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The P-M hybrid dysgenesis system was used to produce five putative regulatory mutations at the
rudimentary locus, r. All five mutations were the result of insertions at the 5' end of the gene, upstream of the
proposed start of transcription. All of the mutants displayed a leaky wing phenotype, and four of the mutants
showed an uncoupling of the wing and female-sterility phenotypes, suggesting that they altered the normal
spatial and temporal expression of the r gene. Four of the insertions were P elements. The fifth insertion, which
was larger than an intact P element, consisted of a small P element connected to non-P-element DNA. Two of
the mutants produced very little r transcript in adult females and were clustered 80 to 150 base pairs upstream
of the start of transcription. The other three mutants had higher levels of r transcript in adult females and were
clustered 440 to 500 base pairs upstream of the start of transcription. All of the data suggest that the insertions
are in a 5' noncoding region of the r gene involved in the control of its spatial and temporal expression.

The control of gene expression in higher eucaryotes, such
as the fruit fly, Drosophila melanogaster, has been a major
interest of both geneticists and developmental biologists, yet
very little is known concerning the mechanisms involved in
regulating gene expression. One of the major stumbling
blocks in studying gene regulation in D. melanogaster has
been the inability of geneticists to generate regulatory mu-
tations. Selective screens have been available to recover
regulatory mutations at the rosy (xanthane dehydrogenase),
adh (alcohol dehydrogenase), and rudimentary
(carbamylphosphate synthetase [CPSase]-aspartate
transcarbamylase [ATCase]-dihydroorotase [DHOase]) loci;
however, no regulatory mutations have been recovered in
screens with conventional mutagens such as ethyl
methanesulfonate (EMS) and X-rays. In fact the only puta-
tive control mutations at these loci have been isolated either
from natural populations (6, 33) or as spontaneous mutations
(35). Hence, it could be argued that control regions of
Drosophila genes and perhaps genes of other eucaryotes
may be refractory to many of the standard mutagens and that
it would be worthwhile employing a somewhat different
approach for the generation of regulatory mutations.
One such approach would be to use transposing elements

as mutagens in schemes to isolate regulatory mutations. This
possibility is suggested by the work of Barbara McClintock
on controlling elements in maize (20). These elements are
transposable elements that insert in and around a gene and
alter its pattern of expression (4, 7). Transposable elements
have been shown to be responsible for regulatory mutations
in other organisms as well. These elements include the Ty
elements in yeast cells (9, 27, 34, 36), avian leukosis viruses
in both the 3' and 5' noncoding region of oncogenes (14, 22,
25), and insertions in the 5' noncoding region of Drosophila
genes (21, 31). To use transposing elements in schemes to
isolate regulatory mutations, several requirements should be
met. First, a transposing-element system that is capable of
producing high mutation rates should be used. Second, these
mutations should be induced in a gene in which a character-
istic pattern of expression is seen during development and in
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which changes in the levels of expression can be easily
detected.
The transposing-element system used in this study was the

P-element system of P-M hybrid dysgenesis (2, 28). The P-M
system consists basically of two strains of files, i.e., P
strains, which for the most part are recent isolates from
natural populations, and M strains, which are mainly estab-
lished laboratory stocks. The P strains contain 30 to 50
members per genome of a heterogeneous family of se-
quences called P elements. The M strains, with rare excep-
tions, contain no P elements. When males from P strains are
crossed to females of M strains, a syndrome known as
hybrid dysgenesis occurs (8,16). This syndrome is charac-
terized by temperature-dependent sterility, male recombina-
tion, and a high frequency of mutations and chromosomal
breakage within the Fl progeny. The high mutation rate is
caused by the mobilization and subsequent insertion of the P
elements into genes (28). The largest P element is 2.9
kilobases (kb) long and codes for at least one trans-acting
function which is necessary for transposition (24). Most P
elements are smaller elements generated by internal defi-
ciencies within the largest element. These defective P ele-
ments can transpose only in the presence of an intact P
element. The mobility of P elements can be stabilized in a P
strain or in an M strain if all the elements in the M strain are
defective elements. Thus, the P-element family differs from
other repeated-element families in that the mobility of its
members can be experimentally controlled, and most impor-
tantly for the present study, conditions exist under which the
mobility of the P elements is very high.
The gene chosen for the present study was the rudimen-

tary gene, r, which codes for the first three enzymes in the
pyrimidine biosynthesis pathway, i.e., CPSase, ATCase,
and DHOase (3). All three activities are contained on a single
polypeptide and have a characteristic developmental pattern
of expression. The highest levels are observed in embryos
and first-instar larvae. From the levels of these stages, the
activities decrease during development and are at their
lowest in pupae and adults. In addition, there are differences
in the levels of activities between tissues. In third-instar
larvae, which as a whole have low levels of r gene product,
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TABLE 1. Wing phenotype and complementation pattern

