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ABSTRACT 
An unstable Ring-X chromosome, Ddc+-Ring-X carrying a cloned Dopa decarboxylase (Ddc) encod- 

ing segment was constructed. The construction involved a double recombination event between the 
unstable Ring-X, R(l)w"" and a Rod-X chromosome which contained a P-element mediated Ddc+ insert. 
The resulting Ddc+-Ring-X chromosome behaves similarly to the parent chromosome with respect to 
somatic instability. The Ddc+-Ring-X chromosome was used to generate Ddc mosaics. Analyses of Ddc 
mosaics revealed that while there was no absolute requirement for the Ddc+ expression in either the 
epidermis or the nervous system, very large mutant clones did affect the viability of the mosaic. 

ENETIC techniques involving Drosophila melan- G ogaster readily allow analyses of gene function 
in mosaic animals. A common method used to con- 
struct mosaics consists of a chromosomal loss system 
which utilizes a somatically unstable Ring-X chromo- 
some (see HALL, GELBART and KANKEL 1976 for 
review). The application of this method requires that 
the wild-type allele of the gene of interest reside on 
the unstable Ring-X chromosome. In the mosaic zy- 
gotes in which the Ring-X chromosomal loss has oc- 
curred, the diplo-X cells carry the mutant and the 
wild-type alleles, whereas the haplo-X cells carry only 
the mutant allele. Consequently, animals composed of 
cells that have the wild-type gene function and cells 
that have lost the wild-type gene function are gener- 
ated. A major limitation of this method is that mosaics 
can be produced only for the X chromosome linked 
genes. Thus, the method has not been readily appli- 
cable to autosomal genes which constitute about 80 
percent of the Drosophila genome. In this paper, we 
report extending this method to an autosomal gene, 
dopa decarboxylase (Ddc), that encodes the enzyme 
dopa decarboxylase (DDC) (WRIGHT, HODGETTS and 
SHERALD 1976). T o  construct an unstable Ring-X 
chromosome carrying the Ddc+ gene (Ddc+-Ring-X), 
we took advantage of a P-element mediated Ddc' 
transformant in which the wild-type gene was inserted 
in the X chromosome (SCHOLNICK, MORGAN and 
HIRSH 1983). 

Our major reason to develop a system that will 
generate Ddc mosaics is to allow an analysis of central 
nervous systems (CNS) composed of neurons capable 
of serotonin and dopamine synthesis and neurons that 
are unable to synthesize these transmitter molecules. 
In Drosophila, the gene Ddc encoded DDC activity is 
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utilized in the CNS in the synthesis of the neurotrans- 
mitters serotonin and dopamine (LIVINGSTONE and 
TEMPEL 1983; VALLES and WHITE 1986). Therefore, 
at least some Ddc mosaics would have CNSs composed 
of cells carrying a Ddc+ allele and thus capable of 
transmitter synthesis and cells that do not carry a wild- 
type Ddc allele and thus cannot synthesize the trans- 
mitters. 

Ddc is a vital locus in that most Ddc mutant pha- 
rate larvae are unable to hatch at the embryo-larval 
boundary (WRIGHT, HODGETTS and SHERALD 1976; 
WRIGHT, BEWLEY and SHERALD 1976). The cause of 
lethality could be the DDC deficiency in the epidermal 
cells where it is utilized in the synthesis of dopamine, 
an important intermediate in the biosynthesis of mol- 
ecules required for cuticular tanning. Alternatively, it 
could be the DDC deficiency in the neural cells that 
leads to the inability to hatch. It is also possible that 
the lethality may not be associated with a specific tissue 
or a group of cells, but rather results from a general 
malady caused by the absence of DDC activity. Be- 
cause of the organismal lethality associated with Ddc 
mutant animals, some classes of Ddc mosaics may not 
hatch at the embryo-larval boundary or may die dur- 
ing postembryonic period. The current study was 
undertaken to investigate if adult Ddc mosaics survive, 
and to assess the classes of adult Ddc mosaics that can 
be obtained. For the analyses presented in this report, 
an adult population of gynanders, and its pattern of 
mutant/normal tissue was compared to the marked/ 
unmarked pattern in control mosaics. 

