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ABSTRACT 
Pattern regulation of malic enzyme (ME) distribution in D. melanogasterlD. simulans (mellsim) hybrid 

eye-antennal discs was investigated. Both cis- and trans-regulation of the spatial distribution pattern 
was observed within the eye portion of the disc complex. D. simulans possesses gene(s) that operate in 
trans in the hybrids to suppress ME staining along the morphogenetic furrow, a region that always 
stains in D. melanogaster. ME structural genes of both species were expressed in cis within the 
ommatidial preclusters and clusters of the hybrids. Malic enzyme was not expressed elsewhere in the 
eye disc of either species. Restoration of the D. melanogaster furrow pattern element occurred in 
partial hybrids that were homozygous for the D. melanogaster 3R where the structural gene resides. 
Therefore, a dominant gene(s) in the D. simulans 3R suppresses the D. melanogaster furrow pattern, 
while a recessive gene(s) in the D. melanogaster 3R restores the pattern when the trans-suppressor is 
removed. These conclusions agree with those found for regulation of aldehyde oxidase distribution 
in D. melanogasterlD. simulans hybrid wing discs. 

ISTOCHEMICAL techniques have been devel- H oped to study spatial distribution patterns for 
several enzymes in Drosophila imaginal discs (KUHN 
and CUNNINGHAM 1977; CUNNINGHAM and KUHN 
1981; Cunningham et al. 1983; FINKBOHNER, CUN- 
NINGHAM and KUHN 1985). Although many imaginal 
disc cells are  ultrastructurally identical throughout 
larval development, they d o  differentiate biochemi- 
cally during the larval period. T h e  patterns of distri- 
bution are different for each enzyme, reflecting de- 
velopmental commitments acquired by specific groups 
of cells. Pieces of the enzyme patterns are  shared in 
common by different enzymes. Some pattern elements 
demarcate junctions between clonally restrictive de- 
velopmental compartments, while others show subdi- 
visions within compartments that are not clonally re- 
stricted (KUHN et al. 1983). T h e  observation that 
specific areas within the discs stain, while neighboring 
regions do not, suggests that regulatory genes may be 
distributed throughout the genome to control enzyme 
distribution within the territories (SPREY, ESKENS and 
KUHN 1982). 

A cascade system is envisioned whereby homoeotic 
selector genes (GARCIA-BELLIDO 1977) regulate the 
developmental potential of entire compartments. We 
propose that each selector gene controls a group of 
genes responsible for further determinative refine- 
ments in different regions of a compartment. These 
genes, in turn, regulate lower level cis- and trans- 
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acting control elements, which dictate spatiotemporal 
expression of certain structural genes. 

SPREY and KUHN (1987) have identified several 
different chromosomal locations for pattern regula- 
tion elements for aldehyde oxidase in the wing disc of 
meblsim hybrids. Further documentation for such con- 
trol elements is provided here for regulation of malic 
enzyme distribution in the eye-antennal disc. 

MATERIALS AND METHODS 

Drosophila stocks: All Drosophila stocks were main- 
tained at approximately 25" on a medium consisting of 
cornmeal, agar, dextrose, sucrose and brewer's yeast. Pro- 
pionic acid, phosphoric acid and Tegosept were added to 
the medium to inhibit mold growth. For the production of 
hybrids, it was critical for the medium to be fresh. The flies 
did not mate on old medium, nor did hybrid larvae survive. 
Larvae had to be transferred frequently to fresh medium 
and ultimately floated out  of the food by adding a 20% 
sucrose solution. This step was necessary because hybrids 
chose to pupate in the medium rather than crawl up onto 
the sides of the vials, a characteristic behavior of our sim 
strain (G. PACKERT, unpublished observations). 

The strategy for production of the special mellsim hybrids 
was developed by GRELL (1976) to localize the aspartate 
aminotransferase structural gene in me1 and sim. He made 
partial hybrids between me1 and sim in which one chromo- 
some arm was homozygous for me1 or sim genes in an 
otherwise hybrid background. GRELL took advantage of the 
fact that the two species had different electrophoretic var- 
iants of the structural gene. 

The pattern of M E  distribution differed between me1 and 
sim, which made localization of the regulatory region possi- 
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ble by analysis of partial hybrids. The  basic difference in 
theme between our studies and the one by GRELL (1 976) is 
that GRELL was localizing the position of a structural gene, 
while we searched for regulatory genes. Details of the crosses 
used and types of hybrid larvae produced are given in SPREY 
and KUHN (1 987). 

NADP+-dependent malic enzyme (ME-NADP; EC 
1.1.1.40) is a cytoplasmic enzyme of Drosophila that is coded 
for by the Men* structural gene in the right arm of chro- 
inosonie 3 at 51.7 (VOELKER et al. 1981). For brevity ME- 
NADP has been shortened to ME. 

