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Stable isotope labeling by amino acids in cell culture
(SILAC) is widely used to quantify protein abundance in
tissue culture cells. Until now, the only multicellular orga-
nism completely labeled at the amino acid level was the
laboratory mouse. The fruit fly Drosophila melanogaster is
one of the most widely used small animal models in biol-
ogy. Here, we show that feeding flies with SILAC-labeled
yeast leads to almost complete labeling in the first filial
generation. We used these “SILAC flies” to investigate
sexual dimorphism of protein abundance in D. melano-
gaster. Quantitative proteome comparison of adult male
and female flies revealed distinct biological processes
specific for each sex. Using a tudor mutant that is defective
for germ cell generation allowed us to differentiate between
sex-specific protein expression in the germ line and so-
matic tissue. We identified many proteins with known sex-
specific expression bias. In addition, several new proteins
with a potential role in sexual dimorphism were identified.
Collectively, our data show that the SILAC fly can be used to
accurately quantify protein abundance in vivo. The ap-
proach is simple, fast, and cost-effective, making SILAC
flies an attractive model system for the emerging field of
in vivo quantitative proteomics. Molecular & Cellular Pro-
teomics 9:2173–2183, 2010.

Mass spectrometry-based quantitative proteomics has
emerged as a highly successful approach to study biological
processes in health and disease (1–3). Most studies have so
far been limited to in vitro systems such as cell culture mod-
els. Although tremendously useful, these models cannot ap-
propriately reflect relevant regulatory mechanisms of multicel-
lular eukaryotes in vivo. This is particularly relevant for
complex processes involving interactions between different
cell types such as differentiation and development (4).

Relative changes in protein abundance are most accurately
measured by comparing the natural form of a peptide with its
stable isotope-labeled analog. Several different approaches
enable stable isotope labeling of peptides either by chemical
reactions or metabolic incorporation of the label (5, 6). Meta-
bolic labeling has several advantages such as high labeling
efficiency and intrinsically higher precision. For example, met-

abolically labeled samples can be combined before further
processing steps so that protein quantification is not affected
by differences in sample preparation. Labeling of organisms
with stable isotope tracers was pioneered by Rudolf Schoen-
heimer 75 years ago (7, 8). Since then, several model orga-
nisms ranging from prokaryotes to mammals have been la-
beled metabolically (for an excellent review, see Ref. 9). For
example, Caenorhabditis elegans and Drosophila melano-
gaster have successfully been labeled with 15N (10), and
15N-labeled flies were recently used to study maternal-to-
zygotic transition (11) and seminal fluid proteins (sfps)1 trans-
ferred at mating (12). 15N has also been used to label entire
rats, particularly for quantitative brain proteomics (13, 14).
Despite its usefulness, 15N labeling also has several disad-
vantages. Because most peptides contain dozens of nitrogen
atoms, labeling with highly enriched 15N still results in only
partial peptide labeling and therefore complex isotope clus-
ters. In addition, the mass shift between the labeled (i.e.
heavy) and unlabeled (i.e. light) forms of a peptide depends on
the number of nitrogen atoms and therefore varies depending
on the peptide sequence. This leads to an increase in the
number of candidate masses that need to be considered and
therefore complicates peptide identification by search algo-
rithms. Both problems result in smaller identification rates and
less accurate quantification that can partially be overcome by
computational correction (15, 16).

Stable isotope labeling by amino acids in cell culture
(SILAC) is another metabolic labeling approach with several
unique advantages (17): because the label is introduced at the
amino acid level, mass spectra can easily be interpreted, and
peptides can be quantified with high precision. These features
have made SILAC a very popular approach for cell culture-
based quantitative and functional proteomics (18). As a po-
tential disadvantage, SILAC is generally thought to be re-
stricted to in vitro cell culture experiments. The only SILAC
experiments in the fly model were carried out using cell lines
cultivated in vitro (19, 20). However, in 2005, Hayter et al. (21)
demonstrated that chicken can be partially labeled at the
amino acid level by feeding them with a diet containing stable
isotope-labeled valine. Three years later, Krüger et al. (22)
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achieved essentially complete labeling of the laboratory
mouse. Until now, this so-called “SILAC mouse” was the only
multicellular organism that has been completely labeled with
the SILAC approach, and partial labeling was recently
achieved in newts (21, 23).

