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Abstract

The increasing demand for fish in the food industry has resulted in the extensive
overfishing of wild fisheries. In efforts to alleviate the demand from the food industry,
genetically modified (GM) fish were developed possessing traits such as larger mass, faster
growth, and increased resistance to disease. However, the greater fitness advantage of GM
fish presents potential risks for wild type populations in the event of release or escape from
a confined fish facility. In addition to physical barriers, it is critical to develop a genetic
mechanism in order to ensure that the spread of GM transgene to the natural populations does

not occur.

RNA interference (RNAI) is an endogenous mechanism used to regulate gene
expression by destroying targeted mRNA molecules. Manipulation of this biological process
has been successfully utilized to knockdown specific genes through the introduction of
synthetic transgenes in organisms such as C. elegans, M. musculus, and D. melanogaster.
Although the use of RNAI as a biological tool is still relatively new in zebrafish, recent work

has explored elements of this mechanism allowing for greater knockdown efficiencies.

The deadend (dnd) gene is required for primordial germ cell (PGC) development and
survival. Previous studies have shown that zebrafish dnd knockouts develop into sterile
adults without disrupting somatic development. In efforts to induce sterility in zebrafish,
short hairpin RNA (shRNA) constructs targeting dnd were designed to exploit the
endogenous RNAI pathway. Upon qualitative analysis in transient and transgenic zebrafish
subjected to the synthetic RNAI construct, a reduction in the germ cell population at early

stages of development was observed. However, quantification of dnd mRNA in fish from the



same time points did not show significant changes in expression levels compared to their
wildtype counterparts. Adult fish subjected to the transgene construct produced viable

gametes.

The use of RNAI as a tool for bioconfinement relies on sterility among all individuals
subjected to the shRNA bearing transgene. Based on the results obtained, the verdict is still

unclear as to whether shRNA is a viable mechanism for large scale bioconfinement.



Résumé

La demande croissante pour les poissons dans 1’industrie alimentaire a mené a la
surpéche de poissons sauvages. Afin de réponde a la demande de I’industrie alimentaire,
des poissons genéetiguement modifiés (GM) furent mis au point avec des caractéristiques tel
qu’une masse accrue, une croissance accélérée et une résistance accrue aux maladies.
Toutefois, les avantages des poissons GM présentent aussi des risques pour les populations
sauvages dans le cas d’une évasion ou d’une libération accidentelles des poissons d’une
ferme d’élevage. En plus de barriéres physiques, il est essentiel de mettre au point des
mécanismes génétiques visant a empécher toute dissémination des transgenes des poissons

GM aux populations naturelles.

Les ARN interférents (ARN1) font partie d’un mécanisme endogene utilisé dans le
contrdle de I’expression génique par lequel les ARNi causent la destruction des ARN
messagers cibles. La manipulation de ce processus biologique a été accomplie avec succes
pour causer la perte de fonction de génes spécifiques par ’introduction de transgenes
synthétiques chez des organismes tel que C. elegans, M. musculus, et D. melanogaster.
Quoique I’usage des ARNI est relativement nouveau chez le poisson-zébre, des études
récentes ont exploré diverses composantes de ce mécanisme pour mener a une meilleure

efficacité.

Le géne deadend (dnd) est nécessaire au bon développement et a la survie des
cellules de la lignée germinale. Des études antérieures ont montré que des poissons-zebres
ayant perdu la fonction de dnd devenaient des adultes stériles sans pour autant affecter le
développement des cellules somatiques. Afin de provoquer la stérilité des poissons-zébres,
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des constructions ARN a courte épingle a cheveux (shARN) ciblant dnd furent élaborées
afin de mettre & contribution la voie endogene des ARNi. L’analyse qualitative des
poissons exprimant une construction shARN de maniere transitoire ou stable, a montré une
diminution apparente du nombre de cellules germinales primordiales aux stades précoces
du développement. Cependant, la quantification de I’ARNm de dnd dans les poissons au
méme stade n’a pas montré de changements significatifs dans les niveaux de transcrits
comparé aux poissons non-transgéniques. Les poissons adultes arborant les diverses

constructions transgéniques ont produit des gameétes viables.

