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A B S T R A C T

Spermiogenesis in Drosophila melanogaster is a highly conserved process and essential for male fertility. In this
haploid phase of spermatogenesis, motile sperm are assembled from round cells, and flagella and needle-shaped
nuclei with highly compacted genomes are formed. As transcription takes place mainly in spermatocytes and
transcripts relevant for post-meiotic sperm development are translationally repressed for days, we comparatively
analysed the proteome of larval testes (only germ cell stages before meiotic divisions), testes of 1–2-day-old
pupae (germ cell stages before meiotic divisions, meiotic and early spermatid stages) and adult flies (germ cell
stages before meiotic divisions, meiotic and early spermatid stages, late spermatids and sperm). We identified
6,171 proteins; 61 proteins were detected solely in one stage and are thus enriched, namely 34 in larval testes, 77
in pupal testes and 214 in adult testes. To substantiate our mass spectrometric data, we analysed the stage-
specific synthesis and importance for male fertility of a number of uncharacterized proteins. For example,
Mst84B (gene CG1988), a very basic cysteine- and lysine-rich nuclear protein and was present in the transition
phase from a histone-based to a protamine-based chromatin structure. CG6332 encodes d-Theg, which is related
to the mouse tHEG and human THEG proteins. Mutants of d-Theg were sterile due to the lack of sperm in the
seminal vesicles. Our catalogue of proteins of the different stages of testis development in D. melanogaster will
pave the road for future analyses of spermatogenesis.

1. Introduction

In spermatogenesis, functional motile spermatozoa develop from an
initially undifferentiated germ cell. The characteristic features of this
process are highly conserved in Drosophila melanogaster and mammals
(Rathke et al., 2014). Stem cells divide to form new stem cells and
spermatogonia, i.e. differentiating germ cells. These spermatogonia
proceed first through a mitotic amplification phase and then enter the
extended meiotic prophase as spermatocytes (Fuller, 1993). After
meiotic divisions, spermatids differentiate within days (D. melanogaster)
or weeks (mammals) to form motile sperm with highly condensed
chromatin (Rathke et al., 2014).

It is obvious that during germ cell differentiation, a plethora of
proteins have to be newly synthesized in a stage-specific manner.
However, data on protein expression in the testis is scarce due to
technological and methodical limitations. Until recently, proteomic
research on whole testis tissue of different species entailed 2-D gels and
subsequent mass spectrometry of excised protein spots. With this
technique, 232 proteins were identified in testes of D. melanogaster,
1,108 were identified in Drosophila sperm (in this case, by solubilizing
purified whole sperm in the presence of trypsin and directly introducing
the sample into the mass spectrometer, Dorus et al.; 2006; Wasbrough
et al. 2010; for a review, see Karr 2007), 447 were observed in pig testes
(Huang et al., 2005), 504 were identified in mouse testes (Zhu et al.,
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2006), 725 were found in human testes (Li et al., 2011), and 6,198 were
identified in human sperm (in 30 studies, summarized in Amaral et al.,
2014). Together, these proteomes provides a comprehensive reference
map for differentiated testis under normal conditions. However, the
number of proteins of Drosophila identified to date does not come close
to reflecting the number of genes that are transcribed during sperma-
togenesis. For example, over 2,000 genes are transcribed in spermato-
cytes, many for the first time in the life cycle (Lu and Fuller, 2015;
Theofel et al., 2014, 2017; White-Cooper and Davidson, 2011), and in a
random mutagenesis study (Wakimoto et al., 2004), mutation of at least
2,000 genes leads to male infertility. Furthermore, the proteomic da-
tasets of whole testis tissue provide only limited information about the
expression profiles of proteins at different developmental stages of germ
cells, which is needed to further broaden the understanding of the
process of spermatogenesis and to pinpoint the protein function to
specific cell types.

Several approaches have been used to generate mRNA expression
profiles specific to certain stages of spermatogenesis. Studies in mice
made use of the observation that at a given day after birth, certain germ
cell types are enriched in the testis (Schultz et al., 2003; Xiao et al.,
2008). An earlier transcriptomics study in fruit flies took advantage of
the almost chronological arrangement of the germ cells in the adult
testis, which could be divided into three regions enriched with mitotic,
meiotic or post-meiotic cells (Vibranovski et al., 2009). Furthermore,
isolated and enriched testicular cell populations were used to generate
genetic databases of rats and mice (http://mrg.genetics.washington.
edu/). These methods greatly facilitated the assignment of transcripts to
mitotic, meiotic, and post-meiotic stages of spermatogenesis and helped
to identify yet uncharacterized transcripts that likely encode factors
involved in spermatogenesis and fertility. Nevertheless, the proteins —
usually the final products of gene expression — are considered to be
more relevant markers for gene function. This becomes even more
obvious because mRNA levels do not necessarily predict protein ex-
pression, in particular during male germ cell development.

Spermatogenesis is one of the finest examples illustrating the im-
portance of post-transcriptional regulation of gene expression. A
common feature of mammalian and fly germ cell development is an
almost complete shut-down of transcription in post-meiotic stages. This
block of transcription occurs at the round spermatid stage in mammals,
and even earlier in flies, namely at the end of the primary spermatocyte
stage (for a review, see Rathke et al., 2014). Consequently, transcripts
whose products are needed in later stages of spermatogenesis have to be
translationally repressed (for a review, see Renkawitz-Pohl et al., 2005;
Rathke et al., 2014), and this leads to a clear discrepancy between the
transcriptome and the proteome of a certain stage. Many mRNAs are
translationally repressed for days until the late steps of sperm ma-
turation. Typical examples in Drosophila are proteins of sperm chro-
matin, which are deposited between 50 and 60 h after meiotic divisions
(Jayaramaiah and Renkawitz-Pohl (2005); Awe and Renkawitz-Pohl,
2010; Barckmann et al., 2013, Eren-Ghiani et al., 2015). Thus,

transcriptomic research has to be complemented by proteomic ap-
proaches to evaluate the function of genes in spermatogenesis. To date,
two studies in pigs and mice have aimed at identifying differentially
synthesized proteins in the developing testes (Huang et al., 2011; Paz
et al., 2006).

