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Abstract

Adult stem cells and their transit-amplifying (TA) progeny dynamically alter their proliferation rates to
maintain tissue homeostasis. To test how the division rates of stem cell and TA cells affect tissue growth
and differentiation, we developed a computation strategy which estimates the average cell cycle
lengths/lifespans of germline stem cells (GSCs) and their TA progeny from cellular demography. Analysis
of the wild-type data from Drosophila testis using this method indicated anomalous changes in lifespans
during the germline transit-amplification with a nearly 1.3-fold increase after the first division and about a
2-fold decrease in the subsequent stage. Genetic perturbations altering the cell cycle rates of GSC and its
immediate daughter, the gonialblast (GB), proportionately changed the rates of subsequent TA divisions.
Notably, a nearly 2-fold increase or decrease in the total TA duration did not alter the induction of meiosis
after four mitotic cycles. Altogether, these results suggest that the rates of GSC and GB divisions can

adjust the rates of subsequent divisions and the onset of differentiation.

Significance Statement

Dynamic regulation of the proliferation rate of stem cells and their transit-amplifying daughters maintains
tissue homeostasis in different conditions such as tissue regeneration, aging, and hormonal imbalance.
Previous studies suggested that a molecular clock in the stem cell progeny determines the timing of
differentiation. This work shows that alterations of the rates of stem cell divisions, as well as that of its
progeny, could override the differentiation clock in the Drosophila testis, and highlights a possible
mechanism of fine-tuning the transit-amplification program under different conditions such as tissue
damage, aging, and hormonal inputs. Also, the method developed for this study could be adapted to

estimate lineage expansion plasticity from demographic changes in other systems.

Highlights
o Determination of cellular lifespan during transit-amplification from demography
¢ Lifespans of Drosophila male germline cells changes anomalously during the TA
o Lifespan changes of germline stem cells readjust that of the progeny cells

¢ Anomalous lifespan expansion midway through TA precedes the Bam onset
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Introduction

Many adult stem cells produce progenitors, which undergo transit-amplifying (TA) divisions, before
terminal differentiation. Hormonal stimulation (1, 2), tissue damage (3, 4), aging (5-7), etc., alter the
division rates of stem cells and their progeny. Previous studies have shown that the TA cells pass through
a continuum of transcriptomic states, setting the timing of differentiation, independent of the TA cell cycle
rates (8-10). Coordination of this autonomous differentiation clock with the rates of TA divisions is
essential for tissue homeostasis, defects in which can lead to cancer or other disorders (11, 12). Despite
its importance, it is unclear whether the rates of stem cell and TA divisions influence the differentiation

clock.

Drosophila spermatogenesis provides an ideal model system to study the regulation of TA divisions.
Accumulation of a translational repressor, Bag-of-marbles (Bam), to an optimum level arrests the TA
divisions after the 4" round, suggesting that the bam expression and degradation kinetics could set the
differentiation clock (10). It was also evident that, slowing down the 3™ and 4" TA divisions (of the 4- and
8-cell stages, respectively) could induce premature germline differentiation after the 3" round, but the
effect was not fully penetrant (10). Several cysts concluded the TA and meiosis in a wild-type-like manner
despite the modification. This observation also suggests that the differentiation clock can adjust to
accommodate changes in the rates of TA divisions. Furthermore, perturbing the rates of GSC divisions
and early TA divisions did not affect the differentiation at the 16-cell stage (13). Together, all these
investigations highlighted that, up to a limited extent, the rates of TA divisions could influence the

differentiation clock. However, we still lack clarity regarding the quantitative limits of this readjustment.

To resolve this issue, one requires an estimate of how the cell cycle lengths of GSCs and TA cells
change under different conditions. Previous studies inferred the changes in the proliferation rates of the
GSCs and TA cells by enumerating phospho-histone3/BrdU stained clusters (13—-16) and performing
BrdU/EdU pulse-chase analysis (10, 17). Although these methods presented a comparative measure to
examine how factors regulate the GSC and TA pool, they failed to quantitate the cell cycle lengths of the
GSC and TA stages. Recently, the time between two successive GSC divisions (inter-division lifespan)
was estimated using time-lapse imaging of isolated testes for up to 19 hours (18, 19). While time-lapse
imaging measures the exact length of the cell cycle, it is tedious for a multi-factor manipulation of the cell
cycle rates. Moreover, long-term exposure of cells to light while imaging increases phototoxicity due to

ROS generation, which might alter the very rate it is supposed to measure.

Therefore, we devised an optimized computation strategy to estimate the cell cycle lengths, hereafter
referred to as the ‘lifespans’, of the GSCs and TA stages using five parameters: 1) Size of GSCs and TA
population, 2) GSC mitotic indices, 3) GSC M-phase duration, 4) Germ cell death frequency and 5)

Persistence time of a dead cyst. This method restricted the requirement for time-lapse imaging and
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enabled us to examine the effects of a range of genetic perturbations on the GSC and TA division rates.
Using this method, we probed the correlation between the GSC division rates and the onset of the
differentiation program. The results suggest that altering the rates of stem cell divisions and early TA
divisions affects those of the subsequent divisions and readjusts the differentiation clock to such an

extent that the scale and relative pattern of the germline amplification remains unaltered.

Formulation of the equation for empirical estimation of the cell lifespans of the TA stages
In wild-type testes, the GSCs surround the stem cell niche, termed as the hub (Fig. 1A and B). Each TA
division displaces the resultant cyst further away from the hub. The GSCs and the TA stages can be
visualized by immunostaining the testes for Vasa (which marks the germline cells), Armadillo (labels the
hub and the cyst perimeter), and MAb1b1/Htsl (labels spectrosomes and fusomes; Fig. 1B). To compute
the lifespans of the GSCs and TA cells, we assumed the following:
1) The TA population in the adult testis is in a steady-state (Fig. 1E, discussed in supplement
section 6).
2) The lifespan of each stage (GSC and TA stages) remains invariable (see supplement section 6).
3) The cell cycle phases at each stage (GSC and TA stages) are uniformly distributed across the
cells in that stage (see supplement section 6).
In such a closed system, at steady-state, the relative population of a stage (N;/ Y!=4N;) is equal to its
relative lifespan (T;/Y/=4T;), if no germline cysts are lost due to death. Here, i represents the TA stage
(taking four values corresponding to the four TA stages: GB, 2-cell, 4-cell, 8-cell), N; represents the
average number of cysts at stage i, and T; denotes the lifespan of the stage i, respectively (Supplemental
Methods section 1-7 for detailed reasoning). For two successive stages i and i + 1, this relationship can
be expressed as,
N; T;
New  Tret ()

