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A b s t r a c t . The activity of Drosophila cytosolic malate dehydrogenase (MDH; EC
1.1.1.40), a key enzyme in the biosynthesis of lipids, was found to be regulated by
both the sesquiterpenoid juvenile hormone (JH), and the steroid hormone ecdysone.
The responsiveness of MDH to JH largely depended on the developmental stage
or endogenous titre of ecdysone. During the early through middle period of the
last larval instar, when ecdysone levels are low, MDH responded to JH rapidly
by increasing activity, while little or no response was measured in mature larvae
(postfeeding stage) and fresh pupae when the endogenous pulse of ecdysone is
high. Activity of MDH in ecd1 and su(f)ts679,
two ecdysone-deficient mutants
of Drosophila, was increased when compared to wild type controls, and was also
sensitive to administration of JH. The differences in MDH activity between ecd1 and
su(f)ts679
were negligible indicating a substantial role of ecdysone in the enzyme
regulation and minimal or no effect of their genetic backgrounds. Accordingly,
another Drosophila mutant, ap4 which is naturally deficient in JH production,
displayed significantly reduced activity of MDH in heterozygotic combination, and
almost undetectable MDH activity in null homozygote adults. The ap4 phenotype
was more strongly manifested in the adult stage than in larvae which showed 7times lower requirements for JH titre. In addition, high/low sucrose diet fed to wild
types or mutants affected the activity of larval MDH, but the enzyme remained
sensitive to administration of JH. These results corroborate those described for
mammals and provide the first evidence that Drosophila MDH might be under
differential hormonal and nutritional control. These data will serve as a basis for
further molecular characterization of the Drosophila MDH gene and its regulation.
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Introduction
Cytosolic malate dehydrogenase or malic enzyme (MDH; EC 1.1.1.40) has a central
role in the biosynthesis of lipids by catalyzing the NADP-dependent oxidative decarboxylation of malate to pyruvate plus carbon dioxide, and generating NADPH.
In mammals and other vertebrates, this enzyme is under both nutritional and
hormonal control. Vertebrate MDH is a target for action of several hormones: catecholamines, insulin, thyroid hormone and retinoic acid (Ballard and Hanson 1967;
Geer et al. 1976; Towle et al. 1980; Dozin et al. 1985; Morioka et al. 1989; Hernandez et al. 1993). Nutritional control for MDH activity was also demonstrated in
the fruitny, Drosophila melanogaster, a widely used molecular and genetic model
organism. It was shown that the activity of MDH is low at the beginning of postembryonic development and gradually increases during the larval life culminating m
the first half of the last larval instar; it is lowered during the pupal stage, and then
increases again with age in adults (Redkin 1970; Geer et al. 1978b; Chernik et al.
1982; Kaplin and Korochkin 1987). The course of MDH activity during the larval
development has a fixed pattern but it may be modulated by dietary factors. A
high saccharide diet results in increase of MDH activity in feeding larvae, while a
low saccharide/high lipid diet causes MDH activity to drop to almost undetectable
levels (Geer et al. 1976, 1978a, 1980; Geer and Perille 1977). Recently we have
found that the activity of the Drosophila MDH is upregulated by sesquiterpenoid
juvenile hormone (JH) produced by corpora allata, an endocrine gland of insects
located near the brain, and that the response of MDH to JH or JH analogues
(JHA) is modulated by an insect steroid hormone, ecdysone (Farkaš and Knopp
1997). Briefly, this response covers a period of more than 20 h, it is continuous and
has 2 distinct phases. The first phase is characterized by a rapid increase of MDH
activity visible 1 h after JH treatment and it lasts for 2-3 h. This phase is independent of RNA and protein synthesis. During the second phase, increase of MDH
activity continues for 10-16 h and may reach 3-4 fold higher values, than in controls; the second phase was sensitive to actinomycin D, o-amanitin, cycloheximide
and puromycin, suggesting that transcription and/or translation were involved in
the later phases of MDH activity increase (Farkaš and Knopp, unpublished observations). Measuring MDH during almost complete postembryonic life span, from
2nd larval instar through adult stage, revealed two important and peculiar aspects
of developmental regulation of the enzyme activity: [i] during the larval development, MDH reached its maximum values when the endogenous titre of ecdysone
is known to be low, and vice versa, its minimum values at high levels of endogenous ecdysone; [ii] in adults, markedly in females, MDH activity has coincided with
periods of moderate to slightly increased ecdysone levels and also with apparent
production of JH. Here, we present additional and supportive evidence about JH
