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ABSTRACT The organization of the Drosophila locus
Glued containing the dominant allele GL was shown to differ
from that of the normal locus by an insertion of a 9-kilobase-
pair DNA segment near the 3' end of a transcribed region. The
insertion causes the formation of a truncated polyadenylylated
transcript of 5.1 kilobases instead of the normal 6.0 kilobases.
The inserted DNA segment has the properties of a transposon
and was identified by its corresponding restriction map as
B104, which is a retrovirus-like transposon with direct termi-
nal repeats. B104 appears to be oriented in GL with the same
polarity of transcription as GI. The truncated Gi transcript
terminates prematurely inside the 5' terminal repeat of B104,
in the region of a putative polyadenylylation signal. We discuss
the general implications of this finding for transposon- and
retrovirus-induced mutagenesis and for the origin of dominant
mutations.

Although dominant mutations are generally rarer events than
recessive mutations, their impact on a population is dispro-
portionately great because of the relatively high frequency of
heterozygous individuals that express a dominant pheno-
type. Dominant mutations have been identified and geneti-
cally characterized in various organisms, notably in Dro-
sophila (1), but the molecular basis of dominant effects is not
well understood. In Drosophila, most genes appear to be
haplo-sufficient (2); that is, viable adults are still produced
when one copy of a diploid gene is deleted from one of the
homologs. Accordingly, a dominant allele of a haplo-suffi-
cient gene would have to act in trans to interfere with the
function controlled by the normal gene in heterozygous indi-
viduals, presumably by specifying either an abnormal prod-
uct or a product that is regulated abnormally. Since such ef-
fects are likely to be highly specific, this requirement could
account for the rarity of dominant mutations.
The dominant allele Gl of the haplo-sufficient Drosophila

locus Glued was chosen for the molecular analysis of a domi-
nant effect, because there is extensive information about the
genetic and developmental properties of the locus (3-6), and
genomic clones of the Glued region were isolattd recently
from wild-type strains (unpublished results). GI causes pleio-
tropic nonlethal developmental abnormalities in heterozy-
gous Gl/GI+ flies, most strikingly evident in the severe
structural and functional defects of the visual system, includ-
ing the eye and its neural connections to the optic lobe of the
brain (3-5). Gl also has a recessive lethal effect during early
development (5, 6). In this report, we compare the organiza-
tion and expression of the normal Glued locus with the locus
containing the dominant allele Gl, and demonstrate that the
two differ by a transposon insertion in the dominant allele,
which results in the formation of a truncated transcript.*

MATERIALS AND METHODS

The wild type carrying the normal Glued locus, located at
70C2 on chromosome 3L (6), is an inbred strain of Drosophi-
la melanogaster Oregon R maintained in this laboratory for
about 12 yr by mass transfers; a derivative with the chromo-
some 3 markers st red ca was used for certain experiments as
indicated. The mutant strain carrying the dominant Glued
allele Gi and the chromosome 3 marker st was maintained
over the chromosome 3 balancer TM3 Ser, as described pre-
viously (6). The heterozygous flies used for the preparation
of genomic DNA were Gl st/Gl+ st red ca progeny of a cross
between Gl st/TM3 Ser and st red ca/st red ca parents. The
heterozygous third-instar larvae used for the preparation of
poly(A)+ RNA were collected from the Gl st/TM3 Ser stock.
The methods used to prepare genomic DNA (7), cloned

DNA from X phage and pBR322 plasmids (8), total RNA (9),
and poly(A)+ RNA (8) are described in the references cited.
For preparing and screening libraries of Drosophila DNA
clones, mapping the restriction sites of the cloned DNA, and
preparing and hybridizing Southern blots of DNA and blots
of electrophoretically resolved poly(A)+ RNA, the methods
were as described (8). DNA probes for hybridization with
DNA and RNA blots were prepared by nick-translation (10).

