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ABSTRACT

The Drosophila male germline stem cell (GSC) lineage provides a great
model to understand stem cell maintenance, proliferation, differentiation
and dedifferentiation. Here, we use the Drosophila GSC lineage to
systematically analyze the transcriptome of discrete but continuously
differentiating germline cysts. We first isolated single cysts at each
recognizable stage from wild-type testes, which were subsequently
applied for RNA-seq analyses. Our data delineate a high-resolution
transcriptome atlas in the entire male GSC lineage: the most dramatic
switch occurs from early to late spermatocyte, followed by the change
from the mitotic spermatogonia to early meiotic spermatocyte. By
contrast, the transit-amplifying spermatogonia cysts display similar
transcriptomes, suggesting common molecular features among these
stages, which may underlie their similar behavior during both
differentiation and dedifferentiation processes. Finally, distinct
differentiating germ cell cyst samples do not exhibit obvious dosage
compensation of X-chromosomal genes, even considering the paucity of
X-chromosomal gene expression during meiosis, which is different from
somatic cells. Together, our single cyst-resolution, genome-wide
transcriptional profile analyses provide an unprecedented resource to
understand many questions in both germ cell biology and stem cell
biology fields.

KEY WORDS: Transcription, RNA-seq, Germ cells, Proliferation,
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INTRODUCTION

Maintenance of a multicellular organism during homeostasis and
tissue repair requires active replenishment of depleted or injured cells
during aging and regeneration. Adult stem cells fulfill this
requirement owing to their unique ability to both self-renew and
give rise to differentiated special cell types (Betschinger and
Knoblich, 2004; Clevers, 2005; Inaba and Yamashita, 2012;
Morrison and Kimble, 2006). In many adult stem cell lineages,
progenitor cells often undergo a proliferative stage to expand their
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population before commitment for terminal differentiation. The
switch from proliferation to differentiation must be tightly regulated,
because mis-regulation of this transition might lead to tumorigenesis
or tissue dystrophy (Clarke and Fuller, 2006). On the other hand,
progenitor cells remain plastic and can dedifferentiate to become
stem cell-like cells in multiple stem cell lineages (Barroca et al.,
2009; Boyle et al., 2007; Brawley and Matunis, 2004; Cheng et al.,
2008; Friedmann-Morvinski et al., 2012; Kai and Spradling, 2004,
Lim et al., 2015; Nakagawa et al., 2010; Schwitalla et al., 2013;
Sheng et al., 2009; Talchai et al., 2012; Wallenfang et al., 2006;
Wong and Jones, 2012). In order to properly differentiate adult stem
cells or progenitor cells in vitro and/or to promote dedifferentiation
in vivo for regenerative medicine, we need to fully understand the
molecular changes underlying the normal differentiation program of
adult stem cells in vivo.

Drosophila spermatogenesis provides a great model system to
study mechanisms that regulate the maintenance, proliferation and
proper differentiation of adult stem cells (Fig. 1A) (Brawley and
Matunis, 2004; Kiger et al., 2001; Tulina and Matunis, 2001,
Yamashita et al., 2003, 2007). In adult testes of Drosophila
melanogaster, germline stem cells (GSCs) can be precisely located
by their proximity and attachment to a group of post-mitotic somatic
cells called hub cells at the apical tip of testis (Fig. 1A). A GSC
typically divides asymmetrically to self-renew and to give rise to a
gonialblast (GB), the daughter cell that initiates differentiation. GBs
first go through a transit-amplifying stage as spermatogonial cells, for
which they undergo exactly four rounds of mitosis in
D. melanogaster. Once this stage is complete, germ cells enter the
spermatocyte stage, which is an elongated G2 phase of meiosis 1.
During this stage, each spermatocyte grows ~25-fold in volume,
which involves a robust gene expression program allowing for meiotic
divisions and spermatid terminal differentiation program (reviewed by
Davies and Fuller, 2009; Fuller, 1998; Gleason et al., 2018; Greenspan
et al., 2015; Lim et al., 2012; White-Cooper and Caporilli, 2013;
Yamashita, 2018). In parallel with GSC asymmetric cell division, the
cyst stem cell (CySC), two of them surrounding each GSC, also divides
asymmetrically, resulting in one daughter cell retaining CySC identity
and the other daughter cell becoming a differentiated cyst cell (Cheng
et al., 2011). Two cyst cells encapsulate the differentiating germ cells
throughout the entire spermatogenesis and they never divide again. It
has been demonstrated that CySCs and cyst cells communicate with
their accompanying germ cells via multiple signaling pathways for
maintaining germ cell fate and regulating proper germline
proliferation and differentiation throughout spermatogenesis
(Amoyel et al., 2016a,b, 2013; Chen et al., 2013; Court et al.,
2017;Eunetal.,2014; Fengetal.,2017; Hasan etal., 2015; Herrera
and Bach, 2019; Kigeret al., 2000; Leatherman and Dinardo, 2008,
2010; Li et al., 2014; Lim and Fuller, 2012; Parrott et al., 2012;
Sarkar et al., 2007; Schulz et al., 2004; Stine et al., 2014; Tarayrah
et al., 2013; Tran et al., 2000). During this process, dynamic
changes in the gene expression program are orchestrated by both
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Fig. 1. Summary of the TASC method and overview of this dataset. (A) Schematic illustration of spermatogenesis in Drosophila melanogaster and
experimental setup. Germline stem cells (GSC; green) and somatic cyst cells (CySC; gray) are connected to the hub cells (H; blue). GSC asymmetrically divide to
self-renew and generate gonialblasts (GB; orange). GBs undergo four rounds of mitosis to generate a cyst of 2, 4, 8 and 16 spermatogonia (S2, S4, S8 and S16;
yellow). Spermatocytes initiate meiotic and terminal differentiation (early spermatocyte: EC16 and late spermatocyte: LC16; pink) and undergo meiotic divisions
to generate 64 haploid round spermatids (RS), which later elongate to become sperm (elongated sperm: ES). (B) Multidimensional scaling plots showing
distribution of the dataset. (C) Heat map showing unsupervised clustering using pair-wise Spearman’s correlation coefficient. The color scale represents a
correlation coefficient: the hotter the color, the higher the coefficient. (D) Analysis of transcriptome change between each two consecutive differentiation stages
along the spermatogenesis. Significantly differentially expressed genes are displayed from one stage to the next stage, using differential expression analysis with
Benjamini multiple test correction. Red represents significantly activated genes and black represents significantly repressed genes.

extrinsic cues, such as paracrine factors that trigger signaling
pathways, and intrinsic factors, such as chromatin regulators
(reviewed by Davies and Fuller, 2008; de Cuevas and Matunis,
2011; Feng and Chen, 2015; Lim et al., 2012).