action on Drosophila MDH by using gene allele of apterous4 {ap4), a JH-deficient
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mutant (Altaratz et al. 1991; Bourgouin et al. 1992; Cohen et al. 1992), and two
ecdysone deficient mutants, l(3)ecdlts(= ecdysoneless1) commonly referred to as
ecd1 (Garen et al. 1977), and suppressor of forkeés67g (su(f)is679)
(Snyder and
Smith 1976; Klose et al. 1980; Hansson and Lambertson 1983).
M a t e r i a l s and M e t h o d s
Rearing, staging and hormonal treatments of flies
All experiments were performed on a wild-type strain Oregon R, two temperature
sensitive conditional mutants, ecd1 and su(f)ts679,
and on ap4 balanced over SM5
or CyO chromosome of Drosophila melanogaster, obtained from Indiana University
Drosophila Stock Center, Bloomington, USA, and from Umea Drosophila Centre,
Umea University, Sweden. Flies were cultured in 50 ml bottles at 23 °C on ~ 10 ml of
agar-yeast-cornmeal-sucrose medium (Ransom 1982) with the addition of nipagin
to inhibit mold growth. Regular diet contained 0.5% sucrose while high-sucrose
medium contained 5% sucrose which is known to increase larval MDH activity;
higher concentrations of sucrose do not have more stimulatory effects (Geer and
Perille 1977; Geer et al. 1978a). 20-Hydroxyecdysone (Rotho Pharmaceutical Co.,
Osaka, Japan) was applied to the food in the way that one hundred microliters
containing 1 //g of the hormone at desired concentration in 5% ethanol were mixed
with an equal volume of Fleishman's yeasts until a dough-like consistency was
obtained; excess ethanol was evaporated by placing the mixture into 29-30 °C for
0.5 h, and the mix applied on the top of the food in the vial with the larvae.
Juvenile hormone III (Sigma Chemical Co., St Louis, USA) and juvenile hormone analogue, methoprene (Zoecon Corporation, Palo Alto, USA) were applied
in 0.5 pi of acetone topically with a Hamilton microliter syringe type 7000 on the
top of larvae, puparia or adults, and at the dose 0.01 /ig of JH Ill/animal, and
0.001 /ig of methoprene/animal, respectively.
Preparation of Drosophila homogenates and determination of malate dehydrogenase
activity
MDH activity was measured principally by the procedures of Ballard and Hanson
(1967) and Freedland et al. (1968) as modified by Knopp et al. (1992). The crude
extract was centrifuged at 12,000 rpm for 15 min at 4°C to remove cellular debris,
and the resulting supernatant was spun in a Ti65 rotor in a Beckman preparative
ultracentrifuge L8-70 for 1 h at 40,000 rpm. The 100,000 x g supernatant was used
for spectrophotometric determination of MDH activity at 340 nm on Zeiss-Opton
3C UV/VIS spectrophotometer as assessment of NADP reduction after addition of
L-malate. The protein contents of the cytosolic fraction of Drosophila homogenates
was quantitated by using dye-binding method of Bradford (1976). Final activity of
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MDH enzyme (in neat which represent nmol of formed NADPH per second) was
calculated against a calibration curve made with each experiment. All values of
enzyme activity are means of 4 determinations, and the standard deviations are
provided to indicate the degree of variance. Student's i-test was applied to determine the significance of the findings. Where appropriate, enzymatic activity was
then related to known values of ecdysteroid titre during Drosophila development
as reported by Ashburner (1989) and Riddiford (1993), from papers of Borst et al.
(1974), De Reggi et al. (1975), Hodgetts et al. (1977), Berreur et al. (1979, 1984)
and summarized in Richards (1981).
Results
During normal larval development towards the end of the last instar the activity
of MDH is progressively declining to low levels (Fig. 1Ä). Higher levels of MDH
activity were found in larvae fed on high sucrose diet (Fig. IB). If JH was applied
to mid or feeding late 3rd instar larvae there was a significant rise in MDH activity
(Fig. 2^4) which was even more remarkable in high sucrose-fed larvae (Fig. 2B).
As we reported elsewhere, if ecd1 and su(f)ts67g mutants were used and exposed
to and kept at restrictive temperature (29°C) at the time of moult from the 2nd
to the last instar, MDH activity of identically aged larvae stayed at high levels
comparable to the first half of the 3rd instar; the differences in MDH activity between the two mutants were negligible, and thus measured values are plotted as
single curve in a graph. On the contrary, ecd1 or su(f)ts67g larvae artificially fed on
20-hydioxvecdysone, starting two or more days after a shift to 29°C, had greatly reduced activity of MDH, and they showed signs of abortive pupariation (Farkaš and
Knopp 1997). Also, application of JH or JHA to ecd1 and su(f)ts679 mutant larvae shifted to restrictive temperature have further increased MDH activity. When
the same experiment was performed with larvae fed on a high sucrose diet known
to stimulate lipogenesis, MDH activity in ecd1 or su(f)ts67g
