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Abstract

The process of spermatogenesis in Drosophila melanogaster provides a powerful model system to

probe a variety of developmental and cell biological questions, such as the characterization of

mechanisms that regulate stem cell behavior, cytokinesis, meiosis, and mitochondrial dynamics.

Classical genetic approaches, together with binary expression systems, FRT-mediated

recombination, and novel imaging systems to capture single cell behavior, are rapidly expanding

our knowledge of the molecular mechanisms regulating all aspects of spermatogenesis. This

methods chapter provides a detailed description of the system, a review of key questions chapter

that have been addressed or remain unanswered thus far, and an introduction to tools and

techniques available to probe each stage of spermatogenesis.

1. Introduction

The Drosophila testis is a blunt-ended, coiled tube that supports the production of sperm

throughout the life of the fly (Figure 1). Sustained spermatogenesis is accomplished by

maintenance of a small number of stem cells that divide approximately once every 24 hours

[1]. Both germline and somatic stem cells are located at the apical tip of the testis, and under

homeostatic conditions, stem cells divide asymmetrically to produce two cells: one cell

maintains stem cell characteristics, while the other daughter cell initiates differentiation. In

the germ line, the differentiating daughter cell is called a gonialblast (GB), and the GB

undergoes mitotic amplification (transit amplifying; TA) divisions to generate a cyst of

spermatogonia, which will differentiate into spermatocytes and, ultimately, mature sperm. In

D. melanogaster, four rounds of mitotic divisions and two meiotic divisions yield a total of

64 haploid spermatids [2] (Figure 1A). Elongation and maturation of the spermatids,
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spermiogenesis, is the final stage of spermatogenesis, after which the sperm is transported to

the seminal vesicle [2, 3].

Thanks to efforts of the Drosophila community, reagents are readily available, including

antibodies, reporter lines, and transgenic GAL4 ‘driver’ lines, which can be used to study

the different stages of spermatogenesis (Tables 1 and 2). The use of specific drivers, in

combination with immunofluorescence microscopy, permits characterization of specific cell

types within the testis, even in a spatio-temporal manner. This chapter will provide an

overview of spermatogenesis and discuss the tools and techniques available that facilitate a

detailed analysis of the various cell biological processes in the male germ line.

1.1. The testis stem cell niche

Stem cells reside in specialized microenvironments called ‘niches’. These

microenvironments are quite dynamic and provide structural and chemical support to the

residing stem cells [4]. Examples of well-characterized stem cell niches can be found in

many different animals. For example, in the gonad of the nematode Caenorhabditis elegans,

the distal tip cell (DTC) participates in a niche, providing support to the germline stem cells

via Notch signaling [5]. In both D. melanogaster and Mus musculus, more complex niches

have been identified for germline, blood and intestinal stem cells, among others [6–17]. In

most cases, one or more cell types and/or a basement membrane are integral components of

the niche, providing structure and polarity to the system, and acting as a source of growth

factors for stem cell maintenance and survival [4].

The Drosophila testis niche is composed of three highly interdependent cell types: the hub,

the somatic cyst stem cells (CySCs) and the germline stem cells (GSCs) [18] (Figures 1A

and 2A). The hub is comprised of a cluster of ten to twelve somatic cells that act as a

signaling center for the GSCs and the CySCs. For example, hub cells secrete the ligand

Unpaired (Upd), which activates the Janus kinase-Signal Transducer and Activator of

Transcription (JAK-STAT) pathway in adjacent stem cells to regulate their behavior [8, 9,

19]. CySCs also strongly influence GSC behavior via the JAK-STAT pathway (discussed

below in section 1.3) [20]. Additional factors, such as the bone morphogenetic protein

(BMP) and hedgehog (Hh) pathways, also regulate stem cell behavior within the testis niche

[21–26]. Indeed, the role of hub cells as an integral signaling center can be compared

directly to the role of cap cells in the Drosophila ovary and the DTC in the C. elegans gonad

[27]. However, in addition to acting as a signaling center, the hub is an important structural

component that supports asymmetric GSC divisions by facilitating orientation of the mitotic

spindle [28, 29].

Together with the Drosophila ovary, the Drosophila testis is one of the most readily

available models for studying a niche in vivo [30]. Although there are tremendous

similarities between mechanisms regulating stem cell behavior in the Drosophila ovary and

testis [31, 32], in the testis, both germline and somatic stem cells are maintained within the

same niche at the apical tip. Therefore, studies in the male germ line have facilitated our

understanding of how stem cell populations cooperate and co-regulate each other. The

interdependence of the three cell types – hub cells, CySCs and GSCs – makes this an

important model system for stem cell researchers who are interested in how stem cells
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compete for niche occupancy in vivo [33–35]. Factors have been identified that are involved

in regulating maintenance of hub cell fate and function[36, 37]. Such studies have permitted

an analysis of how niche size influences stem cell number and how loss of niche function,

over time, can contribute to loss of tissue homeostasis [38–40]. Recent work has also shed

light into the plasticity of the stem cell niche, showing that quiescent hub cells can become

‘activated’ and contribute to the CySC pool upon loss of somatic stem cells or forced

activation of the cell cycle in the hub [37, 41].

Hub cells can be recognized easily by staining with antibodies such as Fas3 or with reporters

of unpaired expression (ie., upd-lacZ) (Table 1). Antibody staining for either N or E-

cadherin will also exhibit enriched staining in hub cells, although reduced levels of staining

are also observed in somatic cyst cells (Table 1). Importantly, either knock-down or

overexpression of genes can be manipulated exclusively in hub cells by using drivers such

as FasIII-Gal4 and upd-Gal4 (Table 2). Available tools for GSC and CySC identification

and genetic manipulation are discussed below in sections 1.2 and 1.3, respectively.

