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ATP synthase is required for male fertility and
germ cell maturation in Drosophila testes
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Abstract. Germ cell maturation is essential for synthase subunits were also examined and similar phenotypes

spermatogenesis and testis homeostasis. ATP synthase serves
significant roles in energy storage in germ cell survival and is
catalyzed by alterations in the mitochondrial membrane proton
concentration. The intrinsic cellular mechanisms governing
stem cell maturation remain largely unknown. In the present
study, in vivo RNA interference (RNAi) screening of major
ATP synthase subunits was performed, and the function of ATP
synthase for male fertility and spermatogenesis in Drosophila
was explored. A Upstream Activation Sequence/Gal4
transcription factor system was used to knock down gene
expression in specific cell types, and immunofluorescence
staining was conducted to assess the roles of ATP synthase
subunits in Drosophila testes. It was identified that knockdown
of ATP synthase resulted in male infertility and abnormal
spermatogenesis in Drosophila testes. In addition, knockdown
of the ATP synthase f§ subunit in germ cells resulted in defects
in male infertility and germ cell maturation, while the hub
and cyst cell populations were maintained. Other major ATP
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in Drosophila testes were identified. Taken together, the data
from the present study revealed that ATP synthase serves
important roles for male fertility during spermatogenesis by
regulating germ cell maturation in Drosophila testes.

Introduction

Drosophila is an excellent model organism for the study of
male fertility and spermatogenesis (1-3). Drosophila has a
short life cycle, distinct development stages, and a streamlined
genome with high levels of gene conservation, with certain
genes similar to those in humans (3). Furthermore, various
genetic tools and reagent resources for complex biological
processes are available in Drosophila (4,5).

The process of spermatogenesis is conserved between
Drosophila and humans (6,7). A number of genes including
Boule homolog, RNA binding protein and Deleted in
azoospermia have been identified to be involved in male
fertility, sharing similar phenotypes in Drosophila and
humans (8,9). Spermatogenesis in the adult Drosophila testis
involves germline stem cells, spermatogonia, spermatocytes,
spermatids and sperm (10). At the tip of the Drosophila testis,
a stem cell niche controls the maintenance and differentiation
of germline stem cells (GSCs) and cyst stem cells (CySCs)
by somatic hub cells. GSCs divide to generate two cell
types: A new stem cell and a gonialblast that proliferates and
differentiates into spermatocytes (7,11). Cyst cells provide a
microenvironment for germ cell proliferation, growth and
differentiation (6).

Adenosine 5'-triphosphate (ATP) synthase is an enzyme
complex that creates the energy storage molecule ATP, which
is commonly used to provide energy for the majority of tissues
and organisms (12,13). Mitochondrial ATP synthase has been
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identified in the mitochondrial inner membrane and is involved
in oxidative phosphorylation, catalyzing ATP synthesis via
a proton (H+) gradient (14,15). Mitochondrial defects due to
dysfunctional ATP synthase complexes in humans have been
demonstrated to cause neuromuscular disorders (16). The
ATP synthase complex typically contains at least 15 subunits
[a, A6L, b, c, d, e, f, g, oligomycin sensitivity-conferring
protein (OSCP), {6, a, f, v, d and €] that are divided among
two regions, F1 and FO. The F1 portion extends into the mito-
chondrial matrix, physically attaching in two ways to the FO
portion, which is embedded in the inner membrane, via the
F1 central stalk that allows rotation, and via the peripheral or
stator stalk, which stabilizes the complex (17).

In Drosophila, ATP is generated by two main approaches:
Glycolysis; and mitochondrial respiration. Mitochondrial
respiration is the most efficient source of ATP; therefore, the
ATP required for the growth of germ cells is primarily obtained
through mitochondrial respiration. Notably, certain studies
indicated that ATP synthase subunits were required for mito-
chondrial morphogenesis and germ cell development (18,19).
An additional study suggested that inhibiting ATP synthase
activity suppresses boar sperm motility (20). Mitochondrial
ferritin (FtMt), which is a highly expressed protein in the
testis, is a functional ferritin binding to mitochondria. FtMt
contributes to sperm epididymis maturation and to male
fertility, and the cauda epididymides of FtMt"~ mice have
been identified to exhibit decreased fertility (21). A previous
study on Drosophila ovaries demonstrated that ATP synthase
promoted the maturation of mitochondrial cristae during
differentiation through dimerization and specific upregulation
of the ATP synthase complex (22). However, the regulatory
function of other ATP synthase subunits in spermatogenesis in
the Drosophila testis remains unclear.

