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The maternal effect phenotypes of recessive mutations at the Drosophila zygotic lethal gene l(l)discs-large-l
(l(l)dlg-1)
are described. Z(l)dlg-1 is located in lOB7-8 on the salivary gland chromosome map. A complex complementation
pattern
is observed among the nine characterized
alleles. Larvae missing zygotic l(l)dlg-1’ gene activity die due to aberrant
growth of imaginal cells at the larval-pupal
transition. Embryos lacking both maternal and zygotic activity of l(l)dlg-l+,
i.e., embryos derived from homozygous Z(l)dlg-1 germ line clones for null alleles, show neurogenesis and morphogenesis
defects that result in very abnormal embryos. Although differentiated,
most tissues are morphologically
misshapen.
is a temperature-sensitive
mutation for the
This maternal effect is rescuable to some extent. One allele, l(l)dlg-lHF”“‘,
zygotic lethality. Embryos derived from homozygous Z(l)dlg-1 *F3z’ females at 18°C exhibit defects associated with dorsal
closure and head involution. More extreme phenotypes are observed when females are shifted to higher temperatures
and include defective dorsal closure, collapse of the somatic musculature, and an oversized central nervous system. The
possible involvement of the recessive oncogene l(l)dlg-1 in cell adhesion is discussed. o 1988 Academic press. I~C.

(Z(l)dZg-1) (Stewart et al., 1972) and
(Z(2)gZ) (Hadorn, 1961). Mutations at
A large number of zygotic lethal mutations in Dro- the l(2)gl locus have been shown to lead to malignant
sophila cause death at the larval-pupal transition. Most neoplasms after mutant imaginal discs are transof these interfere with imaginal disc development. Ac- planted into wild-type female abdomens (Gateff and
cording to the mutant phenotypes associated with the Schneiderman, 1967). Similarly, one allele of Z(l)dZg-1,
imaginal discs, six major classes have been distincharacterized by Gateff (1978), l(l)benign wing imaginal
guished (Shearn, 1978), mutations which result in (1) no disc neoplasm (l(l)dlg-lbWn) has been reported to generdiscs; (2) small discs due to extensive cell death; (3) ate benign neoplasms after transplantation. When resmall discs due to slow cell divisions and growth; (4) cessive mutations lead to the development of neuroblaslarge discs due to overgrowth; (5) homeotic transfortoma and imaginal disc tumors, they are referred to as
mations; and (6) abnormal disc differentiation. The recessive oncogenes or anti-oncogenes (Mechler et al.,
imaginal disc overgrowth mutants have been further
1985).
subdivided into two groups based on the nature of the
To address the specificity of the temporal expression
overgrowing tissue; these are (1) epithelial overgrowth
of one of these loci during Drosophila development we
mutants and (2) nonepithelial overgrowth mutants. In examined the maternal effect lethal phenotype of
the first case the overgrowing mutant imaginal discs l(l)dlg-I using germ line clonal analysis of both zygotic
maintain their single-layered epithelial structure. In lethal mutations and a temperature-sensitive allele.
the second case the overgrowth causes breakdown of the Here I show that l(l)dlg-1 has a maternal effect lethal
single-layered epithelial structure thereby converting
phenotype whose product(s) is required during emthe discs into spongy masses of tissue (Bryant, 1986). bryogenesis for proper neurogenesis and morphogenInterestingly, within these spongy masses there is loss esis of differentiated tissue. The function of l(l)dlg-1+
of specialized cell junctions, which is also observed in during Drosophila development and its possible involvemany vertebrate tumors (Gateff, 1978).
ment in cell adhesion are discussed.
Only a few loci have been identified that when mutated lead to the formation of large tumorous discs
MATERIALS
AND METHODS
(Gateff, 1978). It is likely that among these loci there
Strains
are some which are specifically involved in the terminaIn Table 1 the origins of the mutations used in this
tion of cell proliferation
during disc development
study
are listed. Two of the dig-1 alleles, l(l)dlg-11P20 and
(Bryant, 1986). Among the group of nonepithelial over1(1)&y-1
565,were isolated during a screen for larvalgrowth mutants two loci have been extensively studied,
INTRODUCTION
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TABLE 1
OKI(;INS, LETHAL PHASE, AND GERM LINE CLONE ANALYSIS UF I(lltlly-I

ALLELES
Germ line clone analysis

LP

Origin

Reference

N

NGLC

ME

L3-P
L3-P
L3-P
L3-P
P
Ll-2
L3-P
L3-P

EMS
EMS
DEB
EMS
EMS
XR
ENU
ENlJ
XR

(1)
(1)
(2)
(2)
(3)
(4)
(5)

X40
200
600

21
10
30

350

17

400
460
“so
700

14
8
10
44

MELR
MELR
MELR
MELR
MELR
MELR
MELR
MELR

ts

(5)

(4)

Sate. Origin: ethyl methanesulfonate
(EMS), IV-ethyl-N-nitrosourea
(ENU), X-rays (XR), diepoxgbutane
(DEB). Lethal phase: The early
to a second site lethal mutation(s)
since males of genotype l(l)dlg-lK.l’“/
lethal phase of hemizygous 1(1)&g-lH*‘” progeny is attributable
die at a later stage (L3-P) than l(l)dlg-lR”‘“/Y
males. Most
IIl,(l: Y/j,’ Y!/!,’ are not recovered and females of genotype l(1)dl.q1H”‘8/Df(l)N71
I(l/&-I”‘”
hemizygous progeny derived from heterozygous mothers pupate. This is due to the hypomorphic nature of the mutation (see text).
The lethal phase of each mutation is indicated (Ll, L2, L3: larval stages; P: pupal stage). One allele, l(I)dlg-lHFS”l is a temperature-sensitive
(ts)
lethal (see text). References: (1) D. Woods and P. Bryant, unpublished results; (2) this study; (3) Geer et al. 1983; (4) G. Lefevre, unpublished
results; (5) R. Voelker, unpublished results. Germ line clone analyses: Maternal expression (ME) was determined by germ line clone analysis. 2c’
is the number of females of genotype F.~(l)KlP~7r:~“/11ljdlg-l
analyzed and NGLC corresponds to the number of females possessing a germ line
clone. MELR refers to a paternally rescuable maternal effect lethal phenotype.

