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Intestinal response to dietary manganese
depletion in Drosophila†
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Fidel Hernández-Hernández, b Oscar Medina-Contreras, c

Emmanuel Rı́os-Castro, d Aram Comjean,e Fangge Li,e Yanhui Hu,e

Stephanie Mohr, e Norbert Perrimonef and Fanis Missirlis *a

Manganese is considered essential for animal growth. Manganese ions serve as cofactors to three mitochondrial

enzymes: superoxide dismutase (Sod2), arginase and glutamine synthase, and to glycosyltransferases residing in

the Golgi. In Drosophila melanogaster, manganese has also been implicated in the formation of ceramide

phosphoethanolamine, the insect’s sphingomyelin analogue, a structural component of cellular membranes.

Manganese overload leads to neurodegeneration and toxicity in both humans and Drosophila. Here, we report

specific absorption and accumulation of manganese during the first week of adulthood in flies, which correlates

with an increase in Sod2 activity during the same period. To test the requirement of dietary manganese for this

accumulation, we generated a Drosophila model of manganese deficiency. Due to the lack of manganese-

specific chelators, we used chemically defined media to grow the flies and deplete them of the metal. Dietary

manganese depletion reduced Sod2 activity. We then examined gene and protein expression changes in

the intestines of manganese depleted flies. We found adaptive responses to the presumed loss of known

manganese-dependent enzymatic activities: less glutamine synthase activity (amination of glutamate to

glutamine) was compensated by 50% reduction in glutaminase (deamination of glutamine to glutamate); less

glycosyltransferase activity, predicted to reduce protein glycosylation, was compensated by 30% reduction in

lysosomal mannosidases (protein deglycosylating enzymes); less ceramide phosphoethanolamine synthase

activity was compensated by 30% reduction in the Drosophila sphingomyeline phospodiesterase, which could

catabolize ceramide phosphoethanolamine in flies. Reduced Sod2 activity, predicted to cause superoxide-

dependent iron–sulphur cluster damage, resulted in cellular iron misregulation.

Significance to metallomics
Manganese is considered an essential micronutrient in animals, although clear demonstrations of manganese deficiency are scarce. We describe a manganese
deficiency study in Drosophila melanogaster, showing that females transfer the metal to their eggs and that young adults highly and specifically absorb the metal
from their diet during the first few days of their life, presumably to support manganese-dependent enzyme activities. Manganese deficient flies offer an
experimental model to investigate the physiological roles of manganese. Combining metallomic, transcriptomic and proteomic analysis, we show that
intestinal cells compensate for the loss of manganese-dependent biosynthetic activities by downregulating reciprocal catabolic pathways.

Introduction
How animals discriminate Mn is not understood

Manganese (Mn) is considered an essential micronutrient in
animals, although clear demonstrations of Mn deficiency are
scarce.1,2 Three mitochondrial enzymes function using Mn ions
as cofactors: superoxide dismutase (Sod2), which converts
superoxide radicals to hydrogen peroxide and oxygen, glutamine
synthase (GS), which adds ammonia to glutamate and arginase
(Arg), which subsequently removes the ammonia as urea.3–5 In the
Golgi apparatus, Mn serves as a cofactor to galactosyltransferases.6–8
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In Drosophila melanogaster and other insects, Mn ions are also
required for the formation of ceramide phosphoethanolamine, a
key component of cellular membranes, through the activity of
ceramide phosphoethanolamine synthase (Cpes).9,10

Mn accumulates in mitochondria11 and its deficiency has
been shown to reduce Sod2 and Arg activities in rats.12,13 A
number of proteins involved in the correct metallation of Sod2
from mice14 or yeast15,16 have been identified and mitochondrial
localization of the enzyme is a key requirement for successful
activation.17 Mitochondrial iron (Fe) accumulation led to displace-
ment of the Mn for Fe in Sod2.18–20 This observation has also been
made in Drosophila21 and zebrafish,22 leading to the proposal that
Sod2 participates as a switch in mitochondrial Fe metabolism:
active Sod2 enables iron–sulphur cluster biosynthesis and the
preservation of these cofactors in aconitase and succinate
dehydrogenase; inactive Sod2 results in superoxide signalling
that disrupts the tricarboxylic acid cycle and releases ferrous Fe
in the matrix for heme biosynthesis.23 Sod2 inactivation, however,
is not a direct consequence of mitochondrial Fe accumulation.24

Setting aside the question of whether Sod2 activity is regulated
under normal physiology through alternative metallation, there
can be no doubt that animals have in place mechanisms to
discriminate between Mn and Fe to support, amongst other
enzymes, mitochondrial Sod2 activity.

Physiological responses to Mn deficiency

The regulatory mechanisms that govern Mn homeostasis are
not known.2,14,25 We lack information regarding cellular sensors
and signal transduction mechanisms, presumably required for
regulation.26 There is clear evidence that exposure to excess Mn
results in neurodegenerative disease in humans,27–29 rodents,30–32

D. melanogaster33–35 and Caenorhabditis elegans.36–38 Accordingly,
there is significant interest in discovering treatments against
manganism, which can also result from genetic causes.39–43

Hereditary human pathologies have uncovered potential trans-
porters involved in Mn homeostasis.44 It has been proposed that
Mn is absorbed through the divalent metal transporter,45,46 how-
ever mutants in this transporter across different animal species
are deficient in Fe but not Mn.47–51 Looking back on how we
gained insights on key regulators of other metals, a useful
experimental strategy has been to generate metal deficiency
and monitor genes and proteins responding to correct the
imbalance.52–56 Such an approach has not yet been applied
for Mn in animal studies, despite intriguing observations in the
literature on the effects of its deficiency, which can lead to
metabolic,57,58 skeletal59–61 and neurological defects.62–64

Chemically defined medium to control Mn availability in
Drosophila

Experiments in D. melanogaster have provided valuable infor-
mation with respect to insect Fe,65,66 Cu,67,68 Zn68–70 and Mn35,71

physiology. The intestine and, connected to it, the Malpighian
tubules have been studied in more detail as sites of metal
absorption, accumulation and excretion,72–77 although there is
little doubt that other organs also play important roles in the
regulation of metal physiology78–84 and pathophysiology.85–87

Metal-specific chelators can be mixed into standard laboratory food
to deplete a given metal’s absorption by the insect: for example
bathophenanthroline sulphate depletes Fe;88 bathocuproine
sulphate depletes Cu89 and N,N,N0N0-tetrakis-(2-pyridylmethyl)-
ethylenediamine depletes Zn.75,90 Unfortunately, we lack a
Mn-specific chelator that could be used for the same purpose.
Thus, in this work, we developed chemically defined media
to manipulate Mn concentration in D. melanogaster.91,92 We
aimed to determine metal concentrations in the media that
would match metal content in the flies when grown in a
standard yeast and molasses food source.93 During our experi-
ments, others published new protocols on chemically defined
diets.94–97 Here, we report findings from three different diets,
achieving gradually more stringent Mn depletion in flies. We
studied the adult intestine, the presumed point of entry for
dietary Mn into the fly body.

Materials and methods
Supplementary material

This study generated metallomic, transcriptomic and proteomic
data, which have been deposited to public databases and are also
available as supplementary material to this article. Below is a
summary of these datasets and other supplementary figures.

List of supplementary files
S. Fig. 1 List of RNAi lines used in this study.
S. Fig. 2 Days to appearance of first pupa and survival to

adulthood of larvae raised on different chemical diets.
S. Fig. 3 Concentration of chemicals in the defined diets

used here and comparison to other published protocols.
S. Fig. 4 Metal analysis by ICP-OES of the chemical diets

used in this study.
S. Fig. 5 List of primers used for the qPCR experiments.
S. Fig. 6 Validation of in-gel Sod assay through RNA inter-

ference against Sod1 and Sod2.
S. Fig. 7 Diet 3 supplemented with 0.5 ppm Mn leads to Mn

accumulation in five-day-old flies.
S. Fig. 8 Metallomes of flies in which RNAi against addi-

tional v-ATPase subunits was driven by Fer2-Gal4.
S. Table 1 Mn in diet versus fly bodies. Data used to generate

Fig. 2 and corresponding equation.
S. Table 2 Identification of 2D-gel protein spots in Fig. 3B by

MALDI/TOF/TOF.
S. Table 3 Metallome data in whole flies following ubiquitous

and tissue-specific RNAi of V-ATPase subunits.
S. Table 4 Complete RNAseq data set.
S. Table 5 RNAseq RPKM data for sets of genes with altered

expression; alternative presentations by spreadsheet.
S. Table 6 Complete label-free MS data sets; experiments

separated in different spreadsheets and combined.
S. Table 7 Abundant intestinal proteins.
S. Table 8 Proteins changed in abundance under Mn

deficiency.
S. Table 9 Differential expression of genes and proteins;

a combined analysis.
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Fly stocks

Isogenic lines w+ and w* were generated in our laboratory.75

Oregon R-C flies from the Perrimon lab were used in the
RNAseq experiment. Oregon R-C and our isogenic w+ flies
do not carry any known laboratory mutations, and their genetic
backgrounds are unrelated to one another. A list of RNAi lines
used to reduce the expression of V-ATPase is provided (S. Fig. 1,
ESI†) along with their identifiers from the Bloomington Drosophila
Stock Center (BDSC; Indiana, USA). Gal4 driver lines were as follows:
Da-Gal4,98 Fer2LCH-Gal421B [here referred to simply as Fer2-Gal4],73

FB-Gal4,98 Uro-Gal4 (BDSC #44416) and NP-Gal43084.77 Flies
were maintained and used at 25 1C.