1.2. Male germline stem cells

Although the average number varies by genotype, approximately 8 GSCs lie adjacent to and

in direct contact with the hub cells, supporting continuous production of sperm throughout

the lifetime of the fly. Each GSC can divide asymmetrically to give rise to one daughter cell

that remains in contact with hub cells and maintains stem cell identity, while the GB is

displaced away from the hub and begins differentiation (Figures 1A and 2A). However,

recent advances in live-imaging have revealed that GSCs are also capable of dividing

symmetrically, indicating that the dynamics of GSC divisions are more complicated that

previously appreciated[1, 42] To ensure fidelity in stem cell maintenance and genome

protection, multiple strategies (discussed below) control GSC self-renewal and gene

expression [43].

GSCs initiate differentiation directly when signals to self-renew are abrogated, suggesting a

mechanism whereby stem cell fate is actively maintained [44]. Indeed, an asymmetric

outcome of male GSC divisions is guided largely by external cues [45–47]. Attachment of

GSCs to hub cells via adherens junctions provides polarity cues that direct centrosomal

anchoring and mitotic spindle orientation perpendicular to the GSC-hub interface during cell

division [28, 29]. This ensures faithful asymmetric GSC division to maintain the GSC pool,

as well as of differentiating progenitor cells [28]. Interestingly, proteins, chromosomes, and

chromatin-associated factors have been shown to segregate preferentially into either the

GSC or the GB, indicating that intrinsic cellular components may also contribute to self-

renewal and maintenance of GSC fate [42, 48–52]. In addition, this may allow segregation

of damaged components into daughter cells, such that the stem cell is protected.

Furthermore, because each GSC has the potential to contribute to the next generation of

flies, it is critical that the genome of the germ cells be kept intact and protected from

damage. Indeed, transposon activity is considered a major deleterious event and is actively

silenced in germ cells by members of the PIWI subfamily of RNA-binding proteins [53].

Lastly, during cytokinesis, the GSC-GB pair remains interconnected by a midbody ring until

G2 of the following cell cycle, when finally abscission occurs [1]. The reason behind this

Demarco et al. Page 3

Methods. Author manuscript; available in PMC 2015 June 15.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript



delay in progression of differentiation of the GB is unclear, and unknown signals mediate

closure and final abscission of the two cells [54]. Recent studies have shown that GSC-GB

cytokinesis is asymmetric, such that the midbody ring is preferentially inherited by the GB

and may eventually be released into somatic cells, where it is degraded [51].

GSCs can be distinguished using a combination of tools, coupled with the physical

placement adjacent to hub cells (Figures 1A, 2A, 2C). For instance, antibodies to the

conserved RNA helicase, Vasa, stain all germ cells; however, GSCs contain a spherical

spectrosome, which is detected using antibodies to α-spectrin (Table 1; Figures 1A, 2C).

Therefore, Vasa+ cells that are in physical contact with hub cells (Fas3+) are considered

GSCs. In addition, GSCs often appear to be enriched for STAT92E (Figure 2A). Driver

lines, such as nanos-Gal4 (Table 2), allow for specific gene manipulation in early germ

cells, including GSCs.

Recent technological developments allowing genome-wide mutational or RNAi screening,

as well as live imaging, have great potential to contribute to our knowledge about the

complex regulation of GSC division and gene regulatory processes. A large RNAi screen

identified more than 300 relevant factors that contribute to GSC maintenance in the

Drosophila ovary, with many overlapping genes also required in neural stem cells[55]. A

thorough comparison and validation of these genes in male GSC maintenance would

enhance the current knowledge in the field, and likely increase the number of reagents

available for the study of early germ cells. In sum, Drosophila GSCs serve as a useful model

for studies of stem cell homeostasis and self-renewal, asymmetric cell division, cytokinesis

and genome protection in vivo.

1.3 The somatic cyst cell lineage

Like the GSCs, somatic CySCs are also in physical contact with the hub and divide to both

self-renew and give rise to cyst cells. In addition, recent work has shown that both the JAK-

STAT and Hh pathways regulate CySC maintenance in a cell autonomous fashion [19, 22–

24, 56]. Two cyst cells will encapsulate each GB and differentiate in concert with the

germline cysts throughout spermatogenesis (Figures 1A and 2A) [18, 57, 58], functioning in

an analogous way to the mammalian Sertoli cells. Indeed, communication between the germ

line and soma ensures proper germline differentiation and, ultimately, adequate production

of mature, functional gametes. Consequently, the study of germline-soma interactions in the

Drosophila testis has provided valuable insight into cell-cell communication during

development and maintenance of the tissue.

Encapsulation of the germ cells is required for efficient signaling between the germ line and

soma, via epidermal growth factor (EGF) receptor signaling, to ensure differentiation of the

developing germ cell cyst [59–62]. When EGFR signaling is blocked, early germ cells

harboring characteristics of GSCs and GBs accumulate at the apical tip of the testis, at the

expense of differentiating spermatogonia and spermatocytes. Aside from serving an

instructive role during spermatogonial divisions, CySCs also regulate GSC proliferation and

maintenance in a non-autonomous manner via the JAK-STAT and BMP pathways [19, 56,

63]. Precisely how the JAK-STAT, Hh, BMP, and EGFR signaling pathways are integrated
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to regulate the balance between self-renewal and differentiation remains an exciting question

for scientists in the field.