The Upstream Activation Sequence/Gal4 transcription
factor (UAS/Gal4) system-based RNA interference (RNA1)
silencing method has previously been used to analyze the
male biological reproductive process in Drosophila (23).
Different Gal4 drivers exhibit different expression levels
and patterns. The present study examined the role of ATP
synthase subunits in mediating the maturation and cell fate
of late-stage germ cells within the Drosophila testes. A total
of 2 Gal4 stocks were used to drive UAS-ATPsyn RNAi
expression in Drosophila testis. Nanos-Gal4 (Nos-Gal4)
has germ cell-specific expression, primarily in early stage
germ cells (24,25). The expression of bag of marbles-Gal4
(bam-Gal4) is restricted to transit-amplifying spermatogonia
(TA-spermatogonia) (25,26). The results suggested that ATP
synthase is required for male fertility and serves important
roles in maintaining germ cell differentiation and growth in
Drosophila testes; these data may provide novel insights for
the etiological diagnosis of male infertility.

Materials and methods

Fly strains. All flies were fed with standard corn meal food
at 25°C. Information about the alleles and transgenes used in
the present study are available either in FlyBase (www.flybase.
org) or as stated: Nos-Gal4 (4937; Bloomington Drosophila
Stock Center, Dept Biology, Indiana University, Bloomington,
IN, USA), bam-Gal4; A86/+ was a gift from Professor Dahua
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Chen (Institute of Zoology, Chinese Academy of Sciences,
Beijing, China) and has been described in a previous study (11).
All UAS-RNAI transgenic fly lines were obtained from The
TsingHua Fly Center (THFC; Beijing, China). Drosophila
melanogaster Canton-Special flies were used as the wild type
(WT) strain.

Fly crosses and male fertility test. Fly crosses and male fertility
tests were performed as described in our previous study (3).
Transgenic UAS-RNAi males were crossed with virgin
females carrying nos-Gal4 or bam-Gal4 drivers at 25°C. The
testis phenotype was analyzed by using F1 RNAi adult male
flies for immunofluorescence staining. Single male fertility
tests were performed using a single F1 RNAi adult male flies
enclosed for 3 days with three WT virgin females at room
temperature. All F1 RNAi adult male flies were analyzed at
48 h after hatching.

Immunofluorescence and antibodies. Fly testes were dissected
in 1X PBS and fixed at room temperature for 30 min in
4% paraformaldehyde. Following washing three times in 1X
PBS with 0.1% Triton X-100 (PBST) and blocking at room
temperature for 1 h in 5% bovine serum albumin (Sangon
Biotech, Shanghai, China) dissolved in 1XPBS, the samples
were incubated with primary antibodies overnight at 4°C.
Following washing three times for 10 min in 0.1% PBST, the
samples were then incubated for 1 h with secondary antibodies
(Alexa Fluor® 488 or Cy™ 3) at room temperature followed
by three washes in 0.1% PBST. Testes were then stained
with Hoechst 33342 (1.0 mg/ml; Invitrogen; Thermo Fisher
Scientific, Inc, Waltham, MA, USA) at room temperature for
5 min prior to mounting.

The antibodies used were as follows: Mouse anti-EYA
transcriptional coactivator and phosphatase 1 [Eya; 1:20;
eyalOH6; Developmental Studies Hybridoma Bank (DSHB),
Towa City, IA, USA]; rat anti-Drosophila E-cadherin homolog
(DE-cadherin; 1:20; DCAD2; DSHB); rabbit anti-DEAD-Box
helicase 4 (Vasa; 1:1000; cat. no. sc-30210; Santa Cruz
Biotechnology, Inc., Dallas, TX, USA). Secondary antibodies
conjugated to Alexa Fluor® 488-rabbit (cat. no. 711-545-152;
Jackson ImmunoResearch Laboratories, Inc., West Grove,
PA, USA) or Cy™ 3-mouse (cat. no. 715-165-150; Jackson
ImmunoResearch Laboratories, Inc.) were diluted at 1:1,000.