Adaptation of the computation strategy to account for the germ cell death

Reportedly, a small number of cysts undergo germ-cell death (GCD) at every TA stage (20-22). Hence,
only a fraction of cysts successfully transitions to the next stage. In our model, we assumed that, for a
transition of a cyst from stage i to i + 1, the GCD occurs after stage i cysts complete the cell cycle (i. e.,
concluding the G1, S, G2, and M), and before they enter the next cell cycle of stage i + 1. To account for
this loss, we defined the survival probability (s;,,) as the possibility of a successful transition from stages i
to i + 1 (see supplemental Methods sections 7, 8, and 9). Incorporating this survival probability (s;;) in
equation (a) gives,

Niv1w  Siv1* Tiyg (b)

N; T;
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s;+1 Can be calculated by using the same logic as equation (b): the fraction of dead spermatogonial cysts
(D;+1/N;) during the transition from stages i to i + 1 is equal to the product of the probability of GCD
(d;y1 = 1 —s;41) and the relative persistence time of the dying cysts (4,,,/T;). D;;, denotes the average
number of cysts that died during the transition from stage i to stage i + 1, and 4;,, denotes the time for
which a dead cyst remains visible in the testis (persistence time). This relationship is expressed as:

Diy; (1 = si41) Ajya

= (©)
N; T;
After a rearrangement of equation (c) we get,
D T; (d)
, =1-
St Aj N
Solving the equations to obtain the lifespans
1. Sequential estimation method (Fig. 1C)
(b) and (d) give two equations in the three unknowns T;,T;,; and s;, .
Niy1/N; =1 Di1T; (e)
Tipt/T, Ai1N;
Eliminating s;,, and solving for T;,; gives
_ Niys ( T; ) (1)
Tiy1 =
Ny \1=D;1Ti/Ai41N;

2. Individual estimation method (Fig. 1D)

Alternatively, the cyst population of stage i can be divided into two sub-stages: the cyst population in G1/
S/ G2-phases and M-phase. We denote these two stages as stage i’, and i”’, respectively. As mentioned
earlier, our assumption implies that no deaths occur during the phases G1, S, G2, and M of the germline
cell cycle. As the sub-stage i’ is by definition made up of the phases G1, S, and G2, and as the sub-stage
i" is the corresponding M-phase, the assumption implies that any spermatogonial cyst in sub-stage i’ has
a 100% probability of transitioning to the sub-stage i". Consequently, we have,

N T )

N, T,

where T;" and T; are M-phase length and the lifespan of the stage i, respectively. N/’ and N; are the
number of cysts of stage i in M-phase and the total number of cysts of stage i, respectively. The above
relationship shows that the fraction of cysts of stage i in M-phase (Mitotic index, N;’/N;) is equal to the

length of the M-phase relative to the total lifespan of stage i (T;"/T;; see supplement Methods section 10).

These methods provide a population average estimate of the inter-division lifespan for a GSC or the cell
cycle length/ lifespan of a TA stage. The accuracy of the estimate depends on the sample size of each

parameter and penetrance of the genetic/ environmental perturbation. Nevertheless, the method is
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internally consistent which would allow comparative quantitative analysis to examine the effect of a

perturbation.

Results

The TA population in the adult testis is in a steady-state

To explore the germline population dynamics in the adult testis, we enumerated the GSCs and TA stage-
wise distribution of the cysts from 1) freshly emerged (0-day), 2) 4-day old, and 3) 8-day old wild-type
males. The cyst distribution remained invariant, demonstrating that the germline TA population is in a

steady state until 8-days post eclosion (Fig. 1E).

GSCs and TA stage cysts take nearly equal time to complete their M-phases

Phospho-Histone-3 (pH3) staining in fixed preparation efficiently identified the mitotic stages from
prophase to telophase (Fig 2A, B; (23)). To determine the M-phase length of the GSCs and cysts in live
preparations, we collected time-lapse images from nosGal4vpl6>UAS-Histone-RFP; Jupiter-GFP
(nos>His-RFP; JupPT) testes ex vivo. Histone-RFP expression labeled the nuclei of GSC and its progeny
cells (Fig. 2A, B, D). Jupiter-GFP marked the microtubules (24), and the morphology of microtubules
allowed us to identify the onset and termination of M-phase as described previously (25). The appearance
of two centrosome-associated microtubule clusters was considered the beginning of prophase
(arrowhead, Fig. 2D-a; (23, 26)). Metaphase was identified by the characteristic spindle formation and
chromatin alignment at the cell equator (arrow, Fig. 2D-c). The spindle then resolved through anaphase
(Fig. 2D-d) and telophase (Fig. 2D-e). A visible increase in the nuclear size during the time-lapse series
was considered as the end of telophase (Fig. 2D-f). The GSC M-phase period varied from 50 to 80
minutes (N = 8, Fig. 2E). We used the median of this dataset (67.5) for our calculations. The M-phase

durations remained invariant in the GB, 2-cell, 4-cell, and 8-cell cysts (Fig. S2, Fig. 2E).

The GSCs divide every 12 hours

In wild-type testis, no GCD was recorded in GSCs (N=54) (27). Therefore, we calculated the average time
between two successive GSC divisions (inter-division lifespan) directly from the M-phase period (Fig. 2E)
and GSC mitotic index (Table S1) using equation (2). The average GSC lifespan in control (nos>EGFP)
background was estimated to be 11.7 + 0.6 hours (Fig. 2H), which falls within the reported range (19).

Cellular lifespans increase for the first two TA divisions and then contract by nearly 2-folds

To estimate the lifespans of the spermatogonial TA stages, we used equation (1). We used the
consolidated, stage-wise cyst counts (N; and N;.,’s; Table S2) obtained from the previously published
literature (13), and enumerated the Lysotracker-positive cysts in phase-l from the same genetic
background to obtain D;,,’s (Table S3). The stage-wise phase-| persistence time (4,,,’s) obtained from

the time-lapse images (Fig. S1A, Table S4) varied substantially across samples, ranging from 1 to 4
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hours (Table S4). A limited simulation suggested that for 4;,, values between 1 and 5 hours, the lifespan
estimates (T;’s) remain fairly unaltered (Fig. S1B). This justifies our assumption of the average of the

observed values of phase-I persistence time as a constant value for A (Table S4).

The estimates suggested that the lifespan of GBs (13.6 + 1.2 hours) is about 16% longer as compared to
that of the GSCs, and the 2-cell lifespan (17.6 + 1.6 hours) is further prolonged by approximately 29%
(Fig. 2H). Subsequently, the lifespans of 4-cell cysts contracted by about 54% (8.1 + 0.6 hours), and
remained at a similar level during the 8-cell stage (7.3 £ 1.1 hours; Fig. 2H). These observations were
consistent with a previous report suggesting that the 4- and 8-cell cysts take more than 7 hours to

complete their cell cycle (10).

To confirm these estimates, we sought to calculate the lifespans by an alternate method using equation
(2), which utilizes the stage-wise mitotic indices (Table S1) and the M-phase durations (Fig. 2E).
Consistent with the results obtained using equation (1), these estimates indicated similar changes in the

lifespans at the 2- and 4-cell stages (Fig. 2H).

