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SUMMARY

Gamete development ultimately influences animal fertility. Identifying mecha-
nisms that direct gametogenesis, and how they deteriorate with age, may inform
ways to combat infertility. Recently, we found that lysosomes acidify during
oocyte maturation in Caenorhabditis elegans, suggesting that a meiotic switch
in lysosome activity promotes female germ-cell health. Using Drosophila mela-
nogaster, we report that lysosomes likewise acidify in male germ cells during
meiosis. Inhibiting lysosomes in young-male testes causes E-cadherin accumula-
tion and loss of germ-cell partitioning membranes. Notably, analogous changes
occur naturally during aging; in older testes, a reduction in lysosome acidity pre-
cedes E-cadherin accumulation andmembrane dissolution, suggesting one poten-
tial cause of age-related spermatocyte abnormalities. Consistent with lysosomes
governing the production of mature sperm, germ cells with homozygous-null mu-
tations in lysosome-acidifying machinery fail to survive through meiosis. Thus,
lysosome activation is entrained to meiotic progression in developing sperm, as
in oocytes, and lysosomal dysfunction may instigate male reproductive aging.

INTRODUCTION

Infertility affects approximately 60-80 million couples worldwide, and male-related issues account for

nearly half of infertility cases (Kumar and Singh, 2015). To address modern concerns in reproductive health,

researchers must gain a detailed understanding of how spermatogenesis, the process that produces male

gametes, is regulated during the life of an animal. The steps of spermatogenesis are well-conserved from

flies to mammals (Griswold, 2016; Hennig, 1992). In Drosophila melanogaster, germline stem cells at the

apical tip of the testis initiate cell division in response to signals from the hub (Figure 1A). The resulting

daughter cell then undergoes four mitotic divisions with incomplete cytokinesis, forming a cyst of 16 cells

connected by intercellular bridges (Fuller, 1993). Once the mitotic divisions are complete, the nuclei of the

cyst synchronously enter meiotic prophase (Figure 1A) (Fuller, 1998). In male flies, meiotic prophase lasts

approximately 80-90 h (Fuller, 1998). This extended developmental stage is arguably the most important

in spermatogenesis; high levels of transcription occur, and cells grow 25-fold as they prepare to differen-

tiate (Fuller, 1998; Lin et al., 1996; White-Cooper et al., 1998). Importantly, several forms of male infertility

may stem from defects in meiotic prophase (Meyer et al., 1992; Soderstrom and Suominen, 1980). Despite

this significance, the essential cellular events integrated with early meiosis in the male germline have not

been extensively described.

We recently reported that lysosomes, organelles that play diverse roles in cellular health and homeosta-

sis (Ballabio and Bonifacino, 2020), acidify and become active during meiotic maturation in C. elegans

oocytes (Bohnert and Kenyon, 2017). This meiotic switch in lysosome activity appears to clear molecular

damage and reset oocyte homeostasis in preparation for fertilization (Bohnert and Kenyon, 2017).

Though switches in lysosome activity are an emerging facet of many developmental transitions (Leeman

et al., 2018; Villegas et al., 2019; Xie et al., 2019), it is currently unknown if such a switch exists in sper-

matogenesis. Lysosomes participate in the death of pre-meiotic spermatogonia (Chiang et al., 2017;

Feng et al., 2018; Lu and Yamashita, 2017; Yacobi-Sharon et al., 2013; Yang and Yamashita, 2015). But,

whether lysosomes also actively promote sperm health and development is unclear. Investigating the

spatiotemporal regulation of lysosomes in the male germline may reveal previously unidentified controls

on sperm development.
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Figure 1. Lysosomes are robustly activated as Drosophila spermatocytes enter meiotic prophase

(A) Schematic of Drosophila spermatogenesis. Stem cells reside within the niche (the ‘hub’; magenta) at the apical tip of the testis. Hub and stem cells are

distinct but schematized together for simplicity. Near the tip, germline stem cells produce mitotic spermatogonia (solid blue dots). As they develop, germ

cells push distally, and after four mitotic divisions, they enter meiosis (nuclei with three blue lobes).

(B) Heatmap of LysoTracker intensity in a live testis. The dashed line marks where LysoTracker intensity begins to increase.

(C) Plot of LysoTracker intensity from the apical tip to more distal regions.

(D) Spin-GFP (all lysosomes; driven by VasaGal4), LysoTracker (acidic lysosomes), and Hoechst (DNA) in a live testis. The arrow indicates dying

spermatogonia.

(E) Merged image of outlined region from D. The dashed line separates mitotic and meiotic germ cells, based on nuclear morphology.

(F) Quantification of the ratio of LysoTracker to Spin-GFP intensity in mitotic (n = 20 testes) and meiotic (n = 20 testes) regions. MeanG S.D. ****, p < 0.0001,

Wilcoxon matched pairs signed rank test.

(G) Rbp4-eYFP (meiotic cells), LysoTracker (acidic lysosomes), and Hoechst (DNA) in a live testis. Bars, 20 mm. See also Figure S1.
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Aging is a primary risk factor for infertility in both men and women (Harris et al., 2011; Ruman et al., 2003).

Interestingly, lysosome acidity is known to be sensitive to aging in various cells and tissues (Baxi et al., 2017;

Hughes and Gottschling, 2012). If this is also true in the animal germline, lysosome dysfunction may partly

underlie age-related reproductive decline. A prominent cellular characteristic of old human testes is germ-

cell multinucleation, an abnormality that arises when partitioning membranes between neighboring germ-

cell nuclei break down (Holstein and Eckmann, 1986; Miething, 1993; Nistal et al., 1986; Paniagua et al.,

1991). Molecularly, proper regulation of cell-adhesion molecules, such as E-cadherin (Ecad), may be neces-

sary to balance membrane forces and prevent membrane dissolution at germ-cell boundaries (Kline et al.,

2018; Loyer et al., 2015). Lysosomes are likely to feed into the regulation of Ecad localization and dynamics,

as they have been shown to degrade Ecad in some biological contexts, including cancer metastasis
2 iScience 25, 104382, June 17, 2022



ll
OPEN ACCESS

iScience
Article
(Palacios et al., 2005; Wu and Hirsch, 2009). Deregulation of similar controls in the germline could poten-

tiate changes to germ-cell membrane integrity and architecture, perhaps weakening cell boundaries and

leading to reduced numbers of viable sperm.

