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Myt1 inhibition of Cyclin A/Cdk1 is essential for 
fusome integrity and premeiotic centriole 
engagement in Drosophila spermatocytes

ABSTRACT  Regulation of cell cycle arrest in premeiotic G2 phase coordinates germ cell mat-
uration and meiotic cell division with hormonal and developmental signals by mechanisms 
that control Cyclin B synthesis and inhibitory phosphorylation of the M-phase kinase, Cdk1. 
In this study, we investigated how inhibitory phosphorylation of Cdk1 by Myt1 kinase regu-
lates premeiotic G2 phase of Drosophila male meiosis. Immature spermatocytes lacking Myt1 
activity exhibit two distinct defects: disrupted intercellular bridges (fusomes) and premature 
centriole disengagement. As a result, the myt1 mutant spermatocytes enter meiosis with 
multipolar spindles. These myt1 defects can be suppressed by depletion of Cyclin A activity 
or ectopic expression of Wee1 (a partially redundant Cdk1 inhibitory kinase) and pheno-
copied by expression of a Cdk1F mutant defective for inhibitory phosphorylation. We there-
fore conclude that Myt1 inhibition of Cyclin A/Cdk1 is essential for normal fusome behavior 
and centriole engagement during premeiotic G2 arrest of Drosophila male meiosis. The nov-
el meiotic functions we discovered for Myt1 kinase are spatially and temporally distinct from 
previously described functions of Myt1 as an inhibitor of Cyclin B/Cdk1 to regulate G2/MI 
timing.

INTRODUCTION
Opposing Cdk1 inhibitory kinases and Cdc25 phosphatases regu-
late the activity of Cyclin B/Cdk1 to control the timing of entry into 
M phase. There are two types of Cdk1 inhibitory kinases: Wee1 nu-
clear kinases, which exist in all eukaryotic organisms, and Myt1 ki-
nases, which are found only in metazoans and localize to the endo-
plasmic reticulum (ER) and Golgi membranes (Kornbluth et  al., 
1994; Mueller et al., 1995; Liu et al., 1997). Studies of oogenesis in 
Xenopus laevis, Caenorhabditis elegans, and Asterina pectinifera 
show that Myt1 inhibition of Cyclin B/Cdk1 regulates premeiotic G2-
phase arrest (Karaiskou et  al., 2004; Inoue and Sagata, 2005; 

Burrows et al., 2006; Gaffre et al., 2011; Kishimoto, 2011). Therefore 
inhibition of Myt1 is required for oocyte maturation (Palmer et al., 
1998; Ruiz et al., 2010; Gaffre et al., 2011). Myt1 overexpression can 
also prolong G2 phase in mitotically proliferating mammalian cells 
(Liu et  al., 1999; Wells et  al., 1999) and Drosophila eye imaginal 
disks (Price et al., 2002).

Previous studies also showed that Myt1 inhibition of Cyclin B/
Cdk1 influences Golgi and ER membrane dynamics. Knockdown of 
Myt1 by small interfering RNA affects G2/M-linked Golgi fragmenta-
tion and can alleviate delays in mitotic entry due to mitogen-acti-
vated kinase kinase inhibition in mammalian cells (Villeneuve et al., 
2013), and a study using a similar approach found that Myt1 regula-
tion of Cdk1 activity during telophase was essential for Golgi and ER 
assembly during mitotic exit (Nakajima et al., 2008; Villeneuve et al., 
2013). Golgi/ER dynamics was also affected by RNA interference 
depletion in Drosophila cells (Cornwell et al., 2002). Cell cycle regu-
lation by Myt1 inhibition of Cyclin B/Cdk1 therefore appears to be 
important both for maintenance of G2-phase arrest and to coordi-
nate endomembrane dynamics with M phase.

Genetic studies of Drosophila melanogaster loss-of-function 
myt1 mutants revealed mitotic proliferation defects during imaginal 

Monitoring Editor
Yukiko Yamashita
University of Michigan

Received: Feb 16, 2016
Revised: May 2, 2016
Accepted: May 5, 2016

This article was published online ahead of print in MBoC in Press (http://www 
.molbiolcell.org/cgi/doi/10.1091/mbc.E16-02-0104) on May 11, 2016.
*Address correspondence to: Shelagh D. Campbell (shelagh.campbell@ualberta.ca).

© 2016 Varadarajan et al. This article is distributed by The American Society for 
Cell Biology under license from the author(s). Two months after publication it is 
available to the public under an Attribution–Noncommercial–Share Alike 3.0 
Unported Creative Commons License (http://creativecommons.org/licenses/by 
-nc-sa/3.0).
“ASCB®,” “The American Society for Cell Biology®,” and “Molecular Biology of 
the Cell®” are registered trademarks of The American Society for Cell Biology.

Abbreviations used: BrdU, bromo-deoxyuridine; Cdk1, Cyclin-dependent kinase 
1; ER, endoplasmic reticulum; Plk1, Polo-related kinase 1.

Ramya Varadarajana, Joseph Ayenia, Zhigang Jinb, Ellen Homolaa, and Shelagh D. Campbella,*
aDepartment of Biological Sciences and bCross Cancer Institute, University of Alberta, Edmonton, AB T6G 2E9, 
Canada



2052  |  R. Varadarajan et al.	 Molecular Biology of the Cell

As previously reported (Jin et al., 2005), we observed examples 
of BrdU-labeled myt1 mutant cysts undergoing ectopic gonial mi-
totic divisions at the earliest postlabel time points (24 h postchase), 
which we did not further analyze (unpublished data). To compare 
the relative timing of premeiotic G2 phase in different genotypes, 
we pooled data for the BrdU-labeled cysts from testes fixed at 93 
± 2 h postchase labeled spermatocytes as a point of reference for 
late G2 phase. In data from four independent experiments shown 
in Figure 1C, 93% of the labeled myt1/+ control spermatocytes 
(n = 238) had intact nucleoli like those shown in Supplemental 
Figure S1B (arrowheads) and stage S5 DNA morphology (Figure 
1B and Supplemental Figure S1C). In myt1 mutants, only 64% of 
the labeled spermatocytes (n = 291) had intact nucleoli, whereas 
the remaining 36% of the myt1 mutant spermatocytes had nucleoli 
that appeared fragmented, even though the chromatin had not 
undergone the condensation characteristic of stage S6–prophase I 
(Supplemental Figure S1E, cells marked by asterisk and arrow-
head). The BrdU-labeled chromosomes of myt1 mutant spermato-
cytes also appeared less condensed than similarly staged controls 
(compare Supplemental Figure S1, C and F). These variations in 
nucleolar morphology could even be observed within a single 
myt1 mutant cyst (compare nuclei marked by asterisks or arrow-
heads, Supplemental Figure S1, E and F). In parallel experiments 
analyzing zygotic wee1 mutants lacking the partially redundant 
Cdk1 inhibitory kinase Wee1, 96% of the BrdU-labeled spermato-
cytes had intact nucleoli, indistinguishable from the controls (data 
from two independent experiments; n = 121; see also Supplemen-
tal Figure S1, G–I).

By 100 h after the BrdU pulse, myt1/+ control cysts with ∼32 cells 
were observed (Supplemental Figure S1J; two cysts), indicating that 
meiosis I was completed between 93 and 100 h under these condi-
tions. By 111 h, cysts with ∼64 cells were observed (Supplemental 
Figure S1K; two cysts), indicating that the meiosis II divisions were 
completed. BrdU-labeled myt1 mutant cysts fixed at these time 
points showed similar results (Supplemental Figure S1, J and K), 
from which we conclude that the timing of meiotic events was rela-
tively normal in the myt1 mutants.

