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Drosophila spermiogenesis
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Drosophila melanogaster spermatids undergo dramatic
morphological changes as they differentiate from small round
cells approximately 12 wm in diameter into highly polarized, 1.8
mm long, motile sperm capable of participating in fertilization.
During spermiogenesis, syncytial cysts of 64 haploid
spermatids undergo synchronous differentiation. Numerous
changes occur at a subcellular level, including remodeling of
existing organelles (mitochondria, nuclei), formation of new
organelles (flagellar axonemes, acrosomes), polarization of
elongating cysts and plasma membrane addition. At the end
of spermatid morphogenesis, organelles, mitochondrial DNA
and cytoplasmic components not needed in mature sperm
are stripped away in a caspase-dependent process called
individualization that results in formation of individual sperm.
Here, we review the stages of Drosophila spermiogenesis
and examine our current understanding of the cellular and
molecular mechanisms involved in shaping male germ cell-
specific organelles and forming mature, fertile sperm.

Introduction

Drosophila melanogaster is a powerful system for studying
spermiogenesis, as the stages of sperm development are easy
to examine and a variety of molecular genetic techniques per-
mit dissection of the cellular processes involved. Drosophila
spermiogenesis was first described at an ultrastructural level
12 The stages of
spermiogenesis are readily identified in live squashed prepara-

40 years ago by Tates, Tokuyasu and others.

tions by phase-contrast microscopy (reviewed in ref. 13), and
differentiation can be observed for up to one week in live testis

preparations cultured in vitro.'1

Cell morphogenesis during
spermiogenesis largely depends on stored mRNAs that are tran-
scribed during meiotic prophase and translated at later stages
of sperm development (reviewed in refs. 17, 18). Screens for
male-sterile mutants have identified numerous genes involved
19-25

in spermiogenesis,”? and newer techniques such as targeted
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gene disruption and RNA interference promise to reveal addi-
tional factors that are required (reviewed in ref. 26). For previ-
ous excellent reviews of Drosophila spermatogenesis, see refs.
13, 27-29. Here, we present a discussion of the stages of sper-
miogenesis, followed by a description of molecular and cellu-
lar mechanisms involved in formation and morphogenesis of
sperm-specific organelles and mature, individual sperm.

Early stages of spermiogenesis. Spermiogenesis begins imme-
diately after meiosis, when clonally related groups of 64 intercon-
nected spermatids begin to undergo the morphological changes
required for sperm development. At normal cultivation tempera-
tures (25°C), the entire process takes approximately five days, or
half of the time it takes to go from the initial stem cell division
to production of mature sperm (reviewed in ref. 28). At a cellular
level, the first change observed is coalescence of the mitochondria
around the basal body at one side of the nucleus. This is followed
by mitochondrial agglomeration and migration of the basal body
near the nuclear envelope (Fig. 1A). Subsequently, the mito-
chondria fuse to form the nebenkern (Fig. 2A), which consists
of two enlarged mitochondrial derivatives that wrap around each
other in a manner resembling an onion.>" During mitochondrial
fusion, the basal body (Fig. 2F) becomes embedded in the nuclear
envelope, and the nuclear envelope itself becomes asymmetrical,
with nuclear pores being restricted to the side where the basal
body docks (Fig. 2]). Also in this region, the dense body, a micro-
tubule (MT) and actin-rich structure involved in transport and
nuclear shaping, begins to form (Fig. 2S). The acroblast, a Golgi-
derived organelle, develops on the side of the nucleus opposite the
basal body (Fig. 2H), where it serves as the site of formation of
the acrosome (Fig. 2I), a specialized membrane bound organelle
required for fertilization.

Spermatid elongation. Elongation of each group of 64 sper-
matids occurs within the syncytial cyst. During early stages of
elongation, the cyst becomes polarized such that all of the nuclei
localize to one end and the growing ends of the sperm tails are
found at the other (Fig. 1B and C; Fig. 2L and M). Ring canals
composed of proteins found in the cleavage furrow during cyto-
kinesis localize to the growing ends of elongating cysts (Fig. 2L),
as do membrane skeletal proteins.®® The elongating spermatids
are connected along their length by intercellular bridges, and
plasma membrane deposition is required to provide sufficient
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Figure 1. For figure legend, see page 199.

membrane to enclose the individual sperm at the end of differen-  most of its length, the axoneme is surrounded by ER membranes
tiation (reviewed in ref. 13). Elongation of the flagellar axoneme  that associate intimately with the two giant mitochondrial deriv-
is coordinated with cyst elongation, and the distal portion of the  atives of the nebenkern as they unfurl and elongate along the
axoneme is ensheathed in a ciliary membrane that is contiguous  flagellar axoneme (Fig. 2D).

with the plasma membrane (Figs. 1B and 2G).""?"3? Throughout
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Figure 1. Diagrams illustrating stages of spermiogenesis (A-C) as well as nuclear shaping and chromatin condensation (D) in Drosophila. (A) In early
round spermatids, mitochondria aggregate and fuse together to form the nebenkern, positioned near the haploid nucleus. The nebenkern consists
of two mitochondrial derivatives wrapped around each other in a manner resembling an onion. The basal body, with a short axoneme surrounded by
the ciliary sheath, embeds in the nuclear envelope. On the side of the nucleus opposite the basal body, Golgi bodies aggregate to form an acroblast
and an acrosomal granule, from which will derive the acrosome. A dark, dense structure named the protein body forms in the nucleus, which is
devoid of a nucleolus. Spermatids remain connected to each other via ring canals throughout most of spermiogenesis. (B) Each elongating spermatid
contains an axoneme and two mitochondrial derivatives. Axoneme elongation occurs at the growing end, in the region ensheathed by the ciliary
membrane. A ring of pericentriolar material called the centriolar adjunct forms around the basal body. Some of the proteins associated with the basal
body, such as Unc, also localize to the ring centriole, a structure found at the edge of the ciliary cap that may be equivalent to a transition zone at the
base of the cilium. Perinuclear microtubules organize at one side of the nucleus, forming the dense body. When the flagellar axoneme is about half
its final length, the nucleus and the acrosome also start to elongate. (C) Each group of 64 spermatids is surrounded by two somatic cyst cells: a head
cyst cell and a tail cyst cell. Elongated spermatid cysts are polarized, with all of the nuclei positioned in the head cyst cell, and the tails growing in the
opposite direction. Fully elongated spermatids undergo individualization, a process in which F-actin containing investment cones form around the
nuclei and then migrate in synchrony along the spermatids, stripping them of excess cytoplasm and unneeded organelles, and investing them with
their own plasma membranes. As the cones move from head to tail, a cystic bulge forms around and in front of the cones. The excess cellular material
is deposited in a waste bag at the end of the cyst. (D) As the nuclei elongate, they go through leaf, early canoe, late canoe and needle-shaped stages.
The dense bodies and the acrosomes elongate together with the nuclei. Inside the nucleus, the chromatin is reorganized, and histones are replaced
by transition proteins (Tpl) and then by protamines and Mst77F. During this histone to protamine transition, histones undergo various modifications

(acetylation, ubiquitination), other proteins become sumoylated, transient breaks occur in the DNA strands and proteasome activity is high.