Together, these analyses suggest that the TA lifespans increase after GB and then shrink by about 2-
folds for the next two divisions. Hence, contrary to the earlier assumptions, we find that the transit-
amplification is not a uniform process. These methods also indicated that the TA lasts of nearly 47 hours
(Table S5), which is close to an earlier estimate (28). A recent study in the Drosophila ovary suggested
anomalous alterations in the cell cycle structure during the TA stages, although the authors could not
qguantify the lifespans, (29). Also, developmentally regulated anomalous TA divisions were observed in
the Drosophila type Il neuroblasts lineage, in which the first daughter divides after 6.6 hours and the
matured late-stage daughters divide every 2-3 hours (30). Together, these results suggest that the non-

uniformity of the TA rates could be a recurrent theme in the stem cell systems.

Autonomous disruptions of G1/S or G2/M transitions in GSCs and GBs prolongs the lifespans of
all the TA stages

Next, to understand the impact of changes in the lifespan of stem cells, we perturbed the G1 and G2
phases in GSCs and early TA cells. In Drosophila epithelial cells, Cyclin E promotes G1/S transition (31),
and String/CDC25 (stg), via Cdkl activation, induces the G2/M transition (32). We showed earlier that
RNAIi knockdown of cycE, stg, and cdkl in the GSC and GB does not alter the transit-amplification
program in testis (13). Therefore, we probed the effects of these perturbations on the lifespans of the
GSC and TA stages.

We reasoned that if the TA divisions are autonomously regulated independent of the GSC, the RNAI

mediated knockdown of cycE or cdkl will increase the lifespans of only GSCs and GBs without affecting

7
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that of the subsequent TA stages. Time-lapse imaging suggested that the GSC M-phase duration is

significantly altered only in the nos>cdk1 RN

background (Fig. 3B-a). Whereas, computation of the
lifespans from enumeration of the D,,;’s (Table S3), the GSC mitotic indices (Table S1), and the N;’'s
(Table S2; (13)) in the nos>cycE™™ and nos>cdk1®™™* backgrounds, revealed more than a 2-fold
increase in the GSC and GB lifespans, due to the cycE RNAIi (Tgsc = 24.7 £ 3.2 hours, Tgg = 21.5 £ 2.7
hours; Fig. 3E) and the cdkl RNAI (T;s. = 33.3 £ 3 hours, T;z = 26.1 £ 2.9 hours; Fig. 3F), respectively
(Table S5). A similar estimation was obtained using the eq-2 (Table S6). Contrary to the expectation, both
the RNAI perturbations also prolonged the lifespans of 2-, 4-, and 8-cell stages by a similar margin (Fig.
3E, F), suggesting that the rates of the GSC/GB divisions could influence those of the subsequent TA

divisions.

To test this conjecture, we perturbed the cell cycle using Cdc25/string RNAI, which is predominantly

expressed in the GSCs and GBs (33). As expected, the nos>stg®F"*

expression significantly increased
the GSC M-phase period (Fig. 3C-a), as well as the lifespans of the GSCs (20.7 + 1.8 hours) and GBs
(15.4 + 2.1 hours; Fig. 3G). Also, the lifespans of the 4-cell (13.3 £ 2.3 hours) and 8-cell (11.2 + 2 hours)

stages were significantly higher in nos>stg®<"*

background (Fig. 3G). Together, these results suggested
that slowing down the cell cycle rates of GSCs and early TA stages have a feed-forward effect and
prolong the subsequent divisions. Inexplicably, though the estimates of 2-cell lifespans, obtained using
eg-1 and eqg-2, respectively, in the stg RNAI background deferred by a significant margin. These results
also suggested that the TA durations can be extended by more than 2 folds without affecting the

homeostasis (Table S5).

Ectopic Stg overexpression speeds up the entire transit-amplification program

Ectopic stg overexpression at the 4 and 8-cell stages was shown to shorten the cell cycle lengths (10).
The nos>stg overexpression significantly shortened the GSC M-phase period (Fig. 3D-a), and
significantly increased the GSC mitotic index (Table S1) (13). Expectedly, the stg overexpression
shortened the lifespans of the GSC (5.8 + 0.2 hours) and GB (5.8 + 0.3 hours) by approximately 2-fold
(Fig 3H). Furthermore, the lifespans of 2-cell (8.5 + 0.2 hours), 4-cell (4.9 £ 0.1 hours), and 8-cell (4.6
0.5 hours) stages were also shortened by approximately 2-folds (Fig. 3H).

Together, these results suggested that perturbing the cell cycle lengths of GSCs and early TA stages
affects the lengths of all the TA divisions and consequently, the entire transit-amplification program. We
noted that the anomalous pattern of the TA lifespans was conserved in all these instances (Fig 4A).
Remarkably, altering of the GSC lifespans readjusted the lifespans of subsequent stages (Fig 4B).
Hence, the stem cell lifespan appeared to set the duration of transit-amplification and the onset of

differentiation.
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Discussion:

In the Drosophila testis, the GSCs can be easily identified due to the floral arrangement around the hub
(Fig. 1A, B); whereas, the spermatogonial cysts are more abundant and tightly packed with no specific
spatial marker for identification in live tissue. Hence, the time-lapse measurement of the cell cycle length
was limited to the GSCs (18, 19). We devised a computation strategy that estimates the average division
rates of the GSC and TA at steady-state. This method requires time-lapse measurement of the M-phase
period of GSCs and the persistence period of dead cysts. Given that in most adult cell types, the M-phase
lasts for approximately 1 hour (34-36), this method considerably reduces the required duration of time-
lapse imaging. Furthermore, we found that in the Drosophila testis, the average number of dead cysts in
phase-l was much smaller than that of total cysts (Table S2, S6). Consequently, assuming “zero death” in
equation (1) only marginally affects the lifespan estimations (Table S7). This result implies that, if the
frequency of death is negligible, then the persistence time will have a much smaller effect on the lifespan

estimations, eliminating the requirement of time-lapse measurement of the death progression.

The rates of germline cells anomalously slow down at the midpoint of transit-amplification

The lifespan estimations indicate a slow down after the 1% TA division and subsequent acceleration that
over-compensates the slowdown at the 4-cell stage (Fig. 4B). Termination of held-out-wing (How) at the
2-cell stage, coincides with the initial slowdown (17). Moreover, the TA acceleration coincides with that of
the increase in bam expression (10) and the termination of the TFGP signaling gradient (37, 38). How
maintains the Cyclin B levels in the Drosophila male germline (17), and Bam stabilizes Cyclin A in the
Drosophila female germline (39). A recent study also suggested that loss of Bam or increased TFG[
signaling slows down the male germline divisions at the 4-cell stage (13). Therefore, we posit that the loss
of How expression and the TFG[ signal mediated suppression of bam could prolong the cell cycle length
at the 2-cell stage. Recent transcriptomic analysis of single-cysts in the Drosophila testis reported a
relatively higher level of weel (Cdk1 inhibitor) expression in the GBs and high levels of both cyclinB3 and
twine (cdc25) expression in the 4-cell cysts (40). These latter events coincide with the attenuation of the
TGFp signaling gradient and enhanced bam expression. Presumably, the weel expression in GBs would
delay the G2/M transition, increasing the cell cycle length of the 2-cell stage; whereas, cycB3 and twine
expressions in the 4-cell stage would promote the G2/M transition shortening the cell cycle length. What
is the significance of these anomalous changes in cellular lifespans? Prolonged interphase at the 2-cell
stage probably causes a transition of the cell-fate from a stem-cell mode to a TA mode. In other words,
this prolonged interphase at the 2-cell stage could facilitate the transcriptomic changes required for the
impending induction of meiosis (Fig. 4C). Alternatively, this pause could be a consequence of the

transcriptomic switch.