RESULTS
In a parallel study (to be published elsewhere) of the molecu-
lar organization of the genomic DNA from the normal Glued
locus, it was shown that the region specifies two coordinate-
ly expressed polyadenylylated transcripts encoded on oppo-
site DNA strands (Fig. 1). The clones required for a molec-
ular analysis of the dominant Glued allele (GO) had to
be isolated from a heterozygous Gl/GI+ genomic library, be-
cause homozygous Gl/GI individuals die too early in devel-
opment to be a source of homozygous DNA. Before attempt-
ing to screen the heterozygous DNA library with a cloned
DNA fragment from the normal locus, we first tested several
of the fragments to determine whether it would be possible
to distinguish between the DNA from Gl and Gl+ clones.
The tests involved comparing the patterns of hybridization
bands produced when the fragments were hybridized with
Southern blots of EcoRI digests of homozygous Gl+ and het-
erozygous Gl/GI+ genomic DNA (Fig. 2). The results show
that fragment 2 hybridizes with two additional fragments in
the heterozygous DNA, which are not detected in the homo-
zygous DNA and therefore should be specific for Gl. Geno-
mic clones containing the Gl-specific fragments and flanking
DNA then were isolated from the heterozygous DNA li-

Abbreviations: kb, kilobase(s); kbp, kilobase pair(s).
*Our results demonstrating the formation of a truncated Gl tran-
script as a result of a transposon insertion were presented at the
25th Annual Drosophila Research Conference in Chicago, April 27,
1984.
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FIG. 1. Organization of genomic DNA from the
1 kbp Glued locus of Oregon R (GIl) and the dominant
I-I Glued mutant allele (Gl). The analysis of Gl+ DNA

R H BR S BHR RH B B will be described elsewhere. Restriction enzyme sites:
Y I R, EcoRl; B, BamHI; S, Sal I; H, HindIII; A, Ava I;

A- P, Pwt I. The transcribed regions in the Gl+ DNA, indi-
cated by arrows above the map, were identified by hy-

S PB bridization of genomic DNA fragments with blots of

I1kbp
| 8electrophoretically resolved poly(A)+RNA, and the

/polarity of transcription was determined by hybridiza-

tion tests with cDNA probes and strand-specific RNA

A B H A P S_ P A probes. Broken lines at 5' ends of arrows indicate that

L the DNA fragments hybridized with both transcripts.

brary, and these were used to construct a map of restriction
sites in Gi. A comparison of the restriction maps of Gi and
Gl shows that the two differ by a 9-kilobase-pair (kbp) in-
sert in Gi, located near the 3' end of the region encoding the
larger of the two transcripts (Fig. 1).
The effect of the insert on transcription of Gi was exam-

ined by hybridizing DNA probes for both transcripts with
blots of electrophoretically resolved poly(A)+ RNA from ho-
mozygous Gl and heterozygous (l/Gl+ larvae (Fig. 3). No
change was detected in the size of the smaller transcript in
the heterozygous poly(A)+ RNA; this result is consistent
with the location ofthe insert outside the region encoding the
smaller transcript. The probe for the larger, 6.0-kb transcript
also hybridized with a 5.1-kb poly(A)+ RNA, which is pres-
ent only in the heterozygous poly(A)+ RNA and is therefore
encoded by Gi. The 5.1-kb poly(A)+ RNA appears to be a
truncated form of the larger transcript, resulting from the

R H BR S B HR RH B B
Ill,,,1 11 III ,

1=24

1 2 3

premature termination of transcription. The termination site
in Gi was estimated to map near the right end of the insert,
based on the lengths of the normal and truncated transcripts
and on the map positions of the insertion site and the 3' end
of the normal transcript (see Fig. 1). A more precise estimate
was obtained by nuclease Sl mapping (8) of a DNA fragment
from that region, after hybridization of the DNA with homo-
zygous Gl+ or heterozygous Gl/Gl+ poly(A)+ RNA (Fig. 4).
The results indicate that transcription of GI terminates about
0.4 kbp within the right end of the insert.