Mutation Wing phenotype Complementation
and valuea pattern

j.hdl Moderate, 3 DHO+ CPS- ATC+
IJtd2 Slight, 2 DHO+ CPS- ATC+
?,d-? Moderate, 3 DHO+ CPS- ATCt
rhd4 Moderate, 4 DHO+ CPS- ATC-
tJ,d5 Slight, 1-2 DHO4 CPS- ATC+

a The numbering system is that of Green (13). A wild-type wing has a value
of 1, and a severely truncated wing, characteristic of a deficiency, has a value
of 5.

the imaginal disks have high levels (Tsubota, unpublished
results). High levels are also seen in the ovaries and devel-
oping eggs of adult females (26; L. Ambrosio and P. Schedl,
submitted for publication). These high levels result in the
differences in r enzymatic activities between aged adult
males and females. Null and hypomorphic mutations at the r
locus result in a rescuable maternal-effect lethality and an
oblique truncation of the wing. The lethality, seen as a
female sterility, is caused by lack of r gene product in the
embryo. To a certain extent, this lethality is rescuable by a
wild-type gene introduced into the embryo by the sperm
(Fig. 1B). The wing truncation is caused by a lack of r gene
product in the wing during metamorphosis (10). The severity
of the female sterility correlates very well with the severity
of the wing phenotype. The wing phenotype is very useful,
since the severity of truncation reflects the severity of the
reduction in enzymatic activities. This fact was used to
identify spontaneous overproducing mutations at the locus
(35).

In the present study, a leaky allele, Rev-rJ6A, was used to
increase the sensitivity of the mutation schemes. This allele
facilitated the recovery of mutations which only slightly
lower the expression of the r gene. As it turned out, this
allele was very important, since four of the five mutations
which were recovered would not have been detected if they
had been induced in a wild-type allele.

MATERIALS AND METHODS

Stocks. See reference 17 for a further description of
mutations. ryr-16 is an EMS-induced mutation (11). Rev-r 164

was isolated as a revertant of a leaky r allele, rIyrl-16 (35). It
is a second-site mutation at the r locus resulting in a

coordinate increase in the three enzymatic activities.
Rev-r16'1 is a spontaneous revertant of reyrl-16 (35). rS6k is an

r allele which falls into the DHO- complementation group (5).
r9 is an r allele that falls into the ATC- complementation
group (5). 7yrI-I7 is an r allele which falls into the CPS-
complementation group (11). r3D is an EMS-induced mutation
in ,4r/'-16. f,B is an EMS-induced mutation in .yr1-16 r14 is an
EMS-induced mutation in Rev-r'6'1. r4-7 is an EMS-induced
mutation in Rev-r'64. r44 is an EMS-induced mutation in

Rev-r'64. C(l)RM y2 is a compound X chromosome. Male
progeny from these females will inherit their X chromosome
from their fathers. wr2 is a wild-type strain isolated in
Wisconsin. It is a P strain in the P-M hybrid dysgenesis
system. Canton S is a wild-type strain. It is an M strain.

Drosophila media. Yeast-glucose medium contained 100 g
of dried yeast, 100 g of glucose, 3 g of nipagin, 20 g of agar,
and 1,000 ml of water. RNA medium contained yeast-
glucose plus 1% (wt/vol) RNA. This medium increases the
viability of r mutants but does not significantly affect their

wing phenotypes. Unless indicated, all crosses were per-
formed on yeast-glucose medium at 250C.

Isolation of r mutations. To isolate mutations at the r locus
which only slightly lowered the expression of the gene, an
allele with a leaky structural gene mutation was used as the
progenitor. The chosen allele was Rev-r 64. The majority of
flies which are heterozygous for this allele and an r defi-
ciency have normal wings. The remainder have disruptions
of the marginal wing hairs, characteristic of very slight r
mutations.
Hybrid dysgenesis shows a reciprocal cross-effect. High

mutation rates are seen only when P males are mated to M
females. Therefore, in the mutation schemes, IT2 males were
mated to cv v Rev-r'64 f females. The Fl females were
crossed to wild-type males, and the Fl males were crossed
to C(J)RM females. In both cases, the F2 males were scored
for new r mutations. These final crosses were performed on
RNA medium to increase the viability of any r males. These
crosses are diagrammed in Fig. 1A.