Previous studies have attempted to parse the transcriptional
networks underlying GSC differentiation by comparing gene
expression profiles of mutant testes that accumulate germ cells at
distinct cellular differentiation stages with wild-type testes (Chen
etal., 2011; Gan et al., 2010a; Terry et al., 2006). Although these
approaches have led to many interesting functional studies using
a candidate gene approach, the information gleaned from intact
tissues is limited by the inherently mixed population of cells, and
the difficulty in extrapolating results obtained from mutant
backgrounds to normal situation in wild-type tissue. In this
report, we systematically study the gene expression profile of the
Drosophila male GSC lineage at every recognizable and

isolatable stage. Using this dataset, we are interested in the
following questions: Do GSCs and GBs, the two daughter cells
derived from GSC asymmetric division, have similar or
distinct transcriptional profiles? How does the transcriptome
change in continuously proliferating spermatogonial cells? Is
the switch from mitosis to meiosis accompanied by a
transcriptome change that leads to another transcriptome
change during spermatocyte maturation? Does dosage
compensation occur in germ cells? Here, we address these
issues. In summary, our single-cyst transcriptome profiles
provide a comprehensive dataset at a resolution that has not
been achieved before, which yields much-needed information on
transcriptional status at each crucial stage from an endogenous
stem cell system. Researchers from both germ cell biology and
stem cell biology fields should benefit from using this resource to
screen for genes with a particular expression pattern or examine
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genes from specific pathway(s), before designing detailed
functional analyses.

RESULTS

Development of the transcriptome analysis using single
germline cyst (TASC) technique

To elucidate endogenous gene expression profiles in germ cells at
discrete but continuous differentiation stages, we developed a new
strategy that we named transcriptome analysis using single germline
cyst (TASC). As germ cells at various differentiation stages can be
recognized by their distinct anatomical positions and morphological
characteristics in wild-type testes (Fuller, 1998), it is feasible to
isolate single germ cell cysts at a particular stage during
differentiation. We combined these features with cell type- and
stage-specific green fluorescent protein (GFP) markers (Fig. S1A,B,
Materials and Methods) (Boyle et al., 2007; Chen and McKearin,
2003; Chen et al., 2005; Santel et al., 1997). Specifically, a hub-
specific GFP marker [unpaired] (upd)-Gal4>UAS-GFP (Boyle
et al., 2007)] was used to isolate the niche sample including hub
cells, GSCs and CySCs. In addition, spermatogonial cysts from
different stages were identified and isolated with the spermatogonia-
specific Bag of marbles (Bam)-GFP marker (Chen and McKearin,
2003). Finally, the spermatocyte-specific Spermatocyte arrest (Sa)-
GFP marker (Chen et al., 2005) was used to isolate the spermatocyte
cysts. Together, single germline cyst samples from seven distinct
stages were identified and isolated from wild-type testes: niche, GB,
four-cell spermatogonia (S4), eight-cell spermatogonia (S8), 16-cell
spermatogonia (S16), early spermatocyte (EC) and late spermatocyte
(LC). Furthermore, arrested spermatocyte cyst samples were isolated
from always early (aly) (White-Cooper et al., 2000) mutant
testes. The aly mutations arrest germline differentiation at the early
spermatocyte stage, resulting in testes enriched with early
spermatocytes without entry into meiotic division or spermatid
differentiation (White-Cooper et al., 2000). Molecular characterization
of the aly gene reveals that it encodes a component of the testis-
specific meiotic arrest complex (tMAC), a tissue-specific version of
the mammalian MIP/AREAM complex and the Caenorhabditis
elegans SynMuv complexes (Ayyar et al., 2003; Beall et al., 2007,
Jiang et al., 2007; Jiang and White-Cooper, 2003; Perezgasga et al.,
2004; White-Cooper et al., 2000, 1998). In the aly mutant, no further
germline differentiation could occur beyond the early spermatocyte
stage because of this genetic mutation, so we used this sample as
another source for early-stage spermatocytes. Meanwhile, we
recognized the early-stage wild-type spermatocyte cyst based on its
morphology (i.e. relatively smaller size), a criterion that could vary.
Therefore, the aly mutant spermatocyte cyst sample could represent
the earliest spermatocyte stage. We then performed RNA-seq using
isolated germline cysts as the starting material to systematically profile
their transcriptomes. We used an adapted amplification method for
single cell transcriptome analysis (Fig. S1C, Materials and Methods)
(Kurimoto et al., 2007; Tang et al., 2009). The purity of our samples
offered an unprecedented opportunity to study transcriptional
dynamics in continuously differentiating germline cysts at a
genome-wide level.

The final reads from 20 sample libraries (Fig. S2 and Table S1)
were assigned to annotated genes based on their merged transcript
regions (Gan et al., 2010a). The 20 samples include independent
biological replicates for: niche (two samples), GB (two samples), S4
(two samples), S8 (two samples), S16 (one sample), aly mutants
(two samples), EC (three samples), LC1 (relatively smaller LC,
three samples) and LC2 (the largest LC, three samples). The original
RPKM (sequencing reads per kilobase merged exonic region, per

million mapped reads) value (Gan et al., 2010a) was normalized by
total read counts across different libraries and length of various
transcripts. Here, we combined RPKM computation with the
trimmed mean of M-values (TMM) and upper-quantile
normalization methods to better control variations among
different libraries. We then used post-normalization read counts
(pseudo.alt generated by EdgeR) followed by normalization with
merged transcript length to get corrected RPKM (cRPKM) values
(Materials and Methods).

Overview of the TASC data: dynamic transcriptional changes
during Drosophila spermatogenesis

We first set up a threshold for a gene to be called ‘expressed’. We
compared the cRPKM value with published microarray data
(Chen et al., 2011; Terry et al., 2006), which showed that genes
with a cRPKM value >20 mostly have ‘present’ calls. If we used
cRPKM=20 as a cutoff for expressed genes, which likely represents
a stringent cutoff because of the higher sensitivity of RNA-seq
compared with microarray (Wang et al., 2009), 51.4% (9256 out of
18,000) annotated Drosophila genes were expressed in at least
one staged germ cell cyst during Drosophila spermatogenesis
(Table S2).

