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Cyclin E and Cdk1 regulate the termination of germline transit-amplification 
process in Drosophila testis
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ABSTRACT
An extension of the G1 is correlated with stem cell differentiation. The role of cell cycle regulation 
during the subsequent transit amplification (TA) divisions is, however, unclear. Here, we report for 
the first time that in the Drosophila male germline lineage, the transit amplification divisions 
accelerate after the second TA division. The cell cycle phases, marked by Cyclin E and Cyclin B, are 
progressively altered during the TA. Antagonistic functions of the bag-of-marbles and the 
Transforming-Growth-Factor-β signaling regulate the cell division rates after the second TA 
division and the extent of the Cyclin E phase during the fourth TA division. Furthermore, loss of 
Cyclin E during the fourth TA cycle retards the cell division and induces premature meiosis in 
some cases. A similar reduction of Cdk1 activity during this stage arrests the penultimate division 
and subsequent differentiation, whereas enhancement of the Cdk1 activity prolongs the TA by 
one extra round. Altogether, the results suggest that modification of the cell cycle structure and 
the rates of cell division after the second TA division determine the extent of amplification. Also, 
the regulation of the Cyclin E and CDK1 functions during the penultimate TA division determines 
the induction of meiosis and subsequent differentiation.
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Introduction

A balance between proliferation and differentiation 
is critical during development for tissue growth and 
patterning, and in adults for maintaining tissue 
homeostasis. The transit amplification (TA) divi-
sions of the stem cell progeny generate a pool of 
progenitor cells that can act as a buffer limiting the 
proliferative stress on the stem cells during tissue 
regeneration [reviewed in 1, 2, 3], which helps to 
maintain the stem cells for a longer duration during 
the lifetime of an organism. The proliferative pool of 
tissue progenitors undergoes a change from a stem- 
cell-like to a differentiated-cell-like identity. 
Typically, an extension of the G1 phase is considered 
to induce differentiation [reviewed in 4], and induc-
tion of differentiation often leads to expression of 
inhibitors of G1-S transition [5, 6, reviewed in 7]. 
Previous studies suggested that a molecular clock 
intrinsic to the proliferative progenitor cells controls 
the timing of differentiation [8], and the number of 
TA divisions within this time-scale is determined 
according to the cell cycle lengths of the progenitor 
cells [9,10]. Hence, understanding the role of cell 

cycle regulation during the TA is necessary to unra-
vel the interplay between the rates of cell divisions 
and differentiation.

The Drosophila germline is a well-suited model 
system for assessing the correlation between cell 
cycle regulation and differentiation during the TA 
divisions. The asymmetric division of a germline 
stem cell (GSC) produces the progenitor, gonial-
blast (GB), which undergoes four rounds of sym-
metric TA divisions, forming 2, 4, 8, and 16 
interconnected gonial cells. Subsequently, either 
one (in the ovary) or all (in testis) of the 16 gonial 
cells enter meiosis [11, Reviewed in 12]. GSCs and 
early gonial cells in testis express an RNA binding 
protein, Held-out-wing (How), which suppresses 
the differentiation program [13]. The gonial cells 
in testis at the 4- and 8-cell stages express the bag-of 
-marble (bam) gene [10]. The presence of Bam 
protein stabilizes Cyclin A [14], suppresses the 
expression of stem cell maintenance factors 
[15,16], and promotes differentiation of the gonial 
cells in the ovary. Bam accumulates to a critical 
level at the 8-cell stage, which is suggested to arrest 
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the TA after one extra round, and loss of Bam 
protein through a translational regulation triggers 
the onset of meiosis at the 16-cell stage [10]. 
Ectopic Bam overexpression, however, does not 
induce premature differentiation before the 8-cell 
stage [10,17]. Thus, Bam appeared to act as 
a modulator of the developmental clock. The secre-
tion of Bone Morphogenetic Proteins (BMP), dec-
apentaplegic (dpp), and glass-bottom-boat (gbb), 
form the somatic niche [18], and cell-autonomous 
regulation [19] represses the bam expression in 
GSCs and GBs in testis. Hence, the length of 
the second TA division must be adjusted to coin-
cide with the Bam expression at the 4-cell stage.

After TA, the germline cells in the ovary and testis 
adopt distinct cell fates. In the ovary, only one of the 
16 oogonial cyst cells goes through meiosis, producing 
a single oocyte, and the rest undergoes multiple endo- 
replications generating 15 nurse cells. In the testis, all 
16 spermatogonial cells undergo meiosis and subse-
quent differentiation to generate a clone of 64 sper-
matids. Studies in the ovary suggest that the GSCs and 
early gonial cells have a distinctly different cell cycle 
structure as compared to the later TA stages [20]. The 
cell cycle regulators, Cyclin E [21], Cyclin B [22], and 
the turnover of Cyclin A [23] are essential for the GSC 
proliferation and maintenance. Cyclin E, which is 
known to regulate the G1 length in somatic cells, 
expresses in an atypical manner in the female GSCs 
[24], and it is indicated to control both the GSC 
division and maintain the cell fate [21] . Further, the 
Cdc25/String, which is known to activate CDK1, was 
shown to maintain the GSC fate in the testis [25]. 
However, it is still unclear how the regulation of cell 
cycle phases during the subsequent TA process influ-
ences the germline amplification and differentiation.

In this study, we investigated the cell division 
rates and the pattern of cell cycle phases during 
the TA in Drosophila testis to understand their 
role in TA regulation. It revealed a progressive 
restructuring of the cell cycle with midstream 
acceleration during the amplification process. The 
genetic analysis suggested that the Bam function, 
antagonized by the Transforming Growth Factor β 
(TGFβ) signaling, regulates separate aspects of the 
cell cycle during the third and fourth amplificaiton 
divisions. The results also suggested that 

regulation of the G2 phase and the rates of GSC 
and GB divisions set the pace of the differentiation 
program in the male germline lineage, and regula-
tion of the CycE and CDK1 activities during the 
penultimate TA division is critical for the induc-
tion of meiosis. A detailed description of our 
observation and analysis is provided below.

Materials and methods

Drosophila stocks and culture condition

All stocks and crosses were maintained on standard 
Drosophila medium at 25°C unless mentioned other-
wise. The flies were reared for four days at 29°C 
before dissection and fixing, as described before 
[26]. The list of fly stocks is presented in Table S2.

