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CELL BIOLOGY

The phagocytic cyst cells in Drosophila testis eliminate
germ cell progenitors via phagoptosis

Maayan Zohar-Fux', Aya Ben-Hamo-Arad’, Tal Arad’, Marina Volin', Boris Shklyar?,
Ketty Hakim-Mishnaevski', Lilach Porat-Kuperstein', Estee Kurant', Hila Toledano'*

Phagoptosis is a frequently occurring nonautonomous cell death pathway in which phagocytes eliminate viable
cells. While it is thought that phosphatidylserine (PS) “eat-me” signals on target cells initiate the process, the
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precise sequence of events is largely unknown. Here, we show that in Drosophila testes, progenitor germ cells
are spontaneously removed by neighboring cyst cells through phagoptosis. Using live imaging with multiple
markers, we demonstrate that cyst cell-derived early/late endosomes and lysosomes fused around live pro-
genitors to acidify them, before DNA fragmentation and substantial PS exposure on the germ cell surface. Further-
more, the phagocytic receptor Draper is expressed on cyst cell membranes and is necessary for phagoptosis.
Significantly, germ cell death is blocked by knockdown of either the endosomal component Rab5 or the lysosomal
associated protein Lamp1, within the cyst cells. These data ascribe an active role for phagocytic cyst cells in

removal of live germ cell progenitors.

INTRODUCTION

Programmed cell death (PCD) functions to remove surplus or dam-
aged cells throughout development and during tissue homeostasis
of adult organisms (1). There are several types of PCD, the most
commonly studied of which are apoptosis, autophagy-dependent
cell death, and programmed necrosis, all of which are regarded as
autonomous cell decisions to commit suicide. The resulting cell
debris or apoptotic bodies are removed by phagocytes that are re-
cruited to engulf the dead/dying cell, via recognition of “eat-me” sig-
nals, such as phosphatidylserine (PS), exposed on the cell surface.
Following engulfment, lysosomal activity is induced to degrade the
internalized content (2, 3). According to this paradigm, only dead
cells or cells doomed to die are eliminated by phagocytosis. However,
a newly identified type of PCD has been described, named phagop-
tosis, in which phagocytes engulf and degrade viable cells, thereby
leading to their elimination in a cell nonautonomous manner (4, 5).
By definition, inhibition of the phagocytic machinery within phago-
cytes prevents death of the target cells. Although relatively recently
recognized, phagoptosis is the most prevalent type of PCD in adult
tissues, as it mediates the continual removal of short-lived blood cells,
including erythrocytes (6) and neutrophils (7). Activation of neu-
trophils by pathogens is accompanied by PS exposure on the surface
of the activated but viable cells, leading to their phagoptosis. More-
over, old erythrocytes down-regulate CD47, which is expressed on
the surface of young cells and acts as a “don’t-eat-me” signal to
block phagoptosis (8). Hence, it was suggested that phagoptosis is
induced by the reversible exposure of PS or other eat-me signals, or
by the loss of don’t-eat-me protection signals, on the outer leaflet
of an otherwise viable cell. Challenging this premise, however, was
the finding that elevated expression of phagocytic receptors in adult
Drosophila glia or in the ovary was sufficient to induce phagoptosis
of live neurons and live germ cells, respectively (9, 10). It is not
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known whether phagocytes can induce phagoptosis without prior
signals from the target cells under homeostatic conditions.

In the mammalian testis, PCD occurs during early stages of transit-
amplified progenitors, before the cells reach terminal differentia-
tion. This generates a mass of cells that must be effectively removed
from the inner compartment of the testis (11, 12). In notable resem-
blance to mammals, as many as a quarter of the newly emerging
spermatogonia progenitors in the Drosophila testis are sponta-
neously eliminated by germ cell death (GCD) (12-14). As transit-
amplified progenitors develop and die as an interconnected “cyst”
comprising 2 to 16 germ cells, debris is often large and composed of
clumps of dying cells (15, 16). GCD markedly increases during pro-
longed protein starvation to provide nutrients and protect the ger-
mline stem cell (GSC) population. Under these stress conditions,
one of the two cyst cells that encapsulate the spermatogonia dies by
apoptosis, which then triggers GCD, whereas the other cyst cell clears
the resulting debris (17, 18). However, the mechanism of GCD under
homeostasis remains elusive. It is known that GCD does not involve
the classic apoptotic machinery, occurring in the absence of the
main apoptotic effector caspases and the apoptosome. GCD is asso-
ciated with chromatin condensation, chromosomal DNA fragmen-
tation, and high lysosomal activity (12). However, genetic screens
revealed no role for macroautophagy in GCD, even though lyso-
somes are activated.

In this study, we show that live progenitors die by phagoptosis,
during which neighboring cyst cells generate early and late endo-
somes and then lysosomes, which fuse around live spermatogonia,
leading first to acidification within the germ cells, followed later by
DNA fragmentation and degradation. Unexpectedly, lysosomal ac-
tivity is detected before PS exposure, which is only observed at later
stages of degradation. Blocking the phagocytic machinery within
cyst cells arrests GCD. We further show that the transmembrane
phagocytic receptor Draper (Drpr) (19), the Drosophila ortholog of
mammalian Jedi/LRP/MEGF10 (20, 21), is expressed in cyst cells
and is required to mediate phagoptosis of germ cell progenitors that
would otherwise have remained viable. Together, our research reveals
that phagocytic cyst cells execute germ cells in a cell nonautonomous
manner, which is critical for normal spermatogenesis.
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RESULTS