In this study, we investigated the hypothesis that lysosomes promote healthy sperm development in

Drosophila. We found that lysosomes acidify specifically in meiotic spermatocytes. Once active, lysosomes

support membrane stability and prevent the loss of partitioning membranes that separate neighboring

germ-cell nuclei. Our data suggest that lysosome-dependent downregulation of Ecad and potentially

other membrane-associated molecules contribute to this function. We also provide evidence that lyso-

some acidity is diminished in testes from older animals. This age-related decrease in lysosome acidity cor-

relates with developmental defects that mirror those seen upon pharmacological and genetic inhibition of

lysosome acidification in young testes. Using mosaic analysis, we also show that lysosomes act cell-auton-

omously to ensure the production of mature sperm. Collectively, these findings identify the lysosome as a

critical regulator of sperm development and highlight its potential role in germline aging and infertility.
RESULTS

Lysosomes acidify in meiotic spermatocytes

To determine if lysosomes are active in male germ cells, we dissected live Drosophila testes and stained

them with LysoTracker, a fluorescent dye that tracks to and labels acidic lysosomes. Consistent with the

developmental switch in lysosome acidity that was previously reported in the C. elegans germline (Bohnert

and Kenyon, 2017), LysoTracker staining sharply increased during germ-cell development (Figures 1B and

1C). At the apical tip, where stem cells and mitotic spermatogonia reside (Figure 1A) (de Cuevas and Ma-

tunis, 2011), LysoTracker intensity was weak (Figures 1B and 1C), with the exception of dying spermato-

gonia (Chiang et al., 2017; Feng et al., 2018; Lu and Yamashita, 2017; Yacobi-Sharon et al., 2013; Yang

and Yamashita, 2015). However, LysoTracker intensity significantly increased in more distal regions

(Figures 1B and 1C), where spermatocytes enter meiosis and differentiate (Figure 1A) (Fuller, 1998).

Previous examinations of LysoTracker staining in the apical-tip region have not reported a developmental

shift in lysosome acidity (Chiang et al., 2017; Feng et al., 2018; Lu and Yamashita, 2017; Yacobi-Sharon et al.,

2013; Yang and Yamashita, 2015). It is possible that dying spermatogonia, which are intensely labeled by

LysoTracker (Figure S1A), obscured LysoTracker signals in neighboring healthy spermatocytes. Indeed,

we consistently found that LysoTracker fluorescence needed to be overexposed in dying spermatogonia

to see the underlying LysoTracker staining pattern in healthy germ cells (Figures S1A and S1B), which re-

tained non-saturated pixels (Figures S1A and S1B). We sought to confirm the shift in lysosome acidity in

healthy germ cells using two additional tools: LysoSensor Green, which fluoresces brightly in the acidic

lysosomal lumen (Perzov et al., 2002), and VhaSFD-GFP, a subunit of the V-ATPase proton pump that acid-

ifies lysosomes (Ohkuma et al., 1982). Like LysoTracker, LysoSensor signal was weak and diffuse in healthy

mitotic spermatogonia, but the signal became significantly brighter and punctate in meiotic spermatocytes

(Figures S1C and S1D). In addition, we found that VhaSFD-GFP protein expression abruptly increased in

spermatocytes relative to spermatogonia (Figures S1E and S1F). Confirmation of the lysosome-activation

pattern by these three independent tools strongly suggests that this pattern is not a staining artifact.

Rather, these data collectively support the conclusion that lysosome activity is under developmental con-

trol in the male germline, increasing as germ cells move distally from the apical tip and transition from sper-

matogonial to spermatocyte stages.

We considered two possible explanations for the developmental shift in lysosome acidity: either (1) few

lysosomes are present in the apical region of the testis, but become more abundant distally; or (2) similar

numbers of lysosomes are present throughout the testis, but become active and acidic only at a certain

developmental stage. To distinguish between these possibilities, we co-imaged LysoTracker with a GFP-

tagged lysosomal-membrane protein, Spin-GFP (Johnson et al., 2015; Sweeney and Davis, 2002). In the

mitotic region, marked by nuclei that contain a compact cloud of DNA (Figure 1A) (Cenci et al., 1994),

Spin-GFP vesicles were in fact present, but lacked a co-localizing LysoTracker signal (Figures 1D and

1E). In contrast, as cells entered the meiotic region, marked by nuclei with a trilobed DNA appearance (Fig-

ure 1A) (Cenci et al., 1994), Spin-GFP vesicles developed a strong LysoTracker signal (Figures 1D, 1E, and

S1B), resulting in a higher LysoTracker-to-Spin-GFP ratio (Figure 1F). Based on this information, we

conclude that lysosomes acidify as germ cells enter meiosis. We confirmed this interpretation by co-imag-

ing LysoTracker with a meiotic germ cell marker, Rbp4-eYFP (Baker et al., 2015). As expected, LysoTracker
iScience 25, 104382, June 17, 2022 3
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signal was weak in regions where Rbp4-eYFP was absent, but significantly stronger where Rbp4-eYFP signal

was present (Figures 1G and S1B). These data suggest that lysosomes becomemost highly active in meiotic

germ cells.

Lysosomes regulate spermatocyte membrane integrity

To investigate the function of lysosomes in spermatocytes, we utilized an ex vivo tissue-culture protocol

(Sheng and Matunis, 2011) to treat live Drosophila testes with Bafilomycin A (BafA), a lysosomal

V-ATPase inhibitor (Bowman and Bowman, 2002). To affect as many cells as possible within the 80–90 h

meiotic prophase (Fuller, 1998) while still keeping testes alive, we cultured dissected testes for 24 h in

BafA, or in DMSO as a control. As expected, our BafA-treatment approach (Figure S2A) blocked lysosome

acidification and caused lysosome enlargement (Figures S2B–S2D), perhaps because of an accumulation of

non-hydrolyzed material (Leeman et al., 2018).

In contrast to the worm germline (Bohnert and Kenyon, 2017), we did not find evidence that BafA-treated

testes had increased levels of insoluble proteins (Figures S2E and S2F). However, in BafA-treated testes, we

frequently observed instances where a few neighboring nuclei inside of a cyst lacked a partitioning

membrane and instead became encircled within a single membrane (Figures 2A and S2G). Quantification

revealed that the number of germ cells missing a partitioning membrane increased significantly in BafA-

treated testes relative to controls (Figure 2B). We asked whether genetic inhibition of V-ATPase activity

would also engender the same phenotype. Indeed, we found that germline-specific knockdown of vhaSFD,

which abrogated lysosome acidification (Figure 2C), recapitulated the disappearance of partitioning mem-

branes between germ-cell nuclei (Figures 2D and 2E). Consistent with lysosome inhibition causing a defect

at the meiotic stage of development, we only observed this phenotype in post-mitotic cells (Figures 2A,

S2G, and S2H). We also note that it would seem unlikely for the 24-h BafA treatment to indirectly lead to

this phenotype via dysfunction at a much earlier stage in development for three reasons: (1) lysosome

activity is relatively low in pre-meiotic germ cells (Figure 1 and S1); (2) Drosophila germ cells take approx-

imately five days in total to develop into spermatocytes after a germline stem-cell division when raised at

25�C on standard agar/cornmeal food (Fabrizio et al., 2003); and (3) we also observed loss of partitioning

membranes in post-meiotic round spermatids (Figure S2H).

