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ABSTRACT
A genetic and phenotypic analysis of the gene pannier is described. Animals mutant for strong alleles
die as embryos in which the cells of the amnioserosa are prematurely lost. This leads to a dorsal cuticular
hole. The dorsal-most cells of the imagos are also affected: viable mutants exhibit a cleft along the dorsal
midline. pannier mRNA accumulates specifically in the dorsal-most regions of the embryo and the
imaginal discs. Viable mutants and mutant combinations also affect the thoracic and head bristle patterns
in a complex fashion. Only those bristles within the area of expression of pannier are affected. A large
number of alleles have been studied and reveal that pannier may have opposing effects on the expression

of achaete and scute leading to a loss or a gain of bristles.

HE precise positioning of the sensory bristles of
the peripheral nervous system of adult Drosophila
depends upon a complex spatial regulation of the
achaete (ac) and scute (sc) genes. These genes are thought
to provide cells with neural potential [see GHYSEN and
DAMBLY-CHAUDIERE (1988) and CamMpPUZANO and Mo-
DOLELL (1992) for review]. During development of the
imaginal discs they are expressed in small clusters of
cells at the sites where bristles subsequently develop
(CuBAS et al. 1991; SKEATH and CARROLL 1991). Studies
of mutant alleles associated with rearrangements sug-
gest the existence of cisregulatory elements necessary
for site-specific expression (RuiZ-GOMEZ and MODO-
LELL 1987). The two genes hairy (h) and extramacrochae-
tae (emc) act as repressors of ac and sc, A is a direct
transcriptional repressor of ac (OHSAKO et al. 1994; VAN
DOREN et al. 1994) and emc acts by binding to the ac-sc
proteins and interfering with the cross- and autoregula-
tion of these genes (MOSCOSO DEL PRADO 1984a,b; E1-
us et al. 1990; GARRELL and MODOLELL 1990; VaN
DOREN et al. 1991).

We have initiated genetic screens designed to recover
upstream regulators of ac-sc expression and have identi-
fied the gene pannier (pnr). Null alleles of pnrare lethal
(JORGENS et al. 1984), but a number of viable alleles
with altered bristle patterns have been recovered. A
parallel study (RAMAIN et al 1993) has demonstrated
that in the thoracic discs pnr alters the expression pat-
terns of ac and sc and that the locus encodes a protein
showing homology to the vertebrate transcription factor
GATA-1 (Evans et al. 1988; EvANS and FELSENFELD
1989). Two classes of dominant mutants with opposing
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phenotypes with respect to dorsocentral bristles were
previously analyzed (RAMAIN et al. 1993). Animals mu-
tant for one class (pnr”’, pn?, pnr®” and pnr®) of al-
leles display additional ectopic bristles, whereas those
mutant for the other class of alleles (pnr*™ and pnr*™)
are lacking bristles. Here we present a genetic study of
28 mutant alleles of pnr, including recessive viable as
well as dominant alleles, that cause either a loss of bris-
tles at wild-type positions or a gain of bristles at ectopic
sites. It is the bristles at dorsal locations that are affected
in the mutants. In addition, allele-specific interactions
between pnrand emc are presented, raising the possibil-
ity that these two genes function together in the regula-
tion of ac and sc.

panniermutants display pleiotropy and two other phe-
notypes have been studied. We show that pannier is ex-
pressed in a wide band of cells running the whole
length of the dorsal midline of the imaginal tissues (see
also RAMAIN ef al. 1993). Furthermore, pnr is probably
required for the viability of cells situated along the dor-
sal midline. In a number of viable allelic combinations,
as well as in mitotic clones of lethal alleles, a pro-
nounced cleft forms along the dorsal midline of the
thorax that may result from a failure of fusion between
the two hemi-thoraces each derived from a separate
imaginal disc. Clefts were also observed on the head
and abdomen of extreme mutant escaper flies.

Interestingly pnr is also required for viability of the
most dorsally situated cells of the embryo. In embryos
mutant for null alleles of pnr, premature loss of the
amnioserosa results in a failure of dorsal closure and a
dorsal hole in the embryonic cuticle. In wild-type em-
bryos the cells of the amnioseriosa invaginate at dorsal
closure and only later undergo apoptotic cell death
(RUGENDORFF ¢t al. 1994). Specification of dorsal cell
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fates of the Drosophila embryo result from the activity
of the decapentaplegic (dpp)-gene. In dpp null mutants
nearly all the dorsal pattern elements are missing and
there is an expansion of the lateral and ventral struc-
tures (IRISH and GELBART 1987; RAY et al. 1991; ARORA
and NUSSLEIN-VOLHARD 1992; FERGUSON and ANDER-
sON 1992). The dpp product shows homology to BMP4,
a TGFfB-related ligand (PADGETT et al. 1987, 1993) and
a gradient of its activity may arise posttranslationally.
High levels of dpp product specify amnioserosa, inter-
mediate levels dorsal ectoderm and low levels ventral
ectoderm (FERGUSON and ANDERSON 1992; WHARTON
et al. 1993). Subsequently the gene zerkniillt (zen) is ex-
pressed in the amnioserosa and specifies the fate of this
tissue (WAKIMOTO et al. 1984; IrisH and GELBART 1987;
RUSHLOW et al. 1987a,b; ROTH et al. 1989; RAY et al
1991). Unlike zen and dpp, in pnr mutants dorsal cell
fates are not replaced by an expansion of more ventral
fates, rather, the cells of the amnioserosa and dorsal
epidermis die prematurely. This suggests that pnr acts
after zen and that it is required for the integrity of the
cells of the amnioserosa. Disintegration of the cells oc-
curs late, after germ band retraction, but stems from
early defects that are detectable shortly after gastrula-
tion. In the embryo, pnr transcripts are restricted to the
amnioserosa and the most dorsally situated ectodermal
cells (see also WINICK et al. 1993).

MATERIALS AND METHODS

Fly strains: Flies were raised on standard Drosophila me-
dium at 25° unless otherwise indicated. Descriptions of balanc-
ers and mutations that are not described in the text can be
found in LINDSLEY and ZiMM (1992). New mutations and ab-
berrations recovered during this work will be described below
and listed in Tables 1 and 2. The new lethal loci are named
according to their cytological position.

Fly stocks used in this study were provided as follows: ru &
th st cu prr™"" sr & ca from Tubingen stock center; Df(3R)sbd”®
from Laurel Appel; Dp(3;3)BK43 and Dp(3;3)BK44 from J.
BONNER; Df(BR)sbdﬁ and 7(2;3)Sb” from Umei stock center;
Tp(3;3)sbd'” and T(2;3)sbd"” from Bloomington stock center;
T(2;3)GT11 from JOHN ROOTE. Dp(3;3)BK43 and Dp(3;3)BK44
were first described in LEICHT and BONNER (1988). The origi-
nal stocks 1 ju Ly Dp(3;3)BK43d” red cv-c sbd” sr e/TM3 Sb Ser
(new order: 61A-72D11/89E2-89A6,7/72D-100F) and ru Hn"
T(2;3)BK44 Dp(3;3)BK44d2 b%’ cu kar/TM3 Sb Ser (new order:
21A-31A/66C-H65E/33F-31A/66C-72D/89E2-89A3,5/72D-100F;
61A-65E/33F-60F ) were cleaned after several meiotic recom-
bination rounds, and both duplications were shown to carry
a fully functional pnr* allele since Dp(3;3)BK43 Df(3R)sbd”/
™ and Dp(3.3) BK44 Df(3R)sbd” /pnr"™® give wild-type flies
(pnr"* is a null allele, see RAMAIN et al. 1993). We finally used
the following pnr* disomic chromosomes that have reduced
duplicated material: Dp(3;3)BK43 ka? 7yj % Df(3R)sbd'™*/TM3
Sk Ser (Dp(3;3)BK43 is probably homozygous lethal due to the
72D insertion) and Dp(3;3)BK44 Df(3R)sbd’® ¢/TM3 Sb Ser (this
stock no longer carries the original translocation and is homo-
zygous viable).

