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Terms

Nuage: Also known as germ plasm, is an electron-dense material found in oocytes and

typically tucked between mitochondria and nuclear envelope.

Trojan sex chromosome: It is a theory which relies on the release of sex reversed individuals
(i.e., opposing phenotype and genotype) released into the target population at regular intervals
aim to skew the sex ratio in the population.

Gene and protein nomenclature

Gene names are italicised and lower case for fish, italicised with only first letter capital for invertebrates
and other higher vertebrates, and all capital and italicised for humans.
Protein names are given with only first letter capital for fish, and all capital for invertebrates and other

vertebrates including human.

XVi



Thesis structure

There are altogether six chapters including a literature review, a methodological and three experimental
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Executive Summary

Primordial germ cells (PGC) are the progenitors of life; they develop into gametes and safeguard gonad
function in sexually reproducing animals. By virtue of diverse reproductive strategies, fishes provide
an invaluable field to study germ cell emergence and fate. The current knowledge of PGC development
in live-bearing fish (poeciliids) is limited and instead it is predominantly restricted to well-studied
oviparous teleost models such as zebrafish, Danio rerio and medaka, Oryzias latipes. To address this
basic knowledge gap and to assist future development of species-specific reproductive biotechnologies
to control invasive populations, this thesis focused on Gambusia holbrooki, a notorious pest fish.
Beginning with a review of current knowledge, the developmental dynamics of germ cells in this species
was evaluated employing the spatio-temporal expression of key germline markers and screening the
morphological changes of gonads during the early stages of development. Also, this study discussed
the potency of G. holbrooki as a model organism for fertility research, based on its developmental
similarities with mammalian models.

First, the study systematically reviewed the available literatures on PGC development, with a particular
emphasis on teleosts, to synthesise evolutionary origin and mechanism of germ plasm (Gp) acquisition
in fish taxa (Chapter 1). Specifically, the review identified two modes of germ cell development as
distinguished by PGC specification of being either maternal (e.g., in teleost) or zygotic (e.g., in
mammals) origin based on the role of epigenetic machinery in teleostean PGC emergence and fate.
Further, prior knowledge of the interplay between molecular pathways and effector genes involved in
germ cell signalling, mobilization and homing, and the regulatory RNA interference (RNAI)
mechanisms leading to PGC specificity, their en route migration and homing were distilled. These along
with the role of non-coding RNAs (ncRNA), e.g., mi-RNA and pi-RNA, in germ line development was
graphically illustrated to identify crucial roles and pathways that occur in fish PGC development. The
contextual role of the nested germ cells in determining sexual fate of gonad and gonado-soma sexual
identity via cell-cycle decisions and the timing of sex-biased germline stem cell (GSC) differentiation
was also reviewed. This review formed the basis to address critical questions, including PGC
specification mode, the pattern of germline migration, the temporal and spatial expression of key PGC
markers during germline formation, and early gonadogenesis in G holbrooki.

Spatio-temporal expression of germline markers is a powerful tool to investigate the processes of gonad
formation and gametogenesis. Correspondingly, cloning, and characterisation of the target genes is a
fundamental need when investigating non-model organisms whose genetic information is scarce and
patchy. To address this, the full-length cDNA of the key germline markers including cxcr4, dazl, dnd,
nanosl, piwi Il and vasa in G. holbrooki were cloned and their identity established (Chapter 2). Standard
rapid amplification of cDNA ends (RACE) techniques were used to establish testis and ovary specific
libraries, followed by amplification of G holbrooki homologues using degenerate primers. Subsequently,

the full-length cDNAs were cloned, characterised, the functional domains annotated and their
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evolutionary relationship to other poeciliid homologues established. The Dazl exhibited RNA
recognition motif (RRM) and poly(A) binding protein (PABP) domains, while Deadend (Dnd) was
encoded by two alternatively spliced variants, with conserved RRM and DSRM-DND domains in the
predicted polypeptide. As expected, Piwi Il had PAZ domain contained nucleic acid-binding interface
in N-terminus and 5" RNA guide anchoring site at C-terminus. DEAD-box helicase motif was also
conserved in predicted Vasa containing RNA- and ATP-binding sites. Similarly, chemokine binding
site and zinc-finger motif in predicted Cxcr4 and Nanosl, respectively were present. Overall, the
predicted amino acids of the studied genes showed a strong similarity with respective homologues of
other poeciliids.

In teleosts with preformation mode of PGC specification, maternal inheritance of Gp provides sufficient
factors to form the germline fate of hascent PGCs protecting their identity, in contrast to the surrounding
soma, right from post zygotic activation. Later, during embryonic patterning and cell determination, the
Gp components are involved in proliferation, migration, and colonisation of germ cell precursors. To
understand how and when PGC are formed, migrate, and colonise putative gonad in G holbrooki and
how well these events are conserved across teleosts, in situ hybridisation and quantitative expression
profiles of five Gp markers, namely dazl, dndl, nanos, piwi Il and vasa were studied (Chapter 3). Based
on expression of PGC markers, a group of Gp components was detected in the ovum suggesting
maternal inheritance mode of PGC specification in G. holbrooki. Subsequent to fertilisation, the results
showed that vasa positive cells were detectable from late cleavage, later forming as two PGC clusters
at the early gastrula stage, migrating anteriorly during somitogenesis and eventually colonised at the
genital ridge before the pharyngula stage. Of all the markers only vasa and a dnd variant signals were
restricted to PGCs. The embryonic expression of piwi Il, dazl dnd-£ were detected in PGC clusters as
well as the central nervous system. Interestingly, the embryonic expression of nanoslan indispensable
PGC marker in zebrafish, was only found in neural tube. The quantitative gene expression profiles
showed a transient female-biased surge of the PGC markers at the gastrula stage, suggesting an early
onset of PGC proliferation in females. Strictly zygotic expression pattern of dnd-# and nanosl also
showed maternal to zygotic transition (MZT) occurs before the mid-cleavage stage, in G. holbrooki.
Collectively, the results suggest that despite sharing preformation mode of PGC specification, their
migration pattern in G. holbrooki is unlike any other fish species studied so far. Instead, somatic
expression of teleostean PGC markers (e.g., piwi 11, nanosl and dazl), splicing variation (e.g., dnd) and
early MZT appear more similar to those of mammalian models.

Gp is an electron dense body in ooplasm involved in germline determination of organisms with
preformation mode of PGC specification including teleost. However, the expression patterns of Gp
factors during gonadogenesis and their storage in gametes of poeciliids are unknown. To address this,
quantitative gene expression of six markers of Gp components namely cxcr4, dazl, dnd-o, piwi II, tdrd6
and vasa, with essential roles in gonad function among vertebrate models were evaluated for their

expression profile in pre- (i.e., the pharyngula stage and right before parturition) and post-natal (i.e.,
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juvenile, and adult phase) stages of genetic male and female G. holbrooki (chapter 4). The overall results
showed the relative accumulation of Gp components were comparable in prenatal stages of
gonadogenesis between genetic males and females. However, their post-natal expression in gonads was
female-biased (p<0.05), particularly as the animal reached puberty. Interestingly, the existing Gp
transcripts and their abundance showed dissimilar patterns between ovum and spermatozoa of G.
holbrooki. Collectively, this study, for the first time, revealed the Gp components involved in early
germline determination are detectable not only in ovum, but also in mature spermatozoa indicating a
potency for the contribution of paternal factors in PGC specification and function.