In order to gain a global picture of the transcriptome change
during spermatogenesis, we performed the multidimensional
scaling assay (Fig. 1B), as well as unsupervised clustering using
Spearman’s correlation coefficient between two samples among all
samples (Fig. 1C). Among the 20 samples, biological replicates
showed the highest degree of clustering (Fig. 1B) and correlation
coefficient (Fig. 1C), demonstrating reproducibility of the TASC
method. Furthermore, both analyses revealed three discrete clusters
(Fig. 1B,C): the first cluster includes the niche samples and all
transit-amplifying staged samples from GB to S16; the second one
represents the early spermatocyte stage including the aly
spermatocyte and three EC samples; and the third one is for late
spermatocyte samples (i.e. three LC1 and three LC2 samples). As
the first cluster is for mitotic cells and the remaining two represent
meiotic stages, changes from one cluster to the next represent the
major transcriptional switches during spermatogenesis, which
coincide with morphological changes at the cellular level (Fuller,
1998). We then analyzed the transcriptome change between every
two consecutive stages along the differentiation pathway (Fig. 1D,
Fig. S3, Tables S3-S10), the switch with the largest number of genes
changing expression is from early to late spermatocyte stage
(Tables S9 and S10), followed by the switch from S16 to early
spermatocyte stage (Tables S7 and S8). These findings are consistent
with previous studies comparing testes enriched with spermatogonial
cells, testes enriched with arrested early spermatocytes, and wild-type
testes containing all stages of germ cells (Chen et al., 2011; Gan et al.,
2010a; Terry et al., 2006). Interestingly, these analyses also indicate
that the changes from niche to GB (Fig. 1D, Fig. S3, Tables S3
and S4) and from GB to S4 (Fig. 1D, Fig. S3, Tables S5 and S6) are
accompanied by hundreds of gene expression changes, including
both upregulated and downregulated expression patterns.

Validation of the TASC data

To validate the TASC data, we collected genes with either well-
characterized expression patterns or known stage-specific biological
functions for Drosophila spermatogenesis from the published
literature. We then checked their transcription profiles in our TASC
dataset (Fig. 2). Most of these gene expression patterns in the TASC
dataset are consistent with previous publications, indicating that
these data are of high quality and could be used to identify genes
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Fig. 2. Validation of TASC data. A list of genes whose expression patterns
have been demonstrated in previous publications. Arrows indicate those genes
that are discussed in the main text. The heat map represents their cRPKM
values. See main text for detailed examples and cross comparison of the
TASC data with the published results.

with interesting expression patterns. For example, the JAK-STAT
signaling pathway ligand-encoding unpairedl (upd; also known as
os) gene has been reported to have high expression levels in the
niche (Kiger et al., 2001; Toledano et al., 2012; Tulina and Matunis,
2001) (Fig. S4: upd in ‘niche’ class). Here, in the TASC dataset, upd
has a distinctive high expression in the niche sample (Fig. S5A).
The detectable level of upd in late spermatocytes could be for a yet-
to-be defined role of the JAK-STAT pathway during late
spermatogenesis. Furthermore, Piwi, an essential RNA-binding
protein required for GSC and CySC function (Gonzalez et al.,
2015), is highly transcribed in the niche sample (Fig. S5A),
consistent with the previously reported expression pattern at the
apical tip of adult testes (Gonzalez et al., 2015; Kalmykova et al.,
2005) (Fig. S4: piwi in niche class).

During the transit-amplification stage, the mitotic Cdc25-
encoding string (stg) gene showed a dramatically increased
expression in the mitotic spermatogonial cyst samples (Figs S5B
and S4: stg-GFP in TA class), in contrast to the meiotic Cdc25-
encoding twine (twe) gene, which displayed enhanced expression in
late spermatocyte cyst samples (Figs S5D and S4: twine in LC

class), consistent with previous reports (Courtot et al., 1992; Inaba
etal., 2011; Maines and Wasserman, 1999). In addition, two groups
of meiotic arrest genes for both the tMAC (Ayyar et al., 2003;
Beall et al., 2007; Jiang et al., 2007; Jiang and White-Cooper, 2003;
Perezgasga et al., 2004; White-Cooper et al., 2000, 1998) and the
testis-specific TBP-associated factor (tTAF) (Chen et al., 2005,
2011; Hiller et al., 2004, 2001; Lin et al., 1996) components had a
stereotypic early-stage spermatocyte-enriched expression pattern,
consistent with a previous assay using in situ hybridization
[Figs S5C and S4: cookie monster (comr), no hitter (nht, Taf4L),
rye (Taf12L), spermatocyte arrest (sa, Taf8L), meiosis I arrest (mia,
Taf6L) in EC class]. By contrast, genes required for meiotic
divisions such as boule (bol) (Maines and Wasserman, 1999) and twe
(Courtot et al., 1992; Inaba et al., 2011; Maines and Wasserman,
1999), as well as terminal differentiation genes such as mstS7F
(Barckmann et al., 2013; Hiller et al., 2001) and mst77F (Barckmann
etal., 2013), were all detected at the highest level in late spermatocyte
cyst sample (Figs S5D and S4: boule, twine, mst77F, mst87F in LC
class). Finally, CycB is known to be required in both early mitotic and
meiotic dividing germ cells (Baker and Fuller, 2007; Baker et al.,
2015; Feng et al., 2018; White-Cooper et al., 1998). Consistently, the
cycB transcript was detectable in both spermatogonial cyst and late
spermatocyte cyst samples (Fig. S5E), whereas a constitutively
expressed cycA gene (Chen et al., 2011) had consistently high
expression level throughout spermatogenesis (Fig. S5F).

