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At the end of oogenesis, the mature oocyte is arrested in meiosis. It needs to be
“activated” to transition to embryonic development. The egg activation process is
largely conserved across organisms. It is accompanied by a rise of intracellular
calcium in almost all species studied to date. This calcium rise is believed to trigger a
series of downstream events in preparation for embryogenesis, including cell cycle
resumption, maternal protein and mRNA processing, cytoskeleton rearrangement, egg
covering modification and releases of intracellular zinc. In vertebrates, echinoderms,
and C. elegans, egg activation is triggered by fertilization. In arthropods, however, egg
activation is uncoupled from fertilization. Drosophila egg activation is triggered by
mechanical pressure and oocyte-swelling during ovulation. Despite the different
triggers, the presence of a calcium level rise and many downstream events are
conserved. The calcium rise during Drosophila egg activation initiates through influx
of external calcium. This influx nucleates a calcium wave that starts from the oocyte
pole(s) and sweeps across the oocyte. The propagation of this calcium wave requires
release of calcium from internal stores through IP3R channels.
My research uncovered several aspects of Drosophila egg activation. I
discovered that the TRP family channel, Trpm, mediates the calcium influx required
for calcium wave initiation; I proposed a model for how Trpm is activated. I also
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showed that Plc21c is required for calcium wave propagation, possibly through the IP3
pathway. Downstream of the calcium wave, I detected a wave of F-actin
reorganization that is interdependent with the calcium wave. I also found that zinc
levels increase during oocyte maturation and decrease upon egg activation. These
phenomena are analogous to those observed in echinoderms or mammals; their
mechanisms have not been elucidated. My findings not only suggest conservation of
multiple events during egg activation, but also demonstrate that Drosophila is an ideal
model with which to dissect the molecular mechanisms of these events. In addition, I
carried out experiments to optimize a germline-specific CRISPR/Cas9-mediated
genome editing protocol in Drosophila that will facilitate future studies of Drosophila
reproduction and germ cells.
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CHAPTER 1

INTRODUCTION

1.1 Oogenesis and egg activation in Drosophila
The Drosophila melanogaster ovary is a good model for studying germ cell
development, meiosis and oocyte-to-embryo transition. Each Drosophila ovary
consists of 16 to 20 ovarioles, which are assembly lines of oocytes. The germarium is
located at the tip of the ovariole, including the area where the germline stem cells
(GSCs) and follicle stem cells (FSCs) reside. GSCs divide asymmetrically, each
division renews the GSC and give rise to a cystoblast. FSCs renew and give rise to the
somatic follicle cells to surround the future egg chamber (reviewed in Wu et al.,
2013). The cystoblast divides with incomplete cytokinesis for four times to produce 16
cystocytes, interconnected by ring canals and ensheathed by a layer of somatic follicle
cells. This composite structure is called an egg chamber. Ring canals are maintained
by a specialized type of organelle traversing them called the fusome (Lin et al., 1994).
Each ovariole contains different stages of egg chambers, which develop through 14
morphologically distinct stages and the last stage, stage 14 (mature oocyte) is near the
base of the ovary. It will ovulate into the oviduct.
Within the egg chamber, one of the 16 cystocytes will become the future
oocyte. It is determined through a series of symmetry breaking events including
asymmetric distribution of fusomes (de Cuevas and Spradling, 1998). Its other 15
sister cells become nurse cells that synthesize mRNAs, proteins and other molecules
required for the future oocyte and embryo. As egg chambers mature, a series of cellcell signaling, coordinated cell migrations and microtubule-based transfer of critical
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molecules from nurse cells to the oocyte establish the proper polarity of the oocyte and
egg chamber. This process is critical for the body axis determination of the future
embryo (González-Reyes et al., 1995). The oocyte also takes up yolk from somatic
tissues in a process called vitellogenesis. At late stages of oogenesis, the nurse cells
“dump” all of their cytoplasm into the oocyte through ring canals and undergo
apoptosis (reviewed in Buszczak and Cooley, 2000). The oocyte will enlarge
significantly in size and ready to be ovulated.
The oocyte undergoes meiosis throughout oogenesis. Prophase I of meiosis
occurs early during oogenesis when egg chamber is still in the germarium. The oocyte
then arrests in the diplotene stage, at stage 5 of oogenesis, it remains arrested there
until around stage 13. After stage 13, meiosis will progress to metaphase I. It arrests
there again when the oocyte matures at stage 14 (reviewed in von Stetina and OrrWeaver, 2011). The oocyte remains arrested in metaphase I until egg activation.
Egg activation is the process that releases mature oocytes from developmental
arrest to transition to embryogenesis. The trigger of egg activation varies across
species (reviewed in Horner and Wolfner, 2008a). In vertebrates, and some
invertebrates like nematodes and echinoderms, egg activation is triggered by the
fertilizing sperm (reviewed in Swann and Lai, 2016). In some marine invertebrates,
egg activation is triggered by changes in pH and the ionic environment (Harada et al.,
2003; Lindsay et al., 1992). In some insects, egg activation is independent of
fertilization. In Drosophila, it is triggered by mechanical pressure from oviduct and/or
fluid uptake during ovulation (Heifetz et al., 2001). The activated egg can then be
fertilized by the sperm when the egg is in the uterus. Drosophila egg activation can be
2

mimicked in vitro by submerging dissected mature oocytes in a hypotonic buffer, in
which the oocyte will swell and undergo several egg activation events (Horner and
Wolfner, 2008b; Mahowald et al., 1983; Page and Orr-Weaver, 1997).
Egg activation encompasses a series of events in preparation for
embryogenesis, including cell cycle resumption, maternal protein modification and/or
degradation, maternal transcript translation or degradation, cytoskeletal
rearrangement, eggshell and vitelline membrane modification and cellular zinc level
decreases (Figure 1.1). Many of these events are conserved across species.
Before egg activation, the mature oocyte nucleus is arrested at species-specific
stage during meiosis [metaphase II in mammals and Xenopus (Fan and Sun, 2004),
metaphase I in Drosophila (von Stetina and Orr-Weaver, 2011)], mediated by cell
cycle regulators such as maturation promoting factor (MPF). MPF consists of kinase
Cdc2 and cyclin B; Its Cdc2 activity is dependent on cyclin B (Dunphy et al., 1988).
Upon egg activation, the oocyte’s meiotic cycle resumes from arrest via the activation
of the anaphase promoting complex (APC). APC promotes the degradation of cyclin B
and inactivation of MPF (reviewed in Acquaviva and Pines, 2006). MPF inactivation,
along with the degradation of other proteins by APC, drives the progression of cell
cycle, resulting in the formation of the haploid female pronucleus, ready to be fused
with its male counterpart (reviewed in Gadella and Evans, 2011; Horner and Wolfner,
2008a; Krauchunas and Wolfner, 2013).
The oocyte proteome also undergoes drastic changes during egg activation.
The transition from mature oocytes to embryos involves little if any transcription.
Some protein activity changes rely on post-translational modification and/or
3

degradation of maternally deposited proteins in the oocyte. One prevalent protein
modification is phosphorylation. In Drosophila, over three hundred proteins change
their phosphorylation status during egg activation (Krauchunas et al., 2012). These
phospho-proteins likely act as molecular switches controlling processes including cell
cycle regulation and protein translation. Among them are key regulators of oogenesis
and embryogenesis (Krauchunas et al., 2013; Zhang et al., 2018a, 2018b).
Mature oocytes are loaded with maternally deposited mRNAs. During egg
activation, some of these maternal transcripts start to be translated. As mentioned
above, early embryos experience a period of time with only little transcription. In
Drosophila, this period can last about 2 hours until 13th mitotic cycle (Zalokar, 1976).
Much of embryo development is driven by proteins translated from maternal
transcripts during this period. A major regulator of mRNA translation during egg
activation is the kinase Pan gu (png). Png activity is promoted by meiotic completion
and extensively alters the translatome of activated eggs (Hara et al., 2017; Kronja et
al., 2014). Poly(A) polymerase Wispy (wisp) is responsible for the polyadenylation of
most maternally loaded mRNAs required for efficient translation during egg activation
(Cui et al., 2008, 2013). On the other hand, some other maternal transcripts are
removed during the transition to the totipotent embryo. In Drosophila, maternal
protein Smaug (smg) and exonuclease Prage (prage) is responsible for destabilization
and degradation of maternal transcripts during this process (Cui et al., 2016; Tadros et
al., 2007).
The oocyte cytoskeleton is remodeled during egg activation. In mammals,
protein kinase C reorganizes the intermediate filament network of the egg during
4

activation (Gallicano, 1995). In echinoderms, Actin cytoskeleton modulates calcium
release during oocyte maturation and fertilization (Santella et al., 2015). In sea
urchins, actin will polymerize around the sperm binding site to form a fertilization
cone to facilitate the sperm‐egg fusion (Tilney, 1980). Processes like these reshape the
cytoskeleton of the egg in preparation for future embryo development.
Specialized egg coverings around mature oocytes serve multiple roles,
including physical protection of the egg and embryo, sperm recognition and
polyspermy blockage after fertilization. Egg coverings undergo major changes upon
egg activation. In mammals and echinoderms, specialized secretory vesicles called
cortical granules (CGs) in the oocyte undergo exocytosis and fuse with oocyte plasma
membrane upon egg activation, releasing the enzymes within to modify the structure
of extracellular egg coverings, serving as a blockage of polyspermy (Carroll Jr and
Epel, 1975; Cheeseman et al., 2016; Gulyas, 1980). In Drosophila, egg coverings
include inner vitelline membrane (vitelline envelope) and chorion. Crosslinking
between vitelline membrane proteins and among chorion proteins occurs upon egg
activation, hardening the eggshell, changing the eggshell’s permeability and protecting
the embryo from future environmental damage (Petri et al., 1979).
Finally, a rapid release of cellular zinc via exocytosis from activating oocytes
is observed in mammals (Duncan et al., 2016; Kim et al., 2011; Que et al., 2019). This
“zinc spark” is necessary for cell cycle progression during egg activation (Kim et al.,
2011). The released zinc also modulates the hardening of extracellular matrix that acts
as an initial prevention of polyspermy (Que et al., 2017a). The profile of zinc spark
process thus can also serve as an indicator of embryo quality (Zhang et al., 2016).
5

1.2 Calcium dynamics during egg activation
A common feature that accompanies egg activation in almost all species
studied to date is a rise of intracellular calcium level, preceding the abovementioned
egg activation events (reviewed in Jaffe et al., 2001; Miao and Williams, 2012; Sartain
and Wolfner, 2013). This elevated level of calcium can be due to influx of
environmental calcium, release of internal Ca2+ from stores, or a combination of both
(reviewed in Swann and Lai, 2016). The calcium level rises during egg activation take
different forms and use different mechanisms across species.
In C. elegans, the fusion between sperm and egg delivers TRP-3 channels from
the sperm plasma membrane to that of the egg. TRP-3 channel mediates the influx of
external calcium and the onset of a calcium wave during egg activation (Takayama
and Onami, 2016).
In Xenopus, a single calcium wave initiates from the point of sperm entry,
travels through the entire oocyte and dies down within minutes (Busa and Nuccitelli,
1985). Fertilization induces the activation of phospholipase C g(PLCg), which
catalyzes the cleavage of phosphatidylinositol 4,5-bisphosphate (PIP2) to produce
inositol-1,4,5-triphosphate (IP3) and diacylglycerol (DAG). IP3 then binds to and
activates its receptor (IP3R). IP3R serves as an ion channel that releases Ca2+ from
internal stores (Tokmakov et al., 2002). Thus, the calcium rise in Xenopus egg
activation relies primarily on release from internal calcium stores.
In mouse, calcium rise during egg activation takes the form of multiple
oscillations that can last several hours (reviewed in Swann and Lai, 2013; Wakai and
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Fissore, 2013). The initial calcium rise also relies on IP3 mediated calcium release. It
is induced by a soluble factor introduced by the sperm during gamete membrane
fusion. This factor is identified as PLCx, which catalyzes the reaction that produces
IP3. IP3 activates IP3R to release internal calcium from stores, which travels across the
activating egg in a wave (Kashir et al., 2014; Swann and Lai, 2013). However, since
some of the calcium is pumped out of the egg as the wave passes, the subsequent
calcium oscillations require influx of external calcium through TRPM7 and CaV3.2
channels (Bernhardt et al., 2018). Each oscillation correlates with more progression
through a series of egg activation events (Ducibella et al., 2002; Miao and Williams,
2012). Therefore, the calcium oscillations during mouse egg activation depend on the
combination of internal calcium stores and influx of external calcium.
In Drosophila egg activation, a transient calcium rise occurs in the form of a
single calcium wave that initiates from the pole(s) and traverses the oocyte in 3-5
minutes (Kaneuchi et al., 2015; York-Andersen et al., 2015). This calcium wave can
be visualized by expressing calcium sensors such as GCaMP in the female germline.
Mechanical pressure during ovulation triggers egg activation in vivo (Heifetz et al.,
2001), a calcium rise is seen upon ovulation, the wave initiates from the posterior end
of the oocyte, which enters the oviduct first (Kaneuchi et al., 2015). Although osmotic
pressure is applied to the entire oocyte in in vitro activation by allowing it to swell in
hypotonic buffers, calcium waves still initiate mostly from posterior pole, although
occasionally also from the anterior pole. The initiation of the calcium wave requires
influx of external calcium, as depleting Ca2+ with the chelator 1,2-bis(oaminophenoxy) ethane-N,N,N′,N′-tetra acetic acid (BAPTA) prevents calcium wave
7

initiation. The propagation of the calcium wave relies on release of internal calcium
stores, as knockdown of IP3R in the female germline allows a calcium rise to occur but
not to sustain into a wave (Kaneuchi et al., 2015). Thus, Drosophila calcium wave
during egg activation also relies on calcium sources from both the environment and
internal stores.
How environmental calcium enters the activation Drosophila oocyte remained
unknown. Chemical inhibitor tests suggested that mechanosensitive Transient
Receptor Potential (TRP) family cation channels might be involved (Kaneuchi et al.,
2015). It also remained to be elucidated why calcium waves always start from the
oocyte poles and how the initial calcium influx is associated with calcium wave
propagation and downstream egg activation events.

1.3 Calcium modulated molecular changes during egg activation
A likely way by which the calcium rise is associated with downstream egg
activation events is through activation of calcium dependent kinases (such as
Ca2+/calmodulin-dependent protein kinase II, CaMKII) and/or phosphatases (such as
calcineurin) (reviewed in Krauchunas and Wolfner, 2013). The activation of these
enzymes drastically changes the phosphoproteome of the oocytes, leading to egg
activation events such as cell cycle resumption and protein modification (Guo et al.,
2015; Krauchunas et al., 2012; Presler et al., 2017).
In Xenopus and mouse activating oocytes, CaMKII activity increases rapidly
concurrent with the elevation in calcium levels. In Xenopus, CaMKII activity spikes
after the single calcium rise and is required for the transition from meiosis metaphase
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II to anaphase II (Liu and Maller, 2005). CaMKII mediates the degradation of Emi2,
an inhibitor of APC complex, to promote the progression of meiotic cycle (Liu and
Maller, 2005). In mouse, CaMKII activity oscillates concurrent with calcium
oscillations and also facilitates cell cycle progression (Markoulaki et al., 2003).
CaMKII activates kinase Wee1B, which activates APC to facilitate transition to
anaphase II of meiosis (Oh et al., 2011).
In Xenopus and Drosophila, calcineurin activity is required for multiple egg
activation events. In Drosophila, the calcineurin regulator Sarah (sra) is needed for
multiple aspects of egg activation including meiosis progression through anaphase I,
maternal transcripts processing and maternal protein degradation (Horner et al., 2006;
Takeo et al., 2006, 2010). Knockdown of the calcineurin regulatory unit CanB2 leads
to a metaphase-like meiosis arrest (Takeo et al., 2010, 2012). Knockdown or
overexpression of calcineurin also leads to dramatic changes in the phosphoproteome
of activated eggs, including mis-regulation of multiple regulators of meiosis and
protein translation (Zhang et al., 2018a). In Xenopus, inhibition of calcineurin leads to
failure of cyclin B degradation and continued cell cycle arrest in metaphase II
(Nishiyama et al., 2007).

1.4 Genetic manipulation of the Drosophila female germline
Most of our studies on Drosophila oogenesis and egg activation require precise
and efficient temporal and spatial control of gene expression in the female germline.
Thanks to the technical advantages of this highly tractable model organism, a rich pool
of genetic tools is available to manipulate the genes expressed in Drosophila ovary,
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and new approaches keep emerging.
The Gal4-UAS system is a widely used and highly versatile tool in Drosophila
melanogaster. This system for inducible activation of gene expression utilizes tools
originating from yeast and has been widely applied in Drosophila. Gal4-UAS is a
binary system that includes the transcriptional activator Gal4 and its specific binding
DNA sequence, upstream activation sequence (UAS). The expression of Gal4 can be
controlled by a tissue-specific promoter in one fly line and UAS can be placed
upstream of the gene of interest in another line. A simple cross between these two
lines can yield progeny with desired tissue specific expression pattern of the gene of
interest (Figure 1.2 A) (reviewed in Duffy, 2002). Additional temporal controls can be
added by introducing a temperature sensitive Gal80 (Gal80ts) component to the Gal4
line. Gal80ts will bind Gal4 and inhibit its activity at lower temperatures. This
inhibition can be released at higher temperatures, at which Gal80ts is released from
Gal4. Transferring flies to higher temperature at desired developmental stage can
achieve the additional temporal control of gene expression (Li et al., 2016). The Gal4UAS system can be used to inhibit gene expression in combination with the RNA
interference (RNAi) mechanism. By inducing the expression of double stranded RNA
(dsRNA) against a gene of interest using an appropriately-expressed Gal4, tissue
specific RNAi knockdown of genes can be achieved (Ni et al., 2011). The application
of conventional Gal4-UAS system in the female germline is limited by the
inefficiency of the standard UASt sequence in the germline. This is due to Piwiinteracting RNAs (piRNAs) in the female germline targeting Hsp70 promoter of UASt
for inhibition (DeLuca and Spradling, 2018). To enhance the efficiency of this system
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in the germline, another version of UAS sequence, UASp (Rørth, 1998), or a
specialized expression vector, VALIUM construct (Ni et al., 2008), needs to be used.
Another system used for gene manipulation in the germline is the Flp-FRT
system. This yeast site-specific recombination system utilizing FLPase (Flp) and its
target sites, FRT, can be used to efficiently induce mitotic recombination in a single
chromosome arm. This is an effective method to perform mosaic analysis. By
inducing recombination between two chromosomes carrying either a visible marker
(e.g. GFP) and a mutant allele and both carrying FRT sites at the same location
proximal to the centromere, mitosis can yield two daughter cells homozygous for the
mutant or marker allele. The absence of marker can be used to distinguish cells with
homozygous mutant allele. By adding temporal or spatial control of Flp expression
(e.g. with heatshock or tissue-specific promoter), this method allows analysis of
phenotype of a homozygous lethal mutation in desired tissues or developmental stages
(Theodosiou and Xu, 1998). In the female germline, Flp-FRT mosaic analysis can be
further enhanced by replacing the visible marker with the dominant female sterile
marker ovoD. Germ cells carrying even one allele of ovoD will not be able to develop
normally. In Drosophila, ovoD on the wildtype chromosome and a mutant on its ovoD+
homolog will make non-recombinant cells and cells that are homozygous wildtype for
the gene of interest fail to develop, leaving only homozygous mutant germ cells in the
germline for easy analysis (Figure 1.2 B) (Chou and Perrimon, 1996).
An emerging tool for genome editing is the clustered regularly interspaced
short palindromic repeats (CRISPR)/Cas9 system. This bacteria-originated virus
defense system (Horvath and Barrangou, 2010) can be used to induce DNA double
11

strand breaks (DSB) at precise desired locations in the genome. CRISPR/Cas9
requires two components to work: a synthetic single guide RNA (sgRNA) that has a
recognition region that is complementary to the target sequence adjacent to a
protospacer adjacent motif (PAM, e.g. NGG for Cas9) and a scaffold part for
recruiting and binding Cas9; a Cas9 protein that functions as a nuclease, producing
DSB near the sgRNA targeting site. This DSB can be repaired by imprecise nonhomologous end joining (NHEJ) that is likely to introduce a random few base pair
insertions/deletions (indels). If the indels are introduced in the critical coding region of
the gene, causing a frameshift, a null allele of the gene can be generated. If two
sgRNAs are used, a deletion can be created between the two target sites. Another way
to repair the DSB is through homology directed repair (HDR). HDR involves
introducing a donor DNA fragment that carries homologous sequences flanking the
DSB site. The sequence between the homologous sequences can be integrated near the
DSB site to achieve precise knockin of the desired DNA sequences (reviewed in
Doudna and Charpentier, 2014; Jiang and Doudna, 2017; Ran et al., 2013). Both of
these two approaches are powerful tools to perform gene knockout or knockin in both
model and non-model organisms. With a tissue-specific promoter driving the
expression of Cas9, genome editing can also be performed in specific tissues to avoid
lethal effect of mutating essential genes (Poe et al., 2018; Xue et al., 2014a).
CRISPR/Cas9 genome editing can be performed in the Drosophila female germline by
driving Cas9 expression with a germline-specific promoter (e.g. nos promoter) (Sebo
et al., 2014). Analogous to the tissue-specific GAL4-UAS system mentioned above,
tissue-specific CRISPR/Cas9 genome editing can be achieved by crossing a line
12

expressing Cas9 in the desired tissue with a line that ubiquitously expresses sgRNAs
targeting the gene of interest. The progeny of this cross will carry out editing of gene
of interest in the desired tissue (Figure 1.2 C) (Poe et al., 2018). Unlike whole-fly
editing in which one can obtain homozygous whole-fly mutants through crossing and
screening of progenies, in germline-specific editing, since a bi-allelic null mutation is
needed to knock out genes of interest to reveal their mutant phenotype, editing
efficiency is critical to obtain a knockout. However, efficiency of germline
CRISPR/Cas9 genome editing has not been optimal. Certain sgRNA expressing
constructs that work efficiently in the soma do not do so in the germline. Thus, it is
important to develop such tools to improve CRISPR/Cas9 editing efficiency.

1.5 Thesis outline
In this thesis, I describe my studies of how calcium enters oocytes during
Drosophila egg activation, and subsequent events after the calcium wave. My studies
identified Trpm as the channel that mediates calcium influx during Drosophila egg
activation, explored the regulation mechanisms of Trpm activation in response to
mechanical triggers, discovered an actin cytoskeleton reorganization wave
interdependent with the calcium wave, and examined zinc dynamics during
Drosophila oocyte maturation and egg activation. In addition, I participated in
optimization of CRISPR/Cas9 genome editing in the Drosophila germline.
In Chapter 2, I genetically screened through the three TRP family channels
expressed in the Drosophila ovary and identified Trpm as the only channel essential
for calcium wave initiation. Calcium waves are diminished in oocytes from trpm
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germline mutants in in vitro egg activation, but some egg activation events can still
occur in these oocytes. I also found that trpm germline knockout reduces female
fertility, but not because of failure of egg activation.
In Chapter 3, I examined possible explanations for why calcium waves always
initiate from oocyte poles both in vivo and in vitro. I found that Trpm is uniformly
distributed around plasma membrane of mature oocytes and de-localizes from the
plasma membrane after egg activation. I further found that oocyte shape does not
affect wave initiation site and that different parts of the oocyte display similar
sensitivity to regional pressure. These results suggest that Trpm is under special
regulation at the pole of mature oocytes so that it permits calcium influx only at the
poles.
In Chapter 4, working with Adriana N Vélez-Avilés, I screened through the
three phospholipase Cs (PLCs) encoded by the Drosophila genome and showed that
Plc21C is necessary but not sufficient for calcium wave propagation during egg
activation. This links the initial calcium influx during initiation with further
propagation of the wave based on the release of calcium from internal stores.
In Chapter 5, in collaboration with Dr. Timothy Weil’s lab at Cambridge
University, I discovered a wave of actin reorganization cytoskeleton that closely
follows the calcium wave during Drosophila egg activation. Inhibition of calcium
wave blocks the actin wave, whereas inhibition of actin polymerization leads to
incomplete calcium waves. I further found global pressure on the entire oocyte instead
of regional pressure is required to trigger actin reorganization. Taken together, we
revealed the interdependent regulatory network between calcium and actin in
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Drosophila egg activation.
In Chapter 6, in collaboration with Drs. Francesca Duncan, Teresa Woodruff
and Thomas O’Halloran’s labs at Northwestern University and Olga Antipova at
Argonne National Laboratory, I used X-ray Fluorescence Microscopy (XFM) to
examine the content and distributions of transition metal elements during Drosophila
oocyte maturation and egg activation. We found that zinc is the most abundant
transition metal in Drosophila oocytes and eggs. Zinc level increases over oogenesis
along with formation of zinc-enriched granules and decrease after egg activation.
In Chapter 7, in collaboration with Dr Chun Han’s lab at Cornell University,
we optimized the guide RNA (gRNA) expression construct for efficient
CRISPR/Cas9-mediated genome editing in the Drosophila germline. We show that
although certain gRNA expression construct designs improve editing efficiency in the
soma, they do not perform as well in the germline.
Chapter 8 is a brief summary and discussion of my thesis work and provides
possible directions for future experiments.
In Appendix A, I describe the approaches I have attempted to perform
mechanical manipulation of Drosophila oocytes and document the results I observed.
These works are collaborations with Drs. Jan Lammerding, Jonathan T. Butcher and
Mingming Wu’s lab at Cornell University.
In Appendix B, I describe the strontium induced calcium oscillations during in
vitro activation of Drosophila oocytes.
In Appendix C, I describe the crossing scheme I designed to generate germline
clone of trpm in an attempt to examine calcium waves in homozygous trpm mutant
15

oocytes.
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Figure 1.1 Egg activation events.
Image via Biorender.com.
Figure 1.2 Scheme for gRNA expression plasmid construction and crosses to achieve
germline CRISPR/Cas9-mediated knockout.Figure 1.3 Egg activation events.

Figure 1.4 Scheme for gRNA expression plasmid construction and crosses to achieve
germline CRISPR/Cas9-mediated knockout.

Figure 1.5 Verification of pain and trpml null mutants.Figure 1.6 Scheme for gRNA
expression plasmid construction and crosses to achieve germline CRISPR/Cas9-mediated
knockout.Figure 1.7 Egg activation events.

Figure 1.8 Scheme for gRNA expression plasmid construction and crosses to achieve
germline CRISPR/Cas9-mediated knockout.Figure 1.9 Egg activation events.

Figure 1.10 Scheme for gRNA expression plasmid construction and crosses to achieve
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germline CRISPR/Cas9-mediated knockout.
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Figure 1.2 Available tools for genetic manipulation of genes in the Drosophila
female germline.
(A) Crossing scheme to achieve tissue specific gene expression using GAL4-UAS
system.
(B) Diagram
of mosaic
analysis using
Flp-FRT
mediated
mitotic
Figure 1.82
Egg activation
events.Figure
1.83
Available
tools for
genetic
recombination.
(C)
Crossing
to achieve
tissue
specific genome editing using
manipulation of
genes
in thescheme
Drosophila
female
germline.
CRISPR/Cas9 system. TS: tissue-specific; UB: ubiquitous; mu: mutant allele. Image
via Biorender.com.
Figure
1.84 Egg activation events.

Figure 1.85 Scheme for gRNA expression plasmid construction and crosses to
achieve germline CRISPR/Cas9-mediated knockout.Figure 1.86 Egg activation
events.Figure 1.87 Available tools for genetic manipulation of genes in the
Drosophila female germline.

Figure 1.88 Egg activation events.Figure 1.89 Available tools for genetic
manipulation of genes in the Drosophila female germline.

Figure 1.90 Egg activation events.
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Figure 1.91 Scheme for gRNA expression plasmid construction and crosses to
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CHAPTER 2
THE DROSOPHILA TRPM CHANNEL MEDIATES
CALCIUM INFLUX DURING EGG ACTIVATION1
2.1 Introduction

I

In almost all animals, mature oocytes are arrested in meiosis at the end of
oogenesis and require an external trigger to be activated and transition to start
embryogenesis. This “egg activation” involves multiple events, including meiosis
resumption and completion, maternal protein modification and/or degradation,
maternal mRNA degradation or translation, and egg envelope changes (reviewed in
Horner and Wolfner, 2008a; Kashir et al., 2014; Krauchunas and Wolfner, 2013;
Sartain and Wolfner, 2013; Swann and Lai, 2016).
Triggers of egg activation vary across species. In vertebrate and some
invertebrate species, fertilization triggers egg activation. However, changes in pH,
ionic environment, or mechanical pressure can also trigger egg activation in other
invertebrate species (reviewed in Horner and Wolfner, 2008a). A conserved response
to these triggers is a rise of intracellular free Ca2+ levels in the oocyte. This calcium
rise is due to influx of external calcium and/or release from internal storage,
depending on the organism (reviewed in Swann and Lai, 2016). The elevated Ca2+
concentration is thought to activate Ca2+-dependent kinases and/or phosphatases,
which in turn change the phospho-proteome of the activated egg, initiating egg
activation events (Krauchunas et al., 2012; Zhang et al., 2018a, reviewed in

1
Published and reprinted with permission: Hu, Q., and Wolfner, M. F. (2019). The Drosophila Trpm
channel mediates calcium influx during egg activation. Proceedings of the National Academy of
Sciences, 116(38), 18994-19000.

