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Abstract
Autophagy is a conserved, lysosome-dependent catabolic process of eukaryotic cells which is involved in cellular differentia-
tion. Here, we studied its specific role in the differentiation of spermatogonial cells in the Drosophila testis. In the apical part 
of the Drosophila testis, there is a niche of germline stem cells (GSCs), which are connected to hub cells. Hub cells emit a 
ligand for bone morhphogenetic protein (BMP)-mediated signalling that represses Bam (bag of marbles) expression in GSCs 
to maintain them in an undifferentiated state. GSCs divide asymmetrically, and one of the daughter cells differentiates into 
a gonialblast, which eventually generates a cluster of spermatogonia (SG) by mitoses. Bam is active in SG, and defects in 
Bam function arrest these cells at mitosis. We show that BMP signalling represses autophagy in GSCs, but upregulates the 
process in SG. Inhibiting autophagy in SG results in an overproliferating phenotype similar to that caused by bam mutations. 
Furthermore, Bam deficiency leads to a failure in downstream mechanisms of the autophagic breakdown. These results sug-
gest that the BMP-Bam signalling axis regulates developmental autophagy in the Drosophila testis, and that acidic breakdown 
of cellular materials is required for spermatogonial differentiation.
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Introduction

Autophagy, also known as cellular self-digestion, is a highly 
conserved catabolic process of eukaryotic cells. Through 
degrading damaged and superfluous cellular materials 
(organelles and macromolecules), the autophagic process 
plays a fundamental role in cellular homeostasis and mac-
romolecule turnover. A specific type of autophagy is called 
macroautophagy (hereafter is referred to as autophagy) that 

is initiated by growing of a double-membraned structure. 
When this membrane formation becomes completed, a vesi-
cule called autophagosome is formed, which contains the 
sequestered cytoplasmic materials destined for degradation. 
The autophagosome then fuses with a lysosome to form an 
autolysosome, in which the enzymatic breakdown takes 
place by acidic hydrolases. Autophagy serves as a dynamic 
recycling system that provides building blocks and energy 
for cellular renovation and homeostasis (Parzych and Klion-
sky 2014).

Autophagy fulfills multiple roles in various cellular pro-
cesses, such as maintaining homeostasis, energy produc-
tion, and differentiation (Mizushima and Levine 2010). 
Autophagy has a significant importance in the differentia-
tion of germline stem cells (GSCs) as it maintains a balance 
between self-renewal and differentiation. Defects in this bal-
ance can lead to tumorigenesis and tissue hyperplasia, as 
well as tissue degeneration and cellular aging (Cheng et al. 
2011).

The early stage of spermatogenesis in the testis of 
the fruitfly Drosophila melanogaster represents a well-
establsihed model for studying the role of autophagy in 
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differentiation (de Cuevas and Mautnis 2011). There are two 
types of stem cells residing in the fly testis, germline stem 
cells (GSCs) and cyst stem cells (CySCs). These two specific 

stem cells are physically connected with a non-dividing 
stromal cell group, called hub. The hub serves as a niche 
to provide an adequate microenvironment for stems cells. 
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Hub cells supply important signals and cellular junction for 
these cells. Through distinct steps of asymmetric division 
of GSCs, one daughter cell preserves its stem cell identity, 
while the other differentiates into a gonialblast, which then 
forms spermatogonia (SG) through a series of mitosis (de 
Cuevas and Mautnis 2011). During the early stage of sper-
matogenesis, germ cells go through two cell fate changes. 
The first can be observed during the asymmetric division 
of GSCs, when the two daughter cells choose different cell 
fates. The second one takes place when SG enter into the 
meiotic stage (Fig. 1 A). There is a key importance in trans-
mitting signaling ligands originating from the hub toward 

stem cells, because these factors maintain stem cells in an 
undifferentiated state. These ligands activate signaling path-
ways such as JAK/STAT (Janus kinase/signal transducer and 
activator of transcription proteins) and BMP (bone morpho-
genetic protein). Defects in these signalling pathways often 
lead to a premature differentiation of stem cells (Dansereau 
and Lasko 2008).

BMP signaling functions in maintaining a balance 
between differentiation and self-renewal of the stem cell 
niche. In Drosophila, this pathway has three different 
ligands, which are encoded by the dpp (decapentaplegic), 
gbb (glass bottom boat) and scw (screw) genes (Bangi and 
Wharton 2006b). The ligands form a homo- or heterodimer, 
then activate the transmission of the signal through heter-
odimer receptors such as Type I Thickveins (Tkv) or Type II 
Punt (Pnt). Activated thickveins in turn phosphorilates Mad, 
a citoplasmic remote control, which leads to pMad forma-
tion. PMad forming a complex with Mad accumulates in 
the nucleus, modulating the expression of target genes (e.g., 
bam) through binding distinct sequence motifs (Hamarato-
glu et al. 2014). In the case of regulating bam transcription, 
transmission of the signal results in changes in stem cell 
fates. Signals determining stem cell fates can reach only 
those cells that establish a physical contact with hub (thus 
BMP signalling affects cells that are adjacent to hub). In the 
Drosophila testis, the dosage-dependent concentration and 
spatial distribution of BMP signaling have a critical role in 
preserving stem cell identity (Hayashi et al. 2009). BMP 
signaling can be modulated at several levels, including the 
expression and transmission of the ligands and receptors, 
through extracellular modulators, components of the extra-
cellular matrix, post-translational modifications of the Mad/
Med complex, and the target genes they regulate (Fig. 1 B) 
(Araujo et al. 2011). Modulating the activity of target genes 
can be performed by distinct mechanisms of derepression, 
silencing and direct activation. BMP signalling also shows a 
great importance in the self-renewal of GSCs. Specific BMP 
ligands, especially Dpp and Gbb, are secreted by both hub 
and CySCs. Thus, signal transmission can be activated only 
in GSCs (De Cuevas and Matunis 2011). BMP signalling 
emitted by the hub represses the differentiation factor Bam 
(bag of marbles) in GSCs. In SG, where BMP is switched 
off, Bam is activated (Fig. 1 B) (De Cuevas and Matunis 
2011). Bam forms a complex with Bgcn (Benign gonial cell 
neoplasm) and Tut (Tumorous testis). The complex initiati-
ates the proliferation of SG and promotes their differentia-
tion (Chen et al. 2014). It has been shown that the cell fate 
is determined by a critical treshold of Bam concentration 
(Insco et al. 2009, 2012). Bam and Tut levels reach the high-
est peak right before the last meiotic division, when they 
promote the activation of a spermatocyte differentiation pro-
gram (Fig. 1 C). In preserving the stemness fate, there is an 
inhibitory signal that serves as an obstacle to prevent cells 