Complementation. All hybrid dysgenesis-induced r muta-
tions were crossed inter se and to the tester r alleles listed
above which represent the three basic complementation
groups of the r locus. The wings were scored for the
rudimentary phenotype. Alleles were said to complement
each other if the phenotype of the heterozygote was more
wild type than that of either homozygote.

Sterility. Homozygous r females are conditionally sterile.
If they are grown on media supplemented with pyrimidines,
they are partially fertile. This sterility is actually a rescuable
maternal-effect lethality. Progeny from homozygous r moth-
ers die because of lack of pyrimidines, unless they are
provided with sufficient pyrimidines either from the diet of
the mother or by the introduction of an r+ allele from the
father. The rescue by an r+ allele is diagrammed in Fig. 1B.
This cross can be used to measure the fertility of a particular
r mutant. The ratio of male progeny to total progeny is taken
as a measure of the fertility of the mothers carrying the r

A

cv v Rev-r164 f t x w2 dV

cross a cross

cv v Rev-r16 4 f/+e X dV C(l)RM ? X cv v Rkv-r16-4 f O

I I
Score males for rudimentary wings.

B

r/r XX Canton S (r+) o'

r/ r+ r

rescued females lethal or semi-viable males

FIG. 1. (A) r gene mutation schemes. The crosses and the
mutants employed in the screens are described in Materials and
Methods and in Results. (B) Rescuability of maternal effect lethality.
The cross used to score the fertility of each mutant is shown. The
female progeny are rescued by the r+ allele from their father. The
viability of the male progeny depends on the activity of the maternal
r allele during oogenesis and embryogenesis. A further description
of this cross is in Materials and Methods and in Results.
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gene. A value of 0 means total sterility, and a value of 0.5
means total fertility. The ratio of males to total progeny is
more accurate than the total number of progeny produced,
since there can be variability in the total number of progeny
produced by females. Although the maternal-effect lethality
is rescuable, in general the more extreme the r mutation, the
lower the total number of progeny produced, so that the total
number of progeny is also a measure of the fertility of the
female. To measure the fertility of the various r mutants, 8 r
females and 10 Canton S males were placed in a vial of food.
Five tubes were set up for each mutant. The flies were
transferred to new vials every 3 days for a total of 12 days of
egg laying. The progeny were counted, and sexes were
determined. The ratios of males to total progeny and the
total number of progeny are listed in Table 2.

Southern blot analyses. DNAs from the various Drosophila
§tocks were digested with EcoRI, electrophoresed in 0.7%
agarose gels, and transferred to nitrocellulose filters by the
technique of Southern (32) with minor alterations. The
clones used as probes in the analyses were previously
isolated from the Canton S DNA library of Maniatis et al.
(19). These clones have been mapped with respect to each
other and the r mRNA (29, 30). The clones and the r mRNA
are diagrammed in Fig. 2A. All of the clones except clone
313 were used in the present study. In addition, the nitro-
cellulose filters were probed with two plasmid clones,
pBRH17 and pBRI25.1. Plasmid pBRH17 is a clone of the
1.4-kb EcoRI fragment which contains the start of transcrip-
tion of the r gene. The plasmid pBRnr25.1 contains an entire
P element plus flanking DNA from cytological position 17C
(24). pBRIT25.1 was kindly provided by Gerry Rubin.

Cloning of the mutations. Since all of the mutations were
insertions within the same EcoRI fragment, the strategy for
cloning them was to clone EcoRI fragments. DNA from each
of the mutants was digested to completion with EcoRI and
cloned into the EcoRI site of the vector lambda gt-lac. This
procedure will clone genomically noncontiguous EcoRI frag-
ments into the same vector. Recombinant clones were
screened with a 32P-labeled probe of pBRH17. DNA from
the purified recombinant clones was cut with EcoRI and
electrophoresed in a 0.7% agarose gel. The mutant EcoRI
fragments were identified both by their size and homology to
pBRH17. Each mutant fragment was isolated and cloned

