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ABSTRACT
Meiosis is a highly regulated cell division yielding four genetically different
gametes. As in mitosis, meiosis is regulated by Cyclin dependent kinases (Cdks). Cdks
are activated when bound to their cyclin partners. The type of cyclin bound confers the
substrate specificity of the Cdk, but some redundancies exist within cyclin families. In
Drosophila, there are three major mitotic cyclins, cyclin A, B, and B3, whose roles in
mitosis have been extensively studied, but little has been conducted in meiosis. We first
investigated the roles and redundancies of mitotic cyclins in meiosis. We found that
cyclin A is the primary mediator of nuclear envelope breakdown (NEB), although all the
cyclins can compensate. Cyclin A also plays a role in regulating chromosome biorientation. Cyclin B is largely dispensable for meiosis progression, but plays a role in
chromosome cohesion. Finally, cyclin B3 is important for anaphase progression. When
pairwise knockdowns were performed, cyclin A and B3 showed largely overlapping
functions. This was contrary to what was observed in mitosis where cyclin B and B3
shared redundant function. These results indicate that the mitotic cyclins have more
distinct roles in meiosis than in mitosis. We then focused on the role of cyclin B3 in
anaphase where we found that cyclin B3 promotes APC/CCort and APC/CFzy, to target
cyclin B for degradation. Furthermore, we found that the APC/C can recognize a novel
motif present in the N-terminus of cyclin B. We also showed that cyclin B3 may function
in regulating microtubule dynamics, which appear to be APC/C dependent. These results
provide insight into APC/C and anaphase regulation and meiosis progression in
Drosophila.
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CHAPTER 1
GENERAL INTRODUCTION

1

Meiosis
Meiosis is a specialized cell division that results in 4 genetically distinct haploid
cells, resulting from two nuclear divisions without an intervening DNA replication.
Meiosis provides a mechanism that allows for reproduction without duplicating the
genetic content with each successive generation. Furthermore, meiosis allows for
recombination between maternal and paternal genetics increasing the genetic variability
in individuals. With such an important process regulating reproduction in many systems,
the regulation of meiosis is not very well understood.
The canonical cell division process mitosis is better characterized than meiosis.
Mitosis resembles the second meiotic division, but differs from the first. Although
mitosis and meiosis utilize similar cell cycle machinery, many of these components
undergo differential regulation. In addition, meiosis utilizes meiosis specific components
that add a layer of complexity to meiotic cell division regulation.
This thesis examines the roles and redundancies of the mitotic cyclins in meiosis,
using the genetic system Drosophila melanogaster. The major regulators of meiosis and
mitosis are the cyclin dependent kinases and their cyclin partners (discussed below)
(Minshull et al., 1990). We use knockdown and mutant analysis, coupled with
overexpression studies, to elucidate the roles and redundancies of the Drosophila mitotic
cyclins in female meiosis. We use Drosophila genetic nomenclature throughout the thesis
for genes discovered in Drosophila. Genes discovered in other organisms utilize their
nomenclature, however when referring to gene symbols, the first letter is capitalized. In
Drosophila, wild type genes are capitalized and italicized, while mutant genes are
lowercase, while proteins are capitalized and not italicized.

2

Cell cycle
The cell cycle is comprised of 4 phases: G1 phase, S phase in which DNA
replication occurs, G2 gap phase, and M phase. G1, S, and G2 phases comprise
interphase, whereas M phase includes karyokinesis and cytokinesis. The cell cycle is
regulated by the serine/threonine kinases, Cyclin dependent kinases (Cdks) and their
cyclin partners. Cyclins bind to their Cdk partners, activating them, and this allows
progression through the cell cycle. Different cyclins can bind to a single Cdk, enabling
different substrate specificity of the Cdk, and thus coordinated progress through the cell
cycle (Minshull et al., 1990).

Cdk1
Cyclin dependent kinase 1 (Cdk1) is the principal Cdk involved in M phase. Cdk1
is a 34 kDa serine/threonine kinase first identified in a genetic screen in yeast to identify
genes involved in cell cycle progression, and later shown to be conserved in all
eukaryotes (Hartwell et al., 1970; Lee and Nurse, 1987). Cdk1 consists of two lobes, an
N-terminal lobe and a C-terminal lobe. The active site of the enzyme is located between
the two lobes. The N-terminal lobe contains the PSTAIR helix (Jeffrey et al., 1995), an
alpha-helix that interacts with the cyclin partner. The C-terminal lobe includes the Tloop, which blocks the active site. Three events must occur for full Cdk1 activation: the
first is binding to the cyclin partner, which causes a conformational change that exposes
the active site. Second, dephosphorylation of two inhibitory sites Thr14 and Tyr15 within
the active site by the phosphatase Cell division cycle 25 (Cdc25) (De Bondt et al., 1993).
Wee1 and Myt1 antagonize the activity of Cdk1 by phosphorylating Thr14 and Tyr15

3

residues on Cdk1, inhibiting the enzyme. This inhibition blocks binding of ATP to the
active site. Finally, phosphorylation by the Cdk activating kinase (CAK) also known as
cyclin H/Cdk7, on the T-loop allows it to swing forward, fully exposing the active site,
and stabilizing the cyclin-Cdk interaction (De Vivo et al., 2006; Fisher and Morgan,
1994; Holmes and Solomon, 1996; Merrick et al., 2008). With the cyclin-Cdk complex
fully active, the cyclin directs the Cdk to substrates conferred by the cyclin bound
(Minshull et al., 1990), leading to phosphorylation of the substrate at Serine/Threonine
residues within the consensus sequence [S/T]Px[K/R] (Holmes and Solomon, 1996).

Cyclins
Cyclins were first discovered in sea urchin eggs, on the basis of their oscillating
expression following egg activation (Evans et al., 1983). Cyclin structure is quite similar
between different cyclin families, as they have a variable N-terminal region, but a more
conserved C-terminal region containing a 100 amino acid region called the cyclin box.
The cyclin box consists of a region containing five α-helices that is important in the
interaction with their Cdk partner through the MRAIL motif within the cyclin box.
Cyclins can be separated into families, with A and B type cyclins interacting with Cdk1,
and facilitating mitotic entry and progression. A and B type cyclins are distinguished by
the sequence identity in their cyclin box (Jeffrey et al., 1995; Nugent et al., 1991). A-type
cyclins in mammals can bind to both Cdk1 and Cdk2, while B type cyclins can only bind
with Cdk1. When cyclins have performed their function, they are targeted for degradation
by the E3 ubiquitin ligase, Anaphase Promoting Complex/Cyclosome (APC/C) (Glotzer
et al., 1991).

4

APC/C in mitosis
The APC/C is a multi protein complex E3 ubiquitin ligase that can recognize
different substrates and catalyze the addition of poly ubiquitin chains to target proteins,
marking them for degradation. Ubiquitination requires three steps: 1) activation of
ubiquitin by the E1 enzyme, 2) transfer of the activated ubiquitin from the E1 activating
enzyme to the E2 enzyme, 3) and finally, ligation of the ubiquitin to the target protein by
the E3 ligase (Pesin and Orr-Weaver, 2008).
The APC/C is a large complex of 13 different subunits that make up the catalytic
core as well as structural components that support its mega-dalton structure. The
structural core is made up of APC1, APC4, APC5, Cdc23, Cdc16, Cdc27 and APC7
(Figure 1). APC1, APC4 and APC5 contain TPR domains that allow them to form
homodimers (Zhang et al., 2013) (Figure 1). Cdc23, Cdc16, Cdc27 and APC7 make up
what is called the Arc lamp (Tang et al., 2001) (Figure 1).
The catalytic core of the APC/C is made up of APC2, APC11, APC10 and an
activator component Cdc20 or Cdc20 homologue 1 (Cdh1). In Drosophila, the Cdc20
homologue is Fizzy (Fzy) and the Cdh1 homologue is Fizzy-related (Fzr) (Tang et al.,
2001). APC10 and Cdc20/Cdh1 facilitate substrate recognition mechanisms of the
APC/C, whereas APC2 allows for binding of the E2 conjugating enzyme that binds with
the APC/C and transfers ubiquitin to the substrate bound to the APC/C. The APC/C then
facilitates the enzymatic ligation of the ubiquitin chain to the substrate (Carroll and
Morgan, 2002; Gmachl et al., 2000; Izawa and Pines, 2011).
The APC/C activators Cdc20 and Cdh1 contain a Tryptophan-Asparagine (TrpAsn) repeat containing WD40 domain that is important for substrate recognition. This
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Figure 1: Schematic of the APC/C. Schematic depicting the different APC/C
components. Components in green depict the catalytic core of the APC/C whereas the
components in blue depict the structural components.
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domain binds to a conserved degradation motif on target proteins. Cdc20 can recognize
the Destruction box (D-Box), which has the consensus sequence RXXLXXXXN. Cdh1
recognizes the D-Box but also another motif called the KEN box (Pesin and Orr-Weaver,
2008). In addition to these motifs, Cdh1 can recognize other less common degradation
motifs: the O-Box, A-Box and G-Box. The O-Box is a modified D-Box and is found on
ORC1, containing the sequence AXXLXXXN (Araki et al., 2005). The G-Box, a
modified KEN box, found on the Xenopus protein Xkid with a sequence (GXEN) and the
A-Box, with a sequence of FXLXYE, is found on Aurora A kinase (Mocciaro and Rape,
2012; Pines, 2011).
The active APC/C targets Securin and the cyclins to mediate anaphase onset.
APC/C-mediated recognition of Securin is essential for the release of Separase, which
cleaves cohesins and allows sister chromatids to separate, thereby facilitating early
anaphase progression. For complete anaphase progression, cyclin B is targeted for
degradation enabling spindle elongation and completion of anaphase (Pesin and OrrWeaver, 2008).

Regulation of the APC/C by phosphorylation
The APC/C can also be regulated through phosphorylation. The phosphorylation
of APC/C regulates Cdc20 binding, and phosphorylation of Cdh1 directly inhibits its
association with the APC/C (Keck et al., 2007; Kramer et al., 2000; Shteinberg et al.,
1999; Zachariae et al., 1996). The yeast and human APC/Cs are also activated by
combined phosphorylation on multiple subunits (Cdc23, Cdc16, APC7 and Cdc27) by
Polo like kinase 1 (Plk1) and cyclin-Cdk complexes (Kraft et al., 2003; Rudner and
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Murray, 2000). Recently, studies examined the phosphorylation of APC/C components in
vitro to determine the mechanism of APC/C phosphorylation on APC/CCdc20 activity
(Qiao et al., 2016; Zhang et al., 2016). These studies identified approximately 100 mitotic
phosphorylation sites on the APC/C. Some of these sites do not play a significant role in
APC/C activity, but some are required for APC/CCdc20 activity. Phosphorylation of APC1
is sufficient, and required, to promote APC/CCdc20 activity. Phosphorylation of the APC1
on the N-terminus causes an inhibitory loop to swing forward, allowing proper Cdc20
docking with the APC/C (Zhang et al., 2016).
Cdc27 plays an important role in this mechanism, acting as a binding site for
cyclin-Cdk1 to phosphorylate APC1(Zhang et al., 2016). Cyclin-Cdk1 with its small
interacting protein Cyclin dependent kinase interacting subunit (Cks) binds to
phosphorylated Cdc27 (Patra and Dunphy, 1998). Cks contains an anion-binding pocket
that is able to associate with previously phosphorylated sites, and once docked, is able to
aid in further phosphorylation by the cyclin-Cdk1 substrates (Bourne et al., 1996).
Cdc27 phosphorylation is also important in APC/C activity, but more specifically
in localization of the APC/C (Topper et al., 2002). The dephosphorylated form of Cdc27
is important for localization of the APC/C on chromosomal arms (Topper et al., 2002). In
Drosophila, phosphorylation status of Cdc27 also plays a role in chromosomal
localization, although in this case phosphorylation of Cdc27 promotes its chromosomal
localization, facilitating the chromosomal mediated degradation of cyclin B (Huang et al.,
2007).

8

Spindle assembly checkpoint regulation of the APC/C
The Spindle assembly checkpoint (SAC) is a complex of proteins necessary for
regulating the APC/C at the metaphase-anaphase transition to ensure proper kinetochorespindle attachment for faithful sister chromatid segregation. Unoccupied kinetochores
signal SAC activity, inhibiting the APC/C to prevent anaphase onset (Biggins and
Murray, 2001; Cimini et al., 2006). When the proper kinetochore-spindle attachment are
made, the SAC is turned off, and the APC/C can be activated (Sacristan and Kops, 2015;
Xu et al., 2013). Activation of the APC/C promotes Securin and cyclin B degradation,
leading to anaphase A and B (Musacchio and Salmon, 2007).
The SAC is composed of multiple proteins, Mitotic arrest deficient 1 (Mad1),
Mad2, Mad3, Bub1 related kinase 1 (BubR1), and Budding uninhibited by
benzimidazole-1 (Bub1). These genes were discovered in yeast in multiple genetic
screens looking for genes that could rescue mitosis arrest in the presence of microtubule
poison drugs nocodazole and taxol (Hoyt et al., 1991; Li and Murray, 1991). The SAC
core proteins are made up of Mad2, Mad3, BubR1, Bub3 and Cdc20. If the SAC is active
due to mono-polar kinetochore-microtubule attachment, or completely unoccupied
kinetochores, Cdc20 remains sequestered by the SAC, and the APC/C is inactive (Rieder
et al., 1995). Once all proper kinetochore-microtubule attachments are made, the SAC is
switched off, by dissociating from the kinetochore, releasing Cdc20 to activate the
APC/C and initiate anaphase.

9

Cyclin A in vertebrate mitosis
Cyclins in vertebrates will be discussed here and in subsequent sections, while
cyclins in Drosophila will be discussed later. Mammals have two cyclin A genes, cyclin
A1 and A2, with cyclin A2 being more important for cell cycle progression and cyclin A2
mutants are embryonic lethal (Murphy et al., 1997). Cyclin A1 is dispensable for
viability, but plays an important role in male meiosis in mice (Sweeney et al., 1996).
Cyclin A2 (hereafter referred to as cyclin A) is primarily known as an S-phase cyclin
with its Cdk partner Cdk2 (Pagano et al., 1992), but plays an important role in the G2/M
transition (Fung et al., 2007; Furuno et al., 1999). Cyclin A is nuclear in interphase (Pines
and Hunter, 1994), where it phosphorylates and inhibits the activation of the Cdk
inactivating kinase Wee1 (Deibler and Kirschner, 2010). As cyclin B gets shuttled into
the nucleus (discussed below), the lack of Wee1 activity allows cyclin B-Cdk1 activity to
increase.
The primary role cyclin A plays in mitosis is through the activation of cyclin BCdk1 indirectly, through the inhibition of Wee1. Cyclin A also plays a partial redundant
role in nuclear envelope breakdown (NEB) with cyclin B (Deibler and Kirschner, 2010;
Gong et al., 2007), as well as a role in kinetochore-microtubule attachment and spindle
dynamics, regulating spindle microtubule flexibility (Gong et al., 2007; Kabeche and
Compton, 2013).
Cyclin A is targeted for degradation by the APC/CCdc20 shortly after NEB, before
cyclin B degradation begins (den Elzen and Pines, 2001). The degradation of cyclin A in
humans is much more complex than in Xenopus. In Xenopus, cyclin A degradation is
dependent on the N-terminal D-Box (Lorca et al., 1992; Stewart et al., 1994). Generation
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of non-degradable cyclin A is done through mutation of the D-Box (Lorca et al., 1992;
Stewart et al., 1994). In human cells, cyclin A destruction does not depend on the
destruction box, but instead on a region near the D-Box spanning residues 47-83 (Geley
et al., 2001), and expression of non-degradable cyclin A arrests cells in anaphase with
sister chromatids separated (Geley et al., 2001). The mechanism behind this arrest is
thought to be through disruption of the SAC, allowing for cyclin B degradation and
anaphase onset (den Elzen and Pines, 2001).
As stated above, cyclin A is targeted for degradation before cyclin B in
prometaphase, at which point the SAC is still activated. This means that, cyclin A is able
to be targeted for degradation in the presence of activated SAC, whereas cyclin B is not
(den Elzen and Pines, 2001; Geley et al., 2001; Wolthuis et al., 2008). The key to this
mechanism appears to be Cks. Cks brings cyclin A to the APC/C for degradation (Swan
et al., 2005; Wolthuis et al., 2008). To bypass the SAC-mediated inhibition of the APC/C,
cyclin A-Cdk2-Cks is able to outcompete the SAC for binding to Cdc20 through the
ABBA motif (Di Fiore et al., 2015), where Cdk is necessary for this interaction by
binding to phosphorylated APC/C .
APC/C function also requires different APC/C components depending on SAC
activity. Only APC8 is required when the SAC is active, whereas both Cdc27 and APC8
are required after the SAC is turned off (Izawa and Pines, 2011). Furthermore, APC10 is
only important for Securin and cyclin B degradation, and is dispensable for cyclin A
degradation (Izawa and Pines, 2011). There is similar APC/C component specificity in
Drosophila, as there are distinct APC/C complexes (Huang and Raff, 2002). Cdc27
associated APC/C localizes to chromosomes whereas Cdc16-associated APC/C does not.
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Furthermore, knockdown of APC16 or Cdc27 results in different phenotypic arrests.
Knockdown of APC16 results in a metaphase arrest, whereas knockdown of Cdc27
results in an abnormal anaphase like phenotype (Huang and Raff, 2002). Mutant analysis
revealed that loss of Cdc27 results in a metaphase-like arrest with elevated levels of
cyclin A and cyclin B degradation, and separated sister chromatids (Deák et al., 2003).

Cyclin B in vertebrate mitosis
Cyclin B-Cdk1 was originally identified in Xenopus and referred to as maturation
promoting factor (MPF) for its ability to promote oocyte maturation when injected into
prophase I arrested eggs (Masui and Markert, 1971). After the discovery of cyclins, it
was discovered that MPF consisted of cyclin B-Cdk1 acting as a complex (Evans et al.,
1983; Maller et al., 1989). Later work would elucidate the mechanism of cyclin B-Cdk1
in mitotic entry.
In mammals, there are two cyclin B genes, cyclin B1 and B2, with cyclin B1 as the
primary mediator of mitosis. Cyclin B1 (hereafter referred to as cyclin B) is primarily
cytoplasmic due to increased nuclear export relative to nuclear import (Porter and
Donoghue, 2003). During the G2/M transition, as cyclin B enters the nucleus, cyclin ACdk1 activity inhibits Wee1 allowing for cyclin B-Cdk1 activity. Active cyclin B-Cdk1 is
exported out of the nucleus and can activate the Cdk1 activating phosphatase Cdc25. This
creates a positive feedback loop in which active cyclin B-Cdk1 can induce more
activation of cyclin B-Cdk1 until the switch like mechanism induces mitotic entry
(Brown et al., 2015; Fung et al., 2007; Margalit et al., 2005; Pagano et al., 1992).
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The specific mechanism of nuclear localization of cyclin B remains unclear.
Studies have suggested that cyclin B is regulated through a cytoplasmic retention signal
(CRS) and phosphorylation of the CRS by Plk1 increases nuclear accumulation of cyclin
B by inhibiting nuclear export (Jackman et al., 2003; Pines and Hunter, 1994). Plk1 is
also able to activate Cdc25, causing it to localize to the nucleus, and thus promote more
activation of cyclinB-Cdk1 (Boutros et al., 2007; Toyoshima-Morimoto et al., 2002).
A second mechanism involves cyclin B-Cdk1 auto phosphorylation of the CRS.
CRS autophosphorylation by cyclin B-Cdk1 activates cytoplasmic cyclin B-Cdk1, and
diminishes the binding of cyclin B-Cdk1 to chromsome region maintenance 1 (Crm1),
which is responsible for nuclear export of cyclin B-Cdk1 (Hagting et al., 1999; Yang et
al., 2001). Active cyclin B-Cdk1 then mediates its own entry into the nucleus through
changes in nuclear import machinery, and once localized to the nucleus initiates NEB and
mitotic entry (Gavet and Pines, 2010; Jackman et al., 2003).
Cyclin B promotes entry into mitosis, and mitosis progression, by
phosphorylating lamins and nuclear pore complexes, therefore inducing NEB
(Vagnarelli, 2012). Phosphorylation of condensins by cyclin B-Cdk1 induces
chromosome condensation in prophase. Cyclin B-Cdk1 also phosphorylates histone H3,
which is thought to reduce the interaction with DNA, allowing chromosome condensation
machinery to be associated with chromatin and facilitate condensation (Prigent and
Dimitrov, 2003).
Cyclin B is targeted for degradation before the metaphase-anaphase transition
(Clute and Pines, 1999). This degradation, unlike cyclin A degradation, is dependent on
the SAC, and is timed to chromosome alignment at the equatorial plate (Clute and Pines,
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1999). Expression of a non–degradable cyclin B containing a mutated D-Box results in
metaphase arrest (Glotzer et al., 1991; Holloway et al., 1993; Wheatley et al., 1997).
Cyclin B becomes targeted for degradation at the spindle poles and on the chromosomes.
Expression of non-degradable cyclin B in mammalian cells results in shorter polar
microtubules and lack of microtubule bundles that form at the spindle midzone
suggesting a role for cyclin B in regulating spindle dynamics (Wheatley et al., 1997).
The mechanism behind the metaphase arrest when non-degradable cyclin B is
overexpressed appears to be due to an ability of cyclin B to inhibit Separase, the protease
that cleaves chromosomal cohesins allowing for anaphase A onset (Chang et al., 2003;
Holland and Taylor, 2006). The APC/C is still active in the presence of non-degradable
cyclin B as indicated by Securin degradation. However, chromosomes fail to segregate,
and there is a lack of cohesin degradation, suggesting inhibition of Separase. Therefore,
this suggests that the degradation of cyclin B is important for anaphase onset (Chang et
al., 2003; Clute and Pines, 1999; Holland and Taylor, 2006). A direct role for cyclin B in
Separase inhibition was later shown (Gorr et al., 2005, 2006),

Cyclin B3 in vertebrate mitosis
Cyclin B3 is a unique cyclin, sharing properties with both A and B type cyclins.
Cyclin B3 was first discovered in Gallus gallus (chickens) in 1994, where it was shown to
have approximately 30% sequence similarity with Xenopus cyclin B2 and 30% similarity
with cyclin A2. Cyclin B3 is localized to the nucleus, and shares many functions with Atype cyclins, including the ability to associate with both Cdk1 and Cdk2 (Gallant and
Nigg, 1994).
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In humans, cyclin B3 is structurally similar to chicken cyclin B3 but is unable to
bind to Cdk1, while binding exclusively to Cdk2. Cyclin B3 in humans is also nuclear.
Cyclin B3 is degraded after cyclin B, and expression of non-degradable cyclin B3
promotes entry into mitosis, and arrests cells in late anaphase (Nguyen et al., 2002).

Cyclin A in Drosophila mitosis
Drosophila contains a single cyclin A gene. Cyclin A mRNA is deposited in the
oocyte in females, and the translation results in a 59 kDa protein. Cyclin A protein
localizes to the nucleus in prophase, where with its binding partner Cdk1, it
phosphorylates lamins, suggesting a direct role for cyclin A in NEB (Jacobs et al., 1998;
Maldonado-Codina and Glover, 1992; Stiffler et al., 1999). Following NEB, cyclin A is
targeted for degradation in prometaphase (Sigrist et al., 1995). Cyclin A is the only
essential mitotic cyclin in Drosophila as mutants are lethal, and do not progress past
mitosis 14 in embryogenesis (Reber et al., 2006). This requirement is due to a role in G2,
and not a mitotic function; cyclin A and cyclin E are important for the inactivation of the
APC/CFzr, thus allowing cyclin B and B3 to accumulate, and initiating mitotic entry
(Lehner and O’Farrell, 1989; Reber et al., 2006; Sigrist et al., 1995). Following mitosis
14, levels of cyclin E are much lower, implying a more specific role for cyclin A in
inhibiting APC/CFzr, indicating why cyclin A may be required (Reber et al., 2006). Cyclin
A may not have a universal role in mitosis since nerve cells can divide normally even in
the absence of cyclin A (Lehner and O’Farrell, 1989).
Cyclin A is important in pro-metaphase progression and is targeted for
degradation by the (APC/C). In Drosophila, cyclin A contains two D-Boxes and two
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KEN boxes in the N-terminal region. However, the first 53 residues in the N-terminus of
the protein are essential for its stability in mitosis, even in the presence of an intact DBox and KEN box domains (Jacobs et al., 2001; Sigrist et al., 1995). Expressing a nondegradable form of cyclin A results in a metaphase delay (Jacobs et al., 2001; Sigrist et
al., 1995).

Cyclin B in Drosophila mitosis
Cyclin B mRNA is deposited into the posterior region of the oocyte, where it is
translated into a 64kDa protein. Cyclin B transcripts are introduced into pole cells of the
early embryo. Pole cells will become the germline cells of the adult, where cyclin B is
required. As a result, cyclin B mutants are male and female sterile, but viable (Raff et al.,
1990). Cyclin B transcripts also localize to the spindle, where cyclin B protein also
localizes (Raff et al., 1990). Cyclin B localizes in the cytoplasm in interphase, and
concentrates on centrosomes and astral spindle microtubules (Stiffler et al., 1999),
suggesting a role in spindle assembly. Cyclin B is important for organizing astral
microtubules from centrosomes into the mitotic spindle (in a dosage-dependent matter).
Lower dosage of cyclin B impairs this process, whereas a higher dosage delays spindle
assembly, by increasing microtubule instability (Maldonado-Codina and Glover, 1992;
Raff et al., 2002). In prophase, cyclin B enters the nucleus where it is redundant with
cyclin A in NEB (Onischenko et al., 2005). Cyclin B protein levels do not change after
egg activation, due to the translation of maternally deposited transcripts. Cyclin B is
targeted for degradation locally on the mitotic spindles, and this low-level degradation is
compensated by translation (Raff et al., 2002).
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In cellularized embryos, cyclin B accumulates in G2, where it drives mitotic entry
and NEB with cyclin A (Lehner and O’Farrell, 1990). In metaphase, cyclin B localizes to
the spindle midzone and centrosomes where it also plays a role in spindle assembly as in
the syncytial mitosis (Knoblich and Lehner, 1993). Cyclin B is targeted for degradation
by APC/CFzy and APC/CFzr. APC/CFzy is responsible for spindle mediated degradation of
cyclin B, whereas APC/CFzr is needed for global cyclin B degradation. As APC/CFzr is not
present in the syncytial mitosis, the degradation is much more complicated in cellularized
embryos. Cyclin B has a D-Box and KEN box that are recognized by APC/CFzr.
APC/CFzy can only recognize the D-Box (Raff et al., 2002). Therefore, expression of
cyclin B with its D-Box and KEN box mutated results in cyclin B stabilization in
cellularized embryos, leading to an arrest in anaphase A with sister chromatids separated,
but not segregation (Parry and O’Farrell, 2001; Sigrist et al., 1995). In syncytial mitosis,
degradation of cyclin B is mediated through the D-Box only, as APC/CFzr is not present,
and there is no enhanced phenotype when both destruction motifs are mutated (Raff et al.,
2002).

Cyclin B3 in Drosophila mitosis
In Drosophila, cyclin B3 is a 67 kDa protein that localizes to the nucleus, similar
to other cyclin B3 orthologs (Gallant and Nigg, 1994; Nguyen et al., 2002). However,
Drosophila cyclin B3 interacts exclusively with Cdk1, and not with Cdk2 as in other
systems. Cyclin B3 degradation relies on a single D-Box, and non-degradable cyclin B3
arrests in late anaphase (Jacobs et al., 1998; Sigrist et al., 1995). It is redundant with
cyclin A in chromosome condensation, and with cyclin B in mitotic progression and
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spindle assembly (Jacobs et al., 1998). In the early syncytial divisions, cyclin B3 has been
implicated in anaphase onset through the activation of the APC/C (Yuan and O’Farrell,
2015). This seems to be a function independent of SAC activity. This was an exciting
finding as C.elegans cyclin B3 has been shown to be important in inactivating the SAC
for proper anaphase onset. Cyclin B3 mutants in C.elegans can be rescued by inhibiting
the SAC, which is different than what has been found in Drosophila (Deyter et al., 2010;
Yuan and O’Farrell, 2015). Although it may not function in a SAC-dependent pathway, a
role for cyclin B3 in anaphase upstream of the APC/C has been suggested, as cyclin B3 is
important for Cdc27 localization on the mitotic spindle. Cyclin B3 mutants in Drosophila
are female sterile due to a defect in meiosis (Jacobs et al., 1998).

Cyclin redundancy in Drosophila mitosis
The early embryonic syncytial mitotic cycles in Drosophila occur very rapidly
within a shared cytoplasm, and only consist of S phase and M phase. The conventional
model of mitotic entry, discussed above, does not function in early embryonic mitosis,
partly because these early divisions are not fueled through transcription and accumulation
of cyclin B, but instead through maternally deposited cyclin B mRNA that is
translationally regulated (Raff et al., 2002).
To investigate the roles and redundancies of cyclins A, B and B3 in these early
cycles, RNA interference (RNAi) was used to individually knockdown single and
pairwise combinations of the mitotic cyclins in the posterior end. The anterior region
served as an internal control. Live imaging was used to stage the cycles using a
combination of Green fluorescent protein (GFP) tagged Polo, GFP-Polo, and Red
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fluoresecent protein (RFP) tagged Histone, RFP-Histone, transgenes (McCleland et al.,
2009).
When individual knockdown of cyclins A, B and B3 were performed, cyclin A
knockdown resulted in no significant delay of mitosis, and cyclin B3 resulted in a delay in
metaphase. Cyclin B knockdown resulted in the greatest perturbation of mitosis, resulting
in a delay in prophase to metaphase and chromosome condensation defects with anaphase
failures. These results indicate that cyclin B is the most critical cyclin for mitosis
progression in syncytial mitosis (McCleland et al., 2009).
Performing pairwise knockdowns of cyclin A and B, leaving only cyclin B3,
results in mitosis without metaphase, although anaphase occurred rapidly, and there were
defects in DNA condensation. Therefore, cyclin A and B may cooperate to promote
metaphase.
Cyclin B, and B3 simultaneous knockdown, leaving only cyclin A resulted in an
increase in the time required for chromosome alignment, indicating increased
prometaphase. Anaphase was also slow, and DNA de-condensed. These results indicate
cyclin B and B3 promote metaphase and anaphase (McCleland et al., 2009).
Cyclin A and cyclin B3 simultaneous knockdown, leaving only cyclin B resulted
in more mild phenotypes. There was a slight delay in chromosome alignment, and
metaphase time doubled, however, mitosis was able to complete normally. This indicates
that cyclin B can mediate key events in mitosis, and cyclin B is essential for syncytial
mitosis.
These results support previous findings when expressing non-degradable cyclins
discussed above. Non-degradable cyclin A results in a metaphase delay, suggesting a role
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for cyclin A in metaphase (Parry and O’Farrell, 2001; Sigrist et al., 1995). Nondegradable cyclin B results in an early anaphase arrest, and cyclin B3 arrests in late
anaphase, suggesting a role for cyclin B in metaphase and early anaphase, and cyclin B3
in late anaphase (Jacobs et al., 1998; Parry and O’Farrell, 2001; Sigrist et al., 1995).
Interestingly the syncytial divisions rely on cyclin B but in cellularized embryos,
cyclin B mutants are viable (Jacobs et al., 1998). To investigate the mechanism behind
mitotic entry in syncytial mitosis compared to cellularized mitosis, eggs with only 1 copy
of cyclin B were generated, and combined with cyclin A and cyclin B3 knockdown. In
these embryos, DNA condensed and nuclei entered mitosis, but quickly exited. After a
long delay, nuclei then reentered and progressed through mitosis. Therefore, cyclin B
accumulation to reach a threshold is not required for mitotic entry in syncytial mitosis,
unlike in mammalian models (McCleland et al., 2009).