pupal lethal mutations on the X chromosome (N. Perrimon, unpublished results), while the others were obtained from various sources (see Table 1). We also utilized a deficiency, Df(l)Nrl
(Df(l)lOB&D4),
and a
duplication, Dp(1; y)v+Yy’ Dp(l; Y) (9F3 to lOCl-2; 20B
to base; 1Al to lB2; Y), of the dlg-1 locus (Craymer and
Roy, 1980). for complementation
tests. Descriptions of
stocks and balancers, unless identified in the text, can
be found in Lindsley and Grell (1968). Experiments
were conducted at 18, 20, 25, or 29°C on standard Drosoph ilu medium.

Germ line clones were induced using the dominant
female sterile technique (Perrimon
and Gans, 1983;
Perrimon ef ul., 1984a). It utilizes the X-linked germ
line-dependent
dominant
female sterile mutation
Fs(l)Kl2d7 (or oz@‘, Busson et al., 1983; Perrimon, 1984)
which
is maintained
in an attached-X
stock:
Cfl)DX,yj’/Y
females crossed to Fsll)KlkW~~“/Y
males. To induce germ line clones homozygous for the
l(l)dlg-1 mutation the progeny of Balancer/l(l)dlg-1
females mated to males carrying the dominant female
sterile mutation Fs(l)Kl237 were irradiated at the end
of the first instar larval stage. A constant dose of 1000
rad was used (Torrex 120D X-ray machine; IOOKv, 5
mA, 3-mm aluminum filter). At emergence, irradiated
l(l)dlg-l/Fs(l)KleSr
females were examined for the
presence of eggs, then isolated, and studied individu-

ally. Such experimental
conditions generate
mosaic females on the X chromosome.
Temperature

Shift Experiments

5 to 8%

of l(l)dlg-1 HF;121

To determine the temperature-sensitive
period of
l(l)dlg-1 HF32’,eggs from the cross FM3/1(l)dlg-lHfi”’
by
l(l)dlg- 1HF.‘21/Dp(l; Y)vfYuf were collected for a period
of 12 hr at 18°C. These eggs were allowed to develop
either at the permissive (1S’C) or restrictive
(25 or
29°C) temperature until the up or downshift was performed. The percentage of viability of the homozygous
mutant progeny is calculated as the number of l(l)dlg1ff’SQ~/l(l)dlg-l XV;” adult females divided by the total
number of FM.3/l(l)dlg-lHFSL’
adult females. In each
cross at least 100 FM3/l(l)dlg-lHF~i”
females were
scored.
Analysis

of Zygotic Phenotypes

Embryos were examined by tilree methods: (1) embryonic cuticles were prepared according to the Hoyer’s
mount technique of Van der Meer (19’7’7); (2) histological
sections were prepared as described by Mahowald et al.
(1979); and (3) scanning electron micrographs
were
prepared as described by Turner and Mahowald (1976).
The vitelline membranes were removed according to the
technique of Mitchison and Sedat (1983) and modified
by Dequin et al. (1984).
Lethal phase determination
was performed as described by Perrimon et al. (1984a).
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mutant larvae will never enter pupariation and will
eventually
die after an extended larval period that can
l(l)discs-large-l
Mutations
last up to 2 weeks. During the extended larval period
l(l)discs-large-l
(l(l)dlg-1) maps on the X chromosome mutant imaginal discs continue to grow beyond their
at meiotic position 34.82 (Stewart et al., 1972; Geer et al., normal limits and become irregular in shape. These
1983). Cytologically the locus maps in bands lOB7-8 of discs have been referred to as spongy masses of tissue
the salivary gland chromosomes. The locus is defined by (Bryant, 1986).
The remaining two zygotic lethal mutations, l(l)dlgthe distal breakpoints of Df(l)DA622
and Df(l)ml3
and l(l)dlg-1 v55,differ from the six described above.
where it is included within Df(l)DA622 and excluded 1RA16
from Df(l)mlS (Perrimon and Mahowald, 1986; Bryant, l(l)dlg-1 V’s is a temperature-sensitive hypomorphic allele whose lethal phase in homozygous progeny occurs
1986).
We have analyzed in detail nine alleles of the mainly during pupal stages and is shifted to an earlier
l(l)discs-large-l
(dlg-1) locus (Table 1). Eight of the al- stage in Df(1)N71/1(1)d1g-1”“” individuals. l(l)dlg-1RA16/
Y larvae die during early larval stages due to the presleles (l(l)dlg-1 M52, l(l)dlg-1 Mss, l(l)dlg-1 RA16,l(l)dlg-lx’-“,
l(l)dlg-1 ‘11, l(l)dlg-1 v55, l(l)dlg-1 565and l(l)dlg-1 Ip20) be- ence of a second site lethal mutation(s) (see Table 1).
l(l)dlg-1 HF321clearly behaves as a temperature-sensihave as zygotic lethals and never result in hemi- or
homozygous adults at 18,25, or 29°C. Only one tempera- tive allele. We analyzed the progeny from a cross beHF521females and l(l)dlg-1 HF’21/
ture-sensitive allele, l(l)dlg-lHF”“‘, can result in some tween FM3/l(l)dlg-1
hemi- and homozygous adults at the permissive temper- Dp(1; Y)v+Yy+ males. No homozygous l(l)dlg-lHFJ2’ adult
flies are obtained at either 25 and 29°C. However, when
ature (18°C).
compared to the heterozygous siblings at 18”C, the viaFor six l(l)dlg-1 alleles (l(l)dlg-lM52,
l(l)dlg-lM35,
l(l)dlg-lx1e2, l(l)dlg-l’l’,
l(l)dlg-1 565,and l(l)dlg-1 lp20) the bility of the homozygous females is 37% (Table 2). The
lethal phase of hemizygous male progeny derived from viability of hemizygous l(l)dlg-1HF321/Y males obtained
females and
heterozygous females occurs during larval-pupal stages from a cross between FM3/l(l)dlg-1HF’21
(Table 1). The phenotype of the hemizygous males is +/Y males is 50%. Homozygous l(l)dlg-lHFsz’ females
indistinguishable from the phenotype of hemizygous are poorly fertile at 18°C and fully sterile above 21°C
females which are heterozygous for anyone of these (see below and Table 3), but hemizygous males are fermutations and a deficiency of the region at both 18 and tile at all temperatures.
Temperature shifts were performed to determine the
25°C. The stage of lethality of the hemizygous progeny
temperature-sensitive
period of the zygotic lethality
is variable, where 6 days after oviposition only 10% of
(see
Materials
and
Methods).
When progeny from a
the mutant larvae have pupated and after 10 days apcross
between
FM3/l(l)dlg-1HF821
females and l(l)dlgproximately 60% have pupated. The developmental
lHF”“‘/Dp(l;Y)v+Yy+
males
are
shifted
from the perstage reached by the pupae is variable and in some cases
very little development is observed. The remaining 30% missive (18’C) to the restrictive temperature (25 or
RESULTS