Today, proteomic approaches allow the rapid identification of
proteins in complex mixtures. Peptides are separated via liquid chro-
matography (LC), followed by tandem mass spectrometry (MS/MS).
With this approach, the human and mouse testis proteome was ex-
panded to over 5,000 proteins (Liu et al., 2013; Huttlin et al., 2010).
However, this approach has not yet been applied to the Drosophila
model organism of spermatogenesis. In this case, it needs to be con-
sidered that the fly testis contains fewer somatic cell types than the
mammalian testes.

In this study, we used single-shot proteomics to extend the number
of identified proteins in the Drosophila testis proteome and to in-
vestigate differential protein expression in the developing testis by
analysing larval, pupal and adult testis proteomes.

2. Material and methods

2.1. Fly stocks and maintenance

We used an H2 AvD-RFP; ProtamineB-eGFP double-transgenic
Drosophila melanogaster strain (Awe and Renkawitz-Pohl, 2010). Fly
strains CG2046f01807 (BL 18477), Df(3R)Exel6145, Df(3R)Exel7283 and
Df(3R)Exel7284 were obtained from the Bloomington Drosophila Stock
Center.

The fly strains were maintained at 25 °C on standard medium. Prior
to isolation of the testes for proteome analysis, the flies were cultured
for one generation on standard medium containing 0.003% tetracycline
to avoid Wolbachia sp. infection (Hoffmann and Turelli (1988)). Flies
were controlled by PCR for infection with Wolbachia sp. using wsp-
forward TGGTCCAATAAGTGATGAAGAAAC and wsp-reverse AAAAAT
TAAACGCTACTCCA primers (Zheng et al., 2011). Primers for Tpl94D
positive control were Tpl-RT-sen GAGTGCATCACGTGAATGGG and
Tpl-RT-as GCCACGCTGATCCGCATTC.

2.2. Isolation of testes for proteome analysis

We prepared three independent biological replicates of larval, pupal
and adult testes. For each proteome, we isolated 2,000 testes for each of
the three biological replicates. We prepared testes manually within one
week for each biological replicate. Testes were isolated from late
wandering 3rd instar larvae to reduce contamination with fat body
cells, from pupae at approximately 24 h after puparium formation
(APF), from pupae at approximately 48 h APF and from newly eclosed
flies. Isolated testes were placed in PBS containing protease inhibitor
cocktail (Roche) and stored on ice for the duration of the dissection.
Testes isolated from larvae, 24 h pupae and 48 h pupae were checked

Table 1
Predicted basic proteins expressed at a high level in Drosophila testes.

Gene pI
(predicted)

Molecular mass (kDa; predicted) Domain/motif
(predicted)

Transcript
level
in adult testes (Fly Atlas)

CG12860 9.76 36.6 Cysteine rich Very high
CG4691 10.38 30.8 Cysteine rich Very high
CG1988 10.48 60.2 Cysteine and lysine rich Very high
CG17377 8.45 18.6 - Very high
CG31542 8.63 21.2 - Very high
CG31907 9.82 49.0 Calponin homology domain, microtubule-associated protein Rp/EB,

CH domain superfamily
Very high

CG6332 10.60 40.5 Testicular haploid expressed repeat Very high
CG5089 10.48 51.7 - Very high
CG8701 9.66 27.6 Cysteine rich Very high
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for the absence or presence of ProtamineB-eGFP, which is characteristic
from 48 h APF onward, with a Zeiss Axio Observer Z1 inverted micro-
scope. The testes were carefully transferred to microcentrifuge tubes
and washed three times with PBS. The PBS supernatants were dis-
carded, and the testes samples were snap-frozen in liquid nitrogen and
stored at −80 °C until processing for one-dimensional SDS-PAGE (see
below). Three replicates of each testes stage were independently pre-
pared.

2.3. Preparation of protein extracts for mass spectrometry

The frozen testes pellets were thawed and solubilized in sample
buffer containing 4% SDS, 0.1M Tris-HCl (pH 7.6). After shaking for
5min at 95 °C, the samples were sonicated. The sonicated samples were
incubated with shaking for 5min at 95 °C and then centrifuged for
10min at 10,000 × g in a microcentrifuge at room temperature. The
supernatant was transferred to a new microcentrifuge tube. Protein
concentration was estimated using the DC protein assay (Bio-Rad).

2.4. One-dimensional SDS-PAGE

We analysed three biological replicates of each testes stage (in-
dependent testes preparation, protein extraction and proteomics). After
determination of the protein concentration, we set aside 40 μg of each
testes sample for mass spectrometry. For one-dimensional SDS-PAGE,
proteins were separated on a Novex NuPAGE 4–12% acrylamide gra-
dient gel (Invitrogen). Following electrophoresis, gels were fixed in
40% methanol/10% acetic acid for 10min and stained with the
Colloidal Blue staining kit by Invitrogen according to the manu-
facturer’s manual. The gel lanes were cut vertically and horizontally
into ten fractions. For subsequent mass spectrometry analysis, proteins
in the gel slices were proteolytically digested with trypsin. The resulting
tryptic peptides were extracted with acetonitrile, desalted and purified
using stop-and-go extraction (STAGE) tips (Rappsilber et al., 2003).

2.5. Protein identification by LC-mass spectrometry

Peptides were separated on an Easy nano-flow HPLC system
(Thermo Fisher Scientific) with a binary buffer (buffer A: 0.1% formic
acid or 0.5% acetic acid; buffer B: 80% acetonitrile, 0.1% formic acid or
0.5% acetic acid). This system was coupled to an Orbitrap- based mass
spectrometer via a nano-electrospray ionization source (Velos or
QExactive). Peptides were eluted from self-packed 20 cm (3 μm beads,
75 μm ID, Dr. Maisch Germany) or 50 cm (1.8 μm beads, 75 μm ID, Dr.
Maisch Germany) column by linearly increasing the relative amount of
buffer B from 7% to 38% within 40min and further increasing to 65%
buffer B within 10min, followed by 5min at 95% buffer B and then re-
equilibration for 5min to 5% buffer B. The column temperature was
kept constant at 50 °C using a self-built column oven.

MS spectra in a mass range of 350–1650 m/z were acquired using an
AGC target of 3E6 at a resolution of 70,000 at 200 m/z. The instrument
worked in data-dependent mode; the ten most intense peaks for frag-
mentation (HCD or CID) in a 100–1650 m/z mass range were isolated.
The AGC target was set to 5E5, combined with a resolution of 35,000 at
200 m/z, and the maximum injection time was set to 60ms.