Fig. 1   A Early Spermatogenesis of Drosophila: Two types of stem 
cell populations take part in spermatogenesis, which are located at 
the proximal site of the Drosophila testis in the germ chamber, also 
known as the germarium. They are anchored to a unique non-divid-
ing (post-mitotic) somatic cell population called hub. The stem cell 
populations consist of germ stem cells (GSCs) and cyst stem cells 
(CySCs). Asymmetric division of GSCs produces two daughter cells 
with different characteristics, one of them remains stem cell while 
the other differentiates further. This later one is called gonialblast 
(Gb), which goes through four mitotic divisions to produce a cluster 
of 16 spermatogonial cells (SG), which are connected to each other 
by cytoplasmic bridges. Cells of the cluster of 16 spermatogonial 
cells are called spermatocytes, which enter into the meiotic phase, in 
which they differentiate into sperms through several steps. Asymmet-
ric division of the other stem cell population, CySCs, provides a dif-
ferentiating daughter cell termed as the cyst cell (CC), two of which 
envelops a Gb, and later on during spermatogenesis, it surrounds the 
spermatogonial cluster by continuing to grow. B The BMP (Dpp/
Gbb) signaling pathway is responsible for maintaining GSCs and 
preserving them in an undifferentiated state. BMP proteins belong to 
the TGFβ (Transforming Growth Factor β) superfamily. Two distinct 
BMP ligands can be found in the germline of Drosophila, these are 
Dpp (decapentaplegic) and Gbb (glass bottom boat). Both of these 
ligands activate heterodimer receptors by forming homo- or heter-
odimers. Heterodimer receptors contain a Type I protein such as Sax 
(Saxophone) or Tkv (Thickveins), and the other component is Type 
II protein, like Pnt (Punt). Receptor activation leads to the phos-
phorylation of one of the citoplasmic remote control, for instance 
Mad (Mothers against dpp, ortholog of the mammalian co-Smads) 
becomes pMad. pMad then forms with Med (Medea, the ortholog of 
mammalian R-Smads) protein either a heterodimer or a heterotrimer 
in 2:1 ratio (Mad:Med), resulting in expressional changes of target 
genes. Among several mechanisms, this effect occurs by the repres-
sion of translation of the Bam differentiation-promotion factor. C and 
C’: The mechanism of the Bam complex and the expressional dis-
tribution of the members of the complex in early spermatogenesis. 
Activation of the BMP pathway in GSCs (also in the ovary of Dros-
ophila) leads to inhibition of the bam differentiation factor gene. As a 
result, Bam is inactive in GSCs, while in daughter cells, it differenti-
ates into SG, where the BMP pathway is inactive and Bam is active. 
Its expression increases progressively in SG. Upon Bam loss, the 
meiotic phase will not occur, SG remain in mitosis, resulting in larger 
cysts. This phenotype is known as bag of marbles. C’ Bam forms a 
complex with Bgcn and Tut. C) Expression of Tut is increased at the 
level of differentiation and displays a peak in the cluster of 16-cell-
SG, while the expression of Bgcn remains constant during early sper-
matogenesis. C’ The complex of Tut-Bam-Bgcn inhibits the expres-
sion of target genes, such as mei-P26, by binding 3’UTR of their 
mRNA

◂
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from undergoing differentiation. The level of the inhibitory 
signal decreases as Bam concentration becomes elevated. 
The accumulation of Bam in SG is stimulated by a TRIM-
NHL (TRIpartite Motif-NHL) tumor suppressor protein, 
Mei-P26, which is required for the differentiation of the 
GSC lineage (Insco et al. 2012). Tut binds preferentially to 
a long isoform of Mei-P26 3′UTR and is essential for the 
translational repression of a Mei-P26 reporter. Both Bam 
and Bgcn are RBPs (RNAi-binding proteins) that repress 
mei-P26 expression. A genetic analysis revealed that Tut, 
Bam and Bgcn are each required for repressing mei-P26 
and stimulating GSC differentiation. These proteins can be 
anchored to each other to form a complex, in which Bam 
holds Tut on the N-terminus and Bgcn on the C-terminus 
(Chen et al. 2014). Bam and Bgcn together form a nega-
tive feedback loop by connecting to the 3’UTR of Mei-P26, 
thereby inhibiting its translation. However, little is known 
about the mechanism by which the complex binds to mRNA 
(Li et al. 2013).

In the Drosophila ovary and testis, activation of BMP 
signaling in the GSCs results in the suppression of the Bam 
differentiation-promoting factor. bam downregulation can-
not be transmitted to the daughter cell that undergoes dif-
ferentiation into SG. Bam activity progressively increases 
as SG proliferate.

In the absence of Bam activity, SG cannot enter into 
the meiotic stage, resulting in overproliferation of unma-
ture germ cells being stucked in the mitotic phase. In this 
case, there is a distinct morphological characteristics of 
the testis which is known as the bag-of-marbles phenotype 
(Gönczy and DiNardo 1997). Ectopic expression of bam 
leads to the absence of GSCs in the niche. In this study, 
we asked whether and how autophagy is involved in SG 
differenciation.

Materials and Methods

Fly stocks and their maintenance

Flies were kept at 25 °C or 32 °C (in the case of bam overex-
pression) on normal fly cornmeal nutrient (Billes et al.2018). 
For maintenance of fruit fly strains and characterisations 
of the vital. Strains were ordered from Bloomington Dros-
ophila Stock Center (BDSC) or kindly provided by other 
researchers or generated and described by us earlier.

Isogenic w1118 (BDSC: 5905), Atg1-TRiP (BDSC: 
35,177, Kuhn et al., 2015), Atg2 -TRiP  (BDSC: 34,719, 
Bonfini et al. 2021), Atg5-TRiP  (BDSC: 34,899, Kuhn 
et al., 2015, Atg14-TRiP  (BDSC:40,858,Cunningham et al., 
2020), Atg16-TRiP (BDSC: 34,358, Palmer et al., 2020), 
Atg7Δ77, Atg7Δ14, Aut1/Atg3  10 (provided by Gábor Juhász-
Department of Anatomy, Cell- and Developmental Biology, 

Eötvös Loránd University, Budapest, Hungary, Juhász et al. 
2003), hs-bam (BDSC: 24,636, Lim et al., 2015), bam-TRiP 
(BDSC: 33,631, Teixeira et al., 2015), bamΔ86 (BDSC: 5427, 
McKearin and Ohlstein 1995), Df (3R)FFD-0089346/TM6C 
(BDSC: 27,402), tut -TRiP (BDSC: 36,752), bgcn-TRiP 
(BDSC: 36,636), mad -TRiP (BDSC: 35,648, Follansbee 
et al., 2017), tkv4 {neoFRT}40A (BDSC: 51,297), P{Ubi-
GFP.D}33 P{Ubi-GFP.D}38 P{neoFRT}40A (BDSC: 5189, 
Li et al., 2019),P{hsFLP}12, y1 w*; tkv4 P{neoFRT}40A/
CyO(BDSC: 51,297) and P{hsFLP}12, w*; FRT40A  (pro-
vided by Gábor Juhász-Department of Anatomy, Cell- and 
Developmental Biology, Eötvös Loránd University, Buda-
pest, Hungary), tkvQ253D.Nb (BDSC: 36,536, Blatt et al., 
2021), UAS-dpp  (BDSC: 1486, Follansbee et al., 2017), 
UAS-myr-GFP (BDSC: 32,199, Kondo et al., 2020). Bam-
Gal4, bab-Gal4 and Nanos-Gal4 (provided by Rita Sinka-
Department of Genetics, University of Szeged, Szeged, 
Hungary).