Nuclear shaping and chromatin condensation. Spermatid
elongation is accompanied by dramatic changes in nuclear shape
(Fig. 1D and Figure 20-R).’ Following meiosis, onion stage
spermatids contain spherical nuclei that are approximately 5 pm
in diameter (Fig. 2A, J and O). During sperm development,
the nuclei become thinner and the chromatin condenses, until
finally, at the end of spermiogenesis, the nuclei are needle-shaped
and approximately 10 pm long (Fig. 2R, W and X). Roughly
halfway through elongation and nuclear shaping, a burst of post-
meiotic transcription produces a set of mRNAs that are trans-
ported to the growing ends of the spermatid cysts.*

Individualization and coiling of mature sperm. Following
elongation and nuclear shaping, the mature sperm are invested
with their own membranes in a process called individualization
(Fig. 1C). Individualization requires formation of an individu-
alization complex (IC) composed of 64 actin cones that form
around the 64 needle shaped nuclei in a mature spermatid cyst
(Fig. 2U and W). The individualization complex moves pro-
cessively down the length of the cyst, stripping away unneeded
organelles and cytoplasm, and resolving intercellular bridges to
encase each sperm cell in its own plasma membrane. Following
individualization, each group of mature sperm becomes coiled in
a process that brings the entire length of the nearly 2 mm long
sperm bundle into the base of the testis.® After coiling, the sperm
are released into the testis lumen and are transferred to the semi-
nal vesicle, where they are stored until needed for fertilization.

The next sections provide a more in-depth view of the genes
and processes involved in preparing each sperm-specific organelle
for its role in fertilization and activation of development.

Mitochondrial Morphogenesis

Mitochondrial morphogenesis during insect spermiogenesis
includes aggregation, fusion, membrane wrapping, unfurling
and elongation.’® At the end of meiosis II, mitochondria aggre-
gate together near one side of the nucleus and fuse to form two
mitochondrial derivatives (major and minor) that wrap around
each other in an onion-shaped structure called the nebenkern
(Fig. 1A and Fig. 2A and ]).>" The mechanism that drives
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mitochondrial aggregation and positioning of the nebenkern
in a specific location near the nucleus is not fully understood.
However, treatment with high doses of colchicine, a MT inhibi-
tor, suggests that aggregation, but not fusion, depends on MTs
(reviewed in ref. 13). Consistent with this idea, mutants for
the dynein-associated protein Lis-1 occasionally form multiple
nebenkerns, suggesting that dynein motor activity is required
for aggregation.”

Mitochondrial fusion is mediated by Fuzzy onions (Fzo), a
large, dynamin-related transmembrane GTPase, and the found-

ing member of the mitofusin protein family.*

fzo mutants show
defects in mitochondrial fusion and form many small, enwrapped
mitochondrial derivatives, rather than a single large nebenkern.
At later stages, multiple small elongating mitochondria are
observed, approximately half of which resemble the major mito-
chondrial derivative. Mitochondrial fusion also requires the intra-
membrane protease Rhomboid-7 and optic atrophy 1 (Opal).”
Mutations in 7ho-7 and opal affect mitochondrial morphology in
a manner similar to loss of fzo.

Mitochondrial fission requires the dynamin-related protein
Drpl, which is needed for normal clustering of mitochondria
in primary spermatocytes and mitochondrial unfurling during
elongation.’® The Pinkl/Parkin pathway, which includes genes
(pinkl, parkin, DJ-1) whose homologs are mutated in human
Parkinson disease, regulates mitochondrial morphogenesis.***’ In
parkin mutant spermatids, both mitochondrial derivatives form,
but only the major derivative unfurls from the nebenkern and
subsequently exhibits abnormal shaping and condensation dur-
ing spermatid elongation.*! pinkl (PTEN-induced kinase-1) and
DJ-1 mutant spermatids resemble parkin mutants,44>% sug-
gesting they share a common function. Genetic and biochemical
data indicate Pinkl phosphorylates and activates Parkin, an E3
ubiquitin ligase, which in turn acts upstream of DJ-1.%>4 Since
Pinkl and Parkin mark damaged mitochondria for destruction
by autophagy (reviewed in ref. 45), it is tempting to speculate
that the Pink/Parkin pathway may provide a mark that identi-
fies the minor mitochondrial derivative and ensures its proper
differentiation.
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Figure 2. For figure legend, see page 201.

Mitochondrial fusion and fission are intimately connected,
and a balance between the two is required to maintain proper
mitochondrial morphology (reviewed in ref. 46). Genetic inter-
actions between pinkl/parkin and fzo, opal and drpl suggest
Pink1/Parkin promotes mitochondrial fission or inhibits mito-
chondrial fusion in developing spermatids. Recent experiments
indicate Parkin ubiquitinates the Fzo-related Mfn protein to
promote its degradation in Drosophila tissue culture cells.**
Since Fzo associates with spermatid mitochondria only around
the time of fusion,* Parkin may promote fission by stimulating
Fzo degradation.
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Mitochondrial elongation was recently shown to drive sper-
matid elongation (Fig. 2B and C).* Indeed, axoneme and neben-
kern elongation can proceed independently. Spermatids that lack
axonemes still undergo elongation.”*° In contrast, mutants for
Jfzo and no mitochondrial derivative (nmd), which have small
mitochondrial derivatives, exhibit severe elongation defects.*
Mitochondrial elongation occurs along cytoplasmic microtu-
bules, and is mediated by Milton and dMiro.?*4® Milton, an adap-
tor protein, and dMiro, a Ca**-binding regulator of Milton with
two small GTPase domains, form a conserved complex that links
mitochondria to kinesin motors.’! Milton and dMiro anchor the
two mitochondrial derivatives to the nucleus to facilitate their
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Figure 2. Micrographs illustrating selected stages of Drosophila spermiogenesis. (A) Round spermatid in onion stage with nucleus (arrowhead) and
nebenkern (arrow). (B) Early elongated spermatids. Each nucleus contains a protein body (dark dot, arrowhead). (C) Mid elongated spermatid cyst. (D)
Cross section of a mid elongated spermatid showing the axoneme (arrowhead), the major mitochondrial derivative starting to fill with paracrystal-
line material (arrow) and the minor mitochondrial derivative (red arrow). (E) Longitudinal section through a centriole near the cell periphery, showing
the membrane cap (ciliary sheath, arrowhead). (F) Round spermatids (arrowhead) and late elongated cyst (arrow) showing basal bodies marked by
GFP-PACT (green). (G) Round spermatids showing the ciliary membrane (arrowhead) contiguous with the plasma membrane marked by YFP-Skittles
(green). (H) Early elongated spermatids showing the acroblast marked by Golph3-GFP (green). () Mature sperm nuclei showing the acrosome marked
by GFP-Lamp (green). (J) Cross section through an onion stage spermatid. The nebenkern consists of two mitochondrial derivatives organized in
concentric shells (@arrowhead). The nucleus is only partially surrounded by a double membrane (arrow), where nuclear pores are located. (K) Longitudi-
nal section showing a partially elongated nucleus, with basal body (arrowhead) and centriolar adjunct (red arrow) attached and with the dense body
localized along one side of the nucleus (arrow). (L) Mid elongated cyst showing polarized spermatids, with nuclei at one end (arrow) and ring canals
at the other (growing) end (arrowhead). Axonemes are marked by F-actin (phalloidin, red) and ring canals by anillin (green). (M) Mid elongated cyst
showing polarized spermatids. Axonemes are marked by acetylated a-tubulin (green), which indicates stable microtubules. (N) Cross section through
a cyst of individualized sperm, each with a nebenkern (black half circle, red arrow) and an axoneme (circle, red arrowhead). (O) Round spermatid nu-
clei. (P) Early elongated nuclei in leaf stage. (Q) Canoe stage nuclei. (R) Individualized nuclei. (S) Round nuclei showing dense bodies marked by anillin
(green). (T) Canoe stage nuclei showing dense body marked by anillin (green). (U) Investment cones marked by F-actin (phalloidin, red). (V) Growing
end of a late stage elongated spermatid cyst showing axonemes marked by acetylated a-tubulin (red) and the elongation complex marked by F-actin
(phalloidin, green). (W) Elongated spermatid cysts in the individualization stage. Two cysts are at the beginning of individualization (arrowheads),
whereas one cyst has just finished individualization and has a waste bag (arrow). Fully elongated axonemes are posttranslationally modified by
polyglycylation (green). Investment cones are marked by F-actin (phalloidin, red). (X) Elongated cysts in various stages of individualization marked by
activated Caspase 3 (green). The cystic bulge is visible in one of the cysts (arrowhead). (A-C) Phase-contrast images of live squashed preparations. (D,
E, J, K, N) Transmission electron micrographs. (F, H) Merged phase-contrast and epifluorescence micrographs of live squashed preparations. (G, |, L, O,
Q-T) Epifluorescence micrographs of fixed preparations. (M, P, U-V) Scanning confocal micrographs of fixed preparations. (W) Deconvolved confocal
micrograph of fixed preparations. (X) Merged phase-contrast and epifluorescence micrograph of a fixed preparation. (F-1, L, M, S-T, W, X) Blue repre-
sents DNA stained with DAPI (in fixed preparations) or with Hoechst (in live squashed preparations). Scale bars = 1 wm in (J-K); =5 pwm in (A-B, F-I, L-M,