Gonadogenesis is triggered with successful germ cell colonisation and gonadosoma emergence at the
genital ridge followed by sexual identity acquisition through sex determination mechanisms or
environmental cues. Among vertebrates, teleosts are known to exhibit diversified plans of
gonadogenesis and sex differentiation, however, little is known in poeciliids. To ascertain when and
what cellular and molecular determinants trigger sex differentiation in G. holbrooki, this study (Chapter
5) also documented critical events during early gonadogenesis using gonad histology, in situ
hybridisation of germ cell markers and quantitative expression of gonadosoma markers. The
histological observations showed that germ cells were first colonised at the genital ridge prior to
complete somitogenesis to form presumptive gonads. Thereafter, germ cells underwent mitotic
proliferation before acquisition of their sexual identity and this pattern was sex-dimorphic in G.
holbrooki. Moreover, it was shown that sex differentiation of early gonads in G. holbrooki occurs right
before parturition evinced from emerging meiotic primary oocytes stage | in ovary and formation of
spermatogonial stem cell cysts in testis. Gonad histology and germ cell labelling showed that
presumptive gonad in G. holbrooki undergoes major morphological transformation during its early
development. Specifically, presumptive gonads first developed as two distinctive lobes, however, the
lobes grew convergently and fused around the parturition stage to form single lobed testis or ovary, as
occurs in adults. The quantitative expression pattern of a group of gonadosoma markers, fox12, cyp19a,
amh, dmrtl, in pre- and post-natal developmental stages was consistent with morphological changes in
early gonad; they were activated at the onset of gonad formation followed by sex-dimorphic expression
pattern concurrent with sex differentiation of gonads.

In conclusion, this study enlightened aspects of PGC development, their developmental dynamics and
events involved in gonadogenesis of an invasive poeciliid fish, G. holbrooki. In concurrence with its
ovo-viviparity, it also revealed resemblance between some aspects of its PGC development and those
of mammalian models. Interestingly, the study for the first time provided evidence for “paternal origin”
of Gp markers, suggesting that both parents contribute to germ line specification in this species, an
aspect that might be shared by all teleosts. Moreover, the critical timepoints in gonadogenesis i.e., germ
cell colonisation and sex differentiation were ascertained, with further evaluation of the sex-specificity
of gonadosoma markers. In doing so, the study generated resources, reagents, and established germline

specificity of PGC markers that can assist targeted ablation of germ cell function to produce sterile or
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sex reversed animals as may be desired to engineer genetic control options to manage this pest species.
The shared features of PGC development with both of oviparous and viviparous vertebrates, suggest
the species could serve as a key model to study vertebrate reproduction and reproductive conditions

such as sterility.
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Chapter 1 | Primordial germ cell development in teleosts:
their origin, fate and role in sex differentiation

Abstract

Primordial germ cells (PGC) are the progenitors of life; they develop to gametes and safeguard
reproduction, in sexually reproducing animals. In virtue of diverse reproductive strategies, fishes
provide appealing models to study germ cell emergence and fate that are of biomedical applications.
This review was undertaken to distil current understanding of the evolutionary cause and effect of Gp
acquisition in fish taxa, to serve as a basis to investigate PGC development in poeciliids. In the process,
redefined are the two modes of germ cell development distinguished by PGC specification approaches
(i.e., maternal messaging and zygotic regulation) through investigating the role of epigenetic machinery
in teleostean PGC emergence and fate. This review also elucidates the network of molecular pathways
and effector genes involved in germ cell signalling, mobilization and homing as well as the regulatory
RNA interference that define the specificity of PGCs and their route of migration. Compiled also are
current understanding of germline developmental events underpinned by ncRNAs including the crucial
role of mi-RNA and pi-RNA pathways in fish PGC development. Finally, the critical decisions made
by nested germ cells to determine sexual fate of gonad, gonado-soma sexual identity, cell cycle decision
and the sex-biased timing of GSC differentiation were elucidated. The outcomes served as foundation
to comparatively investigate PGC development in a poeciliid model—Gambusia holbrooki—to answer
critical questions of PGC specification, pattern of germline migration, and their role in sex

differentiation, that may be relevant to develop control options for this invasive species.



1.1. Introduction

In 1892, August Friedrich Weismann coined the term ‘Keimplasma’ or “germ plasm” in his theory of
hereditary refuting Darwin’s concept of pangenesis. He proposed traits which pass to the next
generation are independent of somatic cells and unaffected by experience. Gp was claimed as a unique
immortal substance, inherited from parents (primarily maternal) and transmitted to the next generation
(Weismann, 1872, Weismann, 1892). It was later accepted that the Gp is a maternally supplied
substance consisting of proteins, RNA and organelle(s) accumulated in ooplasm, later allocated into a
group of cells in initial embryonic cleavages and eventually granting primordial germ cell (PGC)
identity (Lehmann and Ephrussi, 1994, Ikenishi, 1998), with potential paternal messages largely
ignored. PGCs, as the progenitors of gametes, acquire their sexual identity and transfer the genetic and
epigenetic information to ensuing generations; allowing evolution to improve individual and population
adaptability. Fish have evolved regenerative gametogenesis, notably with diverse plans of gonad
ontogenesis and sex determination mechanisms, which ensure their ability to survive, adapt and thrive
as the most diverse group of vertebrates providing rich material for both basic (e.g., evolutionary) and
applied (e.g., fisheries, aquaculture and medicinal) research (Devlin and Nagahama, 2002, Nikolic et
al., 2016).

Based on the function of genes involved in germ cell formation and gonadogenesis (Table. 1.1), four
main events of PGC development can be discerned; 1) Gp assembly and localisation (Bontems et al.,
2009); i.e., dynamics of maternal determinants during oogenesis and onset of fertilization, 2) PGC
sequestration and proliferation (Raz, 2002, Reichman-Fried et al., 2004); how the maternal molecules
are first accumulated in four distinctive regions and then partitioned to dividing cells to accurately
regulate the PGC proliferation, 3) PGC migration and homing (Raz and Reichman-Fried, 2006, Paksa
and Raz, 2015); how the PGCs acquire specific chemical and morphological competence for directed
motility, interaction with somatic environment and recruit several molecular pathways including
chemotactic and RNAI regulation to home, and 4) germ cell nesting and differentiation (Saito et al.,
2007, Nishimura et al., 2015); how germ cells achieve the sexual identity with a commitment to gonado-

soma differentiation (Table 1.1).

Reproductive competence of commercial fish species is highly desired for sustainability of fisheries
and aquaculture industries although certain circumstances may impose constraints and detrimental
consequences. For example, in aquaculture practices, regenerative gametogenesis, abundant gamete
production and ready manipulation of spawning cycles allow large scale seed production on demand.
However, the fertile escapees can pollute the gene pool of wild conspecifics and compromise survival
of native and endangered species (Fiske et al., 2006). Therefore, in-depth insight into the dynamics of
fish germ cell development and gonadogenesis may offer solutions to fisheries and aquaculture, whilst

mitigating their impacts on other fauna.