MATERIALS AND METHODS 

Drosophila culture conditions and genetic stocks: Flies 
were raised on standard molasses, agar, yeast, cornmeal 
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food at 25’. X chromosome linked cuticular markers used 
were singed (sn3) and chocolate (cho). T h e  Ddcn2’ allele was 
linked to the eye color marker purple ( p r ) .  T h e  Ddcn2’ allele 
is a 2 kilobase deletion removing the 5‘ exon of Ddc coding 
sequence and 0.5 kilobase of 5’ flanking DNA (GILBERT, 
HIRSH and WRIGHT 1984). T h e  Ddc“’ is a temperature 
sensitive allele of Ddc (WRIGHT et al. 1981). D f ( Z L ) T W l 3 0  
is a large cytologically visible deletion that entirely removes 
Ddc; it is marked with rdo, p r  and cn (WRIGHT, HODGETTS 
and SHERALD 1976). T h e  Ddc+-Rod-X chromosome (strain 
DR14) was a gift from J. HIRSH; the Ddc+ transduced 
segment is located near the locus singed U. HIRSH, personal 
communication). 

T h e  parent unstable Ring-X chromosome used was 
R( 1 ) ~ “ ” .  T h e  Ddc+-Ring-X chromosome was generated in 
this study (see RESULTS). We used chromosome balancers 
FM7a plus Binsn, and Cy0 plus SM6. T h e  description of 
niutations and special chromosomes can be found in LINDS- 
LEY and GRELL (1 968) and in Drosophila Information Service 
(1 982) Volume 57. 

Generation of Ddc and Ddc+-Ring-X control mosaics: 
To generate gynandromorphic mosaics, Ddc+-Ring-X/Binsn; 
Ddc”” pr /SM6 females were crossed to cho sn’/E DdcnZ7 pr/ 
SM6 males. T h e  Ring-X chromosome bearing diplo-X zy- 
gotes from this cross give rise to the experimental (Ddc) and 
also to the control (Ddc+) classes of mosaics depending on 
their second chromosomal constitution. T h e  class, Ddc+- 
Ring-X/cho sn”; DdcnZ7 pr/DdcnZ7 p r  yields the desired Ddcn2’ 
tissue in the hemizygous male clones (cho sn’; Ddc”” pr /  
Ddcn2’ pr). T h e  other class, Ddc+-Ring-X/cho sn”; Ddc”” pr /  
SM6,  carries the Ddc+ allele on the SM6 chromosome. 

Analyses of gynandromorphs: Adult mosaics were rec- 
ognized with the help of cuticular markers. T h e  control 
mosaics and females are clearly distinguishable from their 
sibling experimental mosaics and females by the presence of 
the dominant marker Curly on the SM6 chromosome. An 
additional distinction between the control and experimental 
classes is provided by the recessive eye color marker purple 
linked to the Ddcn2’ allele. Thus the control mosaics have 
curly wings and the haplo-X clones are marked with singed 
bristles and chocolate eye clones. In the experimental mosa- 
ics, the wings are non-curly, the eyes are purple, and the 
haplo-X tissue is marked with singed bristles and chocolate 
eye clones; in addition, it is DdcnZ7. The  absence of DDC 
activity leads to an incomplete sclerotization, a pale colored 
cuticle, and very pale bristles. 

Mosaic frequencies were calculated for the experimental 
and the control mosaic populations. T h e  mosaic frequency 
is normally defined as: number of mosaic/nuniber of non- 
mosaic Ring-X females + number of mosaics (HOTTA and 
BENZER 1972). In a population of mosaics for an organismal 
lethal mutation (in this case Ddc),  some classes of mosaics 
may not live; therefore, a modified computation for mosaic 
frequency was used. T h e  mosaic frequency was defined as 
number of mosaics/number of nonmosaic Ring-X females. 
This definition of mosaic frequency allows direct compari- 
sons between the mosaic frequency of experimental and 
control populations as the denominator is rendered free of 
the adult mosaic number variable. Adult structures in mosa- 
ics were scored as being mutant, non-mutant or  mosaic. T h e  
structures scored were: 

1 .  Head: arista, pan, vibrissae, palp and the bristles: 
postorbitak, inner verticals, outer verticals, anterior orbit- 
als, middle orbitals, posterior orbitals, ocellars, postverticals. 