Lysosomal activity precedes DNA fragmentation in dying
germ cells

In nearly all adult Drosophila testes, one to several GCD events of
spermatogonia occur spontaneously at the apical tip (a schematic is
illustrated in Fig. 1A). To study the process of GCD and to deter-
mine the sequence of events, the combination of four immunofluo-
rescent markers was applied: (i) TUNEL (terminal deoxynucleotidyl
transferase-mediated deoxyuridine triphosphate nick end labeling)
to detect fragmented DNA in dying cells, (ii) LysoTracker to track
acidification within cellular compartments, namely, lysosomes, (iii)
anti-Vasa antibodies to mark live germ cells, and (iv) 4',6-diamidi-
no-2-phenylindole (DAPI) staining to visualize the nuclei. As ex-
pected, live germ cells marked with strong DAPI and Vasa staining
were detected at the apical tip. In addition, up to four distinct GCD
events were evident, likely representing distinct stages of GCD pro-
gression (n = 49; Fig. 1, B and C). Figure 1B shows one sample in
which all four GCD events were evident. In the first one, the
DNA was intact (strong DAPI and no TUNEL staining); however,
LysoTracker signal was observed. Vasa signal was detectable yet much
weaker compared with live germ cells (Fig. 1B and fig. S1A), con-
sistent with degradation of the cell’s protein content (17). At the
second stage, LysoTracker and weak TUNEL signals were detected,
and both increased in intensity at the third stage. At the fourth
stage, LysoTracker signal remained strong, but there was no longer
evidence of DNA (no DAPI). These data demonstrate that in GCD,
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lysosomal activity precedes DNA fragmentation (Fig. 1, B and C, and
fig. S1A). To verify this sequence of GCD progression, live imaging
was performed. During the live imaging (n = 4), the testes were
maintained in media containing low concentration of LysoTracker
and Hoechst to visualize in situ changes in lysosomal activity and
DNA, respectively. The cyst cells that surround the germ cells were
marked with cytoplasmic green fluorescent protein (cytGFP). At the
onset, LysoTracker-positive cells contained packed DNA of each of
the single germ cells that comprised the dying spermatogonia. As the
death process progressed, the chromatin disintegrated, mixed into one
bundle, and then degraded, supporting our findings that lysosomal
activity occurs before DNA fragmentation (Fig. 1D and movie S1).
According to the live imaging, DNA degradation takes an estimated
2 to 4 hours; however, the cell acidification that was detected by
LysoTracker before DNA disintegration was maintained much longer.
In addition, live and dying germ cell spermatogonia were surrounded
by cyst cells, marked by cytGFP, which often colocalized with
LysoTracker-positive debris (Fig. 1D and movie S1). On the basis of
this observation and on the finding that lysosomal activity is one of
the first events observed in GCD, we postulated that cyst cells may
phagoptose live germ cells.

Cyst cell-derived Lamp1 phagosomes are generated before
germ cell acidification

A key feature of phagoptosis is that it is a nonautonomous cell death.
Therefore, if cyst cells phagoptose germ cells, their phagocytic machinery

Stages of GCD

Fig. 1. Lysosomal activity precedes DNA fragmentation in dying germ cells. (A) Schematic representation of the apical tip of the testis (side view). GSCs (blue) inter-
mingle with cyst stem cells (CySCs; green) around the hub (gray). Spermatogonia germ cells (blue) are transit-amplified progenitor cells encapsulated by cyst cells (green).
About one-quarter of spermatogonia undergo GCD (red). The dashed line separates spermatogonia from terminally differentiated spermatocytes. The differentiation axis
(arrow) runs from the apical (stem cell niche) to the basal end (sperm maturation). (B) Representative wild-type testis (w1118, 2 days old, n = 49) immunostained for TUNEL
(green, fragmented DNA), DAPI (white, DNA), LysoTracker (red, lysosomal activity), and Vasa (blue, germ cells). Different combination of the markers appears in four stages
of GCD progression. Note the lysosomal activity at stage 1 without TUNEL and with Vasa staining. (C) Summary of the markers that appear in live germ cells and in the four
stages of GCD. (D) Snapshots of live-imaged testis, marked with LysoTracker (red), Hoechst (blue, nuclei), and GFP (cyst cells, c587Gal4;UAS-cytGFP). Time (hour:min) is
shown on the bottom middle of the images. Note rectangles and blown-up insets highlighting two adjacent GCD events, marked with yellow and white arrowheads.
White arrowheads mark GCD event that is completely degraded within a cyst cell within ~2 hours. Yellow arrowheads mark GCD event that begins after ~2 hours with the
onset of LysoTracker, depicting packed DNA in separate nuclei that are further involuted into one bundle. Arrows mark cyst cell containing LysoTracker-positive debris,
asterisks mark the hub, and scale bars correspond to 10 um.
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is expected to mediate the process. To assess this hypothesis, a GFP-
tagged form of Lampl (Lamp1l-GFP), one of the most abundant
lysosomal membrane proteins, was expressed in cyst cells (22). In
contrast to testes of control males (n = 16; fig. S2A), in Lamp1-GFP
flies, Lampl1 localized in a punctate pattern with Armadillo, a cyst
cell marker (n = 23; fig. S2B). Live imaging (n = 3) revealed Lamp1-
GFP-positive lysosomes within cyst cells incorporating into phago-
somes. Lampl-containing phagosomes were detected to form de novo
around spermatogonia germ cells, which gradually stained positive
with LysoTracker (Fig. 2A and movie S2). These results suggest that
the contents of lysosomes derived from cyst cells invade germ cells.
To assess the contribution of cyst cell-derived lysosomes to GCD,
RNA interference (RNAi)-mediated knockdown of lampl was in-
duced specifically within the cyst cells. Immunostaining the testes
with anti-Lampl antibodies (23) revealed a punctate expression
within cyst cells of control flies marked with cytGFP that was re-
duced in testes from lampI RNAI (Fig. 2, B and C). The knockdown
was further visualized by use of a Lamp1 biomarker, in which the
mCherry tag was inserted at its endogenous chromosomal locus (24),
thus marking Lampl expression in cyst cells (fig. S2C). Although
the RNAi construct only partially reduced mCherry levels (fig. S2, C
and D), it was sufficient to significantly reduce the volume of
LysoTracker or TUNEL-positive germ cells by 2.8- and 2.6-fold, re-
spectively (Fig. 2, D to G). Notably, although we found LysoTracker-
positive, TUNEL-negative debris (stage 1 of GCD) in control and
lamp RNAi genotypes, in none did we find TUNEL staining without
LysoTracker staining. These results indicate that death did not occur
in the absence of acidification (Fig. 2, D and E). Next, we measured
also the volume of live spermatogonia to determine whether germ
cells escaped from engulfment. Notably, compared with control, lamp1
RNAi did not affect the volume of live spermatogonia (Fig. 2H),
suggesting that, as expected, Lampl is required for acidification and
not for engulfment. Together, these results support a nonautonomous
role for cyst cells in phagoptosis of live germ cells.

