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Several genes have been identified that are involved in establishing
the segmented body pattern during development of the fruit-fly
Drosophila melanogaster. These fall into several classes on the
basis of the kind of alteration to the wild-type segmentation pattern
observed in mutant embryos. For exam;)le, mutations of the pair-
rule’ class, such as fushi tarazu (fiz)'>, cause the deletion of
pattern elements with a two-segment periodicity; those of the gap
class', such as knirps'*, cause the deletion of contiguous groups
of segments. The availability of antibodies against the fz protein
has allowed its spatial pattern of expression to be studied during
the development of wild-type® and mutant® embryos. The aim of
the latter kind of experiment is to investigate possible interactions
between these important genes. We have recently reported that
knirps mutations cause a striking alteration to the pattern of
transverse stripes of fiz expression usually seen during embry-
ogenesis®. Knirps is a zygotically-expressed gene, but recently a
class of maternally-active genes has been identified that causes
similar defects in pattern formation””. We have now investigated
the pattern of fiz expression in mutants of this class and have
found that while they do have features seen in knirps mutants,
they also exhibit significant differences between the different muta-
tions reflecting the distinct but overlapping domains of genme
activity. These observations demonstrate that maternally-active
segmentation genes regulate zygotic gene expression, and that
some of their effects on fiz may be directed through the knirps gene.

In large-scale genetic screens for maternal genes required for
normal embryonic pattern formation’~®, at least five ( vasa, valois,
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staufen, tudor and oskar) have been identified which are required
for normal abdominal segmentation. Embryos produced by
females homozygous for mutations in any of the five genes
exhibit deletions of abdominal segments that resemble, to
various degrees, defects observed in embryos homozygous for
mutations of the zygotically-active gap locus knirps™* (Fig. 1).
The abdominal deletions caused by the maternal-effect muta-
tions are somewhat variable; the largest deletions are caused by
mutations in vasa and oskar. In vasa and oskar embryos, all
the abdominal segments are deleted and the thorax appears
juxtaposed to very posterior structures including the telson and
posterior spiracles’ (Fig. 1b,f). Mutations in the other three
genes usually leave the abdominal denticle belts corresponding
to the first and eighth abdominal segments intact but delete and
fuse the intervening abdominal segments to different extents.
One particular deletion pattern, which can result from any of
the five mutations, is a large field of abdominal denticles fol-
lowed by a region of naked cuticle. The broad band of denticles,
representing one enlarged abdominal segment, closely resembles
the cuticle pattern formed by the zygotic segmentation mutation
knirps (Fig. 1g), and was most frequently found in valois (Fig.
1¢) and staufen (Fig. 1¢). In addition to the abdominal deletions,
staufen also causes deletions of head structures. Mutations in
all five of the genes result in the absence of the germline precursor
cells, the pole cells’™®.

To investigate how maternal genes may exert an influence on
the zygotic segmentation program, antibodies have been used
to localize the protein encoded by the ftz*>'*!! pair-rule seg-
mentation gene in whole-mount mutant embryos. The fiz protein
is normally expressed in seven transverse stripes of nuclei during
cellularization of the embryo. These stripes correspond to parts
of alternate double-segment units®'2. A segment (or paraseg-
ment) primordium is about four cells across, in the anterior-
posterior axis, at the blastoderm stage. At the beginning of
gastrulation the ftz stripes are about three nuclei in width and
are separated by an ‘interstripe’ of five relatively unstained nuclei
(Fig. 2a). The posterior stripe is widest, remaining about five
nuclei in width throughout germ-band elongation.

Each of the mutants has a distinctive pattern of ftz expression,
but there are some common features exhibited by mutations in
all of the five loci. The first (most anterior) two stripes of ftz
expression are relatively normal in all five mutants (Fig. 2), and
are found at the position of the primordia for the normal
labial-maxillary and T1-T2 segments. These segments appear
normal in larvae from mutant mothers (Fig. 1). The seventh
stripe is also normal (Fig. 2) and corresponds to the posterior
segmental region of A8-A10 which gives rise to the telson, a
structure which forms normally in the embryos. The major
aberrations occur in the region between the second and seventh
ftz stripes. Either the second ‘interstripe’ (vasa), or the third
stripe (valois, tudor), or both (staufen, oskar) appear(s) wider
than in a normal embryo, and the fourth through sixth stripes
become narrower or disappear altogether (Fig. 2b-f).