Here, we introduce the fruit fly D. melanogaster in the SILAC
zoo. We refer to these animals as SILAC flies because they are
obtained by feeding flies on SILAC-labeled yeast. D. melano-
gaster is one of the best characterized model organisms and
has been used to address many fundamental questions in
biology (24). Until now, most studies in D. melanogaster have
focused on genetic aspects (25). However, proteins are the
key actors in most biological processes. It is therefore highly
desirable to obtain quantitative information at the protein level
in D. melanogaster. We demonstrate in the present study that
raising fly larvae on a diet of heavy lysine-labeled yeast cells
results in virtually complete heavy labeling in the first filial (F1)
generation. Furthermore, we show that the SILAC fly enables
proteome-wide quantification with higher precision than a
label-free method. In a series of proof-of-principle experi-
ments, we used the SILAC fly to investigate sexually dimor-
phic protein expression in D. melanogaster, thus providing the
first systematic comparison of male and female flies at the
protein level.

EXPERIMENTAL PROCEDURES

Culturing of D. melanogaster—D. melanogaster strains w1118

(kindly provided by Dr. Manfred Gossen, Berlin-Brandenburg Center
for Regenerative Therapies, Berlin, Germany) and tud1 bw1 sp1/CyO,
I(2)DTS5131 (Bloomington Drosophila Stock Center, Bloomington, IN)
were raised on a standard culture medium in a 12-h light-dark cycle
at 25 °C and 75% relative humidity. Virgin flies were obtained by
separating male and female flies within 4 h after eclosion. Flies lacking
germ line tissue were generated by crossing homozygous tud1 fe-
males with either homozygous or heterozygous tud1 males. Only
homozygous tud1 progeny was used for experiments. All flies were
aged for 5 days before performing experiments and were collected
between 3 and 5 p.m.

Labeling of D. melanogaster—The lysine auxotrophic Saccharomy-
ces cerevisiae strain SUB62 (MATa his3-�200 lys2–801 leu2–3, 112
trp1–1 ura3–52) was precultured twice overnight at 30 °C at a dilution
of 1:5000 in labeling medium containing 1.7 g/liter yeast nitrogen
base (without amino acids and without ammonium sulfate), 20 g/liter
D-glucose, 5 g/liter ammonium sulfate, 200 mg/liter adenine hemisul-
fate, 20 mg/liter uracil, 100 mg/liter Tyr, 10 mg/liter His, 60 mg/liter
Leu, 10 mg/liter Met, 60 mg/liter Phe, 40 mg/liter Trp, 100 mg/liter Arg,
and 30 mg/liter [12C6,14N2]Lys (Lys0) (all from Sigma-Aldrich) or 30
mg/liter [13C6,15N2]Lys (Lys8) (Sigma Isotec). The second preculture
was diluted 1:1000 in labeling medium and incubated at 30 °C until
reaching �8.0 A600. S. cerevisiae was centrifuged, and the pellets
were stored in aliquots at �20 °C. Drosophila embryos were collected
on an apple juice-agar plate and subsequently transferred onto a
piece of perforated tissue paper on a layer of cotton wool in a 10-cm
Petri dish. Cotton was soaked with culture medium containing 60%
(w/v) labeled S. cerevisiae (wet mass), 320 mM sucrose (Calbiochem),
0.3 mM ampicillin (Sigma-Aldrich), 6 mM methylparaben, 0.5‰ propi-
onic acid, and 2.5‰ phosphoric acid (all from Merck). Flies were
raised in a 12-h light-dark cycle at 25 °C and 75% relative humidity.
10 ml of culture medium was sufficient to breed �150 flies. Hatched

flies were fed with heavy labeled S. cerevisiae on an apple juice-agar
plate.

Sample Preparation—Snap frozen flies were homogenized in ice-
cold modified radioimmunoprecipitation assay buffer containing 50
mM Tris-HCl (Carl Roth, Karlsruhe, Germany), pH 7.4, 150 mM NaCl
(Merck), 1% Nonidet P-40, 0.25% sodium deoxycholate (both from
Sigma-Aldrich), 1 mM EDTA, 0.1% SDS (both from Carl Roth), and 1�
Complete protease inhibitor mixture (Roche Applied Science). Homo-
genates were sonicated and centrifuged, and the concentration of the
supernatant containing proteins was determined using the Coomas-
sie Plus Protein Assay kit (Pierce). Total protein extracts of S. cerevi-
siae were obtained by homogenization with glass beads (Sigma-
Aldrich) in ice-cold radioimmunoprecipitation assay buffer. Equal
amounts of protein extracts were separated under reducing condi-
tions by SDS-PAGE on a 4–12% NuPAGE gradient gel (Invitrogen)
according to the manufacturer’s instructions. Proteins were fixed in
50% methanol and 10% acetic acid and stained by colloidal Coo-
massie Blue (Invitrogen). Gel lanes were cut into 15 slices, and
samples were processed essentially as described (26). Lysyl en-
dopeptidase (Lys-C) (Wako, Osaka, Japan) was used for in-gel
digestion. Stop and go extraction tips containing C18 Empore disks
(3M, Minneapolis, MN) were used to purify and store peptide ex-
tracts (27).

