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ABSTRACT We report here a method for the in vivo
dissection of the regulatory region of a gene in the Drosophila
genome. Our system includes (i) the reporter genes lacZ and
white to detect transcriptional enhancer and silencer activities
in a target gene, (ii) an efficient way to induce integration of
gypsy elements in the genome, and (iii) unidirectional block-
ing of regulatory activities by the gypsy element, which is
dependent on the su(Hw) protein. The optomotor-blind (omb)
gene was analyzed. In the omb®! line, a P[lacW] construct is
inserted about 1.4 kb upstream of the omb transcription start
site. The lacZ reporter gene within P[lacW] exhibits the same
expression pattern as omb. The white reporter gene is ex-
pressed in a “bipolar” pattern. We induced high frequency
gypsy mobilization in omb®! and identified two lines (D11 and
D13-1) with altered eye pigmentation pattern, which is de-
pendent on su(Hw) activity. A gypsy element was found
inserted in the first intron of omb in D13-1 and in P[lacW] in
D11. These results indicate that it is the blocking of regulatory
activities by gypsy that caused the changes in the white
reporter gene expression. The effect of these gypsy insertions
on the expression patterns allowed us to predict several
aspects of the organization of the regulatory elements in the
omb locus.

The usual approach to analyzing the cis-acting regulatory
region of a gene is to clone fragments of the region into a tester
vector with a reporter gene and analyze its effect in cultured
cells or transgenic organisms. Although fruitful for testing the
sufficiency of an enhancer element, this approach takes the
fragment out of its normal chromosomal context. It is also not
suitable for a detailed analysis of a large regulatory region,
which is common to many developmentally important genes.
We report here a new approach for the in vivo analysis of the
cis-acting regulatory region within its normal chromosomal
context.

The approach was used to analyze the regulatory region of
the large and genetically complex optomotor-blind (omb) gene
in Drosophila melanogaster. The omb gene spans at least 120 kb,
with a 70-kb transcription unit and a 6-kb mature transcript (1).
It encodes a DNA binding protein (2). omb is expressed in
specific patterns in embryo, larval imaginal discs, and brain (3).
Mutations affecting the development of adult wing, optic lobe,
and abdominal tergite pigmentation have been mapped to
regions upstream, downstream, and within the transcription
unit (4-6), suggesting that there are multiple regulatory
elements responsible for omb expression in different tissues.
An enhancer trap line omb®! was identified to have a P[lacW]
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(7) inserted in omb. P[lacW] carries two genes, mini-white
(w*™) and lacZ, that serve as reporters of local enhancer/
silencer activities. Our preliminary results suggested that the
w*m expression pattern in ombF! is sensitive to changes in local
chromosomal environment (Y.H.S., unpublished results), and
thus is suited for our analysis.

Many spontaneous mutations in D. melanogaster were found
to be due to insertion of the gypsy transposable element. It
need not to insert within a transcription unit for its mutational
effect. The gypsy element contains a binding region for the
su(Hw) protein (8-10). Binding to the su(Hw) protein
(SUHW) blocks the activity of transcriptional enhancers and
thus interferes with the expression of the gene adjacent to
gypsy insertion. Only the enhancers located distal (relative to
the promoter) to the su(Hw) binding region are blocked (11,
12). This unidirectional blocking effect also works with the
repressive activity of heterochromatin, telomeric chromatin,
chromosomal position-effect, and Polycomb response ele-
ments (13, 14, ||), but not with a zen ventral silencer (16).

The gypsy elements were recently shown to be infectious
retrovirus (17, 18). Transposition of gypsy is controlled by the
flamenco gene (flam), located on the X chromosome (19). Fly
strains carrying a flam permissive allele and functional gypsy
provirus can produce infectious retroviral particles in the
somatic follicle cells in the ovaries (20). These particles then
infect the oocytes, and gypsy insertion is seen in the progeny
of flam /flam homozygous mutant females.