Early and late endosome formation precedes GCD

During phagocytosis of apoptotic cells, Lamp1-containing vesicles
fuse with phagosomes to form phagolysosomes that target the inter-
nalized content for degradation. This occurs following phagosome
formation and fusion with early and late endosomes (25). As in ver-
tebrates, Rab5 and Rab7 are Ras-related guanosine triphosphatases
(GTPases) known to be associated with early and late endosomes,
respectively. To follow Rab5- and Rab7-containing endosomes during
GCD, yellow fluorescent protein (YFP) tags were inserted at their
endogenous chromosomal loci (26). Rab7-YFP colocalized with
Armadillo in cyst cells but also accumulated around dying germ
cells (Fig. 3A). Immunostaining the testes of Rab7-YFP-expressing
flies with Vasa revealed late endosomes around live germ cells before
Vasa degradation and DNA disintegration. The doomed spermatogonia
also showed very weak LysoTracker staining (Fig. 3B). Immunostaining
the testes of Rab7-YFP-expressing flies with another marker of
live germ cell progenitors Lamin Dm0 (Lamin) (27) showed its com-
plete degradation in TUNEL-positive debris (fig. S3A). However,
we observed Rab7-YFP phagosomes around live germ cell progeni-
tors expressing Lamin, in addition to strong DAPI but not TUNEL
staining, indicating that germ cells are engulfed alive before DNA
and protein degradation (fig. S3B). In addition, staining with Fei
Mao (FM4-64), a membrane styryl dye, confirmed that Rab7-YFP-
positive vesicles fused around LysoTracker-positive germ cells, which
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were engulfed within single cyst cells (fig. S4, A and B). Moreover,
live imaging (n = 3) revealed the presence of Rab7-YFP late endo-
somes surrounding germ cells, which progressively stained posi-
tive for LysoTracker (Fig. 3C and movie S3). Together, these results
demonstrate that single cyst cells engulf live spermatogonia.

Similarly, Rab5-YFP is expressed in cyst cells and forms vesicles
around dying germ cells (Fig. 4A). Immunostaining the testes of
Rab5-YFP-expressing flies with Lamin showed that Lamin was com-
pletely degraded in TUNEL-positive debris (fig. S5A). However, early
endosomes were generated around live germ cells before Lamin deg-
radation, DNA disintegration, and TUNEL signal (fig. S5B). Live
imaging (n = 3) of Rab5-YFP revealed the generation of early endo-
somes around germ cells that gradually filled with LysoTracker.
Although the LysoTracker signal was further enhanced, Rab5-YFP was
rapidly disintegrated (~30 min), suggesting that Rab5 was consecu-
tively replaced by Rab7 (Fig. 4B and movie S4).

To assess the contribution of cyst cell-derived endosomes to
GCD, temporal and regional gene expression targeting (TARGET)
system was used to induce RNAi-mediated knockdown of rab5 spe-
cifically in the cyst cells of adult flies (28). rab5 RNAi was previous-
ly shown to nonautonomously induce spermatogonia proliferation
and prevent differentiation after 5 days at the restrictive tempera-
ture [29°C; (29)]. Therefore, we examined testes from flies raised
only for 3 days at the restrictive temperature, before differentiation
defects are observed. Immunofluorescence staining with Vasa and
LysoTracker or TUNEL revealed that rab5 RNAi markedly reduced
GCD (Fig. 4, Cto F, and fig. S5, C to E). Quantification indicated a
10-fold decrease in the volume of LysoTracker- and TUNEL-positive
germ cells (Fig. 4E and fig. S5E). In addition, the volume of live
spermatogonia increased by 1.8-fold (Fig. 4F), which is probably due
to the nonautonomous effect of Rab5 on germ cell proliferation (29).
These data show that Rab5 is necessary for GCD induction, proving
the cell nonautonomous nature of the process.

PS exposure follows lysosomal activity

The most common eat-me signal that leads to phagoptosis is expo-
sure of PS on the cell surface of the live cell. To visualize the dynamics
of PS externalization on germ cell membranes in vivo, the secreted
PS-binding protein, annexin V (AV), was expressed as a superfolder
GFP fusion protein (AV-GFP), whose fluorescence remains stable
in the acidic environment of the lysosomes (30, 31). This reporter
successfully labeled exposed PS on apoptotic neurons of the central
nervous system when expressed in embryonic macrophages, used
as a positive control to confirm its secretion and diffusion within
the tissue to label remote apoptotic cells in a proven cell death con-
text (fig. S6A) (32). In a similar manner, AV-GFP was expressed in
the apical hub cells of the testes, to enable specificity of the signal
only to PS-exposing cells. The secreted AV-GFP can then diffuse
from the hub cells to the extracellular space surrounding the more
distant cyst and germ progenitor cells, where it can bind any ex-
posed PS (Fig. 5, A and B, and movie S5). Using live imaging (n = 6),
we were unable to detect AV-GFP on germ cells before lysosomal
activity (Fig. 5A). However, dying germ cells already marked with
LysoTracker revealed very weak AV-GFP staining, which was fur-
ther enhanced and accumulated for 4 hours along with GCD pro-
gression (Fig. 5B and movie S5). In contrast, AV(mut)-GFP, which
bears mutations that eliminate its ability to interact with PS (31, 33)
and serves as a negative control, did not label any germ cells (fig. S6,
B and C, and movie S6). The observed PS marking could indicate
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A Lamp1 phagosome formation precedes germ cell acidification
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Fig. 2. Cyst cell-derived Lamp1-containing lysosomes acidify germ cells. (A) Snapshots of live-imaged testis expressing Lamp1-GFP in cyst cells (green, c587Gal4;UAS-
lamp1-GFP) and marked with LysoTracker (red). Time (hour:min) is shown on the bottom right of the images. Bottom images (single-channel views of the boxed regions)
highlight Lamp1-GFP-positive phagosomes around two adjacent live spermatogonia (white arrowheads) that are gradually filled with LysoTracker. A phagosome (arrow)
containing LysoTracker-positive debris is faded away after ~5 hours, when debris is degraded. (B and C€) Immunofluorescence images of testes from control flies expressing
CytGFP in cyst cells [(B) c587Gal4;UAS-cytGFP] and a lamp1 RNAi transgene [(C) c587Gal4;UAS-cytGFP,UAS- lamp1 RNAI] stained for Lamp1 (red) and DAPI (blue). Bottom images
are high-magnification views of the boxed regions, highlighting Lamp1 expression in cyst cells of control [(B) arrowheads] and lamp1 RNAi (C). (D and E) Testes of control [(D)
¢587Gal4 outcrossed to w1118, n=48] and a lamp1 RNAi transgene expressed in cyst cells [(E) c587-Gal4,UAS- lamp1 RNAI, n =35] were stained for Vasa and Fas3 (blue, germ
and hub cells), TUNEL (green), LysoTracker (red), and DAPI (white). Bottom images (single-channel views of the boxed regions) highlighting GCD events at stage 1, positive
for LysoTracker and DAPI but negative for TUNEL (yellow arrowheads), or positive for LysoTracker and TUNEL and negative for DAPI (white arrowheads). (F to H) Quantification
of the volume of LysoTracker-positive germ cells (F), TUNEL-positive germ cells (G), and live spermatogonia cells (H) as measured with Imaris (control, blue dots; and lamp1
RNAI, red dots). Note the significant reduction in GCD in testes of lamp1 RNAi-expressing flies (F and G) and no significant change in spermatogonia volume (H). Statistical
significance was determined by a Mann-Whitney test, *P < 0.05, **P < 0.01. ns, not significant. Asterisks mark the hub, and scale bars correspond to 10 um.