2.6. Proteome dataset composition and analysis

The complete set of raw files was processed using MaxQuant
(1.5.3.8) and the implemented Andromeda search engine (Cox and
Mann, 2008; Cox et al., 2011). For protein assignment, ESI-MS/MS
fragmentation spectra were correlated to the UniProt fruit fly database
(Drosophila melanogaster, complete proteome, June 2017) as well as to a
list of contaminants. A maximum of two missed cleavages and a mass
tolerance of 4.5 ppm and 7 ppm were set for the first and main MS/MS
search, respectively. Carbamidomethyl at cysteine residues was defined

as a fixed modification, and oxidation at methionine and acetylation at
the N-terminus of proteins were set as variable modifications. A
minimum peptide length of seven amino acids was required for iden-
tification. For quantification, a minimum ratio count of 2 was selected.
The False discovery rate (FDR) was controlled to 0.01 using a target-
decoy approach at the peptide-spectrum-match and protein levels and
the implemented reverse algorithm. MaxQuant output text files were
filtered for contaminants and reverse entries. Gene ontology based on
Uniprot identifiers was annotated in Perseus software (Tyanova et al.,
2016a, Tyanova et al. (2016b) Data were visualized and analysed using
the in-house-developed software Instant Clue (www.instantclue.uni-
koeln.de, Nolte et al., 2018).

2.7. Protein extraction

Protein was extracted from adult Drosophila testes as described in
Leser et al. (2012).

For western blots, proteins were separated on 10% SDS-poly-
acrylamide gels following standard methods. Anti-CG2046 (dPSMG1)
antibody from rabbit was used at a dilution of 1:1,000, and anti-Actin
(Biomeda) was used at a dilution of 1:1,000 in 5% dry milk in Tris-
buffered saline with Tween (TBST). POD-conjugated anti-rabbit anti-
body was subsequently applied at a dilution of 1:5,000 (Jackson
Immunology). The Novex ECL chemiluminescent substrate reagent kit
(Invitrogen) was used to detect the signals according to the manu-
facturer’s recommendation.

2.8. Establishment of transgenic flies

We established fly constructs carrying CG31907-eGFP, CG5089-
eGFP, CG8701-eGFP and CG6332-eGFP. To do this, we PCR amplified
the corresponding genomic regions from 1045, 1066, 982 and 1145 bp
upstream of the translation initiation codon, respectively, until the last
codon; the sequence encoding eGFP was fused in-frame at the end of
each open reading frame. CG31907 and CG6332 were cloned into
pChapΔSalΔLacZ-eGFP, and transgenic flies were established by in-
jecting constructs into w1118 embryos. CG5089 and CG8701 were
cloned into pUAST-attB-rfa-eGFP using the Gateway system, and
transgenic flies were established by injecting constructs into Drosophila
stock 24749 (Bloomington Drosophila Stock Center).

2.9. Fertility tests

Batches of 20 flies were tested for fertility. Each adult male (0–1 day
old) was placed with three wild-type virgin females in a separate vial at
25 °C. After 6 days, the parental generation was removed. After 2
weeks, the number of vials with and without progeny was counted.

2.10. RT-PCR and in situ hybridization

RNA was isolated from 60 testes of adult males using TRIzol
(Invitrogen). Primers for CG6332 (dtheg) transcripts were as follows: 5′-
primers for amplifying a 274 bp fragment by RT-PCR were CG6332-
5 Fw (GGGGAGTCCATACTGAACAGAT) and CG6332-Rv (CCCACTTG
GGTTTGATCTCCT); 3′-primers for amplifying a 240 bp fragment by RT-
PCR were CG6332-Fw (GTGCGCGATAATGTCCACAT) and CG6332-3Rv
(GATATGCGTGTTCTCGAACTC). As a control, a 372-bp fragment of β3
tubulin transcripts was amplified (fw primer: ATCATTTCCGAGGAGC
ACGGC, rev primer: GCCCAGCGAGTGCGTCAATTG).

We verified the insertion of a PiggyBac element in CG2046 by PCR
on genomic DNA isolated from homozygous CG2046f01807 flies with
the primer pairs 2046 F L fw (CACCATGAGCTGTCCAGGATTTGG) and
pB5seq rev (CGCGCTAATTAGAAAGAGAGAG). The resulting PCR
fragment was sequenced to confirm that PiggyBac was inserted between
base pair 85 and base pair 86 of the open reading frame. DIG-labelled
antisense RNA probes were generated using the CG2046 open reading

S.M.K. Gärtner et al. European Journal of Cell Biology 98 (2019) 103–115

105

http://www.instantclue.uni-koeln.de
http://www.instantclue.uni-koeln.de


frame (without introns) cloned into pCR®II-TOPO® Vector (Invitrogen)
as template. Whole-mount adult testes were hybridized in situ according
to Morris et al. (2009).

2.11. Antibody generation and immunofluorescence

Antibodies were raised in rabbits against peptides of CG2046
(dPSMG1) CKPKVEFKSEDIQLYRDH), CG6332 (dTheg: CLAKPKKAPK-
VPKPDRGAGE) and CG1988 (Mst84B: CDTLSHRLDQPLRSAFLEDLEK-
RLNQR) (Pineda Antibody Service; http://www.pineda-abservice.de).
The affinity-purified antibodies were applied in immunofluorescence
stainings at the following dilutions: 1:1,000, anti-CG2046 (dPSMG1)
and antiCG6332 (dTheg); and 1:10,000 anti-CG1988 (Mst84B). Squash
preparations of testes, anti-histone, anti-ProtB (Doyen et al., 2013) and
secondary antibodies were used as described in Gärtner et al. (2015). F-
actin was visualized by rhodamine-phalloidin, and DNA was visualized
with Hoechst 33258 dye. Immunofluorescence was monitored using a
Zeiss AxioPlan2 microscope equipped with appropriate fluorescence
filters. Recorded images were processed with Adobe PhotoshopCS2.

2.12. Data availability

The mass spectrometry proteomics data have been deposited in the
ProteomeXchange Consortium via the PRIDE partner repository with
the dataset identifier PXD010627 (Vizcaino et al., 2016).