Studies on PGC development in fish models such as medaka (Herpin et al., 2007) and zebrafish (Raz,
2003) have already yielded new knowledge on basic cellular mechanisms including cell mobilization
(Paksa and Raz, 2015), signalling (Swaney et al., 2010, Boldajipour et al., 2008), pluripotency (Johnson
and Alberio, 2015), RNA interference pathways (Bizuayehu and Babiak, 2014) and regenerative
reproduction that are of direct medical relevance (Sasaki and Shimizu, 2008, Howe et al., 2013).
However, little is known about poeciliids and in particular Gambusia holbrooki, which is considered as
one of the top 100 invasive species in the world (McLeod, 2004). The eastern mosquitofish, G.
holbrooki, is a fresh water poeciliid native to Central and North America and known for its notorious
invasiveness (Davies, 2012, Nico et al., 2019). Owing to competitive advantages of high tolerance to
extreme environments (Otto, 1973, Chervinsky, 1983), relatively higher offspring viability via
matrotrophy (Pyke, 2005) and superfetation (Olivera-Tlahuel et al., 2018), and improved mate-selection
strategies (Gasparini et al., 2011, Lynch et al., 2012), G. holbrooki thrives in fresh and estuarine
wetlands. This jeopardises the natural habitat assemblages, eventuating in loss of endemic and
endangered aquatic species (Harrington and Harrington, 1982). It is therefore necessary to understand
the underpinning reproductive processes including early events of germline determination and

gonadogenesis that may provide greater insights into its invasiveness.

This review forms an assembly and analyses of existing information to facilitate investigations on PGC
development and their dynamics in G. holbrooki. This fundamentally includes salient features of germ
cell formation in fish comparatively with those of other well-studied animal models.

1.2. PGC development in teleosts—Kkey events and regulators

The critical events of germ cell formation are highly dependent on PGC specification modes they adopt.
In vertebrates, this is typically known to occur through either induction/epigenesis (Ying et al., 2002)
or inheritance/preformation mode (Raz, 2003). In induction mode (e.g., mice and urodeles), germ cell
formation is entirely controlled by the zygotic mechanisms through a few key events; suppression of
somatic differentiation and re-acquisition of pluripotency followed by genome-wide epigenetic
reprogramming (Saitou et al., 2002, Seki et al., 2005, Yamaji et al., 2008). In inheritance mode (e.g.,
Drosophila melanogaster and Xenopus laevis), fate of the germ cells is predetermined by parentally
(primarily maternal) inherited messages, which maintain somatic suppression and specificity of PGCs
until maternal-to-zygotic transition occurs, when the first wave of zygotic mechanisms takeover the
subsequent developmental events. In the most studied models, irrespective of germline specification
mode, PGCs are thought to be the earliest group of cells to undergo lineage restriction (Chatfield et al.,
2014, Johnson and Alberio, 2015). Right from specification, a variety of regulatory pathways
intensively surveil and safeguard all stages of stromal specificity of PGCs, en route their migration and

compact colonisation to the presumptive gonad (Raz, 2002, Kurimoto et al., 2008, Nikolic et al., 2016).



1.2.1. The evolution of maternal inheritance mode; cause and effects

Owing to pre-packaged maternal molecules, germ cell formation is an early event in maternal
inheritance mode (Raz, 2002, Santos and Lehmann, 2004),whereas, in induction mode, de novo PGC
specification is a delayed process until embryonic zygotic genome activation (ZGA) (Nikolic et al.,
2016, Wang and Cao, 2016).

It was previously thought that utilizing maternal messages in evolutionarily primitive animals is a
strategy for expeditious germline development. However, phylogenetic studies, suggest that inheritance
mode is not confined to primitive animals but unevenly scattered within clades (Extavour and Akam,
2003, Ewen-Campen et al., 2010). For example, in fish taxa (Fig. 1.1), both germ cell development
modes occur within both Chondrichthyes (Teshima and Tomonaga, 1986, Extavour and Akam, 2003)
and Osteichthyes (Johnson et al., 2001, Saito et al., 2011, Nagasawa et al., 2013, Saito et al., 2014).

Hypothetically, the consequence of maternal inheritance resulting in early germline specification
liberates somatic gene regulatory networks allowing more protein sequence evolution and
morphological diversity leading to increased species richness compared to those under induction mode
(Evans et al., 2014, Crother et al., 2016). This may in part explain the rich species diversity of teleosts
that predominantly display maternal inheritance mode among chordates (Froese and Pauly, 2000).
Conversely, Agnatha in which there is evidence for epigenetic origin of germ cells (Beard, 1902,
Walvig, 1963, Extavour and Akam, 2003) is one of the least diverse classes among vertebrates (Sayers
etal., 2009). As the maternal molecules comprise other essential messages for axial patterning and body
formation, the Gp acquisition is thought to be part of a broader strategy to evolve early and sleek
embryonic development (Marlow and Mullins, 2008, Chang et al., 2011, Whittle and Extavour, 2017).
In animals with elongated embryonic body (e.g., majority of nematodes and fish species) in which stem
cells such as PGC first emerge out of tissue anlage, away from their presumptive home, a pre-laid
maternal axial pattern likely provides a ready scaffold for the mobilization of specified cells (i.e.,
PGCs).

Evolution of the two germ cell specification modes among fish species may also have ecological origins.
The biologically and environmentally competitive aquatic habitats confer a narrow reproductive
window which compel aquatic species to evolve the most efficient strategy for embryonic development
including germ cell specification. This is probably mirrored in the different pattern of germ cell
specification in evolutionarily (but not ecologically) close species like Bathyraja aleutica and Torpedo
marmorata (Fig. 1.1). However, most studies on Gp acquisition in fish taxa have been confined to
cytological observation, with limited and sporadic use of molecular markers to characterize Gp
existence and timing of PGC specification.
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Figure 1.1. CO-1 cladogram showing the evolutionary relationship of fish with known modes of their PGC
specification. Both PGC specification modes are interspersed across Chondrichthyes and Osteichthyes
suggesting these may have evolved or were acquired independently in different taxa.

As poeciliids share reproductive traits with mammals, e.g., viviparity, placentation and superfetation, it
is worth investigating whether ovum, in G. holbrooki, are loaded with Gp components playing a role
for PGC sequestration in teleosts. This evidence could provide a clue to germline determination mode
in poeciliids at large. Overall, Gp acquisition among vertebrates corresponds to increased speciation
(Crother et al., 2007, Crother et al., 2016), embryonic innovations (Johnson et al., 2003) and adult
morphological changes (Johnson et al., 2011a). However, models with induction mode, in return, may
have a higher chance of vertical macroevolution, as totipotency may provide options for fundamental
types of novel morphogenesis (Johnson et al., 2003, Johnson et al., 2011a). Irrespective of evolutionary

consequences and causes, transition from induction to inheritance mode has been typically observed
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throughout the evolutionary path of animals, suggesting Gp induction follows “Dollo’s Law” of
irreversibility (Whittle and Extavour, 2017).