2. Dorsal thoracic bristles: humerals, presutural, anterior 
notopleurals, posterior notopleurals, anterior supraalars, an- 
terior postalars, posterior supraalars, posterior postalars, 
anterior dorsocentral, posterior dorsocentral, anterior scu- 

tellar, posterior scutellar. 
3. Ventral thorax: coxi I, coxi 11, coxi 111 ( i .e . ,  legs), the 

sex combs, and the sternopleural bristles. 
4. Dorsal abdomen: tergites 3-6. 
5 .  Ventral abdomen: sternites 3-5. 
Serotonin Immunohistochemistry. Adult CNSs were dis- 

sected and fixed in 4% paraformaldehyde in 0.1 M phos- 
phate buffer (pH 7.2) and processed for serotonin immu- 
noreactivity using a procedure similar to that described in 
WHITE, HURTEAU and PUNSAL ( 1  986). T h e  primary anti- 
body used was an anti-serotonin monoclonal supernatant 
purchased from Accurate Chemical and Scientific Corpo- 
ration (catalog No. MAS055, clone No. YC5/45). T h e  sec- 
ondary antibody used was goat anti-rat IgG conjugated to 
peroxidase purchased from Cappel Laboratories. 

RESULTS 

Construction of an unstable Ddc+-Ring-X chro- 
mosome: The initial strategy of incorporating a D d c f  
allele into the unstable Ring-X chromosome seemed 
straightforward. The plan was to produce a “rescued” 
normal Ring-X bearing female that lived even though 
homozygous for the otherwise lethal DdcnZ7 allele on 
the second chromosome. The Ddc+-Rod-X chromo- 
some available to us had a Ddc+ insert near the singed 
locus (SCHOLNICK, MORGAN and HIRSH 1983). How- 
ever, preliminary crosses involving Ddc+-Rod-X 
DdcnZ7/SM6 broods did not yield Ddc+-Rod-X adults 
homozygous for the DdcnZ7 chromosome. The absence 
of Ddci-Rod-X DdcnZ7/Ddcnz7 adults implied the exist- 
ence of a second lethal factor on the DdcnZ7 bearing 
second chromosome. Therefore, an alternative mat- 
ing scheme was devised which selected for the neces- 
sary double recombinant event incorporating the 
Ddc+ allele into the unstable Ring-X in a Ddc”’ back- 
ground (see Figure 1). The frequency of such double 
crossover events is expected to be low; in the current 
scheme it was estimated to be about one in 700. The 
desired Ddc+-Ring-X/FM7a; Ddctsz/Ddctsz female was 
distinguishable from all other classes of females in the 
cross, by its wild-type cuticle, noncurly wings and 
white-variegating eyes. Next, this Ddc+-Ring-X was 
placed in a DdcnZ7/SM6 background in a series of 
crosses that selected for the removal of the unrelated 
lethal factor on the DdcnZ7 bearing second chromo- 
some by recombination (Figure 1). 

During the course of this selmtion, gfnandro- 
morphic mosaics were routinely observed. Thus, it 
was clear that the Ddc+-Ring-X chromosome had main- 
tained the somatic instability of the parent Ring-X 
chromosome. Among the gynanders observed, both 
control (Ddc+) and experimental (Ddc) classes were 
present. The Ddc null patches were characterized by 
incomplete sclerotization, a pale colored cuticle and 
pale bristles. In the patches, the phenotypes described 
by WRIGHT ( 1  977), for the Ddc mutant escapers were 
evident. For example, in complete mutant legs, the 
joints were melanized, also the mutant wings exhibited 
melanized wing axillae. 
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Ring-XI FM7a; Ddcts21SM6 X Rod-XDdc+lY; Ddcts21SM6 