Whole-mount immunofluorescence-staining

Testes from a four-day-old male were dissected in 
Phosphate buffer-saline (PBS) and fixed in 4% 
paraformaldehyde for 20 to 30 minutes at room 
temperature. The testes were then washed 3 times 
in PTX (0.3% Triton-X100 in PBS), incubated in 
blocking solution PBTX (5% BSA in and incu-
bated with an appropriate dilution of primary 
antibodies overnight. Samples were washed 3 
times in PTX followed by a 2-hour incubation at 
room temperature with Alexa dye-conjugated sec-
ondary antibodies Invitrogen) at 1:200 dilution in 
PBTX, and a final set of wash in PTX. The samples 
were mounted with a drop of Vectashield® (Vector 
Laboratory Inc., USA). For visualizing the nucleus, 
the samples were incubated with 0.001% Hoechst- 
33,342 (Sigma Chemical Co. USA) for 20 minutes 
post the entire immunostaining protocol. Then 
the samples were washed with PTX and mounted 
as mentioned above. The following primary anti-
bodies were used: rat anti-Vasa (1:50; 
Developmental Studies Hybridoma Bank 
(DSHB); developed by A. Spradling, Carnegie 
Institution for Science, USA), mouse anti- 
Armadillo (1:100; DSHB; E. Wieschaus, 
Princeton University, USA), rabbit anti- phospho- 
Histone-3 (1:4000, Santa Cruz Biotechnology); 
mouse anti-cyclin A (DSHB, C.F. Lehner, 
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University of Bayreuth, Germany), rabbit cyclin-E 
(1:100, Santa Cruz Biotechnology).

Quantification of germline cell death (GCD)

For the detection of GCD, testes were stained with 
Lysotracker RedDND-99 (Life Technologies) in 
PBS for 30 min before paraformaldehyde fixation.

Image acquisition, analysis, and SG profile 
quantification

Images were acquired using Olympus FV1000SPD 
laser scanning confocal microscope using 10X, 0.3 
NA and 60X, 1.35 NA, or Olympus FV3000SPD 
laser scanning confocal microscope using 60X, 1.42 
NA objectives or Zeiss 510meta laser scanning con-
focal microscope using the 63X, 1.4 NA objective. Live 
imaging was performed using an FV3000SPD laser 
scanning confocal microscope at 10 × 0.40 NA or 
Nikon TI-E microscope at 20 × 0.75 NA Multiple 
optical slices were collected covering the entire apical 
part of the testes. The images were analyzed using 
ImageJ® [). The Cell-counterTM plugin was used for 
the quantification of the immunostained SGs. For 
estimating the SGs stained with different cell cycle 
phase markers, the images were thresholded at the 
95 percentile according to the intensity histogram, 
and the SGs marked above the threshold were counted 
as positive.

Heat shock protocol

Heat shock protocol, previously described in 17, was 
used to overexpress bam in hs-bam background. 
4-day old male flies, raised at 18°C, were collected 
in glass vials and submerged in a water bath main-
tained at 37°C for 30 minutes at approximately 10 
AM and 6 PM. The vials were maintained at 29°C 
between heat shocks and were transferred to 18°C 
after 6PM. Testes were dissected after 24 hours.

Statistical analysis

The Origin (OriginLab, Northampton, MA) soft-
ware, Graphpad online software, and Microsoft 
Excel (2013) was used for all statistical analysis.

Results

The spermatogonial cells divide at a relatively 
faster rate after the second TA division

In wild-type testes, the GSCs are arranged in 
a radial manner around the stem cell niche, 
termed as the hub (Figure 1(A,B)). The GB and 
the spermatogonial cells derived from a GB divide 
synchronously within an encapsulation formed by 
two somatic-origin cyst cells [27]. Together this 
assembly is called a cyst. The number of sperma-
togonial (SG) cells within the somatic enclosure 
defines the TA stage of the cyst (Figure 1(C)). 
Estimation of different TA stages in the wild-type 
(Canton-S) and various other genetic back-
grounds, commonly used as wild-type controls, 
indicated a significant drop (approximately by 
50%) in the population of cysts after the 2-cell 
stage (Figure 1(D)) [28,29]. The drop in cyst popu-
lation at 4-cell stage could occur due to an accel-
eration of rates of divisions from the 4-cell stage 
onwards, or due to excessive cell death at the 2-cell 
or 4-cell stage. Several studies have reported that 
germline cells occasionally die through a non- 
apoptotic process, called the germ cell death 
(GCD) [30–32]. We observed GCD at every TA 
stage in the wild-type background; however, there 
was no sharp increase in the frequency of GCD at 
the 2-cell or 4-cell stages (Figure S1). Therefore, 
we inferred that the cell cycle rates speed-up by 
nearly 50% after the second TA division causing 
the commensurate reduction in the pool of cysts at 
the 4-cell stage.

Cell cycle phases are progressively remodeled 
during the TA divisions

Gap phase regulation is one of the significant determi-
nants of the cell cycle length. To identify the cell cycle 
phases during the TA, we examined the CycE, CycA, 
and phospho-Histone-3 (pH3) immunostaining, and 
the expressions of ΔPCNA::GFP and CycB::GFP pro-
tein trap during the TA stages in the wild-type testis. 
The CycE staining marked occasional spermatogonial 
cysts, whereas the endogenous CycB::GFP expression 
marked all cysts at all stages with variable intensity 
(Figure 1(A-E)). In both these cases, we found 
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Figure 1. Analysis of the cell cycle structure during the TA divisions in the Drosophila testis. A) Schematic illustrates the 
process of transit amplification during early spermatogenesis. Glossary: GSC – Germline Stem Cell, CySC – Cyst Stem cell, SCC – 
Somatic Cyst Cell, GB – Gonialblast, SG – Spermatogonia. B) The apical tip of wild-type (WT) testis stained with the Hoechst-dye 
(blue), anti-Armadillo (Red), and anti-Vasa (green). GSC, GB, 2-cell, and 16-cell spermatogonial cysts are indicated by yellow arrows. 
(Scale bars ~20 µm). C) Enlarged images of the hub, GSCs, and spermatogonial cysts at different stages of TA in wild-type testis. 
(Scale bars ~5 µm). D) Stage-wise distribution of spermatogonial cysts (average ± S.D.) in CantonS, vasaEGFP, nos>EGFP, bam>EGFP 
backgrounds (gray bars). The pair-wise significance of difference was estimated using the Mann-Whitney-U test (p-values are * 
<0.05, **<0.01, ***<0.001). E). A GFP::CycB-expressing adult testis stained with anti-CycE. Yellow arrowheads mark the germ cells 
positive for both the nuclear CycE and CycB, white arrow marks fusome-like localization of CycB, white solid lines mark GSCs 
expressing only CycB, and broken lines mark an 8-cell cyst positive for CycE only. Enlarged images (b, c) of germ cells positive for 
both nuclear CycE and CycB are shown in the side panels. F) The apical tip of testes stained with vasa (Red) and different cell cycle 
markers (Green) indicates the distribution of cell cycle phases in the spermatogonial cysts at different stages. The images are 
generated after 95% thresholding, which revealed the distribution of peak levels of CycE (a), CycA (c), and pH3 (e) ΔPCNA-GFP (b) 
and GFP-CycB (d). (scale bars ~20 µm). G) Histograms indicate the average (± SEM) spermatogonial cysts stained with different cell 
cycle phase markers at each stage of the TA. The pair-wise significance of difference was estimated using the Mann-Whitney-U test 
(p-values are * <0.05, **<0.01, ***<0.001). H) Histograms indicate the fraction of spermatogonial cysts marked with the peak CycE 
(a), and CycB (b) staining at each stage. The pair-wise significance of difference was estimated using Fisher’s exact test (p-values are 
* <0.05, **<0.01, ***<0.001).
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occasional cysts at each stage marked with high levels 
of CycB::GFP (Figure 1(A-E), white circles) and CycE 
staining (Figure 1(A-E), yellow dotted border) in the 
germ cell nucleus. The CycE staining oscillated 
between the nucleus and cytoplasm. The CycB::GFP 
alternated between the cytoplasm, nucleus, and 
fusome-like structures (white arrow, Figure 1(E)).