Diets

Our standard laboratory diet is based on yeast and molasses,
described previously.93 In preparing the chemically defined
diets, we assumed that our standard diet provides sufficient
metal content for optimal growth and reproduction of the flies,
although this assumption may require revisiting in the future.
We therefore adjusted metal salt quantities to match metal
content in the bodies of flies grown on the chemically defined
media to that of flies grown on our standard diet. Furthermore,
we monitored the time for development to adulthood, initially
taking the point of view that delays in development indicated
a sub-optimal growth. We discovered that addition of a small
quantity of yeast was required to correct this developmental
delay (S. Fig. 2, ESI†). However, we later removed the addition
of yeast, not only because of the undefined components it
carried along, but also in view of the finding, from Suzanne
Eaton’s laboratory,99–102 that yeast lipids are sensed in the
larval brain and speed up normal development.103

The three diets used in this study were compared to other
published diets (S. Fig. 3, ESI†). After defining the elemental
composition using inductively coupled plasma optic emission
spectrometry (ICP-OES), we discovered high sodium content in
the diet (S. Fig. 4, ESI†). We searched for the source of excess
sodium by checking the elemental content of individual chemicals
used, and identified the source as the casein protein from BD
Biosciences. We tried switching to another provider (Sigma-Aldrich
C5890), but the insolubility of their product turned out to be a
harder obstacle to circumvent. We therefore reduced the protein
content of the diet and removed most sodium salts in diet 2.
Unfortunately, when we grew the flies without the addition of Mn
in either diet 1 or diet 2, we could still detect a trace amount of the
metal (S. Fig. 4, ESI†) and the flies absorbed and concentrated it
without problem (exceeding 0.005 mg g�1 dry weight of flies). We
therefore also identified the source of the Mn contaminant as
yeast RNA (Sigma-Aldrich R6625) and replaced the yeast RNA with
uridine and inosine (diet 3, Table 1).

Elemental analysis

Fresh fly food was removed from the vials and cut into small
pieces. These were placed in 15 mL falcon tubes and kept at
�80 1C overnight; the following day they were freeze-dried for
24 h. The dried material was pulverized using a glass rod. A mix

of male and female flies of the indicated genotype, fed the
indicated diet, and grown at 25 1C, were collected at 4–7 days
old unless otherwise noted and kept at �80 1C, then freeze-
dried for 8 h to remove water. ICP-OES was used for metal
determination. 20 mg of dry sample was digested in 1 mL acid
at 200 1C for 15 min in closed vessels of MARS6 microwave
digestion system (CEM Corporation, Matthews, NC, USA).
Samples were diluted with water to 5 mL and metal concentra-
tions were measured against calibration curves and a digestion
blank in a PerkinElmer Optima 8300 ICP-OES instrument
(Shelton, CT, USA).

Open access repository of metallomics data

We built http://www.flyrnai.org/tools/metallomes2/web/, an
online resource serving both as a repository for new data
upload and as a portal for data access and analysis. At the
query page, users can choose to access the raw data of selected
measurements for metals as well as normalized data based on a
selected control. The web-based application was implemented
with PHP and the Symfony PHP framework. In addition, several
client-side functions rely on JavaScript and AJAX, and some

Table 1 Chemically defined diet with balanced metal content, which can
be used for metal depletion studies

Chemical component Provider Diet 3

Protein and sugar g L�1

Casein BD Biosciences 223050 21.6
Sucrose Sigma-Aldrich S0389 19.3

Inorganic salts
Potassium phosphate monobasic Merck 4873 0.10
Potassium phosphate dibasic Sigma-Aldrich P2222 0.54
Sodium bicarbonate Sigma-Aldrich S6297 0.064
Magnesium sulfate heptahydrate Sigma-Aldrich M5921 0.50
Calcium chloride dehydrate Sigma-Aldrich C5670 0.15
Zinc acetate dihydrate Sigma-Aldrich 379786 0.006
Ferric ammonium citrate Sigma-Aldrich F5879 0.008
Manganese sulfate monohydrate Sigma-Aldrich M7634 0.002
Copper sulfate Sigma-Aldrich C1297 0.0005
Ammonium molybdate Merck 321182 0.001

Vitamins
B1. Thiamine Sigma-Aldrich T1270 0.006
B2. Riboflavin Sigma-Aldrich R9504 0.005
B3. Niacin Sigma-Aldrich N4126 0.023
B5. Calcium pantothenate Sigma-Aldrich C8731 0.019
B6. Pyridoxine hydrochloride Sigma-Aldrich P6280 0.003
B8. Biotin Sigma-Aldrich B4639 0.0003
B9. Folic acid Sigma-Aldrich F8758 0.003
C. Ascorbic acid Sigma-Aldrich A5960 0.54

Other
Cholesterol Sigma-Aldrich C8667 0.29
Tryptophan Sigma-Aldrich T0254 0.24
L-Carnitine hydrochloride Sigma-Aldrich C0283 0.010
Choline Sigma-Aldrich C1879 0.058
Lecithin Sigma-Aldrich P3644 0.40
Putrescine Sigma-Aldrich P5780 0.16
Lipoic acid Sigma-Aldrich T1395 0.052
Myo-inositol Sigma-Aldrich I7508 0.005
Uridine Sigma-Aldrich U3750 0.060
Inosine Sigma-Aldrich I4125 0.065
Agar Oxoid LP0011 16
Propionic acid Sigma-Aldrich P5561 10 mL L�1
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tabular displays use the DataTables.js jQuery plugin. Charts
were created with C3.js, a D3 java-script plotting package. Data
are stored in a back-end MySQL database. Both the website and
the database are hosted by the Harvard Medical School (HMS)
Research Computing group.

Proteomics

Protein preparation for 2-dimensional (2D) gel electrophoresis.
For each sample, the midgut was carefully dissected from 150
adult female flies of the w+ isogenic genotype. The flies were
approximately 1 week old and derived from larvae that grew on
three different variants of chemical diet 1 (S. Fig. 3, ESI†),
namely the control diet, the Mn-depleted diet (no Mn added)
and the Fe-depleted diet (2 ppm of Fe added, required for
viability, instead of 10 ppm). Tissue proteins were extracted as
previously reported104 with some modifications. The midguts
were frozen in liquid nitrogen, mechanically pulverized, suspended
and homogenized in 100 mL extraction buffer [50 mM Tris–HCl
pH 8, 120 mM NaCl, 0.5% IGEPALs CA-630 (Sigma-Aldrich) and
supplemented with protease inhibitor cocktail (Roche Diagnostics
GmbH)]. The homogenates were stirred overnight at 4 1C. The
insoluble material was removed by centrifugation (2000 rpm for
7 min at 4 1C) and the supernatant was recovered. To remove
lipids and salts the supernatant was selectively precipitated with
77% trichloroacetic acid and centrifuged at 15 000 � g for 15 min.
The pellet was washed with ice-cold acetone and resuspended in
100 mL hydration buffer [7 M urea, 2 M thiourea, 4% (w/v) CHAPS
hydrate (Sigma-Aldrich), 2% (w/v) immobiline pH gradient
(GE Healthcare) and supplemented with protease inhibitor cock-
tail (at the dose recommended by Roche Diagnostics GmbH)].
Protein concentrations were measured using the 2D Quant Kit
(Amersham Biosciences, USA) according to the manufacturer’s
recommendations.

2D-gel electrophoresis. 250 mg of protein extract was resus-
pended in 140 mL of hydration buffer (see above) and applied to
immobiline drystrip gels, pH 3–10 NL, 10 cm (GE Healthcare,
Sweden) for 18 h at room temperature.105 Electrofocusing was
performed in an Ettan IPGphor 3 Isoelectric Focusing System
(GE Healthcare, USA). The strips were incubated for 10 min in
equilibration buffer (6 M urea, 75 mM Tris–HCl pH 8.8, 29.3%
glycerol, 2% SDS, trace bromophenol blue) containing 1% DTT
and further 10 min in 2.5% iodoacetamide (Sigma-Aldrich).
For SDS-polyacrylamide gel electrophoresis (PAGE), a standard
vertical electrophoresis system was used with 10% polyacryl-
amyde gels. The assays were conducted in biological triplicate.
Gels were stained with Colloidal Coomassie Blue G-250 (Bio-Safe
Coomassie Stain, Bio-Rad Laboratories, USA).

Image analysis, spot excision, destaining and drying. A
digital image of the gels was obtained using scanning densito-
metry (ChemiDoc XRS+ system, Bio-Rad) and analyzed with
PDQuest 2-D Analysis Software, version 8.0 (Bio-Rad). Individually
resolved spots were excised with an EXQuest Spot Cutter (Bio-Rad)
and processed following Bruker’s standard protocol for in gel
protein digestion with minor modifications: gel particles were
washed three times with 50 mM NH4HCO3 and acetonitrile
(Sigma-Aldrich 34967) mixed in equal proportion. The proteins

were then reduced with 10 mM DTT (45 min at 56 1C) and
alkylated with 55 mM iodoacetamide (20 min at room tempera-
ture in the dark). Samples were washed again with 50 mM
NH4HCO3 and acetonitrile, the supernatant was removed and
the gel particles were air-dried.