Distinct clusters of genes showing similar expression

pattern during spermatogenesis

Next, we examined the overall dynamics of the 9256 expressed
genes along the cellular differentiation program of spermatogenesis
by performing clustering analysis. Among the 10 clusters identified
using the K-means algorithm (Fig. S6), six clusters show differential
gene expression. Cluster #4, containing 548 genes, shows overall
downregulation, with enriched expression in early-stage germ cells
including the GSC-containing niche sample (Fig. 3A). Cluster #2
consists of 287 genes, which display spermatogonia-specific
expression patterns, with enriched expression from GB to S16
samples but reduced expression in both niche and spermatocyte
samples (Fig. 3B). Cluster #3, with 1148 genes, shows slightly
elevated expression in early-stage spermatocytes but robust
expression in late stage spermatocytes, suggesting their functions
in terminal differentiation (Fig. 3C). In addition, three other clusters
— #1, #7 and #8 — have 2536 genes in total, which show
spermatocyte-specific ~ expression starting from early-stage
spermatocyte samples (Fig. 3D). The remaining four clusters (#5,
#6, #9 and #10) together have 4737 genes, which show overall stable
gene expression (Fig. S7), likely representing constitutively
expressed housekeeping genes.

Based on these patterns (Fig. 3), it appears that gene activation is
likely to be the major mode of differential gene expression
during Drosophila spermatogenesis. On the other hand, genes with
stable levels of transcripts (Fig. S7) could still be regulated post-
transcriptionally, which is extensively used in the germline (Cinalli
et al., 2008; Rangan et al., 2008; Seydoux and Braun, 2006).

The transcriptome changes among the mitotic stage
germline cyst samples

In Drosophila testes, a GSC normally divides asymmetrically: the
self-renewed stem daughter cell remains physically attached to the
hub cells via adherens junctions, whereas the other daughter cell
(GB) is displaced away from the hub and initiates transit-
amplification followed by meiosis and terminal differentiation
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signaling pathway

Fig. 3. Distinct clusters of genes that share similar differential gene expression patterns during spermatogenesis with respective GO analyses. (A) A
cluster of 548 genes with an overall downregulation pattern and with enriched expression in early-stage germ cells, and the corresponding GO terms. (B) A cluster
of 287 genes with a spermatogonia-specific expression pattern with enriched expression from GB to S16 samples but declined expression elsewhere, and the
corresponding GO terms. (C) A cluster of 1148 genes with spermatocyte-specific expression starting from early-stage spermatocyte samples, and the
corresponding GO terms. (D) Three clusters of a total of 2536 genes with overall stable gene expression throughout all samples, and the corresponding GO terms.
The box plots are generated using the R Boxplot default setting: the box represents the 25th and 75th percentiles, with the 50th percentile shown as a black bar.
The upper and lower whiskers are defined using the default setting of the R Boxplot function. The y-axis represents the log2cRPKM value.

(Yamashita et al., 2003). It remained unclear to what extent the GSC et al., 2012), suggesting their potential distinct gene expression
and GB have different molecular characteristics. Previously, we profiles. Here, we sought to gain insight into this by comparing the
have identified distinct chromatin states between GSC and GB (Tran  TASC data between niche and GB samples. However, a caveat in
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Fig. 4. Transcriptome changes
among discrete stages of germline
cyst samples. (A) Analysis of
differential gene expression in niche
versus GB samples. (B) Analysis of
differential gene expression in GB
versus S4 samples. (C) Analysis of
differential gene expression in S16
spermatogonia versus early
spermatocytes (EC). Heatmaps of
differentially expressed genes in
multiple GO function terms during
stage transition. The statistically
significant enrichment of genes in the
GO term of interest is calculated based
on negative binomial model with
Benjamini multiple testing correction
(FDR). Color scale represents the Z
value of normalized expressions for
individual genes. See main text for a
detailed discussion of each category.
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this comparison is the heterogeneity of the niche sample, which
contains hub cells and CySCs in addition to GSCs. Nevertheless, we
reason that the upregulated genes in the GB sample should still
represent newly transcribed genes, whereas enriched transcripts in
the niche sample would still shed light on putative regulators
required for stem cell maintenance or niche functionality. Both lines
of information should enhance our knowledge regarding how stem
cells maintain their unique properties as well as how their immediate
daughter cells initiate the proper differentiation program.

First, we compared transcription level of genes in niche versus
GB samples (Fig. 4A, Tables S3 and S4). Among the 792
differentially expressed genes (P<0.05, based on negative binomial
model with Benjamini multiple testing correction, Fig. S3B), 511
genes are more enriched in the niche sample and 281 have higher
expression in the GB sample. A gene ontology (GO) analysis on
these differentially expressed genes revealed three top categories
with biological significance (Fig. 4A): cell-cell adhesion molecules
(21 genes), genes that regulate cell fate commitment (10 genes) and
signaling pathway components (71 genes). Some genes are present
in more than one category, such as niche-enriched Socs36E gene,
which is a known JAK-STAT target (Amoyel et al., 2016a; Issigonis
et al., 2009; Tarayrah et al., 2013).

Next, we compared the transcription level of genes in GB versus
S4 samples (Fig. 4B, Tables S5 and S6). Among the 1488
differentially expressed genes (P<0.05, based on negative binomial
model with Benjamini multiple testing correction, Fig. S3B), 667 are
GB-enriched and 821 genes have higher expression in the S4 sample.
A GO analysis on these differentially expressed genes revealed three
top categories with biological significance (Fig. 4B): genes that
regulate aminoglycan metabolic process (26 genes), genes that
regulate monosaccharide metabolic process (17 genes) and signaling
transduction (119 genes). Therefore, from both niche to GB and GB
to S4 along the GSC differentiation process, genes regulating
signaling pathways change their expression most dramatically.
However, the progression from niche to GB is accompanied by
decreased expression of cell adhesion molecules, whereas from GB
to S4, genes involved in metabolic processes change their levels,
indicating a potentially different metabolism when germ cells leave
the niche and prepare for the differentiation program.

Furthermore, the transit-amplification stages from S4 and S8 to
S16 showed >0.9 correlation coefficient by pair-wise comparison.
A similar transcriptome among transit-amplifying cells may provide
a molecular basis to explain their similar behavior during both
dedifferentiation and the differentiation processes. Dedifferentiation
of spermatogonial cells has been identified as a mechanism to
replenish lost stem cells during genetic ablation or aging (Brawley
and Matunis, 2004; Cheng et al., 2008; Eun et al., 2017; Herrera and
Bach, 2018; Lim et al., 2015; Sheng et al., 2009; Sheng and
Matunis, 2009; Wong and Jones, 2012). On the other hand,
transition from spermatogonia to spermatocyte prematurely or at a
later point does not appear to affect meiosis and terminal
differentiation, suggesting their similar differentiation potential
(Eun et al., 2013; Insco et al., 2012, 2009; Parrott et al., 2011).