L’utilisation des ARNi en tant qu’outil pour le bio-confinement requiert la stérilité
des tous les individus portant le transgene ShARN. En se basant sur les résultats obtenus, il
reste a déterminer si les ShARN constituent une approche prometteuse pour le bio-

confinement a grande échelle.
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1. Introduction

1.1. General Overview

The increasing demand for fish in the food industry has resulted in the extensive
overfishing of wild fisheries. This demand has caused widespread habitat destruction,
overfishing, and an overall loss of biodiversity within both freshwater and marine
ecosystems. To compensate for the issues surrounding industrial overfishing of wild
populations, farmed fisheries in sheltered coastal waters, rivers, ponds and tanks were
introduced. The innovation of genetically modified (GM) farm-raised fish that possess traits
such as larger mass, faster growth, and increased resistance to diseases may alleviate the

industrial pressure from the food industry for consumer-relevant species.

However, developing a transgenic GM fish does present a risk to wild populations in
the event that GM fish escape a confined facility. GM fish would have a greater fitness
advantage compared to wild type (WT) populations by their genetic modifications which
could establish a selection pressure that may deplete natural fish populations. It is therefore
critical to isolate these fish from open waters. Nonetheless, fish escapes owing to equipment
failure are inevitable; this may occur as a result of events such as accidents, predators,
storms, wave intensities, or vandalism. The escape of GM fish could have grave
repercussions for the natural environment with the disruption of new ecological niche. The
introduction of a new niche will likely alter predator-prey relationships and in turn result in
loss of habitat and/or species extinction. It is for these reasons that it is important to develop

a reliable method of containing GM fish.



Research on aquaculture species is both costly and time-consuming. Atlantic Salmon
(Salmon salar) reach sexual maturity at 1 year of age whereas zebrafish are sexually mature
at ~3 months post fertilization (Gjerde, B., 1984). The use of zebrafish (Danio rerio) as a
model organism is quickly gaining a reliable reputation in aquaculture research as it resolves
these disadvantages. The sequenced genome of zebrafish also offers a huge advantage by
allowing the use of technologies for molecular analysis such as genotyping. Zebrafish has
proven itself to be a representative system in understanding biological characteristics of a
larger group of organisms. For these reasons, we used zebrafish in this study to explore a

transgenic approach for biological confinement.

1.2.Bioconfinement

The introduction of GM fish in the food industry has provided some relief to the
population demand for food. However, this relief comes with the concern of possible release
or escape of transgenic species into the wild and the effects that it would have on natural

environment.

The two primary methods of biological confinement are physical and genetic
confinement. Physical confinements includes the use of barriers to prevent escape within an
environment. In aquaculture, this can involve the use of conventional net pen systems or
land-based facilities. However, these confinement methods has inherent risks which cannot
ensure restraint on the proliferation of GM fish in the event of escape into the wild. Genetic
control can include methods such as dietary dependence factors, such as vitamins only

available through supplementation within an environment, or sterility. Inducing sterility,



defined by the absence of functional gametes, appears to be the most effective mechanism

for large scale biological confinement as it inhibits the propagation of the transgene.

1.3. Gonad Development in Zebrafish

In early embryonic stages, a population of primordial germ cells (PGCs) is reserved for
the differentiation of gametes in sexually reproductive animals (Houston, D., & King, M.,
2000). These cells eventually lead to the production of eggs in females and sperm in males.
Early PGCs are specified extragonadally as four random clusters during early embryogenesis
(3 hours post fertilization) that eventually migrate towards the genital ridge (Raz, E., 2003;

Yoon, C., Kawakami, K., & Hopkins, N., 1997).