TABLE 2. Fertility of homozygous r females

Wing Total no. Males/total
Mutation phenotype of job

and valuea progeny progeny ratiob

Rev-r164 1 5,595 0.488ypvrI-16 1 2,%1 0.386
eyrl/-7 1-2 405 0.085
,Ad5 1-2 0
rhd2 2 303 0.132
r1-4 3 456 0.040
rAdl 3 666 0.185
rhd3 3 5 0.0
r44 4 33 0.0
rhd4 4 52 0.192
r3D 5 0
,AB 5 4 0.0
r56K 5 0
r4-7 5 3 0.0

aWing phenotypes were determined as described in Table 1, footnote a.
bTotal number of progeny and the male progeny/total progeny ratio were

determined from the cross shown in Fig. 1B.
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FIG. 2. (A) r region. The heavy horizontal line represents a
region of 60 kb which includes the r gene. The vertical lines are
EcoRl sites. The r transcription unit is drawn in. The black regions
are exons, and the white regions are introns. The numbered hori-
zontal lines are the lambda clones which define the region. The small
horizontal line above the heavy line represents the 1.4-kb EcoRI
fragment which is contained in pBRH17. The data are from refer-
ences 29 and 30. (B) Probes for the r gene transcript. The three
probes, mp9-Abr, mp8-cS.2, and mp8-cS.1, are clones into the
vector M13. Their homology to the r transcript is shown. The clone
cRUD5 is a cDNA clone. Its homology to the r gene is shown. The
clones mp8-cS.2 and mp8-c5.1 are subclones of fragments from
cRUDS. Abbreviations: B, BamHI; P, Pstl; R, EcoRI.

into the EcoRI site of pBR322. In the case of rhd4, two EcoRI
fragments were separately cloned, since this mutation con-
tains an insertion with an EcoRI site.

Restriction mapping of the pBR clones. The clones were
mapped by conventional restriction enzyme mapping tech-
niques. Three enzymes, i.e., BamHI, HindIII, and AvaIl,
were extremely useful. BamHI was used to map the position
of the insertions with respect to the BamHI site within the 5'
EcoRI fragment. Since all P elements analyzed thus far have
a HindIlI site mapping 39 base pairs (bp) from one end,
HindIII was used to map the position of the P insertion and
its orientation within the 5' EcoRI fragment. All P elements
have an Avall site within each terminal 31-bp inverted
repeat. These sites are 22 bp from each end. AvaIl was used
to map the position of the P insertions and also to measure
their size.

Northern blot analyses. Total RNA was isolated from 3- to
4-day-old adult females (23). The RNA was precipitated with
2.5 M LiCl and redissolved in 100 mM NaCI-1 mM
EDTA-0.5% sodium dodecyl sulfate-10 mM Tris hydrochlo-
ride (pH 7.5). Samples were prepared and run on 0.7%
(wt/vol) agarose-6% formaldehyde gels (12, 18). Approxi-
mately 20 ,ug of each sample was run. The RNA was
transferred to nitrocellulose filters (32) and probed by a
previously described method (30) with three single-stranded
probes covering the rudimentary message. The probes were
prepared from three M13 clones, i.e., mp9-Abr, mp8-c5.1,
and mp8-c5.2 (Fig. 2B). The clone mp9-Abr is homologous
to the first 0.7 kb of the message. The other two clones,
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mp8-c5.1 and mp8-c5.2, are subclones of two restriction
fragments from a cDNA clone, cRUD5 (30). They are
homologous to 1.0 and 2.0 kb of the message, respectively.
The amount of rudimentary message was standardized to

the amount of adh message. adh message was visualized
with a nick-translated probe of pAdh-cDNA, a cDNA of
adh. This clone was a gift from Cheeptip Benyajati. The
amount of each message was measured with a Joyce, Loebl
Automatic Recording Microdensitometer and a Zeiss
MOP-3. To standardize the rudimentary message levels, the
ratio of rudimentary message to adh message was calculated
from the densitometric values.

RESULTS
Mutation schemes. To facilitate the recovery of mutations

which only slightly lowered r gene expression, a leaky allele
with a structural gene alteration was used as the progenitor.
This allele, Rev-rl64, was isolated as an overproducing
revertant of pyrl-16 , which has 20% of the wild-type CPSase
activity and normal levels of ATCase and DHOase activities
(35). Although flies homozygous for Rev-r164 have com-
pletely wild-type wings, they behave genetically as leaky
mutants and have only 40% of the wild-type CPSase activity.

Five independent mutations out of 27,700 chromosomes
were isolated. Two of 2,800 were isolated from females (Fig.
1A, cross A), and 3 in 24,900 were isolated from males (Fig.
1A, cross B). Only one mutation, rhd2, arose as a cluster (in
five males). The three mnutations recovered from cross B
occurred in the X chromosome of the M strain. The two
mutations recovered from cross A most likely occurred in
the X chromosome of the M strain, since they retained the
closely flanking marker, forked, f. The recombination dis-
tance between r and f is 1.4 map units. Thus, all the
mutations were induced in the allele, Rev-r'64.