Trypsin digestion, peptide extraction and MALDI-TOF/TOF.
For digestion of the proteins, the gel particles were incubated
with 25 ng L�1 Trypsin (Gold mass spectrometry, Promega) in
25 mM NH4HCO3 at 37 1C overnight. The supernatants were
recovered and stored at �20 1C and the gel particles were
incubated a second time with 50 mM NH4HCO3 at 37 1C
overnight and the supernatants were once again stored at
�20 1C. Peptides were extracted in 50 mL trifluoroacetic acid
0.1%/acetonitrile (1 : 1) for 30 min at room temperature. All
supernatants were mixed and dried in a vacuum centrifuge.
Peptides were resuspended in trifluoroacetic acid and analysed
using a MALDI-TOF (MS/MS) Ultraflextreme mass spectrometer
(Bruker, USA). LIFT fragmentation was performed. An AnchorChip
target and a-cyano-4-hydroxycinnamic acid (HCCA) matrix were
used, following the dried droplet protocol suggested by the
manufacturer. The laser intensity was adjusted to 50% for the
acquisition of parent masses and 60–70% for fragment masses,
with three or four repetitions. For the analysis, spectra with
1� 103–1� 104 intensity peaks were considered. The identity of
the protein was matched using the Mascot search engine on the
fruit fly database with the following parameters: enzyme,
trypsin; missed cleavages, 1; fixed modification, carbamido-
methyl C; variable modification, oxidation M; parent tolerance,
0.2 Da; fragment tolerance, 0.5 Da. Positive protein identifica-
tions were those rendering a MASCOT score higher than 30.

Relative quantification by label-free mass spectrometry
(MS). For each biological replicate, 40 midguts from adult
female flies, 4–7 days old, of the w+ isogenic genotype raised
on diet 3 with no Mn or 5 ppm Mn. The midguts were placed in
100 mL RIPA buffer (150 mM NaCl; 1% IGEPALs; 0.5% sodium
deoxycholate; 0.1% SDS; 50 mM Tris pH 8.0) supplemented
with protease inhibitor cocktail (Roche Diagnostics GmbH).
The tissues were frozen and homogenized in liquid nitrogen.
300 mL RIPA buffer was added to the homogenate and stirred
for 2 h at 4 1C. The homogenate was centrifuged at 13 000 rpm
for 10 min. 500 mL of acetone was added to the supernatant
overnight at �20 1C. The protein was precipitated by centri-
fugation at 15 000 rpm for 20 minutes; the pellet was resuspended
in 50 mL of LAEMMLI buffer. Protein concentrations were mea-
sured using the BCA Protein Assay (Thermo Fisher Scientific)
according to the manufacturer’s recommendations. Next, 45 mg of
a protein pool for each condition and biological replicate were
subjected to 10% SDS-PAGE, allowed to advance for about 1 cm
within the gel; the resulting gel fragments were enzymatically
digested according to the modified protocol of Shevchenko
et al.106 Tryptic peptides were injected into the mass spectrometer
Synapt G2-Si (Waters, Milford, MA) in the MSE mode. The area
under curve of the total ion chromatogram was calculated and
used to normalize the samples prior to injecting into the
nanoUPLC. The same amount of tryptic peptides for each condi-
tion were loaded into a Symmetry C18 Trap V/M precolumn;

Paper Metallomics

Pu
bl

is
he

d 
on

 2
6 

N
ov

em
be

r 
20

19
. D

ow
nl

oa
de

d 
by

 H
ar

va
rd

 U
ni

ve
rs

ity
 o

n 
4/

13
/2

02
0 

2:
14

:3
2 

PM
. 

View Article Online

https://doi.org/10.1039/c9mt00218a


222 | Metallomics, 2020, 12, 218--240 This journal is©The Royal Society of Chemistry 2020

180 mm � 20 mm, 100 Å pore size, 5 mm particle size. For
desalting, mobile phase A, 0.1% formic acid (FA) in H2O and
mobile phase B, 0.1% FA in acetonitrile were used under the
following isocratic gradient: 99.9% mobile phase A and 0.1% of
mobile phase B at a flow of 5 mL min�1 during 3 min. After-
wards, the peptides were loaded and separated on an HSS T3
C18 Column; 75 mm � 150 mm, 100 Å pore size, 1.8 mm particle
size; using an UPLC ACQUITY M-Class with the same mobile
phases under the following gradient: 0 min 7% B, 121.49 min
40% B, 123.15 to 126.46 min 85% B, 129 to 130 min 7% B, at a
flow of 400 nL min�1 and 45 1C. The spectra were acquired in a
mass spectrometer with electrospray ionization and ion mobi-
lity separation Synapt G2-Si, using the data-independent acqui-
sition approach through HDMSE mode (Waters, Milford, MA).
At the tune page, for the ionization source, parameters were set
with the following values: 2.75 kV in the sampler capilar, 30 V in
the sampling cone, 30 V in the source offset, 70 1C for the
source temperature, 0.5 Bar for the nano flow gas and 150 L h�1

for the purge gas flow. Low and high energy chromatograms
were acquired in positive mode in a range of m/z 50–2000 with
a scan time of 500 ms. No collision energy was applied to
obtain the low energy chromatogram while for the high energy
chromatograms, the precursor ions were fragmented in the
transfer using a collision energy ramp from 19–55 V. The
resulting *.raw files were analyzed in the DriftScope v2.8 software
(Waters, Milford, MA) with the goal of the selective apply quasi-
specific collision energies based on the drift time for each peptide
detected in the mass spectrometer. A rule (*.rul) file was generated
and used to apply a collision energy for every peptide detected in
the UDMSE mode (instead of a linear ramp as in the HDMSE

mode). With the same chromatographic and source conditions
used in the HDMSE mode, tryptic peptides for each condition
were injected 3 times (technical replicates) and the UDMSE mode
was applied accordingly.

Data analysis. The MS proteomics data have been deposited
to the ProteomeXchange Consortium via the PRIDE107 partner
repository with the dataset identifier PXD015543. The MS and
MS/MS measurements contained into the generated *.raw files
were normalized, aligned, identified,108 compared and rela-
tively quantified using Progenesis QI for Proteomics software
v4.1 (Waters, Milford, MA)109 against a D. melanogaster *.fasta
database (downloaded from Uniprot, containing 21922 protein
sequences, last modification in 26th January 2019), concate-
nated with its reverse.110 The parameters used for the protein
identification were: trypsin as an enzyme and one missed
cleavage allowed; carbamidomethyl (C) as a fixed modification
and oxidation (M), phosphoryl (S, T, Y) as variable modifica-
tions; default peptide and fragment tolerance (maximum nor-
mal distribution of 10 ppm and 20 ppm respectively) and false
discovery rate r4%. Synapt G2-Si was calibrated with [Glu1]-
fibrinopeptide fragments, through the precursor ion [M + 2H]2+ =
785.84261 fragmentation of 32 eV with a result less than 1.4 ppm
across all MS/MS measurements. The results generated from
Progenesis software were exported to *.xlsx files in order to verify
two levels of data quality control for label-free experiments
(peptide and protein level) in accordance with the figures of

merit described by Souza et al.111 During the analysis of each
experiment independently, all proteins considered differen-
tially expressed display at least a ratio of �1 (expressed as
a base 2 logarithm); meaning that these proteins had at least
�2-absolute fold change. The ratio was calculated based on the
average MS signal response of the three most intense tryptic
peptides (Hi3) of each characterized protein in the Mn-depleted
by control samples. For the second experiment, slightly more
protein was injected into the MS for the 0 ppm Mn condition.
Raw data for this condition were corrected by a factor of 0.8373,
i.e. the calculated ratio of the total sum of intensities for each
condition (S. Table 6, ESI†). Next, to directly compare between
the two experiments all data from Experiment 2 were corrected
by a factor of 1.452, calculated ratio of average intensity per
protein (S. Table 6, ESI†).

RNAseq

RNA preparation. All flies used in this experiment were wild
type of the Oregon R-C genotype. 10 females and 10 males were
mated and allowed to lay eggs for five days on two variants of
chemical diet 2: no Mn added or 5 ppm Mn. Parents were
removed and recently-eclosed females were transferred to fresh
medium for another five days. 10 midguts were dissected in
PBS and homogenized in TRIzol (Invitrogen). RNA extraction
and purification was performed using the Direct-zol RNAMi-
croPrepkit (Zymo Research) method. Two biological replicates
were used for each dietary treatment group. The RNA was
eluted with sterile water and each RNA solution was divided
into two aliquots, one of which was freshly used to obtain an
RNA Integrity Number (RIN) evaluation at the Harvard Medical
School Biopolymers Facility. For samples with RIN 4 6.7 and
no RNA degradation, the other aliquot stored at �80 1C was
submitted for sequencing.