animals increased by
another 20-25% in comparison to normal fed mutant larvae (Fig. 3.4). In addition,
JH stimulated another and reproducible, albeit small, increase in activity of MDH
in high sucrose-fed ecd1 and su(f)pts67g
mutants (Fig. 31?). It should be noted that
these effects of JH on MDH seemed to disappear about 50-60 h after the application when the enzyme activity had returned back to values similar to JH-untreated
larvae. However, these values were still higher than in wild types or in ecd1 and
su(f)ts679 mutants not exposed to restrictive conditions.
An interesting situation was observed in ap4 mutants. Freshly eclosed adult
males and females of this homozygote have undetectable levels of MDH activity
(Fig. AÁ), part of the complex phenotype, which is rescuable by exogenous administration of JH or JHA to freshly emerged flies or even to exarate (pharate)
adults; the sooner JH or JHA was applied on exarate animals, the higher MDH ac-
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F i g u r e 1. (.4) The course of MDH activity m wild type (control or sham-treated) larvae
of the last instar This course is characterized by a gradual decline of the enzyme activity
during the final hours of larval development (B) Increase in MDH activity m wild type
larvae fed high sucrose diet Note that the increased activity is mainly associated with
the feeding period of the last larval instar, and with the approaching pupariation it is
downregulated to levels comparable to animals fed normal diet
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F i g u r e 2. (A) JH-induced upregulation of MDH activity in feeding wild type last instar
larvae JH or JHA administered 24 h prior to pupariation (B) The additive effect of JH
on the increased MDH activity m high sucrose-fed wild type last instar larvae JH or JHA
administered to 24 h prior to pupariation The elevated MDH activity starts to decline
by the end of the feeding period
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tivity could be detected in freshly eclosed adults (data noth shown) Nevertheless,
regardless of the concentration of exogenously applied JH or JHA, and whenever
applied, this hormone appears unable to rescue MDH activity in ap4 mutant adults
completely (Fig 4^4)
Folloving the above findings in ap4 adults, we also performed enzymatic assays
in ap4 larvae In ap4 homozygous larvae of 3rd instar, which we could distinguish
from heterozygotes by means of chromosomal markers for SM5 or CyO (Ashburner
1989, Lindsley and Zimm 1992), the MDH activity was found lowered by 60 to
75% in comparison to wild type controls (Fig 4B) In contrast to adults, this
enzymatic change could be fully rescued by administration of JH or JHA (Fig 4B)
Interestingly, also heterozygotes ap4/SM5 or ap4/CyO, displayed MDH activity
lowered by 30 to 45% (Fig 4B) To verify that these values are not due to genetic
background of balancer chromosomes, their siblings or other and viable mutations
balanced over 5 M 5 or CyO were used as controls These measurements ievealed
no difference from enzyme activities found in wild types (data not shown)
Discussion
Data on ecd1 and su(f)ts67g
mutants of Drosophila suggest that MDH could potentially belong to group of ecdysone-repressible enzymes (genes) as are alcohol dehydrogenase (Murtha and Cavener 1989) and urate oxidase (Wallrath et al 1990)
Although this conclusion fits to our knowledge about the overall preparation of the
animal for metamorphosis and seems to be valid for the regulation of larval MDH,
the adult situation appears to be quite different In larvae, MDH is required to
synthesize lipids as storage and energy resources to be used during the immobile
pupal stage The hpogenetic process depends on the availability of carbohydrate
precursors, mostly saccharides from food (Geer et al 1976, Geer and Penile 1977)
which are taken in during an intense feeding period, predominantly in the first
half of the last instar When the larva is ready for metamorphosis and stops feeding, lipogenesis is downregulated via repression of MDH by raising the titre of
ecdysteroids Adults, especially females, as apparent from experiments with ap4
homozygotes, require not only JH but also ecdysone for their proper reproduction
This not only supports the generally accepted notion about the complex action of
JH and ecdysone in insect reproduction (Mahowald and Kambyselhs 1980, Koeppe
et al 1985, Riddiford 1993, Bownes 1994) but may also be a plausible explanation why exogenously administered JH or JHA were unable to fully rescue adult
MDH activity Even though wild type fresh adults have very low endogenous titer
of ecdysone, and it raises gradually in time since it is considered as indispensable
for ovarian vitellogenesis It is exemplified in apts78j, another JH-deficient and conditional allele of apterous locus, in which ecdysone as well as JH titers remain low
as long as restrictive conditions last (Schwartz et al 1989) Combined, these ob

