal
communication). However, the result from fitting this second model
was very similar to that shown.

any interaction effect between sex and X chromosome
line. Thus genetic variation in dosage compensation
was not found.

From the analyses with the ANOVA model 2, it
was found that only 6 out of 109 polymorphisms
showed a significant association with eye pigment var-
iation (P < 0.05). Five of them were in intermediate
frequencies, Tagl (#44, 1395), Rsal (#57, 4195), Taql
& BamHI (#58, 4436), x (#75, 5546) and yd (#78,
5739), and the other, Sau3A (#41, 1021) was unique.
It should be noted that none of these polymorphisms
were located within an exon. Polymorphisms detected
within exons, even the replacement substitution
(Hinfl & Sau3A #54, 3499), did not seem to be
associated with the amount of eye pigment. But three
of the five polymorphisms that appear to be associated
with variation in eye pigment were within clusters of
sites in strong linkage disequilibrium in the large
intron or immediately 5’ of the transcriptional unit.
None of the large insertion/deletion polymorphisms
were associated with pigment variation. However, the
frequencies of the large insertions were too low for
the tests to be very meaningful. From this analysis, it
was not possible to determine if any of the detected
variation in the white locus region causes phenotypic
variation in eye pigment, since 6 significant test results
from 109 random tests might simply have occurred
by chance. Most of the polymorphic variations seen at

the DNA level in this study could not be related to
the variation of eye pigment.

It has been shown by P element transformation
experiments that normal white locus expression is con-
trolled by several 5’ cis-acting sequences. One region
which is thought to be important for eye pigmentation
is the 5’ region from 654 to 990 bp upstream from
the first exon. This is the region with which the su(w*)
product interacts in the suppression of w* (DAVISON
et al. 1985; CHAPMAN and BINGHAM 1985). In this
region, three polymorphic restriction sites were found
in this sample. One of the three sites was the Tagl &
BamHI (#58, 4436) site that showed a significant (P
< 0.01) association with eye pigment. The means of
eye pigment (OD measurement) were 0.69 and 0.73
for lines in which the site was absent or present,
respectively. Another region from 1.1 to 1.9 kb up-
stream from the 5’ end of the white transcript has an
important role on the eye pigmentation and interac-
tion of white with zeste' (GEHRING et al. 1984; LEvIs,
HAZELRIGG and RUBIN 1985; PIRROTTA, STELLER and
BozzerTr 1985). This region contains cis-regulatory
sequences essential for white locus expression in the
testes of adult males, and can influence the level of
eye pigment. From Figure 1, it can be seen that the
region was very polymorphic (11 polymorphisms in
this 0.8-kb region). However, the analyses by the
ANOVA model 2 indicated that none of these poly-
morphisms in this 0.8-kb region showed a significant
association with eye pigment variation. The region of
216 bp upstream from the first exon is thought to be
responsible for dosage compensation of the white lo-
cus. No polymorphism was detected in this small re-
gion, which was consistent with the observation that
no effect of sex was detected by the ANOVA 1.

Epistasis between sites can result in linkage disequi-
librium (KIMURA 1956; LEWONTIN and KojiMa 1960).
Therefore, it is of interest to compare the occurrence
of significant interaction effects on a phenotype (eye
pigment variation) with the linkage disequilibria clus-
tered in the transcriptional unit. Despite the meager
observed association between individual polymor-
phisms and eye pigment variation, there was a possi-
bility that significant interactions between polymor-
phisms could be present. In order to infer epistasis
from the ANOVA, it was assumed that there were no
dominance effects. Twenty-four polymorphisms that
were found in the transcriptional unit and near flank-
ing regions (#18, #19, #20 and #24-#58 in Figure 3)
were subjected to a modification of ANOVA model 2
in order to detect two-locus interaction effects on eye
pigment variation. A total of 221 combinations out of
276 possible pairs were tested, since the required four
possible two-locus haplotypes did not exist in the
sample for 55 of the combinations. Only 9 combina-
tions were significant for a two-locus interaction effect
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on eye pigment variation. Since so few were statisti-
cally significant (9 out of 221) and eight with P <
0.05, there was little evidence for extensive epistasis.
Four of the 9 significant combinations corresponded
to pairs of sites that showed significant linkage dise-
quilibria in Figure 3. Three were in the first intron,
between #35 and #43, #35 and #44, and #36 and
#43, and the other was between #18 and #24, which
were located at the 3’ end of the transcriptional unit
and flanking region, respectively. None of these were
located side by side. Three of the six polymorphic
variations that were found to have significant effects
were included in this analysis, Taql (#44, 1396), Rsal
(#57, 4195) and Taql & BamHI (#58, 4436). None of
these pairs of polymorphisms had significant interac-
tion effects. For the 55 combinations which were
eliminated from the above analysis, haplotype effect
on eye pigment was tested by a modified ANOVA 1,
in which X, was substituted with H, (the kth haplotype
effect, £ = 1-3 for all the 55 combinations). In only 3
out of 55 tests was a significant haplotype effect de-
tected. The three significant combinations did not
correspond to pairs of sites that showed significant
linkage disequilibria. Thus there was little correspond-
ence between the clustering of linkage disequilibria
and the distribution of detected two site interactions
or haplotype effects on eye pigment variation.