Sequencing and analysis. The RNA libraries were prepared
for sequencing using standard Illumina protocols and
sequenced by Illumina NextSeq 500 instrument with a mid-
output kit at the BPF Next-Gen Sequencing Core Facility at
HMS. Reads were aligned to the Drosophila genome version
dm6.24 with STAR version 2.5.2b, and counts were normalized
to RPKM values with R. The raw data files as well as processed
data of RPKM values have been submitted to Gene Expression
Omnibus and the accession is GSE136676. Differentially
expressed genes were selected based on both fold change
compared to the control and adjusted p-value as calculated
using DESeq2. High-confidence ‘hits’ (differentially expressed
genes) were selected if 1.5 or more-fold changes were consistent
between replicates and the adjusted p-value was less than 0.05.
Genes that meet one but not both criteria were included as low-
confidence hits.

Quantitative reverse transcription polymerase chain reactions.
Total RNA was isolated from midguts, treated with DNase (Invitro-
gen), and the cDNA was prepared using oligo-dT and Superscript II
(Invitrogen). The SYBRs Green PCR Mastermix and the StepOne-
Plus Real-Time PCR System (Applied Biosystems) were used along
with primers designed using FlyPrimerBank (S. Fig. 5, ESI†).112 The
results were calculated using the 2�DDCT method.113 We selected as
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a control reference primers for the gene ZnT63C,114,115 which
encodes a Zn transporter and whose expression was unaffected by
the Mn treatment as judged by the constant and very similar CT
values in all experiments.

pH determinations in the intestinal lumen

pH was assessed qualitatively in the adult midgut of flies using
thymol blue (Sigma-Aldrich), as previously described.116 The
pH indicator was mixed into melted Drosophila diet (0.1% w/v)
and allowed to cool to room temperature. Adult female flies of
the appropriated genotype were allowed to feed on this food for
three days. Midguts were dissected in PBS and imaged using an
EZ4 HD stereomicroscope (Leica, Germany).

In-gel assay for Sod activity

Sod activity in fly extracts was assayed following native electro-
phoresis as previously described117 with minor modifications.
30 adult females of indicated age were homogenized on ice-cold
extraction buffer (137 mM NaCl, 20 mM Tris–HCl and Triton X-100
pH 7.5). The extract was centrifuged at 14 000 rpm for 15 min and
the supernatant was transferred to a new tube. To remove
lipids, the extract was centrifuged a second time at 14 000
rpm for 15 min. The supernatant was recovered and assayed
for Sod activity using an in-gel activity assay after separation of
the different Sod enzymes expressed in flies118 by native protein
gel electrophoresis. Gels containing electrophoresed protein
samples were incubated in 2.5 mM nitroblue tetrazolium
(Sigma-Aldrich) and 100 mM potassium phosphate buffer
pH 7 for 20 min in the dark under gentle agitation. Gels were
washed briefly in 100 mM phosphate buffer and then incubated
in 28 mM N,N,N0,N0-tetramethylethylenediamine (Bio-Rad),
28 mM riboflavin (Sigma-Aldrich), 100 mM potassium phos-
phate (Sigma-Aldrich) for 15 min in the dark with gentle
agitation. Following a brief wash in 100 mM potassium phos-
phate buffer, gels were exposed to white light until full colour
development and photographed using an ImageQuantt LAS
400 biomolecular imager. Due to the inherent noise from gel to
gel, densitometric analysis was internally normalized; either for
each sample between the single Sod2 band and the major Sod1
band (Fig. 1D) or across each gel for Sod1 and Sod2 bands
(Fig. 1E). In the latter case, we normalized the intensity of the
Sod bands in the samples from flies grown on 0 ppm Mn to the
samples from flies grown on 2 ppm Mn, and repeated the same
normalization for flies grown on 5 ppm Mn. The correspondence
of each activity to the respective Sod was verified using RNA
interference (S. Fig. 6, ESI†).

Results
Evidence that D. melanogaster discriminates Mn from Fe, Cu
and Zn

We first determined the metallomes of wild-type flies in the
context of our standard lab food. We noticed an abrupt change
in the concentration of Mn during the first week of adult life
(Fig. 1A). In these experiments, we used the isogenic strain w+

generated through sequential back-crossing of single pairs of
flies.75 The mean value for Mn concentration in the bodies of
2-day-old young adult flies of mixed sex (reared on our laboratory’s
standard diet of yeast and molasses) was 0.011 � 0.004 mg per mg
dry weight (Fig. 1B). The mean value for Mn concentration in the
body of 7-day-old young adult flies was 0.021 � 0.003 mg per mg
dry weight. We also confirmed that the reported results are similar

Fig. 1 The Mn concentration doubles during the first week of adult life.
(A) Representative experiment showing Mn and Cu concentrations on
successive days of the first week of adult life of the D. melanogaster w+

strain. (B) The metallomes (Cu, Mn, Fe, Zn) were determined in six
biological replicates performed at different times using 2-day-old and
7-day-old flies. The 2-way paired Students t test was applied for statistical
analysis. (C) Freshly eclosed flies were transferred to chemically defined media
with varying content of Mn added, as indicated. Mn and Cu concentrations
were determined in the flies on successive days. (D) Representative in-gel
assay showing Mn superoxide dismutase (Sod2) and Cu–Zn superoxide
dismutase (Sod1) activities on successive days of the first week of adult life
of the D. melanogaster w+ strain. On the right panel, flies were shifted
upon eclosure to diets with 0 or 2 ppm Mn and the quantification of the
ratio between Sod2 and Sod1 activities is shown for day 1 versus day 5. The
2-way paired Students t test was applied for statistical analysis of the data
from four biological replicates. The age-dependent relative increase
in Sod2 activity was abrogated under Mn deprivation. (E) Representative
in-gel assay for Sod activities from flies grown with indicated ppm
concentrations of Mn. Quantification on the left panel was performed by
using the activity determined on 2 ppm Mn as a reference point and
comparing adults grown on 0 and 5 ppm Mn, respectively. The 2-way
paired Students t test was applied for statistical analysis (four biological
replicates). Whereas Sod1 activity did not change, Sod2 activity was
affected by dietary Mn availability.
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in both sexes when assayed separately and in different genetic
backgrounds (data not shown). After day 6, little or no further
increase in Mn was observed. Cu, Zn and Fe were determined in
parallel in the same samples and did not change between 2-day-
old and 7-day-old flies (Fig. 1B). Thus, we observed a doubling of
Mn concentration, with no change in the other transition metals,
in the course of the first few days of adulthood.

We determined in parallel the metal concentrations in the
diet and the results were 0.012 � 0.007, 0.004 � 0.004, 0.025 �
0.007 and 0.052 � 0.009 mg per mg dry weight of diet, for Mn,
Cu, Fe and Zn, respectively (S. Fig. 4, ESI†). High standard
deviations in these measurements are attributed to variability
associated with the commercial supply of molasses and yeast
paste. Application of a chemically defined diet (Table 1) allowed
us to regulate dietary Mn at 0.0003 mg per g dry diet weight
when no Mn was added to 0.0227 � 0.0088 mg per g dry weight
when 5 ppm of Mn were added, respectively (S. Fig. 4, ESI†). We
transferred freshly eclosed flies grown as larvae on standard
diet to chemically defined, Mn-depleted media. This manipula-
tion abrogated the observed increase in Mn in the flies,
suggesting that the source of the accumulated Mn was dietary
(Fig. 1C). In contrast, 5 ppm Mn led to a slight overloading of
the metal in flies.

In our standard diet there is on average 110% more Fe and
333% more Zn in comparison to Mn, but these other elements
are not preferentially absorbed. The preferential absorption of
Mn in the young adult fly occurs despite Mn not being present
in relative excess in the diet. To prepare the chemically defined
media, we add 6 ppm Zn and 8 ppm Fe (Table 1). We asked
what was the minimum concentration of Mn supplementation
to observe accumulation of Mn in young adult flies; addition of
0.5 ppm Mn was readily absorbed and concentrated in the
animal (S. Fig. 7, ESI†). We conclude that a presently unknown
physiological mechanism operates to discriminate between Mn
and the other metals.

Fly eclosure from pupal cases is associated with the forma-
tion of reactive oxygen species.118–121 We therefore wondered
whether the observed increase in total body Mn correlated with
mitochondrial Sod2 activity during the same period and found
evidence in support of this notion (Fig. 1D). Importantly, the
increase in Sod2 activity required Mn in the diet. Furthermore,
growing the flies as larvae on 5 ppm Mn resulted on a 50%
increase in Sod2 activity, whereas larvae raised on 0 ppm Mn
showed a 50% reduction in Sod2 activity (Fig. 1E), demonstrat-
ing that the reduction in Mn accumulation in flies correlated
with reduced Sod2 activity.

Body Mn accumulation as a function of Mn concentration in
the diet

In the experiments performed with the chemically defined
diets, we determined Mn concentrations in the diet and in
the flies derived from larvae that fed on these diets. A plot of the
collected data is shown (Fig. 2). We were unable to cause
lethality due to absence of Mn in the diet, despite reaching
concentrations that approximated 0.1 ppb, when water content
is considered. Given that there is maternal contribution of Fe

during oogenesis80 and also no observable increase in Mn
concentration when adult flies are maintained on the strict
Mn-depleted treatment (Fig. 1C), we suggest that the 0.002 mg
Mn per g dry weight of adult fly we detect in flies raised on
Mn-depleted diet (Fig. 2) was provided to the flies from deposi-
tion in the eggs from their mothers.