To examine G2/MI progression in more detail, we compared 
fixed, cytologically staged myt1/+ and myt1 mutant spermatocytes 
by immunolabeling for lamin DmO and phospho (S10)-histone H3 
(PH3) to characterize the relationship between nuclear envelope 
breakdown and meiotic chromosome condensation. In myt1/+ 
control spermatocytes, the nuclear lamina was intact until late pro-
phase I but had partially disassembled by the time PH3 labeling 
appeared, and the chromosomes coalesced during prometaphase 
(Figure 1D). These features of G2/MI appeared similarly coordi-
nated in the myt1 spermatocytes (Figure 1D). We also examined 
Cyclin A translocation into the nucleus at the G2/MI transition 
(Gonczy et al., 1994; Franklin-Dumont et al., 2007). In stage S6 con-
trol spermatocytes, Cyclin A was primarily cytoplasmic and en-
riched at the fusomes (arrow, Figure 1E). By prometaphase I, Cyclin 
A could also be observed in the nucleus, signifying G2/M. We also 
observed that Cyclin A was primarily cytoplasmic in stage S6 and 
entered the nucleus at prometaphase I in myt1 mutant spermato-
cytes; however, fusome labeling was undetectable (Figure 1E). The 
timing of Cyclin A translocation into the nucleus therefore ap-
peared normal in myt1 mutant spermatocytes. We therefore con-
cluded that the timing of premeiotic G2 phase arrest did not de-
pend on Myt1 activity, but the observed nucleolar fragmentation, 
chromosome condensation defects, and absence of Cyclin A fu-
some enrichment in myt1 mutants indicated that certain meiotic 
processes were sensitive to loss of Myt1.

disk development as well as in gametogenesis in both sexes (Jin 
et al., 2005). These mutants are viable because of functional redun-
dancy with Wee1 (Jin et al., 2008; Kao et al., 2015) and are male-
sterile but female-fertile presumably because Drosophila oocytes 
arrest not in premeiotic G2 phase but in metaphase I (McKim et al., 
1993), whereas spermatocytes undergo a developmentally regu-
lated premeiotic arrest in G2 phase before initiating meiosis I (Fuller, 
1998). These findings suggest that Myt1 regulates premeiotic G2-
phase arrest of Drosophila male meiosis.

Drosophila male germ cells undergo four transit-amplifying mi-
totic divisions with incomplete cytokinesis, producing 16-cell cysts 
that are interconnected by organelles called fusomes derived from 
the ER (Hime et al., 1996; Eikenes et al., 2013). After differentiating, 
spermatocytes undergo premeiotic S phase and then arrest in G2 
phase for ∼90 h before initiating meiosis I. The timing of the G2/MI 
transition is triggered by unknown developmental cues regulating 
transcriptional and translational mechanisms that restrict synthesis 
of Cyclin B and other essential meiotic regulators to late G2 phase 
(White-Cooper et  al., 1998; Baker and Fuller, 2007; Baker et  al., 
2015; Franklin-Dumont et al., 2007). One of these essential regula-
tors is the meiotic Cdc25Twe phosphatase (Twine), which removes 
inhibitory phosphorylation from Cyclin B/Cdk1, driving the G2/MI 
transition (Alphey et al., 1992; Courtot et al., 1992; White-Cooper 
et al., 1993; Sigrist et al., 1995). Unlike Cyclin B, whose expression is 
repressed until late G2 phase, Cyclin A is expressed throughout pre-
meiotic G2 phase, and the protein accumulates on intercellular fu-
some bridges (Lilly et al., 2000). Inhibition of Cyclin A/Cdk1 by Rux 
is essential for normal cell cycle exit from meiosis II (Gonczy et al., 
1994); however, specific functions for Cyclin A/Cdk1 during male 
meiosis have not yet been reported.

In this study, we sought to understand the essential functions of 
Myt1 kinase during Drosophila male meiosis by phenotypic analysis 
of male-sterile myt1 mutants. We discovered that Myt1 inhibition of 
Cdk1/Cyclin A is essential for fusome integrity and centriole en-
gagement during the prolonged premeiotic G2-phase arrest. These 
meiotic functions of Myt1 are mechanistically distinct from previ-
ously described roles in regulation of G2-phase arrest by inhibition 
of Cdk1/Cyclin B.

RESULTS
Timing of G2/MI appears relatively normal in myt1 mutant 
spermatocytes
In many organisms, Myt1 inhibition of Cyclin B/Cdk1 is required for 
premeiotic G2-phase arrest during female meiosis (Palmer et  al., 
1998; Nakajo et  al., 2000; Burrows et  al., 2006; Oh et  al., 2010; 
Gaffre et al., 2011). To investigate whether Myt1 plays a similar role 
during Drosophila male meiosis, we examined loss-of-function myt1 
mutants (Jin et al., 2005) to assess the timing of premeiotic G2-phase 
arrest. For this experiment, we briefly feed adult males with 5-bromo-
2-deoxyuridine  (BrdU) to label postmitotic 16-cell spermatocyte 
cysts (see Materials and Methods). To detect cysts that incorporated 
BrdU during premeiotic S phase, testes were dissected, fixed, and 
immunolabeled at timed intervals using established cytological crite-
ria for staging spermatocytes, as shown in Figure 1A (Cenci et al., 
1994). Representative examples of myt1/+ control cysts fixed at 24, 
72, and 93 h post-BrdU pulse are shown in Figure 1B, corresponding 
to polar (S1–S2), apolar (S3–S4), and mature (S5–S6) stages of sper-
matocyte maturation. At the 93-h postlabeling time point, the stage 
S5 control spermatocytes had intact nucleoli and three major chro-
mosome compartments in the nucleus; by stage S6–prophase I, the 
nucleoli had disassembled and the chromosomes condensed, signi-
fying that the G2/MI transition had occurred.
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(Nakajima et al., 2008). Because the timing 
of premeiotic G2-phase arrest appeared 
relatively unaffected in the myt1 spermato-
cytes, we considered whether defects in 
endomembrane remodeling or organelle 
dynamics might underlie the mutant pheno-
type. As a first test of this idea, we immuno-
labeled spermatocytes with antibodies to 
Lava lamp (Lva), a peripheral Golgi protein 
(Sisson et  al., 2000). In both myt1/+ and 
myt1 mutant stage S5–S6 spermatocytes, 
ring-shaped structures corresponding to 
Golgi stacks were observed (Supplemental 
Figure S2A, inset), with no obvious differ-
ences in either number or appearance (Sup-
plemental Figure S2B). We quantified these 
data by counting Lva-labeled Golgi stacks 
from merged, deconvolved Z-stack images 
and observed similar numbers in the con-
trols (average = 16, n = 74, SD = 2.8) and 
myt1 mutants (average = 15, n = 85, SD = 
3.2). Golgi stacks disassemble for the mei-
otic divisions before reassembling again to 
organize the acroblast (Belloni et al., 2012; 
Yasuno et  al., 2013). We observed similar 
Golgi dynamics at these stages in both the 
controls and the myt1 mutant spermato-
cytes (Supplemental Figure S2C). Golgi be-
havior was therefore unaffected by loss of 
Myt1.