In this report, we took advantage of these new findings to
generate random gypsy insertions in the omb®! line. If gypsy
inserts in the omb locus and blocks the activity of certain
regulatory elements, the expression pattern of the mini-white
(w*™) and lacZ reporter genes may be affected. Two such lines
were isolated and characterized. The insertion sites of gypsy
within the omb locus were mapped, and the change in eye color
pattern was shown to be dependent on su(Hw) activity. These
results allowed the mapping of discrete regulatory elements in
the omb locus.

MATERIALS AND METHODS

Drosophila Stocks. w omb®! was previously described (21).
cm ct® sn; su(Hw)! TM6 /su(Hw)? sbd, FM3 /y v f mal flam', and
C(I)Dx, y f/y w v f mal flam' were kindly provided by Alain
Bucheton (Centre de Genetique Moleculaire, Centre National

Abbreviations: LTR, long terminal repeat; X-Gal, 5-bromo-4-chloro-
3-indolyl B-D-galactoside; OLR, optic lobe regulatory region; OL,
optic lobe.
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de la Recherche Scientifique, Gif-Sur-Yvette, France). Muta-
tions are described in Lindsley and Zimm (22).

Gypsy Mobilization. Gypsy transposition was induced by
using the flamenco (flam) line, which is permissive to the
formation of infectious gypsy viral particles (19, 20). Homozy-
gousy wv f mal flam' females were mated to y w omb®! males.
The Fi y w omb®'/y w v f mal flam' females, now carrying
germ-line gypsy insertions, were mated to FM0/Y males.
About 5850 Foy w omb®'/FM0 females and y w omb®! /Y males
were screened for changes in the bipolar eye color pattern.
Screening in the females would enable the isolation of omb
lethal mutations. This is possible because the bipolar eye color
pattern is a dominant phenotype.

Molecular Analysis. A 0.9-kb fragment (pX35) was cloned
by plasmid rescue from EcoRI-digested omb®! genomic DNA.
A genomic A clone (AX35.6) encompassing the site of P[lacW]
insertion in omb®! was isolated from a Canton-S library in
ACh4A (23). The four EcoRI fragments from this clone were
subcloned and used as probe in genome blot analysis. The
E1.8kb probe detected size changes in D13-1; the 5.6-kb
EcoRI fragment was changed to 4.1 kb, and the 5.0-kb HindIII
fragment was changed to 7.1 kb. These changes can be mapped
to within the 0.7-kb Pst1/HindIII fragment. In D11, the E1.8kb
probe detected no change in EcoRI and HindIII fragments, but
there was a change of the 12.5-kb PstI fragment to 9.4 kb. Thus,
the change in D11 can be mapped to within the 10.5-kb
fragment from the PstI site in the P[lacW] polylinker to the first
HindlII site downstream of P[lacW] insert.

PCR (Expand Long Template PCR, Boehringer Mannheim)
was used to amplify DNA sequences between P[lacW] and the
gypsy element. Oligonucleotide primers X1-X6 extend out-
ward from the long terminal repeat (LTR) region of gypsy. The
position (5’ to 3") of X1-X6 in the published gypsy sequence
(24) are: X1, 224-201; X2, 282-264; X3, 7141-7160; X4,
7169-7186; X5, 108-90; X6, 7350-7370. Four primers from the
terminal region of P element were used. P31 extends outward:
5'-CGACGGGACCACCTTATGTTATTTCATCATG-3'.
XP37 is P31 with an added 5’ Xhol site. P6/31 extends inward:
5'-TGAAATAACATAAGGTGGTCCCGTCG-3'. P31/6 is
the reverse of P6/31. PCR was carried out with a Perkin—
Elmer PE9600 using the following program: 92°C, 2 min; 10
cycles of 92°C, 10 sec; 55°C, 30 sec; 68°C, 15 min; 15 cycles of
92°C, 10 sec; 55°C, 30 sec; 68°C, 15 min plus 20-sec increments
per cycle, and a final extension at 68°C for 7 min.