TABLE 2
TRANS-ALLELIC COMPLEMENTATION BETWEEN l(l)@-1

x1-2
111
M35
1P20
v55
HF3.21

T (“‘3

NY1 (%)

x1-2 (96)

25
25
25
25
18
25
18
25

0
0
0
0
4
0
68
0

0
0
0
0
2
0
65
0

ill(%)

0
0
0
0
0
0
0

ALLELES

M&i (5%)

lP.20 (70)

v55 (70)

HF3.21 (c/o)

0
95
10
0
0
0

0
0
0
98
95

0
0
91
4

37
0

Note. Crosses between two l(l)dlg-1 alleles (refered to as l(I)dlg-1” and l(l)dlg-lb) were performed by crossing FM3/l(l)dlg-1”
females to
l(l)dlg-lb/Dp(l;
Y)v’Yy+ males. Crosses were performed at two different temperatures (T = 18 or 25’C) and in two different ways: (1) l(l)dlg-1”
was introduced by the female parent, or (2) l(l)dlg-I” was introduced by the male parent (except in the case of Z(l)dlg-lRA’6 where no males of
genotype l(l)dlg-1 RAz6/Dp(l; Y)v+Yy+ could be recovered). No differences were observed whether the allele was introduced from the female or the
male. In complementation
tests l(I)dlg-lRA’6, l(l)dlg-1565 and l(l)dlg-l”“”
behave as l(l)dlg-1”’
(results not shown). NY1 refers to Df(lJN71 a
deficiency of the dig-1 locus (see Materials and Methods). The percentage of viability is calculated as follows: % = 100 times the number of
l(l)dlg-l”/l(l)dlg-lb
females divided by the number of FM3/l(l)dlg-I”
females (in the cases where l(l)dlg-Ia was introduced from the female
parent). In each cross at least 150 FMZ/l(l)dlg-Ia
females were scored.

NORBERT PERRIMON

The Maternal

Effect

395

of l(l)dlql

TABLE 3
FERTILITY OF l(l)dlg-lHF9”’
Embryonic

Hatchability
T (“Cl

N days

N

N unf

%H
HF321/HF321

18
25

29

5
10
1
3
10
1
3
10

425
625
325
410
400
250
300
350

25

29

5
10
2
4
10
2
4
10

352
410
310
360
250
300
400
300

60
102
15
42
50
10
60
314

28
50
10
26
80
10
50
250

1

2

3

4

86
84
10
5
7
3
5
2

10
15
83
80
19
17
4
2

0
0
5
12
72
76
6
3

0
0
0
0
0
2
84
90

x HF321/Y

HF321/HF321
18

WT

phenotypes

X +/Y

47
45
52
45
48
49
44
30

females were obtained by crossing FM3/l(l)dlg-lHFY”
females with 1(I)dlg-?‘F9”/Y
males at 18°C. These
Note. Homozygous l(I)dlg-lHFs”
homozygous l(l)dlg-lHFsz’ females were crossed to either l(l)dlg-1 HFs2’/Y males or wild-type Oregon R males (+/Y). Following the cross these
females were immediately subdivided into three groups (18,25, and 29°C) and their fertility was analyzed at various times (N days refers to the
number of days following the temperature shift at which the fertility
was analyzed). The test for fertility
was as follows: eggs were collected
over a period of 12 hr and lined up on a fresh media, after 24 hr the number of hatched larvae was counted, and the unhatched eggs were
examined after cuticle preparation.
Fertility
was assayed as the percentage of hatched embryos: % hatching (7%H) is 100 times the number of
larvae divided by Nr (Nr = number of eggs (N) - number of unfertilized
eggs (IV”,,)). The phenotype of the unhatched embryos has been
subdivided into five phenotypic classes: wild-type (WT) and classes 1 to 4 (see text and the legend to Fig. 1).

