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SUMMARY

The Drosophila homeotic gene Ultrabithorax (Ubx)
encodes transcriptional regulatory proteins (UBX) that
specify thoracic and abdominal segmental identities.
Ubx autor egulation was examined by manipulating UBX
levels, both genetically and with an inducible transgene,
and monitoring the effect of these manipulations on the
expression of Ubx and Ubx-lacZ reporter genes. Positive
autoregulation by Ubx isrestricted to the visceral meso-
derm, while in other tissues Ubx negatively autoregu-
lates. In some cases, negative autoregulation stabilizes

UBX levels, while in others it modulates the spatial and
temporal patterns of UBX expression. Thismodulation
of UBX expression may enable Ubx to specify distinct
identities in different segments. The upstream control
region of Ubx contains multiple autor egulatory elements
for both positive and negative autoregulation.

Key words: Drosophila development, bithorax complex, homeotic
gene

INTRODUCTION

Segmental identities in Drosophila are specified by the
homeotic selector genes of the bithorax and Antennapedia
complexes (reviewed in Duncan, 1987 and in Kaufman et
al., 1990, respectively). These genes encode transcriptional
regulatory proteins that select developmental fates by reg-
ulating the expression of downstream target genes
(reviewed in Garcia-Bellido, 1975; Scott et al., 1989;
Andrew and Scott, 1992). One complexity in the assign-
ment of segmental identity is the ability of a single
homeotic gene to specify the identities of multiple seg-
ments. To some extent, unique segmental identities may be
specified in these circumstances by combinations of
homeotic genes acting in concert (Lewis, 1978; Struhl,
1982; Carroll et a., 1988). Additionally, a single homeotic
gene may contribute to the establishment of different iden-
tities by differences in the pattern or level of its expression
(Peifer et a., 1987; Akam et a., 1988; Smolik-Utlaut,
1990); this requires tight and complex control over
homeotic gene expression. Here, we focus on the control
of expression of the homeotic gene Ultrabithorax (Ubx) by
autoregulation.

Genetic analysis has demonstrated that Ubx has an essen-
tia role in specifying the identities of parasegments 5 and
6 (PS5 and 6) in both the larval and adult epidermis (Lewis,

1978; reviewed in Duncan, 1987). PS5 and 6 comprise the
posterior compartment of the second thoracic segment
(T2p), the third thoracic segment (T3) and the anterior com-
partment of the first abdominal segment (Ala;, Martinez-
Arias and Lawrence, 1985). Ubx null mutations transform
the identity of these parasegments to that of PS4 (T1p +
T2d). Ubx is aso required in other tissues and in other
metameres of the fly besides the epidermis of PS5 and 6.
Ubx normally prevents the formation of thoracic sensory
structures in the larval abdomen (Lewis, 1978), is required
in the embryonic visceral mesoderm in PS7 for proper gut
morphogenesis (Bienz and Tremml, 1988) and is required
in the larval somatic mesoderm in abdomina segments
(Hooper, 1986). Metameric requirements for Ubx function
in the nervous system parallel those in the epidermis
(Teugels and Ghysen, 1985).

A family of Ubx proteins (UBX) is produced by ater-
native splicing of the 77 kb Ubx transcription unit
(O'Connor et a., 1988; Kornfeld et a., 1989; Gavis and
Hogness, 1991). Biochemical analysis of these UBX pro-
teins has shown that they are DNA-binding transcriptional
regulators (Beachy et al., 1988; Krasnow et al., 1989; John-
son and Krasnow, 1990). The different UBX proteins are
closely related and each includes the same DNA-hinding
homeodomain, but they differ in their tissue and temporal
distributions (Lopez and Hogness, 1991). As expected,
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UBX proteins are expressed where genetic analysis has
revealed that Ubx function is required (White and Wilcox,
1984, 1985a; Beachy et a., 1985). Notably, UBX is
expressed at high levels throughout most of PS6 but is
expressed at lower levels and in fewer cells of PSG.

As might be expected from the diverse yet specific spatial
and temporal requirements for Ubx function during devel-
opment, this gene has large and complex transcriptional reg-
ulatory regions. These have been identified both by mole-
cular mapping of regulatory mutations in these regions and
by analysis of Ubx-lacZ fusion genes containing sequences
from them. A 35-40 kb upstream control region (UCR) is
defined by the bithoraxoid (bxd) and postbithorax (pbx)
mutations (Fig. 1; Bender et al., 1983, 1985). These muta-
tions decrease UBX expression in PS6 and consequently
transform it toward PS5 (Beachy et al., 1985; Cabrera et
al., 1985; Hogness et a., 1985; White and Wilcox, 1985b;
Irvine et al., 1991). A downstream control region (DCR) is
defined by the anterobithorax (abx) and bithorax (bx) muta-
tions (Fig. 1; Bender et al., 1983; Peifer and Bender, 1986);
these mutations decrease UBX expression in PS5 and con-
sequently transform it toward PS4 (Cabrera et al., 1985;
White and Wilcox, 1985b; Botas et al., 1988; Little et al.,
1990). A Ubx-lacZ fusion gene (35U2) including the Ubx
5¢untrandated leader and 35 kb of DNA directly upstream
of the transcription start site expresses b-gaactosidase
throughout development in a pattern like that for UBX in
DCR mutants (Irvine et al., 1991); this region thus appears
to contain all of the UCR sequences necessary to generate
the correct pattern of Ubx expression. Ubx-lacZ fusions
containing sequences from the DCR aso exhibit some
aspects of UBX expression (Simon et al., 1990; Mller and
Bienz, 1991; Qian et al., 1991). Interestingly, the charac-
terization of b-galactosidase expression patterns generated
by Ubx-lacZ fusion genes, as well as UBX expression pat-
terns detected in Ubx control region mutants, indicates that
partial redundancy between the UCR and the DCR exists,
as some features of Ubx expression can be directed by either
control region.

Homeotic gene expression is established in the early
embryo, primarily or exclusively by the action of gap and
pair-rule segmentation genes (reviewed in Akam, 1987;
Ingham, 1988). However, as the segmental expression of
these segmentation genes disappears after early embryoge-
nesis, a different mechanism must be employed to main-
tain homeotic gene expression, which is required at least
through the end of larval development (Lewis, 1964,
Morata and Garcia-Bellido, 1976; Struhl, 1982). One attrac-
tive hypothesis, first suggested by Garcia-Bellido and
Capdevila (1978), postulates that homeotic genes may act
in some way to maintain their own expression. The obser-
vation that the homeotic genes Deformed and labial posi-
tively autoregulate in some ectodermal cells lends support
to this hypothesis (Kuziora and McGinnis, 1988; Bergson
and McGinnis, 1990; Chouinard and Kaufman, 1991).
However, positive autoregulation by Ubx has been observed
only in the embryonic visceral mesoderm (Bienz and
Tremml, 1988). In this work, we show that in other tissues
Ubx actually negatively autoregulates, that modulation of
both the level and pattern of UBX expression result from
diverse responses of the Ubx promoter to UBX, and that

negative autoregulation thereby contributes to the specifi-
cation of segmental identities by Ubx.