There are a number of significant differences between the
effects of the different mutations. In embryos from homozygous
vasa®® mothers, ftz protein is present only as a weak, partial
band in the central abdominal region (Fig. 2b). In embryos from
homozygous valois®® (Fig. 2¢) and tudor' (Fig. 2d) mothers,
ftz expression in the fourth, fifth and sixth stripes is restricted
to fewer cells and the spaces between the stripes are narrowed.
In the major pattern of staufen defects (90% of the embryos),
there is a wide patch of ftz protein in the abdominal primordium
and abnormal spacing of the two anterior stripes (Fig. 2e).
However, in about 10% of the progeny of staufen™ mothers,
a valois-type pattern of fiz stripes is exhibited (Fig. 2f). In
embryos from females homozygous for oskar'®, fiz expression
is spread over a wide band of cells (Fig. 2f).

The cuticular phenotypes of these maternal effect mutants
(Fig. 1b-f) resemble, to varying degrees, that of strong mutants
of the gap locus knirps'* (Fig. 1g). Homozygous mutant knirps
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Fig. 1 The phenotypes of progeny of females homozy-
gous for mutations at five loci controlling abdominal seg-
mentation, and of embryos homozygous for knirps. a-g,
Whole mounts of larval cuticles obtained from wild-type
or homozygous mutant mothers, fixed and mounted as
described by Van der Meer'®. The identity and position
of some abdominal denticle belts are indicated (A1-A8).
a, Wild-type larva. Scale bar represents 100 pm. b, vasa*™.
Most of the anterior abdominal segments are deleted; sp,
spiracles. ¢, valois®®. Segments A1-A7 are fused. d, tudor'.
Segments A2-A6 defective. e, staufen'™™, Segments A1-A7
fused. f, oskar'®®. Most denticle bands are deleted; sp,
spiracles. g, Homozygous knirps""E"? larva, obtained from
a balanced heterozygous mutant stock. Segments A1-A7
fused.

embryos exhibit a band of ftz protein about 27 nuclei in width
in the region normally comprising the third through sixth stripes
(Fig. 2h). Since the absence of knirps gene activity leads to a
uniform ‘on’ state of ftz across most of the abdominal region®,
a primary defect of mutations at the staufen and oskar loci may
be the failure to properly activate the knirps gene in certain
parts of the embryo. The differences between the ftz patterns
resulting from mutations in knirps, staufen or oskar could be
due to differences in allele strengths or in the exact spatial limits
of influence of the genes.

In vasa embryos, ftz expression is affected in a manner
opposite to that of staufen, oskar, and knirps in that ftz protein
is not produced in most of the anterior abdominal cells. Since
vasa and oskar, for example, produce very similar larval
phenotypes (Fig. 1b and f), quite different alterations in the fiz
pattern can lead to similar terminal cuticular phenotypes. The
ftz pattern suggests that vasa influences a different pathway of
abdominal segmentation gene regulation or that vasa interacts
with knirps differently than do the other genes.

Observed at the level of ftz expression, the maternal segmenta-
tion mutations result in a shift of cellular fates at the blastoderm
stage: it appears that anterior regions become expanded at the
expense of posterior regions. The common effect of all five
mutations is the enlargement of certain anterior stripes and
interstripes coupled with the increasingly substantial compress-
ion and eventual elimination of more posterior stripes. The
particular stripes or interstripes which are enlarged vary between
individual loci, indicating that the exact domains of influence
of their products may differ.
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The results also suggest that expansion of a given ftz stripe
does not necessarily result in gross abnormalities in the
differentiated cuticle, while compression does. In wild-type
embryos, the third stripe of ftz expression marks the posterior
part of the third thoracic and the anterior portion of the first
abdominal segment. In spite of the fact that the third stripe is
enlarged in blastoderm embryos derived from wvalois, tudor,
staufen, oskar and knirps, the third thoracic segments of the
larvae have normal cuticular morphology. The first abdominal
denticle band also usually appears to be normal in many of the
embryos with large cuticular deletions and is present, though
abnormally large, in embryos with only one denticle field. These
observations argue for the existence of some regulatory mechan-
ism which can compensate to produce relatively normal seg-
mental pattern when primordial cell pools are too large. By
contrast, the compression of the ftz pattern leads to deletion of
segments from the final cuticular pattern. It appears that within
the region of pattern compression, the cells cannot differentiate
their corresponding pattern elements and may therefore assume
different fates or be eliminated. The fourth abdominal segment
is most often deleted, followed by the fifth, and then the third
and sixth abdominal segments’®. In wild-type embryos at the
blastoderm stage, the posterior part of segment A4 and the
anterior part of segment A5 are represented by the fifth stripe
of ftz expression. This stripe is in the middle of the compressed
stripe region in the mutants. In the stronger mutants, the pattern
compression is so extreme that, even at the blastoderm stage,
no trace of the compressed stripes is visible and correspondingly
all traces of abdominal segments 2-7 have disappeared from
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the cuticle.