21

Krauchunas and Wolfner, 2013).
Drosophila eggs activate independent of fertilization, and the trigger is
mechanical pressure. When mature oocytes exit the ovary and enter the lateral oviduct,
they experience mechanical pressure from the reproductive tract. As the oocytes swell
due to the influx of oviductal fluid, their envelopes become taut (Heifetz et al., 2001).
Drosophila oocytes can be activated in vitro by incubation in a hypotonic buffer,
although some egg activation events do not proceed completely normally in vitro
(Kaneuchi et al., 2015; Page and Orr-Weaver, 1997). Intracellular calcium levels rise
in oocytes during egg activation, as observed with the calcium sensor GCaMP. This
calcium rise takes the form of a wave that starts at the oocyte pole(s) and traverses the
entire oocyte (Kaneuchi et al., 2015; York-Andersen et al., 2015). In vivo, the wave
starts with a calcium rise at the posterior pole; in vitro it also starts predominantly at
the posterior pole but sometimes (also) at the anterior pole (Kaneuchi et al., 2015;
York-Andersen et al., 2015). Initiation of this calcium wave requires influx of external
Ca2+, as chelating external Ca2+ in in vitro egg activation assays blocks the calcium
wave and egg activation. Propagation of the calcium wave relies on the release of
internal Ca2+ stores, likely through an Inositol 1,4,5-trisphosphate (IP3)-mediated
pathway as in other animals, because knocking down the endoplasmic reticulum (ER)
calcium channel IP3 receptor (IP3R) prevents propagation of the calcium wave
(Kaneuchi et al., 2015). How mechanical forces trigger calcium entry during
Drosophila egg activation was unknown. However, the lack of initiation of a calcium
wave in the presence of Gd3+, an inhibitor of mechanosensitive ion channels (Millet,
1988), and N-(p-Amylcinnamoyl) anthranilic acid (ACA), an inhibitor of TRP-family
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ion channels (Harteneck et al., 2007), suggested that TRP family ion channels
(reviewed in Clapham et al., 2001) are likely involved (Kaneuchi et al., 2015). Further
supporting this idea is the recent discovery that a TRP family channel, TRPM7, is
needed for calcium influx that is necessary (but not sufficient) for calcium oscillations
in activating mouse eggs (Bernhardt et al., 2018). The Drosophila genome encodes 13
TRP family channels (reviewed in Montell, 2005), but according to RNA-seq data,
only 3 (Painless, Trpm, and Trpml) are expressed in the ovary (reviewed in Sartain
and Wolfner, 2013). We used specific inhibitors, existing mutants, germline-specific
RNAi knockdown, and knockouts that we created with CRISPR/Cas9 to screen these 3
candidates for their roles in the initiation of the calcium wave. We found that Trpm,
the single Drosophila ortholog of mouse TRPM7, mediates calcium wave initiation,
whereas the other 2 TRP channels are not necessary to initiate the calcium wave.

2.2 Materials and Methods
DNA constructs and transgenic flies. Calcium waves were visualized by
expressing GCaMP sensors in the female germline using matα4-GAL4-VP16; UASpGCaMP3 (Kaneuchi et al., 2015), matα4-GAL4-VP16; UAS-GCaMP6s, or nosGCaMP6m. The nos-GCaMP6m strain was constructed by replacing the GCaMP3
coding sequence in the previously described nos-GCaMP3-attB construct
(Kaneuchi et al., 2015) with GCaMP6m coding sequence and integrating the
construct into either the attP2 or the attP40 site.
Calcium wave incidence in each experiment was compared between
perturbed and control oocytes using the same calcium sensor and exposure/gain
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settings. Control oocytes showed lower incidence of calcium waves when
expressing GCaMP6s or GCaMP6m compared to GCaMP3, likely due to weaker
expression of our GCaMP6s or GCaMP6m constructs.
To create a null allele of pain, we generated pU6-chiRNA constructs following
protocols described by FlyCRISPR website (Gratz et al., 2013). We generated 2
constructs to express sgRNAs with the following target sequences (PAM sequences
are underlined): GTCTTGCAGCTGGTTGAGTCCGG,
GACGCAGACTTAAGTAGTTCGGG. These 2 constructs were co-injected by
Rainbow Transgenic Flies into nos-Cas9-attP2 embryos. A strain carrying a 1,091-bp
deletion (chr2R:24922130–24923220) in pain was isolated and stabilized to establish
the null allele strain painTMΔ.
To knock out trpm, we generated the U6:3-tRNA-gRNA1-tRNA-gRNA2 (Poe
et al., 2018) and CR7T-gRNA1-U6:3-gRNA2 constructs (gifts from Chun Han,
Cornell University, Ithaca, NY). We designed 3 sets of gRNAs targeting trpm to
express in our constructs. sgRNA target sequences in the trpm gene are as follows
(PAM sequences are underlined):
gRNA set 1: GGAACCATCGAGTTCCAGGGCGG;
GATGTGGACACATGGCGAGGAGG; CTTTTGATCACCGTGCAGGGCGG;
CTTGGACACGGAAATCTACGAGG
gRNA set 2: GATGAGCGAGGAGGGCACGATGG;
ACCCATAACCAAGTTCTGGGCGG
gRNA set 3: GACTACAGGGATGAGCGAGGAGG;
GAATACCACTCCTGCCACCGCGG
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These constructs were injected by Rainbow Transgenic Flies into yw, nosphiC31; PBac{attP-9A} embryos (Figure 2.1).
gRNA construct efficiency test. To confirm the efficiency of constructs
expressing gRNAs, we employed the “Cas9-LEThAL” method (Poe et al., 2018) to
validate the efficiency of our gRNA constructs. Males carrying gRNA constructs
were crossed to act-Cas9, lig4- mutant females. Our gRNA set 3 construct caused
100% lethality in lig4 mutant male offspring while the other 2 sets did not (Table
2.1), suggesting it has the highest efficiency.
Fly strains and maintenance. All Drosophila strains and crosses were
maintained or performed on standard yeast-glucose-agar media at 25 °C [29 °C for all
crosses involving the GAL4/UAS system to enhance its efficiency (Duffy, 2002)] on a
12/12 light/dark cycle. The following fly lines were obtained from Bloomington
Drosophila Stock Center: trpml1 (28992), UAS-trpmRNAi (57871), matα4-GAL4-VP16
(7062), 20XUAS-IVS-GCaMP6s-attP40 (42746), UAS-Cas9- attP2 (54595), yw, nosphiC31; PBac{attP-9A} (35569).
Buffer reagents, drug and inhibitor treatment. IB was made as
previously described (Kaneuchi et al., 2015). IB contains 55 mM NaOAc, 40 mM
KOAc, 1.2 mM MgCl2 ,1 mM CaCl2, 110 mM sucrose, 100 mM Hepes in ddH2O.
IB is adjusted to pH 7.4 with NaOH and filter sterilized. We found that modified
RB functioned as well as activation buffer [AB; (Kaneuchi et al., 2015)] for
activating eggs, so we used RB for this purpose in our experiments. RB contains
55 mM NaOAc, 8 mM KOAc, 20 mM sucrose, 0.5 mM MgCl2, 2 mM CaCl2, 20
mM Hepes in ddH2O. RB is adjusted to pH 6.4 with NaOH and filter sterilized.
For tests of Trpm inhibitors, stock solutions of MgCl2 (Mallinckrodt) and NS8593
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(Sigma-Aldrich) were prepared and added to IB and RB to the indicated final
concentrations, on the day of the experiment. The published concentration of Mg2+
(10 mM) was used to inhibit Drosophila Trpm (Georgiev et al., 2010). For
NS8593, we tried a series of concentrations starting from published results on
mammalian TRPM7 (30 μM) (Chubanov et al., 2012). We found that 100 μM is
the optimal concentration for Drosophila Trpm inhibition.
Stage 14 oocytes, dissected from virgin females that had been aged on
yeast for 3 to 5 d, were incubated in inhibitor containing IB or control IB for 30
min before experiments. Inhibitor treated oocytes were then switched to incubation
in RB that also contained the inhibitor at the same concentration, and oocytes
incubated in control IB were activated in control RB lacking the inhibitor.
Imaging. For calcium wave visualization, oocytes were imaged using a
Zeiss Elyra Super Resolution Microscope with a 5× or 10× lens with Zen software.
The detection wavelength was set to 493 to 556 nm for GCaMP signal.
For immunostaining, fixed and stained embryos were imaged using a Zeiss
LSM880 Confocal Multiphoton Microscope with a 10× lens and the Zen software.
The detection wavelength was set to 495 to 634 nm for FITC signal, and 410 to 495
nm for DAPI. Z-stack images were taken from the shallowest to the deepest visible
planes with a pinhole of 100. Maximum intensity projection of captured images
was performed using the Zen software.
To examine ovary morphology, ovaries were dissected from 3- to 5-d-old
virgin females aged on yeast. Their images were captured using an Echo Revolve
Microscope, with a 4× lens and brightfield imaging settings. Ovary images were
processed with the Echo Revolve App.
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All acquired images were processed with ImageJ software (Schindelin et al.,
2012) as needed.
In vitro egg activation assay. Oocytes were dissected from the indicated
female flies and induced to activate in vitro following methods as described
previously (Kaneuchi et al., 2015). For imaging, oocytes were placed in a drop of
IB in a glass- bottomed Petri dish. After imaging parameters were configured, IB
was replaced by RB to induce egg activation (Kaneuchi et al., 2015). Time-lapse
images were taken at 1-s or 10-s intervals, for 10 to 20 min after the addition of RB.
The distance traveled by the wavefront was measured using ImageJ software, and
the elapsed time was recorded. The propagation rate of the calcium wave was
calculated as distance traveled by the wavefront divided by time.
Egg-laying and egg hatchability assay. Virgin females of the indicated
genotypes were aged on yeasted food vials for 3 to 5 d, before mating with
Oregon-R-P2 (ORP2) WT males. Matings were observed and the males were removed
after a single mating had completed. Females were allowed to lay eggs in the mating
vial for 24 h and were then transferred to a new vial. Females were transferred 3 times
before they were discarded. The number of eggs and pupae were counted. Egg
hatchability was calculated by the number of pupae divided by the number of eggs. To
confirm there was no post-embryonic developmental arrest in eggs laid by mutants that
could have affected our hatchability score, we counted the number of unhatched eggs
for 3 d after egg laying and thus determined the number of hatched eggs. This number
equaled the number of pupae, indicating that our method of calculating egg
hatchability was reliable.
RT-PCR. RNA was extracted from 4 to 5 pairs of ovaries from virgin
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females aged in yeasted vials for 3 to 5 d using TRIzol/chloroform. Seven hundred
and fifty nanograms of RNA from each sample underwent DNase (Promega)
treatment and cDNA synthesis using SuperScript II Reverse Transcriptase
(Invitrogen) following the manufacturer’s instructions. A 30-cycle PCR
amplification was performed with GoTaq polymerase (Promega) with the
following conditions: 95 °C at 2 min, 95 °C at 40 s, 54 °C at 40 s, 72 °C at 40 s, 72
°C at 10 min. PCR products were run on 1% agarose gels, and the DNA was
stained with 1 μg/mL ethidium bromide. Captured gel images were processed with
ImageJ software.
The expression level of ribosome protein gene rpl32 was used as a
normalization control (Ponton et al., 2011). The following primers were used for RTPCR: trpm-F: TCACTGTGCTGGTGAAGATG; trpm-R:
CCAGAGGTCCCAGGTATTTATTC (amplicon size with cDNA as template is 324
bp. The reverse primer spans an exon-exon junction and will amplify a 513-bp band
with genomic DNA as template.). rpl32-F: CACCAGTCGGATCGATATGC; rpl32R: CGATCCGTAACCGATGTTG (amplicon size with cDNA as template is 120 bp.
The primers flank an exon-exon junction and will amplify a 182-bp band with
genomic DNA as template.).
Immunostaining. Embryos and eggs from the indicated mating were
collected from grape juice/agar plates. Embryos were dechorionated in 50%
commercial bleach, fixed in methanol/heptane (Rothwell and Sullivan, 2007), and
stored at 4 °C until use. Fixed embryos were washed with phosphate buffered
saline with 0.1% Tween-20 (PBST) 3 times for 5 min each and blocked with
PBST containing 5% vol of normal goat serum (PBST-NGS). Embryos were then
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incubated overnight at 4 °C in PBST-NGS containing mouse monoclonal anti-αTubulin- FITC antibody (Sigma-Aldrich) at a dilution of 1:200 and RNaseA
(Roche Applied Science) at a concentration of 5 μg/mL. Embryos were then washed
with PBST 3 times for 5 min each. DNA was stained with 1 μg/mL DAPI
(Molecular Probes) in PBST for 5 min, and embryos were mounted on glass
microscope slides in antifade mounting buffer.
Bleach resistance assay. Mature oocytes were dissected in IB from the
indicated females. Eggs laid by indicated females after mating to indicated males
were collected from grape juice/agar plates. Both oocytes and embryos were
incubated in 50% commercial bleach for 2 min (Page and Orr-Weaver, 1997).
Numbers of oocytes and embryos before and after incubation were counted to
calculate the percentage that survived bleach treatment.
Statistics. Pearson’s χ2 test was used to compare the incidence of calcium
waves and ovary morphology defects. Student’s t test was used to compare the
propagation speed of calcium waves and egg hatchability.
Mutant verification. The deletion in painTMΔ allele was confirmed by PCR
and sequencing using the following primers: pain-C1F:
GTATCACCACAAACGGAGAGAG; pain-C1R:
GGTGCCACTTGAGGAATAGAA; pain-C2F:
ACCAACGTCCTTAGTCGGTA; pain-C2R: GTCCTCATTTCGAAGGGATCG
(Figure 2.2 A-C).
trpml1 carries a 1097bp deletion which removes nucleotides -456 to +641
relative to the trpml translation start site (Venkatachalam et al., 2008). The
deletion was confirmed with the following primers: trpml-F:
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CTGACCACGATGTTTATCGC; trpml-R: AACGGCGGAATTTGGAATAC
(Figure 2.2 D).
A 32 cycle PCR amplification was performed with GoTaq polymerase
(Promega) with the following conditions: 95°C 2 minutes, 95°C 40 seconds, 54°C
40 seconds, 72°C 1 minute 30 seconds, 72°C 10 minutes. PCR products were run
on 1% agarose gels, and the DNA was stained with 1 μg/mL ethidium bromide.
Captured gel images were processed with ImageJ software.
Single oocyte RT-PCR. RNA was extracted from single mature oocytes
from virgin trpm germline knockout females (nos-Cas9-attP2/gRNA-trpm1) aged
in yeasted vials for 3-5 days using Trizol/chloroform and underwent DNase
(Promega) treatment and cDNA synthesis using SuperScriptTM II Reverse
Transcriptase (Invitrogen) following the manufacturer’s instructions. Three rounds
of nested PCR amplification (30 cycles/round, product of the last round was used
as the template for the next round) was performed with iProof Hi-Fidelity
polymerase (Bio-Rad) with the following conditions: 98°C 30 seconds, 98°C 10
seconds, 56°C 30 seconds, 72°C 15 seconds, 72°C 10 minutes. The first round of
PCR was performed using outer primers: trpm-outerF:
GGAGTTCGAGAGCAAAGGTAAG; trpm-outerR:
GAACGATCCGAGTCATCATTGT. The second and the third round of PCR
were performed using inner primers: trpm-innerF:
GAGCTACACTCCTGGTCAAATC; trpm-innerR:
GTCAAGCTGCCTGATGTAGAA.
The final round of PCR product was run on 1% agarose gels, and the DNA
was stained with 1 μg/mL ethidium bromide. Captured gel images were processed
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with ImageJ software (Figure 2.3 A). The product bands were cut out and purified
with gel extraction kit (Invitrogen) for sequencing (Figure 2.3 B).

2.3 Results
Painless and Trpml are not essential for the calcium wave initiation or
propagation
Three TRP channels [Painless (Pain), Trpm, and Trpml] are expressed in the
Drosophila ovary and are candidates for involvement in calcium wave initiation. To
examine the roles of these channels in the calcium wave during egg activation, we
performed in vitro activation assays on mature oocytes dissected from WT, mutant,
and/or knockdown females, and imaged the calcium waves with fluorescence
microscopy (Materials and Methods). Since calcium influx is required for calcium
wave initiation (Kaneuchi et al., 2015), we used the incidence of calcium waves as an
indicator of calcium influx and assessed the role of candidate channels with it.
Among the 3 candidates, Pain is reported to display mechanosensitivity
(Tracey et al., 2003). To examine the role of Pain, we made a CRISPR knockout line,
painTMΔ, by deleting the region that encodes Pain’s transmembrane domains. Since
pain loss-of-function mutants are viable (Gorczyca et al., 2014), we were able to
examine the calcium wave phenotype in oocytes from homozygous painTMΔ females
that also carried a nos-GCaMP6m-attP2 transgene. The incidence of a calcium wave
in vitro in mature oocytes of homozygous painTMΔ females did not differ significantly
from that of heterozygous controls (Figure 2.4 A). The propagation rate of the
calcium wave, as measured at its wave-front, was also not significantly different from
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control (Figure 2.4 B).
To examine the role of Trpml, we tested an existing null mutant, trpml1
(Venkatachalam et al., 2008). We crossed into trpml1 the nos-GCaMP6m- attP40
transgene and examined the calcium wave phenotype in mature oocytes from
homozygous mutants or heterozygous controls. Again, we did not find a difference in
the calcium wave incidence (Figure 2.4 C) or in calcium wave propagation rate
between oocytes from homozygous mutant and those from heterozygous control
females (Figure 2.4 D).
Thus, neither Pain or Trpml is essential for the initiation or propagation of the
calcium wave. These channels thus are either not involved in calcium wave initiation,
or they function redundantly with other channels.
Inhibitor and RNAi perturbations of trpm inhibit calcium wave initiation
To test whether Trpm is needed for the calcium wave, we first examined the
effect of known inhibitors of this channel. Ten millimolar Mg2+ is reported to inhibit
several TRP channels including mouse TRPV3 (Luo et al., 2012), TRPM6, TRPM7
(Gwanyanya et al., 2004), and Drosophila Trpm (Georgiev et al., 2010). In the
presence of 10 mM Mg2+ in isolation buffer (IB) and modified Robb’s Buffer (RB),
the incidence of a calcium wave in vitro was significantly reduced (Figure 2.5 A, B,
and E). We also tested the effect of NS8593, a specific inhibitor of mouse TRPM7
channels (Chubanov et al., 2012). One hundred micromolar NS8593 in IB and RB
completely blocked calcium wave initiation in vitro (Figure 2.5 C and F).
Since trpm homozygous mutants are lethal before adult stage (Hofmann et al.,
2010), we next tested the role of trpm in calcium wave initiation using germline32

specific RNAi. We crossed matα4-GAL4-VP16; UASp-GCaMP3 to UAS-trpmRNAi.
The female offspring expressed both GCaMP3 and trpm shRNA in the germline. We
examined the calcium waves in in vitro activation assays with mature oocytes from
these females. Oocytes from trpm germline knockdown females displayed a
significantly lower incidence of calcium waves in vitro (Figure 2.5 D and G). To
validate the efficiency of germline knockdown, we performed RT-PCR with ovary
mRNA from these females. RT-PCR results showed that more than 90% of trpm
transcripts were removed in germline knock- down females compared to control
(Figure 2.5 H).
Inhibitors of Trpm and germline knockdown of trpm both reduced the
incidence of calcium waves in in vitro egg activation assays. Thus, our data strongly
suggested that Trpm is necessary for calcium influx during Drosophila egg activation.
Germline-specific CRISPR/Cas9 knockout of trpm inhibits calcium wave
initiation
To further validate the role of Trpm in the initiation of the calcium wave, we
attempted to perform germline-specific biallelic knockout of trpm using the
CRISPR/Cas9 system. We designed 3 sets of gRNAs targeting trpm (Materials and
Methods). We used the “Cas9-LEThAL” (Poe et al., 2018) method to evaluate the
efficiency of our gRNA expression constructs. Among them, gRNA set 3 displayed
the highest efficiency (Table 2.1). Using this set of gRNAs, we made a dual-gRNA
transgenic line based on a polycistronic gRNA design (U6:3-tRNA-gRNA1- tRNAgRNA2, gRNA-trpm1) and a dual transcription unit design (CR7T-gRNA1-U6:3gRNA2, gRNA-trpm2), both ubiquitously expressing the gRNAs (Figure 2.1 A).
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We crossed each of these transgenic fly strains to nos-Cas9; matα4-GAL4VP16; UASp-GCaMP3 to achieve germline–specific knockout of trpm at early
oogenesis stages, via nos-Cas9, and calcium visualization at the same time (Figure 2.1
B). By sequencing amplicons generated by single oocyte RT-PCR, we confirmed the
presence of CRISPR/Cas9-generated indels (Figure 2.3). With gRNA-trpm1, 34% of
the female offspring displayed defects in ovary morphology (Figure 2.6 A-B). With
gRNA-trpm2, 96% of the female offspring displayed similar defects (Figure 2.6 C).
These data showed that trpm is required for early female germline development. Since
Trpm is involved in maintaining cation homeostasis in cellular environments and
tissue development (Georgiev et al., 2010; Hofmann et al., 2010), we hypothesize that
early knockout of trpm by nos-Cas9 interferes with normal germline development.
The less-than-100% incidence of this phenotype is likely due to lack of 100%
efficiency in generating biallelic null mutations of trpm in the germline with les
efficient gRNA expression constructs.
Some early trpm germline knockout females had ovaries with grossly normal
morphology, perhaps because null mutations were generated at both trpm alleles only
after a critical developmental point. We tested their mature oocytes for activation in
vitro. We observed that the incidence of calcium waves was significantly reduced in
oocytes from these females (Figure 2.7 B and D) compared to Cas9 control (Figure
2.7 A). Since efficient CRISPR/Cas9-mediated trpm knockout caused ovary
development defects, flies with normal-looking ovaries may have less efficient trpm
biallelic knockout in the germline, which could explain the incomplete elimination of
calcium waves in oocytes from these flies.
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To bypass the critical stage in early oogenesis that may require trpm function,
we knocked out trpm at only later stages of oogenesis by crossing the UAS-GCaMP6s;
gRNA-trpm1 strain to the matα4-GAL4-VP16; UAS-Cas9 strain (Figure 2.1 B). Since
matα4-GAL4-VP16 does not drive expression of UAS constructs until mid to late
oogenesis (Häcker and Perrimon, 1998), female offspring of this cross will initiate
germline knockout of trpm at later stages of oogenesis in contrast to crosses using nosCas9, which initiate knockout early in oogenesis. None of these germline knockout
females displayed gross ovary morphology defects (Figure 2.6 D-E), suggesting that
trpm knockout occurred after a critical stage in early oogenesis. We examined the
calcium wave phenotype of mature oocytes from these females in in vitro egg
activation assays. We observed a significant decrease in the incidence of calcium
waves (Figure 2.7 C and E).
Taken together, these results further support that Trpm is required for calcium
wave initiation. In addition, our results also suggest that Trpm plays essential roles in
early oogenesis.
Egg activation events occur in trpm knockout eggs in vivo
We next asked whether egg activation requires normal trpm function. Almost
all 1- to 5-h embryos from trpm germline knockout females displayed resistance to
50% bleach, an indicator of vitelline membrane cross-linking after egg activation
(Mahowald et al., 1983) (Figure 2.7 F). This suggests that egg envelope hardening,
one aspect of egg activation, still occurs in embryos from trpm germline knockout
females.
Since bleach resistance does not always completely reflect the state of egg
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activation (Page and Orr-Weaver, 1997), we examined whether embryos from trpm
germline knockout females were able to enter mitosis, implying successful completion
of meiosis and fertilization. Surprisingly, anti-Tubulin and DAPI staining of 1- to 5-hold embryos laid by trpm germline knockout females mated with ORP2 WT males
showed they had all undergone early embryo mitoses (n = 88 for early germline
knockout mutants, n = 36 for late germline knockout mutants, Figure 2.8 A). This
indicated that cell cycles can resume in embryos from trpm germline knockout
females mated with WT males.
We then asked if egg hatchability (percent of eggs that hatched into larvae) is
affected by trpm germline perturbations. Germline knockdown of trpm did not impair
egg hatchability (Figure 2.8 C). Since this knockdown, despite being highly efficient,
did not completely abolish trpm function in oocytes, we examined the hatchability of
eggs from trpm germline knockout females. Germline trpm knockout females
displayed significantly reduced egg hatchability compared to control, with either early
(Figure 2.8 D) or late (Figure 2.8 E) germline-specific knockout, suggesting that the
lack of maternal Trpm function or a calcium wave compromised development events
after initiation of the embryos’ mitotic phase. Since the fathers of these embryos were
wildtype, a WT trpm allele was present in the embryos. Thus, defects in hatchability
must be due to the lack of maternal trpm product, because after zygotic genome
activation, these embryos will express WT Trpm.
Taken together, these observations indicate that fertilized eggs are able to
resume cell cycles and harden egg envelopes in the absence of Trpm function. The
reduced hatchability of eggs laid by trpm germline knockout females suggests that
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lack of oocyte Trpm function or a calcium wave affects embryogenesis after egg
activation.
Sperm is not an alternative trigger of egg activation in the absence of trpm
function
Because fertilized eggs from trpm germline knockout females proceeded to
mitotic stages, we wondered whether sperm could act as an alternative trigger for the
calcium rise and egg activation (reviewed in Horner and Wolfner, 2008a) in
Drosophila. We mated control and trpm germline knockout females to spermless
males (Boswell, 1985). Eggs laid by females after the mating would experience the
normal egg-activating environment in vivo but remain unfertilized. We then examined
if meiosis resumption and vitelline membrane cross-linking occur in unfertilized eggs
from trpm germline knockout females. We observed 100% resistance to 50% bleach in
these unfertilized eggs (Figure 2.7 F). We also observed normal production of polar
bodies in all unfertilized eggs from control (n = 14) and trpm germline knockout
females (n = 20) (Figure 2.8 B). These results indicated that vitelline membrane
cross-linking and meiosis resumption still occur in eggs from trpm germline knockout
mutants independent of sperm, ruling out the possibility that sperm could overcome
the lack of calcium influx triggered by mechanical pressure and activate eggs in the
absence of Trpm function.