Using intermediate targets found within the embryo, zebrafish PGCs migrate to the
gonad through six steps during the first 24 hours of embryonic development (Weidinger, G.,
Wolke, U., & Koprunner, M., 1999). The first step (i) begins with migration of the four
clusters towards the dorsal side of the embryo. At ~60% epiboly, the PGCs no longer form
four distinct clusters as they make their way to the dorsal end. Ventrally located PGCs
migrate more slowly towards the dorsal, with some cells remaining at the ventral end. Cells
that are close to the dorsal end begin to travel away from the dorsal midline (step ii). By
~80% epiboly, dorsally located PGCs align along the anterior mesoderm while ventrally
located PGCs align along the lateral mesoderm (step iii). At the 2-somite stage, a majority
of the PGCs have migrated to the anterior end as two lines parallel to the first somite. These
cells form two lateral PGC clusters that migrate along the side of the embryo (step iv). By

the 8-somite stage, the trailing ventral PGCs migrate anteriorly until they are found laterally



in clusters developing along the first to third somite (step v). The final step (vi) occurs when
the PGCs begin to position themselves posteriorly along the eighth and tenth somite by 24
hpf. The specification of PGCs in zebrafish relies on maternally supplied cytoplasmic
determinants (Weidinger, G., Wolke, U., & Koprunner, M., 1999). PGC migration,
colonization, and gamete formation rely on three identified genes; vasa, nanos, and dead end

(Nagasawa, K., Fernandes, J. M. O., Yoshizaki, G., Miwa, M., & Babiak, 1., 2013).

The vasa gene was first identified in Drosophila melanogaster (fruit fly) and is a
DEAD-box RNA helicase specifically expressed in germ cells (Hay, B., Jan, L. Y., & Jan,
Y. N., 1988; Lasko, P. F., & Ashburner, M., 1988). The DEAD-box family are highly
conserved RNA helicases present in all eukaryotic cells which are required for the metabolic
processes of RNA from transcription to degradation (Linder, P., & Jankowsky, E., 2011).
Although vasa is maternally supplied, it maintains strong expression throughout zebrafish
gonad development (Kdprunner, M., Thisse, C., Thisse, B., & Raz, E., 2001; Yoon, C.,
Kawakami, K., & Hopkins, N., 1997). As early as the 2-cell stage, vasa transcripts have
localized to specific regions within the embryo that direct the formation of the developing

germ line (Yoon, C., Kawakami, K., & Hopkins, N., 1997).

The nanos gene encodes an RNA-binding zinc finger protein that are also required for
PGC formation and migration (Saito, T., Fujimoto, T., Maegawa, S., Inoue, K., Tanaka, M.,
Arai, K., & Yamaha, E., 2006). Knockout experiments in zebrafish have shown that the
absence of nanos prevents PGC migration which subsequently causes this population of cells
to undergo apoptosis (Koprunner, M., Thisse, C., Thisse, B., & Raz, E., 2001). Knockout
experiments in mice revealed that PGCs fail to survive in the absence of the nanos ortholog,
suggesting that its role in PGC survival is evolutionarily conserved (Tsuda, M., Sasaoka,
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Y., Kiso, M., & Abe, K., 2003). In the germ line, nanos is resistant to the silencing effects
of microRNAs (miRNA) through the protection of another PGC specific maternal gene, Dead
end (dnd) (Mishima, Y., Giraldez, A. J., Takeda, Y., Fujiwara, T., Sakamoto, H., Schier, A.
F., & Inoue, K., 2007). Dnd interacts with the 3’'UTR of nanos, preventing miRNA from

binding to nanos.

