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ABSTRACT The white locus of Drosophila melanogaster is a
genetically well-characterized locus, mutations in which alter the
degree or pattern of pigmentation of the eyes. Using a previously
cloned DNA segment containing a portion of the white locus of a
mutant allele, we have cloned and characterized the DNA of a 48-
kilobase chromosomal region of the Canton S wild-type strain. We
have mapped the positions, relative to restriction endonuclease
cleavage sites, of several previously characterized chromosomal
rearrangement breakpoints that bracket the white locus. These
results define a segment of 14 kilobases that contains all of the
white locus sequences necessary for the production of a wild-type
eye color phenotype. By conventional criteria, no repetitive se-
quences are present within this 14-kilobase segment; however, we
have identified an extremely weak DNA sequence homology be-
tween a portion of this segment and a chromosomal region in the
vicinity of the zeste locus.

The wl mutation at the white (w) locus was the first mutation
reported in Drosophila melanogaster (1). Null alleles at the lo-
cus result in the absence ofpigment from the eyes, while other
alleles lead to intermediate pigment levels and, in some cases,
to an abnormal distribution of eye pigment. Due in part to the
easily scored phenotype of mutant alleles at white, >100 such
alleles are known. Fine-scale genetic analysis has resolved at
least seven intralocus mutational sites, separable by recombi-
nation, that span a region of -0.03 centimorgans. All of the
alleles of the white locus form a single complementation group,
yet there is considerable heterogeneity among them, not only
in phenotype but also in their epistatic interactions with the
zeste locus and in their degree of dosage compensation (for re-
view, see ref. 2; ref. 3). Moreover, several of the alleles of the
white locus are of particular interest because of their unusual
genetic instability (4-6). Neither the gene product(s) of the
white locus nor their mode of action have been determined.
We have previously isolated, by recombinant DNA tech-

niques, a single-copy DNA segment from the white locus of a
strain carrying the white-apricot (wa) allele (7). In this report,
we describe the molecular cloning of overlapping segments of
the Canton S wild-type white locus region. This has allowed us
to construct a physical map of restriction enzyme cleavage sites
in this 48-kilobase (kb) segment, to orient this physical map with
respect to the genetic map, and to define a segment of 14 kb
that contains all of the white locus sequences necessary to allow
the production of a w+ (wild-type eye color) phenotype.

MATERLALS AND METHODS
Drosophila Strains and DNA Preparation. The Drosophila

strains used have been described (7). DNA was prepared from
adult flies that were anesthetized with C02, collected on ice,

rapidly frozen, and stored at -700C. Flies were disrupted and
a crude nuclear pellet was prepared as described (8) except that
all steps subsequent to grinding were done on ice and Nitex 44
filters were used in place of milk filters. The nuclei were sus-
pended in a small volume of homogenization buffer to which
was added 10 vol of 30 mM Tris'HCl, pH 8.0/100 mM EDTA
containing proteinase K at 0.5 mg/ml followed by N-lauroyl-
sarcosine to 1%. After incubation overnight at 370C, the DNA
was banded in CsCl gradients (9).

Recombinant Phage and DNA Preparation. Phage from a
Charon 4/Canton S D. melanogaster library (10) were screened
by plaque hybridization (11) at a density of 2 x 104 plaques per
24 X 24 cm agar plate as described (7). For DNA preparation,
phage were grown in 200 ml of liquid culture (7), debris was
removed by low-speed centrifugation, and the phage were pre-
cipitated with polyethylene glycol (12), suspended in 2 ml of 10
mM Tris HCl, pH 7.5/10 mM MgSO4 containing 20 ,ug of
DNase (Sigma), extracted with an equal volume of CHC13, and
purified by two cycles ofCsCl step-gradient centrifugation (13).
DNA was isolated from purified phage by phenol extraction.

Analysis of Cloned DNA. Transfers of DNA from gels to ni-
trocellulose filters (14) were made as described (15). Filters
were hybridized with nick-translated DNA probes (16) as de-
scribed (17). In situ hybridizations were carried out as described
(7).