Vital dyes

LysoTracker Red (Life Technologies, L-7528, diluted in 
1:1000 ratio in PBS) was applied for staining acidic com-
partments. Nuclei were stained with 50  μg Hoechst in 
glycerol/PBS (4:1) cover solution. Adult testes were pre-
dissected in PBS, then 65 µl LysoTR dye was pipetted into 
the samples. Samples were incubated in LysoTR for 2.5 min 
in dark, then the dye was removed by rinsing with 100 µl 
PBS, washing with PBS for another two times for 2 min, 
after the last wash, testes were dissected entirely. 13,5 µl 
cover solution was applied.

Drug treatment

Flies were maintained on standard cornmeal-sugar agar 
medium. Animals were placed into vials containing treated 
medium (heat-treated yeast suspension) immediately after 
eclosion for a day. Bafilomycin dissolved in DMSO (Sigma, 
B1793, final concentration was 50 nM), and Wortmannin 
was used in 50 µM final volume (Sigma, W1628, diluted 
in DMSO). For control, the same volume DMSO without 
Bafilomycin and Wortmannin was used. Rapamycin (Sigma, 
R0395) was made at a concentration of 50 mM in 100% 
EtOH and added to medium to a final concentration of 
200 µM. Drugs were added to yeast suspension.

Immunohistochemistry

Samples were prefixed with 4% formaldehyde (solved in 
PBS) and washed three times (10 min) in PBS. Nuclei were 
stained with 50 μg Hoechst in glycerol/PBS (4:1) cover solu-
tion. During measurement, the same exposition time and 
magnification were used for all samples. After heatshock, 
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testes were pre-dissected in PBS, then immunostaining 
was conducted according to the paper of Dahmann (2008). 
Anti-Phospho-Thor/4E-BP- (1:200, rabbit, Cell Signaling 
Technology, 2855,) was applied. The following secondary 
antibody was used: anti-Rabbit Alexa Fluor 488 (1:500, Life 
Technologies, A 11008). Antibodies were diluted in block-
ing solution. Nuclei were stained by Hoechst (0.1 mg/ml, 
Molecular Probes, 33342).

Fluorescent microscopy

Fluorescent images were captured with a Zeiss Axioim-
ager Z2 upright microscope (with objectives Plan-NeoFl-
uar 10 × 0.3 NA, Plan-NeoFluar 40 ×0.75 NA and Plan-
Apochromat 63 × 1.4 NA) equipped with ApoTome, and a 
Nikon C2 confocal microscope (with objective 60 × Oil Plan 
APO VC NA = 1.45). AxioVision 4.82 and Jmage J 1.52c 
software were used to examine and evaluate data.

Electron microscopy

Adult flies were dissected in ice-cold PBS, and testes were 
fixed in a solution containing 2% formaldehyde, 0.5% glu-
taraldehyde, 3 mM CaCl2, and 1% sucrose in 0.1 M Na-
cacodylate (pH 7.4; 30 min at room temperature); postfixed 
in 0.5% osmium tetroxide (45 min at room temperature) and 
in half-saturated aqueous uranyl acetate (30 min at room 
temperature), then dehydrated in graded series of ethanol, 
embedded in Durcupan (Sigma, 44610-1EA). White accord-
ing to the manufacturer's instructions, and cured for 36 h at 
60 °C. Ultrathin sections were stained with lead citrate for 
5 min. Grids were analyzed in a JEOL JEM 1011 transmis-
sion electron microscope operating at 60 kV. Images were 
taken using an Olympus Morada 11 megapixel camera and 
iTEM software (Olympus). All reagents and materials used 
for electron microscopy were obtained from Sigma-Aldrich 
(Manzéger et al. 2021).

Western blot analysis

Western blot samples were prepared from 30 testes in 30 μl 
of Fly Lysis buffer and 30 μl 2×Laemmli buffer. 15 μl sam-
ples were run on 4–20% Mini-PROTEAN® TGX™ Gel 
and blotted onto Nitrocellulose Membrane (Kisker Biotech, 
40520100). After blocking with 3% Milk Powder (BioRad 
170-6404 /Blotting-Grade Blocker/), samples were dis-
solved in TBST, membranes were probed with anti-Tubulin 
(1:1000, mouse, Sigma T6199), anti-Ref(2)P/p62 (1:2000, 
rabbit gift of Gábor Juhász (Nagy et al. 2014), anti-Atg8a 
(1:2500, rabbit gift of Gábor Juhász), anti-P-S6k/Phosoho-
RPS6KB1 (1:500, mouse, Cell Signaling Technology, 9206), 
anti-Atg13 (1:5000, rat gift of Gábor Juhász (Nagy et al. 
2014), anti-mouse IgG alkaline phosphatase (1:1000, Sigma, 

A8438), anti-rat IgG alkaline phosphatase (1:1000, Sigma, 
A6066) and anti-rabbit IgG alkaline phosphatase (1:1000, 
Sigma, A3687) antibodies and developed by NBT-BCIP 
solution (Sigma, 72091).

Binding site analysis of Mad‑Med heterodimer 
transcriptional factor

Sequences of Atg5 genomic regions from the Drosophila 
genus were obtained from FLYBASE (www.​flyba​se.​com). 
Conserved Mad-Med binding sites (Gao et al. 2005) were 
identified by BLAST (http://​blast.​ncbi.​nlm.​nih.​gov/​Blast.​
cgi). Potential binding sites were aligned with ClustalW 
(http://​www.​ebi.​ac.​uk/​Tools/​msa/​clust​alw2/).

PCR experiments

Apical part of 30 pairs testes were dissected from adult 
males in PBS, collected in TRI Reagent® solution (Zymo 
Research, R2050-1–50), and homogenized. RNA isolation 
was done according to the Direct-zol™ RNA MiniPrep kit 
(Zymo Research, R2050) protocol, which also includes a 
DNAse treatment. Reverse transcription was performed 
using RevertAid First Strand cDNA Synthesis Kit (Thermo 
Fisher Scientific, K1621). The following primers were used 
in a semi-quantitative PCR analysis to amplify internal con-
trol: RpL32, forward 5ʹ-GCT AAG CTG TCG CAC AAA 
TGG-3ʹ and reverse 5ʹ-GTA GCC AAT GCC TAG CTT 
GTT C-3ʹ. For detection of bam forward 5ʹ-GGC GAT TGC 
TTA GAG CAC A-3ʹ and reverse 5ʹ-GGA AGC GCT CTA 
CTT TGG TG-3ʹ, Atg8a, forward 5ʹ- CAA TAC AAG GAG 
CAC GC-3ʹ and reverse 5ʹ-CGT GAT GTT CCT GGT ACA 
GGG A-3ʹ, Atg5 forward 5ʹ- GAC ATC CAA CCG CTC 
TGC-3ʹ reverse 5ʹ-TCG GCC AAA CTC TTC TTT TG-3ʹ.