DISCUSSION

The amount of detectable genetic variation in eye
pigment among the 64 X chromosome lines in this
study was not large and was only significant at the 5%
level. This contrasts with the enormous amount of
molecular variation detected among the 64 lines ex-
amined. There were 109 polymorphisms in the re-
gion. Many of these were located in regions known to
be involved with the regulation of white locus expres-
sion. Since the contribution of X chromosomes to eye
pigment variation was only marginally detectable, it
was not particularly surprising that few of the molec-
ular polymorphisms (individually or as pairs) could be
associated with variation in pigment. This result con-
trasts with that reported for Adk (AQUADRO et al.
1986; LAURIE-AHLBERG and STAM 1987) and Amy
(LANGLEY et al. 1988) where many molecular poly-
morphisms in the vicinity of the loci were correlated
with one another and with substantial variation in
enzyme activity. Since eye pigment deposition is the
terminal state of a pathway, of which the white locus
is only one step, it may be reasonable to expect that
little variation in eye pigment variation would be
attributable to the white locus. There is little evidence
in this study for any functional significance of the
molecular variations detected.

The level of nucleotide variation found in the white
locus region on the X chromosome was similar to that

in the Adh locus region on the second chromosome
or in the 87A heat-shock gene region on the third
chromosome. This result is contrary to the simple
prediction based on stronger selection pressure
against partially recessive deleterious variation on the
X chromosome compared to that on the autosomes.
It also implies that selection pressure, if any, at the
DNA level is not any stronger on the X chromosome.
Of course, this conclusion may be too simple and
premature. Other loci on the X chromosome may give
different results. For example, the level of variation
in the pgd region and the Zw region, both on the X
chromosome, are lower than those of the white, Adh
and heat-shock locus regions (N. MIYASHITA and
C. H. LANGLEY, unpublished data). SCHAEFFER,
AQUADRO and LANGLEY (1988) found that the level
of molecular genetic variation in the X-linked Notch
locus region is similar to that of Adh and white. There-
fore, it seems that inter-locus comparison of variability
will require a much larger sample of loci and careful
consideration of effects such as levels of recombina-
tion and density of transcriptional units.

The results of this study are consistent with purify-
ing (negative) selection acting on several types of
polymorphism in the white locus region. The entire
transcriptional unit, exons and introns, was less vari-
able than the 5’-flanking region with respect to the
number of polymorphisms (restriction site and inser-
tion/deletion together). This was also true when only
the number of restriction site polymorphisms was
considered. However, there was no evidence for dif-
ferent levels of silent polymorphisms in the various
regions of the white locus. Small insertion/deletion
polymorphisms were equally common within and out-
side the white transcriptional unit. But none were
found in coding sequence. Large insertions were only
found in the more distant flanking regions at very low
frequencies. These observations are all consistent with
natural selection eliminating variation at the white
locus. The pattern of silent site polymorphism de-
tected in this study was different from that of Adh
region (KREITMAN and AGUADE 1986b). In their
study, an excess number of silent polymorphic restric-
tion sites in the coding sequence was detected, com-
pared to the flanking sequence. It is interesting to
compare the patterns of silent site polymorphism be-
tween the two regions studied with the same tech-
nique. A comparison of nucleotide variation between
the white and Adh regions is summarized in Table 3.
Although a proper statistical test to compare variation
at the DNA level is not established yet, it is clear that
the Adh coding region was exceptionally variable, as
indicated by the large value of 8 for silent site equiv-
alents. Also, it should be noted that the other regions
were relatively homogeneous with respect to the level
of variation. This result again indicates the peculiarly
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TABLE 3