0-X); =20 wm in (C); =200 nm in (D-E, N).

elongation.’® Milton localizes to the growing ends of the sperm
tails, where it promotes MT sliding.*® In addition to Milton and
dMiro, mitochondrial elongation requires the MT crosslinkers
Nebbish (a homolog of human KIF14), Khc73 (a CAP-Gly MT
bundler with a motor domain) and Fascetto (Feo, an anti-parallel
MT bundler), as well as the MT depolymerizing kinesin Klp59D
(a kinesin-13 family member). The source of the cytoplasmic
MTs is unclear, but they appear to be nucleated by MT organiz-
ing centers that are tightly associated with the mitochondria.*

During elongation, the major mitochondrial derivative fills
with an electron dense paracrystalline material, whereas the
minor mitochondrial derivative drastically reduces its size during
individualization (Fig. 2N).>® Mitoferrin, a mitochondrial iron
importer with an established role in mitochondrial iron metabo-
lism, is required for normal nebenkern elongation.”* Mitoferrin
mutants show reduced levels and aberrant distribution of para-
crystalline material, which is thought to provide structural rigid-
ity during sperm movement (reviewed in ref. 53). In addition,
the mitochondrial derivatives form clumps along the elongating
sperm tails. Thus, mitochondrial function appears tightly linked
to mitochondrial morphogenesis.

Elimination of the majority of the minor mitochondrial
derivative is accomplished by the comet tail-like motility of
actin cones that strip away mitochondrial material during indi-
vidualization.’* Prior to individualization, mitochondrial DNA
is removed in a process involving activation of endonuclease G.»
DNA that is not removed by endonucleolytic cleavage is removed
by the IC in a manner that likely involves a link between DNA
in the mitochondrial matrix and actin cones in the surrounding
cytoplasm.

www.landesbioscience.com

Spermatogenesis

Basal Body Development, Centriolar Adjunct
Formation and Axoneme Initiation

Basal body development and axoneme initiation begin in pri-
mary spermatocytes, when the paired centrioles migrate to the
cell periphery and act as basal bodies to template assembly of
short cilia that extend from the cell surface.>®' Immediately prior
to metaphase of meiosis I, these elongated basal bodies internal-
ize, together with caps of plasma membrane (Fig. 2E), to form
MT organizing centers at the poles of the dividing cell. Following
meiosis, each haploid spermatid inherits a single elongated basal
body whose short axoneme remains surrounded by a membrane
cap, or ciliary sheath.>'"3' The basal body associates with cyto-
plasmic MTs during its movement toward the nucleus,’® where it
becomes surrounded by the centriolar adjunct (CA) (Fig. 2K),
an electron dense structure similar to the pericentriolar material
(PCM) found in centrosomes.”’” Once embedded in the nuclear
envelope, the basal body functions as a MT-organizing center,
nucleating assembly of both the flagellar axoneme and perinu-
clear MTs.

Early defects in centriole formation and organization lead to
spermatids lacking basal bodies and axonemes.’® For example,
mutations affecting Sas-6, Sak/Plk4, Sas-4/CPAP, Anal and
Asterless/Cepl52 abolish centriole duplication and flagellum
assembly.’*5-¢2 (For a review, see ref. 63.) Sak and Sas-6, but not
Sas-4, are also required for assembly of a proximal centriole-like
(PCL) structure recently identified in developing spermatids.®
This immature centriole, which contains Anal and requires the
conserved centriolar protein POCI for its assembly, is dispens-
able for axoneme assembly and male fertility, but may contribute
to producing the second centriole at fertilization.

Several centriolar proteins with roles in recruiting PCM
proteins to centrosomes localize to basal bodies and may be
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important for CA assembly or function. For example, Sas-4,
Drosophila pericentrin-like protein (D-Plp/CP309) and Spd-2
are required to recruit y-tubulin, Centrosomin (Cnn) and other
PCM proteins to centrosomes,®**** and may serve similar func-
tions at the CA. However, these proteins have different effects on
spermatid differentiation. D-plp mutants show fragmented cen-
trioles and scattered basal bodies in the elongated cysts,** whereas
cnn and spd-2 mutant axonemes show a variable lack of central
pair MTs.6668

Uncoordinated (Unc) localizes to distal end of the basal body
and to the growing end of the sperm tail in a structure referred
to as the ring centriole (Fig. 1A and B; L.F. and J.A.B., unpub-
lished observations).****”® Unc is needed for basal body and
ciliary elongation in primary spermatocytes, and is required for
robust accumulation of y-tubulin at centrioles.®” In addition, unc
mutants show severe defects in flagellar axoneme organization.

Like Unc, Chibby (Cby), a conserved coiled-coil protein, is
required for the centriole to basal body transition and normal
axoneme assembly.”! Following meiosis, Cby initially colocalizes
with Unc at basal bodies. However, during elongation, Cby relo-
calizes from the basal body to the ring centriole at the growing
end of the sperm tail. Unc distribution is aberrant in ¢by mutants,
with Unc extending a variable distance beyond the normal cen-
triole length. Interestingly, similar defects in Unc distribution
and axoneme assembly are also observed in spermatids in which
the plasma membrane lipid phosphatidylinositol 4,5-bisphos-
phate (PtdIns(4,5)P,) has been depleted by ectopic expression of
a lipid phosphatase.”” Hence, Cby and PtdIns(4,5)P, may per-
form a common function in regulating Unc localization during
spermatid elongation.

Mutants for Bld10/Cepl35 share similarities with #ne and
cnn*7 bld10 mutants have short centrioles and basal bodies, like
unc mutants, and axonemes that lack central pair MTs, like cnn
mutants. Bld10 localizes in the lumen of the basal body, at both the
proximal end, close to the nuclear membrane, and the distal end,
at the site of axoneme assembly, and is also found in the PCL."?
Notably, BId10 is dispensable for recruitment of y-tubulin, Cnn
and other PCM proteins.”* Since Bld10 localizes to the transition
zone, and this is the region where central pair MTs originate, it is
possible that Cnn affects Bld10 activity in this region.