In(3R)pnr™m! (89B;89E3-4) was obtained from FRANCOIS
KARCH and GINES MORATA. The 89E3-4 break of In(3R)Camel
occurs between abd-A and Abd-B in the bithorax complex and
is associated with the mutant iab6° (KARCH et al. 1985; LIND-

SLEY and ZIMM 1992). In(3R)Camel/+ flies show a dominant
partial izb5 phenotype (transformation of the abdominal seg-
ment A5 toward A4) and a pronounced thoracic cleft, which
is not affected by increased doses of pnr*. In(3R)Camelis allelic
to pnr: In(3R)pnr“"* /prr”” flies show a severe cleft, head de-
fects and split tergites, and In(3R)pnr™™/Df(3R)sbd” or pnr*™
flies are lethal as pupae with strong imaginal defects (the
head is missing). During the course of this study a spontane-
ous revertant of Camel was discovered. Both the cleft and the
segmentation traits were lost in Camel®*'/+, but the lethal
phase and the phenotype of hemizygotes were unchanged
(same as Camel/Df(3R)sbd”, not shown).

Five mutant alleles of eme were used: emc' changes a valine
into an aspartic acid that may interfere with the ability of
the protein to form dimers (GARRELL and MODOLELL 1990).
emd™'"’ is a strong X-ray-induced allele. emc*” is a null allele
carrying a 400-bp coding region deletion (ELLis 1994). emd™’
and emc™[lac,ry*] have a Pinsertion near the transcriptional
start site (GARELL and MODOLELL 1990) that significantly re-
duces emc expression (CuBAs and MODOLELL 1992).
Dp(3;Y;1)M2, emc™ was used as a duplication of emc.

The alleles dorsal’ (dl') and cactus’ (cact') were used.

Crosses: Crosses were set up in vials cultured at 25°. Comple-
mentation crosses were between mutant chromosomes bal-
anced over TM3 Sb Ser or TM2. Mutations were classified as
lethal if <1% of homozygotes survive to the adult stage and
noncomplementing if fransheterozygous flies expressed a
mutant phenotype or no nonbalancer carrying progeny
emerged among 150 or more progeny.

Mutagenesis: New mutations were induced in males with
EMS according to the protocol of LEwis and BACHER (1968),
by X-rays at a dose of 4000 rad (100 kv, 10 mA for 5 min, 1.5
mm aluminium filter, Philips MG102 constant potential X-
ray system, beryllium window) or by Pinduced mutagenesis.

Screens for new alleles of pnr: pnr’’ is a spontaneous viable
allele of pnr that was found in a Sb chromosome from our
collection and was separated from Sb for these experiments.
X, IR, Im(3LR)pnr",  pn¥™, Im(BR)pnr",
T(1;3)89B0%, and Tp(3;3)pnr"™* were X-ray-induced in a st e
isogenic chromosome and were recovered in an F, screen
using pnrw (114,000 chromosomes). pnrv’“ and T(2;3)jerX7
were X-ray-induced in a kar’ y’” isogenic chromosome and
were recovered in an F, screen using In(3R)pnr"™ (12,500
chromosomes). pm‘m was found in an F, screen for EMS-
induced mutations showing a strong synergism (extra dorso-
central bristles) with emc’ (n = 9012 flies). pnr™, pnr”’, and
pnr” were found as dominant EMS-induced mutations in vari-
ous F; or Fy screens for extra dorso-central bristles or a strong
thoracic cleft (P. HEITZLER, unpublished results).

To isolate revertants of the class 4 alleles pnr™’, pnr®?, pnr®’
and pnrD4, F, screens were performed in bottles (D1, EMS,
17,500 chromosomes; D2, EMS, 22 500; D3, EMS, 15,000; D3,
X-ray, 15,000; D4, EMS, 5000; D4, X-ray, 32,000). Revertants
were screened in the progeny as flies with a perfect wild-type
thorax (no extra-macrochaetae and no thoracic cleft).

To induce a Pelement insertional mutation at the pnriocus,
two stocks were used as a P source, one with one nonautono-
mous Pllac,ry”] element on the X chromosome and a stock
containing five nonautonomous Pllac,w*] elements also on
the X chromosome. P[ry",A2-3]1(99B) was used as the source
of the P transposase (ROBERTSON et al. 1988). In the first
experiment, Pliacry']; ka* vy’ /ry’” Sb e Plry',A2-3](99B)
males were crossed to kar® v pnr’’ Sb/TM2, emc’ females:
pnrmutants were screened in bottles in the F, progeny among
the kar® Sb flies for a thoracic cleft, and emc¢ mutants were
screened among the S$b* flies for additional macrochaetes. No
prralleles, but three emc alleles, were recovered among 83,000
flies. Among the emc alleles, two were viable (emc*'’ and



Genetic Analysis of pannier 1273

emc®?) and carry a P{lac,ry'] insert. The last allele, emc?”’,
was induced in the P[ry*,A2-3](99B) chromosome, and a
emc®® kar’ ry’® isogenic stock was made after recombination,
this chromosome is lethal and 7y”. In the second experiment,
y w Pllac,w’* 1sy; kar® 1y°° /ry’" Sb e Plry*,A 2-3](99B) males were
crossed to st In(3R)pnr"™ ¢/TM3 Sb e Ser females: pnr mutants
were screened in bottles in the F; progeny for a thoracic cleft.
One allele of pnr, pnr‘”’g, was scored among 90,000 flies as a
cluster. Unfortunately the mutation was found in the
P[ry",A2-3](99B) chromosome and was immediately sepa-
rated from the transposase source. A kar® 1y’” pnr'™® Sb/TM2
stock was made. It is not w* and does not express S-galactosi-
dase, but nevertheless contains an insertion in the pnr gene
(RAMAIN ¢t al. 1993).

A new Pinduced viable allele, pnr*”?*’, was recovered from
a GAL4 enhancer trap screen (M. CALLEJA and G. MORATA,
personal communication). For this strain, the enhancer detec-
tor reveals the wild-type pattern of pnr, suggesting that GAL4
is under the control of the pnr promoter.

Exchange mapping: Several lethal mutations of the new
complementation groups surrounding pnr were ordered by
recombination. Females of the ru h th st cu prr’'! sr & ca/st
(3)89B ¢ genotype were crossed to st Df(3R)sbd” e Pr/TM2
males. The very rare st Pr progeny were then crossed to ru &
th st cu sr & ca flies to test them for cu or sz, which then gives
the order relative to pnr.

A viable allele of pnr, pnr*’, and a lethal one, pnr'™, were
mapped relative to Sb: kar® ny’% pnr”' ™ Sb/+ females were
crossed to st In(BR)pnr"Xj ¢/TM3 Sb Ser males. Respectively,
five and four Sb" recombinants were scored among 3611 and
2920 F, pnr flies (pnr”'/pnr'™ and pnr'™/pmr*™ are viable,
fertile and exhibit a thoracic cleft). Further crosses reveal that
the recombinant chromosomes contain the kar® ry°% markers.

Cytology: Chromosome aberrations were analyzed cytolog-
ically with temporary propionic-orcein-carmine squash prepa-
rations of larval salivary gland chromosomes. The abberations
were interpreted with the aid of the revised polytene chromo-
some maps of BRIDGES (see LEFEVRE 1976).

Production of mosaic animals: Mutant clones were pro-
duced by mitotic recombination induced by either by X-rays
or hs-FLP/FRT (Goulic and LinpQuisT 1989; GoLic 1991).
Twenty-four hour egg collections were made and larvae were
irradiated (1000 rads) or heatshocked (1 hr, 37°) between
48 and 72 hr after egg laying. Clones were marked with pawn
(pwn), which labels both sensory bristles and epidermal hairs,
mutiple wing hairs (mwh), which labels hairs, and javelin (jv),
which labels sensory bristles. For a description of these gratu-
itous mutant cell markers see LINDSLEY and ZiMM (1992).
Thoraces were mounted between coverslips in Struhl’s me-
dium. Clones were induced in flies of the following genotypes.

hs-FLP/FRT system:

(1) y FLP'/+; pr pwn; FRT™* pnr"™ [FRT™* Dp(2;3)P32, pum”*

(2) pr pn FLP*/pr pun; FRT™® kar’ y°% pnr*™ /FRT™® kar®
% Dp(2;3)P32, puwn*

(3) y ELP'/+; pr pwn; FRT™* pnr*™! JFRT™* Dp(2;3)P32, pum*

(4) y FLP'/+; pr pwn; FRT™* pnr® [JFRT™* Dp(2;3)P32, pun*

X-ray method:

(B) pr pwn; st prr’“ ! o/Dp(2;3)P32, pun®

(6) emc’ mwh ju pnr'*®/Dp(3;3)BK43 Df(3R)sbd”

(7) emc" mwh jv prr’“'" /Dp(3;3)BK43 Df(3R)sbd*

The FLP' and FRT™* inserts are described in GoLic (1991).