Because we observed some spermatocytes with odd numbers of nuclei enclosed by a common mem-

brane (Figure S2I), we suspected that the increased absence of partitioning membranes between adja-

cent germ-cell nuclei may be caused by germ-cell fusion rather than cytokinesis error, as only even

numbers of nuclei would be expected in the latter case (Giansanti and Fuller, 2012). A similar phenotype

has been observed in old and diseased human testes (Holstein and Eckmann, 1986; Miething, 1993; Nis-

tal et al., 1986; Paniagua et al., 1991). In these cases, plasma membranes dissolve, causing intercellular

bridges to detach and become free-floating structures within the cytosol (Holstein and Eckmann, 1986).

To test if this phenomenon occurs in young fly testes following inhibition of lysosome acidification, we

treated testes with BafA and imaged intercellular bridges, fusomes, and rings canals. Normally, intact

fusomes branch through ring canals, connecting the cytoplasm of each cell in a cyst (Figure 2F, left panel)

(Giansanti et al., 1999; Hime et al., 1996). In BafA-treated testes, however, fusomes were fragmented (Fig-

ure 2F, right panel) and were commonly observed as isolated pieces within the cytosol of spermatocytes

that were missing a partitioning membrane (Figure 2G). A large proportion of these germ cells likewise

exhibited free-floating ring canals in the cytoplasm (Figures 2H, 2I, and S2J), suggesting that membranes

between neighboring germ-cell nuclei of the same cyst had in fact become destabilized and broken

down. Indeed, all nuclei that shared a common membrane were in the same cyst (Figure S2K). These

findings are consistent with the model that lysosome inactivation precipitates membrane instability

and cellular fusion events.

Lysosome activity counteracts Ecad accumulation, one potential contributor to germ-cell

membrane instability

Proper trafficking and localization of Ecad supports membrane integrity in the female Drosophila germline

(Kline et al., 2018; Loyer et al., 2015). Abnormal localization of Ecad has been linked to ring canal widening

and collapse, suggesting that Ecad turnover may be necessary to balance forces in developing germ cells

(Kline et al., 2018). To determine where Ecad is expressed and localized in the male germline, we imaged

endogenously-expressed Ecad-GFP in fixed and live Drosophila testes. Similar to the pattern of lysosome

activation (Figure 1 and S1), Ecad-GFP was mostly absent from the mitotic region, except at the hub
4 iScience 25, 104382, June 17, 2022



Figure 2. Inhibiting lysosome acidification causes germ-cell membrane instability in the testis

(A) Hoechst (DNA) and GFP-Rho1 (membrane marker) in live DMSO- and BafA-treated testes. Asterisks mark germ cells missing a partitioning membrane

between nuclei. Dotted outlines indicate the region of the testis shown in the inset at the bottom left corner. Numbers are used to count individual nuclei

enclosed within a single membrane. Orange numbering denotes groups of multiple nuclei without a partitioning membrane. These same annotations are

used in all subsequent figures.

(B)Quantificationof thenumber of germ cellsmissing a partitioningmembrane in liveDMSO- (n= 12) andBafA-treated (n= 11) testes.MeanG S.D. ****, p < 0.0001,

Welch’s unpaired t-test.

(C) Heatmap images of LysoTracker intensity in spermatocytes of control (BamGal4/+) and vhaSFD-RNAi (BamGal4>vhaSFD-RNAi) testes.

(D) GFP-Rho1 (membrane) and Hoechst (DNA) in live control and vhaSFD-RNAi testes.

(E) Quantification of the number of germ cells missing a partitioning membrane in live control (n = 12) and vhaSFD-RNAi (n = 16) testes. MeanG S.D. *, p < 0.05,

Mann-Whitney U-test.

(F) Hoechst (DNA), GFP-Rho1 (membrane marker), and Hts (fusomes) in fixed DMSO- and BafA-treated testes.

(G) Zoomed image of the outlined region from the right panel of F. Arrows indicate pieces of fusomes inside the cytosol of spermatocytes missing a

partitioning membrane. Arrowheads indicate membrane enclosing spermatocyte nuclei that do not have a partitioning membrane.

(H) Hoechst (DNA), GFP-Pav (ring canals), and CD8-RFP (membranemarker; driven by VasaGal4) in live DMSO- and BafA-treated testes. Arrowheads indicate

ring canals that are properly localized at the cell membrane. Arrows indicate ring canals inside the cytosol of spermatocytes missing a partitioning mem-

brane between nuclei.

(I) Quantification of the percentage of germ cells missing a partitioning membrane in BafA-treated testes that also contain at least one ring canal (RC) in their

cytosol. Each data point represents a single testis (n = 14 testes). Bars, 20 mm. See also Figure S2.
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Figure 3. Endo-lysosomes concentrate around Ecad-positive hotspots and limit Ecad accumulation

(A) Ecad-GFP in fixed DMSO- or BafA-treated testes. Testes were labeled with an anti-GFP antibody. The hub (stem cell niche) is outlined.

(B) Ecad-GFP, Spin-RFP (lysosomes; driven by VasaGal4), and Hoechst (DNA) in spermatocytes (note the tri-lobed Hoechst staining pattern) of live DMSO-

and BafA-treated testes.

(C) Quantification of the number of Ecad-GFP puncta per cell in live DMSO- (n = 12) and BafA-treated (n = 11) testes. Mean G S.D. ***, p < 0.001, Mann-

Whitney U-test.

(D) YFP-Rab5 (early endosomes; driven by VasaGal4), Ecad (anti-E-cadherin), and Hoechst (DNA) in fixed DMSO- and BafA-treated testes. The arrowhead

indicates a small lysosome hotspot in the BafA-treated testis. Arrows indicate co-localization of Ecad with early endosomes apart from this hotspot.

(E) mCherry-Rho1 (membrane) and Hoechst (DNA) in live control (VasaGal4/+) and Ecad-overexpressing (EcadWT, VasaGal4>Ecad) testes.
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Figure 3. Continued

(F) Quantification of the number of germ cells missing a partitioning membrane between nuclei in control (VasaGal4/+; n = 11) and EcadWT (VasaGal4>Ecad;

n = 14) testes. Mean G S.D. ***, p < 0.001, Welch’s unpaired t-test.

(G) GFP-Rho1 (membrane) and Hoechst (DNA) in live control (VasaGal4/+) and shits1 (VasaGal4>shits1) testes.

(H) Quantification of the number of germ cells missing a partitioning membrane in live control (VasaGal4/+; n = 17) and shits1 (VasaGal4>shits1; n = 14) testes.