3. Results and Discussion

In Drosophila, spermatogenesis starts from a primordial primary
spermatogonium in early larval stages. This process continues unin-
terrupted throughout the life of the fly. The primary spermatogonia,
located at the anterior end of the testis tube, undergo four cycles of
mitotic divisions with incomplete cytokinesis to produce 16 primary
spermatocytes enclosed by two cyst cells. The unit of the germ cells and
cyst cells is called a cyst. After the meiotic divisions, each cyst contains
64 haploid spermatids that undergo dramatic morphological changes
during spermiogenesis, which leads to the formation of mature sperm
(Fuller et al., 1993). The appearance of new cell types at specific times
during development has to be accompanied by changes in the expres-
sion of proteins.

We comparatively studied the proteomes of larval, pupal and adult
testis, taking advantage of the known composition of cell types in the
different stages (Gärtner et al., 2014). Larval testes contain mainly
mitotic cells and cells in meiotic prophase (spermatogonia and sper-
matocytes). With progression of spermatogenesis, the testes gradually
become enriched with later germ-cell stages. Pupal testes at 24 h APF
are enriched in meiotic stages and early spermatid stages; the first
protamine-positive nuclei are visible in pupal testes at 36 h APF; at 48 h
APF several germ-line cysts with protamine-positive nuclei become
visible (Gärtner et al., 2014). Adult testes are enriched in post-meiotic
stages (late spermatids and spermatids ready for individualization with
their long flagella). Besides germ cells and cyst cells, Drosophila testes
also contain a thin sheath of pigment cells throughout their develop-
ment. In larval testes, pigment cells enclose a single lumen almost en-
tirely filled with the developing germ cells. Nascent myotubes start to
cover the testes from 36 h APF onwards, while the testes of adult flies
contain a tight sheath of mature muscles between the pigment cells and
the germ cells (Susic-Jung et al., 2012; Rothenbusch-Fender et al.,
2017). The formation of the muscle sheath is accompanied by differ-
entiation and growth of the testis from an ovoid-shaped organ in larvae
to the coiled tubular shape of the testes in adult flies (Fig. 1).

Comprehensive proteome analysis of larval, pupal and adult testes of
Drosophila by LC-MS/MS.

We used wild-type Drosophila grown on medium containing tetra-
cycline to inhibit growth of Wolbachia sp., a bacterium that infects germ
cells and might inhibit spermatogenesis (Zheng et al., 2011). The lack of

Wolbachia sp. DNA or transcripts was controlled by RT-PCR (Supple-
mentary Fig. 1). To unravel the stage-specific testes proteome signature,
we isolated larval testes (L3), pupal testes at 24 and 48 h APF, and adult
testes (Fig. 1). Proteins were separated by SDS-PAGE and digested in
the gel, followed by LC-MS/MS using an Orbitrap mass spectrometer
(Fig. 1).

We identified more than 6,000 protein more than 5,000 of which
were quantified in three replicates; this number of proteins greatly
expands the number of fruit fly testis proteins (232 proteins) identified
earlier (Takemori and Yamamoto, 2009). Quantification and identifi-
cation data as well as Flybase IDs and CG numbers are reported in the
Appendix. Technical reproducibility was assessed by determining the
Pearson correlation coefficient between all replicates (Supplementary
Fig. 2). We found an almost linear correlation between biological re-
plicates (r> 0.87); we visualized this correlation matrix using hier-
archical clustering. The clustering clearly separated biological re-
plicates of larval, pupal and adult testes from each other, which
indicated unique stage-specific proteomes. Protein signatures of 24 h
and 48 h APF pupal samples were separated by small distances, which
indicated that the technical variance of independent sample prepara-
tion was higher than the biological variance between the 24 h und 48 h
APF samples. We therefore combined the results of the 24 h and 48 h
APF pupal proteomes for each of the three independent biological re-
plicates used in the following analyses (Supplementary Fig. S2). Fur-
thermore, principal component analysis revealed a clear separation of
larval, pupal and adult proteomes, which indicated that the develop-
mental stages had unique proteomic expression profiles (Fig. 2A, Sup-
plementary Fig. 3 shows the hierarchical clustering).

We quantified 5,359 proteins in larval testes, 5,798 proteins in
pupal testes, and 5,738 proteins in adult testes, which indicated robust
sample preparation and instrument performance. In addition to the
class of proteins that were exclusively identified in larval (61), pupal
(77) and adult (214) testes, 4,905 proteins were present in all three
developmental stages (Fig. 2B; Supplementary Table 1). Moreover, 295
proteins were found— and thus enriched in the corresponding stages —
in both larval and pupal testes but not in adult testes, 537 proteins were
found in both pupal and adult testes but not in larval testes, and 82
proteins were found in both larval and adult testes but not in pupal
testes (Fig. 2B).

We found that our larval testes samples contained abundant pro-
teins known to be characteristic of Malpighian tubules or the larval fat
body. We reasoned that such proteins would not be enriched in the
pupal testes which are more easily dissected and separated from sur-
rounding organs. Toward eliminating contaminants from proteins ex-
pressed in spermatogenic cysts, we first compared larval and pupal
testes proteins and their corresponding transcripts as identified by
modENCODE. Besides eliminating contaminants, we enriched for pro-
teins relevant for stages before meiotic division by comparing the larval
and pupal testes proteomes (Supplementary Table 2). We identified 294
such proteins present in both the larval and pupal testes proteomes and
compared them to their transcripts identified by RNA-seq data
(modENCODE, Flybase). Transcripts of these proteins were mostly
present in low to moderate amounts in the adult testes. We considered
that many of these proteins are relevant for stages before meiotic di-
visions, as larval testes contain stages from stem cells until shortly be-
fore meiotic division. Indeed, the identified proteins that were common
to larval and pupal testes included, e.g. Vers [Versatile; FBgn0011335,
relevant for male germ-line stem cell fate (Liu et al., 2016)] and Chinmo
[FBgn0086758, sexual identity of male germ-line cyst cells (Ma et al.,
2016; Grmai et al., 2018)]. We also identified numerous components of
the transcriptional machinery, such as members of the Mediator com-
plex (MED9, 11, 28, 24, 25). This is in agreement with the knowledge
that MED22 is expressed in spermatocytes and is essential for male
fertility; Lu and Fuller, 2016); and the transcriptional regulators tBRD-3
(FBgn0050417, Theofel et al., 2014), tPlus3 (FGgn0051703,
Hundertmark et al., unpublished results and Wuc (FBgn0033770 Wake-
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up-call, Doggett et al., 2011). We identified numerous proteins with
DNA- and RNA-binding potential (Supplementary Table 2). We identi-
fied known or predicted gamma tubulins, centromere-relevant proteins,
e.g. mei-S332, also known as Shugoshin (FBgn0002715, Nogueira et al.,
2014), sperm relevant proteins (Arama et al., 2003, 2007; Bader et al.,
2010) and microtubule-associated and spindle-relevant proteins, which
might be needed for either mitotic or meiotic cell division (Supple-
mentary Table 2).