Several Drosophila mutations have been associated with
the insertion of a transposon within the region ofthe affected
gene (11-16). The insert in Gi was analyzed for three proper-
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FIG. 2. Hybridization of GI' DNA fragments with Southern
blots of genomic DNA from homozygous GI' and heterozygous
Gl/Gl+ flies. DNA fragments used as probes are shown on the map
at the top. Homozygous DNA (10 jug, lanes A) and heterozygous
DNA (10 ig, lanes B), each digested with EcoRI, were fractionated
by electrophoresis in 1% agarose gel, transferred by blotting to ni-
trocellulose, hybridized with the nick-translated 32P-labeled DNA
probes, and autoradiographed. The two arrows indicate additional
hybridization bands of probe 2 with the heterozygous DNA. The
size markers at left correspond to HindIlI fragments of X phage
DNA.
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FIG. 3. Blot-hybridization analysis of electrophoretically re-

solved poly(A)+ RNA from homozygous Gl+ (lanes A) and hetero-
zygous Gl/GI+ larvae (lanes B). The GI' DNA fragments used as
probes are shown on the map at the top. Each lane contained about
15 jLg of poly(A)+ RNA which was fractionated by electrophoresis
in 1.5% agarose gel containing 2.2 M formaldehyde, transferred by
blotting to nitrocellulose, hybridized with the 32P-labeled DNA
probes, and autoradiographed. Size markers at left correspond to
mouse rRNAs; a HindIII digest of X DNA was also used for estimat-
ing transcript sizes.
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FIG. 4. Nuclease S1 mapping of the transcription termination
site in GI. The 3.3-kbp Sal I/BamHI fragment, containing 2.05 kbp
from the right end of the insert and 1.25 kbp of flanking GI DNA,
was hybridized with the following RNA samples: Escherichia coli
tRNA (lane A), homozygous Gl+ poly(A)+ RNA (lane B), and het-
erozygous Gl/Gl poly(A)+ RNA (lane C). Hybridization and sub-
sequent digestion with nuclease S1 were done as described (8). The
sizes of the protected DNA fragments were determined by electro-
phoresis in 1% neutral agarose gel, transfer of the DNA to a nitrocel-
lulose filter, hybridization with a 32P-labeled GlI DNA probe (frag-
ment 2 shown at the top of Fig. 2), and autoradiography. Size mark-
ers (in kb) at left correspond to HindIII fragments of X DNA. A
diagram of our interpretation of the data is shown below the autora-
diogram. A, Site of insertion in the Sal I (S)/BamHI (B) fragment.
The protected DNA region that hybridized with each poly(A)+RNA
sample is indicated by a line below the map.

ties of transposons: multiple genomic insertion sites which
can vary among different strains, terminal repeat sequences,
and transcription into poly(A)+ RNA (16). Multiple genomic
sites for the Gl insert were identified by hybridization of the
insert DNA with Southern blots of EcoRI fragments from
genomic DNA (Fig. 5) and also by in situ hybridization of the
insert fragment to salivary gland chromosomes from a het-
erozygous Gl/Gl strain (Fig. 6). The Southern blots show
that the insert DNA hybridizes with numerous fragments of
the genomic DNA, which map by in situ hybridization to at
least 100 sites distributed throughout the Drosophila
genome. There are differences between the insert hybridiza-
tion sites in the two strains examined, as evident in regions
where the homologs of the heterozygous chromosomes have
separated, revealing a hybridization site on only one homo-
log (Fig. 6).
The tests for terminal repeat sequences in the Gl insert

involved hybridization of the Pst I/Pst I fragment from the
right end and the Sal I/BamHI fragment from the left end
(see Fig. 1) with fragments spanning the entire insert. Each
end fragment hybridized with its cognate fragment and
cross-hybridized with the other end fragment but did not hy-
bridize with any of the intervening fragments (data not
shown). These results are consistent with the presence of
terminal repeat sequences within the end fragments.
The tests for transcribed sequences in the Gl insert in-

volved hybridizing a 3.3-kbp Sal I/BamHI fragment, which
contains 2.0 kbp from the right end of the insert and 1.3 kbp
of flanking Gl DNA, with blots of electrophoretically re-
solved poly(A)+ RNA isolated from embryos and climbing
larvae. This fragment produced a complex pattern of hybrid-

