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SUMMARY

Mutations of the segment polarity group in Drosophila melanogaster produce additional dent-
icles with reversed polarity in every segment of the larval cuticle. We have investigated the effect
of mutations in different elements of the bithorax complex on the segmental identity of these
additional pattern elements. Our results suggest that they are derived, primarily, from the
anterior compartment of each segment.

INTRODUCTION

The final body pattern of Drosophila depends, fundamentally, upon the activity
of two classes of genes: the homoeotic genes, which control the pathway of differen-
tiation followed by a given segment (Lewis 1978; Struhl 1982,1983) and the 'seg-
mentation genes', which together define the number, position and primary pattern
of each segment (Niisslein-Volhard & Wieschaus, 1980; Niisslein-Volhard,
Wieschaus & Jiirgens, 1982). Normal development requires a precise and
integrated pattern of expression of all these genes, though how this is achieved is
unclear.

Several of the segmentation genes belong to the 'segment polarity' class. Muta-
tions at these loci result in a homologous pattern deletion in every segment and a
duplication of the remaining wild-type pattern, the duplicated pattern having rever-
sed polarity (Niisslein-Volhard & Wieschaus, 1980). To investigate the compart-
mental origin of the duplicated structures, we have exploited two properties of the
elements of the bithorax gene complex (BX-C): (i) the activation of different
elements of the BX-C within the developing embryo follows geographical co-
ordinates along its anteroposterior axis (Lewis, 1978); and (ii) the realms of activa-
tion of different elements of the complex are defined by compartment boundaries
(Garcia-Bellido, Ripoll & Morata, 1973; Minana & Garcia-Bellido, 1982; Morata
& Kerridge, 1982; Struhl, 1984; Hayes, Sato & Denell, 1984).

Key words: Drosophila, pattern duplication, segment polarity mutations, polarity, mutants,
homoeotic genes.



130 ALFONSO MARTINEZ-ARIAS AND PHILIP W. INGHAM

We have investigated the consequence of the absence of two BX-C elements,
Ubx* and abdA+, on the region of reversed polarity in some mutations of the
segment polarity group with particular reference to the first abdominal segment
(Al). In all the cases tested, the character of the region of reversed polarity of Al
is found to depend upon Ubx+ but not adbA+, suggesting that it is derived from the
anterior compartment.

MATERIALS AND METHODS

Mutations employed
The alleles of the three segment polarity loci studied were kindly provided by C. Niisslein-

Volhard and were as follows: gooseberry, Df(2R)IIX62 (zip, gsb) and Df(2R)SBl (gsb,Kr);
hedgehog, hh1135; and cubitus interruptus dominant, ciD. These alleles have been described
previously (Niisslein-Volhard et al. 1984; Jiirgens Wieschaus, Niisslein-Volhard & Kluding, 1984;
Wieschaus, Niisslein-Volhard & Jiirgens, 1984).

The BX-C mutations employed were: Ubx1; Df(3R)bxd100, which lacks the Ubx+ and bxd+

functions; Df(3R)P9, a deficiency for the entire BX-C; and abd-Asl a lethal allele of the abdA
complementation group to the right of Ubx defined by the distal breakpoint of Df(3R)P10
(Sanchez-Herrero, Vernos, Marco & Morata, 1985; Tiong & Whittle, unpublished). Descrip-
tions of the BX-C mutations other than abd-Asl may be found in Lewis (1978).

Double mutant combinations
Combinations of ciD and gsb with BX-C mutations were generated by intercrossing animals

doubly heterozygous for both the segment polarity and homoeotic mutations. In the case of hh,
recombinant chromosomes of the constitutions Ubx1 hhW5 and abd-Asl hh1135 were constructed.

Preparation and analysis of larval cuticle
Eggs were collected from appropriate crosses over 12 h periods and incubated for a further 24 h

at 25 °C. Pharate larvae were collected, dechorionated, fixed and cleared according to the
procedure of van der Meer (1977). They were then mounted in a 1:1 mixture of lactic acid and
Hoyers medium. Preparations were examined using dark-field and phase-contrast optics. Double
mutants were identified on the basis of their novel phenotype and frequency.

RESULTS

The three segment polarity mutants analysed display a similar but distinguishable
phenotype: the posterior region of every segment is deleted and replaced by a
duplication of the remaining anterior region (see Fig. 1). The deletion is very large
in hh and smaller in ciD and gsb. Absence of the Ubx+ function results in the
homoeotic transformation of various segments (Lewis 1978); the crucial observa-
tion for this study is that it causes the transformation of anterior Al to anterior T2,
but has no effect on posterior Al in the first instar larva (Struhl, 1984 and Fig. 1).
In contrast, in animals hemizygous for the abd-Asl mutation, anterior Al develops
normally whilst posterior Al is transformed to posterior T3 (Tiong & Whittle,
personal communication and Fig. 1).

In combinations of each of the three segment polarity mutations with Dfbxd100

or Ubx1, most of the denticle rows in Al , both with normal and altered polarity,
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appear thoracic in character (Fig. 2). This result suggests that the denticles with
reversed polarity are derived, primarily, from the anterior compartment. If they
belonged to the posterior compartment, they might be expected to remain abdomi-
nal in character. In fact, in a few cases with each mutant, we observed some
abdominal denticles with reversed polarity amongst the transformed denticles (Fig.
2). These denticles clearly belonged to Al and appear separated from A2 by a
region of naked cuticle.
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Fig. 1 for legend see p. 133
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Fig. 2 



Segment polarity mutations and homoeotic mutations 133
Fig. 1. Ventral cuticle of first instar larvae viewed under phase-contrast illumination.

