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III. Zygotic loci on the X-chromosome and fourth chromosome 

E. Wieschaus*, C. Niisslein-Volhard**, and Gerd Jiirgens** 
European Molecular Biology Laboratory, D-6900 Heidelberg, Federal Republic of Germany and 
Department of Biology, Princeton University, Princeton, New Jersey 08544, USA 

Summary. In order to identify X-chromosomal genes re- 
quired in Drosophila for early patterning and morphogene- 
sis, we examined embryos hemizygous for EMS-induced 
lethal mutations to determine which of those mutations 
cause gross morphological defects. Embryos from 2711 le- 
thal lines, corresponding to 3255 lethal point mutations 
were studied. Only 21% caused death during embryogenesis 
and of these, only one-sixth, or 3% of the total lethals, 
were associated with defects visible in the final cuticle pat- 
tern. Of the 114 point mutants causing visible cuticle de- 
fects, 76 could be assigned to 14 complementation groups. 
An additional 25 mutations mapping to regions of the X- 
chromosome not covered by male fertile duplications were 
assigned to six complementation groups based on similari- 
ties of map position and phenotype. Thirteen mutations 
could not be assigned to complementation groups. All mu- 
tations allowed normal development through the cellular 
blastoderm stage, the first defects associated with the earli- 
est acting loci being observed shortly after the onset of 
gastrulation. The phenotypes of the various loci range from 
alterations in segment pattern or early morphogenetic 
movements to defects in final pigmentation and denticle 
morphology. 

Cuticle preparations were also examined for 63 deletions 
spanning in total 74% of the X-chromosome, as well as 
for 8 deletions and point mutations derived in saturation 
mutagenesis screens of the fourth chromosome (Hochman 
1976). With the exception of defects in head morphology 
and defects in cuticle differentiation, none of the hemizy- 
gous deletions showed phenotypes other than those pre- 
dicted by point mutations known to lie in those regions. 
No deletion caused new or unknown alterations in gastrula- 
tion, segmentation or cuticle pattern. These results suggest 
that the number of genes required zygotically for normal 
embryonic patterning is small and that most, if not all such 
loci, are represented by point mutations in our collection. 
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Introduction 

Embryonic development depends on gene products depos- 
ited in the egg during oogenesis, as well as products made 
by the embryo itself. Distinguishing between maternal and 
zygotic contributions to a given developmental process is 
difficult based soMy on molecular or embryological tech- 
niques, largely because specific gene products cannot always 
be followed and their relative importance during develop- 
ment is difficult to assess. In Drosophila, genes whose prod- 
ucts must be supplied by transcription in the embryo itself 
can be identified using mutations. I f  such products are re- 
quired for normal embryonic development, elimination of 
the wild-type allele will result in death or abnormalities 
in homozygous embryos. Although the majority of lethal 
mutations still allow embryonic viability (Hadorn and Chen 
1952), a number have been described which cause specific 
defects in the development of homozygous embryos. The 
effects of many of these loci have been reviewed by Wright 
(1970), the classic example being the neural hypertrophy 
phenotype associated with deletions of  the Notch locus 
(Poulson 1940). 

We have recently undertaken large scale mutagenesis 
screens aimed at identifying all zygotically active genes, 
which when mutated cause visible alterations of the embry- 
onic pattern (Nfisslein-Volhard et al. 1984; Jfirgens et al. 
1984). The following paper represents the last in that series 
of experiments and describes the isolation and characteriza- 
tion of mutants on the X-chromosome, as well as a brief 
analysis of the effect of the fourth chromosome on embry- 
onic development. 

Materials and methods 

Strains. New mutations were induced on a X-chromosome 
marked with recessive viable mutations yellow or white. The 
yellow chromosome had been isogenized immediately prior 
to the mutagenesis; the white chromosome, although not 
isogenized, had been shown to contain no lethal mutations 
affecting male viability. FM7 is a balancer chromosome 
carrying the mutations y31dw" sn x2 v and B (Merriam and 
Duffy 1972). It is viable and fertile in males. FMT-TW9 
is a lethal variant of FM7 constructed by Wright. FMT/ 
FM7-TW9 females are sterile due to homozygosity for 
singed X2. N o t c h  26447 is an embryonic lethal used in this 



experiment to kill the males in the Fa generation, thus sim- 
plifying the collection of the F 1 females as virgins. The 
y N264"47/FM7, TW9 females were obtained from a stock 
containing the w + Y-chromosome, which allows y N 264"47 

males to survive. C(4)RM, ci ey R, gvl sv" is an attached 
fourth chromosome used to generate embryos nullosomic 
for chromosome four. Most of the fourth chromosomal 
lethal mutations and deletions used were isolated by Hoch- 
man (1976) and obtained from the Drosophila stock center 
at Bowling Green. The vast majority of the X-chromosomal 
deletions are from a collection induced and cytologically 
characterized by George Lefevre (Craymer and Roy 1980). 
They were obtained from the Drosophila stock center at 
Pasadena. More detailed descriptions of the mutations used 
can be found in Lindsley and Grell (1968). 

Isolation of X-linked embryonic lethal mutations. X-linked 
lethal mutations were isolated using the crossing scheme 
outlined in Fig. 1 a. Males carrying a non-lethal X-chromo- 
some marked with either yellow or white were fed 0.025 M 
ethyl methane sulfonate (=  EMS) in sugar solution follow- 
ing the procedure of Lewis and Bacher (1968). The EMS- 
treated males were then mated to N264"47/FM7, TW9 fe- 
males and transferred to bottles of standard Drosophila me- 
dium. The mutagenized males were removed after 5 days 
at 25 ~ C. Individual F~ daughters carrying a mutagenized 
X-chromosome and FM7, TW9 were mated to FM7 males 
and stocks established from each female. X-linked lethal 
mutations were detected in the following generation, stocks 
being classified as such if no males carrying the mutagenized 
chromosome survived. Non-lethal stocks were discarded. 

To determine whether the mutation causes lethality in 
the embryonic stage, new balancer males (FM7 or M5) were 
added and the stock transferred to plastic tubes for egg 
collection (Nfisslein-Volhard 1977). All fertile females in 
each stock will be heterozygous for the mutagenized X- 
chromosome. Thus, if the newly induced mutation causes 
death during embryogenesis, one-quarter of  the progeny 
(the y*/Y or w*/Y hemizygous males) will die before hatch- 
ing. The unhatched eggs from all stocks showing 25% or 
more nonhatch were dechorionated, fixed and mounted in 
Hoyer's medium (van der Meer 1977) for microscopic ex- 
amination using dark field and phase-contrast optics (Nfiss- 
lein-Volhard et al. 1984). When abnormal embryos were 
found, their number was compared to the recorded hatch 
rates to determine whether they represented one-quarter 
of the total developed progeny and thus whether they could 
be the zygotic lethal class. Putative zygotic lethals were re- 
tested in the following generation for viability of hemizy- 
gous males and for production of the embryonic phenotype. 
Stocks which produced phenotypes in the expected frequen- 
cies were re-isogenized and balanced with FM7. 

Phenotypic classification and assignment to complementation 
groups. After their isolation and re-isogenization, the mu- 
tants were classified into groups according to their pheno- 
type in cuticle preparations. The goal of this classification 
was to simplify the complementation analysis, in that ini- 
tially only mutants with similar phenotypes were to be 
crossed with each other. Mutations which caused head de- 
fects or large holes in the dorsal or ventral region of the 
cuticle were very common and it was difficult, based on 
cuticle patterns alone, to assign them into subgroups small 
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enough to allow complementation analysis. Embryos from 
42 such stocks were examined under Voltalef oil early dur- 
ing gastrulation and germ-band elongation to distinguish 
those causing early morphological abnormalities from those 
in which the abnormalities only became apparent during 
germ-band shortening, head involution or dorsal closure. 
Eighteen stocks with early morphogenetic abnormalities 
were found and, based on their phenotypes, were subse- 
quently assigned to three subgroups. 