Cyclins in vertebrate meiosis
In mammalian meiosis, cyclin A2 is the meiosis-specific cyclin A gene. Cyclin A2
has been shown to be dispensable for meiosis I, but essential for meiosis II. Cyclin A2
plays a role in chromosome orientation on the meiosis spindle and is important for
spindle dynamics in meiosis II (Zhang et al., 2017). In mouse oocytes, cyclin A2 inhibits
Separase, and prevents sister chromatid cohesion in meiosis II, but not in meiosis I,
where cyclin B can inhibit Separase (Gorr et al., 2006; Zhang et al., 2017).
The regulation of cyclin B is very important for meiosis progression in many
systems since cyclin B- Cdk1 is the main driver of meiosis. Cyclin B-Cdk1 activity must
be tightly regulated to allow for entry into meiosis I, and to allow the transition from

20

meiosis I to meiosis II. At the meiosis I-meiosis II transition, Cdk1 activity weakens to
allow exit from meiosis I, but must be high enough to prevent S-phase entry. Cdk1
activity then rises to promote entry into meiosis II, (Iwabuchi et al., 2000; Ohsumi et al.,
1994). Furthermore, degradation of cyclin B at anaphase II of meiosis must be timed with
egg activation. This is done through maintaining a stable metaphase arrest, called the
Cytostatic factor (CSF) arrest (discussed below), that prevents cyclin B degradation until
egg activation (Von Stetina and Orr-Weaver, 2011).
Cyclin B3 is expressed in meiotic tissues in many eukaryotes indicated a possible
general role in meiosis, yet this role in meiosis has not been well studied (Deyter et al.,
2010; Jacobs et al., 1998; Nguyen et al., 2002). In mouse oocytes, a role for cyclin B3
independent of the SAC, similar to mitosis in Drosophila, has been shown (Yuan and
O’Farrell, 2015; Zhang et al., 2015).

APC/ in meiosis
Mature eggs in mammals and Xenopus are arrested in a metaphase-like state that
can be stable for long periods of time. This arrest is maintained by multiple factors, one
of them being CSF, an inhibitor of the APC/C. The purpose of this arrest is to halt oocyte
development until fertilization, followed by release of the arrest and completion of
meiosis (Von Stetina and Orr-Weaver, 2011).
A significant component of CSF arrest in mammals and Xenopus is Early mitotic
inhibitor 2 (Emi2) (Pesin and Orr-Weaver, 2008; Von Stetina and Orr-Weaver, 2011).
Emi2 is a competitive inhibitor of the APC/C by binding to the active site via D-Box and
KEN box motifs that many APC/C substrates have, but instead of effecting
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ubiquitination, Emi2 stays bound to the APC/C active site (Miller et al., 2006). A closely
related protein, Emi1 functions in entry into meiosis through inhibition of APC/CCdh1, and
is targeted for degradation after prophase I following NEB (Marangos et al., 2007). Emi2
is the main mediator of CSF arrest in Xenopus, therefore inhibiting the APC/C in
metaphase II (Sako et al., 2014).
Emi2 is largely regulated by phosphorylation on multiple sites mediated by Plk1,
Calcium-dependent protein Kinase II (CaMKII) and cyclin B-Cdk1. CaMKII
phosphorylation primes Plk1 binding which in turn phosphorylates Emi2 to target it for
degradation by the Skp1 Cullin F-box β Transducin repeat Containing Protein (SCFβTrCP)
E3 ubiquitin ligase (Wu and Kornbluth, 2008). The C-terminal phosphorylation of Emi2
by cyclin B-Cdk1 causes it to release from the APC/C (Hansen et al., 2006; Liu and
Maller, 2005; Rauh et al., 2005). Plk1 is also able to bind to the N-terminus, at sites
primed by Cdk1 phosphorylation, and is able to initiate phosphorylation of Emi2 that also
leads to degradation by SCFβTrCP (Hansen et al., 2006; Wu et al., 2007). However, in a
metaphase like state, the balance of the phosphorylation status of Emi2 is towards a
dephosphorylated state of Emi2, mediated by Protein phosphatase 2A (Pp2a), allowing it
to bind and inhibit the APC/C, maintaining the metaphase II arrest (Hansen et al., 2006;
Wu et al., 2007). Upon fertilization, an increase in calcium triggers enhanced CaMKII
phosphorylation of Emi2, leading to subsequent degradation of Emi2 at a higher rate than
in a metaphase like state, followed by increased APC/C activity and anaphase onset
(Isoda et al., 2011).
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Drosophila oogenesis
Meiosis is a specialized cell division that results in 4 genetically distinct haploid
cells. This occurs through two nuclear divisions without an intervening S phase.
Drosophila females have two ovaries, each containing approximately 18 ovarioles, which
are the site of meiosis and oogenesis (Bastock and St Johnston, 2008).
Ovarioles are organized from anterior to posterior. The anterior region contains
the germarium, the location of germline stem cells and somatic stem cells that give rise to
the egg and the follicle cells respectively. The posterior end contains mature, developed
eggs. Egg development occurs in a chain like fashion, resulting in 14 distinct stages
(Bastock and St Johnston, 2008) (Figure 2).
Germline stem cells divide asymmetrically to give rise to a stem cell and a
daughter cell. The daughter cell then undergoes four incomplete divisions to generate a
cyst of 16 cells sharing a common cytoplasm through cytoplasmic bridges called ring
canals. The fusome, a structure composed of branched endoplasmic reticulum and
cytoskeleton elements branches through the ring canals facilitating cytoplasmic
communication within the cyst (Bastock and St Johnston, 2008).
From this cyst of 16 cells, one cell will become the oocyte (Spradling, 1993). The
distinction occurs as the cyst is moving through the germarium and gets encapsulation by
follicle cells, becoming stage 1 of oogenesis. The oocyte at this stage enters meiosis and
quickly arrests at prophase I, where the DNA condenses to form a specialized structure
called the karyosome (King, 1970; Spradling, 1993). The other 15 cells become polyploid
nurse cells by entering the endocycle, which consists of continuous DNA replication and
growth phases without mitosis (Figure 2). Nurse cells generate proteins and mRNAs
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Figure 2: Female meiosis in Drosophila. Schematic depicting meiosis progression in
females and early embryonic development. The oocyte develops in egg champers with
polyploidy nurse cells. The oocyte is primarily arrested in prophase I, followed by a
secondary arrest in metaphase I. Egg activation is triggered by ovulation triggering in the
completion of meiosis indicated by a polar body. The early embryonic divisions occur in
in a shared cytoplasm for the first 14 cycles. At cycle 14, nuclei undergo cellularization.
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essential for meiosis progression and egg maturation. The nurse cells empty their
contents into the egg through the cytoplasmic bridges at stage 11 before undergoing
apoptosis at stage 12-13 (Cavaliere et al., 1998; Lee and Orr-Weaver, 2003).
The oocyte is arrested in prophase I until stage 12, where release from the
prophase I occurs, and nuclear envelope breakdown subsequently occurs at stage 13
(Figure 2). Spindle formation begins to occur through microtubule polymerization
around the karyosome (King, 1970). The egg arrests at metaphase I at stage 14. This
arrest is maintained until the egg is activated through ovulation, not fertilization as in
many systems, triggering the resumption of meiosis ( Lee and Orr-Weaver, 2003)
(Figure 2). Once the egg is activated, the spindle rotates, and meiosis completes. The
four haploid products come together to form a polar body. If the egg is fertilized, one of
those products, usually the most interior, will combine with the male pronucleus to form
the zygotic nucleus, and the female haploid products form the polar body (Foe et al.,
1993).
Once the female and male pronuclei combine, the zygotic nuclei undergo very
rapid nuclear divisions within a shared cytoplasm within the egg, called the syncytial
divisions. These fast cycles are of DNA replication (S phase) and mitosis (M phase). The
first seven cycles occur within the interior of the egg, fueled by maternal products
deposited into the egg by nurse cells. The egg contains all the requirements for the early
rapid cycles and is transcriptionally silent. At cycle 7, the nuclei begin to migrate to the
cortex of the egg, reaching the cortex at cycle 10. At cycle 13, cytoplasmic membrane
begin to surround the nuclei, and the second gap phase (G2) starts to slow down the cell
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cycle at cycle 14. At cycle 16, cells exit mitosis into the first gap phase G1, and zygotic
transcription begins (Garcia et al., 2007; Stiffler et al., 1999).

Cyclin A in Drosophila meiosis
In Drosophila, cyclin A is the only essential cyclin, as cyclin A mutants are lethal
(Reber et al., 2006). This has made it very difficult to study the role of cyclin A in
meiosis. Using localization and overexpression studies, cyclin A was shown to localize to
the fusome in the developing cyst in the germarium (Lilly et al., 2000). Here, cyclin A
appears to regulate the timing of those mitotic divisions that develop the cyst.
Overexpression of cyclin A causes an extra round of division, yielding a 32-cell cyst
instead of 16 (Lilly et al., 2000).
Cyclin A levels increase in the germarium substantially in G2, where cyclin A is
important for entry into mitosis in germ cells. Levels of cyclin A continue to rise until
metaphase, where it is targeted for degradation by APC/CFzy, similar to mitosis (Chen et
al., 2009; Lilly et al., 2000). As the cyst exits the germarium and the oocyte enters
prophase I of meiosis, cyclin A levels are low. This is maintained through protein
degradation and translational repression of maternally deposited transcripts (Vardy et al.,
2009).
Cyclin A levels are low until stage 13 oocytes, when cyclin A levels rise,
coinciding with NEB. The increase in levels occurs through degradation of the
translational repressor Bruno. This rise in cyclin A levels is short lived as cyclin A is then
gets targeted for degradation in stage 14 oocytes, where low levels are maintained by the
meiosis-specific homologue of Cdc20, Cortex (hereafter referred to as Cort) (Sugimura
and Lilly, 2006; Vardy et al., 2009).
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Polyadenylation plays a significant role in the regulation of translation (see
below). Regulation of PolyA tail length of cyclin A mRNA regulates translation. After
egg activation, cyclin A poly A length and translational control is regulated by the Pan Gu
kinase complex (PNG), which is made up of three proteins, Plutonium, Pan Gu, and
Giant Nuclei. The PNG kinase complex is important in maintaining genomic stability and
ploidy in eggs following the completion of meiosis (Vardy et al., 2009). The PNG kinase
complex phosphorylates and inhibits Pumillio, another translational repressor, allowing
polyadenylation mechanisms to elongate polyA tail length, and increase translation of
cyclin A after egg activation and in meiosis II (Vardy et al., 2009). These results suggest
that the regulation of cyclin A is important for meiosis, but the specific role of cyclin A
remains to be determined.

Cyclin B and cyclin B3 in Drosophila meiosis
Drosophila cyclin B is essential in primordial germ cells for the maintenance of
germline stem cells. As a result, cyclin B mutants are male and female sterile, with the
females having rudimentary ovaries. This makes studying the role of cyclin B in female
meiosis difficult (Wang and Lin, 2005).
Cyclin B mRNA is deposited into the oocyte, and localizes to the posterior pole.
Cyclin B mRNA becomes polyadenylated and translated in late stages of oogenesis,
where levels accumulate by stage 14 (Castagnetti and Ephrussi, 2003). Following egg
activation, cyclin B levels are regulated through protein degradation by the APC/C, and
translationally regulated through the PNG kinase complex (Raff et al., 1990; Vardy et al.,
2009). The overall levels of cyclin B do not change until late stages of embryogenesis
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due to a combination of localized degradation on the mitotic spindles, and translation
(Raff et al., 2002).
In meiosis, cyclin B localizes to the spindle midzone and the spindle microtubules
where it is locally degraded by APC/CCort on the spindle midozne, and APC/CFzy on the
spindle microtubules (Swan and Schüpbach, 2007). Expression of non-degradable cyclin
B, results in a variable arrest in either anaphase I or metaphase/anaphase II, but the
majority of the eggs arrest in meiosis, suggesting degradation of cyclin B is required for
meiotic exit (Swan and Schüpbach, 2007). The specific role of cyclin B in meiosis has
not been determined.
The role of cyclin B3 in Drosophila meiosis has not been well studied. Cyclin B3
mutants are viable but female sterile. The sterility is due to a defect in meiosis, and not
due to a defect in oogenesis. Meiosis progression when cyclin B3 is lost appears to be
normal until after metaphase I, where defects in meiosis are seen (Jacobs et al., 1998).

APC/C in Drosophila meiosis
In Drosophila, APC/C regulation is more complex than in humans or Xenopus as
there are two APC/C activators that function for the progression of meiosis, rather than
just one (APC/CFzy) (Peter et al., 2000; Swan and Schüpbach, 2007). Regulation of the
APC/C in metaphase I arrested oocytes becomes more complex. A CSF component in
Drosophila meiosis has yet to be identified, and the precise mechanisms of APC/C
inactivation have not been clearly demonstrated. The APC/C has some activity in stage
14 oocytes, as seen by the degradation of cyclin A by APC/CCort (Vardy et al., 2009). Yet
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how APC/C activation is regulated, in the absence of cell cycle progression remains to be
understood.
In Drosophila meiosis, there is evidence for lack of a requirement of the spindle
assembly checkpoint for the regulation of the APC/C, similar to Xenopus eggs (Batiha
and Swan, 2011; Shao et al., 2013). SAC mutants are viable and fertile, with only a small
percentage showing a precocious anaphase I phenotype. This was initially thought to be
due to APC/C activation, leading to Securin and cyclins. However, cyclin B levels in
SAC mutants are not decreased, suggesting APC/C activity was not elevated (Batiha and
Swan, 2011).
Cort and Fzy have distinct as well as overlapping roles in meiotic progression,
with Cort being a female-specific APC/C activator. cort mutants arrest in metaphase II
(Lieberfarb et al., 1996; Page and Orr-Weaver, 1996), while fzy mutants arrest in
anaphase II (Swan and Schüpbach, 2007). cort, fzy double mutants arrest in metaphase I,
suggesting redundancy between them. However, overexpression of Cort cannot rescue
the fzy mutant phenotype, suggesting distinction between them (Swan and Schüpbach,
2007).
Cort has more specificity for cyclin A, although Fzy is partially redundant with
Cort in targeting cyclin A for destruction (Swan and Schüpbach, 2007; Vardy et al.,
2009). Cort and Fzy are redundant in cyclin B destruction, although the spatiotemporal
degradation of cyclin B is different. Cort is responsible for spindle midzone degradation
of cyclin B, whereas Fzy is responsible for spindle microtubule associated degradation of
cyclin B (Swan and Schüpbach, 2007).
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The role of the APC/C in chromosome cohesion
Karyokinesis in meiosis is much more complicated than in mitosis. In meiosis I,
homologous pairs segregate due to loss of arm cohesion, distal to chaisma, while
centromere-proximal cohesion is maintained due to Shugoshin protection. In meiosis II,
centromere-proximal cohesion is then lost in anaphase II (Watanabe, 2005). Regulation
of chromosomal cohesion is similar to mitosis and relies on related components:
Structural maintenance of chromosomes 1 (Smc1), Smc3, Scc3, and Rec 8 (Rad21 in
mitosis). In mitosis, Separase, the enzymatic protease that releases chromosomal
cohesion, targets Rad21 for cleavage, whereas it targets Rec8 in meiosis (Kudo et al.,
2006). The regulation of Separase must be tightly controlled until anaphase onset. This is
done by multiple mechanisms: Protein binding and inhibition by Securin (Pimples in
Drosophila) and cyclin B-Cdk1 phosphorylation (Cohen-Fix et al., 1996; Funabiki et al.,
1996a, 1996b; Gorr et al., 2005; Stemmann et al., 2001; Stratmann and Lehner, 1996),
and cyclin B-Cdk1 binding (Gorr et al., 2006).
Securin binds and inhibits Separase until anaphase, when Securin itself is targeted
for degradation by the APC/C (Siomos et al., 2001). In mammals, both cyclin B and
Securin are important for regulating Separase, while they are not necessary in Xenopus
(Herbert et al., 2003; Madgwick et al., 2004). A role for cyclin-Cdk1 regulation of
Separase has not been identified in Drosophila. The metaphase delay observed when
expressing non-degradable cyclin A suggests that cyclin A may regulate Separase activity
(Jacobs et al., 2001; Sigrist et al., 1995), although there have not been studies to support
this hypothesis.
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The non-cell cycle function of Cort
Cort was originally discovered in a screen for maternal effect lethal genes, and
later work revealed the many roles of Cort in meiosis progression and regulation. Cort is
transcribed by the transcription factor Grauzone (Grau), the only function for Grau in
meiosis (Lieberfarb et al., 1996; Page and Orr-Weaver, 1996). Mutants for grau and cort
show similar phenotypes, with cort mutants exhibiting slightly stronger phenotypes
(Lieberfarb et al., 1996; Page and Orr-Weaver, 1996). The earliest requirement for Cort is
in chromosome segregation during anaphase I. cort mutants show normal metaphase I
arrest at stage 14. Anaphase I in cort mutants, however, showed unequal chromosome
segregation (Page and Orr-Weaver, 1996). Cort also functions in multiple aspects of egg
activation that are unrelated to cell cycle, such as cortical microtubule breakdown,
transcript destabilization, and translation (Lieberfarb et al., 1996; Page and Orr-Weaver,
1996; Tadros et al., 2003).
The Drosophila oocyte contains complex cortical microtubule networks that are
responsible for churning and mixing the cytoplasm (Theurkauf and Hawley, 1992).
Following egg activation, these microtubule networks are broken down. cort mutants fail
to breakdown these microtubule networks indicating Cort plays a role in cortical
microtubule breakdown after egg activation (Lieberfarb et al., 1996; Page and OrrWeaver, 1996).
Translation regulation in the oocyte is effected through translational repression
and through polyadenylation of mRNA. Polyadenylation is carried out by PolyA
polymerases (PAPs) that polyadenylate mRNAs, therefore increasing their stability and
suitability for translation. If the polyA tail is shortened, inefficient or no translation
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results (Lieberfarb et al., 1996). Cort has a role in regulating the translation of a group of
maternally deposited mRNAs, since cort mutants show a lack of Bicoid, Toll and Torso
protein. PAT assays, which measure the polyA tail length, showed this effect was
correlated with the absence of polyadenylation. Other mRNAs, however, show full
polyadenylation and translation. For example, nanos is translated in a polyadenylation
dependent manner, and the translation of nanos is not affected in cort mutants, suggesting
Cort is responsible for regulating polyadenylation of only a group of mRNAs, not
polyadenylation in general (Lieberfarb et al., 1996).
Though Cort plays a role in polyadenylation, Cort translation itself is regulated by
polyadenylation. Wispy is a female-specific cytoplasmic PAP that functions in cell cycle
regulation, translation, and transcript destabilization similar to Cort. wispy mutants arrest
in meiosis I (Benoit et al., 2008). Wispy can polyadenylate mRNAs in-vitro and is
important in late oogenesis for the polyA lengthening of bicoid, oskar, Toll, Torso, and
Cort mRNAs (Benoit et al., 2008; Cui et al., 2008). Therefore, the meiotic role of Wispy
could be mediated through the polyadenylation and translation of Cort mRNA.
Transcript destabilization is important in the transition to zygotic transcription of
genes. At this transition, maternal mRNAs that fuel the early embryonic divisions are
degraded, allowing for zygotic transcription and zygotic regulation of embryogenesis.
Regulation of transcript destabilization is important to enable mRNA stability long
enough for the early embryonic development to occur unperturbed, but to not interfere
with zygotic transcriptional regulation of development (Tadros et al., 2003).
Egg activation is required for transcript destabilization, as there are factors
translated at egg activation that facilitate transcript destabilization; however, transcript
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destabilization is independent of cell cycle progression since Cdk1 mutants can still
undergo transcript destabilization. Interestingly, in vitro egg activation is not sufficient
for transcript destabilization to occur, even though unfertilized wild-type eggs can initiate
transcript destabilization (Tadros et al., 2003).
Although Cort is required for transcript destabilization, cortical microtubule
breakdown and translation, these roles have not been shown to be APC/C dependent
functions of Cort. To date, no APC/C mutants have been characterized for their roles in
transcript destabilization and cortical microtubule reorganization. Cort is only inferred
that as Cort is an APC/C activator, these roles are through ubiquitin-mediated
degradation of regulators of these pathways.
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INTRODUCTION
The cyclin dependent kinases (Cdks) and their cyclin partners are the core
regulators of the eukaryotic cell cycle, and are responsible for the phosphorylation of
multiple target proteins at each phase of the cell cycle. Genetic studies have revealed that
cyclins have considerable redundancy. For example, in budding yeast Clbs1-4 are active
in mitosis, but none are essential and one of them, Clb2 is sufficient to drive mitosis in
the absence of the other 3 (Richardson et al. 1992). Meanwhile in fission yeast, a single
cyclin, Cdc13, is sufficient to carry out a complete cell cycle (Fisher and Nurse 1996).
In higher eukaryotes, Cdk1 pairs with cyclins of three related types: cyclin A,
(CycA), CycB and CycB3 (reviewed in (Fung and Poon 2005; Nieduszynski 2002)).
Vertebrates including human, mouse and Xenopus have 2 CycA genes (A1 and A2), 2
CycB genes (B1 and B2) and a single CycB3 gene. Both CycB1 and CycA2 are required
for mitosis in somatic cells (Furuno et al. 1999), while CycA1 and CycB2 are expressed at
low levels in somatic cells and are not required for mitosis. CycB3 is also either not
expressed or expressed at very low levels in somatic cells in vertebrates (Nguyen et al.
2002).
In Drosophila, which has a single representative of each mitotic cyclin type, the
redundancies amongst cyclins again differ. CycB is not essential for viability in
Drosophila, though homozygous mutants display some spindle abnormalities and cell
cycle timing defects (Knoblich and Lehner 1993; Jacobs et al. 1998). Unlike mammalian
CycB3, Drosophila CycB3 is expressed in mitotic tissues. It is not required for viability
but CycB,CycB3 double mutants are embryonic lethal, indicating that it plays an essential
redundant role with CycB (Jacobs et al. 1998). CycA is the only essential mitotic cyclin in
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Drosophila. This appears to reflect a requirement in G2 to inhibit the activity of the
APC/C and thus allow itself, CycB and CycB3 (and other mitotic regulators) to
accumulate and drive mitotic entry (Reber et al. 2006). Outside of this requirement, CycA
functions redundantly with Cyclins B and B3 (Knoblich and Lehner 1993; Jacobs et al.
1998). In the syncytial divisions of the early embryo, the 3 mitotic cyclins again appear to
play largely overlapping roles. RNAi knockdown reveals CycB to be the primary
mediator of nuclear envelope breakdown (NEB), though the other two cyclins also
contribute (McCleland and O'Farrell 2008; McCleland et al. 2009). Cyclins A and B are
required together to achieve a proper metaphase. CycB3 appears to be the major driver of
anaphase, and may function in this respect by promoting APC/C activity (McCleland et
al. 2009; Yuan and O'Farrell 2015), a function that appears to be conserved (Deyter et al.
2011; Zhang et al. 2015). Therefore, the cyclins are collectively essential for mitosis but
they show considerable overlap in their individual contributions.
The roles of the 3 mitotic cyclins in Drosophila meiosis are not as clear. To date,
only CycB3 has been studied, and was found to be necessary for the completion of
meiosis following ovulation (Jacobs et al. 1998). CycB is essential for fertility, and in
females this is due to a requirement in the mitotic divisions that precede meiosis (Jacobs
et al. 1998; Wang and Lin 2005). This pre-meiotic requirement has so far precluded the
study of CycB in meiosis. The role of CycA in meiosis is also not known, due to the fact
that null mutants are lethal (Lehner and O'Farrell 1989). In this paper we use conditional
RNAi knockdown and mutants to determine the function of cyclins A, B and B3 in
meiosis.
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Meiosis in Drosophila females
Drosophila female meiosis is initiated early in oogenesis and is completed shortly
after ovulation (see (McKim et al. 2002; Von Stetina and Orr-Weaver 2011) for a review
of meiosis). The oocyte arises within a cluster of 16 interconnected germline cells that
forms in the germarium. The remaining 15 germline cells differentiate as nurse cells that
provide nutrients to the growing oocyte. The oocyte with associated nurse cells and
surrounding somatic follicle cells form an egg chamber that pinches off from the
germarium and progresses through 14 stages that can be distinguished by morphological
features (see (Spradling 1993) for a review of oogenesis). During the period of oocyte
growth, from stages 1 to 12 of oogenesis, the oocyte remains in meiotic prophase. For
most of this period the oocyte nucleus is transcriptionally silent and the chromatin is
compacted into a structure called the karyosome. Meiotic maturation, marked by nuclear
envelope breakdown (NEB), occurs in mid stage 13. There are no centrosomes in the
oocyte and microtubules organize around the already congressed meiotic chromosomes to
form the meiosis I spindle. The stage 14 oocyte (also referred to as a mature oocyte) is
arrested in metaphase I and remains so until ovulation triggers anaphase I (see (Foe et al.
1993; Page and Orr-Weaver 1997) for review of meiotic events that follow ovulation).
Anaphase I is followed immediately by entry into and progression through meiosis II.
The completion of meiosis occurs within 20 minutes of ovulation, and is marked by the
presence of 4 haploid nuclei in the dorsal anterior of the egg. The egg is fertilized as it
passes through the oviduct, and a sperm-derived microtubule aster appears to guide one
of the 4 maternal nuclei towards the male pronucleus. The male and female pronuclei
together enter the first nuclear (syncytial) division of embryogenesis. Concurrent with

48

zygote formation, the remaining 3 polar body nuclei come together, undergo NEB, and
arrest with condensed chromatin arranged in a rosette pattern on a microtubule array.
This polar body remains in the dorsal anterior of the egg until late in the syncytial
divisions.

MATERIALS / METHODS
Drosophila stocks and crosses
CycAGLV21059, CycBHMS0105, CycBHMS01896 and Cdk1GL00262 were obtained from
Bloomington Drosophila Stock Center (BDSC). CycBHMS0105 recognizes a sequence
between 551 and 571 on the CycB-RB transcript, while CycBHMS01896 recognizes a
sequence between 244 and 264. Cyclin A3’RNAi was generated using the valium 22 vector
(obtained from TRiP, Harvard University) and recognizes a sequence between 2145 and
2165 in the CycA-RC transcript. CycB2 is a null allele of CycB and for all experiments
was used over Df(2R)59A-B, a deficiency that removes the CycB gene. hs-CycB
(Knoblich and Lehner 1993) (one copy of a 3rd chromosome insertion) was used to rescue
the pre-meiotic defects of these null mutants. CycB expression from hs-CycB was
induced by constant rearing at 29oC. Under such conditions, CycB2/Df(2R)59A-B;hsCycB/+ (CycB-/-;hs-CycB) females laid eggs for at least 2 weeks, indicating rescue of the
pre-meiotic defects. In most experiments CyO/CycB2(or Df(2R)59A-B); hs-CycB/+
siblings of the CycB-/-;hs-CycB flies were used as controls. CycB2, Df(2R)59A-B and the
hs-CycB transgenic stock were obtained from the BDSC. In other experiments, yw flies
were used as wild type controls. Unfertilized eggs were obtained by crossing virgin
females to XO males (generated by crossing wild type females to males carrying an
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attached X^Y chromosome). The Lamin C-GFP gene trap, (LamCG00158) was obtained
from the BDSC.

Immunostaining and FISH
Eggs were collected at the stated intervals from apple juice agar plates in egg lay
chambers. Eggs were dechorionated in bleach and fixed and devitelinized simultaneously
by shaking in heptane/methanol. Following rehydration, eggs were processed for
immunofluorescence by standard methods. To obtain late stage oocytes for FISH or DNA
staining, ovaries were dissected in Isolation Buffer (55mM NaOAc, 40mM KOAc,
110mM sucrose, 1.2mM MgCl2, 1mM CaCl2, 100mM HEPES, pH 7.4) with Collagenase
to dissociate individual oocytes. Oocytes were fixed in 50:50 heptane: 3.7%
formaldehyde in PBS, 0.2% Tween 20. For immunostaining of stage 14 oocytes, ovaries
were fixed as above, then transferred to 100% methanol, and sonicated to remove
vitelline membranes. Oocytes were then rehydrated, and an extraction step was
performed with 1:1 octane:PBS, 0.5% Triton-X for 30 min, then

processed for

immunostaining by standard methods. Rat anti-Tubulin YL1/2 (Sigma) was used at
1/500, mouse anti-Lamin ADL195 (Developmental Studies Hybridoma Bank) was used
at 1/100. DNA was labeled with mouse anti-Histone H3 (Chemicon) used at 1/1000 or
with the DNA dye, Oligreen (Invitrogen), or Propidium Iodide (Invitrogen). Alexa dye
conjugated secondary antibodies (Invitrogen) were used at 1/1000. FISH was performed
on Methanol fixed eggs or ovaries, as described (Dernburg 2000), using a probe against
the 359-basepair peri-centromeric repeat on the X-chromosome.
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Western blotting
Extracts for Western blotting were obtained from ovaries that were dissociated
into individual eggs and egg chambers by treatment with collagenase. Stage 13 and stage
14 eggs were selectively enriched by repeated rounds of mixing and then pouring off the
slower settling smaller egg chambers. Laid eggs were obtained from 0 to 2 hour
collections from females fertilized by XO males. Mouse anti-CycB and mouse anti-CycA
antibodies (Developmental Studies Hybridoma Bank) were used at 1/20 and 1/5
respectively. Rabbit anti PSTAIR antisera (Santa Cruz) was used at 1/1000 and mouse
anti-Actin

(Millipore) was used at 1/5000. HRP conjugated secondary antibodies

(Roche) were used at 1/7000 and detected by ECL.