The distribution of data in these experiments suggested they
could be fitted to a typical saturation curve using the Hill
equation. When the dietary Mn concentration was less than
1 ppm, small increments in dietary Mn resulted in large
increments in total body Mn concentration. In contrast, when
dietary Mn concentration varied between 3 and 10 ppm, there
was little change in total Mn concentration in the flies. The
latter values fluctuated widely between 0.012 and 0.027 mg per
g dry weight; however, these fluctuations did not correlate with
dietary Mn, but are more readily explained by assuming small
shifts in the mean age of flies (Fig. 1). We became aware of the
changes that normally take place in Mn accumulation during
the first week of life, i.e. the time period we collected the flies
for these experiments, halfway through the experiments. Using
all the available data (56 correlations in total) we generated a
new plot where the lowest values approximate zero on both the
x axis (no adjustment required) and the y axis, where we
subtracted 0.002 mg Mn per g dry weight – that we assumed
is due to maternal contribution – from each mean body Mn
value (S. Table 1, ESI†). Using the Prism software, a Michaelis–
Menten type function was calculated (R2 = 0.806, 166 degrees of
freedom) which we then incorporated in the following general
formula:

y ¼ 0:002þ 0:024x

0:008þ x

where y is the Mn concentration given in mg per g dry weight in
young adult flies and x is the equivalent concentration of Mn in

Fig. 2 Plot of dietary Mn versus total body Mn accumulation. Each point
represents the results of experiments in which Mn was determined by
ICP-OES in the diet (standard deviations tend to be smaller on the x-axis)
and in flies, 4–7 days old, reared from embryos on the given chemical diet
(a minimum of 3 independent samples were determined per point; mean
and standard deviation are shown).
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the diet. The equation predicts that the w+ flies grown on
an adequate supply of Mn will tend to accumulate 0.026 �
0.001 mg metal per g body dry weight, whereas the dietary
concentration at which this value is half was calculated at
0.008 � 0.001 mg metal per diet dry weight. Converting this
latter value in molarity, we suggest that the fly transporter
involved in Mn uptake should show an affinity of 0.15 �
0.02 mM for the metal.

Comparison by 2D-gel electrophoresis of the intestinal
proteomes from flies fed on low Mn or Fe

Our initial experiments comparing the intestinal response of
flies raised on high versus low Mn were performed on variants
of diet 1 (S. Fig. 3 and 4, ESI†). We first demonstrated that we
could specifically alter Mn concentration in flies, showing that
in the group raised with no added Mn, the flies accumulated
significantly lower Mn, but not Cu, Fe or Zn compared to flies
on the control, Mn-supplemented, diet (Fig. 3A). As a second
control group, we decided to raise flies under low Fe. The low
Fe treatment has 2 ppm of this metal in the diet because when
larvae were allowed to grow with no addition of Fe they were
severely delayed in their growth (S. Fig. 2, ESI†) and frequently
failed to initiate metamorphosis.81 The low Fe treatment group
of flies showed a moderate reduction in Fe concentration,
without changes in Mn, Cu or Zn, compared to the low Mn
and the control (diet 1) groups (Fig. 3A).

The midgut portion of the intestine was dissected from
4–7 day old female flies raised on the respective diets. Proteins
were extracted and subjected to 2D electrophoresis. The experi-
ment was performed three times independently. Prior to describ-
ing the comparison between the groups, we show a representative
image of the intestinal proteome (Fig. 3B). Published information
of the adult midgut proteome in D. melanogaster is limited,122

despite extensive characterization of gene expression in the same
tissue123–125 and wide interest in its physiology.76,126 We identified
roughly 90 protein spots that were reproducibly present in the
2D-gels when 250 mg of total protein extract was used and we
successfully obtained MS information for 57 of these (S. Table 2,
ESI†), corresponding to 30 proteins (Table 2). These are numbered
according to respective representative spots in the 2D gel shown
(Fig. 3B).

The list represents a subset of the most abundant intestinal
proteins, including digestive, glycolytic and stress-responsive
enzymes, subunits of the F- and V-ATPase pumps, and other
proteins involved in energy storage and major cytoskeletal
elements (Table 2). We were mostly interested to identify
intestinal proteins that responded to the lack of Mn in the
diet. For this reason we compared the relative abundance of the
proteomes imaged in the three independent replicates of this
condition to the respective proteomes in the control diet 1 and
the diet 1 supplemented with 2 ppm Fe (designated as a low-Fe
condition). The comparison was performed using the PDQuest
2-D Analysis Software. Only one set of protein spots was found
to be consistently upregulated in the low Mn treatment
compared to the control and low Fe treatments (Fig. 3C). MS
analysis revealed that the protein that was present in higher

concentration in the low Mn treated flies corresponded to
Vha68-2.

The Vha68-2 gene is highly expressed in the intestine.116 It
encodes the catalytic subunit that supports ATPase activity to
the pump. Amongst the proteins identified in the gels whose
expression did not change by the metal treatment, was Vha26
(Fig. 2B and Table 2) encoding another V-ATPase subunit with
ubiquitous expression. The pump can be divided into two major
complexes, the membrane embedded V0 and the cytoplasmic V1,
and the pump’s activity is regulated through the coupling of V1 to
V0.127 We further considered that other V-ATPase subunits have
been implicated in Cu and Zn import in D. melanogaster cells128

Fig. 3 Separation of the female adult intestinal proteome on 2D gels. (A)
Flies of the isogenic w* genotype were raised on diet 1 (D1), D1 without Mn
(0 Mn) and D1 with only 2 (instead of 10) ppm Fe, but normal Mn
concentration (2 Fe). Metal content was determined in adult flies. One-
way ANOVA was used for statistical comparison of the data, generated
from four independent experiments. Asterisks indicate a p o 0.001. (B)
Protein extracts from intestines of young adult females were subjected to
2D electrophoresis, first on a pH gradient that separates proteins accord-
ing to their isoelectric charge and then on a 10% acrylamide gel that
separates the proteins according to their size. A representative 2D gel
stained with Colloidal Coomassie Blue G-250 reveals approximately 90
protein spots, of which 57 correspond to 30 different proteins successfully
characterised by MS (Table 2). (C) Three independent preparations of
intestinal protein extract per condition were analysed on 2D gels using
scanning densitometry and the PDQuest 2-D Analysis Software to com-
pare the relative intensities (abundance) of each protein spot. Only one
protein complex, indicated by an arrow and corresponding to the Vha68-2
protein subunit of the V-ATPase, was found to be consistently upregulated
in low Mn media, compared to both control diet and low Fe diet. Close-up
images of representative gels are shown.
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and that RNA interference against yet another subset of V-ATPase
subunits rendered D. melanogaster cells resistant to Mn toxicity.71

We therefore decided to ask whether the V-ATPase also plays a
role in Mn homeostasis.

RNAi of V-ATPase subunit genes causes minor changes to
whole-body metal accumulation

In addition to Vha68-2, two other genes encode for highly
homologous catalytic A subunits that provide ATPase activity
to the pump, namely Vha68-1, expressed predominantly in
head and carcass, and Vha68-3, expressed predominantly in
the larval fat bodies and adult testis.129 In a typical V-ATPase

pump the A subunits complex with B subunits forming a trimer
of A–B dimers.130,131 Five genes encode B subunits in Drosophila,
but RNAi in the intestine against the Vha100-2 subunit
(amongst others) has been shown to play a key role in the
acidification of the midgut116 and was therefore selected as
an extra control. We reduced expression of these subunits
with RNAi and determined metal concentrations in whole
fly bodies. Considering an experimental design that would
minimise genetic background effects on the collected metal-
lomes, we decided to use sibling controls and opted for the
previously characterized Fer2-Gal4 driver line,73 which shows
strong expression in the middle midgut, where also V-ATPase

Table 2 List of intestinal proteins identified by MALDI-TOF/TOF

No. Protein Full name and function

Digestive enzyme
1 Mal-A1 Maltase A1 (hydrolyses dissacharides releasing glucose)

Detoxification and heat shock response
2 Adh Alcohol dehydrogenase
3 Hsc70-3 Heat shock protein 70 kDa cognate 3
4 Hsc70-4 Heat shock protein 70 kDa cognate 4

Lipid transport
5 Apolpp Apolipophorin (transports lipids, phospholipids and sterols)
6 Yp1 Yolk protein 1 (vitellogenin; lipoprotein & lipoprotein lipase)
7 Yp2 Yolk protein 2 (vitellogenin; lipoprotein & lipoprotein lipase)
8 Yp3 Yolk protein 3 (vitellogenin; lipoprotein & lipoprotein lipase)

Energy storage
9 Argk Arginine kinase

Glycolysis
10 Ald1 Aldolase 1
11 Gapdh1 Glyceraldehyde-3-phosphate dehydrogenase 1

Tricarboxylic acid cycle
12 Tpi Triose phosphate isomerase

Proton pumps
13 Blw bellwether (F1F0 subunit a)
14 ATPsynD ATP synthase, subunit D (F0 subunit D)
15 ATPsynb ATP synthase, subunit b (F1 subunit b)
16 Vha68-2 Vacuolar H+ ATPase 68 kDa subunit 2
17 Vha26 Vacuolar H+ ATPase 26 kDa subunit

Transport between cytoplasm and mitochondria
18 Porin Porin (voltage-dependent anion-selective channel)

Redox enzymes
19 Jafrac1 Thioredoxin peroxidase 1 (2 cysteine peroxiredoxin family)
20 Pdi Protein disulfide isomerase
21 Cat Catalase

Transcription and protein synthesis
22 eEF1a1 Eukaryotic translation elongation factor 1 alpha 1
23 Prp38 Pre-mRNA processing factor 38 (spliceosome component)

Signal transduction
24 RACK1 Guanine nucleotide-binding subunit beta like protein
25 CALR Calreticulin

Cytoskeleton
26 Act5C Actin 5C
27 Act79B Actin 79B (muscle-specific)
28 Mlc2 Myosin light chain 2
29 Tm1 Tropomyosin 1 isoform 9A
30 Tm1 Tropomyosin 1 isoform 33/34
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expression is most pronounced123,125 and is carried by a balancer
chromosome that can act as an internal control (Fig. 4A).