2.4 Discussion
Egg activation is an essential step for oocytes to transition to
embryogenesis. In all species studied to date, egg activation involves a rise in
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intracellular calcium. In Drosophila, this calcium rise takes the form of a wave
that is triggered by mechanical pressure. The initiation of this calcium wave
requires influx of calcium from the environment through mechanosensitive TRP
family channel(s) (Kaneuchi et al., 2015).
Here, we determined that Trpm channel is necessary for this calcium wave.
Of the 3 TRP channels expressed in ovaries (Pain, Trpm, and Trpml), only
impairment of Trpm affects the initiation of the calcium wave. Calcium wave
phenotypes are normal in oocytes from pain or trpml null mutants. However, the
incidence of the calcium wave is diminished in WT oocytes in the presence of
Trpm inhibitors and in oocytes from trpm germline knockdown or knockout
mutants. These results consistently indicated that Trpm mediates the calcium
influx that initiates the calcium wave during Drosophila egg activation. Given the
short time frame of calcium wave propagation and limitations of the inhibitor test
technique, we cannot determine if Trpm also plays a role in calcium wave
propagation. trpm germline knockout females also displayed significantly
decreased egg hatchability, due to defects after cell cycle resumption. The reduced
egg hatchability suggested that maternal trpm function or the calcium wave is
required for further embryogenesis after egg activation.
The Drosophila Trpm channel plays important reproductive roles
TRP family cation channels are nonselective and respond to a wide array of
environmental stimuli. Drosophila Trpm has been reported to play multiple roles
throughout larval development, including maintaining Mg2+ and Zn2+ homeostasis
(Georgiev et al., 2010; Hofmann et al., 2010), and sensing noxious cold in larval
class III md neurons (Turner et al., 2016). However, the role of Trpm in
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reproduction had not been investigated because of the pupal lethality of trpm null
mutants (Hofmann et al., 2010). Here, our germline-specific RNAi knockdown and
CRISPR/Cas9-mediated knockout revealed 3 functions of Drosophila Trpm:
supporting early oogenesis, mediating influx of environmental calcium to initiate
the calcium wave during egg activation, and maternally supporting embryonic
development after egg activation.
Our previous study suggested that calcium influx during Drosophila egg
activation is mediated through mechanosensitive ion channels (Kaneuchi et al.,
2015). Both Drosophila Trpm and mouse TRPM7 are reported to be constitutively
active and permeable to a wide range of divalent cations (Fleig and Chubanov,
2014; Georgiev et al., 2010). Mouse TRPM7 is known to respond to mechanical
pressure (Liu et al., 2015; Xiao et al., 2014), but further study will be needed to
determine whether Drosophila Trpm is similarly responsive to mechanical
triggers, such as those that occur during ovulation.
Requirement for Trpm during Drosophila embryogenesis
Germline knockout of trpm significantly reduced the incidence of calcium
waves in in vitro egg activation assays and egg hatchability. However, this
reduced egg hatchability was not due to failure of cell cycle resumption during
egg activation. There are 2 possible explanations for the reduced egg hatchability
of trpm germline knockout females.
First, it is possible that trpm plays a maternal role, independent of its role
in initiating the calcium wave, such that lack of maternally deposited Trpm
proteins leads to defects during embryogenesis. In mouse, TRPM7 is also required
for normal early embryonic development, apart from its role in calcium
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oscillations. Inhibition of TRPM7 function impairs preimplantation embryo
development and slows progression to the blastocyst stage (Carvacho et al., 2016).
Drosophila trpm mutant lethality had been reported to occur during the pupal
stage (Hofmann et al., 2010). However, those homozygous mutants were offspring
of heterozygous mothers and, thus, did not lack maternal Trpm function. Our
germline-specific depletion of trpm reveals a possible maternal role for Trpm in
embryogenesis.
Alternatively, or in addition, it is possible that oocytes lacking Trpm do not
pass sufficient Ca2+ from the environment to form a calcium wave, but that at least
some events of egg activation can occur despite this. In mouse, an initial calcium
rise is induced by sperm delivered Phospholipase C ζ (PLCζ) via the IP3 pathway
(Saunders et al., 2002). Yet although sperm from PLCζ null males fails to trigger
normal calcium oscillations, some eggs fertilized by those sperm develop
(Hachem et al., 2017). Multiple oscillations following fertilization require influx
of external calcium (Miao and Williams, 2012), mediated by TRPM7 and CaV3.2
(Bernhardt et al., 2018). Although these oscillations had been reported to be
needed for multiple postfertilization events (Ducibella et al., 2002), some TRPM7
and CaV3.2 double-knockout embryos still develop, albeit not completely
normally (Bernhardt et al., 2018). Together, these data suggest that egg activation
can still occur in mouse with diminished intracellular calcium rises, analogous to
what we see in Drosophila in the absence of maternal Trpm function.
Insufficient influx of calcium in the absence of Trpm function could disrupt
later (but maternally dependent) embryogenesis. The oocyte-to-embryo transition
involves multiple events. In mouse egg activation, these events take place
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sequentially as calcium oscillations progress, with developmental progression
associated with more oscillations and more total calcium signal. Some of the events
start after a certain number of oscillations but require additional oscillations to
complete (Ducibella et al., 2002). It is possible that mechanisms critical for
Drosophila embryo development also depend on reaching a precise level of calcium.
A low-level calcium rise might be sufficient to trigger some egg activation
mechanisms such as vitelline membrane cross-linking and cell cycle resumption, but
high levels of calcium may be required for further progression.
Alternative pathways for calcium influx during egg activation
Given the importance of calcium in egg activation (Miao and Williams,
2012; Page and Orr-Weaver, 1997), we were surprised that although trpm
knockout eggs lacked a calcium wave in vitro, in vivo such eggs could progress in
cell cycles and even, sometimes, hatch. As discussed above, there may be
insufficient calcium influx in the absence of Trpm for full and efficient
development, but some egg activation events may still occur. Alternatively, it is
possible that redundant mechanisms permit a sufficient calcium level increase
without producing a detectable wave form. Despite being able to trigger a series of
egg activation events including meiosis resumption and protein translation (Horner
and Wolfner, 2008b; Page and Orr-Weaver, 1997), osmotic pressure during in vitro
activation may have different properties from mechanical pressure exerted on
mature oocytes during ovulation. The latter might allow opening of other calcium
channels to initiate a normal calcium rise and complete egg activation. Two
channels, TRPM7 and Cav3.2, are needed for the calcium oscillations following
mouse fertilization, but the Drosophila ortholog of mouse Cav3.2, Ca-α1T, is not
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detectably expressed in fly ovaries (Brown et al., 2014). From RNA-seq database,
another mechanosensitive, nonselective cation channel, Piezo (Coste et al.), is
expressed in Drosophila ovaries (Brown et al., 2014). Piezo and/or other unknown
channels might play this redundant role of mediating calcium influx in vivo. In this
light we note that levels of basal GCaMP fluorescence varied among oocytes
incubated in IB that were inhibited from forming a wave, suggesting the possibility
of a calcium increase by a redundant mechanism (Figure 2.9).
Conserved role of TRPM channels in egg activation
We are intrigued that Drosophila Trpm is essential for the calcium rise at
egg activation, given that mouse TRPM7 was recently reported to be required
(along with CaV3.2) for the calcium influx needed for post-fertilization calcium
oscillations that are, in turn, required for egg activation events (Bernhardt et al.,
2018; Ducibella et al., 2002). This apparent conservation in mechanisms in egg
activation involving orthologous Trpm channels in a protostome (Drosophila) and
a deuterostome (mouse) prompts us to wonder whether Trpm mediated calcium
influx is a very ancient and basal aspect of egg activation, with other more
variable aspects such as sperm triggered calcium rises being more derived, if
better known, features. It is interesting in this light that a sperm delivered TRP
channel (TRP-3) has also been reported to mediate calcium influx and a calcium
rise in another protostome, Caenorhabditis elegans (Takayama and Onami,
2016).

42

Figure 2.1 Scheme for gRNA expression plasmid construction and crosses to
achieve germline CRISPR/Cas9-mediated knockout.
(A) Two designs of gRNA transgenesis vectors that allow ubiquitous expression of
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(B) Crossing scheme to
achieve germline-specific CRISPR/Cas9-mediated knockout of trpm.
Figure 2.5 Verification of CRISPR/Cas9 generated indels in oocytes from trpm
germline knockout females.Figure 2.6 Verification of pain and trpml null
mutants.Figure 2.7 Scheme for gRNA expression plasmid construction and crosses
to achieve germline CRISPR/Cas9-mediated knockout.

Figure 2.8 Verification of pain and trpml null mutants.Figure 2.9 Scheme for
gRNA expression plasmid construction and crosses to achieve germline
CRISPR/Cas9-mediated knockout.

Figure 2.10 Verification of pain and trpml
43 null mutants.

Figure 2.11 Verification of CRISPR/Cas9 generated indels in oocytes from trpm

44

Figure 2.2 Verification of pain and trpml null mutants.
(A) Scheme of painTMΔ deletion. Locations of gRNA targets and PCR primers relative
Figure 2.82 Verification of CRISPR/Cas9 generated indels in oocytes from trpm
to the deletion are shown; (B) Sequencing results of painTMΔ allele. Bases labeled in
germline knockout females.Figure 2.83 Verification of pain and trpml null
cyan are gRNA targets in the wildtype allele. Red labels mismatching bases and
mutants.
deletion resulted from CRISPR/Cas9-mediated editing; (C) PCR verification of
painTMΔ allele. Expected amplicon sizes: C1F+C1R (207bp in WT allele, none in
Figure 2.84 Verification of CRISPR/Cas9 generated indels in oocytes from trpm
mutant allele), C2F+C2R (203bp in WT allele, none in mutant allele), C1F+C2R
germline knockout females.
(1268bp in wildtype allele, 177bp in mutant allele); (D) PCR verification of tprml1
allele. Expected amplicon sizes: 1347bp in wildtype allele, 250bp in mutant allele.
Figure 2.85 Pain and Trpml are not essential for calcium wave initiation or
propagation.Figure 2.86 Verification of CRISPR/Cas9 generated indels in oocytes
from trpm germline knockout females.Figure 2.87 Verification of pain and trpml
null mutants.

Figure 2.88 Verification of CRISPR/Cas9 generated indels in oocytes from trpm
germline knockout females.Figure 2.89 Verification of pain and trpml null
mutants.

Figure 2.90 Verification of CRISPR/Cas9
45generated indels in oocytes from trpm
germline knockout females.
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Figure 2.3 Verification of CRISPR/Cas9 generated indels in oocytes from trpm
germline knockout females.
(A) Representative gel of final products from single oocyte RT-PCR followed by
Figure
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from are
trpmnot
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knockout
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2.163 Verification
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3, 8 and
oocytes
from trpm
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females.
9 successfully
generated
PCR knockout
products. Oocyte
2, 4, 5, 6 and 7 failed to generate PCR
products likely due to low copy number of mRNA in a single egg. Genomic DNA of
Figure 2.164 Pain and Trpml are not essential for calcium wave initiation or
ORP2 wildtype flies was used as positive control. A sham sample undergoing the
propagation.
same RNA extraction, RT-PCR and nested PCR process was used as a negative
control; (B) Representative sequencing results of the PCR product in (A). Highlighted
Figure 2.165 Disrupting trpm function reduces calcium wave incidence in
bases are one of the gRNA targets in gRNA set 3. Mixed sequencing peaks showed up
vitro.Figure 2.166 Pain and Trpml are not essential for calcium wave initiation or
after the gRNA target in 6 out of 8 oocyte samples sequenced, suggesting successful
propagation.Figure 2.167 Verification of CRISPR/Cas9 generated indels in
introduction of indels near the gRNA target by CRISPR/Cas9. We were unable to
oocytes from trpm germline knockout females.
determine whether these indels caused frameshift, because it was difficult to untangle
the mixed readings: depending on the timing of the editing, multiple species of trpm
Figure 2.168 Pain and Trpml are not essential for calcium wave initiation or
mRNA can be present in an oocyte.
propagation.Figure 2.169 Verification of CRISPR/Cas9 generated indels in
oocytes from trpm germline knockout females.

Figure 2.170 Pain and Trpml are not essential for calcium wave initiation or
propagation.
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Figure 2.171 Disrupting trpm function reduces calcium wave incidence in
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Figure 2.4 Pain and Trpml are not essential for calcium wave initiation or
propagation.
(A) The incidence of a calcium wave in in vitro activation assays does not differ
Figure
Disrupting
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TMΔ
in, n =
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(B) The
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control (2.37 ± 0.38 μm/s) and pain null mutant (2.49 ± 0.78 μm/s), p = 0.59. (C) The
incidence of a calcium wave in in vitro activation assays does not differ between
Figure 2.244 Disrupting
trpm function reduces calcium wave incidence in vitro.
control (trpml1/+, n = 17/21) and trpml null mutant (trpml1/trpml1, n = 15/25), p =
0.22. (D) The propagation speed of the calcium wave does not differ between control
Figure 2.245 Ovary morphology of germline specific trpm knockout
(2.97 ± 0.74 μm/s) and trpml null mutant (2.78 ± 0.77 μm/s), p = 0.51. N.S., not
females.Figure 2.246 Disrupting trpm function reduces calcium wave incidence in
significant (p > 0.05).
vitro.Figure 2.247 Pain and Trpml are not essential for calcium wave initiation or
propagation.

Figure 2.248 Disrupting trpm function reduces calcium wave incidence in
vitro.Figure 2.249 Pain and Trpml are not essential for calcium wave initiation or
propagation.
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Figure 2.250 Disrupting trpm function reduces calcium wave incidence in vitro.

50

Figure 2.5 Disrupting trpm function reduces calcium wave incidence in vitro.
(A–C) Representative calcium waves, or lack thereof, in matα4-GAL4-VP16; UASpFigure 2.322 Ovary morphology of germline specific trpm knockout females.Figure 2.323
GCaMP3 stage 14 oocytes in in vitro activation assays. Oocytes were incubated in:
Disrupting trpm function reduces calcium wave incidence in vitro.
unmodified IB and RB (A); IB and RB with 10 mM of MgCl2 (B); IB and RB with
100 μM NS8593 (C). (D) Representative pictures showing lack of calcium waves in
Figure 2.324 Ovary morphology of germline specific trpm knockout females.
stage 14 oocytes from trpm germline knockdown females (matα4-GAL4-VP16/UAStrpmRNAi; UASp-GCaMP3) incubated in unmodified IB and RB. An increase of
Figure 2.325 trpm germline specific CRISPR knockout reduces calcium wave
calcium signal without a discernible wave is observed in some of the oocytes, possibly
incidence.Figure 2.326 Ovary morphology of germline specific trpm knockout
because of incomplete removal of Trpm channels by RNAi. (Scale bars: 50 μm.) (E–
females.Figure 2.327 Disrupting trpm function reduces calcium wave incidence in vitro.
G) Quantification of calcium wave incidence in oocytes as in B–D: n = 16/18 for
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Figure 2.333 trpm germline specific CRISPR knockout reduces calcium wave incidence.
trpm are decreased by >90% in knockdown ovaries and mature oocytes. Both sets of
primers flank an exon-exon junction and will amplify a bigger band with genomic
Figure 2.334 Cell cycle resumption and vitelline membrane cross-linking occur normally
DNA as templates. This ensures that the bands we quantified were amplified from
in eggs and embryos from trpm germline knockout females.Figure 2.335 trpm germline
cDNA only. ***, p < 0.001.
specific CRISPR knockout reduces calcium wave incidence.Figure 2.336 Ovary
morphology of germline specific trpm knockout females.
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Figure 2.337 trpm germline specific CRISPR knockout reduces calcium wave
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Figure 2.6 Ovary morphology of germline-specific trpm knockout females.
(A) nos-Cas9 control females display normal ovary morphology (representative
Figure 2.402 trpm germline specific CRISPR knockout reduces calcium wave
picture of n = 25); (B) 34% of the early germline trpm knockout females (nos-Cas9;
incidence.Figure 2.403 Ovary morphology of germline specific trpm knockout
gRNA-trpm1) display ovary morphology defects (representative picture of n = 13/38, p
females.
= 0.003); (C) 96% of the early germline trpm knockout females (nos-Cas9; gRNAtrpm2) display ovary morphology defects (representative picture of n = 22/23, p =
Figure 2.404 trpm germline specific CRISPR knockout reduces calcium wave
2.18X10-8); (D) matα4-GAL4-VP16 > UAS-Cas9 control females display normal
incidence.
ovary morphology (representative picture of n=11); (E) Late germline trpm knockout
females (matα4-GAL4-VP16 > UAS- Cas9; gRNA-trpm1) display normal ovary
Figure 2.405 Cell cycle resumption and vitelline membrane cross-linking occur
morphology (representative picture of n=18). All scale bars = 500 μm.
normally in eggs and embryos from trpm germline knockout females.Figure
2.406 trpm germline specific CRISPR knockout reduces calcium wave
incidence.Figure 2.407 Ovary morphology of germline specific trpm knockout
females.

Figure 2.408 trpm germline specific CRISPR knockout reduces calcium wave
incidence.Figure 2.409 Ovary morphology of germline specific trpm knockout
females.
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Figure 2.410 trpm germline specific CRISPR knockout reduces calcium wave
incidence.
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Figure 2.7 trpm germline specific CRISPR knockout reduces calcium wave
incidence.
(A–C) Representative calcium waves, or lack thereof, in in vitro activation assays.
Stage 14 oocytes were dissected from: nos-Cas9; matα4-GAL4-VP16; UASpFigure 2.482 Cell cycle resumption and vitelline membrane cross-linking occur
GCaMP3 control (A); early germline trpm knockout (nos-Cas9; matα4-GAL4-VP16;
normally in eggs and embryos from trpm germline knockout females.Figure
UASp-GCaMP3/gRNA-trpm1) (B); late germline trpm knockout (matα4- GAL42.483 trpm germline specific CRISPR knockout reduces calcium wave incidence.
VP16/UAS-GCaMP6s; gRNA-trpm1/UAS-Cas9) (C ). (Scale bars: 50 μm.) (D and E )
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Figure 2.8 Cell cycle resumption and vitelline membrane cross-linking occur
normally in eggs and embryos from trpm germline knockout females.
(A) Representative pictures of anti-Tubulin and DAPI staining of 1- to 5-h embryo
laid by2.562
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Figure 2.570 Variation in basal calcium levels in mature oocytes without a
calcium wave.

Figure 2.571 Localization of Trpm before
57and after egg activation.Figure 2.572
Variation in basal calcium levels in mature oocytes without a calcium wave.

58

Figure 2.9 Variation in basal calcium levels in mature oocytes without a calcium
wave.
(A) Two mature oocytes dissected from the same 3 to 5-day old matα4-GAL4-VP16;
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Figure 2.644 Localization of Trpm before and after egg activation.

Figure 2.645 Calcium waves in kug mutant oocytes and regional calcium rise
induced by microneedles in wildtype oocytes.Figure 2.646 Localization of Trpm
before and after egg activation.Figure 2.647 Variation in basal calcium levels in
mature oocytes without a calcium wave.

Figure 2.648 Localization of Trpm before and after egg activation.Figure 2.649
Variation in basal calcium levels in mature oocytes without a calcium wave.

Figure 2.650 Localization of Trpm before and after egg activation.
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Figure 2.651 Calcium waves in kug mutant oocytes and regional calcium rise
induced by microneedles in wildtype oocytes.Figure 2.652 Localization of Trpm
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Table 2.1 Efficiency test of gRNA sets targeting trpm using “Cas9-LEThAL”
method.
act-Cas9, lig4- mutant females were crossed to males carrying U6:3-tRNA- gRNA1tRNA-gRNA2 plasmid with different sets of gRNAs (Poe et al., 2018). Number of
female and male progenies from the crossing were counted. Higher gRNA efficiency
results in higher male lethality.
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Efficiency test of gRNA sets targeting trpm using “Cas9-LEThAL” method
Number of female

Number of male

progenies

progenies

Set 1

65

6

0.092

Set 2

72

4

0.056

Set 3

68

0

0

gRNA-trpm

Male/female ratio
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CHAPTER 3

REGULATION OF CALCIUM WAVE INITIATION
DURING DROSOPHILA EGG ACTIVATION

3.1 Introduction
Egg activation releases mature oocytes from developmental arrest so that they
can proceed into embryogenesis (reviewed in Kashir et al., 2014; Krauchunas and
Wolfner, 2013). Most of this process is conserved in species studied to date. A
common feature of egg activation is a rise in levels of intracellular calcium, due to
influx of external calcium and/or release of internal calcium from stores (reviewed in
Swann and Lai, 2016). The trigger of this calcium rise varies across species, from
mechanical stimulation from the reproductive tract in arthropods, to the fertilizing
sperm in vertebrates, echinoderms and nematodes (reviewed in Horner and Wolfner,
2008a).
In Drosophila egg activation, environmental calcium enters the oocyte through
Transient receptor potential, family M (Trpm) channels in response to mechanical
triggers (Hu and Wolfner, 2019), such as pressure from the reproductive tract and/or
swelling of the oocyte due to fluid uptake from the oviducts (Heifetz et al., 2001).
Drosophila egg activation can be induced in vitro by incubating mature oocytes in
hypotonic buffer so that they swell (Horner and Wolfner, 2008b; Page and OrrWeaver, 1997). The calcium influx initiates a wave of calcium that propagates across
the oocyte and can be visualized with the fluorescent calcium sensor GCaMP
expressed in the germline (Kaneuchi et al., 2015; York-Andersen et al., 2015). The
propagation of this calcium wave requires calcium release from internal stores,
through the activation of the inositol 1,4,5-trisphosphate receptor (IP3R) (Kaneuchi et
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al., 2015). Both in vivo and in vitro, calcium waves initiate from one or both poles of
the Drosophila oocyte. In vivo, they initiate only from the posterior end 95% of the
time (Kaneuchi et al., 2015). The posterior end of the oocyte enters the oviduct first
and experiences the pressure from passing through the pedicel and swelling in the
oviduct first. In vitro, incubation in a hypotonic buffer results in swelling throughout
the oocyte, but calcium waves still initiate from the poles for the majority of the time
(Kaneuchi et al., 2015; York-Andersen et al., 2015). These observations raise the
question of how the oocyte poles are specially regulated to allow calcium wave
initiation. Since the calcium influx occurs through Trpm channels, we were curious to
know whether Trpm is found only at the poles of the oocytes, explaining its local
activation, or whether it is distributed evenly around the oocyte but only activated at
the poles.
Here, we show that Trpm is uniformly localized around the mature oocyte. We
then test and rule out two models for this activation at the poles: the ellipsoidal shape
of the oocyte and differential sensitivity to regional pressure around the oocyte. This
suggests that there is local special regulation of Trpm at oocyte poles to allow it to
open for calcium influx only there.

3.2 Materials and Methods
Fly strains and maintenance. All Drosophila strains and crosses were
maintained or performed on standard yeast-glucose-agar media at 25 °C on a 12/12
light/dark cycle. matα-GAL4-VP16 > UAS-GCaMP3, nos-GCaMP6m, matα-GAL4VP16 > UAS-Cas9, and matα-GAL4-VP16 > UAS-Cas9; trpm-gRNA1 transgenic line
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were as previously described (Hu and Wolfner, 2019; Kaneuchi et al., 2015). The
kugeleiN103-2 strain (Horne-Badovinac et al., 2012) was a gift from Dr. Sally HorneBadovinac at the University of Chicago. The kramer2 strain (Shami Shah et al., 2019)
was a gift from Dr. Jeremy Baskin at Cornell Unniversity. trpm MiMIC insertion
strain (Nagarkar-Jaiswal et al., 2015) (64467) was obtained from Bloomington
Drosophila Stock Center.
Microneedle manipulation. Microneedles were fabricated and manipulated as
previously described (York-Andersen et al., 2019). Indicated regions of wildtype
mature oocytes carrying matα-GAL4-VP16 > UAS-GCaMP3 transgene were pressed
with the microneedle until a calcium rise occurred as visible with GCaMP3 signal
increase. Propidium iodide was used as an indicator of plasma membrane integrity to
prevent false calcium signals due to plasma membrane damage. Oocyte calcium
dynamics were observed for 20 min.
Immunostaining. Mature oocytes from the indicated genotype were fixed and
stained following established protocols (Radford and McKim, 2016). Embryos or eggs
from Oregon-R-P2 (ORP2) wildtype females mated with either ORP2 males (for early
embryos) or with the spermless male offspring of tudor1 females (Mahowald and
Boswell, 1983) (for activated but unfertilized eggs) were collected from grape
juice/agar plates . Embryos and eggs were dechorionated in 50% sodium hypochlorite
(commercial Clorox bleach), fixed in methanol/heptane, and stored at 4°C until use.
Fixed embryos and eggs were washed with phosphate-buffered saline, 0.1% Tween
(PBST) 3 times for 5 minutes each and blocked with PBST containing 5% vol of
normal goat serum (PBST-NGS). Embryos were then incubated overnight at 4 °C in
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PBST-NGS containing primary antibody [rabbit anti-Trpm (Hofmann et al., 2010) (a
kind gift from Dr. Craig Montell at University of California, Santa Barbara) at a
dilution of 1:500, mouse anti-FLAG (MilliporeSigma) at 1:500, or rabbit antiphospho-ERK (Cell Signaling) at 1:250]. Embryos and eggs were then washed with
PBST 3 times for 5 minutes each and incubated at room temperature in PBST-NGS
containing the corresponding secondary antibody [AlexaFluor 594 anti-rabbit,
AlexaFluor 594 anti-mouse or AlexaFluor 488 anti-rabbit (Thermo Fisher)] for 4 h.
Samples were then washed with PBST 3 times and mounted on glass microscope
slides in anti-fade mounting buffer.
Imaging. Fixed and stained oocytes, embryos and eggs were imaged using a
Zeiss LSM880 Confocal Multiphoton Microscope with a 10X lens and Zen software.
The detection wavelength was set to 585-733 nm for AlexaFluor 594 signals and 493556 nm for AlexaFluor 488 signals. Mature oocytes were dissected from females of
indicated genotypes. They were activated in vitro as previously described. During in
vitro activation, oocytes were imaged using a Zeiss Elyra Super Resolution
Microscope with a 5X or 10X lens and Zen software. The detection wavelength was
set to 493-556 nm for GCaMP6m signal. Images were processed with ImageJ software
when needed.

3.3 Results
Trpm is evenly distributed around the periphery of mature oocytes
To examine the cellular distribution of Trpm, we used a validated anti-Trpm
antibody (Hofmann et al., 2010) to visualize the distribution of Trpm in mature
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oocytes, activated but unfertilized eggs and early embryos from Cas9 control and trpm
germline knockout mutants (Hu and Wolfner, 2019). In Cas9 control, Trpm channels
displayed an even distribution around the plasma membrane, with no concentration at
oocyte poles (Figure 3.1 A). Trpm channels appeared more diffuse around the plasma
membranes after in vivo egg activation and were not seen on the plasma membrane in
1-5 h early embryos (Figure 3.1 A). Samples from trpm germline knockout females
did not show significant staining under the same imaging settings (Figure 3.1 B). To
verify this distribution change, we used anti-FLAG to probe Trpm in trpm MiMIC
insertion lines that carry multi-tag insertion including FLAG in frame with the
endogenous trpm gene (Nagarkar-Jaiswal et al., 2015). We observed similar FLAG
distributions and pattern changes in mature oocytes and unfertilized eggs (Figure 3.1
C-D).
Taken together, our results suggested that Trpm is evenly distributed around
the plasma membrane of the mature oocytes and gets gradually de-localized from
plasma membrane after egg activation, coinciding with the timing of its function in
mediating the initial calcium influx at egg activation. The even distribution of Trpm
channels around mature oocytes rules out the possibility that calcium initiation site is
determined by specialized localization of Trpm channels mediating calcium influx.
Thus, Trpm channels must be under special regulation or encounter special conditions
at the poles to allow them to open only there in response to global mechanical triggers.
Oocyte shape does not determine calcium wave initiation site
The ellipsoidal shape of Drosophila oocyte could make its poles and waist
experience different levels of mechanical pressure when passing through the
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reproductive tract in vivo or swelling in hypotonic buffer [modified Robb’s buffer
(RB) (Hu and Wolfner, 2019)] in vitro. To determine if oocyte shape affects the site of
calcium wave initiation, we examined the calcium wave phenotype in oocyte from
kugelei (kug, Fat2) mutants. kugelei is required for the follicle cell migration around
the oocyte that shapes the oocyte. Its mutants fail to elongate egg chamber during
oogenesis, resulting in near-spherical oocytes (Horne-Badovinac et al., 2012;
Viktorinová et al., 2009). These oocytes would experience similar pressures at their
poles and waistline during swelling in vitro. We crossed into kugeleiN103-2 null mutants
the nos-GCaMP6m-attP40 transgene that expresses a fluorescent calcium sensor in the
germline and visualized the calcium waves in the spherical mature mutant oocytes in
in vitro egg activation. All calcium waves still initiated from the poles in spherical
oocytes (Figure 3.2 A), indicating that calcium wave initiation site is not determined
solely by oocyte shape.
Oocyte poles and waist display similar sensitivity to regional mechanical
pressure
We asked if oocyte poles and waist display similar sensitivity to mechanical
pressure. In our previous studies, we showed that a regional calcium rise can be
induced with a microneedle in mature oocytes incubated in hypertonic isolation buffer
(IB), which prevents oocytes from swelling and activation (York-Andersen et al.,
2019). This calcium rise stays regional without propagation. Here, we extended this
experiment by applying microneedle pressure at the anterior end, waist and posterior
end of mature oocytes respectively. We observed that regardless of the pressing site, a
regional calcium rise can always be induced (Figure 3.2 B-D), but it did not spread
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into a wave. This suggested that the oocyte poles and waist display similar responses
to regional pressure. When exposed to global pressure such as that from swelling in
RB, oocytes are likely to use other mechanisms to regulate calcium rises to cause
calcium waves to initiate only from the poles.

3.4 Discussion
Egg activation is a conserved process that is needed to initiate embryogenesis.
It is accompanied by a rise in the egg’s level of free intracellular calcium, in most
species. Trpm channels mediate the influx of environmental calcium to initiate a
calcium rise that nucleates into a wave as the Drosophila oocyte activates;
homologous channels also induce calcium rises in activating mouse eggs. The
Drosophila calcium wave initiates from the oocyte poles, primarily the posterior pole.
It was unknown whether this local calcium wave initiation reflected the localization of
Trpm channels at the poles, or local activation of otherwise uniformly distributed
Trpm channels. Here, we showed that Trpm channels are uniformly distributed around
the periphery of the mature oocyte, indicating that the second model is correct.
The uniform localization of Trpm channels around the Drosophila oocyte
periphery raises the question of how these channels are only activated at the poles.
Previous data showed that mechanical force external to, or by swelling of, the oocyte
caused the Trpm-mediated calcium influx. Yet, the fluid nature of cytoplasm
determines that different regions of the plasma membrane should experience
equivalent pressure around the oocyte when it swells in response to the activation
trigger, regardless of its shape. Consistent with this model, our observation that the
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wave initiates at the poles of kug mutant oocytes, where the curvature is significantly
smaller, argues against a model that the curvature of the oocyte regulates the
likelihood of Trpm channel activation, at least in a form that can initiate a calcium
wave. Our data also argue against a model that localized pressure alone (such as that
exerted by a microneedle) is sufficient to activate mechanosensitive channels in a way
that can nucleate a calcium wave. In an ideal situation, a cell containing fluid
cytoplasm would adopt a spherical shape to minimize its surface tension. The ellipsoid
shape of mature oocytes indicates that there must be structural differences between the
poles and the waist (e.g. cytoskeletal network, membrane proteins or lipid
composition) that hold the otherwise spherical cell in an elongated shape. Therefore, it
is possible that structural molecules or molecular differences at the oocyte poles
and/or their plasma membrane cause local activation of Trpm channels.
In Drosophila early embryos, developmental studies provide precedent for
molecular differences between the oocyte poles and the rest of the oocyte. For
example, some molecules that specify the terminal region of embryos are polelocalized, such as Fork head (fkh) (Weigel et al., 1989). Some other molecules are
non-localized but are locally activated at the poles, such as Torso (tor) (Brönner and
Jäckle, 1991), after egg activation and fertilization. Our data indicate that nonlocalized Trpm is locally activated at oocyte poles during egg activation, raising the
possibility that terminal pattern formation might also be initiated prior to the start of
embryogenesis.
In light of this hypothesis, we tested two possibilities: Kramer (kmr) and
mitogen-activated protein kinase (MAPK). According to the BioGRID protein
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interaction database (Stark et al., 2006), Trpm has a potential physical interaction with
Kramer, a regulator of the Wnt signaling pathway (Shami Shah et al., 2019). We
visualized Trpm localization in kmr null background and observed that Trpm is still
evenly distributed around the kmr null oocytes (Figure 3.3 A). We also visualized
calcium waves in kmr null oocytes and observed that calcium waves still initiate
primarily from the poles of these oocytes. Thus, Kmr is unlikely to regulate Trpm
localization or calcium wave initiation. The MAPK pathway can also activate in
response to mechanical cues (Komuro et al., 1996) and its activity changes during
Drosophila egg activation (Sackton et al., 2014). We examined the localization of the
active form of ERK, phospho-ERK, in mature oocytes and activated eggs from ORP2
wildtype females and observed that phospho-ERK was also evenly distributed in
wildtype mature oocytes and eggs (Figure 3.3 B-C). This suggests that MAPK
pathway does not regulate Trpm activity via polarized distribution of active ERK in
the oocyte.
The mammalian ortholog of Drosophila Trpm, TRPM7, is also involved in
calcium influx during egg activation (Bernhardt et al., 2018). TRPM7 displays
mechanosensitivity (Liu et al., 2015; Xiao et al., 2014) and can interact with
cytoskeleton through non-muscle myosin II (Clark et al., 2006). Actin may be
involved in the structural determination of the ellipsoid oocyte. We recently reported
that the cortical actin is less concentrated at the posterior end of Drosophila mature
oocytes and it is possible that lack of actin rigidity allows opening of calcium channels
(York-Andersen et al., 2019). Given these observations, we believe a more likely
candidate for local activation of Trpm at oocyte poles is the actin cytoskeleton. Future
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studies are needed to determine how ubiquitously localized mechanically gated
channels can be activated only in certain parts of a large cell like Drosophila oocyte.
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Figure 3.1 Localization of Trpm before and after egg activation.
(A-B) Representative images of anti-Trpm staining of mature oocytes (n=16 for Ctrl,
Figure 3.2 Calcium waves in kug mutant oocytes and regional calcium rise
n=15 for trpm KO), unfertilized eggs (n=10 for Ctrl, n=10 for trpm KO) and 1-5 h
induced by microneedles in wildtype oocytes.Figure 3.3 Localization of Trpm
early embryos (n=13 for Ctrl, n=9 for trpm KO) from (A) matα-GAL4-VP16 > UASbefore and after egg activation.
Cas9 control females and (B) matα-GAL4-VP16 > UAS-Cas9; trpm-gRNA1 trpm
germline knockout females (trpm KO). (C-D) Representative images of anti-FLAG
Figure 3.4 Calcium waves in kug mutant oocytes and regional calcium rise
staining of mature oocytes (n=9 for trpm MiMIC, n=8 for WT) and unfertilized eggs
induced by microneedles in wildtype oocytes.
(n=11 for trpm MiMIC, n=7 for WT) from trpm MiMIC insertion females and ORP2
wildtype females. Scale bars = 100 μM.
Figure 3.5 Localization of Trpm in kmr mutant oocytes and localization of pERK
before and after egg activation.Figure 3.6 Calcium waves in kug mutant oocytes
and regional calcium rise induced by microneedles in wildtype oocytes.Figure 3.7
Localization of Trpm before and after egg activation.