0.57

FIG. 5. Hybridization of Gl insert DNA with Southern blots of
genomic DNA from homozygous Gl flies. The following frag-
ments, reading from left to right on the Gl map in Fig. 1, were used
as hybridization probes: probe 1, 1.25-kbp fragment S/S at the left
end of the insert; probe 2, 5.9-kbp fragment S/S spanning most of
the insert; probe 3, 0.67-kbp fragment P/P at the right end of the
insert. Each lane contained 10 ,ug of EcoRI digested genomic DNA;
the Southern blots and hybridizations were done as described in Ma-
terials and Methods. Size markers at left correspond to HindI11-
digested X DNA.

ization (Fig. 7), in contrast to the genomic DNA flanking the
insert, which hybridizes only with the larger Glued transcript
(cf. Fig. 3). These results indicate that the insert DNA is
transcribed, probably at different genomic sites which might
specify transcripts of different sizes.

FIG. 6. In situ hybridization of GI insert DNA with salivary
gland chromosomes from heterozygous Gl/Gl1 climbing larvae. The
GI insert DNA was the 5.9-kbp fragment S/S shown in Fig. 1. The
DNA was labeled with biotin and hybridized with the chromosomes
(17), after which the hybridization sites were visualized by reacting
with avidin/peroxidase and staining with 4,4'-diaminobenzidine
(Enzo Biochemicals, New York). (Upper) Multiple hybridization
sites for an entire nucleus. (Lower) Region of homolog separation in
another nucleus, with different hybridization sites on the two homo-
logs, as indicated by the arrows.
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FIG. 7. Hybridization of GI insert
1.83 ~~~~DNAwith blots of electrophoretical-

ly resolved poly(A)+ RNA from ho-
mozygous GlI embryos and climbing
larvae. Lane E contained about 15 pg
of poly(A)+ RNA from embryos of all
ages, and lane L contained about 15
plg of poly(A)+ RNA from climbing
larvae. The blots were prepared, hy-
bridized, and autoradiographed as
described for Fig. 3. The 32P-labeled
DNA probe contained the 3.3-kbp

E L fragment S/B from the right end of
the GI insert (see Fig. 1).

A comparison of the map of restriction sites in the Gi in-
sert with the maps for several other Drosophila transposons
revealed virtually an exact match with B104 (18), which cor-
responds to an independently identified transposon roo (19).
According to the polarity of transcription proposed for B104
(18), the B104 insert in Gi is oriented with the same polarity
as the flanking Gi DNA (Fig. 8). Transcription of G1 should
continue along the insert coding strand until a termination
site is reached. There is a putative polyadenylylation se-
quence located 0.370-0.375 kbp from the 5' end of the B104
terminal repeat (18), about the position at which transcrip-
tion of Gi terminates (Fig. 4). Since the B104 terminal repeat
can be translated to some extent in all three possible reading
frames before a stop codon is reached (18), the polypeptide
encoded by the truncated transcript Gi should have a car-
boxyl-terminal amino acid sequence specified by the B104
terminal repeat.
The dominant effect of Gi could be caused by an abnormal

regulation of Gi expression or by an abnormal function ofthe
GI product (see the Introduction). The amount of truncated
Gi transcript in heterozygous Gl/G1+ climbing larvae is
about the same as the amount of normal transcript (Fig. 3),
indicating that there is no apparent quantitative difference
between the expression of Gl and GlW. The normal transcript
was shown, by in situ hybridization ofRNA probes to RNA
in tissue sections, to be widely distributed in virtually all tis-
sues of homozygous Gl' individuals at various developmen-
tal stages (to be published elsewhere). A similar result was
obtained with sections of heterozygous Gl/Gl1 climbing lar-
vae (Fig. 9), suggesting that the tissue distribution of the
Glued transcript is similar in the homozygous and heterozy-
gous individuals. We conclude that the expression of G1 is
regulated normally and, therefore, that the dominant effect
of GI probably results from an abnormal function of the Gi
product.
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DISCUSSION