Zohar-Fux et al., Sci. Adv. 8, eabm4937 (2022) 17 June 2022 40f 14



SCIENCE ADVANCES | RESEARCH ARTICLE

A

Rab7-YEP

‘Armadillo

o PR
Rab7-YFP

Rab7 is expressed in cyst cells

Fig. 3. Rab7-containing late endosomes appear before GCD. (A) Immunofluorescence images of testis from flies expressing YFP at endogenous chromosomal locus
of rab7 (green, Rab7-YFP) labeled with LysoTracker (red) and Armadillo (blue, cyst and hub cells). Arrow marks Rab7 expression in cyst cells. Arrowheads mark Rab7 ex-
pression around dying germ cells. (B) Immunofluorescence images of Rab7-YFP (green) testis labeled with LysoTracker (red), Vasa (blue, live germ cells), and DAPI (white).
Arrowhead marks Rab7-YFP phagosome around live germ cells expressing Vasa, and arrow marks germ cell debris with strong LysoTracker signal and no Vasa staining.
(€) Snapshots of live-imaged testis from Rab7-YFP (green) marked with LysoTracker (red). Time (hour:min) is shown on the bottom right of the images. Bottom images are
high-magnification views of the boxed regions, highlighting late endosomes (arrow) surrounding live germ cells that are gradually filled with LysoTracker. Asterisks mark

the hub, and scale bars correspond to 10 um.

late exposure on the outer leaflet of the germ cell membranes or
gradual loss of membrane integrity. In any event, PS exposure did not
mark germ cells before induction of GCD and thus cannot act as a clas-
sic eat-me signal, although we cannot rule out the possibility that
PS exposure below the detection level precedes lysosomal activity.

Cyst cell membranes penetrate into dying germ cells

Live imaging of cyst cells marked with cytGFP revealed their dy-
namic morphology as they stretch significantly to engulf the large
cluster of dying germ cells (see above; Fig. 1D and movie S1). To di-
rectly investigate the cyst cell membranes that mediate the inter-
action with germ cells, a membrane-targeted CD8-GFP (mGFP)
(34) was used. Unexpectedly, live imaging of mGFP (n = 3) with
LysoTracker and Hoechst revealed an active role for the cyst cell
membranes in DNA degradation of dying germ cells. At early stages

Zohar-Fux et al., Sci. Adv. 8, eabm4937 (2022) 17 June 2022

of GCD, when the DNA is still packed in single nuclei, cyst cell
membranes interact uniformly with the entire dying spermatogo-
nia. However, as GCD progresses and the chromatin involutes, the
membranes concentrate at DNA degradation domains (Fig. 6A and
movie S7). This observation suggests that cyst cell-derived trans-
membrane and associated proteins may be involved in germ cell
phagoptosis. In most of the imaged testes, blebs were detected
pinching off the dying germ cells. While the surfaces of these blebs
were positive for mGFP and LysoTracker, the inner content was
negative for these markers. Intriguingly, live imaging of AV-GFP
secreted from hub cells revealed AV-GFP within the LysoTracker-
free blebs (fig. S6D), suggesting that phospholipids of the dying germ
cells are transported to the cyst cells during GCD via these vesicles,
which may serve as a transport mechanism to recycle components
of the dying germ cells.
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A Rab5 is expressed in cyst cells
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Fig. 4. Rab5-containing early endosomes are necessary for GCD. (A) Immunofluorescence images of testis from flies expressing YFP at endogenous chromosomal
locus of rab5 (green, Rab5-YFP) labeled with LysoTracker (red) and Armadillo (blue, cyst and hub cells). Arrow marks Rab5 expression in cyst cells. Arrowheads mark Rab5
expression around and in dying germ cells. (B) Snapshots of live-imaged testis from Rab5-YFP-expressing flies (green) marked with LysoTracker (red). Insets are
high-magnification views of boxed areas, highlighting early endosomes surrounding live germ cells, which are gradually filled with LysoTracker. Time (hour:min) is shown
on the bottom left of the images. (C to F) Testes of 3-day control [(C) ¢587Gal4;Gal80™ outcrossed to w1118, n=31] and a rab5 RNAi transgene expressed in cyst cells of
adult males by TARGET driver [(D) c587Gal4;Gal80™,UAS-rab5RNAI, n = 31] were stained for Armadillo and Fas3 (blue, cyst cells and hub, respectively), Vasa (green, germ
cells), and LysoTracker (red). Quantification of the volume of LysoTracker-positive germ cells (E) and live spermatogonia cells (F) as measured with Imaris (control, blue
dots and rab5 RNAI, red dots). Note significant reduction in GCD in testes of rab5 RNAi-expressing flies. Statistical significance was determined by a Mann-Whitney test,
***¥P < 0.0001. Asterisks mark the hub, and scale bars correspond to 10 um.
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Fig. 5. PS is exposed by dying germ cells after lysosomal activity. (A and B) Snapshots of live-imaged testes, labeled with LysoTracker (red), Hoechst (blue, nuclei), and
AV-GFP expressed in and secreted from hub cells (green, updGal4;UAS-AV-GFP; hub cells are indicated by asterisk). Insets are high-magnification views of boxed regions
highlighting progression of GCD. (A) Live germ cell marked only by Hoechst first becomes positive for lysosomal activity and only after ~2 hours are labeled by AV-GFP
indicating PS exposure. (B) AV-GFP signal of PS exposure accumulates and progresses for ~4 hours. Time (hour:min) is shown on the bottom right of the images, and scale

bars correspond to 10 um.

The phagocytic receptor Drpr is expressed in cyst cells
To identify those phagocytic transmembrane receptors in cyst cells
that mediate the interaction with germ cells, we first consulted our
previously reported transcriptome analysis of complementary DNA
(cDNA) libraries generated from testes of wild-type adult males
(w1118) (35). Except for six microns under (simu) (36) that presented
low expression, mRNA levels of the established transmembrane
phagocytic receptors drpr and croquemort (crq) (37) were found to be
high and comparable to the levels of known transmembrane receptors
expressed at the apical tip of the testis, namely, domeless (dome),
notch, and epidermal growth factor receptor (egfr) (38-41) (Fig. 6B).
We next performed immunofluorescence analysis to determine
whether any of these phagocytic receptors are expressed in cyst cells.
Immunostaining with anti-SIMU antibodies did not reveal detect-
able expression of this protein at the apical tip of the testis. However,
Drpr, which is the most highly expressed receptor in the transcrip-
tome (Fig. 6B), was detected on the membranes of cyst cells that
encapsulate spermatogonia. Moreover, these images revealed Drpr-
labeled protrusions extending from cyst cells into dying germ cells
(Fig. 6C). As a negative control, Drpr signal was not observed in
testes of drpr-null mutants (42) (fig. S7, A and B), confirming the
specificity of the anti-Drpr antibody.