Phenotypes and complementation mapping of the mutants.
As was discussed in the introduction, the two rudimentary
phenotypes, wing truncation and female sterility, result from
the lack of r gene product in two different tissues and at two
different stages in development. Mutations within the coding
region of the r gene might be expected to result in a similar
loss of gene activity in both the wing imaginal disks and the
ovaries and thus exhibit a good correlation between the wing
and sterility phenotypes. This indeed has been shown to be
the case (5). On the other hand, mutations within a region of
the gene concerned with the temporal and spatial distribu-
tions of the gene product might produce a differential ex-
pression of the r gene in the wing disks and the ovaries,
resulting in the uncoupling of the wing and sterility pheno-
types. Therefore, an examination of both phenotypes should
offer some clues as to the nature of the mutations.
The wing phenotypes of the mutations and the comple-

mentation patterns are summarized inATable 1. Classified by
their wing phenotypes, all of the mutations are hypo-
morphic. This fact suggests that the mutations are not in a
polypeptide-coding region of the r gene if, as expected, they
are insertion mutations. Two of the mutants, rhd2 and r"d5,
have very slight rudimentary wing phenotypes. The other
three mutants, rhdl, rhd3, and rhd4, have moderate rudimen-
tary wings.
The second rudimentary phenotype, female sterility, was

examined by crossing mutant females to Canton S males
(Fig. 1B). The fertility was measured in two ways. First, the
total number of progeny was measured. Second, from the
surviving progeny, the ratio of males to total progeny was
determined. This value measures the maternal contribution
of functional r activity to the embryo and the activity of the

maternal allele in the embryo, since the males get only the r
allele of the mother, whereas the rescued females get an r+
allele from the father. An examination of the wing pheno-
types and the fertility of EMS-induced r mutants reveals a
good correlation between the wing phenotype and the fertil-
ity of a given mutant (Table 2). Interestingly, some of the
hybrid dysgenesis-induced mutants do not show this close
correlation. The mutants r'd5 and rhd3 are more sterile than
would be expected from their wing phenotypes. In particu-
lar, rhd5, which has almost a wild-type wing phenotype, has
the fertility of an extreme r mutant. The opposite result is
seen with the mutants rhd' and rd2. Both of these mutants
have a higher male-to-total-progeny ratio than would be
expected from their wing phenotypes. This uncoupling of the
wing phenotype and female sterility suggests that the muta-
tions differentially alter the amounts of functional r gene
product in the ovaries and wing disks. This alteration could
be explained by differential gene expression or differential
stability of the product in the two different organs.
The mutant rJd4 has an interesting phenotype. According

to its wing phenotype, it should be a female sterile. Indeed,
rhd4 females produce very few progeny; however, a high
proportion of these progeny are males. This fact suggests
that just as the surviving females are being rescued by an r+
allele from their fathers, the surviving males are also being
rescued by r+ activity. This rescue could occur if the r1d4
allele were being activated early enough in development to
rescue the males. Thus the rid4 mutation may be altering the
regulation of the r structural gene by inactivating the gene in
the ovaries, resulting in a small number of progeny, and
activating the gene during embryogenesis, resulting in the
rescue of some of the male progeny.
Both the hypomorphic nature of the wing phenotypes and

the uncoupling of the wing and sterility phenotypes suggest
that the hybrid dysgenesis-induced mutations result in mod-
ifications in the amount of r gene product in a tissue-specific
and temporally specific manner. In agreement with this
interpretation, the complementation analysis suggests that
the level of active r gene product is reduced but not
completely abolished. Although these mutants fail to com-
plement each other, four of them will complement r alleles
defective in ATCase or DHOase activity and thus are in the
CPSase complementation group. The exceptional case, rd4,
is the most severe of the five mutants; however, even this
allele retains some r gene activity, as it will complement an
r allele defective in DHOase activity. In view of these
findings, it is important to note that the progenitor strain
itself is defective in CPSase activity but compensates for this
lesion by overproducing the multienzyme complex. Hence,
the complementation pattern of the first four alleles can be
explained by a reduction in the amount of an r gene protein
defective in CPSase activity. The complementation pattern
of rhl4 can be explained by postulating that a further reduc-
tion in the amount of this r gene protein results in a limiting
amount of ATCase activity but not DHOase activity.