Summary comparison of levels of silent site variation at the DNA level in the white and Adk locus regions

Adh regions white regions
3’-Flanking Translated Nontranslated 5’-Flanking 3'-Flanking Translated Nontranslated 5’-Flanking
Size 880 756 1093 4276 817 2118 3853 2873
Site equivalents 142 258 (63) 187 455 134 691 (167) 696 628
Proportion of polymorphic 2/18 8/47 6/26 10/62 2/11 4/84 12/77 18/83
sites
0 per silent site equivalents 2.80 25.21 6.37 4.42 3.33 5.39 3.74 6.34

(x107%)

The number of polymorphic sites and site equivalents in the Adk locus region were obtained from the consensus sequences in KREITMAN
(1983) and KREITMAN and AGUADE (1986b). Included in this calculation are 63 bp of 5’ flanking region in KREITMAN (1983), which were
not considered in KREITMAN and AGUADE (1986b). Site equivalents in the white locus region were calculated for both 4- and 6-cutter
restriction enzymes. The estimates of § were calculated utilizing the method of WATTERsON (1975). Silent site equivalents for the translated
regions are shown in the parentheses. In the other regions silent site equivalents are the same as site equivalents.

high level of variation in the Adh coding region,
especially the fourth exon, as noted previously (KREIT-
MAN 1983; HupsoN, KREITMAN and AGUADE 1987).

The analysis of linkage disequilibrium clearly
showed that nonrandom associations quickly disap-
peared as the distances between polymorphisms in-
creased, as expected (HILL and ROBERTSON 1968). It
is surprising that linkage disequilibrium in the white
locus region was evident only within 2 kb. A reason-
able estimate of recombination rate at the DNA level
in this region is about 0.002% per kb (Jupp 1987).
These results suggest that a recombination rate of
0.0027% is enough to randomize DNA sequences in
natural populations of D. melanogaster. From the fitted
curve of average R? to distance it was possible to
obtain an estimate of effective population size, N,, on
the order of 10°. However, because the “observed
values” were not independently sampled, no confi-
dence interval for this estimate of N, is available.

The observed clustering of linkage disequilibria, in
the transcriptional unit, was not an obvious prediction
of the neutral theory. A “cold spot” of crossing over
in the transcriptional region could be put forth to
explain the observed distribution. Genetic studies on
recombination among several whit¢e mutations have
given little evidence for nonuniformity in the map of
the white locus (GREEN 1959b; Jupp 1964). The re-
combination rates in the larger chromosomal region
around white (from zeste to Notch) do not seem to be
higher per kilobase than that estimated from within
the white locus (RUDKIN 1965; B. H. JuDD, personal
communication). It should be mentioned that actual
recombination in nature could differ from these esti-
mated values, since some of these estimates came from
the studies between mutants caused by transposon
insertions and/or were carried out in a somewhat
contrived genetic background. Under the assumption
of uniform recombination in the studied region the
clustering of linkage disequilibria in the transcrip-
tional unit might be explained by epistatic natural

selection among polymorphisms and concomitant
hitchhiking of surrounding regions. Obviously recent
transient (i.e., nonequilibrium) changes in frequency
of one or a few sites under natural selection could
lead to clustering of linkage disequilibria. Most of the
polymorphisms detected in this region, even those
found in the transcriptional umnit, did not seem to
influence the deposition of eye pigment. In addition,
an analysis of interaction effects on eye pigment vari-
ation indicates that only a few combinations of poly-
morphic sites in the transcriptional unit showed sig-
nificant interaction effects. These occurrences of sig-
nificant interaction effects did not correspond well to
the distribution of the linkage disequilibria. At the
present, it is not clear how this clustering of linkage
disequilibria in and around the white locus transcrip-
tional unit came about. To answer this question, fur-
ther investigation at the molecular level in this region
and other regions of the genome seems to be neces-
sary. At the very least, it is necessary to determine if
the observed clustering is only unique to the white
region and/or to these population samples.

The authors express their thanks to M. AGUADE, T. EMIGH, W.
HiLr, R. HubpsoN, M. KREITMAN, B. LANGE, G. SIMMONS, M.
WATADA, and B. WEIR for their comments and help, and to C. C.
LAuRiE for allowing us to use her laboratory equipment at North
Carolina State University for eye pigment measurement.
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