Bioinformatics analysis. Diagrams indicating the oxidative
phosphorylation process and distribution of the subunits of
ATP synthase were adopted from the Kyoto Encyclopedia
of Genes and Genomes Database (http:/www.kegg.jp). Gene
ontology (GO) analysis was performed, and clusters were
analyzed using the Database For Annotation, Visualization,
and Integrated Discovery (DAVID) Bioinformatics Database
(https://david.ncifcrf.gov/) (27,28). The data were evaluated for
statistical differences using the Benjamini-Hochberg method.

Statistical analysis. Experiments were repeated at least three
times. The fertility rate was evaluated for statistical differences
using one-way analysis of variance and Least Significance
Difference post-hoc test by SPSS software (v22; IBM Corp.,
Armonk, NY, USA). P<0.05 was considered to indicate a
statistically significant difference.



Bz sANDIDOS
w J PUBLICATIONS

MOLECULAR MEDICINE REPORTS 19: 1561-1570, 2019

1563

Figure 1. Structure of the WT testis in Drosophila. (A) Whole mount of the wild type testis by light microscope. Scale bar, 100 gm. (B) Complete immuno-
fluorescence image of the tip of the testis with stem cell niche, spermatogonial cells and spermatocytes, as labelled. Scale bar, 20 ym. (C) DNA (grey) staining
highlighted the area of spermatogonial cells. Scale bar, 20 ym. (D) Vasa (green) and (E) Eya (red) stained cells represented germ and cyst cells, respectively.
Scale bars, 20 ym. (F) Hub cells and cyst cells were stained by DE-cadherin (blue). Scale bar, 20 ym. Vasa, DEAD-Box helicase 4; Eya, EYA transcriptional

coactivator and phosphatase 1.

Results

Structure of the Drosophila testis. Drosophila has been
demonstrated to be an excellent model organism in which
to screen genes essential for male fertility. Adult Drosophila
testes contain spermatogonia, spermatocytes, spermatids
and sperm. In the present study, a whole mount of WT testis
was captured by light microscope (Fig. 1A). At the apical tip
of the Drosophila testis (Fig. 1B), the stem cell niche in the
Drosophila testis maintained the self-renewal and differentia-
tion capabilities of GSCs and CySCs. The results demonstrated
that spermatogonial cells, but not spermatocytes, were
extensively stained by Hoechst 33342 DNA dye (Fig. 1C).
Immunofluorescence staining with Vasa, Eya and DE-cad was
able to identify germ cells, cyst cells, and somatic hub and cyst
cells, respectively (Fig. 1D-F).

ATP synthase 8 subunit is required for male fertility. To
examine the function of the ATP synthase B subunit in
Drosophila testes, two independent ATP synthase § RNAi
lines (ATPsyn 3 RNAi-1 and ATPsyn 3 RNAIi-2) were selected
to evaluate the male fertility rate. In the nos>UAS-ATPsyn
B RNAI flies (Fig. 2A), numerous males [69.66% (n=89) for
ATPsyn 3 RNAi-1; 53.85% (n=78) for ATPsyn § RNAi-2]
were infertile compared with WT flies (3.30%; n=91). When
bam-Gal4 was used to knock down ATPsyn f§ expression
in 2- to 16-cell spermatogonia (Fig. 2B), it was identified
that a proportion of the resulting males [32.32% (n=99) for
ATPsyn B RNAi-1; 22.86% (n=105) for ATPsyn § RNAi-2]

were infertile. The results suggested that ATP synthase § was
essential for male fertility.

ATP synthase 5 subunit is essential for germ cell maturation.
To additionally explore the role of the ATP synthase 3 subunit,
the structure of the testis and changes in the expression pattern
were detected at the molecular level by immunofluorescence.
The Eya gene is required for the development of the
Drosophila compound eyes and organ morphogenesis (29,30).
A previous study has indicated that Eya is a protein with
nuclear localization that is expressed in mature cyst cells in
Drosophila testes (31). Eya was used as a positive marker for
cyst cells in the present study. Vasa usually functions as a
common marker label for germ cells.