1.2.2. Germ plasm assembly; packed up just by mother?

Maternal messaging and its ooplasm architecture are widely conserved in animals within both induction
(Pepling et al., 2007, Li et al., 2010) and inheritance (Raz, 2002) modes. However, Gp, the maternally
inherited molecules which play a role in PGC emergence, has not been characterised in induction
models (Zernicka-Goetz, 1998). In zebrafish, the symmetrically mitotic distribution of Gp changes in
early meiotic stages by the transient formation of a Balbiani body (Bb), a distinct cellular and molecular
structure which appears adjacent to the germinal vesicle, accommodating organelles and maternal
molecules (Nojima et al., 2010, Wylie et al., 2014, Kaufman and Marlow, 2016a). In zebrafish, bucky
ball (buc) is one of the earliest Gp markers and is involved in Bb assembly remarkably similar to those
of oskar in Drosophila (Bontems et al., 2009). Buc regulates Bb formation and the polarity of oocytes
through interactions with two Bb-localised RNA binding proteins (RBPs); Deleted in azoospermia-like
(Dazl) and RNA binding protein isoform 2 (Rbpms2) (Kaufman and Marlow, 2016a, Kaufman et al.,
2018). Indeed, tight regulation of buc during oogenesis maintains asymmetric polarity of the ooplasm

and inhibits Bb supernumerary (Heim et al., 2014).

Apart from the importance of Bb dynamics and components during oogenesis (Marlow and Mullins,
2008, Bontems et al., 2009), the orchestrated mobility and aggregation of Bb in the ooplasm is essential
for proper germ cell development. It has been shown that a group of proteins including Tdrd6 and
Rbpms2 are involved in the dynamics of Bb. Tdrd6, a member of the Tudor domain-containing proteins,
regulates optimum size of the Bb, overall organisation of its components and eventually ensures proper
germ cell development (Roovers et al., 2018). Also, loss of Rbpms2, which affects Buc accumulation
and asymmetric polarity in ooplasm, has some adverse effects on gonad formation (Kaufman et al.,
2018). Together, the disrupted germ cell formation in tdrd6 and rbpms2 mutant lines spotlight the
effects of Bb mobility and its aggregation on PGC development.

Regulation of cell polarity and asymmetric localisation of molecules and organelles are crucial to
establish developmental programmes including cell motility and specification of cell fates. Cells usually
prefer to transport messenger RNAs rather than proteins; transporting RNAs prevent proteins from
ectopic function before they are spatiotemporally localised to the desired site (Medioni et al., 2012).
This strategy is critical during early stages of development when the improper function of maternal
proteins interrupts embryonic patterning and cell specification. Transport-competent RBPs, one of the
intracellular transport machinery components, can recognise cis-regulatory elements (also termed as
localisation element) and bind to them; these regulatory elements are usually found on 3'UTR (Gavis
and Lehmann, 1994, Betley et al., 2002, Zearfoss et al., 2004). As summarised in Figure 1.2, the

dynamics of mdazl1 in ooplasm and zygotes is a good example where multiple cis-acting elements on
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3'UTR of dazll govern the sequential pattern of RNA localisation (Knaut et al., 2000, Kosaka et al.,
2007).
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Figure 1.2. Directed localisation of maternal dazl by 3’'UTR regions. Oogenesis localisation of maternal dazl
is mediated by region ¢ and into the mitochondrial cloud and b-c to the vegetal anchorage, respectively. At
the onset of fertilisation, region a-b-c or individually d governs the zygotic translocation of dazl to the
cleavage furrows. UGCAC cis-acting motif (*), the mitochondrial cloud localisation element, is found at the
border of regions b and c. Several CACA containing cis-acting motifs are also found in region d which may
suffice to solely direct the maternal dazl suggesting multiple elements safeguard its localisation (Adapted
from Kosaka et al., 2007).

Noticeably, however, the pattern of these maternal RNA localisations is not conserved among teleosts.
For example, unlike zebrafish in which nanosl and vasa are localised at cleavage furrows (Koprunner
et al., 2001), the transcripts of these genes in medaka (Oryzias latipes) are uniformly scattered
throughout the embryo (Herpin et al., 2007). These differing patterns of mMRNA localisation between
fish species may suggest that the spatial origin of the nascent PGCs and their migration path are species-
specific. Within this context, as the concept of paternal contribution to early embryonic development
and offspring fitness has been attentively considered (Chen et al., 2016, Champroux et al., 2018). As a
result, identification of key Gp markers in mature spermatozoa transcriptome could be a fundamental

step towards understanding their role on early germline determination.

1.2.3. PGC sequestration and proliferation: the fate of four immortal
knights

The specification of PGCs through both inheritance and induction, occurs via complex regulatory
networks governed by genetic (Herpin et al., 2007, Presslauer et al., 2016), epigenetic (Feng and Chen,
2015) and environmental (Lo et al., 2011) events. The primary difference between the two modes is
evident from the first step of germ cell formation where the cells acquire the PGC identity. Germ cell

specification in mice occurs through induction; somatic mesodermal program suppression (Saitou et al .,
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2002) followed by re-acquisition of potential pluripotency (Yabuta et al., 2006) and two surges of
epigenetic reprogramming (Saitou et al., 2012, Seisenberger et al., 2012). In contrast, in a preformation
model, such as zebrafish, furrow-associated Gp first becomes sequestered into four distinctive granules
after second cleavage and the four vasa-positive cells are distinctively observed until the 16 to 32-cell
stage (Kaufman and Marlow, 2016a). From the 4-cell to the late blastula stage (3-4 hpf), the four vasa-
positive cells divide asymmetrically, with only one of the blastomeres from each division inheriting
sufficient maternal deposits to maintain PGC identity; these cells will later become PGCs (Raz, 2000).
At this early stage of PGC specification in inheritance mode, somatic repression and pluripotency re-
acquisition is not required; all cells initially have the potential to become PGCs, but the limited number
of maternal molecules restricts their number. Therefore, maternally designated cells (hascent PGCs) are
sequestered rather than specified, i.e., determined through deprivation not acquisition. Indeed, the
segregation of maternal molecules in the initial stages of development dictates what group of cells will
have germ cell fate, serving as an instruction for PGC identity and proliferation in inheritance mode.
Mechanistically, maternal tdrd6a, in zebrafish, is thought to have a role in loading a relatively fixed
ratio of maternal transcripts to PGCs (Roovers et al., 2018). Correspondingly, in Drosophila where
preformation mode determines PGC sequestration, germ cell survival is a PGC-intrinsic process by
which higher Gp inheritance correlates with a higher chance of PGC survival (Slaidina and Lehmann,
2017). Despite sharing the preformation mode for PGC sequestration, the first emergence of PGCs in
early embryonic development is not similar among fish species. In zebrafish (Raz, 2002) and Atlantic
salmon (Nagasawa et al., 2013), Gp signals are concentrated in nascent PGCs from late cleavage, while
in medaka, those signals are scattered until early gastrula where they converge into two PGC clusters
(Herpin et al., 2007). Therefore, comparative evaluation of these patterns in diverse representative taxa

such as the poeciliids could reveal insights into their adaptations and reproductive strategies.

Studies on the function of maternal gene products, including vasa, nanosl and dnd deposited to the
nascent PGCs from early cleavage provide evidence of the initial events of PGC formation and shed
light on how nascent PGCs suppress the inner somatic cues, proliferate in distinctive groups (e.g., in

zebrafish) and communicate for their proper migration.

