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Summary. The spatial distribution patterns of malic en- 
zyme-NADP + (ME) in Drosophila metanogaster imaginal 
discs and other structures were demonstrated histochemi- 
cally. Staining in the imaginal discs was limited to specific 
areas where intense reactions occurred primarily in differen- 
tiating structures, The eye-antennal disc possessed the most 
distinctive staining pattern. The ommatidial preclusters and 
clusters of the eye portion both stained, with heavier deposi- 
tion in mature clusters. Staining in the preclusters closest 
to the morphogenetic furrow (MF) was obscured by a band 
of stained cells on either side of the MF that extends dorso- 
ventrally across the disc. The ME low activity mutant 
Men Nc~ showed a dramatic reduction in staining of this 
band of cells but had no visible effect on eye morphogenesis. 
The larval optic nerve which traverses the entire length of 
the eye-antennal disc was a consistently stained feature. 
Two structures specifically stained in the leg discs. The most 
prominent was the chordotonal organ, while the second 
was a larval nerve extending the length of the disc. Limited 
staining was observed in the wing disc. No ME staining 
could be detected in the labial disc or haltere disc. Even 
though the genital discs did not stain for ME, the enzyme 
was induced sometime during the pupal stage since intense 
staining was noted in several adult internal genital disc de- 
rived structures. In general, ME staining in imaginal discs 
was associated with structures from the nervous system. 
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Introduction 

Each imaginal disc of Drosophila differentiates specific 
adult structures during pupariation as shown by transplan- 
tation studies (N6thiger 1972). The biochemical commit- 
ment of certain imaginal cell groups to specific developmen- 
tal pathways can be traced throughout larval development 
into early pupal development by following enzyme activity 
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distribution profiles (Gehring 1976; Kuhn and Cunn- 
ingham 1977 a; Sprey et al. 1982). The visualization of these 
patterns allows us to relate enzyme staining to imaginal 
disc fate maps (Bryant 1978). 

Imaginal discs have been used as a model system for 
developmental studies for several years. The discs are di- 
vided into compartments,  which are specific regions in- 
ferred by clonal restrictions in the pattern of cuticular struc- 
tures (Garcia-Bellido et  al. 1976). The developmental fate 
of each area within an imaginal disc has been determined 
by transplanting disc fragments and analyzing the differen- 
tiated cuticular structures (Bryant 1978). Distribution of 
some enzymes within the imaginal discs appears to: 1) re- 
spect some clonally restrictive borders (Kuhn et al. 1983); 
2) mark specific presumptive structures within an area of 
a disc (Cunningham and Kuhn 1981); and 3) identify re- 
gions Specifically transformed by various homoeotic muta- 
tions (Kuhn and Cunningham 1976, 1977a; 1977b). 

The use of enzym e markers i n the study of developmen- 
tal commitment in Drosophila melanogaster imaginal discs 
has undergone rapid expansion over the past several years 
(reviewed by Silvert and Fristrom 1980). The first enzyme 
in Drosophila melanogaster for which a histochemical stain 
was applied to the imaginal discs was the cell intrinsically 
expressed aldehyde oxidase (AO) (Janning 1972; 1973). 
Since that time, AO has been used to augment data derived 
from transplantation studies. The histochemical informa- 
tion can give us a more complete picture of imaginal disc 
differentiation. Other enzyme markers previously studied 
in Drosophila melanogaster include: isocitrate dehydroge- 
nase-NADP § dependent (Cunningham and Kuhn 1981); 
glucose-6-phosphate dehydrogenase (Cunningham etal. 
1983); and succinate dehydrogenase (Lawrence 1981). 