Similar to vasa and nanos, dnd also plays a critical role in proper PGC development
through migration and survival. Dnd encodes an RNA binding protein that is required to
confine PGCs to the deep blastoderm layers during early stages of embryogenesis
(Weidinger, G., Stebler, J., & Slanchev, K., 2003). Dnd knockdown experiments inhibited
polarization and proper PGC migration, triggering PGC death without disrupting somatic
development (Weidinger, G., Stebler, J., & Slanchev, K., 2003). Embryos whose germ cells
were ablated with dnd antisense morpholino oligonucleotides (MO) developed into sterile
adult males despite presenting typical male sexual behaviour, defined by their ability to
trigger spawning in females (Slanchev, K., Stebler, J., de la Cueva-Méndez, G., & Raz, E.,
2005). Typical courtship behaviour is defined by the male closely circling the female with
his fins raised which stimulates the female to release her eggs which triggers the male to
simultaneously discharge sperm (Spence, R., Gerlach, G., Lawrence, C., & Smith, C., 2008).
The lack of females in dnd MO injected fish suggests that dnd function may be required for
female development (Slanchev, K., Stebler, J., de la Cueva-Méndez, G., & Raz, E., 2005). It
was later discovered that the presence of a germ line is vital for ovary development (female
sex determination) but not necessary for testis determination (Siegfried, K. R., & Nusslein-

Volhard, C., 2008). The distinctive expression patterns and minimal pleiotropic effects of



vasa, nanos, and dnd allows these genes to be good potential candidates in exploring

transgenic sterilization in fish.

While PGCs are specified early in zebrafish development, sexual differentiation does
not begin until later stages (Uchida, D., & Yamashita, M., 2002). PGCs only migrate to the
gonadal position at approximately the 6-somite stage (Yoon, C., Kawakami, K., & Hopkins,
N., 1997). Although it is still unknown how sex is determined in zebrafish, studies have
implied that it can be influenced by both multiple (>1) genetic factors (polygenic sex
determination) as well as environmental factors (Siegfried, K. R., & Nusslein-Volhard, C.,
2008). By 21-23 dpf, the sex of the individual can be identified; however, sexual maturity
does not occur until approximately three months post fertilization (Uchida, D., & Yamashita,
M., 2002). Prior to sexual differentiation, all individuals begin the default process of
oogenesis by developing a non-functional ovary (Maack, G., & Segner, H., 2003; Wang, X.
G., Bartfai, R., Sleptsova-Freidrich, I., & Orban, L., 2007). The immature ovary begins to
develop at 10 dpf up until 20 dpf. Between 21-30 dpf, testis begin to form in developing
males coinciding with the apoptosis of oocytes, eventually leading to spermatogenesis
(Maack, G., & Segner, H., 2003; von Hofsten, J., & Olsson, P.-E., 2005). Oogenesis

continues in developing females to form a fully differentiated ovary.



1.4. Manipulating Gene Expression

1.4.1. RNA Interference

There are various biological mechanisms that are used to manipulate gene expression.
RNA interference (RNAI) is an endogenous gene regulatory mechanism whereby double
stranded small non-coding RNA molecules block post-transcriptional gene expression by the
destruction of target mRNA molecules (Figure 1.1). RNAi was first discovered in
Caenorhabditis elegans but has since been identified to be an evolutionarily conserved gene
silencing mechanism in most eukaryotic cells (Fire, A., Xu, S., Montgomery, M., & Kostas,

S., 1998).

Two key players in RNAI are microRNAs (miRNAs) and small interfering RNAs
(siRNAs). The miRNAs are produced from endogenous non-coding RNA regions that fold
back onto themselves forming a stem loop structure (Bartel, D., 2004). The siRNAs are
generated from long exogenous dsRNA which enters the cell through vectors such as viruses

(Chen, M., Du, Q., Zhang, H., Wabhlestedt, C., & Liang, Z., 2005).