The transcriptome changes from the mitotic to the meiotic
staged germline cyst samples

To date, the best understood transcriptional switch during
Drosophila spermatogenesis is from the S16 to spermatocyte,
representing the change from the mitotic to the meiotic program
(Lim et al., 2012). Previous studies on key regulators, such as the
tTAFs and the tMAC complex, demonstrate an orchestrated mode of
transcriptional activation (Ayyar et al., 2003; Beall et al., 2007;

Chen et al., 2011; Hiller et al., 2004, 2001; Jiang et al., 2007; Jiang
and White-Cooper, 2003; Lin et al., 1996; Perezgasga et al., 2004,
White-Cooper et al., 2000, 1998). In addition, spermatocyte-
specific tTAF and tMAC proteins antagonize the Polycomb group
(PcG) transcriptional repressive complex to derepress differentiation
genes that are silenced in spermatogonial cells (Chen et al., 2005,
2011; Gan et al., 2010b). Based on these results, it has been
hypothesized that there are at least two transcriptional waves in
spermatocytes — one at the spermatogonia-to-spermatocyte
transition, which turns on transcriptional and chromatin regulators
to set up the chromatin landscape, in preparation for the next one,
from early to late spermatocytes, when terminal differentiation
genes for spermiogenesis are turned on (Chen et al., 2011). It is very
likely that genes turned on during the second wave are target genes
controlled by genes that have been turned on at the first wave.

Analysis of the transition from the S16 spermatogonia to early
spermatocyte stage demonstrates more than 1266 differentially
expressed genes: only 125 genes are downregulated whereas 1141
are upregulated (Fig. S3B, Tables S7 and S8). Therefore,
transcriptional activation is the major mode at the mitosis-to-
meiosis switch. A GO analysis on these upregulated genes revealed
three top categories with biological significance (Fig. 4C): genes
that regulate male gamete generation (34 genes), including both
tTAF [e.g. nht, mia, cannonball (can, Taf5L), sa] and tMAC [e.g.
comr, aly, matotopetli (topi)] genes, microtubule-based movement
(29 genes), as well as protein ubiquitination (40 genes).

This mitosis-to-meiosis switch needs to be tightly regulated, as
any mis-regulation of this transition may lead to infertility due to
insufficient germ cells or testicular tumor due to spermatogonial
overproliferation. Analysis of the TASC data has revealed that many
more key transcriptional regulators (Fig. S8A), alternative splicing
factors (Fig. S8B) and enzymes such as kinases (Fig. S8C) all show a
dynamic bi-modal pattern (i.e. low-to-high or high-to-low) at the
mitosis-to-meiosis switch. Interestingly, histone-modifying enzymes,
including both histone methyltransferase (Fig. S8D) and histone
demethylase (Fig. S8E), display similar patterns at this switch. These
results are consistent with the previous results using bam or benign
gonial cell neoplasm (bgcn) mutant testes enriched with mitotic
spermatogonial cells for comparison with wild-type testes (Chen
etal., 2011; Gan et al., 2010a; Terry et al., 2006). Functional analysis
of these candidate genes will shed more light on the molecular
mechanisms underlying exit of mitosis and onset of meiosis. On
the other hand, the few transcription factors (group #1 in Fig. S8A)
that are downregulated from S16 to early spermatocyte stage could
be responsible for shutting down mitosis-specific genes to
avoid overproliferation and tumorigenesis. To our current
knowledge, this decision makes an irreversible commitment in this
lineage, as spermatocytes lose the dedifferentiating potential (Sheng
et al., 2009).

The transcriptome change from early to late spermatocyte
during spermatocyte maturation

The maturation of spermatocytes takes the longest time during the
entire process of spermatogenesis, lasting for 3-4 days and
involving a 25-fold increase in volume. Here, the TASC data
provide a high-resolution transcriptome profile during spermatocyte
maturation, with aly and EC samples representing early spermatocyte
and LC1 representing the late and mature spermatocyte stage
(Fig. 1B-D, Fig. S3B, Tables S9 and S10; LC1 samples share a very
similar expression profile with LC2 so we used LC1 to represent late
spermatocytes). Because, to our knowledge, aly mutations arrest
spermatocyte differentiation at the earliest stage (White-Cooper et al.,
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Fig. 5. Transcriptome changes among different early and late spermatocyte samples during spermatocyte maturation. (A) Venn diagrams display

the overlapping number of expressed genes in three different spermatocyte staged samples (i.e. aly mutant, EC and LC samples) versus the S16 cyst sample.
(B) Venn diagram among different groups of stage-enriched genes, see main text. (C) Three classes of GO analysis results (BP, biological process; MF, molecular
function; CC, cellular component) of late spermatocyte-enriched genes, immediately before the onset of the meiotic division and terminal differentiation process
known as spermiogenesis. Here, based on a negative binomial model: N, total gene number of the study; B, number of N in each category of interest; n, the total

number of differentially expressed genes; b, the number of n in each category.

2000), the progression of spermatocyte maturation is very likely as
the following: aly mutant—wild-type EC spermatocyte—wild-type
LC1 spermatocyte.

Next, we analyzed differential gene expression at these
spermatocyte stages and compared them with the 16-cell
spermatogonial cyst sample (Fig. 5SA). The number of genes that
are moderately or highly expressed (i.e. RPKM>20) in the wild-
type S16 sample, but are absent or expressed at low levels in the aly
mutant spermatocyte sample (S16%aly™), is 654, whereas the
number of genes that are moderately or highly expressed in the aly
mutant spermatocyte sample, but are absent or are expressed at low
levels in the S16 sample (S16-aly™) is 2307. Likewise, the number
of genes that are moderately or highly expressed in the S16 sample,
but are absent or expressed at low levels in the wild-type early
spermatocyte EC sample (SI6"EC™) is 401 whereas the number of
genes that are moderately or highly expressed in the wild-type early
spermatocyte EC sample, but are absent or expressed at low levels in
the S16 sample (S16"EC") genes is 1850. Therefore, the major
change of gene expression from S16 to early-stage spermatocytes is
activation. Between the 2307 S16™aly* genes and 1850 S16"EC*

genes, 1521 are common. In addition, 289 of the 654 S16*aly~
genes and 401 S16"EC™ genes are shared. These data are consistent
with previous analyses that show the transition from mitosis to
meiosis is accompanied by a dynamic transcriptome change, and
that most changes are transcriptional activation.