After the mutants were assigned to phenotype groups, 
representative lines were selected from each class and the 
lethality mapped relative to the visible markers (y) sc (w) 
ec cv ctv gf(Lindsley and Grell 1968). Once a preliminary 
map position had been obtained, all mutants in a phenotyp- 
ic class were mated to males carrying a duplication for 
that chromosomal region. Survival of  F 1 mutant males indi- 
cated that the mutation was located in the cytologically 
defined region covered by the duplication. Such males were 
mated to attached-X females carrying the appropriate au- 
tosomal balancers (CyO, TM3 or ey D) to allow following 
the duplication during subsequent crosses. In complementa- 
tion tests (Fig. 1 b), mutant males heterozygous for the du- 
plication and the balancer were mated to females from the 
other stocks showing a similar phenotype. The lethality of 
the F1 transheterozygous daughters not carrying the dupli- 
cation was used as the criterion for assigning mutants to 
the same complementation group. Complementation tests 
were also performed in a similar manner with previously 
identified lethal and visible mutations obtained from other 
laboratories as well as with deletion chromosomes in order 
to obtain cytological localization for the individual comple- 
mentation groups. 

Phenotypic characterization of overlapping deficiencies. Cuti- 
cle preparations were made of embryos hemizygous for 63 
X-linked deficiencies to determine whether elimination of 
cytologically defined chromosomal regions caused pheno- 
types equivalent to the EMS-induced point mutations al- 
ready identified in those regions. In most cases, deficiency 
embryos were obtained as progeny of heterozygous 
mothers; in a small number of cases, as progeny from at- 
tached-X females. In at least one experiment for each defi- 
ciency, a more accurate hatch rate was obtained not by 
estimations, but by counting the number of empty chorions, 
the number of undeveloped (unfertilized) eggs and the 
number and phenotypes of the differentiated embryos. 
Most deficiency embryos were also scored under Voltalef 
3S oil during the blastoderm stage and at gastrulation and 
germ-band elongation. Although deletion breakpoints were 
not confirmed cytologically in potytene chromosomes, the 
stocks were controlled by complementation tests performed 
with other mutations, deficiencies and duplications in the 
region. 

Determination of onset of developmental abnormalities. 
Phenocritical stages were determined for hemizygous em- 
bryos of each complementation group by examining eggs 
under Voltalef 3S oil at various times during embryonic 
development. About 30--40 embryos from each stock bal- 
anced over FM7 were selected at the cellular blastoderm 
stage and examined for abnormalities at approximately 2-h 
intervals thereafter. Deviations from normal development 
were recorded and the embryos were scored as mutant or 
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wild-type after they had  completed development.  Internal  
organs and final differentiat ion cannot  be easily scored in a YN 264"4v 
living embryos  under  Vol ta lef  3S oil and the procedure  FM7, TW9 
is mainly useful for identifying surface abnormali t ies  and y* 
defects in morphogenet ic  movements.  Therefore,  for indi- FI FM7, TW9 
vidual mutat ions,  the phenocri t ical  stage may  be var iably  FM7 y* 
underes t imated and it is likely that  many  of  the genes are F2 
active earlier in development  than the stages when mutan t  FM7, TW9 FM7 
embryos are first detected. 

Resul t s  

b 

y lethal 2 

x y 
Y 

FM7 
X 

Y 
y* 

Y 

dies if 
mutagenized 
chromosome 
is lethal 

FM7, TW9 
Y 

dies 

The crossing scheme used to detect X-l inked lethal muta-  
tions is outl ined in Fig. 1 a. I t  differs slightly from s tandard  
schemes developed by Muller  (1928; see also Spencer and FM7 
Stern 1948) principal ly in the use of  parenta l  females carry- y lethal 2 
ing a lethal balancer  chromosome (FM7, TW9) and a reces- y lethal1 
sive lethal N 264"47). Due to the two lethals, no males survive survives 
in the F 1 generation, and  in lines where a lethal had  been 
induced on the mutagenized chromosome,  only females will 
emerge in the F 2 generation. The absence of  males simplifies 
the collection of  virgins. The subsequent out-crossing o f  
the females at each generat ion to unmutagenized FM7 
males reduces the background  of  unhatched eggs due to 
au tosomal  lethals, dominant  maternal  effects, and chromo-  
somal  aberrat ions.  This step was necessary given that  in 
the initial analysis, each lethal s tock was tested only once 
and embryonic  lethals were dist inguished f rom other types 
of  lethal stocks only by the failure of  one-fourth o f  the 
eggs from the F z females to hatch. 

In  four separate experiments,  8614 lines were estab- 
lished. In  the F 2 generation,  2711 of  these lines were found 
to contain  at  least one lethal muta t ion  causing hemizygous 
males to die before adul t  eclosion. Calculat ions from the 
Poisson dis t r ibut ion indicate that  the probabi l i ty  of  a lethal 
muta t ion  per chromosome is 0.38. The total  number  of  
lethal muta t ions  in the 8614 lines can, therefore, be esti- 
mated  at 3255. In  order  to identify those muta t ions  which 
cause death during embryogenesis  associated with altered 
pat tern  or  morphology,  eggs were collected from each of  
the 2711 lethal stocks. When  25% or more  of  the eggs 
from a given stock did not  hatch, the unhatched eggs were 
fixed, moun ted  in Hoyer ' s  mount ing medium, and exam- 
ined using phase-contras t  optics at  400 x .  Mos t  (67%) of  
the 1719 embedded lines showed substantial  numbers  of  
undeveloped,  evidently unferti l ized eggs. Only 653 lines 
(21%) produced  numbers  o f  unhatched developed embryos 
consistent with zygotic lethality. In  most  of  these cases, 
the lethal embryos  were normal  in cuticle pa t te rn  or  showed 
only slight, variable abnormali t ies  suggesting defects during 
late differentiation. Only 294 stocks produced  a sufficient 
number  of  morphologica l ly  abnormal  embryos  to meri t  re- 
testing. The 168 lines which produced phenotypes  on the 
retest were re-isogenized and tested several times over the 
course of  the following year. In  38 lines, the phenotype a 

became less strong or  less frequent, and  the stocks were 
eventually discarded. Since these lines had been isogenized 
and balanced for the X-chromosome,  it is likely that  the 
original phenotype  was due at least in par t  to muta t ions  
elsewhere in the genome. Eight lines were lost pr ior  to com- 
plet ion of  complementa t ion  tests. The remaining 122 lines 
were the subject of  further genetic analysis. The da ta  are 
summarized in Table 1. 

+ m x y lethal 1 Dp(1,2)lethal + 
+ Y Cyo 

+ ~  and ylethalZ + 
Dp y lethal 1 Cyo 

dies if two mutations are allelic 

Fig. 1 a, b. Cross schemes for isolation of X-linked lethal mutations 
and subsequent complementation tests, a Crossing scheme for iso- 
lation of X-linked lethal mutations. If an X-linked lethal mutation 
has been induced by the EMS treatment, no males will survive 
in the F z generation, b Crossing scheme for complementation tests. 
In the example shown, the lethal mutation is covered by a wild-type 
duplication on the second chromosome. Mutant males which carry 
the duplication survive. In the complementation test, the duplica- 
tion is balanced with CyO, a dominantly marked second chromo- 
some balancer such that the male gives his F 1 daughters either 
the duplication or the CyO. Since the CyO daughters are transhet- 
erozygous for the two lethals, they will only survive when the two 
lethals are not in the same complementation group. The cross also 
yields FM7 heterozygous females, FM7 males, and sometimes mu- 
tant males. These are not relevant to the complementation test, 
but they provide a useful control for survival. For duplications 
on the third and fourth chromosomes, the TM3 and ey D balancers 
were used. For duplications on the Y chromosome, no balancer 
was needed since none of the F 1 daughters receive the duplication 
following normal segregation 