29°C) during embryonic, larval, and early pupal stages
no homozygous progeny are obtained. However, homozygous females are recovered if the upshift occurs during late pupal development and the frequency of recovery increases as the shift comes closer to the time of
emergence. For example, if the shift (from 18 to 29°C) is
performed 3 days before emergence no homozygous females are recovered. However, a shift done 2 days before emergence results in 7% homozygous flies and a
shift done 1 day before emergence results in 15% homozygous flies. Similar results were obtained with shift
from 18 to 25°C.
Downshift
experiments, from the restrictive
(25 or
29°C) to the permissive temperature
(IS’C), indicate
that it is possible to recover homozygous l(l)dlg-lHF”“’
females as late as the early third instar stage. No homozygous progeny are obtained if the downshift is done
after the third larval stage. However, homozygous females are recovered if the downshift
occurs earlier
during larval development and the frequency of recovery increases if the shift is done earlier. For example, if
the shift (from 29 to 18°C) is performed during late

third instar larval stage no homozygous females are
recovered. However, a shift done during early third instar larval stage results in 2% homozygous mutant
flies. A shift done during second instar larval stage
results in 8% homozygous flies and a shift done during
the first instar larval stage results in 24% homozygous
flies. Similar results were obtained with downshift
from 25 to 18°C. Interestingly,
about 10% of the homozygous mutant adults derived from larvae shifted during the second instar larval stage exhibit somatic defects, most of which are unilateral and involve eye development.
These temperature
shift experiments
demonstrate
that the l(l)dlg-1’ gene product is required during both
larval and pupal stages.
l(l)dlg-1 Is a Complex Locus
Complementation
analyses
leles indicate that the locus
Based on the complementation
four groups of mutations can

between discs-large-1 alis genetically
complex.
pattern shown in Table 2
be distinguished.

396

DEVELOPMENTALBIOLOGY

Group 1: Null allele (l(l)dl.q-lxl-“). In complementation
tests this allele behaves as a deficiency of the locus; like
Df(l)N7’1 (see Materials and Methods). No complementation is observed with any of the group 2 or group 3
dig-1 mutations. However, to some extent, complementation is observed with the class 4 hypomorphic alleles
l(l)dlg-1 HF321and l(l)dlg-1”55 (Table 2).
Group 2: Alleles that show negative complementation
(l(l)dlg-1 M59,l(l)dlg-1 RA16,l(l)dlg-l’“,
and l(l)dlg-1 565).We

have characterized four alleles within this group and
find no complementation with any l(l)dlg-1 alleles. It is
particularly surprising that no complementation is observed with l(l)dlg-1 HF921at 18°C since some Df(l)N71/
l(l)dlg-1 HFszl females are recovered at 18°C. This result
indicates that these mutations are not null alleles of the
gene since they do not behave as a deficiency of the
locus. Interaction of this kind has been termed negative
complementation (see Discussion).
Group 3: Alleles that show interallelic
complementation (l(l)dlg-1 M3sand 1(l)dlg-1’P20). 1(l)dlg-l’P20 fully complements the zygotic lethality of l(l)dlg-1M35 and l(l)dlgboth at 18 and 25°C. l(l)dlg-1 M35also complements
1HF321
to some extent l(l)dlg_lv55 at 18°C.
Group 4: Temperature-sensitive
alleles (l(1)dlg-l”55 and
l(l)dlg-1 ““““I). l(l)dlg-1 HF921behaves as a temperature-

sensitive hypomorphic allele (see above). Over a deficiency and group 1 mutations partial complementation
(up to 65%) is observed. Interestingly, females transheterozygous with group 1 mutations and Df(l)N71
have better viability than females homozygous for
l(l)dlg-1 HF921.This discrepancy can be attributed to the
homozygosity of the l(l)dlg-lHF’zl chromosome. l(l)dlglvs5 hemi- and homozygous flies are never recovered at
18,25, or 29°C. However, over a deficiency and the group
1 allele some trans-heterozygous flies are recovered at a
low frequency (less than 5%). Homozygosity of the
l(l)dlg-1”55 chromosome may be responsible for such an
effect. This complementation pattern suggests that
l(l)dlg-1 v55is a weak temperature-sensitive allele. This
is in agreement with the complementation pattern observed between l(l)dlg-1”55 and l(l)dlg-lHF”“’ where at
18°C trans-heterozygous flies have very good viability
(91%) but the recovery of these flies at 25°C is less
than 5%.
The dlg-1 Embryonic

Phenotypic

Series

Embryos derived from germ line clones homozygous
for zygotic lethal alleles of l(l)dlg-1 as well as embryos
derived from homozygous l(l)dlg-lHFs2’ females exhibit
a variety of embryonic phenotypes. All of these phenotypes constitute a phenotypic series (classes 1 through
5, Fig. 1) in which the severity of the embryonic phenotype depends upon the level of l(l)dlg-l+ gene activity,
where the more reduced the level of l(l)dlg-l+ gene ac-
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tivity the more severe the embryonic phenotype. These
five major phenotypic classes have been distinguished
according to the uniqueness of the embryonic defects
observed. For a description of wild-type development
see Turner and Mahowald (1976,19’77) and Campos-Ortega and Hartenstein (1985).
Class 1 embryos (Figs. 1Bl and lB2). This class exhibits localized defects in dorsal closure at the most
dorsal and posterior part of the embryo. This phenotype
is only observed in eggs derived from homozygous
l(l)dlg- 1HF921females at 18°C.
Class 2 em&ryos (Figs. 1Cl and lC2, 2A-2C, and 3B).

The dorsal closure defect extends to the entire posterior
third of the embryo (Figs. 1Cl and lC2). Additionally,
the head does not involute, the brain protrudes anteriorly, and most amnioserosa cells degenerate in the region where dorsal closure is defective. All internal
structures, i.e., central nervous system, musculature,
and gut, are well differentiated (Figs. 2A-2C and 3B).
Since the dorsal epidermis does not close, large holes
are present in the differentiated cuticle; however, the
differentiation of the ventral epidermis, visualized by
the pattern of denticle belts, is not affected (Figs. 1Cl
and lC2).
Class 3 embryos (Figs. 10; 2D, 2E, X-3E,

and 4b-4E).