1 
Ring-XI Rod-XDdcf ; DdctS2lSM6 X FM7a IT; Ddcts21SM6 

/ 
Ring-X.Ddc+lFM7a; D d s 2 l  DdgS2 * X FM7a IY; D d s 7 p r  ISM6 

J 
Ring-X.Ddc+lFM7a; Ddc?s2/ Dd& pr X FM7dY; Dj72L)lW130lSM6 + 

Ring-X.Ddc+lFM7a; Df(2L)Tw130/ Ddcd7 pr X FM7alY; (?)I SM6 ** 
(single pair lines) + 

Ring-XDdc+lFM7a; (?)ISM6 X FM7alY; (?)I SM6 

1 
Ring-XDdcflFM7a; Dd&7pr I D&7pr X FM7aIY; Ddcd7pr ISM6 

FIGURE 1 .-The genetic scheme for generating the Ddc+-Ring- 
X chromosome. For descriptions of mutations and chromosomes 
used see MATERIALS AND METHODS. *, the Ddc+-Ring-X/FM7a; 
Ddctsz/Ddc'sz female was recognized on the basis of wild type cuticle, 
white gene variegation in the eye and noncurly wings. **, (?) denotes 
second chromosome inherited from the female parent. 

TABLE 1 

Mosaic frequencies for experimental and control mosaics 

Inferred genotypes 
Mosaic 

No. frequency" 

EXPERIMENTAL FEMALE: 
Ddc+-Ring-X/cho sn'; DdcnZ7 pr/DdcnZ7pr 298 0.69 

EXPERIMENTAL MOSAIC: 
cho sn'; D d ~ " " ~ p r / D d c " " ~  pr//Ddc+-Ring- 206 

CONTROL FEMALE: 
Ddc+-Ring-X/cho sn '; DdcnP7 pr/SM6 572 1.24 

CONTROL MOSAIC: 
cho sn' DdcnZ7 pr/SMb//Ddc+-Ring-X/cho 712 

sn'; DdcnZ7 prlSM6 

Xlcho sn'; D d ~ " ~ ~ p r / D d c ~ " ~  p r  

~~ ~~~~ 

To generate gynandromorphic mosiacs, Ddc+-Ring-X/Binsn; 
DdcnZ7 prlSM6 females were crossed to cho sn'/Y; Ddc""' prlSM6 
males. 

a Mosaic frequency defined as number of mosaics/number of 
nonmosaic Ring-X females. 

Ddc genetic mosaics: Ddc mosaics were generated 
using the unstable Ddc+-Ring-X chromosome as de- 
scribed in the MATERIALS AND METHODS. The mutant 
Ddc allele used was D ~ c ~ ~ ~  which is expected to be 
amorphic based on its molecular characterization 
(GILBERT, HIRSH and WRIGHT 1984). All the Ring-X 
bearing progeny of this cross were inspected for the 
presence of haplo-X clones, and the mosaic frequen- 
cies for the experimental and control classes were 
calculated. The genotypes of the experimental fe- 
males and mosaics and control females and mosaics 
are listed in the Table 1. 

The mosaic frequency of the control (Ddc+) gyn- 
anders was 1.24. Since the experimental (Ddc) and the 
control (Ddc+) populations are generated in the same 
cross, direct comparison is possible. The mosaic fre- 
quency of the experimental Ddc mosaic was 0.69. The 

TABLE 2 

Average mutant frequencies for landmarks on adult mosaics 

Dorsal Ventral 

Mosaics Head thorax thorax domen domen 
Dorsal Ventral ab- ab- 

cho sn'; Ddc+ control 0.43 0.47 0.47 0.47 0.46 

cho sn'; Ddc""pr experi- 0.37 0.32 0.29 0.33 0.29 

y w sn' control (151)" 0.42 0.47 0.49 0.42 0.42 
y vnd2  mosaics (109)" 0.03 0.20 0.11 0.25 0.15 
y elav' cho mosaics (224)' 0.10 0.10 0.06 0.16 0.13 
ypara"; nap"/nap" mo- 0.01 0.19 0.10 0.36 0.38 

(300) 

mental (206) 

saics' 

Data from WHITE, DECELLFS and ENLOW (1983). 
Data from CAMPOS, GROSSMAN and WHITE (1 985). 