All Drosophila strains and DNA constructs generated in this study are available upon
request.
RESULTS
Knockdown of the mitotic cyclins in female meiosis
To study the requirements for the mitotic cyclins in meiosis we used a
combination of germline-specific RNAi knockdown (for CycA and CycB) and mutants
(for CycB and CycB3) (Figure 1). To deplete CycB in the female germline we expressed
either of two non-overlapping UAS-RNAi lines, CycBHMS1896 and CycBHMS1015 (hereafter
CycB1896 and CycB1015) under the control of the maternal α-Tubulin-Gal4-67 (mat-Gal4)
driver (Staller et al. 2013). This Gal4 driver induces UAS transgene expression after the
pre-meiotic divisions and remains on throughout oogenesis (Staller et al. 2013). We will
refer to oocytes, eggs, or embryos derived from females that express these RNAi lines
under mat-Gal4 control simply as CycB1896 and CycB1015 oocytes, eggs or embryos. The
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same terminology will be used to describe other mat-Gal4 mediated gene knockdowns in
this paper. Western blots on extracts enriched for stage 13 and stage 14 oocytes (see
Materials and Methods) indicate that CycB1015 and CycB1896 oocytes have 18% and 15%
of wild type CycB protein levels respectively (Figure 1A,B).
Egg production from CycB1015 and CycB1896 females is similar to wild type,
indicating that the pre-meiotic function of CycB (Wang and Lin 2005) is not affected.
However, both CycB1015 and CycB1896 eggs fail to hatch and appear to arrest in the
syncytial embryonic cycles (Figure 1I, compare to H). As an independent approach to
depleting CycB, we generated a conditional mutant allele by placing a heat shock
inducible CycB transgene (hs-CycB) (Knoblich and Lehner 1993) into a CycB null
background (CycB2/Df(2R)59A-B – hereafter referred to as CycB-/-). When CycB-/-;hsCycB flies are kept at 29oC, CycB protein levels are reduced to 2.8% of wild type levels
in stage 13-14 oocytes and 3.5% of wild type levels in unfertilized eggs (Figure 1C,D).
Eggs from these CycB-/-;hs-CycB females arrest in the syncytial cycles, similar to the two
RNAi lines (Figure 1K). When either wild type females or females carrying hs-CycB in a
CycB heterozygous background (CycB+/-;hs-CycB) are raised at 29oC their eggs have
normal CycB levels and develop normally and hatch (Figure 1D, 1J and data not
shown). Therefore the lethality of CycB-/-;hs-CycB embryos is due to the loss of CycB
and not due to either elevated temperature or the expression of hs-CycB. In subsequent
experiments to be described below, we found that the two RNAi lines and CycB-/-;hsCycB produce similar meiosis phenotypes, arguing that the knockdowns are
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Figure 1: Characterization of cyclin and Cdk1 knockdowns. A-G) Western blots on
oocytes stages 13 and 14 oocytes (see Materials and Methods) and unfertilized eggs from
wild type (yw) and cyclin knockdown females, probed for cyclins A, B, B3 and Cdk1
(PSTAIR antibody) as indicated. In A,B,E and G the UAS-RNAi line is driven by matGal4. Percentages below each blot represent percent of wild type levels in the
knockdown or mutant, based on densitometry from 3 experiments, +/- s.e.m. Either Cdk1
or Actin is used as loading control except in G where a non-specific band that correlates
with total protein levels is used. For CycB3L6/2 (F) no CycB3 protein could be detected.
The * in F,G indicates a non-specific band. H-M) Embryos labeled for Tubulin and DNA
as indicated in (H). In I and L the UAS-RNAi line is driven by mat-Gal4. The wild type
embryos in H and J are undergoing syncytial divisions. Arrow in H points to the polar
body. I) CycB1015 embryo undergoing aberrant syncytial divisions. Blue foci are
centrosomes, most of which are not associated with chromatin. The two chromatin
masses in the dorsal anterior (top left) are the meiotic products. J,K) Wild type (yw) and
CycB-/-;hs-CycB embryos both raised at 29oC. Development appears normal in wild type
at this temperature (J). In K, mitotic spindles appear disorganized and clustered near the
anterior of the egg. It is not possible to clearly distinguish the meiotic products in this
egg. L) Embryo from CycA21059 undergoing aberrant syncytial divisions. M) Embryo
from CycB3L6/2 containing a single meiotic spindle, indicative of a meiosis I arrest. Scale
bar in H=50um and applies to H-M.
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specific. Unfortunately, CycB-/-;hs-CycB is lethal when combined with CycB3
mutants, precluding its use in double or in triple knockdowns with CycB3 (data not
shown). CycB-/-;hs-CycB females also produce far fewer eggs than the RNAi lines (data
not shown). For these reasons, we rely on the RNAi lines for most experiments.
To deplete CycA during female meiosis we crossed mat-Gal4 to a UAS-RNAi line
that targets CycA, CycAGLV21059 (CycA21059). CycA protein levels are reduced to 17% of
wild type levels in stage13-14 oocytes from CycA21059 females (Figure 1E). These
females produce eggs that fail to hatch. Embryos go through several aberrant syncytial
divisions and typically arrest prior to cellularization (Figure 1L). To verify the
phenotypes from this RNAi line we first attempted to generate a conditional CycA mutant
analogous to CycB-/-;hs-CycB. However, we were unable to rescue the zygotic lethality of
a CycA null mutant using a hs-CycA transgene (Knoblich and Lehner 1993) (data not
shown). We therefore generated a 2nd, non-overlapping RNAi line, CycA3’RNAi.
Unfortunately, this line produces a significantly weaker phenotype than CycA21059:
approximately half of the eggs produced by CycA3’RNAi females hatch. Nonetheless, as
described later (Figure 9), this line and CycA21059 produce the same phenotype in
combination with CycB3 mutations. We conclude that CycA21059 and CycA3’RNAi both
produce a specific knockdown of CycA in female meiosis.
Unlike CycB and CycA, CycB3 is not required for viability or for the germline
mitotic divisions that precede oocyte formation, and thus its role in meiosis can be
directly assessed using mutant alleles (Jacobs et al. 1998) (Yuan and O'Farrell 2015). In
this study we use flies transheterozygous for the strong alleles, CycB3L6540 (CycB3L6) and
CycB32 (Jacobs et al. 1998). Stage 13-14 oocytes from CycB3L6/2 females have no
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detectable protein by Western blot (Figure 1F), and as previously described (Jacobs et al.
1998), fertilized eggs from CycB3L6/2 females fail to develop (Figure 1M).

Meiotic maturation in Drosophila females requires Cdk1 and any mitotic cyclin
Cdk1-CycB is the critical mediator of meiotic maturation, or nuclear envelope
breakdown (NEB), in diverse organisms (Labbe et al. 1989) (Nebreda and Ferby 2000).
Cdk1 is at least partially responsible for meiotic maturation in Drosophila: a temperaturesensitive Cdk1 allele combination as well as mutations in the gene for the Cdk-activating
phosphatase, Cdc25/twine, both result in a delay, though not a complete failure of NEB
(Von Stetina et al. 2008). The specific cyclin partner or partners for Cdk1 in meiotic
maturation are not known for Drosophila. To determine if any of the three mitotic cyclins
plays a role in NEB, we examined NEB timing in single knockdown oocytes (Figure 2AD,J,K). In oocytes labeled with the DNA dye, Propidium Iodide, the presence of a
nuclear envelope can be inferred from the appearance of a cleared area around the
meiotic chromatin. We also used a GFP-Lamin C gene trap (Morin et al. 2001) to directly
identify the nuclear envelope. In wild type, a nucleus was detected in early stage 13 but
not in mid stage 13 oocytes, indicating that NEB occurs between early and mid stage 13
(Von Stetina et al. 2008) (Figure 2A,J). NEB timing was not altered in CycB1015 (Figure
2B,J). Even the stronger hypomorphic conditon, CycB-/-;hs-CycB, had no effect on the
timing of NEB: 9/9 mid stage 13 and 18/18 late stage 13 CycB-/-;hs-CycB oocytes that we
examined had undergone NEB. CycB3L6/2 oocytes also undergo NEB without any
apparent delay (Figure 2C,J). On the other hand, approximately 60% of mid stage 13
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Figure 2: Mitotic cyclins play redundant roles in meiotic maturation. UAS-RNAi
lines CycA21059, CycB1015, and Cdk10262 are all driven by mat-Gal4. A-G) Early, mid and
late stage 13 oocytes labeled for GFP-Lamin C (red) and DNA (Propidium Iodide in
green). For each stage the first panel shows the full oocyte (scale bar = 50um). The
dashed box indicates the site of the oocyte nucleus, and this is shown in higher
magnification in the smaller panel to the right (scale bar = 10um). Staging is based on the
appearance of nurse cell nuclei and dorsal appendages. Presence of a nuclear envelope is
assessed from Lamin staining and from exclusion of Propidium Iodide signal from a
region around the karyosome. A) Oocytes from wild type, showing presence of a nucleus
in early stage 13 and absence in mid and late stage 13. The same timing of NEB is seen in
CycB1015 (B), CycB3L6/2 (C), as well as CycB1015,CycB3L6/2 (G). D) Oocytes from
CycA21059 showing presence of a nucleus in early and mid stage 13 and absence in late
stage 13. The same delayed NEB is seen in CycA21059,CycB1015 (E) and
CycA21059,CycB3L6/2 (F). H, I) Late stage 13 and stage 14 oocytes stained with Oligreen to
detect DNA and presence of a nuclear envelope (by exclusion of Oligreen signal from a
region around the karyosome). NEB had occurred in the wild type in H and I. The late
stage 13 CycA21059,CycB1015,CycB3L6/2 oocyte in (H) shows partial clearing of cytoplasm
near the bulk of chromatin, suggesting that NEB is incomplete. NEB is complete in the
stage 14 CycA21059,CycB1015,CycB3L6/2 oocyte in (I). A nuclear envelope is present in the
late stage 13 and stage 14 Cdk10262 oocytes (H,I). J-L) NEB timing in cyclin and Cdk1
knockdown oocytes. Specific alleles are the same as those indicated for A-I. Graphs
represent percentage of oocytes with fully intact oocyte nuclei, as determined by GFPLamin C or DNA staining. Graphs are based on 2 or more independent experiments.
Error bars indicate s.e.m.
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CycA21059 oocytes still had a nucleus (Figure 2D,J). By late stage 13 all CycA21059
oocytes had undergone NEB (Figure 2D,K). Therefore CycA21059 oocytes display a slight
but consistent delay in NEB. CycA21059 does not eliminate all CycA protein, and it is
possible that a stronger knockdown would lead to a more pronounced NEB delay. No
delay in NEB was observed in CycA3’RNAi oocytes (data not shown), presumably due to
the weaker overall effectiveness of this RNAi line. Despite the caveat that we rely on a
single RNAi line, these results suggest that CycA is necessary for timely nuclear
envelope breakdown in female meiosis.
We next generated double knockdowns of the mitotic cyclins to determine if any
of these combinations produce a further delay in NEB. Combining CycA21059 with either
CycB1015 or CycB3L6/2 resulted in a delay in NEB timing, but not more severe than that of
CycA21059 alone (Figure 2E,F,J,K). Meanwhile, CycB1015,CycB3L6/2 double knockdown
oocytes appeared wild type with respect to NEB timing (Figure 2G,J,K). We note that in
the specific case of CycA21059,CycB1015 the two UAS-RNAi lines might compete for
limiting Gal4. This would result in reduced knockdown of both genes, potentially
masking any synergy between the two knockdowns.
Finally, we determined the consequences of simultaneous knockdown of all three
mitotic cyclins (by combining mat-Gal4, CycA21059,CycB1015 and the two mutant alleles of
CycB3). CycA21059,CycB1015,CycB3L6/2 oocytes displayed a more profound delay in NEB
than the CycA single or double knockdown combinations. 48% of late stage 13 oocytes
from triple knockdown females still had nuclear envelopes (Figure 2H,K). This
compares to 0% in CycA21059 alone and 0% in the CycA,B and CycA,B3 double
knockdown combinations (Figure 2K). 14% of stage 14 CycA,B,B3 triple knockdown
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oocytes still had nuclear envelopes (Figure 2I,L). Therefore loss of all three mitotic
cyclins can lead to a complete failure of NEB.
The NEB delay produced by knockdown of all 3 mitotic cyclins is stronger than
that produced by loss of their common kinase partner, Cdk1 (Von Stetina et al. 2008).
This could reflect the hypomorphic nature of the Cdk1 temperature sensitive allele that
was used previously. We obtained the RNAi line Cdk1GL00262 (Cdk10262) (Ni et al. 2011)
and expressed it under mat-Gal4 control with the hope of obtaining stronger phenotype.
Western blotting revealed that this RNAi line reduces Cdk1 protein levels to 12% of wild
type levels (Figure 1G). All mid and late stage 13 oocytes from Cdk10262 had a nucleus
(Figure 2H,J,K), while 83% of stage 14 oocytes still had an intact nucleus (Figure
2I,L). Therefore, most oocytes fail to undergo NEB following knockdown of Cdk1.

CycA is required for bi-orientation of homologues in meiosis I
After NEB, the first meiotic spindle is assembled and the oocyte arrests in
metaphase I until ovulation. To analyze the role of each cyclin-Cdk1 complex in
achieving or maintaining this metaphase I arrest, we collected stage 14 oocytes, removed
chorion and vitelline membranes to permit immunostaining, and then probed these
oocytes for Tubulin and DNA, and performed FISH using a probe specific to the
pericentric region of the X-chromosome (hereafter referred to as the X-cent FISH probe)
(Dernburg 2000) (Figure 3). To obtain larger numbers of oocytes for quantification, we
separately examined oocytes in which Tubulin immunostaining was omitted (allowing us
to also omit the chorion and vitelline membrane removal step) (Figure 4). In wild type
stage 14 oocytes, the chromatin appeared as a single compact mass at the midzone of an
acentriolar spindle. The X-cent FISH probe revealed the 2 X-chromosome centromeres
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oriented towards opposite poles (Figure 3A, Figure 4). This bi-orientation of
homologues is due to centromere pairs being pulled towards either pole while at the same
time being held together by the combined effects of crossing over and sister-chromatid
cohesion (McKim et al. 2002). CycB3L6/2 oocytes arrested normally in stage 14, with a
single compact chromatin mass and 2 X-cent FISH dots oriented toward the poles
(Figure 3B, Figure 4). CycA21059 oocytes also contained a single compact mass of
chromatin as in wild type, suggesting that they also stably arrest in metaphase I (Figure
3C,D, Figure 4). However, bi-orientation was disrupted in 45% of CycA21059 oocytes. In
most cases (34% of CycA21059 oocytes) both X-cent FISH foci were oriented towards the
same pole (Figure 3C, Figure S1) while in 11% of CycA21059 oocytes, one or both FISH
dots was centered within the chromatin mass (Figure 3D, Figure S1). X-chromosome biorientation was unaffected in wild type, CycB1015 and in CycB3L6/2 oocytes (Figure S1).

Cyclin B is required for maintenance of metaphase I arrest
Chromatin and X-cent FISH labeling revealed that the majority of CycB1015
oocytes arrest normally in metaphase I. However, 20% contained 2 distinct chromatin
masses, with a single X-cent FISH dot in each (Figure 3E, 4). This phenotype could be
due to precocious separation of homologues, though we cannot rule out the possibility
that homologues remain paired through stretched out chromatin strands that we do not
detect. A similar split chromatin phenotype was seen in CycB1896 oocytes, at 26%
(n=145) (Figure 3F), and in CycB-/-;hs-CycB oocytes, at 19% (n=128). CycB1896 and
CycB-/-;hs-CycB oocytes also occasionally displayed more complex and variable
phenotypes
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Figure 3: Requirement for mitotic cyclins in mature oocytes. Stage 14 oocytes labeled
for DNA (Oligreen in green), Tubulin (blue) and X-cent FISH probe (red). Wild type
stage 14 oocytes (A) have a single compact mass of chromatin with 2 X-cent FISH dots
oriented towards opposite poles of the spindle. B) CycB3L6/2 oocyte in a normal
metaphase I arrest. C,D) CycA21059 oocytes displaying a failure of X-chromosome biorientation. Spindle morphology appears normal and chromatin appears as a single mass,
but the X-cent FISH dots are not properly oriented towards opposite sides of the
chromatin mass. E,F) CycB1015 and CycB1896 oocytes in which chromatin is split into two
masses. G,H) CycB1896 and CycB-/-;hs-CycB oocytes with aberrant meiosis I spindles. I,J)
CycA21059,CycB1015 oocytes displaying a split chromatin phenotype (I) and bi-orientation
defects (I,J). K) CycB1015,CycB3L6/2 oocyte in a normal metaphase I arrest. L-N),
CycA21059,CycB3L6/2 double knockdown oocytes. The oocyte in L has a single chromatin
mass that is not properly compacted, with a single X-cent FISH dot indicating failure of
bi-orientation. The oocyte in M has multiple distinct chromatin masses and abnormal
spindle. The oocyte in N has multiple chromatin masses and multiple X-cent FISH dots,
indicative of re-replication. Scale bar in A =10um and applies to all panels.
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Figure 4: Contribution of mitotic cyclins to metaphase I arrest. Stage 14 oocytes
were labeled with Oligreen to detect DNA and with the X-cent FISH probe. The graph
shows the percentage of stage 14 oocytes that have a single chromatin mass, 2 chromatin
masses or multiple chromatin masses. Results are from two independent experiments.
Error bars indicate s.e.m.
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including spindle morphology defects, multiple chromatin masses and random
distribution of the two X-chromosomes (Figure 3G,H and data not shown). Therefore
CycB is at least partially required for maintenance of the metaphase I arrest and may also
be required for organization of the meiosis I spindle.

Double knockdown phenotypes suggests that CycB functions independent of CycA
and in opposition to CycB3 in meiosis I
We next examined stage 14 oocytes in which 2 of the 3 mitotic cyclins were
depleted, starting with the CycA,B combination. 21% of stage 14 CycA21059,CycB1015
oocytes appeared to have undergone precocious anaphase, as judged by the presence of
two distinct chromatin masses (Figure 3I, Figure 4). This frequency is similar to that of
CycB1015 alone (Figure 4). CycA21059,CycB1015 oocytes also displayed bi-orientation
defects, similar to those seen in CycA21059 (Figure 3J). It therefore appears that double
knockdown of CycA and CycB produces a phenotype that is equal to the sum of the two
single knockdowns. This implies that the two genes act independently. As discussed
earlier, it is possible that we fail to detect synergy between CycA and CycB knockdowns
due to weaker expression of the two UAS-RNAi lines when expressed together.
We next examined oocytes knocked down for CycB and mutant for CycB3. As
described above, CycB knockdown results in a partially penetrant failure to arrest in
metaphase I in stage 14 of oogenesis, while CycB3 mutants arrest normally at this stage.
Interestingly, CycB1015,CycB3L6/2 oocytes invariably contained a single meiotic spindle
with a single chromatin mass, indicating that they arrest normally in metaphase I (Figure
3K, Figure 4). Therefore, the failed metaphase I arrest that occurs upon CycB
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knockdown is completely suppressed by homozygous loss of CycB3, arguing that CycB
and CycB3 have opposing functions.

CycA and CycB3 act redundantly to prevent re-replication in meiosis I
We next examined stage 14 oocytes from CycA,CycB3 double knockdown
females. 33% of stage 14 CycA21059,CycB3L6/2 oocytes contained a single chromatin mass,
suggesting that they were in metaphase I. However, the chromatin mass often appeared
asymmetric, as if not all chromosomes were properly aligned at the spindle midzone
(Figure 3L, Figure 4). Consistent with this, FISH often revealed failed bi-orientation of
X-chromosomes (Figure 3L). In 14% of CycA21059,CycB3L6/2 oocytes the chromatin mass
appeared to have broken up into two distinct masses (Figure 4). These were often
different sizes, and the 2 X-cent FISH dots were randomly distributed between the two
chromatin mass (data not shown). The majority of CycA21059,CycB3L6/2 oocytes (53%)
had 3 or more chromatin masses (Figure 4). Of these oocytes, a minority (17%) appeared
similar to the above except for the increased number of distinct chromatin masses
(Figure 3M). In 83% of the oocytes that had 3 or more chromatin masses (46% of all
oocytes examined), there were more than 4 X-cent FISH dots, indicating that the meiotic
chromatin had re-replicated (Figure 3N). In these oocytes the chromatin was associated
with highly abnormal spindles or disorganized microtubule arrays (Figure 3N).
Therefore CycA and CycB3 function redundantly to organize chromosomes on the
meiosis I spindle and to inhibit DNA replication in meiosis I.
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Roles of mitotic cyclins in the completion of meiosis
To determine how loss of the individual mitotic cyclins affects the completion of
meiosis following ovulation, we first examined 0-2 hour unfertilized eggs probed for
Tubulin and Histone H3 to detect chromatin. Representative phenotypes are shown in
Figure 5 and quantification is presented in Figure 6. Eggs from CycA knockdown
females appeared to complete meiosis.

78% of unfertilized eggs from CycA21059

contained a polar body, the same percentage as in wild type (Figure 5A,B, Figure 6).
Though meiosis was able to proceed to completion, FISH using the X-cent probe
suggested that it did not proceed normally. In fertilized wild type eggs the polar body
contained 3 X-cent FISH signals corresponding to the 3 polar body nuclei. The other
meiotic product joins the male pronucleus to form the zygote. In fertilized CycA21059
eggs, many polar bodies had 2 or 4 X-cent FISH signals (Figure S2). This apparent
variability in the number of X-chromosomes in polar bodies could be due to defects in
homologue segregation in meiosis I, as would be expected from the bi-orientation defects
seen in stage 14 oocytes (Figure 3, Figure S1).
0-2 hour eggs from CycB3L6/2 females typically contain either 1 or 2 spindles in
the dorsal anterior of the egg, indicative of an arrest in meiosis I or meiosis II (Jacobs et
al. 1998) (Yuan and O'Farrell 2015) (Figure 5C,D, Figure 6) The relative frequency of
eggs with 1 versus 2 spindles does not appear to differ when we compared 0-20, 20-40
and 40-60 minute egg-lays (Figure S3), arguing that the eggs that are in meiosis I and
meiosis II are stably arrested at that stage as opposed to progressing slowly through
meiosis. To further characterize the CycB3L6/2 meiotic arrest we examined eggs labeled
with the X-cent FISH probe. Wild type eggs in metaphase II have 2 X-cent FISH foci,
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Figure 5: Post-ovulation requirements for the mitotic cyclins. A-G) 0-2 hour eggs
from unfertilized females, immunostained to detect Tubulin (blue) and chromatin (using
α-Histone H3 antibody) in green (except G in which Histone staining is omitted and the
X-cent FISH probe (red) is used. Images labeled A’- E’ are magnified views of the
images in A – E respectively. A,B) Polar bodies from wild type and CycA21059 eggs. C,D)
CycB3L6/2 eggs in meiosis I (C) and meiosis II (D). E) CycB1015 egg in post-meiotic
interphase. F) CycB1015 egg in meiosis II with highly aberrant spindles. G) CycB1015 egg
with an unknown meiotic phenotype. X-cent FISH reveals multiple foci, indicative of rereplication. H-J) Fertilized 0-2 hour eggs labeled for Lamin (red), Tubulin (blue) and
DNA (green). H) Wild type syncytial stage embryo in interphase. I,J) CycB1015 and
CycB1896 embryos in post meiotic interphase. K,L) Internal mitotic spindle from fertilized
wild type and CycB1015 eggs, labeled for Tubulin (blue), Histone H3 (green) and X-cent
FISH (red). The FISH probe detects 2 distinct foci. Scale bar in A = 50um and applies to
A,B,C and E. Scale bars in A’ and H = 10um and applies to A’,B’C’,D,E’-L.
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Figure 6: Post-ovulation phenotypes in cyclin and Cdk1 knockdown eggs.
Unfertilized eggs from each genotype were collected over a 2-hour period and probed for
Tubulin and Histone H3 to label chromatin. Graph shows the percentage of eggs that
appear to be in prophase I, meiosis I, meiosis II, post-meiotic interphase, unknown
phenotype, or with polar bodies. Approximately 50% of CycB1015,CycB3L6/2 eggs contain
1 or 2 nuclei, but these were classified as meiosis I or II arrested respectively (see text).
The graph represents data from 3 independent experiments (2 in the case of Cdk10262).
Error bars indicate s.e.m.
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one per spindle (Figure 7A). These resolve into 2 foci per spindle (4 in total) upon sister
chromatid segregation in anaphase II (see Figure 8A). In CycB3L6/2, 59% of meiosis I
arrested oocytes and 63% of meiosis II arrested oocytes have either 3 or 4 distinct FISH
dots in the spindle, indicating that sister centromeres separate from each other in most
oocytes, even those that appear to be in meiosis I (Figure 7C,D). These findings suggest
that CycB3 is necessary for spindle behavior and chromosome segregation in anaphase,
but not for the release of sister chromatid cohesion. Alternatively it may be that CycB3 is
indeed required for the timely release of sister chromatids but that cohesion fatigue
(Daum et al. 2011) leads to their eventual separation in CycB3 mutants.
Approximately 19% of meiosis I and 17% of meiosis II eggs from CycB3L6/2 had
more than 4 X-cent FISH dots, indicative of re-replication (Figure 7B,D). Further, 16%
of CycB3L6/2 eggs displayed variable and difficult to characterize phenotypes such as
presence of more than 2 spindles or microtubule arrays with associated chromatin
(Figure 7D). The re-replication and uncharacterizable phenotypes tended to occur
together (Figure 7D), and may both be secondary effects of prolonged meiotic arrest.

Cyclin B is required for polar body formation
We next examined eggs from CycB knockdown females. As described above,
78% of wild type eggs collected over a 2-hour period contain polar bodies. In contrast,
only 6% of CycB1015 eggs collected over the same time period had recognizable polar
bodies (Figure 6). 20% had 2 spindles with abnormal morphology, suggesting a meiosis
II delay or arrest (Figure 5F, Figure 6). 47% appeared to be in post-meiotic interphase
(Figure 5E,E’, Figure 6). Often the nuclei were clustered together, as often seen in wild
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Figure 7: CycB3 mutants arrest with separated sister chromatids. A-C) Meiotic
figures from wild type and CycB3L6/2 eggs, labeled for Tubulin (blue) and X-cent FISH
(red). The wild type egg (A) has 2 spindles with a single X-cent FISH dot per spindle,
and thus is in metaphase II. The meiosis I arrested CycB3L6/2 egg (B) has 7 distinct X-cent
FISH dots, indicative of sister chromatid separation and re-replication. The meiosis II
CycB3L6/2 egg (C) has 2 X-cent FISH dots per spindle and thus is in anaphase II. D)
Quantification of X-cent FISH dots per meiotic figure in 0-2 hour CycB3L6/2 eggs. Data is
pooled from 3 independent experiments. Scale bar in A=10um.
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type eggs just prior to polar body formation. The number of nuclei varied, possibly due to
segregation defects in meiosis. Nuclei often appeared to be surrounded by microtubules
(Figure 5E,E’), possibly as a result of prolonged arrest in interphase. The remaining 27%
of CycB1015 eggs had more complex phenotypes and therefore could not be categorized
with respect to meiotic stage. These eggs contained variable sized spindles or
microtubule arrays, often associated with large amounts of chromatin. FISH using the Xcent FISH probe revealed multiple distinct foci in most of these eggs, indicating that rereplication had occurred (Figure 5G).
To confirm that the eggs we had categorized as being in post-meiotic interphase
indeed contained nuclei, we probed 0-2 hour fertilized eggs with antibodies against
Lamin (Figure 5H-J). In wild type, Lamin was never detected in association with the
polar body (data not shown), though it could readily be detected on mitotic nuclei in
interphase (Figure 5H). 38% (10/26) of CycB1015 eggs had Lamin staining associated
with the female meiotic products (Figure 5I). The other CycB RNAi line, CycB1896 also
appeared to arrest in post-meiotic interphase with Lamin-positive nuclei (Figure 5J).
Interestingly, while the polar body nuclei in CycB1015 eggs did not undergo NEB,
if the eggs were fertilized they usually contained 1 or more mitotic spindles in the egg
interior. From the above-described collections of fertilized CycB1015 eggs probed for
Lamin, Tubulin and DNA, 92% (24/26) had identifiable (though often aberrant) mitotic
spindles in the egg interior, and no associated Lamin signal. Mitotic spindles were not
found in unfertilized CycB1015 eggs, and therefore the spindles and associated chromatin
are presumably derived from the male pronucleus. We used the X-cent FISH probe on
CycB1015 embryos to determine whether or not a female pronucleus also contributes to
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these mitotic spindles. If it does, the mitotic spindle or spindles in all embryos would
have at least one X-chromosome. If the female does not contribute, half of all embryos
will have no X-chromosome in their mitotic spindles (in cases where the embryo is YO).
In wild type, 95% (+/-7.9, n=40) of eggs had at least one X-cent FISH signal in their
mitotic spindle or spindles (Figure 5K). A similar percentage was seen in CycB1015
embryos (93% +/- 4.9, n= 42) (Figure 5L). Therefore in CycB1015, the male and female
pronuclei appear to be able to come together, undergo NEB and form the zygote.
As described above, 27% of CycB1015 eggs from 2-hour egg lays contained
apparently disorganized arrays of chromatin and microtubules (Figure 6). Virtually all
0-2 hour eggs from CycB-/-;hs-CycB females had similar complex phenotypes (data not
shown, but see below). It is possible that these phenotypes result from instability of
either the meiosis II or post-meiotic interphase arrests. If so, they should be less frequent
in eggs from shorter egg lays. To test this we examined eggs from 20-minute egg
collections (Figure 8). Most wild type 0-20 minute eggs had completed meiosis and
contained polar bodies, though a small percentage were still in meiosis or in post-meiotic
interphase (Figure 8A,B,F). In 20-minute collections from CycB1015 we never observed
eggs with polar bodies. Further, we no longer observed complex phenotypes such as
those seen in the 2-hour egg collections. Instead, all eggs were either in meiosis II or
post-meiotic interphase (Figure 8C,F). Meiosis II spindle morphology and chromatin
distribution on the spindles appeared abnormal (Figure 8C), suggesting that meiotic
spindle defects in CycB1015 eggs are not simply a result of prolonged arrest.
We also examined 0-20 minute eggs from CycB-/-;hs-CycB. 53% of these eggs
had complex and uncharacterizable phenotypes (compared to 100% in 2-hour egg lays)
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(Figure 8F). All other eggs appeared to be either in meiosis II or in post-meiotic
interphase (Figure 8D-F). All meiosis II eggs from CycB-/-;hs-CycB had highly aberrant
spindle morphology and the chromatin distribution on these spindles appeared unequal
(Figure 8D). Overall it appears that the CycB-/-;hs-CycB phenotype is similar to but
stronger than CycB1015. Both alleles produce a delay or arrest in meiosis II with aberrant
spindle morphology, and an arrest prior to polar body formation. These arrests are not
stable and the meiotic products re-replicate and become increasingly disorganized.
Therefore CycB is at least partially required for meiotic spindle organization and
completion of the 2nd meiotic division, and is essential for polar body formation.