Germline cells communicate with their daughters to regulate the rate of TA divisions
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Previous studies proposed that the birth of the stem cell progeny sets a molecular clock that counts time
before differentiation (10, 41, 42). This theory, however, fails to explain how a stereotypic differentiation
clock fine-tunes along with the alterations in rates of TA divisions under different conditions(1-7). Here,
we show that altering the lifespans of GSCs and GBs through autonomous perturbations of cell-cycle
regulators also modifies the lifespans of the subsequent TA stages (Fig. 4B) and resets the differentiation
clock accordingly (Fig. 4C). As a consequence, the extent of germline amplification remains the same;
thus, maintaining homeostasis. This conclusion, however, is at variance with the previous conjecture
derived by altering the division rates of the late TA stages that induced a premature differentiation at the
8-cell stage or delayed the differentiation till the 32-cell stage (10, 13). One significant difference between
the previous experiments and those described above is that we perturbed the rate of the stem cell
divisions. The results imply that stem cells can send a forward signal to regulate the division rates of their
TA daughters. A similar forward regulation has been reported in Drosophila intestinal lining (43) as well as
mammalian tracheal epithelia (44). Together, these results suggest that the stem cells communicate with

their daughters to regulate the differentiation program and homeostasis.

We envisage that this method can be adapted to estimate lifespan changes in the linages of analogous
stem cell systems by marking their mitotic activity with suitable modifications. A limitation of this method is
the requirement of stage-wise discrimination of cellular lineage within a tissue. Recent studies have
identified markers that separate TA stages from stem cells aiding their identification in various systems (9,
45-48). The method also has a potential application in non-analogous systems in steady-state such as the

progression of pathogenic infections or a demographic class in a population.

Materials and methods

All stocks and crosses were maintained on standard Drosophila medium at 25°C. The method used for
obtaining the vasa-positive TA stage-wise cyst count (from testes immunostained with anti-vasa and anti-
armadillo) has been presented in our previous study (13). The dataset used to compute GSC and TA
stage-wise mitotic indices (sum of phosphoHistone-3 positive cysts divided by the sum of vasa-positive

cysts at each stage) was presented in this study (13).

Ex vivo imaging of testis

Testes from 4-day old flies were dissected and placed on a poly-lysine coated glass coverslip of a glass-
bottom petri dish (P4707; Sigma Chemical Co. USA). For determination of the M-phase duration, the
testes were immersed in Schneider’s insect medium (Sigma Chemical Co. USA) and imaged for 2 to 4
hours. The imaging interval was set as 5-6 minutes to minimize phototoxicity; therefore, the estimates
have an intrinsic error of + 5/6 minutes. To estimate the persistence time of dying cysts, dissected testes
were incubated in Lysotracker RedDND-99 (ThermoFisher Scientific) in PBS (1:1000 dilution) for 30

minutes and then imaged in PBS for 3 to 4 hours. A; was re-defined as the phase-I to phase-Il transition
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time, identified by the increase in Lysotracker staining intensity (Fig. S1A) or the shrinkage of cell size
(Fig. S1B).

Image acquisition and analysis

Images were acquired using Olympus FV1000SPD laser scanning confocal microscope using 40X (1.3
NA), or Olympus FV3000SPD laser scanning confocal microscope using 60X (1.42 NA), 40X (1.3 NA),
and 10X (0.4 NA) objectives. Multiple optical slices were collected to cover the entire apical part of the
testis. Images were analyzed using ImageJ® (http://fiji.sc/Fiji). The Cell-counter™ plugin was used for the

guantification of the immunostained cysts.

Statistical analysis

To calculate the variation in the lifespan estimates, the medians of the 1% quartile and 3" quartile, and the
overall median of the data for the M-phase period and vasa-positive counts were used. Student’s T-test
was used to calculate P-values unless otherwise mentioned. Origin (OriginLab, Northampton, MA),
Graphpad online software (https://www.graphpad.com/), and Microsoft Excel (2013) were used for

statistical analyses.
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Figures and legends:

B Germline Fusome Fig. 1 A) Schematic illustrates the process of transit-

Soma-membrane

amplification  during early spermatogenesis.
Glossary: GSC — Germline Stem Cell, CySC — Cyst
Stem cell, GB — Gonialblast. B) The apical tip of

s)sho
|eluobojewsadsg

wild-type (CantonS) testis stained for Vasa (Green),
Armadillo (Red), and Adducin/Hts (Red). (Scale
bars ~20um). C) Schematic describes the

sequential method (equation (1)) of time estimation.

T; denotes the time taken for a GB to 2-cell cyst

Germiine Fusome  transition (GB lifespan). N; and N;,, denote the

Soma-membrane

Germline Fusome
Soma-membrane

number of GBs (a) and 2-cell cysts (b), respectively.
D;,, denotes the number of 2-cell dead cysts,
Soma-membrane depicted by the Lysotracker-positive 2-cell cyst (c).
A;,, denotes the persistence time of a dead cyst.

(Scale bars ~5um). D) Schematic describes the

individual method (equation (2)) of time estimation.

Germline Fusome Germline mitotic nucleus

RN somamembrEne N and N, denote the number of GSCs in G1/S/G2
E 14 N =0 day (10) phases (a) and M-phase (b), respectively. T; and

12] ns _ms_ = 4 days (10) )

B1od ] 8 days (10) T; denote the duration of G1+S+G2 phases and that

5 8- l 1 of the M-phase, respectively. 7; denotes the GSC

g‘ 4| ns ns

c-,j I lifespan. (Scale bars ~ 5um). E) Histograms show

> ad

= 24 ] the relative stage-specific distribution profile of cysts
T T T (average *+ S.D.) in CantonS adults aged for 0-, 4-

and 8-days after emergence from the pupal case (eclosion) at 29°C. (n=10 for each group. Kruskal—