Next, analyzing differentially expressed genes between the S16
sample and LC1 sample revealed an even bigger change: there are
1026 differentially expressed S16"LC1~ genes that are moderately
or highly expressed in the S16 sample, but are absent or are
expressed at low levels in the wild-type late spermatocyte LCI1
sample, and 3184 differentially expressed SI6 LC1" genes that are
moderately or highly expressed in the wild-type late spermatocyte
LC1 sample, but are absent or are expressed at low levels in the S16
sample (Fig. 5A). Among the 3184 S16"LC1" genes, 1724 are
shared with the S16~aly* group and 1427 are common with the
S167EC™ genes, with the majority of 1298 common genes among
all three groups, likely representing the wave of transcriptional
activation from spermatogonia to spermatocytes. On the other hand,
the 1354 genes that are more enriched in the LC1 sample, but in
neither aly nor EC sample, represent the transcriptional activation
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from early to late spermatocytes. To further understand this
sequential change among spermatocyte samples in more detail,
we compared four categories of genes (Fig. 5B): high in LC1 but
low in aly sample (i.e. LC1>aly), high in LC1 but low in EC sample
(LC1>EC), high in EC but low in aly sample (EC>aly), and high in
aly but low in EC sample (aly>EC). Among these four categories,
2144 LC1>aly genes and 3176 LC1>EC genes share 1854 common
genes, consistent with a transcriptional activation mode during
spermatocyte maturation. GO analyses of these late spermatocyte-
enriched genes indicate that translational regulators, spindle
elongation and microtubule-based process factors are among the
top three enriched genes based on biological process GO analysis.
Alternatively, with molecular function GO analysis, receptor activity,
especially G-protein coupled receptors (GPCR), and ion
transmembrane transporters, are among the top three categories,
whereas using cellular component GO analysis, dynein complex and
microtubule-associated complex are the top two categories (Fig. 5C).
These gene categories, such as translational regulators and
microtubule-associated factors, are consistent with the known
developmental program and cellular processes required for meiotic
divisions and terminal differentiation (Fabian and Brill, 2012; Fuller,
2016). In addition, these findings may shed light on new regulators
for the sperm differentiation program. For example, bioelectric
patterning through ion transporters is known to play a role during
Drosophila oogenesis (Weiss and Bohrmann, 2019); however, little
is known about their potential functions in spermiogenesis. On the
other hand, although the function of GPCRs has been reported for
stem cell niche structure and function in Drosophila (Papagiannouli
and Lohmann, 2015) and planarians (Saberi et al., 2016), their
potential roles in spermiogenesis have not been well studied at all.

Lack of evidence for dosage compensation in germline cysts
at individual stages throughout Drosophila spermatogenesis
In somatic cells of male Drosophila, dosage compensation
equilibrates X chromosomal and autosomal gene expression by
hyperactivation of X-chromosomal gene transcription (Deng
et al., 2011; Gupta et al., 2006; Parisi et al., 2003). The dosage
compensation complex (DCC) generates an H4K 16ac active histone
modification and promotes RNA polymerase II elongation on
X-linked genes (Gelbart et al., 2009). Previous RNA-seq using
gonadectomized flies (adult flies with testes or ovaries removed,
labeled as ‘male_carcassed’ and ‘female_carcassed’; Fig. S9)
showed little difference between X-linked genes and autosomal
genes in their median expression level, confirming dosage
compensation in somatic cells. However, despite extensive
knowledge about dosage compensation in somatic cells, whether
and how X-chromosomal genes are compensated in male germ
cells is not fully understood. Analyses of RNA-seq data using
isolated wild-type testes (Gan et al., 2010a) showed a significantly
lower expression level of X-linked genes compared with
autosomal genes (‘wt_testis’; Fig. S9), suggesting potential lack
of dosage compensation in male germ cells. By contrast, analysis
of bam mutant testes showed comparable level between X-linked
genes and autosomal genes, suggesting possible existence of
dosage compensation. Because wild-type testes are enriched with
meiotic germ cells, whereas bam testes mainly contain mitotic
germ cells, analysis of RNA-seq data for these tissues
suggests dosage compensation may exist in the mitotic but not
meiotic male germ cells in Drosophila. However, using the entire
testes unavoidably includes other cell types, such as somatic
gonadal cells in addition to germ cells, which may obscure
the results.

Here, using the TASC RNA-seq data, we revisited dosage
compensation in the male germline. In order to avoid any potential
bias introduced by the unique and dynamic gene expression
program during spermatogenesis, we restricted our analysis to non-
sex-biased and non-spermatogenesis stage-biased genes. Even
though our isolated cyst samples contain somatic cells, the cyst
samples are enriched with germ cells. For example, in the S16 and
all spermatocyte samples, the somatic cyst cell to germ cell ratio is
2:16; and in the S8 sample, the somatic cyst cell to germ cell ratio is
2:8, etc. In all staged samples containing mitotic germ cells (i.e. GB,
S4, S8 and S16; Fig. 6A), X-linked genes are expressed at a
significantly lower level than autosomal genes, different from the
previous results obtained using bam testes (Gan et al., 2010a). There
are two possibilities that make the TASC data more directly
address the issue of dosage compensation in germ cells: first, bam
testes are heterogeneous and contain many other somatic cell types
such as cyst cells, muscle sheathe cells, and pigment cells; second,
bam mutant germ cells are different from wild-type spermatogonia
cells, as shown by the distinct transcriptome of bam testes
compared with all spermatogonial cyst samples (Fig. S10). We
also confirmed that all meiotic cyst samples showed no obvious
evidence of dosage compensation (i.e. all EC and LC samples;
Fig. 6A).

Next, we summarized the dosage compensation index defined by
(2—A:X): here 0 indicates no compensation; 1 indicates twofold
upregulation of X-linked gene expression, therefore full
compensation (Fig. 6B). We then compared the single germline
cyst samples from TASC dataset with the previous RNA-seq data
using tissue samples (Gan et al., 2010a). Although most of the
previous tissue samples showed compensation, among all TASC
data samples only the niche sample showed a higher degree of
compensation, probably owing to the presence of somatic hub cells
and CySCs in this sample. Overall, these analyses suggest that male
germ cells likely lack dosage compensation, when pure starting
material containing fewer somatic cells are used. Here, even if a
couple of somatic cells are present in the TASC sample, low or no
dosage compensation strongly suggests the lack of dosage
compensation in germ cells.