A histochemical stain for malic enzyme-NADP + depen- 
dent (ME-NADP; EC 1.1.1.40) has been developed and uti- 
lized in the study of cellular differentiation in Drosophila 
melanogaster. ME-NADP is a cytoplasmic enzyme of Dro- 
sophila melanogaster which is coded for by the Men + gene 
located in the right arm of chromosome 3 at 51.7 (Voelker 
et al. 1981; Doane and Treat-Clemons 1982). ME-NADP 
is a decarboxylating oxidoreductase which is important in 
the generation of NADPH for lipid biosynthesis (Geer et al. 
1976; Geer et al. 1979b). Patterns of ME-NADP staining 
should prove useful for the study of cell and tissue commit- 
ments on an enzymatic level, since it can be shown that 
the staining patterns are specific and remarkably repeatable. 
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Materials and methods 

An Oregon-R-C wild type strain, tumorous-head stocks 
(tuh-1; tuh-3) and a low ME mutant strain (Men Ncl) of 
Drosophila melanogaster were used in our study of ME- 
NADP distribution patterns. Descriptions of mutants and 
stocks are given in Lindsley and Grell (1968) and William- 
son (/982). For brevity ME-NADP will be presented hence- 
forth as ME. All stocks were maintained at 25~ on a 
medium consisting of agar-cornmeal-yeast-dextrose-sucrose 
with phosphoric acid and proprionic acid added as mold 
inhibitors. 

Imaginal discs from late third instar larvae were re- 
moved in a modified Drosophila Ringer's solution (Cunn- 
ingham et al. 1983) buffered at pH 6.9 with 0.02 M 3-(N- 
morpholino)propanesulfonic acid (MOPS) and incubated 
with a fixation solution containing 1% glutaraldehyde in 
a pH 4.2 acetate buffered modified Drosophila Ringer's 
solution at 4-8 ~ C. The glutaraldehyde treatment was lim- 
ited to thirty seconds to minimize enzyme inactivation. The 
level of fixation can be increased by prolonging the fixation 
time. However, this results in a greater loss of ME activity, 
with no change in the staining pattern. After fixation the 
tissue was immediately transferred to a 0.3 M tris-(hydroxy- 
methyl)aminomethane-HC1 (Tris) buffer rinse solution at 
pH 6.9 between 4-8 ~ C. The tissue remained in the Tris 
rinse solution for 5-15 minutes, which removed the remain- 
ing unreacted glutaraldehyde. This eliminates staining for 
aldehyde oxidase (AO), and is best accomplished by dissect- 
ing the tissue away from the larval hypoderm, thereby al- 
lowing the Tris solution greater contact with the fixed tis- 
sue. 

The tissue was then incubated in a humid chamber at 
35 ~ C in a staining solution which contained final concen- 
trations of 4.8 mM MnC12; 0.2 M Tris-HC1, pH 8.05; 
0.2 mg/ml phenazine methosulfate; 2.6 mg/ml nitrobluete- 
trazolium; 3 .7mM fl-nicotinamide adenine dinucleotide 
phosphate oxidized form (NADP+); 8 mg/ml polyvinyl al- 
cohol; and 25.4 mM L-malate disodium salt. The staining 
times varied from 10-30 min depending on the tissue being 
stained and the age of the larva from which the tissue was 
obtained. The staining procedure was completed in the dark 
to avoid light-induced precipitation of formazan. 

The reaction was terminated with a rinse in a solution 
of 3:1 ethanol: acetic acid for 2-10 min. Tissue was then 
transferred into a lactophenol solution for further manipu- 
lation and storage. The imaginal discs or other tissues were 
placed on microscope slides in Faure's mounting medium 
and coverslipped. Representative patterns for each imaginal 
disc were established by examination of at least 50 of each 
disc type. Variation between individual discs was minor. 

The specificity of  the ME staining technique has been 
demonstrated by the use of the appropriate controls. No 
staining occurs in imaginal discs when substrate and/or the 
coenzyme controls are applied to Drosophila tissues for a 
prolonged period of time. The patterns seen are dependent 
upon the presence of the enzyme, the substrate L-malate 
and NADP +. Phenazine ethosulfate (PES) has been used 
in a technique to stain electrophoretic gels for ME activity 
(Geer etal. 1979a). PES was substituted for phenazinc 
methosulfate (PMS) to test the effect on histochemical 
staining. The PES substitution gave the staining solution 
seemingly enhanced sensitivity. However, it also resulted 
in a general light blue non-specific background staining. 

The patterns seen using PES are the same as those for 
the PMS formula. The use of PMS is preferred because 
of a decrease in the non-specific staining. The use of PES 
is only necessary in the wing disc due to the low activity 
in that disc. 