In agreement with the high transcriptional activity during the 3.5
days of spermatocyte growth and translational activity throughout
spermatogenesis, we identified more than 6,000 proteins, many of
which are expressed in several tissues. Furthermore, the poly(A)
binding protein pAbp and the translational elongation factors
Efalpha48D and Ef2B were among the 20 most abundant proteins in
larval, pupal and adult testes. Exu, a protein that binds single-stranded
RNA, was particularly abundant in pupal testes. In addition, in pupal
and adult testis, tubulins were the second most abundant class of pro-
teins, which is consistent with the beginning of the growth of long
spermatid flagella in pupal testes. It is important to note that vertebrate
testes express high levels of structural proteins, including tubulins,
actins and histones (Martyniuk and Alvarez, 2012). Note that the ver-
tebrate testes contain more somatic cell types than Drosophila testes,
which might explain the high level of histones in vertebrate testes.

3.1. Identification of stage-specific proteins confirmed the specificity of the
testes proteomes of the different stages

The spermatocyte stage is the only stage in which Y-chromosomal
genes of Drosophila are transcribed (for a review, see Piergentili 2010).
We identified several proteins encoded by the Y-chromosome. Of these,
FDY (Flagrante delicto Y) is enriched in larval testes (Fig. 2C);
Carvavalho et al. (2015) showed the testes-specific expression of the
corresponding transcript. FDY is predicted to be a hyaluronan/RNA-
binding protein, but it is not known whether it is involved in tran-
scriptional or mRNA regulatory processes. Several proteins accumu-
lated from larval to adult stages (Fig. 2C). The Y chromosome is es-
sential for male fertility and encodes male fertility factors. WDY
(FBgn0267449), kl-2 (FBgn0001313), kl-3 (FBgn0267432) and kl-5
(Fbgn0267433) were enriched in the proteome of pupal and adult testes
(Fig. 2C). We predicted WDY, which contains a WD40 repeat domain,
based on expressed sequence tags; and it has been suggested that its
encoding gene is kl-1 (Vibranovski et al., 2008). The male fertility
factors encoded by the kl-2, kl-3 and kl-5 genes encode outer dynein
heavy chains of the axoneme (Goldstein et al., 1982; Gepner and Hays,
1993; for a review, see Carvalho et al., 2002). Thus, the abundance of
these proteins in pupal and adult testes correlates with the post-meiotic
assembly of the axoneme. The Y chromosome transcribes the Mst77Y
pseudogenes (Krsticevic et al., 2010; Krsticevic et al., 2015), and the
corresponding predicted proteins are very similar to Mst77 F, which is
an essential sperm chromatin protein (Jayaramaiah and Renkawitz-

Fig. 1. Experimental design for the identifica-
tion of proteins in Drosophila larval, pupal and
adult testes by LC-MS/MS. Larval, pupal and
adult testes of tetracycline-treated flies were
isolated. Blue, third instar larval testis (L3);
red, pupal testes at 24 h and 48 h APF; green,
adult testis. Corresponding protein extracts
were separated on SDS-polyacrylamide gels
and processed for mass spectrometric analysis.

Fig. 2. Proteome analysis of Drosophila testes at selected stages of development. (A) PCA score plot showing clear segregation between biological developmental
states. B) Venn diagram showing the overlap of quantified proteins between biological conditions. C) Point plot of proteins/genes encoded on the Y-chromosome. The
log2 LFQ intensities were Z-score transformed. Gene names are colour coded.
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Pohl (2005); Doyen et al., 2015, Kimura and Loppin, 2016). We de-
tected a new protein that corresponds to one of the Mst77Y transcripts,
Mst77Y-13 (FBgn0267491).

Mature sperm consist of a head with a length of ca.10 μm; the tail is
much longer, ca. 1.8mm (Fuller, 1993). Thus, we expected that the
abundant proteins are mainly part of the flagellum. Accordingly, the
outer dense fibre protein of the flagellum Mst98C (FBgn0002865; Ap-
pendix) is enriched in adult testes (Schäfer et al., 1993). However, also
proteins of the sperm head were enriched in adult proteomes, e.g.
Protamine B (FBgn0013301, Supplementary Fig. 1), encoded by
Mst35Bb. We identified another known sperm chromatin component,
Mst77 F (FBgn0086915, Appendix; Jayaramaiah and Renkawitz-Pohl
(2005). Also also the acetyl transferase Nejire was identified in all
stages, in agreement with its expression in nuclei of spermatocytes and
late expression in elongated spermatid nuclei (Hundertmark et al.,
2018). Furthermore, the detection of several myosin heavy chain iso-
forms (Mhc, FBgn0264695, Appendix) in adult testes reflects the pre-
sence of the fully developed muscle sheath of the mature organ (Susic-
Jung et al., 2012 and references therein).

3.2. Cellular and subcellular distribution of newly identified components of
nuclei and flagella

Significantly regulated proteins were identified by an analysis of
variance using an FDR < 5%, which resulted in approximately 1,850
proteins. Hierarchical clustering of this subset of proteins (Fig. 3A and
Supplement Fig. S3) defined eight clusters. To identify overrepresented
GO annotation terms in each cluster, we compared cluster specific GO
terms to the ones detected in the group of all proteins using a Fisher

exact test.. The adult proteome was enriched in components involved in
sperm individualization (Fig. 3B; Supplementary Table 3, Noguchi
et al., 2006; Fabrizio et al., 1998). By contrast, larval and pupal pro-
teomes were enriched in mRNA splicing components (Fig. 3C), in
agreement with the enrichment of transcriptionally active stages before
meiotic divisions. These data reflect the enrichment of the develop-
mental stages of male germ cells in the individual testes stages.