Wallis test, p>0.05 for all stages).
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mitoic nucleus Soma-memprane ___Gormine mucieus | . oo Fig. 2 A) Apical tip of nos>His-RFP
' g}jg ) (Green) testis stained for Vasa
Slﬁg ) (Green), Armadillo (Red) and pH3
2 o] é E: El 2 (Magenta). The white boundary
o 4] °
¥ ¥ marks a pH3-positive 4-cell cyst. B)
C cleus icrotubules 0 T T T T T
c Ge"s"(!';",',‘,ﬁf,.’i,“,;‘.?;'” D Ge“fmliner:ux‘:leus GSC GB 2-cell  4-cell 8-cell A SnapShOt from the time-lapse
F 160, . imaging of the apical tip of
£ 140- . -
3 5 120] - Jupiter”"(Green); nos>His-RFP(Red)
o = 100
§ 80] . é testis. Dotted white boundaries mark
3 60
§4o. % # Q E a 4-cell cyst in metaphase (Scale
E 5 204
g ol : . : bars ~20um) C) Adult testis tip
GSsC GB 2-cell  4-cell 8-cell
& stained for Vasa (Green), Armadillo
40 4
Gw . (Red), and pH3 (Magenta) showing a
] 30 4
: 8% GSC in prophase (a), pro-metaphase
2 g 204 o =
= 23 é é @ é g (b), metaphase (c), anaphase (d)
23104
g and telophase (e, f) marked by white
= 0 : - T T T
; GSC  GB  2ecell 4cell &eel  hoyndaries. D) Montage of a time-
) H & control (Segu.emial method, equgtion 1) Iapse image Of a GSC
o control (lndnwdt:_al method, equation 2) (J UpiterPT(Green); nOS>H iS'
24 8
? 2 2 s RFP(Red)) undergoing prophase (a),
§16. : éH gg prometaphase (b), metaphase (c),
g ‘f% 12 éa éu anaphase (d) and telophase (e, f).
2 Z"’; 8 %B QEJ Arrowheads mark the position of the
€9 separated centrosomes.  White
0

GSC  GB  2cel 4cell 8ol dgshed circles show the increase in
the nuclear size. Time intervals in minutes are indicated next to the image panels. (Scale bars ~ 5um). In
all images, asterisk marks the hub. C-E) Box plots show the duration of M-phase (E), prophase (F), and
metaphase to telophase (G) in GSCs and TA stages in control (nos>His-RFP; Jupiter”"). (Mann Whitney-
U test). H) Box plot shows the lifespans of GSCs and TA stages in control using equation (1) and

equation (2). (Students T-test).
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Fig. 3 A-D) Box plots show the duration of M-phase (a), prophase (b), and metaphase to telophase (c) in
GSCs and TA stages in nos> His-RFP; Jupiter”" background overexpressing cycE®™ (A), cdk1®"™* (B),

StgdSRNA

(C), and stg (D). (P values calculated with respect to control in Fig. 2 using Mann Whitney-U test).
E-H) Lifespans estimations in nos>cycE®™™ (E), nos>cdk1*"™* (F), nos>stg®™* (G), and nos>stg (H)

backgrounds (Mann Whitney-U test for 2cells in (F), otherwise Students T-test).
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mcontrol M nos>cycE*™  m nos>cdk1“"  m nos>stg™™ W nos>stg

Fig. 4 A) Log, fold change in lifespans

A
3 oower 8 ‘ of GSCs and TA stages in different
ﬁ : ‘u; slover genetic backgrounds relative to control.
g 1 i ! B) Log, fold change in lifespans of TA
5 05 5 octor stages in different genetic backgrounds
} . FaTZ:r Ce a1 Sos . T - relative to the GSC lifespans in
respective backgrounds. Note that in
¢ semed "kes‘e commitieq state control, the lifespans increase to about
@@e@» Meosts 1.5 fold and decrease by about 1.5
Forward regulation folds in 4- and 8-cell stages. C)
:f _I_|7 Schematic illustrates the germline TA
- lineage in the Drosophila testis. The

lifespans undergo anomalous alteration with the TA progression. The 2-cell to 4-cell transition presumably
signifies the shift from a stem-cell-like to a differentiated cell-like state. Stem cells send a feed-forward

signal to regulate the rates of TA divisions, thus fine-tuning the timing of entry into meiosis.
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Supplementary Information

Supplementary Information Text

The mathematical modeling of transit-amplifying (TA) divisions in the male germline of Drosophila

melanogaster

A demographic study of germline TA population

This demographic model states that the ratio of numbers of SGs in two stages at any given instant is
equal to the time spent in those stages with a correction term due to the germ cell death. This has the
useful consequence that for a population in a steady-state, enumerating the numbers of different SGs at
any one instant of time (time cross-sectional data) allows us to immediately determine the relationship
between the periods that any individual spends in different developmental stages, without recording the

entire process of transit amplification.

1.Decomposition of the population into generations

TA divisions in Drosophila melanogaster entail the transition of a 1-cell gonialblast to 16-cell
spermatogonia (a total of 5 stages) inside an encapsulation formed by two somatic cells; wherein all the
individual spermatogonial stages can be easily visualized and quantified. TA comprises a total of four
mitotic divisions which are performed by GB, 2-cell, 4-cell, and 8-cell. The 16-cell spermatogonia develop

into 16-cell spermatocytes which undergo meiosis. Our analysis is restricted to the four TA divisions.

In our demographic model, we consider that a population X is formed by the collection of all SGs in the
first four stages of TA from diverse individuals of a particular genetic background. This means that as a
set, at any instant of time t the population X(t) decomposes as a disjoint union of subsets corresponding
to each phase.

X(@t) = G,(t) U ..U G,(t)

Where period G;(t) is the set of spermatogonia in the stage i at the time t.

A new individual enters the population as a GB called as a spermatogonial cyst of stage 1, that is, a
member of G;. It successively transits through the generations G, (2-cell), G5 (4-cell) and G, (8-cell), and it

finally exits the population as it enters the 16-cell SG before the meiotic cell cycle.

2.TA stage as a random variable

Let a spermatogonial cyst be picked randomly at time t so that any two spermatogonial cysts in the
population have an equal chance of getting picked up. This defines the stage of a spermatogonial cyst as
a discrete random variable of the population at any time, i, which takes four discrete values (GB, 2-cell, 4-

cell, 8-cell). We always assume that if randomly drawn from a collection of testes, any two spermatogonial
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cysts are independent in the sense that, knowledge of the stage of any one of them does not give any

additional knowledge of the stage of the other.