Redundancies amongst mitotic cyclins in the completion of meiosis
We next examined embryos from double knockdown females. Over 80% of
CycA21059,CycB1015 eggs from 2-hour collections appeared to be in post-meiotic
interphase (Figure 6, Figure 9A). This phenotype was also seen in CycB1015 single
knockdown eggs. However, unlike CycB1015 alone, CycA21059,CycB1015 did not produce a
delay or arrest in meiosis II (Figure 6). It is not clear if this reflects a specific effect of
CycA knockdown or if it is merely due to lower CycB knockdown efficiency in the
presence of a 2nd UAS-RNAi line. Overall, considering both pre- and post-ovulation
phenotypes, the double knockdown appears more-or-less equivalent to the sum of the two
single knockdowns. While the incomplete nature of RNAi knockdowns make it difficult
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Figure 8: CycB is required for normal progression through meiosis II and for polar
body formation. A-E) Fertilized eggs collected over a 20-minute period from wild type
and CycB knockdown females as indicated, probed for Tubulin (blue) and Histone H3 to
label chromatin (green). X-cent FISH (red) is included in A-C. A) Wild type egg in
anaphase II. B) Wild type egg in post-meiotic interphase. Nuclei are clustered together in
preparation for polar body formation. C) CycB1015 egg in meiosis II. One of the meiotic
spindles appears to be in anaphase while the other is in metaphase. Spindle morphology
is also disrupted. D) CycB-/-;hs-CycB egg in meiosis II. The two spindles have different
amounts of associated chromatin, suggesting that anaphase I was unequal. E) CycB-/-;hsCycB egg that appears to be in post-meiotic interphase. F) Graph showing percentage of
0-20 minute eggs in the different meiotic stages. The graph represents results from
multiple egg collections that were pooled together in a single experiment.
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to conclude with certainty, our findings suggest that CycA-Cdk1 and CycB-Cdk1 have
largely non-overlapping functions in meiosis.
We next examined eggs in which both CycB and CycB3 are knocked down.
Approximately 50% of the eggs from CycB1015,CycB3L6/2 arrested in either meiosis I or
meiosis II, similar to CycB3 single mutants (Figure 6, Figure 9C). The remaining 50%
of eggs contained either one or two masses of condensed chromatin that appeared to be
within nuclear envelopes and surrounded by microtubules (Figure 9B,B’). The position
of these nuclei, at the dorsal anterior of the egg, and their number, either 1 or 2, suggest
that they are derived from meiosis I or II figures respectively.

We speculate that

CycB1015,CycB3L6/2 eggs arrest in meiosis I or II (like CycB3L6/2 alone), and that low Cdk1
activity results in nuclear envelopes reassembling around the meiotic chromatin. If we
count these eggs as having arrested in meiosis I and meiosis II respectively, the frequency
of meiosis I arrest is 62% and meiosis II is 23%. This is similar to that of CycB3L6/2 alone
(Figure 6). It therefore appears that the CycB,B3 double knockdown shows the same
meiosis I or meiosis II arrest as seen in CycB3 mutants alone. This suggests that CycB
and CycB3 are largely non-redundant in meiosis.
We next examined eggs from females depleted of both CycA and CycB3. All
eggs from CycA21059,CycB3L6/2 females contained large masses of chromatin and
associated microtubules (Figure 9D). FISH revealed multiple X-chromosome foci within
these chromatin masses (Figure 9E). Overall, the phenotype of CycA21059,CycB3L6/2 eggs
appears similar to but stronger and more penetrant than that seen in mature oocytes.
Importantly, we also saw re-replication and disorganized microtubule arrays (though less
pronounced) in eggs in which CycB3L6/2 is combined with the weaker CycA RNAi line,
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Figure 9: Redundant roles for mitotic cyclins in the completion of meiosis. A-G’)
Unfertilized 0-2 hour eggs labeled for Tubulin (blue) and Histone H3 to label chromatin
(green), except E which is labeled for Tubulin (blue) and X-cent (red). Images A’-D’ and
G’ are zoomed in views of A-D, and G respectively. A) CycA21059, CycB1015 egg in postmeiotic interphase. B) CycB1015,CycB3L6/2 egg arrested with a single nucleus. C)
CycB1015,CycB3L6/2 egg arrested with a single meiosis I spindle. D,D’)
CycA21059,CycB3L6/2 egg with large masses of chromatin and associated microtubules. F)
CycA3’RNAi,CycB3L6/2 egg with scattered chromatin and associated microtubule arrays. G)
CycA21059, CycB1015,CycB3L6/2 egg with 2 large nuclei. H,I) Unfertilized 0-2 eggs labeled
for Lamin (red) and Histone H3 (green). H) CycA,B,B3 triple knockdown oocyte with 3
large nuclei. I) Cdk10262 egg with a single large nucleus. Scale bar in A = 50um and
applies to A,B,D,G. Scale bars in A’ and H = 10um and apply to all other panels. J)
Graph showing percentage of wild type, CycA21059, CycB1015,CycB3L6/2 and Cdk10262 eggs
with Lamin-positive nuclei (0% in wild type, 100% in both knockdowns), and percentage
that have 1 nucleus versus 2 or more nuclei. Results for CycA21059, CycB1015,CycB3L6/2
and Cdk10262 are based on two independent experiments, and error bars indicate s.e.m.
Results for wild type come from a single experiment.
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CycA3’RNAi (Figure 9F). The fact that two independent CycA RNAi lines produce the
same meiosis defects in combination with CycB3 mutants supports the conclusion that the
two lines specifically affect the CycA gene.
Finally, we examined eggs from females in which all three mitotic cyclins have
been knocked down. As described earlier, CycA21059,CycB1015,CycB3L6/2 oocytes are
delayed in NEB, but by stage 14 only 14% still have a detectable nucleus (Figure 2).
However, 100% of unfertilized eggs from CycA21059,CycB1015,CycB3L6/2 females
contained one or more large nuclei in the dorsal anterior of the egg, a site that
corresponds to the location of the original prophase I nucleus (Figure 9G,J). Lamin
staining confirmed the presence of nuclear envelopes (Figure 9H). 27% of these eggs
contained a single large nucleus while the remaining eggs had more than 1 (typically 2 to
4) nuclei of often differing sizes (Figure 9G,J). It seems therefore that in
CycA21059,CycB1015,CycB3L6/2, NEB occurs in late oogenesis, but nuclear envelopes
reassemble shortly after ovulation. We speculate that eggs with multiple nuclei are those
in which NEB occurred prior to ovulation. Chromatin then dispersed, and each chromatin
mass become surrounded by its own nuclear envelope after ovulation.
Cdk10262 eggs also invariably contained one or more large dorsal anterior nuclei
(Figure 9I,J), suggesting that nuclear envelope breakdown (if it occurs) is followed by
the

reassembly

of

nuclear

envelopes

after

ovulation.

While

73%

of

CycA21059,CycB1015,CycB3L6/2 eggs had more than one nucleus, only 35% of Cdk10262 eggs
had more than one. (Figure 9I,J). This is consistent with the idea that multiple nuclei are
the result of NEB having occurred prior to ovulation, followed by dispersal of chromatin
and eventual reassembly of nuclear envelopes around the dispersed chromatin. Cdk1
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knockdown results in relatively fewer oocytes undergoing NEB and thus fewer oocytes in
which chromatin dispersal occurs.
An alternative explanation for the appearance of nuclei in CycA,B,B3 triple
knockdown and Cdk1 knockdown eggs is that meiosis proceeds to completion and the
meiotic products arrest in the post-meiotic interphase that precedes polar body formation,
similar to what appears to happen in the CycB single knockdown. We cannot yet discount
this possibility, but the following observations argue against it: First, we never saw
meiotic spindles in CycA21059,CycB1015,CycB3L6/2 or Cdk10262 eggs (Figure 6), suggesting
that they never progress beyond NEB. Second, the CycB3 single and double knockdown
combinations produced an arrest prior to the completion of meiosis. It seems unlikely that
triple knockdown eggs would be able to complete meiosis if these single and double
knockdowns do not. We conclude that knockdown of Cdk1 or all three of its cyclin
partners results in a delay or complete failure of NEB. Those oocytes that undergo NEB
prior to ovulation end up reassembling nuclear envelopes shortly after ovulation.

DISCUSSION
Using a combination of RNAi knockdown and mutants we have analyzed the
genetic requirements for the three mitotic cyclins in Drosophila meiosis. Our conclusions
about cyclin requirements are in part based on incomplete knockdown via RNAi, and it is
possible that stronger or novel phenotypes will be revealed with stronger gene
knockdowns. Nonetheless, we are able to identify important unique and shared functions
for each cyclin-Cdk1 complex.
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CycB has a possible role in homologue cohesion
The two different CycB RNAi lines as well as the conditional allele, CycB-/-;hsCycB produce a partially penetrant phenotype in which the metaphase I arrest in stage 14
of oogenesis is not maintained. The most common observation is a splitting of the
chromatin into 2 distinct and generally equivalent masses. This could reflect a role for
CycB in maintaining cohesion between homologues. Homologue cohesion depends on
the combined effect of crossovers between homologues and sister chromatid cohesion
mediated by Cohesin complexes (reviewed in (Revenkova and Jessberger 2005)).
Anaphase I is initiated when Cohesins distal to cross-over sites are disassembled. This
depends on the activation of Separase, a protease that cleaves one of the Cohesin
subunits. Separase activity is inhibited prior to anaphase I by inhibitory binding of
Securin (Pim in Drosophila), a protein that is targeted for destruction by the APC/C at
anaphase I onset. In Xenopus oocyte extracts, CycB1-Cdk1 also contributes to Separase
inhibition, both by phosphorylation of Separase and by inhibitory binding (Gorr et al.
2005). The roles of Separase and Securin in meiosis appear to be conserved in
Drosophila (Guo et al. 2016), though the Separase target within the Cohesin complex has
yet to be identified (Urban et al. 2014; Guo et al. 2016). Our results suggest that the
CycB-Cdk1 role in Separase inhibition may also be conserved. Of note in this respect, the
split chromatin phenotype occurs in only 20% of CycB1015 oocytes (and at 19% in the
strong hypomorph, CycB-/-;hs-CycB), and the penetrance of this phenotype does not go
up when CycA or CycB3 are also depleted. While low penetrance may relate to
incomplete knockdown, another explanation is that CycB-Cdk1 functions redundantly
with Securin to keep Separase inactive and thus prevent precocious anaphase.
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CycB-Cdk1 prevents anaphase while CycB3-Cdk1 promotes anaphase in meiosis
The split chromatin phenotype in CycB knockdown oocytes is completely
suppressed by homozygous loss of CycB3. CycB3 mutant eggs arrest in anaphase I (or
anaphase II) following ovulation (Jacobs et al. 1998) (Figure 5), suggesting a simple
interpretation of this genetic suppression: that CycB3 is required not only for the
physiological anaphase that occurs upon ovulation, but also for the precocious anaphase
that occurs upon CycB knockdown. CycB-Cdk1 and CycB3-Cdk1 thus appear to have
somewhat opposing functions in meiosis, CycB prevents anaphase and CycB3 promotes
anaphase. This may be similar to the situation in the syncytial embryo where CycB3
promotes anaphase, possibly by stimulating the APC/C-mediated destruction of the other
two mitotic cyclins (Yuan and O'Farrell 2015). CycB3 is also required for anaphase
progression in C. elegans and in mouse oocytes (van der Voet et al. 2009) (Zhang et al.
2015), suggesting a conserved function in APC/C activation.

CycA promotes bi-orientation in meiosis
CycA, the only mitotic cyclin that is essential for viability in Drosophila, does not
appear to be essential for the completion of meiosis. However, it plays a critical role in
bi-orientation of homologues in meiosis I. Bi-orientation in Drosophila female meiosis
appears to occur in two steps (Radford et al. 2015). First, chromosomes make side-on
attachments to the overlapping microtubules of the central spindle. The CENP-E
microtubule motor associates with the central spindle and with kinetochores to bring the
chromosomes towards opposite poles. In the 2nd step, microtubules make head-on
attachments to kinetochores (Radford et al. 2015). The bi-orientation defects seen in
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CycA21059 resemble those seen with weak alleles of Incenp and Aurora B, central spindle
components that are implicated in the first step (Radford et al. 2012). Cdk1 appears to
phosphorylate Incenp (Goto et al. 2006), suggesting one possible mechanism by which
CycA-Cdk1 could be involved in bi-orientation. Indirect evidence also suggests a role for
CycA in the 2nd step in bi-orientation.

CycA-Cdk1 has been shown to destabilize

incorrect head-on attachments between kinetochores and microtubules in mitosis
(Kabeche and Compton 2013). It is possible that it has a similar role in Drosophila
meiosis.
While CycA knockdown disrupts homologue bi-orientation, the chromosomes
remain within a single compact mass. When CycA and CycB3 are both depleted, the
chromatin often appears less compact, or separates into 2 or more chromatin masses. The
scattered or dispersed chromatin, often accompanied by spindle abnormalities, is
reminiscent of phenotypes seen in twine, Endos and Gwl mutants (Archambault et al.
2007) (Von Stetina et al. 2008), genes that are implicated in Cdk1-mediated
phosphorylation. Twine encodes one of two Drosophila Cdc25 homologues that directly
activate Cdk1 via dephosphorylation. Endos and Gwl function in a pathway to inhibit
PP2A, a phosphatase that dephosphorylates Cdk1 substrates (Rangone et al. 2011; Wang
et al. 2011). Therefore, Twine, Gwl and Endos all collaborate to support the activity of
CycA-Cdk1 and CycB3-Cdk1 complexes in meiosis. We note that CycA,CycB3 double
knockdown oocytes also display a re-replication phenotype that does not occur in Gwl
mutants (Archambault et al. 2007), and that has not been reported for twine or Endos
mutants. This may simply reflect a greater effect on Cdk1 activity in the CycA,CycB3
double knockdown compared to Gwl, twine or Endos mutants.
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Cyclin-Cdk1 control of NEB in meiosis and in polarbody formation
We found that cyclins A, B and B3 all function redundantly to promote NEB in
Drosophila oocytes, with CycA having the most important role, and CycB playing a
relatively minor role. This was surprising because in vertebrates, Cyclin B (mainly
CycB1) is the essential Cdk partner for meiotic maturation (Labbe et al. 1989) (Gui and
Homer 2013). CycA (CycA2 specifically) plays a relatively minor role (Touati et al.
2012) and CycB3 has no known role in meiotic maturation. It is possible that our failure
to detect a non-redundant role for CycB in Drosophila oocyte maturation is simply due to
incomplete knockdown, though in the case of CycB-/-;hs-CycB, 97% of CycB is depleted
and NEB timing is still not affected.
It is interesting that in Cdk10262 and CycA,B,B3 triple knockdowns, NEB often
occurs prior to ovulation, but the nuclear envelope inevitably reassembles after ovulation.
One of the key events triggered by ovulation is the activation of the meiosis-specific
APC/CCort ubiquitin ligase that targets mitotic cyclins for destruction (Swan and
Schupbach 2007) (Pesin and Orr-Weaver 2007). In the background of already reduced
Cdk activity due to cyclin or Cdk1 knockdown, the further drop in Cdk1 activity resulting
from APC/CCort activation at ovulation may be enough to lead to the reassembly of
nuclear envelopes.
While CycA appears to be most important for breakdown of the prophase I
nucleus at meiotic maturation, CycB appears to be the most important contributor to the
disassembly of polar body nuclei at the completion of meiosis. CycB single knockdown
as well as CycA,B double knockdown result in an arrest in the post-meiotic interphase,
indicating that CycB-Cdk1 is essential for NEB in these nuclei. Interestingly, about half
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of the eggs from CycB,B3 double knockdown females arrest with either 1 or 2 nuclei.
One interpretation of this finding is that loss of CycB leads to nuclear envelope assembly
around chromatin that, due to loss of CycB3, is arrested in meiosis I or meiosis II. It
therefore appears that after ovulation, CycB-Cdk1 activity is required to promote or
maintain a mitotic-like state, and in its absence nuclear envelopes form around chromatin.
It is not clear why CycB would have a major role in NEB in the egg but not in
oocyte maturation but a simple explanation is that CycB levels are much lower in stage
13 when oocyte maturation occurs. CycB mRNA is translationally repressed throughout
oogenesis until stage 14 (Benoit et al. 2005) (Vardy and Orr-Weaver 2007). The increase
in relative levels of CycB in mature oocytes and in eggs (Benoit et al. 2005) (Vardy and
Orr-Weaver 2007) may contribute to its renewed ability to promote NEB. We also noted
that in the hypomorph for CycB (CycB1015) NEB still occurred in the male and female
pronuclei, while not occurring in the polar body nuclei. This may imply a further, spatial
control of CycB-Cdk1 activity in the egg.
It is interesting to compare the CycB knockdown phenotype to that of png (and its
partners, gnu and plu). These genes function together to promote CycB translation in the
embryo (Fenger et al. 2000; Lee et al. 2001; Vardy and Orr-Weaver 2007). Like CycB
knockdown, png mutants complete meiosis but the meiotic products fail to undergo NEB
and form polar bodies (Shamanski and Orr-Weaver 1991). The failure to undergo NEB in
png mutant polar bodies can be suppressed by overexpression of CycB (Lee et al. 2001),
consistent with the idea that it is the reduction of CycB levels that leads to this effect. In
png mutants, the meiotic products then undergo dramatic re-replication, something also
seen, albeit to a lesser degree, with CycB knockdown (Shamanski and Orr-Weaver 1991).
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Png appears to control the levels of many other maternal proteins, including CycA
(Fenger et al. 2000; Tadros et al. 2007), and it is likely that some of these contribute to
the extreme re-replication seen in png mutants.

CycA and CycB3 prevent re-replication in meiosis
Re-replication accompanies the meiotic arrest to different degrees in all three
single cyclin knockdowns, but it is most dramatic in the CycA,CycB3 double knockdown;
and only this double knockdown leads to re-replication prior to ovulation. A defining
feature of meiosis is that the two meiotic divisions occur without an intervening S-phase.
This is achieved in large part by the maintenance of a critical threshold of Cdk1 activity
throughout the meiotic divisions, thereby inhibiting pre-replication complex assembly
and preventing DNA replication (Arias and Walter 2007) (Irniger 2006). Our results
suggest that CycA and CycB3-Cdk1 complexes together maintain the critical threshold of
replication-inhibiting Cdk activity during Drosophila meiosis.
The distinct requirements for each cyclin in meiosis presumably reflect
differences in cyclin concentration over time and space, as well as differences in substrate
preference. A major goal of future studies will be to identify individual Cdk1 substrates
that correspond to the cyclin loss-of-function phenotypes. It should then be possible to
determine the basis for cyclin specificity towards these substrates.
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SUPPLEMENTAL FIGURES

Figure S1: Orientation of X-chromosome centromeres in metaphase I oocytes. Stage
14 oocytes from wild type, CycA59, CycB1015 and CycBL6/2 were probed for Tubulin, DNA
and peri-centric region of the X-chromosome (X-cent FISH probe). Ooctyes were scored
for bi-orientation (FISH signals oriented towards opposing poles), same pole (both FISH
dots at the same pole, sometimes appearing as a single dot), central (one or both FISH
signals near center of the chromatin mass), or other (meiotic spindle appears abnormal).
Results are combined from two independent experiments.
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Figure S2: CycA knockdown leads to variation in number of chromosomes in the
polar body. 0-2 hour embryos from wild type and from CycA21059 were probed for DNA,
Tubulin and X-chromosome (X-cent FISH probe) and the number of FISH signals in
each polar body was determined. Data comes from a single experiment, n values as
indicated.
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Figure S3: Meiosis phenotypes in timed egg collections from CycB3L6/2. Eggs were
collected at the indicated intervals and probed for DNA and Tubulin. Eggs were
classified according to meiotic stage as MI (meiosis I), MII (meiosis II), PB (polar body),
other (meiotic stage not able to be determined). Data comes from a single experiment
with n values as indicated.
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CHAPTER 3
DROSOPHILA CYCLIN B3 PROMOTES APC/C ACTIVITY AND REGULATES
MICROTUBULE DYNAMICS IN MEIOSIS
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INTRODUCTION
The cell cycle is driven by the sequential activation and inactivation of Cyclin
dependent kinases (Cdks). In mitosis, cyclins A, B and B3 (CycA, CycB and CycB3)
associate with the mitotic Cdk, Cdk1 to promote the events of mitotic entry, including
chromosome condensation, nuclear envelope breakdown and spindle assembly (Knoblich
and Lehner, 1993; Lehner and O’Farrell, 1990; Stiffler et al., 1999). While the centrality
of mitotic Cdks to cell cycle control has been well established, it is not so well
understood what the specific roles of each cyclin are. To a large degree, in fact, the
mitotic cyclins are redundant in mitosis. In Drosophila, neither CycB nor B3 are essential
for viability, though double mutants display an embryonic arrest (Jacobs et al., 1998).
CycA is the only mitotic cyclin required for viability, but its essentiality may relate to an
indirect role in promoting mitosis by inhibiting APC/CFzr activity and thus permitting the
accumulation of APC/C substrates including cyclins and Cdc25/String (Reber et al.,
2006). The three cyclin-Cdk complexes must also be inactivated, by cyclin destruction, to
allow the completion of mitosis (Parry and O’Farrell, 2001; Sigrist et al., 1995). The
destruction of each cyclin occurs sequentially in mitosis, with CycA targeted in
prometaphase, CycB following anaphase and CycB3 late in anaphase. This timing
correlates with the major arrest point in cells expressing non-degradable versions of each
cyclin (Jacobs et al., 2001; Sigrist et al., 1995).
While the mitotic cyclins play somewhat redundant roles in mitosis the situation
is clearly different in meiosis. The mitotic cyclins play distinct roles in meiosis, with
CycA having the greatest role in nuclear envelope breakdown, and chromosome
orientation (Bourouh et al., 2016). CycB has a role in maintaining the metaphase I arrest
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in mature oocytes, and CycB3 has a role in anaphase, and was shown to be important for
sister chromatid cohesion (Bourouh et al., 2016). Unlike in mitosis, CycB3 is functionally
more redundant with CycA than with CycB (Bourouh et al., 2016).
In this paper, we focused on analyzing the role of CycB3 in female meiosis.
CycB3 has been shown to play an anaphase role in mitosis, and was shown to be
important for APC/C localization on the mitotic spindle (Yuan and O’Farrell, 2015). Our
study of CycB3 loss of function mutants and a non-degradable version of CycB3 provide
complementary evidence for a critical role in the activation of the APC/C to promote
anaphase progression. In this respect, CycB3 and the other two mitotic cyclins play
distinct and opposing roles in meiosis.

MATERIALS AND METHODS
Drosophila stocks and crosses
The following fly stocks were generated in the swan lab: UASp-Venus-CycBwt line
31b and line 31a, and UASp-Venus-CycAΔ1-53 line 2a (Dhaliwal, 2011) UASp-FlagCycB3D line 6a, and UASp-GFP-CycB3D line 2a (Swan, unpublished). UAS-GFPCycBTPM (referred to as CycBD) was obtained from Jordan Raff (Raff et al., 2002). All
other stocks were received from Bloomington stock center.
All crosses and egg collections were performed at 25°C, and all UAS transgenes
and RNAi lines were expressed using mat-Gal4, unless otherwise indicated. CycB3
mutants were generated by using either a deficiency (Df(3R)Excel16200), or two
previously described loss of function alleles (CycB3L6540 and CycB32) that failed to
produce detectable levels of protein (Bourouh et al., 2016; Jacobs et al., 1998).
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CycB3;BubRI double mutants were generated using BubR1REV1 and BubR1N1326D. cort
mutants were generated using previously described cortQW55 and cortRH65 alleles (Page
and Orr-Weaver, 1996; Schüpbach and Wieschaus, 1989) or by using an RNAi line
against Cort, cortGL00326 (cort0326), that recognizes the sequence between 1070 and 1090
on the Cort-RB transcript. fzy knockdown eggs were generated using fzyGL00442 that
recognizes the sequence from 1908 to 1928 on the Fzy-RA transcript. RNAi against
white, w0094, which recognizes the sequence between 816-836 on the w-RA transcript.
Shattered knockdown eggs used ShtdHMS01744 that recognizes the sequence between 56445664 on the Shattered-RA transcript. yw was used as wild type, and unfertilized eggs
were generated by crossing females to XO males. XO males were generated by crossing
males with attached X^Y (C(1)M3, y[2]/C(1;Y)1, y[1]/0) to yw females.
cort, and cort,fzy double, mutants were generated using cortQW, cortRH, fzy6 fzy7.
Crosses were reared at 18°C until pupation, and then transferred to 29°C. CycB3D was
expressed using otu-Gal4.
For the pilot deficiency screen, CycB3D was expressed with otu-Gal4 at 25°C.
Deficiency stocks or mutants were obtained from Bloomington stock center. The
following mutants were used: EndosEY01105, tws02414, AurB35107, Rca12, sgg1, alphaTubulin67C1, and Cks30AKO.

Drosophila CycB transgene generation and cloning
All cloning was done using the GATEWAY system (Invitrogen). First, gene
specific primers with partial attB sites were used to amplify the gene of interest, followed
by the addition of the full attB sequence using attB general primers (5’-
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GGGGACAAGTTTGTACAAAAA-3’ and 5’-GGGGACCAGTTTGTACAAGAA-3’).
The resulting sequence was cloned into pDONR221, using BP clonase as per
manufacturers instructions, then cloned into UASp-N-terminal-Venus plasmid (pPVW1093) obtained from the Drosophila Genome Resource Center (DGRC) using LR clonase
as per manufacturers instructions.
To generate UASp-Venus-CycBKEN, the CycB genomic coding sequence was
amplified

using

partial

attB-CycB

gene

specific

(5’AAAGCAGGCTTAATGGTGGGCACAACACTGAAAATG-3’
5’GAAAGCTGGGTACTATTTCCTCTGGCTCTGGCCCAC-3’).

primers
and

Site

directed

mutagenesis was used to convert the KEN box (residues 248-250) to AAA using the
following primers: 5’CGAGGACATTGATGCCAATGACGCGGCCGCGCTGGTACT
GGTCTCCGAATATG-3’

and

5’CATATTCGGAGACCAGTACCAGCGCG

GCCGCGTCATTGGCATCAATGTCCTCG-3’. To generate UASp-Venus-CycBD,K,
CycBTPM cDNA was amplified from pKS-CycBTPM vector obtained from Jordan Raff
(Raff et al., 2002), using CycB gene specific and general attB primers as above. Site
directed mutagenesis was performed as above. The resulting CycBKEN, and CycBD,K
sequences were cloned into UASp-N-terminal-Venus plasmid (pPVW-1093) obtained
from the Drosophila Genome Resource Center (DGRC).
Generation of UASp-Venus-CycBΔ1-53 was done by PCR amplification of CycBKEN
genomic coding sequence as a template using 5’- AAAGCAGGCTTAGCGAA-3’ and
5’-GAAAGCTGGGTACTATTTCCTCTGGCTCTGGCCCAC-3’ primers. CycBΔ1-170
was generated by PCR amplification of CycBKEN genomic coding sequence as a template
using 5’-AAAGCAGGCTTAGGAGGTT-3’ and
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5’-GAAAGCTGGGTACTATTTCCTCTGGCTCTGGCCCAC-3’. Both deletions cloned
into pDONR221 and UASp-N-terminal-Venus plasmid (pPVW-1093) as above. All final
clones were sequenced, and sent for injection at Rainbow Transgenics (Camarillo CA)

Immunofluorescence and FISH
Aged eggs as indicated were dechorionated in 100% bleach and then washed in
embryo wash (0.7% NaCl, 0.05% Triton-X). Eggs were fixed in 1:1 ratio of
Methanol:Heptane while shaking vigorously. Eggs were then stored in -20, or were
rehydrated and processed. Ovaries were collected by dissecting females in Isolation
Buffer (55 mM NaOAc, 40 mM, KOAc, 110 mM sucrose, 1.2 mM MgCl2, 1 mM CaCl2,
and 100 mM HEPES, pH 7.4). Ovaries were then fixed in 4% formaldehyde in PBS,
0.2% Tween-20 (PBST) and Heptane (1:1) with EGTA to stabilize microtubules. Ovaries
were then extracted using PBST with 0.05% Triton-X for 30 minutes. For late stage
oocytes, ovaries were dissected in isolation buffer and fixed in 4% formaldehyde as
above. Oocytes were then transferred to 100% Methanol for sonication to remove the
chorion and vitelline membrane as described in (Bourouh, 2016). Following rehydration,
oocytes underwent an extraction step as above. Both ovaries and oocytes underwent
immunostaining by standard methods. Rat anti-Tubulin YL1/2 (Sigma) was used 1/2000.
DNA was stained with either Oligreen (Invitrogen) 1/10000, or mouse anti-Histone H3
(Chemicon) used at 1/2000. Rabbit anti-cyclin B was generated against residues 37-136
of cyclin B (SDIX) and was used at 1/10,000. Rat anti-Incenp (1/300) and Rat anti-Subito
(1/75) were a gift from Kim McKim). Rabbit anti-Msps was used 1/1000 and was a gift
from Hirouki Ohkura. Secondary Alexa conjugated antibodies (Invitrogen) were used
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1/1000. FISH to identify the X-Chromosome used a probe that recognizes a 359bp
pericentric repeat as described by (Dernburg, 2000). Images were taken on an Olympus
FV-1000 scanning confocal microscope. Images were adjusted for contrast and
brightness only, using Photoshop

Western blotting
Late stage oocytes were collected from ovaries dissected in Isolation Buffer as
above supplemented with collagenase. Stage 14 oocytes were enriched by repeated
rounds of rinsing with Isolation Buffer, and removing slowly settling smaller egg
chambers. Laid eggs were collected from females in egg collection cups on apple juice
agar supplemented with liquid yeast. Wild type unfertilized eggs were collected from
females crossed to XO males. Eggs and mature oocytes were flash frozen and ground in
2X SB, and boiled at 65°C for 5 min, followed by centrifugation at 12,000 rpm for 5
minutes. Extracts were ran on 8%-10% polyacrylamide gels and transferred onto
nitrocellulose membrane (BIO-RAD). Membrane was blocked in 5% non-fat skim milk
and probed with mouse anti-CycA A12 used at 1/5 and mouse anti-CycB F2F4 used at
1/20 (Developmental Studies Hybridoma Bank). Mouse anti-Actin (Millipore) was used
at 1/5000. Rabbit anti-PSTAIR (Santa Cruz) was used at 1/1000. Rabbit anti-GFP (Tory
Pines) was used at 1/1000. Rabbit ani-CycB3 was a gift from Christian Lehner, and was
used at 1/5000. Mouse anti-Fzy (Iain Dawson) was used at 1/10. HRP-conjugated
secondary antibodies (Roche) were used at 1/7000 and detected by ECL reagents
(Pierce). Alpha Innotech FluorChemTM HD2 imager or Protein simple FluoroChem E
imager. Densitometry was done using ImageJ.
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RT-PCR
0-2h and 3-5h eggs were collected, and mRNA was isolated using RNeasy RNA
isolation kit (Qiagen). cDNA synthesis was performed using revertAID (Life
Technologies). qRT-PCR was performed using FAST SYBR-Green (Life Technologies).
RpA1 was used as a control, using primer pair: 5’- GACATGGGCTTCGCTCTCTT-3’
and 5’-GTGAACGGATGGGTGCTACACAA-3’). To detect nanos mRNA, the
following primers were used: 5’- ACCAATCTCGGCGTGGGAAT-3’ and 5’CAGTGGCGGCTGATCTCTTT-3’. Reactions were performed in triplicate, and
experiments were performed twice on Via 7 Real-Time PCR system (Thermo Fisher).