Farkaš and Knopp

44

High sucrose diet
140

c—i

H

120
Shift to 29°C

X
Q

300

4-

100

400

Continue
as larvae

80

200
o

>

60

/
40

* + *

i

A

*

*
100

o

<

A

)k

20

/
0

\

- *- —«— -»

40 50 90 115 120 140 160 190 220 250 280
4—"4-"
• "*•<
'
•*
•
Hours of development after egg laying

40
\

50 90 115 120 140 160 190 220 250 280
1*\—u
^WP4 H p
• *""
•
Hours of development after egg laying
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servations may therefore suggest t h a t regulation of Drosophila MDH appears to
be not only tissue- but also developmentally-specific. Similar cases have already
been described and well documented for a variety of Drosophila enzymes including
alcohol dehydrogenase (Murtha and Cavener 1989) or dopa-decarboxylase (Clark
et al. 1986; Karim and Thummel 1992). Future work will have t o show whether
this different developmental cotrol is achieved by positive participation of ecdysone
in the adult stage, but observations of increased fat body MDH in pupae of a
lepidopteran insect, Anterahea pernyi, after ecdysone injection support this idea
( K u t u z o v a e t al. 1991).
Above we described t h a t MDH activity of larval ap4 homozygotes was found
lowered by 60 to 75%, and this phenotype could be rescued only in p a r t by administration of J H or J H A The substitution of JH is also capable of [1] promoting histolysis of larval fat body remnants, [2] reverting blocked synthesis and uptake of yolk
proteins (vitellogenins), and subsequently [3] deblocking developmental arrest of
female's vitellogenic ovaries (Postlethwait and Weiser 1973; Gavin and Williamson
1976, Tedesco et al. 1981); other defects of ap 4 phenotype, however, are not reverted
by JH Therefore, what other mechanisms, besides deficiency in internal JH, might
be involved in reducing MDH activity in ap4 homozygote larvae is unclear, but we
hope to address this issue m the near future by means of other apterous JH-deficient
as well as not deficient alleles. This approach may help to exclude or at least limit
additional effects of the apterous m u t a n t background which is evidently pleiotropic
and polyphasic (Lindsley and Zimm 1992, Shtorch et al. 1995). But at the present
state of knowledge we can at least draw following conclusion. In larvae, J H does not
appear to be the ultimate or key regulator of MDH activity but it seems to have
additive effects besides nutritional factors t h a t stop to act at the end of the feeding
period. A higher complexity is apparent in adults where availability of nutritional
factors may be dependent, in part, on their release from adult fat body after being
stimulated by J H . Thus in ap4 adults, not only J H but all the subsequent complex
of reaction are missing leaving thus the adult phenotype more severe.
Results on additive increase of MDH by J H in high-sugar diet fed ecd1 or
su(f)
m u t a n t larvae clearly suggest t h a t there is differential control over nuts67g