LC-MS/MS—On-line LC-MS/MS analysis was performed as de-
scribed previously (28). In brief, peptide mixtures were separated by
reversed phase chromatography using the Eksigent NanoLC-1D Plus
system (Eksigent, Dublin, CA) on in-house manufactured 10-cm frit-
less silica microcolumns with an inner diameter of 75 �m. Columns
were packed with ReproSil-Pur C18-AQ 3-�m resin (Dr. Maisch
GmbH, Ammerbuch, Germany) (29). Separation was performed using
a 10–60% ACN gradient (155 min) with 0.5% acetic acid at a flow rate
of 200 nl/min. Eluting peptides were directly ionized by electrospray
ionization and transferred into the orifice of an linear trap quadru-
pole Orbitrap hybrid mass spectrometer (Thermo Fisher Scientific,
Waltham, MA). Mass spectrometry was performed in the data-de-
pendent mode with one full scan in the Orbitrap (m/z � 300–1700;
resolution � 60,000; target value � 1 � 106). The five most intense
ions with a charge state greater than 1 were selected (target value,
5000; monoisotopic precursor selection enabled) and fragmented
in the linear trap quadrupole using CID (35% normalized collision
energy and wideband activation enabled). Dynamic exclusion for
selected precursor ions was 60 s.

Processing of MS Data—The MaxQuant software package (version
1.0.12.36) was used to identify and quantify proteins (30, 31). SILAC
duplets were extracted from isotope patterns, recalibrated, and quan-
tified by the Quant module (heavy label Lys8, maximum of three
labeled amino acids per peptide, polymer detection enabled, and top
six MS/MS peaks per 100 Da). Peak lists were searched on a Mascot
search engine (version 2.2, Matrix Science, Boston, MA) against an
in-house curated database of D. melanogaster (FlyBase, release 5.13,
Indiana University) and/or S. cerevisiae (Saccharomyces Genome
Database, ftp://ftp.yeastgenome.org/, database version 060512) plus
common contaminants. All protein sequences were also reversed to
generate a target-decoy database (32). Carbamidomethylation of cys-
teine was selected as a fixed modification, and oxidation of methio-
nine and acetylation of the protein N terminus were used as variable
modifications. Lys-C was selected as protease (full specificity) with a
maximum of two missed cleavages. A mass tolerance of 0.5 Da was
selected for fragment ions. A minimum of six amino acids per iden-
tified peptide and at least one peptide per protein group were re-
quired. The false discovery rate was set to 1% at both the peptide and
protein levels. Protein ratios were calculated from the median of all
normalized peptide ratios using only unique peptides or peptides
assigned to the protein group with the highest number of peptides
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(“Occam’s razor” peptides). Only protein groups with at least three
SILAC counts were considered for further analysis.

Cluster Analysis of Gene Ontology (GO) Terms—GO analysis was
performed using the DAVID bioinformatics database (DAVID Bioinfor-
matics Resources, National Cancer Institute, Frederick, MD) (33).
UniProt entries were binned according to the heavy to light (H/L)
protein ratio. Enrichment of GO terms (biological processes, level 4) in
each bin was calculated using the entire list of identified proteins as
background (threshold count � 2, Expression Analysis Systematic
Explorer score � 1). Terms with a p value �0.01 in at least one bin
were selected, log-transformed, z-transformed, hierarchically clus-
tered, and plotted as a heat map using an in-house Perl and R script
(see below).

Statistical Analysis—Statistical data analysis was done using the R
project for Statistical Computing (R Foundation for Statistical Comput-
ing, Vienna, Austria) or Prism 4.0 (GraphPad Software, San Diego, CA).

Data—The data associated with this study may be downloaded
from Proteome Commons (http://proteomecommons.org/) Tranche
using the following hash: FE44CxP5/LXJkxuFGCPY40J7mYl6fBm
5abGqfZwinzcjANCzLCCyhjSqK8tjtVpPEaJGyt�ZFBFd�ELe11v7cRM�
Q�8AAAAAAAAHTg��.

These data include all identified proteins, sequences of identified
peptides, and peptide evidences (i.e. SILAC ratio measurements) for
all experiments. They are based on the proteinGroups.txt, pep-
tides.txt, and evidence.txt files that were obtained by processing raw
files with MaxQuant as described above.