Mean G S.D. ***, p < 0.001, Welch’s unpaired t-test. Bars, 20 mm. See also Figure S3.
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(stem cell niche) (de Cuevas and Matunis, 2011; Yamashita et al., 2003), but becamemore abundant as cells

moved distally and began to differentiate (Figures 3A and S3A). In the meiotic region, we detected Ecad-

GFP at spermatocyte cell membranes most clearly in fixed testes (Figures 3A and S3A). Yet, regardless of

whether testes were imaged live or fixed, Ecad-GFP signal was especially pronounced in a few largemasses

(Figures 3A, 3B and S3A), which have also been detected previously (Smendziuk et al., 2015). Strikingly,

these masses consistently co-localized with overlapping clusters of lysosomes and YFP-Rab5-marked en-

dosomes (Figures S3B–S3D). In live testes, Ecad-GFP at these sites failed to recover after photobleaching,

unlike cytosolic GFP (Figures S3E and S3F). Thus, Ecad is largely immobile at endo-lysosomal hotspots in

developing spermatocytes.

We hypothesized that Ecad may be internalized at these sites for lysosomal degradation in developing

spermatocytes. To test this possibility, we imaged Ecad-GFP after BafA treatment. Interestingly, Ecad-

GFP puncta significantly accumulated following BafA treatment (Figures 3A–3C). In BafA-treated testes,

some clumps of Ecad-GFP were detectable within enlarged, irregularly-shaped lysosomes, but other

ectopic clumps localized separately (Figure 3B). Ectopic Ecad foci sometimes tracked closely with

dispersed endosomal vesicles, which marked locations distinct from the canonical hotspots (Figure 3D).

These observations suggest that lysosome inactivation may stall the proper targeting and degradation

of Ecad.

Given precedence from other contexts (Kline et al., 2018; Loyer et al., 2015), we reasoned that Ecad accu-

mulationmay be one factor contributing to the observed defects in germ-cell membrane stability following

V-ATPase inhibition. To test if an overabundance of Ecad can lead to membrane instability in developing

spermatocytes, we overexpressed Ecad in the male germline and quantified the number of germ cells that

were missing a partitioning membrane between adjacent nuclei. Indeed, Ecad overexpression caused a

significant increase in germ cells that lacked one or more partitioning membranes (Figures 3E and 3F).

We were curious whether other experimental approaches that interfered with Ecad downregulation would

also be associated with this defect. Because Ecad appeared to be delivered to lysosomes via endosomes in

spermatocytes (Figures 3D and S3B–S3D), we hypothesized that blocking endocytosis may impair Ecad

internalization and thus its downregulation. We tested this possibility by overexpressing a temperature-

sensitive, dominant-negative allele of the fly dynamin ortholog, shibire (shits1) (Kitamoto, 2001; van der

Bliek and Meyerowitz, 1991). Strikingly, overexpression of shits1 enhanced Ecad accumulation at spermato-

cytemembranes (Figure S3G) and also induced the loss of partitioningmembranes (Figures 3G and 3H) to a

degree similar to Ecad overexpression (Figures 3E and 3F). Notably, although genetic approaches that

interfered with Ecad downregulation were sufficient to cause membrane destabilization in developing

spermatocytes (Figures 3E–3H), genetic knockdown of Ecad in the germline (Figure S3H) was on its own

insufficient to block the dissolution of partitioning membranes in BafA-treated testes (Figure S3I), indi-

cating that deregulation of other factors also likely contributes to this phenotype upon lysosome inhibition.

Thus, Ecad homeostasis may be one of several mechanisms downstream of endo-lysosomal control that

govern the maintenance and stability of spermatocyte partitioning membranes during germ-cell

development.
Spermatocyte lysosome activity declines during aging dependent on TOR signaling and

precedes germ-cell membrane destabilization

Lysosome activity decreases with age in unicellular organisms (Hughes and Gottschling, 2012) and in so-

matic tissues of multicellular animals (Baxi et al., 2017). We hypothesized that lysosome activity would

also decrease with age in the germline. Indeed, lysosome acidity dropped precipitously in old fly testes

(Figures 4A, 4B, and S4A). Feeding flies rapamycin, a TOR inhibitor and positive regulator of lysosome ac-

tivity (Martina et al., 2012; Sabatini et al., 1994), partially rescued the loss of lysosome acidity in spermato-

cytes from old testes (Figures 4C and 4D), suggesting that TOR signalingmay negatively regulate lysosome

activity in the germline, as it does in the soma (Dunlop and Tee, 2014; Martina et al., 2012; Settembre et al.,
iScience 25, 104382, June 17, 2022 7



Figure 4. Aging disrupts lysosome acidification and function in the Drosophila testis

(A) Heatmap of LysoTracker intensity in live young (1-day-old) and old (50-day-old) testes. Arrows indicate dying spermatogonia.

(B) Quantification of LysoTracker intensity in live 1-day-old (n = 19), 30-day-old (n = 8), 40-day-old (n = 11), and 50-day-old (n = 27) testes. Mean G S.D. ****,

p < 0.0001, Brown-Forsythe ANOVA with Dunnett’s multiple comparisons test. LysoTracker intensity in meiotic cells was normalized to dying cells.

(C) Images of LysoTracker and Hoechst (DNA) in live testes from flies fed DMSO or 10 mM rapamycin (Rapa) for four weeks beginning at day one of adulthood.

(D) Quantification of LysoTracker intensity in live testes from flies fed DMSO (control; n=14 testes) or 10 mM rapamycin (n= 10 testes) for four weeks beginning

at day one of adulthood. Mean G S.D. **, p < 0.01, Welch’s unpaired t-test. LysoTracker intensity in meiotic cells was normalized to dying cells.

(E) Hoechst (DNA) and GFP-Rho1 (membrane marker) in live young (1-day-old) and old (50-day-old) testes. Asterisks mark spermatocytes missing a

partitioning membrane between nuclei. Dotted outlines indicate the region of the testis shown in the inset at the bottom left corner.

(F) Quantification of the number of germ cells missing a partitioning membrane in live 1-day-old (n = 17), 30-day-old (n = 9), 40-day-old (n = 16), and 50-day-

old (n = 10) testes. Mean G S.D. **, p < 0.01; ***, p < 0.001, Brown-Forsythe ANOVA with Dunnett’s multiple comparisons test.

(G) Hoechst (DNA), GFP-Rho1 (membrane marker), and Hts (fusomes) in spermatocytes of a fixed 50-day-old testis. The arrow indicates a piece of a fusome

inside the cytosol of a spermatocyte missing a partitioning membrane between nuclei.
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Figure 4. Continued

(H) RFP-Scra (ring canals), GFP-Rho1 (membrane marker), and Hoechst (DNA) in spermatocytes of a live 50-day-old testis. Arrows indicate ring canals inside

the cytosol of a spermatocyte missing a partitioning membrane between nuclei.

(I) Quantification of the percentage of germ cells missing a partitioning membrane between nuclei in testes from old males that contain at least one ring

canal (RC) in their cytosol. Each data point represents a single testis (n = 9 testes).

(J) Hoechst (DNA) and Ecad-GFP in live young (1-day-old) and old (50-day-old) testes.