MATERIALS AND METHODS

Drosophila strains

Descriptions of the Ubx control region mutations employed in this
work, abx®, abx?, bxl, bx3, bx34e-prv, phy83ka [83kb hydl00 phydl06
pbx?, and pbx2, can be found in Bender et al. (1983) and Peifer
and Bender (1986). Descriptions of relevant Ubx mutations can
be found in Lewis (1978) and Weinzierl et al. (1987). Unless oth-
erwise specified, Ubx and Ubx control region mutations were
examined as transheterozygotes over DfUbx109, which deletes
Ubx and the neighboring abdA gene. Where flies are described as
Ubx- or Ubx mutants, both Ubx®22 and Ubx130 hemizygotes were
examined. Ubx®22 js a genetic null pseudo-point mutation that dif-
fers from a Ubx deficiency in certain heteroallelic combinations
with regulatory mutations because of transvection (Weinzierl et
al., 1987). Ubx! js a null mutation caused by a chromosome
rearrangement that bresks in the Ubx transcription unit; this allele
does not produce detectable protein. The Ubx* duplications
Dp(3;1)68 and Dp(3;3)P5 are described in Lewis (1978) and
Lewis (1985). Dp(DpP10) is a tandem duplication of the Ubx*
duplication Dp(3;2)P10 referred to as DpP10(5) in Smolik-Utlaut
(1990). The Ubx-lacZ fusion genes 35UZ, 22UZ and 5UZ have
been previously described (Irvine et a., 1991), EIHZ will be
described elsewhere (S. J. and D. S. H., unpublished data). The
experiments described in this work were repeated with at least
two independent insertions of each reporter gene. The hsp70-Ubx
fusion genes HSUbxla, HSUbxIVa and HSUbxIVaFS are
described in Mann and Hogness (1990). Embryos were staged
according to Campos-Ortega and Hartenstein (1985). Mutant
embryos were identified by their altered patterns of expression or
by using balancer chromosomes marked with lacZ fusion genes.
We found the TM3Sb hb-lacZ chromosome to be the most useful
(gift of M. van den Heuvel, constructed by G. Struhl). Ubx922
embryos could be identified with UBX antibodies because the
truncated UBX protein is detected in the cytoplasm. Mutant larvae
were identified by using the third chromosome balancer TM6b
marked with Th. A reciprocal translocation between SM5 and
TM6b (L14, gift of P. Ripoll) effectively enabled us to use Th as
a second chromosome marker.

Heat-shock induction

Embryos and larvae were heat shocked as described previously
(Mann and Hogness, 1990).

Determination of expression patterns

UBX and b-galactosidase expression patterns were visuaized as
described previously (Irvine et al., 1991). RNA in situs were per-
formed using 3°S-labelled RNA probes transcribed with SP6 poly-
merase from linearized templates. A mixed probe with homology
to sequences in both 5¢and 3¢untranslated regions of Ubx mRNAS
that are not included in the HS Ubx genes was used. Hand-dis-
sected imagina discs were used for whole-mount in situ hybrid-
ization as described in Jorgensen and Garber (1987).

B-galactosidase-specific activity assays

The haltere and third leg discs of seven larvae were dissected out
in BSB (40 mM NaCl, 55 mM KCI, 10 mM MgSO4, 1 mM CaCly,
10 mM tricine, 20 mM glucose, 50 mM sucrose, pH 7.0) that had
been chilled to 4°C, rinsed twice in 4°C Z buffer (0.1 M phos
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Fig. 1. Map of Ubx. The coordinates
in kilobasepairs (kb) relative to the
transcription start site (Kornfeld et al.,
1989) and chromosomal orientation
are marked. The locations of
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mutations in the UCR and DCR are
shown above the coordinate line:
lightly shaded bars indicate deletions,
vertical arrows indicate chromosome
rearrangement breakpoints, and
arrowheads indicate transposable
element insertions. For further details
see Bender et a. (1983, 1985) and

Peifer and Bender (1986).The black barsimmediately below the coordinate line indicate the exons of UBX form la; form |Valacks the
two central microexons (Kornfeld et al., 1989).The darkly shaded bars at the bottom of the figure represent the Ubx DNA included in
Ubx-lacZ fusion genes. 35UZ, 22UZ, and 5UZ are described in Irvine et a. (1991). In EIHZ (S. J. and D. S. H., unpublished) the 13 kb
Sul-Kpnl fragment that extends from the distal end of 22UZ to the distal end of 35UZ isfused to lacZ viaaminimal hsp70 promoter that

does not respond to heat shock (Hiromi and Gehring, 1987).

phate buffer, 10 mM KCI, 1 mM MgSO4, 50 mM b-mercap-
toethanol, pH 7.0) by transfer with a micropipet to fresh solution,
and then transferred to 100 niL Z Buffer in a 1.5 mL plastic tube.
Disc cells were then immediately lysed by sonication for 30 sec-
onds in a cup sonicator and cell debris was pelleted by centrifu-
gation for 2 minutes in a microfuge. b-galactosidase activity and
protein concentration assays on the supernatant were performed
as described previously (Irvine et al., 1991), with 60% of the
extract used for the b-galactosidase assay and 40% for the pro-

tein assay.