Analysis of the genomic sequence organization of the P-
induced mutations. Since the phenotypic and complementa-
tion data suggest that the mutations alter the amount rather
than the structure of the r gene product, it was of interest to
see if the DNA sequence organization at the r gene corrob-
orated these results. Moreover, since it had been shown that
P-induced mutations are insertions (28), it was expected that
the five mutations would be the result of insertions within
noncoding regions of the r gene. To test this hypothesis,
DNAs from the five mutations and the progenitor allele were
digested with appropriate restriction enzymes, electropho-
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FIG. 3. Southern blots of the hybrid dysgenesis-in
tions. Genomic DNA was digested with EcoRI, electr
0.7% (wt/vol) agarose gel, and transferred to a nitroc
The same filter was probed with 32P-labeled phag
pBRH17 (B) (Fig. 2A). The genotypes that were 1
follows: erPI-16 (a), Rev-r'6' (b), Rev-rI61 (c), rhdI (d)
(f), r"'d (g), and r"' (h). The size of each appropriate I
the left of each autoradiogram.

resed, and transferred to nitrocellulose filters
were probed with a set of overlapping lambda
cover a 60-kb region, including the r gene (Fig.
analysis revealed that the only difference betm
P-induced mutations and the progenitor allele
this 60-kb region is localized to a small 1
fragment that contains the 5' end of the r gc

Figure 3A shows the arrangement of EcoRI fragments ob-
: a f I 6 tained when genomic digests were probed with the lambda

phage recombinant 91, which contains this 5' fragment. A
comparison of the hybrid dysgenesis-induced mutations and
the progenitor allele revealed that the 1.4-kb EcoRI fragment
is missing in each of the mutations, whereas the other EcoRI
fragments complementary to phage 91 are unaffected. These
findings indicate that all of the mutations contain an insertion
of foreign DNA in the 1.4-kb EcoRI fragment.
To confirm this conclusion, the same filter was probed

with pBRH17, a product of the subcloning of the 5' 1.4-kb
EcoRI fragment into pBR322 (Fig. 3B). Four of the muta-
tions, rhdl , rhd2, rhd3, and hdS, can be interpreted as insertions
of elements which do not contain EcoRI sites. The insertions
of rhPd and rhdS are about 1.1 kb long, while those of rhd2 and
rd3 are about 700 bp in length. The fifth mutation, rhd4, iS
probably an insertion which contains a single EcoRI site, as
two new fragments are produced. Subsequent restriction

duced r muta- mapping has confirmed this. This insertion is about 6.2 kb
ophoresed in a long.
.ellulose filter. Restriction mapping of the insertions. To further analyze
probed are as the position of the insertions within the 5' EcoRI fragment,probe

(e), as the mutant 5' EcoRI fragments were cloned into lambda
fragment is on gt-lac and then subcloned into pBR322. The subcloned

fragments were then analyzed by restriction digests and by
cross-hybridization with both the wild-type 5' EcoRI frag-
ment in pBRH17 and the full-length P element in pBRIT25.1.

The filters Several findings are of interest.
clones which First, as was expected from the genomic analyses, all of
2A; 29). This the mutations are associated with insertions of DNA in the
veen the five 1.4-kb EcoRI fragment (Fig. 4). Four of these insertions,
throughout rhdl, rhd2, rhd3, and r/dS, are small P elements. These elements

.4-kb EcoRI retain at least a portion of the terminal 31-bp inverted
ene (Fig. 3). repeats, judged by presence of the Avall sites of the inverted
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TABLE 3. Gene message levels standardized to adh message
levelsa

Mutant Relative
message level

rPyrl-16........................... 1.00

Rev-r'64.3.03
dI.1.99

rJd2.0.88
rhd3.................................................... 0.74
rhd4.................................................... 0.33
rhd5.................................................... 0.29

a The relative amount of r gene message for each mutant was divided by the
corresponding value for adh message. The quotients were then standardized
to the value for r pvrl-I6, which was given the arbitrary value of 1.00.