RESULTS

Labeling of D. melanogaster with Heavy Lysine Is Highly Effi-
cient in F1 Generation—D. melanogaster can be raised on a diet
consisting exclusively of yeast. Therefore, feeding flies with
15N-labeled yeast yields completely 15N-labeled flies (10). How-

ever, in contrast to 15N, SILAC requires that amino acids used
for labeling are essential. Typically both lysine and arginine are
used for SILAC: because trypsin cleaves C-terminally of these
amino acids, all tryptic peptides except for the protein C termi-
nus carry a heavy label and can be used for quantification.
Lysine was found to be essential in axenic D. melanogaster
culture (34). However, arginine was not required because flies
on an arginine-deficient diet survived and laid eggs. Arginine is
also problematic because it is converted into proline by some
cell lines (35). Therefore, we decided to use heavy lysine as the
only label and the endoproteinase Lys-C instead of trypsin to
obtain peptides with C-terminal lysine residues.

Because cultivating flies axenically is laborious, we tried to
label flies in standard culture using SILAC-labeled yeast as
food (Fig. 1). First, we generated fly food by cultivating the
lysine-auxotrophic yeast strain SUB62 in minimal medium
containing either light (12C6,14N2) or heavy (13C6,15N2) lysine
(Lys0 or Lys8, respectively). Fly embryos were collected from
parental w1118 flies and transferred to dishes containing a
suspension of light or heavy SILAC-labeled yeast. The com-
mon laboratory strain w1118 features a defective white allele
resulting in white eye color. Otherwise w1118 flies are consid-
ered to be wild type. Hatched adult flies (F1) were continually
fed with heavy or light yeast on an apple juice-agar plate for 5
days. We did not observe any apparent difference between
light and heavy flies (phenotype, development time, or num-
ber of flies obtained).

FIG. 1. Work flow for labeling of D.
melanogaster with heavy isotope-
containing amino acids. Embryos are
collected, and hatched larvae are fed
with “light” L-[12C6,14N2]lysine (L) or
“heavy” L-[13C6,15N2]lysine (H) labeled S.
cerevisiae. Different adult F1 subpopula-
tions (male and female) are mixed and
analyzed by LC-MS/MS. Pairs of identi-
cal peptides with different stable isotope
compositions can be distinguished in
the mass spectrometer based on their
mass difference (8 Da). Consistently, the
ratio of peak intensities of heavy versus
light peptides reflects differences in pro-
tein abundance in vivo. rel., relative.
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To investigate labeling efficiency, we first analyzed the
heavy labeled yeast cells that were used as food source.
Yeast samples were lysed, digested with Lys-C, and analyzed
by LC-MS/MS. The average labeling efficiency of the 100
most intense proteins was 96.7%, indicating essentially com-
plete labeling (Fig. 2A). Similarly, we investigated label incor-
poration in F1 of heavy SILAC flies. The average incorporation
rate was 96.2% in the F1 generation (Fig. 2A). An exemplary
mass spectrum of an alcohol dehydrogenase-derived peptide
shows a well defined heavy isotope cluster (Fig. 2B). The
corresponding light isotope cluster of this peptide has a much
lower intensity with a log2 -fold change of 4.4, corresponding

to an incorporation rate of 95.6%. Thus, D. melanogaster can
be labeled efficiently with heavy lysine in non-axenic standard
culture conditions. To test whether labeling efficiency can be
further improved by prolonged metabolic labeling, we col-
lected embryos derived from heavy labeled F1 flies and raised
the F2 generation on heavy labeled yeast. Analysis of the
same set of proteins revealed only a minor increase of labeling
efficiency to 96.9% in F2 (Fig. 2A). Hence, D. melanogaster
labeling already is saturated in the first generation. We there-
fore decided to use F1 flies for further experiments.

Labeling with Heavy Lysine Allows for Precise Protein
Quantification—Next, we wanted to compare the precision of
quantification of the SILAC fly and a label-free approach.
Heavy and light male flies were combined, homogenized,
processed by in-gel digestion, and analyzed twice by two
subsequent LC-MS/MS runs (two technical replicates). 1578
proteins were identified and quantified in both replicates (at
least three independent peptide ratios per protein). As we
used the same sample in both runs and the same amount of
peptides were injected, the ratio of protein abundance com-
paring replicate 1 and replicate 2 is precisely 1 for all proteins.
The spread of the experimentally determined ratios can there-
fore be used to assess the precision of quantification.