Results 

Differential distribution of ME can be found in various 
larval tissues. The intensity of stain deposition in tissue 
depends on the age of the larva, type of tissue being studied 
and the length of time the tissue was incubated in the stain- 
ing solution. There is a general tendency for the highest 
ME activity levels to be detected in larval adipose and mus- 
cle tissue. Because of the visual nature of the results, they 
will be discussed figure by figure. 

Salivary gland. The anterior fat bodies, closely associated 
with the variably stained salivary gland cells, show high 
ME activity. The ring of imaginal cells located at the base 
of each salivary gland shows intense ME staining (Fig. 1 A). 

Labial disc. After prolonged incubation (30 rain) in the 
staining solution, the labial disc does not demonstrate any 
observable ME staining (Fig. 1 B). 

Dorsal prothoracic disc. No ME staining can be found in 
the imaginal cells that partially encircle the dorsal tracheal 
trunk, whereas the girdle of larval cells demonstrates intense 
activity (Fig. 1 C). The disc is a ball of cells formed by 
an outer layer of imaginal cells and a inner layer of  larval 
cells, with the cuticle forming surface of the imaginal cells 
next to the larval cells (Lamprecht and Remensberger 1966; 
Madhavan and Schneiderman 1977). 

Leg discs. All leg discs are essentially unstained for ME 
(Fig. 1 D, 1 E). A notable exception is the heavily stained 
chordotonal organ which is located near the joint of the 
prospective femur and tibia (van Ruiten and Sprey 1974). 
This organ is composed of multiple scolopidia which, as 
discussed by van Ruiten and Sprey (1974), have sensory 
neurons as part of their structure. The nerve fiber connect- 
ing the first and second leg discs to the ventral ganglion 
shows intense staining as does the fiber/tracheal branch 
passing through the region where the first leg discs fuse 
(Fig. 1 D). The leg discs, especially the second and third 
leg discs, have a darkly staining nerve which has branched 
fibers spreading over the presumptive tarsal segments 2-5 
and claw (see arrow in Fig. l E). 

Abdominal histoblasts. The smaller cells comprising nests 
of abdominal histoblasts show more staining than the sur- 
rounding larval hypoderm cells that are ME positive 
(Fig. 1 F). Nuclei of the imaginal cells are surrounded by 
ME stained cytoplasm. The nest of abdominal histoblasts 
is situated next to larval muscles that stain darkly for ME. 

Wing disc. The wing disc shows a pattern only upon pro- 
longed staining or after sensitivity enhancement via the sub- 
stitution of phenazine ethosulfate for phenazine methosul- 
fate in the staining solution. A wing disc from a tumorous- 
head larva is presented in Fig. 1 G. The tumorous-head mu- 
tation has no known effect on the adult wing. This is the 
only Drosophila rnelanogaster strain thus far examined that 
shows such extensive staining in the wing pouch. ME stain- 
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Fig. 1A-I. Malic enzyme (ME) staining patterns found in Oregon-R-C imaginal structures. A Larval salivary glands x 125. B Labial 
disc x 180. C Imaginal ring of cells around the dorsal tracheal trunk x 140. D, E Prothoracic and mesothoracic leg discs x 100. 
F Nests of abdominal histoblasts x 550. G Wing disc from a tumorous-head larva x 130. H Wild-type wing disc x 140. I Haltere 
disc x 130. IC, imaginal ring of salivary glands; FB, fat body of salivaries; IR, imaginal ring of cells of dorsal prothoracic disc, 
CO, chordotonal organ; LM, larval muscles; AH, nest of abdominal histoblasts; PM, peripodial membrane 

ing occurs in the presumptive dorsal  and ventral  wing blade 
surfaces both on the anter ior  and poster ior  sides. Six specif- 
ic dots of  intense activity occur in/on the disc epithelium 
on the anterior  side of  the disc (see arrow heads in Fig. 1 G) 
and some stain is seen in the per ipodial  membrane.  ME 
addi t ional ly  will stain in the cells of  the new tracheal  

branch. An  Oregon-R-C wing disc, stained for approxi-  
mately 15 min, is presented in Fig. 1H. N o  ME staining 
can be seen. U p o n  prolonged incubation,  30 min, some of  
the spots of  M E  stain may  appear  as seen in Fig. 1 G as 
may  limited staining in the wing pouch. The stain distribu- 
t ion is identical to that  of  Fig. 1 G. 
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Hahere disc. The haltere disc shows no ME staining upon 
prolonged staining treatment (Fig. 1 I). 