RESULTS
Cloning of a 48-kb Segment from the Wild-Type White Lo-

cus Region. We have described (7) a hybrid phage, Awa5.9, that
has a Drosophila DNA insert containing a copy of the trans-
posable element copia and adjacent sequences derived from the
white locus of flies carrying the Wa allele. A 3.1-kb BamHI frag-
ment from the sequences adjacent to copia was shown to have
strong homology only to sequences from the white locus region
as assessed by Southern gel analysis and by in situ hybridization
to polytene chromosomes (7). We therefore chose this fragment
as a hybridization probe to screen a hybrid A phage library con-
taining DNA segments from the Canton S wild-type strain of
D. melanogaster. Two distinguishable classes of hybridization
signals were observed; among 1.2 x 105 phage screened, seven
and six were recovered that hybridized strongly and weakly,
respectively (Fig. 1). We describe first the characterization of
phage from the strongly hybridizing class.

Restriction endonuclease cleavage maps were prepared from
the DNAs of the seven strongly hybridizing phage: Ami. 1,
Aml.2, Am2.1, Am2.2, Am5.1, Am5.3, and Am6.1. The maps
of the seven phage could be aligned in an overlapping array as
shown in Fig. 2, defining a composite map of 24 kb. Two of the
phage, Am6. 1 and Am2. 1, appear to carry identical inserts,
while each of the others carries a different cloned segment.

Abbreviation: kb, kilobase(s).
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FIG. 1. Example of plaque hybridization to strongly and weakly
hybridizing phage. Shown is an autoradiograph of an 8 x 6 cm portion
of one of the filter replicas of the hybrid phage library hybridized with
the 3.1-kbBamHI fragment of Awa5.9. Of - 1600 plaques in this area,
one hybridized strongly (s) and two hybridized weakly (w).

Apart from -the absence of the copia element and two other re-
striction site differences (due most likely to the different genetic
backgrounds of these strains), we have detected no differences
between the pattern of restriction sites in the cloned segments
from the wild-type library and that of the cloned segment of
Awa5.9 (ref. 7; unpublished data).
The region cloned was extended in both directions by re-

screening the wild-type library, using fragments purified from
phage Aml. 1 and Am1.2. Fig. 2 includes composite restriction
maps from the DNA of two phage, Am 11B.1 and Am 11B.2, ex-
tending to the left and from three phage, Am8A. 1, AmlOA. 1,
and AllA. 1, extending to the right. The total length of the map
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deduced from all 12 phage is 48 kb. Coordinates are drawn
above the map in Fig. 2 with-the position of the copia insertion
at the Wa site (7, 19) assigned coordinate 0.0. Positions to the
right of this point are given positive numbers equal to their
distances in kb from this point and positions to the left are given
negative numbers.
We have verified, in two independent ways, that the cloned

segments accurately reflect the corresponding genomic se-
quences. First, the restriction maps ofthe DNAs ofoverlapping
phage are consistent with one another. With the exception of
the extremes of the map, all sequences are included within at
least two independent hybrid phage. Second, we carried out
an extensive series of Southern blot analyses, comparing the
restriction fragments of the cloned inserts with homologous
fragments from genomic DNA. Restriction digests of hybrid
phage DNA and genomic DNA were subjected to electropho-
resis in parallel on agarose gels and hybridized with labeled
DNA of the cloned phage (see legend to Fig. 2). Comigration
of hybridizing cloned and genomic fragments indicated that,
within the resolution ofthe technique, no deletions, insertions,
or substitutions occurred during the cloning or propagation of
the hybrid phage. The existence of every restriction cleavage
site shown in Fig. 2 from coordinate -20 rightward was con-
firmed by this procedure. The presence ofrepetitive sequences
to the left of coordinate -20 (see below) prevented the use of
this method of confirmation for this region.
The Southern blot comparisons of cloned and genomic DNA