To determine the precision of label-free quantification, we
used only light peptide intensities. log2 -fold changes of pro-
tein intensities (i.e. summed up peptide intensities calculated
in MaxQuant) between both replicates were calculated and
plotted in a histogram (Fig. 3A). log2 -fold changes ranged
from �6.0 to 4.6 and could be modeled by a normal distribu-
tion with a standard deviation of 0.50. Hence, �95% of all
measured protein ratios do not differ by more than a factor 2
from the correct value using label-free quantification (�2
standard deviations). Next, we performed the same analysis
based on SILAC ratios. In this case, we compared the abun-
dance of light proteins between both replicates using the
heavy peptides as an internal reference by calculating the
ratio of ratios. With this approach, we achieved a considerably
higher precision (Fig. 3B). log2 -fold changes ranged from
�3.0 to 0.9, and the standard deviation was reduced to 0.15.
Accordingly, �95% of all measured ratios do not differ by
more than 23% from the correct value. These results demon-
strate that quantification with the SILAC fly as an internal
standard has a �4-fold higher precision than label-free quan-
tification in D. melanogaster. This estimated gain in precision
is a conservative estimate because we used the same in-gel
digest for both technical replicates. Variability in sample pro-
cessing will increase the error of label-free quantification even
further.

Identification of Sex-specific Proteins in D. melano-
gaster—To test whether heavy lysine labeling of D. melano-
gaster is indeed a suitable method for in vivo quantitative
proteomics, we performed a proteome comparison of male
and female flies. Equal numbers of heavy w1118 female and
light w1118 male flies (10 each) were mixed, and 140 �g of total
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FIG. 2. Effective labeling of D. melanogaster with heavy lysine.
A, labeling efficiency of S. cerevisiae and adult D. melanogaster. Total
protein extracts of heavy labeled yeast and adult flies from the F1 or
F2 generation were analyzed by LC-MS/MS. H/L ratios of the 100
most intense proteins were calculated and expressed as median of
log2 -fold changes. Whiskers indicate 2.5 and 97.5 percentiles. La-
beling efficiencies were 96.7% (S. cerevisiae), 96.2% (D. melano-
gaster F1), and 96.9% (D. melanogaster F2). B, representative mass
spectrum of an alcohol dehydrogenase (Adh)-derived peptide from
heavy adult flies in the F1 generation. The mass shift between the light
and the heavy forms of the peptide is 8 Da due to one heavy lysine.
Dots mark light and heavy monoisotopic peaks (log2 -fold change is
4.4, corresponding to an incorporation rate of 95.6%).
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protein extract was separated by SDS-PAGE, in-gel digested,
and analyzed by LC-MS/MS. In total, 1913 proteins were
identified and quantified with very high confidence (false dis-
covery rate �1% and at least three peptide ratio counts). We
sorted all proteins into five bins according to their log2 -fold
change (Fig. 4). Next, we investigated whether the proteins in
each bin are significantly enriched in GO terms relative to the
entire list of identified proteins (36). z-transformed p values of
GO terms were clustered and plotted as a heat map. Bins with
the 5% highest or 5% lowest H/L ratios show pronounced
overrepresentation of proteins belonging to sex-specific GO
terms. Male-specific GO terms included copulation, insemi-
nation, and sperm storage. The GO term regulation of prote-
olysis was enriched based on proteins of the male accessory
glands such as accessory gland peptide 62F and serine pro-
tease inhibitors 2 and 3. Interestingly, proteins moderately
up-regulated in males (log2 -fold change between �1.3 and

�0.5) were enriched in GO terms associated with neuronal
activity (e.g. synaptic transmission and neurotransmitter se-
cretion) and organic acid metabolism (e.g. fatty acid biosyn-
thetic process), suggesting that male flies might potentially
have increased neuronal activity and lipid metabolism com-
pared with female flies. Conversely, proteins highly up-regu-
lated in females were enriched in known female-specific
terms belonging to oogenesis and the female reproductive
system (e.g. female gamete generation and eggshell forma-
tion). Several proteins moderately up-regulated in females are
involved in protein translation, a process particularly active
during oogenesis. Specifically, 68 of 97 identified ribosomal
proteins were within the top 20% of female-enriched proteins.
Finally, the term programmed cell death was associated with
females based on several proteins involved in autophagy, a
process that has recently been reported to be involved in early
oogenesis (37, 38). Together, these results demonstrate that
the SILAC fly enables discrimination of sex-specific protein
expression on a global scale and enables assignment of dis-
tinct biological processes to male and female flies.

Identification of Sex-specific, Somatically Expressed Pro-
teins in D. melanogaster—Tissues in sexually reproducing
organisms can be classified as somatic or germ line. The
tudor (tud) gene is essential for assembly of the germ plasm
but dispensable for somatic posterior patterning during fly
embryogenesis (39, 40). Therefore, progeny derived from
female flies homozygous for the tud1 allele lacks germ line
tissue. Tud1 progeny has already been used to compare
male and female somatic mRNA expression in D. melano-
gaster (41, 42).