Next we examined intercellular bridges 
with conserved roles in germ cell develop-
ment (Greenbaum et  al., 2011), called fu-
somes in Drosophila. These membrane-rich, 
germline-specific organelles derived from 
the ER are essential for both male and fe-
male gametogenesis (Lin et  al., 1994; Lin 
and Spradling, 1995; de Cuevas et al., 1997; 
McKearin, 1997). We examined the fusomes 
by immunolabeling the Adducin-related 
protein Hts (Yue et al., 1992; Zaccai and Lip-
shitz, 1996). Because fusomes are present 
throughout male germline development, 
we also colabeled a nucleolar protein called 
Spermatocyte arrest (Sa), enabling us to dis-
tinguish between the mitotically proliferat-
ing spermatogonial cysts and cysts of G2 
phase–arrested spermatocytes (Chen et al., 
2005). In myt1/+ controls, Hts-labeled fu-
somes were observed connecting the cells 
in both spermatogonial and spermatocyte 
cysts (Figure 2A). Although the spermato-
gonial fusomes appeared normal in myt1 
mutant cysts, Hts labeling was almost unde-
tectable in spermatocyte cysts (Figure 2, A, 
asterisk, B, and C) from as early as stages 
S1–S2 (Supplemental Figure S3, A and B). 
Immunolabeling for another fusome protein 

(α-Spectrin) also revealed fusome defects that specifically affected 
myt1 mutant spermatocytes (unpublished data). Loss of Myt1 activ-
ity therefore compromised the integrity of fusomes specifically in 
the premeiotic G2 phase–arrested spermatocytes.

Loss of Myt1 activity disrupts ER-derived fusomes 
specifically at the mitotic–meiotic transition
Previous studies implicated Myt1 inhibition of Cyclin B/Cdk1 activity 
in the mitotic regulation of Golgi and ER membrane remodeling 

FIGURE 1:  Temporal coordination of G2/MI is relatively normal in myt1 spermatocytes. (A) Stages 
of Drosophila spermatocyte maturation, showing characteristic chromosome morphology features 
(Cenci et al., 1994). (B) Chromosome and cellular morphology of live DNA-labeled stage S1–S6 
spermatocytes examined by phase contrast microscopy. Numbers (underneath) refer to time after 
BrdU labeling (24, 72, and 93 h postchase) corresponding to early (S1–S2), mid (S3–S4), and late 
(S5–S6) stages of premeiotic G2 phase. Scale bar, 10 μm. (C) Graph comparing percentages of 
labeled spermatocytes at 93 ± 2 h post-BrdU with intact nucleoli. Error bar indicates SD of the 
mean (SM). These data were derived from n independent experiments for each genotype: myt1/+ 
controls (n = 4, SM = 9.05), myt1 mutants (n = 4, SM = 22.5), and wee1 mutants (n = 4, SM = 6.4). 
The total number of spermatocytes examined for each genotype in these experiments was 238 for 
myt1/+, 291 for myt1, and 121 for wee1. In myt1 mutant testes examined at 93 ± 2 h post-BrdU, 
we observed 64% of spermatocytes with intact nucleoli; the rest had fragmented nucleoli. 
Student’s t test was performed to determine whether there were significant differences between 
the myt1/+ control and myt1 data sets. Means of the two genotypes were not significantly 
different at p < 0.05 (t value, 1.8898 less than critical value, 2.571). (D) Relationship between 
meiotic nuclear envelope breakdown and chromosome condensation in myt1/+ control and myt1 
mutant spermatocytes at the indicated stages of meiosis I by immunolabeling for lamin (DmO; 
green) and phospho–histone H3 (PH3; red) and DNA labeling. Scale bar, 10 μm. The myt1/+ and 
myt1-mutant stage S6 spermatocytes both have an intact nuclear lamina, which disassembles by 
prometaphase I when PH3 labeling is detected. The spermatocytes are not perfectly matched for 
prometaphase I but were at slightly different stages (Cenci et al., 1994) and were the best 
PH3-labeled cysts we found for this comparison. (E) Cell cycle–dependent localization of Cyclin A 
(green) detected by immunolabeling and Hoechst labeling (blue). Cyclin A is detected primarily in 
the cytoplasm in stage S6 myt1/+ and myt1 mutant spermatocytes, but by prometaphase I, it can 
also be seen in the nucleus. Arrows shown in myt1/+ mature spermatocytes indicate Cyclin A 
enrichment at fusomes, which is absent in myt1 mutants. Scale bar, 16 μm.
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rescence. Our results showed that the reporters were catalytically 
active with respect to inhibitory phosphorylation of endogenous 
Cdk1 in vivo, and the transgenic proteins localized to the ER and 
Golgi during male meiosis, as expected (Supplemental Figure S4). 
Examination of intact cysts also showed that early bam-driven mei-
otic expression of enhanced GFP (EGFP)–Myt1 fully rescued myt1-
mutant fusome defects (Supplemental Figure S5) and restored male 
fertility (Table 1). Later topi-Gal4 driven expression of EGFP-Myt1 in 
stage S5–S6 spermatocytes (Raychaudhuri et  al., 2012), however, 
only partially rescued these defects (Supplemental Figure S5 and 
Table 1). To quantify the rescue of mutant fusome defects, we 
counted intact stage S1–S6 cysts with normal or partial fusomes. We 
observed that bam-driven rescue of myt1 mutants resulted in 100% 
normal fusomes (28 intact cysts), whereas topi-driven rescue re-
sulted in 0% normal, 94% partial, and 6% no rescue (31 intact cysts). 
Myt1 activity is therefore essential for the integrity of the ER-derived 
fusomes during premeiotic G2-phase arrest.

Loss of Myt1 activity results in premature centriole 
disengagement in immature spermatocytes
Previous studies suggested that myt1 mutant spermatids were an-
euploid (Jin et al., 2005). Because defects in centrosomes and mei-
otic spindle behavior can cause aneuploidy (Vitre and Cleveland, 
2012) and centrosome defects were previously associated with dis-
rupted fusomes during Drosophila male meiosis (Wilson, 2005), we 

Fusomes pass through ring canals remaining after incomplete 
cytokinesis (Hime et al., 1996). To examine the relationship between 
ring canals and fusomes, we colabeled for Hts and Anillin, a protein 
that localizes to ring canals (Field and Alberts, 1995), and show rep-
resentative images of control spermatogonia (Figure 2B, inset) and 
spermatocyte cysts (Figure 2C, arrows). Although the ring canals 
appeared normal in myt1 spermatogonial cysts (Figure 2B, inset), 
they appeared abnormal and were difficult to detect in mutant cysts 
(Figure 2C, arrowhead). To examine these intercellular bridges at 
higher resolution, we analyzed thin sections by transmission elec-
tron microscopy. To compare the control and myt1 mutant sper-
matocytes, we focused on images in which at least two cells con-
nected by ring canals were clearly seen in more than one section 
(Figure 3). In myt1/+ controls (16 pairs of spermatocytes), fusomes 
(F) appeared as smooth structures interconnecting adjacent sper-
matocytes that were bordered by two dark parallel lines represent-
ing the ring canals in cross section (Figure 3, A and B, arrows). Fu-
somes and ring canals could also be detected in myt1 mutant 
spermatocytes (19 pairs of spermatocytes), but they appeared dis-
torted and narrower than the controls (Figure 3, C–F).