RNAI regulates post-transcriptional gene expression using several mechanisms. RNAI
can suppress translation or it can direct destruction of target mRNA via the
ribonucleoprotein, RNA-induced silencing complex (RISC) through mRNA cleavage or
deadenylation (Tamura, Y., Yoshida, M., Ohnishi, Y., & Hohjoh, H., 2009). RNA-
polymerase Il transcribes miRNA genes to form primary mRNA (pri-miRNA) with a 5° cap
and a polyadenylated tail (Poly-A tail) in the nucleus (Lee, Y., Kim, M., Han, J., Yeom, K.-
H., Lee, S., Baek, S. H., & Kim, V. N., 2004). These transcripts are further processed by an
RNase 111 enzyme, Drosha and a nuclear dsSRNA binding protein, Pasha into ~70-nucleotide
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stem loop structures known as precursor-miRNA (pre-miRNA) (Yeom, K.-H., Lee, Y., Han,
J., Suh, M. R., & Kim, V. N., 2006). The pre-miRNA then gets exported into the cytoplasm
by binding toa karyopherin protein, exportin-5 (Exp5) (Yi, R., Qin, Y., Macara, I., & Cullen,
B., 2003). In the cytoplasm, an RNA polymerase 1l endoribonuclease, Dicer, cleaves dSRNA
into 19-23 nucleotide long short interfering RNA (siRNA) segments with a 3’ overhang
(Bernstein, E., Caudy, A. A., Hammond, S. M., & Hannon, G. J., 2001). These overhangs
allows the siRNAs to bind to the RNA induced silencing complex (RISC) which initiates the
RNAIi pathway (Hammond, S. M., 2005). The RISC complex is what produces the gene
silencing effects of RNAiI (Hammond, S. M., Bernstein, E., Beach, D., & Hannon, G. J.,

2000).

Each siRNA segment is comprised of complementary short RNA molecules referred
to as the guide strand, and a passenger strand (Castel, S. E., & Martienssen, R. a, 2013). The
RNAse component of RISC complex, Argonaute, is activated upon binding of the dsSRNA to
RISC which cleaves and destroys the passenger strand. Only the remaining guide strand is
incorporated into the RISC complex and serves as a template to find target messenger RNA
molecules with complementary sequence (Castel, S. E., & Martienssen, R. a, 2013). Once
the target mMRNA is bound to the guide strand, the endonuclease activity of Argonaute

catalyzes cleavage of the mRNA which is then degraded by exonucleases.

The miRNAs guide RISC to knockdown gene expression through two known
mechanisms; translational repression or mRNA cleavage. The mechanism employed is
dependent on the level of complementarity of the miRNA sequence to its target gene. The
translational repression of miRNA occurs when there is partial complementarity with the
target gene which is typically found with endogenously expressed miRNA’s (Filipowicz, W.,

8



Jaskiewicz, L., Kolb, F. a, & Pillai, R. S., 2005). RNAI mediated mRNA cleavage occurs

when there is complete complementarity between the miRNA and the target gene.



Figure 1.1. Post transcriptional gene silencing RNAI pathway. Double stranded RNA
(dsRNA) found in the nucleus is exported into the cytoplasm of the cell where Dicer (a
Ribonuclease-111 family member) cuts it into 21-23 nucleotide segments. The short double
stranded segments, known as siRNA (small interfering RNA) or miRNA (microRNA) bind
to the Argonaut protein attached to the RNA-inducing silencing complex (RISC) and begin
to unwind. The antisense strand (guide strand) remains bound to Argonaut while the
passenger strand is cleaved off and degraded. The guide strand base pairs with a
complementary mRNA sequence where it cleaves and destroys the corresponding RNA by

the catalytic module of the RISC complex.
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RNAI has since been used in a variety of species as a tool for target-specific gene
silencing to better understand the role of genes in cellular pathways (Singh, S., Narang, A.
S., & Mahato, R. I., 2011). The initial attempts to use RNAIi in zebrafish proved to be
unreliable owing to non-specific off-target effects. This led to the use of morpholino
oligonucleotides as a transient gene silencing tool in zebrafish. However, recent reports have
suggested that loss-of-function phenotypes obtained using MO also need to be reassessed
due to irreproducible results obtained using newer knockdown technologies (Schulte-

Merker, S., & Stainier, D. Y. R., 2014).