Eye-antennal disc. The ommatidial cell clusters in the poste- 
rior half of the eye anlage are demarcated by stain while 
the surrounding hair-nerve group cells and pigment cells 
lack stain (Fig. 2A). A region of moderate to high activity 
exists in the anterior half of  the eye disc epithelium on 
either side of the advancing morphogenetic furrow 
(Fig. 2A, 2B). The presumptive shingle cuticle of the eye 
disc, which is located near the junction of the eye and anten- 
nal portions of the complex does not stain (Bryant 1978). 
The larval optic nerve, or Bolwig's nerve (Bolwig 1946), 
stains for ME (Fig. 2 B). This nerve is located on the apical 
side of the disc beneath the peripodial membrane, extending 
the entire length of the disc complex (Sprey and DePriester 
1972). 

The antennal disc shows limited ME staining in the disc 

Fig. 2A-D. Pattern of malic 
enzyme (ME) staining observed in 
eye-antennal disc. A Late third 
instar x 125. B Larval optic nerve 
in eye disc x 145. C and D Apical 
and basal side of Men xc i eye- 
antennal disc x 130. E, eye 
portion of disc; A, antennal 
portion of disc; P, posterior; A 
(above arrows) anterior; V, 
ventral; D, dorsal; ar, rudiment 
of arista; an 3, prospective 
antennal segment 3; an 2, 
antennal segment 2; LON, larval 
optic nerve; M, macrophage-like 
cells; MF, morphogenetic furrow; 
T, trachea 

epithelium and none in the peripodial membrane (Fig. 2A). 
Presence of antennal disc cells with high ME activity is 
variable depending upon developmental stage. Some epithe- 
lial cells aligned on the apical side of the second antennal 
segment stain (Fig. 2A). They can be found in two specific 
locations closest to the posterior-medial edge of the anten- 
nal disc and the anterior-lateral edge of antennal segment 
2. Figures 2C and 2D picture the apical side (Fig. 2C) 
and the basal side (Fig. 2D) of an eye-antennal disc of a 
low activity mutant for ME (MenNCI). The band of ME 
stained cells extending dorso-ventrally in the area of the 
morphogenetic furrow (Fig. 2A) is conspicuously absent in 
the Men ~cI stained disc. This regulatory mutant reduced 
ME staining along the furrow substantially. The ommati- 
dial preclusters and clusters stain for ME (Fig. 2C). Stain- 
ing in the ommatidial preclusters extends to the edge of 
this sheet of cells as the furrow moves anteriorly through 
the eye disc. Macrophage-like cells (Ready et al. 1976) occa- 
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Fig. 3A-C. Malic enzyme (ME) stain deposition in differentiating photoreceptor cells from an eye disc in a latter 3rd instar larva. 
A Apical surface of eye disc x 400. B Insert in the lower right of A is a glucose-6-phosphate dehydrogenase (G6PD) stained eye 
disc prepared following the procedure of Cunningham et al. (1983) x 100. C ME stain deposition of A was traced yielding C. LON, 
larval optic nerve; MF, morphogenetic furrow; MC, mature cluster; PI, line of pattern inversion; PC, precluster; MB1, mitotic band 1; 
P, posterior; A, anterior, R8, rhabdomere 8; 2, 3, 4, 5, 8, rhabdomeres within a precluster 

Fig. 4A, B. Malic enzyme (ME) staining patterns found in adult genital structures. A Adult male genitalia x 20. B Adult female genital 
structures x20. ED, ejaculatory duct; P, paragonia; VD, vas deferens; T, testis; O, common oviduct; SR, seminal receptacle; E, 
egg 

sionally stain for ME (Fig. 2D). These cells are located 
on the basal surface of  the presumptive arista-third anten- 
nal segment. The remaining stained structure seen in 
Fig. 2D  is the tracheal system attached to the basal side 
of  the disc. 