To determine whether these fusome defects were specifically 
due to loss of Myt1 activity, we created inducible Myt1 transgenes 
that could be used for rescue experiments (Materials and Methods). 
We initially characterized these Myt1 reporters by Western blot 
analysis of testes extracts and green fluorescent protein (GFP) fluo-

FIGURE 2:  Fusome abnormalities in myt1 mutant spermatocytes. (A) Whole-mount testes colabeled for Hts (fusomes, 
green) and spermatocyte arrest (Sa, red) and DNA (blue). The pronounced nucleolar localization of Sa (inset) was used 
as a marker for premeiotic spermatocytes. Hts-labeled fusomes appear normal in both control and myt1 mutant 
spermatogonial cysts close to the tip of the testes. Hts labeling of fusomes is undetectable in myt1 mutant 
spermatocytes (asterisks) compared with controls. Scale bar, 16 μm. (B, C) Squashed germ cells are colabeled for Hts 
(fusomes, green), anillin (ring canals, red), and DNA (blue). (B) Eight-cell spermatogonial cysts (circled) showing myt1/+ 
control and myt1 mutant cysts with normal fusomes and ring canals. The insets highlight groups of ring canals from the 
same cyst. (C) Sixteen-cell myt1/+ control spermatocytes showing fusomes passing through ring canals (arrows). In myt1 
spermatocytes, the ring canals were harder to detect (arrowheads), and the fusomes were absent. Scale bar, 10 μm.
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multipolar meiotic spindle defects expected to cause aneuploidy 
that would contribute to myt1 mutant male sterility. In spite of the 
high penetrance of these centrosome defects, however, most early 
postmeiotic myt1 cysts appeared relatively normal (Figure 4B and 
Supplemental Figure S1K).

Antibodies recognizing a phosphorylated form of Aurora A 
(AurA-T288p) that labels centrioles can be used for visualizing cen-
trosome dynamics (Eyers et al., 2003; Tsai et al., 2003). Using these 
antibodies to examine premeiotic centrosome behavior, we ob-
served that the myt1/+ stage S3–S4 control spermatocytes each 
had a pair of closely associated centrosomes; by stages S5–S6, each 
centrosome consisted of a pair of elongated centrioles with a char-
acteristic V-shaped structure (Figure 4B). By late anaphase I, centri-
ole disengagement could be observed (Figure 4B, asterisks), result-
ing in each spermatid receiving one centriole after completion of 
meiosis II. In contrast, examination of myt1 mutant spermatocytes 
revealed distinct AurA-T288p–labeled foci as early as stages S3–S4 
(Figure 4B, asterisk), ∼2 d before centriole disengagement would 
normally occur. By stages S5–S6, there were usually four (but never 
more) elongated AurA-T288p–labeled foci in the myt1 mutant sper-
matocytes, and, not surprisingly, the myt1 mutant spermatids had 
variable numbers of centrioles, presumably indicating segregation 
defects during the meiotic cell divisions (Figure 4A). We quantified 
similar results using another centrosome marker (monoclonal anti-
body GTU-88), as shown in Figure 4C. These results therefore dem-
onstrated for the first time that Myt1 activity is essential for normal 
meiotic centrosome behavior and spindle dynamics.

Polo (PLK1) kinase regulates mitotic centriole disengagement 
(Wang et al., 2008; Tsou et al., 2009; Cabral et al., 2013; Zitouni 
et al., 2014), and treatment with a Polo inhibitor can block centriole 
disengagement in Drosophila spermatocytes (Riparbelli et  al., 
2014). We therefore used RNA interference (RNAi) to examine 
whether a Polo-dependent centriole disengagement mechanism 
might be involved in this aspect of the myt1 mutant phenotype. As 
a control to test whether transgenic double-strand RNA expression 
would affect spermatocytes, we first examined bam-driven polosiRNA 
alone. When bam-driven polosiRNA was expressed in myt1/+ con-
trols, 82% of late meiosis I–stage spermatocytes (see Figure 4B for 
comparison) labeled with Aurora A-T288p retained elongated 
V-shaped centrosomes (Figure 4D; n = 248). These results indicated 
that RNAi depletion of Polo activity blocked centriole disengage-
ment at meiosis I, as expected. When bam-driven polosiRNA was ex-
pressed in myt1 mutant spermatocytes, we also observed pairs of 
elongated V-shaped meiotic centrosomes, indicating that Polo 
depletion was able to rescue the myt1 mutant premature centriole 

examined how loss of Myt1 activity affected centrosomes and mei-
otic spindles. In myt1/+ control spermatocytes immunolabeled for 
centrosomin (Cnn) and β-tubulin (Li et al., 1998), we observed bipo-
lar meiotic spindles (Figure 4A). In contrast, myt1 mutant spermato-
cytes exhibited multipolar meiotic spindles, usually with four distinct 
Cnn-labeled foci. These defects could be rescued by GFP-tagged-
Myt1 expression in mid G2 phase under control of the β2-tubulin 
(tv3) promoter (Figure 4A). Loss of Myt1 activity therefore results in 

Degree of 
fertility myt1R6/+ myt1R6 bam > Myt1 topi > Myt1

bam >

Wee1 Rux CycAsiRNA polosiRNA Cdk1WT Cdk1F Cdk1AF

Fertile 30 0 17 13 29 3* 0 0 23 18 7

Semifertile 0 0 1 2 0 6 0 0 2 6 2

Sterile 0 30 2 5 1 23 25 20 0 8 15

Number 
of males

30 30 20 20 30 32 25 20 25 32 24

Single males of the indicated genotypes were each crossed with three yw virgin females ,and the entire first brood of progeny was counted (<10 d after first eclosion 
at 25°C). Male fertility was classified according to Gonczy et al. (1994) by counting the progeny produced by each male: fertile (100–150 progeny), semifertile 
(<20 progeny), and sterile (no progeny). In one case (marked by asterisk), the rux-expressing males in a myt1 background were technically fertile with >20 progeny, 
but each male had <50 progeny, and the progeny were developmentally delayed. All of the genotypes shown in gray highlighting refer to the indicated transgenes 
expressed in a myt1R6 mutant background.

TABLE 1:  Rescue of myt1R6 mutant male sterility.

FIGURE 3:  Fusomes are disrupted in myt1 mutant spermatocytes. Thin 
sections of spermatocytes analyzed by transmission electron microscopy, 
annotated for nucleus (N) and fusome (F). (A, B) myt1/+ control 
spermatocytes are interconnected by smooth cytoplasmic bridges 
bounded by two dark, parallel lines showing the fusomes (F; arrow) and 
ring canals, respectively (16 pairs of spermatocytes examined). (C–F) The 
myt1 mutant spermatocytes had abnormal cytoplasmic bridges and ring 
canals (19 pairs of spermatocytes examined), including disrupted (seven 
of 19; C, D) and constricted (four of 19; E, F) fusomes, respectively. Scale 
bar, 2 μm (A, C, E), 1 μm (B, D, F).
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disengagement defect (Figure 4D). To quan-
tify this phenotypic rescue, we analyzed 
stage S5–to-prometaphase spermatocytes, 
observing that expression of bam-driven 
polosiRNA in a myt1 mutant background sup-
pressed premature centriole disengage-
ment to 29% (n = 157), whereas in myt1 mu-
tants alone, 92% of the spermatocytes were 
disengaged at this stage (Figure 4C; n = 
192). Expression of bam-driven polosiRNA 
had no effect, however, on the myt1 mutant 
fusome defect (unpublished data). These re-
sults indicated that the premature centriole 
disengagement and meiotic spindle defects 
caused by loss of Myt1 activity were due to 
aberrant Polo activity and were not an indi-
rect consequence of earlier defects in fu-
some integrity.

Ectopic expression of Wee1 rescued 
myt1 mutant sterility but not fusome 
defects
To assess how Cdk1 inhibitory phosphoryla-
tion affected the myt1 mutant phenotype, 
we examined the partially redundant kinase 
Wee1. Loss-of-function weeES1 mutant sper-
matocytes had normal Hts-labeled fusomes 
(Supplemental Figure S6A), and bam-driven 
UAS-Wee1 expression in a myt1/+ control 
background also resulted in normal meiotic 
fusomes (Supplemental Figure S6B). More-
over, expression of UAS-Wee1 did not res-
cue the myt1 mutant fusome defects (Sup-
plemental Figure S6B). We quantified these 
results by examining stage S1–S6 mutant 
cysts expressing UAS-Wee1 and counted 
0% cysts with intact fusomes, 12% with par-
tial fusomes, and 88% with disrupted fu-
somes (n = 28).