To estimate the stage-specific distribution of the 
peak expression of CycE, ΔPCNA::GFP, CycA, and 
CycB::GFP during the TA, we considered the cysts 
that were marked above a threshold of 95-percent 
of the intensity levels in each image (figure 1(F)). 
We identified a few cysts expressing peak levels of 
CycB and CycE at each TA stage in every testis, 
comparatively fewer cysts marked by the ΔPCNA:: 
GFP expression, and very few cysts marked by the 
CycA and pH3 immunostaining, respectively 
(Figure 1(G)). Unlike the GSCs in Drosophila 
ovary, where CycE expression overlapped with 
that of CycB [21], we found only limited overlap 
between the peak CycE staining and CycB-GFP 
localization in the germ cell nuclei during the 
GSC and TA stages (Table S1). Together, these 
results indicated that the CycE and CycB levels 
peak at separate intervals, potentially marking the 
G1-S and G2-M phases, respectively, during the 
germline cell cycle in Drosophila testis.

The GSCs in both the ovary and testis have 
a short G1 and longer G2 phases [24,33]. In the 
ovary, the first two divisions of the gonial cells 
follow a similar pattern, and the following TA 
divisions go through a relatively longer S and 
M phases [20]. We found that the average number 
of CycE-positive GSCs was significantly less than 
those marked by CycB in the testis. The distribu-
tion was reversed in the GBs (Figure 1(G)). The 
average numbers of CycE and CycB-positive cysts 
are comparable at the 2- and 4-cell stages. At the 
subsequent 8-cell stage, the number of CycE- 
positive GBs was significantly more than that of 
CycB (Figure 1(G)). We also noted that, though 
the average number of GSCs and GBs are compar-
able (Figure 1(D)), the number of GBs marked by 
the ΔPCNA::GFP was several folds higher (Figure 
1(G)). These observations may suggest that the 
GSCs go through a comparatively shorter S-phase 
than the subsequent TA stages.

Next, we calculated the percentage of CycE and 
CycB-positive spermatogonial cysts at each stage 
(Figure 1(H)). The results indicated that the cell 
cycle phase marked by CycE increases steadily 
from the GSCs until the 2-cell stage, then declines 
(Figure 1(A-H)). We also noted a steady increase in 
the phase marked by CycB with each TA division 
(Figure 1(B-H)). Together these data indicated that 
the cell cycle structure of GBs is significantly differ-
ent from that of the GSC, which is then gradually 
altered in subsequent stages, and then reverted to 
a GSC-like form during the penultimate TA divi-
sions at the 8-cell stage. The mitotic indices of GSC, 
GB, and 2-cell stages were comparable, whereas the 
mitotic index of the 4-cell stage was significantly 
higher (Table 1), indicating that the spermatogonial 
divisions indeed speed up mid-TA. The remodeling 
of cell cycle structure was not apparently correlated 
to the acceleration of the cell division rates at the 
4-cell stage. Therefore, we conjectured that the GBs 
and spermatogonia at the 2-cells stage might go 
through a relatively longer quiescence (G0) phase 
than the later stages. Alternatively, the cell cycle 
phases could be proportionately adjusted with the 
acceleration of the cell division at the 4-cell stage.

The fly-FUCCI [34] constructs under 
a ubiquitin promoter (Figure S2A) did not express 
in the male germline cells during the TA 

Table 1. Mitotic index of the TA stages in the mutant and 
control backgrounds.

Genotype

Mitotic index (%)

GSC GB 2-cell 4-cell 8-cell

nos>EGFP 7% 
(12/175)

7% 
(13/184)

7% 
(15/224)

15%a 

(14/96) 
p = 0.033

10% 
(19/98)

nos>tkvCA 9% 
(11/122)

16%b 

(17/108) 
p = 0.027

5% 
(8/167)

3%b 

(4/135) 
p = 0.002

19% 
(12/62)

CantonS 7% 
(11/166)

7% 
(10/140)

6% 
(9/148)

16%a 

(10/62) 
p = 0.032

9% 
(4/47)

bamΔ86/+ 7% 
(5/70)

8% 
(5/63)

4% 
(3/82)

4%b 

(2/57) 
p = 0.031

7% 
(2/28)

NB:-.The mitotic index is calculated as the total number of pH3-positive 
cysts over the total number of Vasa-positive cysts in each category, as 
shown in the parenthesis. 

a. The 4-cell stage was compared with the 2-cell stage of the same 
genetic background. 

b. Compared with the value of the same TA stage in control. 
The significance values were calculated using Fisher’s Exact test. 
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(spermatogonial) stages (Figure S2B). However, 
spermatocytes expressed both GFP::E2F and 
RFP::CycB (Figure S2B). Hence, it was not possible 
to independently estimate the relative durations of 
the cell cycle phases using the fly-FUCCI reagent.

The upregulation of BMP signaling and partial 
loss of bam alters the rate of TA divisions.