To differentiate between sex-specific proteins in the germ
line and soma, we raised tud1 progeny. Sterility of adult tud1

progeny was confirmed by crossing females with w1118 male
flies and males with virginal w1118 female flies. In addition,
several tud1 progeny male and female flies were dissected to
confirm lack of testes and ovaries, respectively (data not
shown). To compare the proteome of male and female flies
lacking germ line tissue, we combined either male or female
tud1 progeny with an internal reference of mixed sex w1118

flies. Likewise, we combined either light male or female w1118

flies with the same mixed sex reference sample. Proteins in all
four samples were separated into 15 slices by SDS-PAGE,
digested, and analyzed by LC-MS/MS. From the obtained
lists of quantified proteins, we calculated relative changes in
protein abundance between male and female tud1 progeny for
2079 proteins as the ratio of ratios (i.e. (male tud1 progeny/
internal standard)/(female tud1 progeny/internal standard)).
Similarly, changes in protein abundance between w1118 males
and females (male w1118/internal standard)/(female w1118/in-
ternal standard) were calculated (n � 2106). The distribution
of log2 -fold changes between male and female w1118 flies is
considerably broader than the corresponding distribution for
male and female tud1 progeny (Fig. 5, vertical and horizontal
histograms, respectively). Hence, the proteome of males and
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females becomes more similar in the absence of germ line
tissue.

We went on to compare log2 -fold changes in both exper-
iments more systematically. As expected, the majority of pro-
teins did not exhibit a sex-specific expression pattern either in
w1118 flies or in the tud1 background (Fig. 5, central region in
the scatter plot). Closer inspection of proteins in different
regions of the scatter plot provides several instructive in-
sights. The proteins in each region are listed in sup-
plemental Table 1 together with corresponding tissue-specific
gene expression data retrieved from FlyAtlas (43). A number
of proteins were up-regulated in both w1118 and tud1 males
(Fig. 5, region 1). These proteins are expressed in a male-
specific but germ line-independent manner. Consistently,
most of the proteins in this subset (highlighted in blue) were
identified in previous studies as accessory gland proteins
(acps) or sfps (12, 44, 45). Conversely, when analyzing all
previously identified acps and sfps in our data set (w1118 male
versus female), we found that they had a strong male-specific
expression bias (supplemental Fig. S1). Accessory glands are
part of the somatic tissue in the male reproductive system and
are involved in the production of seminal fluid. Moreover, we
identified several additional proteins not previously known to
be expressed in male somatic tissue: the protein encoded by

CG10096 has not been identified in male flies, but tissue-
specific mRNA expression data confirm that the gene is in-
deed specifically expressed in male somatic tissue (46). Inter-
estingly, this protein has sequence homology to Arabidopsis
thaliana male sterility 2, a protein involved in male gameto-
genesis in plants (47). The protein James bond catalyzes
elongation of very-long-chain fatty acids and plays a crucial
role in cytokinesis during male meiosis (48). CG17494 is a
protein of unknown function containing a Forkhead-associ-
ated domain. The mRNA of CG13091 is enriched in fat body
and heart, and junctophilin mRNA is mainly enriched in brain
(43). Hence, the latter two proteins appear to be male-specific
somatic proteins expressed outside the reproductive system.

Proteins up-regulated in w1118 males but not regulated in
tud1 progeny are expected to be expressed in the male germ
line (Fig. 5, region 2). The most strongly up-regulated protein
in this group is porin 2, a voltage-dependent anion-selective
channel located in mitochondria of fly spermatozoa (49). An-
other mitochondrial protein in this subset is Cyt-c-d, one of
the two cytochrome c proteins specifically involved in the
apoptosis-like process occurring during terminal differentia-
tion of sperms in D. melanogaster (50). The protein encoded
by CG4546 is a predicted arginine kinase. Arginine kinases
maintain ATP levels by producing arginine phosphate, which
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serves as a high energy source from which ATP can be rapidly
replenished (51). Importantly, CG4546 is not identical with ArgK,
the arginine kinase of the D. melanogaster flight muscle (52). Our
data therefore suggest that spermatozoa contain a specific
arginine kinase enzyme that may help to buffer ATP levels.

The three yolk proteins in D. melanogaster (Yp1, Yp2, and
Yp3) were up-regulated in both w1118 and tud1 females, sug-
gesting that this protein family is mainly expressed in somatic
tissue of females (Fig. 5, region 5). Indeed, Yp1, Yp2, and Yp3
are synthesized in the fat body and the ovarian follicular
epithelium of females throughout adulthood and are secreted
as vitellogenin (53). Furthermore, the fat body-specific fatty
acid desaturase (Fad2), which has been shown to be involved
in pheromone biosynthesis and courtship behavior, has also
been found to be somatically overrepresented in females (54).
In contrast, the maternal tubulin isotype �-tubulin67C
(�Tub67C) was enriched in w1118 but not in tud1 progeny
females, indicating that �Tub67C is mainly localized in female
germ line tissue (Fig. 5, region 6). Indeed, �Tub67C is found in
unfertilized eggs and embryos, and synthesis of �Tub67C
protein is restricted to the ovary (55). Finally, a couple of
proteins were regulated in tud1 progeny but not in w1118 flies,
suggesting that tudor affects gene expression in a sex-de-
pendent way. Collectively, these results demonstrate that the
SILAC fly allows for discrimination of tissue-specific protein
expression in males and females on a large scale.