The following stocks were used for this study. D. simulans: 
( 1 )  wild type and ( 2 )  T(Y;?)1, Ubxm/cut, ca'. D. melanogaster: 
( 1 )  y ;  F(3L),  h2; C ( 3 R )  sr; (2) Men"', a ME low activity 
mutant at the structural gene locus; and (3) Orgon-R-C wild 
type. For descriptions of mutants and stocks used refer to 
LINDSLEY and GRELL (1968) and GRELL (1976). Hybrids 
were always generated by crossing me1 females to sim males 
and selecting the resulting female larvae. Virgin females 
averaging from 0 to 12 hr of age were mated to males aged 
for no less than 48 hr. 

Histochemistry: Eye-antennal discs were prepared and 
stained as explained in detail by FINKBOHNER, CUNNINGHAM 
and KUHN (1985). Staining varied from 15 to 60 min de- 
pending upon activity levels of ME. Each sample consisted 
of at least 20 eye-antennal discs. The  ME staining was 
remarkably repeatable and consistent; thus little pattern 
variation was noted between discs representing each genetic 
type. 

RESULTS 

Regulation of ME pattern in the eye portion of the 
eye-antennal imaginal disc of mellsim hybrids is pre- 
sented in Figure 1.  ME in the me1 mature eye disc is 
located within the differentiating ommatidial preclus- 
ters and clusters that have formed in the caudal part 
of the eye disc (READY, HANSON and BENZER 1976), 
as well as in a thick band along the caudal and rostral 
side of the morphogenetic furrow (mf) (Figure IA). 
T h e  mf staining is a prominent feature of the me1 
pattern. T h e  caudal staining is the same in the sim and 
me1 eye discs (Figure 1B). However, no  ME staining 
occurred along the mf in sim eye discs (Figure 1B). 
T h e  larval optic nerve (Ion) stained in both species 
and in the hybrid (Figure 1C). T h e  ME distribution 
pattern in mellsim hybrid female discs was identical to  
the sim pattern with no trace of ME along the mf 
(Figure 1, C and D). T h e  young disc in Figure 1D 
showed that ME stained the ommatidial preclusters 
but did not extend rostrally btyond the mf. Figure 1, 
C and D, shows that ME stained as intensely in the 
hybrid as it did in the parental species. T h e  contri- 
bution of the sim genome to the pattern was assessed 
in hybrids that possessed the me1 MenJo6 low activity 
mutant (Figure 1 ,  E and F). Eye discs from these me1 
Men 5"6/sim female larvae were exposed to the staining 
solution for up to an hour (1 5-30 min is normal), yet 
little ME activity could be detected (Figure 1 ,  E and 
F). T h e  low level of staining was confined to  the 
ommatidial preclusters and mature clusters, plus the 
larval optic nerve. ME activity did not appear rostral 

to the mf (Figure 1F). One  explanation for the re- 
duced activity in the me1 MenJo6/sim discs was because 
only the sim ME structural gene was active. T h e  effect 
of the me1 3R, including two copies of Men+, upon 
ME distribution in partially hybrid discs was examined 
in female me1 C(3R)lsim discs (Figure 1, G and H). 
Homozygosity for the me1 right arm of chromosome 
3, which carries the structural gene region for ME, 
resulted in complete restoration of the me1 pattern. 
Dark staining of ME appeared caudal and rostral to 
the mf in the disc pictured in Figure IG. Staining 
borders the mf more closely in the younger 3rd instar 
disc in Figure 1H. T h e  homozygous Men506 disc pic- 
tured in Figure 11 lacks a visible ME staining reaction. 
This recessive mutant results in negligible levels of 
staining in the eye-antennal disc as well as in the other 
discs examined. 

DISCUSSION 

T h e  ME staining pattern in the D. melanogaster eye 
disc was composed of at least two pattern elements, 
the ommatidial element (clusters and preclusters) and 
the furrow element, a wide band along the mf. In the 
sibling species D. simulans the ommatidial element 
stained, while the furrow did not stain. T h e  ME eye- 
disc pattern in the species hybrid (mellsim) showed 
activity in the ommatidial element, but there was no  
trace of activity along the mf. 

These data show that both cis- and trans-controlling 
elements operate to regulate the ME pattern in the 
hybrid eye disc. A sim control element acts in trans- 
to  suppress staining along the furrow in mellsim hy- 
brids, while ME staining of the ommatidial clusters 
appears to be under &control. ME is produced by 
sim and by me1 structural genes, suggesting a species 
specific cis-control in areas where ME is common to 
the species. Both me1 and sim contributed to the om- 
matidial pattern in the hybrid discs because staining 
appeared as intense as found in either parental species. 