In Drosophila testis, the expression of the differen-
tiation factor, Bam, which commences at the 4-cell 
stage [10], coincides with the apparent acceleration 
of cell divison. A gradient of BMP emanating from 
the hub and somatic cyst stem cells (CySCs) acti-
vates the TGFβ signaling and represses bam expres-
sion in the GSCs and GBs, maintaining the stem 
cell-like nature of these cells [18,35]. Bam stabilizes 
cyclin A and promotes GSC differentiation in the 
female germline [14]). However, the role of Bam in 
the cell cycle regulation in male germline remains 
unknown. Therefore, to test the role of Bam in cell 
cycle regulation during the TA, we expressed 
a constitutively active form of the BMP receptor, 
thickveins (UAS-tkvCA), and the ligand, dpp (UAS- 
dpp), using nosGal4vp16. We enumerated the dis-
tribution of total, as well as the CycE and pH3- 
positive cysts in these testes. A similar experiment 
was performed in the heterozygous bam mutant 
background (bamΔ86/+).

Consistent with the previous report, we 
observed an accumulation of over proliferating 
cysts containing more than 16 spermatogonia in 
the nos>tkvCA (Figure S3) and nos>dpp back-
grounds (Figure S4). Also, there was a significant 
increase in the number of GSCs, 2-cell, and 4-cell 
cysts in nos>tkvCA (Figure 2(B-A)) and that of the 
GSC population in the nos>dpp backgrounds 
(Figure S4). Due to high density, we were unable 
to quantify the cyst distribution in the nos>dpp 
testes. The increase in the GSC population is 
attributed to the role of BMP signaling in germline 
stem cell maintenance [18]. We also noted that the 
increased BMP/TGFβ signaling could delay the 
apparent shortening of the cell cycle length after 
the second TA division. In the wild-type testis, the 
average numbers of 4- and 8-cell cysts are nearly 
50% less than the 2-cell cysts. In the nos>tkvCA 

background, the average number of 4-cell cysts 
was comparable to that of the 2-cell population, 
and that of the 8-cell cysts was significantly 
reduced by approximately 50% (Figure 2(B-A)), 
suggesting that the elevation of the type-1 TGFβ 
signaling may prolong the third amplification divi-
sion, or accelerate the first two divisions. The 
upregulation of TGFβ signaling is unlikely to 
revert the spermatogonia to the GCS-like fate 
because the fusome morphology, an indicator of 
the spermatogonial stages, was similar in the wild- 
type control, the nos>tkvCA, and the nos>dpp 
backgrounds (Figure S3 and S4).

To check the effects of increased TGFβ signal-
ing on the cell cycle phases during the TA, we 
enumerated CycE- and pH3-positive cysts, respec-
tively, in the nos>tkvCA background. We found 
a significant increase in the number of CycE- 
positive 8-cell cysts (Figure 2(B-B)) and 
a reduction in the percentage of CycE-positive 
2-cell (28/100 = 28%, p = 0.012) and 4-cell (21/ 
82 = 26%, p = 0.037) cysts in the nos>tkvCA back-
ground as compared to the nos>eGFP control (67/ 
152 = 44% 2-cell, 29/68 = 43% 4-cell). Also, the 
percentage of 8-cell cysts (26/44 = 59%, p = 0.003) 
was enhanced nearly two folds as compared to the 
control (19/64 = 30%). Together the result indi-
cated that the TGFβ signaling could regulate the 
CycE-phase in a stage-specific manner during the 
TA. In mammalian systems, the BMP signaling 
controls the expression of CKIs (Cyclin- 
Dependent Kinase Inhibitors) of the Cip/Kip 
family, and thereby, regulates the extent of the 
CycE-Cdk2 activity [36–39]. Hence, increased 
BMP/TGFβ signaling in the early germline cells 
could enhance the CKI levels and terminate the 
G1 earlier than control. The extension of the 
CycE-phase at the 8-cell stage was, however, 
inexplicable.

To understand the significance of CycE modu-
lation, we studied the mitosis rates in the 
nos>tkvCA background. Although there was no 
significant difference in the distribution of the 
pH3 positive cysts (Figure 2(B-C)), the mitotic 
index of GBs was significantly higher, and that of 
the 4-cell cysts was significantly lower (Table 1). 
These results indicated that elevation of the BMP 
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signaling in GSCs and GBs leads to an acceleration 
of the first TA division and a slowdown of the 
third TA division, which resulted in alteration of 
the cyst distribution at the 2-cell, and 4-cell stages. 

A previous report in the Drosophila testis sug-
gested that the TGFβ/BMP signaling is active in 
both the GSCs and GBs; however, its role in reg-
ulating the GSC and GB cell cycle was not 

Figure 2. The effects of the upregulation of TGFβ signaling and partial loss of bam on the TA divisions. A) nos>EGFP (a, b, e, 
f) and nos>tkvCA (c, d, g, h) testes stained with anti-vasa (Green), anti-armadillo (Red), and either with anti-CycE (a, b, c, d) or anti- 
pH3 (e, f, g, h). Dotted borders indicate >8-cell cyst, and asterisk marks the hub. (Scale bar ~20 µm). B) Histograms depict the 
number of spermatogonial cysts marked with – Vasa (average ± S. D., a), peak CycE staining (mean ± S. E. M., b), and pH3 (mean ± 
S. E. M., c) in the nos>EGFP, and nos>tkvCA backgrounds. C) Canton-S (a, b, e, f) and bamΔ86/+ (c, d, g, h) testes stained with anti-vasa 
(Green), anti-armadillo (Red), and either with anti-CycE (a, b, c, d) or anti-pH3 (e, f, g, h). Dotted borders indicate >8-cell cyst, and 
asterisk marks the hub. (Scale bar ~20 µm). D) Histograms depict the number of spermatogonial cysts in CantonS, and bamΔ86/+ 
backgrounds marked with Vasa (mean ± SD, a), the peak CycE staining (mean ± SEM, b), and pH3 (mean ± SEM, c), respectively. The 
pair-wise significance of difference was estimated using the Mann-Whitney-U test (p-values are * <0.05, **<0.01, ***<0.001) and the 
sample numbers are as indicated on the graph.
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characterized [18]. The results described here sug-
gest that BMP could differentially regulate the 
division rates of GBs and regulate the length of 
the G1 phase during TA.

The BMP signaling represses bam expression in 
the GSC and GB [18], and an increase in the Bam 
levels terminate the germline proliferation after 
the 8-cell stage [10]. Accordingly, we observed an 
accumulation of over-proliferating cysts contain-
ing more than 16 spermatogonia (arrows, Figure 2 
(C-H)) in the bamΔ86/+ testes. Also, similar to the 
nos>tkvCA background, the cyst distribution in 
bamΔ86/+ background was altered. The number 
of 4-cell cysts was higher and comparable to that 
of the 2-cell cysts (Figure 2(D-A)). These results 
confirmed that the reduced accumulation of Bam 
protein could delay the progressive cell cycle 
remodeling during the TA. Although there was 
no significant change in the distribution of the 
CycE or pH3-stained cysts (Figure 2(D-B,C)), we 
noted that similar to nos>tkvCA, the proportion of 
CycE-positive, 8-cell cysts (19/30 = 63%, 
p = 0.041) was significantly higher in the bamΔ86/ 
+ testis than those in the wild-type control (11/ 
32 = 34%). The mitotic index of the 4-cell cysts 
was significantly lower (Table1).