3.3. CG2046 is present at all stages of testis development and is essential for
male fertility

Before concentrating on proteins that are stage-specifically ex-
pressed, we analysed in more detail one uncharacterized protein (en-
coded by CG2046) that was detected in all stages. It has been predicted
that CG2046 (FBgn0037378, Fig. 4A, Supplementary Table1) encodes a
25.8 kDa protein; the C-terminal region contains the conserved pro-
teasome assembly chaperone 1 (PSMG1) sequence of mice (Flybase,
Gramates et al., 2017; InterPro, Jones et al., 2014). This chaperone in
mice binds to the proteasome (for a review, see Murata et al., 2009) and
is associated with a proteasome complex (Guruharsha et al., 2011). We
named the CG2046-encoded protein Drosophila Proteasome Assembly
Chaperone 1 (dPSMG1). We analysed a CG2046F01807 mutant bearing a
PiggyBac transposon insertion 85 bp downstream of the translation
initiation codon of dPsmg1 that thus interrupts the open reading frame
(Fig. 4B). Homozygous flies were viable. In testes of heterozygous
CG2046F01807 males, dPSMG1 transcripts were observed from the
spermatocyte stage until elongating spermatid stages (Fig. 4C), whereas
transcripts were barely detected in homozygous CG2046F01807 mutants
(Fig. 4D). We conclude that the P-element insertion largely leads to a

Fig. 3. Changes in the proteome during testis development. (A) log2 LFQ intensities of significantly regulated proteins (ANOVA - FDR < 5%) were Z-score
transformed and subjected to hierarchical clustering (Euclidean, complete method). Eight clusters were identified (rows) and enriched GO terms were identified using
a Fisher Extact test (FDR < 0.05). The complete list of enriched GO terms can be found in the Supplementary Fig. 1. (B–C) Colour coding of members of distinct to
clusters 2 and 5 in a line plot. Enriched GO terms are listed next to the plot.
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lack of dPSMG1 transcripts. We raised an antibody against a peptide of
dPCMG1. This antibody detected a protein of ca. 25 kDa (25.8 kDa
predicted, Flybase, Gramates et al., 2017). In agreement with the lack
of CG2046 transcripts, the CG2046 protein was not detected in im-
munoblots using protein extracts of CG2046 mutant testes (Fig. 4F;
actin loading control shown in Fig. 4E). Notably, our customized anti-
dPCMG1 antibody was suitable for immunoblot analysis, but im-
munofluorescence staining revealed no difference between CG2046
mutants and controls; thus, the antibody or the fixation procedure is not
suitable for standard immunofluorescence.

In testes of CG2046 mutants, the phenotype manifested very late
during spermiogenesis. We found no individualized sperm (compare
Fig. 4G and H), and cysts with elongated spermatids shortly before
individualization varied in phenotype; some nuclei were similar to
those of the wild type (Fig. 4H), some were doughnut shaped (Fig. 4I)

and some were bent at one end like a walking stick (Fig. 4J). We asked
whether protamines are deposited at the late canoe stage and whether
individualization complexes are formed. Protamine B (Fig. 4K′) and the
actin-rich individualization cones (visualized by phalloidin staining;
Fig. 4K′′; merged image in Fig. 4K′′′) were clearly present in homo-
zygous CG2046F01807 mutants. Protamine B was detected in homo-
zygous CG204601807 mutants (Fig. 4L′), but individualization cones
were not detected at the doughnut-shaped nuclei (Fig. 4L′′; merged
image in Fig. 4L′′′). However, we cannot exclude that this aberrant
nucleus form is generated after individualization. In accordance with
the strong post-meiotic phenotype, homozygous CG2046F01807 mutants
and CG2046F01807 in trans to the deletion Exel6145 (where CG2046 and
15 other genes are deleted) were male sterile (Fig. 4M). CG2046 F01807

in trans to other deletions excluding CG2046 were fertile, which in-
dicated that the sterility is due to disruption of the CG2046 gene and

Fig. 4. CG2046 encodes a predicted protea-
some assembly chaperone 1 in larval, pupal
and adult testes. (A) Presence of the CG2046
protein in the proteome of testes develop-
mental stages. (B) PiggyBac insertion in the
coding region of the first exon of CG2046 in
Drosophila fly line CG2046f01807 (Flybase,
Gramates et al., 2017). (C) Detection of
CG2046 transcripts (arrowhead) in the wild-
type germ line from spermatogonia to elon-
gated spermatids by in situ hybridization with
an antisense probe against CG2046. (D) Lack of
signal (arrowhead) in the male germ line of
homozygous CG2046f01807 mutants
(CG2046f01807-/-). (E) Western blot of proteins
from testes of wild type and homozygous
CG2046f01807 -/- males using anti-Actin. (F)
Western blot of proteins from testes of
(CG2046f01807+/-) and homozygous
CG2046f01807 -/- males using anti-CG2046. (G)
Nuclei of post-meiotic germ cell stages from
heterozygous CG2046f01807 males and (H)
homozygous CG2046f01807 males visualized by
Hoechst staining. (I) Elongated, ring-shaped
nuclei of spermatids in some cysts of homo-
zygous CG2046f01807 testes. (J) Elongated, bent
nuclei of spermatids in some cysts of homo-
zygous CG2046f01807 testes. (K–K′′′). Nuclei in
a cyst of heterozygous CG2046f01807 males; (K)
DNA visualized by Hoechst staining; (K′) Pro-
tamine B staining (green); (K′′) Phalloidin
staining of individualized actin cones (red);
(K′′′) merged image of K, K′ and K′′. (L–L′′′)
Misshaped spermatid nuclei of homozygous
CG204601807 mutants; (L) DNA visualized by
Hoechst staining; (L′) Protamine B staining
(green); (L′′) phalloidin staining of actin (red);
(L′′′) merged image of L, L′ and L′′. (M) Fertility
test of homozygous CG2046 f01807 mutant
males, wild-type males and males carrying the
CG2046 mutant allele in trans to a deficiency in
which CG2046 is deleted (Df(3R)Exel6145) or
not (Df(3R)Exel7283, 7284). The Y axis gives
the average number of progeny per male
(n=20 for each genotype). Asterisk marks the
hub. Scale bars, 5 μm.
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not to second hit events. Thus, we conclude that dPSGM1 is essential for
male fertility, and that this is manifested in the nuclear-shaping defects
and arrest at the individualization stage.