The head and dorsal side of the embryo is fully open.
These embryos are missing head and dorsal cuticle, but
possess two well-developed posterior spiracles with
filzkorper material. Additionally, the pattern of ventral
denticles is normal. Some residual parts of the cephalopharyngeal apparatus are present.
The first defects associated with these embryos can
be detected after germ band shortening, at the time of
dorsal closure at 10 hr of embryonic development. The
dorsal epidermis does not fuse at the dorsal midline,
while cells from the amnioserosa become “loose” and
eventually degenerate. In most embryos the midgut
closes dorsally. At 12 hr of development (Figs. 4B-4D)
the dorsal epidermis is situated laterally, most amnioserosa cells have disappeared; the supraesophageal ganglia, midgut, and hindgut protrude dorsally; and head
involution has not occurred. Amnioserosa cells very
likely degenerate (see cell death in Fig. 4D).
The lateral somatic musculature (i.e., the pleural external transverse muscles (Campos-Ortega and Hartenstein, 1985)), although well differentiated, do not attach or have lost their connections to the lateral apodemes, and finally “collapse” ventrally. The ventral
somatic musculature (i.e., ventral internal oblique and
ventral superficial oblique muscles) are well differentiated and attached to their appropriate apodemes. Figure 4E shows a section through an embryo at 17 hr of
development where the collapse of the lateral musculature is evident.
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FIG. 1. Cuticle phenotype of discs-large-l embryos. (A) A phase-contrast
micrograph of a wild-type embryo. Note the three thoracic (T) and
eight abdominal (A) segments as well as the filzkorper (F) and the cephalopharyngeal
skeleton (CS). Embryos shown in (B) through (F) are of
KW females crossed to wild-type males (+/Y) at various temperatures
genotype l(l)dlg-1 HF3’*/Y They are derived from l(l)dlg-lHFs”‘/l(l)dlg-1
(see text and Table 3). (Bl, B2) Two different focal planes of a class 1 embryo. The open arrow in (B2) indicates the dorsal closure defect. (Cl, C2)
Two different focal planes of a class 2 embryo. Note the normal segmental pattern of denticle belts in Cl and the opening of the head and
posterior regions on the dorsal side of the embryo in C2 (indicated by the stars). The filzkorper are detectable in this embryo. (D) A dorsal view
of a class 3 embryo where the dorsal side is completely open. The dorsal epidermis has contracted laterally (indicated by the open arrows). (El,
E2) Two different focal planes of a class 4 embryo. Note the degeneration of both the dorsal and lateral epidermis (open arrow in E2) and the
ventral epidermis (star in El). (F) An extreme class 4 embryo where cuticle structure is grossly abnormal. (G) A class 5 embryo of genotype
l(l/dlg-IMS”/Y
which is derived from a germ line clone homozygous for the l(I)dlg-1 MS9allele. This embryo has not received a paternal copy of
l(l)dlg-I’.
No cuticle pattern is detectable.

At 12 hr of development the central nervous system
appears normal, with developed commissures, longitudinals, and neuropile. After 12 hr of development the
central nervous system becomes misshapen and enlarges dramatically in size (compare Figs. 3E and 3A).
After 18 hr of development extensive cell death is detectable within the central nervous system.
In late embryogenesis the epidermis, though cellularly normal, becomes condensed ventrally probably as
a result of the contraction of the ventral musculature.
Also, the dorsal protrusion of internal structures becomes accentuated (Figs. 2D and 2E). This is evident in
Fig. 2E, a scanning electron micrograph of an embryo at
19 hr of development, and in Figs. 3D and 3E, sections of
slightly younger embryos.
Class 4 embryos (Figs. lE1, lE2, IF, and 3F). These
embryos are like class 3 embryos except more severe,