As described above, GSCs require signals from both the hub and somatic cyst cells for

proper homeostasis; however, upon loss of the germ line, such as in agametic mutants (ie.,

oskar mutants), the number of somatic cyst cells expands, due to increased proliferation, and

somatic cyst cells acquire hub cell characteristics [57]. The pathways by which the germline

restricts cyst cell proliferation and influences cyst cell versus hub cell fate have not been

fully characterized and will also likely be a focus of future studies in the system.

CySCs and the cyst cells that encapsulate spermatogonial cysts (commonly referred to as

‘early’ cyst cells) can be visualized by staining with antibodies to proteins such as Traffic

Jam (early cysts cells) (Table 1; Figure 2A). Staining for the transcription factor, Zfh-1

stains a more restricted subset of early cyst cells, presumably the CySCs and their immediate

daughters [19]. By contrast, Eya is a transcription factor expressed in late cysts cells-those

surrounding 16-cell spermatogonial cysts, as well as differentiating spermatocytes (Table 1).

Unfortunately, no specific markers exist for CySCs. Therefore, a combination of Zfh-1

staining, placement adjacent to the hub, and markers of cell division, such as

Bromodeoxyuridin (BrdU) incorporation or staining for phosphorylated histone H3, can be

used to obtain information about the number and activity of CySCs.

Manipulation of gene expression in early cyst cells can be achieved with drivers such as

c587-Gal4 and Tj-Gal4 (Table 2). However, each of these driver lines exhibits low-level,

sporadic activation in hub cells (S. Landais, S. Sandall, and L. Jones, unpublished data). As

signaling events between CySCs and GSCs appear critical for correct germline

development, technological advances to allow expression of distinct transgenes in cyst cells

(or hub cells) and germ cells, simultaneously, would benefit the field greatly. For example,

transgenic flies could be generated that utilize both the GAL4/UAS and LexA/Op systems

[64, 65]. In this way, pairs of interacting ligands and receptors may be identified and

characterized, and a more detailed understanding of the interplay between the two different

cell types in vivo can be gained.

1.4. Spermatogonia and mitotic amplification divisions

Following completion of GSC-GB cytokinesis, the GB enters the mitotic amplification (TA)

division program. In D. melanogaster, the GB will undergo four rounds of mitotic divisions

with incomplete cytokinesis, to generate a cyst of 16 spermatogonia that remain

interconnected via stable intercellular bridges called ring canals (RCs) [2, 66]. Maintenance

of these stable RCs are critical for germ cell development and are required for fertility in

insects and mammals [54, 67, 68].|

For the precise development of cysts containing 16 spermatogonia, cell division must be

controlled via networks of molecular interactions and signaling pathways [69, 70]. The

fusome is a sub-cellular organelle that is a membrane and cytoskeletal-rich structure that

traverses the RCs and progressively grows during the mitotic germ cell divisions to connect

cells in the developing cyst [68] [71–74] (Figure 2C). Multiple cytoskeletal and signaling

components display cell cycle-dependent localization to the fusome, suggesting that it may
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play a role in cell synchrony and coordination [75–77]. Incomplete cytokinesis during the

germ cell divisions is also thought to contribute to synchronizing the mitotic cell divisions

[54, 67]. However, the molecular mechanisms by which incomplete cytokinesis is controlled

to prevent physical separation of the dividing cells remain largely unknown [54].

In addition, accumulation of the differentiation factor bag of marbles (bam) is required for

germ cell differentiation [77, 78]. Through tight regulation of mRNA translation, a threshold

level of Bam protein is reached to complete the TA divisions and initiate spermatocyte

growth. Partial loss of bam function or modulation of Bam protein levels by expression of a

non-degradable bamΔPEST transgene alters the dynamics of protein accumulation, and germ

cell differentiation initiates either delayed or premature. Recently, additional layers of

mRNA regulation have increased the network of players involved in initiation, maintenance

and precise regulation of this gradient switch [69, 70, 79, 80].

Taken together, the TA zone of the testis provides a great model for understanding the cell

and molecular machineries underlying lineage amplification. Spermatogonia within 4–16

cell cysts can be identified by staining with antibodies to Bam [77, 78]. In addition

antibodies to α-spectrin are used to highlight fusome elongation as the degree of branching

is often indicative of the number of successful TA divisions (Table 1). Furthermore, since

this is a region of active cell division, BrdU incorporation and staining for phosphorylated

histone H3 antibodies can also be utilized to recognize cells in S phase and mitosis,

respectively, and to indicate that all cells within the cyst and progressing through the cell

cycle in synchrony. Unfortunately, there is a dearth of tools to manipulate gene expression

specifically in spermatogonia (Table 2). However, the bam-Gal4:VP16 driver permits

strong, consistent staining in 4–16 cell spermatogonial cysts.

1.5. Spermatogonial de-differentiation

The plasticity of mitotic germ cells in the Drosophila testis is an exciting feature of this

model system. Studies have shown that developing spermatogonia can dedifferentiate and

re-acquire stem cell properties in order to contribute to the stem cell pool [34, 44].

Differentiation and de-differentiation of spermatogonia can be accurately timed and

controlled when using genetic manipulations to reversibly force GSCs into differentiation or

block self-renewal signaling. These powerful genetic manipulations rely on modulating the

activity of either Stat92E or Bam [44, 81].