Basal Body Movement and Docking
at the Nuclear Envelope

Dockingand continued association of the basal body at the nuclear
envelope is essential for formation of mature, motile Drosophila
sperm. Movement of the basal body to the spermatid nucleus and
attachment to the nuclear envelope requires proper microtubule
and dynein organization. y-tubulin appears important for this
process, as defects in basal body docking at the nuclear envelope
are seen in mutants for the y-tubulin ring complex (y-TuRC) sub-
units Grip75 and Grip128.” In grip/5 and gripl 28 mutants, sper-
matid nuclei fail to associate with basal bodies, become scattered
along the elongated cysts and exhibit defects in nuclear shaping,
a MT-dependent process. Importantly, mature axonemes of nor-
mal architecture form in grip75 and grip/28 mutants, indicating
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v-TuRC is dispensable for axoneme assembly. Hence, y-TuRC
likely nucleates assembly of MTs involved in migration of the
spermatid basal body to the nucleus or in attachment of the basal
body to the nuclear envelope. The basal body proteins Unc and
Dilatory (Dila/CEP131) are also required for tight association of
basal bodies with spermatid nuclei.*”> Since Unc and Dila are
needed for robust CA accumulation of y-tubulin, these mutants
may be defective in y-TuRC—dependent MT nucleation.

Dynein activity is also important for basal body docking, as
several mutants with defects in basal body—nucleus attachment
affect dynein-associated proteins. Null mutants for zctex-1, which
encodes the 14kDa dynein light chain (DIc90F), are male sterile
and show nuclear scattering in later stages of elongation.”® Most
of the nuclei do not shape properly, especially those that are not
associated with a basal body. Tctex-1 mediates cytoplasmic dynein
localization at the nuclear membrane in early spermatids. In wild-
type spermatids, dynein and its accessory factor dynactin are dis-
tributed in the region of the nuclear envelope where the basal body
is attached. However, this dynein localization is lost in fetex-I
mutants. Asunder (Asun/Mat89Bb) colocalizes with dynein at
the perinuclear surface in primary spermatocytes and spermatids,
and has a role in recruitment of dynein—dynactin at the nuclear

membrane.”

Asun is dispensable for recruitment of centrosomal
proteins. Nuclei are scattered in asun mutant cysts, similar to unc,
and do not shape normally. Like y-TuRC, dynein is dispensable
for axoneme assembly, as axonemes can be nucleated from free,
unattached, basal bodies in fctex-1 and asun mutants.’®7

It is not known whether dynein may play a direct role in
anchoring the basal body at the nuclear envelope. However,
recent data provide strong support for the idea that dynein medi-
ates migration of the basal body toward the nuclear envelope prior
to docking. Mutants for Lis-1, the Drosophila homolog of the
human lissencephaly protein LIS1, show a defect in internaliza-
tion of the elongated basal bodies from the cell surface in primary
spermatocytes.”> As a result, the meiotic spindle poles localize
aberrantly at the plasma membrane, resulting in spindle defects.
Similar phenotypes are also observed in #ctex-I mutants, indicat-
ing that these defects are likely caused by a loss of dynein activity.
Indeed, Lis-1 is required for dynein—dynactin localization at the
nuclear membrane during meiosis and in early spermatids. Lis-1
localization requires Asun, suggesting these proteins act together
to regulate this process.

Several proteins are thought to mediate attachment of the
basal body to the nuclear envelope. For example, Spag4, a con-
served, testis-specific SUN domain protein, is required for basal
body anchoring to the spermatid nucleus.”” In early round sper-
matids, Spag4 localizes to the nuclear envelope in a hemispherical
cap, similar to cytoplasmic dynein heavy chain (Dhc). During
nuclear elongation, Spag4 associates with the basal body and the
dense body. spag4 mutant males are sterile, with scattered nuclei
and basal bodies. Similar defects are observed in mutants for
Yuri Gagarin (Yuri), a coiled-coil cytoplasmic protein that colo-
calizes with Spag4 at the nuclear envelope cap, basal body and
dense body.””’® Interestingly, the two proteins strongly colocal-
ize at the invagination in the nuclear envelope where the basal
body embeds, suggesting they may anchor the basal body to the
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nucleus. Spag4 is required for dynein—dynactin localization at
the basal body, whereas both Spag4 and dynein are needed for
Yuri localization.”” How Spag4, a predicted inner nuclear mem-
brane protein, regulates cytoplasmic dynein is unclear. KASH
domain proteins in the outer nuclear membrane typically link
SUN domain proteins to cytoplasmic MTs (reviewed in ref. 79).
However, the KASH domain proteins Klarsicht and MSP-300
are dispensable for basal body docking.”” One possibility is that
nuclear pores, which localize in the area where the basal body
attaches to the nuclear envelope, help provide the missing link.

Two additional factors are required for basal body dock-
ing: the poly(A) polymerase Gld2 and the membrane lipid
PtdIns(4,5)P,.>7"% In gld2 mutants, y-tubulin associates with
basal bodies, but these are not consistently located near the scat-
tered nuclei. It is unclear whether the primary defect is in basal
body migration or docking, and polyadenylation of transcripts
encoding proteins involved in these processes is unaffected.®
Basal bodies also fail to associate consistently with nuclei in
spermatids in which PtdIns(4,5)P, has been severely or partially
depleted.’>7° In cases where the basal body is found adjacent to the
nuclear envelope, docking is defective, and axonemes extend from
the unanchored basal bodies.” Severe depletion of PtdIns(4,5)P,
is accompanied by excess accumulation of the CA proteins Unc,
Cnn and y-tubulin and defects in axoneme assembly. It will be
of interest to determine whether Gld2 and PtdIns(4,5) P, regulate
common targets involved in basal body docking.

Axoneme Assembly and Modifications

Drosophila has a canonical 9+2 flagellar axoneme, with nine
outer doublet MTs and a central pair, the basic structure of most
motile eukaryotic cilia and flagella. The outer doublet MTs
associate with dynein “arms.” These consist of flagellar dyneins

encoded by genes on the Y chromosome,®"%

which is required
for male fertility.** A set of nine accessory MTs surrounds the
axoneme (reviewed in ref. 84). Although the function of the
accessory tubules is unknown, they may have a passive role in
strengthening the flagellum and in amplifying the mechanical
power generated by the flagellar dyneins.®

Axoneme assembly in Drosophila requires specific isoforms
of a- and B-tubulin (reviewed in refs. 84 and 86). al-tubulin
(oTub84B) functions throughout spermatogenesis,’” whereas
Bl-tubulin (BTub56D) is found in the basal body and
B2-tubulin (BTub85D) in the sperm axoneme.®® Replacement of
more than half of the a-tubulin pool with a2 causes defects in
formation of central pair and accessory MTs, suggesting al con-
tains sequences specifically required for formation of these MT
structures.® When B1 replaces 32, only short 9+0 axonemes are
formed.”® Likewise, the somatic B3 isoform cannot substitute for
B2.% The C-terminus of B2 is critical for axoneme formation,
and hybrid B1 and B3 tubulins containing sequences from the
B2 C-terminus can partially rescue axoneme assembly in 32 null
ﬂies'x&‘)l,‘)z

Ciliary and flagellar axonemes are assembled at their distal
tips within a specialized pocket of the plasma membrane termed
the ciliary membrane, or sheath.”? (For a review, see ref. 94.) In
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most cells, axoneme assembly is directed by intraflagellar trans-
port (IFT), a process that employs MT motors and trafficking
proteins to transport preassembled tubulin dimers and other pro-
teins to and from the tip of the axoneme. Drosophila spermatids
have a ciliary membrane that ensheaths the growing portion of
the flagellar axoneme (Fig. 1A and B).'"*"% However, assembly
of the spermatid flagellar axoneme is independent of IFT,”>%
raising the question of how tubulin dimers access the growing
tip. One possibility is that mRNAs encoding tubulin subunits
and other axonemal proteins may be actively translated within
the ciliary pocket. Consistent with this idea, ribosomes are pres-
ent in the space between the tip of the elongating axoneme and
the overlying ciliary membrane."