Zohar-Fux et al., Sci. Adv. 8, eabm4937 (2022) 17 June 2022

Hyperplasia of spermatogonia cells and delayed
degradation are observed at the apical tip of

drpr-null mutants

To determine whether Drpr, which has previously been shown to
mediate engulfment (20), plays a role in phagoptosis of spermatogo-
nia, testes from drpr-null flies (42) were examined following stain-
ing with Vasa to mark live germ cells and with LysoTracker to mark
germ cell debris. We then compared the volume of live spermatogo-
nia and germ cell debris in testes from young (1 to 2 days), mid-aged
(7 days), and aged (30 days) males (Fig. 7, A to D). The most obvi-
ous difference between control and drpr-null testes, observed in all
three age groups, was a significantly enlarged apical tip filled with
excess spermatogonia cells (Fig. 7, A to C). There was no significant
difference in the sizes of single germ cells, indicating that in drpr-null
males, expansion occurred by hyperplasia of spermatogonia cells
rather than by hypertrophy of individual cells. The hyperplasia of
drpr-null testes can result from the accumulation of cells that divide
excessively and/or escape cell death. Significantly, immunostaining
with anti-phospho-Thr 3-histone H3 (pHH3) antibodies to mark
mitotic spermatogonia events actually depicted less proliferation in
the testis of drpr-null males (fig. S7, C to E), ruling out enhanced
proliferation as a cause of the hyperplasia. These results indicate
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Fig. 6. The phagocytic transmembrane receptor Drpr is expressed in cyst cells. (A) Snapshots of live-imaged testis, marked with LysoTracker (red), Hoechst (blue,
nuclei), and a membrane-targeted mGFP (cyst cells, c587Gal4,UAS-mGFP). Insets are high-magnification views of boxed regions, highlighting progression of GCD. Arrow-
heads mark membrane accumulation in DNA degradation domain. Arrow marks LysoTracker-free blebs surrounding dying germ cell. Time (hour:min) is shown on the
bottom left of the images. (B) mRNA levels of six transmembrane (TM) receptors analyzed from the transcriptome of cDNA libraries prepared from RNA samples (four
biological repeats) extracted from testes of wild-type young males (2 days old). Shown are transcript levels of three phagocytic TM receptors [drpr, simu, and crq (upper)]
and three TM receptors previously reported as expressed in the apical tip of the testis [dome, notch, and egfr (lower)]. (C) The apical tip of a testis that expresses cytGFP in
cyst cells (green, c587Gal4;UAS-cytGFP), immunostained for Drpr (blue) and TUNEL (red, dying germ cells). Insets are high-magnification views of boxed regions, highlighting

how the cyst cell membrane expressing Drpr protrudes into dying germ cell (arrowheads). Asterisks mark the hub, and scale bars correspond to 10 um.

that the accumulation of spermatogonia results from cells that
failed to undergo cell death. If Drpr solely mediates clearance of
dead cells, as occurs at the last step of cell autonomous death pro-
cesses such as apoptosis, then one would expect more debris to ac-
cumulate in the testes of drpr-null mutants compared with control
in each of the aged groups. Yet, when compared with young and
mid-aged controls, the mean volume of LysoTracker- or TUNEL-
positive debris in the testes of drpr-null males did not change
significantly (Fig. 7, A, B, and D, and fig. S7, F to H). The lack of
accumulation of cell debris combined with the increased number of
germ cells observed in the apical tip indicates that in this system,
Drpr’s engulfment function contributes to the elimination of live
germ cells.

In aged males, the volume of debris increased significantly in
drpr-null testes compared with controls (Fig. 7D), in which the av-
erage volume of debris remained constant in all age groups. This
suggests that debris lingers for a longer time and that the rate of
degradation in the testes of drpr-null flies is significantly slower,
which is consistent with several studies showing an additional role
for Drpr in the degradation of cellular debris (36, 43). Together,
these results indicate that there may be fewer GCD events in testes
of drpr-null that linger for a longer time.

Zohar-Fux et al., Sci. Adv. 8, eabm4937 (2022) 17 June 2022

Alternative splicing of the drpr gene can yield six receptor iso-
forms, each of which consists of unique extracellular and intracellular
sequences, but only one of which, Drpr-I, has the ITAM (immuno-
receptor tyrosine-based activation motif) that mediates pro-phagocytic
activity (44). To directly address the possibility that the hyperplasia
phenotype of drpr-null is due to a lack of the pro-phagocytic Drpr-I
isoform in cyst cells, mutant cyst cells were transformed to
express Drpr-1 (c587Gal4;UAS-cytGFP,UAS-drpr-Ldrpr null). drpr-1
expression rescued the accumulation of live spermatogonia
(Fig. 8, Ato D).

In summary, the age-related accumulation of debris volume in
drpr-null males, together with the significantly greater number of
live spermatogonia, suggests that Drpr is required within cyst cells to
nonautonomously engulf live germ cells and degrade the resulting
debris, further supporting the hypothesis that cyst cells phagoptose
germ cells.

Crq and Ced-12 nonautonomously promote GCD

Unlike the rab5 and lamp1 RNAi, however, where GCD was signifi-
cantly reduced (see above; Figs. 2, F and G, and 4E and fig. S5E),
GCD still occurred in drpr-null testes, probably because of redun-
dant function of additional transmembrane phagocytosis receptors.
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Fig. 7. Hyperplasia of progenitor germ cells and attenuated degradation in testes of drpr-null males. (A and B) Representative images of the apical tip of testes from
7-day-old males of control [(A) w1118] and drpr-null flies (B). Testes were immunostained for Fas3 (green, hub), Vasa (blue, germ cells), and LysoTracker (red, dying germ
cells). The white dashed line delineates spermatogonia cells. Asterisks mark the hub, arrowheads mark LysoTracker-positive germ cells, and scale bars correspond to
10 um. (C and D) Quantification of the volume of live spermatogonia cells (C) and LysoTracker-positive germ cells (D) as measured with Imaris in control (red dots, w1118)
and drpr null (blue dots). Young: control (n =48) and drpr null (n =49); mid-aged: control (n =42) and drpr null (n=48); and aged: control (n=47) and drpr null (n=41).
Note the age-dependent increases in hyperplasia and volume of germ cell debris only in drpr null samples. Statistical significance was determined by a Kruskal-Wallis test;

*P<0.05, **P<0.01, ***P<0.001, and ****P <0.0001; ns, not significant.