Fragmentation of spermatogonial cysts, coupled with re-attachment to the hub, replenishes

the GSC pool in both these paradigms, although the detailed mechanisms remain unclear. To

this end, several interesting questions regarding reversal of signaling gradients and

incomplete cytokinesis remain unanswered. For example, what signals instruct the initial

reversal of mitotic amplification divisions, and where does the signal originate? Secondly,

what control mechanisms ensure fidelity and quality control when resetting self-renewal

factors and stem cell identity genes? Approaching this plasticity with novel techniques and

concepts will greatly add to the understanding of how tissues develop and how stem cells are

coordinated in vivo.
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The combination of a temperature-sensitive allele of Stat92E (StatFrankenstein, called StatF)

and null alleles of Stat92E (ie., StatF /Stat06346, hereafter referred to as StatTS) allows for a

temporary downregulation of STAT activity in all cells in the animal. JAK-STAT signaling

in StatTS flies is permissive at 18oC, but when males are shifted to 29oC, Stat92E activity is

lost and GSCs initiate differentiation [44]. Upon return to permissive temperatures, the stem

cell pool is repopulated by de-differentiation of spermatogonial cysts [44, 82]. The second

genetic tool available is a transgene carrying a heat-shock inducible bam (hs-bam), which

permits transient overexpression [77]. In a series of heat shocks, bam is overexpressed and

GSCs enter TA divisions while leaving the niche [81]. After a recovery period, the stem cell

pool is again repopulated by dedifferentiation of spermatogonial cysts [34]. Whereas Bam is

presumed to have an exclusive role in the germline, Stat92E activity is required in both the

germline and somatic lineages for maintenance. Therefore, loss of Stat92E activity in the

StatTS background will also affect somatic cells of the niche, which will have additional

effects on the how germ cell behavior is controlled in this background [34].

1.6. Spermatocytes, meiosis and spermiogenesis

Spermatogonial cysts of 16 cells complete a pre-meiotic S-phase prior to enlargement and

growth as primary spermatocytes. These cells grow in volume approximately 20–25 times,

and multiple changes in transcription and chromatin organization can be detected, such as

the separation of the chromosomes and the nucleolus into distinct compartments within the

nucleus (Figure 2B) [83–85].

Because spermatocytes are large and progression through meiosis can easily be visualized,

live imaging of dividing spermatocytes by phase contrast microscopy has resulted in several

interesting discoveries [86–88]. Coupling phase contrast and fluorescence microscopy has

also allowed for tracking of tagged molecules during meiosis, for example to address the

separation of sister chromatids in vivo[89]. After two meiotic divisions, again with

incomplete cytokinesis, cysts of 64 haploid spermatids are formed, sperm tails are elongated

through extensive dynamics of actin and tubulin fibers, and these cells ultimately mature

into sperm (Figure 1) [3]. Haploid spermatids display a morphology easily detected by phase

contrast microscopy [83]. Small phase-light nuclei are paired with individual hyperfused

mitochondria, forming a dense phase-dark structure called the nebenkern. This late stage of

spermatogenesis, also referred as the ‘onion stage’, can be easily observed and has served as

the basis for screens to identify factors required for regulation of chromosomal separation

and functional cytokinesis [90–92]. If the chromosomes are not divided equally between the

daughter cells, the size of the nuclei will differ [83]. Likewise, defects in contractile ring

assembly or function will result in cleavage furrow regression and merging of the two

nebenkerns into a single, larger black structure with two or four nuclei attached, depending

on whether one or both of the meiotic divisions failed [92]. As spermatids undergo their

dramatic morphological changes to acquire tails and begin to move, regulation of

mitochondrial morphology, nuclear packaging and spermatid individualization is a highly

specialized process [3]. Emergence of polarity within a developing cyst, assembly and

growth of the flagellar axoneme and membrane dynamics during this multistep process must

be coordinated and efficiently regulated to produce healthy spermatids in a fertile male [93,

94].
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A number of beautiful experiments have revealed the complex waves of tissue specific

transcription that occurs in spermatocytes, during terminal differentiation [43]. Furthermore,

studies of spermatocytes and spermatids in Drosophila have contributed to the

characterization of many conserved factors and processes that regulate the production of

functional gametes . For instance, in the mitosis-to-meiosis transition, a class of mRNA-

binding proteins called DAZ (deleted in azoospermia) was discovered to be the relevant

gene in Y-chromosome azoospermia factor (AZF) thanks to the study of the fly homologue

boule. Mutations in boule led to spermatocytes that fail to enter meiosis due to an

impairment of meiotic-specific gene expression [95]. In addition, genetic screens in this

system have led to the discovery of several regulators of cytokinesis, including the

implication of central spindle microtubules in cleavage furrow formation [91, 96]. Because

of the weak spindle assembly checkpoint present in spermatocytes, the functional

uncoupling of genes required both in spindle assembly and later in cell division (such as the

Polo kinase [97]) has been successfully investigated. Another example of a major discovery

based on this system was of the gene fuzzy onions (fzo) which, when disrupted, resulted in

the improper fusion of mitochondria into the nebenkern [98]. Fzo was the first characterized

Mitofusin – a class of dynamin-like GTPases that promotes mitochondrial fusion, with many

homologs throughout species [99].

Despite the importance of studies in spermatocytes and spermatids, few effective GAL4

driver lines exist for manipulation of gene expression after the TA mitotic divisions [100].

Sustained effects of transgene expression from the bam promoter (ie., using the

bamGal4:VP16 driver line) into spermatocytes (and possibly further into meiotic divisions)

may result in modest phenotypes, but the lack of a strong, specific and reliable binary

system, such as the GAL4/UAS system, for probing meiosis and spermatid elongation has

limited the approaches available [101, 102]. The development of efficient ways for genetic

manipulation during these processes would be beneficial for further investigations into

sperm differentiation.

2. Genetic manipulation and analysis of spermatogenesis

Thanks to the immense work done in the fly community over the years, a plethora of tools is

available for the manipulation of genes in many Drosophila tissues, including the testis.