3.4. Mst27D marks spermatid nuclei during nuclear shaping

We found CG31907 (FBgn0051907, Appendix) in the testes pro-
teome of pupal and adult males and strongly reduced in that of larval
males (Fig. 5A), which indicates a limited protein expression in post-
meiotic stages. As the gene is solely transcribed in males and localized
at 27D on polytene chromosomes, we named this gene Male specific
transcript 27D (Mst27D). It is predicted that Mst27D encodes a micro-
tubule-binding protein (Flybase, Gramates et al., 2017). Microtubules
are involved in many cellular structures during the development of
male germ cells. For example, microtubules are associated with the

formation of mitotic and meiotic spindles, centrosomes and axonemes,
and are involved in nuclear shaping of the sperm head (Fuller et al.,
1988). We constructed a gene encoding an Mst27D-eGFP fusion protein;
the established transgenic Drosophila strain showed a strong eGFP
signal shortly after meiotic divisions (Fig. 5B; arrow). In addition,
Mst27D-eGFP was clearly visible along round nuclei of spermatids
(Fig. 5B, arrowhead; D, arrow) and prominent during the stages of
nuclear elongation (Fig. 5B, arrowhead). We did not observe labelled
sperm nuclei in seminal vesicles (Fig. 5B). A closer inspection con-
firmed that the first clear presence of Mst27D-eGFP was along round
spermatid nuclei (Fig. 5D), and it accumulated on one side of the nu-
cleus of early elongating spermatids (Fig. 5E). Early and late canoe
stages (Fig. 5F, G) showed Mst27D-eGFP on one side of the elongated
nucleus, and Mst27D-eGFP was not detected when nuclei were fully
elongated (Fig. 5H). Microtubules play an essential role in nuclear

Fig. 5. Mst27D-eGFP (CG31907) is detected
close to nuclei during nuclear shaping. (A)
Presence of CG31907 (Mst27D) in the pro-
teome of testes developmental stages. (B)
Detection of Mst27D-eGFP combined with dif-
ferential interference contrast (DIC) image of
adult testes; arrow, shortly after meiosis; ar-
rowhead, close to nuclei of elongated sper-
matid; asterisk, testis hub; SV, seminal vesicle.
(C–H) Analysis of different stages of sperma-
togenesis in testes squash preparations; (C)
spermatocytes; (D) round nuclei; (E) oval nu-
clei; (F) early canoe stage nuclei; (G) late canoe
stage nuclei; (H) nuclei of elongated sperma-
tids. Blue, DNA visualized by Hoechst staining;
green, Mst27D-eGFP. Scale bars, 5 μm.
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shaping (Fuller et al., 1988). Furthermore, β2 tubulin (Tub85D,
FBgn0003889, Supplementary Fig. 1) is highly abundant, is a compo-
nent of the axoneme and is also essential for nuclear shaping (Fuller
et al., 1987; Rathke et al., 2010). Sperm-head shaping is also a feature
in mammals (for a review, see Wei and Yang, 2018). Mst27D is related
to the human microtubule-associated protein MAPRE1, which is a
member of the EB1 family proteins (Su and Qi, 2001). It remains to be
clarified whether MAPRE1 is characteristic for nuclear shaping in
mammals. In summary, we identified a protein, Mst27D, putatively
involved in nuclear shaping through interaction with microtubules.

3.5. Mst84B contains C-terminal lysine-rich regions and characterizes the
spermatid chromatin during the histone-to-protamine transition

We quantified CG1988 (FBgn0037464) in adult testes but not in
larval and pupal testes (Fig. 6A, Supplementary Fig. 1). The protein is
rich in cysteine and lysine, which results in a basic pI value of 10.48.
Such a high pI is typical for transition proteins and sperm-packaging
proteins. It contains multiple putative nuclear localization sites

(Fig. 6B), and we considered this protein as a potential candidate for a
post-meiotic chromosomal protein. CG1988 transcripts are limited to
males in adult stages; we named this protein Male specific transcript 84B
(Mst84B) (Flybase, Gramates et al., 2017). Mst84D protein was ex-
pressed in a dotted pattern over the spermatid chromatin during the
histone-to-protamine transition (Fig. 6C, D). The timing of Mst84B
protein expression overlapped with that of histones and the transition-
protein-like 94D (Tpl94D) in early canoe stage (Fig. 6C). Both Tpl94D
and Mst84B were also detected in the late canoe stage, while histones
were not detected (Fig. 6D). At this stage, the exchange of histones
starts with transient chromatin components, such as Tpl94D and dimers
of tHMG-1 and tHMG-2 (Gärtner et al., 2015) and ends with ProtA
(Mst35Ba, FBgn0013300), ProtB (Mst35Bb, FBgn0013301), Mst77 F
(FBgn0086915) and Prtl99C (FBgn0039707) (Eren-Ghiani et al., 2015).
Hence, the similar expression of Mst84B suggests that Mst84B is also a
transient component of chromatin during the transition from a histone-
based chromatin to a protamine-based chromatin (for a review on
chromatin dynamics during spermiogenesis, see Rathke et al., 2014).
This stage is characterized by multiple DNA breaks, (Rathke et al.,

Fig. 6. Mst84B (CG1988) is localized during histone-to-protamine transition. (A) Presence of Mst84B in the proteome of testes developmental stages. (B) Amino acid
sequence of Mst84B. Green, putative mitochondrial import signal; red underline, mitochondrial peptidase consensus sequence; purple underline, peptide used as
antigen for antibody generation; blue, putative nuclear localization signals. (C, D) Localization of Mst84D (red), Tpl94D-eGFP (green), and histones (white) in (C)
early and (D) late canoe stages. Scale bar, 5 μm.
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2007) which might facilitate the opening of the chromatin and thus the
release of histones, followed by the deposition of transition proteins and
protamines (for a review, see Rathke et al., 2014). The expression of
Mst84B coincided with DNA breaks, but the signals hardly co-localized
(Supplementary Fig. 4B, C). A P-element mutation results in a truncated
protein; flies homozygous for this mutation are fertile (Flybase,
Gramates et al., 2017). Mutants of Tpl94D were also fertile, as were
mutants that lost both tHMG-1 (CG7048) and tHMG-2 (CG7046), which
form a transient chromatin component dimer (Gärtner et al., 2015).
Thus, we propose that either transition-protein-like proteins are func-
tionally redundant or their loss is compensated by up-regulation of
related proteins, as has been suggested to occur at the transcriptional
level for HMGZ after loss of tHMG-1 and tHMG-2 (Gärtner et al., 2015).