mutants were negligible and, therefore, they are plotted as a single curve m the graph
The situation m normal diet-fed mutant larvae is shown as triangles (dotted line) Hours
indicated under the abscissa are to indicate the corresponding developmental stages of
wild types (B) Additional increase of MDH activity m larvae of ecd1 and
su(f)tse7'J
mutants fed high sucrose diet upon the application of JH Values around 110-130 neat
MDH are maximal we were able to elicit, this can represent maximum top values of MDH
measurable in Drosophila larvae The MDH activity found m normally developing wild
type genotype is illustrated as triangles (dotted line) Hours indicated under the abscissa
are to indicate the corresponding developmental stages of wild types A=Adults, L2 and
L3=2nd and 3rd larval mstars, respectively, P=Pupa, WP=White Puparmm
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Figure 4. (A) Activity of MDH in adults of JH-deficient ap4 flies. A great portion of lost
MDH activity can be rescued by exogenous administration of JH or JHA on pharate adults
6 to 12 h prior to eclosion. (B) MDH activity in larvae of ap4 mutation around the time of
pupariation. Notice the decreased enzyme activity in ap4/SM5 or ap4/CyO heterozygotes
and very low levels of MDH activity in ap4/ap4 homozygotes. This phenotype can be
rescued by exogenous application of JH or JHA on feeding late 3rd instar larvae at least
14 h prior to pupariation as indicated by the arrow and symbol JH.
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tritional and hormonal regulation of larval MDH activity in Drosophila, implicat
ing a great degree of evolutionary conserved similarity between invertebrates and
mammals in the regulation of lipogenetic homeostasis. Whether this regulation in
Drosophila is also mediated via different hormonal and nutritional response ele
ments 5' upstream of MDH promoter, as it is, for example, in rodents (Morioka et
al. 1989; Desvergne et al. 1991), remains to be elucidated. Recently, we proposed
that the differential responses of Drosophila MDH to JH and ecdysone, especially
in various developmental stages, may reflect positive regulation of different MDH
isoforms or isoenzymes (Farkaš and Knopp, 1997). The concurrent and additive
increase of MDH activity by JH in high sucrose-fed larvae described herein nev
ertheless suggest that both JH and sucrose may regulate the activity and/or the
expression of the same MDH isoenzyme. Another important conclusion comes from
a comparison of MDH acitivities between ecd1 and su(f)ts67g
which are so similar
that can be considered identical. Therefore, if the genetic background has no sub
stantial effect, then all observed changes of MDH activity in ecd1 and
su(f)ts67g
are attributable to deficiency in the hormone ecdysone.
Regarding the response in wild type or mutant wandering larvae it should be
stressed that at the time of the metamorphic onset the concentration of JH III is
increased, about 1 pmol/g fresh weight (Bownes and Rembold 1987). Thus, it is
not surprising that exogenous JH administration did not elicit any MDH increase
in wandering stage. Inner ecdysone peak probably takes control over JH action
on MDH. It needs to be stressed here that freshly eclosed normal adults have 57 pmol/g of JH (Bownes and Rembold 1987), a concentration 5 to 7-fold higher
than the larvae. The developmental and physiological significance of this finding
remains elusive. However, this might be one of several reasons why in ap4 mutants
the JH-deficient phenotype is greatly expressed in adult flies and morphogenetically
not observed, or at least not apparent, in larvae. In the case of MDH, it is not a
morphogenetic effect but enzyme activity and thus the effector gene can serve
as an excellent challenge to explore the molecular mechanism of JH action with
tools available in Drosophila genetics; the effort towards molecular cloning of the
Drosophila MDH gene is currently underway in our laboratory.
Acknowledgements. The generous gift of juvenile hormone analogues by Dr Karel
Slama and Dr František Sehnal, Institute of Entomology, Academy of Sciences of the
Czech Republic, České Budejovice, is highly appreciated The authors wish to acknowledge
the technical assistance of Helena Farkašová with the determination of enzyme activity
We also thank Bloommgton Drosophila Stock Center at Indiana University, Bloommgton,
USA, and Umea Drosophila Centre, Umea University, Sweden, for providing us with fly
strains used in our experiments This work was financially supported, in part, by Research
Grants 2/999533 and 2/1258/95 from Slovak Grant Agency for Science (SGAS), and by
VEGA No 95/5305/272 and SO 95/5305/043 from VEGA Slovakia