where all the dorsal side is open. The unique feature of
this class is that ventral epidermis structures are affected. The lateral epidermis is necrotic (Fig. lE2) and
large patches of ventral cuticle are missing (Fig. 1El).
Nervous tissue from the ventral nerve cord protrudes
through the holes left by the missing ventral epidermis.
At 16 hr of development (Fig. 3F), the embryo is composed of well-differentiated tissues that are abnormally
shaped; the supraesophageal ganglia, midgut, and
hindgut protrude dorsally; the salivary glands are misshapen and protrude ventrally; all somatic musculature
is aberrant both in shape and position; the ventral epidermis is falling apart; and the ventral nerve cord protrudes ventrally. The extensive degeneration of the epidermis prevents most cuticle secretion, which is responsible for the poorly differentiated appearance of the
embryos when analyzed in cuticular mounts (Fig. 1F).
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embryos visualized by scanning electron micrographs. Embryos depicted in (A-E) are derived
FIG. 2. Dorsal closure defect in l(l)&lHF”?’
from homozygous l(l)dlg-lHFs2’ females crossed to l(l)dlg-IHFS” /Y males at 20°C. A variety of defects in dorsal closure are observed. (A-C)
Class 2 embryos at 11 to 12 hr of development. (A) An embryo at the end of germ band shortening; dorsal closure does not seem to proceed
correctly and results in the dorsal appearance of gut structures. (B, C) Slightly older embryos. The arrow in (B) shows that dorsal closure has
occurred only in the thoracic segments. (C) A weaker phenotype where dorsal closure is more complete. (D, E) Class 3 embryos at 15 and 19 hr of
development, respectively, In (D) all of the dorsal side of the embryo is open and the midgut, brain, and gut are clearly apparent at the dorsal
surface. In (E) the cuticle is well-differentiated.
(F) A wild-type embryo at 19 hr of development. Note: In all Figures the white crosses refer to
the boundary between the dorsal epidermis and other somatic tissue. Dorsal is up in (A-D and F). Dorsal is right in (E). Anterior is up in all
figures. Nomenclature: amnioserosa, as; cell death, cd; dorsal epidermis, de; epidermis, ep; first thoracic segment, Tl; hindgut, hg; midgut, mg;
procephalic lobe, pl; spiracle, sp; supraesophageal ganglia, spg; trachea, t.
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FIG. 3. Embryonic sections of dly-I embryos. (A) A parasagittal
section of a wild-type embryo at 17 hr of development. Note the size of the
nervous system, the well-differentiated
gut structures, and the presence of the somatic musculature. For the genotype of the mutant embryos
see the legend to Fig. 1. (B) A parasagittal
section of a class 2 embryo at 13 hr of development. The supraesophageal ganglia protrude dorsally
and remnants of amnioserosa cells are present. The neuropile of the ventral nerve cord appears normal. (C-E) The phenotypes of class 3
embryos, at 14,15, and 16 hr of embryonic development, respectively. (C, D) Parasagittal
sections; (D) Frontal section. Note the presence in (C)
and (E) of very abnormal somatic musculature. The embryo in (E) has an enormous nervous system, while the supraoesophageal
ganglia,
midgut, and hindgut protrude dorsally, and all amnioserosa tissue is missing. (F) A parasagittal
section of an extreme class 4 embryo at 16 hr of
development. Note the pronounced abnormalities
of the salivary gland, central nervous system, and somatic musculature. Additionally,
the
ventral epidermis is loose and seems to degenerate. Nomenclature:
amnioserosa, as; epidermis, ep; hindgut, hg; midgut, mg; neuropile, neu;
pharynx, ph; salivary gland, sg; somatic musculature, sm; supraesophageal ganglia, spg; trachea, t; ventral cord, vc; yolk, y.

v as

cd

E

FIG. 4. Dorsal closure defects. (A-D) Transverse sections of wild-type (A) and class 3 mutant embryos (B-D) at 12 hr of development. These
mutant embryos are of genotype l(l)dlg-lHFsz’ /Y. They are derived from a cross between l(l)dlg-lHFsz’/l(l)dlg-l
uFspl females to wild-type males
(+/Y). They illustrate the dorsal closure defects of the epidermis. (E) A high-magnification
micrograph that shows the collapsed phenotype of
the lateral musculature in a 17-hr-old embryo. However, differentiated
muscle cells are abnormally shaped most likely because they have not
formed connections to their lateral apodemes. Nomenclature:
muscle cells, mu; cell death, cd; and see legend to Fig. 3.
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Class 5 embryos (Figs. IG, 5B, and 5C). We examined
embryonic sections of these poorly differentiated embryos to determine their phenotypes. Eggs from homozygous germ line clones were collected and sectioned at
various stages of embryonic development. In all embryos a correct blastoderm is formed and gastrulation
begins normally. The first noticeable defects are associated with neurogenesis.
In wild-type embryos at about 4 hr after fertilization
following mesoderm invagination, neuroblasts segregate internally from the neuroectoderm region (Fig.
5A). In the ventral cord neuroblast segregation occurs
in three waves (Campos-Ortega and Hartenstein, 1985).
These neuroblasts following segregation begin to divide
asymmetrically in a stem cell fashion, with each division producing a larger neuroblast and a smaller ganglion mother cell which itself only divides once
synchronously to produce two daughter neurons. These
neurons differentiate and in doing so extend their
axons.
In mutant embryos at 4 hr of development two layers
of large cells that ressemble neuroblasts are observed.
One is located in the correct position, between the mesoderm and ectoderm sheaths, and the second is located
at the surface of the ectodermal layer (Figs. 5B and 5C).
Cell divisions are frequently observed in this layer.
These embryos frequently twist during germ band elongation. Pronounced morphogenesis defects, more extreme than those observed in class 4 embryos, are subsequently observed in these class 5 embryos. Finally,
extensive degeneration of the epiderm prevents cuticle
secretion (Fig. 1G).
Female Sterility

Phenotype

of l(l)dlg-lHF”“’

Females homozygous for the hypomorphic
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allele

l(l)dlg-1 HF321can be obtained at 18°C (see above). Embryos hemi- or homozygous for l(l)dlg-lHF3”
derived

from such females exhibit a variety of embryonic phenotypes (classes 1 through 4, Fig. 1). The zygotic level of
l(l)dlg-I+ gene activity can be modified by temperature
shift and the embryonic defects observed form a phenotypic series clearly showing progressively severe phenotypes. With progressively longer time at high temperature the extent of the embryonic defects become more
extreme (Table 3).
At 18°C homozygous l(l)dlg-1HF~3z’ females are poorly
fertile when crossed to l(l)dlg-lHFszl/Y
males; approximatively 4% of the embryos hatch (Table 3). This poor
fertility does not vary with the age of the females.
When homozygous l(l)dlg-lHFsz’ females, grown at 18°C
and crossed to l(l)dlg-1 HF92’/Y males, are shifted to 25
or 29°C they are fully sterile. However, if females of

the same genotype have been mated to wild-type males,
a fraction of the embryos, corresponding to those that
have received the wild-type copy of the l(l)dlg-1’ gene,
hatch and result in viable and fertile female progeny
(Table 3). The extent of the paternal zygotic rescue is
almost fully penetrant at both 18 and 25°C but decreases at 29°C. The female sterility phenotype of
l(l)dlg-1 HF321can be attributable solely to a germ line
defect since similar results are obtained from both
germ line clones and homozygous females (results not
shown). These results indicate that the genotype of the
somatic tissue does not influence the maternal effect
lethal phenotype.
The Maternal