In addition to - and B-tubulin, incorporation of axonemal
dynein subunits is needed for normal axoneme architecture and
sperm motility.”””® The basal body and CA proteins Unc, Cnn
and Cby (see above), as well as Touch-insensitive-larvaB (TilB)
are also required for axoneme assembly.®®’"”> Moreover, an
important aspect of axoneme assembly and maturation is post-
translational modification of axonemal MTs.

Axonemal MTs are post-translationally modified through
tyrosination, polyglutamylation, polyglycylation and acetylation
(reviewed in ref. 100). Polyglycylation, polyglutamylation and
most of the other posttranslational modifications occur at the
exposed, highly charged C-terminal tails of a- and B-tubulin,
whereas a-tubulin acetylation occurs on lysine-40, which is
found on the inner surface of the MTs (reviewed in ref. 101).
Developing Drosophila flagellar axonemes contain acetylated
al-tubulin, as well as glutamylated and glycylated «- and
B-tubulins.'! In Drosophila sperm, all a-tubulin is acetylated
(Fig. 2M and V), whereas only a subset of axonemal tubulins
are glutamylated and glycylated.®1%¢

ing or shortly after axoneme assembly, and it precedes and is
106

Glutamylation occurs dur-

required for glycylation.'” Polyglycylation occurs in late stages
of spermiogenesis (Fig. 2W),'°>!7 at the time of individualiza-
tion. Axonemal MTs and accessory MTs are differentially post-
translationally modified. The central pair and the accessory MTs
are heavily polyglutamylated, whereas outer doublet MTs have
only small amounts of glutamylation.

Tubulin modifications are important for axoneme assembly
and formation of mature, fertile sperm. Mutations in $2-tubulin
at position Gly56, where acetylation occurs, lead to defects in axo-
neme assembly.'”® Depletion of either of the two highly expressed
glycylases, TTLL3A or TTLL3B, leads to strong reduction in
polyglycylation, resulting in defects in sperm maturation and in
male sterility.'”

Transport of glycine to the sperm flagellum might be regu-
lated by the neurotransmitter transporter-like (Ntl) protein, a
member of the NSS/SLC6 family."® Ntl is a spermatid-specific
glycine transporter that localizes to the ER and is found along the
ER-derived axial sheath that surrounds the axoneme. 7#/ mutants
make sperm that are immotile and fail to be transferred to the

seminal vesicle.""’

Post-translational glycylation of sperm tubu-
lin is reduced in ## mutants, supporting previous reports that
glycylation is important for stability and motility of MT-based

machinery.?!?
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Nuclear Morphogenesis
and Chromatin Reorganization

Nuclear morphogenesis during spermiogenesis includes two
major aspects (Fig. 1D): elongation of the nucleus (nuclear shap-
ing) and chromatin reorganization (condensation). Nuclear
shaping is driven by MTs that emanate from the basal body and
associate with the nuclear envelope. Concomitantly, chromatin
condensation occurs by switching from a histone-based chroma-
tin configuration, present in early round spermatid nuclei, to a
protamine-based configuration, present in mature sperm nuclei.
Nuclear shaping proceeds through several stages.® In early
round spermatids, the nucleus first becomes flat on one side, near
the basal body. This flattened surface is fenestrated with nuclear
pores and associates with perinuclear M Ts, which organize into
parallel bundles, forming the dense body, a structure analogous
to the vertebrate manchette.*'"! The dense body, which also con-
tains filamentous actin and the actin-binding protein anillin (Fig.
2S and T; L.F. and J.A.B., unpublished observations), is thought
to provide support to the elongating nucleus. As elongation pro-
ceeds, the fenestrated portion of the nuclear envelope forms a
cavity that fills with dense body MTs, which in turn associate
with a layer of ER. At this stage, the nucleus becomes canoe-
shaped and a single layer of MTs associates with the convex side
of the nucleus, where chromatin begins to condense.*” At later
stages of nuclear shaping, the cavity disappears, and the dense
body is disassembled and removed during individualization.
Several factors have been implicated in regulating nuclear
shaping via dense body cytoskeletal proteins. For example,
nuclear shaping is defective in mutants for CA proteins (e.g.,
Unc, Tctex-1, Grip75 and Grip128) where the basal body fails

to embed in the nuclear envelope,®®®74

indicating a role for the
CA in nucleating perinuclear MTs. Yuri and Spag4 participate in
basal body docking, but Yuri also associates with the dense body
and is responsible for actin accumulation in this structure.”””® In
spag4 and yuri mutants, the nuclei partially elongate, but they do
not maintain their shape (they bend and curl). Similar nuclear
shaping defects are observed in spermatids that have defects in
basal body docking due to reduced levels of PtdIns(4,5)7, (L.F.
and J.A.B., unpublished observations).?*”° Like Yuri, Mst77F, a
protein related to linker histone 1-like protein from mammals,
localizes to the dense body.'? Genetic interactions between
mst77F and mutations in 32-tubulin suggest a role in MT orga-
nization (reviewed in ref. 113). Indeed, mutations in mst/7F
lead to defective nuclear shaping, small nuclei and male steril-
ity Nuclear shaping defects are also observed in mutants for
the testis-specific proteasome subunit Prosa6T.""® However, since
Prosa6T localizes to the nucleus, these defects likely reflect a role
in chromatin condensation rather than dense-body dependent
nuclear shaping.

Chromatin reorganization in spermiogenesis involves replace-
ment of histones first by transition proteins and then by prot-
amines (Fig. 1D). The histone to protamine switch starts in early
canoe stage nuclei and takes approximately five hours to com-
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plete in cultured Drosophila spermatids.'” Histones are prob-

ably degraded directly in the nucleus by the Prosat6T-containing
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testis-specific proteasome.''®

Before degradation, several histone
modifications occur.'” Histone H3 is methylated at lysine 9 and
27, which typically marks transcriptionally inactive chromatin,
while H2A is mono-ubiquitinated and H4 is hyper-acetylated.
Histone H4 hyperacetylation is required for the histone to prot-
amine switch because inhibition of histone acetyltransferases
prevents degradation of histones and the switch to a protamine-
based chromatin.!” However, a premature increase in the levels
of histone H4 acetylation does not result in early onset of the his-
tone to protamine switch, indicating that additional mechanisms
might function to induce the switch.

Histone modifications likely facilitate access of chroma-
tin remodeling proteins and enzymes, as the chromatin also
becomes associated with the zinc finger protein CTCE, as well
as small ubiquitin-related modifier (SUMO), the ubiquitin-
conjugating enzyme UbcD6 and ubiquitin.'” Following histone

94D is incorporated. Tpl>*P,

removal, the transition-like protein Tpl
together with DNA breaks, may facilitate chromatin unwind-
ing and assembly of protamine and Mst77F on the condensing
DNA. Several of these regulators appear to play conserved roles
in nuclear shaping and chromatin condensation in mammalian
spermatogenesis. For example, SUMO is involved in nucleation
of spermatid M Ts and nuclear shaping.""® Ubiquitination of H2A
is required during nuclear shaping in mice and may destabilize
nucleosomes to promote the histone to protamine transition.!*!

Mature Drosophila sperm contain Mst77F, protamine A and
protamine B as major chromatin components. mRNAs encoding
Mst77F and protamines are translationally repressed until the
elongated spermatid stage, after which these proteins accumulate
in the nucleus." Mst77F has a dual role in chromatin condensa-
tion and nuclear shaping through its association with perinuclear
MTs."'? Moreover, mst77F mutants are male sterile. In contrast,
males with mutated protamines are fertile and have motile sperm,
but about 20% of the sperm show defects in nuclear shaping.
Since protamines are required in mice for production of fertile
12! this raises the possibility that Mst77F acts in parallel
with protamines to promote chromatin condensation and male
fertility in Drosophila.