Table l .  Screens for embryonic lethal mutations on the X-chromo- 
some 

Lines tested 8614 
Lethal lines 2711 
Calculated lethal hits 3255 
Embryonic lethal lines a 653 
a) normal 278 
b) poorly differentiated 97 
c) phenotype not confirmed 148 
d) lost before completion of complementation test 8 
e) genetically deviant (not simple zygotic lethals) 8 
f) zygotic visible phenotype 114 

1) mutants assigned to complementation groups 
2) mutants assigned to putative complementation groups 
3) mutants not in complementation groups 

76 
25 
13 

The number of embryonic lethal hits was calculated using the 
Poisson distribution from the frequency of embryonic lethal lines 
and found to be 679. The probability of a lethal mutation causing 
death during embryogenesis is thus 20.9% (i.e., 679/3255). When 
the phenotype of a putative embryonic lethal line could not be 
confirmed, the line was discarded without retesting whether it 
was in fact an embryonic lethal. Many of these discarded lines 
may have been larval or pupal lethals. Given this uncertainty, 
the total number of embryonic lethals is probably an overesti- 
mate 
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M a p p i n g  a n d  c o m p l e m e n t a t i o n  a n a l y s &  

After the lethal mutations had been classified to groups 
according to their phenotype in cuticle preparations, repre- 
sentative mutants from each group were mapped and the 
available X-chromosomal duplications were tested to iden- 
tify those which would allow mutant males to survive to 
fertile adults (Table 2). When such duplications were found, 
complementation tests were carried out among mutants 
with similar phenotype following procedures outlined in 
Materials and methods. Of the 122 mutants, 76 could thus 
be assigned to 14 complementation groups. Four of these 
loci [cut, g ian t ,  N o t c h ,  l ( 1 ) m y s ]  were known previously due 
to their lethality or to the recessive viable phenotype of 
weak alleles. Duplications which allow viability and fertility 
in males are available for about 70% of the X-chromosome. 
An additional 25 mutants with clear distinct phenotypes 
were mapped to regions of the chromosome not covered 
by duplications. These have been assigned to six putative 
complementation groups based on similarity of phenotype 
and map position. The remaining 21 mutants could not 
be assigned to complementation groups. Out-crossing these 
stocks to autosomal balancers showed that 2 of these mu- 

Table 2. Duplications and translocations used 

G e n e t i c  X-chromosome Lethal References 
designation breakpoints complementation 

groups covered 
by duplication 

T(1,2) Bid tip; 1C3 
y2y67g tip; 2B17 

Dp(1,3)w ~c~ 2B17-2Ct ; 
3C4-5 

w+Y 2Dr-2; 3D1-2 
T(I,2)w +64b13 3C2; 5A1-2 

T(1,2)rb +71g 3F3; 5E8 

Dp(1,3)sn 13al 6C11 ; 7C9 
T(1,2)sn +72d 7A8; 8A5 

a r m - )  a 

arm + b 

gt  + , (arm- )  b 

gt  + , N + a 

N +, hnt+, svb + b 

hnt +, svb + b 

ct + b 

ct +, l ( 1 )mys  +, b 
sdt + , o td  + 

rtv +, (b td - )  b 

rtv +, (b td - )  b 

rtv + b 

Dp(t,2)v +7sd 9A2; 10C2 
Dp(t,2)v 63i 9Et ; 10At1 

v+Bs-y 9F3; 10E3-4; 
20B ; base 

Dp(t,2)v 65b 10A1 ; 11A7 r t v + , f t d  +, b 
tsg + , (b td - )  

Dp(l,4)r+ f + 13F; 16A2 baz +, exd  +, b 
(sog-)  

Dp(t,4)81h24b 13F; t4B5-18; exd  + d 
14Et-4; 16A2 

Dp(1,4)82b26c 13F; 14D1-2; exd  + d 
15A3-5; 16A2 

y + Ymal 18F; base run +, f o g  + c 

y+YmaP 26 20AI ; base f o g  + c 

yZY67g 20A3 ; base f o g  + c 

BsY 20B ; base ( f o g - )  c 

v+Yy + 9F3; 10C1 ; ( f o g - )  c 
20B; base 

a) Lindsley and Grell 1968; b) Craymer and Roy 1980; c) Schalet 
and Lefevre 1976; d) D. Falk, personal communication 

tants segregated non-randomly with respect to the second 
or third chromosome, suggesting that the abnormal em- 
bryos produced in those stocks may be aneuploid segre- 
gants of X-autosomal translocations. High frequencies of 
non-disjunction (> 10% patroclinous males) were observed 
in 2 other mutant lines which showed normal segregation 
with respect to the major autosomes. Of the remaining 
stocks, four produced high frequencies of abnormal em- 
bryos incompatible with simple zygotic lethality (>40% 
rather than 25%). The 13 remaining stocks showed no de- 
viation from the expected behaviour of zygotic lethals. 
These 13 mutants were mapped and only four were found 
to contain more than one lethal. This is very close to that 
expected for randomly chosen mutant lines given that the 
frequency of lethal hits was 38%. The high frequency of 
single lethal sites makes it unlikely that the embryonic ab- 
normalities in the majority of these 13 lines were due to 
cumulative effects of multiple lethals. The embryonic phe- 
notypes associated with these mutations are restricted to 
head defects, incomplete dorsal closure and cuticle differen- 
tiation. Although some of these mutations may identify 
genes for which only one mutant allele was obtained, we 
think it likely that most can be explained by other means 
(see Discussion). These 13 single mutations were not charac- 
terized in greater detail. 

Table 3 summarizes the relevant genetic data and phe- 
notype for each complementation group or putative com- 
plementatiou group. The map positions are randomly dis- 
persed along the X-chromosome (Fig. 2). The range of phe- 
notypes (Fig. 3) is similar to that described for zygotic lethal 
mutations on the autosomes (Niisslein-Volhard et al. 1984; 
Jiirgens et al. 1984). Six loci have striking effects on segment 
pattern (runt ,  a rmad i l lo ,  g ian t ,  unpa i red ,  o r t h o d e n t i c l e  and 
e x t r a d e n t i c l e ) .  Nine new alleles were obtained of the pre- 
viously identified pair rule mutation run t  (Niisslein-Volhard 
and Wieschaus 1980), including three alleles producing only 
partial pattern deletions and one allele which is tempera- 
ture-sensitive in phenotype. The newly identified a r m a d i l l o  
locus causes mirror-image duplications of each denticle 
band, resulting in embryos very similar to those produced 
by the wing le s s  mutation (Niisslein-Volhard and Wieschaus 
1980). Two loci (g ian t  and unpa i red)  cause defects in the 
segment pattern not repeated at homologous intervals along 
the length of the larva. Mutants for u n p a i r e d  have defects 
predominantly in the fifth abdominal segment and metatho- 
rax, although occasional defects are also observed in the 
secondand eighth abdominal segments. Embryos mutant 
for lethal alleles of g i a n t  have defects in the fifth through 
seventh abdominal segments, as well as a defect in the head 
region. The regional specificity of this phenotype was origi- 
nally described for deficiency and amorphic mutations by 
Campos-Ortega and Jimenez (1980). All the denticles in 
the anterior abdomen of o r t h o d e n t i c l e  embryos point poste- 
riorly (Fig. 4b). The denticle bands are thinner than wild- 
type, particularly at the ventral midline, and lack the first 
and fourth denticle rows, which normally are the only rows 
in denticle bands which point anteriorly. The mutation ex -  
t raden t i c l e  identifies the strongest candidate for a ho- 
moeotic locus detected among our embryonic lethal muta- 
tions. In mutant embryos, the first abdominal segment has 
the additional denticle rows characteristic of the more pos- 
terior abdomen and the meso- and metathoracic segments 
have thick denticles which might be described as prothorac- 
ic or abdominal in character (Fig. 4c). 
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Fig. 2. A simplified map of the X-chromosome indicating the map positions of loci which when mutated produce phenotypes visible 
in late embryonic cuticle preparations. The diagram also shows the location of the various deletions and duplications used in this 
study. The deficiencies are represented by open bars, duplications and translocations by shaded bars. More detailed cytological descriptions 
are available in Tables 2-4 