(K) Quantification of the number of Ecad-GFP puncta in live young (1-day-old; n = 14) and old (50-day-old; n = 13) testes. Mean G S.D. ****, p < 0.0001,

Welch’s unpaired t-test. Bars, 20 mm. See also Figure S4.
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2012). Indeed, hyper-activation of TOR signaling via germline-specific knockdown of iml1 (Wei et al., 2014)

in young flies blocked lysosome activation and caused a significant increase in the number of germ cells

missing a partitioning membrane (Figures S4B–S4E). These data indicate that germline lysosome activity

is reduced with advanced age, possibly because of hyperactive TOR signaling.

We next asked whether age-related changes to lysosome acidity might naturally bring about the same

cellular changes we had observed upon experimental inhibition of lysosome activity in young fly testes.

In addition to lysosome enlargement (Figures S4F and S4G), we observed a progressive increase in the

number of germ cells that had lost a partitioning membrane in testes from aged animals (Figures 4E and

4F). Remarkably, loss of partitioning membranes from spermatocytes in older individuals initiated just after

the natural age-related decline in lysosome activity had occurred (Figures 4B and 4F). As in our BafA exper-

iments, germ cells lacking one or more partitioning membranes commonly showed fragmented, cytosolic

pieces of fusomes (Figures 4G and S4H) and on average also showed cytosolic ring canals (Figures 4H, 4I,

and S4I), suggesting that the disappearance of partitioning membranes between spermatocyte nuclei may

occur in old testes via membrane dissolution as it does in young, BafA-treated testes. Notably, dying sper-

matogonia were still present in old testes (Figure 4A, arrows); thus, the age-related accumulation of these

abnormal germ cells did not appear to simply be the result of impaired spermatogonial cell death. Consis-

tent with our BafA and genetic data, we also detected significantly more Ecad within spermatocytes of old

testes compared to young testes (Figures 4J and 4K), highlighting a molecular consequence of age-related

lysosome inactivity that may contribute to germ-cell membrane instability. Collectively, these data indicate

that lysosomal dysfunction, which is sufficient to induce membrane destabilization (Figure 2) and naturally

precedes the loss of partitioning membranes in the aging fly testis (Figures 4B and 4F), is one important

element contributing to age-related membrane defects in the male germline, a characteristic of aging

that is also conserved in humans (Holstein and Eckmann, 1986; Miething, 1993; Nistal et al., 1986; Paniagua

et al., 1991).

Mosaic analysis reveals that lysosome activity is required cell-autonomously for the

production of mature sperm

Our analyses of aging testes, as well as young testes treated with BafA or germline-specific RNAi against

lysosome genes, suggested that impaired lysosome activity leads to an increase in male germ-cell defects.

However, whether individual germ cells completely lacking lysosome function could ever produce a viable

gamete was unclear. To test this, we utilized MARCM (Lee and Luo, 1999), a recombination-based system

that bypasses lethality caused by homozygous mutations and permits the analysis of cellular effects in

mosaic tissues. We generated mosaic testes containing two types of germ cells: (1) those homozygous

for a null allele of the V-ATPase B subunit vha55; and (2) others that are wild-type at the vha55 locus,

and thus present an internal control. In theMARCM system, clones of the different genotypes can be distin-

guished by GFP fluorescence, as homozygous-mutant clones are GFP-labeled, whereas wild-type cells

remain nonfluorescent (Figure 5A) (Lee and Luo, 1999).

In our approach, we transiently induced recombination for 1 h and then imaged testes at later time points

to see if and how GFP-positive sperm developed. We first analyzed testes at 12 days post-clone induction

(dpci), by which time GFP-positive cells should have neared or completed the end of sperm development if

the process remained unperturbed (Chandley and Bateman, 1962). Strikingly, we never observed GFP-pos-

itive clones at 12 dpci (Figures 5B and 5C), though GFP-negative wild-type cells in the same testis

developed normally and to completion, evidenced by brightly-stained, needle-shaped nuclei of elongated

spermatids at the basal end of the testis (Figure 5C, outlines) and mature sperm in the seminal vesicle (Fig-

ure S5A). We confirmed that a lack of GFP-positive clones was not caused by poor recombination efficiency,

or by elements of the genetic background other than the vha55 mutation, by imaging control testes that

had the same general genotype without the mutant vha55 allele (see STAR Methods for full genotype).
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Figure 5. Lysosome activity is required cell-autonomously for germ cells to develop into mature, viable sperm

(A) Schematic of the MARCM strategy. The initial germ cell is heterozygous for a null allele of vha55 and Gal80, which

inhibits Gal4 activity. After heat shock (‘‘clone induction’’), recombination is induced at FRT sites (magenta arrowheads)

located between Gal80 or the vha55 locus and the centromere (gray circle). Following recombination and cell division,

one cell will be homozygous for the null allele of vha55 (vha55j2e9), and the other cell will be homozygous for Gal80 and

homozygous wild-type at the vha55 locus. The absence of Gal80 in vha55j2E9 homozygotes permits Gal4 activity, leading

to GFP expression, whereas the other cell will express Gal80 and not GFP.

(B) Graph of the percentage of testes containing GFP-positive germ cells (MARCM clones). Numbers above each bar

represent the fraction of testes containing GFP-positive germ cells.

(C) Images of Hoechst (DNA) and GFP in live control and vha55j2E9 testes at 12 dpci. Dotted outlines indicate brightly

stained, needle-shaped nuclei of elongated spermatid bundles. Note the elongated spermatid bundle (arrow) and waste

bag (arrowhead), an indicator of the completion of terminal differentiation, in control testes.

(D) Images of Hoechst (DNA) and GFP in live control and vha55j2E9 testes at 3 dpci. Note the healthy appearance of

spermatogonia in the control image and what appears to be a smaller cyst of spermatogonia in vha55j2E9 homozygous

cells (dotted outline). Bars, 20 mm. See also Figure S5.
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In control testes, we consistently detected healthy GFP-positive clones (Figure 5B), including elongated

spermatid bundles that had already completed the terminal differentiation step, evidenced by the pres-

ence of a waste bag (Figure 5C) (Fabian and Brill, 2012). These data suggest that mutant vha55 homozygous

germ cells are not viable and may be cleared before reaching terminal stages of sperm differentiation.