RESULTS
Cyclin B3 plays a role in anaphase
Recently, we showed that eggs lacking CycB3 are arrested in early anaphase of
meiosis I or meiosis II (Bourouh et al., 2016). This meiotic phenotype is similar to that
observed when APC/C activity is disrupted in cort and fzy eggs (Swan and Schüpbach,
2007). To further examine the role of CycB3 in meiosis, we examined the consequence of
overexpressing a non-degradable CycB3 transgene, UAS-GFP-CycB3D (hereafter referred
to as CycB3D). CycB3D contains a mutated destruction box, preventing its ubiquitinmediated destruction by the APC/C. CycB3D was expressed in meiosis using the maternal
α-Tubulin-Gal4-67 (mat-Gal4) driver (Staller et al., 2013), which induces UAS transgene
expression after the pre-meiotic divisions, and throughout oogenesis (Staller et al., 2013).
FISH was performed on wild type and CycB3D eggs using a probe against the pericentric
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region of the X-chromosome (X-cent FISH) to follow homolog and sister chromatid
cohesion through meiosis. Spindles were visualized by immunostaining for Tubulin.
First, the consequence of CycB3D expression on meiosis progression was
examined. In wild type unfertilized 0-2h eggs, 100% of the eggs complete meiosis
indicated by the formation of a polar body, with 4 X-cent FISH dots as expected (Figure
1A). CycB3D eggs showed 4 X-cent FISH dots suggesting sister chromatids segregated in
anaphase of meiosis II (Figure 1B,C, Figure 2A). No polar bodies were observed, and
very few examples of meiotic bipolar spindles were detected as the expression of CycB3D
resulted in ectopic microtubule polymerization around the meiotic products (Figure
1B,C). Some examples of bipolar spindles were observed, albeit all were abnormal
(Figure 1B). The bipolar spindles resembled wild type meiosis II spindles, characterized
by two bipolar spindles in tandem held together by a spindle aster (Figure 1B). The
presence of 4 X-cent FISH dots at opposite spindle poles (Figure 1B) suggests that
CycB3 degradation is important for exit from meiosis, and failure to degrade CycB3
results in a late anaphase delay/arrest in meiosis II.

Cyclin B3 plays a role in microtubule dynamics
CycB3D eggs displayed a range in the severity of ectopic microtubule
polymerization, suggesting that the severity of this phenotype correlates with time. To
investigate whether ectopic microtubule polymerization in CycB3D eggs was time
dependent, 0-20, 20-40 and 40-60 min egg lays were performed to follow meiosis
progression. Eggs were characterized as either completed meiosis, indicated by a polar
body, meiosis I or II based on the presence and number of bipolar spindles, ectopic
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Figure 1: Cyclin B3 plays a role in anaphase. A-C) 0-2 hour eggs stained to detect
Tubulin (blue) and X-cent FISH probe (red). A-D) Wild type eggs complete meiosis
indicated by the presence of a polar body (A) while CycB3D eggs show 4 X-cent FISH
dots associating with meiosis II spindles (B). CycB3D eggs also show increased
microtubule polymerization around the meiotic products (C). D-F) CycB3D 0-20 (D), 2040 (E), or 40-60 (F) min aged eggs stained for Tubulin (blue) and DNA (green). 0-20 (D)
and 20-40 (E) min aged CycB3D eggs show some spindle structure, as opposed to 40-60
min eggs that show increased microtubule polymerization. G,H) Stage 14 mature oocytes
stained for Tubulin (blue) and DNA (green) from wild-type or CycB3D. G) Wild type
eggs arrest in metaphase I, indicated by presence of a single spindle. H) CycB3D eggs also
arrest in metaphase I, like wild type. Results from one trial. Scale bar in A=10 uM and
applies to A-C. Scale bar in D=10 uM and applies to D-F. Scale bar in G=10 uM applies
to G,H.
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Figure 2: Cyclin B3 regulates microtubule dynamics in a time dependent manner.
A) 0-2 hour fertilized eggs from CycB3D females stained to detect Tubulin and X-cent
FISH probe. Graph shows percentage of eggs that appear to be in metaphase I, anaphase
I, metaphase II, and anaphase II. Data is from two independent experiments n=65. B) 020, 20-40, and 40-60 min fertilized eggs from CycB3D females stained to detect Tubulin
and DNA. Graph shows percentage of eggs that appear in meiosis I, meiosis II, complete
meiosis, abnormal meiosis, or microtubule polymerization. Data is from one trial.
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microtubule polymerization around meiotic products, or abnormal meiosis, indicated by
spindle abnormalities and multiple spindles.
As expected, in 0-20 min CycB3D eggs, 53.1% of eggs were characterize as in
meiosis I or meiosis II, whereas in 20-40 min eggs, 42.1% displayed meiosis I and
meiosis II phenotypes (Figure 1D,E, Figure 2B). All of these eggs depicted examples of
bipolar spindles, albeit all were abnormal (Figure 1D,E, Figure 2B). Ectopic
microtubules were observed with less frequency in 0-20 min and 20-40 min eggs
compared to 40-60 min eggs (Figure 1F, Figure 2B). 40-60 min eggs displayed loss of
bipolar spindle structure, and ectopic microtubule polymerization around the meiotic
products (Figure 1F, Figure 2B). This suggests that the ectopic microtubule
polymerization phenotype becomes progressively more severe as eggs are aged, and
supports the conclusion that CycB3D eggs are arrested in anaphase II.
Since the ectopic microtubule polymerization observed in CycB3D eggs is time
dependent, we expected that CycB3D stage 14 oocytes, which are normally arrested in
metaphase I, would not exhibit ectopic microtubule polymerization. To examine this,
mature stage 14 oocytes from wild type and CycB3D were stained for microtubules and
DNA to examine the maintenance of the metaphase I arrest, and spindle structure. As
expected, wild type stage 14 oocytes were arrested in metaphase I, indicated by a single
bipolar spindle and a single DNA mass (Figure 1G). CycB3D stage 14 oocytes were also
arrested in metaphase I, with a single bipolar spindle and a single mass of DNA just like
wild type, and displayed no defects of ectopic microtubule polymerization (Figure
1G,H), suggesting that CycB3D is only able to promote ectopic microtubule
polymerization post egg activation.
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In Drosophila, like most metazoans, meiotic spindles are acentrosomal.
Centrosomes are brought into the egg by sperm, while spindle formation in female
meiosis occurs through organization of microtubules around the karyosome (King, 1970).
To determine whether, the ectopic microtubule polymerization observed in CycB3D eggs
originates from centrosomes, fertilized CycB3D eggs were investigated to identify the
male pronucleus. The male pronucleus can be identified by immunostaining for αTubulin and DNA, where the male pronucleus is located in the interior of the egg,
associating with centrosomes. Since meiosis completes quickly after egg activation, wild
type fertilized eggs quickly completed meiosis followed by fusion of the male and female
pronuclei, therefore, only mitotic spindles were observed (Figure 3A,A’).
These spindles included the presence of centrosomes at the spindle poles, where
microtubules originate to form the mitotic spindle in wild type (Figure 3A,A’ arrow). In
CycB3D fertilized eggs, the male pronucleus remained unpackaged and closely associated
with centrosomes (Figure 3B,B’ Arrow), while ectopic microtubule polymerization
occurred around the female meiotic products (Figure 3B,B’ Arrows). This indicates that
centrosomes are not responsible for the ectopic microtubule polymerization in CycB3D
eggs, and this phenotype occurs through female components within the egg.
To confirm that the ectopic microtubule polymerization does not require
centrosomes, CycB3D females were crossed to sterile males, and eggs were examined for
the ability to promote ectopic microtubule polymerization. Indeed, CycB3D eggs
maintained their ability to promote ectopic microtubule polymerization around the
meiotic products in the absence of centrosomes (Figure 3C-Transverse, C’Transverse). CycB3D eggs also displayed ectopic microtubule polymerization along the
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cortex of the egg (Figure 3C-Crtical, C’-Cortical). The ectopic microtubule
polymerization that formed cortically was much more ordered than the ectopic
microtubule polymerization surrounding the meiotic products (Figure 3C-Cortical-C’Transverse). The results suggest that CycB3D may promote ectopic microtubule
polymerization through two distinct mechanisms, one that results in more ordered cortical
ectopic microtubule polymerization and another that results in less organized ectopic
microtubule polymerization around the meiotic products.
Since the ectopic microtubule polymerization observed in CycB3D eggs originates
from the meiotic components and not the male centrosome, it is possible that meiosis
spindle assembly factors play a role in this phenotype. Timed collections with CycB3D
eggs revealed that meiosis progressed with some spindle structure until meiosis II
(Figure 1D-F, Figure 2B). This suggests that the ectopic microtubule phenotype may not
be due to defects in spindle formation, but potentially overactive spindle assembly
factors, resulting in the ectopic polymerization of microtubules around the meiotic
products. To examine this possibility, the localization of proteins involved in spindle
assembly in meiosis was investigated, to determine whether they localize to the ectopic
microtubules formed in CycB3D eggs. Three proteins involved in spindle assembly were
studied: Subito, Mini spindles (Msps) and Incenp. Since these proteins have been
implicated in spindle assembly, they may have increased activity on or around, the
meiotic spindle. This hypothesis relies on these spindle factors localizing to the ectopic
microtubules observed in CycB3D eggs.
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Figure 3: The role of cyclin B3 in microtubule dynamics is meiosis specific. 0-2h eggs
from wild type fertilized (A) and CycB3D fertilized (B), or unfertilized females in (C)
stained for Tubulin (blue) and DNA (green). Panels labeled with ’ indicate magnified
images. CycB3D eggs show increased microtubule polymerization around the meiotic
products (B,B’), compared to wild type syncytial embryo (A,A’). A’-B’) Arrows
indicates location of and centrosomes. C-Cortical’) Cortical view shows increased
microtubule polymerization in CycB3D (C-Cortical, C’-Cortical) compared to wild type
syncytial embryo (C). C’-C’-Transverse) Transverse view of CycB3D embryos show
increased microtubule phenotype around meiotic products (C-Transverse, C’-Transverse.
Scale bar in A=50uM and applies to panels A-C. Scale bar in A’=10uM and applies to
panels A’,B’, C’. Data is from at least two independent trial.
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We started by examining Subito, a Kinesin-6 microtubule motor required for
spindle formation in meiosis (Jang et al., 2007). Subito localization is best characterized
in meiosis, where it localizes to the spindle midzone. Subito localized to primarily the
spindle midzone in CycB3D eggs (Figure 4A,A’), similar to wild type (Jang et al., 2007).
As ectopic microtubules polymerized in CycB3D eggs, Subito also localized to these
microtubules (Figure 4B,B’).
Msps concentrates at the poles in meiosis spindles, and centrosomes on mitotic
spindles, where it functions to maintain spindle bipolarity (Cullen and Ohkura, 2001)
(Figure 4C,C’). Interestingly, Msps localized to spindle microtubules and spindle poles
in CycB3D eggs (Figure 4D,D’). This suggests that Msps is mislocalized in CycB3D eggs,
and may be involved in promoting ectopic microtubule polymerization.
Incenp is important for formation and stabilization of the metaphase I spindle,
and localizes primarily to the spindle midzone, with lower levels localizing on spindle
microtubules in wild type mitotic spindles (Colombié et al., 2008)(Resnick et al., 2006).
Incenp localized primarily to the spindle midzone, and lower levels on the remainder of
the spindle in wild type (Figure 4E,E’). Interestingly in CycB3D eggs, Incenp localized to
the ectopic polymerized microtubules (Figure 4F,F’). Therefore, Subito, Msps and
Incenp localized to the ectopic microtubules in CycB3D eggs, suggesting they may play a
role in promoting ectopic microtubule polymerization. Although, we cannot ascertain
whether Subito, Msps, and Incenp directly contribute to the ectopic microtubule
polymerization observed in CycB3D eggs, we can proceed with further studies to
investigate whether they have a role with CycB3 in regulating microtubule dynamics.
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Figure 4: Subito, Msps and Incenp localization to ectopic microtubules in CycB3D
eggs. 0-2h eggs from wild type and CycB3D stained for Tubulin (blue) and DNA (green)
and either Subito (A-B’), Msps (C-D’), or Incenp (E-F’) (Red). A-B’). Subito Incenp, and
Msps also shown by themselves in gray scale (labeled with ‘). A-B’) CycB3D eggs
stained with Subito. CycB3D eggs show Subito localization on microtubules. C-D’) Msps
localizes to centrosomes on wild type mitotic spindles (C,C’) and on spindle poles and
spindle microtubules in CycB3D (D,D’). Msps localizes to both spindle mid-zone and
spindle microtubules in wild type (E,E’), and on the spindle in CycB3D eggs (F,F’’).
Scale bar in A=10uM and applies to A-F’. Data is from one experiment.
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Cyclin B3 acts upstream of the APC/C
Recently, studies examining the role of CycB3 in mitosis showed CycB3 is
important for anaphase progression as well as for the localization of the APC/C subunit
Cdc7 to the mitotic spindle (Yuan and O’Farrell, 2015). In meiosis, CycB3 was shown to
play a role in anaphase, with loss of CycB3 resulting in an early anaphase I arrest. CycB3
is also required for the precocious anaphase I observed in CycB oocytes (Bourouh, 2016),
supporting an anaphase role for CycB3. Based on these studies, we hypothesize that
CycB3 plays a role anaphase by acting upstream of APC/C activation in meiosis. If this is
the case, CycB3 loss should result in elevated levels of APC/C targets, and CycB3D
should result in lower levels.
To investigate this, western blotting on CycB3 and CycB3D eggs was performed,
using the absence of mitotic cyclins as a read-out of APC/C activity. As expected CycB3
eggs showed elevated mitotic cyclin levels, while in CycB3D eggs, levels of mitotic
cyclins were severely depleted (Figure 5A,B). Therefore, loss of CycB3 and gain of
CycB3 lead to opposing changes in levels of mitotic cyclins, consistent with the idea of
CycB3 having a role in promoting APC/C activity.
Since the ectopic microtubule polymerization in CycB3D eggs occurred post egg
activation, it is also possible that the ability of CycB3 to promote cyclin destruction is
similarly restricted to post egg activation. Since CycB3D stage 14 oocytes were arrested in
metaphase I like wild type (Figure 1G,H), we hypothesized that CycB destruction in
CycB3D eggs would be restricted to post egg activation. To that end, we observed
significant CycB depletion in CycB3D stage 14 oocytes compared to wild type oocytes
(Figure 5C,D). Therefore, CycB3 may promote APC/C activity in stage 14 oocytes.
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Figure 5: Cyclin B3 may act upstream of the APC/C. A) Western blots from 0-2 hour
eggs from wild type, CycB3L6/2, and CycB3D probed for CycA, B and B3. Actin was used
as the loading control. * Indicates non-specific band. CycA appears as two prominent
bands around 61 kDa, with a third higher migrating band. CycB3 appears as a doublet
due at 67 kDa. The prominent higher molecular weight band represents the
phosphorylated form. The lower molecular weight band represents the unphosphorylated
form, and is weakly present in wild type, but more prominent in CycB3D eggs B)
Densitometry analysis on the western blots as in A, using the non-specific band from
cyclin B3 blots indicated with * as the loading control normalized to wild type levels.
The data is from at least 3 independent experiments. Error bars indicate s.e.m. Statistical
significance relative to wild type was calculated by one tailed T-Test, where *=P<0.05,
**=P<0.01, ***=P<0.001. C) Western blot from stage 14 mature oocytes from wild type
and CycB3D, probed for CycB and Actin. Actin served as the loading control. D)
Densitometry analysis from western blot in as in C, using Actin to normalize to wild type
levels. Data is from four independent experiments. Error bars represent s.e.m. Statistical
significance was calculated by one tailed T-Test, where *=P<0.05.
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The effect of CycB3 manipulation on cyclin levels supports the idea that CycB3
may act upstream of the APC/C. To further test this, we attempted to rescue the reduced
cyclin levels observed in CycB3D eggs by knocking down the APC/C using RNAi. RNAi
against an APC/C structural subunit, APC1 (Shattered/Shtd in Drosophila) was chosen as
a way of eliminating APC/C function, and CycB levels were used as a readout of APC/C
activity. CycB3D eggs showed lower CycB levels compared to wild type as expected
(Figure 6A,B). Shtd1744 eggs surprisingly did not show statistically significant elevated
CycB levels compared to wild type, although a trend of increased CycB levels was
observed (Figure 6A,B). Knockdown efficiency of Shtd1744 was not quantified, therefore,
the lack of elevated CycB levels in Shtd1744 eggs could be attributed to inefficient
knockdown of Shattered. Interestingly however, knockdown of Shattered in CycB3D eggs
rescued the depletion of CycB observed in CycB3D eggs (Figure 6A,B). Therefore, this
suggests the effect CycB3 has on APC/C targets may be through APC/C.
If CycB3 acts upstream of the APC/C, we hypothesize that all CycB3 phenotypes
would be expected to also be APC/C dependent. To test this, we tried to rescue the
ectopic microtubule polymerization observed in CycB3D eggs by knocking down the
APC/C using Shtd1744. Phenotypically, Shtd1744 eggs displayed a meiosis I or meiosis II
phenotype (Figure 6C-E), similar to loss of Cort and Fzy, two APC/C activators that
function for meiosis progression (Swan and Schüpbach, 2007). Shtd1744;CycB3D eggs
displayed a meiosis I or meiosis II phenotype, similar to Shtd1744 eggs, and no ectopic
microtubule polymerization was observed (Figure 6C-E). This suggests that the effect
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Figure 6: Shattered is epistatic to cyclin B3. A) Western blot probing for CycB, and
Actin as the loading control in wild type, CycB3D, Shtd1744 and Shtd1744;CycB3D 0-3h
eggs. Wild type eggs were unfertilized, whereas CycB3D, Shtd1744 and Shtd1744;CycB3D
eggs were fertilized. B) Densitometry analysis on the western blots in E, using Actin as
the loading control normalized to wild type levels. Data is from three independent
experiments. Error bars indicate s.e.m. Statistical significance compared to wild type was
calculated by one tailed T-Test, where NS=Not Significant. C,D) 0-3h aged eggs stained
to detect Tubulin (blue) and DNA (green). C) Shtd eggs arrest in meiosis I or meiosis II
(meiosis I spindle is shown). D) Shtd;CycB3D eggs also arrest in meiosis I or meiosis II
(meiosis I spindle shown). Scale bar in C=5µm, and applies to C,D. E) Graph showing
phase of arrest from eggs in C,D) Data is from one independent experiment.
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CycB3 has on cyclin levels, and ectopic microtubule polymerization, is APC/C
dependent. These results need to be confirmed following quantification of Shtd
knockdown efficiency, and using another RNAi line against a different APC/C
component.

Cyclin B3 may act upstream of APC/CCort and APC/CFzy
Another way of abolishing APC/C activity is to eliminate the APC/C activators
that are responsible for substrate recognition and APC/C activity. There are two APC/C
activators required for the progression of meiosis, Cort and Fzy (Swan and Schüpbach,
2007). If CycB3 acts upstream of the APC/C, CycB3D would no longer be able to
promote ectopic microtubule polymerization or cyclin destruction in cortRH/QW,fzy6/7
double eggs, similar to what was observed with Shtd1744, CycB3D epistasis experiments
(Figure 6C-E). To test this, cortRH/QW,fzy6/7;CycB3D females were generated and eggs
were studied for meiosis phenotype and CycB levels as a readout of APC/C activity.
Here, previously described fzy6 and fzy7 temperature sensitive hypomorphic alleles were
used, and experiments were performed at their restrictive temperature of 29°C (Dawson
et al., 1995). To perform this experiment at 29°C, ovarian tumour Gal4 (otu-Gal4) was
used to express CycB3D since mat-Gal4 does not produce sufficient Gal4 expression at
29°C.
Wild type unfertilized eggs collected at 29°C completed meiosis normally,
indicated by the presence of a polar body (Figure 7A,A’, Figure 8). Expression of
CycB3D with otu-Gal4 resulted in similar strength of ectopic microtubule polymerization
(Figure 7B,B’, Figure 8) as CycB3D expressed with mat-Gal4 (Figure 1B,C). As
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previously reported, cortRH/QW,fzy6/7 double eggs arrest in meiosis I or meiosis II, and
showed elevated levels of mitotic cyclins (Swan and Schupbach, 2007) (Figure 7C-D’
Figure 8). Indeed the ectopic microtubule polymerization observed in CycB3D eggs was
suppressed in cortRH/QW,fzy6/7;CycB3D eggs (Figure 7B-D’, Figure 8). This suggests that
phenotypically, cortRH/QW,fzy6/7 double is epistatic to CycB3D. When CycB levels were
examined, cortQW/RH,fzy6/7;CycB3D eggs displayed similar levels of CycB compared to
cortRH/QW,fzy6/7eggs, although there was a trend indicating lower levels of CycB in
cortRH/QW,fzy6/7eggs, suggesting that there was still some APC/C activity present (Figure
9A,B). cortQW and cortRH alleles are point mutations that reduce protein levels (Pesin and
Orr-Weaver, 2007), while fzy6 and fzy7 are temperature sensitive hypomorphic alleles
(Dawson et al., 1995). Therefore, it is possible that there could be some APC/C activity
present in cortRH/QW,fzy6/7;CycB3D eggs. Thus, CycB3D could still promote some CycB
degradation. In summary, the ectopic microtubule polymerization, and cyclin degradation
functions of CycB3D may be dependent on Cort and Fzy.
To investigate the individual requirements of Cort and Fzy function with CycB3,
single epistasis experiments were performed with CycB3D. Like CycB3 mutants,
cortQW/RH females produce eggs that are in either meiosis I or meiosis II with elevated
levels of mitotic cyclins (Lieberfarb et al., 1996; Page and Orr-Weaver, 1996; Pesin and
Orr-Weaver, 2007; Swan and Schüpbach, 2007)(Figure 7E,E’). To test the idea that
CycB3 acts upstream of APC/CCort in meiosis, eggs from cortQW/RH;CycB3D females were
examined for CycB levels, and the ability to produce ectopic microtubule polymerization.
Similar to what was previously described, cortQW/RH eggs arrested in meiosis I (34.1%) or
primarily in meiosis II (63%) (Figure 7E,E’, Figure 8). cortQW/RH;CycB3D eggs appeared
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Figure 7: cort and fzy suppress ectopic microtubule polymerization in CycB3D eggs.
0-3 hour eggs from unfertilized females stained to detect Tubulin (blue) and DNA
(green). Images labeled A’-H’ are magnified images of A-H. A,A’) Polar body of wild
type egg. B,B’) CycB3D arrest with increased microtubule polymerization. C-D’)
cortQW/RH,fzy6/7 double, and cortQW/RH,fzy6/7;CycB3D eggs arrested in meiosis I. E-F’)
cortQW/RH and cortQW/RH;CycB3D eggs arrested in meiosis II. Only one spindle is shown in
magnified images (C’,D’). G-H’) fzy0442 and fzy0442;CycB3D eggs arresting primarily in
meiosis I.
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Figure 8: cort and fzy are phenotypically epistatic to cyclin B3. Graph indicates
meiotic arrest phenotype from eggs in Figure 7. Graph shows percentage of eggs in
meiosis I, meiosis II, polar body, microtubule polymerization, or un-characterizable
phenotypes. The graph represents data from 3 independent experiments. Error bars
indicate s.e.m.
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phenotypically indistinguishable from cortQW/RH eggs, as they displayed meiosis I
(34.1%) or primarily meiosis II (65.9%) phenotypes (Figure 7F,F’, Figure 8), suggesting
that Cort is important for ectopic microtubule polymerization observed in CycB3D eggs.
As previously reported, cyclin levels are elevated in cortQW/RH eggs (Swan and
Schüpbach, 2007). In cortQW/RH;CycB3D eggs, CycB levels were reduced in comparison to
the cortQW/RH eggs, but elevated compared to CycB3D eggs (Figure 9A,B). This suggests
that CycB3D is able to promote CycB destruction in the absence of cort (Figure 9A,B),
but phenotypically, may act partially upstream of APC/CCort. Therefore, this suggests that
CycB3 may act primarily upstream of APC/CFzy.
The canonical APC/C activator Fzy is required with Cort for meiotic anaphase
and for cyclin destruction in meiosis and the early embryo (Swan and Schüpbach, 2007).
To determine if CycB3 acts upstream of APC/CFzy, we performed the same epistasis
experiment using an RNAi line against fzy (fzy0442). fzy0442 females laid eggs that arrested
in meiosis I or II (47.5% MI, 42%MII) (Figure 7G,G’, Figure 8), a slightly stronger
phenotype than that observed in fzy6/7 eggs (78% MII) (Swan and Schüpbach, 2007).
fzy0442 reduced Fzy levels by approximately 80% of wild type (Figure S1), indicating
some presence of Fzy protein remaining. fzy0442;CycB3D eggs displayed primarily a
meiosis I phenotype (68.7%) or less frequently a meiosis II (14.7%) phenotype (Figure
7G-H’, Figure 8). This is surprising given it is expected that expression of CycB3D
would increase APC/CFzy activity, and thereby partially promote meiosis progression in
fzy0442 eggs, compensating for the loss of fzy. Furthermore, these eggs did not show
ectopic microtubule polymerization observed in CycB3D eggs (Figure 7B,B’,E-F’,
Figure 8). This suggests that fzy0442 is partially epistatic to CycB3D.
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Figure 9: Cyclin B3 may act upstream of Cort and Fzy. A) Western blots from 0-3h
aged unfertilized eggs probed for CycB and Actin as the loading control. B)
Densitometry analysis from western blots in A using Actin as a loading control and
normalized to wild type. Data is from three independent trials. Error bars indicate s.e.m.
Statistical significance was calculated by one tailed T-test, where *=P<0.05, NS= not
significant.
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If CycB3 is upstream of APC/CFzy, then knockdown of fzy should suppress the
CycB degradation in CycB3D eggs. As expected, fzy0442 eggs exhibited an increase in
cyclin levels, similar to fzy6/7 eggs (Swan and Schüpbach, 2007) (Figure 9A,B).
Interestingly, in fzy0442;CycB3D eggs, CycB levels were not significantly affected
compared to fzy0442 eggs, suggesting that CycB3D acts upstream of APC/CFzy (Figure
9A,B). These results, taken together with the cort epistasis experiments, suggest that both
Cort and Fzy are required for the ectopic polymerization of microtubules in CycB3D eggs,
while Fzy plays a larger role in CycB degradation in CycB3D eggs.