A ME stained wild-type eye disc is pictured in Fig. 3 A, 
while an interpretation of  that disc is provided in Fig. 3 C. 
Uniform ME staining is characteristic of  the ultrastructural- 
ly similar cells along the morphogenetic furrow (MF;  
Fig. 3C and 3A). Posterior to the MF, the differentiating 
groups of  cells comprising ommatidial preclusters stain in 
a consistent pattern. ME stain initially appears on either 
side of  rhabdomere 8 (R S), which is flanked by rhabdo- 
meres 2 and 5 (see insert in upper right of  Fig. 3 C). Preclus- 
ters immediately posterior to the MF show a characteristic 
V shaped stain deposition. The base of  the V points anter- 
iorly toward the MF. As one examines the preclusters in 
an anterior to posterior direction, a gradual rotation of  

cell clusters laterally can be seen on either side of  the equi- 
torial line (Fig. 3C). The association of  the five rhabdo- 
meres of  a precluster, the rotation for the right side of  
the disc (see arrow) and position of  ME stain are interpreted 
in the insert (Fig. 3 C). The mirror image of  this pattern 
occurs about  the equitorial line [Ready et al. (1976), Fig. 8; 
Campos-Ortega and Gateff (1976), Fig. 1]. The assumption 
made here is that rhabdomeres 2, 5, and 8 are those visible 
in stained whole mounts. Stain for ME appears to spread 
through R 8 prior to being detected in the adjacent rhabdo- 
meres, as observed in the mature ommatidial clusters lo- 
cated on the posterior side o f  the eye disc (Fig. 3 C). Rhab- 
domeres 1, 6, and 7 are added to the precluster at this 
time to form each mature cluster (Ready et al. 1976). Figure 
3B pictures an eye disc which was stained fo r  glucose-6- 
phosphate dehydrogenase by the technique of  Cunningham 
et al. (1983). G6PD stains on both sides of  the MF. Rhab- 
domeres in the preclusters do not specifically stain. Rather, 
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the stain is found at borders between preclusters/clusters 
and allows visualization of their square array. An approxi- 
mate position for the line of pattern inversion for the eye 
disc in Fig. 3A is drawn in Fig. 3 C. The ME stained V 
rotates on either side of the line. The path of the ME stained 
larval optic nerve (Fig. 3A) is similar in its position. The 
larval optic nerve is located in the peripodial membrane, 
between the epithelial cells of  the peripodial membrane and 
basement lamina. 

A d u l t  m a l e  geni ta l ia .  The testes show differential distribu- 
tion of ME in the outer layer of large fiat cells (Fig. 4A). 
Similar streaks of  stain are found in the oval 3rd instar 
testes. In some regions, the pattern clearly outlines the cells 
while other areas of  the testes may show variable nonspe- 
cific activity. The vas deferens shows low general staining. 
The paragonia show high activity in the clusters of binuc- 
leate cells occurring in the distal regions while the surround- 
ing cells remain unstained. The ejaculatory duct shows vari- 
able intense staining with a trend of increasing activity to- 
wards the paragonial juncture. The sperm pump remains 
low in activity while the associated musculature shows high 
ME activity. In contrast to the extensive ME staining in 
the adult internal male genitalia was the lack of ME staining 
in the genital disc, male as well as the female. 

A d u l t  f e m a l e  geni ta l ia .  The ovaries show highly variable 
staining in the developing eggs (Fig. 4 B). The lateral ovi- 
ducts show intense ME staining while the common oviduct, 
seminal receptacle, parovaria and uterus all demonstrate 
moderate activity. No ME staining occurs in the small 3rd 
instar larval ovaries. 