Although RNAI has been used successfully to knockdown target genes in various
organisms, the verdict is still unclear as to whether or not RNAI can be used to reliably
silence genes in zebrafish (Singh, S., Narang, A. S., & Mahato, R. I., 2011). Early accounts
of successful RNAI in zebrafish were contended with reports of nonspecific off-target effects
(Oates, aC., Bruce, aE., & Ho, R. K., 2000; Zhao, Z., Cao, Y., Li, M., & Meng, a, 2001).
However as more information surrounding RNAI is being uncovered, elements that allow
RNA.I to be tailored to the zebrafish have also surfaced. This has led to the recent reports of
efficient knockdown effects seen in zebrafish (De Rienzo, G., Gutzman, J. H., & Sive, H.,
2012). Studies have reported higher knockdown effects designing RNAI expressing
constructs with elements such as multiple target hairpin structures and as well as inserting
sequences that mimic the natural backbone of endogenous primary microRNAs (Dong, M.,
Fu, Y.-F., Du, T.-T., Jing, C.-B., Fu, C.-T., Chen, Y., Jin, Y., Deng, M., & Liu, T. X,,
2009).The use of RNAI as a tool to manipulate gene expression in zebrafish is still relatively

recent and new discoveries on how to optimize its effectiveness are still being explored.
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While some studies have shown the potential loss of function effects of RNAIi on
endogenous RNA expression in Fo generation experiments, the nature of transient expression
leads to variable knockdown effects. Transient expression is only expressed for a fixed
period of time before the transgene is lost through factors such as cell divison. Using an
inducible system, such as GAL4/UAS, transgenic lines expressing sShRNA can possibly lead
to higher and more uniform knockdown effects as a result of integration of the transgene into

the host genome where it can be replicated and passed on to future generations.

1.4.2. GAL4-UAS System

The GAL4-UAS system requires two different transgenic lines referred to as the
activator and effector lines (Brand, A., & Perrimon, N., 1993). The activator line contains an
enhancer or promoter sequence driving the expression of GAL4, a yeast transcriptional
activator (Figure 1.2.). The effector line contains the DNA-binding motif of GAL4 known as
the Upstream Activating Sequence (UAS) which is fused to a desired sequence or gene of
interest. In the absence of GAL4 protein, the effector line containing the target sequence
remains silent. However when the effector line is crossed with a transgenic GAL4 activator
line, the UAS sequence is then turned on allowing transcription of the gene of interest to
occur. GAL4 protein has high binding affinity for the UAS sequence 5’-CGG-N11-CCG-3’
(Giniger, E., Varnum, S., & Ptashne, M., 1985). Changes in 1 nucleotide(s) significantly
decreases the affinity of GAL4 binding to this sequence. Therefore, expression of the effector
gene is only seen in the progeny in the presence of GAL4 protein. The expression pattern
and specificity can be manipulated by the promoter sequence used drive the activating
sequence.
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Figure 1.2. Binary GAL4/UAS Expression System. Transgenic construct bearing the yeast
transcription factor GAL4 under the control of a specified promoter is crossed with a
transgenic fish bearing a transgene downstream of the Upstream Activation Sequence (UAS).
GAL4 protein (P) binds to the UAS which leads to the transcriptional activation of the

transgene.
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1.5. Zebrafish as a Model for Transgenic Sterilization

A good model species contains characteristics allowing it to be representative of a
larger group of organisms. The zebrafish has become established as a reputable model
organism in the study of vertebrate development. It offers structural simplicity while
possessing cellular processes found in a range of species (Ribas, L., & Piferrer, F., 2013).
The rapid external embryonic development in zebrafish, with optically clear embryos makes
it easier to administer genetic manipulation early on in development. Their short generation
time (approximately 3 months to reach sexual maturity) along with the fact that a single
clutch may contain 100-200 embryos per week, allows for a high throughput of experimental

data (Stern, H., & Zon, L., 2003).