In contrast, we observed that UAS-Wee1 
expression rescued the myt1-mutant centri-
ole engagement and spindle abnormalities 
in spermatocytes immunolabeled with Hts 
and AuroraA-T288p (Supplemental Figure 
S6C) and also restored male fertility (Table 
1). To quantify this effect, we counted stage 
S5–to-prometaphase myt1 mutant sper-
matocytes expressing UAS-Wee1 and ob-
served almost complete rescue (only 5% 
with disengaged centrioles; n = 94). These 
results showing that Wee1 suppressed myt1 
mutant premature centriole disengagement 
and male sterility without rescuing the fu-
some defect led us to conclude that Myt1 

FIGURE 4:  myt1 meiotic spindle defects are due to Polo-mediated premature centriole 
disengagement. (A) Loss of Myt1 activity causes premature centriole disengagement and 
multipolar spindles and can be rescued by transgenic GFP-Myt1. Meiotic spindles were 
immunolabeled for β-tubulin (green) and centrosomin (Cnn, red) and stained for DNA (blue). Cnn 
labels the pericentriolar matrix (PCM), and the antibodies exhibit some nonspecific background 
signals. Scale bar, 8 μm. (B) Loss of Myt1 results in premature centriole disengagement. 
Premeiotic centrosomes were immunolabeled for AuroraA-T288p (red) and DNA (blue). In 
myt1/+ controls, stage S3–S4 spermatocytes exhibit two paired AuroraA-T288p foci per cell 
(arrows), each representing one centrosome. Stage S5–S6 control spermatocytes have 
elongated, V-shaped centrosomes, each representing a pair of orthogonally engaged centrioles 
(inset). During anaphase I, the centrioles disengage (asterisks), so that by completion of meiosis 
II, each daughter cell has one centriole. In the myt1-mutant stage S3–S4 spermatocytes, we 
often observed more than two AuroraA-T288p–labeled foci (asterisks), resembling the 
disengaged centrioles in anaphase–telophase I controls. In stages S5–S6 myt1 mutant 
spermatocytes, four distinct AuroraA-T288p foci were usually seen (arrows) instead of two 
V-shaped centrosomes. These prematurely disengaged centrioles appeared to be randomly 
distributed in anaphase I myt1 mutants, resulting in postmeiotic cells with variable numbers of 
centrioles. Scale bar, 10 μm. (C) Quantification of myt1 mutant centrosome defect at different 
stages of spermatocyte maturation. Graph indicates percentage of spermatocytes with two or 
four γ-tubulin–labeled foci at early (S1–S2), mid (S3–S4), and late (S5–S6) stages of maturation. 
At stages S1–S2, both myt1/+ controls and myt1 mutants exhibit two labeled foci per cell. By 
stages S3–S4, 70.2% (191) of myt1 mutants had more than two foci (see B, inset, asterisks). By 
stages S5–S6, 92.2% (192) of the myt1 mutant spermatocytes exhibit four elongated foci per 
cell. (D) Depletion of Polo kinase by bam-Gal4>polosiRNA in a myt1/+ control blocked centriole 
disengagement in 82% (248) of mature spermatocytes (stage S5–prometaphase I), resulting in 
elongated, V-shaped centrosomes. When bam-Gal4>polosiRNA was expressed in a myt1 
background, we observed elongated, V-shaped centrosomes in 71% (157) of mature 

spermatocytes examined, showing that 
Polo depletion phenotypically rescued the 
premature centriole disengagement defect. 
Scale bar, 10 μm. Bottom left, model 
depicting the relationship between Myt1 
and a Polo-mediated centriole 
disengagement mechanism.
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Tsou and Stearns, 2006). These results show that Cdk1(Y15F) ex-
pression recapitulating key features of the myt1 mutant phenotype 
is consistent with Myt1 inhibitory phosphorylation of Cdk1 being 
essential during premeiotic G2-phase arrest.

inhibition of Cdk1 is necessary for regulating centrosome behavior 
during premeiotic G2 phase.

Expression of Cdk1(Y15F) phenocopies myt1-mutant 
organelle defects
Wee1 and Myt1 can both catalyze inhibitory phosphorylation of 
Cdk1 on residue Y15, but only Myt1 phosphorylates Cdk1 on resi-
due T14 (Jin et al., 2008). As another method for testing how inhibi-
tory phosphorylation of Cdk1 affected male meiosis, we expressed 
a transgenic mutant Cdk1(Y15F) that cannot be phosphorylated on 
Y15. Previous studies with Gal4-inducible Cdk1(Y15F):VFP showed 
that the expressed protein could form complexes with mitotic cy-
clins A and B, triggering Cdk1 activation to drive the G2/M transi-
tion (Ayeni et al., 2014). We therefore constructed transgenic strains 
to express Cdk1(WT) and Cdk1(Y15F) reporters under control of the 
tv3 spermatocyte-specific β2-tubulin promoter, as described in 
Materials and Methods. Western blotting experiments showed that 
spermatocyte expression of Cdk1(Y15F) resulted in substantially re-
duced inhibitory phosphorylation of endogenous Cdk1, demon-
strating that the transgene activated Cdk1 as predicted (Supple-
mental Figure S7).

Examination of tv3-Cdk1(WT) fluorescence in live cells showed 
that the protein was enriched on fusomes in both spermatocytes 
(Figure 5A) and spermatogonia (unpublished data). This observa-
tion suggested that transgenic Cdk1 was able to form a complex 
with fusome-localized Cyclin A (Lilly et al., 2000; Mathieu et al., 
2013) This fusome localization of Cdk1(WT)-GFP disappeared 
when the transgene was expressed in myt1 mutant spermato-
cytes, as did endogenous Cyclin A detected by immunolabeling 
(Supplemental Figure S8). When tv3-driven Cdk1(Y15F) was ex-
pressed in otherwise wild-type spermatocytes, we observed obvi-
ous fusome defects in stage S5–S6 spermatocytes (Figure 5B). 
This phenotype was less extreme than the fusome defect of myt1 
mutant spermatocytes (compare Figures 2A and 5B), possibly due 
to limitations in endogenous cyclins needed for complexes with 
Cdk1(Y15F).

Endogenous Cdk1 moves into the nucleus at the G2/M transi-
tion, exhibiting dynamics linked with M-phase progression (Gonczy 
et al., 1994; Gavet and Pines, 2010). At the stage when fusomes 
normally disassemble at the late prometaphase I (red, Figure 5A, 
arrow) we observed Cdk1(WT) in the nucleus (green, arrowhead, 
Figure 5A), demonstrating that our reporter recapitulates normal 
Cdk1 dynamics. The Cdk1(Y15F) reporter also translocated into the 
nucleus at prometaphase I (Figure 5B, arrowhead), apparently unaf-
fected by fusome defects caused by expression of this transgene.