Fig. 3. Dark field photographs of cuticle preparations of late wild-type and mutant embryos. The identity of each mutant is indicated 
by the allele designation in the upper left of each photograph 



Table 3. Genetic data and phenotype for complementation groups or putative complementation groups 

Name Phenotype Number  of alleles Map Cytological 
position localization 

Total Weak ts 
(not ts) 

armadillo (arm) 

bazooka (baz) 
buttonhead (btd) 
c~t (ct) 

extradenticle (exd) 

faintoid (ftd) 
folded gastrulation 
(fog) 

segment polarity mutant,  mirror-image 4 1 0 1 
duplication of denticle band 

large dorsal and ventral hole (3) 0 0 57 

head involution incomplete (6) 0 1 31 

posterior defects in spiracles, no Keilin's 3 1 0 20 
organs, abnormal  maxillary complex 

meso- and metathoracic segments like prothorax, (2) 1 0 54 
first abdominal  segment like posterior abdom 

larva unpigmented 7 0 0 nd 

gastrulation defective, extensive folds in the 9 0 (1) nd 
germ band, ventral holes in cuticle, particularly 
at anterior and posterior end 

defect in head and in fifth through seventh 8 
abdominal  segment 

no germ-band retraction, embryo U-shaped (3) 
with head facing posterior end 

dorsal closure defective 4 

(1C3-JE3, 
2B15-17) 

(15A5-16A2) 

(8A5-9A1) 

7B3-4" 

13FI-14B1 

10Fl-10F10 

20A3-20B 

giant (gt) 4 0 1 3A1-4" 

hindsight (hnt) 0 0 7 4B1-4C15 

lethal-myo~pheroid 0 0 23 7D1-5 
(l(1)mys) 
Notch (iV) hypertrophy of ventral nervous system, ventral 12 2 3 3 3C7 '  

cuticle absent 

orthodenticle (otd) all denticles in anterior abdomen point posteriorly, 3 J 0 26 7F1-8A5 
defects at ventral midline, head defect 

phantom (phm) cuticle not  well differentiated, contracted (5) 0 0 64 (17A-18A) 
posteriorly 

retroactive (rtv) mouth  part  darkly sclerotinized (embryo 3 0 0 38 10A7-10A11 
sometimes reversed in egg case, due to 
hyperactivity at late stages?) 

runt (run) pair-rule segment defects, mirror-image 9 3 l nd 19EI-19F1 
duplication of abdominal  denticle 
bands 2, 4, 6 and 8 

shavenbaby (svb) denticles shorter and reduced in number, 2 0 0 nd 4C15-4F1 
dorsal hairs absent 

short gastrulation band extension incomplete, head and spiracles 6 1 53 nd 
(sog) defective in posterior cuticle 

stardust (sdt) hypoderm almost totally absent, small remains 6 2 1 23 7DJ0-7F2 
of cuticle 

twistedgastrulation gastrulation abnormal,  head and posterior 3 0 0 42 l lAI -11A7  
(tsg) spiracles defective in larval cuticle, 

ventral nervous system split anteriorly 

unpaired (upd) defects predominantly in mesothorax and 5th row, 3 1 0 59 nd 
head defects, eigth segment defects 

l(1)XC46 head defect 1 - 6, 20 nd 

l(1)XC78 head defect 1 - - 23 nd 

I(1)XD03 poor  cuticle differentiation, normal head 1 - - 61 nd 

l(1)Xi08 poor cuticle differentiation, head skeleton tilted 1 - - 33 nd 

l(1)XN75 head defect, anterior open 1 - - 60, 13 nd 

l(1)XN82 head defect, anterior open 1 - 59, 20 nd 

l(1)XN52 like buttonhead 1 - - 57 nd 

l(1) YA13 holes, cuticle degenerate, like baz 1 - 57 nd 

l(1) YD23 holes, cuticle degenerate, like baz 1 - - 0.1, 56 nd 

l(1) YE17 head defect, anterior open 1 - - 67 nd 

l(1) Yi29 dorsal hole 1 - - 57 nd 

l(1) YL21 head defect, anterior open 1 - - 26 nd 

l(1) YQ09 like buttonhead 1 - 59 nd 

Allele numbers for putative complementation groups in parentheses. Map positions for these groups were computed by averaging 
values obtained for individual alleles. The individual map positions for three hindsight alleles were 6.6, 6.1 and 8.3; for the extradenticle 
alleles 50 and 56.7; for the short gastrulation alleles 50, 50, 55, 56, 57; for the unpaired alleles 58.7 and 59.3 (P. Gergen, personal 
communication);  for the phantom alleles 59, 70, 65, 61 and 62; for the buttonhead 31, 32, 31, 31, 33, and 39. 
Lethal lines not  assigned to complementation groups or putative complementation groups are designated only by laboratory code 
names. When such lines contain more than one lethal, the map positions of both  lethals are given. 
Cytological localizations with asterisk (*) were taken from Lindsley and Grell (1968); nd, not determined. Localizations in parentheses 
are tentative due to the lack of appropriate deficiencies or duplications for complementation tests 
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Fig. 4a-d. Phase contrast photographs of denticle morphology in the metathoracic and anterior abdominal region of a wild-type, 
b orthodenticle, e extradentiele, and d shavenbaby late embryos. Mt methathorax; A1 first abdominal segment; A2 second abdominal 
segment 

In addition to their effects on final cuticle morphology, 
alleles from each complementation group were studied in 
living embryos under Voltalef oil to define the developmen- 
tal onset of the mutant abnormalities. All mutations allow 
completion of a normal cellular blastoderm. Three comple- 
mentation groups interfere with the early morphogenetic 
movements associated with gastrulation and germband ex- 
tension (short gastrulation, twisted gastrulation and folded 
gastrulation). The exact alterations are locus-specific, and 
in each case mutant embryos continue to develop, yielding 
highly disorganized first-instar larvae. Most of the remain- 
ing mutants caused defects during the middle period of 
embryogenesis. These include two complementation groups 
(stardust and bazooka) which caused holes or degeneration 
of the future epidemis at about 8 h of development, as well 
as the previously described Notch (Poulson 1940) and lethal 
myospheroid (Wright 1960) loci. In summary, 4 of  the 20 
loci on the X-chromosome cause defects visible within I h 
after the completion of the cellular blastoderm (runt and 
the three gastrulation defective mutants), and mutants at 
five additional loci (armadillo, bazooka, stardust, Notch, 
hindsight) are defective by 4 h later, at germ-band shorten- 
ing. Mutants at three loci show generally normal morpholo- 
gy until late in development and have their most obvious 
effect on late cuticle differentiation (shavenbaby (Fig. 4d); 
faintoid and retroactive). 

The average number of  mutants in each genetically de- 
fined complementation group is 5.4 and ranges from 2 for 
shavenbaby to 12 for Notch. The comparable figure for the 
putative complementation groups is similar (4.2). The high 
frequency of alleles per locus indicates that most loci on 
the X-chromosome should be represented by at least one 
point mutant in our collection. Most loci have their own 
distinct phenotypes, and with rare exceptions the final as- 
signment of a mutant to a complementation group cou ld  
be predicted based solely on its morphology in cuticle prep- 
arations. On the other hand, the strength of the phenotype 
sometimes varied among the different alleles at a given com- 
plementation group. About half of the complementation 
groups were represented by weak as well as strong alleles 
(Table 3). The weaker alleles were less frequent and repre- 

sent less than one-fifth of the total mutations in the collec- 
tion. Comparison of the cuticle phenotype of embryos 
raised at 29 ~ C and 18 ~ C identified alleles at five loci whose 
phenotypes were weaker at 18~ (Table 3, column 6). In 
no case, however, did genetically mutant embryos develop 
to fertile adult progeny at the permissive temperature. 