Even though the germ cell-specific pattern of vasa expression during teleosts gametogenesis and PGC
development (Yoon et al., 1997, Knaut et al., 2000) supports the dogma of vasa necessity for germ cell
function, vasa does not seem to have an indispensable role in every stage of teleostean PGC
development (Table 1.1). vasa expression in invertebrate totipotent cells suggests an inhibitory function
hindering nascent PGCs from somatic differentiation (Seydoux and Strome, 1999). A deficiency of vasa
expression during gonadogenesis and differentiation generally reduces fertility; however, its impact is
sex-dimorphic among models, causing female- and male-specific sterility in Drosophila (Tanaka et al.,
2000) and mice (Gustafson and Wessel, 2010), respectively. In zebrafish, maternal vasa is adequate for

PGC survival and maintenance as well as juvenile gonad assembly, while the zygotic vasa supports



gonad differentiation and maturation (Braat et al., 2001). In zebrafish, development of the zygotic vasa
null gonad is arrested in pachytene which ceases meiosis, resulting in dysfunctional testis, irrespective
of the genetic sex (Hartung et al., 2014). The vasa loss-of-function mutation has also shown that vasa
may support the proliferation and mitosis of GSCs (Hartung et al., 2014). In medaka, vasa knockdown
did not affect PGC survival and proliferation, but disrupted its proper migration (Li et al., 2009), while
Dnd acts as PGC specifier through stabilizing germ plasm RNA (Hong et al., 2016), similar to Dnd
function in Oryzias celebensis (Zhu et al., 2018). The role of VASA protein in germinal stem cell
maintenance was indirectly observed in Drosophila where VASA activates translation of Mei-P26, a
micro RNA (miRNA) repressor, which compromises the miRNA activity and promotes germ cell
differentiation (Liu et al., 2009). This suggests Dead-box4 protein may be the mastermind of short
interfering RNA machineries in germ cells in other taxa, while it appears unlikely to function as a bona

fide PGC specifier in teleosts.

Suppression of somatic differentiation is one of the inceptive events that facilitates metazoan PGC
formation (Curtis et al., 1997, Lai et al., 2011, Beer and Draper, 2013, Su et al., 2014). Typically, this
suppression is orchestrated by Nanos-related genes that encode a class of RNA-binding zinc finger
proteins. Nanos, a Gp component, acts as a highly conserved post-transcriptional repressor (De
Keuckelaere et al., 2018, Asaoka et al., 2019) that suppresses endoderm specification (Lai et al., 2012),
sex determination (Deshpande et al., 1999) and pro-apoptotic (Sato et al., 2007) genes in PGCs. In
addition, Nanos controls the precocious differentiation of migrating germ cells by arresting the cell
cycle (mitosis) through the accumulation of cycline B in PGCs (Deshpande et al., 1999, Deshpande et
al., 2010). The suppressing function of Nanos is mediated through germline-specific modification of
the histone architecture (Schaner et al., 2003).

Germ cells undergo two different rounds of incremental (mitotic) proliferation during their lifespan; 1)
PGC proliferation, which occurs immediately after specification and coincides with ZGA (Raz, 2002)
and 2) GSC proliferation subsequent to PGC homing and biochemical differentiation in newly formed
gonads (Kimble, 2011). The maternally inherited Nanos transcript is assumed to accurately control
mitosis in developing germ cells and regulate the number of PGCs until ZGA, when zygotic regulators
take over and strictly control the number of PGCs, protecting them from soma differentiation, due to
diluted Gp factors (Subramaniam and Seydoux, 1999, Hyslop et al., 2005). Early repression of nanosl
expression in zebrafish significantly reduces the number of vasa-positive cells confirming the role of
nanosl at first round of PGC proliferation (Koprunner et al., 2001). Nevertheless, the role of Nanosl in
mice is not incorporated into germ cell function but is predominantly expressed in the central nervous

system (Haraguchi et al., 2003).

The pluripotency signals are essential for cellular reprogramming (Mitsui et al., 2003), embryonic

formation and patterning (Gagnon et al., 2018), as well as germ cell specification (Chambers et al.,
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2003, Chambers et al., 2007). The somatic suppression and pluripotency re-acquisition events observed
in murine PGC development do not occur in animals with the inheritance mode, however, the
pluripotency network components (e.g., Nanog, Oct4 and Soxbl) are maternally provided in zebrafish
(Lee etal., 2013). Notwithstanding this, the universal pluripotency markers (Table 1) with critical roles
in survival and maturation of PGCs (Kehler et al., 2004, Anderson et al., 2007), are sporadically found
in fish species (Sanchez-Sanchez et al., 2010, Onichtchouk, 2012).

Another component of pluripotency machinery—nanog—regulates cell proliferation (Camp et al.,
2009), first wave of ZGA (Lee etal., 2013) and proper embryonic patterning (Perez-Camps et al., 2016)
in teleosts. Despite the lack of pluripotency in nascent PGCs, their overall development is affected in
znanog (zebrafish nanog) knockdown morphants (Gagnon et al., 2018). The peak expression of znanog
occurs post mid-blastula transition (MBT) i.e., during gastrulation in concurrence with PGC
proliferation (Braat et al., 1999, Schuff et al., 2012). It is also shown that Nanog is involved in maternal
transcript clearance at the onset of ZGA (Lee et al., 2013). Moreover, excessive vasa-positive cells and
ectopic localisation of PGCs is observed in znanog mutants (Wang et al., 2016). Collectively, the
maternal determinants including vasa, tdrd6, nanosl are thought to tightly control the mitotic
segregation of Gp-containing cells to avoid dilution of maternal components and maintain the
specificity of PGCs, until ZGA. Subsequently, overexpression of nanog regulates PGC proliferation
and recruits RNA interference (RNAI) pathways (summarised in Fig. 1.3) to trigger maternal RNA
clearance in both PGCs and somatic cells. Nevertheless, the clearance of germ cell markers is protected
in PGCs (Fig. 1.3) by a group of germ cell-specific RBPs including Dnd (Ketting, 2007) and Dazl1
(Takeda et al., 2009). Specifically, these counteract RNAIi and protect maternal and zygotic transcripts
maintaining the specific identity of PGCs against soma and facilitate their programmed motility by
chemotaxin titration (Mishima, 2012).