RESULTS

As the positive autoregulation by Ubx that occurs in the
embryonic viscera mesoderm has been previously
described (Bienz and Tremml, 1988), we focus here on Ubx
autoregulation in other tissues of the embryo and larva.
These studies utilized two sets of transgenic fly lines. The
first set harbor P element constructs in which Ubx regula
tory sequences are fused to the E. coli lacZ gene. These
express b-galactosidase in patterns similar to UBX. The
Ubx-lacZ fusion gene 35UZ, which includes the Ubx leader
and 35 kb of DNA directly upstream of the Ubx transcrip-
tion start site (Fig. 1), contains sequences sufficient to gen-
erate the pattern of expression regulated by the UCR
throughout development (Irvine et al., 1991); b-galactosi-
dase expression in 35UZ flies is detected where UBX is
expressed in wild type except in the thoracic region of the
central nervous system and in PS5 of the imaginal discs.
The second set of transgenic fly lines harbor constructs in
which particular Ubx cDNAs are cloned downstream of a
heat-shock promoter. These HS Ubx fusion genes can be
induced to express uniform and high levels of UBX
throughout the fly; this expression transforms the identity
of parasegments anterior to PS6 toward PS6 (Gonzalez et
al., 1990; Mann and Hogness, 1990). The HS Ubx-la and
HS Ubx-1Va lines express the form la and form 1Va UBX
proteins, respectively (Kornfeld et a., 1989; Mann and
Hogness, 1990; Fig. 1). In parallel with experiments in
which UBX was produced from the heat-shock promoter,
a control line was induced to express a nonfunctional UBX
truncated by a frame shift mutation (HS Ubx-1VaFS Mann
and Hogness, 1990).

Ubx is not generally required to maintain its
expression

Autoregulation can be examined using mutant alleles which
make detectable but nonfunctional products. For example,
the mutation Ubx®22 generates a truncated nonfunctional
protein lacking the homeodomain, but is detectable with
antibodies that recognize epitopes in the amino terminus of
UBX (Weinzierl et a., 1987; Bienz and Tremml, 1988).
The detection of this nonfunctional UBX protein in Ubx9-22
mutant embryos suggests that UBX functions are not
required to maintain Ubx expression. However, the situa
tion is complicated because, while UBX is present in
Ubx®22 embryos, it is detected at alower level than in wild-
type embryos. This could either reflect some positive
autoregulation or result from a decreased stability of the
truncated protein. Additionally, the lethality of Ubx muta-
tions had precluded attempts to examine autoregulation late
in development, and it was possible that a dependence of
Ubx expression on UBX would not be apparent during
embryogenesis.

To bypass the potential problem of instability of prod-
ucts generated from mutant alleles, we examined the
requirements of UBX for Ubx expression by monitoring b-
galactosidase expression from 35UZ in Ubx mutant
embryos. While b-galactosidase expression decreased in the
visceral mesoderm, in al other tissues the level of
expression actually increased (data not shown). This
reporter gene was also used to examine autoregulation in
the larval imagina discs by using UCR mutations (phbx?,
pbx2 and bxd%) that eliminate detectable UBX in the pos-
terior of T3 discs (where b-galactosidase is expressed in
35U2) but are viable at least through the end of pupal devel-
opment. Again, no decrease in b-galactosidase expression
was observed and instead an increase was detected (Fig. 2B
cf. 2A). Thus, no evidence for positive autoregulation by
Ubx outside the visceral mesoderm was obtained. Instead,
Ubx appears to autoregulate negatively.

Overexpression of UBX from a heat-shock
promoter represses Ubx expression

To examine further the effect of UBX on Ubx expression,
HS Ubx-la and HS;Ubx-IVaFS flies (Mann and Hogness,
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Fig. 3. Expression of 35UZ in heat-shock-induced HS: Ubx-la and
HS Ubx-1VaFS embryos. Horizontal optical sections with anterior
to the left and PS7 visceral mesoderm expression marked by the
white arrowhead. These embryos were heat shocked for 40
minutes at 38°C when 3-6 hours old and fixed and stained side by
side 9 hours later. (A) 35UZ-3; HS Ubx-1VVaFS control embryo.
The presence of the HS: Ubx-1VaF S gene does not affect 35UZ
expression (not shown). (B) 35UZ-3; HS Ubx-l1a embryo with
expression repressed relative to that in A. Visceral mesoderm
expression has not expanded outside of PS7 (visceral mesoderm
expression in the lower half of thefigureis partially out of the
plane of focus).

1990), expressing the form la and truncated control pro-
teins, respectively, were crossed to 35UZ flies. Significant
reduction of b-galactosidase expression was generated by
heat shock of HS Ubx-la flies compared to HS. Ubx-1VaFS
flies processed in parallel. This decrease was detected in al
embryonic tissues (Fig. 3B, cf. 3A) and in the third instar
larval imaginal discs (Fig. 4B, cf. 4A). To confirm that the
reporter gene was accurately reflecting the behavior of the
endogenous Ubx gene, the expression of Ubx mRNA was
monitored in similar experiments. A probe was constructed

Fig. 2. 35UZ expression in wild-type and bxd mutant
haltere discs. Posterior isto the right. The levels of
expression between these discs can be compared
directly, asthey wereisolated from sibling progeny
of across of 35UZ-3; bxd%%/TM6b to 35UZ-3;
Ubx130/TM6b that were dissected side by side. The
discs were then fixed and stained with a b-
galactosidase activity stain together on the same
dide. (A) Haltere disc from bxd1% or Ubx130
heterozygous larva. (B) Haltere disc from
bxd10%/Ubx130 mutant larva. b-galactosidase
expression isincreased relative to that in A. This
mutation eliminates detectable UBX in all cellsin the
posterior of the haltere except those of the peripodial
membrane (Botas et al., 1988). Theincreasein the
size of the disc relative to A islargely a consequence
of its transformation towards the wing disc. A similar
increase in b-gal actosidase expression was detected
in pbx! and pbx2 mutant T3 discs.