Figure 3.8 Calcium waves in kug mutant oocytes and regional calcium rise
induced by microneedles in wildtype oocytes.Figure 3.9 Localization of Trpm
before and after egg activation.

Figure 3.10 Calcium waves in kug mutant oocytes and regional calcium rise
induced by microneedles in wildtype oocytes.
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Figure 3.11 Localization of Trpm in kmr mutant oocytes and localization of
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Figure 3.2 Calcium waves in kug mutant oocytes and regional calcium rise
induced by microneedles in wildtype oocytes.
(A) Representative images showing calcium waves propagating from the ends of kug
mutant 3.82
near-spherical
shaped
matureinoocytes
(n=15).oocytes
All scale
bars
= 100 μm.of(B-D)
Figure
Localization
of Trpm
kmr mutant
and
localization
Representative
images
showing
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that do not
propagate
pERK
before and
after
egg activation.Figure
waves
in kuginto
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pressing
at (B)
(n=7), (C)
waist (n=4),
and (D)
oocytes
and regional
calcium rise
induced
byanterior
microneedles
in wildtype
oocytes.
posterior (n=4) regions of wildtype mature oocytes.
Figure 3.84 Localization of Trpm in kmr mutant oocytes and localization of
pERK before and after egg activation.

Figure 3.85 plc21C, but not norpA or sl, is necessary but not sufficient for
calcium wave incidence in vitro.Figure 3.86 Localization of Trpm in kmr mutant
oocytes and localization of pERK before and after egg activation.Figure 3.87
Calcium waves in kug mutant oocytes and regional calcium rise induced by
microneedles in wildtype oocytes.

Figure 3.88 Localization of Trpm in kmr mutant oocytes and localization of
pERK before and after egg activation.Figure 3.89 Calcium waves in kug mutant
oocytes and regional calcium rise induced by microneedles in wildtype oocytes.
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Figure 3.90 Localization of Trpm in kmr mutant oocytes and localization of
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Figure 3.3 Localization of Trpm in kmr mutant oocytes and localization of pERK
before and after egg activation.
(A) Representative images of anti-Trpm staining in mature oocytes from kmr2 (n=13)
Figure 3.162 plc21C, but not norpA or sl, is necessary but not sufficient for
females. (B-C) Representative images of anti-pERK staining in (C) mature oocytes
calcium wave incidence in vitro.Figure 3.163 Localization of Trpm in kmr mutant
(n=12) and (D) unfertilized eggs (n=10) of ORP2 wildtype females. All scale bars =
oocytes and localization of pERK before and after egg activation.
100 μm.
Figure 3.164 plc21C, but not norpA or sl, is necessary but not sufficient for
calcium wave incidence in vitro.

Figure 3.165 Actin is reorganized at egg activation.Figure 3.166 plc21C, but not
norpA or sl, is necessary but not sufficient for calcium wave incidence in
vitro.Figure 3.167 Localization of Trpm in kmr mutant oocytes and localization of
pERK before and after egg activation.

Figure 3.168 plc21C, but not norpA or sl, is necessary but not sufficient for
calcium wave incidence in vitro.Figure 3.169 Localization of Trpm in kmr mutant
oocytes and localization of pERK before77
and after egg activation.
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CHAPTER 4
DROSOPHILA PLC21C IS INVOLVED IN CALCIUM
WAVE PROPAGATION DURING EGG ACTIVATION2
4.1 Introduction
Mature oocytes arrest in meiosis by the end of oogenesis and need to be
activated in order to proceed to embryonic development. This egg activation process
encompasses a series of events that transition the oocyte to a developing embryo,
including meiosis resumption, maternal protein translation/modification, maternal
mRNA processing, and cytoskeleton and eggshell changes (reviewed in Avilés-Pagán
and Orr-Weaver, 2018; Horner and Wolfner, 2008a; Kashir et al., 2014; Krauchunas
and Wolfner, 2013). The triggers of egg activation vary across species, from
mechanical pressure in arthropods to the fertilizing sperm in nematodes, echinoderms
and vertebrates (reviewed in Horner and Wolfner, 2008a). Despite differences in
trigger, a rise of intracellular calcium levels preceding downstream events is found in
most species studied to date (reviewed in Swann and Lai, 2016). In Drosophila egg
activation, the intracellular calcium rise is triggered by mechanical cues, which can be
pressure exerted by the oviduct or from oocyte swelling in vivo (Heifetz et al., 2001)
or in vitro due to osmotic pressure from a hypotonic buffer (Horner and Wolfner,
2008b; Page and Orr-Weaver, 1997). This calcium rise takes the form of a transient
calcium wave starting from the pole(s) and traversing the oocyte (Kaneuchi et al.,
2015; York-Andersen et al., 2015). This calcium wave is initiated by influx of

2
Published and reprinted with permission: Hu, Q.; Vélez-Avilés, A.N. and Wolfner, M.F.
(2020). Drosophila Plc21C is involved in calcium wave propagation during egg activation.
microPublication Biology. 10.17912/micropub.biology.000235
I contributed to designing and performing experiments, and data analysis.
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environmental calcium through Trpm channels in response to the mechanical trigger
(Hu and Wolfner, 2019). Further propagation of the calcium wave requires release of
internal calcium from stores through the inositol 1,4,5-trisphosphate (IP3) receptor
(IP3R) calcium channel (Kaneuchi et al., 2015). It remains unclear how the initiation
of calcium waves triggers the activation of IP3R during this process.
Phospholipase Cs (PLCs) are membrane-associated enzymes that mediate the
cleavage of phospholipids, specifically the cleavage of phosphatidylinositol 4,5bisphosphate (PIP2) to produce diacylglycerol (DAG) and IP3. This reaction is
involved in multiple signal transduction pathways (reviewed in Kadamur and Ross,
2013). In mammalian egg activation, a sperm-delivered PLC (PLCζ) is responsible for
activating IP3R to start the initial calcium rise (Saunders et al., 2002).
Because the propagation of calcium waves in Drosophila egg activation also
requires IP3R, we hypothesized that this is also mediated by PLC and the IP3 pathway.
The Drosophila genome encodes three PLCs: No receptor potential A (norpA), Small
wing (sl) and Phospholipase C at 21C (plc21C). According to the RNAseq database,
all three are expressed in Drosophila ovaries (Leader et al., 2017). It is possible that
one or more of the three PLCs is involved in transducing the initial calcium influx
signal to the IP3 pathway to allow the calcium wave to propagate. Some PLCs can
directly bind to Ca2+ and get activated in response to calcium signals (reviewed in
Katan, 1998). All three Drosophila PLCs contain EF hand domains, which can
potentially bind Ca2+ and directly transduce the ionic signal to downstream pathways
(Lewit-Bentley and Réty, 2000).
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4.2 Materials and Methods
Fly strains and maintenance. All Drosophila strains and crosses were
maintained or performed on standard yeast-glucose-agar media at 25C° on a 12/12
light/dark cycle. The nos-Cas9; matα-GAL4-VP16; UAS-GCaMP3 transgenic line was
made by crossing yw, nos-Cas9 into a previously described matα-GAL4-VP16; UASGCaMP3 transgenic line (Kaneuchi et al., 2015). The nos-GCamP3 and nosGCaMP6m transgenic lines were as previously described (Hu and Wolfner, 2019;
Kaneuchi et al., 2015). norpA36 (9048) and yw, nos-Cas9 (54591) fly lines were
obtained from the Bloomington Drosophila Stock Center.
DNA constructs and transgenic flies. Calcium waves were visualized by
expressing GCaMP calcium sensors in the female germline using matα4-GAL4-VP16;
UASp-GCaMP3 or nos-GCaMP6m as previously described (Hu and Wolfner, 2019;
Kaneuchi et al., 2015). To generate CRISPR/Cas9 knockouts of plc21C and sl, we
followed the previously described germline specific CRISPR/Cas9 genome editing
protocol (Hu and Wolfner, 2019; Poe et al., 2018). The offspring of the germline
knockout females were isolated and sequenced to establish stable lines
of plc21C and sl null mutants. The following gRNA target sequences were used:
gRNA-plc21C: CTACATCTCCACCGCCAGCG;
CTTCTGGAACGGACGCACCG
gRNA-sl: ACCATTGGTATGCTGGAGCG; CTCCAGTGAATCCTCCTGCG
These gRNA expression constructs were injected by Rainbow Transgenic
Flies, Inc. into yw, nos-phiC31; PBac{attP-9A} embryos. Flies carrying correct
insertions were isolated to establish gRNA expression transgenic lines. To generate
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whole fly knockout strains for plc21C and sl, we crossed germline knockout females
to males carrying balancer chromosomes. The F1 progeny were single-pair mated with
balancer flies. Once the crosses began producing offspring the parent containing a
putative PLC mutation was individually genotyped with PCR. Primers flanking the
gRNA targeting sites were used in PCR to detect deletions. Primer sequences are as
follows: plc21C-F: TCGGATACCAACCAGGACTATG, plc21C-R:
TATCTCGGGCACGAACGTATAG; sl-F:
CGGATGAGAACTGGATTCGATAG, sl-R: GTGCAGTATGACAAAGCACTTG.
The F2 progeny of crosses from the confirmed-mutant F1s were brother-sister mated
to establish stable mutant lines. plc21C1 carries a ~19kb deletion from exon 1 to exon
8, covering the majority the gene. sl12 carries a 44 bp deletion in exon 1 that leads to a
frameshift and premature stop codon.
In vitro egg activation assay and imaging. Oocytes were dissected from the
indicated female flies fattened on yeast and were induced to activate in vitro following
methods as previously described (Hu and Wolfner, 2019; Kaneuchi et al., 2015).
Before imaging, oocytes were placed in a drop of Isolation Buffer (IB) (Page and OrrWeaver, 1997) in a glass-bottomed Petri dish. IB was then replaced by modified
Robb’s buffer (RB) (Hu and Wolfner, 2019) to induce egg activation at the start of
imaging. Time-lapse images were taken at every 1s for 20 min after the addition of
RB, using Zeiss Elyra Super Resolution Microscope with a 10X lens and Zen
software. The detection wavelength was set to 493-556 nm, for the GCaMP signal.
Statistics. Pearson’s χ2 test was used to compare the incidence of calcium
waves. Student’s t test was used to compare the propagation speeds of the calcium
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waves.

4.3 Results and Discussion
To determine the role of phospholipase C (PLC) in calcium wave propagation
during Drosophila egg activation, we screened each of the PLCs. We started by
examining the role of Plc21C. We examined the calcium wave phenotype in oocytes
from germline-specific CRISPR/Cas9 plc21C knockout females. These females were
offspring from nos-Cas9; matα-GAL4-VP16; UAS-GCaMP3 crossed to gRNAplc21C (see Methods). We observed a significant decrease in calcium wave incidence
in oocytes from plc21C germline knockout females compared to controls (Fig.1A). To
confirm these results, we isolated a null allele of plc21C (plc21C1) from the offspring
of the germline-knockout females (see Methods). This mutation is homozygous viable.
We crossed it into the nos-GCaMP6m transgenic background (Hu and Wolfner, 2019)
to allow us to visualize calcium dynamics in the germline of plc21C1 females. We
examined oocytes dissected from plc21C1 homozygous females during in vitro egg
activation and again found a significant decrease in calcium wave incidence compared
to heterozygous controls (Fig.1A and C). In the few homozygous plc21C1 oocytes that
did show calcium waves, we did not observe a significant difference in calcium wave
propagation speed compared to controls (Fig.1B). Taken together, our data show that
calcium waves during Drosophila egg activation require Plc21C.
Since there were still calcium waves in a minority of plc21C1 mutant oocytes,
we suspected that Plc21C might function redundantly with other molecule(s). We thus
examined the role of the two other PLCs encoded by the Drosophila genome, NorpA
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and Sl. norpA has an available, viable, null allele norpA36 (Riesgo-Escovar et al.,
1995). We crossed it into it the nos-GCaMP3-attP2 transgenic background
(Kaneuchi et al., 2015) to visualize calcium dynamics in the germline. We isolated
mature oocytes from norpA36; nos-GCaMP3-attP2 females and imaged them during in
vitro egg activation. We observed that calcium wave incidence and propagation speed
did not differ between the oocytes of homozygous norpA36 mutants and heterozygous
controls (Fig.1A-B). Next, we examined calcium waves in sl germline knockout
oocytes during in vitro activation. Mutant oocytes did not differ from control oocytes
in calcium wave incidence or propagation speed (Fig.1A-B). We also isolated a null
allele of sl (sl12) from the offspring of sl germline-knockout females (see Methods) and
attempted to visualize calcium waves in oocytes from sl12 females.
However, sl12 appeared to have combinatorial lethality with the nosGCaMP6m transgene, as we were unable to isolate homozygous sl12; nosGCaMP6m flies. The fluorescence signal strength of heterozygous nosGCaMP6m was too low for us to visualize calcium waves. Although oocytes from
germline specific sl knockout females displayed normal calcium wave incidence and
propagation speed, it is possible that this knockout did not efficiently cause biallelic
null mutations in most oocytes to reveal the function of Sl. Thus, we were unable to
determine a requirement of sl for calcium wave propagation.
The presence of calcium waves in a minority of plc21C null oocytes suggests
that Plc21C functions redundantly with other PLCs such as Sl or with other calcium
signal relaying mechanisms to facilitate calcium wave propagation. These redundant
mechanisms require further investigation. It also remains to be elucidated how Plc21C
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is activated by the initial calcium influx, whether through direct binding of Ca2+ to
Plc21C or through other signal relaying molecules. Finally, we note that lack of
Plc21C activity did not lead to the presence of initiated but only partially-propagated
calcium waves, as was seen for IP3R knockdowns (Kaneuchi et al., 2015). The
complete absence of calcium waves seen in most plc21C null oocytes suggests that
Plc21C activity is needed at the earliest stages of (or to initiate) wave propagation in
response to the Trpm-mediated calcium influx.
In wing imaginal discs, Plc21C is required for the intercellular calcium waves
that regulate wing development via the IP3 pathway (Brodskiy et al., 2019). Thus,
Plc21C and the IP3 pathway mediate both intracellular calcium waves during egg
activation and intercellular calcium waves during tissue development.
This study identified the connection between calcium wave initiation and
propagation during Drosophila egg activation. Based on this and our previous studies
(Hu and Wolfner, 2019; Kaneuchi et al., 2015), we propose the following model for
the mechanism of the calcium wave during Drosophila egg activation: mechanical
pressure activates Trpm channels located on the plasma membrane of mature oocytes,
allowing influx of external calcium. These Ca2+ ions then directly or indirectly activate
Plc21C (and possibly other signal-relaying molecules), which catalyzes the reaction
producing IP3. IP3 then binds to and activates its receptor to release calcium from
internal stores, facilitating propagation of the calcium wave (Fig.1D). Our
demonstration of the use of PLC to relay egg activation triggering signals to
intracellular calcium rises reveals an important conservation in egg activation
mechanisms between Drosophila and mammals.
85

86

Figure 4.1 plc21C, but not norpA or sl, is necessary but not sufficient for calcium
wave incidence in vitro.
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4.2females
Actin is(nos-Cas9;
reorganized
at egg activation.Figure
4.3plc21C
plc21C,
butmutant
not
1 null
knockout
gRNA-plc21C,
n=16, p=0.007);
norpA
sl, is necessary
not36 sufficient
forfemales
calcium
wavep=1);
incidence
in vitro.
femalesor
(n=35,
p=0.0018);but
norpA
null mutant
(n=18,
sl germline
knockout mutant (nos-Cas9; gRNA-sl, n=16, p=0.93) compared with controls (nosFigure 4.4 Actin is reorganized
at egg activation.
Cas9, n=21; plc21C1/+, n=22; norpA36/+, n=15; nos-Cas9, n=21, respectively)
during in vitro egg activation. (B) The propagation speed of calcium waves in (left to
Figure 4.5 Actin is reorganized at egg activation and in the early embryo.Figure
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compared with their controls (plc21C1/+, 1.62±0.62 μm/s, n=9; norpA36/+, 1.85±0.39
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Figure 4.13 Actin is reorganized at egg activation and in the early embryo.

Figure 4.14 A dynamic actin cytoskeleton is required for a calcium wave at egg
activation.Figure 4.15 Actin is reorganized at egg activation and in the early
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embryo.Figure 4.16 Actin is reorganized at egg activation.
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CHAPTER 5
A CALCIUM-MEDIATED ACTIN REDISTRIBUTION AT
EGG ACTIVATION IN DROSOPHILA3
5.1 Introduction
Production of female gametes is an important part of the faithful passage of
genetic information from parents to offspring. Upon completion of oogenesis, mature
oocytes remain developmentally arrested. They are triggered to resume development
by egg activation, a series of conserved processes that include completion of meiosis to
generate a haploid female pronucleus, structural changes in the extracellular matrix of
the oocyte, translation and degradation of maternal messenger RNAs (mRNAs),
rearrangement of the cytoskeleton, and modification of proteins (Horner and Wolfner,
2008a; Kaneuchi et al., 2015; Kashir et al., 2014; Krauchunas and Wolfner, 2013;
Miao and Williams, 2012; Swann and Lai, 2016). All of these events are preceded by
a transient rise in the intracellular level of free calcium (Bernhardt et al., 2018;
Kaneuchi et al., 2015; Kubota et al., 1987; Miao and Williams, 2012; York-Andersen
et al., 2015). This calcium rise, which can result from influx of extracellular calcium
and/or the release of calcium from internal stores, leads to dramatic changes in the
mature oocyte that prepare it for further development. Many of these changes require
the activity of calcium‐dependent kinases and phosphatases (Horner et al., 2006;
Mochida and Hunt, 2007; Takeo et al., 2006, 2010), which alter the phospho-proteome
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of the egg (Guo et al., 2015; Krauchunas et al., 2012; Presler et al., 2017; Roux et al.,
2008; Zhang et al., 2018a, reviewed in Krauchunas and Wolfner, 2013).
The trigger that initiates egg activation varies across species. In vertebrates and
some invertebrates, egg activation requires sperm entry. Significantly, in other
invertebrates, egg activation is independent of fertilization and can be initiated by
changes in the ionic environment, variation in external pH, or mechanical pressure
(reviewed in Horner and Wolfner, 2008a).
In Drosophila melanogaster, egg activation is triggered by mechanical pressure
during ovulation and does not require sperm (Heifetz et al., 2001; Horner and Wolfner,
2008b). When a mature oocyte is ovulated and moves from the ovary to the lateral
oviduct, it is thought to experience pressure and fluid uptake. This results in its
swelling and a transient wave of increased cytoplasmic calcium that initiates from
oocyte poles, predominantly the posterior, due to calcium influx through Trpm
channels (Horner and Wolfner, 2008b; Hu and Wolfner, 2019; Kaneuchi et al., 2015).
This calcium influx and wave can be recapitulated ex vivo by submerging dissected
mature oocytes in certain hypotonic buffers (Kaneuchi et al., 2015; York-Andersen et
al., 2015). This experimental approach has shown that initiation of the calcium wave
requires a functional actin cytoskeleton, as the presence of the actin polymerization
inhibitor cytochalasin D results in a loss of the full calcium wave in the majority of
oocytes (York-Andersen et al., 2015).
Changes in the actin cytoskeleton have previously been observed at
fertilization and egg activation in multiple systems. In sea urchins, actin polymerizes
around the sperm binding site to form a fertilization cone and facilitates the sperm‐egg
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fusion that initiates egg activation events (Tilney, 1980). In mouse oocytes, actin is
required for TRPV3‐mediated calcium influx during parthenogenetic egg activation
with strontium chloride, as the actin polymerization inhibitor latrunculin A blocks the
calcium rise through TRPV3 activation (Lee et al., 2016). Furthermore, starfish eggs
treated with ionomycin to raise the intracellular level of calcium show a perturbed
actin cytoskeleton and fail to display the centripetal movement of filamentous actin
(F‐actin) (Vasilev et al., 2012). Together, these data highlight potential regulatory
interactions between the actin cytoskeleton and calcium at egg activation. However, a
clear mechanistic understanding and detailed characterization of the interplay between
calcium and actin at egg activation is lacking.
Here we use live imaging, pharmacological disruption, mechanical
manipulation, and genetics to determine the relationship between calcium and actin at
egg activation in Drosophila. We show that actin has a broad distribution, filling in
ridges that cover the cortex of the mature oocyte. Upon egg activation, we report
dispersal of the actin cytoskeleton concurrent with rounding of the cortex as the egg
swells. The change in the actin cytoskeleton is required for the calcium wave. The
calcium wave, in turn, is required for the reorganization of the actin cytoskeleton,
which also proceeds in a wavelike manner. Moreover, we found that cortical actin is
dynamic before and after egg activation as well. Regional pressure on mature oocytes
can induce a local calcium rise with no increase of the local actin signal. Together, our
data suggest that increased cytoplasmic calcium is necessary for actin reorganization.
The co‐dependence of the calcium wave and actin reorganization enables the mature
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oocyte to undergo the dramatic physiological and molecular changes required for the
initiation of further development. Since our model links calcium, a ubiquitous
secondary messenger, to actin, a key cytoskeletal component, we expect that the
interactions established in this study will be conserved in other species.

5.2 Materials and Methods
Fly stocks and reagents. The following fly stocks were used: matα4-GALVP16>UASp-GCaMP3 [as previously described in (Kaneuchi et al., 2015)]; UASLifeact::mCherry (a gift from from Palacios Lab, QMUL); UAS-Spire B.tdTomato (a
gift from the Quinlan Lab, UCLA); UASp-F-Tractin.tdTomato (RRID:BDSC_58988,
58989); UASp-Act5C-GFP (RRID:BDSC_7309); UAS-SCAR.RNAi
(RRID:BDSC_36121). All UAS constructs were driven with matα4-GAL-VP16
(RRID:BDSC_7062, 7063).
Fly stocks were raised on either standard cornmeal–agar medium or yeastglucose agar medium at 21°C or 25°C, mainly on a 12-light/dark cycle. Before
dissection of the mature oocytes, female flies were fattened on yeast for 48–72 hr at
25°C. BAPTA (Sigma-Aldrich) was used at 10 mM, cytochalasin D (Sigma-Aldrich)
at 10 µg/ml, Phalloidin (Sigma-Aldrich) at 3.3 nM, latrunculin A (Sigma-Aldrich) at
10 µg/ml, 2-APB (Sigma-Aldrich) at 200 µM, and RFP/mCherry booster (Atto 594) at
1:200 (ChromoTek).
Oocyte and embryo collection. Mature oocytes were dissected from the
ovaries from fattened flies using a probe and fine forceps as described previously
(Kaneuchi et al., 2015; York-Andersen et al., 2015). Embryos were collected for 30
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min on apple or grape juice agar plates with yeast and then dechorionated in 50%
bleach.
Ex vivo egg activation assay. Oocytes were activated with different, but
equivalent preparation methods: Dissected oocytes were placed in series 95
halocarbon oil (KMZ Chemicals) on 22 × 40 coverslips, aligned parallel to each other
to maximize the acquisition area for imaging and left to settle for 10–15 min before
addition of AB and imaging (Derrick et al., 2016); AB contains 3.3 mM NaH2PO4,
16.6 mM KH2PO4, 10 mM NaCl, 50 mM KCl, 5% polyethylene glycol 8000, 2 mM
CaCl2, brought to pH 6.4 with a 1:5 ratio of NaOH:KOH (Mahowald et al., 1983).
Oocytes were dissected in IB (Page and Orr-Weaver, 1997) in a glass-bottomed Petri
dish and activated by replacing IB with modified RB. IB contains 55 mM NaOAc, 40
mM KOAc, 1.2 mM MgCl2, 1 mM CaCl2, 110 mM sucrose, 100 mM HEPES in
ddH2O. IB is adjusted to pH 7.4 with NaOH and filter sterilized. RB contains 55 mM
NaOAc, 8 mM KOAc, 20 mM sucrose, 0.5 mM MgCl2, 2 mM CaCl2, 20 mM HEPES
in ddH2O. RB was adjusted to pH 6.4 with NaOH and filter sterilized (Hu and
Wolfner, 2019).
For the high-resolution 3D live imaging oocytes were mounted in a glassbottomed culture dish (MatTek) in Schneider’s insect culture medium (GIBCO-BRL)
with a 1 mm2 coverslip on the oocyte. For activation, Schneider’s medium was
removed and replaced with AB (Weil et al., 2008).
Imaging. Mature oocytes were imaged using a Zeiss LSM880 confocal
microscope with Zen software under 10 × 0.45 NA water immersion objective with a
detection wavelength of 493–556 nm for GCaMP signal, and 566–691 nm for F-tractin
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signal. Z-stacks were taken from the shallowest to deepest visible plane of the oocyte.
Z-stacks and time series of images taken were 3D reconstructed in Imaris software for
final output. Image processing and analysis were performed using ImageJ (Schindelin
et al., 2012).
Alternatively, images were acquired with an inverted Leica SP5 confocal
microscope, under 20 × 0.7NA immersion objective with acquisition parameters of
500–570 nm, 400 Hz. Similar settings were used for the F-tractin cytoskeleton, with
acquiring parameters of 570–700 nm. The Z-stacks were taken from the shallowest
visible plane of the oocyte and were acquired at 2 μm per frame 40-μm deep. The Zstacks were presented as maximum projections of 40 μm, unless stated otherwise.
High-resolution 3D images of the cortex were collected using an Olympus
FV3000 confocal microscope with Schneider’s mounting and activation preparation.
Parameters for image collection were: 60x silicon immersion objective, 60 μm Zstack, 0.34 μm between each Z-slice, 2,048 × 2,048 resolution of varying ROIs at the
cortex, approximately 8–10 min per complete acquisition. The display has an initial
angle of 0°, total rotation of 150° and a rotation angle increment of 1°. Image
processing and analysis were performed using ImageJ and displayed as a maximum Zprojection or 3D projections.
FRAP was carried out on the cortex of the mature oocyte using a UV laser on
the Olympus FV3000 microscope for 15 s. The fluorescence recovery was recorded
using Olympus FV3000 for 20 min. Samples were imaged under a 30 × 1.05NA
silicon immersion objective. Despite technical challenges due to swelling of activated
eggs, we were able to visualize the bleached region clearly for approximately 100 s
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after photobleaching. A partial calcium wave is defined as one that initiates but fails to
completely traverse the entire oocyte; A full (or complete) calcium wave is defined as
one that is able to traverse the entire oocyte.
Microneedle manipulation. Microneedles were fabricated from borosilicate
glass rods (Catalog no. BR-100-15; Sutter Instrument), in a Sutter model P97
flaming/brown micropipette puller, with the following program: heat = 490, pull = 0,
velocity = 25, time = 250. Mature oocytes of the indicated genotype were incubated in
a glass-bottom Petri dish in 100 µl of IB that contained PI (Molecular probes) at a
final concentration of 1 µg/ml as an indicator of PM integrity. Since the PM is not
permeable to PI, PI staining at the microneedle pressing site would suggest damage to
the PM and false calcium signal by calcium in IB entering through PM breach. To
manipulate the oocyte, the microneedle was attached to and manipulated with an
Eppendorf Injectman NI 2 micromanipulator. The indicated regions of mature oocytes
were pressed with the microneedle until a calcium rise occurred as visible with
GCaMP. Oocyte calcium and actin dynamics were observed for 20 min.