Reagents and resources can be obtained from several stock centers, including the

Developmental Studies Hybridoma Bank (DSHB) [103], FlyTED [104], the Exelixis

Collection [105] and TRiP Collection [106] at Harvard Medical School, the Bloomington

Drosophila Stock Center [107], the Vienna Drosophila RNAi Center [108], the Drosophila

Genetic Resource Center (DGRC) at Kyoto [109], and FlyTrap [110], among others. In

addition to these collections, several groups have performed extensive screens leading to the

isolation of mutant alleles and P-element insertions that carry reporters and/or disrupt gene

function [81, 111–113]. In this section, we will highlight and discuss some of the most used

tools in the study of spermatogenesis. A previous review by Helen White-Cooper [100]

offers a detailed analysis of the targeted ectopic gene manipulation methods available for the

Drosophila testis.
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2.1. Transgene expression

Most genetic manipulations done in Drosophila tissues and cells use the bipartite

GAL4/UAS system from yeast [114]. This tool has been invaluable in the characterization

of molecules and pathways important for development and tissue maintenance in the adult

fly. GAL4 driver lines for transgene expression in the Drosophila male germ line are listed

in Table 2. The first generation of UAS vectors used, named pUAST, was poorly expressed

in the female germline. Developed by Brand and Perrimon in 1993, pUAST contains five

GAL4-binding sites upstream of a basal hsp70 promoter, followed by a multiple-cloning

site, and 3’ sequences from the SV40 virus [114]. Subsequently, Pernille Rørth developed a

second generation of UAS vectors, named pUASP, in which expression in the female germ

line was optimized [115]. Following a similar design as pUAST, pUASP contained fourteen

GAL4-binding sites, followed by the P transposase promoter (including the first intron),

restriction enzyme recognition sites, and stabilizing sequences for germline expression: the

3’ UTR and terminator of the K10 gene [115]. In contrast to the female germ line, male

germ cells do not appear to have the same barrier for effective transgene expression from

pUAST vectors. Nevertheless, spermatogenesis studies often make use of pUASP-based

vectors for comparison to the female germ line and/or availability of constructs.

While in the past, transgenes were made primarily via random P-element insertion, new

transgenic lines take advantage of phiC31-mediated insertion [116]. In this case, pUAS

vectors contain an attB site that can be precisely recombined with an attP site previously

inserted in the fly genome, allowing for site-directed insertion of trangenes into the genome.

Collections of attP insertions have been generated, made by the Perrimon, Rubin and Bellen

groups, among others, allowing for the possibility to choose where new transgenes will be

integrated. Targeted integration of transgenes eliminates effects resulting from nearby

enhancer, promoter or insulator elements. Therefore, expression derived from transgenes

that are inserted into identical sites can be compared more directly than transgenes inserted

in different, relatively uncharacterized, sites in the genome.

As noted above, the ability to manipulate independent signaling events in the germline and

soma simultaneously would increase the types of questions that could be asked in this

system tremendously. Therefore, adapting relatively new tools, such as the bipartite LexA/

LexAop system (analogous to the GAL4/UAS system), to the germ line and somatic

lineages of the testis should be a priority [64, 65]. In addition to existing driver lines (Table

2), which could be converted to other binary expression systems, the Rubin group at Janelia

farm has a large collection of LexA enhancers used for neuronal studies that could

potentially be screened for cell type-specific drivers in the testis [117].

2.2 RNA interference

All of the advances in Drosophila transgenesis can be appreciated when looking at the

evolution of the RNAi libraries available. Two major stock centers maintaining transgenic

flies harboring RNAi constructs, the Vienna Drosophila RNAi Center (VDRC [108]) and the

Transgenic RNAi Project (TRiP [106]) at Harvard Medical School, carry an extensive

number of RNAi-based transgenic lines. The VDRC has generated the P-Element RNAi

Library (GD) and the phiC31 RNAi Library (KK); while the TRiP has generated the first
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and second generations of VALIUM (Vermilion-AttB-Loxp-Intron-UAS-MCS) vectors - both

based on site-directed integration of transgenes, with the difference that the second

generation evokes the microRNA pathway to deliver siRNAs. As exemplified in several

instances [100, 101], the effects of RNAi-mediated knockdown vary based on the cell type

in which the transgene is being expressed. Therefore, one should take advantage of

transgenes that have been optimized for expression in the germline, when available.

2.3. FRT-mediated recombination, lineage-tracing, and clonal analysis

Although studies using conventional gain and loss-of-function alleles have been valuable,

many strong hypomorphic or null alleles result in lethality during development. Using FRT-

mediated recombination to generate cells that are homozygous mutant for a specific gene, in

otherwise heterozygous animals, has been a powerful approach for studying cell-type

specific roles for essential genes. In addition to analyzing the function of a particular gene

within a cell, FRT-mediated recombination can be used to generate ‘marked’ cells that

express a visible marker (ie., GFP) in order to follow the progeny of these cells, which is

known as “clonal analysis” or “lineage-tracing” [118].

Instead of the traditional approach, in which clones are identified by the absence of a

marker, systems like MARCM (mosaic analysis with a repressible cell marker) are based on

marking the cell with a traceable molecule [119]. Specifically, MARCM is based on

expression of a marker (i.e., UAS-GFP) resulting from the loss of the GAL80 repressor upon

FLP/FRT-based recombination (Figure 3). More recently, derivations of mosaic analysis

systems, such as G-TRACE [120], have been developed to optimize lineage analysis.

When working with alleles on autosomes, clonal analysis in dividing germline and somatic

stem cells is no different than in any other tissue. Mutations on the X chromosome,

however, add an extra challenge to using FRT-mediated recombination in males, as

recombination occurs between homologous chromosomes, and there is only one X in males.