' Data from GANETZKY (1 984). 

mosaic frequency for the experimental class indicates 
that only 55% of the Ddc+-Ring-Xlcho sn'; D ~ c " ~ ~ /  
D ~ c ~ ~ ~  female zygotes that lose the Ddc+-Ring-X chro- 
mosome eclosed as adults. 

As was expected from the gynandromorphs ob- 
served during the construction of the Ddc+-Ring-X 
chromosome, the Ddc clones readily survive in the 
cuticle and seem to differentiate normally. In the Ddc 
mosaics all major appendages were normal in appear- 
ance (size, shape, bristle differentiation), even when 
completely mutant, except for the incomplete sclero- 
tization and the escaper-like phenotype described ear- 
lier. Also, mosaic flies with a very large Ddc null patch 
seemed weak, moved awkwardly and in some in- 
stances, died within a day or two after eclosion. 

To determine whether the recovery of Ddc mosaics 
was random or  biased towards specific classes of mo- 
saic flies, we analyzed the data in two ways. The 
mutant frequencies for cuticular structures on the 
adult head, thorax and abdomen were computed. 
(The mutant frequency is defined as number of times 
a structure was mutantlnumber of times a structure 
was scored.) Then an average of mutant frequencies 
of all the structures on each part of the fly (parts 
defined as the head, the dorsal thorax, the ventral 
thorax, the dorsal abdomen, the ventral abdomen) 
was computed. The average mutant frequencies for 
the experimental and control populations are listed in 
Table 2. The values in Table 3 are derived from the 
same data sample, but here the percentages of mosaics 
with completely mutant parts are computed. 

Since this is the first set of data on a newly modified 
unstable Ring-X chromosome (Ddc+-Ring-X), we have 
included previously published data on mutant fre- 
quencies of the parent Ring-X chromosome (R( I)w"'), 
for a mosaic population that did not involve lethal 
mutations (Table 2, line 3). A different type of com- 
parison between mutant frequency values involving 
other embryonic lethal mutations is possible. Lines 4 
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TABLE 3 

Percentage of mosaics with completely mutant body parts" 

Dorsal Ventral 
M o w m  Head thorax thordx Abdoinen 

cho sn I ;  Ddc+ control 24.0 22.7 16.0 10.0 
(300) 

mental (206) 
cho sn '; Ddc""pr experi- 15.0 3.9 1.5 1.9 

~ 

a Body parts as defined by the landmarks noted in MATERIALS 
AND METHODS. 

to 6, Table 2, list previously published values for und 
(ventral nervous system defective) mosaics (WHITE, DE- 
CELLES and ENLOW 1983), e l m  (embryonic lethal abnor- 
mal visual system) mosaics (CAMPOS, GROSSMAN and 
WHITE 1985) and para" (paralytic) mosaics made in 
the nap" (no action potential) background (GANETZKY 
1984). These specific genes were chosen for compar- 
ison because comparable data were readily available, 
and because mutations in these genes affect the nerv- 
ous system's structure or function. Some of the points 
that emerge from the comparison of the mutant mo- 
saic population and the control mosaic population 
values listed in Tables 2 and 3 are as follows: 

1. In the control mosaic population generated us- 
ing the Ddc+-Ring-X but not involving homozygosity 
for DdcnZ7, the average mutant frequencies are similar 
to the frequencies of the mosaic population generated 
using the parent Ring-X. For both populations, the 
average mutant frequencies are relatively uniform, 
with the values for the head structures being slightly 
lower (Table 2,  lines 1 and 3). This comparison indi- 
cates that the control mosaics generated by the use of 
Ddc+-Ring-X chromosome fall within the normal ex- 
pected range. 

2. In the experimental populations the average mu- 
tant frequency values were consistently lower for all 
body parts of the fly with the exception of the head 
when compared to the values in the control population 
(Table 2 ,  line 2). However, the extent of the reduction 
was not as dramatic as in the case of und or elau 
mosaics or in paraLS mosaics generated in the nap'" 
background (Table 2, lines 4, 5 and 6). 

