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Expression of metallothionein genes during the post-embryonic
development of Drosophila melanogaster
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Expression of the two Drosophila melanogaster metallothionein genes, Mrn and Mto, has been analyzed by in
situ hybridization during post-embryonic development. Mtn and Mto transcripts were detected exclusively in the
digestive tract of larvae, pupae and adults reared on standard medium. Mtn and Mto expression domains overlap,
but each gene is also expressed at unique sites. Mtn mRNA levels are approximately 10 and 20 times higher than
those of Mto in larvae and adults, respectively. Copper and cadmium ions strongly induce Mrn and Mro mRNA
accumulation in the midgut. Zinc is a weaker inducer, acting only at high concentrations. Mtn gene expression is
induced by these three metals in Malpighian tubules, while Mto gene expression in this organ is induced only by
zinc. Iron is a poor inducer of metallothionein mRNA accumulation. Functions of MTN and MTO proteins in

metal homeostasis and detoxification are considered.
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Introduction

Mectallothioneins are small. cysteine-rich proteins that bind
metal ions with high affinity. Amplifications (Beach &
Palmiter 1981) and mutations (Michalska & Choo 1993,
Masters er al. 1994) of mouse metallothionein genes clearly
demonstrated therr implication in metal detoxification. The
function of metallothioneins may also be related to other
aspects of metal metabolism, such as absorption. storage,
transport and exchange with metalloproteins {(Karin 1985).
Furthermore. many data show that metallothioneins can
play a role m protection against free radicals (Sato &
Bremner 1993, Tamai et ol 1993). The vertebrate
metallothtonein isoform MT I, surprisingly. was first
characterized as a growth inhibitory factor (GIF). It is
repressed in the brain of patients suffering from Alzheimer’s
discase and inhibits the neurite outgrowth of human neurons
in culture (Uchida et al. 1991, Tsujt et al. 1992). Finally.
metallothioneins may function in developmental processes
since their genes are expressed during early development of
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Drosophila (Silar er al. 1990). sea urchins (Nemar er al. 1991)
and vertebrates (Andrews et al. 1991).

The two metallothionein proteins of D, mclunogaster,
MTN (40 amino actds) and MTO (43 amino acids). differ
in so many features that we previously hypothesized that
they  would play different  functions.  Mctaltlothionein
purification from metal-intoxicated flies was successful only
for the MTO protein. suggesting that the MTN protein is
sequestered i an insoluble and probably polymerized form
(Stlar e al. 1990). Such polymerized metallothioneins have
been found in the lvsosomes of Blarella germanica ileum
(Bouquegneau et af. 1985). In Drosophilu, involvement of
metallothioneins  in - detoxification  processes is  better
demonstrated by the  characterization  of  Mm gene
duplicattons m natural and laboratory strains. These strains
produce more M mRNA than those carrying one single
Mm gene. and tolerate increased cadmium and copper
conceentrattons (Otto er ¢l 1986, Maroni et al. 1987, Lange
et al. 1990). Duplications of the Mo gene have never been
observed (Lange er al. 1990, Silar er al. 1990).

Expression of both M and Mo genes can be increased
by adding various metals to the culture medium (Debec
et al. 1985, Maroni & Watson 1985, Erraiss et al. 1989).
Copper and cadmium are strong inducers of metallothionein
expression while zine would be significantly less efficient
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(Silar et al. 1990). This situation contrasts with that of the
mammalian metallothionein system where zinc s a
strong inducer (Hamer 1986). Iron effects on Drosophila
metallothionein regulation have never been investigated
unti] now.