Further, these data also indicate that mutant vha55 homozygotes do not negatively affect the development

of neighboring cells.
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Figure 6. Model for lysosome function and dysfunction in male germ-cell development

In testes from young, healthy animals, lysosomes are mostly non-acidic and inactive in mitotic spermatogonia (solid blue

nuclei), but activate (magenta circles, active lysosomes) in meiotic spermatocytes (tri-lobed nuclei). Upon this

developmental transition, some lysosomes cluster with endosomes and Ecad at shared hotspots near the cell periphery

(white circles). At this stage, active lysosomes limit Ecad accumulation. Lysosomal degradation of Ecad and potentially

other membrane-associated factors appears to regulate membrane stability in developing spermatocytes. When

lysosomes are inhibited, either experimentally via genetic or pharmacological methods or naturally during the course of

aging, inactive lysosomes (yellow circles) become enlarged, Ecad accumulates (green circles), and germ cells that lack

one or more partitioning membranes become prevalent.
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Though we did not observe mature sperm that were homozygous for the vha55mutation, we were curious

whether we could detect GFP-positive, vha55-null cells at earlier stages in sperm development. If so, we

expected that wemay be able to capture them before their death. Thus, we imagedmosaic testes at earlier

time points post-clone induction. At 3 dpci, we were in fact able to detect GFP-positive, vha55-null cells in

multi-cell cysts that appeared to be late-stage spermatogonia (Figures 5B and 5D). These cysts were

smaller than normal and showed diffuse GFP signal (Figure 5D), in contrast to robust cytoplasmic GFP

signal in germ cells of control testes (Figure 5D). Nonetheless, the presence of GFP-positive cysts at this

stage indicated that vha55-null clones were developmentally competent of—at least—progressing

through several rounds of mitotic division (Figure 1A). In contrast, at 5 dpci, by which time the developing

vha55-null clones should have continued into meiotic prophase (Figure S5B, control) (Chandley and Bate-

man, 1962; Fabrizio et al., 2003), GFP-positive, vha55-null cells were completely undetectable (Figures 5B

and S5B). This implies that vha55-null germ cells fail to develop through early stages of meiosis, consistent

with the described important functions of lysosomes at meiotic onset during normal sperm development.

Moreover, these cells appear to be ultimately cleared, as GFP-positive, vha55-null cells were absent from

testes at both 5 and 12 dpci (Figure 5B). We conclude that inhibiting lysosome activity in individual germ-

cell clones, starting from the germline stem-cell division, ultimately impedes the formation of a live, meiotic

germ cell in male flies.

DISCUSSION

Although gametogenesis has been studied extensively in various experimental animals (Larose et al., 2019),

there are still fundamental gaps in our knowledge of the underlying cell biology. For one, the regulation of

key organelles, such as lysosomes, is somewhat mysterious. Previous work has demonstrated that lysosome

activity is required for the death of mitotic spermatogonia in flies and rodents (Allan et al., 1992; Rodriguez

et al., 1997; Yacobi-Sharon et al., 2013; Yang and Yamashita, 2015). Our findings highlight an additional role

for lysosomes in the male germline: namely, lysosomes activate during male meiosis to support spermato-

cyte development and membrane integrity (Figure 6). This developmental switch in lysosome activity

closely resembles the meiotic activation of lysosomes in C. elegans oocytes (Bohnert and Kenyon, 2017).

Together, these observations indicate that a meiotic switch in lysosome activity may be conserved across

species and sexes. However, the role that lysosomes play in germ cells of different sexes may be distinct.

Although lysosomes appear to clear cellular damage from maturing oocytes (Bohnert and Kenyon, 2017),

this function may be less important in sperm cells that contribute little cytoplasm to the zygote. Instead,

lysosomes appear to execute a distinct developmental purpose in sperm, which ensures the production

of a functional gamete. Interestingly, lysosome inhibition reduces the number of postmeiotic sperm cells

in mice (Jaiswal et al., 2014), suggesting that lysosomes play an imperative function in the mammalian male

germline as well.
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More generally, developmental switches based on lysosomal activity may provide a fundamental mecha-

nism to rewire cellular health and homeostasis at key developmental transitions. Interestingly, an analo-

gous switch in lysosome activity was recently described during mammalian stem-cell activation (Leeman

et al., 2018). In this case, lysosome activity is stimulated as neural stem cells transition from a quiescent

to activated state, and lysosome activation is required for this transition. Whether conserved signals

and/or factors modulate lysosome activity at these developmental transitions is unknown, but one common

regulator may be TOR signaling (Leeman et al., 2018; Lu et al., 2021; Wei et al., 2014), which we have found

also affects lysosome activity in the Drosophila male germline. Uncovering additional elements of regula-

tion could point the way to novel applications, potentially with relevance to regenerative medicine.

The strict, invariant timing of lysosome activation as male germ cells transition from mitosis to meiosis also

hints at possible controls. Spermatocytes are known to exhibit elevated gene-expression activity (Fuller,

1998), and we in fact find that the V-ATPase component VhaSFD does not accumulate in germ cells until

they enter the spermatocyte stage. Thus, it seems likely that this switch in lysosome activity may be regu-

lated in part at the level of gene expression. Mitf, the Drosophila ortholog of TFEB and a master regulator

of lysosome biogenesis, controls the transcription of all 15 lysosomal V-ATPase components in flies (Zhang

et al., 2015). Given its general role in controlling lysosomal gene expression (Settembre et al., 2011, 2012),

Mitf may feed into the developmentally-linked activation of lysosomes in spermatogenesis. In future

studies, it will be important to analyze how Mitf and other lysosomal factors are regulated in the germline

and to determine their potential involvement in the sperm developmental program.

Once activated in the testis, lysosomes appear to govern spermatocyte membrane integrity. Of note, early

endosomes and Ecad co-localize at lysosome hotspots in developing spermatocytes. This close proximity,

and the increased Ecad accumulation observed upon lysosome inhibition, suggest that lysosomes target

and degrade endocytosed Ecad during sperm development. Turnover of Ecad has been shown to modu-

late ring-canal size andmembrane stability in the femaleDrosophila germline (Kline et al., 2018; Loyer et al.,

2015), but the underlying mechanism by which impaired Ecad homeostasis would jeopardize membrane

integrity is still unclear. It is possible that an abnormal accumulation of Ecad, and apparently even addi-

tional membrane proteins whose homeostasis is under endo-lysosomal control, may generate increased

stress and tension at the membrane, leading to membrane buckling (Kline et al., 2018; Loyer et al.,

2015). This could be further exacerbated by impaired plasma membrane repair, which is dependent

upon lysosome activity (Castro-Gomes et al., 2016; Huynh et al., 2004). Interestingly, Ecad and other adhe-

sion proteins are degraded by lysosomes to promote the epithelial-mesenchymal transition during cancer

metastasis (Kern et al., 2015; Palacios et al., 2005; Reddy et al., 2001; Wu and Hirsch, 2009). Whether lyso-

somal degradation of Ecad or related proteins likewise supports germ-cell motility and migration in the

testis is unknown; we do note that old testes, as well as young testes treated with BafA, often appeared

wider at the apical tip and thinner in the more distal mid-region (Figures 2A, 4A, and 4E), suggesting

this may be the case.

Our data highlight lysosomal dysfunction as an early cellular change that occurs naturally in the aging testis.