To overcome this hurdle, one can make use of genomic rescue constructs recombined onto

an FRT-containing autosome. In this scenario, all cells would carry the loss-of-function

allele on the X, and the rescue construct could be ‘flipped-out’ using the traditional FLP-

FRT system.

One variation of the clonal analysis system allows for transgene overexpression and/or

RNAi-mediated knockdown in a mosaic fashion [121]. In this system, any transgene that is

under control of a UAS promoter can be used. The cassette consists of a strong promoter

(i.e., Act5p) upstream of a pair of FRT sites flanking a spacer gene, often a visible marker,

with a stop codon, followed by Gal4 (Act5p–FRT-CD2-FRT-Gal4). In this way, Gal4 is not

expressed in the fly. Flies carrying this cassette in combination with a marker transgene,

such as UAS-GFP, can be crossed to flies carrying a heat-shock inducible flippase (hs-flp)

and the test transgene of choice (i.e., UAS-geneXRNAi). Upon a series of heat shocks, the

resulting genotype (hs-flp; UAS-GFP; UAS-geneXRNAi/ Act5p–FRT-CD2-FRT-Gal4) will

produce clones of cells expressing the marker and transgenes stochastically (Figure 3).
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3. Imaging

Dissection of the Drosophila testis is relatively simple, especially from young, wild type

flies. As the fly ages, testes decrease in size while the accessory glands grow, occasionally

making it difficult to distinguish between the two. In addition to the characteristic coil of the

testis that allows it to be detected, training and experience allows rapid and efficient

dissections to be performed. The white gene produces bright yellow pigment cells that

ensheath the testis. The use of genotypes that are wild-type for the white locus (w+), such as

Oregon R can thus facilitate recognition of the testis‥ The tissue can be dissected in regular

phosphate buffered saline (PBS) or modified buffers, such as TBS (testis buffer saline) or

serum-enriched culture medium [86]. From here, the tissue can be prepared for fixation of

whole mount or squashed preparatins, for observation in a phase contrast microscope, or for

live imaging [122–124].

3.1 Fixed tissue

One protocol for fixation of testis tissue was developed in which the testis is gently squashed

between a glass slide and a cover slip, and then quickly frozen in liquid nitrogen before

proceeding with fixation and immunostaining (BOX 1) [83]. This method compresses

(‘squashes’) the tissue to two to three cell layers at the mitotic zone, while many of the

spermatocyte cysts are released from the tissue and can be studied without the confinements

of the surrounding muscle layers [68, 101]. Fixation in methanol and acetone preserves

microtubules well, while ethanol and formaldehyde fixation preserves F-actin (BOX 1) [83,

123–126].

As described for preparation of ovaries, most of the current work on the testis is performed

using formaldehyde fixation of whole tissue at room temperature, and many of the same

conditions and concerns apply to both systems [127]. Modifications to this standard protocol

include the source of formaldehyde (with or without methanol), duration of fixation (5–30

minutes), fixation at room temperature or on ice, antigen blocking and the duration of the

antibody labeling [128]. These adjustments influence antigen stabilization, penetrance into

the tissue and background detection, and should be determined experimentally for antibodies

that display suboptimal labeling.

3.2 Imaging spermatogenesis in real time

By gentle squashing or simply cutting the tissue open with a tungsten needle or tweezers,

spermatocyte cysts can be released from the tissue and imaged under a phase contrast

microscope, coupled to fluorescent lamps and detectors [87, 88, 96].

High resolution live imaging, using confocal or spinning disk systems (BOX 2), has also

been adopted for visualizing events in the testis, with a focus on the stem cell niche at the

apical tip [1, 34]. Avoiding damage caused by strong lasers is critical and must be

monitored. Also, since the tissue is still intact, peristaltic muscle contractions and healthy

movement can make long term imaging difficult, and thus, requires some form of

stabilization or attachment of the tissue to the surface. The ability to provide necessary

nutrients from a tissue culture medium, gas exchange with the surroundings and minimizing
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tissue movement can be accomplished using halocarbon oil as a spacer between the glass

slide and the cover slip [1]. The protocol published for live imaging of processed during

Drosophila oogenesis [129] provides additional insight to the precision required for

maintaining a healthy tissue at physiological conditions for longer periods of time.
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BOX 1 – Protocols for tissue fixation

The protocol described below may be adapted to optimize antibody detection and

preservation of fluorescent tags. Steps are performed at room temperature (RT) unless

otherwise noted. Hoechst or DAPI may be used to visualize nuclei before mounting in

appropriate medium to protect the fluorophores from photo-bleaching.

A. Standard formaldehyde/paraformaldehyde fixation protocol

Reagents

Formaldehyde, 4%, methanol free, diluted in PBS

PBT (0.3%BSA/0.3%Triton X-100/PBS)

Dissect tissue in PBS and transfer to fixation solution.

Fix in 4% FA, 20–30 min.

Wash 3×10 min in PBT.

Block 30–45 min in PBT.

Incubate in primary antibody in PBT at 4˚C overnight.

Wash 3×10 min in PBT.

Secondary antibody in PBT 2 hours at RT.

Wash 3×10 min in PBT.

B. Testis squash protocol, from [83, 125]

Reagents

Methanol, water free

Acetone

Ethanol, 96 %

Formaldehyde, 4%, methanol free, diluted in PBS

PBST (0.1% Triton X-100/PBS)

Permeabilization buffer (0.3% Triton X-100/PBS)

PBT (5%BSA/0.3% Triton X-100/PBS).