also provided a means to test for the presence of repetitive se-
quences within the cloned inserts. We found that labeled DNA
from phage AmIIB.2 hybridized not only to genomic restriction
fragments of mobilities predicted by the cloned sequences but
also to several additional fragments with even greater intensity.
This suggests' that a portion of the sequences ofAml1B.2 is re-
peated elsewhere in the genome in a different arrangement.
These repetitive sequences were localized to the left of the
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FIG. 2. Restriction site map of the white locus region fromD. melanogaster (Canton S). Restriction maps were initially constructed of the cloned
segments of each of the strongly hybridizing phage by examination of the DNA fragments produced by a series of single and double digestions of

the phage DNAs or of plasmid subclones derived from them and taking into consideration the map of the vector DNA (18) and its attachment to
Drosophila DNA by EcoRI linkers (10). Multiple cleavage sites for an enzyme within a distance <0.2 kb would not have been resolved. The maps
of the overlapping cloned segments were aligned-to form the composite map, shown above, with the limits of each of the cloned segments delineated
below it. The limits of the corresponding sequences cloned in Awa5.9 (7) and the point of the copia element insertion within it are also indicated.
To confirm that this map derived from cloned sequences was the same as that of the genomic DNA, a series of Southern blot analyses was performed.
Genomic DNA and a hybrid phage DNA were digested separately with a pair of restriction enzymes, subjected to electrophoresis in parallel on an
agarose gel, and hybridized with the labeled DNA of a hybrid phage. The pairs of enzymes used-Sac I/EcoRi, HindlI/BamHI, BgI H/Xba I, and
Sal I/Xho I-cut the DNA from this region into fragments generally small enough to be resolved from each other in the 0.7% gels used. Hybrid
phage AmllBl, Aml.2, Am5.1, and Aml1A.1 were used as probes in the initial set of experiments. Shorter purified fragments were used as probes
in later experiments in cases in which two or more fragments homologous to a hybrid phage could not be resolved in autoradiographs. Experiments
were repeated using 1.4% agarose gels in cases in which fragments were produced that were too small to be resolved on the 0.7% gels; we did not
attempt to analyze fragments <0.3 kb.
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BamHI site at coordinate -20.1 by hybridization of fragments
of Am1LB.2-to blots of genomic digests. Because the remainder
of the cloned probes hybridized only to fragments of the ex-
pected mobilities, we conclude that there are no other large
blocks of repeated sequence within this 48-kb region of Canton
S DNA. The results of experiments described below in which
hybrid phage DNA was hybridized in situ to polytene chro-
mosomes are consistent with this conclusion and exclude the
possibility that the entire 48-kb region is repeated, in the same
arrangement, at other chromosomal sites. We estimate that a
0.5-kb closely conserved repetitive sequence anywhere in the
region would have been recognized.

Coordinating the Physical and Genetic Maps. To coordinate
the physical and genetic maps, we have determined by in situ
hybridization the positions, within the cloned interval, of the
breakpoints of a series of chromosomal rearrangements. These
breakpoints have previously been shown to bracket the white
locus by genetic analysis (6, 20, 21) and to bracket the sequences
of the 3.1-kb BamHI fragment (coordinates + 1.6 to +4.7) (7).
(For a more detailed discussion of the rearrangements used, see
ref. 7.)

In(l)z+4b9 inverts a large chromosomal segment beginning
near the proximal end of the white locus in 3C and extending
toward the centromere to subdivision 12BC (21). The white-
associated breakpoint of the inversion falls between white and
roughest, the closest known complementation group toward the
centromere from white (21). The DNA of Ami. 1 hybridized to
both ends of the inverted segment in In(l)z+64b9 (Fig. 3). In
contrast, Aml.2 DNA hybridized only or primarily at the distal
(white locus) end of the inverted segment. These results suggest
that the white-associated breakpoint ofthis inversion falls within
the segment cloned in Aml. 1 and that the chromosomal ori-
entation of the cloned segment is telomere-Aml.2-
Ami. 1-centromere, as indicated in Fig. 2.