3.The probability distribution P(t) of the population

Let p;(t) denote the probability for the stage of the SG to be i at time t where i=
GB, 2cell, 4cell, 8cell. Note that each p;(t) > 0, and p,(t) + -+ p,(t) = 1. This defines a finite probability
distribution which corresponds to the above random variable, P(t) = (pgg(t), ..., Pgcen (£))- It lies in the
three-dimensional convex simplex defined in co-ordinate terms by the equations x; > 0 for all i and
Xeg + -+ xgcen = 1. As any two SGs have the same chance of being picked up, if N; (t) denotes the
total number of SGs which are in the " stage at time t, then, by the basic colored balls in an urn model of

probability we must have,

_ N (O
pi (8) = N (0
Where N(t) = N,(t) + -+ N,(t) is the total size of the population, and so we can write
(M) N U
P - (19, M0)

4.The steady-state assumption

The population of interest to us is the collection of all spermatogonial cysts in the first four stages from all
the flies belonging to a common genetic background. We will regard this population to be in a steady-
state if there are no significant fluctuations in the population over a week. Sampling at 3-time points
(namely, 0 days, 4 days, and 8 days post-eclosion of the adult fly) showed that the relative proportions
N; (t)/N(t) of individuals in the first 4 stages remained constant over this period of the life of a juvenile fly
(Figure 1D). As the period of the first week in the life of an adult is much smaller than both the lifespan of
an individual fly and the period of our experimental observations, this property of the ratios N; /N may be
described in technical terms as that of being in a quasi-steady state (we will drop the word ‘quasi’ for
brevity).

Such a state can arise from the aggregate effect of the behavior of individual testis in flies by a constant
rate of input from the germline stem cells and a constant rate of output by the differentiation of 16-cell

spermatogonia to 16-cell spermatocytes over the first week of the adult life.

5.Cell cycle lengths/ lifespans of various TA stages

For such a steady-state population belonging to a common genetic background maintained at constant
environmental parameters, it can be reasonably assumed that any two spermatogonial cysts spend
approximately the same period T;in the given stage i. Of course, the different periods T;g , Tocetr » Tacers

and Tg..;; could have very different values.

20


https://doi.org/10.1101/2020.11.18.388314
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2020.11.18.388314; this version posted November 20, 2020. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

Let T = Tgg + Tocenn + Tycen + Tscey denote the total period (lifespan) that any spermatogonial cyst
spends within the population of our interest (namely, the first four stages). To begin with, let us make the
simplifying assumption that no deaths occur during the first four stages of a spermatogonial cyst (the
deaths are accounted for later). As the mitotic divisions of the germline stem cell are not synchronized,
the time of entry of any spermatogonial cyst into the population is uniformly randomly distributed in a
cyclic time interval of length T. Therefore, under the assumption of no germ cell deaths, as per the
uniform continuous probability distribution model, the probability p; that a randomly chosen SG is in stage
i at a randomly chosen instant of time, is given by the equation

T, T, (ii)

T Top + Tocen + Tacen + Tocen

bi =

Therefore, equating the two expressions (i) and (ii) for p; gives us the equalities
p; = N;/N = T;/T, equivalently,
Pi+1 _ Niyy  Tigq (iii)

bi N; T;

6.Partition of the population into subpopulations

In our model, the population is naturally divided into disjoint subpopulations that reside in distinct testes,
so these subpopulations are self-contained from the perspective of their time evolutions within the whole
population in the following sense: a spermatogonial cyst in any particular testis spends its entire life-time
within that single testis. Each new spermatogonial cyst enters the population by entering a particular
testis, goes through all the life stages within that testis, and then exits the testis and the population
simultaneously. We will always assume that the stages of individuals within any subpopulation are
independent in the sense that for any pair of individuals in a common subpopulation, the knowledge of the
stage of the first individual does not give any additional knowledge about the stage of the second
individual. It is noteworthy that any two testes contain an approximately equal number of spermatogonial
cysts at any chosen common stage (Figure 1D).

7.The necessity for accounting for germ cell deaths

The above set of equations (i, ii, iii) is based on the assumption that the probability of germ cell death
during transit amplification is negligible, that is, a 1-cell GB once formed, successfully undergoes the
entire transit amplification in 100% of the cases producing a 16-cell SG. However, we observed that a
significant proportion of germ cells die during transit amplification (Table S3). This shows that there is a
non-zero possibility of germ cell death at each stage of transit amplification. In our model, we have
assumed that germ cell death occurs only after the exit of the germ cell from the germline cell cycle at the

end of a stage i (on successively completing the developmental phases G1, S, G2, and M for stage i),
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and before its possible re-entry into the germline cell cycle in the phase G1 at the beginning of the stage
i+ 1.

8.Survival probability (s;;1)

According to this assumption, after the end of the cell cycle of stage i, a spermatogonial cyst either
successfully transitions to stage i+ 1, or undergoes germ cell death. Suppose that on average the
transition of n individuals from stage i to i + 1 gives rise to s;,; times n individuals in stage i + 1. The
number s;,; will be called the survival probability between stages i and i + 1. If each individual in the
stage i forms on an average exactly one individual in stage i + 1, then we have s;,; = 1. However,
because commonly a certain non-zero proportion of spermatogonial cysts die instead of succeeding in

making this transition, we have s;,; < 1.

Suppose that N;,, is the hypothetical number of spermatogonial cysts at stage i + 1 that would have
existed in the population if the survival probability were equal to 1, s;,; = 1, that is, if there were no germ
cell deaths during this transition. As seen above we will then get N/, ,/N; = T;,,/T;. However, the actual
number N;,, is s;,, times N, ,. Therefore, a substitution gives (N;y1/s;+1)/N; = Ti41/T;, thatis,

Niyy _ Sita Titq (iv)
N; T;

9.Calculation of the survival probability (s;;4) in terms of germ cell death

At any instant of observation, let D;,; denote the number of dead spermatogonial cysts which have died
after the transition from stage i to stage i + 1, before entering the germline cell cycle of stage i + 1. Let
A;,, denote the period for which any dead spermatogonial cyst, that has died at the end of the transition
from stage i to i + 1, remains visible in the testis. We may regard all such dead spermatogonial cysts as
forming a new stage (i + 1)*, which persists for a duration of 4,,;. The probability of transition from stage
i tostage (i + 1)"is d;,; = 1- s;,,. Therefore, the equality (iv) above, with D;,, in place of N;,;, 4;41 in

place of T;,, and d;,, in place of s;,, now gives D;,,/N; = d; ;1 * A;41 /T;, that is,

Diiq _ (1 —Si41) Aia (V)
N; T;
Rearrangement gives
Diy1T; (vi)
o rti
St Ai1N;

10. Solving the equations to obtain the lifespans
The values of N; were obtained by enumerating the number of spermatogonial cysts (Table S2). Inserting

these values, (iv) and (vi) give two equations in the three unknowns T;, T;,; and s;, 4.
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Niy1/N; DT, (vii)

= S; =
Ti1/T; ik AjqN;

Eliminating s;,, and solving for T;,, gives

T. =Ni+1( T; ) 1)
TN, \1 =Dy Ti/ AN,

Using the above equation iteratively for i = 1, 2, 3, the periods T,, T; and T, are determined in terms of the

period T;. We call this method based on equation (1) the “sequential estimation” method. It requires the

data (N;, N;,1, Di 41, 4141, T;) Of two successive spermatogonial stages namely, stage i and i + 1.