Hybrids carrying the me1 ME low activity mutant 
(Men5u6) expressed low levels of ME activity in the 
ommatidial clusters and preclusters. An interaction 
between the normal sim ME gene or gene product 
and the defective me1 gene o r  gene product resulted 
in the unusually low levels of ME activity. From bio- 
chemical analyses, J. H. WILLIAMSON (personal com- 
munication) suggests that may be a regulatory 
mutant, mapping close to the structural gene in 3R. 
M. M. BENTLEY (personal communication) has sug- 
gested an attractive explanation for the observed low 
level of activity. ME is apparently functional as a 
tetramer, so that the enzyme is composed of sim and 
me1 homotetrameres as well as heterotetrameres rep- 
resenting polypeptides from both species. Assuming 
both species produced about equal numbers of poly- 
peptides, those from sim being normal and those from 
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FIGURE 1 .-A-], ME distribution patterns i n  eye-antennal discs from fcmale 3rd instar larvae. A, D. melanogaster, X70; R, D. simulans, 
X70; C .  full melanogaster/simulans hybrid, X65; D, young melanogaster/simulans hybrid, X 100; E, melanogaster/simulans hybrid carrying 
Men'". a melanogaster M E  low mutant gene, X65; F. a younger disc from a hybrid melanogaster/simulans with Men"'", X80; G ,  partial 
melanogaster/simulans hybrid homozygous for the right arm of the melanogaster 3rd chromosome, C(3R), X65; H, a younger hybrid with the 
melanogaster C(SR). X65; I ,  melanogaster homozygous for the ME low activity mutant Men'", X65.  E, eye disc; A. antennal disc; c, caudal; r, 
rostral; mf. morphogenetic furrow; Ion, larval optic nerve; om. ommatidial preclusters and clusters. 
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me1 largely abnormal and the polypeptides combined 
at random, then only about 6% would yield functional 
sim ME homotetrameres. The result would be a very 
reduced level of staining in the hybrid discs. 

The me1 pattern was restored in hybrids homozy- 
gous for the me1 3R. The sim 3R was no longer present 
in these hybrids and the me1 gene@) were expressed. 
Therefore, the sim trans-controlling element resides 
in 3R. D. melanogaster homozygosity for a single mu- 
tation (Men"".'; FINKROHNER, CUNNINCHAM and 
KUHN 1985) resulted in the near elimination of the 
furrow element of the ME pattern. Since WILLIAMSON 
(1982) found Men"(*' at or closely linked to the struc- 
tural gene, it appears that the me1 pattern is under the 
control of a pattern controlling region close to the 
structural gene locus. Whether the control is exerted 
by a separate gene or the control region for the 
structural gene has not been determined. 

ME distribution in mellsim hybrid eye discs is regu- 
lated in the same manner as found in the more exten- 
sive genetic analysis of aldehyde oxidase (AO) pattern 
regulation in wing discs of the hybrids (SPREY and 
KUHN 1987). For both enzymes, sim gene(s) acted in 
trans- to suppress a part of the me1 pattern. Both 
genomes acted as cis-dominants, in areas common to 
the two species. One exception to the above was found 
for A 0  in the central portion of the wing disc pouch 
where me1 acted in a species-specific cis-dominant 
mode. ME and A 0  regulation were unique in that 
both cis- and trans-regulation were demonstrated 
within the same structure (i.e., eye disc or wing disc). 
Overall, the results of both studies lead to similar 
conclusions reached on hybrids of Hawaiian Dro- 
sophila (DICKINSON 1980; DICKINSON and CARSON 
1979). Cis- and trans-control was reported for differ- 
ent tissues, but none found within the same tissue 
type. 

Pattern regulating regions for A 0  (SPREY and 
KUHN 1987) and ME distribution were found in 3R, 
the same chromosomal arm as their structural genes. 
DICKINSON (1 975) found such a regulatory region next 
to the AO structural gene in me1 which affected the 
pupal/adult AO activity ratio. Studies of other en- 
7ym'es in which cloned enzyme genes were transduced 
into the Drosophila genome showed that they were 
correctly expressed both temporally and spatially 
(GOLDBERG, POSAKONY and MANIATIS 1983; SCHOL- 
NICK, MORGAN and HIRSH 1983; SPRADLING and 
RUBIN, 1983). Whether or not this is a general feature 
for these types of enzymes is currently unknown. 

The mel gene(s) activating ME along the mf are 
likely specific for that enzyme and certainly play no 
direct role in cellular determination. Otherwise, ab- 
sence of ME stain at the mf may have resulted in a 
visible mutant phenotype, which was not the case. A 
different gene(s) must be responsible for directing the 

developmental fate of that band of cells. ZIPURSKY et 
al. (1984) have used a monoclonal antibody 
(MAbSEI) to locate a cell surface antigen that resides 
only along the mf. MAb3EI appears to have the same 
distribution pattern as ME along the furrow in mel. S. 
L. ZIPURSKY (personal communication) has recently 
shown MAb3EI stains, mel, sim and the Men""' me1 
mutant all in the same way. Thus, a gene operating 
earlier in development than ME establishes borders 
of the furrow pattern piece. The ME regulatory re- 
gion is activated in appropriate groups of cells and the 
enzyme expressed in them later in development. 
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