Next we examined how centrosomes and meiotic spindles 
were affected by expression of Cdk1(WT) and Cdk1(Y15F) by im-
munolabeling spermatocytes with antibodies against β−tubulin 
and AurA-T288p. Spermatocytes expressing Cdk1(WT) had nor-
mal bipolar meiotic spindles with engaged centrioles (Figure 5C). 
In contrast, Cdk1(Y15F) expression resulted in spermatocytes with 
multipolar meiotic spindles (Figure 5C) and partial male sterility 
(Table 1). Unlike myt1 mutants, Cdk1(Y15F)-expressing spermato-
cytes often had more than four AurA-T288p–labeled foci, suggest-
ing that this transgene might also induce centriole rereplication, 
which normally occurs during S phase. Western blotting data 
shown in Supplemental Figure S7 also indicate that inhibitory 
phosphorylation of endogenous Cdk1 was more affected by ex-
pression of Cdk1(Y15F) than by loss of Myt1 activity. These bio-
chemical differences in the regulation of endogenous Cdk1 activ-
ity may explain how Cdk1(Y15F) expression could affect centriole 
replication (Bettencourt-Dias et al., 2005; Habedanck et al., 2005; 

FIGURE 5:  Cdk1(WT)-GFP localizes to fusomes, and Cdk1(Y15F) 
induces myt1 mutant phenotypes. (A) Fixed stage S5–S6 
spermatocytes expressing tv3:Cdk1(WT)-GFP were colabeled for Hts 
(fusomes, red) and DNA. Note that early 16-cell spermatocytes 
(asterisks) showed no detectable GFP signal. The Cdk1(WT)-GFP 
signal (green) is primarily cytoplasmic and enriched at fusomes. 
During prometaphase of meiosis I, Cdk1(WT)-GFP translocates into 
the nucleus (arrowhead), and the fusomes appeared disassembled 
(arrow). (B) Expression of tv3:Cdk1(Y15F)-GFP appears to trigger 
fusome disassembly in stages S5–S6 spermatocytes. Note that 
early-stage spermatocytes (asterisks), where Cdk1(Y15F)-GFP is not 
expressed, have normal fusomes. Although premeiotic fusome 
structure is disrupted, nuclear translocation of Cdk1(Y15F)-GFP can 
be detected in prometaphase I (arrowhead). Scale bar, 16 μm 
(C) Meiosis I spermatocytes immunolabeled for β-tubulin (green), 
AuroraA-T288p (red), and DNA (blue). When Cdk1(WT)-GFP was 
expressed, we observed bipolar spindles; however, Cdk1(Y15F)-GFP 
expression resulted in cells with multipolar meiotic spindles and 
abnormal numbers of AuroraA-T288p foci. Note that the methanol 
fixation conditions (see Materials and Methods) used to detect 
microtubules in these experiments quenched the fluorescence signals 
of the transgenic GFP-tagged Cdk1. Scale bar, 10 μm.
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we examined spermatocytes expressing CycAsiRNA in a myt1 mutant 
background, we observed that the myt1 fusome defect was sup-
pressed (compare Figure 2, A and C, with Figure 6B). To quantify 
this effect, we counted cysts with intact fusomes at stages S1–S6. In 
spermatocytes expressing bam-driven CycAsiRNA in a myt1 back-
ground, 75% of the cysts analyzed had intact fusomes, 21% were 
partially intact, and 4% were disrupted (n = 57), indicating that de-
pletion of Cyclin A rescued the myt1 mutant fusome defect. bam-
driven CycAsiRNA expression also rescued the multipolar meiotic 
spindle defect of the myt1 mutants (Figure 6C). To quantify this res-
cue, we counted disengaged centrioles in stage S5–to–prometa-
phase I spermatocytes and observed that only 13% of myt1 mutant 
cells analyzed (n = 186) showed premature centriole disengagement 
when Cyclin A was depleted (vs. 92% without rescue; Figure 4C). 
These results indicate that myt1 centriole defects were due to mis-
regulation of Cyclin A/Cdk1 activity.

Although the controls for bam-driven CycAsiRNA showed no effect 
on the phenotype during premeiotic G2 phase or early stages of 
meiosis I, these spermatocytes only progressed as far as meta-
phase–anaphase I before differentiating into 16-cell onion-stage 
spermatids (Supplemental Figure S9B). Cyclin A is therefore re-
quired for progression through meiosis I. In contrast, parallel experi-
ments to examine the effect of Cyclin B depletion by expression of 
CycBsiRNA with bam-Gal4 (Supplemental Figure S10A) or topi-Gal4 
(unpublished data) showed no detectable effects on the phenotype, 
and Cyclin B levels appeared similar on Western blots comparing 
control and myt1 mutants expressing CycBsiRNA (Supplemental 
Figure S10B). Because endogenous Cyclin B is normally expressed 
very late in G2 phase, we conclude from these results that there was 
likely insufficient time for RNAi to have any effect.

We also manipulated expression of Roughex (Rux), a Cyclin A–
specific Cdk inhibitor (Thomas et al., 1994; Foley et al., 1999) that 
physically interacts with Cyclin A/Cdk1 during male meiosis (Gonczy 
et al., 1994). Examination of rux8 mutants and spermatocytes ec-
topically expressing Rux with bam-Gal4 as controls showed normal 
Hts-labeled fusomes (Supplemental Figure S11), which we quanti-
fied by counting cysts with intact fusomes. Expression of bam-driven 
Rux in a myt1/+ control background had no effect, with 100% cysts 
with normal fusomes (24 cysts). When Rux was expressed in a myt1 
mutant, we observed a partial rescue of the fusome defect (Figure 
6B; 12% of cysts with normal, 82% with partial, and 6% with abnor-
mal fusomes; n = 50 cysts). bam-driven Rux expression also almost 
completely rescued myt1-mutant premature centriole disengage-
ment, as quantified in stage S5–to–prometaphase I spermatocytes 
(only 4% disengaged; n = 129). The bam-driven Rux expression also 
rescued myt1-mutant meiotic spindle defects (Figure 6C) and par-
tially suppressed male sterility (Table 1). We therefore concluded 
from all of these results that Myt1 inhibition of Cyclin A/Cdk1 is es-
sential for both fusome integrity and normal centrosome behavior 
during Drosophila male meiosis.

DISCUSSION
Prolonged cell cycle arrest in premeiotic G2 phase is a characteristic 
feature of meiosis. In this study of Drosophila male meiosis, we in-
vestigated functions of the Cdk1 inhibitory kinase Myt1 that are es-
sential for male fertility. We discovered that loss of Myt1 activity 
caused disruption of intercellular bridges (fusomes) and premature 
centriole disengagement during premeiotic G2 phase, resulting in 
myt1 spermatocytes entering meiosis I with multipolar meiotic spin-
dles. Myt1 protects fusome integrity and promotes normal centro-
some behavior by a novel mechanism involving regulation of Cyclin 
A/Cdk1.

Myt1 regulation of Cyclin A/Cdk1 prevents premeiotic 
cytoplasmic organelle defects
Because Cyclin A is expressed throughout premeiotic G2 phase 
(Lilly et al., 2000), the essential meiotic function of Myt1 might be to 
regulate Cyclin A/Cdk1. To test this idea, we examined whether 
depletion of endogenous Cyclin A by RNAi would suppress defects 
associated with loss of Myt1 activity. As a control for this experiment, 
we examined the effects of bam-driven CycAsiRNA by Western blot-
ting testes extracts and probing for Cyclin A (Lehner and O’Farrell, 
1990). We detected two bands: a 56-kDa protein, which was mark-
edly reduced in the CycAsiRNA sample, and a 70-kDa protein, which 
was not affected (Supplemental Figure S9A). Cyclin A correspond-
ing to the expected 56-kDa band was therefore effectively depleted 
under the conditions of our experiment. Fusome localization of en-
dogenous Cyclin A was not detectable by immunolabeling in these 
bam-driven CycAsiRNA spermatocytes, unlike the myt1/+ controls 
(Figure 6A), confirming that Cyclin A was effectively depleted. When 