48

Farkaš and Knopp

References
Altaratz M , Applebaum S W , Richards D S , Gilbert L I , Segal D (1991) Regulation
of juvenile hormone synthesis in wild type and apterous mutant Drosophila Mol
Cell Endocrinol 8 1 , 205—216
Ashburner M (1989) Drosophila A Laboratory Handbook Cold Spring Harbor Laboratory Press, New York
Ballard F J , Hanson R W (1967) Changes m lipid synthesis in rat liver during development Biochem J 102, 952—958
Berreur P , Porcheron P , Berreur-Bonnenfant J , Simpson A (1979) Ecdysteroid levels
and pupariation m Drosophila melanogaster J Exp Zool 210, 347—352
Berreur P , Porcheron P , Morimere M , Berreur-Bonnenfant J , Behnski-Deutsch S ,
Busson D , Lamour-Audit C (1984) Ecdysteroids during the third larval instar
m /(3)ecd~ l t s , a temperature-sensitive mutant of Drosophila melanogaster Gen
Comp Endocrinol 54, 76—84
Borst D W , Bollenbacher W E , O'Connor J D , King D S , Fristrom J W (1974)
Ecdysone levels during metamorphosis of Drosophila melanogaster Develop Biol
39, 308—316
Bourgouín C , Lundgren S E , Thomas J B (1992) Apterous is a Drosophila LIM domain
gene required for the development of a subset of embryonic muscles Neuron 9,
549—561
Bownes M (1994) The regulation of the yolk protein genes, a family of sex differentiation
genes m Drosophila melanogaster BioEssays 16, 745—752
Bownes M , Rembold H (1987) The titre of juvenile hormone during the pupal and adult
stages of the life cycle of Drosophila melanogaster Eur J Biochem 164,709 -712
Bradford M M (1976) A rapid and sensitive method for the quantitation of microgram
quantities of protein utilizing the principle of protein dye-bmdmg Anal Biochem
72, 248—254
Chemik Y I , Korýtko O R , Belokon E M (1982) Age changes of alcohol dehydrogenase, malate dehydrogenase and lactate dehydrogenase in Drosophila melanogaster
Ontogenez 13, 409—516 (In Russian with English summary)
Clark W C , Doctor I S , Fristrom J W , Hodgetts R B (1986) Differential responses of
the dopa decarboxylase gene to 20-hydroxy ecdysone m Drosophila melanogaster
Develop Biol 114, 141 -150
Cohen B , McGuffin M E, Pfeifle C , Segal D , Cohen S M (1992) apterous, A gene
required for imagmal disc development m Drosophila encodes a member of the
LIM family of developmental regulatory piotems Gene Develop 6,715—729
DeReggi M L , Hirn M H , Delaage M A (1975) Radioimmunoassay of ecdysone an
application to Drosophila larvae and pupae Biochem Biophys Res Commun 66,
1307—1315
Desvergne B , Petty K J , Nikodem V M (1991) Functional characterization and receptor
binding studies of the malic enzyme thyroid hormone-response element J Biol
Chem 266, 1008—1013
Dozm B , Magnuson M A , Nikodem V M (1985) Tissue-specific regulation of two functional malic enzyme mRNAs by triiodothyronine Biochemistry USA 24, 5581—
5586
Farkaš R , Knopp J (1997) Ecdysone-modulated response of Drosophila cytosolic malate
dehydrogenase to juvenile hormone Arch Insect Biochem Physiol 34, 71—83