Efect

of Amorphic

l(l)dlg-1 Alleles

To address the role of the eight larval-pupal lethal
alleles of l(l)dlg-1 during oogenesis we utilized the dominant female sterile technique (Perrimon et al., 1984a,
see Materials and Methods for experimental details) to
prepare germ line clones. All of them show similar results (Table 1); therefore, we only provide the results
from one allele, l(l)dlg-1 M5p(Table 4). Females possessing homozygous germ line clones when crossed to wildtype males produce three classes of phenotypically different embryos. One-half of the embryos exhibit poor
cuticular differentiation
(Class 5 embryos, Fig. 1G).
One fourth of the embryos exhibit a cuticle pattern resembling the head and dorsal open phenotype previously observed in homozygous l(l)dlg-1 HF3’1females
raised at 18°C (Class 1 and 2 embryos, Figs. lB1, 132,
lC1, and lC2). The remaining embryos hatch and produce female progeny. Interestingly, rescued adult female progeny derived from homozygous germ line
clones of l(l)dlg-11”, l(l)dlg-lMS5, and l(l)dlg-lM5” exhibit
a high frequency of somatic defects. About 10% of these
rescued adult progeny have abdomens with partial deletions of some tergites (data not shown). These defects
were not observed from homozygous germ line clones of
l(l)dlg-lvs5, lfl)dlg-lxl~z, and l(l}dlg-lRA’6,
To unambiguously address the genotype of the poorly
differentiated embryos (or class 5 embryos), females
possessing germ line clones were crossed to males carrying a wild-type copy of l(l)dlg-I+ both on the X and the
Y chromosomes (male genotype is +/Dp(l; Y)v+ Yy’).
No poorly differentiated embryos were observed. Instead, only two classes of embryos were found, embryos
that develop normally and lead to viable adults and
embryos with dorsal closure and head involution defects. These results indicate that lack of both maternal
and zygotic functions of l(l)dlg-1’ results in embryos
with poor cuticle differentiation. This maternal effect is
rescuable to some extent.

FIG. 5. Neurogenesis defect. (A) A wild-type embryo showing the normal location of the neuroblast layer between the
mesodermal sheaths at 4 hr of embryonic development. (B) A mutant class 5 embryo of the same age. This embryo is of genotype
it is derived from a homozygous germ line clone for the zygotic lethal allele of l(l)dlg-1 MS’ An extra layer of large cells
neuroblasts is observed at the surface of the ectoderm. (C) An enlargement of the region indicated in (B). Nomenclature:
ectodermal, ec; and mesodermal, ms cells; yolk, y.
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4

ZYGOTICRESCUABILITYOFTHEMATERNALEFFECTOFAMORPHICALLELESOFl(l)dlg-1
N progeny

N ““h
Mutation

N

N ““f

(1)

(‘a

NL

P

6

Ms.2 X i-/Y
Ms.2 X +/DpY

279
162

87
88

101
0

29
20

62
54

54
22

0
28

Note. Females carrying homozygous germ line clones for l(l/dlg-1 KG were crossed to wild-type males or males carrying a copy of l(l)dZg-I+ on
both the X and Y chromosomes (male genotype is +/Dp(l;
YJv’Yy+). The phenotype of the fertilized eggs was analyzed and classified into two
eggs; Nunh is
categories: (1) class 5 embryos, and (2) class 1 and 2 embryos. N is the number of eggs analyzed; N unf is the number of unfertilized
the number of fertilized eggs that have not hatched; NL is the number of hatched larvae, and N progeny is the number of adults derived from
these larvae.

Dissociation

of Zygotic Lethality

and Female Sterility

In some interallelic
combinations
of l(l)dlg-1 alleles
(Table 2) trans-heterozygous
females are obtained and
are fully viable. However, these females exhibit a paternally
rescuable maternal effect lethal phenotype
that falls within the phenotypic series described for
l(l)dlg-lHFs2’ (Fig. 1). The severity of their phenotype
correlates with the expected level of gene activity; e.g.,
embryos derived from females of genotype l(l)dlg1HFg”1/l(l)dlg-lv55 at 18°C have a class 1 embryonic phenotype, while those of genotype l(l)dlg-lM95/l(l)dlg-11P20
exhibit a class 3 phenotype at both 18 and 25°C. Thus,
for these interallelic
combinations it is possible to separate the zygotic lethality
from the maternal
effect
lethal phenotype.
DISCUSSION

l(l)dlg-1 Is a Complex Locus
The genetics of l(l)dlg-1 is complex. The nine mutations analyzed at this locus can be divided into four
groups based on their complementation
pattern (Table
2) and level of gene activity. Only one allele, l(l)dlg-lHe”
(group l), behaves as a true null or amorphic mutation
(Muller, 1932); i.e., the complementation
pattern is
identical to a deficiency of the locus. The complementation pattern of the four group 2 alleles is interesting
since they behave as null alleles when tested over a
deficiency of the region; however, when tested over
l(l)dlg-lHF”“’
they show negative complementation.
Interactions of this kind are typically thought to result
from the incorporation
of different gene products, encoded by a single locus, into the same multimeric
protein such that one subunit disrupts the activity of the
other(s). Group 3 alleles give very unusual complementation patterns where full complementation
of the zygotic lethality is obtained between a subset of alleles.
This most likely reflects the presence of multiple products from the dlg-1 locus. Finally, two temperature-

sensitive mutations,
been identified.
l(l)dlg-l+

l(l)dlg-lHFs2’