for in situ hybridization that would specifically detect the
MRNA produced from the endogenous Ubx gene, but not
the mRNA produced from the HS;Ubx genes, by virtue of
its hybridization to sequences in the untranslated regions of
Ubx mRNAs. A dramatic decrease in the expression of Ubx
in imaginal discs was detected with this probe after heat
shock of HS Ubx-la larvae (Fig. 4D, cf. 4C). This repres-
sion of Ubx expression by UBX is consistent with the weak
Ubx phenotypes occasionally detected in the halteres of
HS Ubx-la flies subjected to brief heat shocks during larval
development (Fig. 4E; Mann and Hogness, 1990).
Interestingly, despite the requirement for UBX to main-
tain Ubx expression in PS7 of the visceral mesoderm, b-
galactosidase expression was not induced in other paraseg-
ments of the visceral mesoderm in 35UZ; HSUbx-la
embryos (Fig. 3B). This could simply reflect the inability
to produce UBX at the appropriate time or level to induce
such expression. Alternatively, it could indicate that addi-
tional spatially restricted factors regulate Ubx visceral
mesoderm expression, either by preventing Ubx expression
outside of PS7 or by promoting it within PS7. In this case,
the loss of b-galactosidase expression from 35UZ in the
PS7 visceral mesoderm of Ubx mutant embryos should be
rescued by expression of UBX from the heat-shock pro-
moter. However, heat shock of 35UZ; HS Ubx-la Ubx
embryos did not restore visceral mesoderm expression (not
shown); this presumably indicates that activation of Ubx
expression by UBX in the viscera mesoderm is sensitive
to the timing or level of UBX expression. Although a vari-
ety of heat-shock regimens were employed, it would be
extremely difficult to mimic precisely the level and timing
of normal Ubx expression with the heat-shock promoter.
To determine whether different UBX protein forms differ
in their ability to autoregulate, the effect of overexpression
of UBX form IVa from the HS Ubx-IVa line on 35UZ
expression was examined. Form la is normally expressed
in the epidermis and mesoderm, but not in the central ner-
vous system, while form 1Va, which lacks the two central
microexons and consequently 34 amino acids from the cen-
tral part of the protein, is normally expressed in the central
nervous system but not in epidermal or mesodermal tissues
(Lopez and Hogness, 1991). Nonetheless, in both embryos
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Fig. 4. Repression of Ubx expression in imaginal cells by induction of HS Ubx-la expression. Control discs (A) and (C) were treated
identically to experimental discs (B) and (D), respectively, by dissecting larvae that had been heat shocked for 30 minutes at 37°C 72, 48
and 24 hours previously, and then fixing and staining the dissected discs together on the same dlide. (A) 35UZ-3; HS Ubx-1VaFShaltere
disc with b-galactosidase expression in the posterior compartment. (B) 35UZ-3; HSUbx-la haltere disc with expression repressed
compared to that in A. (C) HS UbxIVaFSwing (w), haltere (h), and third leg (1) discs with wild-type Ubx mRNA expression. The dark
lines are trachea (t), to which the probe sticks non-specifically. (D) HS:Ubx-1a haltere and third leg discs with expression repressed
compared to that in C. (E) Haltere from HS: Ubx-la fly heat shocked for 10 minutes at 36°C during second instar. This haltere has aweak
Ubx phenotype, manifested as an increase in size and the appearance of wing trichomes (arrowhead) and wing margin bristles (arrow).

For comparison to awild-type haltere see Fig. 5B.

and larvae, form IVa was adso able to repress 35UZ
expression (data not shown).

Ubx negatively autoregulates at wild-type levels of
UBX

Having demonstrated repression of the Ubx promoter by
UBX, we sought to determine the biological relevance of
this phenomenon. One particular concern was that the
repression observed in HS Ubx-la and HS. Ubx-1Va lines
could be an artifact of abnormally high levels of UBX. In
addition, while 35UZ staining in Ubx mutants indicated that
negative autoregulation was occurring at wild-type levels
of UBX, it was difficult to quantify the magnitude of the
effect with these in situ stains. Therefore, a sensitive enzy-
matic assay was employed to quantify changesin the level
of expression from the Ubx promoter in response to dis-
crete changes in the level of UBX. Flies homozygous for
35UZ but carrying different doses of Ubx*, as a conse-
guence of chromosomal duplications, chromosomal defi-
ciencies or Ubx mutations, were generated. As the copy
number of 35UZ was kept constant, and the pattern of b-
galactosidase expression was unchanged (not shown),
changes in b-galactosidase expression should reflect
changes in the level of expression from the Ubx promoter.
Since it was not possible in many cases to generate homo-
geneous populations of embryos of the desired genotypes,

the analysis was restricted to imaginal tissue. An extract of
third leg and haltere (T3) imaginal discs was prepared from
third instar larvae of the appropriate genotype. This was
assayed both for b-galactosidase activity and total protein
concentration to determine the b-galactosdase-specific
activity of the extract; normalizing b-galactosidase activity
to protein concentration controls for differences in the
number of cells. Although the 35UZ reporter line expresses
b-galactosidase only in the posterior compartment of T3,
the results will likely apply to the anterior compartment as
well, because Ubx mRNA levels were repressed similarly
in both compartments by UBX (Fig. 4D).

As shown in Table 1, the level of b-gaactosidase
expression from the reporter increased when the dose of
Ubx* was decreased, whether the decrease was caused by
a deletion of the entire Ubx gene (DfUbx109), a mutation
that encodes a truncated protein (Ubx®22), or mutations in
regulatory sequences that eliminate Ubx expression
(bx3bxd1%6), Conversely, the level of b-galactosidase
expression decreased when the dose of Ubx* was increased
with the duplications DpP5 or Dp(DpP10). Two different
35UZ lines, 35UZ-1 and 35UZ-3, containing independent
insertions of the reporter gene, were assayed to control for
chromosomal position effects. While the wild-type
expression levels differ between the lines, the relative
changes in b-gaactosidase expression with changes in
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Table 1. Sensitivity of Ubx-lacZ expression to Ubx* dose

b-galactosidase

specific activity % Wild-type

Genotype Copies Ubx* (units/mg) expression
35Uz-3

bx3oxd1%6/DfUbx109 0* 200+56.3 182

bx3oxd106/+ 1* 150+11.8 136

DfUbx109/+ 1 146+8.1 133

Ubx®-22/+ 1 156+11.9 142

+ 2 110+£18.2 100

DpP5/abdAML 3 94.5+7.3 85.9

Dp(DpP10)/+ 4 82.4+11.5 74.9
35Uz-1

DfUbx109/+ 1 242+60.2 143

Ubx922/+ 1 241+25.7 143

+ 2 169+24.2 100

DpP5/+ 3 139+30.0 82.2

DpP5 4 110+20.9 65.1
35UZ-3; 35UZ-1

+ 2 277+40.6 99.3t

b-gal actosi dase-specific activities are mean values plus or minus one
standard deviation and were cal culated from assays of four to five
independently prepared extracts.

*bx3oxd1% hemizygotes have an almost but not quite complete
transformation of the haltere disc to wing disc; some undetectably low
level of UBX may therefore be present in the discs.

TWild-type expression in this case is defined as the sum of the b-
gal actosidase-specific activities detected in the 35UZ-3 and 35UZ-1 lines
inwild type.

Ubx" dose were similar. Two observations rule out the
hypothetical possibility that the changes in level of
expression could be caused by titration of positive regula
tory factors with the change in copy number of Ubx regu-
latory sequences, rather than by autoregulation. First,
DfUbx109, which removes the Ubx control regions, and
Ubx®22, which does not, resulted in similar increases in b-
galactosidase expression, and second, when the number of
UCR copies was increased independently of Ubx* by gen-
erating a strain with both reporter genes (35UZ-3; 35UZ-
1), the expression level was the sum of that in the lines
with individual reporter genes.