The digestive tract is the major site of metallothionein
gene expression in  Drosophilu embryos (Bonneton &
Wegnez, 1995). It is thus interesting to look for correlations
between sites of M and Mro gene expression and sites of
metal accumulation in the gut. The localization of heavy
metals in insects, both in normal conditions and after
intoxication, has been the subject of numerous studies
(Maroni 1989). Copper is distributed throughout the midgut
and in the Malpighian tubules of larvae (Poulson & Bowen
1952, Lauverjat et al. 1989) and adults (Marchal-Ségault
et al. 1990). In the middle midgut of Drosophilalarvae, copper
is localized in the lysosomes of the ‘cuprophilic cells’, which
also contain high levels of sulfur (Poulson er al. 1952,
Filshie e al. 1971; Tapp & Hockaday 1977, Lauverjat et al.
1989). Similar results were obtained with Musca domestica
(Sohal et al. 1976, Sohal & Lamb 1979). The main site of
zinc accumulation seems to be the Malpighian tubules, both
in Drosophila hydei (Zierold & Wessing 1990) and in
M. domestica (Sohal et al. 1976, Sohal & Lamb 1979). Iron
was detected in the ‘iron cells’ of the middle midgut and,
after induction, throughout the midgut of D. melanogaster
larvae (Poulson & Bowen 1952). Finally, most of the ingested
cadmium is localized in the midgut of D. melanogaster
(Maroni & Watson 1985, Lauverjat et al. 1989).

In insects, the different functions related to nutrition are
carried out by specialized structures. Secretion, for example,
is assigned to cells of the anterior and middle midgut, while
absorption is performed by posterior midgut cells
(Dimitriadis & Kastritsis 1984, Terra et al. 1988).
Detoxification mainly occurs in the Malpighian tubules
which are considered to be excretory and osmoregulatory
organs analogous to the vertebrate kidney. They filter the
hemolymph and produce urine that is driven into the lumen
of the hindgut (Wessing & Eichelberg 1978). lons are
transferred through the epithelium of the tubules and form
cytoplasmic concretions that dissolve into the lumen. In
M. domestica, these concretions contain significant amounts
of sulfur, calcium and zinc (Sohal & Lamb 1979).

In this paper, we asked whether M and Mto genes are
implicated in the D. melanogaster metal metabolism.
In situ hybridization was used to localize metallothionein
transcripts throughout post-embryonic development. Analyses
were done using flies reared on standard and metal-
contaminated culture media.

Materials and methods

Drosophila strains and metal treatment

The D. melanogaster wild-type Oregon R strain was used in
all experiments. This strain carries the Mm’ allele (Théodore
et al. 1991). Flies were reared at 25°C on Instant Drosophila
Medium (Carolina Biological Supply Company, 1g/4 ml
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of deionized water). Induction of metallothionein synthesis
by metals was tested by substituting deionized water with
0.lmm CdCl,, 0.5mm CuSO,. 05mm FeSO,, 2.5mm
ZnSO,, 5mm ZnSOy, 2.5mm ZnCl, or Smm ZnCl,. Third
instar larvae were grown on this medium for larval and
pupal stage analyses. Wandering third instar larvae were
collected after a 16h treatment and pupae 3 days after
pupation. Five day old adults were transferred on
metal-contaminated medium and collected after 3 days.

Histology

Third instar larvae were washed in Ringer solution and fixed
for 2h at 4 C with a 6:3:1 ethanol:chloroform:acetic acid
mixture containing 4% glucose. It was necessary to inject
this mixture into the abdomen with a microfine syringe in
order to improve the fixation of internal structures. After
dehydration in an ascending ethanol series, then in butanol,
larvae were embedded in Paraplast and sectioned (7 um
slices). An identical procedure was used with pupae and
adults, but the fixation time was increased to 18 h.

Synthesis of single-stranded RN A probes

Mm and Mto ¢DNAs inserted into Bluescript vectors
(Stratagene) (Silar et al. 1990) were used to synthesize
antisense and sense radioactive RNA probes by incorporation
of § [2-**SJUTP (Amersham). Specific activity: Mro=
1-2x108d.pm. ug ™!, Mtn=4-5x10"d.p.m. ug™'.