We have shown that the dominant allele GI in the Drosophila
locus Glued has a transposon inserted near the 3' end of the
transcribed region encoding the larger of two polyadenylyl-
ated transcripts. As a result of the insertion, transcription of
Gi is terminated prematurely a short distance inside the in-
sert, and a truncated instead of full-length transcript is pro-
duced. The insert and resulting truncated transcript are the
only differences detected in the organization and function of
Gi as compared with the normal Glued locus, providing evi-
dence that GI originated from an insertion of the transposon
into a transcribed region of the normal locus. The truncated
GI transcript presumably specifies a truncated polypeptide
with an altered carboxyl-terminal sequence. Although the
molecular basis of the dominant effect of Gi is not fully un-
derstood, two important clues can be deduced from genetic
studies. Since Glued is a haplo-sufficient locus, a dominant
allele would have to interfere with the Glued function in het-
erozygotes (see the Introduction). Furthermore, since the
Gl function is essential early in development, as indicated
by the early death of Glued deletion homozygotes (5, 6), a
dominant allele would have to alter rather than block that
function; otherwise viable heterozygous adults could not be
produced. A mechanism for such a trans interaction between
allelic genes might involve the association of normal and mu-
tant monomers to form a heteromeric protein (20). This
mechanism could exert a dominant effect for two reasons: (i)
the heteromeric protein could have an altered function that
interferes with the function of the normal protein and (ii) the
incorporation of normal monomers into heteromeric mole-
cules could reduce the amount of normal protein below the
level required for normal development. Accordingly, the
dominant effects of GI could result from the formation of a
heteromeric protein containing the GI polypeptide.
The 9-kbp DNA insert in GI has the properties of a Dro-

sophila transposon, including numerous insertion sites wide-
ly dispersed in the genome, different genomic insertion sites
in different strains, homologous terminal sequences, and
polyadenylylated transcripts. The restriction map sites of the
insert in Gi correspond with those of the retrovirus-like Dro-
sophila transposon B104, which has identical direct terminal
repeats, with putative promoter and polyadenylylation sig-
nals. Transcription of B104 DNA probably initiates in the 5'
terminal repeat and terminates in the 3' terminal repeat (18).
However, premature termination of the Gi transcript occurs
in the 5' terminal repeat of the B104 insert, apparently be-
cause the polarity of transcription of B104 and Gi is the
same, enabling a polyadenylylation signal in the 5' terminal
repeat to function during Gi transcription. This mechanism
of transposon-induced mutagenesis should be general for all
transposons and retroviruses that have a polyadenylylation
signal in the 5' terminal repeat.

Note Added in Proof. An insertion of B104 in the white recessive
allele wbf of Drosophila was also found to cause premature termina-
tion of transcription (21).
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FIG. 8. Maps of restriction sites in Gl insert DNA and transposon B104. The map for B104 was drawn as described elsewhere (18). Solid bars
at each end of B104 indicate direct terminal repeats, and the proposed direction of transcription is indicated by the arrow under the B104 map.
The terminal repeats are identified as 5' or 3' in the text, according to the direction of transcription. The arrow under the GI insert map indicates
the direction of transcription and the premature termination site of the larger GI transcript. The symbols for restriction enzymes are as in Fig. 1.
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FIG. 9. In situ hybridization of Gl+ RNA probes with RNA in a tissue section from a heterozygous Gl/Gl+ climbing larva. The probes were
prepared with the 2.7-kbp E/H fragment from the transcribed GI' region encoding the 6-kb transcript, using the SP6-derived transcription
system (Promega Biotec, Madison, WI), as will be described elsewhere. (Upper) Photographs in bright field (Left) and dark field (Right) of a
larval section hybridized with a probe prepared from the GlI DNA inserted in vector pSP65. (Lower) Corresponding photographs after hybrid-
ization with a probe prepared from the Gl+ DNA inserted in vector pSP64. The RNA probes are transcribed from opposite strands of the Gl+
DNA fragment in the two vectors. BR, brain; FB, fat body; NC, notochord; ID, imaginal disc; SG, salivary gland; MS, musculature.
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