Knockdown of the ATP synthase § subunit in early germ
cells resulted in a significant decrease in Vasa-positive germ
cells in spermatocytes in nos>ATPsyn 3 RNA1 testes [59.10%
of testes with defects in ATPsyn § RNAi-1 (n=22); 61.90% of
testes with defects in ATPsyn 3 RNAi-2 (n=21)] compared
with WT testes (n=32), but there was no significant differ-
ence in the number of GSCs and spermatogonia between the
knockdown and WT testes (Fig. 3A-C). Despite the dysfunc-
tion in germ cell maturation, hub and cyst cells were not
affected. These data suggest that loss of the ATP synthase
[ subunit may cause defects in the later stages of germ cell
maturation, but not affect the early stages of spermatogenesis
and somatic cells.

To additionally evaluate the biological function of the
ATP synthase 3 subunit, ATPsyn [3 was knocked down using
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Figure 2. Fertility rate of flies with ATP synthase § subunit knockdown. A total of two independent RNA lines of ATPsyn 3 (ATPsyn 3 RNAi-1 and ATPsyn 8
RNAI-2) were used. (A) The fertility rate of WT and nos>ATPsyn § RNAi males. (B) The fertility rate of WT and bam>ATPsyn § RNAi males. Data were
evaluated by one-way analysis of variance and Least Significant Difference post-hoc test. “P<0.05, “P<0.01 and ““P<0.001. WT, wild type; ATP, adenosine
5'-triphosphate; RNAi, RNA interference; ATPsyn, ATP synthase; Nos, Nanos; Bam, bag of marbles.
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Figure 3. Knockdown of ATP synthase 3 subunit with nos-Gal4 and bam-Gal4. (A-C) Immunofluorescence of (A) WT, (B) nos>ATPsyn § RNAi-1 and
(C) nos>ATPsyn § RNAi-2 testes. (D-F) Immunofluorescence of (D) WT, (E) bam>ATPsyn (3 RNAi-1 and (F) bam>ATPsyn [ RNAi-2 testes. Representative
images of WT testes illustrate the tip of the testis with hub cells, GSCs, CySCs, differentiated germ cells and mature cyst cells. Germ, cyst, and undifferentiated
germ cells were stained to detect Vasa (green stain), Eya (red stain), and DNA (blue stain). Areas enclosed by white lines represent regions of germ cells
with maintenance defects. Scale bars, 20 yum WT, wild type; ATP, adenosine 5'-triphosphate; ATPsyn, ATP synthase; Nos, Nanos; Bam, bag of marbles;
RNAI, RNA interference; *, hub cells; Vasa, DEAD-Box helicase 4; Eya, EYA transcriptional coactivator and phosphatase 1.

bam-Gal4. The Bam protein is a key differentiation factor
in early germ cells, and it determines the differentiation
fate of spermatogonia and triggers spermatocyte develop-
ment (32,33). In bam>ATPsyn B RNAI testes [47.83% of
testes with defects in ATPsyn 3 RNAi-1 (n=23); 55.17% of
testes with defects in ATPsyn B RNAi-2 (n=29)], the sper-
matocytes partially disappeared, whereas the hub and cyst

cells remained (Fig. 3D-F). Knockdown of ATPsyn 3 driven
by bam-Gal4 was identified to exhibit a similar phenotype of
germ cell maturation defects.

Knockdown of major ATP synthase subunits causes partial
male infertility in Drosophila testes. In the present study,
the function of ATP synthase in Drosophila testis was
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Table I. ATPsyn RNA interference strains used in the screening process.
ATPsyn THFC no. BDSC no. TRIiP no. Annotation symbol Gene symbol Hairpin ID
b THU2903 28062 JF02899 CG8189 ATPsynB TR02373P.1
c THUO0360 35464 GL00390 CG1746 ATPsynC SHO1517.N2
d THU1424 33740 HMSO01078 CG6030 ATPsynD SHO1691.N
OSCP THO1379.N2 - - CG4307 ATPsynO SHO03719.N2
fo THO1666.N - - CG4412 ATPsynCF6 SHO04247.N
o THU2900 28059 JF02896 CG3612 ATPsyn-a TR02362P.1
p-1 THU2798 27712 JF02792 CGl11154 ATPsyn-beta TR02374P.1
p-2 THU2896 28056 JF02892 CGl11154 ATPsyn-beta TR02347P.1
Y THU3092 28723 JF03150 CG7610 ATPsyn-gamma TRO02371P.1