DISCUSSION

The fruit fly D. melanogaster is one of the most popular
model organisms in biomedical research (24). Advantages of
the fly model include the ease of cultivation, rapid develop-
ment, and a huge number of visible traits. Importantly, 77% of
human disease genes with at least one mutant allele in the
Online Mendelian Inheritance in Man (OMIM) database have
well conserved homologs in D. melanogaster (56). These fea-
tures render flies a very attractive model system in biomedical
research. Until now most research focused on genetic as-
pects and transcriptomics (25). However, complex biological
systems are unlikely to be understood without comprehensive
information at the protein level.

A recent large scale project used different cell types, de-
velopmental states, multiple fractionation techniques, and
many mass spectrometry runs to provide a first high quality
catalog of the fly proteome (57). However, functional pro-
teomics also requires quantitative information at the pro-
teomic scale. Metabolic stable isotope labeling is particularly
attractive because it enables quantification with high preci-
sion. Pioneering experiments established metabolic labeling
with 15N in D. melanogaster (10, 11). Since then 15N flies have
been used in a further study demonstrating the utility of this
approach (12). Here, we establish SILAC as a novel metabolic
labeling technique in D. melanogaster.

SILAC as well as 15N labeling have particular strengths and
weaknesses. Both methods require special media that do not

allow additives containing sources of lysine or nitrogen, re-
spectively, which can be a disadvantage compared with label-
free methods. On the other hand, we show that label-free
methods have lower precision than SILAC-based quantifica-
tion (Fig. 3). Advantages of 15N labeling over SILAC are that
15N does not require auxotrophic yeast strains and that the
problem of arginine to proline conversion is circumvented. In
addition, all peptides in 15N flies are labeled and can be used
for quantification. In SILAC, only lysine-containing peptides
carry the isotope label. For this reason, we used the protease
Lys-C to generate peptides with C-terminal lysine. However,
Lys-C is not as efficient as trypsin and produces longer pep-
tides, which typically result in fewer protein identifications.

On the other hand, SILAC has several advantages over 15N.
Most importantly, SILAC-labeled peptides have well defined
isotope clusters and constant mass shifts (supplemental
Fig. S2, A and B). These features greatly facilitate manual and
computational data analysis. Indeed, in a comparison of
SILAC- and 15N-labeled flies, we identified �30% more pro-
teins with SILAC than with 15N at the same false discovery
rate (supplemental Fig. S2C). In addition, SILAC does not
require computational correction of peptide ratios that are
critical for accurate quantification using 15N (15, 16). Perhaps
surprisingly, SILAC is also less expensive than 15N: although
1 g of Lys8 is �100 times more expensive than 1 g of [15N]am-
monium sulfate, only 30 mg instead of 5 g are needed for 1
liter of yeast medium. This makes the SILAC fly a very cost-
effective model organism (less than �$0.10 per adult fly).

We quantified in the SILAC fly changes in abundance of
�2000 proteins from 15 gel slices (at least three ratio counts).
When performing proteome profiling experiments with tissue
culture cells, we typically quantify a higher number of proteins
with the same setup (28). A likely reason for this observation
is the correlation between protein abundance and tissue-
specific expression: most abundant proteins such as histones
and ribosomal and cytoskeletal proteins are ubiquitously ex-
pressed. Conversely, many low abundance proteins like tran-
scription factors are expressed in a cell-type specific manner.
Thus, combining different cell types in an organism increases
the dynamic range of protein abundance. Consistent with this
explanation, analyzing individual D. melanogaster cell lines
enables a deeper coverage of the fly proteome (19, 57). Thus,
the SILAC fly will be particularly useful for more targeted
experiments focusing on specific body parts (brain, eyes,
imaginal disks, etc.).