Cytoskeletal dynamics during embryogenesis (Table 1.1) also shapes germ cell formation by spatio-
temporally sustaining correct Gp compartmentalisation, mRNA localisation and PGC motility (Theusch
et al., 2006). In zebrafish, the cytoskeletal linker macfl is involved in Gp localisation through proper
translocation of Bb to the vegetal cortex of oocytes (Gupta et al., 2010, Dosch et al., 2004).
Subsequently, after fertilization, maternal kif5fa, a microtubule motor protein enhances buc signals at
cleavage furrows indicative of its role in initial PGC specification (Messitt et al., 2008, Yabe et al.,
2009, Eno and Pelegri, 2013, Campbell et al., 2015). In the shield stage, a cage of microtubules is
formed to keep the granules in the vicinity of the nucleus and retain the structural integrity of nuage
(Strasser et al., 2008). This strategy seems to control and confine PGC proliferation by enclosing the
maternal germ cell determinants in a limited number of cells. Cellular motor proteins, e.g., myosin light-
chain kinase o (mykla), are also involved in PGC mobilization via regulating cell contractility in

readiness for PGC motility and migration (Goudarzi et al., 2012, Paksa and Raz, 2015).
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1.2.4. Epigenetic programming; The convergence of PGC specification

modes

The global pattern of DNA and histone methylation along with the effectors involved in the epigenetic
apparatus are conserved between teleosts and mammals (Varriale and Bernardi, 2006, Zemach et al.,
2010, Fang et al., 2013). Among the inherited maternal RNAs, a cluster of transcripts encoding non-
methylated and methylated CpG-binding proteins, DNA methyltransferases and histone lysine
methyltransferases are detected prior to ZGA. This is consistent with resetting genome methylation and
chromatin remodelling during maternal to zygotic transition in zebrafish (Andersen et al., 2013, Dorts
et al., 2016). Congruously, thousands of methylated promoters have been characterized during MBT
indicating the post-ZGA pattern of gene expression is tightly regulated by epigenetic programs in

developing zebrafish (Andersen et al., 2012).

The murine germ cells experience three patterns of epigenetic imprinting throughout their life cycle: 1)
the sex-biased methylation of gametes, 2) global demethylation of migrating PGCs which activates the
pluripotency network, and 3) locus-specific surge of demethylation upon PGC gonadal anlagen

colonisation (Seisenberger et al., 2012, Hill et al., 2018).

Corresponding to the first epigenetic pattern of murine germ cells, zebrafish zygotes receive both sperm
and oocyte DNA methylome (Andersen et al., 2012), however, the oocyte pattern of methylation is
gradually erased from the 16-cell stage and the methylation mapping of embryo’s genome entirely
mimics sperm pattern by the sphere stage (Igbal et al., 2011, Jiang et al., 2013). The germ cell specific
markers (e.g. vasa, dazl, piwi) are part of the group of genes that are first methylated (partially or hyper)
on the maternal allele but a transition to hypomethylated state by the sphere stage, imitating the paternal
methylation pattern (Potok et al., 2013). Therefore, the zygotic transcription of PGC markers in
zebrafish, that induces PGC specification, is under regulation of epigenetic machinery, comparable with
the second wave of germ cell demethylation in mice (Seisenberger et al., 2012, Jessop et al., 2018).
Moreover, high methylation of the vasa promoter at the onset of somitogenesis leads to significant
down-regulation of its expression (Lindeman et al., 2010, Fang et al., 2013) suggesting epigenetic
machinery suppresses the germ cell marker at post-ZGA, ensuring proper PGC development and
function. As zygotic vasa is dispensable for PGC survival and juvenile gonad differentiation but
required for meiosis and gametogenesis (Hartung et al., 2014), vasa promoter is likely regulated via
epigenetic mechanisms i.e., its methylation from post-ZGA to juvenile gonad differentiation and later

demethylated in adult gonads, facilitating gametogenesis.

Collectively, the epigenetic events during zebrafish embryonic development reprogram the expression

of Gp markers to maintain zygotic germ cell development. Indeed, in preformation mode the maternal
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messaging is crucial for primary (pre-ZGA) PGC specification (sequestration), but post-ZGA PGC

survival relies on epigenetic regulation.
1.2.5. PGC migration in teleosts: The Odyssey of germ cells

Compared to other animals, teleost PGC migration encounters more challenges. First, the appearance
of four distinctive PGC clusters generates different starting points for migration, all requiring
orchestrated coalescence (Kaufman and Marlow, 2016a). Second, the position of the clusters is random
with respect to the embryonic axis, resulting in asymmetrical distances from the gonad anlage
(Reichman-Fried et al., 2004).

In zebrafish, PGC moatility initiates at ~5 hpf and takes place in six morphologically distinctive steps
(for details see Raz, 2002). Acquisition of cell motility is key for PGC migration mediated through a
subtle tuning of cell adhesion, myosin contractility, cortex-membrane interaction (Goudarzi et al.,
2012), proper ion channel function (Liao et al., 2018) as well as cooperation of Dnd (Weidinger et al.,
2003) and interfering RNAs (Ketting, 2007, Mickoleit et al., 2011). A molecular pathway (i.e., rgsl4
mediated upregulation, prior to onset of PGC migration) also inhibits premature migration through
regulation of E-cadherin expression on PGC surface and cell-cell adhesion (Hartwig et al., 2014, Paksa
and Raz, 2015).

Dead-end1 (Dnd1) is another highly conserved germ plasm RBP, required to maintain PGC localisation
and migration in zebrafish, but without any vital role in their survival or proliferation (Yoon et al., 1997,
Koprunner et al., 2001, Starz-Gaiano and Lehmann, 2001, Weidinger et al., 2003). In contrast, Dnd1 is
not crucial for PGC migration in mammals (Asada et al., 1994, Cook et al., 2011, Northrup et al., 2012).
In zebrafish, dnd1 has a conserved role in preserving the transcriptome of germline markers, e.g., nanos,
tdrd7, (Youngren et al., 2005, Ketting, 2007) and tumour suppressors, e.g., hub, (Mickoleit et al., 2011)
during germ cell development (Table 1.1 and Fig. 1.3). Also, maternal Dnd1 in Xenopus exhibits a
translational regulatory role for germ cell markers (Fig. 1.3) in which Dnd1 is dramatically upregulated
after fertilization and counteracts the inhibitory function of eukaryotic initiation factor “3f” facilitating

Nanos1 translation (Aguero et al., 2017).

Directed cell migration (also termed cellular chemotaxis) is essential for cell movement and organ
formation (Filippi and Geiger, 2011, lwasa et al., 2017). Chemotaxis signalling pathways help stem
cells to colonise and persist in their niches (Swaney et al., 2010, Ciria et al., 2017). Across vertebrates
in general, Cxcl12 and its G-protein-coupled chemokine receptor, Cxcr4 play a significant role in stem
cell motility and development (Nagasawa et al., 1999, Ara et al., 2003a). During embryonic
development, Cxcl12 and Cxcr4 are expressed by somatic and germ cells, respectively (Table 1.1),
providing a highly conserved compass system in vertebrates to navigate PGCs towards the presumptive