3 .  The highest average mutant frequency values in 
the experimental samples were obtained for the land- 
marks on the head (Table 2,  line 2). This suggests 
that mutant clones in the head region are not delete- 
rious to the survival of the fly. This suggestion is 
further substantiated by the finding that 15% of all 
Ddc mosaics had conipletely mutant heads as judged 
by their cuticular landmarks (Table 3) .  Average mu- 
tant frequency values of the head landmarks in Ddc 
mosaics were 12 times higher than und mosaics, 3.7 
times higher than e l m  mosaics, and 37 times higher 
than paraf5 in naptr background (Table 2). 

4. The percentages of mosaics with completely mu- 

tant body parts are lower for the experimental popu- 
lation in comparison to the control population (Table 
3). The lowest percentages are seen for the ventral 
thorax where the experimental values are about 10 
times lower in comparison to the control. The com- 
pletely mutant dorsal thorax and abdomen values are 
each about 5 times lower and the head values are only 
about 1.6 times lower than for the corresponding 
values for the control mosaic population. 

Serotonin immunoreactivity in the central nerv- 
ous system of Ddc mosaics: Our long-term interest 
in developing a system that will generate Ddc mosaics 
is to analyze CNSs in which some neurons are capable 
of serotonin and dopamine synthesis whereas other 
neurons would not be able to synthesize these trans- 
mitter molecules. Currently we know that serotonin 
and dopamine are synthesized in the neural tissue 
(LIVINGSTONE and TEMPEL 1983) and that dopamine 
is also synthesized in the epidermis (WRIGHT 1977). 
The distribution of the amines within the CNS is 
specific ( V A L L ~ S  and WHITE 1986; BUDNIK, MARTIN- 
MORRIS and WHITE 1986). The Ddc gene is also 
known to be expressed in the CNS and in the epider- 
mis (HIRSH 1986). The generation of mosaics allowed 
us to test whether a serotonin and dopamine-minus 
nervous system (as determined by phenotype) could 
result in a viable adult. Finding CNSs devoid of the 
transmitter would imply that genetically mutant 
neural tissue does not sequester the transmitter syn- 
thesized somewhere else in that animal. This is an 
important consideration, since biogenic amine neu- 
rons are capable of selective amine uptake (AXELROD 
1965); specifically in Drosophila, serotonin-containing 
neurons take up exogenous serotonin (VALL~S and 
WHITE 1986) and catecholamine-containing neurons 
take up exogenous L-dopa and dopamine (BUDNIK, 
MARTIN-MORRIS and WHITE 1986). 

T o  look into these matters we examined CNSs of 
adult mosaics using an immunohistochemical assay for 
serotonin localization. T o  maximize the possibility of 
finding serotonin minus brains, adult Ddc mosaics 
were chosen on the criterion that all the head land- 
marks were mutant. The brain and thorax of each 
chosen mosaic were dissected and processed for sero- 
tonin immunoreactivity as described in MATERIALS 
AND METHODS. Of the five mosaics analyzed in this 
way, two mosaics were devoid of any serotonin im- 
munoreactivity in the brain (Figure 2), whereas the 
thoracic ganglion showed immunoreactivity (not 
shown). Externaily, these two mosaics had a mosaic 
thoracic cuticle. A third mosaic was characterized by 
the absence of serotonin immunoreactivity in the 
supraesophageal region of the brain, yet was positive 
for immunoreactivity in the subesophageal region. In 
two further cases, there was some degree of immu- 
noreactivity in the brain, but the complete wild-type 
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FIGURE 2.-Serotonin immunoreactivity in the brains of Ddc 
mosaics. Photomicrographsof frontal sections from brains that have 
been reacted for serotonin immunoperoxidase staining. A, Mid- 
brain section of a Ddc mosaic whose external head landmarks were 
all mutant. Note the absence of serotonin immunoreactivity. All 
other sections from this mosaic were also devoid of immunostaining. 
B, Representative section of a Ddc mosaic brain whose external 
head landmark were all wild type. Arrow points to serotonin im- 
munoreactive cells in the dorsal region of the supraesophageal 
region. Star indicates immunoreactive fibers in the medulla. e, 
esophagus; m, medulla. Scale bar, 50 pm. 