Despite progress in identifying factors involved in nuclear

sperm,

shaping and chromatin reorganization, the relationship of these
two processes with each other and with other aspects of sper-
matid morphogenesis is not well understood. For example, the
physical mechanism that links dense body MTs with the outer
nuclear membrane and with the chromatin is unclear, although
the SUN domain protein Spag4 is a candidate to link chroma-
tin to the inner nuclear membrane. Several other processes may
also be coordinated with nuclear shaping and chromatin conden-
sation. First, a burst of post-meiotic transcription occurs mid-
way through nuclear shaping and spermatid elongation.'*>!'%3
Whether chromatin condensation is required for post-meiotic
transcription, and whether the dense body participates in nuclear
export of the resulting mRNAs is unknown. Second, incorpo-
ration of the specialized telomeric protein K81 into Drosophila
sperm chromatin is essential for the chromosomes to participate
in embryonic divisions and for inheritance of paternal DNA.!>#!1»
(For a review, see ref. 126.) How K81 binding to telomeres is
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coordinated with protamine incorporation remains unclear.
Third, maturation of the acroblast and acrosome and formation
of the actin-based investment cones involved in individualization
occur in the region of the perinuclear MTs, but the role of the
MTs and the dense body in these processes is poorly understood.

Acroblast and Acrosome Formation

The acroblast, first described by Tates,? is composed of stacked
Golgi cisternae adjacent to the spermatid nucleus (Fig. 1A, B and
D). The acroblast forms in onion stage spermatids by coalescence
and fusion of Golgi-derived membranes. Several Golgi and endo-
somal trafficking regulators with roles in spermatocyte cytoki-
nesis are required for acroblast formation. These include Four
way stop (Fws), the Drosophila homolog of the conserved oligo-
meric Golgi (COG) tethering complex subunit Cog5;'% Giotto
(Gio), the Drosophila phosphatidylinositol transfer protein;'?®
the recycling endosome regulator Rabl1;'¥ and Brunelleschi
(Bru), the Drosophila homolog of the transport protein particle
IT (TRAPPII) complex subunit Trs120."%° Similarly, in mice, the
Golgi-associated protein GOPC is required for acroblast for-
mation.”’ Little is known of the signals that promote acroblast
formation, nor why the acroblast—unlike most Golgi bodies in
Drosophila, which occur as paired individual stacks—resembles
a Golgi ribbon (reviewed in ref. 132).

The role of the acroblast in secretory trafficking was initially
suggested by the presence of glycosylation epitopes recognized
by the lectin wheat germ agglutinin (WGA).!*® The acroblast
resembles the Golgi at a molecular level, as demonstrated by
the presence of the Golgins Lava lamp (Lva) and GCCB88, the
Golgi matrix protein GM130, the glycosylation enzyme Golgi
a-mannosidase II (GMII),'”"** and Golgi phosphoprotein-3
(Golph3) (Fig. 2H; L.F. and J.A.B., unpublished observations).
Many of the proteins needed for acroblast formation, such as Fws,
Rabll and Bru and the Rabll effector Nuclear fallout (Nuf),
also localize at the acroblast,'?*13% a5 do coatomer (COP I) and
the clathrin adaptors GGA and AP-1, which were recently shown
to localize to this organelle.”**'* Hence, these proteins may regu-
late trafficking within the acroblast itself. However, the roles of
these proteins within the acroblast have been difficult to examine
because of the organelle’s small size. Moreover, the mechanism
by which the condensed acrosomal granule, or acrosome, emerges
from the acroblast is as yet unclear.

As in most metazoans, the acrosome (Fig. 1B and D) is criti-
cal for fertilization in Drosophila. Indeed, the acrosomal protein
Sneaky (Snky), a polytopic transmembrane protein, is required
for sperm plasma membrane breakdown during fertilization.'*
Similarly, the Drosophila ferlin Misfire (Mfr) is required for
sperm plasma membrane breakdown,'” but is dispensable for

138 Tn mammals, the acrosome

acrosome and acroblast assembly.
is an acidified lysosome-related secretory organelle. It is not yet
known whether the acrosome is acidified in flies, but the lyso-
somal marker GFP-Lamp localizes to the mature acrosome
(Fig. 2I; L.F. and J.A.B., unpublished observations). Moreover,
it is unclear whether the contents of the Drosophila acrosome

are secreted. Upon fertilization, Snky-GFP and a secreted GFP

www.landesbioscience.com

Spermatogenesis

13 However, it is possible that hemi-

remain within the acrosome.
fusion or formation of a small fusion pore between the acrosome
and plasma membrane induces plasma membrane breakdown.
It will be interesting to determine whether Mfr localizes to the
acrosome, and whether Mfr and Snky directly participate in

membrane fusion.
Cyst Polarization

Cysts of 64 early round haploid spermatids initially appear unpo-
larized. However, by early stages of elongation, ring canals are
observed to cluster along actin-rich cortical membranes at the
distal (growing) ends of the elongating spermatids.’® Real-time
imaging of elongating spermatids cultured in vitro demonstrates
that spermatid polarization is determined at the earliest stages of
elongation and requires normal levels of the plasma membrane
PtdIns(4,5)P,.”

Polarization of spermatid cysts requires the PIP 5-kinase
Skittles (Sktl); Funnel cakes (Fun; also called Sec8), a subunit
of the octameric exocyst complex involved in targeted mem-
brane delivery;* and Merlin (Mer), the Drosophila homolog of
Neurofibromatosis-2."* Mutations in sk#/, fun and mer result in
elongated spermatid cysts that are bipolar, with spermatid nuclei
found at both ends and sperm tails growing toward the middle,
suggesting that these genes play a primary role in establishment
of cyst polarity. Other mutants that show occasional defects in
axoneme orientation include yuri and parkin,*'7® raising the pos-
sibility that basal body docking and mitochondrial morphogen-
esis influence spermatid polarization. In addition, a number of
male-sterile mutants that are defective in elongation form non-
polarized cysts. However, this is likely an indirect consequence
of the failure in membrane addition.

Spermatid cyst polarization is germ cell intrinsic in that elon-
gating spermatids can polarize in the absence of accompanying
somatic cyst cells.'*** However, the upstream signals that estab-
lish spermatid cyst polarity are currently unclear. One possibility
is that this signal depends on activation of Rho family GTPases,
which regulate cell polarity in multiple systems. In addition,
PtdIns(4,5) P, synthesis at the growing end may act in a posi-
tive feedback loop to maintain a high local concentration of Skl
and the exocyst, thereby reinforcing polarized growth during
elongation.”