The proximal boundary of the white locus is further defined
by the deficiency Df(l)wDZL14, which deletes a segment ex-
tending rightward from a position proximal to (toward the cen-
tromere from) the white locus (6). Flies carrying this deletion
have a fully wild-type eye color (6). This deletion chromosome
is labeled strongly by in situ hybridization with either Ami. 1
or Aml.2. The position of the white-associated breakpoint of
Df(l)wDZL14 was refined by hybridizing fragments purified
from Ami. 1 in situ to a strain homozygous for Df(1)wD 14 and
for the insertional translocation, Dp(1,2)w,+51b7 which also con-
tains the white locus. The 3.3- and 2.3-kb EcoRI/HindIII frag-
ments (Fig. 4) at coordinates +3.4 to +6.7 and +6.7 to +9.0
hybridized equally strongly to both the deficiency and inser-
tional translocation chromosomes, showing that most if not all
of the sequences homologous to these fragments reside distal
to the deficiency breakpoint. However, the 6.0-kb HindIII
(+ 10. 1)/EcoRI (+ 16.1) fragment failed to label the deficiency
chromosome detectably but labeled the insertional transloca-
tion strongly. The 6.0-kb HindIII/EcoRI fragment labels distal
3C strongly in WDZL, the parent strain of Df(l)WDZL14. These
observations show that the sequences homologous to the 6.0-kb
HindIII/EcoRI fragment are largely or entirely deleted in the
deficiency chromosome. Collectively, these experiments place
the white-associated breakpoint of Df(l)wDzLI4 within an in-
terval between coordinates +8.0 and + 10.6 (Fig. 4). Thus, we
conclude that all elements of the white locus necessary to allow
the production of a w+ eye color phenotype reside distal to (to-
ward the telomere from) coordinate + 10.6.
The maximal limit of the white locus at the opposite end was

defined by the zeste-halo rearrangement (20). This rearrange-
ment consists ofthe insertion of a chromosomal segment bearing
the white, roughest, and verticals loci into the third chromo-

Df(I)Wzh

FIG. 3. In situ hybridization of the cloned segments to polytene
chromosomes with rearrangement breakpoints bracketing the
white locus. (Upper) Aml.1 hybridized to chromosomes homozygous for
In(l)z+4b9. Arrows, sites of labeling at the ends of the inverted seg-
ment. (Lower) Aml.2 hybridized to chromosomes homozygous for the
zeste-halo rearrangement. Arrows, sites of labeling of deficiency and
duplication sites.

some, Dp(1,3)wzh, and a deletion of the same three loci from
the X chromosome, Df(l)wzh. Because the inserted and deleted
segments bear the same three loci and because they were ini-
tially detected in the same individual, it has been suggested that
their breakpoints coincide. The white-associated breakpoint of
Dp(1,3)wzh must, in any case, lie distal to white. The Aml.2
probe labeled both the insertional translocation and the defi-
ciency (Fig. 3), while Aml. 1 labeled only or primarily the in-
sertional translocation. These data suggest that the segment
cloned in Aml.2 crosses the position of the white-associated
breakpoint of the zeste-halo rearrangement and -corroborates
the orientation of the cloned segment deduced above.
The breakpoint of the zeste-halo rearrangement associated

with white was more accurately positioned within Aml.2 by in
situ hybridization of DNA fragments comprising different por-
tions of the cloned insert of this phage. The 3.1-kb HindIII
(-5.8)/Sal I (-2.7) fragment labeled Df(1)wzh strongly but did
not label Dp(1,3)wzh detectably. On the other hand, the 1.5-kb
Sal I fragment at coordinates -2.7 to -1.2 labeled the inser-
tional translocation at about one-half the intensity of the defi-