repeats, and presumably are derived from the full-length
2.9-kb P element by internal deletions. Surprisingly, the fifth
mutant, rd4, which is an insertion of 6.2 kb and hence more
than twice the size of the full-length P element, also contains
a small P element. This element is approximately 700 bp long
and maps to the righthand edge of the insertion.The remain-
ing DNA shows no homology to the P element and is
presumably DNA from elsewhere in the genome. This pos-
sibility is currently being investigated.
Second, all of the insertions map upstream of the proposed

start of transcription (Fig. 4). The 5' end of the wild-type
transcription unit is 200 to 300 bp to the right of the BamHI
site in the 1.4-kb EcoRI fragment (30; S. Tsubota, unpub-
lished data; B. Zerges, personal communication). Three of
the insertions, rhdI, 7hd2, and rd3, map to the left of the
BamHI site and are therefore well outside the structural
gene. The rhdl insertion is located about 250 bp to the left of
the BamHI site or about 500 bp upstream of the start of
transcription. Both the 1.d2 and rJd3 insertions are about 700
bp long and map to about 190 bp to the left of the BamHI
site. Interestingly, the two P elements are in opposite
orientation, which may account for the differences in the
wing and female sterility phenotypes of the two mutants.
The insertions of the two remaining mutants, rhd4 and rh,
are located about 100 and 170 bp to the right of the BamHI
site, respectively, and hence are closer to the start of
transcription than are the other three insertions.

Transcripts in the P-induced mutations. The wing and
fertility phenotypes and the positions of the mutations argue
for the insertions being regulatory mutations upstream of the
start of transcription. If this is indeed the case, one would
expect that the amount of the transcript would be affected by
these mutations. To test this possibility, total RNA from 3-
to 4-day-old adult females was examined. Adult females
were used because the expression in adult females should
correlate well with the fertility of the flies. To correct for
differences in the amount of RNA loaded onto the gel, the
filter was probed first for r gene message and then for adh
message. The amount of r gene message was standardized to
the amount of adh message (Table 3). The northern blots of
the r gene transcript are shown in Fig. 5. All of the stocks
analyzed produce the wild-type-sized 7.3-kb transcript; how-
ever, the amounts in each stock vary (Fig. 5A). These results
are consistent with the proposal that the mutations are all
insertions upstream of the start of transcription. The first
interesting comparison is between rPYrl-16 and Rev-r164 (Fig.
SA, lanes a and c). Rev-rJ64 was isolated as a revertant of
Tpyrl-16 and was proposed to be an overproducing mutation
(35). Indeed, the transcript level in Rev-rJ64 is threefold
higher than the level in ,Jyrl-16. The next comparison of

interest is between the hybrid dysgenesis-induced mutants
and their progenitor, Rev-r164. Two of the mutants, rhd4 and
rhd5', have very low amounts of message and, as expected,
are sterile. The other three mutants, rJdl, rhd2, and r"d3
produce higher amounts of the message. Of these mutants,
r"' is sterile, a result that is not consistent with the consid-
erable amount of transcript which is produced. However,
some of the transcripts produced are clearly larger than the
normal 7.3-kb message (Fig. 5A and B). Hence, the sterility
of this mutant could be due to the production of aberrant r
transcripts from new initiation sites. A quite different result
is seen with rd2, which has a similarly sized P element
inserted in the same position but in opposite orientation.
This mutant produces a similar amount of r message, but the
unusual transcripts are not present (Fig. 5A and B). This
result is in agreement with the semifertility of rJd2. (With
regard to the production of aberrant transcripts, it may be
significant that from the proposed direction of transcription
of the P element [15], the P element in rd3 could be
transcribed in the same direction as the r gene.) Finally, rhdl
females have high levels of r message, i.e., almost twice as
much as rPYrlI16 females. Although rhdl females are
semifertile, they are not as fertile as would be expected if all
the r message found in them was in the ovaries. This result
suggests that in this mutant the r gene is being turned on in
tissues other than those of the ovaries. This possibility is not
too surprising, since the wing phenotype and fertility indi-
cated that rhdl affected the tissue distribution of the r gene
product.

DISCUSSION
The purpose of the mutation schemes was to isolate

regulatory mutations caused by the insertion of transposable
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FIG. 5. Northern blots of r mutants. Total RNA from 3- to
4-day-old adult females was prepared, and 20 ,ug of each sample was
electrophoresed in a 0.7% (wt/vol) agarose-formaldehyde gel and
transferred to nitrocellulose filters. The filters were probed with
three 32P-labeled single-stranded probes (Fig. 2B). The genotypes
tested are as follows: (A) pyrl'6 (a), Rev-r'6' (b), Rev-r'6 (c), rhdI
(d), r-hd4 (e), rid2 (f), rhd5 (g), rlld3 (h), and Canton S (i). (B) Rev-r164
(a), rhdl (b), rhd4 (c), rhd2 (d), and rhd3 (e).
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elements. The mutations which were isolated have the
properties one would expect of regulatory mutations. First,
with respect to the wing phenotype, they are all hypo-
morphic mutations. Second, four of the mutations uncouple
the wing phenotype and the maternal-effect lethality, which
suggests alterations in the tissue distribution of the r gene
product. Third, the complementation pattern of the muta-
tions can be explained by a reduction in the amount of the r
gene product. Fourth, the insertions are all clustered within
a 400-bp region upstream of the start of transcription.
Finally, the insertions affect the amount but, except in one
case, not the size of the r gene transcript. Taken together,
the data suggest that the insertions are upstream of the start
of transcription, resulting in altered temporal and spatial
patterns of regulation.
The transcript data reveal some interesting correlations