Crq, the second transmembrane receptor identified in our tran-
scriptome analysis, is a CD36-related receptor expressed in macro-
phages (37) that promotes nurse cells death in the Drosophila ovary
(45). Immunofluorescence analysis of the apical tip of the testes re-
vealed Crq expression in a punctate pattern in the cytoplasm of cyst
cells (fig. S8A). The punctate expression pattern of Crq was also
observed in the cytoplasm of embryonic macrophages (46). To de-
termine whether Crq has a nonautonomous role in GCD induction,
RNAIi was used to reduce its levels in cyst cells (fig. S8B). crqg RNAi
did not affect the average volume of spermatogonia but significantly
reduced the volume of LysoTracker- and TUNEL-positive germ cells,
suggesting that Crq is involved in GCD (fig. S8, C to E).

To further investigate the engulfment of live germ cells, RNAi to
cell death abnormality (ced)-12 was expressed in cyst cells. While
Ced-12 is not a transmembrane receptor and its upstream regulator
in Drosophila is unknown, it activates the GTPase Rac-1 during
glial engulfment (47) and promotes apoptotic clearance in ovarian
follicle cells (45). ced-12 RNAi-expressing males showed a similar
phenotype to drpr nulls, with a significantly increased spermatogonia
volume, but without affecting the volume of LysoTracker-positive
germ cells (fig. S8, F to I).

Zohar-Fux et al., Sci. Adv. 8, eabm4937 (2022) 17 June 2022

Drpr acts in parallel with ced-12 and crq and upstream

of lamp1 during GCD

Drpr and Ced-12 were shown to work in parallel pathways in
Drosophila hemocytes (48) or in the same pathway in glia (47). To
explore the genetic interactions between drpr and each of the
above phagocytic factors, we generated drpr mutants expressing
RNAI lines of ced-12, crq, or lamp1 specifically in cyst cells and
measured the volumes of live spermatogonia and LysoTracker-
positive debris. Analyzing double mutants for drpr and ced-12
or drpr and crq revealed additive increases in live spermatogonia,
as compared with the single mutants, suggesting their inde-
pendent and parallel functions in engulfment (Fig. 9, A and B).
Notably, crq RNAi alone did not increase live spermatogonia,
suggesting that Drpr is the main engulfing receptor, while Crq
is likely required when Drpr is absent (figs. S8E and Fig. 9B).
The double mutants did not significantly affect the volume of
LysoTracker-positive debris, indicating that Ced-12 and Crq are
not involved in degradation (Fig. 9, D and E). Examination of
drprand lamp1 double mutants revealed similar live spermatogo-
nia volume and LysoTracker-positive debris as with drpr single
mutants, reflecting that lamp1 acts downstream of drpr in a com-
mon pathway (Fig. 9, C and F).
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Fig. 8. Drpr-l expression in the cyst cells of drpr-null flies rescues hyperplasia.
(A to D) Testes from 7-day-old control [(A) c587Gal4;,UAS-cytGFP;drpr null/TM6,
n = 23], drpr null [(B) c587Gal4;UAS-cytGFP;drpr null, n =33], and drpr-I, drpr null [(C)
c587Gal4;UAS-cytGFP,UAS-drpr-I;drpr null, n=15] males. Testes expressing GFP in
cyst cells (green) immunostained for Fas3 and Vasa (blue, hub and germ cells) and
LysoTracker (red, dying germ cells). The white dashed line delineates spermatogonia
cells. Asterisks mark the hub, and scale bars correspond to 10 um. (D) Quantification of
the volume of spermatogonia cells as measured with Imaris. Note that drpr-1
expression in cyst cells rescues the hyperplasia of drpr-null flies. Statistical signifi-
cance was determined by a Kruskal-Wallis test; *P < 0.05 and ****P <0.0001.

Drpr activates Drosophila c-Jun N-terminal kinase signaling
in cyst cells

Drpr has been shown to induce Drosophila c-Jun N-terminal kinase
(dJNK) signaling in stretch follicle cells during developmental death
of ovarian nurse cells, and in the cyst cells following starvation-induced
GCD (17, 49). Under normal conditions, basal levels of dJNK are
required to maintain cyst stem cell (CySC) residency at the apical
niche, and down-regulation of dJNK reduces the number of both
CySCs and cyst cells (50). Since we therefore could not use knock-
down strategies to determine whether dJNK has a nonautonomous
role in GCD induction downstream to Drpr, we used a reporter
assay toassessits activation in cyst cells during spontaneous GCD. dJNK
signaling is a critical mediator of phagocytic activity that stimulates
the downstream target AP1, as has been shown in glial cells (51-53).
TRE-eGFP, a reporter comprising AP1 sites fused to an eGFP se-
quence, was introduced to both wild-type and drpr-null mutant
flies (51). In wild-type samples, the TRE-eGFP reporter was activated
in all cyst cells, with stronger induction in cyst cells that surrounded
dying germ cells (Fig. 9G and movie S8). Compared with the wild-
type males, there was a significant decrease in TRE-eGFP reporter
induction in cyst cells surrounding the debris of drpr-null mutants

Zohar-Fux et al., Sci. Adv. 8, eabm4937 (2022) 17 June 2022

(Fig. 9, G to I). These results suggest that Drpr acts upstream of
dJNK within cyst cells.

DISCUSSION

In the present study, we describe a cell nonautonomous death
process by which cyst cells kill live spermatogonia progenitors within
the Drosophila adult testes. This function joins the more well-recognized
roles of cyst cells in structural support and secretion of factors that
promote spermatogonia differentiation (15, 54, 55). Detailed analy-
sis of the sequence of events during GCD showed activation of the
phagocytic machinery, i.e., generation of endosomal and lysosomal
vesicles, within phagocytic cyst cells before protein degradation and
detectable signals from the dying germ cells. The latter first included
acidification of the germ cell indicative of lysosomal activity, then
DNA involution and degradation, and, last, PS exposure. In addi-
tion, cyst cell membrane was shown to penetrate into the dying germ
cells. Most significantly, components of the cyst cell phagocytic
machinery, namely, Rab5, Lamp1, Ced-12, Crq, and Drpr, were required
for GCD. Last, blebs that pinch off from the surface of the dying cell
seem to recycle components toward the cyst cell. Together, these data
prove that the underlying mechanism of GCD is phagoptosis by cyst
cells (Fig. 97).