Sibling flies 4–7 days old were thus separated into animals
driving RNAi against the V-ATPase subunit genes and their

respective controls. All lines were crossed to Fer2-Gal4 and their
progeny assayed using ICP-OES to determine their whole body
metallomes raised under our standard yeast and molasses diet.
The accumulation of the alkali metals sodium and potassium,
the alkaline earth metals calcium and magnesium, the transi-
tion metals Mn, Fe, Cu and Zn, as well as phosphorus were
quantified for each genotype several times independently
(S. Table 3, ESI†). To provide easy access to the large quantity
of data we generated an online, open repository at http://www.
flyrnai.org/tools/metallomes2/web/.

We highlight a few key results related to transition metal
ions. Assaying whole flies, no changes were detected in Mn, Cu,
Fe or Zn following RNAi against Vha68-1, Vha68-2, Vha68-3,
Vha100-2 using the Fer2-Gal4 driver (Fig. 4B). We could show
that RNAi was at least partially effective in reducing V-ATPase
activity, because the acidity of the middle region of the intestine
was lost in the RNAi flies (Fig. 4C). Therefore, the pH of the
intestinal lumen does not seem to influence metal homeostasis in
this insect.

We performed a similar analysis for all the V-ATPase sub-
units listed in S. Fig. 1 (ESI†) and noticed that in some cases
there was a tendency to change metal accumulation following
RNAi compared with sibling controls (Fig. 4D). Given our
relatively small number of independent replicates (between
two and six per genotype, on some occasions due to semi-
lethality associated with the RNAi) we did not acquire strong
statistical power for our results. Nevertheless, using an arbitrary
cut-off value of 10% change, we labeled red all data from
genotypes where the metal concentration was higher in RNAi flies
compared to controls and black for the reverse situation where
RNAi appears to cause a reduction in metal concentration
(Fig. 4D). Flies for which there was no change in metal
concentration are shown in grey. Six of 23 of the RNAi lines
showed an increase in Mn accumulation and only 2 of 23
showed a decrease. The results for Cu were different: 7 of 23
lines showed a decrease, whereas only 1 showed an increase.
The overall pattern was similar between Fe and Cu, with Zn
showing a more balanced response.

To take a closer look at these results, we focused on seven
RNAi lines that were carried with balancer chromosomes
(S. Fig. 1, ESI†), offering the opportunity to obtain two types
of control sibling flies: flies carrying the RNAi transgene but
lacking the driver, and flies carrying the driver but lacking the
RNAi transgene (S. Fig. 8, ESI†). We considered a positive signal
when the RNAi flies were different in the same direction against
both sibling controls. Once again, these results did not reach
statistical significance using the analysis of variance test. We
nevertheless selected three lines for further scrutiny. Vha55 and
VhaSFD were selected on the basis that they encode unique
subunits of the V1 complex of the V-ATPase and are, accord-
ingly, expressed ubiquitously. Intriguingly, RNAi against Vha55
reduced the levels of Mn, Fe and Zn, but not Cu; whereas RNAi
against VhaSFD reduced the levels of Cu, but not Mn, Fe and Zn
(S. Fig. 8, ESI†). We also included Vha16-2 in our analysis
because RNAi for this subunit marginally increased Mn concen-
tration, without affecting the other metals. Vha16-2 is expressed

Fig. 4 Metallomes of flies in which RNAi against specific v-ATPase sub-
units was driven by Fer2-Gal4. (A) Sibling genotypes resulting from the
UAS-Gal4 system132 are shown. (B) Metallomes were determined by ICP-
OES in control (grey bars) and experimental (coloured bars) flies. No
statistically significant differences were detected by one-way ANOVA.
(C) The acidic region of the middle midgut was revealed feeding flies with
the pH indicator thymol blue. Note that the red colour disappears in the
intestines of RNAi flies. (D) The mean % difference between RNAi-driven
flies and their respective controls was plotted for the indicated metals.
Each point corresponds to a different V-ATPase subunit (S. Table 3, ESI†).
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in the larval fat bodies and the adult testis and encodes for a
subunit of the V0 complex.

RNAi against Vha55, VhaSFD and Vha16-2 was driven by four
different Gal4 drivers, expressed in most cell types using an
ubiquitous diver, or specifically in most cells of the midgut
epithelium; in fat bodies; or in Malpighian tubules (Fig. 5). The
results of these experiments can be summarised as follows:
(i) ubiquitous RNAi recapitulated two of the findings with
Fer2-Gal4 driven RNAi: namely, that reduced expression of
Vha55 results in reduced accumulation of Mn, Fe and Zn, but

not Cu, whereas reduced expression of Vha16-2 results in
increased Mn concentration, with little change in the other
metals; (ii) RNAi of the subunits throughout the midgut or in
fat bodies did not affect metal concentrations with the notable
exception of Fe in the case of Vha55; (iii) RNAi of all three
subunits in the Malpighian tubules resulted in increased Mn
and decreased Zn concentrations in flies. Overall we found few
effects in the global fly metallome following RNAi of V-ATPase
subunits and, as shown below, no regulation of the V-ATPase
subunits from dietary Mn.

Intestinal gene expression changes under low dietary Mn

Diet 1 contained Mn, even when none was specifically added to
the mix, because yeast is a source of metals. Our efforts to
develop a treatment generating a genuine Mn deficiency led us
to diet 2 (S. Fig. 3 and 4, ESI†). Besides yeast removal, other
changes were informed by contemporary studies.133 When diet
2 was used with no addition of Mn, we obtained adult popula-
tions for experiments with metal content in the diet of approxi-
mately 0.001 mg Mn per g dry weight. This condition was
contrasted to diet 2 supplemented with 5 ppm Mn, which
resulted in a tenfold increase of Mn in the diet and a fivefold
increase of Mn content in flies that were one week old.
Intestines were dissected from wild type OreR female flies
grown under diet 2 with 0 or 5 ppm Mn and subjected to
RNAseq analysis. The experiment was performed with two
biological replicates treated separately and the full results are
presented (S. Table 4, ESI†) along with a table summarizing
genes that changed in expression grouped under functional
categories (S. Table 5, ESI†).

A notable change in the low versus high Mn transcriptomes
was the finding that two genes encoding for diacylglycerol
acyltransferases, Dgat2 and CG1946, were induced 3- and
2-fold, respectively, whereas the genes Lip3 and Amyrel encod-
ing for a lipase and an amylase, were reduced 6- and 5-fold,
respectively. The changes could all be attributable to increased
activity of the sugarbabe transcription factor, which regulates
carbohydrate metabolism.134,135 To validate these findings we
performed qPCR for five genes and one control preparing cDNA
libraries independently. We confirmed by qPCR that Lip3,
Amyrel and prt136 were downregulated in the Mn-depleted
intestine and that CG1946 was upregulated (Fig. 6A). In con-
trast, sug expression was variable between experiments. Below,
we discuss the rest of the findings from the RNAseq experiment
in a combined analysis that includes data from a second
proteomic experiment.

Relative quantification of the intestinal proteome by label-free MS

Individual analysis by ICP-OES of all dietary components
showed that yeast RNA contained Mn (data not shown). For
this reason yeast RNA was replaced with uridine and inosine
(Table 1). Making this change we were able to further reduce
dietary Mn along with evidence that under this condition Sod2
activity was also affected (Fig. 1). Intestines were dissected from
female w+ isogenic flies grown with 0 or 5 ppm Mn and subjected
to label-free MS analysis. The experiment was performed after

Fig. 5 Metallomes of flies in which RNAi against Vha55, VhaSFD and
Vha16-2 subunits was driven in defined organs compared to sibling
controls. Metallomes were determined by ICP-OES in control (grey bars)
and experimental (coloured bars) flies. Statistically significant differences
at p o 0.05, detected by one-way ANOVA performed separately for
the progeny of each driver, are marked with an asterisk. U – ubiquitous
(Da-Gal4); M – midgut (NP-Gal4); FB – fat bodies (FB-Gal4); MT – Malpighian
tubules (Uro-Gal4).
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pooling three biological replicates per condition and repeated
twice. The full results are presented (S. Table 6, ESI†) along with
tables focusing on the one hundred most abundant proteins
(S. Table 7, ESI†) and on the proteins that changed in abundance,
grouped under functional categories, in the two experiments
(S. Table 8, ESI†). Finally, we present a comparison of relative RNA
and protein expression for 649 intestinal genes (S. Table 9, ESI†).