between the positions of the insertions and the amount of
transcript produced. Two of the mutants, rhd4 and rd-5, have
low levels of r transcript in adult females and are located 100
and 170 bp, respectively, to the left of the BamHI site at the
5' end of the gene. The remaining three mutants have nearly
normal levels of r transcript and are clustered 190 to 250 bp
to the left of the BamHI site. These two clusters coincide
with the position of two nuclease-hypersensitive regions at
the 5' end of the r gene. The first hypersensitive region maps
from the BamHI site to 200 bp to the right of the BamHI site,
and the second site maps 170 to 250 bp to the left of the
BamHI site (A. Udvardy and P. Schedl, unpublished re-
sults).
One plausible explanation for the data is as follows. The

region upstream of the transcribed region of the r gene is
involved in its normal spatial and temporal regulation. Struc-
turally, this region can be divided into two nuclease-
hypersensitive regions separated by a nonsensitive region.
The nuclease-hypersensitive region closest to the start of
transcription is involved primarily with the expression of the
gene in the ovaries, and mutations in this region result in a
lowering of transcription in the ovaries and, thus, female
sterility. The second nuclease-hypersensitive region is not
primarily involved with expression in the ovaries, and con-
sequently, mutations in this region result in higher levels of
r transcript in adult females and semifertility. Also, the data
on rhdl indicate that mutations in this region may result in
alterations in r expression in other organs, e.g., a decrease in
activity in imaginal disks and an increase in activity in
certain adult tissues. Experiments such as in situ hybridiza-
tion to the r transcript in tissue sections and in vitro
site-specific mutagenesis can test the validity of this model.
The mutation schemes were very successful in isolating

insertions in the 5' noncoding region of the r gene. There are
several reasons for the success of these schemes. First, P
elements may preferentially insert in the 5' noncoding re-
gions of genes. None of the insertions recovered in this
screen map within the structural gene, but instead are
clustered within a 400-bp region at the 5' end of the gene.
This region is not a hot spot for insertion mutations in
general, since none of the other known insertion mutations
in the r gene are in this region. Presumably, this clustering of
the P-element insertions could be explained at least in part
by the partial sequence specificity of P insertions (24).
However, other factors may be involved. The P-element
insertions at the r gene suggest that the chromatin structure
of this region determines susceptible sites of insertion, since
all of the P elements inserted into nuclease-hypersensitive
regions. In this regard, it will be of interest to determine if
P-element insertions at other loci also map to nuclease-

sensitive regions. Second, the use of the leaky allele, Rev-
64, increased the sensitivity of the screens. This result is

very important, since the P insertions did not drastically
decrease the expression of the r gene in the wing imaginal
disks. In fact, only rhd4 would have been isolated if a
wild-type progenitor allele had been used, reducing the
mutation frequency to 1 in 27,700. It may be that P elements
insert in the 5' noncoding regions of genes at relatively high
frequencies and cause minor changes in the levels of tran-
scription. These insertions will go undetected unless the
screens are designed to detect leaky mutations.
The P insertions may offer a clue about why conventional

mutagens have been ineffective in generating control muta-
tions. The P insertions cause relatively minor decreases in r
gene expression, yet the nature of the structural defects at
the r gene is very drastic. The defects are all insertions
ranging from 700 bp to 6.2 kb. If these drastic changes are
having such minor effects, then one would not expect
single-base-pair changes to have much effect in this region of
the gene. This finding explains the ineffectiveness of EMS, a
base substitution-inducing mutagen, in producing control
mutations. In contrast, EMS is very effective in producing
coding-region mutations. Irradiation can produce drastic
changes such as chromosomal rearrangements. The ineffec-
tiveness of irradiation in inducing control mutations is most
likely due to the small target size of the control region, so
that the majority of irradiation-induced mutations are large
deficiencies which include the gene in question. This situa-
tion has been shown to be the case for gamma ray-induced
mutations at the adh locus (1).
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