Discussion 

The ME staining technique was applied to a ME low mu- 
tant M e n  Ncl  (Williamson 1982) with the expectation that 
the imaginal discs and other tissues would not stain for 
the enzyme. M e n  Ncl  homozygotes possess approximately 
8% of normal whole-organism activity during the late 3rd 
instar stage (Williamson 1982). Yet, the level of activity 
in the imaginal discs was sufficient for a moderate staining 
reaction. The general reduction in stain intensity for 
M e n  Nc~ discs did not reflect that anticipated of a 12-fold 
decrease in whole-organism activity. These data can be in- 
terpreted in at least three ways that may not be mutually 
exclusive. First, the staining technique is extremely sensitive 
and is capable of detecting very low levels of ME. Secondly, 
since very little of the ME activity is normally found in 
the imaginal discs, a general reduction in enzyme activity 
differentially affecting larval tissue could account for the 
paradoxical results. Thirdly, modifying genes have accumu- 
lated in the strain that have resulted in increased ME levels. 
The M e n  Nc 1 regulatory mutant (Williamson 1982) selective- 
ly reduced levels of ME along the morphogenetic furrow 
in the eye disc while other parts of  the ME staining pattern 
remained. Therefore, M e n  Ncz both reduced ME activity 
generally for all discs and reduced to the lower limits of 
detection levels surrounding the morphogenetic furrow. No 
structural defects were found in the eyes of M e n  NC ~ adults. 
Apparently the reduced level/lack of ME activity along the 
morphogenetic furrow was not crucial for normal differenti- 
ation of the ommatidia. 

The physiological importance of ME lies in the genera- 

tion of the reduced NADPH pool necessary for lipogenesis 
(Geer et al. 1979b). The distribution of ME was highest 
in larval muscle, nerve tissue, and adipose tissues, which 
corresponds to the higher lipid biosynthesis rates within 
these tissues. The need for ME in nerve tissue is presumably 
correlated to sphingolipid production demands. Fat cells 
store various proteins and carbohydrates for utilization in 
a variety of tissues during development. Therefore, ME in 
fat cells may be sequestered for storage and later use in 
other tissues. 

The specific staining of the ommatidial preclusters/clus- 
ters is not confined to ME. Peanut agglutinin likewise de- 
marcates the same cell groups (Fristrom and Fristrom 
1982). The primary and secondary pigment cells surround- 
ing the rhabdomeres did not interact with peanut agglu- 
tinin, nor did they stain for ME. It is not clear why both 
staining techniques are so specific for the differentiating 
ommatidia, However, these cell groups are among the first 
of the imaginal cells to show visible differentiation. The 
precise staining may be associated with cell groups after 
they have begun to specialize. 

Monoclonal antibodies have now been used to further 
study pattern development in the differentiating eye disc 
(Zipursky et al. 1984). Features highlighted by the mono- 
clonals are those seen with ME, G 6 P D  and peanut agglu- 
tinin. Zipursky etal.  (1984) show one monoclonal 
(MAb22CI0)  specifically staining the photoreceptor cells 
as they form posterior to the morphogenetic furrow. Like 
ME, MAb22C10 stains the larval optic nerve or Bolwig's 
nerve (Bolwig 1946). A second monoclonal antibody 
(MAb3 E 1) precisely stains a band of cells along the mor- 
phogenetic furrow with more staining anterior to the fur- 
row. The similarity in staining pattern of  MAb3 E 1 and 
the zone of reduced ME staining in M e n  Ncl  discs may be 
coincidental. However, the general pattern element high- 
lighted with both stains was quite similar, if not the same. 
A third monoclonal antibody (MAb6D6)  stains the walls 
surrounding each group of rhabdomeres in much the same 
way that G 6 P D  (Fig. 3C) highlighted the square array. 
Although staining for different cytoplasmic enzymes pro- 
vides a more general picture of pattern formation than 
shown by the specific monoclonal antibodies, the develop- 
mental patterns revealed are the same. 

The ME patterns are different from those reported for 
other enzyme markers. For example, in the pouch of the 
mature wing disc, the enzyme markers, aldehyde oxidase 
(AO, Kuhn and Cunningham 1978), NADP + dependent- 
isocitrate dehydrogenase (ICDH, Cunningham and Kuhn 
1981), and glucose-6-phosphate dehydrogenase (G6PD, 
Cunningham et al. 1983) delineate compartment borders in 
some way. ME is the only enzyme we have studied in D. 
meIanogas t e r  that does not stain these features of the wing 
disc. 

Staining of the developing photoreceptor cells and chor- 
dotonal organs of leg discs by ME remains unique among 
the enzymes for which histochemical techniques have been 
applied. It is striking that ME stains very early precursors 
of neural-sensory-type cells. 
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