Evaluation, statistics

The amount of autophagic structures in the fluorescence 
images was measured in the apical region. I defined a range 
(called apical region) within the peak of the testis and 55 µm 
from it. For statistical analysis of fluorescence microscopy, 
results were determined by using R Studio (Version 3.4.3). 
The distribution of samples (to decide normal or not) was 
tested with Lilliefors test. If it was normal, F-test was per-
formed to compare variances. In cases when variances were 
equal, for clonal results, two-samples t test was used, other-
wise one-sample t test was applied. For unequal variances 
was applied. In case of non-normal distribution, Mann-Whit-
ney U test was performed. The level of significance was indi-
cated as follows: *p < 0.05; **p < 0.01; ***p < 0.001. Gel 
images were analyzed by using ImageJ software. The inten-
sity of saturation of pixels was corrected to the housekeeping 

http://www.flybase.com
http://blast.ncbi.nlm.nih.gov/Blast.cgi
http://blast.ncbi.nlm.nih.gov/Blast.cgi
http://www.ebi.ac.uk/Tools/msa/clustalw2/
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control. Analysis of images taken of mCherry-Atg8a, Cath-
epsin-L and LysoTR-positive structures and amount of 
P-Thor was approached by using ImageJ program.

Results

Lack of lysosomal breakdown causes impairment 
in differentiation of SG cells and male fertility

Previous studies have shown that autophagy has an impor-
tant role in cellular differentiation (Zhang et al. 2019). This 
information promoted us to measure lysosomal degradation 
in undifferentiated GSCs and their descendant, differentiated 
SG. Autophagic structures were labeled by mCherry-Atg8a 
reporter, which presents all vesicles from the forming phago-
phore to autolysosome (Lőrincz et al. 2017) and we stained 
the hub cells with anti-FacIII (which antibody labels only 
hub cells). The results indicate that more autophagic struc-
tures can be found further from FacIII-positive hub cells, 

and hub cells contain more acidic structures than the neigh-
bor cells (Fig. 2 A). Visualized by electron microscopy, the 
appearance of hub cells is more dense (that might indicate 
the cytoplasm of the cell are more acidic) than the surround-
ing cells (Fig. S1 A). Staining with LysoTracker (LysoTR), 
which is a vital dye that marks lysosomes, late endosomes 
and autolysosomes (Manzéger et al. 2021), was applied 
to detect acidic compartments. Elevated activity of Bam 
was evident in SG, which are located farther from the hub 
(Chen et al. 2014). For this reason, the quantity of acidic and 
autophagic (mCherry-Atg8a) structures in cells expressing 
bam (through BamGal4-driven UAS-myr-GFP) is compared 
to the apical tip where BMP inhibits bam expression (Fig. 2 
B-C’). Cells showing bam expression contained substan-
tially more LysoTR- and mCherry-Atg8a-positive structures 
(Fig. 2 B’- C’). It is possible that the spatial distribution of 
autophagic structures is not even during the early spermato-
genesis. Together, autophagy is more active in differentiated 
cells than in undifferentiated GSCs. 

In further experiments, silencing of Atg genes was driven 
by three different Gal4 constructs, which had different 
expression patterns in the male germline, and male fertility 
was investigated. nanos-Gal4 is active only in GSCs and 
two-cell-gonialblasts (Gb), bam-Gal4 is expressed in both 
two-cell-Gb and 16-cell-SG, while bab-Gal4 is expressed in 
the entire germline (Fig. 1 D) (White-Cooper et al. 2012). 
Figure 2 D shows the expression pattern and intensity of 
these Gal4 strains. bab-Gal4 is expresssed in the entire 
germline, although its expression intensity is decreased as 
compared to the other two Gal4 sources. According to our 
results, silencing autophagy-related (Atg) and Vha16 (V-type 
proton ATP-ase 16 kDa proteolipid subunit) lysosomal pro-
ton pump genes by RNA-interference (TRiP) significantly 
decreased male fertility (Fig. 2 D’). Sterility was most evi-
dent in animals silenced by the Bam-Gal4 driver (Fig. 2 D’) 
in the case of Atg1-TRiP, Atg2-TRiP, Atg5-TRiP, Vha16-
TRiP, and Atg14-TRiP. Sterility in Atg7∆77/Atg7∆14 and 
Aut110(Atg3) loss-of-function mutants was also detectable 
(Fig. 2 D’’). Given the fact that silencing of Atg5 and Vha16 
through bam-Gal4, as well as Aut110, mutants showed the 
highly penetrant sterile phenotype, we assessed the impact 
of gene silencing on the testis morphology and compared it 
with the phenotype caused by Bam deficiency (bam-TRiP) 
(Fig. 2 E-E’). Downregulation of bam was previously shown 
to lead to a bag-of-marbles (BOM) phenotype, which refers 
to SG-clusters containing a large number of cells (Chen et al. 
2014). Cells within SG cannot enter into meiosis, rather they 
stucke at mitosis, resulting in large cysts. Beside Atg5, down-
regulation of Vha16 and a mutation in Aut1 also caused an 
abnormal morphology of the testis, in which BOM-like cysts 
could been distinguished (Fig. 2 E-E’). We labeled control 
and autophagy-deficient testes with anti-HTS labeling spec-
trosomes and we observed much more spectrosomes in Aut1 

Fig. 2   Autophagy is required for spermatogonial cells differentia-
tion. A The distribution of autophagy is not even in the testis: Its 
level is decreased in GSCs as compared to the hub cells and SG. 
Autophagic compartments, such as phagophore, autophagosome 
and autolysosomes, are marked with mCherry-Atg8a (red) staining 
and hub cells were stained with anti-FasIII (green). In testis, GSCs 
were marked with dashed lines, located around the hub, the level of 
autophagy is decreased as compared to the neighboring cells. Testis 
is also marked by dashed lines. B-C’ Autophagic activity increases 
during spermatogonial differentiation. Hub cells are rich in acidic 
compartments, however, LysoTR-positive staining can be observed 
in the surrounding cells at a significantly lower level. The amount of 
autophagic and acidic structures increases at the site of Bam expres-
sion in contrast with the stem cell zone located around the hub. The 
expression area of bamGal4 can be seen in green (UAS-myristilated-
Egfp-UAS-myr-GFP), star refers to the hub. B-B’ LysoTR refers to 
acidic compartments (in red). C–C’ Autophagic vesicles are marked 
with 3xmCherry-Atg8a (red). Bars represent ± S.D., *: P < 0.05; **: 
P < 0.01; ***: P < 0.001. For statistics, see the Materials and Meth-
ods. D-D’’ Atg genes are required for male fertility. Atg genes were 
silenced specifically in the germline, then animals were crossed with 
virgin females, and the fertility of males was tested. D To perform 
gene silencing, three different germline-specific Gal4 sources were 
used: nanosGal4 in the GSC and GB cells, bamGal4 in SG, and bab-
Gal4 in the complete testis. To attain the expression pattern of Gal4 
systems, UAS-myrGFP was applied. All images were taken with 
the same exposure time. D’ The table shows the fertility of males 
during Atg silencing in percentage. D’’ Autophagy mutants show 
decreased fertility in percentage. E-E’ Aberrant testis morphology in 
autophagy-deficient background. In case of silencing Atg genes, ani-
mals become highly sterile. Thus, Atg downregulation was repeated 
and the morphology of testes was examined. In addition, Aut1 
mutants were examined. E Autophagy deficient strains developed 
testes with aberrant morphology and decreased size. This phenotype, 
also known as bag of marbles, is observed in case of silencing bam. 
E’ The penetrance of morphological abnormalities is shown in per-
centage. F Anti-HTS was used to label spectrosomes (green). We 
observed much more spectrosomes in Aut1 mutant to the control. Cell 
nuclei were stained with Hoechst.
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mutant and Vha16 silenced samples compared to the con-
trol. These results also indicate that a partial inhibition of 
meiosis can occur in autophagy-deficient germline (Fig. 2 
F and Fig. S2 A).