Phagoptosis was shown previously to result from reversible ex-
posure of eat-me signals on the cell surface of a doomed but live cell,
which instruct phagocytic cells to engulf and consume the cell to
death. In the case of germ cell phagoptosis shown here, the common
signal of PS exposure on the cell surface was not detectable before
signs of lysosomal activity, implying that in this scenario, PS does
not function as the eat-me signal to induce phagoptosis by the cyst
cell. Germ cell phagoptosis differs from other scenarios in that the
cyst cells already encapsulate the germ cells. We thus speculate that
the classic eat-me signals may not be necessary, although we cannot
exclude that signals other than PS may serve the same purpose. It is
not yet known whether activation of the cyst cell’s endosomal and
lysosomal machinery is a random event or whether there is some
signal that leads to its activation. A putative signal may activate
Drpr, which functions in a dual capacity during phagoptosis, namely,
engulfment of the germ cells and its subsequent degradation. Fur-
thermore, Drpr induces JNK signaling within the cyst cells surround-
ing the doomed germ cell syncytia. Considering that phagoptosis is
only partially suppressed in drpr-null mutants, additional factors
are most likely involved in the process. These include Ced-12 and
Crq, which also act in cyst cells to nonautonomously regulate en-
gulfment of live germ cells and induction of GCD.

A parallel can be made between the role that cyst cells play in
phagoptosis of excess sperm progenitors to that of epithelial stretch
follicle cells during developmental cell death of germline nurse cells
in the Drosophila ovary. During the latter, follicle cells stretch to
surround and phagoptose the nurse cells, a process that also requires
Drpr (4, 56). Cyst cells have also been shown to be necessary for
starvation-induced death of spermatogonia during early stages of
transit amplifying division in the fly testis. Here, too, they act as
phagocytes to consume progenitor debris in a nonautonomous
manner, recycling cellular material to provide energy and ensure
survival of GSCs (17). It differs, however, from the developmental
GCD that we report here, in that during starvation, cyst cells undergo
apoptosis, which is required for the subsequent death of the germ
cells. Nevertheless, it appears that phagoptosis by ancillary cells is a
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Fig. 9. drpr acts in parallel with ced12 and crq and upstream of lamp1 and dJNK in cyst cells during phagoptosis. (A to F) Quantification of the volume of live sper-
matogonia cells (A to C) and LysoTracker-positive germ cells (D to F) as measured with Imaris in testes from drpr null (c587Gal4;UAS-cytGFP/CyO;drpr null, n=18), ced-12
RNAI (c587-Gal4,UAS-cytGFP/UAS-ced-12 RNAi; drpr null/TM2, n = 23), ced-12 RNAi and drpr-null double mutants (c587-Gal4;UAS-cytGFP/UAS-ced-12 RNAi; drpr null, n = 22),
crq RNAI (c587-Gal4,UAS-cytGFP/UAS-crq RNAI; drpr null/TM2, n = 23), crqg RNAi and drpr-null double mutants (c587-Gal4;UAS-cytGFP/UAS-crq RNAI; drpr null, n = 22), lamp1
RNAi (c587-Gal4;UAS-cytGFP/UAS-lamp1 RNAI; drpr null/TM2, n=21), and lamp1 RNAi and drpr-null double mutants (c587-Gal4;UAS-cytGFP/UAS-lamp1 RNAI; drpr null,
n=22). Note that drpr acts in parallel with ced-12 and crq in engulfment and upstream of lamp1. Statistical significance was determined by a Kruskal-Wallis test; *P < 0.05,
**P<0.01, and ***P <0.001. (G and H) Expression of TRE-eGFP reporter in wild-type (G) and drpr-null testes (H) labeled with LysoTracker (red) and immunostained for
Armadillo (blue, cyst cells). Insets are views of single channels of boxed regions. Asterisks mark the hub, and scale bars correspond to 10 um. (I) The mean fluorescence
intensity (MFI) of GFP signal quantification (n =42 regions of germ cell debris in each genotype) is shown. Note the reduced GFP signal in the testis of drpr-null animals.
Statistical significance was determined by a Mann-Whitney test, ****P <0.0001. (J) Schematic summarizing how cyst cells (green) induce phagoptosis of live germ cells
(blue, left) resulting in lysosomal activity, DNA fragmentation, and PS exposure in germ cells (red, right).
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recurring theme in death of the germline in Drosophila. This cell
nonautonomous form of death may predominate in germ cell de-
velopment, rather than apoptosis, since the function of caspases may
have been diverted from cell death to germ cell differentiation (57).

Previously, GCD of the fly testes was characterized as a nonapop-
totic mechanism involving lysosomal activity and acidification of
germ cells (12). Autophagy-dependent cell death was excluded;
however, lysosomal factors such as Cathepsin D, deep orange, and
Carnation were shown to be involved, although it was not indicated
in which cell type, i.e., the cyst or germ cells, they functioned. These
data are all consistent with the phagoptosis mechanism that we pro-
pose here. In addition, mitochondria were shown to play an import-
ant role in GCD, as several mitochondrial proteins, such as HtrA2/
Omi, Pink1, endonuclease G, Debcl, and Buffy, were shown to be
necessary for death of spermatogonia (12). We do not know wheth-
er these factors serve to initiate a signal that activates the cyst cell to
phagoptose the germ cell or whether this occurs in parallel to the
events we describe here. More research will be required to fully rec-
oncile the data.

Constant spontaneous GCD in the adult testis has also been re-
ported in several mammalian species (12-14). Morphological fea-
tures of germ cell debris and the phenotypes of mouse mutants
demonstrated that also in mammals, the process of GCD deviates
from the conventional apoptotic program (13, 58). Moreover, phago-
cytic Sertoli cells that line the seminiferous tubules of mammalian
testes display the double-edged sword function of both supporting
the developing germ cells and clearing the resulting debris (59). Since
many functional and molecular features of spermatogenesis are
evolutionarily conserved, it is tempting to propose that Sertoli cells
may also have the capacity to perform phagoptosis of live progeni-
tors. The advantage of having a cell nonautonomous rather than an
autonomous type of cell death lies in the ability to regulate the death
rate in response to changing external cues, such as age and nutrient
availability.

MATERIALS AND METHODS

Experimental design: Live imaging of GCD

Chambered coverslips with eight wells (Ibidi) were covered with
0.01% poly-L-lysine (Sigma-Aldrich) for 40 min. After poly-L-lysine
was removed, the wells were dried in chemical hood. Whole-mount
testes from adult Drosophila were dissected in Ringer’s solution
(128 mM NaCl, 2 mM KClI, 1.8 mM CaCl,, 4 mM MgCl,, 35.5 mM
sucrose, and 5 mM Hepes, pH 6.9) containing Hoechst (Thermo Fisher
Scientific, 8 pM) and LysoTracker (Thermo Fisher Scientific, 1 uM)
and/or FM4-64 (Life Technologies, 5 pg/ml). The testes were gently
adhered to the poly-L-lysine-coated wells, and Ringer’s solution was
replaced with Drosophila tissue culture medium: 10% fetal bovine
serum (v/v), 0.5% penicillin/streptomycin in Schneider’s medium
(Sigma-Aldrich) containing Hoechst (0.3 uM), and LysoTracker
(0.03 uM). The pair of testes was kept together, connected to the seminal
vesicles to mimic as much as possible the in vivo conditions. Dam-
aged or injured samples were excluded from the image analysis. A
single testis was imaged every 3 min for 6 to 12 hours with ~30-pm
Z stacks (3-um intervals). Similar conditions have been used to im-
age the GSC niche for 12 hours (60). We could often detect several
GCD events in the same testis sample, each in a different stage that
all progressed in a similar manner. In addition, all the genotypes
and florescent markers were tested both as fixed samples and in live
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imaging in complementary experiments and revealed similar num-
bers of GCD events, morphology, and marker expression.