Alternatively, one can divide the spermatogonial cyst population of stage i into two sub-stages: the cyst
population before the M-phase and in M-phase. We denote these two stages as stage i’ and i",
respectively. As mentioned earlier, our assumption implies that no deaths can occur during the phases
G1, S, G2, and M of the germline cell cycle itself. As the sub-stage i’ is by definition made up of the
phases G1, S, and G2, and as the substage i"” is just the corresponding phase M, the assumption implies
that any spermatogonial cyst in sub-stage i’ has a 100% probability of transitioning to the sub-stage i".
Consequently, we have,

TN 2)

L

We call this method based on equation (2) the “individual estimation” method. Here N/, and N;’ are the
number of vasa-positive, phosphorylated-histone3-negative spermatogonial cysts and vasa-positive,
phosphorylated-histone3-positive spermatogonial cysts in stage i, respectively. T/, and T/’ are the

durations of stages i'and i, respectively.

11. Calculation of T from the lifespan of GSCs (T)
Consistent with earlier studies (49), we did not find any dead GSCs in any of the genetic backgrounds
examined in this study. Therefore, substituting D; = 0 in the equation (1) with i = GSC gives the duration
spent by the GSC in stage i’ by the formula,
Theo = Tc’;iqclfvc';sc (viii)

NGSC
We already know of the period T/, as shown in Figure 3. N/g., and Njs. can be determined by the
enumeration of vasa-positive, phosphorylated-histone3-negative = GSCs and vasa-positive,
phosphorylated-histone3-positive GSCs, respectively. As mentioned earlier, the lifespan of the GSC can

be obtained as Tgge = Tise + Tese.

A previous study reported that the GSCs undergo symmetric differentiation (13%) and that of the

symmetric renewals (7%), with low frequency (18). If these proportions are correct, then on average per
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every 100 divisions of GSCs, 2 x 7 + 80 = 94 GSCs will form while 6 GSCs will be lost. The inter-division
time for a GSC is reported as 14 hours (50). Thus, the total number of divisions performed by a single
GSC in 8 days (192 hours) will be equal to n =192 /14 = 13.71 = 14. Therefore, if we begin with a
certain number of GSCs on the day of the fly eclosion (0-day), after 8-days we will have (94/100)*
= 42% of the starting number of GSCs. However, in contrast to this conclusion our observation indicated
that upon quantification of GSCs at 0-day, 4-day, and 8-days post adult eclosion, we found that the GSC
number does not vary significantly (Figure 1E).

Therefore, one may infer that, at least for the first 8-days of the adult fly life, the percentage of symmetric
differentiation should be equal to the percentage of symmetric renewals among all GSC divisions. Let us
denote the common probability of symmetric differentiation and symmetric renewal as p and that of the
asymmetric division as g so that we have 2p + q = 1. This implies that only g proportion of GSCs form
GBs. The GBs so formed either successfully re-enter the cell cycle at stage 1 (with probability s;z) or die
(with probability 1 - s;g). Therefore, the final proportion of GSCs forming GBs will be given by the product
q*Seg =q* (1 — DigTesc/AsNgsc). Hence arguing as before, we have

_ Ngg ( Tesc ) (ix)
Ngsc \ q * (1 — DggTgsc/AgsNasc)

TG B

A GSC can form a 2-cell spermatogonial cyst directly by symmetric differentiation or by an asymmetric
division forming a GB, followed by a GB division. The probability of the direct formation of a 2-cell stage
from a GB is the product of the probability of the asymmetric division (equal to p) and the survival
probability of the 2-cell stage (equal to s,..;). Since the probability of a GSC forming a GB is g * (1 —
DipTesc/AcgNgsc), the probability of a GB forming 2-cell spermatogonial stage will be, g * sgg * Sycenr
where s,..;; iS the survival probability of a 2-cell stage. Thus, the probability of a GSC forming a 2-cell
spermatogonial cyst (either directly or by passage through a GB) is q * sgg * Sycerr + P * Sacenr» OF SIMmply

(q * sgg + D) * Sycen- This gives us

Nocen ( Tesc ) (x)

T = * *
2eelt (q * (1 — DgpTgsc/AgeNesc) + 1) * (1 — D3 ooy Tep/ AscennNes)

To determine the periods T; and T, in terms of the period T, using the sequential method, equation (2) can

NGSC

be used iteratively for i = 4cell, 8cell. For our study, we have assumed that the frequencies of symmetric
differentiation and symmetric renewals are negligible as compared to the frequency of asymmetric
division. However, we have calculated the lifespans in the control background including the reported

values for symmetric differentiation and symmetric renewals in wild-type (Figure S4).

12. Determination of the clearance time of adying SG (A) and GCD
The germline death progression could be divided into four successive phases based on the staining

pattern of a nuclear stain (DAPI), Lysotracker, Lamin, and the germline marker - Vasa (22). The first two
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phases are identifiable and can be classified into GB, 2-cell, 4-cell, etc. depending on the anti-vasa and
Lysotracker staining. Therefore, we picked the time spent by the dying cell in phase-l as the time of
clearance of a dead spermatogonial cyst. Note that one may apply the formula in equations (1) with D;,,
as the average number of spermatogonial cysts of stage i + 1 in phase-| of death and 4;,, as the time

spent in phase-| of death.
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Fig. S1. Clearance time of dead cyst A) Montage of a GB transition from phase-I (a, b) to phase-Il (c) of
germ cell death, demonstrating an increase in the Lysotracker intensity. B) Montage of a 2-cell cyst
transition from phase-I (a, b, c) to phase-Il (e) of germ cell death, demonstrating size reduction. Time
intervals in minutes are indicated at top of the panels. (Scale bar ~5um). C) Line plot shows predicted
lifespans of GB (T¢g, Blue), 2-cell (Tycen, Orange), 4-cell (Tycen, Purple), and 8-cell (Tg.ey, Green) in
control (nosGal4vp16>UAS-EGFP) background with the persistence time (A) ranging from 0.5 hours to 5

hours.
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JjupiterGFP nos>HisRFP
A 0’ 50.5’ 56.9’ 63.1’ 69.5’ 75.9’

Fig. S2. Montage of a time-lapse image of a GB (A), 2-cell (B), 4-cell (C) and 8-cell (D) (JupiterGFP
(Green), nos>HisRFP (Red)), undergoing M-phase. Arrowheads mark the position of the separated
centrosomes. White circles label the cells visible in the plane of imaging. White dashed circles depict the
increase in the nuclear size marking the end of telophase. Time intervals in minutes have been indicated

on top of the panels. (Scale bars ~ 5um).
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Fig. S3. Line plot shows the predicted decline in GSC numbers with days after adult fly eclosion
calculated by considering % Asymmetric division = 80%, % Symmetric renewals = 7% and % Symmetric
differentiation = 13% (Reported in (18)).
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Fig. S4. The line plot shows the predicted lifespans of GSC (T4g¢, Black), GB (T4, Blue), 2-cell (Tycens
Orange), 4-cell (T4cen, Purple), and 8-cell (Tgeu, Green) in control (nosGaldvpl6>UAS-EGFP)
background with the % probability of asymmetric division ranging from 1 to 0.5 (g = 100, 90, 80, 70, 60,
50).
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Table S1: Stage-wise Mitotic index in control and cell cycle perturbed backgrounds