Staining for B-galactosidase activity: Embryos were stained
as described by GHYSEN and O’KANE (1989). Mutant embryos
were identified using a new TM6C cu® Sb Th *‘blue’ balancer
carrying a P[twi-f-gal,w*] insert (P. HEITZLER, unpublished
results). Imaginal discs were stained as described by standard
methods.

Fixation of embryos for Nomarski optics: Embryos were
prefixed with heptane and glutaraldehyde, then fixed with
glutaraldehyde after hand removal of the vitelline mem-
branes. They were mounted in Euparal.

Expression of pannier transcripts in situ: Digoxygenin-la-
beled DNA was synthesized according to the Boehringer-
Mannheim protocol and hybridized to whole mount embryos
according to TAUTZ and PFEIFLE (1989).

Staining with acridine orange: Embryos were stained as de-
scribed by ABRAMS et al. (1993), and wing discs were stained
as described by Masucar et al. (1990). Samples were viewed
either with a conventional fluorescence microscope (Zeiss
Axiophot) or with a TCS confocal scanning laser microscope
(LEICA, DMRE microscope, Argon Krypton laser type). Con-
focal image processing was performed either with logicial ele-
ments and macrocommands provided by the manufacturer
or by programs concieved and developed by J. L. VONESCH
at the Institut de Génétique et de Biologie Moléculaire et
Cellulaire (I.G.B.M.C.). Photographs were made from a focus
graphics flasher.

RESULTS

Genetics of pannier: The locus pnrwas first described
by JURGENS ef al. (1984) in a large-scale screen for zy-
gotic mutations affecting the pattern of the larval cuti-
cle. Two lethal alleles were identified in this screen and
the mutant embryos display a hole in the dorsal cuticle.
The gene has been located cytologically to the interval
89B4-9 by means of chromosomal rearrangements:
strong alleles of pnrare lethal over Df{3R)sbd’” (88F9-
89A1; 89B9-10) and Df(3R)sbd” (89B4; 89B10-13) and
display a similar embryonic phenotype as embryos ho-
mozygous for Df(3R)sbd”. pannier maps meiotically to
3-58.05. One viable allele, [mrw, and one lethal allele,
pnr'®?, were mapped 0.15 map unit to the left of Sb (see
MATERIALS AND METHODS). A preliminary cytogenetic
analysis of the proximal 89B region of chromosome
3R is presented in Figure 1. EMS-treated isogenic st e
chromosomes (1600) were tested for visible and lethal
mutations when heterozygous with the deletion
Df(3R)sbd”. Six new complementation groups have
been ordered with regards to pnrand to two previously
known loci, serpent (srp) and stubbloid (sbd) (ASHBURNER
1991) either by deletion mapping (Figure 1) or ex-
change mapping (Table 1).

We have isolated (see MATERIALS AND METHODS for
screens) a number of dominant and recessive alleles of
pnr. A summary of the phenotypes of these alleles is pre-
sented in Table 2. Most of the recessive lethal alleles,
whether or not they behave as dominants in the adul,
display the same embryonic phenotype when homozy-
gous, hemizygous or in transheterozygotes of a dominant
over a recessive allele. Revertants of the dominant alleles
behave like the recessive alleles. Viable alleles were also
recovered. They display a cleft in the notum and an al-
tered bristle pattern. These imaginal defects are also seen
in some transheterozygotes between viable and lethal al-
leles and even in some viable allelic combinations be-
tween alleles that are homozygous lethal. Pairwise combi-
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FIGURE 1.—Cytogenetic map of the proximal half of section 89B. pannier and the surrounding complementation groups are
shown, together with the genetic limits of deletions and rearrangements in this region. The P[gro*,ry"]E8(89B) insert was first
described in PREISS et al. (1988) and was shown to map in 89B1-7. A single lethal revertant that failed to complement Df{3R)sbd"
was obtained (Df(3R)E8—89B-Rev2) among 270 independently occurring jump events from the excision of this transposon (this
study). The dominant pns’* allele is associated with [(3)Bg’, so it is not known whether Dfi3R)pn”***’, a revertant of pni?, is

mutant or deleted for I(3}89Bqg.

nations were performed for all alleles and suggest a
complexity within the structure or the regulatory control
of the gene. The three mutant phenotypes will be de-
scribed separately: the dorsal hole in the embryo, the
cleft in the thorax and the altered bristle patterns.

Distribution of pannier transcripts in embryos: The
distribution of pnr mRNA in embryos was determined
by means of in sifu hybridization with a digoxigenin-
labeled pnr probe (Figure 2). At cellular blastoderm
pnr is expressed in a broad band of dorsally situated
cells between 35 and 60% egg length. These cells are
the precursors of the amnioserosa and the dorsal ecto-
derm. At germ band elongation expression remains in
the same cells but now extends as far back as the poste-
rior midgut primordium, which is itself not labeled.
Up until stage 8, staining in the amnioserosa remains
intense but fades from stage 9 onward. Expression in a
band of dorsal epidermal cells remains strong, however,
right through germ band retraction and dorsal closure.
The band of labeled ectodermal cells covers the tho-
racic and abdominal segments, but the head and the
termini do not exhibit staining.

pannier is required for viability of the cells of the
amnioserosa: The cuticular phenotypes of embryos ho-
mozygous for a number of mutant alleles were exam-

ined. In the case of strong alleles, such as pan“ or
pnr’®, the dorsal hole is quite extensive (Figure 3c).
The pattern of denticles is, however, fairly normal and
we were able to identify the ventral and lateral sensory
organs of the larval peripheral nervous system (PNS),
although due to a contraction of the epidermis that is
not held together dorsally, the spacing between them
is reduced. In the trunk region, dorsal hairs, Keilin’s
organs, and kolbchen are present. In the head, both
antennal and maxillary sense organs are formed. The
cephalopharyngeal skeleton is disrupted: the dorsal
arms and dorsal bridges are absent while the mouth
hooks and the cirri are present. As a consequence of
the lack of dorsal structures, the ventral arms and the
unpigmented wall are rotated anteriorly and protrude
at the tip of the embryo.

For weaker alleles, the extent of the dorsal hole is
reduced and mouthparts are intact. For example, pnr”’
embryos are open dorsally at the anterior end but the
cuticle forms a tube at the posterior end. The different
lethal alleles can be ordered into a series according to
the extent of the dorsal hole. For example, pnr’®'"" >
Df(3R)sbd” = pnr"™® = pnr'™ = pnr® > pnr™. pannier™®
can be considered as a reference null allele, since it is
associated with a small deletion within the gene that
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TABLE 1

Description of the loci in the pannier stubbloid region

Phenotype

Recessive lethal; germ band shortening incomplete; srp* is semi-viable and associated with a P[As-

Recessive lethal; weak transient escapers in viable combinations; I(3)89Bm’ is semi-viable and
associated with a P[gro”,ry"1E8(89B) insertion. The other alleles were obtained from the

Recessive lethal; this complementation group is defined solely by the failure of complentation

Recessive lethal; I(3)89Bo’ is semi-viable and fertile as homozygotes but lethal as hemizygotes;
1(3)89B¢” is associated with a T(1;3)3F;89B rearrangement. [(3)89Bo’ maps 0,03% proximal to

Recessive embryonic lethal; dorsal hole; for gain-of-function and viable phenotypes, see Table 2;
Recessive lethal; I(3)89Bp’ is semi-viable and escapers have a distended abdomen and heldout

Recessive lethal; [(3)89Bg4” was induced together with pnr”’; 1(3)89Bq' maps 0,15% distal to pnr”“"!
Recessive lethal; hypomorphic alleles show good viability, short bristles, shortened wings and legs;