DISCUSSION

Our single cyst-resolution, genome-wide transcriptional profile
analyses provide a data resource at each crucial stage of
differentiation in an adult stem cell system under their wild-type
situation, which will help in understanding many interesting issues
in stem cell and germ cell biology fields. Previously, RNA-seq
analyses were carried out using the entire testes with genetic
mutations that arrest cellular differentiation pathways at distinct
stages (Gan et al., 2010a) or dissected different regions of wild-type
testes enriched with distinct stages of germ cells (Vedelek et al.,
2018). However, caveats arise from mixed cell types within either
intact or dissected tissues, as well as complications using genetic
mutations. Furthermore, although single cell RNA-seq could be
currently carried out using dissociated single cells, the relatively
small number of early-stage cells, including germline stem cells,
make it very challenging to obtain their transcriptomes. Single
post-meiotic cysts have been isolated and applied for quantitative
RT-PCR, which has revealed two dozen transcribed genes in
spermatids (Barreau et al., 2008). Here, for the TASC experiments,
we isolated single germline cysts from niche to late spermatocyte
stages using cell type- and stage-specific markers (Fig. S1A), which
allowed us to precisely reconstruct the single-cyst transcriptome
atlas during the entire spermatogenesis process. Therefore, both the
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Fig. 6. Lack of evidence for dosage
compensation in germline cysts at
individual stages throughout

Drosophila spermatogenesis. (A)
Analysis of non-sex-biased and non-
stage-biased genes in all of the staged
samples containing mitotic germ cells
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original technologies we have developed and the new knowledge we
have gained in this study represent technical and conceptual
advances, which will have a broad and long-term impact on studies
in the stem cell and germ cell biology fields.

As a proof of principle, we have already made several new
discoveries using the TASC dataset. For example, we have
identified a candidate gene called slamdance (sda) which has
enriched transcription in the niche sample (Fig. S5A). The sda gene
encodes an aminopeptidase, the function of which had never been
reported in any adult stem cell systems. We have carried out
extensive functional analyses and demonstrated that the Sda protein
indeed acts as an aminopeptidase, the in vivo function of which
depends on its enzymatic domain. Sda plays important roles in
regulating GSC  maintenance and progenitor germline
dedifferentiation (Lim et al., 2015). In addition, we found that the

known germline differentiation factor bam has prolonged
transcription in early-stage spermatocytes (aly and EC stages of
the bam profile in Fig. S5B), even though Bam protein is
downregulated. This difference between mRNA expression
pattern and protein enrichment indicated a potential post-
transcriptional regulation of the bam transcript, which was
revealed later through recognition of the 3’ untranslated region of
bam by microRNAs (Eun et al., 2013). Therefore, the TASC dataset
can be used to identify genes with interesting expression patterns for
in-depth functional analysis, or combined with other data such as
protein expression patterns for studying post-transcriptional
regulation in the germline, etc. Together, these studies will
contribute to better understanding of gene regulation during
spermatogenesis, which will also significantly enhance our
knowledge for reproductive biology.
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In summary, our single cyst-resolution, genome-wide
transcriptional  profile analysis provides a supreme and
unprecedented data resource at each crucial stage of

differentiation in an adult stem cell system under its physiological
conditions, which will help in understanding many issues in germ
cell biology and stem cell biology fields. The new technologies that
we have developed and the knowledge we have gained in this study
will have broad and high impact on basic research as well as on
regenerative medicine.

MATERIALS AND METHODS

Fly strains and single cyst preparation

All flies were grown using standard Bloomington medium at 25°C: upd-
gal4 (a gift from T. Xie, Stowers Institute, Kansas City, MO, USA), Bam-
GFP (Chen and McKearin, 2003; a gift from Dennis McKearin, UT
Southwestern Medical Center, Dallas, TX, USA) and Sa-GFP (Chen et al.,
2005). Testes were dissected in S2 insect media (Invitrogen, 11720-034)
with 10% fetal bovine serum (FBS; Invitrogen, 16000-044). Two tungsten
micro-needles were used to tear the muscle sheath layer, resulting in germ
cell cysts spilling into the media. The cysts were viewed using an inverted
microscope (Zeiss Axiovert 40 CFL) and were picked using a glass needle
(Drummond, 1-000-0250) pulled by a Sutter instrument P97 using the
following parameters: P=200; heat=669; pull=30; velocity=120; time=200.
The picked cyst was transferred into PCR tubes by breaking the fine tip at the
side of tube.

The upd-Gal4; UAS-GFP labels the niche sample (i.e. hub cells with both
GSCs and CySCs) unambiguously (Fig. SIB). However, some ambiguity
exists in other sample isolation due to technical limitation, and here we
discuss our strategy to reduce it. For example, spermatogonial samples can
be distinguished by the expression of Bam-GFP marker (Fig. S1B).
However, any apparent S4 cyst could come from a broken S8 cyst or S16
cyst. Although it is unlikely for an S8 cyst to precisely break into two 4-cell
cysts or a S16 cyst into four 4-cell cysts, we tried to avoid this caveat by
selecting cysts that have ‘smooth’ sphere appearance indicating intact cysts
(Insco et al., 2009). We also isolated at least two biological replicates for
each of these ‘ambiguous’ stage cysts, namely: GB, S4 and S8, from
different flies in totally independent experiments. Our results showed very
high Pearson’s correlation coefficient (>0.9) between two biological
replicates for GB, S4 and S8 samples. This high correlation between
biological replicates also suggested the high reproducibility of our single
cyst isolation and sequencing procedures. In addition, even though
spermatocyte samples can be precisely labeled using the Sa-GFP marker
(Fig. S1B), we recognized early-stage spermatocytes (i.e. relatively smaller
size) versus late-stage spermatocytes (i.e. relatively larger size) based on
their morphology from wild-type testis. However, as this criterion could
vary, we also included an a/y mutant spermatocyte cyst sample. Because in
the aly mutant, no further differentiation could occur beyond the very early
spermatocyte stage due to the requirement of this gene product to proceed
beyond the early spermatocyte stage, we used this sample as another source
for early-stage spermatocytes and compared with the early-stage
spermatocyte samples isolated from wild-type testis.