Cytological localization 

The map position and size of the duplication used in the 
complementation tests give a rough localization for each 
complementation group. More precise localizations were 
obtained in complementation tests with cytologically de- 
fined deficiencies and translocations (Table 4). For most 
complementation groups, this analysis allowed localization 
to intervals the size of one numbered subunit or less (Ta- 
ble 3, Column 5). 

Cuticle preparations were made of embryos hemizygous 
for each of  the deficiencies tested in Table 4, regardless of  
whether they contained one of the known complementation 
groups identified in the EMS mutagenesis screen. The goal 
of this analysis was to determine whether elimination of 
the wild-type genes would produce a phenotype other than 
that observed in embryos hemizygous for the strongest 
point mutation obtained for each locus. Such might be the 
case if the mutations identified in our screens did not totally 
eliminate the functional gene product or if the screens had 
not identified all zygotically active loci in a deficiency region 
which have effects on embryonic development. The overlap- 
ping deficiencies used in this study involve 757 of  the /028 
bands described in Bridges's map (1938). Most deficiencies 
(49/64) produced either no phenotype at all or produced 
phenotypes indistinguishable from point mutations known 
to lie in the cytologically deleted region. 

Several large deficiencies allowed only poor differentia- 
tion in hemizygous embryos. One large deficiency 
(Df(1) N19) blocked the formation of cuticle entirely, a phe- 
notype which may be related to the cluster of  lethals 
mapped to that region which cause poor cuticle differentia- 
tion and which we grouped together in the phantom putative 
complementation group. All the other unpredicted pheno- 



Table 4. Deletion chromosomes examined 

Deficiencies X-chromosome Gastru- Homozygous cuticle Complementation Reference 
breakpoints lation phenotype tests 

Df(1)svr tip; 2B10-13 + head defect arm + a, c 
Df(1)y-74K 24.1 tip; 2B9-10 head defect b 
Df(1)C60-1 IA4; 1A7 + normal c 
Df(1)Bld tip; 1C3 + head defect, pale arm + a, c 
Df(1)A94 1 E3; 2B15 + normal, poorly differentiated b, c 
Df(1)$39 1E4; 2B11-12 + normal, pale b, c 
Df(1)64c18 2E1-2; 3C2 giant g t  b,  c 
Df(1)JCI9 2F3 ; 3C5 giant g t -  b 
Df(1)N 8 3B4-C1 ; 3D6-E1 + Notch N -  a, c 
Df(1)dm T M  3C11 ; 3E4 + normal b, c 
Df(1)GAI02 3D5; 3F7-8 + normal hnt  + 
Df(1)AI13 3D6-E1 ; 4F7-8 hindsight, shavenbaby b 
Df(I)HF366 3E8; 5A7 + hindsight, shavenbaby b, c 
Df(1)RC40 4B1; 4F1 + hindsight, shavenbaby s v b -  b 
Df(1)JC70 4C15-16; 5A1-2 + shavenbaby b 
Df(1)C149 5A8-9; 5C5-6 + normal b, c 
Df(1)N73 5C2; 5D5-6 + normal b, c 
Df(1)ct J6 6El ; 7C1 head defect, differentiation b 
Df(1)HA32 6E4-5; 7A6 + head defect, differentiation b 
Df(1)Sxl bt 6E2; 7A6 head defect, differentiation e 
D f ( 1 ) S x l  ra 7A1; 7B3 head defect, differentiation e 
Df(1)ct J4 7A2; 7C1 + head defect, differentiation, cut l ( l ) m y s  +, rtv + b, c 

Df(1)sn vz 7A8 ; 8A5 + stardust l ( l ) m y  s -  , s d t -  
Df(1)C128 7D1; 7D5 + l(1)mys l ( 1 ) m y s  b 
Df(1)RA2 7D10; 8A45 + stardust s d t - ,  o t d -  b,  c 
Df(1)KA14 7F1-2; 8C6 + orthodenticle, differentiation o t d  , s d t  + b,  c 
Df(1)C52 8E4; 9D + head defect, differentiation b, c 
Df(l)C52/Dp(1,2)v T M  8E4; 9A2 head defect 
Df(1)v Las 9B1 ; 10A1 + normal (pale) b, c 
Df(1)HC133 9B9; 9E7 normal r i d  +, rtv + b, c 
Df(I)N110 9B3-4; 9DI-2 not embryonic lethal f t d  +, rtv + b, c 
Df(1)ras-v 17c~8 9E3-4; 10A4-5 + normal (pale) b 
Dr( 1)v - L 3 9F6-7; 10A6 + not embryonic lethal rtv + b, c 
Df(1)GA112 10All-B1; 10C2 + head defects rtv + b, c 
Df(1) RA37 10A7; 10B 17 + retroactive head defects rtv - b,  c 
Df(I)KA7 10A9; 10F10 + head defect, poor differentiation r t v - , f t d - ,  tsg + b,  c 
Df(1)HA85 10C1 ; 10F faintoid r i d - ,  rtv + b 
Df(1)N71 10B5; 10D4 + normal rtv  + b 
Df(1)m 259"4 10C12; 10E1-2 normal rtv + b 

Df(1)KA6 10El ; 11 A7 ( + ) head defect, differentiation t s g - ,  r i d - ,  rtv + 
Df(I)RA47 10F1; 10F10 + faintoid r i d - ,  rtv + b 
Df(1)N105 10F7; 11C4-D1 tsg twisted gastrulation t s g -  b, c 
Dr( I)JA26 11 A1 ; 11D-E tsg twisted gastrulation tsg - b,  c 
Df(1)KAI0 11AI ; 11A7 tsg twisted gastrulation t s g -  b,  c 
Df(1)RC29 1 IA tsg twisted gastrulation 
Df(1)HF368 11A2; 11 B9 tsg twisted gastrulation b 
Df(1)N12 11D1-2; 11F1-2 + slight head defect b, c 
Df(1)C246 11D, 12AI-2 + slight head defect b, c 
Df(1)HA92 12A6-7, 12D3 + normal b 
Df(l)g I 12A; 12E + normal a, c 
Df(1)KA9 12El ; 13A5 normal b, c 
Df(l)sd 7~b26 13F1 ; 14B1 + extradenticle, pale b 
Df(1)r ID 14B6; 15A2 + normal 
Df(1)r D17 15A1 ; 15A5 + normal 
Df(1)N19 17AI ; 18A2 + no cuticle b, c 
Df(1)JA27/y +vm"l 18A; 18D1-2 + normal runt  + b, c 
Df(1)HF396 18E1-2; 20 fog folded gastrulation, (runt) b, c 

differentiation 
Df(1)HF396/y+Ymal 18E1-2; 18F + differentiation 
Df(1)mal 3 19A1; 20 fog folded gastrulation, runt d 
Df(1)mal s 18F4-5 ; 19E1 + pale d 
Df(1)DCB1-35b 19F1, 20F fog folded gastrulation r u n t + , f o g  - b,  c, d 
Df(1)mal/y+Yma1126 19A, 20A1 runt runt r u n t -  d 
Df(1)su(f) 4b 20A; 20 fog folded gastrulation f o g -  

303 

a) Lindsley and Grell 1968; b) Craymer and Roy 1980; c) Campos-Ortega and Jiminez 1980; d) Schalet and Lefevre 1976; e) Nicklas 
and Cline 1983 
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types found in deficiency embryos involved defects in head 
morphology or cuticle pigmentation. In some cases, these 
defects may correspond to single point mutations or puta- 
tive complementation groups which we identified but could 
not assign a cytological localization due to the absence of 
suitable duplications. In other cases where duplications 
were available, the head phenotypes may identify late acting 
genes not represented by alleles obtained in our mutagenesis 
screens. This may be the more likely explanation for the 
head phenotypes associated with deficiencies involving 7A 
or 10B. The defects observed in embryos hemizygous for 
any of the deficiencies described above were detected only 
late in development. Deficiency embryos from 50 of the 
deletion stocks were examined under Voltalef oil during 
early development. These deficiencies span 71% of the 
length of the X-chromosome. No regions were identified 
which were required zygotically for the formation of a cellu- 
lar blastoderm and with the exception of those deficiencies 
which deleted previously identified loci affecting gastrula- 
tion, none caused alterations in early morphogenetic move- 
ments. No new loci were identified among the deficiencies 
which zygotically altered segment number or pattern. 