566 Genetics: Levis et al.
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FIG. 4. Coordinating the physical (A) and genetic (B) maps of the
white locus region. Below the genetic map, on which the positions of
the zeste-white 9 (zw9), white (w), and roughest (rst) loci are indicated,
is an expanded map on which the positions of seven intralocus sites,
including white-Brownex (WBu), white-apricot (wa), and white-spotted
(w'P), are indicated. The sources of these data have been described (7).
The maps are drawn with the distal direction (toward the telomere)
to the left. Solid bars above genetic map show extent of duplication and
deficiency, as previously determined by genetic analysis; open, dashed
bars to the left of the solid bars show genetic region in which the white-
associated breakpoint of the rearrangement must lie. The distal break-
point of Dp(1,3)wzh is between zw9 and w (20) while that of Df(1)-
wDzL14 is between w and rst (6). Cytogenetic analysis suggests that the
distal breakpoint of Df(l)wDzL14 is actually much closer-to w than to
rst (6). In A, the central portion of the restriction map of Fig. 2 is re-

drawn, including those sites at which cleavages were made to produce
the fragments hybridized to the chromosomal rearrangements. The
length of each fragment is given above the line and the coordinate scale
is below. Our results place the white-associated breakpoints of these
rearrangements within the intervals spanned by the brackets extend-
ing up toward the restriction map. We have assumed that a site that
is. not detectably labeled by a fragment must contain <0.5 kb of the
sequences of that fragment. The position within the Canton S restric-
tion map corresponding to that of the copia insertion in wa was deter-
mined by comparing'the restriction maps of Canton S and Awa5.9 (7);
the interval in which the copia insertion in wa lies, relative to the ge-
netic map of the white locus, is taken from the 95% confidence limits
of the determination by.Bingham and Judd (19).

ciency chromosome, while the 0.8-kb Sal I fragment (coordi-
nates -1.2 to -0.4) labeled both equally. These results show
that the Dp(1,3)w'z insertional translocation carries sequences
from the cloned region beginning between the coordinates
-3.2 and -1.4 and extending rightward (Fig. 4). Since flies
carrying Dp(1,3)wzh have a wild-type eye color (20), we con-

clude that all elements of the white locus necessary to produce
a w+ phenotype lie proximal to (toward the centromere from)
coordinate -3.2. .Our results further indicate that, contrary to
the expectation engendered by the origin of the zeste-halo rear-

rangement (7), the white-associated breakpoint ofDf(l)wzh and
that of Dp(1,3)wzh are not identical.

'In summary, the results of these in situ hybridization exper-
iments allow us to determine the chromosomal orientation of
our cloned region and to demonstrate that all white locus se-

quences necessary to produce a w' phenotype lie between co-

ordinates -3.2 and + 10.6. Thus, the maximum length that can
be occupied by the white locus, as defined in this way, is 14 kb.

Analysis of Phage with Weak Homology to a Part of the
White Locus Region. As noted above, during the initial screen-

ing of the hybrid phage library, six phage were recovered that
hybridized very weakly with the 3.1-kb BamHI fragment of

RIG. 5. In situ hybridization of theDNA of one of the hybrid phage
weakly homologous to the 3.1-kbBamHI fragment to the 3A region on
polytene chromosomes of the Oregon R strain of D. melanogaster. Ar-
row points to 3C1, the site at which the white locus resides, which is
not labeled.

Awa5.9. The Drosophila DNA inserts of at least four of these
contain sequences very weakly homologous to the 3.1-kb
BamHI fragment, as assayed by Southern blot analysis to pu-
rified phage DNA. However, the restriction cleavage maps of
these DNAs bear no resemblance to the map of the white locus
region.derived from the strongly hybridizing cloned segments.
Moreover, the DNAs ofthese four phage each hybridized in situ
primarily to a site within or very near the distal portion of sub-
division 3A on polytene salivary gland chromosomes rather than
to distal 3C, where the white locus resides (Fig. 5). Distal 3A
is the location ofthe zeste locus. Mutant alleles ofzeste interact,
at least formally, with the white, locus as defined by genetic anal-
ysis (3, 22, 23). In addition to the strong site of labeling at 3A
of each of these four cloned segments, three also labeled one

or two additional sites with approximately one-tenth the inten-
sity with which they labeled 3A. One phage labeled 6F and the
other two labeled both 6F and 7A.