pattern was not observed. T h e  observation that two 
of the five brains were characterized by a complete 
absence of immunocytochemically detectable sero- 
tonin implies that the serotonin-containing neurons in 
the brain do not take up  serotonin that may be syn- 
thesized in some other tissue; within the CNS of these 
two mosaics, serotonin immunoreactivity was detected 
within the thoracic ganglia. I t  also implies that the 
serotonin synthesized in the thoracic ganglion is not 
freely available to the neurons in the brain and that 
these neurons do not accumulate serotonin a t  least at  
a level detectable by the immunocytochemical assay. 
These results also showed that a serotonin-minus phe- 
notype, in part or even all of the anterior CNS is not 
a lethal condition. This result could have been pre- 
dicted by the relatively high frequency of head-mutant 
mosaics, with respect to scoring by cuticular markers 
(Table 2, line 2; Table 3,  line 2). 

DISCUSSION 

The Ddc+-Ring-X chromosome: We report the con- 
struction of a special Ring-X chromosome that carries 
a wild-type copy of the autosomal gene Ddc. T h e  

method we describe for generating an unstable Ring- 
X chromosome carrying an autosomal gene is appli- 
cable to any autosomal gene that has been cloned and 
transduced to the X-chromosome in a convenient lo- 
cation. 

To introduce the wild-type Ddc locus in the Ring-X 
chromosome, we took advantage of a Ddc+ P-element 
mediated insert in the X-chromosome (SCHOLNICK, 
MORGAN and HIRSH 1983). T h e  central location of 
the insert in the X-chromosome facilitated the double 
recombinational event between the Ddc+-Rod-X and 
the Ring-X chromosome. T h e  Ddc+-Ring-X chromo- 
some that resulted from this double recombinational 
event was somatically unstable similar to the parent 
Ring-X chromosome (Table 2, lines 1, 3). 

It is interesting to note that this is not the first time 
an autosomal gene has been inserted into a Ring-X 
chromosome. LEWIS (1 963) reported the construction 
of a Ring-X chromosome that contained a wild-type 
copy of an autosomal segment, the bithorax complex. 
In the system he described, a large translocation of 
the bithorax complex was recombined into the Ring-X 
chromosome. T h e  major advantages of the system we 
have described are: (1) the desired recombination 
event between the Ring-X and the Rod-X chromosome 
seems to occur a t  a relatively high frequency (one in 
700); (2) insertion of a cloned piece of DNA eliminates 
the extra DNA that comes with a translocation; (3) 
the desired recombination event is not expected to 
affect the Ring’s property of instability which is ap- 
parently associated with its fused distal tip near the 
centromere (reviewed in HALL, GELBART and KANKEL 
1976). 

Other  methods for generating gynandromorphs in- 
volving autosomal loci have used X-autosomal trans- 
locations in which the locus of interest has been trans- 
located to the X chromosome (e.g., KANKEL and HALL 
1976; GREENSPAN, FINN and HALL 1980). T h e  chro- 
mosome loss is induced by the use of mutations nit or 
pal that destabilize chromosomes (reviewed in HALL, 
GELRART and KANKEL 1976). A problem with the use 
of the mil or pal systems is that the gynandromorphs 
a re  infrequent. In a recent study involving the auto- 
somal gene Acph, FISCHBACH and TECHNAU (1 984), 
reported a frequency of one percent for pal-induced 
Acph mosaics. T h e  low frequency of mosaics can be a 
serious problem, if mosaics a re  to be recovered in 
preadult stages, for instance as larvae, because the 
screening in the larval stages is laborious due to the 
paucity of external markers. T h e  unstable Ring-X 
system is far superior because it generates mosaics at  
a high frequency, as evidenced in the current study. 
This makes the analyses a t  earlier stages of develop 
ment or of particular classes of adult mosaics feasible. 

Ddc mosaics: One of the goals of the present study 
was to determine if a lethal focus could be assigned 
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for the Ddc gene action and to assess the classes of 
adult mosaics recovered. The lethal focus is defined 
as that area of the blastoderm from which the struc- 
tures requiring Ddc gene activity for viability are 
derived. Whether the lethal focus is a small or ex- 
tended area, composed of continuous or discontin- 
uous cell clusters will depend on the specific require- 
ment for the gene product in question. Since the Ddc 
gene is expressed in the epidermis, and in the CNS, 
an absolute requirement in either of these tissues for 
this gene product would bias the recovery of certain 
classes of adult mosaics in specific ways. 