The effect of fourth chromosomal lethals 
on embryonic development 

Hochman (1976) has carried out extensive mutagenesis on 
the fourth chromosome and has identified alleles in most, 
if not all, fourth chromosomal lethal complementation 
groups. Prior to our present study, we had described the 
embryonic phenotype of one lethal mutation on the fourth 
chromosome (ci D) which causes mirror-image duplications 
of each denticle band (Niisslein-Volhard and Wieschaus 
1980). Since ci D fails to complement a number of lethal 
complementation groups on the fourth chromosome, the 
specific gene responsible for this pattern abnormality was 
unknown. To identify this locus and to determine whether 
the small fourth chromosome has any other loci affecting 
embryonic pattern, we examined cuticle preparations of em- 
bryos homozygous for fourth chromosomal deficiencies and 
those recessive lethal mutations reported to cause embryon- 
ic lethality. Homozygosity for Df(4)M or for l(4)13 pro- 
duce the same phenotype observed in ei D homozygous em- 
bryos. Both mutations are lethal in transheterozygotes with 
ci D, and it is likely that the relevant complementation group 
causing the ci D embryonic phenotype is defined by the point 
mutation l(4)13. The other embryonic lethal mutations on 
the fourth chromosome we have tested (Df(4)M 63", 
l(4)bt D, l(4)10, ey D, l(4)5, I(4)2) cause no phenotype visi- 
ble in cuticle preparations. Embryos which had no fourth 
chromosome at all were generated by mating individuals 
carrying attached fourth chromosomes. Nullo-4 embryos 
show the same phenotype as 1(4) 13 homozygotes. This indi- 
cates that if other loci on the fourth chromosome have 
effects on embryonic development, none of the effects are 
strong enough to be detectable in the only moderately ab- 
normal l(4)13. Thus, it seems likely that 1(4)13 may be 
the only gene required zygotically on the fourth chromo- 
some for normal cuticle pattern. 

Discussion 

The original goal of the mutagenesis experiments described 
in this paper was genomic saturation. We wanted to identify 

all loci on the X-chromosome required for differentiation 
of a morphologically normal larva. Our basic assumption 
was that such genes, when mutated, would result in zygotic 
lethality. Hemizygous mutant embryos should not only fail 
to hatch but should show distinct reproducible alterations 
which distinguish them from their heterozygous siblings. 
On the assumption that all genes on the X-chromosome 
have the same average mutability and that the total number 
of bands observed in polytene chromosomes (1028, Bridges 
1938) roughly equals the number of lethal complementation 
groups (Judd et al. 1972; Lefevre 1974), the 3255 lethal 
mutations we have scored should be sufficient to identify 
at least 96% of the genes. The level of saturation we have 
actually achieved is more difficult to estimate. Several ob- 
servations suggest that we are at least close to saturation 
for mutations which produce their phenotypes by elimina- 
tion or reduction of wild-type gene activity. 

1. Most of our mutations were assignable to complementa- 
tion groups or probable complementation groups. The av- 
erage number of alMes per defined locus was 5.4 and ranged 
from 2 to 12. This suggests that isolation of more lethal 
mutations would only produce additional alleles in comple- 
mentation groups already identified. Although the muta- 
genized lines were screened initially for embryonic lethality, 
our mutagenesis experiments would also have identified 
mutations causing pattern phenotypes in embryonic cuticle 
not resulting in lethality. We mounted embryos from more 
than half of all lethal stocks. Most of these preparations 
contained reasonable numbers of late differentiated em- 
bryos, although in only 21% of the lines were the relative 
numbers of such embryos high enough that the late embry- 
onic lethality might have been due directly to loss of a 
zygotically active vital gene. If  mutations causing non-lethal 
pattern alterations were randomly distributed among the 
8614 mutagenized lines, we would have embedded embryos 
from about one-fifth (=  1719/8614) such stocks. I f  a strik- 
ing pattern had been observed, the mutant lines would have 
been kept. Since the number of lines scored for viable pat- 
tern defects (1719) is much less than the number scored 
for embryonic lethals (8614), the level of saturation is cer- 
tainly much lower. Still, assuming equal mutability and a 
96% saturation for embryonic tethals, 1719 lines should 
be sufficient to identify about half the loci on the X-chro- 
mosome causing viable embryonic pattern alterations. Of 
the loci we did detect, shavenbaby and unpaired alleles are 
in fact seldom embryonic lethal. Two mutations at each 
locus were identified due to the morphology of embryos 
observed in the first egg collections. The embryos from 
these stocks had been embedded because more than 25% 
of the eggs had failed to hatch, apparently for some other 
reason. 

The strength of the saturation arguments based on allele 
frequencies per complementation group is undermined by 
the relatively large number of mutations (13) which could 
not be assigned to complementation groups. I f  these muta- 
tions identify genes necessary for embryonic development, 
the sensitivity of such loci to EMS mutagenesis must be 
much lower than that of the average complementation 
group we have detected. It is impossible to estimate the 
level of saturation or the number of such hyposensitive 
loci. On the other hand, the abnormal embryos produced 
in many of these stocks may not reflect a direct requirement 
for zygotic transcription. They can be explained equally 
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well as partially penetrant dominant maternal effect muta- 
tions (Garcia Bellido and Moscoso del Prado 1979), aneu- 
ploid segregants of undetected translocations, or additive 
effects of closely linked point lethals or deficiencies. This 
would be consistent with the observation that most of the 
phenotypes produced in these stocks involved relatively late 
processes such as head involution, dorsal closure or cuticle 
differentiation. 

2. We have identified new alleles at most if not all of the 
previously described embryonic lethal loci on the X-chro- 
mosome. These included 12 Notch alleles, 8 giant alleles, 
5 lethal myospheroid alleles and 3 lethal alleles of  cut. In 
1956, Ede described a number of X-linked lethals with very 
striking effects on embryonic pattern. Although all of these 
mutations have subsequently been lost, we can guess from 
phenotypes and mapping positions that our twisted gastru- 
lation corresponds to his Lff i1 (Ede 1956a), folded gastru- 
lation, to his X2 (Ede 1956b), and runt, perhaps to his X27 
(Ede 1956 c). We have identified no mutation which showed 
the vacillation between neural and epidermal defects he de- 
scribes for lethal X20 (Ede 1956d). That mutation had been 
mapped to the tip of the X-chromosome near scute before 
being lost. Analysis of deficiencies and point mutations in 
that region (Jimenez and Campos-Ortega 1979; White 
1980) have repeatedly failed to identify a locus responsible 
for that phenotype. It is possible that the original X20 was 
a neomorphic "gain of function" mutation, perhaps at the 
scute locus itself. A variable over- or under-production of 
that gene product might result in loss of epidermal cells 
or neuroblasts respectively. 

3. We have examined the phenotypes of 63 deficiency chro- 
mosomes deleting about 74% of the total X-chromosome 
length. Most of these deficiencies showed no phenotype 
in cuticle preparation or showed phenotypes and patterns 
consistent with point mutations which map to those regions. 
These observations provide the strongest support that we 
are indeed close to saturation for mutations causing pattern 
defects in embryos. 