In situ Avbridization

Slides coated with a solution containing 1% gelatin and
0.5% chrome alum were kept overnight at 80°C before use.
After deparaffinization and hydration, samples were
post-fixed for 20 min with 4% paraformaldehyde in PBS,
pH 7.4, washed twice with PBS for 30 min and then treated
for 15 min at 37°C with proteinase K (1 ug ml ™~ '). The probes
were diluted in the hybridization buffer (50% deionized
formamide, 0.3m NaCl, 10mm Tris-HCI, pH 7.5, Smm
EDTA, 1 x Denhardt’s solution, 8% dextran sulfate, 10 mm
DTT, 100 ug ml ™! yeast tRNA) and heated at 80°C for 2 min.
Hybridization was performed for 4 h at 52°C with a probe
concentration of 2 ng ul ', Subsequently, slides were washed
twice in 2xSSPE (20xSSPE is 3m NaCl, 200 mm
NaH,PO,, 20mm EDTA, pH 74), 10mm DTT) at room
temperature, overnight in the same conditions, then in
2 x SSPE, 50% formamide, 10mm DTT at 60°C for 1 h.
After a treatment with 40 gg ml~! RNAse A and 21U ml ™!
RNAse T1in4 x SSPE at 37°C for 30 min, slides were washed
in 4xSSPE at 37°C for 30min, in 2xSSPE at room
temperature for 1h, then in | xSSPE, 0.5xSSPE and
0.1 x SSPE, each at room temperature for 1 h.

After dehydration, slides were coated with Amersham
LM emulsion (1:1 dilution in distilled water) and stored in
the dark at 4-C. Slides were developed (4 min, 18 C) with
Kodak D 19 after a 7 day exposure, rinsed in water and
then fixed with Ilford Hypam (1:4 dilution, 5 min, 18°C).
Preparations were stained with 0.2% toluidine blue for 10s,



differentiated, dehydrated through an ascending ethanol
series and mounted in eukitt (Prolabo).

RNA analyses

Total RNA of control and intoxicated larvae and adults was
purified using the RNA Quick TM II kit (Bioprobe Systems).
RNA samples (20 uglane™!') were fractionated on 1.3%
agarose/formaldehyde gels and blotted onto nitrocellulose
Hybond N membranes (Amersham). Mto and Mt cDNAs
were purified by gel electrophoresis and labeled by random
priming with [*?PJATP. The cDNA of D. melanogaster
ribosomal protein RP49 was also labeled by random priming
and used as an internal standard to control RNA
concentrations. Specific activity of probes: M and
Mro=15x10%dpm. ug™!, RP49=108d.pm.ug" '. Pre-
hybridizations were carried out for 2h at 42C in a
solution containing 50% deionized formamide, 5 x SSC,
5 x Denhardt’s solution, 100 g ml~ ' yeast tRNA and 0.5%
SDS. Hybridizations were performed overnight at 42°C in
the same solution. Membranes were washed three times for
60min at 42 C in 2x SSC, 0.5% SSD, then three times for
60 min at 42°C in 0.2 x SSC, 0.5% SDS.

Results and discussion

Expression of metallothionein genes in larvae, pupae and
adults was analyzed by in siru hybridization using
*3S-labeled RNA probes. There was no difficulty in
discriminating between Mm and Miro transcripts since the
sequences are only 50% similar (Mokdad et al. 1987). Serial
sections from the three post-embryonic developmental stages
were used to look for Mt and Mto mRNAs in all
morphological structures. Hybridizations were carried out
with both antisense and sense RNA probes. Background
hybridization signals were only observed in the cuticle and
in the alimentary bolus. Reproducibility of the results was
checked by performing three independent series of
experiments. Identical results were obtained with male and
female flies.

Differential expression of metallothionein genes during posi-
embryonic development of D. melanogaster

Expression of M and Mto genes in Drosophila larvae was
observed in the middle and posterior midgut (Figures 1
and 2). The ‘cuprophilic’ and the ‘iron’ cells belong to the
middle midgut (Poulson & Bowen 1952). However, specific
sites of expression were also detected in other structures.
M1n is expressed in the proventriculus (Figure 1) and in the
Malpighian tubules (not shown), while Mo is expressed in
the salivary glands (Figure 2).

Analysis of M and Mio gene expression in pupae was
more difficult because the digestive tract is totally
restructured during metamorphosis. Organs undergoing
histolysis are progressively replaced by proliferating cells of
the salivary glands, foregut and hindgut imaginal rings, and
of midgut imaginal islands (Bryant & Levinson 1985).

Drosophila metallothioneins

Expression of M and Mto was observed in the imaginal
midgut as soon as this structure differentiates (Figure 3).
Poulson & Bowen (1952) suggested that the accumulation
of metals in the larval midgut is a form of excretion since
histolysis of this organ forms the yellow body which is
eliminated in the meconium after emergence of the adult.
We did not detect any metallothionein transcript in the cells
forming the yellow body. However, metallothionein proteins
may be present in that structure.