In summary, the finding that Mst84B is an additional transition-
protein-like protein underscores the complexity of chromatin re-
organization during the histone-to-protamine transition.

3.6. In adult testes, CG5089-eGFP and CG8701-eGFP are detected in
elongated flagella

We exemplarily studied other small basic proteins that were solely
detected or showed a significant up-regulation in adult flies compared
to pupae and larvae (Fig. 7A), as this stage might be enriched in pro-
teins associated with flagella or sperm chromatin. For example, CG5089
(FBgn0034144) has the coding capacity for a basic protein (Table 1 and
Supplementary Fig. 1). We established transgenic Drosophila lines that
synthesize a CG5089-eGFP fusion protein. Pupal testes at 48 h APF
showed no GFP signal in elongated spermatids (Fig. 7B, arrow), in
agreement with the results obtained from the pupal proteome. In adult
testes, CG5089-eGFP was detected in some but not all bundles of fla-
gella (Fig. 7C, eGFP stained arrow head, unstained spermatids arrow),
and the nuclei of elongated spermatids showed no CG5089-eGFP signal
(Fig. 7D). Within a cyst, all flagella are unstained or stained.

We detected the cysteine-rich protein CG8701 (FBgn0033287) only
in the proteome of adult testes (Fig. 7A, Supplementary Fig. 1), as de-
scribed in Dorus et al. (2006) and Wasbrough et al. (2010), and the
tagged version of CG8701-eGFP protein was restricted to some cysts in
adult testes in which all flagella were GFP positive (Fig. 7E-G, arrow-
head: eGFP stained, arrow: unstained spermatids).

In conclusion, we identified three flagellar proteins that are syn-
thesized very late during spermiogenesis. These proteins are candidates
for outer dense fibre proteins that stabilize the flagella or for regulators

of sperm motility.

3.7. dTheg is a component of the flagellum and essential for male fertility

Another protein with a restricted and abundant expression in the
adult testes is CG6332 (FBgn0038921, Fig. 8A, Supplementary Fig. 1).
This protein is related to the Theg (testicular haploid expressed gene)
protein of mice, known as THEG in humans. We detected the char-
acteristic repeats of human THEG protein in the Drosophila protein
(Fig. 8B) and named this protein dTheg.

Earlier, Yanaka et al. (2000) observed abnormally elongated sper-
matids and spermatids lacking flagella in an insertional Theg mutant
mouse model, whereas Mannan et al. (2003) reported a nuclear loca-
lization of Theg in spermatids. However, the Theg knockout mouse
models demonstrated that Theg might be dispensible for mouse sper-
matogenesis. We established transgenic flies with a gene encoding the
fusion protein CG6332-eGFP. The GFP signal was detected in the fla-
gella of very late elongated spermatids and in the flagella of sperm in
the seminal vesicles (Supplementary Fig. 5B). We analysed the CG6332
minos insertion mutant Mi{ET1}CG6332MB01798 (Flybase, Gramates
et al., 2017), for which a C-terminal truncated protein (CG6223-ΔC,
236 aa instead of 353 aa) was predicted (Fig. 8B). We verified the
shorter transcript of Mi{ET1}CG6332MB01798 by RT-PCR. Primers that
amplified the 5′ region of the transcripts detected both the full-length
and truncated transcript (Fig. 8C), whereas the primers that amplified
the 3′ region only detected the full-length transcript (Fig. 8C). A specific
antibody raised against a dTheg epitope (anti-CG6332; Fig. 8B) re-
vealed the presence of dTheg in flagella of elongated spermatids
(Fig. 8E); DNA co-staining at higher magnification showed that the
nuclei are free of dTheg (Fig. 8F). Testes of homozygous Mi
{ET1}CG6332MB01798 mutants contained bundles of elongated sperma-
tids but lacked dTheg (Fig. 8E′), which indicated that the truncated
protein is unstable. Moreover, the loss of dTheg caused complete male
sterility (n=20). In agreement with the observed sterility, the seminal
vesicles lacked mature sperm (Fig. 8D). Thus, the Drosophila dTheg
protein is deposited during very late stages in the flagella, which sug-
gests a function during the formation of the mature flagellum. dTheg is
required for male fertility.

4. Concluding remarks

The stage-specific testes proteomes of Drosophila identified

Fig. 7. CG5089-eGFP and CG8701-eGFP are synthesized in flagella of late elongating spermatids. (A) Presence of CG5089 and CG8701 in the proteome of testes
developmental stages. (B, E) Lack of detection of (B) CG5089-eGFP and (E) CG8071-eGFP in pupal testes 48 h APF in differential interference contrast (DIC) images;
arrow, elongating unlabelled flagella. (C, F) Detection of (C) CG5089-eGFP and (F) CG8071-eGFP in adult testes in DIC image; arrowhead, late elongated spermatids;
arrow, other unlabelled spermatid bundles. (D, G) Detection of (D) CG5089-eGFP and (G) CG8701-eGFP in adult testes squash preparations; blue, DAPI staining of
nuclei; arrowhead, eGFP-labelled flagella. Scale bars, 10 μm.
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hundreds of proteins that are enriched before meiotic divisions (larval
proteome), in round spermatids and spermatids during elongation of
nuclei and flagella (pupal proteome) and in late steps of spermiogen-
esis, such as protamine deposition and formation of outer dense fibres
(adult proteome). Our biological data of some of these proteins confirm
the results of proteome analysis (Table 2) and underscore the high
potential of testes proteome analysis for future studies of spermato-
genesis in Drosophila. Our comprehensive quantitative proteome study
of Drosophila sperm development represents a public repository and will
be of great value in the detailed study of sperm development in flies.
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Gene Protein Stage in which enriched in proteome Expression Essential for male fertility
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n.d. n.d.

CG1988 Mst84B Adult During histone-to-protamine transition no
CG17377 Adult n.d. n.d.
CG31542 Adult n.d. n.d.
CG31907 Mst27D Pupal, adult During nuclear shaping n.d.
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