FIGURE 6:  Down-regulation of CyclinA/Cdk1 activity suppresses 
myt1 mutant premeiotic organelle defects. (A) Control spermatocytes 
immunolabeled for Cyclin A (green) and DNA (blue) showing diffuse 
cytoplasmic labeling and fusome-localized signal. RNAi by bam-Gal4 > 
CycAsiRNA did not affect Cyclin A fusome enrichment in spermatogonia 
(circled) or diffuse cytoplasmic labeling, but fusome localization in the 
spermatocytes was undetectable. (B) myt1 mutant spermatocytes 
labeled for Hts (green) and DNA (blue). Depletion of Cyclin A by 
bam-Gal4 > CycAsiRNA restored Hts-labeled fusomes in myt1 mutants 
(75%; 57 cysts). Expression of UASp-Rux in myt1 mutants resulted in a 
partial restoration (82%; 50 cysts) of fusomes. (C) Meiosis I meiotic 
spindles immunolabeled for β-tubulin (green), AuroraA-T288p (red), 
and DNA (blue), showing that bam > CycAsiRNA (87%, n = 186) or 
bam>UASp-Rux (96%, n = 129) expression could rescue the myt1-
mutant spindle defect. Scale bar, 10 μm.
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Loss of Myt1 causes premature Polo-mediated meiotic 
centriole disengagement
Phenotypic analysis of myt1 mutants also revealed that Myt1 activity 
prevents premature centriole disengagement during premeiotic 
G2-phase arrest. Spermatocytes lacking Myt1 activity therefore initi-
ated meiotic cell divisions with multipolar spindles, a defect ex-
pected to cause aneuploidy and contribute to male sterility. This 
defect was suppressed by spermatocyte-specific depletion of the 
mitotic Polo kinase, which regulates centrosome dynamics, includ-
ing centriole disengagement during spermatogenesis (Herrmann 
et al., 1998; Riparbelli et al., 2014), in addition to SAK (Plk4) regulat-
ing centriole replication (Stevens et  al., 2010; Dzhindzhev et  al., 
2014).

In mammalian cells, Polo-related (Plk1) kinases regulate centriole 
disengagement by several mechanisms involving anaphase-pro-
moting complex/cyclosome–mediated degradation of Sas6 (Strnad 
et al., 2007; Zitouni et al., 2014), securin (Tsou et al., 2009; Hatano 
and Sluder, 2012; Lee and Rhee, 2012), cohesin (Schöckel et  al., 
2011; Oliveira and Nasmyth, 2013), and the linker protein Cep68 
(Pagan et  al., 2015). Large, genetically tractable Drosophila sper-
matocytes therefore offer an attractive new experimental platform 
for investigating how Polo-mediated centriole disengagement 
mechanisms are influenced by Myt1 regulation of Cyclin A/Cdk1.

Regulation of Cyclin A/Cdk1 during Drosophila male meiosis
Cyclin A is the only essential mitotic cyclin in Drosophila (Jacobs 
et al., 1998). It has been difficult to assign specific functions to Cy-
clin A because of its partial redundancy with Cyclins B and B3 dur-
ing development (Reber et  al., 2006; McCleland and O’Farrell, 
2008; Yuan et al., 2012b). Here we found that spermatocytes de-
pleted for Cyclin A arrest in metaphase of meiosis I with condensed 

chromatin and mature, separated centro-
somes, demonstrating that Cyclin A is spe-
cifically required during male meiosis I. 
Similar phenotypes were described for tem-
perature-sensitive Cdk1 mutants (Sigrist 
et al., 1995) and Cdc25twe mutants lacking 
the meiotic phosphatase that removes in-
hibitory phosphates from Cyclin B/Cdk1 
(Alphey et al., 1992; Courtot et al., 1992), 
indicating that meiotic Cyclin A/Cdk1 acti-
vation also depends on Cdc25twe.

Cyclin A localizes to fusomes during 
male germline development (Lilly et  al., 
2000). This behavior is required for a spindle 
orientation checkpoint operating during 
germline mitotic stem cell divisions (Yuan 
et  al., 2012a); however, the functional sig-
nificance of Cyclin A fusome localization 
during meiosis was unclear. We propose the 
following model to explain how Myt1 regu-
lation of Cyclin A/Cdk1 is used to coordi-
nate male meiosis (Figure 7). During premei-
otic G2 phase, Cyclin A is synthesized and 
sequestered in fusomes as a phosphoinhib-
ited Cyclin A/Cdk1 complex (Figure 7A). In 
late G2 phase, developmentally regulated 
synthesis of Cyclin B and Cdc25twe produces 
active Cyclin B/Cdk1, triggering inhibition 
of Myt1 and fusome disassembly to release 
the sequestered Cyclin A/Cdk1 (Figure 7B). 
Myt1-mediated inhibitory phosphorylation 

Myt1 is required for integrity of ER-derived 
intercellular bridges
Previous studies reported that Myt1 inhibitory phosphorylation of 
Cyclin B/Cdk1 regulates an “organelle-based checkpoint” mecha-
nism in mammalian cells to prevent Golgi ribbon fragmentation dur-
ing G2 phase and delay the G2/M transition (Sütterlin et al., 2002; 
Colanzi et  al., 2007; Feinstein and Linstedt, 2007; Rabouille and 
Kondylis, 2007; Villeneuve et al., 2013; Valente and Colanzi, 2015). 
The Golgi apparatus is organized as independent stacks in 
Drosophila spermatocytes, and these were not affected by loss of 
Myt1 activity. Instead, we observed that disruption of endomem-
brane intercellular bridges called fusomes was the earliest meiotic 
defect observed in G2 phase–arrested premeiotic myt1 mutant 
spermatocytes, several days before these cells actually divide. Fu-
somes are endomembrane-derived stable intercellular bridges con-
necting germline cells that undergo developmental remodeling at 
the mitotic–meiotic transition precisely when loss of Myt1 first no-
ticeably affects the phenotype (Hime et al., 1996; Lighthouse et al., 
2008; Eikenes et  al., 2013). We therefore identified a new Myt1 
mechanism required for normal behavior of a germline-specific 
endomembrane organelle during early meiosis of Drosophila 
spermatogenesis.

The fusome defects observed in myt1 mutants can be sup-
pressed by depletion of Cyclin A or ectopic Wee1 and phenocopied 
by a transgenic Cdk1 variant that is refractory to inhibitory phos-
phorylation. These findings all support our conclusion that the es-
sential meiotic function of Myt1 is to inhibit Cyclin A/Cdk1 activity. 
Loss of this novel Myt1 mechanism and disruption of fusome integ-
rity did not result in a premature G2/MI transition, however, so this 
mechanism does not fulfill the classical definition of a cell cycle 
checkpoint (Hartwell and Weinert, 1989).