The stepwise accumulation of atypical phenotypes with age, starting with abolished lysosome acidification

and leading to the disappearance of germ-cell partitioning membranes, hints that a reduction in lysosome

activity may be an initiating event in reproductive decline and infertility. If so, decreased lysosome acidity

may serve as a biomarker for reproductive aging in animals. Previous reports indicate that aged testes also

exhibit fewer germline stem cells (Boyle et al., 2007; Cheng et al., 2008). Although this may contribute to a

reduction in total germ-cell number, it does not explain why the germ cells produced in older animals

would be less capable of maturing into functional sperm. Our data indicate that lysosomes play an essential

role in germ-cell viability and development beyond the stem-cell stage. Inhibition of lysosomal activity in

young flies via BafA, RNAi, and MARCM yielded a series of phenotypes that varied in severity, likely

because of differences in the strength of inhibition (RNAi vs. null mutant) as well as the timing and duration

of inhibition (24 h BafA treatment vs. 3–12 days after clone induction for MARCM experiments). Although

we were unable to determine the ultimate fate of germ cells that had lost partitioning membranes upon

BafA treatment, it seems likely that these cells would be incompetent to produce viable progeny given their

extra chromosomal content, and theymay even eventually be cleared from the reproductive tissue. Indeed,

using MARCM, we found that vha55-null germ cells do not persist through the spermatocyte stage,

perhaps because of the cumulative effect of several deleterious phenotypes, including membrane desta-

bilization. Taken together, our findings suggest that deregulation of later events in spermatogenesis, such
12 iScience 25, 104382, June 17, 2022
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as lysosome induction, may act along with stem-cell dysfunction to synergistically limit the output of func-

tional sperm in older males.

Finally, it is noteworthy that a defining characteristic of male germline aging in humans is germ-cell multi-

nucleation (Holstein and Eckmann, 1986; Miething, 1993). Because we find that dissolution of germ-cell

boundaries occurs upon the loss of lysosome activity in male flies, it is possible that targeted activation

of lysosomal factors may act to enhance gamete viability and reproductive fitness in animals, similar to

its effects on replicative potential in single-celled yeast (Hughes and Gottschling, 2012). Thus, we speculate

that lysosomes may provide an entry point to target, and potentially counter, male reproductive aging in

animal species.
Limitations of the study

Our data indicate that lysosomes prevent the breakdown of partitioning membranes between post-mitotic

germ-cell nuclei during spermatogenesis, and that lysosome acidity is reduced around the time of male fly

infertility. Strikingly, we found that inhibiting TOR signaling via rapamycin feeding throughout adulthood

prevented this loss of germline lysosome acidity at four-weeks of age, when male flies typically exhibited

reduced lysosome acidity. Ideally, we would like to analyze whether this is sufficient to counter the accumu-

lation of germ cells missing a partitioning membrane. However, spermatogonial cell number also greatly

increased in testes from males that were fed rapamycin, and these testes contained fewer spermatocytes

compared to controls. Though we noted fewer spermatocytes missing a partitioning membrane in testes

from males fed rapamycin, it is hard to discern whether this reduction is because of rapamycin feeding or

instead simply because of there being fewer spermatocytes. Because of this apparent secondary effect, we

were unable to confidently assess whether rapamycin feeding would also suppress germ-cell membrane

instability in old testes. Relatedly, it would be experimentally powerful if we could genetically knockdown

TOR signaling components specifically in spermatocytes to test for a suppression of age-related germ-cell

membrane instability. Unfortunately, to our knowledge, a Gal4 driver that is specifically active in spermato-

cytes does not currently exist. Going forward, it will be important to generate flies carrying a Gal4 transgene

under control of a promoter that is specifically active in spermatocytes to determine whether TOR inhibition

in spermatocytes dampens the age-associated loss of partitioning membranes between developing male

germ cells.

Lastly, we were unable to definitively determine the ultimate fate of germ cells that lose partitioning mem-

branes upon BafA or lysosome-specific RNAi treatment. In later stages of development, following sper-

matid elongation, nuclei are very close together, making it difficult to resolve membranes between nuclei.

In the future, imaging techniques that permit higher resolution, such as super resolution and/or electron

microscopy, may be employed to determine whether elongated spermatids or mature sperm containing

multiple nuclei can form and survive under these conditions, or if they are potentially eliminated before

this developmental time point, as appears to be the case for vha55-null cells.
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RESOURCE AVAILABILITY

Lead contact

Further information and requests for reagents should be directed to and will be fulfilled by the lead contact,

K. Adam Bohnert (bohnerta@lsu.edu).

Materials availability

All unique materials and reagents generated in this study, such as the germline- and lysosome-related

MARCM fly lines, are available upon request.

Data and code availability

d All data reported in this paper will be shared by the lead contact upon request.

d The paper does not report original code.

d Any additional information required to reanalyze the data reported in this paper is available from the

lead contact upon request.
EXPERIMENTAL MODEL AND SUBJECT DETAILS

Flies were maintained on standard cornmeal/agar food at 25�C, unless otherwise noted. Flies actively used

in the study were flipped to fresh food regularly to prevent the accumulation of bacteria and to maintain a

consistent food source.

METHOD DETAILS

BafA treatment

Testes were dissected from age-matched young flies (under 7-days-old) in culture media (Sheng and Ma-

tunis, 2011). Culture media contained Schneider’s insect medium (Gibco/Invitrogen 11720034; pH adjusted

to 7.0), supplemented with 15% FBS (Sigma F3018), 0.5X penicillin/streptomycin (Gibco/Invitrogen 115140-

122), and 0.2 mg/mL insulin (Sigma). All dissections were completed within 30 min of each other to ensure

that the testes under analysis were removed from the body around the same time. Once dissections were

completed, testes were treated with 1 mM BafA (Sigma) or DMSO (control; same dilution factor as BafA) in

culture media. Testes were incubated for 24 h at 25�C in a glass dissection dish, covered with parafilm.

Holes were poked in the parafilm to allow for gas exchange. After the incubation, testes were washed, fixed

and stained or stained live, and then imaged (see below for staining procedures).
18 iScience 25, 104382, June 17, 2022
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Immunohistochemistry

Testis immunohistochemistry was performed using standard procedures. Briefly, testes were dissected in

1X phosphate-buffered saline (PBS; 137 mMNaCl, 2.7 mMKCl, 10 mMNa2HPO4, 1.8 mM KH2PO4) and then

immediately fixed in 4% paraformaldehyde. Testes were washed three times in PBT (1X PBS, 0.1% Tween-

20), then incubated in blocking buffer (10% horse serum in 1X PBS) for at least 1 h at room temperature.

Testes were incubated with the primary antibody diluted in blocking buffer containing 2% Triton X-100

overnight at 4�C. The next day, testes were washed five times with PBT prior to applying the secondary anti-

body. Testes were incubated with the secondary antibody for at least 3 h at room temperature in the dark.

After the secondary antibody solution was removed, testes were washed five times with PBT. 1 mMHoechst

33342 was incubated in the first wash to stain DNA. Testes were mounted in Vectashield antifade mounting

medium prior to imaging.
LysoTracker, LysoSensor, and ProteoStat staining

LysoTracker, LysoSensor, and ProteoStat staining was performed by dissecting live testes in culture media,

then immediately applying 1:1000 LysoTracker Red, 1:1000 LysoSensor Green, or 1:500 ProteoStat with

1 mM Hoechst 33342 diluted in culture media. Testes were incubated with the dye for 30 min at room tem-

perature in the dark. After staining, testes were rinsed and mounted in culture media on a glass slide.