Bafilomycin and wortmannin inhibit autophagy at dif-
ferent stages of the process. Bafilomycin suppresses vesicle 
fusion and lysosome acidification (Mauvezin et al. 2015), 
whereas wortmannin interferes with the Vps34 vesicle 
nucleation complex (Moskalev et al. 2010). We found that 
treating animals with bafilomycin and wortmannin similarly 
causes a BOM-like phenotype in the affected testis (Fig. S2 
B-B’). Based on these results, we conclude that autophagy 
is active in differentiating SG, and that defects in the process 
cause a BOM-like phenotype in testis morphology. The lat-
ter feature is a characteristics of mutant animals deficient in 
Bam function.

BMP signaling inhibits autophagy in GSCs

In germline cells, in which the BMP signaling pathway is 
active, autophagy was detected to operate at basal levels 
(Fig. 2 A-C’). This may raise the possibility that BMP sign-
aling can inhibit the autophagic processes in these cells. To 
address this issue, we first performed an in silico analysis of 
Atg genes and their upstream regulatory sequences to search 
for conserved binding sites of the Mad-Med transcription 
factors, effectors of BMP signaling. We found a potential 
Mad-Med binding site within the fifth intronic sequences of 

the Atg5 coding region (Fig. S3 A). Next, consistent with 
this finding, Atg5 expression was increased in testes down-
regulated for mad (mad-TRiP) and lowered in tkvQ253D.
Nb gain-of-function mutants (Fig. S3 B-C’). Based on these 
data, one can suppose that the expression of Atg5 is nega-
tively regulated by the BMP pathway. Further studies should 
reveal a direct interaction between Mad-Med and the Atg5-
specific binding element. Downregulation of mad, which 
represses BMP signaling, markedly increased transcript 
levels of both bam and Atg8a (Fig. S3 B). Indeed, in GSCs, 
bam activity was previously demonstrated to be under the 
control of BMP signaling (Kawase et al. 2004). However, 
we could identify no conserved Mad-Med binding site in the 
Atg8a locus. We suggest that repression of certain Atg genes 
in GSCs is achieved by a mechanism that is distinct from the 
transcriptional regulation of BMP signaling.

We also applied autophagy-related fluorescent mark-
ers, LysTR and mCherry-Atg8a (mCh-Atg8a), to test the 
regulatory effect of BMP signaling on autophagy (Fig. 3 
A-B’). In this set of experiments, we silenced the mad gene 
(mad-TRiP), overexpressed dpp ligand, and used a gain-of-
function tkvQ253D.Nb and loss-of-function tkv4alleles of tkv 
receptor. For these genetic interventions (in the case of USA- 
constructs), nanos-Gal4 was used which is expressed in both 
GSCs and Gbs. We found that the number of LysoTR- and 
mCh-Atg8a-positive structures increases in testes treated 
with mad-TRiP (Fig. 3 A-B’). In contrast, hyperactivation 
of BMP signaling by overexpressing tkvQ253D.Nb and dpp 
significantly decreased the number of autophagic structures 
(Fig. 3 A’ and B’). It is worth noting that ectopic expres-
sion of Dpp led to a BOM phenotype (Fig. S3 D). Clones 
cells were created by tkv4 loss-of-function mutants (Fig. 3 
C–C’), in which the amount of acidic compartments was 
determined. Homozygous tkv4 mutant cells (area at the tip 
of the testis, not in green-the clonal region contains both 
somatic and germline cells) displayed increased levels of 
LysoTR-positive structures, as compared with control (testes 
with no mutant clone cell were used as control). In this case, 
we detected no increase in the number of lysosomes and 
autolysosomes in the apical area of the testis. Similarly to 
previous cases (Fig. 2 A-B), a decreased number of LysoTR-
positive structures was detected at the apical site of these 
testes (Fig. 3 C). Connection between autophagy and BMP 
signaling was further analyzed by measuring p62 levels, 
which serves as an adaptor protein for autophagy. p62 is also 
degraded by autophagic breakdown, so its levels inversely 
correlate with autophagic activity. The fly ortholog of mam-
malian p62 is Ref(2)P (Nezis et al. 2008). The amount of 
Ref(2)P/p62 decreased in testes treated with mad-TRiP, 
while increased in the tkv Q253D.Nb gain-of-function genetic 
background (Fig. 3 D-D’). Taken together, BMP signaling 
appears to inhibit autophagy in GSCs, and this inhibition 

Fig. 3   The BMP pathway inhibits autophagy. A-B’ Ectopic activa-
tion of BMP signaling decreases the amount of autophagic and acidic 
compartments. The effect of BMP signaling on autophagy was inves-
tigated through the alteration of expression of the transcription factor 
mad, Type I receptor tkv and the ligand dpp. A-B For microscopic 
analysis of autophagy, A and LysoTracker Red (LysoTR – acidic 
components) B) and mCherry-Atg8a (phagophore, autophagosome 
and autolysosome) fluorescent markers were applied. The amount 
of acidic and autophagic compartments increased as compared to 
the control, as a result of mad downregulation (mad-TRiP). Gain-
of-function allele of tkv resulted in decreased levels of autophagy. 
UAS-transgenes were driven by nanosGal4. The same phenomenon 
was obtained by overexpressing dpp ligand. These testes show sig-
nificantly decreased amounts of LysoTR- and mCherry-Atg8a-posi-
tive compartments. In Dpp overexpressing animals, LysoTR-positive 
components were not detected. C–C’ The amount of acidic com-
partments are increased in tkv loss-of-function mutants. Amounts of 
LysoTR (red) increase in clonal cells (not green cells drawn around 
with dashed lines) of loss-of-function tkv mutant strains, as compared 
to control cells (green). Distribution of acidic structures was assessed 
in testes where control cells were not induced as control. Tkv mutant 
clonal cells show intense LysoTR staining at the apical site of the tes-
tis. D-D’ Ref(2)P/p62 is a substrate for autophagy. The quantity of 
the protein was determined by Western blot technique. D’ The level 
of p62 decreases in samples with reduced mad activity and increases 
in animals overexpressing the gain-of-function allele of tkv. αTub84B 
was used as an internal control. Bars represent ± S.D., *: P  < 0.05; 
**: P  < 0.01; ***: P  < 0.001. For statistics, see the Materials and 
Methods
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may be originated in part from the negative transcriptional 
regulation of Atg5. 