Fly lines and husbandry
Flies were raised at 25°C on freshly prepared standard cornmeal
molasses agar medium. Young flies were selected upon hatching and
dissected within the first 3 days of life. Control and experiment animals
were tested at the same times. Crosses for the inducible Gal4/Gal80/
UAS TARGET system (28) were set up and maintained at 18°C. Adults
were placed in new vials and transferred to 29°C for 1 week. The
maximum amount of flies was determined according to the size of the
vials or bottles to prevent crowded conditions that may induce stress.
In small vials (35 ml), a maximum of 20 files (males and females)
were raised. The vials were flipped every 2 days thereafter. Crosses
with the Gal4/UAS system were set up and maintained at 25°C.
The fly strains used in this research were w1118, ¢587Gal4;Sco/
Cy0O, UAS-Lamp1-GFP (Bloomington Drosophila Stock Center no.
42714); UAS-rab5 RNAi [Vienna Drosophila Research Center (VDRC)
ID no. 103945]; UAS-lamp1 RNAi (VDRC ID no. 7309); UAS-croq RNAi
(VDRC ID no. 45883); UAS-ced12 RNAi (VDRC ID no. 107590);
Rab5-YFP, Rab7-YFP, and lamp1-mCherry (B. Lemaitre); UAS-AV-GFP
and UAS-AV(mut) GFP (C. Han) (31); TRE-eGFP (D. Bohmann);
TRE-eGFP;drpr null; c587Gal4;Gal80"/CyO; ¢587Gal4; UAS-cytGFP,
c587Gal4;UAS-cytGFP;drpr null/TM6UBX; Sp/CyO;drpr null/
TM6; UAS-drpr-LTM2/TM6; UAS-drpr-1,and UAS-drpr-II (M. A. Logan).
drpr null was originally obtained from M. Freeman (drprA5 (42)),
and flies were backcrossed for several generations before use.

Immunofluorescence microscopy, TUNEL, and LysoTracker
Whole-mount testes from adult Drosophila were dissected in phos-
phate-buffered saline (PBS) and placed on Terasaki plates in 10 ul of
fix solution [2% paraformaldehyde in PLP buffer (0.075 M lysine
and 0.01 M sodium phosphate buffer, pH 7.4)] for 1 hour at room
temperature, rinsed, and washed twice with PBST (PBS containing
0.5% Triton X-100), followed by standard immunofluorescence
staining. Primary antibodies used in this study were as follows: mouse
anti-Fas3 (DSHB 7G10, 1:20), mouse anti-Drpr (DSHB 5D14-s, 1:100),
mouse anti-Lamin Dm0 (DSHB ADL84.12, 1:100), and mouse
anti-Armadillo antibodies (DSHB N2 7A1, 1:20), obtained from the
Developmental Studies Hybridoma Bank at the University of Iowa;
guinea pig anti-Drpr (53) (1:100); rabbit anti-Lamp1 (23) (1:50, a
gift from A. Jenny); and rabbit anti-Crq (1:500, a gift from N. Franc).
Commercially available antibodies included rabbit anti-Vasa (Santa
Cruz Biotechnology, d-260, 1:100), rabbit anti-GFP (Cell Signaling
Technology, D5.1, 1:75), and rabbit anti-pHH3 antibodies (Millipore,
06-570, 1:200). Secondary antibodies were obtained from Jackson
ImmunoResearch Laboratories. For LysoTracker staining, the in
situ fluorescent pH indicator LysoTracker Red DND-99 (Thermo
Fisher Scientific, L7528; 1:100) was used. Whole-mount testes from
adult Drosophila were dissected in PBS and placed on Terasaki
plates in 10 pl of LysoTracker reagent for 10 min at room tempera-
ture. After washing twice for 10 min with PBS, standard immuno-
fluorescence staining was performed, as described above. TUNEL
labeling of the testis was carried out using the Roche in situ PCD
detection kit (TMR red, 12-156-792). After the last wash of the
immunofluorescence staining protocol, the samples were fixed at
room temperature for 20 min and then washed with PBST. Samples
were mounted in Vectashield mounting medium containing DAPI
(Vector Laboratories).
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Imaging

Microscope imaging and data analyses of all images were acquired
on a Nikon A1R confocal microscope or a Zeiss Axiolmager M2
microscope equipped with an ApoTome2 optical sectioning device.
Images were taken with an objective Plan Apochromat 40x/1.30 or
63x/oil differential interference contrast. All images in all figures are
single sections, taken with a high-resolution AxioCam HRm Rev.3
FireWire microscopy camera using Zen acquisition software and
processed with Adobe Photoshop CS6.

Quantitative and statistical analysis

Spermatogonia and GC debris volumes were detected from 10 Z
stacks (1 um each, above and beneath the hub) as Vasa/LysoTracker/
TUNEL-positive cells. Quantification of spermatogonia and GC de-
bris volumes was performed using Imaris (Bitplane) software with
an appropriate iso-surfacing threshold. We used three markers to
differentiate between spermatogonia and spermatocytes. First, the
nucleus of spermatocytes (observed as an empty area or “hole” in germ
cells immunostained with Vasa) is crenelated and much larger com-
pared with the round smaller nucleus of spermatogonia. Second, in
contrast to spermatogonia, in spermatocytes, only a small part of the
nucleus is stained for DAPI. Last, C587-GAL4; UAS-GFP (used in
Fig. 2 and figs. S5 and S8) shows strong GFP expression in cyst cells
surrounding spermatogonia compared with spermatocytes.

To determine statistical significance, Prism GraphPad version 8
software was used. First, normality and log normality were assessed
using the Shapiro-Wilk test. In all experiments, there was no normal
distribution, as expected from the different sizes of interconnected
2 to 16 spermatogonia (61). Therefore, nonparametric tests were
conducted. An average of all experiments is shown, as the mean and
SD + 95% confidence interval and the number (n) of testes ex-
amined. Pvalues were generated using two-tailed Mann-Whitney
or Kruskal-Wallis tests (depending on the number of samples) to
compare time points or genotypes.

SUPPLEMENTARY MATERIALS

Supplementary material for this article is available at https://science.org/doi/10.1126/
sciadv.abm4937

View/request a protocol for this paper from Bio-protocol.
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