Because our screens of deficiency chromosomes and 
point mutations were limited to early morphogenesis or 
cuticle phenotypes, our survey says very little about loci 
which affect exclusively internal organs. When a single locus 
affects the patterning of both internal and external struc- 
tures (Jan and Jan 1982), cuticle preparations will be suffi- 
cient to identify mutations which eliminate the wild-type 
gene. On the other hand, at least one region on the X- 
chromosome (12A-13A, Df(1)KA9) has been identified 
(Campos-Ortega and Jimenez 1980), which shows striking 
effects on the pattern of  the embryonic nervous system with 
no corresponding effect on embryonic cuticle. Large defi- 
ciencies for the tip of the X-chromosome cause a degenera- 
tion of the nervous system as well as heterogeneous head 
defects in the late cuticle. These phenotypes can be inter- 
preted as an additive effect, due to a number of genes in 
the region, each of which has a more minor effect on devel- 
opment (Jimenez and Campos-Ortega 1979; White 1980). 
Our failure to detect any point mutations in this region 
would be consistent with this interpretation. I f  other exam- 
ples of cumulative effects occur on the X-chromosome in 
Drosophila and result in visible cuticle phenotypes, we 
would not have detected the corresponding point mutations 
for these loci either, given that no single locus would be 

expected to produce a phenotype visible in cuticle prepara- 
tions. 

Onset of gene activity during embryogenesis 

Major RNA synthesis in the Drosophila embryo begins at 
the syncytial blastoderm stage (Lamb and Laird 1976; 
McKnight and Miller 1976; Zalokar 1976). The small 
amount of transcription detected prior to that stage may 
be developmentally significant. On the other hand, much 
of it is localized in the mitochondria (Zalokar 1977; Ander- 
son and Lengyel 1979) and of the sequences known to be 
of nuclear origin, most are small in size and different in 
other respects from those found at the blastoderm stage 
(McKnight and Miller 1976; Sina and Pellegrini 1982). At- 
tempts to resolve the onset of zygotic gene activity using 
genetic techniques have yielded ambiguous results. Al- 
though no lethal mutations have been identified which have 
reproducible, zygotically dependent effects prior to forma- 
tion of the cellular blastoderm, many gross chromosomal 
aberrations cause death at earlier stages. The best-studied 
example of this phenomenon is the abnormal cleavage and 
syncytial blastoderm fmTned by embryos having no X-chro- 
mosome (Poutson 1940; Scriba 1964). Similar or even ear- 
lier abnormalities are reported in embryos deficient for half 
of either of the two major autosomes (Scriba 1967, 1969). 
Since such aneuploid embryos are derived from mothers 
which are wild-type, at least with respect to total chromo- 
some content, the early embryonic defects must depend on 
the zygotic genotype of the embryo. Thus, they are often 
interpreted as being due to the loss of some essential gene 
whose transcriptional activity is required during cleavage 
(Hadorn 1955; Scriba 1969; see Wright 1970). 

All point mutations we have identified on the X-chro- 
mosome allow development to a normal cellular blasto- 
derm. The earliest defects we have observed became appar- 
ent only at the onset of gastrulation. It is arguable that 
we may have failed to detect genes whose absence causes 
earlier death, since our initial characterization was based 
on cuticle phenotypes and such stocks would be indistin- 
guishable from lines showing high frequencies of unfertil- 
ized eggs. The analysis of deficiency chromosomes, how- 
ever, tends to rule out this possibility. All deficiencies we 
examined allow formation of a normal cellular blastoderm 
and many, even relatively large ones, develop to late embry- 
onic stages showing phenotypes the same or similar to point 
mutations which map in those regions. This implies that 
the regions surrounding our identified point mutations con- 
tain no lethal loci causing early death. A similar argument 
can be made using those deficiencies which allow develop- 
ment to morphologically normal larvae, although when 
chromosomes are not marked, the conclusion that the ho- 
mozygotes are indeed the normal larvae and not the appar- 
ently undeveloped eggs depends on our careful determina- 
tion of hatch rates. Any undetected, early lethals on the 
X-chromosome would have to be limited to those 25% of 
the bands not scored in deficiency homozygotes. If, on the 
other hand, none of the genes on the X-chromosomes are 
actually required prior to cellular blastoderm, one is left 
to explain the early lethality of embryos which lack the 
entire chromosome. These abnormalities are not due to a 
"structural" requirement during cleavage for at least one 
copy of each chromosome, since the small fourth chromo- 
some can be deleted entirely with no effect on development, 
other than that associated with lethal (4)13. 
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Comparison of X-chromosomal and autosomal loci 

When the results of  the mutagenesis experiments on the 
X-chromosome are compared  with those obta ined for au- 
tosomal  loci (Nfisslein et al. 1984; J/irgens et al. 1984), it  
is remarkable  how similar the three sets of  da ta  are (Ta- 
ble 5). F o r  all three major  chromosomes,  about  one-quar ter  
of  the lethal muta t ions  caused homozygous  embryos  to die 
before hatching and only about  3% of  the vital gene func- 
tions are required zygotically in the embryo for a normal  
gross morphology,  at  least at  the level detected in cuticle 
preparat ions .  Since the X-chromosome is only one-fourth 
the size of  the au tosomal  complement ,  the absolute number  
of  X-l inked loci affecting embryonic  pa t te rn  is much 
smaller. The range of  phenotypes produced  by such loci, 
however, is very similar to that  found among the au tosomal  
mutat ions.  Moreover ,  the probabi l i ty  of  obta ining pheno-  
types of  a par t icular  k ind is about  that  expected from the 
frequency of  those phenotypes  on the autosomes.  F o r  ex- 
ample,  at  least four of  the X-chromosomal  loci have a dra-  
matic  effect on segment number  or polar i ty  (run, arm, gt, 
upd), compared  to 18 such loci on the autosomes.  Mos t  
of  the b road  phenotypic  classes found on the autosomes 
are also represented on the X-chromosome.  This includes, 
for example, one homoeot ic  locus, and loci affecting pig- 
menta t ion  and denticle morphology,  as well as those affect- 
ing early and late morphogenet ic  movements.  

The similarity of  the phenotypes  associated with the 
X-chromosome and those of  the autosomes is of  bo th  theo- 
retical and practical  importance.  X-chromosomal  genes are 
present in different doses in males and females, and  are 
consequently subject to dosage compensat ion.  The similari- 
ty in phenotype regardless of  chromosomal  locat ion might  
argue either that  embryonic  processes requiring zygotic 
gene activity are insensitive to doubl ing or halving the nor-  
mal number  of  wild-type genes, or that  the dosage compen- 
sation mechanism acts very early to equalize the imbalance.  
F r o m  the pract ical  s tandpoint ,  our  observat ion that  loci 

Table 5. Comparison of mutagenesis screens for X-, second and 
third chromosomal lethals 

X-chro- Second Third 
mosome chromo- chromo- 

some a s o m e  b 

Number of bands on 1028 1944 2062 
chromosomes polytene 

Number of lethal hits 3255 7581 7300 

Embryonic lethal hits 679 1907 1772 
(% of lethal hits) (21%) (25%) (24%) 

Embryonic visible hits 114 274 198 
(% of lethal hits) (3.5%) (3.6%) (2.7%) 

Number of complementation 20 48 32 
groups 

Average number of alleles 5.1 5.4 5.8 
per complementation group c 

Number of single mutations 13 13 13 
not assigned to comple- 
mentation groups 

" Data from Niisslein-Volhard et al. 1984 
b Data from Jiirgens et al. 1984 
c Complementation groups defined by more than one allele 

on the X-chromosome are required for the same embryonic  
processes affected by genes on the autosomes means that  
it may  be possible to extrapola te  from detailed analysis 
of  X-chromosomal  mutants  to unders tanding more about  
the potent ia l  role of  the autosomal  genes in the same embry-  
onic processes. The X-chromosome offers special advan-  
tages for such an analysis, due to the ease with which em- 
bryonic mosaics can be constructed for X-l inked mutat ions.  