5.3 Results
Actin reorganizes and is more dynamic during Drosophila egg activation
Throughout Drosophila oogenesis, actin plays a role in tissue morphogenesis,
signaling cascades, localization of mRNAs, and maintaining the integrity of the cortex
(Spracklen et al., 2014a; Wang and Riechmann, 2007; Weil et al., 2008). To establish
the distribution of the actin cytoskeleton before egg activation in the mature oocyte,
we used the actin indicator F‐tractin. Generated from the rat actin‐binding inositol
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1,4,5‐trisphosphate 3‐kinase A, F‐tractin has been shown to closely correlate with
Phalloidin staining and is suggested to be the least invasive actin probe in Drosophila
follicle development (Schell et al., 2001; Spracklen et al., 2014b). To observe the
dynamics of the actin cytoskeleton at live egg activation, we took advantage of an
established ex vivo egg activation protocol (Weil et al., 2008) which enabled us to
collect high‐resolution three‐dimensional (3D) images at different time points. This
showed that before egg activation, actin is finely distributed around well‐defined
ridges in the dehydrated mature oocyte (Figure 3.1 a–a″). Following egg activation ex
vivo, actin initially dispersed and was then reorganized into larger, more widely
distributed foci (Figure 3.1 b–c″). We observed the same reorganization of actin in
the in vivo‐activated egg (Figure 3.1 d–d″) and in the early embryo (Figure 3.2).
To test the dynamics of actin before and after egg activation, we performed
fluorescence recovery after photobleaching (FRAP) on mature oocytes expressing
GFP‐moesin, which is comprised of the C‐terminal actin‐binding domain of moesin, a
transmembrane protein, and member of the ERM family, labeling only actin at the
cortex (Edwards et al., 1997). By measuring the mean fluorescence intensity, we
observed a more rapid recovery of GFP‐moesin after photobleaching in activated
versus mature eggs. Pre‐activation, GFP‐moesin has recovery halftime of 45 s,
compared with post‐activation, where the recovery halftime is 14 s (n = 5; Figure 3.3
a, b). We have also tested the recovery of the actin marker Act5C‐GFP (Weil et al.,
2006), and find similar FRAP recovery times before and after egg activation [41 vs. 20
, respectively (n = 5; Figure 3.4)]. The difference in GFP‐moesin (and Act5C‐GFP)
recovery before and after egg activation suggests an increased turnover of cortical
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actin and/or stabilization of F‐actin, either of which could result in increased
recruitment of actin markers.
Dynamic actin is required for a calcium wave during egg activation
The dispersal of actin appeared to occur before the previously established
timing of the calcium wave associated with egg activation (Kaneuchi et al., 2015;
York-Andersen et al., 2015). Moreover, previous work suggested that the calcium
wave might depend on a freely dynamic actin cytoskeleton (York-Andersen et al.,
2015). To confirm this relationship, we treated mature oocytes expressing the calcium
indicator GCaMP3 with activation buffer (AB) mixed with phalloidin, a class of
filament stabilizing phallotoxins (Cooper, 1987). Upon the addition of this solution,
the mature oocytes swelled but exhibited a disrupted calcium wave in 68% of the
oocytes, as the majority of phenotypes observed were partial or no waves (Figure 3.3
c, n = 35). We also elaborated on previous data and showed that when mature oocytes
were treated with AB and cytochalasin D, 72% displayed a disrupted calcium wave
(Figure 3.3 c, n = 35; (York-Andersen et al., 2015)). Notably, full calcium waves,
defined as a wave of calcium which traverses the entire oocyte, were observed in some
oocytes. This is likely due to incomplete inhibition by the drug, and in these cases,
swelling of the oocyte occurred as normal. Higher concentrations of the drugs did not
change the observed calcium wave phenotypes.
In addition to disrupting F‐actin, we tested the effect of reducing the pool of
globular actin (G‐actin) monomers by treating mature oocytes with AB and latrunculin
A, which binds the G‐actin monomers and prevents actin assembly (Yarmola et al.,
2000). Upon the addition of this solution, the majority of oocytes showed a full
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calcium wave (75%; n = 20), not significantly different from wildtype. Together, these
pharmacological disruptions suggest that the calcium wave is dependent on a dynamic
F‐actin network and can occur without de novo actin assembly from G‐actin
monomers (Figure 3.3 c).
We next hypothesized that excess polymerized F‐actin in the mature oocyte
would disrupt the calcium wave. To test this, we overexpressed the actin nucleation
factor Spire B (Dahlgaard et al., 2007; Quinlan et al., 2005; Wellington et al., 1999)
and observed the calcium wave. We found that additional Spire B leads to a reduction
(42% vs. 85%) in the number of mature oocytes that showed a wild‐ type calcium
wave (Figure 3.3 d; n = 12 and n = 30). In those eggs that did show a calcium wave,
we observed a delay of 5–10 min in the initiation of the wave. These results
corroborate the phalloidin data that showed excess or a stabilized actin cytoskeleton to
be inhibitory to the calcium wave at egg activation.
Finally, we tested if reducing F‐actin assembly before egg activation would
allow for faster entry of calcium into the egg at activation. We used RNAi against
scar, which encodes an activator of the Arp2/3 complex, to disrupt the nucleation of
the actin network (Zallen et al., 2002). We showed that while the number of mature
oocytes that showed a normal calcium wave is equal to wildtype, knockdown of scar
resulted in calcium entering the egg more quickly than in controls (Figure 3.3 e).
Moreover, we observed a decrease in the concentration of actin at the cortex in scar
knockdown egg chambers (Figure 3.3 f–f′). This supports a model where a spreading
or reduction of actin at the cortex allows for calcium entry. In addition, we observed
that the cortical actin marker GFP‐moesin was less concentrated at the posterior pole
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(Figure 3.3 g), and in some cases at the anterior pole (Figure 3.3 g′). This could
explain why there is a higher occurrence of calcium waves from the posterior pole of
mature oocytes when activated ex vivo.
Taken together, these data support a model in which an intact and dynamic F‐
actin cytoskeleton, but not de novo assembly of F‐actin, is essential to regulate the
initiation of the calcium wave.
A wavefront of actin follows the calcium wave during egg activation
We next examined actin dynamics following the calcium wave in ex vivo egg
activation. We used a germline driver to express markers for both calcium and F‐actin
simultaneously during Drosophila egg activation. Using AB to activate the mature
oocyte, we observed and analyzed a calcium wave and a wavefront of actin (Figure
3.5 a–a′). The analysis shows that the actin wavefront (Figure 3.5 b) lags behind the
calcium wave at initiation by approximately 2 min and completes propagation across
the oocyte approximately 4 min after the calcium wave. A similar phenomenon is
observed with the recovery of both waves, actin trailing calcium (see Figure 3.5 a
legend for details). We confirmed this result using modified Robb’s Buffer [RB, (Hu
and Wolfner, 2019)] to initiate egg activation and show that the speed of the F‐tractin
wavefront is similar to that of the calcium wave (0.56 μm/s; Figure 3.6). The average
completion times of the calcium wave and the F‐actin wavefront highlights the
similarities between the dynamics of these waves.
To verify the discovery of an actin wavefront at Drosophila egg activation, we
also tested the widely used in vivo actin marker Lifeact, a 17‐amino acid peptide from
yeast Abp140 (Riedl et al., 2008). At egg activation, Lifeact showed an increase in
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fluorescence from the posterior pole that propagated across the oocyte in a wavelike
manner (Figure 3.5 c). The speed of the wave was consistent with that seen with F‐
tractin. Overall, using multiple activation methods and F‐actin markers, we
demonstrate that the calcium wave during egg activation is followed by a wavefront of
F‐actin reorganization.
The calcium wave is necessary to sustain the actin wavefront
Our previous observation that the actin wavefront follows the calcium wave
with similar speed and direction, suggests that the actin wavefront may be dependent
on the calcium wave. To test this dependence, we used a genetic approach to assess
the requirement of a calcium increase for the F‐actin wavefront at egg activation. Our
previous work has shown that the calcium wave does not occur in a sarah mutant
(York-Andersen et al., 2015). sarah encodes a key protein in the calcium signaling
pathway that regulates the calcium‐dependent phosphatase calcineurin (Horner et al.,
2006; Takeo et al., 2006, 2010). F‐actin visualized in a sarah mutant background
revealed normal swelling of the mature oocyte but no change in the in F‐actin
distribution or levels (Figure 3.7 a; n = 12).
Next, we inhibited the calcium wave upon egg activation with the addition of
2‐aminoethoxydiphenyl borate (2‐APB). Calcium waves initiate at the oocyte pole(s)
due to the influx of external calcium through the TRPM channel (Hu and Wolfner,
2019). Propagation of the waves through the oocyte requires the inositol trisphosphate
receptor [IP3R, (Kaneuchi et al., 2015)]. 2‐APB is a known ion channel inhibitor that
has been experimentally used to block both TRP channels and IP3R (Clapham et al.,
2001; Maruyama et al., 1997). We observed that the addition of 2‐APB results in no
100

calcium wave or F‐actin wavefront, despite the oocytes swelling normally (Figure 3.7
b–b′; n = 14), again supporting the conclusion that the calcium wave is necessary for
the F‐actin wavefront.
To test the sufficiency of the calcium rise in the induction of an actin
wavefront, we initiated a regional calcium rise via local pressure with a microneedle.
To ensure that the induced calcium rise was not caused by calcium leaking in due to a
damaged plasma membrane (PM), we included propidium iodide (PI) dye in the
isolation buffer (IB) to indicate PM damage. We observed that regional pressure by a
microneedle can induce a local calcium rise without damaging the oocyte PM (Figure
3.7 c). However, a calcium rise induced by such local pressure did not spread beyond
the induction site or change the actin network (Figure 3.7 c′; n = 12). This argues that
regional pressure can cause a local calcium rise, but that an additional factor(s) is
required to reorganize the actin cytoskeletal network.
We therefore assessed whether sustaining a global calcium signal is sufficient
to maintain the increase we observed in F‐actin. To test this, we treated mature
oocytes with sodium orthovanadate (Na3VO4), an ATPase inhibitor, dissolved into AB
(Figure 3.8 a–a′). Upon addition of AB with Na3VO4, the calcium rise no longer
recovered to basal levels and we found that the F‐actin signal also remained elevated.
These data suggest that a prolonged global calcium rise may be sufficient to maintain
a higher actin signal post-activation and that there is an ATP‐dependent mechanism in
recovery and extrusion of calcium after activation. However, we make this suggestion
with caution, as Na3VO4 has numerous effects on cells.
To further investigate the dynamics of actin following a calcium rise, we
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observed the F‐actin phenotype when mature oocytes were treated with distilled water.
This treatment results in a rapid swelling of the oocyte and a calcium increase from
multiple points at the cortex (Figure 3.8 b). Following this pattern of calcium rises,
we observed a similar pattern of actin increase approximately 4 min later (Figure 3.8
b′). Interestingly, this assay suggests that all regions of the cortex have the potential to
initiate a calcium wave that spreads through the oocyte and that stressing the system
with excessive fluid uptake results in the loss of spatiotemporal control of the calcium
entry and resulting actin reorganization.
Finally, we observe that in some wildtype ex vivo egg activation events, the
calcium wave initiated from the anterior pole or from both poles (Kaneuchi et al.,
2015). Consistent with our experimental manipulations of the calcium rise and
subsequent actin changes, we found that the actin wavefront started from the anterior
pole in all of the oocytes that showed the anterior calcium wave, and from both poles
when calcium wave initiated from both poles (Figure 3.8 c-d’). Taken together, our
data suggest that initiation of the calcium wave is necessary to induce a wavefront of
F‐actin reorganization, and a global but not regional calcium rise may be sufficient in
maintaining the actin wave and coordinating its directionality.

5.4 Discussion
Actin plays an essential role in fertilization and egg activation in many
organisms. However, its functions in these aspects of Drosophila reproduction have
not been fully explored. In this study, we showed that F‐actin disperses and become
more dynamic during Drosophila egg activation and that this dynamic actin
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cytoskeletal network is required for a normal calcium wave to occur during ex vivo
egg activation (Figure 3.8 e). Moreover, the calcium wave mediates a reorganization
of F‐actin in a wavelike manner. This F‐actin wavefront follows, requires, and has
similar characteristics to the calcium wave. Together, these findings suggest a highly
co‐regulated calcium and actin signaling network in Drosophila oocytes during egg
activation.
The importance of the actin cytoskeleton in egg activation
Our work demonstrates that in Drosophila, actin dynamics are important for
the calcium rise which in turn leads to a reorganization of F‐actin. Rearrangement of
F‐actin appears to be a common feature of oocytes undergoing egg activation. The
reorganization of F‐actin following exposure to osmotic pressure in zebrafish oocytes
mediates the release of the cortical granules (Becker and Hart, 1999; Hart and Collins,
1991). More recent work in zebrafish has shown that the actin‐binding factor, Aura,
mediates this reorganization of actin and that in an Aura mutant background F‐actin
does not rearrange, and cortical granule exocytosis is inhibited (Eno et al., 2016). Our
data are reminiscent of events in starfish, where a pharmacologically induced calcium
rise results in depolymerization of surface actin and polymerization of F‐actin bundles
within the cytoplasm (Vasilev et al., 2012). Starfish oocytes also exhibit actin
rearrangements at egg activation that are required for the calcium release at the cortex
(Kyozuka et al., 2008). This calcium wave initiates a PIP2 increase at the starfish
cortex in a biphasic manner, whereas pharmacological inhibition of PIP2 results in a
delayed calcium wave and disrupted actin organization (Chun et al., 2010).
Functions of the actin wavefront
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It is hypothesized that F‐actin waves are essential for actin self reassembly
after its initial dispersion at the cortex and are thought to mediate the polymerization
of actin (Bretschneider et al., 2009; Case and Waterman, 2011). For example,
pharmacological depolymerization of actin results in an increased number of actin
waves in Dictyostelium (Bretschneider et al., 2009). A similar observation was made
in fibroblasts, where actin waves take form of “circular dorsal ruffles,” which are nonadhesive actin structures found on the dorsal side of some migrating cells (Bernitt et
al., 2015, 2017; Chhabra and Higgs, 2007). Moreover, the F‐actin wave is proposed to
be associated with actin binding factors, including Arp2/3, myosin B, CARMIL, and
coronin.
Live visualization of these factors in Dictyostelium cells have shown their
enrichment at the leading edge of the F‐actin wavefront (Bretschneider et al., 2009;
Khamviwath et al., 2013). Together, this provides other examples of how the
reorganization of F‐actin can trigger F‐actin waves. By analogy, the F‐actin wavefront
we observed during Drosophila egg activation might serve a similar purpose of
reorganizing the actin cytoskeleton to facilitate further developmental events in
embryogenesis.
Calcium and actin coregulatory networks
Our work suggests a pathway of actin‐calcium interdependence as initial
calcium entry is enabled at the poles, where we see a breakdown of the actin
cytoskeleton at the cortex, and this calcium increase is required to generate a global
reorganization in the actin population. Calcium is thought to regulate the actin
cytoskeleton predominantly via actin‐binding factors, including myosin, profilin, and
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villin/gelsolin (reviewed in Hepler, 2016). Early experiments showed that calcium
regulates muscle contractions via myosin V protein, rather than directly through the
actin filaments (Szent-Györgyi, 1975). In this case, calcium binds troponin that in turn
binds tropomyosin to mediate the actin‐myosin contraction cycle (Lehman et al.,
1994). Similarly, plants utilize the actin‐myosin network for cytoplasmic streaming,
and actin is again regulated by calcium signaling via myosin XI (Tominaga et al.,
2012). Calcium can also control actin dynamics via profilin, an actin binding factor,
which is required for F‐actin polymerization (Vidali and Hepler, 2001). Experiments
with profilin show that calcium inhibits F‐actin polymerization by sequestering actin
monomers and profilin subunits, which are no longer able to form the actin filaments
(Kovar, 2000). Calcium causes depolymerization or severing of the actin cytoskeleton
via villin actin binding factor and was shown to aid the organization of actin in
epithelial intestinal cells (Walsh et al., 1984).
One especially interesting factor is α‐actinin, an actin cross-linking protein that
is a member of the spectrin family and is found primarily on F‐actin filaments in non‐
muscle cells. α‐actinin has been suggested to cross‐link actin under low calcium
conditions. However, when intracellular calcium rises (as in the case of a calcium
wave), α‐actinin releases actin filaments, thus no longer cross‐linking the F‐actin
filaments (Jayadev et al., 2014; Prebil et al., 2016; Sjöblom et al., 2008). However,
further work will be required to establish the exact connections between calcium and
actin networks (Veksler and Gov, 2009).
An actin and calcium feedback loop during egg activation
One hypothesis for how actin dynamics are linked to calcium wave initiation is
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through interaction with mechanosensitive channels such as TRP channels and
DEG/ENaC. We recently showed that the Drosophila Trpm channel is required for the
initial calcium influx (Hu and Wolfner, 2019), but how Trpm responds to mechanical
stimuli remains to be elucidated. There are several models for how these channels are
activated. One suggested cue is direct mechanical stress applied on the PM, due to
physical pressure during ovulation and/or osmotic swelling of the oocyte in the
oviducts. While it is possible that the Trpm channel might respond to the stress
directly, it is also possible that the mechanical signal is also transduced through the
actin cytoskeleton causing the channel to open, enabling an influx of calcium ions
(Christensen and Corey, 2007).
We showed here that before egg activation, the cortical actin marker Moesin is
less concentrated at the posterior end of the oocyte where calcium waves generally
initiate and decrease in concentration at the cortex. It is possible that lack of actin
rigidity is linked to calcium channel opening: The initial sparse site of actin allows
calcium channels to open and leads to calcium influx, which in turn regulates the
dynamic changes in actin to form a wavefront following calcium wave. The
interlinked nature of these two pathways suggests a positive feedback loop that
facilitates the progression and completion of the waves. This could be achieved as
follows: (a) actin disperses and calcium enters the oocyte; (b) this calcium rise causes
further actin dispersion through regulation of actin binding proteins; (c) more calcium
then enters the activating egg which results in the complete calcium wave and actin
reorganization in a wavelike manner. Overall, we propose that in Drosophila egg
activation, actin is able to modulate the intracellular calcium rise, and calcium waves
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in turn regulate the reorganization of actin.
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Figure 5.1 Actin is reorganized at egg activation.
Time series of an ex vivo activated mature oocyte (a–c; n = 6) and in vivo activated
Figure 5.2 Actin is reorganized at egg activation and in the early embryo.Figure
egg (d; n = 4) expressing F‐Tractin.tdTomato. Maximum Z‐projection (a–d), three‐
5.3 Actin is reorganized at egg activation.
dimensional (3D) projection at a 45° angle (a′–d′) and a single Z‐plane at 20 µm depth
(a″–d″) are shown for each time point. Images were acquired using an Olympus
Figure 5.4 Actin is reorganized at egg activation and in the early embryo.
FV3000 confocal microscope. (a–a″) Before the addition of activation buffer, actin is
in a smooth cortical distribution around ridges in the cortex. (b–c″) Following egg
Figure 5.5 A dynamic actin cytoskeleton is required for a calcium wave at egg
activation (3–12 min) and (27–35 min), actin is reorganized in larger, more widely
activation.Figure 5.6 Actin is reorganized at egg activation and in the early
distributed foci. 3D projection shows that the cortex has expanded, and that actin is no
embryo.Figure 5.7 Actin is reorganized at egg activation.
longer associated with the ridge. Single plane images show that a cortical enrichment
pre-activation
is lost,
and that actin
notactivation
as enriched
at the
cortex
after
activation. (d–
Figure 5.8 Actin
is reorganized
atisegg
and
in the
early
embryo.Figure
d″)
vivoisactivated
eggs at
collected
from the oviduct have a similar actin distribution
5.9 In
Actin
reorganized
egg activation.
as mature oocytes activated ex vivo (compare c–c″ to d–d″). Scale bar = 10 µm (a–d′)
Figure 5.10 Actin is reorganized at egg activation and in the early embryo.

Figure 5.11 A dynamic actin cytoskeleton is required for a calcium wave at egg
activation.Figure 5.12 Actin is reorganized at egg activation and in the early
embryo.
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Figure 5.13 A dynamic actin cytoskeleton is required for a calcium wave at egg
activation.
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Figure 5.2 Actin is reorganized at egg activation and in the early embryo.
Time series of a mature oocyte activated ex vivo with activation buffer and an early
Figure 5.82 A dynamic actin cytoskeleton is required for a calcium wave at egg
embryo (0-30min) expressing F-Tractin.tdTomato. 3D-projection at a 60° angle (A-C)
activation.Figure 5.83 Actin is reorganized at egg activation and in the early
and a single Z-plane at 12μm depth (A′-C′) are shown. Images were acquired using an
embryo.
Olympus FV3000 confocal microscope. (A-B′) Consistent with Figure 3.1, actin is
distributed around ridges in small foci prior to egg activation and is reorganized into
Figure 5.84 A dynamic actin cytoskeleton is required for a calcium wave at egg
larger more widely distributed foci after egg activation is complete (n=6). (C-C′) The
activation.
early embryo (n=5) displays a similar actin distribution and the ex vivo and in vivo
activated eggs (Figure 3.1 d and Figure 3.2 B). Scale bar = 10 μm (A-C′).
Figure 5.85 Act5C-GFP recovers more quickly after photobleaching post-egg
activation.Figure 5.86 A dynamic actin cytoskeleton is required for a calcium
wave at egg activation.Figure 5.87 Actin is reorganized at egg activation and in
the early embryo.

Figure 5.88 A dynamic actin cytoskeleton is required for a calcium wave at egg
activation.Figure 5.89 Actin is reorganized at egg activation and in the early
embryo.

Figure 5.90 A dynamic actin cytoskeleton is required for a calcium wave at egg
activation.
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Figure 5.3 A dynamic actin cytoskeleton is required for a calcium wave at egg
activation.
(a–b′, g, g′) Egg chamber expressing GFP‐moesin. Images were acquired using an
Figure
5.162
Act5C-GFP
more
after photobleaching
Olympus
FV3000
confocalrecovers
microscope.
(a,quickly
b) Fluorescence
recovery afterpost-egg
activation.Figure
5.163 of
A GFP‐moesin
dynamic actin
cytoskeleton
for a calcium
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before
and after is
exrequired
vivo egg activation
(n = 5).
wave
at egg activation.
GFP‐moesin
labeling actin at the lateral cortex is reduced to 25% of original
fluorescent intensity following a bleaching step. In both Stage 14 mature egg
Figure
5.164
Act5C-GFP
more
quickly (b)
after
photobleaching
post-egg
chambers
before
activationrecovers
(a) and after
activation
recovery
can be detected.
In the
activation.
unactivated oocyte, full recovery is complete at 12 min post‐bleaching. However, in
the activated oocyte recovery is substantially faster post‐activation (14 vs. 45 s
Figure 5.165 Actin wavefront dynamics follow calcium changes at egg
recovery halftime, n = 5). Note that movement caused by the addition of activation
activation.Figure 5.166 Act5C-GFP recovers more quickly after photobleaching
buffer (AB) meant that recovery could only be recorded for 1 min and 15 s postbleach.
post-egg activation.Figure 5.167 A dynamic actin cytoskeleton is required for a
The dashed white box denotes the bleached region. (c) Graph showing calcium wave
calcium wave at egg activation.
phenotypes when mature oocytes are treated with AB and the actin perturbing drugs
latrunculin A, cytochalasin D, or phalloidin. A “full wave” indicates the calcium wave
Figure 5.168 Act5C-GFP recovers more quickly after photobleaching post-egg
traversed the whole oocyte, a “partial wave” indicates that the calcium wave initiated
activation.Figure 5.169 A dynamic actin cytoskeleton is required for a calcium
but did not traverse the whole oocyte, and a “no wave” phenotype indicates that a
wave at egg activation.
calcium wave never initiated. When only AB is added, 82% of oocytes displayed full
waves. The addition of latrunculin A shows a nonsignificant decrease in full waves to
Figure 5.170 Act5C-GFP recovers more quickly after photobleaching post-egg
72% (n = 20; p = 0.5). Mature oocytes treated with cytochalasin D or phalloidin show
activation.
a significant decrease in full waves observed to 28% and 32%, respectively (n = 35 for
each, Fisher’s exact statistical analysis, *** p = .0001). (d) Graph showing calcium
Figure 5.171 Actin wavefront dynamics follow calcium changes at egg
wave phenotypes when mature oocytes are treated with AB in GCaMP3 controls,
activation.Figure 5.172 Act5C-GFP recovers more quickly after photobleaching
post-egg activation.
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Figure 5.173 Actin wavefront dynamics follow calcium changes at egg activation.

overexpression of Spire B and knockdown of scar. When Spire B is overexpressed
there is a significant decrease, to 40%, in the number of activated mature oocytes that
show a full calcium wave, and an increase in the number of “no wave” phenotypes to
58% (n = 12, Fisher’s exact statistical analysis, p < 0.05). When scar is knocked down
using RNAi, there were no significant changes in the calcium wave phenotype. (e)
Boxplot showing the speeds of calcium entry into the mature oocyte in control
(GCaMP3) and scar RNAi mature oocytes (n = 15 and n = 18). Speed of calcium entry
was determined as the time taken from the addition of AB to the time of first GCaMP
fluorescence detection in the oocyte. Initial calcium entry was observed by eye and
confirmed through quantification of the fluorescence signal, using a threshold of a
10% increase from the oocyte background. Images were taken every 3 s. There was a
significant decrease in the time taken for calcium to enter the oocyte in the scar RNAi
background (p < 0.05). (f, f′) Stage 14 egg chambers fixed and labeled for actin with
phalloidin (n = 10). More actin is detected at the cortex in a wild‐type egg chamber (f)
compared with a scar RNAi expressing egg chamber (f′). White arrowheads mark the
lateral cortex of the egg chamber. (g, g′) In the Stage 14 egg chamber, before egg
activation, GFP‐moesin is less enriched at the posterior pole (g) of the oocyte (white
arrowheads) as compared with elsewhere of the oocyte cortex (paired t test p < 0.05, n
= 20). Observation of GFP‐moesin at the anterior pole was challenging due to the
presence of the dorsal appendages. However, in some (~40%; n = 25) oocytes Moesin
is depleted compared with the lateral cortex (g′) and in these oocytes the depletion is
significant (paired t test p < 0.05, n = 10). Single plane image (a, b, f, g). Scale bar =
10 µm (a, b), 20 µm (f, g)
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Figure 5.4 Act5C-GFP recovers more quickly after photobleaching post-egg
activation.
(A-B) Egg chamber expressing Act5C-GFP Fluorescence recovery after
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activation.Figure 5.247 Act5C-GFP recovers more quickly after photobleaching
post-egg activation.

Figure 5.248 Actin wavefront dynamics follow calcium changes at egg
activation.Figure 5.249 Act5C-GFP recovers more quickly after photobleaching
post-egg activation.

Figure 5.250 Actin wavefront dynamics follow calcium changes at egg activation.
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Figure 5.251 A wavefront of actin follows the calcium wave during egg
activation.Figure 5.252 Actin wavefront dynamics follow calcium changes at egg
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Figure 5.5 Actin wavefront dynamics follow calcium changes at egg activation.
Time series of a mature egg chamber co-expressing GCaMP3 and F-Tractin.tdTomato
Figure 5.322 A wavefront of actin follows the calcium wave during egg
(a), or only expressing F-Tractin.tdTomato (b) or Lifeact::mCherry (c). (a) At
activation.Figure 5.323 Actin wavefront dynamics follow calcium changes at egg
activation with activation buffer (AB) (n = 9), a calcium wave (a) initiates from the
activation.
posterior pole (t = 0′) and propagates across the entire egg. A corresponding wavefront
of F-tractin (a′) initiates from the posterior pole and traverses the egg. Analysis of the
Figure 5.324 A wavefront of actin follows the calcium wave during egg activation.
fluorescence intensity shows that the calcium wave initiates on average 106 s after the
addition of AB (SEM = 11.5 s), traverses the whole oocyte by 267 s (SEM = 42 s) and
Figure 5.325 Actin wavefront requires the calcium wave at egg activation.Figure
has recovered back to its initial level by 737 s (SEM = 148.37 s). A wave of
5.326 A wavefront of actin follows the calcium wave during egg activation.Figure
filamentous actin (F-actin) follows behind this calcium wave, initiating on average
5.327 Actin wavefront dynamics follow calcium changes at egg activation.
220 s after the addition of AB (SEM = 60 s). The actin wave traverses the whole
oocyte
503As (SEM
= 72 of
s) actin
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state
by 829
Figure by
5.328
wavefront
follows
the calcium
wave
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eggs (SEM =
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wave bychanges
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activation.Figure
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dynamics
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at egg
were acquired using an inverted Leica SP5 confocal microscope sequentially, with a
activation.
scan time of approximately 30 s per Z-stack. (b) F-actin, labeled by F-tractin (n = 15),
Figure
A wavefront
actin follows
the calcium
waveofduring
activation.
shows a5.330
posterior
to anteriorofwavefront
following
the addition
AB (t egg
= 0′).
The
wave initiates (t = 4′), propagates across the oocyte to the anterior pole (t = 10′) and
Figure 5.331 Actin wavefront requires the calcium wave at egg activation.Figure
recovers (t = 16′). Images were acquired using an inverted Leica SP5 confocal
5.332 A wavefront of actin follows the calcium wave during egg activation.
microscope. (c) F-actin, labeled by Lifeact (n = 10), shows a similar actin wavefront
as F-tractin (b) in its initiation (t = 3′), propagation (t = 9′30″) and recovery (t = 15′).
Figure 5.333 Actin wavefront requires the calcium wave at egg activation.
The bright fluorescence outside of the egg chamber is ovarian tissue associated with
the dissection. Images were acquired using an inverted Leica SP5 confocal
Figure 5.334 The pattern of actin reorganization follows calcium changes.Figure
5.335 Actin wavefront requires the calcium wave at egg activation.Figure 5.336 A
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wavefront of actin follows the calcium wave during egg activation.

microscope. Image a projection of 40 µm (a, b, c). Scale bar = 60 µm (a–c). AB,
activation buffer; SEM, standard error of the mean.
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Figure 5.6 A wavefront of actin follows the calcium wave during egg activation.
Time series of a mature egg chamber co-expressing GCaMP3 and F-Tractin.tdTomato.
Figure 5.402 Actin wavefront requires the calcium wave at egg activation.Figure
(A-A′) At activation with Robb’s buffer (RB) (n=4), a calcium wave (A) initiates from
5.403 A wavefront of actin follows the calcium wave during egg activation.
anterior and posterior poles and propagates across the entire egg. A corresponding
wavefront of F-tractin (A′) initiates from both poles and traverses the egg. Images
Figure 5.404 Actin wavefront requires the calcium wave at egg activation.
were acquired using a Zeiss LSM880 confocal microscope.
Figure 5.405 The pattern of actin reorganization follows calcium changes.Figure
5.406 Actin wavefront requires the calcium wave at egg activation.Figure 5.407 A
wavefront of actin follows the calcium wave during egg activation.