The detection of both repression with increased Ubx*
dose and derepression with decreased Ubx* dose demon-
strates that Ubx negatively autoregulates at wild-type levels
of UBX. An important consequence of this negative
autoregulation is that, like any negative feedback loop, it
acts to stabilize the level of Ubx expression. For example,
if the copy number of Ubx* loci is increased from two to
four, the UBX protein level increases by less than two fold
because of the increased repression that occurs as the
amount of UBX increases. If the copy number is decreased
from two to one, UBX levels decrease by less than half
because of the derepression that occurs as the amount of
UBX decreases. This stabilization may be an important
function of negative autoregulation. Assuming that the
response of 35UZ quantitatively as well as qualitatively
mimicsthat of Ubx, the relative changesin UBX levels can
be calculated by factoring together the change in level of
expression from the promoter and the change in the number
of chromosomal copies of Ubx* (Fig. 5 legend).

Importantly, the slight changes in Ubx* dose that modify
the level of expression have significant phenotypic conse-

Fig. 5. Correlation of haltere size with Ubx* dose and estimated
UBX protein levels. The genotypes, number of copies of the Ubx*
locus, and level of UBX protein for the halteres shown in panels
A, B, and C are given below.

Genotype Copies Ubx* Level UBX
(A) DfUbx109/+ 1 0.70
(B) Dp68/+; DfUbx109/+ 2 1.0
(C) Dp68/+; DpP5/+ 4 14

To minimize effects of culture conditions and genetic background
these halteres were taken from sibling female offspring from an
outcross of Dp68/FM7¢; DpP5/DfUbx109 to wild type. The
variationsin relative haltere size are highly reproducible. UBX
levels were estimated by factoring together the number of copies
of Ubx* with the mean level of expression relative to wild type
from Table 1. For example, with four copies of Ubx* the level of
expression from the promoter averaged 70% of that in wild type
[(74.9% + 65.1%)/2], and the number of copies of the Ubx geneis
twicethat in wild type, so therelative level of UBX is estimated
tobe0.70" 2=1.4.

guences. Ubx is haploinsufficient (Lewis, 1963); flies with
only one copy of Ubx* have a weak transformation of hal-
tere toward wing, manifested as an enlargement of the hal-
tere and the appearance of one or more bristles character-
istic of the wing on the haltere (Fig. 5A). Recently, it has
also been shown that increases in Ubx* dose cause partial
transformations of thorax toward abdomen, including the
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Fig. 6. Expression of 35UZ in T2 discsin the DCR mutant abx2. Posterior is to the right; b-gal actosidase expression was detected with an
activity stain. (A) Wing disc.(B) Wing disc. (C) Second leg disc. Expression is variable but restricted to the posterior compartment. b-
galactosidase expression is not normally detected in 35UZ T2 discs (Irvine et a., 1991). Similar patches of b-gal actosidase expression
were also detected in the DCR mutants abx, bx3, bx83ka, and bx83b, all of which have homeotic transformations in T2p. By contrast, no
significant b-gal actosidase expression was detected in bx! or bx34e-Pv, which lack T2p mutant phenotypes. Rare patches of b-
galactosidase expression were detected in +/Ubx discs, indicative of some haploinsufficiency for b-galactosidase repression.

transformation of larval ventral denticles and reduction or
elimination of the haltere (Smolik-Utlaut, 1990). Duplica-
tions of Ubx* increase the level but do not affect the pat-
tern of UBX expression (Smolik-Utlaut, 1990; data not
shown). We have reproducibly observed the reduction in
haltere size, using three different Ubx* duplications (Dp68,
DpP5, DpP10y), in flies with as few as four copies of Ubx*
(Fig. 5C). Fig. 5 illustrates the correlations between haltere
size and estimated UBX protein levels. Changes in size
were aso visible in the haltere imagina disc (data not
shown). The sensitivity of haltere phenotype to UBX pro-
tein levels suggests that negative feedback stabilization
could be functionally significant.

Control of the pattern of Ubx expression by
negative autoregulation

DCR mutations

The data presented above indicate that negative autoregu-
lation affects the level of UBX expression and thereby the
phenotype of segments whose identity Ubx specifies. Sur-
prisingly, negative autoregulation by Ubx also controls the
pattern of UBX expression. A shift in the spatial expression
pattern of UBX occurs during development. In the embryo,
UBX is expressed in T2p and functions there to prevent
transformation of T2p toward T1p in both the larval cuticle
and imaginal disc precursor cells (Lewis, 1963; Morata and
Kerridge, 1981; Lewis, 1982; Mifiana and Garcia-Bellido,
1982; Hayes et al., 1984). Later in development, however,
UBX expression in T2p is reduced to very weak expression
in the leg disc and in the peripodial membrane of the wing
disc (White and Wilcox, 1984; Beachy et al., 1985). Fur-
ther, clonal analysis has indicated that Ubx is no longer
required in T2p after mid-embryogenesis (Morata and Ker-
ridge, 1981). Similarly, 35UZ is expressed in epidermal
cells of T2p in the embryo, but is not expressed in T2 in
the imaginal discs (Irvine et a., 1991). In fact, the Con -

trabithorax (Cbx) mutations demonstrate that UBX
expression must be repressed in T2p imaginal cells. These
mutations are dominant gain-of-function Ubx alleles that
express UBX aberrantly in T2 imagina discs and, conse-
quently, transform them toward T3 (Lewis, 1955, 1982;
Cabrera et al., 1985; White and Akam, 1985). Thus, Ubx
is expressed and required early in development in T2p, but
later in development this expression must be repressed. We
show below that at least one factor involved in this repres-
sion is UBX.

The role of UBX in repression of Ubx expression was
indicated by the detection of b-galactosidase expression
from 35UZ in the posterior of T2 discs in DCR mutants
(Fig. 6). That is, mutations in Ubx regulatory sequences that
cause a loss of UBX expression, activate, in trans,
expression from the Ubx promoter. The detection of b-
galactosidase expression in DCR mutant discs was highly
variable. Not al T2 discsin apopulation expressed b-galac-
tosidase and in those that did the number and position of
cells expressing b-galactosidase varied (Fig. 6A cf. 6B).
The position and timing of UBX and b-galactosidase
expression argue that the mechanism of activation of 35UZ
expression in DCR mutant discs is a partial loss of UBX
expression in the early embryo and consequent inability to
repress the embryonic T2p expression of 35UZ. Firgt, b-
galactosidase expression in mutant discs was aways
restricted to the posterior compartment, the region of the
segment in which UBX and b-galactosidase are expressed
in the embryo. Second, genetic analysis of DCR mutations
has indicated that most cause a variable loss of UBX during
embryogenesis within the disc cells of T2p. They cause a
variable and incomplete transformation of T2p toward T1p
(Casanovacet al ., 1985; Peifer and Bender, 1986), and clonal
analysis has shown that this transformation is effected
during embryonic development (Casanova et al., 1985).
Finally, the hypothesis that b-galactosidase expression in
T2p discs of DCR mutants results from the loss of UBX
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Fig. 7. Expression of UBX and b-galactosidase in stage 14-15
Ubx mutant embryos. Anterior isto the left and ventral is down.
These are parasagittal optical sections focussed just below the
embryo surface. The cells clusters identified by increased
expression in Ubx mutants are indicated by arrowheads.(A) UBX
expression in wild type. (B) UBX expression in Ubx%22, (C) UBX
expr on in Ubx19, (D) b-galactosidase expression in 35UZ-3;
Ubxt0,