ATP, adenosine 5'-triphosphate; THFC, TsingHua Fly Center; BDSC, Bloomington

sensitivity-conferring protein; TRiP, The Transgenic RNAi Project.

Drosophila Stock Center; OSCP, oligomycin
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Figure 4. Fertility rate of knockdown of major ATP synthase subunits. (A) The fertility rate of WT and major ATP synthase subunit RNAi knockout flies driven
by nos-Gal4. (B) The fertility rate of WT and major ATP synthase subunit RNAi knockouts driven by bam-Gal4. Data were evaluated by one-way analysis of
variance and Least Significant Difference post-hoc test. ‘P<0.05, “P<0.01 and ““P<0.001. ATP, adenosine 5'-triphosphate; ATPsyn, ATP synthase; Nos, Nanos;
Bam, bag of marbles; WT, wild type; RNAi, RNA interference; OSCP, oligomycin sensitivity-conferring protein; n.s., no statistical difference.

systematically analyzed. A total of 2 independent ATPsyn
RNAI lines were used and defects in germ cell maturation in
testes whose RNAi knockdown was driven by the combina-
tion of nos-Gal4 and bam-Gal4 were also identified, indicating
that the ATPsyn {3 subunit serves a key role in germ cell fate.
However, the function of other major ATP synthase subunits
remained uncharacterized.

To detect whether other ATP synthase subunits also served
significant roles in male fertility and germ cell mature in
testes, an in vivo RNAI screening assay was conducted using
a USA-Gal4 system. To additionally explore the function of
ATP synthase in testes, RNAI lines of ATP synthase subunits
from THFC were selected (Table I). The RNAI lines from the
THFC were from the same RNAI collection as the Transgenic
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Figure 5. Knockdown of major ATP synthase subunits in germ cells. (A-G) Immunofluorescence of ATPsyn RNA!I testes driven by nos-Gal4, including
(A) b, (B) c, (C) d, (D) f6, (E) a, (F) vy and (G) OSCP. (H-N) Immunofluorescence of ATPsyn subunits in RNAI testes driven by bam-Gal4, including (H) b,
D ec,d)d,(K) 6, (L) a, (M) y and (N) OSCP. Areas enclosed by white lines represent regions of germ cells with maintenance defects. Scale bars, 20 ym. ", hub
cells; ATP, adenosine 5'-triphosphate; ATPsyn, ATP synthase; Nos, Nanos; Bam, bag of marbles; WT, wild type; RNAi, RNA interference; OSCP, oligomycin
sensitivity-conferring protein; Vasa, DEAD-Box helicase 4; Eya, EYA transcriptional coactivator and phosphatase 1.

RNAI Project (34). Finally, the function of 8 of the 15 (53.3%)
major ATP synthase subunits, namely, ATPsyn b, ATPsyn c,
ATPsyn d, ATPsyn OSCP, ATPsyn f6, ATPsyn a, ATPsyn {3,
and ATPsyn y were screened for.

For the male fertility test, it was identified that the fertility
levels of the ATPsyn f6 RNAi and ATPsyn a RNAI strains,
driven by nos-Gal4, were partially affected (Fig. 4A; P<0.05).
In addition, males with ATPsyn b RNAi and ATPsyn a RNA,
driven by bam-Gal4. exhibited a decrease in the fertility rate
(Fig. 4B; P<0.05). These results demonstrated that defects in
sections of the ATP synthase subunits may affect male fertility
in Drosophila testes.