Locus No. of alleles

srp 4

neo™] AS282(89B) insertion (CATHY MATTHEWS, personal communication)
1(3)89Bm 6

imprecise excision of this insert
{(3)89Bn 0

between Df(3R)E8-89B-Rev2 and Df(3R)sbd”
I(3)89Bo 2

pn,r](;lll
pnr 28°

pr*’ and prr'™ map 0,15% proximal to Sb
1(3)89Bp 6

wings; /(3)89Bp’ maps 0,008% distal to pnr’*""!
[(3)89Bq 2
shd 15°

sbd®™'! associated with T(2;3)GT11
1(3)89Br 1 Recessive semilethal; weak transient escapers

* pnr’®""! was described by JURGENS et al. (1984) and In(3R)Camel by KARCH et al. (1985).
*Seven, previously known, recessive and dominant alleles of sbd (LINDSLEY and ZimM 1992) and 7(2;3)GT11 (GUBB et al. 1990),

which has been shown to be mutant for sbd (this study).

would remove all but nine amino acids of the pnr pro-
tein (RAMAIN ¢f al. 1993). Though the chromosome
pnr’“"" has been cleaned by crossing over, a closely
linked altered genetic function may explain the
stronger phenotype. The molecular nature of the allele
pnr’¢""! is unknown.

To study the origin of the dorsal hole, embryos de-
rived from a cross between flies heterozygous for
pnr’"" were fixed at different stages with glutaralde-
hyde and examined with Nomarski optics. One-quarter
of the embryos are mutant. Before stage 12, the mutant
embryos are indistinguishable from their wild-type sib-
lings and at this level of observation development ap-
pears to proceed normally. Throughout germ band re-
traction, however, in a quarter of the embryos the cells
of the amnioserosa can be seen to disintegrate and then
disappear (Figure 3b). The cell death does not extend
very far ventrally and it is unclear how much dorsal
epidermis is lost. However, although the dorsal arms of
the mouthparts are later found to be missing, all cells
of the larval peripheral nervous system PNS can be iden-
tified so it is probable that the loss of epidermal cells
is restricted to the most dorsal ones.

Cell death was studied in more detail by means of
acridine orange staining of embryos derived from a
cross between pnr*™ heterozygotes. The cells of the am-
nioserosa took up the stain and staining was the most
intense at around stage 11 (Figure 3e). At this stage
no staining could be seen in wild-type control embryos
(Figure 3f). In wild-type embryos the amnioserosa per-
sists until dorsal closure, when it changes to a columnar
epithelium and invaginates: only at stage 17 do the cells

undergo apoptotic cell death (RUGENDORFF ¢t al. 1994).
In addition, in pnr mutant embryos a band one to two
cells deep of the dorsal-most epidermis could also be
seen to be labeled, although less intensely.

Although the dorsal cells are physically lost only late
in development, they are morphologically abnormal
shortly after the onset of gastrulation. This was apparent
in studies of pnr’*® embryos derived from a strain car-
rying an enhancer-trap P-lacZ fusion gene inserted 99
nucleotides upstream of the origin of transcription of
the emc locus (GARRELL and MODOLELL 1990). This in-
sert, emc” ‘[lac,ry*], causes the expression of lacZin the
cells of the amnioserosa and some cells of the dorsal
epidermis. The large nuclei of cells of the amnioserosa
are very visible in such stained animals. In the mutant
embryos at ~4 hr after egg laying, the nuclei of the
marked cells degenerate into densely staining frag-
ments of various sizes (not shown). Similar observations
were made using marked anti-ush antibodies that also
stain the nuclei of the amnioserosa (M. HAENLIN, un-
published results).

Following the loss of the cells of the amnioserosa,
dorsal closure fails to occur and the yolk sac can be
seen to protrude from the embryo. Fusion of the ante-
rior and posterior midgut takes place however. Subse-
quently the embryo changes shape slightly; not being
held together dorsally the gut protrudes and the epider-
mis contracts ventrally before cuticle deposition. Never-
theless, much of the remainder of development pro-
ceeds normally and a study of 24-hr-old embryos stained
with the anti-HRP antibody reveals a normal structure
for the central nervous system (not shown).
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TABLE 2

Description of mutant pannier alleles

Alleles Mutagen Chromosome Phenotype Comments
Camel X-ray ? Camel/ +: show a strong thoracic cleft and In(3R)89B;89E; hypomorphic
an iab5 phenotype; lack IV and PV + neomorphic effects
Camel/ DF(3R)sbd”: die as headless pupae;
lack DC and Sc
Camel™! Spontaneous st Camel e Camel™!/+: no thoracic cleft but lack IV —
and PV
Camel™ '/ Df(3R)sbd": die as head-less
pupae; lack DC and Sc.
Vi Spontaneous  Sb VI1/VI: viable Hypomorph
vi/ Df()"R)sbd”: semi-viable, lack bristles
and occasionally show head defects
VX1 X-ray ste VX1/+: occasionally lack one DC Gain of function
VX1/VXI: die as larvae or early pupae Antimorphic; normal
cytology
VX1/VI: viable and show a much stronger Deletion in coding sequence-
loss of bristle phenotype than truncated protein
Df(3R)sbd”/ V1
VX2 X-ray st e VX2/VX2 and VXZ/Df(j‘R)sbd” : semi-viable In(3R)89B;91D; hypomorph
with cleft loss of bristles and occasionally
head defects
VX3 X-ray ste VX3/ VX3 and VX3/Df(3R)sbd*’: viable with In(3LR)80D-F;89B; special
cleft and loss of bristles allele because unlike the
VX3/+: females die; however after a long other viable alleles, VX3
selection of escapers a normal balanced suppresses the bristle
stock has been established (when phenotype of DI, D2 and
outcrossed, all VX3/+ females die) D3
VX4 X-ray ste Same as VX1 Same as VXI
VX5 X-ray ste VX5/VX5: viable with cleft and extra DC In(3R)81F;89B; hypomorph;
but occasionally lack DC VX5 viable over all other
VX5/Df(3R)sbd”: viable with stronger cleft alleles except D4 shows
and loss of bristles variegating position effect
VX6 X-ray kar* % Embryonic lethal, same as deficiency Amorph; normal cytology;
deletion of most of the
coding sequence
VX7 X-ray ka? % Embryonic lethal; same as deficiency; VX7/ T(2;3)41A-C;89B; amorph +
+ lack IV bristles dominant trans-sensing
effects; hypomorph
insertion within the gene
VPS8 Plry*,A2-3] % Sb e Pry*,D2-3] (99B)  Embryonic lethal; dorsal hole; VP8/D3 give
(99B) escapers whereas Df(3R)sbd”/D3 do not
VX9 X-ray ste VX9/+ show a dominant extra-wing-veing Tp(3;3)84D;89B;91E; new
phenotype, lack PS bristles order: 61A-84D/89B-91E/
84E-89B/91F-100F;
VX9/Df(3R)sbd”: viable with weak cleft, loss Neomorph?
of bristles and extra wing veins
VX9/VX9 die (perhaps this is due to other
lethals on same chromosome)
MD237 (from Plry*,A2:3] ? MD237/+: show a thoracic cleft; Hypomorph + neomorphic
Madrid) (99B) occasionally lack IV and PV effects ?
MD237/MD237: viable
MD237/ Df(3R)sbd45 : semi-viable, lack
bristles and occasionally show head
defects
7GI111 (from EMS ru h th st cusré ca Embryonic lethal: dorsal hole broader than Special allele
Tiibingen) for VX6/VX6 or Df(3R)sbd”/ Df(3R)sbd”
7G111/D3 give escapers whereas
Df(3R)sbd”’/D3 do not
7G111/ VX5 show extra DC unlike
Df(3R)sbd"/ VX5
D1 EMS ? D1/DI: embryonic lethal; dorsal hole Gain of function;
D1/ + show a slight cleft and extra DC and antimorphic; point
Sc (PV occasionally absent) mutation in first zinc
finger domain
DIF! EMS stDle Embryonic lethal; dorsal hole Amorph
DIF? EMS stDle Embryonic lethal; dorsal hole Amorph
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TABLE 2
Continued
Alleles Mutagen Chromosome Phenotype Comments
D2 EMS ? D2/D2: embryonic lethal; dorsal hole Same as D1
D2/+: show some extra DC & Sc
D2R! EMS stD2e Embryonic lethal; dorsal hole Amorph
D2R+2 EMS stD2e Embryonic lethal; dorsal hole Hypomorph?