Is Required throughout

and l(l)dlg-lU5’,

have

Development

Only a few loci have been identified in which mutations result in the formation of large discs. It is assumed that some of these mutations are specifically
involved in termination
of cell proliferation
at the end
of disc development (Bryant, 1986). One would expect
the genes involved in the termination
process to be to be
specifically expressed in imaginal cells.
The temperature-shift
experiments
using l(l)dlglHFs” indicate that correct expression of l(l)dlg-1’ is
needed throughout imaginal discs’ development. Additionally, both the germ line clonal analysis of zygotic
lethal alleles (Tables 1 and 4) and the female sterility
associated with l(l)dlg-lHF321
homozygous
females
(Table 3) indicate that l(l)dlg-l+
is expressed maternally. Finally, l(l)dlg-l+ is expressed early during embryonic development since the maternal effect is paternally rescuable to some extent (Tables 3 and 4). These
results indicate that l(l)dlg-P is expressed maternally
as well as zygotically both in embryonic and imaginal
cells. It is unclear whether the same gene product is
required during these three periods. Interallelic
combinations (Table 2) show that it is possible to separate the
zygotic lethality from the maternal effect lethal phenotype suggesting that multiple gene products may originate from the dlg-1 locus. Molecular analysis of the gene
will clarify this issue.
Maternal-Zygotic

Effect of l(l)dlg-1’

In the absence of both maternal and zygotic l(l)dlg-l+
expression embryos cannot complete embryonic development and have a class 5 embryonic phenotype. The
absence of maternal product can be complemented to
some extent by the introduction
of a wild-type copy of
the gene through the sperm. Therefore, l(l)dlg-l+ func-
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tion(s) during embryonic development can be provided
either maternally or zygotically, indicating that the
maternal product is not essential for embryonic development. This rescue is not fully penetrant; however, a
large number of morphologically normal adults are recovered. Similarly, the failure of paternal rescue to be
fully penetrant has been observed with a number of
maternal effect loci, mainly among the neurogenic loci
(e.g., fs(l)pecanex (Perrimon et al., 1984b) and fs(l)almondez (Shannon, 1972)). This very likely represents
the variability from embryo to embryo of the amount of
wild-type gene product produced zygotically. Using the
temperature-sensitive allele l(l)dlg-lHFs” it has been
possible to examine the effect of various dosages of
l(l)dlg-l+ during embryonic development. The defects
observed form a phenotypic series clearly showing progressively severe phenotypes and ultimately involving
most morphogenetic processes (Figs. 1 and 3 and Table 3).
In the presence of maternal but the absence of zygotic
l(l)dlg-l+ product(s) embryogenesis can be completed.
The maternal perdurance allows completion of embryogenesis and permits the observation of lack of
l(l)dlg-l+ gene activity in the mutant larvae. Mutant
larvae derived from heterozygous mothers exhibit defects in dividing cells and pupariation. Defects in pupariation have been attributed to no or low levels of
ecdysone resulting from a nonfunctional ring gland
(Bryant, 1986).
Role of l(l)dlg-I+

The analysis of dlg-1 indicates that this gene is
needed for normal morphogenesis of both the embryo
and the adult. Based on the phenotype of mutant embryos, I speculate that the function of the l(l)dlg-1 locus
is to encode product(s) involved in general cell adhesion.
During embryogenesis the absence of the l(l)dlg-I+
product(s) observed in class 5 embryos (those that are
missing both maternal and zygotic l(l)dlg-I+ gene product(s)) apparently interferes with neurogenesis (Fig. 5).
Examination of these embryos by means of plastic sections (Fig. 5) has indicated that there is apparently a
larger number of neuroblasts. Cell-cell interactions are
known to play a central role during neurogenesis (Doe
and Goodman, 1985) and defects in cell adhesion are
likely to interfer with normal cell-cell interactions. If
more neuroblasts are determined from the neurogenic
region and steric hindrance results in segregation in
both directions, the defects observed in class 5 embryos
are similar (although less extreme) to the defects associated with the neurogenic loci. Neurogenic mutations
(Lehman et aZ.,1983) cause most or all of the cells of the
neurogenic region to enter the neural pathway, and re-
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sult in embryos with a hypertrophied brain and ventral
nerve cord. Such loci are thought to be involved in the
developmental switch between epidermal and neural
differentiation. A major difference between the phenotype of neurogenic mutations and the phenotype of
l(l)dlg-1 embryos is the degeneration of the epidermis in
l(l)dlg-1 embryos. This process does not happen in neurogenic mutations, the residual epidermal cells, though
reduced in number, are still capable of secreting cuticle.
Defects in cell adhesion can also account for the abnormalities in mesodermal and epidermal tissues observed during embryogenesis of l(l)dlg-lHFs2’ mutants
(Fig. 4). It is likely that abnormal adhesivity would
perturb the attachment of muscles to apodemes as well
as dorsal closure.
Mutations at another locus, lethal(2)giant
larvae
(l(2)gl; Hadorn, 1961; Gateff and Schneiderman, 1967;
Hanratti, 1984a,b) which result in tumorous imaginal
discs overgrowth support the speculation that l(l)dlg-1’
may be involved in cell adhesion. l(2)gl has been cloned
(Mechler et al., 1985) and the deduced amino acid sequence predicts a 130-kDa protein that has sequence
similarities with cell adhesion molecules (Lutzelschwab
et al., 1987). Studies with antibodies raised against the
l(2)gl gene product indicate that the protein is associated with membranes and is likely to be involved in
cell-cell interactions (Schwab et al., 1987). The maternal
effect of l(2)gl is not known. However, the gene is
heavily transcribed during oogenesis and embryogenesis (Mechler et al., 1985) and thys it most likely plays a
role during embryonic development. Based on the analysis of the maternal effect of l(l)dlg-1 it is tempting to
predict that l(2)gl will exhibit a maternal effect lethal
phenotype, possibly similar to the one observed for
l(l)dlg-1.
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