Together, these results suggested that the Bam 
depletion slows down the third TA division, 
resulting in the alteration in the cyst distribution 
at the 4-cell and the 8-cell stages (Figure 2(D-A)). 
Moreover, the depletion of Bam also extends the 
CycE expression and consequently alters the G1 
length at the 8-cell stage. Hence, Bam appeared to 
remodel the cell division rates at the 4-cell stage 
and the CycE/G1 length at the subsequent stage.

Bam overexpression is reported to progressively 
reduce GSCs and GBs without altering the relative 
distribution of 2-, 4- and 8-cell cysts [17]. We 
found that ectopic hs-bam expression, induced by 
short, heat-shock pulses, could reduce the number 
of GSCs (<4 in 3 out of 18) and GBs (<4 in 7 out 
of 18). Occasionally, we also noted 8-cell cysts 
close to the hub (Figure S5B). However, the phe-
notype was not consistent. Therefore, we did not 
proceed with the determination of CycE and pH3- 
positive cysts distribution. This observation, 
together with the previous report by 17, suggested 

that ectopic Bam overexpression could promote 
symmetric differentiation of the GSCs and possi-
bly accelerate the GB divisions leading to a loss of 
GSCs.

CycE activity maintains the rates of GSC and GB 
divisions

Cyclin D and Cdk4/6 complex regulate the G1 
phase, and the CycE/Cdk2 activity induces the 
G1/S transition. Therefore, to investigate the role 
G1 length regulation during the early TA divi-
sions, we expressed cycDdsRNA and cycEdsRNA con-
structs, respectively, using nosGal4vp16. The cyst 
distribution was unaltered in the in nos>cycDdsRNA 

and nos>cdk4 backgrounds (unpublished observa-
tion). The cell cycle is reported to continue in the 
absence of CycD/Cdk4 in Drosophila embryo [40, 
reviewed in 41]. Also, studies in the wing imaginal 
discs showed that the loss or overexpression of 
CycD/Cdk4 does not affect the G1 phase, but 
alters the length of the entire cell cycle [42]. 
Changing the cell cycle lengths of GSC and GB is 
expected to alter cyst distribution in subsequent 
stages. We found a similar phenotype in 
nos>cycEdsRNA background, which partly depleted 
the CycE levels in GSCs and GBs. There was 
a significant depletion in the number of CycE- 
positive GBs in the nos>cycEdsRNA background 
(Figure S6B) and a marginal decrease in the inten-
sity of anti-CycE staining in GSCs and GBs (Figure 
S6 C), indicating that the RNAi partially reduced 
Cyclin E in the GSC and GB. The nos>cycEdsRNA 

testes had relatively fewer cysts in the TA region 
with visible gaps (Figure 3(A-B)), and we observed 
significant reductions in the number of GBs and 
2-cell cysts (Figure 3(A-C)).

CycE levels regulate the extent of Cdk2 activity, 
which determines the G1 length. Therefore, to 
augment the CycE levels, we overexpressed 
a stable form of CycE, cycEΔPEST, and to extend 
the CycE/Cdk2 activity, we expressed dacapo (dap, 
the p21 CIP/p27KIP1 ortholog) RNAi, using 
nosGal4vp16 (nos>). The TA zone in 
nos>cycEΔPEST and nos>dapdsRNA testes appeared 
extended (Figure 3(B-A,B)). There was an increase 
in the 4-cell cysts in nos>cycEΔPEST background 
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and a significant increase in 2, 4, and 8-cell cysts in 
the nos>dapdsRNA background (Figure 3(B-C)). 
The stage-wise enumeration of cysts suggested 
that CycE/Cdk2 activity may regulate the cell 
cycle lengths of GSCs and GBs. A reduction of 
CycE/Cdk2 activity due to the cycE RNAi 
appeared to decrease the rates of GSC and GB 

divisions, and extended CycE/Cdk2 activity in 
nos>cycEΔPEST and nos>dapdsRNA backgrounds 
accelerated the GSC and GB divisions resulting 
in the accumulation of 2-cell and 4-cell cysts.

A change in cell cycle length would alter the 
frequency of mitotic events. Therefore, we esti-
mated the stage-specific distribution of cysts 

Figure 3. The perturbation of the CycE levels during the early stages altered the TA progression. A) nos>EGFP (a), and 
nos>cycEdsRNA (b) testes stained with the Hoechst dye (blue), anti-Arm (Red), and anti-Vasa (green). The broken yellow line marks the 
edge of the TA region. (Scale bars ~20 µm). Histograms depict the stage-wise distribution (average ± SD) of GSCs and SGs (c). B) 
nos>cycEΔPEST (a), and nos>dapdsRNA (b) testes stained with the Hoechst dye (blue), anti-Arm (Red), and anti-Vasa (green). The broken 
yellow line marks the edge of the TA region. (Scale bars ~20 µm). White borders indicated the accumulated 4-cell cysts in 
nos>cycEΔPEST testis and 2-cell cysts in nos>dapdsRNA testis, respectively. Histograms depict the stage-wise distribution (average ± SD) 
of GSCs and SGs (c). C) Adult testes from nos>EGFP (a), nos>cycEdsRNA (b), nos>cycEΔPEST (c), and nos> dapdsRNA (d) backgrounds, 
stained with anti-Vasa (blue), anti-Arm (Red), and anti-phospho-histone3 (PH3 in magenta). PH3 positive stages are marked with 
a dotted outline. (scale bars ~20 µm). D) The histograms depict the stage-wise distribution (average ± S.E.) of pH3-positive G.S.C.s 
and SGs in the nos>EGFP, nos>cycEdsRNA, nos>cycEΔPEST, and nos>dapdsRNA backgrounds. The pair-wise significance of difference was 
estimated using the Mann-Whitney U test (p-values are * <0.05, **<0.01, ***<0.001) and the sample numbers are as indicated on 
the histogram panels.
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stained with the pH3 antibody in the 
nos>cycEdsRNA, nos>cycEΔPEST, and 
nos>dapdsRNA backgrounds (Figure 3(C)). In the 
nos>cycEdsRNA testes, though the average GSC 
pool was comparable to that of the control 
(Figure 3(A-C), the average pH3-stained GSCs 
were less than 50% (Figure 3(D)). As 
a consequence, the GSC mitotic index was sig-
nificantly reduced (11/246 = 4.5%; p-value = 0.04, 
Fisher’s exact test) as compared to the control 
(31/321 = 9.7%). Although CycE level were not 
altered at the 8-cells stage in the nos>cycEdsRNA 

testes, the average number of pH3-positive cysts 
at the 8-cell stage was significantly reduced 
(p-value = 0.002, Mann Whitney U test) 
(Figure 3(D)). Also, there was a marginal 
increase in the pH3-positive cysts at the 8-cell 
stage in nos>dapdsRNA testes (Figure 3(D)). These 
results demonstrated that the CycE activity is 
particularly crucial for maintaining the division 
rates of GSCs and that of the 8-cell spermatogo-
nia. The alterations of the cell division rates 
during the early TA stages, however, did not 
affect the cyst differentiation (Figure S7).