Figure 5.408 Actin wavefront requires the calcium wave at egg activation.Figure
5.409 A wavefront of actin follows the calcium wave during egg activation.

Figure 5.410 Actin wavefront requires the calcium wave at egg activation.

Figure 5.411 The pattern of actin reorganization follows calcium changes.Figure
5.412 Actin wavefront requires the calcium wave at egg activation.
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Figure 5.413 The pattern of actin reorganization follows calcium changes.
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Figure 5.7 Actin wavefront requires the calcium wave at egg activation.
Time series of mature egg chambers expressing F‐Tractin.tdTomato (a) or mature egg
Figure 5.482 The pattern of actin reorganization follows calcium changes.Figure
chambers co-expressing (b, c) GCaMP3 and F‐Tractin.tdTomato (b′, c′). (a) Time
5.483 Actin wavefront requires the calcium wave at egg activation.
series of mature egg chambers expressing F‐Tractin in a sarah mutant background
(sraA108/sraA426) (n = 7). The addition of activation buffer to mature egg chambers
Figure 5.484 The pattern of actin reorganization follows calcium changes.
causes an initial dispersion of cortical actin (t = 4′) but does not initiate a wavefront of
filamentous actin (F‐actin) (t = 15′). Images were acquired using an inverted Leica
Figure 5.485 Dietary TPEN impairs female Drosophila fertility.Figure 5.486 The
SP5 confocal microscope. (b–b′) Addition of 2‐aminoethoxydiphenyl borate (a TRP
pattern of actin reorganization follows calcium changes.Figure 5.487 Actin
and IP3 pathway inhibitor) to modified Robb’s Buffer prevents initiation of the
wavefront requires the calcium wave at egg activation.
calcium wave and an F‐actin wavefront is not observed (t = 13′55″; n = 14). Images
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Figure 5.493 Dietary TPEN impairs female Drosophila fertility.

Figure 5.494 50 μM dietary TPEN reduces female Drosophila egg hatchability
from day 2 post mating.Figure 5.495 Dietary TPEN impairs female Drosophila
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fertility.Figure 5.496 The pattern of actin reorganization follows calcium
changes.
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Figure 5.8 The pattern of actin reorganization follows calcium changes.
Time series of mature egg chambers co-expressing GCaMP3 and F‐Tractin.tdTomato
Figure 5.562 Dietary TPEN impairs female Drosophila fertility.Figure 5.563 The
(a, b, d) or co-expressing GCaMP3 and Lifeact::mCherry (c). (a–a′) The addition of
pattern of actin reorganization follows calcium changes.
activation buffer (AB) with sodium orthovanadate initiates a calcium wave that is
sustained (t = 40′; n = 10). An increase in filamentous actin (F‐actin) is similarly seen
Figure 5.564 Dietary TPEN impairs female Drosophila fertility.
and is also maintained (t = 40′). Images were acquired using an inverted Leica SP5
confocal microscope. (b–b′) Following the addition of distilled water (DW; n = 20),
Figure 5.565 50 μM dietary TPEN reduces female Drosophila egg hatchability
the mature egg chamber undergoes a global increase in intracellular calcium (t = 0′)
from day 2 post mating.Figure 5.566 Dietary TPEN impairs female Drosophila
which slowly recovers to basal levels (t = 15′). F‐actin displays an initial dispersion (t
fertility.Figure 5.567 The pattern of actin reorganization follows calcium
= 3′) followed by a global increase (t = 9′30″). Images were acquired using an inverted
changes.
Leica SP5 confocal microscope. (c) Following the addition of AB (n = 5), the calcium
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between calcium and actin during Drosophila egg activation. Cortical actin is
relatively rigid before egg activation. It is less dense near the oocyte poles, where
Figure 5.573 50 μM dietary TPEN reduces female Drosophila egg hatchability
calcium waves initiate ex vivo. The calcium wave that progresses through the oocyte
from day 2 post mating.
precedes a wavefront of actin reorganization. The actin wave and the calcium wave

Figure 5.574 Zinc level and distribution changes during oocyte maturation and
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egg activation in wildtype Drosophila.Figure 5.575 50 μM dietary TPEN reduces
female Drosophila egg hatchability from day 2 post mating.Figure 5.576 Dietary

display similar speeds and are interdependent for propagation and completion. After
completion of the calcium wave, cortical actin appears more dynamic in distribution.
Actin is represented in pink and calcium in blue. The diagram was created with
BioRender.com. Image a projection of 40 µm (a–c) or 90 µm (d). Scale bar = 60 µm
(a–d).
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CHAPTER 6

ZINC DYNAMICS DURING DROSOPHILA OOCYTE
MATURATION AND EGG ACTIVATION4

6.1 Introduction
Transition metals such as iron, copper, and zinc ions bound tightly within
enzymatic sites play a variety of well-established structural and catalytic roles within
cells (Calap-Quintana et al., 2017; Egli et al., 2003). Among them, zinc is an
important inorganic regulator of processes including cell proliferation, carbohydrate
metabolism and immunity. (reviewed in Frassinetti et al., 2006; Roohani et al., 2013).
Zinc can persist in cells as hydrated ions, bound to small metabolites as weakly bound
complex ions or bound tightly in the active sites of zinc-dependent enzymes. Recent
studies indicate that fluctuations in the availability of Zn2+ ions occur either through
ionic fluxes (Bernhardt et al., 2012) or through covalent binding to metalloregulatory
proteins (Gilston et al., 2014). Thus, this element serves alongside calcium and
phosphorous as an inorganic signal mediator that can activate biological switching
processes. One example of zinc as an inorganic signal occurs during mammalian
oocyte maturation and embryogenesis. Specifically, zinc accumulates in maturing
mouse oocytes from the arrest at prophase of meiosis I to the arrest at metaphase of
meiosis II (MII) (Kim et al., 2010), and this increase is dependent on maternally
derived zinc transporters ZIP6 and ZIP10 (Kong et al., 2014). When mature mouse
oocytes are fertilized, thus “activating” them to complete meiosis and begin

4
This work is a collaboration with Drs. Francesca E. Duncan, Andrew B. Nowakowski,
Teresa K. Woodruff and Thomas V. O’Halloran at Northwestern University and Olga A. Antipova at
Argonne National Laboratory.
I contributed to designing and performing experiments, and data analysis.
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embryogenesis, there is a rapid release of zinc from the oocyte (Kim et al., 2011).
Such “zinc sparks” have been observed in eggs upon activation in the mouse (Kim et
al., 2011; Que et al., 2014; Zhang et al., 2016), cow (Que et al., 2019), and human
(Duncan et al., 2016). This zinc release is dependent on calcium oscillations during
egg activation (Kim et al., 2011; Suzuki et al., 2010) and is mediated by dynamic
movement and exocytosis of zinc-loaded vesicles (Que et al., 2014; Tokuhiro and
Dean, 2018). The programmed loss of cellular zinc through zinc sparks is associated
with resumption of the cell cycle (Kim et al., 2011) and modification of the zona
pellucida to block polyspermy (Que et al., 2017b; Tokuhiro and Dean, 2018). After
fertilization, regulation of zinc is required for the first mitotic divisions during
embryogenesis (Kong et al., 2015). In another model organism, C. elegans, zinc is also
required for oogenesis, meiotic progression (Hester et al., 2017) and embryo viability
(Mendoza et al., 2017).
Drosophila’s speed of development and excellent genetics makes it a tractable
model to probe mechanisms and macromolecules of relevance to more complex
systems, and its biology includes many parallels to events that occur in Xenopus and
mammals, including in reproduction (Avila et al., 2010; Barnard et al., 2004;
Bernhardt et al., 2018; Cui et al., 2008; Horner et al., 2006; Hu and Wolfner, 2019;
Knapp and Sun, 2017; Mochida and Hunt, 2007; Pepling and Spradling, 2001; Takeo
et al., 2010, 2006; Zhang et al., 2018a). As in other animals, Drosophila oocytes
develop through a stepwise process of stages, 14 in this case, making it
straightforward to examine zinc dynamics during oogenesis. Specifically, a cystoblast,
the destined-to-differentiate daughter of a female germline stem cell, undergoes four
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mitotic divisions with incomplete cytokinesis to result in a 16-cell cyst. One of the 16
cells becomes the oocyte; her 15 sisters, the nurse cells, synthesize macromolecules,
organelles and other components that will be transferred into the oocyte as oogenesis
progresses. Meiosis starts at early stage of oogenesis and arrests at prophase I at stage
5. This arrest lasts until stage 13 when meiosis progresses to metaphase I (MI) (von
Stetina and Orr-Weaver, 2011). At later stages of oogenesis, nurse cells undergo
apoptosis. The mature (stage 14) oocyte remains meiotically arrested at MI until
ovulation (Figure 6.1 A) (reviewed in Avilés-Pagán and Orr-Weaver, 2018; Bastock
and St Johnston, 2008; McLaughlin and Bratu, 2015). Then, mechanical forces due to
passage into the oviduct and/or swelling of the oocyte as it takes up oviductal fluid
“activate” the egg (Heifetz et al., 2001) (reviewed in Carlson, 2019; Horner and
Wolfner, 2008a). As in mammals, egg activation in Drosophila involves a rise in
internal calcium (Kaneuchi et al., 2015; York-Andersen et al., 2015), progression
through meiosis, and changes in the egg’s transcriptome, proteome, and envelopes
(reviewed in Horner and Wolfner, 2008a; Kashir et al., 2014; Krauchunas et al., 2013;
Sartain and Wolfner, 2013; Swann and Lai, 2016). The process of egg activation can
be largely though not perfectly mimicked in vitro by submerging isolated mature
oocytes in a hypotonic buffer (Horner and Wolfner, 2008b; Page and Orr-Weaver,
1997).
Given the importance of zinc dynamics during mammalian and C. elegans
oocyte maturation and egg activation, we asked if similar processes occur in
Drosophila as well. Interestingly, in a previous proteomic study that looked at
phospho-modulation of maternal proteins during the transition from egg to embryo,
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we noticed that Znt35C, the most highly expressed zinc transporter in the Drosophila
ovary (Leader et al., 2017), undergoes phospho-state change during egg activation,
suggesting that its activity might be modulated during egg activation (Zhang et al.,
2018a). Znt35C regulates the biogenesis of lysosome-related zinc storage granules in
Drosophila Malpighian tubules (Tejeda-Guzmán et al., 2018), a site of very active
zinc homeostasis regulation.
To further examine the role of zinc in Drosophila reproduction, we first tested
whether zinc is important for fertility. We observed that females fed a zinc-deficient
diet had impaired fertility. This prompted us to examine the dynamics of zinc in their
germline. Using synchrotron-based X-ray fluorescence microscopy (XFM), we
tracked the distribution and dynamics of zinc and other transition metals throughout
Drosophila oogenesis and egg activation. We observed that zinc is the most abundant
transition metal in Drosophila oocytes and eggs. Total intracellular zinc levels
increase during oogenesis, accompanied by formation of zinc-enriched granules in the
oocyte cytoplasm. The maintenance of these zinc granules in mature oocytes is
dependent on Znt35C. Upon egg activation, there is a significant decrease in
intracellular zinc levels and in the presence of zinc granules in wildtype oocytes. All
these observations are reminiscent of zinc dynamics seen in mammalian oocyte
maturation and egg activation.

6.2 Materials and Methods
Fly strains and maintenance. All Drosophila strains and crosses were
maintained or performed on standard yeast-glucose-agar media at 25 °C on a 12/12
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light/dark cycle. When needed, 10 mM N,N,N′,N′-tetrakis(2-pyridylmethyl)-1,2ethylenediamine (TPEN) in ethanol, 10 mM neocuproine in ethanol, 10 mM
ammonium tetrathiomolybdate (TM) in water or 10mM ZnSO4 in water stock solution
was added to melted food to the indicated final concentration and mixed well before
the food solidified. An equal volume of solvent (ethanol or water) was added to
control food. All chemicals were obtained from MilliporeSigma.
Egg-laying and egg hatchability assay. Oregon-R-P2 (ORP2) wildtype flies
were reared on control yeast-glucose medium, or this medium containing the indicated
concentrations of TPEN (TPEN food), or medium containing TPEN and ZnSO4
(TPEN rescue food). To determine how TPEN affected fertility, 3- to 5-day-old virgin
females and males were mated in single pairs on TPEN food. Matings were observed
and the males were removed after a single mating had completed. Females were
allowed to lay eggs in the mating vial for 24 hours and were then transferred to a new
vial also containing TPEN food. Females were transferred twice to new vials of TPEN
food before being discarded. The number of eggs and pupae in each vial were counted.
Egg hatchability was calculated by dividing the number of pupae by the number of
eggs. For 3 pairs of single matings from each group, we counted the number of
unhatched eggs for two days after egg-laying to calculate the number of hatched ones.
Those numbers were equal to the eventual number of pupae in the selected vials,
confirming the reliability of our method of calculating egg hatchability. The same
procedure was followed for assays with neocuproine and TM.
DNA constructs and transgenic flies. To create a null allele of znt35C, we
generated pU6-chiRNA constructs following protocols described on the FlyCRISPR
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website (https://flycrispr.org/; Gratz et al., 2013). We generated two constructs to
express sgRNAs with the following target sequences (PAM sequences are underlined):
gRNA1, GGGCACGATGACAATGATCCCGG; gRNA2,
GCAGATTTTCCAAGGCATCGAGG. These constructs were co-injected by
Rainbow Transgenic Flies, Inc. into nos-Cas9-attP2 embryos. We identified a
chromosome carrying an edited znt35C gene, in which a 2 bp deletion
(CCGGGATCATTGTCATCGTGCCC, deleted bases are underlined) in exon 3
caused by gRNA1 led to a frameshift in the coding sequence of Znt35C’s
transmembrane domains and a premature stop codon. Since this mutation is predicted
to completely disrupt Znt35C’s transmembrane domain, it is likely a null allele. We
established a fly stock that carries the mutated allele, which we have named znt35C1,
over the CyO balancer chromosome.
X-ray fluorescence microscopy sample preparation. Oocytes were dissected
in isolation buffer (IB) from the indicated female virgin flies aged on yeasted food for
3-5 days as described by (Page and Orr-Weaver, 1997). In vitro activated eggs were
made by incubating dissected mature oocytes in Modified Robb’s buffer (Hu and
Wolfner, 2019) for 30 min. In vivo activated but unfertilized eggs were collected on a
grape-juice agar plate from the indicated female flies after they had mated with
spermless males (Boswell, 1985; Hu and Wolfner, 2019). We attempted to prepare
oocytes for microscopy by standard methods of washing and mounting samples in
standard protocol that used 100 mM ammonium acetate solution (Kim et al., 2010),
but the oocytes lysed under these conditions. Alternatively, we washed oocytes and
eggs with a high osmolarity buffer (400 mM sucrose) which prevents oocytes from
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activating (Horner and Wolfner, 2008b). Oocytes and eggs were then transferred by
forceps to a 1μL drop of 400 mM sucrose on an intact 5 mm × 5 mm silicon nitride
window (Norcada). Samples were allowed to dry on a heated stage warmed to 37 °C
and stored in a desiccating canister until used.
Synchrotron-based X-ray fluorescence microscopy. X-ray fluorescence
microscopy (XFM) was performed at beamline 2-ID-E at the Advanced Photon Source
(Argonne National Laboratory). With a single-bounce Si (111) monochromator, 10keV X-rays were monochromatized and focused to a spot size of 1 × 1 μm using
Fresnel-zone plate optics (X-radia). Raster scans were done in steps of 1 μm with 15°
sample tilt to detector. Fluorescence spectra were collected with a 10 ms dwell time
using a 4-element silicon drift detector (Vortex-EM). Quantification and image
processing were performed with MAPS software (Vogt, 2003). The fluorescence
signal was converted to a two-dimensional concentration in μg/cm2 by fitting the
spectra against the thin-film standard AXO 1X (AXO Dresden GmbH). We assumed
that no elemental content was lost during sample preparation.
Statistics. One-way ANOVA tests were used to detect significant differences
in levels of transition metals between wildtype and znt35C1 across oocyte stages and
in egg number and egg hatchability upon TPEN, neocuproine, ammonium
tetrathiomolybdate (TM) or ZnSO4 treatment. Tukey's HSD test or Duncan's new
multiple range test was used to identify groups that were significantly different from
each other in the ANOVA tests.
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6.3 Results
Dietary zinc deficiency reduces female Drosophila fertility
Given the importance of zinc in the mammalian and C. elegans oocyte, we
began by testing whether zinc is essential for female fertility in Drosophila. We
followed protocols analogous to those reported for C. elegans (Hester et al., 2017),
where addition of the zinc chelator, N,N,N′,N′-tetrakis(2-pyridylmethyl)-1,2ethylenediamine (TPEN), to the food at a concentration of 50 μM significantly impairs
C. elegans fertility. We raised Oregon-R-P2 (ORP2; wildtype) flies on food containing
50 μM or 100 μM TPEN and assessed their fecundity and egg hatchability (percent of
eggs that are able to hatch) on food containing TPEN. We tested single-pair crosses, in
which one or both partners had been raised on food containing TPEN and compared
them to control crosses, in which both partners had been raised on control food. Males
raised on 50 or 100 μM TPEN food were not impaired in siring offspring; their mates
laid normal numbers of eggs that had normal hatchability (Figure 6.1 B-E). Female
flies raised on either 50 or 100 μM TPEN treated food exhibited reduced egg
hatchability; the effect was more severe at the higher dosage of TPEN, regardless of
whether their mates came from control or TPEN food (Figure 6.1 B and D). 50 μM
TPEN treated females displayed reduced egg hatchability only beginning on day 2
post mating (Figure 6.2 A). To test if this was the result of residual zinc from their
parents, who had been reared on untreated food and transferred to TPEN treated food
after eclosion, we repeated the assay using female offspring of TPEN treated flies that
themselves had been reared on TPEN treated food. We observed the same trend
(Figure 6.2 B), suggesting that addition of 50 μM TPEN to food leads to a delayed
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reduction in egg hatchability. Females raised on 50 μM TPEN laid normal numbers of
eggs (Figure 6.1 C), whereas females raised on 100 μM TPEN produced significantly
fewer eggs (Figure 6.1 E). All of these adverse effects on female fertility were
rescued by supplementation with ZnSO4 at equimolar concentrations to TPEN in the
food (Figure 6.1 B-E), confirming the requirement of zinc for female fertility. Thus,
dietary zinc is required for female Drosophila fertility, but does not appear to affect
male fertility. Moreover, zinc insufficiency impacts both the quality and quantity of
oocytes.
Since TPEN also has a high affinity for copper (Percival and Layden-Patrice,
1992), we attempted to test the effects of two copper chelators, neocuproine and
ammonium tetrathiomolybdate (TM), on Drosophila female fertility. Unfortunately, at
all concentrations tested (25 μM, 50 μM and 100 μM, based on comparative
concentrations of TPEN), presence of either chelator in the medium was either toxic or
semi-toxic to the flies (neocuprione) or slowed the flies' development by >3-fold
(TM), indicating a negative effect on fitness. Thus, although the surviving females had
lower egg-laying and hatchability than normal (reduction of 13%, 73% for 25 μM
neocuprione, 41%, 88% for 50 μM neocuprione, 63%, 91% for 25 μM TM, and 52%,
95% for 50 μM TM, respectively), this cannot be considered direct effects of either
chelator on the female germline; it is likely a consequence of the toxicity/negativefitness effects of the chelator to the fly as a whole.
Zinc is the most abundant transition metal measured in Drosophila
oocytes and activated eggs
Given the importance of zinc in mammalian and C. elegans gamete biology
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and the effect of dietary zinc deficiency in female Drosophila fertility, we measured
and visualized the subcellular distribution of total zinc as well as other transition
elements in oocytes from ORP2 females using synchrotron-based X-ray fluorescence
microscopy (XFM). We examined four groups of egg chambers and eggs throughout
development: early-stage oogenesis (stages 1-8), mid/late-stage oogenesis (stages 913), mature oocytes (stage 14), and activated (laid, unfertilized) eggs (Figure 6.3 AB). XFM data provides the content measurements of a sample through detection of
element-specific X-ray emission spectra. The total amount of each element (in fmol)
was calculated from data integrated along the z axis of the scans of each sample.
Element distributions were represented as two-dimensional projection images with
total element content measurements. We analyzed the element contents of the egg
chambers (including nurse cells and oocytes) as well as the oocytes alone (for stages
with clearly observable oocytes). The oocyte can be distinguished as the most
posterior cell within the egg chamber. Since nurse cells dump their cytoplasm into the
oocyte during late oogenesis (reviewed in Cavaliere et al., 1998), the element contents
of mature oocytes and activated eggs should include those from both nurse cells and
oocytes from earlier stages of oogenesis. We also attempted to quantify element
concentration in scanned samples. Since the volume of egg chambers were difficult to
measure due to their irregular shape, we used total element amounts in the region of
interest (ROI) divided by the area of ROI as an approximate of element concentration.
Consistent with their important physiological roles, zinc, iron, and copper were
the most abundant transition metals measured across all stages of oogenesis and after
egg activation. Among these three, zinc was present in the highest molar amount with
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5543±684 fmol in mature oocytes, compared to 2188±344 fmol of iron and 198±49
fmol of copper in mature oocytes (mean±SEM, Figure 6.4 A). This is analogous to the
relative amounts of transition metals in mammalian oocytes and embryos (Kim et al.,
2010).
Fluxes in total zinc occur during oocyte maturation and egg activation
XFM showed increases in iron, copper, and zinc content as egg chambers
transitioned from early to mid/late oogenesis. Before about stage 9, there are on
average 6.24±5.71 fmol of copper, 112±95 fmol of iron, and 186±178 fmol of zinc in
each egg chamber. After stage 9, each egg chamber contains on average 156±36 fmol
of copper, 2174±307 fmol of iron and 5045±879 fmol of zinc (mean±SEM, Figure 6.4
A). Interestingly, as the amount of these transition metals increased within egg
chambers in mid-late oogenesis, copper, iron and zinc became more concentrated in
the oocyte, relative to the associated nurse cells. In stage 9-13 egg chambers, 71.1% of
copper, 51.5% of iron and 75.9% of zinc were enriched in the oocyte, on average
(Figure 6.3 A and Figure 6.5 A).
From mid/late oogenesis stages to stage 14 and egg activation, both the
amount and area concentration of iron and copper remained constant with no statistical
differences in either egg chambers or oocytes alone (Figure 6.4 A-D). However, both
the zinc content (fmol) and the zinc concentration (fmol/μm2) underwent dynamic
changes (Figure 6.3 C-F). When considering the entire egg chamber, zinc
concentration significantly increased from stage 9-13 to stage 14 (Figure 6.3 D). Zinc
content and concentration significantly dropped from stage 14 to activated eggs
(Figure 6.3 C-D). When looking at the oocyte alone, zinc amount significantly
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increased from stage 9-13 to stage 14 and also significantly decreased from stage 14 to
activated eggs (Figure 6.4 E). Interestingly, oocyte zinc concentration kept dropping
significantly as the oocytes progressed from stage 9-13 to stage 14 and from stage 14
to activated eggs (Figure 6.3 F).
Taken together, these data indicate that zinc content keeps accumulating in
the egg chamber over oogenesis but decreases after egg activation. Within the egg
chamber, zinc becomes more and more enriched in the oocyte over oogenesis before a
significant decrease during egg activation. The reduced concentration from stage 9-13
to stage 14 mature oocyte (Figure 6.3 F) is possibly due to nurse cell dumping, in
which the zinc-enriched oocyte cytoplasm is mixed with the nurse cell cytoplasm
containing less zinc.
Zinc-enriched granules form during oocyte maturation and diminish
during egg activation and Znt35C is required for their maintenance
Although copper and iron displayed generally uniform distributions within the
oocyte (Figure 6.5 A-B), the zinc distribution became punctate over development
(Figure 6.5 A and A’). In stage 14 mature oocytes, zinc was seen in distinct granules
(Figure 6.5 B and B’). However, during egg activation, as intracellular zinc levels
decreased, these zinc granules also decreased in number (Figure 6.5 C and C’). These
data suggest that these granules may store zinc during oocyte maturation prior to the
loss observed following egg activation. The zinc transporter Znt35C, the Drosophila
ortholog of mammalian ZNT2/ZNT3/ZNT8, is important in the biogenesis of zinc
storage granules in Drosophila Malpighian tubules (Tejeda-Guzmán et al., 2018).
Moreover, Znt35C is the most highly expressed zinc transporter in the Drosophila
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ovary (Leader et al., 2017) and is regulated by phosphorylation during egg activation
(Zhang et al., 2018a). We investigated whether Znt35C contributes to the zinc or zinc
granule dynamics that we observed during oocyte maturation and activation. We
generated a znt35C1 null mutation using CRISPR/Cas9. A previously published, but
unavailable, znt35C null mutant had been reported to be viable unless exposed to
excessive zinc (Yepiskoposyan et al., 2006); our znt35C1 mutant was similarly viable
on normal food. Thus, we were able to isolate oocytes at all developmental stages
from homozygous znt35C1 females and subject them to XFM analysis.
znt35C1 egg chambers displayed accumulation of zinc from stage 1-8 to stage
9-13 of oogenesis comparable to wildtype (Figure 6.6 A-B). However, znt35C1
appeared to contain more zinc than wildtype in stage 9-13 when looking at both the
egg chamber and the oocyte alone. This difference was statistically significant with
regard to zinc concentration in egg chambers (Figure 6.6 B) and oocytes (Figure 6.6
D). However, this difference was reversed in stage 14 mature oocytes, where wildtype
displayed significantly higher zinc content and concentration than znt35C1 (Figure 6.6
A-B). When looking at the oocyte alone, unlike that in wildtype oocytes, zinc amount
in znt35C1 oocytes remained constant from stage 9-13 to stage 14 and from stage 14 to
activated eggs (Figure 6.6 C). Zinc granules were also largely absent from znt35C1
mature oocytes (Figure 6.6 E and E’) or activated eggs (Figure 6.6 F and F’).
Taken together, our data showed that in znt35C1 mutants, zinc accumulates
more in egg chambers and enriches more in oocytes compared to wildtype before
stage 14. At stage 14, znt35C1 oocytes experience premature zinc loss compared to
wildtype, concurrent with absence of zinc-enriched granules. The subsequent zinc
139

decrease during egg activation is not observed in znt35C1 mutants. Znt35C is
homologous to members of the SLC30 (ZnT) family of membrane proteins, which
transport zinc out of the cytosol, some of which are localized in the plasma membrane
and others in intracellular compartments (reviewed in Schweigel-Röntgen, 2014). Our
data are consistent with Znt35C’s roles in transporting zinc out of egg chambers
before oocyte maturation and/or roles in retaining zinc in mature oocytes by
maintaining zinc-enriched granules.
Subcellular distribution of zinc in activated eggs
We next asked with which organelles intracellular zinc is associated in
Drosophila oocytes and activated eggs. Centrifugation of Drosophila embryos can
stratify its subcellular components (Tran and Welte, 2010). We attempted to centrifuge
mature oocytes and activated eggs with the same protocol. All mature oocytes
collapsed after centrifugation possibly due to their soft texture before activation. Thus,
we were unable to determine organelle association of zinc in mature oocytes. In
activated eggs centrifuged and stratified with this protocol, zinc is located at the
posterior end of the eggs (Figure 6.7 A), which correlates with the localization of the
yolk (Tran and Welte, 2010). Although we cannot conclude that zinc is located in the
yolk based on overlapping localization, this observation suggested that zinc is
associated with the heaviest organelles in activated eggs.