In adults, M is expressed in cardia, in Malpighian
tubules (Figure 4) and in the midgut (not shown). Expression
of Mto is restricted to a part of ventriculus (Figure 2), the
adult equivalent of the larval midgut (Miller 1965). All
in situ hybridizations performed with larvae, pupae and
adults thus show that Mm and Mo transcripts accumulate
preferentially in the digestive tract. We did not detect any
expression of the two metallothionein genes in other tissues.
Allin situhybridization results are summarized in Figure 5.

We observed, in accordance with previous results (Silar
et al. 1990), that Min mRNA levels are always higher than
those of Mro. A quantitative analysis reveals that there are
approximately 10 and 20 times more M than Mto mRNA
molecules in larvae and adults, respectively (Figure 6,
compare M and Mo control values in 1, 2 and 3). These
results confirm that the Mro gene is expressed at a relatively
low rate, from the embryo to the larval and adult stages
(Silar et al. 1990).

In summary, Mm and Mro genes are differentially
expressed during post-embryonic development, both at the
spatial (Figure 5) and at the quantitative level (Figure 6). It
is difficult to assign specific roles for the two Drosophila
metallothioneins from these data. The presence of the two
types of transcripts in the midgut is compatible with the
hypothesis of a similar role in that structure. High M
mRNA levels in the Malpighian tubules are possibly related
to the uniform distribution of copper observed in this organ
by Poulson & Bowen (1952). Zinc is also known to
accumulate in vacuoles of Drosophila hydei Malpighian
tubules (Zierold & Wessing 1990). The abundance of M
transcripts in Malpighian tubules thus suggests that the
MTN protein may play a role in the accumulation of zinc
and copper in these structures. In order to study further the
involvement of M and M1o genes in the regulation of metal
exchanges, we tested by in situ hybridization the effect of
various metal treatments on the spatial distribution of
both gene transcripts during post-embryonic Drosophila
development.

Metal-induced expression of metallothionein genes in post-
embryonic stages of D. melanogaster

We tested whether copper, cadmium, zinc and iron affect
the same regions of the Drosophila gut by examining M
and Mo transcript distribution in metal-intoxicated larvae,
pupae and adults. Copper, zinc and cadmium have a
dramatic effect on Mm and Mto mRNA accumulation in
the digestive tract, while iron has a weaker effect. The
four metals tested affect metallothionein expression
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Figure 2. /n siru localization of Mro mRNA transcripts in D. melanogaster larvae and adults. An antisense Mro [*>S]RNA probe was
hybridized to RNA on sagittal sections of D. melanogaster larvace and adults. Panels (A) and (C): dark field pictures showing hybridization
signals in the salivary glands and in a restricted part of the middle midgut. No signals are visible in the loop of the middle midgut on the
left of (C). Panels (B) and (D): bright field pictures of the same sections. Panels (E) and (F): similar experiment performed with an adult
section. Strong hybridization signal is displayed in the area of the ventriculus shown in this section. Symbols: MMG =middle midgut:
Sg - salivary glands: V = ventriculus. Autoradiographic exposure: 7 days. Scale bar = 50 pm.

Figure 1. /i situ localization of Mm mRNA transcripts in D. melanogaster larvae. Antisense and sense M [>*SIRNA probes were
hybridized to RNA on sagittal sections of third instar larvae. Panels (A) and (C): dark field pictures showing hybridization signals of the
antisense probe in proventriculus and Malpighian tubules (A) and in a portion of the middle midgut (C). Panels (B) and (D): bright field
pictures of the same sections. Panels (E) and (G): dark field pictures showing the background signals obtained with the sense probe.
Panels (F) and (H): bright field pictures of the same sections. Symbols: AMG =anterior midgut: Ge = gastric caeca; Ma = Malpighian tubules;
MMG = middle midgut: Pv = proventriculus. Autoradiographic exposure: 7 days. Scale bar =50 ym.
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Figure 3. In siru localization of Mro mRNA transcripts in D. melanogaster pupac. Antisense and sense Mro [**SJRNA probes were
hybridized to RNA on sagittal sections of D. melanogasier 3 day old pupae. Panel (A): dark field picture showing hybridization signals of
the antisense probe in the imaginal midgut. Panel (B): bright field picture of the same section. Panel (C): dark field picture showing the
background signals obtained with the sense probe in the imaginal midgut. Pancl (D): bright field picture of the same section. Similar results
were obtained with a M1 probe. Symbols: IMG = imaginal midgut: Yb = yellow body. Autoradiographic exposure: 7 days. Scale bar = 50 um.