VX4/D2%*? die as pupae whereas VX4/ The VX4 cross shows that this
Df(3R)sbd” die as embryos or larvae allele has retained some D2
(first instar) activity since D2/ VX4 is

viable
D2t EMS stD2e Wild type Precise revertant?
D3 EMS ? D3/D3: embryonic lethal; dorsal hole less Same as D1
extreme

D3/+: show a slightly stronger cleft than

DI and occasionally extra DC
D4 EMS TM3 Sb Ser D4/D+4: embryonic lethal; dorsal hole Gain of function;

D4/ +: show a strong cleft but less antimorphic; Coinduced
extreme that Camel; lack PV, IV and with 1(3)89Bq2; all D4
sometime AQj; have more DC and Sc derivatives carry I(3)89B¢°
than DI1/+ point mutation in first zinc

finger domain
D4R+! EMS TM3 D4 Sb Ser Embryonic lethal; dorsal hole Hypomorph?

D471/ VX5 show extra DC unlike The VX5 cross shows that

Df(3R)sbd”/ VX5 D4 is not an amorph
D42 X-ray TM3 D4 Sb Ser Embryonic lethal; dorsal hole Amorph
D4 X-ray TM3 D4 Sb Ser Embryonic lethal; dorsal hole Amorph
D4 X-ray TM3 D4 Sb Ser Embryonic lethal; dorsal hole The VX5 cross shows that

D42/ VX5: is semi-lethal whereas D4*’ has retained some
Df(3R)sbd"/ VX5 is viable (D4/ VX5 is D4 antimorphic activity.
lethal)

D4**6 X-ray TM3 D4 Sb Ser Embryonic lethal; dorsal hole Amorph

D4*%/+ show often one drooping wing

Bristle nomenclature: IV, inner vertical; PV, postvertical; DC, dorsocentral; Sc, scutellar; PS, presutural; AO, anterior orbital.

To investigate whether the dorsal cells die as a result
of their dorsal position in the embryo or because of
their tissue type, embryos doubly mutant for pnr’®*"
and dorsal (dl) or cactus (cact) were constructed. Females
homozygous for dl produce embryos in which all cells
develop as dorsal epidermis (NUSSLEIN-VOLHARD 1979),
whereas females homozygous for cact produce partially
ventralised embryos in which the denticles characteris-
tic of the ventral cuticle extend around the entire cir-
cumference of the embryo (ROTH et al. 1991). pannier
embryos derived from difemales differentiated virtually
no cuticle, occasionally small vesicles of cuticle are
found (not shown). In contrast pnr embryos derived
from cact females are identical to their pnr* siblings and
display a continuous tube of cuticle and no dorsal hole
(not shown). We conclude that cells bearing the charac-
teristics of the amnioserosa or dorsal-most hypoderm,
whatever their position in the embryo, fail to differenti-
ate in the absence of the pnr product. They either die
or fail to secrete cuticle.

Embryos mutant for emc are lethal and display mild
cuticular abnormalities (CUBAS ef al. 1994). The genes
pnrand emc have been found to interact for the forma-
tion of the thoracic sensory bristles (see below). There-
fore we have examined the phenotype of embryos dou-
bly mutant for emc and pnr. Two alleles, pnr’“’!! and

pnr”’, were combined with either emc’, emd™*? or emc*™
(Moscoso DEL PRADO and GARCIA-BELLIDO 1984a; GAR-
CIA-ALONSO and GARCIA-BELLIDO 1988; ELLIS 1994). Re-
markably, these double-mutant embryos, while lethal,
do not display a dorsal hole, the cuticle forms a continu-
ous tube (Figure 3d). Dorsally the cuticle is lacking in
dorsal hairs, although a few sparse ones remain. The
ventral denticle bands are present.

The expression pattern of lacZ (amnioserosa and dor-
sal epidermis) characteristic of emc flies is unchanged
in em™lacry*] prr™" fpnr™1 ) emd”[lac,ry™] pnr®'/
' and emd”[lac,ry*] pnr*™®/pnr'*® embryos (not
shown). Two other inserts of a P-lacZ fusion gene into
the emclocus (see MATERIALS AND METHODS), emc?’! and
emc®'?, show identical lacZ patterns to that of emd™.

Since the bristle phenotype of viable pnr mutants is
strongly modified by varying the dosage of ac and s¢
(RAMAIN et al. 1993), we examined lethal embryonic pnr
mutants in the presence of one or three copies of ac
and s¢". The embryonic phenotype was unchanged (not
shown). The pattern of acexpression (by in situ antibod-
ies) in pnr embryos is essentially indistinguishable
from wild type (M. HAENLIN, unpublished results).

The pattern of expression in imagos: The allele
pnr™”?7 is homozygous viable and is associated with a
slight thoracic cleft. It carries a GAL4 insertion. When
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FIGURE 2.—The pattern of expression of pnr mRNA in whole mount embryos. At cellular blastoderm (a), pnris expressed in
a broad band of cells at the position of the future amnioserosa. These cells contract during gastrulation and germ band elongation
(b and c), and staining is apparent in the amnioserosa and part of the dorsal epidermis at the end of germ band elongation
(d and e). At germ band retraction staining is no longer apparent in the cells of the amnioserosa but remains strong in the

dorsal epidermis (f-h).

flies carrying this insertion are crossed to flies carrying
UAS y", the y gene is expressed under the control of
the pnr promoter (M. CALLEJA and G. MORATA, unpub-
lished results). Flies (that are otherwise mutant for y)
display a broad stripe of y" tissue along the dorsal mid-
line (Figure 4a). The edges of the stripe are remarkably
straight. This band extends along the full length of the
thorax and abdomen. In the head y" tissue is restricted
to the occipital region between the eyes. On the thorax
the band includes the dorsocentral bristles. When
crossed to flies carrying UAS lacZ, the pnr?’7 strain
expresses lacZ in the imaginal discs. A similar stripe can
be seen along the dorsal midline in adult flies due to
the accumulation of persisting galactosidase (Figure
4b). The pattern of lacZ staining in the thoracic discs
is very similar to that of pnr mRNA as described by
RAMAIN et al. (1993; Figure 4d). Expression is more
extensive than previously observed in the eye-antennal
disc, however, and staining extends over most of the
dorsal half of the disc (Figure 4e).

The thoracic cleft: Viable mutant pnr flies display a
cleft in the center of the thorax (Figure 4c). This is seen
in flies homozygous for recessive viable alleles, such as
[mrw, In()"R)[mrvxz, In(3LR)pnr*™ and ]n(BR)pnrvxj, that
display a stronger phenotype over deletions and over
most recessive lethal alleles and are therefore hypomor-
phic for this trait. Flies heterozygous for the dominant
alleles prr”', pro”?, pro™’, mr™, prr™ and prr™?7 also
form a cleft. Finally, occasional adult escapers of transhet-
erozygotes of otherwise homozygous lethal alleles, such
as prr”? fpnr”"" and prr®”’ fpnr*™, are recovered and they
display a very extreme thoracic cleft.