Cdk1 activity maintains the GSC and regulates 
the rates of GSC and GB divisions

Cyclin B and Cdk1 complex regulate the G2 phase. 
In the nos>cdk1dsRNA background, the pool of GB 
was significantly reduced, but the GSC pool 
remained unaltered, suggesting that the loss of 
Cdk1 could slow down the rates of GSC divisions 
(Figure 4(A-B)). Next, we used a previously char-
acterized cdc25/string (stg) RNAi [25] and over-
expression of wee1 to deplete the Cdk1 activity 
(Figure 4(B)). We also overexpressed stg to aug-
ment Cdk1 activity in the GSCs and GBs (Figure 4 
(C)). 25, showed that that Stg is required for the 
GSC maintenance. Consistent with this report, we 
observed a significant reduction in the GSC num-
ber in nos>stgdsRNA background (Figure 4(B-C)). 
We also noticed a significant depletion of the GSC 
pool in the nos>wee1 background (Figure 4(B-C)). 
Together, these results suggested that the levels of 
Cdk1 activity may be critical for GSC mainte-
nance. Also, the nos>stg overexpression 

significantly increased the number of 2, 4, 8, and 
16-cell cyst (Figure 4(C-B)), indicating that the 
Cdk1 activity regulates the rates of GSC and sub-
sequent TA divisions as well.

Consistent with the above conjecture, we 
observed ~50% reduction in the average number 
of pH3-positive GSCs in both the nos>cdk1dsRNA 

(p-value = 0.065, Mann Whitney U test) and 
nos>stgdsRNA (p-value = 0.056, Mann Whitney 
U test) backgrounds, and ~2-fold increase in 
the average number of pH3-positive GSCs, GBs 
and 2-cell cysts in the nos>stg background 
(Figure 4(E)). Since the average number of 
GSC and GBs were not altered in the nos>stg 
background (Figure 4(C-B)), we concluded that 
the increased Cdk1 activity during the early 
stages speed-up the rates of GSC and GB divi-
sions. Similar to the results in CycE perturba-
tion, the alteration in Cdk1 activity did not 
affect the meiosis and subsequent differentiation 
(Figure S7).

Inexplicably though, we found a significant 
increase in the number of pH3-positive GSCs 
and a marginal increase in the average number 
of pH3-positive cysts during the early stages in 
the nos>wee1 background (Figure 4(E)). Histone 
3 phosphorylation begins in late G2 [43,44]. 
Hence, the increase could be attributed to 
a longer G2 and/or mitotic prophase. Indeed, 
a previous study in the human cell culture sys-
tem has shown that wee1 overexpression leads 
to a slow Cdk1 activation and longer mitosis 
[45]. The loss of CDK1, on the other hand, 
would arrest the induction of M-phase alto-
gether and reduce the number of pH3-stained 
cysts. Together, these results also indicated that 
up to 2x modulations of the rates of GSC and 
GB divisions does not alter the number of TA 
divisions and subsequent differentiation 
program.

CycE and CDK1 levels control cell cycle 
progression at the 8-cell stage

Therefore, to study the role of the cell cycle phase 
regulators during the second half of TA, we 
expressed the cycE, stg, dap, and cdk1 RNAi, as 
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Figure 4. The perturbation of the CDK1 activity during the early stages affected the GSC maintenance and altered the TA 
progression. A) A nos>cdk1dsRNA testis stained with the Hoechst dye (blue), anti-Arm (Red), and anti-Vasa (green), shows a shrunken 
apical tip with fewer spermatogonial cysts (a, Scale ~20 µm). The TA region is marked with a yellow dotted line. Histograms depict 
the stage-wise distribution (average ± SD) of GSCs and SGs in different genetic backgrounds (b). B) Adult testis from nos>stgdsRNA (a), 
and nos>wee1 (b) flies, stained with the Hoechst dye (blue), anti-Arm (Red), and anti-Vasa (green), show shrunken apical tip with 
fewer Spermatogonial cysts as compared to control. (Scale bars ~20 µm). Germline TA region is marked with a yellow dotted line. 
Histograms depict the stage-wise distribution (average ± SD) of GSCs and SGs in different genetic backgrounds (c). (C) nos>stg(a) 
testis stained with the Hoechst dye (blue), anti-Arm (Red), and anti-Vasa (green), show shrunken apical tip with fewer spermato-
gonial cysts as compared to control. (Scale bars ~20 µm). Germline TA region is marked with a yellow dotted line. The 4-cell SGs in is 
highlighted with white dotted lines. Histograms depict the stage-wise distribution (average ± SD) of GSCs and SGs (b). (d) Testes 
from nos>stgdsRNA (b), nos>wee1 (c), nos>cdk1dsRNA (d) and nos>stg (e) flies, stained with anti-Vasa (blue), anti-Arm (Red), and anti- 
phospho-histone3 (PH3 in magenta). (Scale bars ~20 µm). PH3 positive stages are marked with a dotted outline. (E) The histograms 
depict the stage-wise distribution (average ± SE) of PH3-positive SGs in nos>EGFP, nos>stgdsRNA, nos>wee1, nos>Cdk1dsRNA, and 
nos>stg backgrounds. The pair-wise significance of difference was estimated using the Mann-Whitney U test (p-values are * <0.05, 
**<0.01, ***<0.001) and the sample numbers are as indicated on the histogram panels.
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well as wee1 and stg transgenes, respectively, using 
2xbamGal4, and examined the effect of these pertur-
bations on the spermatocyte population by counting 
all cysts in the testis apex within ~135 µm from the 
hub. This area consists of the GSCs, the TA stages, 
and the spermatocyte pool, including the S3-stage 
spermatocytes [28].