in two respects. First, they induce an accumulation
of metallothionein mRNA in the structures where
metallothionein genes are expressed in standard culture
conditions. Second, metals induce the expression of
metallothionein genes in regions displaying no signals
under standard culture conditions. These changes in
metallothionein expression patterns differ depending on the
metal tested. Although Mm and Mro expression patterns
following metal treatment are simtlar. some specific changes
are observed in certain regions of the midgut. Zinc. cadmium
and copper, for example, have a significant effect on Mro
mRNA accumulation in larval salivary glands. while they
have no effect on M expression in the same structures. All
in situ hybridization data are integrated in the Figure 7.

Copper and cadmium effects. Copper and cadmium both
extend the Mm expression domain to the whole midgut of

larvae. pupae and adults. In the case of Mro, copper induces
a wider extension of expression than cadmium. In
larvae, this extension rcaches the anterior midgut while
in adults Mro transcripts are found throughout the
ventriculus. Extension of Mro expression domain by
cadmium 1s restricted to the middle and posterior midgut
(Figure 7).

The expression of metallothionein genes in the larval
middle midgut includes the region containing the “cuprophilic
cells’, also called ‘cup-shaped” cells. It is known that these
cells accumulate metal ions following an intoxication with
copper or cadmium salts (Poulson & Bowen 1952, Filshie
et al. 1971). Maroni & Watson {1985) tested the absorption
of '°°Cd by second instar larvae and found that the whole
midgut was involved tn the process. the cuprophilic cells
exhibiting the highest absorption capacity. Lauverjat ef al.
(1989) also demonstrated that accumulation of metals is not

Figure 4.

In situ localization of Mtn mRNA transcripts in D. melanogaster adults. Antisense and sense Min [**SJRNA probes were

hybridized to RNA on sagittal sections of D. melanogaster flies. Panels (A) and (C): dark field pictures showing hybridization signals of
the antisense probe in the wall of cardia (A) and in the Malpighian tubules (C). Panels (B) and (D): bright field pictures of the same sections.
Panels (E) and (G): dark field pictures showing the background signals obtained with the sense probe. Panels (F) and (H): bright field
pictures of the same sections. Symbols: Ca =cardia: Cr=crop: Ma=Malpighian tubules; w=wall of cardia. Autoradiographic exposure:
7 days. Scale bar =50 gm.
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Figure 5. Distribution of Mm and Mo transcripts in the digestive tract of D. melanogaster. Schematic drawing of the digestive tract of
third instar larvae and adults. The length of each region is represented to scale. The crop and the salivary glands of adults, that never
display hybridization signals, were omitted. Intensity of hybridization signals, that was estimated visually, 1s symbolized by three grades:
white for the absence of signal, lightly or darkly stippled for light and strong signals, respectively. Abbreviations: AMG =anterior midgut,
MMG =middle midgut. PMG =posterior midgut, aMa =anterior Malpighian tubules, pMa = posterior Malpighian tubules, Ca =cardia.
Cb = cibarium, Gc = gastric caeca, O = oesophagus, Ph =pharynx, Pv=proventriculus, Sg=salivary glands, V = ventriculus.

restricted to cuprophilic cells but involves the entire midgut.
Our in situe hybridization data confirm that the whole midgut
responds to copper and cadmium intoxication and that
metallothioneins may play a role in this process.