Testes were covered with a small piece of Teflon membrane and slides were sealed with nail polish. Live

imaging was performed within 1 h of dissection unless testes were cultured overnight with BafA or DMSO.
Microscopy and image processing

Images were acquired using an inverted Leica SP8 confocal microscope, equipped with a 403 objective

(NA 1.30) and a white-light laser. Images were processed using Leica LAS X software, and quantifications

were performed using Fiji (NIH). Imaging of LysoTracker, LysoSensor, ProteoStat, and lysosomal/endocytic

vesicles was performed in live tissue, unless otherwise noted.

Testes labeled with LysoTracker were imaged at low laser power (between 1 and 3%) and gain was left at its

default value. These settings over-expose dying spermatogonia at the apical tip of the testis, but allow for

visualization of the transition in lysosome acidity in healthy germ cells.

Thresholding of GFP-Rho1 signal was performed using the ‘‘threshold’’ function in ImageJ. Images were

first processed to remove noise and then images were subjected to thresholding to resolve the brightest

fluorescence signal (i.e., at cell membranes).
Lysosomal area measurement

The area of an object of known size was calculated in order to calibrate measurements in ImageJ software.

Once ImageJ was calibrated, Spin-GFP-positive structures (lysosomes) were outlined using the polygon

selection tool. 20-30 spermatocyte lysosomes were outlined per testis, and five testes were scored per con-

dition. The area of the outlined selections was measured once all structures had been outlined.
Quantification of germ cells missing a partitioning membrane

Z-stack images of intact live testes were acquired. Cells containing multiple nuclei that lacked a clear par-

titioning membrane between them and were enclosed by a common membrane were scored as germ cells

missing a partitioning membrane. Testes were not squashed to prevent possible artifacts caused by the

pressure of the squash. Nuclei are labeled by numbers to count individual nuclei enclosed within a single

membrane. Orange numbering denotes groups of multiple nuclei without a partitioning membrane. These

same annotations are used in all figures except for Figure S2G, in which nuclei are outlined (color scheme

still applies), because nuclei are small and would be obscured by numbers. To determine whether nuclei

that lacked one or more partitioning membranes were in the same cyst, the position of these germ cells

relative to a cyst cell marker (Armadillo; Arm) was determined.
FRAP experiments

FRAP was performed using an inverted Leica DMi8 widefield microscope equipped with a 403 objective

(NA 1.30). Cytosolic GFP or Ecad-GFP puncta were photobleached using a 488 nm laser at 100% power

and half speed with 30 iterations. Images were acquired every 10 s for 5 min.
iScience 25, 104382, June 17, 2022 19



ll
OPEN ACCESS

iScience
Article
Aging studies

Flies were collected less than 24 h after eclosing and aged in vials on standard cornmeal/agar food at 25�C.
At most, 30 flies were placed into a single vial to avoid overcrowding; vials included both males and fe-

males, such that males would continue to mate while aging. Flies were transferred to fresh food every

7–8 days. Once flies reached the appropriate age, testes were dissected and imaged.
Rapamycin feeding

For four weeks prior to testis dissection, flies were fed 10 mM rapamycin (Schinaman et al., 2019) mixed in

apple juice/agar food (see CSHL ‘‘Drosophila apple juice-agar plates’’ protocol) that had been supple-

mented with yeast paste. Flies were maintained at 25�C and transferred to fresh food with virgin females

every 3–4 days.
RNAi and mutant experiments

Male flies carrying transgenic RNAi or mutant constructs were crossed to virgin females carrying germline

Gal4 transgenes. Two germline-specific Gal4 drivers were used in this study: VasaGal4 (expression in all

germ cells) (Zhao et al., 2013) and BamGal4 (expression in spermatogonia at the 2-4-cell stage, but expres-

sion is maintained for the rest of development) (Chen and McKearin, 2003). Flies were incubated on stan-

dard cornmeal/agar food at 29�C for 5–7 days prior to dissection and imaging to boost Gal4 activity unless

otherwise noted.
MARCM

VasaGal4; hsFLP.D5, UAS-GFP/+; FRT82B, vha55j2E9/FRT82B, tubGal80 and VasaGal4; hsFLP.D5, UAS-

GFP/+; FRT82B/FRT82B, tubGal80 males were generated via standard crossing procedures. Males were

heat shocked at 37�C the same day they eclosed for 1 h to activate FLP expression and drive recombination.

Following heat shock, flies were housed at 25�C on standard agar/cornmeal food until dissection. Testes

were dissected and imaged live at the indicated time-points following heat shock (‘‘clone induction’’).
Insoluble-protein fractionation

Following BafA/DMSO treatment, testes were lysed in NP40 buffer (6 mM Na2HPO4, 4 mM NaH2PO4, 1%

NP40, 150mMNaCl, 2 mMEDTA, 50mMNaF, 0.1 mMNa3VO4, 4 mg/mL leupeptin, one Roche cOmpleteTM

protease inhibitor tablet, pH 7.4). Lysis was performed mechanically using a sterile pestle at room temper-

ature. Lysates were cleared by spinning at low speed and extracted into new 1.5 mL tubes. Insoluble pro-

teins were fractionated by centrifuging lysates at 20,000 g for 1.5 h at 4�C. The insoluble protein pellet was

dissolved in detergent insoluble buffer (8 mM Urea, 2% SDS, 50 mM DTT and 50 mM Tris, pH 8) and further

denatured by boiling for 10 min. Proteins were resolved by SDS-PAGE on a 4–12% Bis-Tris gel. Protein gels

were stained with Coomassie Blue for 30 min and de-stained for 2–3 h in de-stain buffer (40% MeOH, 10%

acetic acid) before imaging.
QUANTIFICATION AND STATISTICAL ANALYSIS

Information on sample size and statistics is provided in figure legends, where applicable. Data normality

was tested via the D’Agostino-Pearson test in combination with Q-Q plots prior to performing follow-up

statistical analyses using GraphPad Prism software. Statistical tests used to determine significance are indi-

cated in figure legends. The Student’s unpaired t-test was used when unpaired data for two groups were

normally distributed and standard deviation was equal between both groups. Welch’s unpaired t-test was

used when unpaired data for two groups were normally distributed, but standard deviation was not equal.

The Mann-Whitney U-test was used when unpaired data for two groups were not normally distributed. The

paired t-test was used when paired data for two groups were normally distributed and standard deviation

was equal. The Wilcoxon matched pairs signed rank test was used when paired data for two groups were

not normally distributed. The Brown-Forsythe ANOVA with Dunnett’s multiple comparisons test was used

when there were more than two groups with normally distributed data, but standard deviation was not

equal between the groups.
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