The bam differentiation factor enhances autophagy

The number of autophagic structures became elevated in the 
area where Bam is expressed as compared to the posterior 
stem cell niche zone (Fig. 2 B-C’). Furthermore, inhibi-
tion of Atg genes led to a BOM phenotype (Fig. 2 E-E’). 
BMP signaling blocks autophagy (Fig. 3) and is known to 
repress bam (Bangi et al. 2006). This prompted us to ask 
whether Bam influences autophagic activity. To this end, 
we overexpressed bam by a heat-shock promoter (hs-bam) 
and examined the effect of this intervention on autophagy 
(Fig. 4 A-C and Fig. S4 A-C). In case of bam overexpres-
sion, the number of LysoTR- and mChAtg8a-positive struc-
tures increased (Fig. 4 A-B’). We also examined whether 
these changes occur in the absence of hs-bam transgene. 
None of the markers showed alteration in this genetic back-
ground (thus our results are independent of heat shock) 
(Fig. S4 A-B’). So, an increase in the amount of autophagic 
structures was due to bam overexpression. We confirmed 
these results by performing a Western blot analysis, in which 
p62 and Atg8a protein levels were determined in control vs. 
bam-overexpressing genetic backgrounds (Fig. 4 C and Fig. 
S4 C). p62 levels lowered when Bam was hyperactivated. 
This indicates an enhanced autophagic activation in testes 
with excessive Bam function. The level of Atg8a-I and -II 
isoforms increased during bam overexpression (Fig. 4 C). 
The ratio of Atg8a-I and -II was also different relative to 
each other contrary to control (where the level of Atg8a-
II was significantly higher than Atg8a-I). When Bam was 
hyperactivated, difference between the two Atg8a isoforms 
was decreased. Atg8a-II is anchored to the autophagic mem-
brane and serves as a substrate for autophagy, while Atg8a-
I is a soluble protein in the cytoplasm (Mizushima et al. 
2007). Decreased ratio of the two isoforms also refers to 

elevated autophagy. Downregulation of bam decreased the 
amount of lysosomal vesicles, but increased the number of 
autophagic structures (Fig. 4 D-E’). Elevation of Atg8a-II 
and p62 protein levels was demonstrated by a Western blot 
analysis (Fig. 4 F and Fig. S4 D). These results suggest that 
autophagy is inhibited after the stage of Atg8a lipidation, 
which can be caused by defects in vesicle fusion or acidic 
degradation. The effectivity of hs-bam and bam-TRiP con-
structs was determined by semi-quantitative PCR (Fig. S4 
E). These data showed that bam transcript levels elevate in 
testes with Bam hyperactivity, but lower in testes downregu-
lated for bam. Then, we assessed changes in Atg5 mRNA 
levels in these genetic backgrounds with semiquantitative-
PCR and found that Bam downregulates Atg5 (Fig. S4 E). 
While homozygous bam∆86 mutants are unviable, heterozy-
gous bam∆86 /Df(3R)FFD−0089346 mutants are viable (that sug-
gests the bam∆86 mutant flies contain a background mutation 
in a differentdifferent chromosomal position, which muta-
tion causes the lethal phenotype) and exhibit morphological 
abnormalities (Fig. S5 A). Similar to bam-TRiP animals, 
heterozygous bam∆86 /Df(3R)FFD−0089346 mutants contained 
fewer amounts of LysoTR-positive acidic compartments as 
compared to control (Fig. S5 B-B’). In electron microscope 
images, amphisomal structures are however accumulated in 
bam∆86 /Df(3R)FFD−0089346 mutants (Fig. S5 C-C’). Cath-
epsin-L is a lysosomal hydrolase, and its levels positively 
correlate with the amount of lysosomes and autolysosomes 
(McKearin and Ohlisten 1995). We found that the number 
of Cathepsin-L-positive vesicles greatly decreases in testes 
expressing bam-TRiP (Fig. 4 G-G’). In sum, Bam is capable 
of stimulating autophagy in the Drosophila testis. 

Bam regulates lysosomal breakdown 
through the Tut‑Bam‑Bgcn complex

The differentiation-promoting factor Bam functions in the 
Tut-Bam-Bgcn complex (Chen et al. 2014). Therefore, we 
next downregulated tut and bgcn and detected a BOM phe-
notype in the treated animals (Fig. S6 A). In these animals, 
the amount of LysoTR- and Cathepsin-L-positive struc-
tures was also decreased (Fig. S6 B-C’), whereas Ref(2)P/
p62 levels became significantly enhanced (Fig. 5 A-A’). In 
case of tut-TRiP, the amount of Atg8a-II-positive foci was 
heavily increased, too (Fig. 5 A). These results indicate that 
the Tut-Bam-Bgcn complex exerts its effect on autophagy 
after Atg8a lipidation. Electron microscopy was further 
applied to examine germline cells defective for Tut or Bam 
function. The analysis revealed numerous late endosomes 
(multivesicular bodies) and amphisomes, but not lysosomal 
compartments in the samples (Fig. 5 B and Fig. S6 D). Tut-
Bam-Bgcn deficiency is hence associated with impaired both 
autophagic and endocytic degradation. To decide whether 
vesicle fusion or lysosomal breakdown is compromised in 

Fig. 4   The differentiation-promoting factor Bam has an autophagy-
activating effect in the male germ line. A-B’. Due to the overexpres-
sion of bam, the measure of acidic (A-A’) and the mCherry-Atg8a-
positive (B-B’) structures was increased as compared to the control. 
C The amount of Ref(2)P/p62 and Atg8-II proteins was analyzed by 
Western blot. Downregulation of bam (for one day) decreases p62 
levels and increases Atg8a-II levels. Thus, Bam activates autophagy 
(A-C). D-E’) Bam downregulation lowers the amount of LysoTR-
positive compartments (bam-TRiP is driven by bamGal4) and 
increases the number of mCherry-Atg8a-positive particles (E-E’). 
F) Upon bam silencing, the amount of p62 and Atg8a-II proteins 
was increased. G-G’) In the germ line, the number of cathepsin-L-
positive structures (lysosomes and autolysosomes) is lowered in 
response to bam deficiency. These results suggest that Bam influences 
autophagy after Atg8a lipidation (at vesicle fusion or autolysoso-
mal degradation). Nuclei were stained by Hoechst (blue)Bars repre-
sent ± S.D., *: P < 0.05; **: P < 0.01; ***: P < 0.001. For statistics, 
see the Materials and Methods
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Fig. 5   Bam regulates lysosomal degradation in the germ line through 
its role in the Tut-Bam-Bgcn complex. A-A’ Genes encoding two 
members of the Bam complex, Tut and Bgcn, were silenced post-
transcriptionally. Downregulation increases p62 levels. B In the tes-
tis, bam and tut (downregulation of them caused a more severe phe-
notype than that of bgcn) functions were examined ultrastructurally 
by electron microscopy. Downregulation of these genes increases 
the number of amphisomes and multivesicular bodies in the sper-