Cyclin B3 is required for spindle degradation of cyclin B
Mutations in cort or fzy are required for the degradation of CycB on meiotic
spindles, where APC/CCort is responsible for spindle midzone degradation of CycB, and
APC/CFzy for degradation of CycB throughout the spindle (Swan and Schüpbach, 2007)
(Figure 10A-B’). Therefore, cortQW/RH eggs displayed increased CycB accumulation on
the spindle midzone (Swan and Schüpbach, 2007) (Figure 10A,A’). fzy0442 eggs
displayed CycB accumulated on spindle microtubules (Swan and Schüpbach, 2007)
(Figure 10B,B’). In cortRH/QW;fzy6/7 eggs, CycB accumulated similar to cortRH/QW eggs
(Swan and Schüpbach, 2007) (Figure 10A,A’,C,C’). To determine if CycB3 is necessary
for the localized APC/C mediated destruction of CycB on meiotic spindles, CycB3
mutant eggs were examined for CycB localization. Since the above results suggested
CycB3 promotes CycB degradation primarily through Fzy, CycB accumulation should
resemble that of fzy0442 eggs. As expected, CycB accumulated on spindle microtubules on
spindle microtubules in CycB3 eggs (Figure 10D,D’). The uniform CycB accumulation
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Figure 10: Cyclin B3 regulates the spatial localization of cyclin B. A-G’) 0-3 hour
eggs from fertilized females, stained to detect Tubulin (blue), DNA (green), and CycB
(red). CycB is shown by itself in gray scale (labeled with ‘). A,A’,E,E’) CycB is localized
to the spindle midzone in cort0326 eggs (n=26), but weakly associated with spindle
microtubules in cort0326;CycB3D eggs (n=30). B,B’,F,F’) CycB localized to the spindle
microtubules in fzy0442 (n=28) and fzy0442;CycB3D (n=34) eggs. C,C’,G,G’) CycB
localized on the spindle microtubules and the spindle midzone in cortQW/RH,fzy6/7eggs
(n=26) (C,C’), and cortQW/RH,fzy6/7;CycB3D eggs (n=22) (G,G’). D,D’) CycB3L6/2 (n=15)
eggs are arrested in meiosis I with one spindle. CycB localizes to the spindle, and is
weakly localized to the spindle midzone. Scale bar in A=10µm and applies to A-H’.
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on spindle microtubules in CycB3 eggs, was distinct from the midzone-enriched CycB on
meiosis spindles in cortRH/QW eggs (Figure 10A,A’) (Swan and Schupbach, 2007), but
was very similar to that observed in fzy0442 eggs (Figure 10B,B’)(Swan and Schupbach,
2007).
We next wanted to examine the consequence CycB3D would have on localized
CycB degradation on the meiotic spindle. Since overall levels of CycB are depleted in
cortQW/RH;CycB3D eggs, and since APC/CCort promoted spindle midzone degradation of
CycB, we expected to see less CycB localization at the spindle midzone. As expected,
when CycB3D was expressed in cortRH/QW eggs, CycB accumulation was less pronounced
on the spindle midzone, and was localized throughout the spindle microtubules (Figure
10E,E’). This suggests that CycB3D is able to promote spindle midzone degradation of
CycB in the absence of cort, and therefore, may act upstream of APC/CFzy to accomplish
this. The caveat here is that, cortRH/QW eggs could still have some Cort present. Therefore
in cortRH/QW eggs, some APC/CCort activity could be present to reduce CycB midzone
accumulation. With this caveat, this suggests that CycB3 is able to promote CycB
midzone degradation in the absence of cort, possibly through promoting APC/CFzy
activity.
If CycB3 promotes localized degradation of CycB through APC/CFzy activity,
then loss of fzy should result in stabilization of microtubule accumulation of CycB,
similar to fzy0442 and CycB3 mutant eggs (Figure 10B,B’,D,D’). Indeed, fzy0442;CycB3D
eggs showed CycB accumulated on spindle microtubules, similar to fzy0442 eggs (Figure
10B,B’,F,F’), consistent with the idea that CycB3 is upstream of APC/CFzy. Not
surprisingly, expression of CycB3D in cortRH/QW;fzy6/7 eggs did alter the spindle midzone
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or spindle microtubule accumulation of CycB compared to cortRH/QW;fzy6/7 as expected if
APC/C activity was diminished (Figure 10C,C’,G,G’). These results, taken together
with western analyses (Figure 9A,B) suggest that CycB3 may promote both localized
and global degradation of CycB in Drosophila eggs, suggesting CycB3 may be upstream
of APC/CFzy, but does not discount the possibility that CycB3 acts upstream of
APC/CCort.

The role of Cort in cortical microtubule breakdown is APC/C dependent
Cort plays multiple roles in the egg after egg activation. Cort is important in the
breakdown of cortical microtubules that are responsible for churning the cytoplasm in
oocytes during late oogenesis (Lieberfarb et al., 1996; Page and Orr-Weaver, 1996;
Theurkauf and Hawley, 1992). Cort is also involved in transcript destabilization, the
process of degrading maternal transcripts at the oocyte-embryo transition (Lieberfarb et
al., 1996; Page and Orr-Weaver, 1996). These functions of Cort are expected to be
APC/C dependent since Cort is an APC/C activator. However, the implication of
APC/CCort in cortical microtubule breakdown and transcript destabilization has not been
examined. Eggs from CycB3 mutants, or RNAi lines against cort, cort0326, and Shtd1744
were examined to determine whether CycB3 or the APC/C are involved in cortical
microtubule breakdown. In wild type eggs, cortical microtubules are broken down shortly
after egg activation, whereas they were stabilized in cort0326 eggs, similar to what was
previously observed in cortQW/RH eggs (Lieberfarb et al., 1996; Page and Orr-Weaver,
1996) (Figure 11A,B). Shtd1744 eggs showed stabilized cortical microtubules similar to
cort0326 as expected if Cort functions in transcript destabilization are APC/C dependent
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(Figure 11C). If CycB3 is upstream of APC/CCort, we should expect to see a similar
failure in cortical microtubule breakdown in CycB3 eggs. Loss of CycB3 did not prevent
the breakdown of cortical microtubules (Figure 11D), indicating that CycB3 may not
promote APC/CCort function with respect to cortical microtubule breakdown.
As stated above, Cort has been implicated in transcript destabilization. In wild
type, maternal transcripts are degraded at the oocyte-embryo transition. If CycB3
functions upstream of Cort, then CycB3 would also be involved in transcript
destabilization. To examine transcript destabilization, levels of nanos mRNA, which
undergoes transcript destabilization (Tadros et al., 2003), from 0-2h eggs was compared
to 3-5h eggs. nanos mRNA was quantitatively measured using qRT-PCR, and RpA1
mRNA (Ribosomal component) was used as a control mRNA that does not undergo
transcript destabilization (Tadros et al., 2003). In wild type eggs, nanos mRNA is
dramatically reduced in 3-5h eggs compared to 0-2h eggs, as expected. In cort0326 3-5h
eggs, nanos mRNA was stable compared to 0-2h eggs (Figure 11E), consistent with
previous findings that Cort is necessary for transcript destabilization (Lieberfarb et al.,
1996; Page and Orr-Weaver, 1996). Although Cort and Fzy have some redundant
functions, the possible requirement for Fzy in transcript destabilization has not been
previously examined. We therefore examined nanos mRNA levels in fzy0442 eggs to
determine whether Fzy functions in transcript destabilization. In fzy0442 eggs, nanos
mRNA was stable in 3-5h eggs (Figure 11E), suggesting that transcript destabilization is
dependent on Fzy in addition to Cort. If CycB3 promotes Cort and Fzy functions, CycB3
would also be implicated in transcript destabilization. However, we found that in CycB3
eggs nanos mRNA is destabilized in 3-5h eggs (Figure 11E). This
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Figure 11: Cyclin B3 is not involved in cortical microtubule breakdown or
transcript destabilization. A-D) 0-3h unfertilized eggs from wild type, or fertilized in
CycB3Df/2, cort0326 and Shtd1744 eggs, which are unfertilized, stained for Tubulin (green).
Wild type (A) and CycB3Df/L6 mutant eggs (D) do not show stabilized cortical
microtubules while, cort0326 (B) and Shtd1744 eggs show stabilized cortical microtubule.
E) nanos mRNA levels relative to wild type, in CycB3df/L6 mutants, cort0326, fzy0442, and
Shtd1744 knockdown eggs aged either 0-2h or 3-5h. nanos mRNA in wild type and
CycB3df/L6 mutant 3-5h eggs is severely depleted compared to wild type and CycB3df/L6
mutant 0-2h eggs. cort0326, fzy0442, and Shtd1744 knockdown 3-5 eggs show stabilized
nanos mRNA compared to cort0326, fzy0442, and Shtd1744 knockdown 0-2 eggs. Data is
from two independent experiments, and three replicates.
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suggests that CycB3 does not promote Cort and Fzy function with respect to transcript
destabilization. To determine whether the roles of Cort and Fzy in transcript
destabilization, like cortical microtubule reorganization, are APC/C dependent, nanos
mRNA in Shtd1744 eggs was examined. nanos mRNA was stable in Shtd1744 3-5h eggs
(Figure 11E). Therefore, these results suggest that transcript destabilization is a
redundant function shared by Cort and Fzy, and preliminarily, appears to be APC/C
dependent. Confirmation with another APC/C RNAi is needed, and quantification of the
level of Shtd knockdown is still required to validate these findings.

Cyclin B destruction in the Drosophila germline depends on a novel motif
To validate that CycB3D promotes the degradation of CycA and B, and does not
affect the levels through transcription or translation, we generated a UAS-Venus-CycBwt
(CycBwt) transgene that does not have endogenous transcriptional or translational
regulatory elements, expressed through the UAS-Gal4 system. CycBwt was co-expressed
with CycB3D, and levels of CycBwt were examined. If CycB3D promotes APC/C activity,
then CycBwt would be targeted for degradation when co-expressed with CycB3D. This
would support the hypothesis that the effect CycB3D has on cyclin levels is at the protein
level, possibly through the APC/C mediated degradation. To control for the possibility
that lower levels of CycBwt could result from the co-expression of two UAS transgenes
with a single Gal4 driver, CycBwt was co-expressed with UAS-white0994 RNAi (w0094).
w0094 acts to sequester Gal4 transcription factor, as is the case when CycBwt and CycB3D
are co-expressed. As expected, CycBwt levels were depleted in CycB3D eggs compared to
when CycBwt was co-expressed with w0094 (Figure 12, Figure 13A,H). This suggests that
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the lower cyclin levels of CycB observed in CycB3D eggs are due to protein degradation,
and not transcriptional or translational effects.
Cort and Fzy epistasis experiments with CycB3D suggest a pathway in which
CycB3 is upstream of APC/CCort and APC/CFzy, with respect to CycB destruction. As
another way to determine which APC/C complex is downstream of CycB3, we asked
what destruction motif, or motifs, are required on a cyclin that is degraded in the presence
of CycB3D. APC/CFzy appears to specifically recognize the Destruction box (D-Box). It is
not yet known what motifs APC/CCort can recognize. Recently, it was shown that a novel
destruction sequence identified in yeast (LXEXXXN) is found on the APC/CCort target
Matrimony (Sullivan and Morgan, 2007; Whitfield et al., 2013). This motif is not present
on the cyclins, and therefore we considered only the canonical D-Box and KEN box.
To determine if the APC/C that is downstream of CycB3D requires a D-Box, as
the case is with APC/CFzy, a UAS-CycB transgene with the D-Box mutated (UAS-GFPCycBD, hereafter referred to as CycBD) (Raff et al., 2002), and was co-expressed with
CycB3D (Figure 12). Interestingly, CycBD was efficiently degraded when co-expressed
with CycB3D (Figure 13B,H). This suggested that the APC/C that CycB3 acts upstream
of could promote KEN box mediated destruction of CycB. To test this, a CycB transgene
that was mutant for the KEN box (UAS-Venus-CycBKEN, hereafter referred to as CycBKEN)
(Figure 12) was generated and expressed with w0094 or CycB3D. CycBKEN was efficiently
degraded in CycB3D eggs compared to when co-expressed with w0094 (Figure 13C,H).
Therefore, CycB3 may promote either D-Box and KEN box mediated degradation of
CycB.
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Figure 12: Cyclin B is degraded by a meiosis specific degradation motif. A)
Schematic showing the location of the D-Box, KEN box, and putative D-Box motifs and
deletions of transgenes constructed.
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Figure 13: Cyclin B3 promotes cyclin B degradation through a novel motif. A-G)
Western blots from 0-3 hour eggs from unfertilized females expressing CycB destruction
motif mutants and deletions in wild type, w0094, or in CycB3D backgrounds as indicated in
text. Western blots were probed for CycB, and G was probed for GFP. Actin or Cdk1 was
used as a loading control in A-G as indicated. Graph showing densitometry analysis from
A-G, analyzing the change in levels of the CycB destruction motif mutants and deletions
from wild type to CycB3D eggs. The graph represents data from at least 2 independent
experiments. Error bars indicate s.e.m. Statistical significance was calculated by one
tailed T-Test, where *=P<0.05, NS=Not significant.
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To test this, a D-Box, KEN-box double mutant of CycB, UAS-Venus-CycBD,K
(CycBD,K) was generated (Figure 12). CycBD,K has been shown to be stable in mitosis,
similar to CycBD (Raff et al., 2002). Therefore, it is expected that CycBD,K would also be
stable in meiosis. CycBD,K was co-expressed with w0094 or CycB3D. Surprisingly, CycBD,K
was efficiently degraded in the presence of CycB3D (Figure 13D,H). Therefore, CycB3D
acts upstream of an APC/C that is able to recognize CycB that has both canonical
destruction motifs mutated, suggesting this APC/C complex can recognize a novel motif
on CycB.

Meiotic APC/C recognizes cyclin B via a non-canonical motif.
The degradation of CycBD,K in CycB3D eggs suggests that there may be another
degradation motif present for meiosis specific degradation of CycB. To determine where
this potential degradation motif was, we generated a transgene with the C-terminus of
CycB fused to a Venus tag (UAS-Venus-CycBΔ1-266, hereafter referred to as CycBΔ1-266)
(Figure 12). If this transgene is stable in CycB3D eggs, then a putative degradation motif
lies in the N-terminus of CycB. Indeed we found that CycBΔ1-266 levels in CycB3D eggs
were stable, indicating that CycB3D cannot promote destruction of CycBΔ1-266, and
therefore, there may be a degradation motif present in the N-terminus of CycB (Figure
13E,H). We note, that however, maternal expression of CycBΔ1-266 does not result in
embryonic lethality, unlike the case for the other stabilized CycB transgenes, suggesting
that CycBΔ1-266 is not functional (data not shown). This suggests the possibility that the
stability of CycBΔ1-266 may be due to improper folding, or not interacting with Cdk1.
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To determine what regions of the N-terminus are important for CycB stability,
two transgenes were generated. First, a transgene deleting of the first 53 residues, while
maintaining the KEN box mutation, UAS-Venus-CycBΔ1-53,KEN (CycBΔ1-53) was generated
(Figure 12). CycBΔ1-53 was co-expressed with w0094 and CycB3D, and its stability was
measured. CycBΔ1-53 maintains the putative non-canonical D-Box and was expected to be
degraded when co-expressed with CycB3D. Indeed, CycBΔ1-53 was efficiently degraded in
CycB3D eggs (Figure 13F,H), supporting the idea that the putative D-Box lies between
residues 53-170 (Figure 12).
A second transgene deleting the first 170 amino acids that eliminates the Nterminal D-Box and maintains KEN box mutant, UAS-Venus-CycBΔ1-170 (CycBΔ1-170) was
generated (Figure 12). CycBΔ1-170 was co-expressed with w0094 or CycB3D and their
stability was measured. To test this, CycBΔ1-170 was co-expressed with CycB3D. If the
non-canonical D-Box is responsible for CycB destruction, CycBΔ1-170 should be stable in
CycB3D eggs, which is exactly what was observed (Figure 13G,H). This suggests that a
potential destruction motif lies between the 53-170 residues in the N-terminus of CycB.
Sequence analysis of Drosophila CycB, predicted that there was a putative non-canonical
destruction box (RXXL) at residues 162-165 (Figure 12). Since CycBΔ1-170 resulted in an
embryonic lethality, unlike CycBΔ1-266, this suggests that the stabilization of CycBΔ1-170
was due to inhibition of protein degradation, and not due to functionality of the transgene.
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Cort and Fzy can both recognize the putative non-canonical D-Box on cyclin B
Experiments with CycBΔ1-53 and CycBΔ1-170 indicate the potential presence of a
novel destruction motif important for CycB degradation in Drosophila meiosis. If this is
the case, then Cort and/or Fzy should be able to recognize this motif on CycB. To test
whether this non-canonical D-Box motif can be recognized by the APC/C, CycBwt,
CycBD,K, CycBΔ1-170 were co-expressed in cort0326 and fzy0442 eggs. To control for coexpression of two UAS transgenes, CycBwt, CycBD,K, CycBΔ1-170 were also co-expressed
with w0094. If Cort or Fzy are able to recognize the non-canonical motif, then elevated
levels of CycBwt and CycBD,K in cort0326 and fzy0442 eggs would be observed, but CycBΔ1170

levels in cort0326 and fzy0442 eggs should be unaffected. When CycBwt levels were

examined, CycBwt did not appear elevated in fzy0442 eggs, but were significantly elevated
in cort0326 eggs (Figure 14A,B,E). This suggests that Cort has a higher preference for
CycB, although this result could be attributed to inefficient knockdown of fzy. CycBD,K
levels were elevated slightly, but significantly, in fzy0442 eggs (Figure 14C,E), and
elevated in the cort0326 eggs (Figure 14C,E). In contrast, CycBΔ1-170 levels were not
elevated in cort0326 or fzy0442 compared to w0094 eggs as expected (Figure 14C,E). With
the caveat of inefficient knockdown of fzy, these results suggest that both Cort and Fzy
are able to recognize the putative non-canonical motif in the N-terminus of CycB.

Cyclin B also activates the APC/C
Evidence in our lab suggested that CycB could activate the APC/C in meiosis
(Dhaliwal, 2011). Specifically, early expression of CycBD in meiosis resulted in lower
CycA levels, suggesting some elevated APC/C activity (Dhaliwal, 2011). To determine
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Figure 14: Cort and Fzy have preference for CycB destruction through a novel
motif. A-D) Western blots from 0-3 hour eggs from w0094, cort0236 or fzy0442 eggs
expressing CycB destruction motif transgenes. Western blots in A-D were probed for
CycB and Actin was used as a loading control. E) Graph showing the change in levels of
the CycB destruction motif mutants in A-D. The graph represents data from 3
independent experiments. Error bars indicate s.e.m. Statistical significance relative to
wild type was calculated by one tailed T-Test, where *=P<0.05, **=P<0.01,
***=P<0.001, NS= not significant.
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whether CycB activates the APC/C, levels of mitotic cyclins were examined in CycBΔ1-170
eggs. Lower mitotic cyclin levels in CycBΔ1-170 eggs are expected if CycB is able to
promote APC/C activation, similar to what was observed in CycB3D eggs (Figure 5A,B).
Expression of CycBΔ1-170 resulted in a decrease CycB and CycB3 levels compared to wild
type eggs, suggesting a role for CycB in APC/C activity (Figure 15 A,B). Interestingly,
CycA levels were not affected in CycBΔ1-170 eggs, a different result than what was
observed in CycB3D eggs (Figure 5A,B). These results suggest that either CycB and
CycB3 activate distinct APC/C complexes, or that CycB and CycB3 have different
effects on the same APC/C complex.
The degradation of CycB is important for anaphase onset in mitosis. If the
degradation of CycB is important for anaphase onset in meiosis, then expression of
CycBΔ1-170 should also result in a metaphase I arrest. CycBΔ1-170 eggs were therefore
investigated for meiosis progression. CycBΔ1-170 eggs displayed a meiosis I or meiosis II
arrest phenotype, suggesting that eggs may be able to progress through meiosis I (Figure
15C). A similar phenotype is observed when CycBD,K is expressed (Figure 15D). This
suggests that expression of non-degradable CycB is not sufficient for metaphase arrest,
although we need to confirm the phase of arrest with our X-cent FISH probe to follow
sister chromatid cohesion.
Since CycBΔ1-170 is stable when co-expressed with CycB3D, we asked whether the
CycB3D ectopic microtubule polymerization could be suppressed by stabilizing CycB. To
investigate this, CycBΔ1-170 was co-expressed with CycB3D, and the ability of CycB3D to
promote ectopic microtubule polymerization was examined. CycBΔ1-170 eggs displayed a
meiosis I (35%), or meiosis II (55%) phenotype (Figure 15C,G).
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Figure 15: Cyclin B may activate the APC/C. A) Western blots from 0-3 hour eggs
from unfertilized females probed for CycA, B and B3 in wild type, and CycBΔ1-170. Actin
was used as a loading control. CycA levels are seen as a weak doublet around 61 kDA,
with a doublet with lower migration above. * Indicates non-specific band. B)
Densitometry analysis from western blots in A. Actin was used to normalize protein
levels to wild type levels. Data is form three independent trials. Error bars indicate s.e.m.
C-D) 0-3h aged eggs from CycBΔ1-170 (C) CycBD,K (D) CycBΔ1-170;CycB3D (E) and
CycBD,K;CycB3D (F) stained for microtubules (blue) and DNA (green). C,D) CycBΔ1-170
and CycBD,K arrest in meiosis II, indicated by two spindles. E,F) CycBΔ1-170;CycB3D eggs
arrest primarily in meiosis II (E) CycBD,K;CycB3D eggs show ectopic microtubule
polymerization (F). G) Graph showing meiosis phenotypes from CycBΔ1-170 and CycBΔ1170
; CycB3D eggs. Data is from one experiment. Scale bar in C=10µm, and applies to
panels C-F.
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Co-expression of CycBΔ1-170 and CycB3D fully suppressed the ectopic microtubule
polymerization (Figure 15E,G). CycBΔ1-170;CycB3D eggs displayed a meiosis I or meiosis
II phenotype, similar to CycBΔ1-170 eggs (Figure 15E,G). These eggs appeared to arrest in
a metaphase-like state with DNA more at the metaphase plate. However, this needs to be
confirmed with X-Cent FISH. Co-expression of CycBD,K and CycB3D does not suppress
the ectopic microtubule polymerization as expected, since CycBD,K is unstable in CycB3D
eggs (Figure 15D,F, Figure 12D, Figure 13A). These results suggest that the
microtubule phenotype results from the loss of CycB.
To determine whether CycA loss contributes to the ectopic microtubule
polymerization observed in CycB3D eggs, a non-degradable UAS-Venus CycAΔ1-53
(CycAΔ1-53) transgene was generated by deleting the N-terminal 53 residues (Sigrist et al.,
1995). CycAΔ1-53 was co-expressed with CycB3D with levels of CycAΔ1-53, and meiosis
progression was examined. Interestingly, CycAΔ1-53 levels appeared to be reduced in
CycB3D eggs, (Figure S2C) but surprisingly, expression of CycAΔ1-53 suppressed ectopic
microtubule polymerization observed in CycB3D eggs (Figure S2A,B). CycAΔ1-53 eggs
displayed multiple spindles, a phenotype observed in cases of low CycB3D expression
(Data not shown). This suggests that the ectopic microtubule polymerization observed in
CycB3D eggs may be due to the depletion of cyclins. Expression of CycAΔ1-53 was not in
the presence of w0094, therefore, the effect observed in CycAΔ1-53;CycB3D eggs could
alternatively be attributed to insufficient expression of either, or both, transgenes.
The degradation of CycAΔ1-53 observed when co-expressed with CycB3D suggests
that CycAΔ1-53 can be targeted for degradation in CycB3D eggs. We generated a UASVenus-CycAΔ1-170 transgene (CycAΔ1-170) to explore degradation of CycA in meiosis, but
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these females had significant ovary defects and laid very few eggs (data not shown).
Expression of CycAΔ1-53 induced nurse cells to enter mitosis, indicated by spindle
formation and nurse cell nuclei positive for phospho-histone H3 staining (Figure
S2C,D’). We hypothesized that expression of CycAΔ1-170 resulted in a stronger ovary
phenotype than the CycAΔ1-53, which diminished our ability to examine stabilized CycA
in meiosis. Therefore, we focused on the degradation of CycB in meiosis.

Pilot deficiency screen to determine cyclin B3 genetic interactors
To determine a potential pathway for CycB3 action, a pilot deficiency screen was
performed to identify potential genetic interactors with CycB3. To do this, CycB3D, was
weakly expressed using otu-Gal4. This resulted in approximately 10% of eggs that
hatched. Targeted deficiencies were then introduced and tested for the ability to suppress
the 10% sterility. Chromosomal deficiencies that span genes involved in microtubule
dynamics, APC/C function, SAC activity, and cell cycle regulation were chosen. A
positive hit was considered if it resulted in greater than 30% of eggs hatching. The
strongest hit was a deficiency that spans the Drosophila homologue of APC11,
LemmingA (LmgA) (Nagy et al., 2012) (Figure S3). LmgA is small protein that facilitates
the interaction between the E2 enzyme and the Drosophila APC2 homologue morula
(Nagy et al., 2012) (Figure S3). A deficiency spanning the SAC component Mad1, and a
deficiency spanning cort were the next two strongest hits (Figure S3).
The deficiency spanning Mad1 was interesting, and it resembles previous work
implicating CycB3 with SAC inactivation in C. elegans (Deyter et al., 2010). We looked
into whether CycB3 plays a similar role in meiosis by attempting to rescue CycB3
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anaphase phenotype with Mad2 mutants, but CycB3;Mad2 mutants were lethal (Data not
shown). Instead, BubR1 mutants were used, however, BubR1 mutants could not suppress
the anaphase arrest in CycB3 eggs. One of the alleles used (BubR1D1326N) does not abolish
BubR1 Sac function (Figure S4) therefore these results do not conclusively determine
whether CycB3 functions through the SAC. Evidence exists to suggest the SAC does not
play a role in female meiosis. Therefore, CycB3 may not function through the SAC in
Drosophila meiosis, although this needs to be investigated further.
Deficiencies spanning microtubule binding proteins and microtubule motors also
showed strong interaction with CycB3 (Figure S3). These results are still preliminary,
and positive hits need to be validated through gene specific mutations to definitively
identify the genetic interactor with CycB3D, however, this provides a potential starting
point to determine potential targets of CycB3-Cdk1.

DISCUSSION
Our major findings suggest that CycB3 promotes anaphase by promoting APC/C
activity and subsequent degradation of CycA, B and B3. CycB3 may act upstream of
APC/CCort and APC/CFzy, although our results suggest that CycB3 favours APC/CFzy
activation. Furthermore, CycB3 is able to promote CycB degradation in meiosis through
a novel motif. CycB3 is also important in regulating microtubule dynamics.

Cyclin B3 is important for anaphase, and may activate the APC/C
Loss of CycB3 results in an early anaphase I arrest, suggesting that CycB3 plays a
role in anaphase in Drosophila meiosis (Bourouh et al., 2016). CycB3 has been
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implicated in anaphase in C. elegans, mouse meiosis, and in Drosophila mitosis
(McCleland et al., 2009; Sigrist et al., 1995; van der Voet et al., 2009; Zhang et al.,
2015). In C. elegans, CycB3 functions to inhibit the SAC to allow for APC/C activity and
anaphase onset (Deyter et al., 2010). This has not been observed in mouse oocytes, and in
Drosophila mitosis, suggesting CycB3 promotes anaphase onset through a different
mechanism (Deyter et al., 2010; Yuan and O’Farrell, 2015; Zhang et al., 2015).
Loss of CycB3 causes CycA, B levels to be elevated, and expression of CycB3D
caused CycA, B and B3 levels to be depleted, supporting a role for CycB3 in activating
the APC/C. The cyclin degradation observed in CycB3D eggs could be suppressed by
knocking down Shtd, a structural component of the APC/C. This supports the idea that
CycB3 acts upstream of the APC/C. Validation of this result with another RNAi line
against the APC/C, combined with the quantification of the Shtd knockdown efficiency,
is required.

Cyclin B3 affects microtubule dynamics
Ectopic expression of CycB3D causes ectopic microtubule polymerization that is
dependent on egg activation, and forms in a time dependent manner. Our results indicate
that CycB3D promotes microtubule polymerization around the meiotic products, and
around the cortex that appear structurally different. This indicates that there may be two
different mechanisms that form these microtubule networks.
We examined the localization of Subito, Incenp, and Msps in CycB3D eggs.
Localization of these proteins is normally restricted to the spindle midzone or spindle
poles (Colombié et al., 2008; Jang et al., 2007; Resnick et al., 2006). Interestingly, Incenp
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and Msps accumulate on the ectopic microtubule polymerization that forms in CycB3D
eggs. This suggests that their localization is affected in CycB3D eggs. Further work with
loss of function alleles of these and more genes involved in spindle formation and
microtubule dynamics need to be undertaken to understand the relationship between
CycB3 and microtubule dynamics in meiosis.
It is possible that the role of CycB3 in promoting ectopic microtubule
polymerization is through the APC/C. CycB3 mediated APC/C activity could target
inhibitors of spindle assembly for degradation, causing increased microtubule
polymerization around the meiotic products. Shtd, cort, or fzy loss suppress the ectopic
microtubule polymerization phenotype in CycB3D eggs, supporting the idea that CycB3D
ectopic microtubule polymerization is dependent on the APC/C. An alternative
explanation is that knockdown of Shtd, cort, or fzy result in meiosis arrest, before CycB3D
could promote ectopic microtubule polymerization. Since there is some spindle structure
maintained in early CycB3D eggs compared to later collections, it is possible that CycB3D
is only able to promote ectopic microtubule polymerization after anaphase II onset. All of
the epistasis experiments used cell cycle defective mutants that arrest prior to anaphase II.
Therefore, cell cycle timing may play a large role in CycB3D dependent ectopic
microtubule polymerization.
CycB3-Cdk1 could also promote ectopic microtubule polymerization through
phosphorylation and activation of spindle formation proteins. Cdk activity has been
implicated in spindle formation in yeast through direct phosphorylation of microtubule
motors involved in spindle formation (Okada et al., 2014; Wheatley et al., 1997).
Therefore, CycB3-Cdk1 could promote ectopic microtubule polymerization through
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phosphorylation of microtubule motors or other spindle assembly factors. Positive hits
from our pilot deficiency screen that span microtubule motors are very interesting to us,
as we do not yet have a mechanism for how CycB3D promotes ectopic microtubule
polymerization. Following up on these microtubule motors and determining whether they
are implicated with CycB3 in promoting ectopic microtubule polymerization is the next
step.