In D13-1, nested PCR using primers extending outward
from the gypsy LTR and primers extending outward from the
P-element terminus (X3-P37 and X4-XP37) generated a
5.7-kb fragment. Hybridization with the E1.7kb and E1.8kb
probes were positive, confirming that this fragment is derived
from the omb locus. It was cloned into the pGEM-T TA
cloning vector (Promega). Terminal sequences confirmed that
one end corresponds to the P[lacW]-omb junction, the other
end is from the gypsy LTR and extends into probably the
unsequenced omb first intron. Terminal sequencing of two
subclones (3.4 kb EcoRI/Xhol and 4.4 kb HindIll/Xhol
fragments subcloned into pBluescript KS) also identified omb
sequences. Based on these data, the gypsy insertion site in
D13-1 is about 4.2 kb downstream from the first exon and
within the large first intron of omb.

The above PCR strategy failed to amplify any fragment in
D11, suggesting that the gypsy insertion may be within P[lacW].
A primer (P6/31) extending inward from the P terminus was
used in nested PCR with gypsy LTR primers (X2/X1 and
X3/X4), and generated a 6.5-kb and a 4-kb fragment, respec-
tively. Direct PCR sequencing (according to Risinger et al.
(25), using X5 and X6 primers, respectively) showed that the
gypsy is inserted in the lacZ gene (between bases 3358 and
3359, CATGTATA/CCCCGT, in the pP[lacW] coordinate in
ref. 26) and created a 4-bp (TATA) duplication of target site,
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consistent with the known length of the target site duplication
of gypsy (27).

X-Gal (5-bromo-4-chloro-3-indolyl 3-D-galactoside) Stain-
ing. Embryos were stained according to Hiromi et al. (28), but
without devitellination. Staining of imaginal discs was accord-
ing to Sun et al. (21).

RESULTS

The omb®! Line. The omb*®! line is a P[lacW] transposant line
(21). In situ hybridization to polytene chromosomes mapped
the P[lacW] to 4C3-6 (21). P[lacW] carries two genes that serve
as the reporter of enhancer/silencer activities: mini-white
(w*m) is responsive to silencer activity and lacZ is responsive
to enhancer activity. In omb®! lacZ expression apparently
reflects the omb expression pattern in embryos and in imaginal
discs (as determined by in situ hybridization in ref. 3 and
anti-OMB (optomotor-blind) antibody staining in ref. 29),
with only minor differences (Fig. 1). w*™ expression is sup-
pressed in the central part of the eye, leaving only the dorsal
and ventral poles pigmented (Fig. 1A4). This “bipolar” eye
color pattern provides an easily scorable phenotype, which
reflects the spatial expression pattern of the w*™ reporter
gene.

The genomic fragment flanking the P[lacW] insertion site
was cloned by plasmid rescue. DNA sequence obtained from
the two ends of the fragment matched with sequence of the
omb locus, placing the site of insertion 1373 bp upstream of the
omb cDNA 5’ end (Fig. 2). An 8-bp duplication (CCA-
CAGTC) of the target site was created.

Isolation of Lines with Altered Eye Pigmentation Pattern.
Gypsy transposition was induced using the permissive fla-
menco (flam) line and screened for insertion into the y w ombP®!
chromosome and changes in the bipolar eye color pattern. Two
independent lines (D11 and D13-1) were isolated that have
altered eye color pattern (Fig. 3), which is dependent on
su(Hw) activity (see the later). In D11 males, the polar
pigmented domains have expanded and the interpolar region
is lightly pigmented. In D13-1 males, the posterior rim be-
tween the two poles is pigmented. The cause of the eye color
pattern change was determined by segregation analysis to be
on the X chromosome. In repeated outcrosses of heterozygous
D11 and D13-1 females to w males, no fly with the original
bipolar pattern was observed. Recombination with cm ct sn
gave frequencies consistent with the map location of omb (data
not shown), also suggestive of a cis-acting effect in the omb
locus.

Pattern Change Is Dependent on su(Hw) Function. If the
phenotype change is due to a gypsy insertion into the omb locus
and the blocking of regulatory activity, then it may be reversed
by su(Hw) mutation. The mutants were crossed to a su(Hw)
mutant. About one-quarter of the F, non-w™ male progeny
have the original bipolar pattern (not shown, compare with
Fig. 1A4), suggesting that the phenotype was suppressed in the
su(Hw) mutant background. su(Hw) mutation had no effect on
ombP®!, demonstrating that the effect is not on P[lacW].