Hormonal and Genetic Control of Malic Enzyme in Drosophila

49

Freedland R A , Avery E H , Taylor A R (1968) Effect of thyroid hormones on metabolism II The effect of adrenalectomy or hypophysectomy on response of rat liver
enzyme activities to L-thyroxme injection Can J Biochem 46, 141—150
Garen A , Kauver L , Lepesant J A (1977) Roles of ecdysone m Drosophila development
Proc Natl Acad Sci USA 74, 5099—5103
Gavin J A , Williamson J H (1976) Juvenile hormone-induced vitellogenesis in apterous 4 ,
a non-vitellogemc mutant in Drosophila melanogaster J Insect Physiol 22, 1737—
1742
Geer B W , Penile T J (1977) Effect of dietary sucrose and environmental temperature
on fatty acid synthesis in Drosophila melanogaster Insect Biochem 7, 371—379
Geer B W , Kamiak S N , Kidd K R , Nishimura R A , Yemm S J , (1976) Regulation of the oxidative NADP-enzyme tissue levels in Drosophila melanogaster I
Modulation by dietary carbohydrate and lipid J Exp Zool 195, 15—32
Geer B W , Woodward C G , Marshall S D (1978a) Regulation of the oxidative NADPenzyme tissue levels in Drosophila melanogaster II The biochemical basis of dietary carbohydrate and D-glycerate modulation J Exp Zool 203, 391—402
Geer B W , Williamson J H , Oliver M J , Walker V K , Bentley M M (1978b) The
malic enzyme of Drosophila melanogaster Can J Genet Cytol 20, Suppl 444
Geer B W , Krochko D , Oliver M J , Walker V K , Williamson J H (1980) A comparative study of the NADP-mahc enzymes from Drosophila and chick liver Comp
Biochem Physiol 65B: 25—34
Hansson L , Lambertson A (1983) The role of su(f) gene function and ecdysterone in
transcription of glue polypeptide mRNAs in Drosophila melanogaster Mol Gen
Genet 192, 395 -401
Hernandez A , Garcia-Jimenez C , Santisebastian P , Obregon M J (1993) Regulation of
malic enzyme gene expression by cAMP and retmoic acid in differentiating brown
adipocytes Eur J Biochem 215, 285—290
Hodgetts R B , Sage B , O'Connor J D (1977) Ecdysone titers during postembryonic
development of Drosophila melanogaster Develop Biol 60, 310—317
Kaphn V S , Korochkm L I (1987) A histochemical and microelectrophoretical study
of esterases in the organs and tissues of Drosophila melanogaster during embryoand larvogenesis 3 Alcohol and malate dehydrogenases Ontogenez 18, 215—220
(in Russian with English summary)
Karím F D , Thummel C S (1992) Temporal coordination of regulatory gene expression
by the steroid hormone ecdysone EMBO J 11, 4083—4093
Klose W , Gateff E , Emmerich H , Beikirch H (1980) Developmental studies on two
ecdysone deficient mutants of Drosophila melanogaster Roux's Arch Devel Biol
189, 57—67
Knopp J , Khmeš I , Brtko J , Šeboková E , Bohov P , Hromadová M , Langer P , Baláž
V (1992) Nuclear 3,5,3-trnodothyronme receptors and malic enzyme activity m
liver of rats fed fish oil and cocoa butter J Nutr Biochem 3, 587—593
Koeppe J K , Fuchs M , Chen T T , Hunt L M , Kovahc G E , Briers T (1985) The
role of juvenile hormone m reproduction In Comprehensive Insect Physiology,
Biochemistry and Pharmacology (Eds G A Kerkut and L I Gilbert), vol 8, pp
165—204, Pergamon Press, Oxford and New York
Kutuzova N M , Fihppovich I B , Kholodova I D , Miladera K , Kmdruk N L , Korniets
G V , Moroz N S (1991) Ecdysterone induces the activity of multiple forms of acid
phosphatase and malate dehydrogenase in fat bodies of Anterahea pernyi pupae