Membrane Outgrowth

During elongation, Drosophila spermatids increase 150-fold in
length, and the total surface area following individualization is
estimated to be 5-fold greater than in early round spermatids.’
Hence, it is not surprising that secretory trafficking is critical
for spermatid cyst elongation. Indeed, the most dramatic defects
in cyst elongation are generally observed in mutants that also
affect membrane trafficking during male meiotic cytokinesis.
For example, mutations affecting the Golgi SNARE Syntaxin-5
(Syx5), the Cog5 homolog Fws, and the exocyst subunits Sec8
and Exo84 have defects in both cytokinesis and spermatid elon-
gation.?>!?7140141 Tn addition, mutations affecting peroxisome
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biogenesis, and therefore degradation of very long chain fatty
acids (VLCFA), also fail cytokinesis and elongation,' indicating
that membrane lipid composition is critical for plasma membrane
growth. Proper levels of PtdIns(4,5)P, are important for elon-
gation, as expression of high levels of a PtdIns(4,5) P, phospha-
tase blocks elongation, whereas expression of lower levels of the
phosphatase or mutation of the PIP 5-kinase Sktl causes milder
elongation defects.?>”°

Other membrane trafficking mutants have more subtle defects.
For example, mutations in fiwd, which encodes Drosophila phos-
phatidylinositol 4-kinase IIIB3, (PI4KIIIB) cause mild defects in
elongation.”**'*> These defects are dramatically enhanced when
fwd is mutated in combination with the TRAPPII subunit 67,3
indicating that these genes act redundantly to promote cyst elon-
gation. Partial loss-of-function mutations affecting the clathrin
uncoating factor Auxilin result in defects in membrane deposi-
tion due to failure to form Golgi-derived clathrin-coated vesi-
cles." However, elongation is only mildly affected, suggesting
that other pathways can act redundantly with clathrin-mediated
trafficking to promote plasma membrane expansion.

In addition to trafficking, other factors also promote sperma-
tid cyst elongation. These include cytoplasmic MTs and mito-
chondria (see above), as well as cytoskeletal regulators, such as
RacGAP84C (also called RotundRacGAP), a negative regula-
tor of the Rho family GTPases Rac and Cdc42."'% Loss of
RacGAP84C leads to formation of short cysts with bulbous ends
that lack plasma membrane between the spermatids and contain
elongated, disorganized flagella.'"” Similarly, loss of Drosophila
dynein light chain-1 (Ddlcl) results in defects in maintenance
of the spectrin-rich elongation complex at the growing end, and
results in abnormal coiling of sperm tails and defects in mem-
brane deposition that are enhanced by loss of one copy of cyto-
plasmic dynein heavy chain (Dhc) or dynactin (Glued)."”” The
similarity of these mutant phenotypes suggests that regulation
of Rho family GTPase signaling and dynein-dependent vesicular
trafficking are required to coordinate flagellar outgrowth with
plasma membrane deposition during spermatid cyst elongation.

Plasma Membrane Domains

One crucial aspect of spermiogenesis is proper localization of sig-
naling proteins involved in fertility. In Drosophila, these proteins
primarily localize to two specialized plasma membrane domains:
the proximal region overlying the acrosome and the distal (cau-
dal) region at the tip of the sperm tail. These regions stain with
fluorescent lectins that bind distinct sugar residues. Several lec-
tins bind strongly to both the acrosomal and tail regions [e.g.,
concanavalin A (ConA)], whereas others bind either the acroso-
mal region [Dolichos biflorus agglutinin (DBA)] or the end piece
of the tail [(e.g., wheat germ agglutinin (WGA)]."*>!® A lower
level of lectin staining is present along the entire length of the
sperm tail, but is absent from the plasma membrane overlying
the sperm nucleus.

Among the sperm plasma membrane proteins stained by
fluorescent lectins are several glycosidases: a-mannosidase, two
B-hexosaminidase isoforms and a-L-fucosidase.' > These
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enzymes are concentrated in the acrosomal region as well as
along the sperm tail. Staining with fluorescent markers reveals
the presence of complementary sugar residues on the egg micro-
pyle that may be critical for sperm binding and fertilization.!¥81!
Glycosylation is critical for sperm-egg interactions, as indicated
by studies of the male sterile casanova mutant, which produces
mature, motile sperm that are transferred to the female reproduc-

tive tract but are unable to fertilize eggs.™

casanova mutant sperm
exhibit normal levels of a-mannosidase activity, but only half the
B-hexosaminidase activity found in normal sperm. In addition,
B-hexosaminidase is absent from the plasma membrane overlying
the acrosome. This type of sperm-egg interaction appears broadly
conserved, as glycoprotein recognition is also critical for gamete
binding interactions in mammals (reviewed in refs. 154, 155).

Another protein that localizes to a specialized membrane
domain during spermiogenesis is the polycystic kidney disease
protein polycystin 2 (Pkd2), the Drosophila homolog of the
transient receptor potential channel TRPP2 [also called Almost
there (Amo)], which is dispensable for sperm development, but
required for proper sperm storage in the female reproductive
tract.”®"” Pkd2 localizes to the ER in primary spermatocytes but
localizes to the tail end piece in mature sperm.’””">% A version of
Pkd?2 that carries a mutation found in autosomal dominant poly-
cystic kidney disease results in Pkd2 retention in the ER, thereby
blocking tail tip localization and resulting in sperm failing to
reach the storage organ in the female genital tract.”®

It will be of interest to learn where exactly Pkd2 localizes
at the tip of the tail and whether its trafficking from the ER
to the plasma membrane occurs during early or late stages of
spermiogenesis. One possibility, based on the localization of
mammalian Pkd2, is that Drosophila Pkd2 will be found to
localize to the ciliary membrane that overlies the growing end
of the flagellar axoneme.'*"3? Not much is known about the
mechanism of formation of this specialized membrane domain.
However, it is thought to originate with endocytosis of the short
axonemes that are formed in mature primary spermatocytes
(see above).*'"?! Following axoneme initiation, the centrioles
are taken up into the cell, together with a cap of membrane.
This membrane remains contiguous with the plasma membrane
and covers the last ~4 pwm at the growing end of the flagellar
axoneme during spermatid elongation.'?! Nothing is known of
the protein composition of the ciliary membrane in Drosophila
spermatids. However, Unc and Cby localize to the region of the

ring centriole,””!

which anchors the proximal portion of the
ciliary membrane to the elongating axoneme. The membrane
itself, which is located near the ring canals, can be visualized
with YFP-Sktl (Fig. 2G) or a fluorescent PtdIns(4,5) P, reporter

(PLC3-PH-GFP).*
Individualization and Coiling

The last steps in Drosophila spermiogenesis are the individual-
ization (Fig. 1C) and coiling of mature sperm. Individualization
proceeds via formation of the individualization complex (IC),
which consists of 64 investment cones rich in filamentous actin.
These initially form around the mature needle-shaped nuclei
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and then translocate down the length of the elongated sper-
matids, stripping away material unneeded in mature sperm.>"’
Translocation of the IC results in formation of a cystic bulge con-
taining organelles, membranes and cytoplasm to be discarded in
the waste bag at the end of individualization. Following individu-
alization, the sperm undergo a process of coiling in which the
64 sperm tails wind around each other and retract into the base
of the testis. The mature sperm are then released into the testis
and transferred to the seminal vesicle, where they are stored until
copulation.

Three cytoskeletal motor proteins are known to regulate indi-
vidualization. Formation of investment cones requires myosin
V, an unconventional myosin that localizes to the acrosome in
late stages of spermiogenesis.'® Investment cone formation also
requires Ddlcl, which localizes near the acrosome prior to cone
formation and then to the cones once they are formed.'" Ddlcl
is needed for tight bundling of the elongated nuclei and proper
investment cone organization. IC translocation requires myosin
VI, another unconventional myosin that localizes to the leading

edge of the cones.'®

2 Surprisingly, myosin VI dimerization and
processivity are not required for individualization, suggesting
163164 Tnstead,
myosin VI appears to stabilize the investment cones as they
progress.'®

The cones contain both unbranched (at the trailing end) and

branched (at the leading edge) actin filaments and require regu-

its motor activity is dispensable for IC movement.

lators of actin polymerization for their formation.'® Actin turns
over throughout the cones, and the rate of turnover is faster in
moving cones than in those that have not yet initiated move-
ment.” Moreover, actin turnover appears important for move-
ment, as actin but not MT inhibitors block IC progression. Actin
bundling proteins (singed/fascin and quail/villin) colocalize with
the unbranched filaments, whereas Arp2/3, Wasp, cortactin and
capping protein localize with myosin VT at the leading edge.'*®
Profilin, which regulates formin-dependent unbranched actin
assembly, is required for formation and movement of the actin
cones.'® Arp2/3, which promotes branched actin formation, is
also required. In the absence of Arp2/3, the meshwork is less
dense and, although the cones move, cytoplasmic material is not
removed and individualization fails.