The bam>cycEdsRNA expression depleted the 
number of CycE-positive 4, 8, and 16-cell cysts 
(Figure 5(A,B)). Also, the intensity of anti-CycE 
staining was significantly reduced in 4, 8, and 
16-cell spermatogonia (Figure 5(C)). The 
cycEdsRNA expression led to an increase in the 
GB pool, and a substantial accumulation of the 
4-cell and 8-cell cysts (Figure 5(D)), indicating 
a slowdown of the TA divisions at the 4-cell and 
8-cell stage. On the other hand, the expression 
of bam>cycEΔPEST and bam>dapdsRNA did not 
affect the cyst distribution and subsequent dif-
ferentiation (Figure 5(D), S8 and S9). These 
results suggested that CycE is required for cell 
cycle progression at the 4 and 8-cell stages, but 
the regulation of CycE/Cdk2 activity by Dap is 
limited to the early TA stages.

In both the cdk1 RNAi and wee1 overexpression 
backgrounds, the number of 4-cell cysts was 
increased by ~2-fold, and the testes were filled 
with only 8-cell cysts (Figure 5(E,F)), indicating 
that depletion in Cdk1 activity could slow down 
the third TA division, and arrest the TA at the 
8-cell stage. As expected, the expression of stgdsRNA 

transgene in 4–16 cell stages did not alter the cyst 
distributions and subsequent differentiation (fig-
figure 5(F)), demonstrating that the Cdc25/Stg 
function is limited to the GSCs and early TA 
stages. Consistent with the previous report [10], 
the bam>stg overexpression depleted the pool of 
16-cell cysts and a new pool of 32-cell cysts con-
sisting of spermatogonia-like cells was found, indi-
cating that the spermatogonial cells at the 16-cell 
stage undergo one extra round of mitotic division 
upon overactivation of Cdk1 before differentiation 
(figure 5(F)). Together, these two set of results 
suggested that the regulation of Cdk1 activity 
after the second TA divisions is essential for limit-
ing the number of amplifying divisions.

Cell cycle phase modulation induces premature 
induction of meiosis at the 8-cell stage

As spermatocytes enter meiotic prophase, the cells 
increase in volume by about 25 fold [12]. 
Therefore, to investigate whether the cysts arrested 
at the 8-cell stage in the cycEand cdk1 RNAi back-
grounds enter meiosis, we measured the nuclear 
area of germline cells at 4-cell, 8-cell and sperma-
tocyte stages in wild-type testes. We selected the 
cysts carrying S3-like spermatocytes in the respec-
tive RNAi backgrounds (Figure 5(G)) and mea-
sured the max nucleus area (Figure 5(H)). We 
found that a good number of the 8-cell cysts (65 
out of 140 cysts) in bam>cycEdsRNA (Figure 5(H)), 
and almost all the accumulated 8-cell cysts in 
bam>cdk1dsRNA testes had nuclear sizes similar to 
that of the S3-stage spermatocytes found in the 
wild-type control (Figure 5(H)). Moreover, we 
also found some occasional 4-cell cysts (5 out of 
61 cysts) in bam>cdk1dsRNA background with 
a nuclear size similar to that of the S3-stage sper-
matocytes in control testes (Figure 5(H)). These 
results suggested that the cell cycle arrest at the 
8-cell stage due to the cycE and cdk1 knockdown 
could lead to premature entry into meiosis. The 
results described here further suggest that CycE 
and the levels of Cdk1 activity determine the cell 
cycle length during the penultimate TA division, 
which regulates the induction of meiosis.

After the fourth TA division, all the spermato-
gonia in a 16-cell cyst proceed through the S-phase 
and an extended G2 [46, Reviewed in 12]. This 
premeiotic G2 extension is mediated by a Cdk1 
inhibitory kinase [47], and the expression of twine 
(CDC25 homolog) promotes Cdk1 activity and 
entry into meiosis [48]. A previous report also 
indicated that cdc2 (cdk1) is required for the meio-
sis in the Drosophila testis [49]. Consistent with 
these results, we did not observe any mature sperm 
in bam>cdk1dsRNA background (Figure S8), indi-
cating that cdk1 is indispensable for the meiotic 
division and further differentiation. Whereas we 
observed several clusters of post-meiotic, sperma-
tid nuclei, bundles of sperm tails, and sperm nuclei 
in the seminal vesicle in the bam>cycEdsRNA testes 
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Figure 5. RNAi of cycE and cdk1 during the later stages affect TA divisions at the 8-cell stage. A) Apical tip of an adult testis from 
bam>EGFP (a, b) and bam>cycEdsRNA (c, d) backgrounds stained with anti-Vasa (green), anti-Arm (Red), and anti-CycE (magenta). 
Asterix marks the hub. B) Histograms depict the stage-wise estimation of the intensity of CycE staining (average ± SD) in bam>EGFP 
and bam>cycEdsRNA backgrounds. C) Box plot depicts the estimation of the CycE-positive cysts in bam>EGFP and bam>cycEdsRNA 
backgrounds. D) Histograms depict the stage-wise distribution (averages ± SD) of cysts in different genetic backgrounds. E) Apical 
tip of testes from bam>stgdsRNA (a), bam>Cdk1dsRNA (b), bam>wee1 (c) and bam>stg (d) backgrounds stained with the Hoechst 
dye (blue), anti-Vasa (green), anti-Arm (Red). Yellow dotted lines mark the TA zone and the white dotted outlines indicate 8-cell 
spermatogonial cysts beyond the TA zone. (scale bars ~20 µm). F) Histograms depict the stage-wise distribution (averages ± SD) of 
cysts in different genetic backgrounds. G) Cropped images of bam>EGFP (a, b), bam>cycEdsRNA (c) and bam>cdk1dsRNA (d) and 
bam>stg (e) testes stained with Hoechst (magenta) and anti-armadillo (Green). Yellow dotted lines mark the 8-cell spermatogonial 
nuclei (a), 16-cell S3 spermatocyte (b) in control, 8-cell S3-like spermatocytes in the bam>cycEdsRNA (c) and bam>cdk1dsRNA (d), 
and a 32-cell S3-like spermatocytes in the bam>stg (e) backgrounds. (scale bars ~5 µm). H) The box plots indicate nuclear diameters 
of the 4- and 8-cell spermatogonia, and the 4-, 8- and 16-cell, S3-stage spermatocytes in the bam>EGFP, bam>cycEdsRNA, 
bam>Cdk1dsRNA, and bam>stg backgrounds. The pair-wise significance of difference was estimated using the Mann-Whitney-U 
test (p-values are * <0.05, **<0.01, ***<0.001) and the sample numbers are as indicated on the graph.
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(Figure S9), indicating that loss of CycE is unlikely 
to arrest meiosis and spermatid differentiation 
fully.