50

Farkaš and Knopp

Ukr Biokhim Zh 63, 41—45 (In Russian with English summary)
Lmdsley D L , Zimm G G (1992) The Genome of Drosophila melanogaster Academic
Press, San Diego, New York, London
Mahowald A P , Kambyselhs M P (1980) Oogenesis In The Genetics and Biology
of Drosophila (Ed M Ashburner and T R F Wright), Vol 2d, pp 141—224,
Academic Press, London, New York
Morioka H , Magnuson M A , Mitshuhashi T , Song M K H , Rail J E , Nikodem V
M (1989) Structural characterization of rat malic enzyme gene Proc Natl Acad
Sci USA 86, 4912—4916
Murtha M T , Cavener D R (1989) Ecdysteroid regulation of glucose dehydrogenase
and alcohol dehydrogenase gene expression in Drosophila melanogaster Develop
Biol 135, 66—73
Postlethwait J H , Weiser K (1973) Vitellogenesis induced by juvenile hormone in the
female sterile mutant apterous4 in Drosophila melanogaster Nature New Biol 244,
284—285
Ransom R (1982) Techniques In A Handbook of Drosophila Development (Ed R
Ransom) pp 1-30, Elsevier Biomedical Press, Amsterdam, New York
Redkm P S (1970) Dynamics of the activity of isozymes of malate dehydrogenase in
ontogenesis of Drosophila virilis Soviet Zh Devel Biol 1, 89—94 (in Russian
with English summary)
Richards G P (1981) The radioimmune assay of ecdysteroid titres in Drosophila melanogaster Mol Cell Endocrinol 2 1 , 181—197
Riddiford L M (1993) Hormones and Drosophila development In The Development of
Drosophila melanogaster vol 2 (Ed M Bate and A Martinez-Arias) pp 899—939,
Cold Spring Harbor Press, New York
Schwartz M B , Kelly T J , Woods C W , Imberski R B (1989) Ecdysteroid fluctuations in adult Drosophila melanogaster caused by elimination of pupal reserves and
synthesis by early vitellogemc ovarian follicles Insect Biochem 19, 243—249
Shtorch A , Werczberger R , Segal D (1995) Genetic and molecular studies of apterous a gene implicated in the juvenile hormone system of Drosophila Arch Insect
Biochem Physiol 30, 195—209
Snyder R D , Smith P D (1976) The suppressor of forked mutation in Drosophila
melanogaster interaction with lozenge gene Biochem Genet 14, 611—617
Tedesco J L , Courtnght J B , Kumaran A K (1981) Ultrastructural changes induced by juvenile hormone analogue in oocyte membranes of apteroub4 Drosophila
melanogaster J Insect Physiol 27, 895—902
Towle H C , Mariash C N , Oppenheimer J H (1980) Changes in the hepatic levels of
messenger ribonucleic acid for malic enzyme during induction by thyroid hormone
or diet Biochemistry USA 19, 579—585
Wallrath L L , Burnett J B , Friedman T B (1990) Molecular characterization of
the Drosophila melanogaster urate oxidase gene, an ecdysone-repressible gene expressed only m the malpighian tubules Mol Cell Biol 10, 5114—5127
Final version accepted February 16, 1998