Zebrafish have a relatively small and stable genome receptive to genetic manipulation
using forward and reverse strategies (Stuart, G., McMurray, J., & Westerfield, M., 1988).
The complete genome sequenced by the Sanger Institute has been pivotal in facilitating
reverse genetic strategies in zebrafish by offering advantages such as various strains and
transgenic lines (Link, V., Shevchenko, A., & Heisenberg, C.-P., 2006; Ribas, L., & Piferrer,
F., 2013). Antisense morpholino oligonucleotides are shown to be effective at knocking
down endogenous genes (Nasevicius, A., & Ekker, S. C., 2002). However, knockout studies
using antisense morpholino oligonucleotides have recently been challenged by newer
scientific technology such as CRISPR (clustered regularly interspaced short palindromic
repeats), TALENSs (transcription activator-like effector nucleases), and RNAI (Kok, F. O.,
Shin, M., Ni, C.-W., Gupta, A., Grosse, A. S., van Impel, A., Kirchmaier, B. C., Peterson-
Maduro, J., Kourkoulis, G., Male, I., DeSantis, D. F., Sheppard-Tindell, S., Ebarasi, L.,

Betsholtz, C., Schulte-Merker, S., Wolfe, S. A., & Lawson, N. D., 2014). The increasing
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availability of zebrafish genomic resources makes this species a favourable model for
studying fields such as developmental biology and genetics research. These characteristics
of zebrafish along with the accessibility of genetic tools to which they are amenable, make

them an excellent model organism for the study of developmental processes.

Zebrafish are teleost fish species, similar in this respect to many aquaculture species
such as tilapia (Oreochromis niloticus) and Atlantic salmon (Salmon salar). As genomic
resources of commercially relevant fish have been uncovered, aquaculture research has

increasingly benefitted from the use of zebrafish as a model species.

1.6. Summary of Background Information and Objectives of Current Study

With the increasing demand on the commercial fish industry, GM fish have been
engineered to have traits such as rapid growth rate, increased weight, and disease resistance.
However, the fitness advantage possessed by GM fish presents itself as a risk to the natural
environment in the event of escape. These risks may include population shifts resulting in
detrimental changes beyond the capacity of the given environment. For these reasons, a
reliable bioconfinement strategy is critical with the introduction of GM fish. Among the
current strategies, induced sterility holds promise as an effective method for the

bioconfinement of aquaculture relevant species.

PGCs are specified early in zebrafish development and rely on signaling molecules to
migrate to the developing gonad. The specification of these cells depend on maternally

provided determinants; vasa, nanos, and dnd (Lasko, P. F., & Ashburner, M., 1988; Saito,
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T., Fujimoto, T., Maegawa, S., Inoue, K., Tanaka, M., Arai, K., & Yamaha, E., 2006;
Weidinger, G., Stebler, J., & Slanchev, K., 2003). Slanchev et al. (2005) reported that dnd
knockdown in zebrafish using MO yielded individuals that developed into sterile adult fish
without affecting somatic development. Such uses of MO had offered great insight into the
effects of genes through reverse genetics. However owing to the artificial nature of MO, it
is only amenable via microinjection or electroporation. Due to the fact that MO’s do not
possess gene regulatory elements, they are only effective for a short duration of time (2-4

days) as they become diluted by cell division.

To achieve a sustainable approach to knockdown/knockout dnd, we look to utilize
genetically transmissible techniques to induce sterility. The use of endogenous RNAI
pathway has shown promise in gene silencing effects through a variety of organisms (Fire,
A., Xu, S., Montgomery, M., & Kostas, S., 1998). However, effectiveness of RNAI in
zebrafish is still unclear with conflicting reports of successful gene ablation as well as
nonspecific off-target effects (Huang, W.-T., Hsieh, J.-C., Chiou, M.-J., Chen, J.-Y., Wu, J.-
L., & Kuo, C.-M., 2008; Oates, a C., Bruce, a E., & Ho, R. K., 2000). A methods improve,
the effectiveness of applying RNAI as a biological tool in zebrafish continues increase
(Dong, M., Fu, Y.-F., Du, T.-T., Jing, C.-B., Fu, C.-T., Chen, Y., Jin, Y., Deng, M., & Liu,
T. X., 2009; Leong, I. U. S, Lan, C.-C., Skinner, J. R., Shelling, A. N., & Love, D. R., 2012).
Studies have reported higher knockdown effects designing RNAI expressing constructs with
elements such as multiple target hairpin structures and as well as inserting sequences that
mimic the natural backbone of endogenous primary microRNAs (Dong, M., Fu, Y.-F., Du,