6.4 Discussion
Zinc is essential for life and necessary for reproductive functions and fertility
in C. elegans and several mammalian species. However, the requirement for zinc in
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fertility, and its levels and distributions in oocytes and after oogenesis were unknown
for any arthropod, including the major model system, Drosophila. Here, we
determined that dietary zinc is essential for Drosophila female fertility. This prompted
us to use X-ray fluorescence microscopy to examine zinc distribution during oogenesis
and egg activation. We found that zinc is the most abundant transition metal in
Drosophila oocytes at all stages. Zinc levels increase during oogenesis, and within the
egg chamber, zinc becomes concentrated in the oocyte. Mature oocytes have high
levels of zinc in aggregates or granules; the latter require the zinc transporter Znt35C
for their presence and maintenance. Egg activation coincides with loss of both zinc
and granules from the oocyte. As discussed below, the loading of zinc into oocyte
granules and the loss of zinc upon egg activation are conserved between fly and
mammalian oocyte biology.
Zinc is required for female fertility in Drosophila
Dietary zinc is necessary for female fertility in Drosophila, impacting both the
quality and quantity of eggs produced, suggesting the fly as a possible model for
studying zinc-related subfertility. In mammalian females, zinc also plays multiple
roles in oocytes across various stages. Dietary zinc depletion leads to premature
germinal vesicle breakdown, spindle defects during oocyte maturation, and blocked
ovulation and epigenetic programming alterations (Tian and Diaz, 2012, 2013). After
fertilization, zinc deficiency further perturbs chromatin structure, reduces global
transcription, and disrupts placental development during early embryogenesis (Kong
et al., 2015; Tian et al., 2014). In C. elegans hermaphrodites, dietary zinc deficiency
results in impaired oogenesis and chromosome dynamics during meiosis in the
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germline, which reduces brood size and embryo viability (Hester et al., 2017;
Mendoza et al., 2017). Interestingly, we did not see impairment of male fertility upon
zinc-depletion in Drosophila males, even though in mammals zinc deficiency is
associated with sperm chromatin instability and thus male infertility (Caldamone et al.,
1979; Kvist et al., 1987). This observation is analogous to C. elegans, in which
oocytes are more sensitive to zinc deprivation than sperm (Mendoza et al., 2017). It is
still possible that the levels of TPEN we tested in Drosophila, while sufficient to
impair female fertility, were too low to affect spermatogenesis. In addition, dietary
zinc deficiency could also lead to impaired female fertility in a systematic and indirect
way instead of through a direct impact on oogenesis. These possibilities are subjects
for future studies.
Znt35C is required for the maintenance of zinc storage granules in
Drosophila oocytes
During Drosophila oocyte maturation, the presence of zinc-enriched granules
is maintained by zinc transporter Znt35C. Drosophila Znt35C mediates the biogenesis
of lysosome-related zinc granules which function as the major zinc reservoir in
principal Malpighian tubule epithelial cells (Tejeda-Guzmán et al., 2018). It is
tempting to speculate that similar mechanisms are used in the Drosophila oocyte to
store its high levels of zinc during maturation in preparation for zinc release upon egg
activation. Consistent with this interpretation, we observed that znt35C1 null mutant
females fail to maintain high levels of zinc, or zinc granules in their mature oocytes
and consequently show no decrease in zinc levels upon egg activation. These females
did not display defects in egg production or hatchability (Figure 6.8), however,
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suggesting that the accumulation of zinc in mature oocytes is not solely (or nonredundantly) necessary for Drosophila fertility under zinc sufficient conditions.
In mammalian egg activation, zinc is released from zinc-loaded vesicles
undergoing exocytosis after fertilization (Que et al., 2014). Given that zinc granules in
wildtype Drosophila mature oocytes are largely absent after egg activation, they may
serve similar purposes in packaging zinc for traffic out of oocytes during egg
activation. It will be intriguing in this context to examine the role of the mammalian
orthologs of Znt35C (ZNT2/ZNT3/ZNT8) in organizing and maintaining zinc levels in
mammalian oocytes and in the mechanics of zinc release upon fertilization.
Zinc dynamics during oocyte maturation and egg activation in Drosophila
and mammals
In multiple mammalian species, zinc levels are high in oocytes but drop
dramatically during egg activation via a series of exocytotic events termed zinc sparks.
(Duncan et al., 2016; Kim et al., 2011; Que et al., 2019; Zhang et al., 2016). In mice,
the zinc spark occurs coordinately with and is dependent on calcium oscillations
during egg activation (Kim et al., 2011) and plays multiple roles in downstream events
of egg activation including resumption of cell cycle (Kim et al., 2011) and
modification of the zona pellucida (Que et al., 2017b). Our observation of a decrease
in zinc levels in Drosophila oocytes during egg activation parallels what is seen in
mammals at this time, suggesting an overall analogy in phenomena, and the potential
for Drosophila to serve as a model for dissecting zinc flux mechanisms. In mouse,
mature oocytes arrest at metaphase II (MII) stage of meiosis when intracellular zinc
level peaks. The zinc spark is required for release of MII arrest and completion of
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meiosis (Kim et al., 2011). Drosophila mature oocytes arrest at metaphase I (MI) of
meiosis. Meiosis also completes after egg activation. It is possible that more complex
zinc fluxes occur as meiosis progress during egg activation (e.g. increase before MII
and decrease afterwards, parallel to that in mouse). However, since we only examined
oocyte samples before and after egg activation here, the presence of such dynamics is
subject to future studies.
Interestingly, we did not see a decrease in zinc granules following in vitro
activation. (Figure 6.7 B and B’); similarly, we only saw the decrease in zinc levels
during egg activation in vivo but not after in vitro egg activation (Figure 6.7 C). There
are two possible explanations for this difference between eggs activated in vivo and in
vitro. It is possible that zinc release and reduction of zinc granules occurs after the 30
min window used for the in vitro experiments. Alternatively, in vitro activation is
known not to be completely physiological (Horner and Wolfner, 2008b; Page and OrrWeaver, 1997), and it may thus fail to modulate zinc levels appropriately. However,
the failure of zinc changes in vitro to match those seen in vivo made it impossible for
us to directly observe zinc release real-time in Drosophila egg activation with
fluorescent zinc markers.
Our findings that zinc accumulates during Drosophila oogenesis, becomes
concentrated in granules in the mature oocyte and eventually decreases after egg
activation suggests possible conservation of zinc dynamics from Drosophila to those
in C. elegans and mammals. Similar mechanisms (e.g. homologous zinc transporters)
may be involved in zinc homeostasis regulation during oocyte maturation and egg
activation. This strongly motivates the studies of these parallel processes from
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Drosophila to C. elegans and mammals.
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Figure 6.1 Dietary TPEN impairs female Drosophila fertility.
(A) Diagram of female Drosophila reproductive system, showing one of the pair of
Figure 6.2 50 μM dietary TPEN reduces female Drosophila egg
ovaries with enlarged view of the progressive stages in an ovariole. Meiotic stages
hatchability from day 2 post mating.Figure 6.3 Dietary TPEN impairs
during oogenesis are noted. Illustration created with Biorender.com. (B-E) Three-day
female Drosophila fertility.
average egg hatchability (B and D) and egg number (C and E) from single-pair crosses
of females and males with either or both sexes raised in 50 μM (B-C) or 100 μM (DFigure 6.4 50 μM dietary TPEN reduces female Drosophila egg
E) TPEN only or TPEN + ZnSO4 rescue food. Male TPEN: concentration of dietary
hatchability from day 2 post mating.
TPEN on which the males were raised and tested. Female TPEN: concentration of
TPEN added to food on which the females were raised and tested. Male ZnSO4:
Figure 6.5 Zinc level and distribution changes during oocyte maturation
concentration of ZnSO4 added to food on which the males were raised. Female ZnSO4:
and egg activation in wildtype Drosophila.Figure 6.6 50 μM dietary
concentration of ZnSO4 added to food on which the females were raised. n: sample
TPEN reduces female Drosophila egg hatchability from day 2 post
size of each group. a, b, c: significance groups (significant difference of mean with
mating.Figure 6.7 Dietary TPEN impairs female Drosophila fertility.
p<0.05 between groups with different labels).
Figure 6.8 50 μM dietary TPEN reduces female Drosophila egg
hatchability from day 2 post mating.Figure 6.9 Dietary TPEN impairs
female Drosophila fertility.

Figure 6.10 50 μM dietary TPEN reduces female Drosophila egg
hatchability from day 2 post mating.
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Figure 6.11 Zinc level and distribution changes during oocyte maturation
and egg activation in wildtype Drosophila.Figure 6.12 50 μM dietary
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Figure 6.2 50 μM dietary TPEN reduces female Drosophila egg hatchability from
day 2 post mating.
(A) Egg hatchability breakdown by day of Fig.1B. 50 μM dietary TPEN significantly
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distribution changes during oocyte maturation and egg activation in wildtype
Drosophila.Figure 6.87 50 μM dietary TPEN reduces female Drosophila egg
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Figure 6.3 Zinc level and distribution changes during oocyte maturation and egg
activation in wildtype Drosophila.
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Figure 6.4 Levels of copper, iron and zinc in egg chambers and within oocytes
during Drosophila oogenesis and egg activation.
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Figure 6.5 Distribution of iron, copper and zinc during oocyte maturation and
egg activation in wildtype Drosophila.
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Figure 6.328 Zinc distribution and quantification over oocyte maturation and egg
activation in znt35C1 Drosophila.Figure 6.329 Distribution of iron, copper and
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Figure 6.330 Zinc distribution and quantification over oocyte maturation and egg
activation in znt35C1 Drosophila.
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Figure 6.6 Zinc distribution and quantification over oocyte maturation and egg
activation in znt35C1 Drosophila.
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Figure 6.408 Zinc distribution in centrifuged eggs activated in vivo and zinc
content of eggs activated in vitro.Figure 6.409 Zinc distribution and quantification
over oocyte maturation and egg activation in znt35C1 Drosophila.

Figure 6.410 Zinc distribution in centrifuged eggs activated in vivo and zinc
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content of eggs activated in vitro.
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Figure 6.7 Zinc distribution in centrifuged eggs activated in vivo and zinc content
of eggs activated in vitro.
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Figure 6.487 znt35C1 does not affect female egg production and
hatchability.Figure 6.488 Zinc distribution in centrifuged eggs activated in vivo
and zinc content of eggs activated in vitro.

Figure 6.489 znt35C1 does not affect female egg production and hatchability.

158constructs and their editing efficiency
Figure 6.490 Designs of gRNA expression
in the Drosophila germline.Figure 6.491 znt35C1 does not affect female egg
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Figure 6.8 znt35C1 does not affect female egg production and hatchability.
Average (A) egg number and (B) hatchability over 4 days produced by control
Figure 6.552 Designs of gRNA expression constructs and their editing efficiency
(znt35C1/+, n=17) and znt35C knockout (znt35C1/znt35C1, n=25) females mated with
in the Drosophila germline.Figure 6.553 znt35C1 does not affect female egg
ORP2 wildtype males. a: significance groups (significant difference of mean with
production and hatchability.
p<0.05 between groups with different labels).
Figure 6.554 Designs of gRNA expression constructs and their editing efficiency
in the Drosophila germline.

Figure 6.555 Designs of gRNA expression constructs and their editing efficiency
in the Drosophila germline.Figure 6.556 znt35C1 does not affect female egg
production and hatchability.

Figure 6.557 Designs of gRNA expression constructs and their editing efficiency
in the Drosophila germline.Figure 6.558 znt35C1 does not affect female egg
production and hatchability.

Figure 6.559 Designs of gRNA expression constructs and their editing efficiency
in the Drosophila germline.
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Figure 6.560 Designs of gRNA expression constructs and their editing efficiency
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CHAPTER 7

OPTIMIZATION OF GERMLINE-SPECIFIC CRISPR/CAS9MEDIATED GENOME EDITING IN DROSOPHILA5

7.1 Introduction
Tissue-specific mutagenesis is an essential tool for characterizing functions of
genes, especially when such mutations are lethal to the whole organism. Since the
emergence of clustered regularly interspaced short palindromic repeats (CRISPR)mediated genome editing methods, these have been widely used in multiple model and
non-model organisms to generate heritable knockout or knockin mutations of genes or
interest. This binary system utilizes a Cas (e.g. Cas9) endonuclease to cleave genomic
DNA at sites determined by a synthetic single guide RNA (gRNA) to create double
strand breaks (DSBs) at those sites. Such DSBs can be repaired imprecisely through
non-homologous end joining (NHEJ) or precisely through homology-directed repair
(HDR). Random insertions/deletions (indels), large DNA deletions, or precise DNA
sequence replacements can be achieved depending on the gRNAs and repair
mechanisms used (reviewed in Doudna and Charpentier, 2014; Jiang and Doudna,
2017; Ran et al., 2013).
Drosophila is a powerful model organism, given its versatile genetic
manipulation tools. CRISPR-mediated genome editing methods are highly successful
in this tractable system (Bassett et al., 2013; Gratz et al., 2013). A number of tissuespecific CRISPR/Cas9-mediated mutagenesis approaches have be reported in

5
This work is a collaboration with Dr Zijing Zhang and Sarah E. Allen from Dr. Mariana F.
Wolfner’s lab, and Gabriel T. Koreman, Yineng Xu and Bei Wang from Dr. Chun Han’s lab at Cornell
University.
I contributed to performing experiments and data analysis.
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Drosophila (Meltzer et al., 2019; Poe et al., 2018; Xue et al., 2014a). However, such
methods have not been optimal for targeting the germline, although highly efficient
editing in the germline is essential to study many reproductive related genes.
The special nature of the germline makes certain molecular mechanisms
function differently from those in the soma. As a consequence, the efficiency of
genetic manipulation tools can be reduced. The GAL4-UAS system has been widely
used in Drosophila for efficient tissue-specific gene expression (Duffy, 2002).
However, the application of conventional Gal4-UAS system with the standard UASt
sequence in the female germline is limited due to Piwi-interacting RNAs (piRNAs) in
targeting Hsp70 promoter of UASt for inhibition (DeLuca and Spradling, 2018). This
has been circumvented by design of vectors optimized for the germline: UASp, which
replaced the Hsp70 promoter with a transposase promoter (Rørth, 1998), and UASz,
which modified the Hsp70 promoter with a synthetic untranslated region (UTR)
sequence (DeLuca and Spradling, 2018). Similarly, tissue-specific CRISPR/Cas9
genome editing (Poe et al., 2018) can also have limited efficiency in the germline.
Constructs specifically optimized for germline expression need to be developed for
efficient CRISPR/Cas9-mediated genome editing in the germline.
The efficiency of germline editing is not a pivotal concern for conventional
CRISPR/Cas9 genome editing that aims to generate mutations that will be propagated
in the whole organism. Mono- or bi-allelic mutations generated in the germline of
founder organisms with less-than-optimal efficiency are acceptable since homozygous
mutant strains can be obtained by screening and crossing of progenies of the founders.
However, efficiency is a major concern for germline-specific CRISPR/Cas9 genome
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editing, whose goal is to make and phenotype mutations in the germline itself (Hu and
Wolfner, 2019). Since mutations are generated in the cell lineage in which the
phenotypes will be examined, bi-allelic mutations are required in a high percentage of
the cells in order to reveal the mutant phenotypes of genes of interest.
Several approaches have been reported to improve CRISPR/Cas9 genome
editing efficiency in the germline. For Cas9 expression, transgenes expressing Cas9
specifically in the germline were developed. Some of them put Cas9 coding sequence
directly under the regulation of germline-specific promoters, such as vasa-Cas9 (Sebo
et al., 2014) and nos-Cas9 (Kondo and Ueda, 2013). Some others utilize the GAL4UAS system to achieve germline-specific Cas9 expression (Xue et al., 2014a). For
gRNA expression, there has not been specific optimization in the germline yet.
However, in order to ubiquitously and efficiently express multiple gRNAs to enhance
editing efficiency, a number of methods have been developed, including optimizing
ubiquitous promoters (Xue et al., 2014b), modifying the gRNA scaffold with a “flip
and extension” (F+E) change (Chen et al., 2013), and flanking gRNA sequences with
endogenous tRNAs (Port and Bullock, 2016; Xie et al., 2015). Whether these
optimizations can enhance gRNA expression in the germline remains to be tested.
Previous studies on CRISPR/Cas9 genome editing in the germline either requires
multiple genetic components with GAL4-UAS system (Xue et al., 2014a) or requires
multiple gRNA expression constructs that can only express single gRNAs (Gratz et
al., 2013), which both require extensive time of embryo injection and crossing. Here,
we aim to optimize germline-specific CRISPR/Cas9 editing by the use of a single
cross, between nos-Cas9 line and a line that can efficiently express multiple gRNAs in
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the germline.
Because much has already been optimized about Cas9 delivery for germlinespecific editing, we focused on optimizing the gRNA expression constructs. We
designed four gRNA expression constructs and placed into them sequences encoding
gRNAs that target three genes with essential functions in the germline (Table 7.1). We
integrated the constructs into the fly genome to create ubiquitous gRNA expression
lines. gRNA-expressing flies were crossed with flies that carried nos-Cas9, which
expresses Cas9 in the germline (Kondo and Ueda, 2013); progeny of this cross
expressed both Cas9 and gRNA in the germline to achieve germline-specific genome
editing (Figure 1.2 B).
The genes we targeted in our experiments were ones with known germlineexpressed fertility or fecundity functions: bag of marbles (bam) (McKearin and
Spradling, 1990), centromere identifier (cid) (Blower et al., 2006) and giant nuclei
(gnu) (Shamanski and Orr-Weaver, 1991). bam and cid were also used in an previous
study to assess germline-specific CRISPR/Cas9 genome editing (Xue et al., 2014a).
Our data revealed that the most efficient construct for germline gRNA expression is
the one that utilizes two separate ubiquitous promoters to drive the expression of two
or more gRNAs and uses the “F+E” gRNA scaffold.

7.2 Materials and Methods
DNA constructs and transgenic flies. Components of gRNA expression
constructs are described in Figure 7.1 A. gRNA targets of each gene are designed
based on previous research (Xue et al., 2014a) (for cid) and efficiency scores on
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Benchling software (https://benchling.com) [for bam (our new sequences
displayed higher efficiency than Xue et al., 2014a) and gnu] and verified with
flyCRISPR optimal target finder tools (https://flyCRISPR.com) (Gratz et al.,
2014). Their sequences are as follows:
gRNA-bam: GCAATGAAAACGAAGATCCG;
GTTGCAAGCAATCCAAACCG;
gRNA-cid: GGACGCCGGACGGAGGCAGC;
GGAAAGCAAAACGCGAGCAGC;
gRNA-gnu: TTCGAATGTAAAAGCTTCGG;
TTCCTGCCAACGCCTCCAGT; AAAATTAGCAGAAATCCTAC;
gRNA1-gnu and gRNA2-gnu expressed all three gRNAs whereas gRNA3gnu and gRNA4-gnu expressed the first two. These constructs were injected by
Rainbow Transgenic Flies into yw, nos- phiC31; PBac{attP-9A} embryos.
Successful transformants were isolated to establish gRNA expression fly lines.
Fly strains and maintenance. All Drosophila strains and crosses were
maintained or performed on standard yeast-glucose-agar media at 25 °C on a 12/12
light/dark cycle. The following fly lines were obtained from Bloomington Drosophila
Stock Center: yw, nos-phiC31; PBac{attP-9A} (35569), nos-Cas9-attP2 (78782).
Fertility assay. Virgin females of the indicated genotypes were aged on
yeasted food vials, males were aged on regular food vials, both for 3 to 5 d. They
were then mated with Oregon-R-P2 (ORP2) wildtype males or virgin females,
respectively. Matings were observed and males were removed after a single mating
had completed. Females were allowed to lay eggs in the mating vial for 24 h and were
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transferred to a new vial. They were transferred 3 times before being discarded.
Numbers of eggs and pupae were counted. Egg hatchability was calculated by the
number of pupae divided by the number of eggs (Hu and Wolfner, 2019).
Statistics. One-way ANOVA tests were used to detect significant differences
in egg number and hatchability between control and germline-specific knockout flies.
Tukey's HSD test was used to identify groups that were significantly different from
each other in the ANOVA tests.

7.3 Results
Construct design
We tested four gRNA expression constructs (denoted as gRNA1-4) for their
efficiency in inducing expected fertility defects in germline-specific knockout flies for
all three tester-genes (Figure 7.1 A). All four them support expression of two or more
gRNAs. gRNA1-2 utilized flanking tRNAs to facilitate multiplex gRNA expression
(Port and Bullock, 2016), whereas gRNA3-4 placed each gRNA target under its own
ubiquitous promoter. gRNA1 utilized the CR7T promoter, a ubiquitous promoter that
was developed in previous studies for efficient gRNA expression (Xue et al., 2014b),
gRNA2 utilized the U6:3 promoter, a commonly used ubiquitous promoter for gRNA
expression, and gRNA3-4 utilized both of promoters, each with its own gRNA
sequence. gRNA1-3 utilized the “F+E” scaffold, a design with an A-U flip and hairpin
extension on original gRNA scaffold sequence optimized for human cell lines (Chen
et al., 2013), whereas gRNA4 utilized the “2.1” scaffold, a gRNA scaffold that
displayed highest efficiency in an efficiency screen in human cell lines (Grevet et al.,
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2018).
Construct efficiency
Functions and expected knockout phenotypes of the three targeted genes are
summarized in Table 7.1. We looked at three aspects of fertility to evaluate the
efficiency of germline-specific knockout: (1) number and (2) hatchability (percent of
eggs hatched) of eggs laid by knockout females mated with Oregon-R-P2 (ORP2)
wildtype males (“female egg number” and “female hatchability”, respectively), and
(3) hatchability of eggs laid by ORP2 females that had mated with knockout males
(“male hatchability”). Germline-specific knockout with all four constructs displayed at
least some level of knockout phenotype for one or more genes, suggesting that they all
worked for generating biallelic null mutations of target genes (Figure 7.1 B-C).
However, their efficiency in generating biallelic null mutations varies, as reflected by
degrees of reduction in egg number and hatchability.
bam is required for germline stem cell development in both males and females
and its loss of function abolishes gametogenesis (McKearin and Spradling, 1990).
Consistent with this expectation, CRISPR/Cas9 editing of bam with gRNA1-3 almost
completely eliminated female egg number, female hatchability and male hatchability
(Figure 7.1 B-D). Of the three constructs, editing with gRNA3 gave the fewest cases
of incomplete knockout (non-zero egg number or hatchability), suggesting that it was
the most efficient in generating bam biallelic knockouts. Due to the high efficiency of
gRNA3-bam, we did not further test gRNA4 with bam.
cid is needed for centromere identity in meiosis (Blower et al., 2006) and its
loss of function reduces male fertility (Xue et al., 2014a). Based on its known
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functions, we hypothesized that cid loss of function will reduce female hatchability as
well. In our tests of cid gRNAs in each of the four constructs, only CRISPR/Cas9
editing with gRNA3 significantly reduced male hatchability (Figure 7.1 B). Editing
with gRNA1 did not affect female hatchability but editing with gRNA2-4 all
significantly reduced female hatchability, with gRNA3 showing the greatest reduction
(Figure 7.1 D). These data also suggest gRNA3 has the highest efficiency with cid
gRNAs.
gnu encodes a regulatory subunit of the Png kinase complex, which is
maternally needed for early embryogenesis (Shamanski and Orr-Weaver, 1991). This
gene is only expressed in and only affects the female germline and does not affect
oogenesis. Consistent with this, CRISPR/Cas9 editing of gnu with all four constructs
had no effect on egg number (Figure 7.1 C) but displayed significantly reduced
female hatchability (Figure 7.1 D), but no effect on male hatchability. However, none
showed complete elimination of hatchability and we detected no significant efficiency
difference among the four constructs.
Taken together, our results consistently indicate that gRNA3 is the most
efficient gRNA expression construct in CRISPR/Cas9-mediated germline-specific
knockout.

7.4 Discussion
CRISPR/Cas9-mediated genome editing requires specific optimization when
applied to the Drosophila germline. Here, we examined the efficiency of four gRNA
expression constructs and determined which was the most efficient for driving gRNA
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expression in the Drosophila germline. We tested two scaffolds, two multiplex gRNA
arrangements and two promoters or promoter-arrangements. We found that the highest
efficiency construct was the one that utilizes two distinct ubiquitous promoters to
drive the expression of two gRNAs with “F+E” scaffold. tRNA processing
mechanisms and the “2.1” gRNA scaffold both improves editing efficiency in human
cell lines or the Drosophila soma (Chen et al., 2013; Port and Bullock, 2016), but they
did not show enhanced efficiency in the Drosophila germline.
Efficiency is key in germline-specific CRISPR/Cas9-mediated genome editing.
Several approaches have been used to improve tissue-specific CRISPR/Cas9 editing:
Transgene insertion site: The insertion site of Cas9 transgene can have
positional effects on its expression level, thus affecting editing efficiency (Port et al.,
2014). Optimal chromosome location needs to be determined empirically.
Design of multiplex constructs: Because expressing multiple gRNAs can also
increase the chance of successful editing and disruption of genes, we designed all of
our constructs to support expression of two or more gRNAs. Multiplex gRNA
expression driven by a single promoter with flanking tRNAs enhances genome editing
efficiency in rice protoplasts (Xie et al., 2015) and in the Drosophila soma (Port and
Bullock, 2016). However, our results indicated that this design is less effective in
inducing biallelic mutations in the germline, as compared to designs in which each
gRNA is driven by a promoter. Flanking tRNAs could potentially enhance gRNA
efficiency by retaining them in the nucleus (Port and Bullock, 2016). However, since
the tRNA-based approach relies on endogenous tRNA processing mechanisms, it is
possible that the germline might be less efficient than the soma in carrying out this
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processing.
gRNA scaffold: The scaffold sequence of the gRNA serves for Cas9
recognition and recruitment. Thus, scaffold efficiency can also affect genome editing
efficiency. Several versions of gRNA scaffold have been designed and tested (Chen et
al., 2013; Grevet et al., 2018; Stolfi et al., 2014). Here, we compared the efficiency of
a “2.1” version of gRNA scaffold (Grevet et al., 2018) with that of the “F+E” gRNA
scaffold (Chen et al., 2013) for germline genome editing. We found that the “2.1”
gRNA scaffold did not work more efficiently than “F+E” in the Drosophila germline.
For cid, “2.1” was significantly less efficient than “F+E”; for gnu, there was no
significant efficiency difference between them.
gRNA sequences: gRNA sequences also have major impacts on genome
editing efficiency. The choice of gRNA target sites can affect likelihood of potential
off-target effects (Cho et al., 2014), as well as affecting RNA secondary structures and
chromatin accessibility of gRNAs (Jensen et al., 2017) that will result in drastically
different efficiencies. Several algorithms have been developed to assess gRNA
efficiency in silico (Chari et al., 2017; Doench et al., 2016). Here, we showed that the
efficiency of different gRNAs can be differentially sensitive to their expression
construct: whereas bam and cid gRNAs consistently displayed highest efficiency with
gRNA3 construct (Figure 7.1 B-D), gnu gRNAs did not show significant efficiency
differences among four constructs (Figure 7.1 D). One of the possible explanations is
that specific gRNA sequences can form secondary structures with the scaffold and/or
tRNAs, reducing their efficiency.
Multiple methods have been developed to enhance the efficiency of
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CRISPR/Cas9-mediated genome editing, which is particularly important in tissuespecific conditions. Some methods work well in other organisms and/or tissues (Chen
et al., 2013; Gandhi et al., 2017; Grevet et al., 2018; Xie et al., 2015) but may not be
as applicable in the Drosophila germline. Our work here provides a potential optimal
construct for expressing multiple gRNAs in the Drosophila germline.
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Figure 7.1 Designs of gRNA expression constructs and their editing efficiency in
the Drosophila germline.
(A) Four designs of gRNA expression constructs. CR7T and U6:3, ubiquitous
Figure
7.2 Designs
of gRNA
expression
constructs
andbar,
their
editing
promoters;
brown bar,
gRNA target
sequences;
magenta
F+E
gRNAefficiency
scaffold; in
the
Drosophila
germline.
purple
bar, 2.1 gRNA
scaffold; clover lines, glycine tRNA sequences. (B) 4-day
average hatchability of eggs laid by ORP2 females, mated with germline-specific
Figure 7.3 Designs of gRNA expression constructs and their editing efficiency in
knockout males with indicated gene target sequences and gRNA expression
the Drosophila germline.
constructs. (C) 4-day average number of eggs laid by germline-specific knockout
females with indicated gene target sequences and gRNA expression constructs, mated
Figure 7.4 Designs of gRNA expression constructs and their editing efficiency in
with ORP2 males. (D) 4-day average hatchability of eggs laid by germline-specific
the Drosophila germline.
knockout females with indicated gene target sequences and gRNA expression
constructs, mated with ORP2 males. gRNA3-bam was not significantly different from
Figure 7.5 Designs of gRNA expression constructs and their editing efficiency in
control due to small sample size (1) resulting from largely eliminated egg numbers.
the Drosophila germline.
Significance indicators reflect comparisons with the control (nos-Cas9-attP2) unless
between explicitly indicated pairs. ns, not significant, p > 0.05; **, p < 0.01; ***, p <
Figure 7.6 Designs of gRNA expression constructs and their editing efficiency in
0.001.
the Drosophila germline.

Figure 7.7 Designs of gRNA expression constructs and their editing efficiency in
the Drosophila germline.
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Figure 7.8 Designs of gRNA expression constructs and their editing efficiency in
the Drosophila germline.
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Table 7.1 Functions and knockout phenotypes of tested genes.
gKO: germline-specific knockout.
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Target
gene
bam

cid

gnu

Gene function
Required for fate
determination of
germline stem cells
Required for
centromere identity
during mitosis and
meiosis
Maternally required for
the normal nuclear
divisions of the
syncytial embryo

Expected gKO
female egg
number
Reduced
(McKearin and
Spradling, 1990)
No known effect

No known effect
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Expected gKO
female egg
hatchability
Reduced
(McKearin and
Spradling, 1990)
Reduced
(hypothesis based
on Blower et al.,
2006)
Reduced
(Shamanski and
Orr-Weaver, 1991)

Expected gKO
male fertility
Reduced
(McKearin and
Spradling, 1990)
Reduced
(Xue et al., 2014a)

No known effect

CHAPTER 8

THESIS SUMMARY AND PERSPECTIVES

Egg activation is a conserved process that transitions an arrested mature oocyte
to a totipotent embryo once fertilized. Drosophila has long been a tractable genetic
model to study multiple aspects of reproduction, oogenesis, embryogenesis and pattern
formation. Relatively recently, Drosophila has been used to study egg activation.
Previous studies discovered that egg activation in Drosophila was induced by
ovulation and mechanical pressure, and included several conserved events, such as a
rise of intracellular calcium in response to mechanical trigger (Kaneuchi et al., 2015;
York-Andersen et al., 2015), calcineurin regulated phospho-proteome changes (Zhang
et al., 2018a), and modifications to egg coverings (Petri et al., 1979). My thesis
research extended the conservation of egg activation events between Drosophila and
other species to multiple other aspects, including calcium influx mediated by Trpm
channels, remodeling of cytoskeleton network, and dynamics of zinc and other
transition elements during oogenesis and egg activation. These further demonstrated
that Drosophila is a good model to elucidate molecular mechanisms of egg activation
and provided tolls with which to dissect these mechanisms. Failure of egg activation
underlies many cases of human infertility. The conserved processes I discovered may
contribute to studies and treatment of such cases.