Coverslips and glass slides

Dissect testes in PBS, transfer to a drop (~25 µL) of PBS on the glass slide. Puncture

testes at the base, or cut 1/3 distance from apical tip, to allow cysts of cells to be released.

Apply coverslip, and gently aspirate PBS from beneath the coverslip using a small piece

of filter paper, or Kimwipe™, to squash the preparations. Watch under phase contrast

microscope to control amount of ‘squashing’ achieved by surface tension between the

coverslip and the slide. Do not over-squash the tissue.
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Quick-freeze the slide in liquid nitrogen. Quickly remove coverslip using a scalpel or

razorblade, and immediately place slide in appropriate fixation solution:

I. Standard protocol to allow effective visualization of microtubules:

Incubate in ice-cold methanol for 5 min at −20˚C.

Transfer to ice-cold acetone for 30 sec-1 min at −20˚C.

Incubate in PBS for 5 min.

II. Modified protocol to allow visualization of actin filaments:

Incubate in ice-cold ethanol for 10 min at −20˚C.

Transfer to freshly prepared 3.7% formaldehyde for 7 min at RT.

Incubate twice in PBS for 5 min.

Incubate in permeabilization buffer for 30 min.

Wash once in PBST, 5 min.

Incubate with primary antibody in PBT for 1 hour.

Wash 2×5 min in PBST.

Incubate with secondary antibodies in PBT for 1 hour.

Wash once in PBST.
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BOX 2 – Protocol for Live Imaging, adapted from[1]

Live Imaging of testesex vivo

Reagents

Halocarbon oil 27

Schneider’s insect medium

Fetal Bovine Serum (FBS)

Penicilin/Streptomycin (P/S)

Coverslips and glass slides

Dissect testes in Drosophila Culture Medium (15% FBS, 0.5× P/S, Schneider’s insect

medium, DCM), rinse it twice and transfer to a glass slide containing a drop of DCM.

Surround the drop with halocarbon oil and gently apply the coverslip on top. Experiments

with extended imaging periods done by the Matunis lab have used 1cm2 Teflon sheets

(YSI Life Sciences 5793) instead of glass slides [1]. Image using appropriate laser

scanning or spinning disk microscopes.
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Figure 1. Spermatogenesis in Drosophila melanogaster
A) Schematic of spermatogenesis. Germline stem cells (GSC, light green) and somatic cyst

stem cells (CySC, light grey) contact hub cells (red). GSCs divide to self-renew and

generate a daughter gonialblast (GB). GBs undergo 4 rounds of mitosis with incomplete

cytokinesis to generate a cyst of 16 spermatogonia. Spermatogonial cysts (dark green) are

surrounded by early cyst cells (dark grey). Spermatogonia initiate terminal differentiation as

spermatocytes, which undergo 2 meiotic divisions with incomplete cytokinesis to generate

64 haploid spermatids. B) Phase contrast micrograph of a wild type testis. Asterisk denotes

apical tip.
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Figure 2. Immunofluorescence images of testis tips highlighting different tools used study early
steps in spermatogenesis
A) Immunofluorescence (IF) micrograph depicting GSCs and early cyst cells surrounding

the apical hub (asterisk). Stat92E protein (green) is stabilized in GSCs, and early cyst cells

(including CySCs) express the transcription factor Traffic Jam (red). B) IF image showing

the hub marked by antibody staining for the cell surface marker Fasciclin3 (Fas3; red) and

spermatocytes expressing Sa:GFP (arrow). Brackets denote the transit-amplification zone

recognizable by dense DAPI staining of DNA in spermatogonia. C) IF image showing the

progression of germline development as marked by the extension of a-spectrin+ fusomes in

interconnected spermatogonia and spermatocytes. Germ cells are stained with an antibody to

the RNA helicase Vasa (green). Asterisk denotes the hub.
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Figure 3. Use of FRT-mediated recombination strategies in Drosophila melanogaster
A) FRT (flippase recognition target) sites located on the same chromosome permits

generation of ‘flip-out’ clones. Upon expression of Flippase (FLP), recombination occurs,

removing intervening sequences and permitting expression of ^Gal4. Resultant “clones” will

be marked by the expression of the GAL4-responding transgene (i.e., UAS-GFP). If

recombination occurs in a stem cell, progeny of that stem cell will be similarly marked. This

strategy does not require mitosis. B) Use of the MARCM system permits the generation of

clones and lineage-tracing studies. As shown above, upon expression of FLP in mitotic cells,

FRT sites from homologous chromosomes, one of which contains a specific mutation, will

recombine in a sitespecific manner. Wild type chromosomes also carry the GAL80

repressor, which represses GAL4 activity such that expression of the GAL4-responding

transgene (UAS-GFP) is suppressed. Upon loss of GAL80, cells containing chromosomes

carrying mutations will be marked by the expression of GFP.
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Table 1

Antibodies and transgenic lines useful for studying spermatogenesis

Cell type
/structure

Marker Type Expression/Localization Source/References

Soma Fasciclin 3 (Fas3) Antibody Hub cells DSHB [130]

Armadillo Antibody Hub cells DSHB,[131]

upd-lacZ P-element insertion Hub cells [121, 132–134]

esg-lacZ (M5–4) P-element insertion Hub cells [57]

esg-lacZ (esgG66B) P-element insertion Hub cells, cyst cells [57, 135]

Traffic Jam (Tj) Antibody CySCs and early cyst cells [136]

Zfh-1 Antibody CySCs and early cyst cells [19, 137]

Eyes Absent (Eya) Antibody Late cyst cells DSHB [138, 139]

esg-GFP P-element insertion Soma and germline [140]

Germline UASt-Stat-GFP GAL4/UAS GSCs [141, 142]