At the beginning of this project an obvious predic- 
tion for a lethal focus for the Ddc gene could not be 
made. That approximately 45% of the mosaics die 
before eclosion indicates that at least some mosaic 
zygotes are unable to survive. So simply having some 
wild-type Ddc tissue is not in itself sufficient for the 
survival of a Ddc mosaic. We do not know when the 
mosaic embryos that fail to eclose die. They may die 
as unhatched embryos, just before eclosion or during 
postembryonic development. Our analyses suggest 
that instead of a specific lethal focus, there may be a 
“size restriction” for the area over which the cuticle 
may be mutant. Mosaics with large mutant cuticle 
patches may have a lower chance of survival than 
mosaics with small cuticle patches. For example, it is 
possible that a certain amount of wild-type cuticle may 
facilitate the hatching of the larva out of the egg shell 
or the adult eclosion out of the pupal case. When an 
approximate calculation was made by averaging mu- 
tant frequencies for all the cuticular landmarks, only 
6% of the experimental Ddc mosaics had mutant 
patches that covered more than 70% of their cuticle, 
as compared to 26% in case of the control mosaics. 
This calculation, although crude because every land- 
mark used is given equal weight, does point out that 
Ddc mosaics with mostly mutant cuticle have a lower 
probability of survival. However, we must point out 
that completely mutant larvae do occasionally hatch 
and that a few mosaics with largely mutant cuticle do 
survive. 

Patterns of serotonin-containing and catechol- 
amine-containing neurons allow a minimum estimate 
of the site of Ddc expressicn in the CNS. Serotonin- 
containing and catecholamine-containing neurons are 
found in most segments of the larval CNS (VALL~S 
and WHITE 1986; BUDNIK, MARTIN-MORRIS and 
WHITE 1986). Several lines of evidence point against 
a specific “lethal focus” within the CNS. We have 
previously shown that larvae homozygous for the 
DdcnZ7 allele can develop to third instar stage (VALL~S 
and WHITE 1986). In this study adult mosaics with 
serotonin minus brains were observed, indicating an 
absence of a specific “lethal focus” within the brain. 
Although a high percentage of mosaics with com- 

pletely mutant heads survived, very few adults with 
completely mutant dorsal and ventral thorax were 
observed (Table 3). As is the case with the cuticle, it 
is again possible that a mosaic harboring a large mu- 
tant patch that includes both brain and thoracic gan- 
glion may have a lower survival chance. 

A Ddc mosaic with a mutant or a mosaic CNS may 
be lethal because of altered behavioral patterns. Se- 
rotonin has been localized in the fibers of the nerves 
that project to the pharyngeal muscle (WHITE and 
VALLBS 1985). Serotonin-immunoreactive varicosities 
are also observed along the pharyngeal muscle, sug- 
gesting a role for serotonin in the larval feeding 
behavior. As yet, in Drosophila, the physiological role 
of serotonin in the feeding behavior has not been 
elucidated but serotonin has been shown to have a 
modulatory role in the feeding behavior of the leech 
(LENT 1985). Clearly, a defect in the feeding behavior 
of a mosaic could result in its inviability. Biogenic 
amines are implicated as activators of intracellular 
messengers in the current model proposed for certain 
types of memory and learning (reviewed in DUDAI 
1985). There have been reports of defective experi- 
ence-dependent courtship behavior in Ddcts mutants 
(TEMPEL, LIVINGSTONE and QUI” 1984; SIEGEL et 
al. 1984). Thus, given the variety of phenotypes that 
potentially could be affected in a Ddc mosaic, it seems 
reasonable to pose biogenic amine associated changes 
in behavior as an alternative source of mosaic lethality. 

We are indebted to Dr. J. HIRSH for generously providing the 
Ddc+-Rod-X chromosome. This work was supported by National 
Institutes of Health grants GM-33205 and NS-23510. A.M.V. is a 
predoctoral trainee supported by training grant NRSA GM-07 122. 
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