8.1 Regulatory mechanisms of calcium influx and phospho-proteome during
Drosophila egg activation
My research identified Trpm as the channel mediating calcium influx during

177

Drosophila egg activation. Its mouse homolog TRPM7 is also involved in mediating
calcium influx required for calcium oscillations during egg activation. Despite the lack
of calcium waves in activating oocytes from trpm germline knockout females in vitro,
I observed that these oocytes can still undergo egg activation events and even hatch
(after fertilization) in vivo. I also observed variation in basal calcium levels of mature
oocytes prior to egg activation (Hu and Wolfner, 2019). It is possible that an
alternative channel contributes to increased basal level of calcium in some mature
oocytes or calcium influx during egg activation in vivo in addition to Trpm.
An excellent candidate for this alternative channel is Piezo, a mechanosensitive cation channel that is evolutionarily conserved from Drosophila to mammals.
Piezo is responsible for mechanical nociception in sensory neurons (reviewed in
Volkers et al., 2015; Wu et al., 2017). Drosophila Piezo is also capable of mediating
calcium signaling in response to mechanical stimuli (He et al., 2018). According to
RNAseq database, Piezo is expressed in Drosophila ovaries. Piezo can potentially
contribute to elevating intracellular calcium levels in two ways: increasing basal
calcium levels in mature oocytes prior to egg activation, and/or mediating calcium
influx during egg activation in vivo together with Trpm. To this end, we can cross into
the available piezo null mutant (Kim et al., 2012) our nos-GCaMP6m transgene (Hu
and Wolfner, 2019) and examine basal calcium level by quantifying the fluorescent
signal. We can also generate trpm and piezo double germline knockout females
following methods described in Chapter 7 to examine its redundant role with trpm in
mediating calcium influx during egg activation. We have designed three pairs of
gRNAs targeting piezo and generated CR7T-gRNA1-U63-gRNA2 constructs with
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them. The gRNA target sequences are as follows (PAM sequences are underlined):
piezo gRNA-A: GCATGGTGCTCCAGCGCATCGTGG,
GAACATCAAAAGGTAGACAAAGG; piezo gRNA-B:
CATCGAATGGCTAGTGCCTGAGG, GCCAGCGCATCGTGGTGCCAGCGG;
piezo gRNA-C: GTACGGCCGCAAAGAACAGCGTGG,
AGCGTGGCCAGGCAGAACAGAGG. Efficiency of these constructs will be tested
with “Cas9-LeThAL” method (Poe et al., 2018) and the optimal pair will be used for
germline double knockout.
Similar approaches can be used to test Pain. Although I have found that pain
null mutant oocytes display normal calcium wave incidence in in vitro egg activation,
it is still possible Pain works redundantly with Trpm to mediate calcium influx since
Pain is known to be mechano-sensitive (Tracey et al., 2003).
It is still not clear why calcium waves start from oocyte pole(s) during egg
activation. As discussed in Chapter 3, it is most likely that terminal regions of the
oocyte are molecularly different from other regions, so that special mechanisms exist
at oocyte poles to allow Trpm activation only there. To this end, some candidates
include cytoskeleton-related regulatory proteins. As discussed in Chapter 5, actin
cytoskeleton composition is different at oocyte poles, their regulatory molecules may
contribute to local activation of Trpm channels there (York-Andersen et al., 2019).
Polarization of Drosophila oocyte during oogenesis involves transport of specific
mRNAs to oocyte poles via microtubule motor proteins (Januschke et al., 2002,
reviewed in Kugler and Lasko, 2014). Thus, microtubule network molecules may also
be involved in Trpm local activation.
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To elucidate what molecules make the oocyte poles special, one approach can
be to perform proteomic analysis of the oocyte poles and waist separately. We can
sever the anterior and posterior region from frozen mature oocytes, extract proteins
from the poles and the waist and subject them to mass spectrometry (MS) analysis. By
comparing the proteomic components and/or their phospho-state differences between
the poles and the waist region of oocytes, we can identify the candidates for terminalspecific regulations. We can then generate germline mutants of those candidates using
either germline-specific RNAi knockdown or CRISPR/Cas9 knockout and examine if
calcium waves still initiate from poles in those mutants.
It also remains to be elucidated whether the intracellular calcium level rise is
directly required for calcium dependent phosphatase (e.g. calcineurin) activity and its
necessity for egg activation events to occur. Our recent proteomic study showed that
activity of the calcineurin is required for phospho-state changes in maternallyprovided regulators of the cell cycle, translation initiation factors, and other processes
during egg activation (Zhang et al., 2018a). These changes are suggested to activate
the target proteins. Given that egg activation occurred in the absence of Trpm
mediated calcium influx, perhaps some of the calcineurin dependent phosphoproteome changes do not require Trpm function. To this end, we can generate trpm
germline mutant females as described in Chapter 2 and examine the phosphoproteomes of the oocytes and activated eggs. We can then subject those oocytes and
eggs to MS analysis as previously described (Zhang et al., 2018a). Analysis of
phospho-peptide data this from MS and its comparison to previous studies in
calcineurin knockdown mutants would reveal the impact of Trpm mediated calcium
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influx on calcineurin dependent phospho-proteome changes and downstream egg
activation events.

8.2 Mechanisms of calcium rises during egg activation
Despite the various triggers, a rise of intracellular free calcium level is a
common feature of egg activation across species. In different species, the sources of
this elevated level of calcium can differ, from solely the external environment, solely
internal calcium stores, or both (reviewed in Swann and Lai, 2016). Thus, the
mechanisms to introduce Ca2+ from the sources to the cytoplasm vary
correspondingly.
In mechanisms involving influx of external calcium, Ca2+ enters the activating
oocyte through cation channels. The involvement of TRP family cation channels is
seen in both protostome and deuterostome species in which these calcium channels are
identified. In C. elegans, TRP-3 channels are transferred from the fertilizing sperm to
the oocyte to mediate calcium influx during egg activation (Takayama and Onami,
2016). In Drosophila, I identified Trpm as the channel mediating calcium influx in
response to mechanical trigger of egg activation (Hu and Wolfner, 2019). In mouse,
TRPV3 channel mediates calcium influx during parthenogenetic activation of oocytes
using chemicals such as Sr2+ or 2-APB (Carvacho et al., 2013; Lee et al., 2016) and
TRPM7 (along with Cav3.2) mediated calcium influx is required for calcium
oscillations following sperm triggered egg activation (Bernhardt et al., 2018).
In some other species, through pharmaceutical inhibitor tests and deprivation
of environmental calcium, it is also known that influx of extracellular calcium is
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required for egg activation. However, the nature of channels mediating the influx
remains unknown. In limpets, fertilization triggers egg activation and the calcium rise
in this process relies solely on environmental Ca2+ to initiate, which most likely enters
through voltage gated channels (Deguchi, 2007). In Urechis worm, both fertilizing
sperm and intracellular pH changes are necessary for egg activation (Gould and
Stephano, 1989) and by measurement, the total change in oocyte calcium level is
accounted for by the influx of external calcium (Johnston and Paul, 1977).
TRP family cation channels are widespread in a great diversity of species and
can respond to a variety of stimuli including mechanical pressure, voltage and pH
changes (reviewed in Clapham et al., 2001; Nilius and Voets, 2005). Given their
known functions of mediating calcium influx during egg activation in a wide range of
species, it is tempting to speculate they are involved in calcium influx during egg
activation in other species as well. Another family of ion channels of interest are
voltage-gated calcium channels (VGCCs). An example of VGCC is CaV3.2, which
together with TRPM7, mediates calcium entry into oocytes during both oocyte
maturation and egg activation (Bernhardt et al., 2015, 2018). VGCCs are also required
for meiosis resumption during egg activation of a protostome, mussel (Tomkowiak et
al., 1997). TRP channels and VGCCs may evolve independently or collaboratively in
their functions of mediating calcium influx during egg activation, so that one or both
of them are found to play this role in both protostome and deuterostome. The presence
of multiple classes of ion channels mediating calcium influx required for egg
activation also raises the possibility that there may still be unknown mechanisms to
mediate calcium influx in addition to the identified channels. This could explain the
182

observations that some egg activation events can still occur when calcium rise is
blocked by inhibition of TRP channels and VGCCs in Drosophila and mouse
(Bernhardt et al., 2018; Hu and Wolfner, 2019).
In mechanisms involving release of calcium from internal stores during egg
activation, the IP3 pathway is utilized in multiple species including nemertean worm
(Stricker, 2014), fruit fly (Kaneuchi et al., 2015), sea urchin (Rakow and Shen, 1990),
frog (Tokmakov et al., 2002) and mouse (Kashir et al., 2014). Although all of these
organisms utilize the pathways involving IP3 binding to its receptor IP3R to release
calcium from internal stores, they differ in upstream mechanisms. In Xenopus,
fertilization triggers the activation of a Src-family kinase that activates PLCg, which
catalyzes the cleavage of PIP2 to produce IP3 (Tokmakov et al., 2002). In Drosophila,
my research showed that Plc21C (PLCb) is involved in linking initial calcium influx
to further propagation, possibly by producing IP3 to activate IP3R and release calcium
from stores (Chapter 4), which is required for sustaining the calcium wave propagation
(Kaneuchi et al., 2015). In mouse, the fertilizing sperm delivers PLCx to the activating
oocyte to activate the IP3 pathway (Kashir et al., 2014). These observations could be
an example of “bottom-up” evolution of pathway regulation (Shearman, 2002), in
which the essential and final steps of pathways emerged first and are the most
conserved during evolution. Additional upstream regulatory molecules and their
activation methods evolved later and divergently among species. In this case, IP3R
mediated calcium release from internal stores to increase intracellular calcium levels is
this essential last step in the pathway that might have occurred first during evolution,
while the use of various types of PLCs and their activation mechanisms might have
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evolved later and in a lineage-specific manner.

8.3 Approaches to test potential regulators of egg activation events
In Chapter 4, we showed that Plc21C is necessary for the calcium wave during
Drosophila egg activation. However, its null mutant oocytes did not show complete
elimination of calcium waves, suggesting possible redundant mechanisms. Due to the
combinatorial lethal effect of sl12 null allele with nos-GCaMP6m transgene, we were
unable to determine if Sl is involved in calcium wave propagation. This pitfall can be
potentially overcome by switching to a different calcium probe, mata-GAL4-VP16 >
UASp-GCaMP3. sl is on X chromosome. Since sl12 is not lethal, we can cross it into
fly lines carrying the two components of the GAL4/UAS system respectively. By
generating sl12; mata-GAL4-VP16 and sl12;; UAS-GCaMP3 transgenic lines and
crossing them, we may be able to obtain viable homozygous sl12 females expressing
GCaMP sensor in the germline.
In Chapter 5, we proposed a-actinin (Actn) as a potential mediator of the
calcium-actin regulatory network. Actn can crosslink actin at low calcium
concentration and release actin filaments at high calcium concentration (Jayadev et al.,
2014; Prebil et al., 2016; Sjöblom et al., 2008). It may be involved in the feed-forward
loop in calcium and actin waves. Related to research in Chapter 6, in addition to
Znt35C, another zinc transporter, Fear-of-intimacy (foi), might be involved in
regulation of zinc dynamics in oogenesis and egg activation as well. Foi is the second
most highly expressed zinc transporter in the ovary next to Znt35C (Leader et al.,
2017). It is the single ortholog of mammalian ZIP6 and ZIP10, which are required for
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oocyte zinc accumulation during maturation (Kong et al., 2014). Proteomic studies in
trpm mutant oocytes may reveal more candidates for egg activation regulation. Null
mutations of both Actn and foi are homozygous lethal, so may be some other
candidates from proteomic studies. It is essential to generate germline-specific
mutations of these genes in order to examine their functions in oogenesis, egg
activation and embryogenesis. To perturb candidate gene functions, in addition to the
well-established GAL4/UAS mediated germline-specific RNAi knockdown, methods
we described in Chapter 7 can also be used to generate efficient germline
CRISPR/Cas9 knockout. The gRNA expression constructs also allow CRISPR/Cas9mediated knockin. By cloning in donor sequences including homology arms into the
multiple cloning site of the gRNA expression construct and integrating them
altogether into the fly genome with jC31 integrase, we can achieve germline-specific
CRISPR/Cas9-mediated knockin with a simple crossing between the nos-Cas9 line
and gRNA-donor line. This can be useful to generate desired point mutation or insert
specific tags into genes of interest, especially when such modification can cause lethal
effect. As a proof of principle, I have inserted a GFP tag coding sequence into either
the 5’ or 3’ end of endogenous trpm gene. Although sequencing indicates successful
insertion with the correct reading frame, I did not detect any GFP expression with
Western blot. This is possibly due to the large gene size of trpm and complex splicing
isoforms. However, the knockin technique itself is feasible and efficient.

To summarize, my thesis extended the conservation of egg activation events
from Drosophila to other species. In addition to previously identified events, my work
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showed or suggested the conservation in calcium rise triggers, calcium wave
propagation mechanisms, cytoskeleton remodeling and zinc dynamics during egg
activation. This demonstrated that Drosophila is a good model to disentangle the
mechanisms of multiple aspects of egg activation. Findings in Drosophila egg
activation may be applicable to other species including human, contributing to
treatment of sterility due to failure of egg activation.
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APPENDIX A

MECHANICAL MANIPULATION OF DROSOPHILA
MATURE OOCYTES6

A.1 Introduction
Drosophila egg activation is accompanied by a rise in intracellular free
calcium levels similar to other organisms. However, this calcium rise is triggered by
mechanical pressure, in contrast to the fertilization trigger used in Deuterostomes and
C. elegans. In vivo, this pressure results from swelling of the oocyte due to uptake of
oviductal fluid and/or to the squeezing of the oocyte by pressure from the oviduct and
its musculature. In vitro, this pressure results from swelling of the oocyte due to
hypotonicity of the buffer it is incubated in. These two types of pressure differ at least
in the areas they affect: squeezing from the oviduct applies will initially only affect the
posterior end of the oocyte which enters the oviduct first and initiates the calcium
wave, whereas pressure from swelling of the oocyte due to osmotic conditions affects
the entire oocyte. However, both of these pressures induce the calcium wave and at
least some egg activation events. In order to determine what type of pressure is
required for calcium wave initiation during Drosophila egg activation, I attempted
various types of mechanical manipulation of the Drosophila oocyte. In investigate
pressure applied by micropipette, microneedle and microfluidic chamber. Methods and
experiment results of microneedle manipulation are described in Chapter 3 and

6
The micropipette aspiration experiment was a collaboration with Dr. David Bassen from Dr.
Jonathan T. Butcher’s lab at Cornell University. The microfluidic chamber experiment was a
collaboration with Dr. Chih-Kuan Tung from Dr. Mingming Wu’s lab at Cornell University. The
microneedle experiment was a collaboration with Dr. Gregory Fedorchak from Dr. Jan Lammerding’s
lab at Cornell University. Dr. Bassen, Dr. Tung and Dr. Fedorchak contributed to the experiment
designs. I contributed to performing the experiments.
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Chapter 5. Here I will document the experimental methods and results of micropipette
and microfluidic chamber manipulation.

A.2 Materials and Methods
Microfluidic chamber. Chamber fabrication methods was as described in
(Tung et al., 2014). The design of silicon master is described in Figure A.1 A-B.
Fabrication of the silicon master mold was done at Cornell Nano-Scale Science and
Technology Facility (CNF). The chambers were cast with Polydimethylsiloxane
(PDMS). A schematic of a chamber is shown in Figure A.1 C. The chamber was
filled with isolation buffer (IB) (Mahowald et al., 1983), and a mature oocyte
dissected from mata-GAL4-VP16 > UASp-GCaMP3 virgin females (Kaneuchi et al.,
2015) was transferred into one of the wells. A silicon tube was then attached to the
same well and more IB was injected into the chamber with a syringe to push the
oocyte through the narrow constriction. A Metamorph fluorescence microscope with
5X lens and settings for GFP imaging was focused on the constriction to record
GCaMP3 fluorescence as the oocytes squeezed through the constriction. Time series
images were taken at 1 s intervals.
Micropipette aspiration. Micropipette instruments were set up as described in
(Apoorva et al., 2017). Mature oocytes dissected from mata-GAL4-VP16 > UASpGCaMP3 virgin females were incubated in IB on a glass bottom petri-dish. The
micropipette was applied to various regions of the oocytes. Vacuum pressure from the
micropipette was applied incrementally via a silicone tube and calibrated by a
manometer. Images were taken with a Zeiss Discovery v20 stereo microscope with 5X
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lens and settings for GFP imaging.

A.3 Results
Although a calcium rise was induced once in an experiment with microfluidic
chamber it was not reproducible
During ovulation In vivo, oocyte has to squeeze through pedicel at the base of
ovaries and into an oviduct that also has a diameter smaller than the oocyte. To test
whether a squeezing pressure from a narrow constriction is sufficient to induce
calcium rises in Drosophila mature oocytes, we attempted to mimic the process of
ovulation by passing mature oocytes through a narrow constriction in a microfluidic
chamber. Using as reference the sizes of the oocyte and the oviduct, we designed a
channel that is 250 µm wide to allow oocytes to pass through freely and a narrow
constriction that is 50 µm wide to force oocytes to squeeze through and experience
pressure (Figure A.1 D). In our experiments, the orientation of the oocyte (anterior or
posterior first) when it reached the constriction was random. Oocytes were submerged
in IB in the entire process, ruling out the contribution of osmotic pressure, so the only
mechanical pressure applied to them in this experiment was from the constriction.
We repeated squeezing the oocytes through various tapering angles of
constrictions in microfluidic chambers. However, among the 32 oocytes we tested,
only one (in a chamber with tapering angle of 30°, see Figure A.1 B) displayed a
transient calcium rise in the entire oocyte when passing through the constriction
(Figure A.1 E). This suggested that regional mechanical pressure from passing
through a narrow constriction may not be sufficient to trigger calcium rises in
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Drosophila mature oocytes, or that our chamber design did not fully replicate in vivo
dimensions and shape.
Micropipette aspiration does not induce calcium rises in Drosophila mature
oocytes
To test whether a point aspiration pressure can induce calcium rise in
Drosophila mature oocytes, we subject mature oocytes from mata-GAL4-VP16 >
UASp-GCaMP3 virgin females to a micropipette system, which can apply an
aspirating pressure to the plasma membrane (PM) of the oocytes. Due to technical
limitations, it was difficult to dock the oocyte poles to the micropipette. For 7 mature
oocytes we docked a micropipette to their side and applied vacuum pressure (Figure
A.2). None displayed elevated calcium levels as indicated by GCaMP3 signal at the
site of aspiration, even with the highest pressure setting possible. This suggests that
point aspiration pressure from a micropipette at the side of mature oocytes is not
sufficient to induce a calcium rise.

A.4 Discussion
To determine what type of pressure is sufficient to trigger calcium rises and
subsequent egg activation events in Drosophila, we attempted various methods of
mechanical manipulation of mature oocytes and examined oocyte calcium dynamics in
response to them.
It is well documented that submerging Drosophila mature oocytes in a
hypotonic buffer, which applies a global osmotic pressure to the entire oocyte, is
sufficient to trigger a complete calcium wave and several egg activation events
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(Horner and Wolfner, 2008b; Kaneuchi et al., 2015; Mahowald et al., 1983; Page and
Orr-Weaver, 1997; York-Andersen et al., 2015). In Chapter 3 and 5 of this thesis, I
also demonstrated that a point-pressure from a microneedle can induce a regional
calcium rise that does not propagate into a wave. Here, I tested two other types of
pressure: point aspiration pressure from a micropipette and regional squeezing
pressure from a narrow constriction in a microfluidic chamber. Neither was sufficient
to trigger calcium rises or waves in mature oocytes. The fact that neither point
pressing or point aspiration pressure can induce a complete calcium wave suggests
that pressure applied to larger regions of the oocyte may be required to trigger a
propagating calcium wave. The microfluidic chamber mimicked the pressure during
ovulation and affects larger region of the oocyte. However, it still did not reproducibly
induce a propagating calcium wave. It is possible that the dimensions and/or the
material elasticity of the microfluidic chambers we made were different from the
actual oviduct and were not sufficient to trigger the calcium wave. The dehydrated
mature oocytes also take up oviductal fluid and swell in vivo while passing through the
tight regions of the reproductive tract, whereas our microfluidic chamber experiments
were done in IB, which prevents such fluid uptake and swelling. It is also possible that
the swelling is the major mechanical trigger of calcium waves and egg activation.
Given that calcium waves complete much faster in vivo than in vitro (Kaneuchi et al.,
2015), it is possible that the squeezing pressure from the oviduct contributes to faster
propagation of calcium waves. This could be tested by passing mature oocytes in
hypotonic modified Robb’s buffer (RB) and squeezing them through narrow
constrictions while the calcium wave is still propagating. However, since calcium
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waves only take ~ 5 min to complete in vitro and setting up the microfluidic chambers
also takes time, this experiment could be difficult to set up and requires further
optimization.
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Figure A.1 Design of microfluidic chamber experiments.
(A) Structure of the silicon wafer used as a mold to cast microfluidic
chambers. The two rows of devices are identical. The red area represents where the
250 µm protrusion is. Each device has two reservoirs where PDMS will be punched
through, used to place oocytes into the device, as well as applying fluid flow to move
the oocyte in the channel. The separation between the two reservoirs is mostly for the
ease of operation. (B) Enlarged view of the narrow constriction. The channels will
taper down to 50 µm with different angles of tapering. The lengths of the horizontal
bars are 200 µm, used as markers to identify the width of the funnel. The optimal
angle for tapering was unknown, so funnels with 15°, 20°, 30°, 45°, 60° were designed
for testing. (C) Scheme of an experiment squeezing mature oocytes through the
constriction. (D) Representative brightfield view of an oocyte entering the constriction
with posterior end. (E) Time lapse images of the transient calcium wave in the oocyte
passing through the constriction. Only one out 32 oocytes examined showed this
response. Scale bars = 100 μm.
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Figure A.2 Micropipette aspiration of mature oocytes.
Brightfield (A) and fluorescent (B) view of a mature oocyte docked to a micropipette.
No calcium rise was observed even with maximum vacuum pressure, n = 7. Scale bar
= 100 μm.
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APPENDIX B
STRONTIUM-INDUCED CALCIUM OSCILLATIONS
DURING DROSOPHILA EGG ACTIVATION
B.1 Introduction
Previous studies revealed multiple events during egg activation that are parallel
between Drosophila and mouse (Bernhardt et al., 2018; Cui et al., 2008; Ducibella et
al., 2002; Hu and Wolfner, 2019; Kaneuchi et al., 2015; Nakanishi et al., 2006). In
mouse, mature oocytes can be parthenogenetically activated with several artificial
triggers instead of the sperm. Among them is replacing calcium with 5-10 mM of
strontium (Sr2+) in the buffer incubating mature mouse oocyte in vitro (Kline and
Kline, 1992). Sr2+ enters the mouse oocyte through TRPV3 channels (Carvacho et al.,
2013). This Sr2+ influx can induce calcium level oscillations and egg activation in
these oocytes and allow embryonic development when combined with somatic cell
nuclear transplantation (Wakayama et al., 1998). Since this approach to achieve mouse
egg activation is independent of sperm, similar to the case in Drosophila, we asked if
the same procedure can induce a calcium rises and egg activation in Drosophila as
well. If so, it would reveal more mechanistic similarities in intracellular calcium level
rises between Drosophila and mouse.

B.2 Materials and Methods
Mature oocytes were dissected from mata-GAL4-VP16 > UASp-GCaMP3
virgin females and were activated in vitro as previously described (Hu and Wolfner,
2019; Kaneuchi et al., 2015). The hypotonic buffer used to activate the oocytes was
switched to modified activation buffer (AB) with its 2 mM CaCl2 replaced with 10
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mM SrCl2. A Metamorph fluorescent microscope with 5X lens and settings for GFP
imaging was used to record the calcium dynamics of activating oocytes. Time series
images were taken at 1 s intervals for 20 min. Oocyte fluorescence was quantified by
measuring total intensity within the oocyte area using ImageJ software (Schindelin et
al., 2012).

B.3 Results and Discussion
Upon replacing isolation buffer (IB) with modified AB, calcium waves
initiated from one or both poles of mature oocytes, similar to those induced with
unmodified AB. However, unlike the single transient calcium wave that normally
sweeps through the Drosophila oocyte incubated in unmodified AB (Kaneuchi et al.
2015, York-Andersen et al. 2015), strontium induced repeated calcium waves that died
down before completion and then repeated (Figure B.1 A). Quantification of the
GCaMP3 fluorescence signal showed an oscillatory pattern (Figure B.1 B), with
oscillations lasting for the entire duration of imaging (20 min) for all the oocytes
tested (n = 11). In one oocyte that was imaged in the modified AB for an extended
period of time, calcium oscillations lasted for over an hour.
Calcium oscillations are observed in activating mouse oocytes. The initial
calcium rise is triggered by sperm derived PLCz (reviewed in Swann and Lai, 2013),
and subsequent oscillations involve expelling calcium and re-uptake of external
calcium through TRPM7 and Cav3.2 channels (Bernhardt et al., 2018). 10 mM Sr2+
can also activate mouse oocytes, and produces calcium oscillation patterns similar to
the normal ones (Carvacho et al., 2013). Despite the difference in the natural triggers,
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the fact that both Drosophila and mouse oocytes are capable of inducing calcium
oscillations in response to activation trigger suggests that although calcium rises take
the form of multiple oscillations in mammals and transient single waves in most other
species, the underlying calcium signaling machinery may be conserved. This
machinery is capable of triggering multiple rounds of calcium uptake-expelling but
might have been co-opted to do so only in mammals later in evolution. Along this line,
my research, together with previous studies, has suggested a conserved Trpm – PLC –
IP3 pathway of calcium influx and wave propagation from Drosophila to mouse.
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Figure B.1 Strontium induced calcium oscillations
(A) Representative time lapse images of calcium oscillations triggered by 10 mM Sr2+,
n = 11. (B) Quantification of fluorescent intensity over time in (A). Scale bar = 100
μm.
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APPENDIX C
CROSSING SCHEME FOR GENERATING TRPM
GERMLINE CLONES FOR CALCIUM IMAGING
C.1 Introduction
In Chapter 2, I wished to visualize calcium wave phenotype in a trpm null
background. Since the trpm null mutation is homozygous lethal (Hofmann et al.,
2010), I attempted various methods to genetically disrupt trpm specifically in the
germline. Although both germline-specific RNAi knockdown and CRISPR/Cas9mediated knockout successful for answering the question (Hu and Wolfner, 2019),
their technical limitations limited knockdown/knockout extent to over 90%. In an
effort to achieve 100% knockout of trpm in the germline, I attempted to generate
germline clones of the trpm null mutation, using the Flp-FRT system and ovoD
dominant female sterile technique (Chou and Perrimon, 1996) (see 1.3 and Figure 1.2
B). This involves generating a transgenic fly line carrying multiple special
chromosomes and transgenes, including hs-Flp, ovoD and the trpm null allele on
homologous chromosomes carrying the same FRT site, and a germline-expressed
GCaMP calcium sensor. Here I will document the crossing scheme I designed to
achieve this goal. This could provide an example for future germline clone crossings.

C.2 Materials and Methods
Fly strains and maintenance. All Drosophila strains and crosses were
maintained or performed on standard yeast-glucose-agar media at 25 °C on a 12/12
light/dark cycle. w1118; trpm3/CyO null mutant strain was isolated from progenies of
trpm germline-specific knockout females (Hu and Wolfner, 2019) crossed with
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Sco/CyO balancer males. It carries an 8-base deletion in exon 3 that leads to a
frameshift and premature stop codon. The nos-GCaMP6m-attP2 line is as previously
described (Hu and Wolfner, 2019). The following fly lines were obtained from
Bloomington Drosophila Stock Center: hsFLP; Adv/CyO (6), FRT42B, ovoD (4434),
w1118; [FRT42B, w+], L*/CyO (1958), FM7a; TM3 (36283), T(2;3)/CyO;TM3 (2475),
w1118 (3605).

C.3 Results and Discussion
Recombination and crossing scheme to generate FRT42B, trpm3 is shown in
Figure C.1 A-B. The following crossing scheme is shown in Figure C.1 C. I
successfully obtained Line A and B shown in Figure C.1 C. However, I did not obtain
any progeny from the cross between them. It is possible that multiple transgenes in
one or both of the lines led to negative effects on their fertility. Thus, after a multigenerational crossing scheme, I was unable to obtain the final females that I needed
for the experiment. As an alternative, I successfully created efficient trpm germlinespecific CRISPR/Cas9 knockout females that expressed GCaMP in the germline to
examine calcium wave phenotype in trpm homozygous knockout oocytes (Chapter 2).
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Figure C.1 Crossing schemes to create trpm germline clones for oocyte calcium
imaging.
(A) Scheme of generating FRT42B, trpm3 via recombination. (B) Crossing scheme to
generate a FRT42B, trpm3 stable line. (C) Crossing scheme to generate trpm germline
clones using the dominant female sterile technique. The final experimental females
also express GCaMP in the germline to allow calcium wave imaging.
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