Cyclin B3 is upstream of Cort and Fzy
Shtd epistasis experiments suggest that ectopic microtubule polymerization, and
the cyclin degradation observed in CycB3D eggs may be APC/C dependent. Since there
are two APC/C activators required for meiosis progression, a similar epistasis experiment
was performed by eliminating cort and fzy (Swan and Schüpbach, 2007). Loss of either
cort or fzy, or the double, suppresses ectopic microtubule polymerization, but
interestingly, only loss of fzy, and both cort,fzy double are able to suppress the CycB
degradation observed in CycB3D eggs. This suggests that CycB3 acts primarily upstream
of APC/CFzy to promote CycB degradation.
These epistasis experiments also answer the question as to whether the cyclin
degradation observed in CycB3D eggs was related to the stage of meiotic arrest. The
APC/C is active in anaphase (Pesin and Orr-Weaver, 2008), therefore, since CycB3D eggs
arrest/delay in anaphase II, the loss of CycA and CycB could be attributed to APC/C
being active in late anaphase. However, cortQW/RH;CycB3D eggs are arrested in metaphase
II, similar to cortQW/RH eggs, but cyclin degradation was still observed. The same
experiment was performed with knockdown of Calcineurin, a phosphatase that acts
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upstream of APC/C activation in meiosis, and was hypothesized to be upstream of Cort
(Takeo et al., 2006, 2010). Knockdown of Calcineurin results in a metaphase I arrest,
with elevated cyclin levels (Takeo et al., 2006, 2010). Our preliminary data suggests that
knockdown of Calcineurin rescues the ectopic microtubule polymerization observed in
CycB3D eggs, but cannot prevent CycB degradation, suggesting that the APC/C is still
active (Bourouh, unpublished). Therefore, this suggests that the low cyclin levels
observed in CycB3D eggs was due to a specific effector of CycB3D, and not due to cell
cycle arrest.
To investigate this further, the location of CycB degradation was investigated.
Cort and Fzy are responsible for spatiotemporal regulation of CycB. Cort is responsible
for spindle midzone degradation and Fzy for general spindle microtubule associated
degradation (Swan and Schüpbach, 2007). In cort;CycB3D eggs, spindle associated CycB
did not accumulate as strongly as in cort eggs. This suggests that CycB3D is able to
promote localized CycB degradation in the absence of Cort, as also indicated with low
overall levels of CycB in cort;CycB3D eggs compared to cort eggs.
The caveat here is the cortRH and cortQW alleles that were used, do not completely
eliminate Cort protein (Pesin and Orr-Weaver, 2007). Therefore, either there is some Cort
activity present that is responsible for the spindle midzone degradation of CycB, or
CycB3D is able to promote APC/CCort activity in the presence of the small pool of Cort
remaining. These epistasis experiments suggest CycB3 acts upstream of Cort and Fzy,
although CycB3 may act primarily through Fzy.
Technical issues were encountered when attempting to generate fzy6/7 eggs that
were not encountered in cortQW/RH,fzy6/7 eggs. For this reason, a fzy RNAi line was used to
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generate fzy0442 eggs. When fzy, CycB3D epistasis experiments were performed, loss of fzy
suppressed CycB degradation. fzy0442 resemble fzy6/7 eggs, although fzy0442 eggs shows
increased proportion of eggs in meiosis I. This suggests that the fzy0442 produces a
stronger phenotype than fzy6/7. Since we are not able to collect fzy6/7 eggs, we were not
able to compare levels of Fzy in fzy6/7 eggs compared to fzy0442 eggs.
These genetic interactions are interesting, but complicated to interpret. Since the
fzy, CycB3D epistasis experiments were performed with an RNAi, while the cort, and the
cortQW/RH,fzy6/7, CycB3D epistasis experiments were performed with loss of function
mutants, it becomes difficult to compare results across genotypes. Furthermore, fzy,
CycB3D epistasis was performed with mat-Gal4 while the cort, and cortQW/RH,fzy6/7
double CycB3D epistasis was performed with otu-Gal4. This affects the expression level
of CycB3D, making it difficult to compare the effect CycB3D has when cort or fzy are
depleted.
Repeating the cort, CycB3D epistasis experiments with cort0326 RNAi would yield
a better comparison for the fzy0442 RNAi. This would help determine the effect CycB3D
has when cort is depleted, but in these experiments, the stronger mat-Gal4 driver will
induce CycB3D expression. With these caveats, we conclude that CycB3 acts upstream of
Cort and Fzy, to promote CycB destruction and promote ectopic microtubule
polymerization.

Cyclin B3 is able to promote CycB degradation through a novel motif
Co-expression of CycB transgenes with different destruction motif mutants with
CycB3D resulted in degradation of the CycB transgenes. Only two transgenes were stable,
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CycBΔ1-170 and CycBΔ1-266. Our results indicate that there is a novel non-canonical
destruction motif within the N-terminus, between residues 53-170 of CycB. Generating a
triple mutant transgene, UAS-Venus-CycBD1,D2,KEN (CycBD1,D2,KEN) that has all three
destruction motifs mutated and examining its stability in a CycB3D background would
validate this putative non-canonical D-Box plays a role in CycB destruction in meiosis. If
this non-canonical motif is responsible for CycB destruction, CycBD1,D2,KEN should be
fully stable when co-expressed with CycB3D, similar to CycBΔ1-170.
Fzy and Cort may be able to recognize this non-canonical motif on CycB. Our
results suggest Fzy and Cort are able to recognize CycBD,K for destruction, but not the
CycBΔ1-170. We know that CycB can be targeted for destruction by APC/CFzy and
APC/CCort in meiosis (Swan and Schüpbach, 2007), so it was surprising that knockdown
of fzy did not result in elevated CycBwt levels. This could result from inefficient
knockdown of fzy. An alternative explanation is that Cort has preference for CycB
destruction in meiosis, as we saw with elevated levels of CycBwt in the cort0326 eggs. In
fzy0442 eggs, Cort is still present, and thus able to compensate for Fzy in targeting CycB.
When CycBD,K is expressed in fzy0442 and cort0326 eggs, we continue to see this preference
as CycBD,K is elevated more in cort0326 eggs than in fzy0442 eggs. This suggests that both
Cort and Fzy may target CycB through this novel motif, but Cort is more efficient at
doing so. However, fzy CycB3D epistasis experiments suggest that CycB3 is upstream of
APC/CFzy. This suggests that CycB3D may be able to promote APC/CFzy mediated
degradation of CycB through this novel motif. These experiments allude to the interesting
idea that cyclin-Cdk1 phosphorylation of the APC/C may promote substrate preference of
Cort and Fzy.
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It has been established that Cort has preference for CycA early in meiosis, and
CycB and B3 later in meiosis, while Fzy is more specific for CycB (Swan and
Schüpbach, 2007; Vardy et al., 2009). Our results also suggest that CycB activates the
APC/C, complicating experiments in which Cort and Fzy are depleted when expressing
CycB transgenes. Therefore, we can speculate that Cort and Fzy may recognize the noncanonical D-Box, but interpretation of preferred targets from these experiments is
inconclusive. Generating a UAS-Venus-CycBD2 transgene, with the putative D-Box
mutated, expressed in cort0326 and fzy0442 backgrounds may reveal preference for this
novel motif by Cort and Fzy.
CycB degradation in syncytial mitosis depends largely on APC/CFzy activity, and
APC/CFzy mediates destruction of CycB through only the D-Box (Raff et al., 2002).
Interestingly, our results suggest that Fzy can recognize a novel non-canonical motif in
meiosis. This could be due to a meiosis specific form of the APC/CFzy that is able to
target CycB through this novel motif. Different APC/C components can mediate substrate
specificity of the APC/C (Huang and Raff, 2002). In Drosophila mitosis, Cdc16 was
shown to be more important for CycA degradation than CycB. Doc1 has also been shown
to aid in substrate specificity by recognizing the D-Box on APC/C substrates (Carroll et
al.). Therefore, the APC/C in meiosis could be composed of different components than in
mitosis to mediate degradation of CycB through a novel motif. It is also possible that
recognition of this motif is partially dependent on CycB3-Cdk1 phosphorylation.
Isolation of the APC/C in CycB3D eggs would reveal the composition of the
APC/C to determine how conserved the APC/C structure is from mitosis to meiosis.
Mitotic phosphorylation of the APC/C has been implicated in APC/CCdc20 activity (Qiao
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et al., 2016). Determining whether CycB3-Cdk1 phosphorylates the APC/C would yield
potential mechanisms for CycB3-Cdk1 function.
Cyclin degradation has been shown to be primarily APC/C dependent. Recently,
studies have investigated the roles of other E3 ligases in CycB degradation. The Hect-E3
ligase ETC-1 and the Cullin-Ring E3 ligase CRL2, have been shown to be able to target
CycB for degradation (Balachandran et al., 2016; Wang et al., 2013). E3 ligases generate
long ubiquitin chains on lysine residues on ubiquitin that are specific for different E3
ligases (Mocciaro and Rape, 2012). The APC/C promotes K11 chain formation (Jin et al.;
Wu et al., 2010). If the proteasome is inhibited in CycB3D eggs, ubiquitinated CycB can
be isolated. By western blotting using chain specific antibodies, the ubiquitin chain
formed can be determined, and the E3 ligase responsible for the chain can be determined.
Therefore, the class of E3 ligase behind CycB3D dependent degradation of CycB can be
determined to investigate whether, in addition to the APC/C, other E3 ligases may
contribute to CycB degradation in meiosis.

Cyclin B also activates the APC/C
We also have evidence that CycB, in addition to CycB3, may promote APC/C
activity in meiosis. Expression of CycBΔ1-170 results in degradation of CycB and B3, but
interestingly, does not affect CycA levels, whereas all three cyclins are affected in
CycB3D. This begs the questions, are CycB3 and CycB activating distinct APC/C
complexes, or is their effect on the APC/C different to facilitate substrate specificity? As
stated above, there is evidence for the APC/C existing in different forms that switches the
APC/C from early (CycA) compared to late (CycB) destruction based on which
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components are present (Huang and Raff, 2002). In addition, APC/CCort is responsible for
CycA degradation in mature oocytes (Vardy et al., 2009). Therefore, it could be that
CycB3 could have preference for APC/CCort to mediate CycA degradation whereas CycB
has preference for APC/CFzy. It could also be possible that CycB/B3 have different effects
on the same APC/C complex that allow for substrate specificity of the APC/C. In mitosis
cyclins are degraded in a step-wise fashion where CycA is degraded first, followed by
CycB, followed by CycB3 (Sigrist et al., 1995). It is possible that in meiosis, CycB and
B3 may regulate meiosis progression by coordinating cyclin destruction. CycB/B3-Cdk1
could also regulate spatio regulation of the APC/C. Evidence exists that CycB3 affects
the localization of the APC/C to the mitotic spindle (Yuan and O’Farrell, 2015).
Therefore, maybe CycB3 affects APC/C activity through spatiotemporal regulation of the
APC/C in meiosis. Further analysis as to the mechanism of CycB and B3 function
biochemically may yield answers to these questions.
CONCLUSION
Our results suggest CycB3 and CycB overlapping roles in APC/C activation in
meiosis, leading to degradation of cyclins and anaphase onset. CycB3 promotes APC/C
dependent CycB degradation through a novel putative non-canonical motif in the Nterminus. These results provide potential functions for CycB3 in anaphase onset.
Furthermore, CycB3 plays an important role in microtubule dynamics. Our results set up
further studies to determine the mechanism of action of CycB3 and CycB in APC/C
activation in meiosis to determine anaphase onset through APC/C activation.
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SUPPLEMENTAL FIGURES

Figure S1: Fzy RNAi diminishes Fzy levels. A) Western blot from 0-3h eggs from wild
type or fzy0442 probed for Fzy and Actin as a loading control. B) Densitometry analysis on
A using actin as a loading control. Fzy protein is 20% of wild type. Data is from three
independent experiments. Error bars indicate s.e.m. Statistical analysis was performed by
one tailed T-test. *=p<0.05.
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Figure S2: CycAΔ1-53 is targeted for degradation in CycB3D eggs. A-B’) 0-3h aged
fertilized eggs from CycAΔ1-53 or CycAΔ1-53 ;CycB3D eggs stained to detect Tubulin (blue)
and DNA (green). A,A’) CycAΔ1-53 eggs arrest primarily in meiosis I indicated by one
spindle. B,B’) CycAΔ1-53 ;CycB3D eggs arrest in meiosis with multiple spindles and do not
present with the microtubule polymerization phenotype. C) Western blot on CycAΔ1-53
and CycAΔ1-53 ;CycB3D fertilized eggs probed for CycA and Actin as the loading control.
Endogenous CycA is seen as a doublet around 61kDa with the addition of a slower
migrating band, while Venus CycAΔ1-53 is seen as the slowest migrating band. Data is
from one experiment. D-E’) Ovaries from CycAΔ1-53 and CycAΔ1-53 ;CycB3D stained with
microtubules (blue), DNA (green), and phospho-histone H3 (red) Phospho-histone H3 is
shown by itself in gray scale (labeled with ‘). D) Wild type egg chamber with polyploid
nurse cells and absence of microtubules and phospho-histone H3. E,E’). CycAΔ1-53 egg
chambers show nurse cells enter mitosis as indicated by positive phospho-histone H3
staining and spindle formation. Scale bar in A=50uM and applies to A and B. Scale bar in
A’=10 uM and applies to A’ and B’. Scale bar in D=10uM and applies to for D-E’.
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Figure S3: Pilot Deficiency suppression screen reveals potential genetic interactors
with cyclin B3.
Graph showing pilot genetic interaction suppression screen looking at percentage of eggs
hatching compared to CycB3D. CycB3D eggs expressed with otu-Gal4 at 25°C causes
10% of eggs to hatch. Potential positive hits were chosen that rescued more than 30% of
eggs hatching. In red are very strong interacting genes or deficiencies, and in green are
medium interacting genes or deficiencies, and blue are low/non interacting genes or
deficiencies. Below are hits based on role in meiosis, and how strong the genetic
interaction is with CycB3.
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Figure S4: Cyclin B3 does not function with the SAC. 0-2h aged eggs from
BubR1D132N/Rev1, CycB3L6/2, or BubR1D132N/Rev1; CycB3L6/2 stained for microtubules (green)
and DNA (red). A) BubR1D132N/Rev1 mutants complete meiosis normally as presence of a
polar body. B,C) CycB3L6/2 mutants arrest in meiosis I, indicated by 1 spindle or meiosis
II, indicated by two spindles. D,E) BubR1D132N/Rev1; CycB3L6/2 mutants show meiosis I or
meiosis II phenotypes similar to that in CycB3 single mutants.
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CHAPTER 4
GENERAL DISCUSSION AND CONCLUSIONS
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This thesis investigates the roles and redundancies of the Drosophila mitotic
cyclins in meiosis, with specific focus on cyclin B3. Cyclin-Cdk complexes are the
mediators of cell cycle progression. Cdks are activated when bound to their cyclin
partners, and once active, phosphorylate specific substrates conferred by the cyclin bound
(Minshull et al., 1990). Once they have performed their function, cyclins are targeted for
degradation by the APC/C, an E3 ubiquitin ligase that targets proteins for ubiquitin
mediated degradation (Glotzer et al., 1991).
In vertebrates, cyclin B is the main mediator of mitotic events. However in
Drosophila, cyclin B mutants are viable, but sterile. Cyclin B3 mutants are also viable,
but female sterile (Jacobs et al., 1998). Cyclin B and B3 double mutants are lethal,
suggesting redundant function between cyclin B and B3 in mitosis (Jacobs et al., 1998).
In the Drosophila syncytial embryo, cyclin B is required, suggesting a change in cell
cycle regulation compared to cellularized embryos (McCleland et al., 2009).
Cyclin A is important for entry into mitosis (Reber et al., 2006), and plays a role
in prometaphase (McCleland et al., 2009; Sigrist et al., 1995). Cyclin B is important for
metaphase and early anaphase (Lehner and O’Farrell, 1990; McCleland et al., 2009), and
cyclin B3 is important for anaphase (Jacobs et al., 1998; McCleland et al., 2009; Zhang et
al., 2015). Up until now, their roles in meiosis have not been well characterized.
In chapter 2, we investigated the roles and redundancies of cyclin A, B and B3 in
Drosophila meiosis. RNAi was used to knockdown single and pairwise combinations of
cyclins to investigate the roles and redundancies of the cyclins. We found that cyclin A is
important for proper NEB timing, although all cyclins can compensate. Cyclin A is also
important for chromosome bi-orientation, but otherwise is largely dispensable for meiotic
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progression. Cyclin B is also dispensable for meiosis, but plays a role after meiosis in
NEB. Cyclin B also plays a role in maintaining the metaphase I arrest in mature oocytes.
Finally, cyclin B3 is important for anaphase onset, and maintaining chromosome
cohesion in meiosis I. Interestingly, cyclin B3 has overlapping functions with cyclin A in
meiosis, whereas in mitosis cyclin B3 is largely redundant with cyclin B3 (Jacobs et al.,
1998). Cyclin B and B3 do not show overlapping functions in meiosis, unlike what has
been shown in mitosis (Jacobs et al., 1998).
Studies in the Drosophila syncytial embryo reveal that cyclin B is essential for
mitosis (McCleland et al., 2009), whereas our findings indicate that cyclin A and B3 are
essential for meiosis progression. It would be interesting to investigate the mechanisms
behind these differences to determine the difference in cell cycle regulation between
meiosis and mitosis. Meiosis is a more specialized cell division requiring two nuclear
divisions without an intervening S phase. Furthermore, chromosome cohesion is much
more tightly regulated. Investigating the roles of cyclins in chromosomal cohesion will
elucidate the regulation of chromosome cohesion in meiosis.
Cyclin B has been implicated in Separase regulation (Gorr et al., 2005, 2006). The
loss of sister chromatid cohesion observed in cyclin B3 eggs suggest that cyclin B3 plays
a role in chromosomal cohesion. This of course would be conceptually contrary to results
indicating cyclin B3 is important for anaphase. If cyclin B3 plays a role in sister
chromatid cohesion, determining whether cyclin B3 inhibits Separase by physical
interaction, or potentially through phosphorylation can be determined. This would give a
clearer idea of Separase regulation in Drosophila.
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In vertebrates, cyclin B is the canonical driver of meiosis, indicated by its original
discovery as Maturation Promoting Factor (MPF) (Evans et al., 1983; Maller et al., 1989;
Masui and Markert, 1971). However, our results indicate that in Drosophila meiosis,
cyclin A is the primary mediator of maturation. Although all the cyclins compensate, this
role for cyclin A is unique, and determining the mechanism behind the role of cyclin A in
meiosis would be interesting.
In chapter 3, we investigated the role of cyclin B3 in Drosophila female meiosis.
The cyclin B3 family of cyclins appears to have roles in meiosis progression in multiple
species, but their cell cycle roles have not been well characterized (Jacobs et al., 1998;
Nguyen et al., 2002; van der Voet et al., 2009; Zhang et al., 2015). The mechanism of
cyclin B3 is largely variable. Studies in C. elegans established a role for cyclin B3 in
SAC inactivation and anaphase onset, while studies in Drosophila and mouse establish a
role for cyclin B3 in anaphase onset, but independent of the SAC (Deyter et al., 2010;
Yuan and O’Farrell, 2015; Zhang et al., 2015). A common theme from these studies is
cyclin B3’s involvement in anaphase onset, potentially functioning through the APC/C.
In Drosophila mitosis, cyclin B3 plays a role in Cdc27 localization, suggesting a role in
APC/C localization and activity (Yuan and O’Farrell, 2015).
The APC/C is an E3 ubiquitin ligase that targets proteins for ubiquitination and
subsequent degradation by the 26s proteasome (Pesin and Orr-Weaver, 2008). The
APC/C requires binding to an activator, Cdc20/Fzy in mitosis, and mitotic Cdk
phosphorylation to be fully active (Kramer et al., 2000; Pesin and Orr-Weaver, 2008;
Qiao et al., 2016; Zhang et al., 2016). Once active, the APC/C initiates anaphase onset by
targeting Securin and mitotic cyclins for degradation initiating anaphase onset.
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In Drosophila, there are two APC/C activators that function for meiosis
progression Cort and Fzy. Our epistasis experiments with cort and fzy suggest a role for
cyclin B3 in promoting APC/CFzy activity, but could potentially promote APC/CCort
activity.
We also show that cyclin B promotes APC/C activity. It would be interesting to
investigate whether cyclin B preferentially activates a specific APC/C complex or is a
general APC/C activator. A potential difference between cyclin B and cyclin B3
dependent APC/C activity is the degradation of endogenous cyclin B3. Expression of
non- degradable cyclin B3, CycB3D, does not effect endogenous cyclin B3 levels,
whereas expression of non-degradable cyclin B, CycBΔ1-170 promotes endogenous cyclin
B3 degradation. Investigating the mechanisms behind these differences between cyclin B
and cyclin B3 activity could reveal how the APC/C is regulated in meiosis.
Phosphorylation of the APC/C is important for mitotic activity. Determining the
role that CycB/B3-Cdk1 have on APC/C phosphorylation in meiosis, will allow us to
understand the mechanisms behind APC/C activation in meiosis. Furthermore,
characterization of the phosphorylation of the APC/C in meiosis could determine how
cyclin B/B3-Cdk1 activity promotes APC/C activity.
We have also shown preliminarily that a potential meiosis specific degradation
motif exists on cyclin B, although validation of this motif is required. It was hypothesized
that Cort, as a meiosis specific activator would promote cyclin B degradation through this
putative novel motif. However, Fzy is also able to target this novel motif. Why Fzy is
able to recognize this putative motif in meiosis but not in mitosis is interesting, and needs
to be investigated further. Analysis of the APC/CFzy complex may yield the answer as
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there is evidence for APC/C components determining APC/C substrate specificity (Raff
et al., 2002).
This thesis examined the roles and redundancies of the mitotic cyclins in meiosis.
We have found some interesting differences in cyclin function and redundancies in
meiosis compared to mitosis. First, the idea that redundancy between cyclin B3 and
cyclin A in meiosis is so great in meiosis compared to mitosis, where cyclin B3 shows
greater redundancy with cyclin B. This shows the plasticity of cyclin function, and how
little we understand the meiotic regulation. Our work now adds to a better understanding
of cyclins in meiosis that can be further added to through mechanistic and further genetic
studies.
The cyclin B3 family of cyclins shows a conserved meiotic role in multiple
species; however, the mechanism between species appears to be different. In C. elegans,
cyclin B3 appears to function upstream of SAC inactivation, whereas in Drosophila and
mice, cyclin B3 function is independent of the SAC. The common theme however in all
these studies is that cyclin B3 may be upstream of APC/C activation.
Our work teased apart this pathway and determined the functional role of cyclin
B3 in Drosophila may be through APC/C activation, leading to cyclin degradation and
anaphase. Interestingly, our characterization of cyclin B3 lead to the novel mechanism of
cyclin B destruction in meiosis. Cyclin B is the canonical M-phase driver, and its
destruction has been extensively studied in many organisms. Identifying a putative novel
degradation signal in Drosophila meiosis outlines the complex and novel regulatory
mechanisms of meiosis.

165

The next step is to determine the evolutionary significance of these studies and
why Drosophila meiosis deviates from the canonical regulation of cyclin B destruction.
Although the simplest difference is that Drosophila meiosis requires two APC/C
activators for proper meiotic progression (Cort and Fzy), while vertebrates require only
one (Fzy), the significance of requiring both APC/C complexes remains to be understood.
Our work may have shed some light into this requirement by determining differential
cyclin destruction and preference of these APC/C activators and their necessity to female
Drosophila meiosis.
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Abstract
Meiosis is a highly regulated and complex variation on the canonical cell cycle that
requires a significant re-tooling of the canonical cell cycle machinery. In addition, there
are meiosis-specific factors that interact with this core cell cycle machinery. Here we will
examine the role of known mitotic cell cycle regulators and meiosis-specific factors in
Drosophila female meiosis. We focus on three important meiotic events: nuclear
envelope breakdown or maturation, establishment of the meiosis I spindle, and the release
from metaphase I arrest at ovulation. Within these subjects we will discuss the central
roles of the mitotic kinase, Cdk1, its cyclin partners, cyclin A, B and B3 as well as
Anaphase Promoting Complex or Cyclosome (APC/C) that mediates cyclin destruction.
We will also discuss the role of other major mitotic kinases, including Polo and Aurora B,
that play multiple roles in Drosophila meiosis. Throughout this review, we will
emphasize some of the technical advances that driven the field forward in recent years.
We will also highlight important gaps that need to be filled to achieve a more complete
picture of how meiosis is regulated in Drosophila.
Keywords
Drosophila, meiosis, oogenesis, Cdk1, cyclin, Aurora B, Polo, APC/C, Cort, Cohesin,
Separase
1. Introduction
The major events of meiosis are conserved throughout eukaryotes, and as with all
cell biology, knowledge gained in one model system informs our understanding of
meiosis in other organisms. On the other hand, as we gain a better understanding of how
meiosis is controlled at the molecular level, it becomes clear that there are major
differences between model systems and even between males and females in the same
organism. Here we discuss the regulation of meiosis specifically in one model system,
Drosophila female meiosis. Mitosis and meiosis in other model systems will be brought
into the discussion, both to highlight areas of divergence, and to suggest explanations for
events that are not well understood in Drosophila female meiosis.
2. Oogenesis and Meiosis in Drosophila Females
Female meiosis takes place in the context of oogenesis. Drosophila females have
two ovaries, each containing approximately 18 ovarioles, chains of progressively
developing egg chambers, each consisting of an oocyte and associated support cells.
Ovarioles are organized from anterior to posterior. The anterior region contains the
germarium, the location of germline stem cells and somatic stem cells that give rise to the
egg and the follicle cells respectively (1, 2). The posterior end contains mature developed