gonad region (Doitsidou et al., 2002, Reichman-Fried et al., 2004, Nagasawa et al., 1999). Therefore,
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embryonic inactivation of Cxcl12 or Cxcr-4 results in altered chemotactic signals leading to abnormal
PGC localisation (Knaut et al., 2003). As the universal CXCL12/CXCR4 system is involved in different
embryonic cell migration (lvins et al., 2015), a precise consonance among soma and PGC chemotaxins
is required to prevent PGCs from moving to other somatic migratory domains to safeguard correct
migration to gonad anlage (David et al., 2002, Hollway et al., 2007, Mishima, 2012). Indeed, the spatial
expansion of CXCL12 leads to cessation of PGC motility or recruits the PGCs to off-target migratory
domain (Ara et al., 2003b, Minina et al., 2007). In teleosts, the Cxcl12/Cxcr4 system has shown a
conserved chemotactic function for PGC motility and directed migration. To conserve the specificity
of the PGC migratory domain, the precise and restricted expression of Cxcll2a in zebrafish is
maintained through internalisation of Cxcl12a by Cxcr7 (Fig. 1.3), a decay somatic CXC chemokine
receptor, in the somatic environment (Boldajipour et al., 2008). Similarly, downregulation of Cxcl12a
reduces its decay by Cxcr7 endocytosis indicating a robust PGC migrating pathway against the effects
of gene dosage gradients (Boldajipour et al., 2008). Consistent with the robustness of the teleost PGC
migration process, donor PGCs deliver to the peritoneal cavity of recipient embryos, comfortably
migrate to the genital ridge and give rise to functional gametes (Okutsu et al., 2006). In medaka, the
chemotaxis pathway delineates PGC migration to two sequential events; where PGCs are initially
navigated by the Cxcl12a/Cxcr-4 system, from the onset of gastrulation to late neurula, while late PGC
migration and homing is dominated by Cxcl12f from late neurula to mid somitogenesis (Herpin et al.,
2008) suggesting gene duplication allows refined migratory processes by evolving more specialised

effectors.

As is evident, PGC migration is not fully autonomous in teleosts. Regardless of the chemotaxin signals
sent from home (genital ridge), the somatic environment attracts PGCs to intermediate targets. Indeed,
PGCs actively migrate in association with somatic neighbours, so functional PGC clustering and
transitional positioning highly depends on normal mesoderm development and proper embryonic
patterning (Weidinger et al., 1999, Weidinger et al., 2002). Aligning three developmental time points,
in zebrafish embryogenesis; PGC sequestration at ~32-cell stage, the onset of global motility at ~1k-
cell stage and onset of PGC migration at 50%-epiboly, may indicate the PGC migration process is

delayed until the somatic scaffold is ready to establish repulsive and attractive signals.

The mechanism by which the PGCs cease migration and colonise the genital ridge is an important
question. Transgenic studies suggest a simple conserved model in which the PGC colonisation is
dictated by the high expression of homing signals from the somatic cells of destination e.g. Hmgcr in
fly (Santos and Lehmann, 2004) and cxcl12a in zebrafish (Reichman-Fried et al., 2004). Proper gonad
compaction and architecture also depends on the intimate contact of PGC-soma at the destination (Van
Doren, 2003, Mathews et al., 2006, Richardson and Lehmann, 2010).
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Comparative studies on the pattern of PGC migration in different fish models reveal that PGC
clustering, and their migratory routes are not fully conserved among teleosts (Saito et al., 2006,
Nagasawa et al., 2013, Saito et al., 2014). Indeed, the diverse reproductive strategies are assumed to
dictate the final location and morphology of the gonads and this is likely programmed during embryonic
body patterning via adopting specific PGC migration and homing plans. In this context, poeciliids with
peculiar reproductive traits (e.g., viviparity and placentation) and gonad structure (unilobed) may

exhibit new aspects of embryonic germ cell migration patterns and gonad ontogeny.
1.2.6. RNA interference: The mega role of micro regulators

Over the past decades, the rapidly growing ncRNA repertoire has expanded the blueprint of RNA
function in translation. More recently, several classes of small regulatory nonprotein-coding RNAs,
such as endogenous short-interfering RNAs, piwi-associated RNAs (lwasaki et al., 2015) and miRNAs
(Gomes et al., 2013) act as negative transcriptional and post-transcriptional gene regulators in cell
differentiation and function, including complex germline development in teleosts (Leu and Draper,
2010, Mishima, 2012, Bizuayehu and Babiak, 2014).

micro RNAs

Micro RNAs (miRNAs) generally inhibit functional translation of mMRNA through imperfect base-
pairing of their seed region with 3'UTR mediated by RNA-induced silencing complex (RISC); hinders
amino acid elongation and facilitates transcriptome degradation (Jaskiewicz and Filipowicz, 2008,
Filipowicz et al., 2008, Bhin et al., 2015). miRNAs regulate specific pathways including stem cell fate,

survival and function.

In zebrafish, miR-430 regulates several hundred targets during embryogenesis including a key role in
germ cell development. During development, miR-430 is detectable from MBT (Table. 1.1) when the
zygotic expressions begin and targets mostly maternal and sparingly zygotic transcripts to accelerate
the clearance of maternal messaging and regulate zygotic programming respectively (Giraldez et al.,
2006). The miR-430 correspondingly regulates the Cxcl12a/Cxcr4 signalling pathway (Fig. 1.3) by
tuning the expression of cxcl12a from somatic cells in order to restrict the expression domain of Cxcl12
and eventually shape the PGC migration path (Proost et al., 2007, Dambly-Chaudiere et al., 2007, Staton
etal., 2011).

The broad effects of RNAI on cellular chemotaxis have been demonstrated, in various developmental
stages of metazoans. The excessive expression of cxcl12a which results in saturation of its receptors
and PGC mis-migration (Herpin et al., 2008) is removed by RNAI (Mishima, 2012). The expression
pattern of CXCR4 in murine ischemic tissues is also shown to be markedly regulated by RNAI (Tano

et al., 2011). The role of mMiRNAs on PGC-specific chemotaxins and their receptors in fish models is

15



not explored yet, however, based on relevant studies it is inferred the embryonic Cxcr-4 expression is

probably under regulation of RNA. to sustain the robustness of PGC migration in fish (Fig. 1.3).

The miRNAs recruit different strategies to promote mRNA decay. miR-430 triggers the RNA
degradation process via binding to a specific region on 3'UTR and inducing poly(A) tail deadenylation
(Giraldez, 2010). This machinery is also recruited to remove the maternal messages during in zebrafish.
Typically, RBPs in PGC impede downregulating functions of miRNA machinery through two different
mechanisms (Fig. 1.3): 1) Transcriptional stabilization; Dazl protects tdrd7 transcripts in PGCs by
preventing miR-430 deadenylation via recruiting poly(A) binding protein (Takeda et al., 2009) and 2)
Translational regulation; Dnd facilitates nanosl and hub translation by overlapping the miR-430
binding site on 3'"UTR and abolishing the silencing pathways (Ketting, 2007, Mickoleit et al., 2011).
The upstream or early maternal transcript clearance is mediated by transcription initiation; where Nanog
binds to the genomic locus of miR-430 and temporally stimulates its expression in both soma and PGC
(Lee et al., 2013). This probably explains the reported exclusive localisation of zebrafish Nanog protein

in the nucleus, at the onset of ZGA.

Collectively, the role of miR-430 in PGC development is twofold 1) it maintains the necessary number
of PGCs through elimination of germ cell determinants in somatic cells and simultaneously 2) protects
proper PGC migration through titration of somatic chemotaxin(s) involved in PGC migratory domain
(Fig 1.3).