In a series of proof-of-principle experiments, we used the
SILAC fly to study sexual dimorphism in D. melanogaster.
Although the molecular mechanisms leading to sexual dimor-
phism are quite well understood (58, 59), less is known about
proteins that determine the dimorphic state in D. melano-
gaster. Studies have been carried out using microarray tech-
nology to analyze sexual dimorphism at the transcript level
(41, 42, 46). These studies provide a catalog of genes specif-
ically expressed in somatic and germ line tissues. However,
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there was no comparative study at the proteome level in D.
melanogaster so far. The SILAC fly revealed that the abun-
dance of many proteins changes in a sex-dependent way. We
identified several male-specific proteins that were also found
in a recent study where sfps were detected in mated female
flies (12) and in a study listing known acps (45), suggesting
that they are expressed in the male sex organs. GO analysis
of differentially regulated proteins revealed a clear picture of
processes most relevant for males (copulation and mating
behavior) and females (eggshell formation and female gamete
generation). The sex bias of several other biological pro-
cesses was not necessarily expected. For example, we found
that several male-specific proteins play a role in neuronal
activity and fatty acid biosynthesis, raising the hypothesis that
males have higher neuronal activity and lipid metabolism.
Females had higher expression levels of proteins involved in
translation such as ribosomal proteins. This is most likely due
to increased translational activity during oogenesis and has
recently been observed in female-like C. elegans (60).

A major advantage of the fly model is the huge collection of
available mutant strains. We took advantage of this resource
to differentiate between germ line and somatic tissue. Spe-
cifically, we used the offspring of tud1 females. Wild-type
tudor encodes a 285-kDa protein containing 11 Tudor do-

mains that are essential for germ line development. Tudor
belongs to a set of maternally expressed genes (so-called
grandchildless or posterior group genes) that are essential for
primordial germ cell specification (61). It was recently shown
that Tudor domains bind to symmetrically dimethylated argin-
ines in Piwi proteins in mice and flies (62, 63). Our proteomics
comparison of w1118 and tud1 males and females enabled us
to assess whether sex-specific protein expression originates
in the germ line and in somatic tissue. Yolk and seminal fluid
proteins were found to be differentially regulated in both w1118

and tud1 flies, consistent with their synthesis in somatic tis-
sue. Conversely, we identified several proteins known to be
expressed in the male and female germ line. In addition, we
extended the list of germ line and somatic tissue-specific
proteins. Hence, our data set can yield valuable information
about proteins with so far unknown biological functions.

We also compared our quantitative proteome comparison
of male and female w1118 flies with a published mRNA data
set in a similar genetic background (42). Overall, fold-changes
in protein and mRNA abundances (n � 1816) correlated re-
markably well (Fig. 6). The slope of the trend line is close to 1,
indicating that the direction and magnitude of sex-specific
change in expression are similar at the mRNA and protein
levels for most detected genes. This observation suggests
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that sex-specific gene expression is mainly controlled at the
mRNA level. However, several proteins strongly up-regulated
in males had smaller changes at the mRNA level. Conversely,
several female-specific proteins also showed a bigger change
at the protein level. This indicates that strongly regulated
genes are regulated by a combination of transcriptional and
posttranscriptional mechanisms. Interestingly, a large fraction
of these genes encode secreted proteins. We previously
found a similar overrepresentation of secreted proteins in
genes that are regulated by microRNAs at the level of trans-
lation (28). It is tempting to speculate that proteins synthe-
sized at endoplasmic reticulum-associated ribosomes (i.e.
secreted proteins) generally tend to show a higher degree of
posttranscriptional regulation. However, we cannot rule out
that the dynamic range of measured mRNA ratios is com-
pressed for technical reasons (64). Of note, although two
detected yolk proteins, Yp1 and Yp2, had similar changes at
the mRNA and protein levels, regulation of Yp3 was �16
times stronger than the corresponding mRNA. The yp3 gene
is separated from yp1 and yp2 on the X chromosome, and
transcriptional regulation of both loci differs (65, 66). In line
with these results, our data indicate that posttranscriptional
regulation of yp3 is also different from that of yp1 and yp2.

SILAC-labeled model organisms bear great potential. Thus
far, the only metazoan species completely labeled at the
amino acid level is the laboratory mouse (22). Here, we have
introduced the SILAC fly as another animal in the SILAC zoo.
This zoo is likely to grow further and will probably contain all
popular animal models in the future. In fact, partial labeling of
newt and chicken using a pulsed approach has already been
reported (21, 23). Our data show that the SILAC fly can
provide new insights into biological processes in vivo. The
approach is generic and can be used to study countless D.
melanogaster mutants available. Importantly, SILAC labeling
of flies is fast, simple, and cost-effective. With these features,
SILAC flies are particularly attractive model organisms for the
emerging field of in vivo quantitative proteomics.
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Schmidt, S., Zanivan, S., Fässler, R., and Mann, M. (2008) SILAC mouse
for quantitative proteomics uncovers kindlin-3 as an essential factor for
red blood cell function. Cell 134, 353–364
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