To confirm the su(Hw) effect, D11 and D13-1 were recom-
bined onto a ct® chromosome, and the experiment with su(Hw)
repeated. ct° is a mutation due to gypsy insertion into the cut
locus, and its phenotypic reversion serves as an indicator of the
su(Hw)/su(Hw)? genotype. The reversion of D13-1 and D11
to the original bipolar pattern is always accompanied by
reversion of the cf phenotype. This unambiguously shows that
the phenotypic change is dependent on the wild-type su(Hw)
function, most likely acting through a gypsy insertion in the
omb locus.

Mapping of Gypsy Insertions in the omb Locus. A genomic
A clone (AX35.6) encompassing the site of P[lacW¥] insertion in
omb®! was isolated (Fig. 2). The EcoRI fragments from this
clone were subcloned and used as probes in genome blot
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Fic. 1. Expression patterns of reporter genes in omb®! (A-G and
I-K) omb®', (H) wild type, (L) D13-1. (4) The bipolar w™™ expression
pattern in omb®l. (B-G and H-K) lacZ expression pattern as stained by
X-Gal. The pattern is similar to omb expression (3, 29), except when noted
below. (B) In eye—antennal disc expression is in the dorsal and ventral poles
of the eye disc, primarily in the peripodial membrane destined to become
part of the head capsule (30). Expression is also seen in scattered cells in
the proximal region of the disc and the optic stalk (o0s), and in a ventral
sector in the antennal disc. (C) Expression in the central nervous system
is in the optic lobe, plus a few cells in the ventral ganglia. (D) Expression
in the wing disc is in a broad domain straddling the anterior—posterior
compartmental boundary. This expression has recently been shown to be
under dpp and wg regulation (29, 31, 32). Weak omb expression in the notal
region is not detected in lacZ expression (compare with figure 2C in ref.
29). (E) In the leg disc, expression is also in a stripe along the anterior—
posterior compartmental boundary, but only in the dorsal region. (F)
Dorsal view of a stage 8§ embryo. Expression is in two lateral clusters of cells
anterior to the cephalic furrow. (G) Slightly oblique lateral view of a stage
12 embryo. Expression is strong in the optic lobe anlage and antennal
segment (an). The lateral segmentally repeating pattern is weaker than
omb (compare with H). (H) Expression detected by in situ hybridization of
omb in awild-type embryo of similar stage as in G. The antennal expression
is weaker. (I) Dorsal view at about stage 13 (before head involution); the
antennal expression had moved dorsally and anteriorly. Expression also
occurred in two ventral anterior spots, probably the hypopharyngeal
sensory organ (ho; arrowhead). (/) After head involution, the antennal
expression spot had moved to a position corresponding to the antenno-
maxillary complex (amc) (dorsal view). (K) X-Gal staining in the ventral
nerve cord is weaker compared with omb in situ hybridization in wild type
(compare with figure 2H in ref. 3). (L) The ventral nerve cord expression
is stronger in D13-1. (K and L) Dorsal view.
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analysis, comparing D13-1, D11, and omb*! (data not shown).
Fragment size changes were detected and mapped in D13-1
and D11 (Fig. 2), suggesting the insertion of gypsy. Long range
PCR was used to clone the fragments between gypsy and
PllacW] from D13-1 and D11. Terminal sequencing of the
PCR fragments mapped the gypsy insertion site in D13-1 at
about 4.2 kb downstream from the first exon and within the
large first intron of omb (Fig. 2). In D11, the gypsy is inserted
in the lacZ gene in the PllacW] (Fig. 2).