DISCUSSION
We have cloned and constructed restriction site maps ofa series
ofoverlapping DNA segments that define a 48-kb chromosomal
region from the wild-type strain Canton S surrounding and in-
cluding the white locus. To draw a correspondence between
positions on the physical map of the cloned interval and the
genetic map, we determined, by in situ hybridization, the po-

sitions ofcloned segments relative to the breakpoints of several
chromosomal rearrangements bracketing the white. locus. This
procedure for gene localization can recognize the requirement
for gene function oflinked nontranscribed sequences (7, 24, 25).
This approach is especially valuable in characterizing regions,
such as that which includes the white locus, that contain gene(s)
having no biochemically defined.products. We previously used
this combination of techniques to show that a 3.1-kb segment
cloned from the wa strain originated from a region between
breakpoints that separated the white locus from its nearest
known complementation groups (7). Here we have exploited
this method ofanalysis again to show that, within a 48-kb cloned

interval from the white locus region, there is a 14-kb segment
containing all of the white locus sequences necessary for the
production of a w+ eye color phenotype.
The 14-kb region to which we have localized white is a max-

imum interval and may be reduced by further analysis. Until
cloned DNA sequences can be modified in vitro and reintro-
duced into the Drosophila genome, analyses of the sort we de-
scribe here are limited to rearrangements generated in vivo.
The wc and wDZL mutations at white-promote chromosomal rear-

rangements of white locus region DNA sequences at high fre-
quency (4, 6), suggesting that they will be useful tools for future
fine-scale mapping of the region.
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Mutations caused by transposable element insertions are, of
course, also valuable in positioning genetic sites on the physical
map. For example, the Wa allele of white carries a copy of the
transposable element copia tightly linked to the mutation (7,
19). By comparing the wild-type.restriction site map (Fig. 2) of
the white locus region with that-of the copia-containing cloned
segment from wa (7), we have determined the position within
the cloned region of the wild-type white locus at which copia
is inserted in Wa. In combination with the genetic analysis by
Bingham and Judd (19), these data fix the position within the
wild-type restriction map ofthe Wa site (Fig. 4), one ofthe seven
white locus sites that have been separated by recombination.
As has been shown for other copia element insertions (26), the
insertion of copia within the white locus in the wa strain does
not appear to have disrupted the surrounding DNA organiza-
tion. Our results are consistent with the hypothesis that the Wa
mutation was caused by the copia insertion (7, 19, 27).
We have focused, to this point, on the chromosomal region

at 3C that is required for white locus function. One of the in-
teresting aspects of the white locus is that its expression can be
modulated by mutant alleles at other loci. The best studied of
these interactions is that between white and certain mutant al-
leles at the zeste locus (3, 22, 23). It is therefore potentially im-
portant thatwe have shown that DNA sequence homology exists
between the 3.1-kb BamHI fragment (coordinates +1.6 to
+4.7) and the cytogenetic region within which the zeste locus
resides. Further analysis will be necessary to determine what
relationship, if any, this homology has to the zeste-white
interaction.

Plaque hybridization may be the method of choice for de-
tection of such weakly crosshybridizing sequences. The sensi-
tivity of plaque hybridization is equivalent to that of Southern
gel analysis and exceeds that of in situ hybridization to polytene
chromosomes. Due to the large average distance between hy-
bridizing plaques, weakly homologous sequences can be de-
tected by plaque hybridization despite the presence of strongly
homologous sequences in the same genome. Moreover, weakly
homologous sequences detected by plaque hybridization are
available as cloned segments for further analysis.
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