T.-T., Jing, C.-B., Fu, C.-T., Chen, Y., Jin, Y., Deng, M., & Liu, T. X., 2009).
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With the absence of pleiotropic effects in sterile zebrafish generated by dnd MO
knockdowns, we hope to attain heritable knockdown effects using RNAI targeting dnd. In
order to verify that dnd knockdown effects can be achieved by transgenesis, our first
objective is to insert a constitutively expressed construct to test and characterize the
efficiency of synthetic RNAI in knocking down dnd expression in zebrafish. The same dnd
target sequences in the constitutive approach were also tested using the GAL4/UAS inducible

system in attempt to produce a transmissible reproductive containment strategy.

Using zebrafish as a proof of concept, the focus of this project is to create a sustainable
transgenic approach for large scale bioconfinement by inducing sterility through

manipulation of germ cell specific gene expression.

2. Materials and Methods

2.1 Animal Care and Maintenance

Experiments were completed according to the guidelines of the Canadian Council on
Animal Care. Zebrafish were reared at 28.5°C using conditions corresponding to guidelines
described by Westerfield (Westerfield, M., 2000). Adult zebrafish were raised and bred in
tanks supplied with aerated, flowing, dechloraminated City of Ottawa tap water and
subjected to a 14 hour light/dark cycle. Embryos collected at the one-cell stage were raised
in 28.5°C incubators in embryo medium solution (5 mmol/L NaCl, 0.17 mmol/L KCI ,0.33

mmol/L CaClz, 0.33mmol/L MgS04) for 5-6 days before being transferred into static tanks.
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Microinjections were performed on a minimum of 100 wild-type embryos at the one-cell

stage per a given construct.

2.2 Construct Design

2.2.1. First Generation RNAIi Constructs

Two custom-designed shRNA constructs were previously created and synthesized by
GenScript USA, Inc. Each construct contained an mCherry reporter gene under the control
of the ubiquitous efla promoter (Figure 2.1). The RNAI portion of the construct contained a
dual hairpin that consisted of two different target sequences from the open reading frame
(ORF) of dnd driven by the constitutive CMV (cytomegalovirus) promoter. The dnd target
sequences were obtained using the NCBI zebrafish database (GenBank accession number
AY?225448.1). The target sequences used to make up the dual hairpin structure were located
in the open reading frame of the dnd mRNA sequences at 645-665bp and 1,116-1136bp
(Table 2.1). The same construct was also created with the UAS promoter to be used in an
inducible system. Flanking the construct were Tol2 arms which facilitate integration of the
target vector (200 ng/ul) into the zebrafish genome when co-injected with synthetic Tol2
transposase mMRNA (100 ng/pl) at the one-cell stage (Kawakami, K., Koga, A., Hori, H., &

Shima, A., 1998).
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2.2.2. Second Generation RNAIi Constructs

Using the NCBI zebrafish database, the mRNA sequence of dnd (GenBank accession
number AY?225448.1) and the microRNA 30e (miR-30e) (found on Chromosome 13 NCBI
Reference Sequence: NC_007124.6) were obtained. The dnd target sequences used to design
the CMVmIiR30-edndRNAI-A and CMVmiR30-edndRNAI-B are located at 1350-1373bp and
1692-1717 bp of dnd mRNA respectively (Table 2.1). The same regulatory elements and
framework as for the first generation custom-designed shRNA constructs were used except
that the dual hairpin structure was replaced with a single 24 nucleotide hairpin flanked with
the endogenous miR30-e flanking sequence (Figure 2.2). Separate constructs using both the
constitutive (CMV) and inducible (UAS) promoters were generated to drive dnd RNAI
expression. Using the Life Technology BLOCK-iT™ RNAI Designer software, two dnd
candidate sequences were obtained in the 3’ untranslated region (UTR) and were selected as
target sequences for the RNAI hairpin (Figure 2.3). Based on the software parameters, these
two target sequences were predicted to deliver greater knock