We have previously shown that four zygotic gap genes (includ-
ing knirps) and three of the seven pair-rule' genes influence ftz
expression, whereas four other pair-rule genes and three segment
polarity' genes have no effect®. These results place fiz in the
middie of the zygotic segmentation gene hierarchy, with fiz
acting after or in parallel to the seven zygotically-active genes
that infiluence it, but before or independently of those that do
not affect its expression. The maternal segmentation genes
studied in this work appear to be at the top of the hierarchy,
since they are expressed during oogenesis and alter fiz
expression. It is likely that the different larval and molecular
phenotypes of the maternally-active genes reflect the different
effects of the maternal genes on other segmentation genes as
well as on ftz. The identification of any direct regulatory interac-
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Fig. 2 Expression of the ftz protein in embryos from
females homozygous for mutations in abdominal segmenta-
tion genes. In each photograph, the anterior end of the
embryo is at the left, and the ventral side, when visible, is
at the bottom. The alleles used were the strongest available,
but may not be null alleles. a-h, Whole-mount embryos
were collected at 25 °C and fixed, incubated with anti-ftz
antibodies and stained with fluorescein conjugated goat
anti-rabbit antibody’. a, A wild-type embryo just beginning
gastrulation. The ftz protein stripes are roughly three nuclei
wide except for the posterior stripe which is about five nuclei
wide. b, vasa®: The enlarged second gap between the fiz
stripes is followed by a region of weak fiz expression where
the boundary between expressing and non-expressing cells
is difficult to see (arrow). Often the band of weak fiz
expression extends more anteriorly on the dorsal than on
the ventral surface. ¢, valois®®: The third stripe extends
slightly farther to the posterior than in normal embryos,
and the fourth, fifth, and sixth stripes are compressed. d,
tudor: The second stripe is slightly wider (by about one
cell) than in a wild-type embryo, whereas the first stripe is
normal. The fourth, fifth and sixth stripes of ftz protein are
narrow and more compressed than three normal stripes. e, f,
staufen™™". The two anterior stripes are spaced farther apart
from each other than in wild-type embryos. Embryos from
staufen mothers lack anterior head structures’, an alteration
which is probably related to the anterior shift of the cephalic
furrow (e, arrow) and the anterior shift of the first stripe of
ftz protein. Posterior to the second stripe, the most common
pattern observed (90% of the embryos) consists of an
unstained region of about 7-9 nuclei followed by a third
stripe that is 14-20 nuclei in width (e). In the second pattern
(10% of the embryos), the wide band is split into four
stripes, the overall pattern resembling that of valois embryos
(¢), but with a larger number of nuclei staining in each
stripe (f). g, oskar'%®. The first two stripes are farther apart
than in wild-type embryos, but are not shifted anteriorly as
in staufen. The third stripe in oskar consists of a broad band
of ftz expression about 12-16 nuclei in width. The space
between this band and the apparently normal posterior
stripe is 3-5 cells wider than the space between the wild-type
sixth and seventh stripes. h, Homozygous knirps''E"2
embryo, exhibiting a wide band of ftz protein in the A1-A7
segment primordia. The first, second, and seventh f¢z protein
stripes are normal.

tions between the maternally-active genes and fz is complicated
by the genetic hierarchy problem.
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