Discussion

The termination of TA divisions is one of the 
critical aspects of tissue homeostasis. Previous stu-
dies suggested that independent regulation of cell 
cycle length and a ‘differentiation clock” deter-
mines the extent of the TA. Here, we show that 
the cell cycle structure, particularly the CycE and 
CycB-positive phases, is progressively altered dur-
ing the amplification divisions of the Drosophila 
male germline lineage (Figure 6(A)). An ongoing 
study in the lab revealed that the duration of 
M-phase marked by the pH3 staining does not 
vary during the TA (Gadre, Mazumdar, and Ray, 
unpublished data). Therefore, we used the fre-
quency of pH3-stained cysts to normalize the 
occurrences of the other cell cycle phase markers 
at each stage (Figure 6). It suggests that the relative 
cell cycle length increases during the second TA 
division and then shortens in the subsequent 
stages. This analysis also illustrated that the G1 

length increases until the second TA division, 
then shortens during the next two divisions. The 
G1 length is the shortest during the penultimate 
mitotic division before the onset of meiosis. To 
reconcile the apparent change in the relative cell 
cycle length with the step increase of mitotic index 
at the 4-cell stage, we hypothesize that the GSCs 
and GBs could be spending a considerable time at 
a quiescent state (G0) during their life cycle. The 
G0 stage could be contracted at the 2-cell stage at 
the expense of an expanding cell cycle length and 
possibly abolished at the 4-cell stage.

Cell cycle acceleration at the 4-cell stage coincides 
with the Bam expression, which is repressed by the 
TGF-β signaling in GSC and GB. Activation of the 
TGFβ signaling, which includes the BMP class, is 
known to induce G1 arrest via inhibition of CycE/ 
Cdk2 activity [50–52]. Here, we show that the antag-
onistic actions of BMP signaling and Bam regulate 
the division rate at the 4-cell stage, as well as the 
extent of the CycE phase and the cell cycle structure 
during the TA in the Drosophila testis (Figure 6(B)). 
An ectopic gain of TGF-β signaling and partial loss 
of Bam significantly reduced the mitotic index of the 
4-cell stage. It also extended the persistence of CycE- 

Figure 6. Regulation of the germline cell cycle during TA. A) Schematic illustrates progressive restructuring of the cell cycle phases 
during the transit amplification of male germline in Drosophila. Colored bars represent the extent of cell cycle phases relative to the 
M-phase duration, which is expected to remain constant throughout the TA. It is calculated based on the data presented in Figure 
1 G and H. B) The schematic illustrates the role of TGFβ signaling and Bam in the regulation of germline cell cycle during the TA 
Previous studies have shown that TGFβ signaling represses bam expression in the GSCs [18, 19]. In this study, we showed that Bam 
function, potentially antagonized by the TGFβ signaling, regulates the cell division rates at the 4-cell stage and the extent of CycE 
expression at the 8-cell stage.
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phase at the 8-cell stage when the Bam expression 
reaches its peak. Therefore, we conclude that Bam 
might also regulate CycE activity.

A short G1 phase is associated with stem cell 
identity [reviewed in 53, 54]. Previous studies 
have suggested that inhibition of CycE induces 
stem cell differentiation, whereas the extension of 
CycE delays it [55–57]. We found that the CycE 
activity is particularly necessary to regulate the 
division rates of GSC and the TA stages. 
However, a significant loss of CycE at the 4- 
and 8-cell stage did not arrest the TA. CycA 
induces G1/S transition in the absence of CycE 
in the Drosophila embryo [58]. Although there 
was no discernable change in the persistence of 
CycA-phase at the 4 and 8-cell stage, we postulate 
that in the reduced CycE background, the CycA 
activity could continue the TA at the 8-cell stage 
with lower efficiency, which resulted in the accu-
mulation of 4 and 8-cell cysts in the 
bam>cycEdsRNA testis.

In the C. elegans germline, constant activation of 
CycE/CDK2 drives cell divisions in the TA-like pro-
liferative stage, bypassing the G1 phase, and loss of 
CycE induces premature entry into meiosis [59]. We 
found that the loss of CycE could induce premature 
meiosis only at the 8-cells stage. Also, the extension of 
CycE levels and CycE/Cdk2 activity due to the over-
expression of cycEΔPEST and dap RNAi in the GSCs 
and GBs possibly increased the proliferation rates, 
causing the accumulation of cysts at the subsequent 
stages. However, similar perturbations at the 4- and 
8-cell stages did not affect the TA. It may suggest an 
independent and partly redundant mechanism could 
terminate G1 in the extended CycE background dur-
ing the latter half of TA.

The Drosophila GSCs have short G1, and longer 
G2 phases [21,24,33], and the G2 regulation is cri-
tical for GSC maintenance [25]. Consistent with 
these reports, we found that the number of CycE- 
positive GSCs in the testis is less than that marked 
by CycB, and the Cdk1 activity levels maintain 
GSCs. Also, the proportion of CycB stained cysts 
increases steadily with each TA division and 
remains high until the 8-cell stage. The genetic 
analysis further suggested that the Cdk1 activity is 
likely to be critically balanced at the 4- and 8-cell 

stages to ensure the TA progression. Loss of Cdk1 
function arrested the TA, and ectopic overactivation 
extended the TA. Altogether the results suggest that 
G2 regulation through a calibration of CdK1 activity 
at different stages is essential for the GSC mainte-
nance, the progression of the final TA division, and 
the induction of meiosis in the male germline. In 
other words, the relative extension of the G2 phase 
appeared to determine the cell cycle structure and 
the differentiation fate of the progeny cells in the 
male germline of Drosophila.

Previous studies showed that along with the niche, 
the TA progenitors also signal the stem cells and 
regulate their divisions in both the transient and con-
tinuously regenerative tissues [60,61]. Multiple studies 
have also observed that early spermatogonia re- 
associate with the niche to replenish GSCs in the 
Drosophila testis [17,62,63]. Interestingly, we noted 
that the knockdown of CycE and Cdk1 in GSCs and 
early-stage cysts, respectively, led to a depletion of only 
the GB, 2- and 4-cell cysts without affecting the later 
stages. This result suggests the existence of a feed- 
forward mechanism that could alter the rates of sub-
sequent TA divisions to maintain the pool of transit- 
amplifying cysts in response to a shortage in the supply 
of early cysts, highlighting the complexity of the reg-
ulation of homeostasis in stem cell and TA systems.
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