Library preparation for RNA-seq

The mRNA libraries were prepared according to previously described
methods (Kurimoto et al., 2007) with modifications (Tang et al., 2009).
Immediately after isolation, we treated the cysts with mild detergent to
permeabilize the plasma membrane while keeping the nucleus intact.
Permeabilization allowed mRNA to be reverse transcribed using poly-dT
attached to one universal primer sequence. Poly A was added to the single
strand DNA 3’ end using terminal transferase. Second strand DNA was
synthesized using poly-dT attached to another universal primer sequence.
Finally, the resulting library was amplified using both universal primers. To
generate libraries for sequencing, ~300 ng dsDNA of each sample was
fragmented by sonication using Bioruptor (Diagenode, UCD-200-TM-EX)
under medium power output for 30 min in ice water. The resulting DNA
fragments were analyzed using agarose gel to verify a ~100-300 bp size
range. Sequencing libraries were prepared as follows: end-repair (DNA end-

repair kit, Epicenter, ER0720); A-tailing [Poly(A) Tailing Kit, Thermo
Fisher, AM1350]; Solexa adaptor ligation (300 ng dsDNA, 4 ul DNA ligase
buffer, 1 ul Solexa adaptor mixture, 3 ul DNA ligase, at 70°C overnight);
PCR amplification (98°C 10 s, 65°C 30s, 72°C 30 s for 16 cycles; then
additional 72°C for 5 min) with adaptor primers; and size selection (200-
400 bp). Lastly, dsDNA library for each sample was used on the Solexa 1G
sequencer at a concentration of 10 ng per lane.

Alignment of short reads onto Drosophila genome and
assignment into annotated gene regions

The sequencing was performed in the National Institutes of Health
sequencing facility or in the Johns Hopkins University Bayview campus
core facility. We collected 36- or 50-nucleotide-long single-end short reads
from the Illumina GAIIIl or Hiseq2500 sequencer in FASTQ format. The
Fastqc package was utilized for quality control on these short read libraries.
There are 20 libraries of short reads from eight distinct spermatogenesis
stages, all but one (S16) with at least two biological duplicates. Bowtie
software (ref, version 0.12.7) aligned these short reads to the Drosophila
genome sequence (Flybase dmel_r5.43, as of Jan 2012, ftp:/ftp.flybase.net/
releases/FB2012_01/dmel_r5.43/). Only those short reads that are uniquely
mapped, with at most two mismatches, were retained for later analysis (later
referred to as ‘aligned’). The detailed parameters for running BOWTIE are
‘-a —phred33-quals -n 2 -e 70 -1 28 -m 1 —best —strata’. Those filtered short
reads were further searched for possible mapping onto exon junction regions
because of splicing of pre-mRNA using Tophat software (version 1.3.3).
The same criteria were performed as when running Bowtie. The detailed
running parameters were ‘-gl —butterfly-search -I 50000 —segment-length
15 —max-segment-intron 50000 —G’. The annotation of exon structures are
described in the following paragraph. Approximately only 1% of aligned
reads are from splice junction regions. The reads aligned to the genome
sequence and the junction reads are combined and sifted for non-
redundancy. Finally, we concentrated on ~2 million non-redundant reads
per stage sample (Fig. S1). The bam mutant and wild-type testis data were
retrieved from a previous RNA-seq study (Gan et al., 2010a).

We then assigned each read into gene regions. The annotation for protein
coding genes, rRNAs, tRNAs, snoRNA, snRNAss, pre_miRNAs and other
non-coding RNAs was retrieved from Flybase (ftp:/ftp.flybase.net/releases/
FB2012_01/dmel_r5.43/fasta/). The exons from different alternative
splicing isoforms were merged to find the maximum genome coverage
regions per gene. An in-house perl script assigned each aligned short read to
these merged transcription regions, and read counts per gene region are the
output. When a read is mapped to a region with more than one gene, i.e. one
merged exon region overlapping with a non-coding gene, the count is split
as equal possibilities into these two genes, half count for each. On average,
only 2% of aligned reads are involved in gene overlapping regions.

Gene annotation and gene expression calculation

We used EdgeR package (Robinson et al., 2010) to quantitatively measure
the level of transcripts normalized across different samples (cCRPKM).
cRPKM generated by EdgeR algorithm compensates for the difference in
the sequence reads among samples, as well as the different number of
samples for each individual staged cyst. Thus, cRPKM values are
comparable among different samples.

Read counts from biological replicates are fitted into a negative binomial
distribution model to obtain a dispersion estimate for each gene (‘tagwise
dispersion’ in EdgeR), followed by differential expression inference. One
single estimate of transcript concentration is evaluated by the maximum
likelihood method (QCML in EdgeR) for biological replicates. This single
estimate is called the ‘estimated transcription level’.

Estimation of transcription level per gene per stage and
differential expression analysis

RPKM was used to estimate the transcription level for short read data by
normalizing transcript length and library size. In this study, we used the
edgeR software package in R to find the normalization factors for multiple
libraries with various sizes using the TMM method (Robinson et al., 2010).
The term RPKM in this study differs in that it uses the normalized library size
after the TMM normalization. Then, the EdgeR method models short reads
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into a negative binomial distribution and estimates the biological replicate
variance (dispersion). Tagwise dispersion estimation was performed in
different groupings of libraries using the ‘estimateGLMTagwiseDisp’
function in EdgeR. Initially, the 20 libraries came from eight sample
stages: niche, GB, S4, S8, S16, aly, EC (early spermatocyte) and LC (late
spermatocyte). The six LC samples appeared to reflect a gradual transition
(usually taking two days) from EC to LC. They were further grouped into
LC1 and LC2 according to the correlation coefficient clustering result.
Between any pair of conditions/samples, differential expression (DE) can
be determined using the generalized linear model (GLM) likelihood ratio
test by the glmFit and gImLRT functions. The DE genes were decided
upon using Benjamini—Hochberg multiple testing correction and adjusted
P-value <0.05.

Other bioinformatics tools

Multidimension scaling, K-means clustering methods are from R package.
Heatmaps were generated using pheatmap and RcolorBrewer. Batch effect
was examined using single vector decomposition and sva package (Leek
et al., 2012). There is no obvious batch effect from time of procedure and a
switch from 36 bp to 50 bp sequencing runs. KEGG pathways were downloaded
from www.genome.jp/kegg/pathway.html. The gene set enrichment test was
performed using flymine, Gorilla (http://cbl-gorilla.cs.technion.ac.il/) and topGO
R package.
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