Reassuringly, all 30 proteins indicated in Table 2 were
present in the quantified proteomes and six of them – Act79B,

Mal-A1, eEF1a1, Argk and two subunits of the F-ATPase,
ATPsynb and Blw – were within the top 10 most abundant
proteins (S. Table 7, ESI†). This set of 30 proteins changed little
in abundance between the Mn depletion/supplementation
groups. We did not confirm that Vha68-2 responds to Mn
depletion, instead little or no change in the abundance of the
V-ATPase subunits was observed (S. Table 7, ESI†). More
enzymes functioning in the same functional categories repre-
sented in Table 2 were identified amongst the 100 most
abundant proteins of the one week-old adult female intestine
(S. Table 7, ESI†).

In total, we identified 1195 proteins in the first comparative
label-free MS experiment and 882 in the second (S. Table 6,
ESI†). 649 of these were common between the two experiments
(Fig. 6B). We analysed the corresponding 646 genes for which
we had obtained quantitative information regarding their
expression at both RNA and protein level (Fig. 6C). There was
limited overall correlation between proteins and their respec-
tive mRNAs in female intestines, as others have noted in
similar experiments before,137,138 although one problem with
our own comparison lies in the use of different genetic back-
grounds and a slightly modified diet in the two experiments.
Despite this caveat, and more informative for the effect of Mn
deficiency on intestinal gene and protein expression, was the
comparison of the differences in expression for each of these
gene/protein pairs according to treatment (Fig. 6D and
S. Table 9, ESI†). We propose that upregulation of both mRNA
and protein, exemplified with a number of nuclear encoded
mitochondrial genes, or of genes encoding for lysosomal
mannosidases in the opposite direction, provide additional
confidence that the specific alterations are robust (Fig. 6D).

To facilitate the visualization and discussion of the proteomic
changes observed in the Mn-depleted intestine we also generated
a list of the individual proteins that showed a reproducible
increase or decrease in abundance in this study (Table 3). We
could readily associate a number of these with known metabolic
pathways that depend on Mn: Sod2, GS, glycosyltransferases and
Cpes (Arg is expressed specifically in the fat bodies, where the urea
cycle takes place in insects139), whereas the relationship to Mn
is less clear for the observed effects on serine proteases and
hormone metabolising enzymes.

Abundant intestinal proteins reveal major physiological
requirements of the adult intestine

Prior to discussing alterations in protein abundances upon
dietary Mn depletion, we offer a brief comment on the global
intestinal proteome of adult D. melanogaster females. The
proteome of the whole intestinal tract and attached Malpighian
tubules was determined previously highlighting a special role
of the proteasome in these tissues.122 Table 2 and S. Table 7
(ESI†) offer a snapshot of the protein families that are represented
in abundance in the D. melanogaster intestine. In addition to the
entire family of maltases, we detected approximately 100 proteases.
Together, these secreted enzymes carry out digestive functions for
carbohydrates and protein. Likewise, lipases and fatty acid binding
and transport proteins are present for the absorption and

Fig. 6 Correlations between mRNA and protein. (A) qPCR results of 5
genes selected for validation of the RNAseq data. Black coloured bars
indicate changes in same direction as the high-throughput experiment;
the red coloured bar represents the sug gene, which had shown a (not
statistically significant) increase in the RNAseq experiment, but was
selected for further study because the sug transcription factor regulates
positively CG1946 and negatively amyrel and lip3. (B) A total of 1482
intestinal proteins were detected in this study, 649 of which were seen on
both label free MS experiments. (C) Quantifications of the 649 proteins
were matched to their corresponding RNAs (S. Table 9, ESI†). Only a poor
overall correlation between RNA and protein abundance was found (R2 =
0.15). Some abundant proteins are indicated. (D) Likewise, all types of
correlations were seen in the directionality of expression changes for RNA
and protein. Specific findings are discussed in the main text.
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mobilisation of dietary fat. Alcohol and aldehyde dehydro-
genases and numerous P450 cytochrome oxidases are present
for detoxification reactions. Likewise, glutathione S trans-
ferases and other thiol and antioxidant defense enzymes and
heat shock proteins were found. Cytoskeletal proteins of both
the muscle-specific type and of enterocytes and enteroendo-
crine cells were abundant. Arginine kinase, an enzyme that
stores ATP by conjugating it reversibly to arginine,140,141 was
highly expressed, as were both major types of proton-pumps:
the F-ATPase and V-ATPase complexes. The latter has an insect-
specific function in regulating intestinal pH116 whereas the
former supports oxidative phosphorylation.142 Enzymes of
the glycolytic pathway, the tricarboxylic acid cycle and the
mitochondrial oxidative phosphorylation complexes were also

present. Along with the protein translation and degradation
machineries, the proteins noted above constitute the bulk of
intestinal proteins. We conclude that the intestine generates
ATP through oxygen-based respiration for transport purposes
and also for generating and secreting digestive enzymes. In this
way, it serves its important function of nutrient absorption.76

Mn deficiency alters intestinal physiology

We report dietary Mn at approximately 0.1 ppb, which reduces
Sod2 activity by approximately 50% as judged by an in-gel assay
(Fig. 1). Sod2 converts superoxide and protons to hydrogen
peroxide and oxygen. Increased mitochondrial superoxide will
disrupt iron–sulphur clusters in aconitase and succinate
dehydrogenase118,143 resulting in a block of the tricarboxylic

Table 3 Partial list of intestinal proteins that changed in abundance under Mn deficiency

Protein Description

t-Test 5 ppm 0 ppm Ratio

Ref.(p)* I (a.u.)** I (a.u.) 0 : 5

Loss of SOD2 activity
Cisd2 Mitoneet|iron–sulphur clusters 0.001 3043 � 744 2148 � 1009 0.7 84
IRP-1A Iron Regulatory Protein|iron sensing 0.040 1640 � 1227 1383 � 1012 0.8 176
Fer2LCH Ferritin L chain|iron storage 0.000 6725 � 1301 5526 � 1313 0.8 177 and 178
Fer1HCH Ferritin H chain|iron storage 0.003 9482 � 3009 8539 � 2843 0.9 177 and 178
Scsa1 Succinyl-CoA ligase|TCA cycle 0.000 721 � 152 1046 � 157 1.4 179
TFAM Mitochondrial transcription factor A 0.005 817 � 239 1113 � 380 1.4 180
Tsf1 Transferrin|systemic iron trafficking 0.002 1297 � 513 1925 � 658 1.5 77
Clic Chloride intracellular channel 0.007 528 � 333 835 � 241 1.6 181

Loss of GS activity
GLS Glutaminase 0.005 926 � 395 507 � 418 0.5 182
Gabat Gamma-aminobutyric acid transaminase 0.017 1698 � 1416 1228 � 1093 0.7 183
Gs1 Glutamine synthase 1 (mitochondrial) 0.059 1256 � 177 1044 � 69 0.8 184
Gs2 Glutamine synthase 2 (cytoplasmic) 0.132 5370 � 2146 4767 � 1429 0.9 184
CG7470 Glutamate 5 kinase 0.002 16645 � 330 19087 � 934 1.1 185
Got1 Glutamate oxaloacetate transaminase 0.004 4779 � 227 5096 � 136 1.1 186
GC1*** Glutamate carrier 1 0.000 1187 � 96 2103 � 23 1.8 187
Gclm*** Glutamate-cysteine ligase modifier subunit 0.000 196 � 33 531 � 75 2.7 188

Loss of CESP activity
aSmase*** Sphingomyelin phosphodiesterase 0.012 1450 � 65 1041 � 149 0.7 189

Defects in glycosylations
LManVI Lysosomal a-mannosidase VI 0.000 7572 � 518 5182 � 337 0.7 145 and 146
LManV Lysosomal a-mannosidase V 0.000 2929 � 517 2138 � 410 0.7 145 and 146

Altered carbohydrate metabolism
Pgm Phosphoglucomutase 0.040 1043 � 340 569 � 102 0.5 190
Dera Deoxyribose-phosphate aldolase 0.037 358 � 44 227 � 102 0.6
Rpi Ribose-5-phosphate isomerase 0.011 613 � 57 504 � 106 0.8 191
Pgi Glucose-6-phosphate isomerase 0.028 2518 � 302 2902 � 514 1.2 192

Reduced serine proteases
SP151 Serine protease 0.001 1171 � 206 645 � 144 0.6 193
CG4734 Serine protease 0.001 1896 � 202 1173 � 113 0.6 193

Altered hormonal responses
Jheh3 Juvenile hormone epoxide hydrolase 3 0.000 1095 � 511 782 � 455 0.7 194
CG7953 Haemolymph juvenile hormone binding 0.003 1148 � 550 810 � 449 0.7
CG3301 17-b-Estradiol 17-dehydrogenase 0.000 4309 � 443 5703 � 676 1.3
CG31288 Ecdysteroid kinase like 0.020 1981 � 228 2855 � 443 1.4

* The p value reported is from a paired t-test using the six technical replicates. The paired test was selected due to the differences in relative
expression levels between the two biological replicates, which explain the large standard deviations in the data.** The average signal intensity (I)
from the six determinations is shown in arbitrary units (a.u.) for each condition. Signal intensity was determined using the 3 most intense tryptic
peptide MS signals of each protein as described in Materials and methods.*** The p value is from an unpaired t-test on triplicate technical
replicates as these proteins were only detected on one of two biological replicates.
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acid cycle and disrupted Fe homeostasis leading to cytosolic Fe
deficiency.23 We observe the hallmarks of this response in the
reduction of both ferritin subunits and of the cytosolic
Fe sensor IRP-1A and its repair protein Cisd-2 (Table 3);84,144

while the increase in Tsf1 is likely the fat body’s response
sensing a drop in systemic Fe, secreting Tsf1, which then
binds to the basolateral side of the enterocytes.77 Furthermore,
we find increases in two enzymes that mediate the flux of the
tricarboxylic acid cycle between aconitase and succinate
dehydrogenase, namely Scsa1 (Table 3) and isocitrate dehydro-
genase (S. Table 8, ESI†).