Knockdown of major ATP synthase subunits results in germ
cell maturation defects in Drosophila testes. When nos-Gal4
was used for screening, all the lines exhibited germ cell
maturation defects. These testes were stained with the germ
cell marker Vasa. In the majority of the ATPsyn RNA! testes,
early germ cells, including GSCs and TA-spermatogonia, were
Vasa-positive. In addition, certain spermatocytes in a number
of ATPsyn RNAI testes were Vasa-negative (8/15 in ATPsyn
b RNAI; 9/17 in ATPsyn ¢ RNAi; 6/19 in ATPsyn d RNA|,
10/25 in ATPsyn OSCP RNAi; 11/19 in ATPsyn f6 RNAI;
15/25 in ATPsyn a RNAI; and 13/27 in ATPsyn y RNAI).
ATPsyn RNAI testes were also stained with the somatic cyst

cell marker Eya, and all cells were identified to be positive
for Eya (Fig. SA-G). The results suggest that ATP synthase
does not affect the survival of GSCs and TA-spermatogonia.
However, ATP synthase may be vital for germ cell maturation.

Next, the ability of germ cell maturation in ATP
synthase-deficient testes, driven by bam-Gal4, was examined.
Similar germ cell maturation defects were identified in
bam>ATPsyn RNAIi testes: In 48.00% (12/25) ATPsyn
bRNAIi,29.17% (7/24) ATPsyn c RNAi,29.63% (8/27) ATPsyn
d RNAI, 44.00% (11/25) ATPsyn OSCP RNAi, 42.11% (8/19)
ATPsyn f6 RNAI, 31.82% (7/22) ATPsyn a RNAi and 47.80%
(11/23) ATPsyn y RNAI testes, some of the spermatocytes
were Vasa-negative, while the early germ cells and somatic
hub and cyst cells were not affected (Fig. SH-N). These data
indicate that the major ATP synthase subunits are key factors
for germ cell maturation.

ATP synthase Assembly and GO analysis. The roles of most
of the major ATP synthase subunits remain to be elucidated.
Analysis of the major ATP synthase subunits driven by
nos-Gal4 and bam-Gal4 indicated that ATP synthase subunits
may assemble into a complex and participate in germ cell
development via oxidative phosphorylation (Fig. 6A). In
the present study, 8 of the 15 major ATP synthase subunits
were examined, and were identified as being required
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Figure 6. Assembly of ATP synthase and GO analysis of ATP synthase subunits. (A) A Kyoto Encyclopedia of Genes and Genomes pathway map indicates that
ATP synthase assembles into a complex and is involved in the development of germ cells by oxidative phosphorylation. Electron transport through complexes
I-IV drives the extrusion of protons into the intermembrane space. The proton gradient generated is harnessed by the ATP synthase to drive the synthesis of
ATP. (B) The colored boxes indicate which ATP synthase components were screened. (C) Clusters identified by the Database For Annotation, Visualization,
and Integrated Discovery bioinformatics database indicate selected GO terms of genes identified in the ATP synthase screening process. ATP, adenosine

5'-triphosphate; GO, Gene Ontology.

for the maturation of germ cells during the later stages
(Fig. 6B). Cellular and cell cycle components required for
basic metabolism are generally thought to be expressed at
consistent levels throughout the development process. The
present study additionally conducted GO analysis of major
ATP synthase subunits using DAVID. The list of the top
functional annotations of ATP synthase contained oxidative
phosphorylation, proton transport, mitochondrion, and ATP
synthesis (P<0.05; Fig. 6C). The results from the present
study revealed that the mitochondrial ATP synthase serves
an important role in promoting the developmentally regulated
maturation of germ cells in Drosophila testis.

Discussion

The Drosophila testis provides an excellent model to study
spermatogenesis. Mitochondrial ATP synthase catalyzes ATP
synthesis and produces energy for germ cell development.
Mitochondria are widely expressed in germ cells and serve
key roles in male fertility and germ cell survival (35,36).