expression predicts that UBX will not be detected in these
discs. Thiswas confirmed by monitoring expression of both
UBX and b-galactosidase in the same disc by immunoflu-
orescence microscopy (data not shown). Some DCR muta-
tions (e. g. bx34-PV) appear not to affect early UBX
expression in T2p, as they lack a mutant phenotype in this
segment (Casanova et al., 1985; Peifer and Bender, 1986).
While UBX has been detected in bx3%-PV |arval T2 discs
(Little et al., 1990), b-galactosidase expression from 35UZ
was not detected in discs of this genotype, consistent with
the lack of phenotypic effect. Although the reason for the

particular effects of this alele on Ubx expression is uncer-
tain, it is noteworthy that Little et al. (1990) suggested that
the detection of UBX in bx34-P'v T2 discs could be an indi-
cation of UBX-dependent repression of Ubx expression in
T2.

Ubx null mutations

While the activation of b-galactosidase expression in DCR
mutations indicated that negative autoregulation was con-
trolling the pattern of Ubx expression, we sought to
strengthen this conclusion by examining Ubx null muta
tions. Interestingly, close examination of late Ubx922
embryos revealed clusters of cells in PS5 and 6 that actu-
aly had increased UBX expression (Fig. 7B cf. 7A). This
strong expression contrasts with that in the rest of the
embryo, where UBX expression appeared to be lower than
in wild-type, presumably due to instability of the truncated
protein encoded by Ubx922, The cell clusters with increased
UBX expression could first be detected in Ubx9-22 embryos
soon after germ band retraction (stage 13; data not shown).
Identical cell clusters were also detected in Ubx19 (Fig.
7C), which in the epidermis also produces a truncated pro-
tein (Weinzierl et a., 1987; Lopez and Hogness, 1991).
Finally, b-galactosidase expression from 35UZ was
detected in these cell clusters in both Ubx222 and Ubx130
mutant embryos (Fig. 7D). The observation that the ratio
of expression in the PS5 cluster to that in the PS6 cluster
in Ubx mutants was noticeably less for 35UZ than for
Ubx9-22 and Ubx19 (Fig. 7D cf. 7B and C) may reflect the
absence of the DCR from 35UZ versus its presence in both
Ubx mutations.

The strong expression detected in these cells in Ubx
mutants indicates that during wild-type development they
require UBX to repress Ubx transcription. Although Ubx
expression is aso repressed in other embryonic cells by
UBX, the effect appears to be much greater in the promi-
nent cell clusters. By differentially repressing Ubx
expression in different cells, UBX effectively alters the pat-
tern of its expression. The cell clusters are also transformed
to amore anterior identity asaresult of Ubx mutation. Their
location within the segment and association with the tra-
cheal trunk, together with the distinctive morphology of the
cells within the cluster, indicate that they are ectopic ante-
rior spiracles (Campos-Ortega and Hartenstein, 1985; Bate
and Martinez-Arias, 1991). The anterior spiracles normally
form only in PS4.However, in Ubx mutant larvae, two addi-
tional pairs of spiracles are formed in PS5 and 6 (Lewis,
1978; Bate and Martinez-Arias, 1991). The identification of
the cell clusters as ectopic anterior spiracles suggests that
in wild-type embryos these cells would form part of the tra-
cheal system. It is also possible that the cell clustersinclude
some imaginal cells, as the humeral (dorsal T1) disc devel-
ops in close association with the anterior spiracle (Madha
van and Schneiderman, 1977), and early clones of Ubx
cells in the wing (dorsal T2) and haltere (dorsal T3) discs
are partially transformed to humerus (Lewis, 1963, 1982;
Mifiana and Garcia-Bellido, 1982).

Duplication of autoregulatory elements within the
UCR

Fusion genes with smaller fragments of the UCR fused to
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Fig. 8. Expression of 22UZ and E1HZ in heat-shock-induced HS: Ubx-la and HS Ubx-1VaFS embryos. Anterior isto the left and ventral is
down. (A,B) Sagittal optical sections; (C,D) Focussed on the lateral surface of the embryo. These embryos were heat shocked for 40
minutes at 38°C when 3-6 hours old and fixed and stained side-by-side 7 hours later. (A) 22UZ-3; HS; Ubx-1VaFScontrol embryo. (B)
22UZ-3; HS Ubx-la embryo with expression repressed relative to that in A. (C) E1HZ-1; HS Ubx-IVaFS control embryo. (D) EIHZ-1;

HS Ubx-la embryo with expression repressed relative to that in C.

Fig. 9. Expression of 5UZ and E1HZ in wild-type and Ubx mutant embryos. These are horizontal optical sections with anterior to the left.
b-gal actosidase expression in the visceral mesoderm isindicated by arrowheads. (A) 5UZ-5 embryo. (B) 5UZ-5; Ubx13% embryo; no
visceral mesoderm expression can be detected. (C) EIHZ-1 embryo. (D) E1IHZ-1; Ubx30 embryo.Visceral mesoderm expression is much
reduced relative to that in C, while expression in other tissuesisincreased.

lacZ confer some of the aspects of Ubx expression detected
in 35UZ (Bienz et ., 1988; Irvine et d., 1991; Mller and
Bienz, 1991; S. J. and D. S. H., unpublished data). Two
such Ubx-lacZ fusion genes were used to localize regula-
tory sequences within the UCR that can confer UBX-depen-
dent repression: 22UZ, which contains the proximal 22 kb
of the UCR and the Ubx leader, and E1HZ, which contains
the complementary distal 13 kb of the UCR DNA included
in 35UZ (Fig. 1). b-galactosidase expression from both of
these genes was, like 35UZ expression, repressed by heat-
shock-induced expression of UBX in HS Ubx-la embryos
(Fig. 8B cf. A; 8D cf. C). Additionally, derepression of b-
galactosidase expression from both of these Ubx-lacZ genes

was detected when expression in wild-type embryos was
compared to that in Ubx embryos (Fig. 9D cf. C; data not
shown). Although future work will be required to narrow
down the repression elements in these constructs, these
results establish that there are at least two distinct regula-
tory elements within the UCR that can confer UBX-depen-
dent repression.