Mitotic index
GSC GB 2-cell 4-cell 8-cell
nos> control (40) 0.0962 | 0.0933 | 0.0639 | 0.1264 | 0.1373
nos>cycE*Ff (24) 0.0482* | 0.0629 0.0448 0.0870 0.0505
nos>Cdk1%fM (21) 0.0417" | 0.0455 0.0500 0.0714 0.0909
nos>stg®""* (23) 0.0667 0.1074 0.0493 0.0787 0.1176
nos>stg (18) 0.1835" | 0.2024% | 0.1045 0.1707 0.1333

Genotype

* Fisher’s exact test, P = 0.0476
T Fisher’s exact test, P = 0.0312
I Fisher’s exact test, P = 0.0116
8§ Fisher’s exact test, P = 0.0038
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Table S2. Stage-wise cyst distribution profile (Median * Interquartile range)

Genotype GSC GB 2-cell 4-cell 8-cell
nos> control (40) 8+1.25 9+3 10+3 5+£1.25 4+2
nos>cycE*fN (25) 9T +2 7T+2 9%+ 2 4+2 4+2
nos>Cdk1%fM (21) 7+2 6t +2 8h+2 4+2 4+2
nos>stg®""* (23) 7T+1 5t+2 6t +3 4+2 3*+15
nos>stg (18) 9% + 2 95+1 12"+ 2.75 7r+2 7r+3

* Mann-Whitney-U test, P < 0.05
T Mann-Whitney-U test, P < 0.01
T Mann-Whitney-U test, P < 0.001
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Table S3: Average number of cysts in Phase-l of Germ cell death (D;,,) in different genetic

backgrounds.
Average cell death (PHASE-I)

Genotype

GSC GB 2-cell 4-cell 8-cell
nos> control (54) 0 0.06 0.09 0.04 0.06
nos>cycE*FfN (13) 0 0.08 0.15 0 0.15
nos>Cdk1%fM* (29) 0 0 0 0 0.03
nos>stg®fM (21) 0 0 0 0.05 0.1
nos>stg (10) 0 0 0.4 0 0
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Table S4. Clearance time (A) recorded for different TA stages in various control genetic

backgrounds.

Genotype TA stage Phase-I pzt:'r;ijsr:;nce time

Gonialblast >1.6

Gonialblast 1.07*

Gonialblast >0.55

Gonialblast >0.95

] 2-cell >3.73

v 2-cell 0.9*

8-cell >3.73

8-cell >1.27

16-cell >3.73

16-cell >2.20

The total number of time-lapse images acquired from the genetic controls were 71 - tjGal4 (total
57) and nosGal4 (total 14).

* Both the onset of Phase-| and transition to Phase-Il were recorded
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Table S5: Lifespan estimations (Average = SD) using the equation (1) in different genetic

backgrounds (Presented in Fig. 3)

Genotype

lifespan (Hours)

GSC GB 2-cell 4-cell 8-cell TgtAa'
control 11.7+06 | 136+12 | 176+14 | 8.1+0.6 73+11 | 466
nos>cycE®™ | 24.7*+32 | 2157 +27 | 36.6'+6.2 | 1887 +3.7 | 23.8°+5.6 | 100.7
nos>cdk1®™ | 333"+3 | 26.1"+29 | 37.7"+3 | 17.3"+26 | 1877 +2.9 | 99.9
nos>stg?sf™ 207"+1.8 | 154*+2.1 | 195+3.4 | 13.3'+23 | 11.2*+2.0 | 594
nos>stg 55"+0.1 | 58'+03 | 85'+0.2 | 49*+0.1 | 46"+05 | 238

The Standard deviation was generated from variation observed in the TA stage-wise M-phase

period (median, median of the 1% quartile and median of the 3" quartile)

* Student’s T test, P < 0.05
T Student’s T test, P < 0.01
I Student’s T test, P < 0.001
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Table S6: Lifespan estimations (Average = SD) using the equation (2) in different genetic

backgrounds
Genotype lifespan (Hours)

GSC GB 2-cell 4-cell 8-cell
control 11.7+ 0.6 12+1.1 18.6 + 3.1 9.2+1.4 9.2+1.3
nos>cycEsRNA 247*+3.2 | 20.6*+33 | 31.17+22 | 143*+16 23.1"+3
nos>cdk1%RNA 33.3"+3 29.5%+ 2 27.2*+33 | 17.77+13 | 185+49
nos>stgsfMA 207"+1.8 | 11.6+0.9 34"+0.8 15.8"+1.3 11.4+1
nos>stg 557+0.1 5'+0.5 11.3*+ 0.8 7.4+0.6 9.3+1.4

The Standard deviation was generated from variation observed in the TA stage-wise M-phase

period (median, median of the 1% quartile and median of the 3" quartile)

* Student’s T-test, P < 0.05
T Student’s T-test, P < 0.01
I Student’s T-test, P < 0.001
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Table S7: Lifespans estimates considering no germ cell death (GCD)

lifespan (Hours)

Method

GSC GB 2-cell 4-cell 8-cell
Sequential (D;;; =0) 11.7+06 | 13.1+1.2 | 156+1.3 6.9+0.6 6+0.9
Sequential (D;,,; = observed) 11.7+06 | 136+1.2 | 1767+1.4 | 81¥+06 7.3*+1.1

The Standard deviation was generated from variation observed in the TA stage-wise M-phase

period and vasa-positive cyst counts (median, median of the 1% quartile and median of the 3"

quartile)

* Student’s T-test, P < 0.05
T Student’s T-test, P < 0.01
I Student’s T-test, P < 0.001

36


https://doi.org/10.1101/2020.11.18.388314
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2020.11.18.388314; this version posted November 20, 2020. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

S| References

1. K. Yacobi-Sharon, Y. Namdar, E. Arama, Alternative Germ Cell Death Pathway in
Drosophila Involves HtrA2/Omi, Lysosomes, and a Caspase-9 Counterpart. Dev. Cell 25, 29-42
(2013).

2. X. R. Sheng, E. Matunis, Live imaging of the Drosophila spermatogonial stem cell niche
reveals novel mechanisms regulating germline stem cell output. Development 138, 3367-76
(2011).

3. K. F. Lenhart, S. DiNardo, Somatic Cell Encystment Promotes Abscission in Germline
Stem Cells following a Regulated Block in Cytokinesis. Dev. Cell 34, 192—-205 (2015).

4. A. C.-Y. Chiang, H. Yang, Y. M. Yamashita, spict, a cyst cell-specific gene, regulates
starvation-induced spermatogonial cell death in the Drosophila testis. Sci. Rep. 7, 40245 (2017).

37


https://doi.org/10.1101/2020.11.18.388314
http://creativecommons.org/licenses/by-nc-nd/4.0/