Mutant alleles can be placed in a series according to
the severity of the cleft. In flies displaying the mildest
phenotype, the cleft is only distinguishable by the slight
spacing on the center of the notum between the median
rows of microchaetae. Interestingly, this phenotype is
also observed in flies carrying four doses of pnr'. In
animals with more extensive clefts, the two halves of

the scutum are reduced, and in pnr clones (pnr*™),
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FIGURE 3.—Mutant pnr phenotypes. Anterior is to the left. Embryos in a and b were fixed in glutaraldehyde and photographed
under Nomarski optics. (a) A late wild-type embryo after germ band retraction and dorsal closure. (b) A pnr’®""' mutant embryo
in which germ band retraction, but not dorsal closure, has occurred. Dissociated dying cells of the amnioserosa can be seen
along the dorsal edge of the embryo (arrow). c and d show the cuticles of pn’®'"" and pnr’“""* emc' embryos, respectively. The
dorsal hole characteristic of pnr mutants (c) is suppressed in the double mutant (d). The head remains abnormal however. (e)
A stage 11 pnr'™*® embryo stained with acridine orange. Staining is very intense in the amnioserosa and weaker in a few cells of
the dorsal epidermis. (f) A wild-type embryo, also at stage 11, shows no staining.

the entire scutellum disappears. In the strong viable or
pupal lethal allelic combinations, the defects are not
restricted to the thorax. The head is often deformed
or split in the regions of the postvertical and the vertical
bristles. The eyes are sometimes smaller or even miss-
ing. In several pupal lethal allelic combinations, the
head is entirely missing. The dorsal abdomen exhibits
a regular antero-posterior cleft formed by split tergites.
Finally, in certain specific viable transallelic combina-
tions, males have a rotated genitalia.

The cleft presumably results from a failure of the
two halves of the thorax to fuse correctly at the dorsal
midline during metamorphosis. It is possible that the
midline stripe of pnrexpressing cells are lost. Late third
instar larval and early pupal thoracic discs were stained
with acridine orange but no cell death was observed
(not shown). This does not exclude the possibility of
cell death during pupal stages. The abnormalities, how-
ever, can extend further laterally than the pnrexpress-
ing band of cells and thus include cells that express pnr
and also non-pnrexpressing cells. To investigate this

phenotype further, homozygous thoracic clones of
pnr‘m, [)m’m HT and [mr’” were examined. Remarkably,
when adjacent to the thoracic midline, these can cause
a sizeable bilateral cleft involving most of the scutum
in spite of a relatively small number of mutant cells that
often only abuts the midline for a short distance (Figure
4c). Of 51 clones, 22 touched the thoracic midline and
were all associated with a cleft thorax. Clones homo-
zygous for pnr”’ behaved similarly: of 24 clones, six
touched the midline and each of these was associated
with a cleft. The extensive loss of thoracic tissues in
clones touching the midline involves both cells of the
clone that are mutant and adjacent cells of wild-type
genotype. Therefore the mutant cells can cause a non-
autonomous loss of adjacent wild-type cells.

In contrast quite large clones of cells that run close
to, but do not abut, the thoracic midline develop nor-
mally (albeit with altered bristle patterns) and do not
induce a cleft (Figure 4g). None of the 29 nonmidline
clones of pn**® and pnr”*'"" (and 18 pnr”’ clones) were
associated with clefts. Many of these clones include cells
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FIGURE 4.—The pattern of expression of pnrin flies and in larval imaginal discs. (a) Flies carrying a GAL4 insertion in pnr,
in the presence of UAS lacZ, display a dorsal stripe of lacZ expression, as seen here on the thorax. (b) Flies carrying a GAL4
insertion in pnr, in the presence of UAS y*, reveal a stripe of y* tissue along the dorsal midline, seen here on the thorax. (c)
The thorax of an adult fly bearing a clone of cells homozygous mutant for pnr’’’. This clone touched the midline and caused
the cleft appearance of the thorax. (d) The pattern of lacZ staining seen in the thoracic disc of flies of the same genotype as
in a. Staining covers a broad dorsal area of the disc. (e) The pattern of lacZ staining seen in the eye-antennal disc of flies of
the same genotype as in a. Staining is seen in the dorsal half of the disc. f shows the hemithorax of a wild-type fly bearing a
clone of cells marked with pawn. The pawn marker causes transparent bristles often with the tip missing and with a small spur
at the base that is not visible in the photograph (arrows). g shows the hemithorax of a fly containing a clone of cells homozygous
for pawn and pns”' that did not touch the thoracic midline and was not associated with a cleft thorax. Note the development

of additional thoracic macrochaetae at the dorsocentral site.

that lie within the pnrexpressing stripe. In these cases
the mutant cells are perfectly viable. We conclude that
tissue loss and formation of a cleft only occurs when
cells at or very close to the midline are mutant.

Clones of cells doubly mutant for emc and pnr (emc’
pnr"*® and emc" pnr”*''") were also examined and these
too can induce the formation of a cleft when adjacent
to the midline (not shown).

The pattern of sensory bristles: Alleles of pnr display
missing and/or extra bristles. The phenotypes have

been examined in viable alleles and allelic combina-
tions and somatic clones of lethal alleles. The macro-
chaetes of the head and thorax are affected; there is no
effect on microchaetes nor on the wing bristle pattern.
Some alleles cause the development of additional mac-
rochaetes at precise locations together with a loss of
bristles at others; other alleles cause only either a loss
of macrochaetes or a gain of new ones. Each transallelic
combination has its own constant and precise bristle
pattern that may differ from the two homozygotes.



Genetic Analysis of pannier 1281

There is no apparent relationship between the severity
of the thoracic cleft and the presence or absence of
specific bristles. Thus the deformation of the thorax
does not determine the bristle pattern. Varying the
number of wild-type doses of pnr" has no effect on
the distribution of bristles: monosomic, trisomic and
tetrasomic pnr* flies have a normal bristle pattern.

In an attempt to understand the role of this gene on
the positioning of bristles, we have examined a large
number of alleles. From an extensive study of the com-
plementation patterns and phenotypes we have
grouped the pnr alleles into four classes (see Table 2
for the salient points relative to each allele).

Loss of function alleles: Class 1: Viable recessive al-
leles: There are four viable recessive alleles. pannier’
and In(3R)pnr**? generally cause a loss of two or three
macrochaetes: one or two dorsocentrals, the inner verti-
cal bristles, and sometimes the postvertical, whereas
In(3LR)pnr" flies lack one dorsocentral bristle and the
inner vertical. In(3R)pnr"™ is the only allele for which
flies may display either a loss of the dorsocentral bris-
tles or a tuft of supernumerary dorso-central bristles.
Furthermore, some animals may display a loss of dorso-
central bristles on one hemithorax and a cluster of
these bristles on the other. It is likely that this variability
results from position effect variegation, which can
spread linearly along a chromosome from a heterochro-
matic breakpoint (see HENIKOFF 1994 for a recent re-
view), since In(3R)panX5 has breakpoints that juxtapose
the 89B region to the centric 3R heterochromatin (Fig-
ure 5). The four viable alleles are also viable over dele-
tions and in such hemizygous flies more bristles are
missing, suggesting that they are hypomorphic in their
effects on the bristle pattern.

Class 2: Lethal recessive alleles: There are 12 alleles in this
group and nine of these were obtained as revertants of
dominant alleles. They are all lethal over one another
(except pnr’“"!! /pna'™®, which gives some adult escapers
with missing dorsocentral and scutellar bristles) but are
all viable over In(3R)pnr"™* and occasionally over pnr’”.
Such viable transallelic combinations with In(3R)pnr'™ dis-
play a loss of bristles (a subset is shown in Figure 6). Flies
show a loss of up to four macrochaetes (dorsocentrals,
inner verticals and sometimes one scutellar). Several of
these combinations exhibit an additional posterior post-
alar bristle. Some show patterns similar to that of pnr"™
over a deficiency and may thus represent null alleles. This
is the case for the known null pnr"*%. The phenotype of
o’ [In(3R)pmr*™ and also prr”*H! /In(3R)pnr"™ dif-
fers from the others in that these flies exhibit three dorso-
central bristles per hemithorax, suggesting that neither
prr”" nor pnr®***! are amorphic alleles.

Gain of function alleles: Class 3: Dominant alleles caus-
ing a loss of bristles: Two distinct groups of mutants form
class 3. Flies heterozygous for either of the two alleles
"™ and pnr'™ lack occasionally one dorsocentral bris-
tle (Figure 7). This phenotype is never observed in flies

from'stocks heterozygous for a deletion of the gene. The
cytology of these two X-ray-induced alleles is normal;
they were mapped meiotically near Sb. A molecular anal-
ysis has shown that they are associated with small dele-
tions in the coding sequence of the gene (RAMAIN ¢ al.
1993). The dominant effect is enhanced over viable al-
leles and so pnr*™ /pnr" and pnr'™* /pnr”” flies are viable
and are missing up to six macrochaetae. This is the
strongest mutant bristle phenotype that we have ob-
served in a viable combination. The loss of bristles is
greater than that seen in pnr"’ /Df3R)sbd”, pnr~ flies. In
a gene dosage analysis these alleles were found to behave
as antimorphs (RAMAIN et al. 1993). Clones homozygous
for either mutant also have missing bristles on the tho-
rax; the head bristles are all present. Three other mu-
tants, In(3R)Camel, Camel™*" and pnr"™**’, show a domi-
nant loss of postverticals and innerverticals from the
head. They are associated with rearrangements that
probably disrupt a critical element of the promoter.