Actin is linked to membrane remodeling during individualiza-
tion. The endocytic regulator dynamin [also called Shibire (Shi)
in flies] localizes to the plasma membrane overlying the cones.'*®
Male germ cells lacking Vps28, an ESCRT I subunit involved
in endosomal trafficking, are male sterile and exhibit defects in
actin organization during individualization.'"” Nonetheless, two
lines of evidence suggest endocytosis is not required for individu-
alization. Staining of cellular membranes with the fluorescent
dye FM1-43 reveals an absence of endocytic vesicles in the cys-
tic bulge.”® Moreover, dynamin is dispensable for individualiza-
tion, but acts redundantly with myosin VI to promote actin cone
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assembly or stability.!®® The focal adhesion protein Lasp shows a

similar localization to dynamin and is required for formation of

robust actin cones during individualization.'

8 The precise role of
Lasp in individualization is complicated by its role in somatic cyst

cells. However, one possibility is that dynamin and myosin VI,
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which are PtdIns(4,5) P -binding proteins, act together with Lasp
to help link actin filaments in the cones to the plasma membrane.

Successful individualization also requires activation of a
caspase cascade, this being one of the first examples of a non-
apoptotic role for activated caspases (reviewed in refs. 169-171).
Caspase activation occurs upon completion of spermatid mor-
phogenesis and is independent of actin cone assembly or move-
ment (Fig. 2X).”? Activation of the initiator caspase Dronc
requires the Reaper-family protein Hid and Drosophila Apaf-1
(Dark) to relieve Drosophila inhibitor of apoptosis (Diapl) inhi-
bition."”? Dronc, in turn, activates the short prodomain caspases
Dcp-1 and Drice.”” Activated caspases are found in the cystic
bulge and the waste bag and are important for individualization,
as caspase inhibitors block IC movement.””?

Caspase activation is tightly controlled during spermiogenesis.
The giant E2 ubiquitin ligase/inhibitor of apoptosis (IAP)-like
protein dBruce prevents precocious caspase activation, as dBruce
mutants exhibit scattered, round, degenerating nuclei in the elon-
gating spermatid cysts.”’? dBruce is present in a gradient within
elongating spermatid cysts, with the highest concentration at the
distal end and the lowest concentration near the nuclei, where the
IC forms, consistent with the observation that caspase activation
is initially highest at the nuclear end.””> As individualization pro-
ceeds, the highest levels of activated caspases are found associated
with the cystic bulge and activated caspases are removed from the
individualized portions of the maturing sperm.

Local activation of caspases near the nuclei and in the cystic
bulge is achieved through the action of two different ubiquitin
ligase complexes that are thought to target dBruce. The testis-
specific K1hl10-Cul3 complex binds dBruce and is needed for
caspase activation and IC formation.””® Ubiquitination of dBruce
by the Cul3 complex results in redistribution to form a gradient
with the highest concentration of dBruce at the elongating end of
the spermatid cyst. The activity of the Cul3 complex is regulated
by the E3 ubiquitin ligase inhibitor Scotti (Soti)."”> Soti is tran-
scribed postmeiotically and its mRNA localizes to the distal end
of elongating spermatid cysts.® sozi mRNA translation results in
a gradient of Soti protein, with the highest concentration at the
caudal end, similar to the gradient of dBruce."”> Soti competes
with dBruce for binding K1hl10, thereby allowing caspase activa-
tion in proximity to the developing actin cones. Within the cys-
tic bulge, dBruce is regulated by a SCF ubiquitin ligase complex
(SkpA-Cull-Ntc), which also binds dBruce and promotes cas-
pase activation."”” Since the SCF complex localizes to the cystic
bulge, it may trigger dBruce degradation and caspase activation
as the IC moves down the individualizing cyst.

Despite steady progress in identifying factors involved in
individualization, the signals involved in initiation of the pro-
cess remain unclear. For example, it is unknown how actin cone
assembly is stimulated at the nuclear end of the cyst in response
to completion of elongation at the distal end. It seems likely
that a signal that initiates at the caudal end is transduced to the
nuclear end. Moreover, the signal is germ cell autonomous, rather
than originating in the surrounding somatic cyst cells, as indi-
vidualization and proceed in the absence of cyst cells in vitro.”
Nonetheless, the nature of the initiating signal is unclear. It could
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be that calcium is involved, since several of the postmeiotically
transcribed mRNAs that localize to the growing end of the sperm
tails encode predicted calcium-binding proteins.?® Alternatively,
mitochondrial cytochrome-c (Cyt-c-d) activity may provide the
necessary signal, as Cyt-c-d is required for caspase activation and
initiation of IC movement."”® Another possibility is that the sig-
nal involves polyglycylation of axonemal MTs, a process in which
Ntl might be involved.'

Conclusions and Future Outlook

The production of mature, fertile Drosophila sperm requires
coordination of an array of morphogenetic processes affecting
every organelle in the cell. Mitochondria fuse, unfurl, elongate,
fill with crystalline material and degrade their DNA. Basal bod-
ies migrate, dock at the nuclear envelope, form centriolar adjuncts
and nucleate axoneme elongation. Axonemes assemble, acquire
posttranslational modifications and become motile. Nuclei asso-
ciate with dense bodies, elongate and condense their chromatin.
Membrane trafficking becomes directed toward the acroblast and
acrosome formation, as well as elongation of the spermatid cysts.
The cysts acquire intrinsic polarity and specialized membrane
domains overlying the acrosome and sperm tail tip. The mature
sperm individualize and coil prior to transfer and storage in the
seminal vesicle.

Beyond these morphological changes, mature sperm require
specific signaling molecules, receptors and chromatin factors that
are acquired during spermiogenesis and needed for fertilization
and embryogenesis. The Pkd2 calcium channel localizes to the
distal end of the sperm tail, where it promotes sperm storage in
the female reproductive tract. Glycosidases present on the plasma

membrane overlying the acrosome participate in sperm-egg rec-
ognition during fertilization. The acrosomal membrane protein
Snky signals sperm plasma membrane breakdown upon entry
into the oocyte. The presence of the K81 at telomeres provides
protection of sperm chromatin and allows the paternal genome
to participate in embryogenesis.

Drosophila sperm development has many parallels to sper-
miogenesis in other organisms, including mammals. During
differentiation, mammalian spermatids develop in syncytial
cysts and form specialized mitochondrial structures, perinuclear
MT arrays, flagellar axonemes acrosomes and plasma mem-
brane domains (reviewed in refs. 155, 179-184). Mammalian
spermatid nuclei undergo shaping and chromatin condensation
(reviewed in refs. 185 and 186). Removal of excess cytoplasm
and individualization also occurs during mammalian spermatid
terminal differentiation, and the removed residual bodies (the
mammalian equivalent of waste bags) also display characteris-
tics of apoptotic bodies.'” Moreover, mammalian sperm acquire
signaling molecules and motility prior to participating in fertil-
ization (reviewed in ref. 188). Hence, the molecular and cellular
mechanisms uncovered by the study of Drosophila spermiogene-
sis will enhance our understanding of similar processes crucial to
human male fertility and initiation of embryonic development.
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