matogonia, but not of acidic dense components (lysosomes and 
autolysosomes). Treatment was performed in Vha16-TRiP (vacu-
olar proton-ATPase) samples, in which large amphisomes and late 
endosomes (multivesicular bodies) accumulate. C Downregulation of 
tut increases the size, but not the number, of Rab5-positive endoso-
mal structures. Thus, the Tut-Bam-Bgcn complex plays a role in the 
acidification of lysosomes. Bars represent ± S.D., **: P < 0.01. For 
statistics, see the Materials and Methods
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these animals, we compared the phenotype of bam and tut 
deficiency with Vha16-RNAi and syx17LL mutants. Vha16 
deficiency leads to an abnormal pH within the lysosomal 
lumen (i.e., lysosomal hydrolases cannot function), whereas 
inactivating mutations in syx17 blocks the autophagosome-
lysosome fusion (Takáts et al. 2014). Accumulation of lys-
osomes and autophagosomes was noticed lacking Syx17 
(S.Fig. 6 D’). However, Vha16-TRiP resulted a phenotype 
similar to the silencing of tut and bam (Fig. 5 B). Thus, 
we could not detect lysosomes (next to the aphisomes and 
multivesicular bodies) in the absence of the Tut-Bam-Bgcn 
complex. Given the fact that, in addition to autophagy, the 
endocytotic degradation pathway is also affected, distribu-
tion of Rab5-positive structures was also examined in tut-
TRiP testes (Fig. 5 C–C’’). Rab5 indicates early endosomal 
vesicles (Wucherpfennig et al. 2003), the size of which is 
enlarged in testes lacking Tut function. This suggests that 
endosomal maturation is impaired in the Tut-Bam-Bgcn 
defectice testis. Therefore, the Tut-Bam-Bgcn complex 
affects both autophagy and endosomal degradation (heter-
ophagy) through regulating lysosomal breakdown. 

The Tut‑Bam‑Bgcn complex modulates with TORC1 
to control SG differentiation

The Atg1 autophagy induction complex can be activated by 
inhibiting TORC1 (Target Of Rapamycin kinase Complex 
1) (Alers et al. 2012). The inhibition of TORC1 promotes 
the hyperphosphorylation of Atg13 (p-Atg13), an integrant 
part of the complex (Chang and Neufeld 2009). TORC1 is 
localized to lysosomes when functioning (Li et al. 2019). In 
the case of prolonged activation of autophagy, TORC1 may 
also have a role in lysosome biogenesis. We were curious 
whether the Tut-Bam-Bgcn complex affects TORC1 activity. 
The phosphorylated state of Atg13, which occurs through 
S6k (phosphorylated ribosomal protein S6 kinase-P-S6k) 
and Thor/4E-BP1 (thor phosphorylated 4E (eIF4E)-binding 
protein 1/ P-Thor), indicates TORC1 activity (Wullschleger 
et al., 2006; Fischer et al., 2015). Level of P-Atg13 and 
P-S6k was examined by a subsequent Western blot analysis 
(Fig. 6 A and Fig. S7 A-A’). We found that P-Atg13 levels 
elevate, while P-S6k amounts decrease (under a detectable 
treshold) in bam- and tut-RNAi backgrounds (Fig. 6 A and 
Fig. S7 A’). However, we observed a decreased amount of 
P-Atg13 upon bam overexpression (Fig. S7 A-A’). Immun-
histochemistry was conducted to determine the distribution 
of phosphorylated Thor/4E-BP in the testis, and results 
showed a pattern similar to bam expression at the apical 
site of the testes (Fig. 6 B). Downregulation of bam and tut 
resulted in decresed levels of P-Thor in this organ (Fig. 6 
C-C’ and Fig. S7 B-B’). Based on these results, one can 
propose that the Tut-Bam-Bgcn complex is neccessary for 
the appropriate activity of TORC1 during spermatogenesis. 

We also examined whether TORC1 activity has a role in 
this differentiation paradigm. Tor downregulation led to tes-
tes with a BOM-like phenotype (penetrance 20/40) (Fig. 6 
D). We observed a similar phenotype (penetrance 9/28) in 
case of applying Rapamycin, a pharmacological inhibitor 
of TORC1 (Fig. S7 C). Finally, we compared autophagic 
activity between samples exposed to one-day-long and three-
day-long bam expression (Fig. 6 E-E’ and Fig. S7 D). While 
the one-day-long regimen enhanced autophagy, the three-
day-long treatment greatly increased the amount of Ref(2)
P/p62, i.e., it suppressed autophagy. Together, the Tut-Bam-
Bgcn complex is able to activate TORC1, which is in turn 
required for spermatogonial differentiation and promotes the 
meiotic program.

Discussion

Results presented in this study suggest that autophagy is 
required to early spermatogenesis in Drosophila (Fig. 1). 
Inhibition of autophagy caused male infertility and differen-
tiational defects similar to bam mutation: Cells were not able 
to enter meiosis, but continued mitosis, thus abnormal sized 
spermatogonia cysts were produced. In GSCs, as compared 
to SG that were differentiated from them, we managed to 
detect a more intense autophagy activity in the later cells. 
For this reason, it is plausible that autophagy is required for 
differentiation of SG (Fig. 1). (Zhao et al. 2018) examined 
the distribution of autophagy in the germline of Drosophila 
females and showed that autophagy was decreased in GSCs 
as compared to their descendants (cytoblasts and cysto-
cytes) (Zaho et al. 2018), similarly as it occurs in males. 
The connection between autophagy and differentiation is 
intensively studied previously. However, the accurate func-
tions of autophagy in this differentiation paradigm are still 
unknown. During metamorphosis of Drosophila, superflous 
larval tissues of pupae, such as fat body or salivary gland, 
are breakdown to transfer it into a mature imago. In this 
tissue degradation process, autophagy plays a critical role. 
Activation of Type I PI3 K (through activation of Ras, Akt 
or Dp110 – a type I PI3 K contact reaction subunit) inhibits 
the degradation of salivary gland in pupae.