Expression and Phenotype of D13-1 and D11. D13-1 is
hemizygous and homozygous viable and showed no apparent
morphological abnormality. Weak wing vein delta formation
occurs when in combination with a strong hypomorphic mu-
tant ombN7® (data not shown), indicating that it is a weak
hypomorphic omb mutation. X-Gal staining of D13-1 showed
that the expression pattern and intensity of the lacZ reporter
gene in embryos and in imaginal discs are indistinguishable
from ombP!, except that the embryonic ventral nerve cord
expression in D13-1 is enhanced (Fig. 1L).

D11 is hemizygous viable and exhibits only a weak wing vein
phenotype. D11 showed no X-Gal staining in embryos or in
imaginal discs, consistent with the finding that the lacZ gene
is interrupted by the gypsy. However, gypsy is inserted near the
3’ end of lacZ, so it should leave most of the lacZ transcript
detectable. In situ hybridization in omb®' embryo detected
lacZ expression in the optic lobe and the antennomaxillary
organ anlage (not shown), although much weaker than X-Gal
staining. The weaker expression in the ventral nerve cord and
hypopharyngeal sensory organ were not detectable. D11 em-
bryo showed a similar lacZ expression pattern, except that the
signal is slightly weaker (not shown).

In both D11 and D13-1, homozygous females have an
enhanced eye pigmentation compared with hemizygous males
and heterozygous females (Fig. 3), suggesting a pairing effect
on the w*™ reporter expression, an effect which was not
observed in omb®l. D13-1 females, but not males, show an
extended pigmentation of the abdominal tergites, comparable
to the phenotype of Qd-type omb alleles (33). Similar trans-
vection effect of Qd phenotype has been reported (33).

DISCUSSION

Our results pinpointed the insertion of a gypsy element in the
first intron of the omb gene in D13-1, and in the middle of lacZ
in P[lacWW] in D11. These insertions caused the bipolar eye
pattern in omb®! to change. The effect is dependent on su(Hw)
function. The simplest explanation is that the binding of
SUHW to its target site in the gypsy element blocked the
activity of some silencer located distal (relative to the pro-
moter) of the gypsy insertion sites. In contrast to a previous
report that the su(Hw) binding region is unable to block the
600-bp zen ventral silencer element (16), our results provide
evidence that at least some silencer—promoter interaction can
be blocked.

D13-1 is a weak hypomorphic mutation. The gypsy insertion
in the intron probably leads to a reduced level of the correctly
spliced transcript, thus causing the weak wing phenotype but
no lethality. In the omb hypomorph bifid (omb®), the wing
phenotype is also caused by an insertion into the first omb
intron (33). The lacZ expression patterns in D13-1 and omb®!
embryos, imaginal discs, and brain are indistinguishable, ex-
cept that the embryonic ventral nerve cord expression in
D13-1 is enhanced. If gypsy serves as a general and efficient
enhancer block and has strict polarity, we can conclude that in
the region downstream of the D13-1 gypsy insertion site there
is (/) no strong enhancer for embryo and imaginal disc
expression, (if) a silencer acting in the posterior rim of the eye
disc, (iii) a silencer acting in the embryonic ventral nerve cord,
and (§v) an element suppressing the pairing effect.
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Fi1G.2. Site of P[lacW] insertion in omb®!, and the site of gypsy insertion in D13-1 and D11. The site of the P[lacW] insertion in omb®! is indicated
on the genomic map of omb. The cross-hatched box indicates the plasmid portion of P[lacW]. Four EcoR1 fragments from a genomic A clone (AX35.6)
were subcloned and used as probe in genome blot analysis. The sites of gypsy insertion in D11 and D13-1 are indicated. The gypsy element is not

drawn to scale.

Chromosomal rearrangements that remove the 3’ end of the
omb locus cause specific anatomical defects in the optic lobe.
Three optic lobe regulatory regions (OLRs) were defined (ref.
6; Fig. 4). In In(1)omb™3!, omb expression in the optic lobe
(OL) anlage is reduced in late embryos and during larval
development (3). We did not observe, however, obvious
changes in the OL expression pattern in D13-1. These dis-
crepancies can be interpreted in several ways. First, there may
be an additional promoter located downstream of the D13-1
insertion so that D13-1 would not block larval regulation from
the downstream OLR elements. Second, there may be a set of
enhancer (OLRs) and silencers acting in late embryonic OL.
In(1)omb™3! removed the enhancer, leading to reduced ex-
pression and defective OL. D13-1 blocked both, and so caused
no change in expression level. Third, the blocking by gypsy may
not be as efficient as expected.