169

eggs. Egg development has been divided into 14 distinct stages, based on major
morphological events.
In the anterior tip of the germarium, germline stem cells divide asymmetrically to
give rise to a stem cell and a daughter cell. The daughter cell undergoes 4 incomplete
divisions to generate a cyst of 16 cells that remain connected via cytoplasmic bridges
called ring canals (1, 2).
From this cyst of 16 cells, one of the two cells with the most cytoplasmic bridges
will differentiate into the oocyte (1). Oocyte determination occurs while the oocyte is still
within the germarium. The oocyte enters meiotic prophase, assembling synaptonemal
complexes between homologues and undergoing crossing over. Throughout prophase,
which lasts until stage 13 of oogenesis, the chromatin is compacted within the nucleus in
a structure referred to as the karyosome. The other 15 germline cells of the cyst enter the
endocycle concurrent with entry of the oocyte into meiotic prophase. These polyploid
cells, called nurse cells, generate proteins and mRNAs important for meiosis progression
and egg maturation. The nurse cells use the cytoplasmic bridges to transfer their contents
into the egg, prior to undergoing apoptosis in late oogenesis (1, 2).
As mentioned, the oocyte is arrested in prophase I until stage 13, at which point
oocyte maturation occurs, highlighted by nuclear envelope breakdown (NEB). Spindle
formation occurs via microtubule polymerization around the karyosome, and a bipolar
spindle assembles. Meiosis arrests at stage 14, the final stage of oogenesis, and the arrest
is maintained until ovulation triggers egg activation, marked by the resumption of meiosis
(2, 3). Upon egg activation, the meiosis I spindle rotates and undergoes anaphase I. At the
completion of the first anaphase, the two meiosis II spindles form around the separated
homologues. These spindles are arranged perpendicular to the egg length and are held
together by an aster of microtubules. At the completion of the 2nd meiotic division the 4
meiotic products enter a post-meiotic interphase. They then appear to undergo DNA
replication in synchrony with the male pronucleus that entered the egg during
fertilization. One of the 4 female meiotic products, usually the most interior, will migrate
towards the male pronucleus, apparently along microtubules that radiate out from the
male aster. The male and female pronuclei enter the first mitosis together. The remaining
female haploid products come together, undergo nuclear envelope breakdown, and arrest
in a mitotic-like state with condensed chromatin arranged on an aster-like array of
microtubules called the polar body (4).
3. Cell Cycle Regulation and Oocyte Maturation
Oocyte development in most metazoans has two arrest points, a primary arrest at
prophase, and a secondary arrest in metaphase. In insects the secondary arrest is at
metaphase I, while in many vertebrates it is at metaphase II. The long prophase arrest
allows synapsis and crossing over to occur and at the same time, allows for oocyte
growth. The secondary arrest facilitates the coordination amongst completion of meiosis,
fertilization and the transition from oogenesis to embryogenesis (5).
The primary arrest in at prophase is broken by nuclear envelope breakdown, a
process that in most, if not all, eukaryotes is dependent on the mitotic cyclin dependent
kinase (Cdk), Cdk1. The Cdks are the core regulators of the cell cycle. They are activated
by phosphorylation on their T-loop via a Cdk activating kinase or CAK, and by
dephosphorylation of a Thr and Tyr at 114 and 116 respectively by the Cdc25
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phosphatase. Cdks also require association with cyclin partners, which themselves are
subject to both transcriptional control and ubiquitin/mediated destruction.
The importance of Cdk1 in Drosophila female meiosis was first established
through analysis of Twine, a germline specific isoform of Cdc25. Twine mutants are
viable but females produce eggs that do not hatch. In a study focusing on Polo and its
regulator Matrimony (Mtrm, discussed below), it was found that Twine mutant oocytes
undergo NEB in stage 14 instead of in mid-stage 13 (6). This finding was confirmed and
extended by the finding that a temperature-sensitive allele of Cdk1 also produces a delay
in NEB (7).
These studies allow us to point out a major challenge in studying meiosis in a
genetic system such as Drosophila: classical genetics is limited to the study of genes that
are non-essential for viability, such as Twine; or the study of hypomorphic or conditional
mutants as with Cdk1. The development of transgenic RNAi for the female germline has
allowed researchers in the last few years to overcome these limitations and study the
meiosis-specific requirements for otherwise essential genes. The Transgenic RNAi
Project out of Harvard has generated a genome wide collection of transgenic RNAi lines
that are driven by the UAS/Gal4 system (8). While the earlier collections were not
effective in the germline, a micro-RNA based collection is now available that can be very
effective. In most studies of meiosis RNAi is expressed using the female germlinespecific mat-α-Tubulin Gal4 driver which expresses just after the premeiotic divisions in
the germarium, thus not affecting mitotic divisions that are necessary for oocyte
formation (9).
Using transgenic RNAi, it was found that loss of Cdk1 in meiosis leads to a
complete failure of NEB in most oocytes, indicating that Cdk1 is indeed essential for
NEB (10). Drosophila, like other metazoans has three mitotic cyclins, Cyclin A, B and
B3, though unlike vertebrates and other animals, Drosophila has only a single
representative of each subtype. Cyclin A is the only one that is essential for viability.
Cyclin B and B3 mutants are viable but female sterile, though Cyclin B/B3 double
mutants are lethal (11). The identity of the cyclin partner for Cdk1 in maturation was
investigated using transgenic RNAi, as well as a conditional mutant for cyclin B and
female sterile alleles of cyclin B3 (10). While classic studies of meiosis in Xenopus and
other vertebrate models have revealed Cyclin B to be the major Cdk1 partner in meiotic
maturation, RNAi knockdown and conditional mutants of Cyclin B had no effect on NEB
timing in Drosophila female meiosis (10). Loss of of Cyclin B3 also had no effect on
NEB timing, either alone or when knocked down with Cyclin B. Knockdown of Cyclin
A resulted in a slight delay in NEB timing. This delay was not enhanced by simultaneous
loss of Cyclin B or B3. However, simultaneous knockdown of all three mitotic cyclins
produced a prolonged delay or complete block in NEB. Therefore in Drosophila female
meiosis, all three mitotic cyclins, function in NEB, with Cyclin A apparently playing the
most important role (10) (Figure 1).
The regulation of Cyclin A expression may contribute to the timing of NEB in
Drosophila. Cyclin A is translationally repressed by the mRNA binding protein Bruno
(12). Phosphorylation of Bruno by the Png kinase complex relieves this translational
inhibition, allowing for Cyclin A translation (13). Release from translational repression
leads to a dramatic increase in Cyclin A levels at stage 12/13, which coincides with
oocyte maturation (13) (Figure 1). These results indicate Cyclin A may be key for NEB
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timing and oocyte maturation in Drosophila. If this is the case, the forced expression of
Cyclin A prior to stage 12 of oogenesis may be expected to result in premature NEB.
In addition to cyclin binding, Cdk1 activity appears to be regulated in many other
ways that may contribute to the timing of NEB. The Endos gene was found to be required
for proper NEB timing (7). In Drosophila, and in vertebrates, Endos binds to the
B55/Twins subunit of Protein phosphatase 2A (PP2A) to inhibit PP2A activity (14).
PP2A has been shown to recognize and dephosphorylate Cdk phosphorylated sites, and as
such is a major negative regulator of Cdk activity.
The ability of Endos to bind and inhibit PP2A appears to in turn be regulated by
the phosphorylation of Endos by Greatwall kinase (Gwl) (15). Gwl was initially
discovered in Drosophila by the dominant Scant allele (16) and was found to play
multiple roles in meiosis beyond NEB. Both genetic and biochemical evidence points to a
simple linear pathway in which Gwl phosphorylation of Endos results in the inhibition of
PP2A (14, 15, 17, 18). While Gwl has not been directly implicated in oocyte maturation,
transgenic Endos with a S68A mutation, abolishing the Gwl phosphorylation site, is
unable to rescue the delayed NEB phenotype of a Endos null mutant (15). Thus Gwl
likely plays a role in the Endos-mediated inhibition of PP2A to promote NEB (Figure 1).
Polo kinase plays a major role in many events through mitosis, including
centrosome dynamics, chromosome cohesion, and cytokinesis (19). Polo activity is often
closely linked to that of Cdk1. Polo promotes Cdk1 activity through the activation of
Cdc25, while also targeting common substrates of Cdk1, such as the APC/C component
Cdc27. Polo also recognizes many of its substrates depending on their prior
phosphorylation by Cdk1 (19).
Polo appears to play multiple roles in Drosophila female meiosis. Studies of the
Polo-binding protein, Matrimony (Mtrm), suggest a critical role for Polo and Mtrm in the
timing of NEB (6). Matrimony is a maternally expressed protein that acts as a physical
inhibitor of Polo. Mtrm mutants, even when heterozygous, display precocious NEB. This
is likely due to precocious activity of Polo, since the simultaneous reduction of Polo gene
dose suppresses the phenotype (6). Furthermore, a mutation in the Polo-interacting
domain of Mtm behaves like a loss-of-function allele, suggesting that the antagonistic
relationship between Polo and Mtm reflects inhibition of Polo by Mtm and not the other
way around. Recently, a strong RNAi knockdown allele of Polo has been described.
Surprisingly, NEB still occurs in these oocytes (20). A possible effect on the timing of
NEB remains to be determined.
The timing of Mtrm expression suggests that its regulation of Polo activity plays
an important role in NEB timing. Matrimony expression in the oocyte starts to increase in
stage 10 and peak levels are reached at stage 11-12, where it localizes to the nucleus and
cytoplasm (6). Levels of Polo start to rise above Matrimony levels in stage 12, possibly
allowing Polo to escape inhibition and help to promote NEB in stage 13 (6) (Figure 1).
4. Meiosis I Spindle Assembly and Chromosome Orientation
Meiotic spindles in many organisms, including humans, frogs and Drosophila, are
acentrosomal. Microtubules nucleate from the chromosomes, and become tapered into
bipolar spindles, instead of originating from centrosomes. Another major difference is in
the behavior of kinetochores. In metaphase of meiosis I, the kinetochores of sister
chromatids contact microtubules from the same pole, referred to as co-orientation.
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Figure 1. Model for nuclear envelope breakdown in Drosophila female meiosis.
Phosphorylation events that drive nuclear envelope breakdown are here depicted as
occurring on the nuclear envelope. The nuclear envelope is depicted in the lower panel as
a dashed line to indicate NEB. See text for details and references.
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Homologous chromosomes, on the other hand, contact microtubules from opposite poles.
This is referred to as biorientation of homologues. Tension created by pulling forces of
kinetochore microtubules results in a stereotypic arrangement of chromosomes in
metaphase I in which centromeres for each homologue are oriented on either side of the
spindle midzone (21). Assembly of this meiotic spindle and proper orientation of
chromosomes requires the actions of many cell cycle regulators.
The problem of how to build a spindle without centrosomes appears to be dealt
with differently in different organisms. In Xenopus egg extracts the small GTPase, Ran
accumulates in its active GTP-bound form in the vicinity of chromosomes as a result of
its chromatin bound activating GEF, Rcc1. This Ran gradient promotes acentrosomal
spindle assembly (22). Rcc1 associates with the karyosome in Drosophila female meiosis,
suggesting a similar role in flies (23). The importance of the Ran gradient was
investigated by over-expressing a Ran mutant that is unable to exchange GDP for GTP.
This dominant negative allele results in only mild defects in spindle pole formation (23).
Therefore it appears that Ran does not play a central role in spindle assembly in
Drosophila female meiosis. As we discuss below, it appears that Aurora B and the
chromosome passenger complex takes on this role.
The chromosome passenger complex (CPC), composed of Aurora B kinase,
Incenp, Survivin and Borealin has multiple functions in mitotic cells (24). The CPC
promotes chromatin condensation in prophase. It accumulates at kinetochores in
prometaphase where Aurora B promotes the breakage of kinetochore-microtubule
contacts. Importantly, the CPC is sensitive to tension. Attachment of spindle
microtubules to a kinetochore results in a pulling of that chromosome towards the spindle
pole. When both kinetochores from a pair of attached sister chromatids make attachments
to opposite poles (known as an amphitelic attachment) pulling forces from either pole
generate tension across the kinetochores. This is sensed by the CPC, leading to
inactivation of Aurora B. As a result, bi-polar attachments are stabilized. Aurora B and
other CPC components are also required at kinetochores for activation of the spindle
assembly checkpoint (SAC). At anaphase onset the CPC relocates to the spindle midzone
where it plays a role in establishing the cleavage furrow (24).
In Drosophila meiosis the CPC has multiple roles, though surprisingly, these are
quite different than CPC roles in mitosis. CPC proteins appear to associate with the
karyosome immediately after NEB, coincident with the first detectable microtubules
forming around the chromatin. CPC localization is independent of microtubules,
suggesting that the CPC directly associates with chromatin (25). Hypomorphic mutations
in Incenp were found to produce a delay in microtubule polymerization around the
karyosome following NEB (26). Subsequent analysis of strong RNAi knockdown alleles
of Incenp and Aurora B revealed a near complete failure to nucleate microtubules around
the chromatin (25). Therefore the CPC localizes to chromatin following NEB and is
required for the first step in meiotic spindle formation, the recruitment of microtubules to
the karyosome.
Unlike the situation in mitotic cells the CPC does not appear to associate with
kinetochores in Drosophila female meiosis. Surprisingly, however, strong CPC
knockdown results in a failure to assemble kinetochores, based on immunostaining for
KMN complex proteins in strong Aurora B knockdown oocytes (27). Instead of
accumulating on kinetochores in prometaphase, the CPC accumulates on the interpolar
microtubules of the spindle midzone early in prometaphase (28). Partial loss of function
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mutations in CPC genes permit meiotic spindle formation but these spindles often have a
poorly formed spindle midzone. Many spindles appear to have more than two poles,
reflecting the importance of interpolar microtubules in maintaining spindle bipolarity. In
terms of protein localization and mutant phenotype, CPC hypomorphs resemble Subito
mutants. Subito encodes the Drosophila MKLP2 homologue, and is the main organizer of
the meiotic spindle midzone (28). The CPC is required for Subito localization to the
spindle midzone (25, 28).
Weaker CPC alleles that permit bipolar spindle formation display defects in
chromosome orientation on the meiotic spindle. This failure of biorientation is also
observed upon knockdown of Subito, suggesting that interpolar microtubules are
important for chromosome movements that establish biorientation. Knockdown of the
essential kinetochore component Spc105R also results in biorientation defects (27).
Interestingly, Ndc80, a kinetochore component required for head-on attachment of
spindle microtubules to kinetochores, has only a subtle role in biorientation of
homologues (27). Taken together the results support the idea that side-on interactions
between kinetochores and interpolar microtubules lead to chromosome movements that
establish bipolarity. The CPC appears to be important for both the establishment of
interpolar microtubules and for assembly of the kinetochore (27).
In mitotic cells, the Centralspindlin complex that includes MKLP1 are major
regulators of cleavage furrow formation at cytokinesis. MKLP1 at the central spindle
recruits the GEF for RhoA (29). This leads to the local activation of RhoA on overlying
cell membrane, leading to actin/myosin recruitment, contractility and cleavage furrow
formation (29). Recently it was found that Centralspindlin components, and surprisingly,
Rho and its GEF, play a role in biorientation of homologues in Drosophila female
meiosis. This implies a novel role for this cytokinesis pathway in organizing the
acentrosomal meiotic spindle (20).
In many cell types, Polo kinase plays an important role at the central spindle. In
Drosophila male meiosis for example, Polo is required for CPC localization to the central
spindle, and for localization of Shugoshin to centromeric chromatin where it protects
centromeric cohesin complexes during the first meiotic division (30-32). In Drosophila
female meiosis, Polo does not specifically accumulate at the central spindle. It is not
required for central spindle formation or for the localization of the CPC to the central
spindle (20, 28). Polo knockdown results in a failure to maintain a compact karyosome in
metaphase I. Instead, each homologue pair is randomly dispersed on the meiosis I
spindle, often appearing as discrete chromatin masses. Interestingly, a similar phenotype
is observed in mutants or RNAi knockdown of the major CENP-E homologue in
Drosophila, suggesting a possible function for Polo in regulation of this plus-end directed
microtubule motor that may function to oppose poleward forces during prometaphase
(20). Given the close functional relationship between Polo and Cdk1, it is interesting to
note that the dispersed chromatin phenotype is also seen in Twine mutants, and an
extreme version of this phenotype (accompanied by re-replication) is seen in Cyclin A,
Cyclin B3 double knockdown oocytes (7, 16, 33). It remains to be determined if these
similar phenotypes indeed reflect an interaction between these two mitotic kinases.
Polo accumulates in a punctate pattern on chromosomes in metaphase I oocytes,
likely at kinetochores. It may function at kinetochores to stabilize kinetochore
microtubules, as loss of Polo leads to the apparent hollowing out of the meiotic spindle,
possibly due to a reduction in the number of kinetochore microtubules (20).
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Biorientation of homologues in meiosis is dependent on Cyclin A-Cdk1. Unlike
many of other genes required for biorientation, Cyclin A does not appear to be required
for proper spindle morphology. As yet nothing is known about how Cyclin A-Cdk1
promotes biorientation. However, in other systems Cdk1 can phosphorylate Incenp,
thereby activating the CPC (34). Cyclin A-Cdk1 has also been found to promote proper
head-on attachment of kinetochore microtubules in prometaphase of mitosis (35).
5. The APC/C And Control Of Meiotic Anaphase
Mature eggs are maintained in a metaphase I arrest that can be stable for long
periods of time. This arrest is maintained by multiple forces, many of which are focused
on the inhibition of APC/C activity. The APC/C is a multi subunit E3 ubiquitin ligase that
catalyzes the addition of ubiquitin chains to target proteins, marking them for degradation
by the proteasome. We will first introduce the APC/C in general and in Drosophila
oocytes more specifically. Then we will discuss how the APC/C is kept inactive in
metaphase I arrested mature oocytes. Then we will discuss APC/C activation that occurs
upon ovulation, and the consequences with regards to completion of meiosis and other
processes that occur upon egg activation.
Ubiquitination requires three steps; activation of ubiquitin by an E1 enzyme.
Transfer of the activated ubiquitin from the E1 activating enzyme, to the E3 ligase by the
E2 enzyme. Finally, the activated ubiquitin is ligated to the target protein by the E3 ligase
(36, 37). The catalytic core of the APC/C is composed of APC2, APC11, DOC1 and an
activator, CDC20 or Cdh1. Doc1 and CDC20/Cdh1 facilitate the substrate recognition
component of the APC/C, whereas APC2 allows for binding of the E2 (36)
The APC/C activators Cdc20 and Cdh1 (in Drosophila known as Fzy and Fzr
respectively) recognize well-conserved degron motifs on target proteins. Cdc20 can
recognize the destruction box (D-Box), which has the consensus sequence
RXXLXXXXN. Cdh1 recognizes the D-Box, the KEN box and small number of other
sequences (37).
In vertebrates, the two APC/C activators function in tandem to control cyclin
levels. APC/CCdc20 is activated by Cdk1 phosphorylation in mitosis, and drives
anaphase by targeting mitotic cyclins and Securin for destruction. Destruction of Securin
results in activation of Separase, a protease that cleaves the klesin subunit of the cohesin
complexes, thereby releasing sister chromatids.
APC/CCdh1 is inhibited by Cdk
phosphorylation and is activated following cyclin destruction in anaphase. APC/CCdh1
remains active through G1 and maintains low Cdk activity. It is then inactivated as Cdk
activity rises at S-phase, and it remains inactive through G2. Both APC/C activators are
important in vertebrate meiosis. In the mouse APC/CCdh1 is active in G2 and prophase
to maintain low cyclin levels to prevent precocious NEB. In Xenopus, by contrast, it
targets Protein Phosphatase 6 for destruction, thereby inhibiting the reversal of Cdk1
phosphorylations, and promoting NEB (38)). APC/CFzy is the primary driver of
anaphase in meiosis, as it is in mitosis (37).
In Drosophila, Fzr (Cdh1), is expressed at very low levels in the later stages of
meiosis (39) and as yet, no role has been described for it. Meanwhile, two APC/C
complexes cooperate in meiotic anaphase, APC/CFzy (Cdc20) and the female germline
specific APC/CCort (37, 40). Thus maintenance of the meiotic arrest in Drosophila
oocytes means prevention of APC/CCort and APC/CFzy activity.
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6. Inhibition Of APC/C During Meiosis I Arrest
Classic studies in Xenopus oocytes and other vertebrate models identified
Cytostatic Factor (CSF) as the key to inhibition of APC/C activity in the meiosis II arrest.
While the molecular identity of CSF remained unknown for many years, it now seems
that the APC/CFzy inhibitor, Emi2 best fits this description. Emi2 functions by
competing with APC/CFzy for interaction with the E2, Ube2S (41). Emi2 is related to
another APC/C inhibitor, Emi1, that functions in meiotic prophase and in mitotic cells.
Drosophila has a single Emi homologue, Rca1. Rca1, like Emi1, has a clear mitotic role.
Its role, if any, in meiosis has not yet been determined. It does not appear capable of
interacting with and inhibiting Fzy (42), and no interaction with APC/CCort has been
described.
Emi2 stability and its ability to interact with APC/C depend on phosphorylation
by the Rsk kinase, acting downstream of a Map kinase pathway that has Mos as the
upstream kinase. This phosphorylation recruits PP2A which in turn reverses the Cdk1mediated phosphorylation of Emi2 that leads to its inactivation and destruction (43). The
role of Mos and Mapk have been investigated in Drosophila and neither appears to be
necessary for maintaining the meiosis I arrest (44).
The spindle assembly checkpoint (SAC) plays a key role in assuring faithful
chromosome segregation in mitosis by inhibiting anaphase initiation until all
chromosomes have made bipolar attachments to the mitotic spindle. During
prometaphase, kinetochores that are not yet connected to spindle microtubules act as sites
for recruitment of SAC proteins including the core SAC component, Mad2. Mad2 is
converted to an active form that can diffuse away to assemble the mitotic checkpoint
complex (MCC), which binds and inhibits APC/CCdc20. In some organisms such as
yeast and Drosophila, the SAC is not essential for normal mitosis, but becomes essential
under conditions in which mitotic spindle assembly or chromosome attachment to the
spindle is disrupted. In vertebrates, the SAC plays an essential role even in the absence of
spindle disruption(45).
A role for the SAC in meiosis has been most clearly established in the mouse
where it is important for delaying anaphase I under normal conditions and under
conditions in which the spindle is disrupted (46). A role for the SAC in Drosophila is
suggested by the protein localization and mutant phenotype for the essential SAC gene,
Mps1 (also known as ald) (47). Mps1 is a kinase that is recruited to unoccupied
kinetochores where it functions to recruit other SAC components. In Drosophila female
meiosis, Mps1 accumulates at kinetochores starting in prometaphase of meiosis. Mutants
display a precocious anaphase phenotype, consistent with a SAC function in meiosis I
(47). Another essential SAC component, BubR1, also displays a precocious sister
chromatid separation and/or missegregation phenotypes in meiosis that could be
attributed to a requirement in a meiotic SAC (48). On the other hand, both Mps1 and
BubR1 clearly have non-SAC roles in meiosis that could underlie these phenotypes (47,
48).
Unlike many SAC proteins, Mad2 appears to have no function outside of the SAC
(49), and null alleles of Mad2, do not result in precocious anaphase (50). Furthermore,
loss of Mad2 as well as BubR1, Mps1 and another SAC gene, Zwilch, do not result in
reduced levels of the APC/CFzy target, Cyclin B, either globally or locally on the meiosis
I spindle, as would be expected if the APC/C were activated (50). Genetic evidence also
argues against a role for the SAC in inhibiting APC/C activity in the 2nd meiotic division
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(50). This apparent lack of a requirement for the SAC in Drosophila female meiosis is in
agreement with findings in Xenopus female meiosis (51).
Precocious homologue separation is seen in Drosophila oocytes in which Cyclin B
has been knocked down by RNAi or by conditional mutation (10). In Xenopus oocytes,
Cyclin B-Cdk1 has been shown to bind to and inhibit the activity of Separase (52), and
the above phenotype suggests a similar role in Drosophila oocytes. In such a model,
Cyclin B loss results in APC/C-independent activation of Separase. This could be tested
genetically, since it predicts that precocious anaphase observed in the Cyclin B
knockdown would still occur in an APC/C knockdown background. While this
experiment has not been performed, it was found that precocious anaphase in the Cyclin
B knockdown oocyte is suppressed by loss of Cyclin B3 (10). As we discuss below,
Cyclin B3 appears to activate the APC/C in meiosis. Therefore, the precocious anaphase
resulting from Cyclin B loss appears to depend on the APC/C. This would better fit with
a model in which Cyclin B-Cdk1 inhibits APC/C activity rather than Separase activity
(Figure 2).
Loss of a single copy of the Mtrm gene results in precocious anaphase (6). As
with its role in NEB, Mtrm appears to function in metaphase I primarily as an inhibitor of
Polo. Therefore Cdk1-CycB activity and Polo inhibition are both necessary for
maintaining a metaphase I arrest.
7. Egg Activation and the Resumption of Meiosis
In Drosophila, ovulation is the trigger for egg activation, one of the major
transition points in development. At activation, the egg undergoes multiple changes that
set the stage for embryonic development. These include the completion of meiosis, global
changes in mRNA stability, translation, protein phosphorylation, as well as changes in
cytoskeletal organization and the completion of egg shell formation. All of these changes
appear to require the cort gene (37)) (Figure 2).
Cort was originally discovered in a screen for maternal effect lethal mutations
(53). Cort mutants undergo normal metaphase I arrest at stage 14. Anaphase I is generally
normal, though some eggs arrest at this point. The vast majority of Cort mutant eggs
arrest in metaphase II (54, 55). The cloning of Cort revealed it to encode a member of the
Cdc20/Cdh1 family of APC/C activators. Cort interacts with the APC/C core and is
required for the destruction of mitotic cyclins and Securin in the female germline (40,
56). APC/CCort appears to function in a partially redundant manner with the canonical
APC/CFzy. Fzy hypomorphs arrest in anaphase II, with elevated cyclin levels, while cort,
fzy double mutants arrest in meiosis I, with further elevated cyclins levels (40). Though
both APC/Cs target Cyclin B for destruction, they appear to have distinct sites of activity:
Cort is responsible for spindle midzone degradation of Cyclin B, whereas Fzy is
responsible for spindle localized degradation of Cyclin B (40). In addition to cyclins and
Securin, APC/CCort also targets Mtrm for destruction, thereby promoting Polo activity
that appears to be important for proper mitosis in the early embryo (57) (Figure 2). This
study also demonstrated that Cort can recognize a degron sequence that is related to but
distinct from the D-box, found on Fzy and Fzr targeted proteins.
As mentioned, Cort functions in multiple processes that occur upon egg
activation. Wild type oocytes contain arrays of microtubules around the cortex of the egg.
These get broken down into shorter filaments at egg activation. Cort mutants fail to
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undergo this change in microtubule organization (54, 55). How Cort affects this change in
microtubule behavior is not known.
Cort is also implicated in the translation of specific mRNAs at egg activation.
These include mRNA for patterning genes bicoid, and possibly Toll and Torso. Reduced
translation of these mRNAs correlates with reduced polyA tail length, suggesting that
Cort promotes translation by promoting polyadenylation of specific mRNAs (55).
Cort is required for the destabilization of many mRNAs at the mid-blastula
transition that occurs at cycle 14 of embryogenesis. At this transition, many maternal
mRNAs are degraded and zygotic transcription is upregulated. Egg activation leads to a
pathway in which the Pan gu (Png) kinase is activated and promotes the translation of the
RNA-binding protein Smaug. Smaug is responsible for the destabilization of mRNAs at
the transition to zygotic development (58). It is currently unknown at what level in this
pathway Cort functions.
Egg activation also involves global changes in protein phosphorylation, and Cort
is implicated in a subset of these (59). Amongst proteins dephosphorylated at egg
activation dependent on Cort is Gnu, a component of the Png complex that is implicated
in translational control at egg activation. This finding raises an important question: do the
diverse requirements for Cort at egg activation represent distinct requirements for Cort or
are they linked? For example, Cort could have a primary role in activating Png kinase
complex via promoting dephosphorylation of Gnu. Png then promotes the translation of
Smaug, leading to transcript destabilization. The identification of specific Cort targets at
egg activation will be necessary to sort out relationship amongst these Cort-dependent
functions. It will also be important to determine if these functions of Cort depend on its
role as an APC/C activator or if they represent novel functions of Cort.
8. Activation of the APC/C At Ovulation
In many species, fertilization is the signal for egg activation, while in Drosophila,
ovulation triggers this process (reviewed in (60)). Even though egg activation is not
directly coupled to fertilization, the events are linked, as both depend on passage of the
egg through the oviduct. When the egg enters the uterus it is positioned to allow sperm
entry from the spermathecae where sperm is stored following mating. Meanwhile,
ovulation triggers egg activation. The application of physical pressure on a mature oocyte
can induce egg activation, suggesting that physical pressure encountered during passage
through the oviduct trigger egg activation (61). Supporting this idea, inhibiter studies
implicate mechanosensitive Calcium channels, presumably activated during squeezing of
the egg in the oviduct, in mediating an initial increase in Calcium levels upon ovulation.
This is followed by the IP3-mediated release of intracellular Calcium stores in the egg.
The result is a wave of Calcium that passes through the oocyte cytoplasm (62). The
increase in Calcium appears to then lead to activation of Calcium-dependent enzymes
such as Calcineurin (Figure 2).
The central role of Calcineurin in Drosophila egg activation was first revealed
through the study of its interacting partner, Sarah (63-65). Sarah is a positive regulator of
Calcineurin in Drosophila meiosis, though it is a negative regulator in other cell types.
Sarah mutants display a metaphase I arrest, and elevated Cyclin B, suggesting lack of
APC/C activity. In addition, other events of egg activation are also impaired, such as the
translation of bicoid mRNA, and reorganization of cortical microtubules. Mutants of
calcineurin show similar defects, indicating that these phenotypes are a result of loss of
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Figure 2. Model for regulation of and roles of the Anaphase-Promoting Complex in
Drosophila female meiosis. See text for details and references.
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Calcineurin activity (63). Phosphorylation of Sarah by Glycogen synthase Kinase-3
(GSK-3/Shaggy) and by Polo, are necessary for Sarah activity, implicating these kinases
as potential upstream regulators of Calcineurin, in addition to Calcium (66).
In Xenopus, Calcineurin appears to promote anaphase by relieving APC/CFzy of
Emi2 inhibition (67, 68). As discussed earlier, it is not yet clear if the Drosophila Emi,
Rca1, is important for meiosis and therefore it is not clear if Calcineurin targets this
protein or another to mediate APC/C activation (Figure 2).
The similarity between Calcineurin and Sarah mutants on one hand and cort
mutants on the other, support the idea that Calcineurin acts upstream of APC/CCort to
promote egg activation. The main difference between Calcineurin and Cort mutants is the
timing of the meiotic arrest: meiosis II for Cort mutants and meiosis I for Calcineurin
mutants. As mentioned cort,fzy double mutants arrest in meiosis I, suggesting that
Calcineurin is required upstream of both APC/C complexes.
While Cort regulates translation, possibly through affecting polyadenylation, Cort
itself is subject to this form of regulation. Wispy is a female specific PolyA Polymerase
required for translation, and transcript destabilization in Drosophila embryos (69, 70).
Wispy mutants arrest in meiosis I, at least in part due to failure to translate Cort (70). A
role in Fzy translation has not yet been reported (Figure 2).
In mitotic cells, APC/CFzy activity is dependent on phosphorylation by Cdk1.
Based on the mutant phenotype for Cyclin B3, Cyclin B3-Cdk1 may play this activating
role in meiosis. Cyclin B3 mutants arrest in either meiosis I or meiosis II (10, 71), and
this may be due to reduced APC/CCort and/or APC/CFzy activity. If so, it remains to be
determined if this involves direct phosphorylation of the APC/C, and whether Cyclin B3Cdk1 activates either or both APC/CCort and Fzy (Figure 2).
9. Chromosome Cohesion And Its Release In Meiosis
The key event of meiotic anaphase is the release of chromosome cohesion,
between homologues in meiosis I, and then between sister chromatids in meiosis II. In
mitotic cells in Drosophila and possibly all eukaryotes, chromosomes are held together by
the ring-like cohesin complex. At anaphase, the APC/C dependent cleavage of Rad21, the
kleisin component of the cohesin complex, leads to chromosome segregation. In diverse
organisms, from yeast to mammals, the cohesin complex is modified for meiosis. Most
notably, a meiotic kleisin, Rec8, takes the place of Rad21. APC/CCdc20 activation at
anaphase triggers the degradation of Securin, leading to Separase activation and
consequent Separase-mediated cleavage of Rec8.
As described above, the APC/C activator, Cort is required for anaphase II of
female meiosis. FISH using an X-chromosome centromere-proximal probe revealed that
these meiosis II figures each contain a single dot, indicating that centromere cohesion is
maintained in these mutants and implying that APC/CCort is necessary for the release of
centromere-proximal cohesion in anaphase II (40). Cort, fzy double mutants as well as
Calcineurin mutants produce an arrest in meiosis I (40), but it is not known if this arrest
occurs prior to the release of arm cohesion. This could be easily tested using arm-specific
FISH probes described below.
Recently the role of Securin and Separase in Drosophila meiosis were
investigated, employing centromere-proximal and arm-specific FISH probes to monitor
cohesion release in meiosis I and II (72). The expression of a D-box, KEN-box mutant
version of Securin in Drosophila oocytes that were depleted of endogenous Securin by
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RNAi, produced a delay or failure of homologue segregation in meiosis I and sister
segregation in meiosis II. In the same study it was found that RNAi knockdown of the
Drosophila Separase gene leads to an identical phenotype (72) (Figure 2). Interestingly,
neither Separase knockdown nor stabilized Securin lead to a complete failure of cohesion
release in meiosis, though both produced a complete and stable failure of cohesion
release in the post-meiotic polar body chromosomes (72). While it is possible that
incomplete effects are due to a failure to completely inactivate Separase in these
experiments, it could also be that a 2nd pathway for cohesion release operates in parallel
and with partial redundancy to the Securin/Separase pathway.
Several cohesin components have been found to play roles in SC assembly or
maintenance, including SMC1 and SMC3 (73). Knockdown or mutations in these genes
result in precocious anaphase, as expected if SCs do not form, and thus recombination
does not occur (72, 74). This role in homologue pairing has been somewhat difficult to
separate from a specific role in cohesion, since disruption of either process results in
precocious anaphase. Recently, evidence has shown that core cohesin components are
indeed required for cohesion, independent of their roles in SC assembly or maintenance.
First, it was found that knockdown of either SMC1 or the cohesin loading protein, Eco,
leads to non-disjunction even in cases where a cross-over occurred (74). Therefore, the
non-disjunction is not due to failed synapsis and is presumably due to a failure of
cohesion. Direct cytological evidence also supports an essential role for the core cohesin
complex in meiotic cohesion. Using an arm-specific FISH probe, it was found that SMC3
knockdown, but not knockdown of Rad21, results in absence of chromosome arm
cohesion in meiotic prophase (72). Interestingly, centromere-proximal cohesion appears
to persist in these oocytes, either because of incomplete loss of cohesin at these sites or
perhaps because a 2nd mechanism contributes to centromeric cohesion (72).
While the core components of the cohesin complex are required for meiotic
cohesion, the identity of the Separase-cleavable component remains unknown. Fruit flies
lack an obvious Rec8 homologue, indicating that in some respects, cohesion is differently
regulated than in other eukaryotes. A distant relative of Rec8, C(2)M, was found to
function in the synaptonemal complex (SC) that brings homologues into register early in
meiotic prophase. However, C(2)M appears to be released from chromosomes well
before anaphase I. Furthermore, a form of C(2M) lacking putative Separase cleavage sites
does not prevent anaphase, suggesting that C(2)M is not the cleavable kleisin (75).
Meanwhile, several lines of evidence demonstrate that the mitotic kleisin, Rad21, is also
not the cleavable cohesin complex component in meiosis (72, 76). First, a Separase
cleavage site mutation in Rad21 fails to prevent anaphase in meiosis. Second, when the
Rad21 gene was replaced with a TEV-cleavable Rad21 transgene, TEV cleavage prior to
anaphase did not result in precocious anaphase (76). Finally, knockdown of Rad21 in
meiosis did not lead to precocious release of arm cohesion (72).
While the Separase target for Drosophila meiosis is not known, 3 likely
candidates have been identified, Ord, Sunn and Solo (Figure 2). All three genes were
identified genetically as being required for proper homologue and sister chromatid
disjunction in meiosis. All 3 genes encode novel proteins that have been found to localize
to meiotic chromosomes and to core cohesin complexes (77-81). It will be important to
assess these proteins for Separase-mediated cleavage, either by identifying and mutating
putative Separase cleavage sites or by direct identification of cleavage products in eggs
following anaphase.
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10. Conclusion
The ability to study mutant and knockdown phenotypes in female meiosis in recent years
has lead to a great advancement in our understanding of how cell cycle regulators work
together to regulate meiosis. One of the big challenges for the future will be in
discovering specific substrates for the Cdk and other kinases, and pinpointing the
regulatory steps that control their activity, the activity of the APC/C and other key players
in meiosis.
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