During autophagy-dependent degradation of salivary 
gland, both Type I PI3 K and TORC1 are inhibited (Tracy 
and Baehrecke 2013). In Drosophila midgut, programmed 
cell death and a balance between the type I PI3 K path-
way and autophagy are crucial for normal development. 
The pathway is known to inhibit autophagy to adjust the 
timing of cell death (Denton et al. 2019). Mutations in Atg 
genes result in increased expression of PI3K and inhibition 
of developmental degradation in the midgut (Tracy and 
Baehrecke 2013). In nematodes (C. elegans), the maternal 
inheritance of mitochondria is a passive process, since the 
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paternal originated mitochondria are degraded by selective 
autophagy (Yang and Zhang 2014). In the fruitfly, contrary 
to larval tissues, imaginal primordia (they develop to form 
the organs of the imago) are not degraded during metamor-
phosis, however, differentiation of these tissues requires 
autophagy. During the development of the compound eye of 
Drosophila, an intense autophagic activity can be observed 
in the eye disks. Inhibition of autophagy results in impaired 
eye development (Billes et al. 2018). In this case, increased 
autophagy does not lead to cell death. Therefore, the role of 
developmental autophagy can vary depending on the origin 
of tissue.

Autophagy has a crucial role in maintaining stem cells 
and in their differentiation (Zhang et al. 2019). A decreased 
level of autophagy was detected in GSCs relative to SGs. 
The Gbb/BMP (BMP) pathway mediates GSC maintain-
ing (in part by inhibiting bam expression to maintain the 
stemness state) (Kawase et al. 2004). Here, we investigated 
the potential role of the BMP pathway in autophagy regu-
lation in the apical site of the germ line. According to our 
results, BMP signaling inhibits autophagy in this para-
digm (Fig. 3). In the degradation of Drosophila gut cells, 
autophagy plays a critical role; the lack of Dpp, which serves 
as a ligand for the BMP pathway, results in autophagy hiper-
activity and early cell death (Denton et al. 2019). Thus, the 
BMP signaling pathway also inhibits autophagy in larval 
midgut cells.

According to our understanding, the Tut-Bam-Bgcn 
complex activates autophagy during differentiation of SG 
(Fig. 5). Overexpression of Bam caused increased levels 
of autophagy, whereas inhibition of the Tut-Bam-Bgcn 
complex resulted in a significantly compromised degra-
dation of autophagic cargos (Figs. 4–5). It was previously 
shown in the Drosophila female germ line that lack of. In 

the present study, we demonstrated that inhibition of the 
Bam-Tut-Bgcn complex results in impaired lysosomal deg-
radation. Abundant autophagic and endosomal structures 
could be seen by fluorescent microscopy and ultrastructural 
assays, nevertheless lysosomes were missing from the cells 
(Figs. 4–5 and S.Figs. 4–6). Based on electron microscopic 
images of the female germ line, lysosomal degradation can 
be affected in the early oogenesis. In Bam deficient mutants, 
autophagosomes accumulate, however, autolysosomes and 
lysosomes are failed to be detected (Zaho et al. 2018). How-
ever, Gm114 is described as Bam orthologue in mice with 
a similar expression pattern, its function is not yet known 
(Tang et al 2008).

We also examined the potential connection between the 
Tut-Bam-Bgcn differentiation complex and lysosomal deg-
radation. To our surprise, inhibition of the differentiation 
complex intererred with TORC1 activity, which resulted 
in testes with an abnormal morphology being similarly to 
that found bam mutants (Fig. 6). It is known that TORC1 
blocks autophagy during differentiation of stem cells (Chen 
et al. 2008). In mammals, hematopoietic stem cells were 
shown to maintain their undifferentiated state only when 
autophagy is present. It was previously observed during 
differentiation of hematopoietic stem cells that the activity 
of mTOR increases (Chen et al. 2008; Owusu-Ansah and 
Banerjee 2009). Inhibition of mTORC1 enhances autophagy, 
which in turn blocks the differentiation of hematopoietic 
cells (Hoshii et al. 2012). However, TORC1 can induce long-
term (continuous starvation for 18–24 h) autophagy during 
starvation. Li et al. 2019 investigated the role of TORC1 
during long-term starvation in various model systems, such 
as larval fat bodies of Drosophila, mouse kidney, fish, bird 
and mammalian cells. During prolonged starvation, sustain-
ment of autophagy is mediated by periodical re-activation of 
TORC1. This activation of TORC1 includes stimulated vesi-
cle and tubule formation from autophagosomal membranes. 
These lysosomal lipid components later on generated new 
functional lysosomes, which were indispensable for high 
levels of autophagy (Li et al. 2019). Results presented here 
indicated that prolonged overexpression of Bam results in 
autophagy inhibition (Fig. 6). We hypothetize that periodic 
activity of TORC1 may have a similar effect on germ cell 
differentiation than that of long-term starvation. TORC1 
can enhance differentiation without modifying autophagy, 
because it also influences processes such as cell growth, 
proliferation, mitochondria production and cell migration 
(Serbus et al. 2015).

We suggest that autophagy is required for the differ-
entiation of germ line SG. Autophagy is under the regu-
lation of BMP signaling in germ line stem cells, while in 
SG (where BMP is inactive), the Tut-Bam-Bgcn complex 
induces autophagy. The Tut-Bam-Bgcn complex is nec-
essary for increased level of long-term autophagy during 

Fig. 6   The Tut-Bam-Bgcn complex regulates lysosomal degradation 
through activating TORC1. A Atg13, one of the member of the Atg1 
initiation complex, is hiperphosphorilated (p-Atg13) upon TORC1 
inhibition. p-Atg13 levels increase in testes deficient in bam and tut. 
Phosphorylation of the ribosomal protein S6k (p-S6k) is mediated 
by TORC1. BamGal4 driver was used for silencing. αTub84B was 
applied as an internal control. B The expression of Bam (by Bam-
Gal4-driven UAS-myr-GFP) was examined by anti-P-Thor/4EBP 
antibody staining (phosphorylation of Thor/4EBP is under the control 
of TORC1). The level of anti-P-Thor/4EBP shows a peak in the sper-
matocytes, and its spatial distribution is similar to Bam expression. 
C–C’ The amount of p-Thor/4EBP was significantly decreased com-
pared to the control. Bars represent ± S.D., **: P < 0.01. For statistics, 
see the Materials and Methods. D Morphology of the apical part of 
the testes is abnormal in animals downregulated for Tor which refers 
to damages in early spermatogenesis. Nuclei were stained by Hoe-
chst vital dye. E-E’ The amount of Ref(2)P/p62 decreases in samples 
overexpressing Bam for one day while increases in samples overex-
pressing Bam for three days. F Blocking the BMP signaling pathway 
makes possible the expression of Bam and activates both TORC1 
complex and autophagy
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differentiation. Presumably, that complex supplies new 
primordial lysosome vesicles (recycling of lysosomal 
membranes) for digestion. This long-term elevated level 
of autophagy is partly mediated by TORC1 (Fig. 6 F). 
Our results may help to understand regulatory differences 
between developmental (long-term) and stress-induced 
autophagy.

Conclusion

Here, we investigated the role of autophagy in the differenti-
ation of the male germ line. Our results show that autophagy 
is indispensable for the appropriate differentiation of diploid 
SG. We also found that in stem cells, autophagic breakdown 
is under the inhibition of the BAM signaling pathway, while 
in the stem cell daughters, the process is induced by BAM 
signaling. Bam is able to regulate acidic degradation and 
autophagy through activating TORC1.Thus, we explored a 
novel role for TORC1 in cellular differentiation.
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