Zinc effects. Previous studies showed that zinc was not very

efficient to induce metallothionein gene expression in
Drosophila. Treatment of larvae during 48 h with 5 mm ZnCl,
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was shown to be inefficient to induce synthesis of a
cadmium-binding protein possessing the properties of
metallothioneins (Maroni & Watson 1985). At the
transcriptional level, zinc was shown to be a poor inducer
of Mt in larvae, when compared with copper or cadmium
(Lastowski-Perry et al. 1985, Maroni et al. 1986). Finally,
no detectable increases of both M and Mto transcripts
were observed in adults treated for | day with concentrations
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Induction of M and Mro mRNA accumulation by zinc. Total RNA extracted from 10 animals (+ 20 ug) was fractionated on

1.3% agarose gels and probed with Mm, Mto and RP49 cDNAs. (A) Autoradiograms showing the effect of ZnCl, and ZnSO, on Mtn
and Mro mRNA accumulation in third instar larvae and adults. Lanes 1-3 (third instar larvae): 1=not treated control larvae,
2=5mM ZnCl,, 3=5mM ZnSO,; lanes 4-6 (1 day old adults): 4=not treated control adults, 5=5mm ZnCl,, 6=5mM ZnSO,;
lanes 7-9 (3 day old adults): 7=not treated control adults, 8 =5 mm ZnCl,, 9 =5 mM ZnSO,. Specific activity of DNA probes: 10® d.p.m. ug .
Duration of exposure: Mm=3h, Mto=3 days, RP49=18h. (B) Quantification of M and Mro mRNAs. We used the SOFI detector
(Mastrippolito et al. 1991) to measure the hybridization signals shown in (A). 1=third instar larvae, 2=1 day old adults, 3=3 day old
adults. Black boxes: controls, spotted boxes: 5 mm ZnCl, treated animals, stippled boxes: 5 mM ZnSO, treated animals. RP49 hybridization

signals were used to adjust variations in RNA loading.

of ZnCl, ranging from 0.25 to 2.5 mm (Silar er al. 1990).
Here. we tested whether higher zinc concentrations would
mnduce metallothionein mRNA accumulation following a
three day treatment.

Quantitative analyses revealed that high zinc concentrations
can induce an increased accumulation of both Drosophila
metallothionein mRNAs (Figure 6). Similar results were
obtained with ZnCl; and ZnSO,. The two genes exhibit the
higher response to zinc during the third larval instar: there
1s a {ive times increase for Mt mRNA and a 12 times increase
for Mo mRNA following the exposure of larvae to Smwm
ZnCl, or ZnSO, for 16 h (Figure 6). In adults, induction is

much weaker (1.6 relative increase for Mm mRNA and 2.4
for Muro. respectively, for 3 day treatments; Figure 6).
Differences between larvae and adults could be due to the
fact that adults ingest less food than larvae. The weak effect
of zinc on adults may explain why we did not detect any
induction by this metal on metallothionein mRNA
accumulation in our previous experiments, analyzing
mRNAs from | day treated animals (Silar er al. 1990).

In situ hybridization demonstrated that zinc has specific
effects on the localizatton of metallothionein transcripts
when compared with copper and cadmium (Figure 7). In
adults, zinc induces the expression of M in the cardia.
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Figure 8. /i site localization of Mo mRNA transcripts in
Malpighian tubules. Antisensc and sense Mro [**S]RNA probes
were hybridized to RNA on sagittal sections of D. melanogaster
third instar larvae. Panel (A): dark field picture showing the absence
of hybridization signals with the antisense probe in the Malpighian
tubules of control larvae. Panel (B): strong hybridization signals
appear in Malpighian tubules of zine-treated larvae (5 mmMZnSQy).
Panel (C): dark field picture showing the background signals
obtained with the sense probe in the Malpighian tubules of
larvae  (SmmZnSO,). Symbol:  Ma = Malpighian
tubules. Autoradiographic exposure: 7 days. Scale bar =50 ym.

zinc-treated

Drosophila metallothioneins

Accumulation of Mo mRNA, following zinc treatment, was
observed in Malpighian tubules of larvae and pupae, but
not in adults (Figure 8). The interest of this latter result is
highlighted by the fact that Malpighian tubules are the main
sites of zine storage (Zierold & Wessing 1990). This organ
contains concretions rich in sulfur and plays an important
role in detoxification processes (Sohal & Lamb 1979). Thus,
Mo may be involved in zinc metabolism of the Malpighian
tubules.