(A) Third thoracic (73), first (Al) and second (A2) abdominal segments of a wild-
type larva. The particular features important to this study are: 1) the denticles (arrowed)
of the abdominal segments are considerably thicker than those of the thoracic segments.
2) the thoracic segments bear two specialized sensory structures viz. the ventral pit (P)
and the Keilin organ (AT); the latter is composed of three hairs, two of which apparantly
derive from the anterior compartment of the segment whilst the third is a derivative of
the posterior compartment (see Struhl, 1984). For a full description of the wild-type
larval morphology see Lohs-Schardin et al., 1979.
(B) Third thoracic and first abdominal segments of a Ubx1/Df(3R)bxdm larva. The
anterior part of the first abdominal segment is transformed towards T2 as evidenced by
the change in size of the denticles in this segment, and also by the presence of ventral
pits (P) and Keilin organs (K) usually, though not invariably, composed of only two
hairs. The posterior compartment of this segment appears unaffected (as judged by the
pattern of dorsal hairs, not visible here).
(C) Third thoracic and first abdominal segments of an abd-Asl hemizygote. The ante-
rior part of Al is essentially wild type; note however the presence of a partial Keilin
organ, indicative of a transformation of posterior Al to T3. This is confirmed by
examination of the dorsal hair pattern of such larvae (Tiong & Whittle, personal com-
munication and own observations). Note also that the anterior second abdominal seg-
ment is transformed to Al.
(D) Detail of the T3,A1,A2 region of a mutant gsb larva (genotypically Df(2R) 11X621
Df(2R)SBl - see Materials and Methods). Note the presence of a normal denticle
band and immediately posterior to it a complementary denticle band having reversed
polarity and replacing most of the naked cuticle normally present in the wild-type
segment (compare with (A)). The arrow heads indicate the polarity of each denticle
band.
(E) Detail of T3,A1,A2 region of a homozygous cP larva. This exhibits the same
phenomenon of reversal of polarity as gsb (see (D)). However, there is also some
reduction in the size of the denticle bands and concomitantly more naked cuticle.
(F) Same region as in (D) and (E) of a homozygous hh1135 larva. As in gsb and cP each
segment bears an additional denticle band with reversed polarity. In addition there is
a substantial deletion of pattern elements including the segment boundaries (Nusslein-
Volhard & Wieschaus, 1980; Martinez-Arias, in preparation). This results in the juxta-
position of the denticle bands of each segment, which nevertheless retain their
appropriate segmental identity.
Fig. 2. Ventral aspects of the larval cuticle in homoeotic and segment polarity double
mutant combinations.
(A) Homozygous Df(3R)bxdm;cP. The denticles of the first abdominal segment have
been completely transformed to the thoracic form (arrow). These transformed denticles
show the polarity reversal characteristic of cP (Fig. IE).
(B) Homozygous Ubxlhh1J35 larva. As in the case of cP all the denticles of the first
abdominal segment are thoracic in character (arrow) irrespective of their polarity.
(C) Homozygous Df(2R)gsb; Df(3R)bxd100. Both normal and reversed polarity Al
denticles are thoracic in character (arrow).
(D) Detail of a transformed first abdominal segment in an animal similar to that shown
in (C). Notice that in this case there are some denticles with reversed polarity which have
abdominal character despite being in the transformed segment Al (arrowheads). This
may mean that, occasionally, cells from the posterior compartment of Al contribute to
the reversed polarity pattern in gsb. Alternatively, they may derive from anterior A2.
This feature was observed in, approximately, 10% of the double mutants.
(E) Df(2R)gsb; abd-Asl/Df(3R)P9. Notice that the denticles with reversed polarity in
Al are clearly abdominal in character.
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In combinations of each of the three mutations with abd-Asl, all the denticles
of Al are abdominal in character (Fig. 2). This observation supports the notion
that the region of reversed polarity is of anterior origin, since posterior Al is
transformed to T3 in abd-Asl mutants. If this region were derived from the
posterior compartment, it would be expected to become thoracic in the double
mutant.

DISCUSSION

Our results suggest that the regions of reversed polarity in the segment polarity
mutations are derived from the anterior compartment of each segment. An
alternative interpretation is to suppose that each mutation causes the transforma-
tion of the posterior compartment to anterior. Since in Al the state of BX-C
expression differs between compartments, (the anterior compartment requires
Ubx+ while the posterior compartment does not), such a transformation could
change the BX-C state of cells in posterior Al to that of anterior Al . If this
were the case, complete absence of Ubx+ function should result in all the
denticles in the reversed polarity region of Al being thoracic in character. Yet
in each mutation studied we have observed cases of abdominal denticles in this
region (for each genotype, a few deticles in one of ten double mutants).
Alternatively, the level of BX-C expression in the embryo may be independent
of the genetic specification of compartments. In this case, if the region of reversed
polarity was derived from posterior Al it would differentiate an anterior pattern
appropriate to its BX-C state (abdA+), namely that of anterior A2. In this case,
absence of Ubx+ should have no effect on the reversed polarity region; however,
we find that in the majority of the cases all the denticles of Al are transformed.
The fact that in the absence of Ubx+ each mutant occasionally develops a few
abdominal denticles suggests that some cells of posterior provenance can
contribute to the region of reversed polarity and autonomously express their
appropriate state of BX-C activity.

Since the majority of the reversed polarity region of Al requires Ubx+ but not
abdA+ we conclude that it is derived from the anterior compartment of this
segment. This conclusion can be extended to the other segments and is supported
by the results of Garcia-Bellido & Santamaria (1972) which show that the
activation of elements of the BX-C is not altered by a mutation like engrailed,
which causes a partial posterior to anterior transformation. A corollary of our
observations is that in the segment polarity mutants studied, the posterior
compartment of each segment is either absent (hh) or greatly reduced in size (gsb
and dD).
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