Similar attempts were made to localize sequence ele-
ments through which the positive autoregulation in the vis-
ceral mesoderm occurs. The expression of each of the Ubx-
lacZ fusion genes depicted in Fig. 1 was examined in Ubx
mutant embryos; in each case b-galactosidase expression
decreased dramatically in the viscera mesoderm. DNA
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sequences between 1.78 and 3.15 kb upstream of the Ubx
transcription start site confer UBX-dependent viscera
mesoderm expression on a heterologous promoter (Maller
et al., 1989).This region presumably accounts for the UBX-
dependent visceral mesoderm expression of 5UZ (Fig. 9B
cf. A). In addition, however, another UBX-dependent vis-
ceral mesoderm element was detected within the upstream
seguences included in EIHZ (Fig. 9D cf. C). Thusthere are
also at least two distinct sequence elements within the UCR
that can confer UBX-dependent activation in the visceral
mesoderm. Further dissection of these elements should
reveal whether the positive and negative autoregulatory
sequence elements coincide or are distinct.

Interestingly, although the visceral mesoderm expression
of 5UZ was absolutely dependent on UBX (Fig. 9B), some
faint visceral mesoderm expression could usualy be
detected in 35UZ and E1IHZ Ubx mutant embryos (Fig. 9D;
data not shown). Thisis consistent with the observation that
weak visceral mesoderm expression of UBX was detected
in Ubx922 and Ubx19 embryos (Bienz and Tremml, 1988;
data not shown). This weak visceral mesoderm expression
appeared to be stronger in embryos that have just completed
germ band retraction than in older embryos. This suggests
that the distal sequences of the UCR contain a UBX-inde-
pendent regulatory element that could initiate Ubx visceral
mesoderm expression, while both promoter proxima and
distal sequences of the UCR contain UBX positive autoreg-
ulatory elements that enhance and maintain this expression.

DISCUSSION

Ubx negatively autoregulates

Previoudly described examples of autoregulation by devel-
opmental control genes in Drosophila have generaly
involved positive autoregulation (Hiromi and Gehring,
1987; Bienz and Tremml, 1988; Frasch et a., 1988; Kuziora
and McGinnis, 1988; Heemskerk et al., 1991), although
labial not only positively autoregulates, but also appears to
negatively autoregulate in some imaginal cells (Chouinard
and Kaufman, 1991). Positive autoregulation can maintain
the expression of a gene, allowing continued expression to
become independent of those factors required for the
initiation of expression. Additionaly, if a threshold protein
level for autoregulation exists, it can transform graded
levels of expression to discrete on-off states, and may par-
ticipate in this way in sharpening the stripes of expression
of the segmentation genes even-skipped and fushi tarazu
(Frasch et al., 1988; Lawrence and Johnston, 1989).
Although Ubx does positively autoregulate in the visceral
mesoderm, only negative autoregulation was detected in
other tissues. Importantly, negative autoregulation was
detected whether UBX levels were increased above or
decreased below the wild-type level, demonstrating that it
occurs at wild-type levels of UBX. Such negative autoreg-
ulation can stabilize expression levels by counteracting
increases or decreases in expression; indeed, we think it
likely that thisis a function of Ubx negative autoregulation.
Alternatively, negative autoregul ation can decrease or lim-
inate expression, as occursin the tracheal and imaginal cells

that require UBX to repress Ubx transcription. These dif-
ferent consequences of autoregulation presumably result
from differences among the Ubx-regulatory factors present
in different cell types. The large size of the Ubx transcrip-
tion unit (Kornfeld et al., 1989) may also be important in
enabling UBX to eliminate its own expression in some cells,
as this affords a one hour lag between an effect on tran-
scription initiation and a change in UBX protein levels
(Kornfeld et al., 1989; Irvine et al., 1991). We consider
below further aspects of the function and mechanism of
Ubx negative autoregulation.

PS 6 cells maintain a memory of their metameric
position

The absence of positive autoregul ation by Ubx has profound
implications for the maintenance of Ubx expression, and
consequently, of segmental identity. Although Ubx is the
only homeotic selector gene that specifies PS6 identity and
is required for al known aspects of PS6 development, Fig.
2B shows that PS6-specific expression of the Ubx promoter
does not require Ubx* function. Thus, in this respect PS6
cells maintain a functional memory of their metameric posi-
tion that is independent of their developmental fate.

Ubx expression is initiated in the embryo by the action
of segmentation genes that are only transiently expressed
(reviewed in Akam, 1987; Ingham, 1988). What then main-
tains Ubx expression? The positive (Regulator of bithorax
or trithorax) and negative (Polycomb) classes of global
homeotic regulatory genes (Duncan and Lewis, 1982
reviewed in Paro, 1990) are known to be required for the
maintenance, but not for the initiation, of correct homeotic
gene expression patterns (Struhl and Akam, 1985). The
demonstration that Ubx does not positively autoregulate
outside of the visceral mesoderm suggests that these genes
are not only necessary to maintain homeotic gene
expression, but that they may be sufficient for it. These
genes are thought to act as a cellular memory by main-
taining patterns of gene expression through some influence
on chromosome structure (Paro, 1990; Paro and Hogness,
1991).

Negative autoregulation and homeotic gene
expression levels

Negative autoregulation occurs at wild-type levels of UBX
(Table 1). Consequently, it acts to stabilize UBX levels.
Two observations, the patterned and reproducible hetero-
geneity between UBX levels of different cells, and the sen-
sitivity of phenotypes to Ubx* dose, argue that levels of
UBX protein are critical during development. Indeed, the
initial observations of heterogeneity in UBX levels between
different cells, both within and between parasegments, led
immediately to the suggestion that different levels of
expression could specify different fates (White and Wilcox,
1985a). The larval ventral denticle and adult haltere phe-
notypes that are observed with changes in Ubx" dose con-
firm this suggestion (Lewis, 1963; Smolik-Utlaut, 1990).
Notably, the detection of these phenotypes despite the coun-
teracting effect of negative autoregulation suggests that they
are even more sensitive to UBX levels than was formerly
realized. This leads us to argue that a mechanism to stabi-



lize UBX levels against any perturbations that might occur
during development could be functionally important.