STAT92E Antibody GSCs [143]

GFP-Nanos Transgene GSCs and early germline cysts [144]

bam-GFP Transgene Mitotic germline cysts [144]

UASp-Bam-GFP GAL4/UAS Mitotic germline cysts [145]

Bam Antibody Mitotic germline cysts DSHB, [77]

Vasa-GFP Transgene Germline [146]

Vasa Antibody Germline Santa Cruz Biotechnology #sc-26877,
[147]

Cytoskeleton UASp-E-Cadherin-GFP GAL4/UAS Cell adhesion [148]

UASp-Lifeact-GFP GAL4/UAS Actin, RCs BDSC #35544, [149]

UASp-Actin-GFP GAL4/UAS Actin, RCs [150]

GFP-Moesin Transgene Binds actin [151]

UASp-GFP-Tubulin GAL4/UAS Microtubules [152]

EB1-GFP Transgene Microtubule plus-ends [153]

UAS-IVS-myrtdTomato GAL4/UAS Plasma membranes BDSC #32223, [154]

α-Spectrin Antibody Fusome DSHB, [155]

Cytokinesis GFP-Anillin Transgene Contractile rings, RCs, nuclei [101]

mRFP-Anillin Transgene Contractile rings, RCs, nuclei [101]

Anillin Antibody Contractile rings, RCs, nuclei [102, 156]

GFP-Pavarotti Transgene Spindle midzone, RCs, nuclei [102, 157]

Pavarottii Antibody Spindle midzone, RCs [157]

Cindr Antibody Contractile rings and RCs [102, 156]

pTyr Antibody RCs SIGMA #T1325, Santa Cruz
Biotechnology #sc-508, [68]

Zipper-GFP P-element insertion Contractile rings and RCs BDSC #51564, [102, 146]

Sqh-RFP Transgene Contractile rings and RCs [158]
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Cell type
/structure

Marker Type Expression/Localization Source/References

Sqh-GFP Transgene Contractile rings and RCs [159]

Nucleus His2Av-mRFP Transgene Histones BDSC #23650 & #23651[160]

His2Av-EGFP Transgene Histones BDSC #24163, [161]

Sa-GFP Transgene Nucleolus in spermatocytes [162]

Polycomb-GFP Transgene Chromatin [162]

Methods. Author manuscript; available in PMC 2015 June 15.



N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript

Demarco et al. Page 29

T
ab

le
 2

C
om

m
on

ly
 u

se
d 

G
al

4 
lin

es
 f

or
 s

tu
dy

in
g 

sp
er

m
at

og
en

es
is

C
el

l t
yp

e
N

am
e

In
se

rt
io

n
C

hr
B

D
SC

 #
K

yo
to

D
G

R
C

 #
E

xp
re

ss
io

n
R

ef
er

en
ce

s

H
ub

U
pd

-G
al

4
P{

up
d-

G
al

4.
U

}
1

H
ub

[1
32

]

H
h-

G
al

4
P{

G
A

L
4}

hh
G

al
4

3
H

ub
[1

63
]

Fa
s3

-G
al

4
P{

G
aw

B
}N

P1
23

3
1

10
39

48
H

ub
[1

64
]

So
m

a
T

j-
G

al
4

P{
G

aw
B

}N
P1

62
4

2
10

40
55

C
yS

C
s 

an
d 

ea
rl

y 
cy

st
 c

el
ls

[1
65

]

c5
87

-G
al

4
P{

G
A

L
4}

C
58

7
1

C
yS

C
s 

an
d 

ea
rl

y 
cy

st
 c

el
ls

[1
66

, 1
67

]

D
pp

-G
al

4
P{

dp
p-

G
A

L
4.

PS
}

3
70

07
H

ub
 a

nd
 C

yS
C

s
[1

68
]

E
ya

-G
al

4
P{

ey
a-

G
A

L
4.

A
3}

2
L

at
e 

cy
st

 c
el

ls
[1

9]

Pt
c-

G
al

4
P{

G
aw

B
}p

tc
55

9.
1

2
20

17
10

66
29

C
yS

C
s 

an
d 

cy
st

 c
el

ls
[1

69
]

G
er

m
 li

ne
N

an
os

-G
al

4
P{

G
al

A
L

4-
no

s.
N

G
T

}4
0

2
44

42
10

77
48

G
SC

s 
an

d 
ea

rl
y 

ge
rm

lin
e 

cy
st

s
[1

70
]

N
an

os
-G

al
4-

V
P1

6
P{

G
A

L
4:

:V
P1

6-
no

s.
U

T
R

} 
C

G
63

25
[M

V
D

1]
3

49
37

G
SC

s 
an

d 
ea

rl
y 

ge
rm

lin
e 

cy
st

s
[1

71
]

N
an

os
-G

al
4-

V
P1

6
{G

A
L

4:
:V

P1
6-

N
os

.U
T

R
}M

V
D

2
1

73
03

G
SC

s 
an

d 
ea

rl
y

[1
71

]

ge
rm

lin
e 

cy
st

s

B
am

-G
al

4-
V

P1
6

P{
ba

m
-G

A
L

4:
V

P1
6}

2
M

ito
tic

 g
er

m
lin

e 
cy

st
s

[1
44

]

V
as

a-
G

al
4

P{
va

s-
G

al
4.

2.
6}

2
G

er
m

lin
e

[1
72

]

G
er

m
lin

e 
an

d 
so

m
a

G
al

4
P{

tu
bP

-G
al

4}
L

L
7

3
51

38
10

80
69

G
er

m
lin

e 
an

d 
so

m
a

[1
73

]

Methods. Author manuscript; available in PMC 2015 June 15.