Under these Mn-restrictive conditions we hypothesize,
based on the Mn-dependence of GS activity,5 a decrease in
activity of both GS enzymes, despite their protein backbones
being present (Table 3). Cells depend exclusively on GS to
convert glutamate to glutamine, but they can also perform
the reverse reaction using glutaminase (GLS). Furthermore,
an important downstream metabolite of glutamine is GABA.
Two enzymes that were found reduced in Mn deficiency are
responsible for the catabolism of glutamine and GABA, respec-
tively, providing a straightforward adaptation to their reduced
biosynthesis (Table 3). Glutamate on the other hand appears
to be removed by being converted to glutathione (increase in
Gclm), by being trafficked to the mitochondria (increase
in GC1) and by being metabolised (small increases in the
glutamate 5 kinase homologue CG7470 and Got1).

Although there is only empirical evidence that Mn is
required for Cpes activity and no mechanistic insight into the
way it acts in the production of ceramide phosphoethanolamine,9

the sphingomyelin phosphodiesterase that catalyses the same
reaction in the opposite direction was also seen diminished by
Mn deficiency, preserving in this way the membrane sphingolipid
(Table 3). The reduction of aSmase (detected in one of the two
experiments) provides support to the proposed physiologic
requirement of Mn for ceramide phosphoethanolamine
synthesis.10 A more robust finding was the reduction in two
class-II a-mannosidases (LManV & LManVI),145 which were
found diminished both at the RNA and protein levels
(Fig. 6D). These enzymes are involved in the catabolism of
glycoproteins and their reduction makes sense in light of the Mn
requirement for the catalytic activity of glycosyltransferases.6–8

Furthermore, a Mn-dependence has been suggested for the
metallophosphoesterase (MPPE) acting directly on different class
II a-mannosidase to regulate its activity.146 Hence, the observed
decrease in LManV and LManVI could also be the result of
misregulated phosphorylation.

Finally, we noted changes in enzymes involved in carbo-
hydrate and hormonal metabolism and a reduction in the
presence of serine proteases (Table 3 and S. Table 8, ESI†).
That Mn deficiency alters carbohydrate metabolism was also
evident in the RNAseq experiment (S. Table 5, ESI†) and has
been observed before in the Mn deficient rat.57,58 The genes
encoding for serine proteases were consistently upregulated
(S. Table 5, ESI†), whereas the proteins were found diminished
(S. Table 8, ESI†). Genes and proteins involved in the metabolism
of ecdysone and juvenile hormone were widely misregulated in

Mn deficiency. The physiological function of these genes is
unknown, although likely connected to the broader changes that
occur during the first week of adulthood.

Discussion
Metal transport selectivity

Specific Mn transport is not understood in insects. There is a
view that Malvolio, the insect’s DMT1 homologue,147,148 trans-
ports Mn, based on the finding that its behavioural phenotype
can be rescued by dietary Mn.45 Our own efforts to reproduce
these experiments have been unsuccessful on more than one
occasion (in our hands the Malvolio97f mutant shows sugar
preference), but Ben-Shahar and colleagues have built on the
earlier work.149,150 Although there is no doubt that DMT1 can
transport Mn in vitro,151,152 no alteration was observed in Mn
content in the Malvolio mutant,47,153 perhaps because DMT1
may function as a low-affinity transporter in the micromolar
range.154 Our calculation suggests the existence of a high-
affinity transport system for Mn in D. melanogaster (Fig. 2) with
an apparent Km of 0.15 � 0.02 mM. We note an independent
report that cadmium and Mn may share a transport system in
animal cells, with an apparent inhibitory Ki of 0.14 mM.155,156

We also note that three other mammalian transporters recently
implicated in cellular Mn import, Zip814,157 and Zip1443,158,159

and export, ZnT1039, 40, 160–163 do not have orthologues in
D. melanogaster.115 Our results with the present Mn deficiency
model have not led us to the identification of a candidate
transporter, but we hope to perform proteomics analysis on
membrane fractions to enrich for the transport systems of the
enterocyte plasma membrane and also test more dynamic
feeding regimes in search of a situation where the transport
system is upregulated. A further potential reason for failing
to detect the upregulation of the high-affinity Mn transport
system in this study is that the treatments were compared at a
time period where we discover an endogenous upregulation
of Mn transport (Fig. 1).

Is there a physiological reason for the observed increase in Mn
concentration during the first few days of adult life?

The doubling of Mn content during the first days following the
emergence of adult D. melanogaster flies from their pupa cases
calls for explanation. Although we show that one potential
reason for such an increase may be an increased requirement
of Sod2 to support aerobic metabolism (Fig. 1D and E)118,120,121

further physiological changes may depend on the specific
accumulation of Mn. Documented changes that take place
during this period are the hardening and waterproofing of
the insect’s cuticle with underlying changes in lipid homeo-
stasis;164 the removal of the remnant larval fat body cells, which
are dispersed in the hemolymph of recently emerged flies and
are removed following hormonal signals;165,166 and changes in
brain circuitry,167,168 photoreception169 and related behavioural
and sexual maturation events.170–172 Our observations here and
those of many other groups highlight a need to carefully control
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for age-related changes during the first week of adult life;
indeed during our early work we had been puzzled by the larger
variability of our Mn measurements compared to Fe, Cu and
Zn,93,173 which we can now attribute to physiological changes in
Mn concentration missed in the standard protocol of collecting
two to seven-day-old flies used over the years. There is also
much more to be learned about this understudied (in its own
right) period of the life cycle of Drosophila. However, in
concluding this report, we also wish to stress that perhaps
the most striking aspect of our finding is the insect’s ability to
concentrate Mn specifically over Fe, Cu and Zn. The objective to
identify the mechanism behind such specificity remains open
to the field.

V-ATPase function in metal homeostasis

A number of different V-ATPase complexes are formed in
different cell types – and possibly in different subcellular
locations – of D. melanogaster, evidenced by multiple homo-
logous genes encoding for some of its structural subunits and
similar combinatorial gene expression patterns reported by
FlyAtlas in the digestive system, the larval fat bodies and adult
testis, the head and carcass.174,175 There are also 5 genes, all
encoding for subunits of the V1 complex, whose products are
unique and presumably required for all functional V-ATPase
pumps (S. Fig. 1, ESI†). RNAi of some of V-ATPase subunits was
protective in the context of Drosophila cell culture subjected to
Mn overload toxicity,71 although the mechanism involved
remains to be described. RNAi of two of these genes, Vha55
and VhaSFD, and of Vha16-2 in the Malpighian tubules resulted
in flies that accumulated more Mn compared to their sibling
controls (Fig. 5). The same genotypes that showed an increase
in total body Mn also showed a decrease in total body Zn,
suggesting that the V-ATPase may be involved in opposing ways
in the storage and excretion of these two metals. As our focus
here has been the intestine, we did not pursue further these
observations, but we note that the Malpighian tubules likely
serve Mn storage and excretion functions72 in a similar way to
Zn.75 In contrast, we were unable to discern any clear function
for the V-ATPase in the intestinal absorption of Mn. Although
some evidence points to a role of the V-ATPase in the absorption
of Fe and Cu (Fig. 4D), we were surprised to also obtain evidence
that despite neutralizing intestinal pH, metal homeostasis was
seen unaffected (Fig. 4B and C). Finally, our initial observation
that reducing Mn content in diet 1 – which is substantially
different to diets 2 & 3 (S. Fig. 3 and 4, ESI†) – increased the
abundance of the intestinal Vha68-2 subunit (Fig. 3C) was not
confirmed in follow-up experiments (S. Table 7, ESI†).

Conclusions

We describe a Mn deficiency study in D. melanogaster, which
uncovered the existence of a maternal contribution of the metal
during the insect’s life cycle and a specific dietary requirement
during the first days of adulthood to support Sod2 and other
Mn-dependent activities. As expected from the loss of Sod2

activity in the Mn-depleted intestine, Fe metabolism is affected
as a result. Intestinal cells compensated the loss of GS, glycosyl-
transferase and Cpes activities by downregulating the reverse
reaction enzymes glutaminase, lysosomal mannosidase and
sphingomyelin phosphodiesterase, respectively. Serine proteases
were also downregulated for reasons that remain unclear. Mn
deficient flies offer an experimental model to investigate the
physiological roles of Mn and help identify how Mn is sensed
and trafficked in insects.
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