Class 4: Dominant alleles causing a gain of bristles: Four
alleles, pnr”’, pnr™?, prr™ and pnr”*, when heterozygous,
cause, simultaneously, a loss of bristles (postvertical) on
the head and a gain of bristles (dorsocentral) on the
notum (Figure 7). Flies mutant for pnr”?, the strongest
allele, display up to five or six dorsocentrals per hemitho-
rax and sometimes lack the innervertical and anterior
orbital bristles. They are all EMS-induced alleles and
have been meiotically mapped (except for pnr”, which
was found on a TM3 balancer chromosome) near Sb. A
molecular analysis has shown that these alleles, too, are
associated with lesions in the coding sequence of the
gene (RAMAIN ef al. 1993). They can be ordered in an
allelic series according to the severity of the altered bris-
tle pattern in heterozygous flies. Like class 3 alleles, many
of the phenotypes of class 4 mutants are enhanced by the
viable alleles. Thus transheterozygous flies of dominant
alleles over pnr*’ may display up to 12 dorso-central bris-
tles per hemithorax but lack all postvertical and also
scutellar bristles (Figure 7). Clones homozygous for
pnr®’ show a phenotype similar to the heterozygotes and
have additional bristles. Like class 3 mutants, and in spite
of the opposite phenotype, they behave as antimorphs
in a gene dosage analysis (RAMAIN ¢f al. 1993). The class
3 alleles complement the lethality of class 4 alleles: for
example, pnr*™* /pnr®’ give fertile flies with eight dorso-
centrals and no posterior postalars.

Alleles of class 4 are sensitive to the dosage of extra-
macrochaetae: Animals mutant for emc display additional
bristles, and mutant alleles of this gene can be arranged
into a clear allelic series (GARCIA-ALONSO and GARCIA-
BeLLmo 1988). The mutant phenotype of animals het-
erozygous for class 4 alleles changes dramatically when
the number of copies of the emc gene is varied. Data for
pmr®" are shown in Figure 8, but all four alleles behave
similarly. With decreasing amounts of emc* the number
of dorsocentral (and other) bristles increases. The effects
can be spectacular: me !/+ animals simultaneously mu-
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FIGURE 5.—Cytology of the chromosomes bearing rearrangements mutant for pnr. a shows In(3LR)pnr**’, which breaks at 89B
and 80D-F. b shows In(BR)[mr"‘z, which breaks at 89B and 91D. ¢ shows 1n(3R)[mr"‘”, which breaks at 89B and 81F. d shows
Tp(3;3)pnr*™, the new order of which is 61A-84D/89B-91E/84E-89B/91F-100F.

tant for a strong viable emc¢ combination display up to
55 macrochaetae on the thorax, compared to the 11
seen in the wild-type fly. Increasing the emc” copy num-
ber partially suppresses the dominant phenotype of extra
dorso-central bristles. This suggests that the pnr mutants
of class 4 and emc act synergistically to induce extra bris-
tles. In contrast, the phenotype of animals mutant for
all other classes of pnr alleles does not change when the
dose of emc" is varied (not shown).

One possibility is that pnr and emc function together
in the same pathway of ac-sc repression in those parts
of the epithelium where both are present. Therefore
animals doubly mutant for emcand pnr mutants causing
a loss of bristles were examined. Two viable double
mutant genotypes are shown in Figure 8. In emc’ pnr"’'/
emd”! [mr‘/x’ flies, characteristics of both emc¢ and [mrv’ /
pnr*™™ were observed. However, the emespecific pattern
of additional bristles is found outside the domain of
pnr expression. Within this domain, loss of bristles is
the rule and so pnr appears to be epistatic over emc.

DISCUSSION

pannier is required for viability of cells situated dor-
sally in embryos and imaginal discs: Lethal alleles of

pnr (including the null allele, pnr'*°) die as embryos

with a dorsal hole in the larval cuticle. Our results show
that this is due to cell death. In wild-type embryos the
cells of the amnioserosa undergo apoptosis at stage 17
after the completion of dorsal closure (RUGENDORFF et
al. 1994). Acridine orange staining for pnr~ embryos
reveals apoptosis of the amnioserosa as early as stage
11. It is likely that the dorsal-most cells of the ectoderm
are also lost since they stain positively with acridine
orange, albeit rather weakly. Furthermore, the dorsal-
most structures of the mouthparts are missing and dou-
ble mutant dl pnr embryos do not differentiate cuticle
(dl embryos are composed of cells with characteristics
of both the amnioserosa and the dorsal ectoderm, Ray
et al. 1991). Alternatively, the dorsal epidermis may fail
to secrete cuticle. Perhaps the fate of the dorsal epider-
mal cells is wrongly specified; the cells do not die be-
cause of the lack of some basic metabolic feature, since
there is no dorsal hole in double mutant pnr emc em-
bryos. Transcripts of pnrare restricted to the amnioser-
osa and dorsal ectoderm (see also WINICK et al. 1993)
presumably through the prior action of genes such as
zen, whose activity is critically required for the amnioser-
osa. However, pnris expressed in a larger domain than
that of zen and so its regulation must also rely on other
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genes expressed in this area. pannier mutants do not
cause changes in the dorsoventral fate map and so their
effects are presumably limited to the pnrexpressing
cells themselves.

extramacrochaetae is expressed in a dynamic changing
pattern in many tissues throughout embryogenesis:
transcripts are found in the amnioserosa but are absent
from the neuro-ectoderm (CUBAS et al. 1994). Mutant
emc embryos display a slight dorsal bend and dorsal
closure is often abnormal (CUBAS et al. 1994). The sup-
pression of the pnr phenotype in embryos simultane-
ously mutant for emc suggests that both of these genes
contribute to the determination of cell fate in the dorsal
part of the embryo. There is no evidence that this in-
volves ac and s¢, pnr and emc may act upon different
regulatory proteins in the embryo.

pannier is also required in the most dorsally situated
cells of the head, the thorax and the abdomen. The
adult expression pattern, seen with the GAL4 insertion
in pnr*P?”7 reveals a broad stripe along the entire dorsal
midline of the fly. This corresponds to a domain of ex-

FIGURE 6.—Schematic representation
of the bristle patterns on the head and
thorax of a number of viable mutant pnr
alleles and allelic combinations. In pnr
mutants the dorso-central bristles (DC)
of the thorax and the inner vertical bris-
tle (IV) on the head are the most fre-
quently affected, followed by the thoracic
scutellar (Scu) and posterior postalar
bristles (PPA) and the postvertical (PV)
on the head. The rest of the bristle pat-
tern is rarely altered. For each genotype
>27 hemithoraces were examined. e,
bristles present >50% of the time; O,
those present 10-50% of the time; and
those present <10% of the time are not
drawn. Hypomorphic alleles, such as
pnr”™%, are associated with a loss of bris-
tles. pnr*™ is a viable allele that may show
position effect variegation and displays
either a loss or a gain of bristles. This
allele is hypomorphic and is viable of
many lethal alleles. Such combinations of
recessive lethal alleles over pnr*™ always
display a loss of bristies. When in trans
to the dominant alleles of class 3 (pnr*™
or pnr"™), pnr™® accentuates the loss of
bristles characteristic of these mutants.
When in trans to dominant alleles of class
4 (pn”’, pn”2, pnr”’) pnr'™ accentuates
the gain of bristles characteristic of these
mutants.