Iron ¢ffects. Tron, of the four metals tested, has the smallest
inductive capacity on metallothionein mRNA accumulation
(Figure 7). A slight. but reproducible extension of the Mro
expression domain was observed in the midgut of
iron-treated adults. Surprisingly, M7o mRNA accumulation
is induced by iron in the proventriculus of pupae (Figure 9).
This is also the case for the three other metals tested (not
shown).

The cells responding to iron treatment are located within
the region comprising the “iron cells’ described by Poulson
& Bowen (1952) as iron-accumulating cells. Iron homeostasis
in vertebrates is known to be controlled mainly by ferritin,
a protein capable of binding iron as well as zinc, cadmium
and copper (Price & Joshi 1982, 1983). The displacement of
zinc and copper from ferritin, due to the higher affinity of
ferritin for iron, could increase the amount of free zinc and
copper 1ons. These ions would then be available to induce
metallothionein genes. If this interpretation is correct, the
inductive effect we observed for iron would be indirect. Iron
effects on metallothionein regulation have been poorly
investigated until now. It is known that, in the chick,
parenteral injection of iron induces zinc metallothionein
accumulation in the liver (McCormick 1984). Toxicity of
free metallic lons in cells is probably controlled by both
metallothioneins and ferritins. The study of the regulation
of these two proteins in a single system may lead to a better
understanding of cellular processes involved in metal
homeostasis and detoxification.

Functional evolution of metallothionein genes in
D. melanogaster

The duplication of genes is thought to provide a major
source of functional novelty in evolution. Since two genes

Figure 9.

In siae localization of Mro mRNA transcripts in the proventriculus of iron-treated D. melanogaster pupae. An antisense Mio

[**SIRNA probe was hybridized to RNA on sagittal sections of D. melanoguster 3 day old iron-treated pupae. Panel (A). dark field picture
showing hybridization signals in the proventriculus imaginal ring. This signal is detected only in metal-treated animals, Panel (B): bright
field picture of the same section. Symbol: Pv —proventriculus. Autoradiographic exposure: 7 days. Scale bar = 50 um.
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derived from the duplication of a common ancestor gene
may evolve independently, significant divergence is expected
to occur with time at both the structural and functional
levels. The metallothionein genes of D. melanogaster
exemplify such a process. The Jonal genes constitute another
family of duplicated genes in Drosophila that display specific
expression patterns in the post-embryonic digestive tract
(Carlson & Hogness 1985).

Available data suggest that the two Drosophila metallo-
thioneins would be able to play similar roles, but also that
they would have specific functions. Common functions
would be related to metal detoxification. Both Mt and M1o
genes, clearly, are strongly induced in the midgut by metal
treatments. Metal detoxification may be considered as a
two-step process. In the first step, toxic effects of metals
would be antagonized by their binding to high-affinity
molecules such as metallothioneins or ferritins. In a second
step, metals would be scquestered in special cytoplasmic
structures (lysosomes, for example) and eliminated from the
cytoplasm (Richards 1989). In insects, detoxification mainly
occurs in the Malpighian tubules (Wessing & Eichelberg
1978). This organ, in Drosophila, expresses the Mn gene at
a high rate (Figures 5 and 7). The accumulation of M and
Mto mRNA in the midgut following metal intoxication
suggests that the midgut also would participate in
detoxification processes. It is significant, therefore, that
Poulson & Bowen (1952), as well as Tapp & Hockaday
(1977) and Lauverjat et al. (1989), have observed that the
largest fraction of cytoplasmic copper is associated with
lysosomes in the D. melanogaster middle midgut.

The function of the MTN protein would be related
essentially to detoxification processes. The progressive
enhancement of Mn gene transcription from late embryonic
stages to the adult is compatible with this hypothesis. The
MTO protein may have an additional function. This protein
could control the storage of zinc and copper and
their transfer to metalloenzymes or to zinc-dependent
transcription factors. The fact that the Mo gene s expressed
at a weak and constant level throughout developmental
stages to the adult suggests a function in metal homeostasis.
Firmer statements about the functional significance of the
two very divergent metallothionein genes in Drosophila await
more direct cellular and genetical evidences.
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