Acknowledgements. We thank Maria Weber, Hildegard Kluding, 
Adelheid Schneider and Maria Hecker for excellent help during 
the initial mutant isolation, the Drosophila stock center in Pasadena 
and Bowling Green for providing most of the chromosomal aberra- 
tions used in the genetic characterization, and our colleagues for 
sharing stocks, unpublished results and criticisms of the manu- 
script. This work was supported in part by a NIH Research Grant 
Number PHS HD15587 to Eric Wieschaus. 

References 

Anderson KV, Lengyel JA (1979) Rates of synthesis of major 
classes of RNA in Drosophila embryos. Dev Biol 70:217-231 

Bridges CB (1938) A revised map of the salivary gland X-chromo- 
some. J Heredity 29:11 

Campos-Ortega JA, Jimenez F (1980) The effect of X-chromosome 
deficiencies in neurogenesis in Drosophila. In: Siddiqi O, Babu 
P, Hall LM, Hall JC (eds) Development and neurobiology of 
Drosophila. Plenum Press, New York, pp 201-222 

Craymer L, Roy E (1980) New mutants-Drosophila melanogaster. 
Dros Inf Serv 55 : 200-204 

Ede DA (1956a) Studies on the lethal effects of some genetic lethal 
factors on the embryonic development of Drosophila meIano- 
gaster. I. A preliminary survey of some sex-linked lethal stocks 
and an analysis of the mutant Lff 11. Arch Entwicklungsmech 
Organ 148:416436 

Ede DA (1956b) Studies on the lethal effects of some genetic lethal 
factors on the embryonic development of Drosophila melano- 
gaster. II. An analysis of the mutant X-2. Arch Entwicklungs- 
mech Organ 148:437451 

Ede DA (1956c) Studies on the effects of some genetic lethal factors 
on the embryonic development of Drosophila melanogaster. III. 
An analysis of the mutant X-27. Arch Entwicklungsmech Or- 
gan 149 : 88-100 

Ede DA (1956d) Studies on the effects of some genetic lethal fac- 
tors on the embryonic development of Drosophila melanogaster. 
IV. An analysis of the mutant X-20. Arch Entwicklungsmech 
Organ 149:101-144 

Garcia-Bellido A, Moscosco del Prado J (1979) Genetic analysis 
of maternal information in Drosophila. Nature 278:346-348 

Hadorn E (1955) Letalfaktoren in ihrer Bedeutung ffir Erbpatholo- 
gie und Genphysiologie der Entwicklung. Thieme, Stuttgart 

Hadorn E, Chen PS (1952) Untersuchungen zur Phasenspezifit/it 
der Wirkung von Letalfaktoren bei Drosophila melanogaster. 
Arch Julius Klaus-Stift. 27 : 147-163 

Hochman B (1976) The fourth chromosome of Drosophila melano- 
gaster. In: Ashburner M, Novitski E (eds) The genetics and 
biology of Drosophila, vol lb. Academic Press, New York 

Jan LY, Jan NJ (1982) Antibodies to horseradish peroxidase as 
specific neuronal markers in Drosophila and grasshopper em- 
bryos. PNAS (USA) 79:2700-2704 

Jimenez F, Campos-Ortega JA (1979) A region of the Drosophila 
genome necessary for CNS development. Nature 282:310-312 

Judd BH, Shen MW, Kaufman TC (1972) The anatomy and func- 
tion of a segment of the X-chromosome of Drosophila melano- 
gaster. Genetics 71:139-156 

Jiirgens C, Wieschaus E, Niisslein-Volhard C, Kluding M (1984) 
Mutations affecting the pattern of the larval cuticle in Drosophi- 
la melanogaster. II. Zygotic loci on the third chromosome. Wil- 
helm Roux's Arch 193:283-295 



307 

Lamb MM, Laird CD (1976) Increase in nuclear poly(A)-contain- 
ing RNA at syncytial blastoderm in Drosophila melanogaster 
embryos. Dev Biol 52:31~42 

Lefevre G (1974) The relationship between genes and polytene 
chromosome bands. Ann Rev Genet 8 : 51-62 

Lewis EB, Bacher F (1968) A method of feeding ethyl methane 
sulfonate (EMS) to Drosophila males. Dros Inf Serv 43 : 193 

Lindsley DL, Grell EH (1968) Genetic variations of Drosophila 
melanogaster. Carnegie Inst Wash Publ 627 

McKnight SL, Miller OL Jr (1976) Ultrastructural patterns of 
RNA synthesis during early embryogenesis of Drosophila mela- 
nogaster. Cell 8:305-319 

Merriam JR, Duffy C (1972) First multiple seven now contains 
sn xz for better balancing. Dros Inf Serv 48 : 43 

Muller HJ (1928) The measurement of gene mutation rate in Dro- 
sophila, its high variability and its dependence upon tempera- 
ture_ Genetics 13 : 27%357 

Nicklas JA, Cline TW (1983) Vital genes that flank Sex-lethal, 
an X-linked sex-determinating gene of Drosophila melanogaster. 
Genetics ~t03:617-631 

Nfisslein-Volhard C (1977) A rapid method for screening eggs from 
single Drosophila females. Dros lnf Serv 52:166 

Niisslein-Volhard, C, Wieschaus E (1980) Mutations affecting seg- 
ment number and polarity in Drosophila. Nature 287:795-801 

Niisslein-Volhard C, Wieschaus E, Kluding M (1984) Mutations 
affecting the pattern of the larval cuticle in Drosophila melano- 
gaster. I. Zygotic loci on the second chromosome. Wilhelm 
Roux's Arch 193:267-282 

Poulson DF (1940) The effects of certain X-chromosome deficien- 
cies on the embryonic development of Drosophila melanogaster. 
J Exp Zool 83:235-271 

Schalet A, Lefevre G (1976) The proximal region of the X-chromo- 
some in biology and genetics of Drosophila, Ashburner M, No- 
vitski E (eds) vol lb. Academic Press, New York, pp 848-902 

Scriba MEL (1964) Beeinflussung der frfihen Embryonalentwick- 

lung von Drosophila melanogaster durch Chromosomenaberra- 
tionen. Zool Jahrb Abt Anat Ontog Tiere 81:435-490 

Scriba MEL (1967) Embryonale Entwicklungsst6rungen bein Deft- 
zienz und Tetraploidie des 2. Chromosoms yon Drosophila me- 
lanogaster. Arch Entwicklungsmech Organ 159: 3 l&-315 

Scriba MEL (i 969) Embryonale Entwicklungsst6rungen bei Nullo- 
somie und Tetrasomie des 3. Chromosoms yon Drosophila me- 
lanogaster. Dev Biol 19:16(~171 

Sina B J, Pellegrini M (1982) Genomic clones coding for some of 
the initial genes expressed during Drosophila development. Proc 
Natl Acad Sci USA 79:7351-7355 

Spencer WP, Stern C (1948) Experiments to test the validity of 
the linear r-dose/mutation frequency relation in Drosophila at 
low dosage. Genetics 33:43-74 

Van der Meer J (1977) Optical clean and permanent whole mount 
preparations for phase-contrase microscopy of cuticle struc- 
tures of insect larvae. Dros Inf Serv 52:160 

White K (1980) Defective neural development in Drosophila mela- 
nogaster embryos deficient for the tip of the X-chromosome. 
Dev Biol 80: 332-344 

Wright TRF (1960) The phenogenetics of the embryonic mutant 
lethal myospheroid in Drosophila melanogaster. J Exp Zool 
143 : 77-99 

Wright TRF (1970) The genetics of embryogenesis in Drosophila. 
Adv Genet 15 : 262-385 

Zalokar M (1976) Autoradiographic study of protein and RNA 
formation during early development of Drosophila eggs. Dev 
Biol 49 : 425437 

Zalokar M, Erk I (1977) Phase-partition fixation and staining of 
Drosophila eggs. Stain Technol 52 : 89-95 

Received January 3, 1984 
Accepted in revised form March 5, 1984 