FIGURE 7:  Two-step regulation of Cdk1 activity during Drosophila male meiosis. The model 
describes a sequential mechanism for regulation of Cdk1 activity during Drosophila male 
meiosis. (A) As spermatocytes grow during premeiotic G2-phase arrest, Cyclin A/Cdk1 
complexes accumulate, but fusomes and centrosomes are protected from premature Cdk1 
activity by Myt1-mediated inhibitory phosphorylation. (B) Cdc25Twe-dependent activation of 
Cyclin A/Cdk1 and newly synthesized Cyclin B/Cdk1 at prometaphase I catalyzes 
phosphorylation of multiple mitotic targets, driving fusome disassembly and Polo-mediated 
centriole disengagement in late meiosis I. This model depicts fusomes functioning as a platform 
for sequestering inhibited Cyclin A/Cdk1 (and other cell cycle regulators) until Cdc25Twe-
dependent Cdk1 activation in mature spermatocytes triggers fusome disassembly at G2/MI. In 
the myt1 mutants, failure to inhibit Cyclin A/Cdk1 results in premature fusome disassembly and 
centriole disengagement, showing that these processes can be uncoupled from other aspects of 
meiotic progression that are regulated by Cdc25Twe-dependent Cdk1 activation.
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Immunocytochemistry
Testes were dissected from 1- to 2-d-old adult males and immedi-
ately transferred into a drop of phosphate-buffered saline (PBS) on a 
coverslip. The tip of the testes was carefully teased apart, and a 
polylysine-coated glass slide was used to gently squash out the 
spermatocytes. Slides were then frozen with liquid nitrogen to re-
move the coverslip and stored in 95% ethanol. Frozen squashes 
were fixed in 4% paraformaldehyde (PFA) at room temperature for 
7–10 min and then permeabilized in a drop of 0.3% Triton X-100 and 
0.3% sodium deoxycholate in PBS for 10 min. After a brief wash with 
a drop of PBT (0.1% Triton X-100 in PBS), the slides were incubated 
in 5% bovine serum albumin (BSA)–PBT blocking buffer for 1 h be-
fore incubation in the appropriate dilution of primary antibodies 
overnight at 4°C. To visualize microtubules and centrosomes, testes 
squashes were prefixed in 100% methanol for 5 min before transfer 
to cold acetone for 1–2 min and then incubated in PBS with 0.5% 
acetic acid and 1% Triton X-100 for 10 min. The slides were then 
briefly washed with PBT and blocked in 5% blocking buffer for 1 h. 
These fixation conditions quenched the fluorescence of the trans-
genic fusion proteins (no GFP in Figures 4A and 5C and Supplemen-
tal Figures S5 and S6, B and C). The following primary antibodies 
and concentrations were used for immunolabeling: mouse anti-
BrdU (clone G3G4; Developmental Studies Hybridoma Bank [DSHB], 
Iowa City, IA; used at 1:20), rabbit anti–Lava lamp (Sisson et  al., 
2000; a gift from O. Papoulas, University of Texas at Austin; used at 
1:100), guinea pig anti-Sa (Chen et al., 2005; a gift from M. T. Fuller, 
Stanford University; 1:500), mouse anti-Hts (Yue et al., 1992; Zaccai 
and Lipshitz, 1996; DSHB clone 1B1; 1:5), mouse anti–α-spectrin 
(Dubreuil et al., 1987; clone 3A9; DSHB; 1:500), rabbit anti-anillin 
(Field and Alberts, 1995; a gift from C. Field, Harvard University; 
1:300), mouse anti–GTU-88 (T6557; Sigma-Aldrich, St. Louis, MO; 
1:100), rabbit anti–Aurora A-T228P (3091; Cell Signaling; 1:500), 
and mouse anti–Cyclin A (Lehner and O’Farrell, 1989; clone A12; 
DSHB; 1:10). After primary antibody labeling overnight, the slides 
were washed and incubated with fluorescent secondary antibodies 
(Alexa 488 or Alexa 568; Molecular Probes, Eugene, OR) at 1:1000 
dilution. DNA was labeled using 8.3 μg/ml Hoechst 33342. Images 
were acquired with a Zeiss Axioplan microscope equipped with a 
Retiga EXi charge-coupled device (CCD) camera, and Z-stack im-
ages were deconvolved and processed using Volocity software.

BrdU pulse-chase assay
One-day-old males were collected and starved for 4–8 h and then 
fed with 10 mM BrdU (Invitrogen) diluted in 10% grape juice for a 
15-min pulse. Flies with pink abdomens were then transferred to 
fresh vials with normal medium and incubated subsequently at 
25°C. At defined intervals after the BrdU pulse, pairs of testes were 
dissected from 10 males and squashed in PBS, snap frozen with 
liquid nitrogen, and stored in 95% ethanol. The slides were then 
fixed in 4% PFA and processed for immunofluorescence as de-
scribed earlier. To detect the incorporated BrdU, the testes squashes 
were treated with 2.2 N HCl for 2 min and 2 M Borax for 10 min, 
followed by a brief wash in PBT. Testes squashes were then blocked 
in PBT and incubated with mouse anti-BrdU antibodies overnight.

Western blot analysis
From 8 to 20 testes (depending on the antibodies used) were dis-
sected in PBS supplemented with 2 mM sodium orthovanadate and 
10 mM sodium fluoride and then stored at −20°C until ready to use. 
The testes were subsequently lysed with SDS–PAGE sample buffer 
and boiled for 7–10 min before being loaded onto polyacrylamide 
gels. Protein extracts were separated on 10% SDS–PAGE gels, 

of Cyclin A/Cdk1 therefore plays a dual role during Drosophila male 
meiosis, preventing both destabilization of fusomes and premature 
activation of Polo-mediated centriole disengagement mechanisms. 
Looked at from this perspective, Myt1 inhibition of Cyclin A/Cdk1 
coordinates cytoplasmic organelle remodeling with meiotic pro-
cesses that are regulated by Cyclin B/Cdk1 activity during the G2/
MI transition.

Studies of oocyte maturation in other experimental systems fo-
cused on how Myt1 inhibition of Cyclin B/Cdk1 restricts positive 
feedback mechanisms that drive “all-or-none” G2/MI transitions 
(Ruiz et al., 2010; Gaffre et al., 2011; Santos et al., 2012). In our 
system, the existence of developmental mechanisms that delay 
Cyclin B synthesis until late premeiotic G2 phase allowed us to dis-
cover that regulation of Cyclin A/Cdk1 activity is crucial for normal 
endomembrane and centrosome dynamics. Cyclin A/Cdk1 activity 
also regulates mitotic ER reorganization during the rapid syncytial 
cycles of early Drosophila embryonic development (Bergman et al., 
2015). Insights gained from studying the role of Myt1 during 
Drosophila male meiosis may therefore be relevant to investigators 
studying cell cycle regulatory mechanisms that are used to coordi-
nate Cyclin A and Cyclin B/Cdk1 activities in other developmental 
contexts.

MATERIALS AND METHODS
Generation of Myt1 transgenic reporter lines
D. melanogaster cDNA encoding dMyt1 was amplified with primers 
dMyt forward, CACCATGGAAAAGCATCATCG, and dMyt reverse, 
TCACTCGTCGTCATATTCCAGGA. Amplified DNA was subcloned 
into a pENTR vector by TOPO cloning (Invitrogen, Carlsbad, CA) 
and moved into destination vectors via Gateway recombineering. 
EGFP-tagged Myt1 was cloned into the UASp vector (Brand and 
Perrimon, 1993) for Gal4-inducible germline expression. We also 
made constructs directly controlled by a testes-specific β2-tubulin 
(tv3) promoter for expression in mid- to late-stage spermatocytes 
(Wong et  al., 2005). Similar procedures were used to subclone 
Cdk1(WT), Cdk1(T14A), Cdk1Y15F), and Cdk1(T14A, Y15F) alleles 
into the β2-tubulin (tv3)-driven, GFP-tagged vector (a gift from J. 
Brill, University of Toronto, Canada) and to construct UASp-
Wee1;VFP (details available on request). Transgenic strains were 
generated by P-element–mediated transformation (BestGene, 
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tech; 1:5000) was used to label EGFP-Myt1 on Western blots. The 
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shown in Table 1. Single 1- to 2-d-old males were each crossed with 
three young yw virgin females and the total number of adult prog-
eny from the first brood counted as a measure of male fertility (Gon-
czy et al., 1994). We used myt1R6/+ heterozygous males as positive 
(fertile) controls.
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