Interestingly, other homeotic and homeobox-containing
genes also use differences in levels of expression to spec-
ify different fates. Perhaps the best example is the home-
obox-containing gene bicoid. bicoid protein, which has
been described as a classic morphogen, forms a concentra-
tion gradient along the anterior-posterior axis of the early
Drosophila embryo, and can activate expression of differ-
ent target genes at different positions along this axis
depending upon their cis regulatory sequences (Driever et
al., 1989; Struhl et al., 1989). Other homeotic selector genes
besides Ubx also have heterogeneous levels of expression
and are dosage sensitive, and so apparently specify differ-
ent fates with different levels of expression. Abdominal B
(AbdB) and Sex combs reduced have haploinsufficient epi-
dermal identity transformations (Kaufman et al., 1980;
Sanchez-Herrero et al., 1985), while abdominal A has hap-
loinsufficient CNS identity transformations (Ghysen et al.,
1985). Further, the gradient of AbdB expression from PS10
to 13 (Celniker et al., 1989), together with the correlating
adult phenotypes and effects on AbdB expression of cis reg-
ulatory (iab) mutations (Celniker et al., 1990; Boulet et al.,
1991; Sanchez-Herrero, 1991), suggest that the mechanism
by which AbdB specifies unique identities for each of these
parasegments is through differences in the level of its
expression. By analogy to Ubx then, we suggest that other
homeotic genes might employ a negative autoregulation
mechanism to stabilize levels of expression.

Temporal patterning of Ubx expression by
negative autoregulation

Two cases in which negative autoregulation modulates the
pattern of UBX expression were observed. By altering pat-
terns of UBX expression, negative autoregulation con-
tributes to the ability of Ubx to participate in specifying
distinct segmental identities. First, b-galactosidase
expression was detected from 35UZ in DCR mutant T2p
disc cells, revealing that UBX normally represses
expression from the Ubx promoter in these cells (Fig. 6).
Early UBX expression in T2p is required to prevent trans-
formation toward T1p, however, the Chx alleles demon-
strate that later UBX expression must be repressed to pre-
vent transformation of T2p toward T3p. The unique T2
identity thus requires a particular tempora pattern of UBX
expression, a pattern that isis effected by negative autoreg-
ulation. Once repressed, the absence of UBX expression in
T2p could be maintained by other trans regulatory factors.
Partial loss of Polycomb activity, for example, allows some
UBX expression in the wing disc, and consequently trans-
forms it towards haltere (Duncan and Lewis, 1982; Cabr-
era et a., 1985). Intriguingly, labial also negatively regu-
lates its own expression in some imaginal cells (Chouinard
and Kaufman, 1991), suggesting that negative autoregula-
tion may be a common mechanism for the modulation of
homeotic gene expression patterns.

In the second case, strong expression of both UBX and
b-galactosidase was detected in cell clusters in PS5 and 6
of Ubx mutant embryos (Fig. 7). The loss of Ubx* function
has two distinct effects on these cells. First, expression from
the Ubx promoter is not repressed. Second, the cells are
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transformed into ectopic anterior spiracles. This|atter effect
implies that in wild-type embryos the cells of the clusters
would contribute to tracheal structures. By analogy to the
modulation of UBX expression in T2p imaginal cells, we
suggest that development of segmentally appropriate tra-
cheal structures in PS5 and 6 requires a particular tempo-
ral profile of UBX expression in these cells. That is, after
UBX performs early functions in tracheal development
(repression of anterior spiracle formation), its expression
must be repressed. In the thorax, but not in the abdomen,
the tracheal system must make attachments to imagina
discs (Madhavan and Schneiderman, 1977), and a number
of other segment-specific tracheal structures have also been
described (Ruhle, 1932). However, the actual consequences
of failure to repress expression of a functional UBX pro-
tein in the cell clusters remain to be determined.

Is Ubx autoregulation direct or indirect?

UBX is a DNA-binding transcriptional regulatory protein,
and so could autoregulate directly, by binding to Ubx con-
trol regions. Alternatively, autoregulation could be indirect,
mediated by the regulation of intermediate genes that in
turn regulate Ubx expression. Previous studies identified
UBX-binding sites near the Ubx transcription start site
(Beachy et al., 1988) and further studies using an immuno-
precipitation assay have identified other regions of Ubx
DNA that are bound with high affinity by UBX (S. J., J.
B. and D. S. H., unpublished data), including fragments
within the regions of the UCR that confer autoregulation.
UBX may aso bind to Ubx DNA in vivo. When UBX is
expressed from the heat-shock promoter in the larval sali-
vary glands, it binds to a number of polytene chromosome
bands, including 89E (J. B. and D. S. H., unpublished data),
the cytological location of Ubx (Lewis, 1963). While the
identification of UBX-binding sites within Ubx DNA must
be interpreted with caution, as other homeodomain proteins
could also bind to these sites (reviewed in Scott et a.,
1989), their existence nonetheless argues in favor of the
possibility of direct autoregulation. Furthermore, the iden-
tification of these sites provides the means for testing that
argument.

Although UBX acts as a positive transcription factor in
vitro (Johnson and Krasnow, 1990), it could still act directly
as a repressor of Ubx transcription in vivo, by, for exam-
ple, competing for DNA-binding with a more potent tran-
scriptional activator, or by its association with or modifi-
cation by other regulatory factors. Indeed, UBX has been
observed to have either positive or negative effects on the
transcription of two different promoters in a cultured
Drosophila cell line, and both of these effects may be direct
(Krasnow et al., 1989). In these experiments using cultured
cells, UBX positively stimulated a Ubx promoter fragment
via UBX DNA-binding sites. However, because of the
small fraction of Ubx cis regulatory sequences that were
present in these experiments, and the distinct cell type, they
do not address the question of whether direct autoregula-
tion by Ubx in the fly would be positive or negative.

Conclusion

Ubx autoregulation is quite complex: positive autoregula-
tion in the embryonic viscera mesoderm maintains Ubx
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expression, negative autoregulation in certain imaginal and
tracheal cells shuts off Ubx expression, and negative
autoregulation in other cells stabilizes the level of Ubx
expression. While these roles may seem contradictory,
UBX is only one of many factors regulating Ubx
expression, which has over 60 kb of cis regulatory
sequences. Further, Ubx is undoubtedly only one of many
downstream target genes whose expression is regulated
(directly or indirectly) by UBX. Elucidation of the regula
tory interactions that alow the diverse autoregulatory
responses of Ubx should provide further insights into both
the activity and the regulation of the Ubx gene.
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