The gypsy in D11 is inserted in the P[lacW], which inserts
1373 bp upstream of the 5’ end of the omb cDNA. D11 is
hemizygous viable and exhibits only a weak wing vein pheno-
type, indicating that the gypsy insertion did not block any
essential regulatory element. In addition, the gypsy insertion
apparently blocked a silencer acting in the eye disc and an
element repressing the pairing effect. The gypsy insertion site
is upstream of the transcription start site (G.O.P., unpublished

D13-1/Y d DI31/+ @

[

D13-1/D13-1

“;
D11/D11 @

pI11/Y &

DIl/+ Q

Fic. 3. Pattern of w*™ reporter expression in the gypsy insertion
lines. (Upper) D13-1. (Lower) D11.

results). This suggests that the 5.6-kb region between the two
gypsy insertion sites (D11 and D13-1) contained most of the
regulatory elements. Alternatively, as proposed above, there is
an additional downstream promoter so that D11 and D13-1
are both upstream of the promoter, and thus have similar
effects.

The approach presented in this study allows the efficient
analysis of a large and complex regulatory region. The regu-
latory elements are analyzed in their normal chromosomal
location, within a normal context of other regulatory elements.
The effect on expression is detected in an organism, rather
than in tissue culture cells or in vitro. The effect on expression
(of the lacZ reporter) can be monitored in different develop-
mental stages and in different tissues. Roseman et al. (14) has
reported the use of a similar approach by examining the
phenotypic effect of su(Hw) mediated blocking.

The w*™ reporter gene provides an easily scorable dominant
phenotype (eye color). This made possible the screening of a
large number of flies heterozygous for the potential mutation.
It is likely that a mutation affecting the regulatory region of an
important gene may lead to lethality. The ability to screen in
the heterozygous condition will allow the isolation of recessive
lethal mutations.

While we demonstrated that the gypsy element can be used
as a tool for the in vivo analysis of regulatory region and for
mutagenesis, gypsy insertions cannot be easily manipulated
further. A P-element construct carrying the su(Hw) binding
region and the lacZ and w*™ reporter genes might be used
instead of gypsy (see also ref. 14). It can serve to block
regulatory activities on one side and detect regulatory activi-
ties on the other side of its insertion site in a gene. Once
inserted into a locus, local jumps (35, 36) can be induced at
high frequency and changes in lacZ expression can be screened
directly. A series of such insertions in a locus would be
equivalent to a series of progressive terminal deletions, thereby
providing a high-resolution map of the regulatory region.
Dependence on SUHW protein provides an easy way to check
whether any effect on gene expression is indeed due to the
blockage. Development of such a system is in progress.

Finally, other boundary elements similar in function to the
su(Hw) binding region have been identified, e.g., the 5 con-
stitutive-hypersensitive site from the chicken B-globin domain
(37), the scs, scs’, Mcp, and Fab-7 elements in Drosophila (15,
38-41). Taking a strategy similar to the one described here,
these boundary elements might be used for mutagenesis and
unidirectional blocking of regulatory activity in organisms
other than Drosophila. What is required is a reporter gene
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FiG. 4. Map of the omb locus. The genetic map of omb is redrawn from ref. 33. I(1)biP# and [(1)omb’'98 are two point mutations causing
premature termination of the omb protein (34). Qdla, Qd1b, and bi indicate insertions found in the Qd and bi mutant chromosome, respectively.
OLRs indicate optic lobe regulatory regions defined by the various chromosomal breakpoints. The sites of gypsy insertion in D11 and D13-1 are

indicated relative to the promoter.

sensitive to regulatory activities, and a construct carrying the
blocking element and capable of random integration into the
genome (e.g., a retroviral construct). Targeted insertion via
homologous recombination in embryonic stem cells may be
used to study the regulatory region of a specific gene.
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