At present, only a few studies have analyzed the regulatory
network of ATP synthase in the testis (19,37,38). The present
study, using Drosophila as an in vivo model, systematically
analyzed a series of ATP synthase subunits and explored their
common regulation of germ cell maturation in the Drosophila
testis. Notably, it was identified that ATPsyn  is a regulatory
factor in germ cell maturation. Wen et al (39) demonstrated
that knockout of hpRNAT1 inhibited its target ATPsyn 3
in testes, and affected spermatogenesis and male fertility.
Notably, hpRNA1 mutant seminal vesicles exhibited a lower
density of sperm in the accessory gland and mild defection
of nuclear organization in the testis tail. The present study
primarily focused on male fertility and germ cell maturation.
Knockdown of ATPsyn p resulted in partial infertility and
caused germ cell maturation defects. It was also observed
that a small proportion of germ cells were able to undergo the
meiosis process and form sperm, which was consistent with
the data from Wen et al (39).

A previous study indicated that the ATP synthase served
to promote the maturation of mitochondrial cristae during
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differentiation through dimerization and specific upregula-
tion of the ATP synthase complex in Drosophila ovaries (22).
Proliferating cysts in ATP synthase knockdown models failed
to continue to differentiate and were unable to progress from
four- to eight-cell cysts in Drosophila ovaries, and they demon-
strated that mitochondrial ATP synthase serves a critical role
in stem cell differentiation process (22). Despite the fact that
germline stem cells are strictly controlled by stem cell niches
in both Drosophila testes and ovaries, gametogenesis in
Drosophila testes is quite different from that in ovaries. The
results from the present study demonstrated that knockdown of
ATP synthase subunits did not result in germ cell differentia-
tion defects, but affected germ cell maintenance in Drosophila
testes, indicating its critical role in spermatogenesis.

A previous study has demonstrated that the knotted
onions (knon) gene encodes a testis-specific paralog of
ATP synthase subunit d, and is required for the internal
structure of the nebenkern and its subsequent disassembly
and elongation. knon knockout mutants exhibited aber-
rant mitochondrial elongation during spermatogenesis and
faulty nebenkern morphology (19). Knockdown of the ATP
synthase subunits f6 and g in Drosophila testis revealed
a phenotype similar to that of knon mutants (19). In addi-
tion, ATP synthase subunit b has been demonstrated to be
essential for the growth, development and male fertility in
Caenorhabditis elegans (40). Deficiency of the ATP synthase
subunit b in testes was identified to disrupt nuclear bundles
during spermatogenesis and cause abnormal shaping and
spermatid elongation (40). Chen et al (41) demonstrated that
ubiquitous knockdown of ATP synthase subunit b resulted
in growth defects, and knockdown of ATP synthase subunit
b in testes caused infertility and abnormal spermatogenesis,
which was consistent with the data from the present study.
Nevertheless, Chen et al (41) only used one testis-associated
Gal4 for the knockdown of ATP synthase subunit b,
and primarily focused on the staining of testicle tail in
Drosophila. The present study additionally examined the
male fertility and testicular apex staining by two different
germ cell-associated Gal4s (nos-Gal4 and bam-Gal4), and
several markers to distinguish different cell types were also
used; it was identified that spermatocytes were Vasa-negative
in knockdown testes.

The present study described evidence associating germ
cell mature and cell survival to ATP synthase. The data
demonstrated the role of a cell biological process in germ cell
development, and these results contribute to the knowledge of
the role of ATP synthase in ATP production.

In a number of cell types, dimerization of ATP synthase
complexes with their axes at a certain angle is important
for determining the sharp positive curvature of the inner
mitochondrial membrane (19,42). It was hypothesized that
deficiency of ATP synthase subunits in Drosophila testis
may alter ATP synthase dimerization or affect the assembly
and stability of the ATP synthase complex in the inner mito-
chondrial membrane, blocking the delivery of energy, which
is essential for germ cell development. However, knockdown
of ATP synthase subunits in early germ cells did not affect
the survival of GSCs. It was hypothesized that GSCs in
Drosophila testes may obtain their energy through glycolysis
or the noncanonical approach.
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Future studies on ATP synthase subunits and other
members of the oxidative phosphorylation system may
explore their regulatory network and mechanism under-
lying the clustered regularly interspersed short palindromic
repeats (CRISPR) associated protein 9/CRISPR system in
Drosophila. Future studies should also examine the mutation
rate of ATP synthase subunits in patients with oligoastheno-
spermia. The data from the present study may assist to reveal
the mechanisms underlying male infertility and oligoasthe-
nospermia.
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