pression at the dorsal edge of the thoracic disc (RAMAIN
et al. 1993), where the two hemithoraces, each derived
from a separate imaginal disc, will fuse together at meta-
morphosis. Cells at the midline fail to differentiate since
the mutants display a pronounced cleft along the dorsal
midline. There seems to be no cell death along the dorsal
edge during larval stages, but we were unable to deter-
mine whether cells at this site die during metamorphosis.
The cells either die, or else after a failure of fusion of
the two sides the epidermis may curl up and the cells be
unable to secrete cuticle. In the most extreme mutants
there is a substantial loss of tissue including cells that do
not express pnr. A study of mosaic thoraces showed that
if the midline cells are mutant there is an extensive loss
of adjacent wild-type cells in addition to the mutant ones.
On the other hand, if the midline cells are wild type,
then adjacent mutant cells are quite viable. This suggests
that the midline cells have special properties that depend,
at least in part, upon expression of pnr. In a similar fash-
ion to the dorsal midline cells of the embryo, the dorsal-
most cells of the imaginal discs on either side of the
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DI{3R)sbdas/+ VX1/+
VX4/+

VIvX1

D1/D1 vXi/vx1

FIGURE 7.—Schematic representation of the bristle pat
terns on the head and thorax of flies carrying dominant pnr
mutants. The alleles pnr™’, pnr™, pns”> and pn”* form an
allelic series for the presence of additional dorsocentral and
scutellar bristles. At the same time the postvertical and some-
times the inner vertical bristles are missing in these flies. This
phenotype is modified in pnr”!/pnr*" flies where the gain of
dorsocentral bristles is accentuated, but the scutellar, postver-
tical and inner vertical bristles are missing. Flies heterozygous
for pne™™', pnr*™ and In(3R)Camel display a loss of bristles that

is accentuated when these mutants are in trans with pnrw .In

clones of cells homozygous for pnr”’, only additional bristles
are found, whereas in clones of cells homozygous for panX’ ,
only missing bristles are seen (RAMAIN et al. 1993).

imago must meet, line up and fuse together. It is likely
that this requires an exchange of signals between the two
epithelia. Signaling between the midline cells would then
be required for maintenance of the integrity of the neigh-
boring epithelial cells.

Animals mutant for viable emc alleles and clones of le-
thal emc mutants are never associated with thoracic clefts
(GARCIA-ALONSO and GARCIA-BELLIDO 1988; our unpub-
lished observations). However, double mutant emc pnr
clones that reach the thoracic midline are associated with
a cleft thorax. Although part of the area of pnrexpression
in the thoracic epithelium overlaps with that of emc, the
most dorsally situated cells that later form the midline do
not express appreciable levels of emc (CUBAS and MODO-
LELL 1992). Therefore the two genes act synergistically
in the dorsal cells of the embryo where their expression
coincides, but some mutant phenotypes of pnr, such as
the thoracic cleft, do not involve the emc gene product.

onrPY +
1 copy emc*

POV

9”101 pnr Vy emc’

pnepne¥t eme! par’YemcPpnr¥! porY por™

FIGURE 8.—Schematic representation of the bristle pat-
terns of flies bearing different mutant combinations of pnr
and emc. The number of dorsocentral and scutellar bristles
present on pns”’/+ flies increases dramatically with decreas-
ing doses of emc. The bristle patterns of flies doubly mutant
for different allelic combinations of pnrand different mutant
alleles of emc are shown. They display phenotypes that are
different from either of the two mutants alone. In emc’ pnrw /
emc” panX' flies, characteristics of both emc and pnrw /pmw”
were observed: the emespecific pattern of additional bristles
is found outside the domain of pnr expression. Within this
domain of expression loss of bristle is seen, so that pnr is
epistatic over emec.

The bristles are differentially sensitive: The bristle
phenotypes of pnr are restricted to the dorsal part of
the head and thorax. When all viable combinations are
taken into account, it can be seen that the inner vertical
and the dorso-central bristles are the most frequently
affected, followed by the scutellar, postvertical and the
posterior postalar bristles. Other bristles are never al-
tered. pannier is expressed most strongly in the dorsal
part of the thoracic disc, and there is thus a fairly good
correlation between the site of origin of the affected
bristles and the area of gene expression. With a single
exception (pnr*™’), for any one mutant allele the bristle
pattern is the same for all flies. A given bristle, however,
can be missing in one strain or be duplicated in an-
other. Both recessive and dominant alleles can cause
either a loss or a gain of macrochaetes and in some
mutants a loss of bristles at some sites is accompanied
by the development of extra bristles at other sites.
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The inner vertical bristle on the head is missing in
viable mutants of pnr. All the viable alleles, except pnr”,
which is of spontaneous origin, are associated with visi-
ble rearrangements that are unlikely to break within
the coding region. They could therefore affect either
the quantity or the spatial distribution of Pnr. Geneti-
cally, however, these mutants behave as hypomorphs.
ac” s¢ /+; pnr_/+ double heterozygotes also lack the
inner vertical bristles in 100% of the cases. Thus, hypo-
morphic mutants, or a reduction in the number of cop-
ies of pnr’, seem to result in a failure of ac-sc expression
at this site. These results suggest that the lack of the
inner-verticals results from a reduction of pnr* activity.
It is therefore surprising that this bristle is unaffected
in clones of the null allele pnr**® that are, furthermore,
associated with extra bristles at other sites.

The two classes of dominant alleles have opposite
effects on the bristle pattern and this is particularly
obvious for the dorsocentral bristles. Alleles of class 4
that are associated with single base substitutions in the
first zinc finger of the Pnr GATA domain (RAMAIN et
al. 1993) are associated with additional dorsocentral
bristles. This was shown to result from an overex-
pression of acand s¢ (RAMAIN et al. 1993). The dominant
alleles pnr™™' and pnr”™ of class 3 cause the opposite
phenotype of a loss of dorsocentral bristles resulting
from an underexpression of ac and sc (RAMAIN ef al.
1993). These alleles are associated with deletions in a
second domain of the protein bearing two amphipathic
a helices (RAMAIN ¢f al. 1993).

Different mutant proteins therefore seem to either
repress or activate ac-sc. pannier’> mutants, which may
be subject to position effect variegation, display either
a loss or a gain of dorsocentral bristles that could de-
pend on temporal or quantitative variations in the levels
of protein. Indeed, preliminary experiments in which
the wild-type pnrproduct is expressed under the control
of a heat shock promoter, allowed the recovery of flies
bearing either additional or missing bristles (at the
same sites) depending upon the time of heat shock (P.
RAMAIN, unpublished data).

It is not yet known whether Pnr acts directly on the
ac and sc genes. If this does prove to be the case, then
perhaps Pnr acts as both a repressor and an activator
depending upon either association with another fac-
tor(s), or perhaps on a different role for monomer and
dimer forms of Pnr (SAUER and JACKLE 1995).

Allele-specific interactions with extramacrochaetae:
The gene emc is expressed everywhere but at greatly
varying levels throughout the thoracic epithelium and
is known to act as a repressor of ac¢/sc (GARCIA-ALONSO
and GaARCIA-BELLIDO 1988; CuBas and MODOLELL
1992). The emc protein bears an HLH domain but no
basic domain and is thought to bind to the ac and sc
proteins and prevent them from binding to DNA (ELLIS
et al. 1990; GARRELL and MODOLELL 1990; VAN DOREN
et al. 1991, 1992). This would interfere with the autoreg-

ulatory loops and result in a decrease of ac and sc tran-
scripts and indeed, in the thoracic epithelium, sites of
high emc expression are generally associated with low
levels of ac/sc (CuBas and MODOLELL 1992).

Allele-specific interactions resulting in altered bristle
patterns have been found between pnr and emc. The
extra bristle phenotype of animals heterozygous for class
4 alleles is accentuated when the amount of emc is re-
duced and suppressed when the amount is increased.
This is consistent with a role of both of these genes in
the repression of ac and sc. In these mutants the first
zinc finger domain is mutated, but the helix-bearing do-
main of the protein does not carry any mutations and is
potentially functional. In contrast, the two class 3 alleles
are not sensitive to the dosage of emc¢ and they carry
deletions that would result in the absence of the two «
helices in the second domain of the protein. Thus the
presence of the helical structures seems to be a prerequi-
site for the interactions observed between pnr and emc.
This suggests the possibility that the pnrand emc proteins
may interact via the helix-bearing domain of pnr and so
perhaps act together in a common pathway.
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