Piwi and Piwi-interacting RNAs

PIWI proteins and their interacting RNAs (piRNASs) are the main components of a highly conserved
machinery which shelter cells from the constant threat of motile genetic elements called transposons.
The dogma in which PIWI machinery was exclusively found in germ cells has now failed as the
ubiquitous somatic expression (Nandi et al., 2016, Lewis et al., 2018) and diverse functions (Jehn et al.,
2018) are reported in multicellular organisms. It is already shown PIWI and piRNAs expression are
indispensable for stem cell maintenance and their regeneration (Palakodeti et al., 2008), involved in
adaptive immunity (Miesen et al., 2015) and sex determination pathways (Kiuchi et al., 2014) and play
a role in synaptic plasticity of memory (Rajasethupathy et al., 2012). The PIWI/piRNA apparatus in
teleosts is also essential in germ cell development and gametogenesis (Ishizu et al., 2012, Ku and Lin,
2014). As piRNAs originate from protein-coding genes, transposons and intergenic regions (Fig. 1.4),
they function as sequence-specific guide of Piwi proteins to protect the integrity of the genome at both
transcriptional and post-transcriptional regions (Iwasaki et al., 2015). Piwi and piRNAs are localised in
the nuage/cloud and expressed specifically in germ cells (Gruidl et al., 1996, Rongo et al., 1997). Earlier
findings from Drosophila and mice have revealed that piRNAs and the associated proteins are also
involved in epigenetic regulation of genome (Fig. 1.4), through telomere protection, heterochromatin
modification and DNA methylation (Han and Zamore, 2014, Iwasaki et al., 2015). In zebrafish, the
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genome encodes two Piwi homologues expressed in mitotic and early meiotic differentiating germ cells
(Tan et al., 2002, Houwing et al., 2007).
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The ziwi / mutants develop an agametic testis with pro-apoptotic signals throughout the gonad
(Houwing et al., 2007). Unlike Ziwi which is maternally expressed and detected from 24 hpf (Table
1.1), Zili is not detectable before 3 days post-fertilization, so Zili may not have a maternal contribution
on germ cell development (Houwing et al., 2008). The spatial localisation of Piwi proteins in zebrafish
explicates the scope of their function; whether their role is confined to cytoplasmic piRNA maturation
and/or they are involved in epigenetic machinery (Fig. 1.4). Specifically, Zili first appears in the
cytoplasm as well as nucleus and subsequently translocates to the cytoplasm, while Ziwi is exclusively
located in the cytoplasm throughout germ cell development (Houwing et al., 2008). The universal
cytoplasmic piRNA amplification known as the ping-pong pathway is performed by Zili and Ziwi
proteins in zebrafish (Fig. 1.4). Moreover, a group of proteins act as piRNA biogenesis intermediates;
Henl is involved in piRNA maturation by adding the 2'-O-methyl group (Kamminga et al., 2010) and
Tdrd1 functions as a scaffold for piRNA modification (Huang et al., 2011). Hen1 also stabilizes miRNA
and piRNA activity through the inhibition of uridylation and adenylation (Kamminga et al., 2010).

The number of germ cells in wildtype and ziwi” mutants remain unchanged at 2 weeks post-fertilization

/

(wpf), however, at 6 wpf, no germ cells could be detected in ziwi ™ mutants suggesting the maternal

ziwi is essential for PGC development and gametogenesis (Houwing et al., 2007, Ishizu et al., 2012).

Beyond the transposon defence function, Piwi proteins demonstrate sex-dimorphic characteristics, in
zebrafish. Zili regulates female meiosis and ensures proper germ cell development. Contrary to the ziwi
‘[ line, the pro-apoptotic process is not detectable in zili /- mutants and it is assumed that germline
decay is due to aborted meiosis (Houwing, 2009). Indeed, deletion of ziwi from the Gp complex results
in PGC depletion and generation of infertile males, while zili mutants retain the PGCs, however, the
deprived meiosis prevents PGCs to give rise to meiotic germ cells (Houwing et al., 2008). Although
Zili has been temporally detected in the nucleus of PGCs, the epigenetic role of Piwi/piRNA machinery
in fish is still elusive. In medaka, Ziwi/Zili orthologs are distilled in a single gene, opiwi and expressed
in PGCs and the central nervous system. Opiwi is not essential for PGC formation but regulates its

proliferation and mobility (Li et al., 2012a).
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Figure 1.4. A schematic representation of piRNA/Piwi biogenesis pathway. The piRNA/Piwi machinery spatiotemporally regulates genes and transposons, in germ cells

piRNAs are processed and modified in two pathways; primarily, piRNA intermediates are transcribed from specific genomic regions (e.g., single and double-stranded
piRNA clusters, transposon and genic regions) and coupled with associated proteins including Aubergine and Argonaute (e.g., Ziwi and Zili in zebrafish) proteins. pi-
RNAs and the associated proteins undergo a secondary pathway called ping-pong cycle, in nuage, engaged to transposon repression. Cytoplasmic piRNA/Piwi
machinery also mediates mMRNA decay through mRNA deadenylase (i.e., Drosophila) and translational silencing via interacting with mRNA cap-binding complex
(observed in mice) and recruiting/forming the P-body (Thomson et al., 2008, Aravin et al., 2009) where the Piwi is mapped to 3’'UTR and inactivate Polysome function.
Nuclear piRNA/Piwi pathway also regulates epigenetic manipulation including heterochromatin remodelling (observed in mice), DNA methylation of regulatory regions
and telomere protection (observed in Drosophila) (Ku and Lin, 2014) however, the role of nucleus Zili in epigenetic regulation is not yet characterised. Abbreviations:
CBC, cap-binding complex; DeA, deadenylase; DNMT, DNA methyltransferase; HP1, heterochromatin protein; HMT, histone methyltransferase (Adapted and

modified from Ku and Lin, 2014, Iwasaki et al., 2015).



1.3. Gonadogenesis; How germ cells contribute.

The successfully sequestered and migrated PGCs as the ancestors of gametes are homed at the genital
ridge to acquire sexual identity in collaboration with soma (DeFalco and Capel, 2009, Murray et al.,
2010). Subsequent to final colonisation, PGCs are sheltered and nurtured in the somatic environment
of early gonad and eventually differentiate to spermato- or oo-gonial stem cells. This is decided
according to the genetic architecture of the individual or environmental/social conclusion (Devlin and
Nagahama, 2002, DeFalco and Capel, 2009, Bobe and Labbe, 2010). However, creating a synergy
between teleostean germline and soma with distinctive totipotency background, genetic contents and

cell cycle can be a challenging task.
1.3.1. Soma-gonad differentiation

Typically, in higher vertebrates, germ cells have null effects on soma-gonadogenesis, i.e., in mammals,
germ cells are not required to maintain the sexual identity of soma-gonad (Uhlenhaut et al., 2009,
Sinclair and Smith, 2009, Matson et al., 2011), the Sertoli cells of PGC deficient XY gonads are still
observed in testis cords (Youngren et al., 2005) and similarly, foetal ovarian development is not

disrupted in the absence of germ cells (Maatouk et al., 2012).

In a specific group of teleosts, e.g., fresh water loach (Fujimoto et al., 2010) and goldfish (Goto et al.,
2012), development of gonadosoma in germ cell-deficient gonad displays a dimorphic pattern (i.e., null
effect) with a distinctive testicular and ovarian structure. It is therefore hypothesised gonadosoma
differentiation in this group of fish follows a robust sex determination mechanism such as a sex
chromosomal pathway which dictates the sexual identity of gonadosoma in early embryogenesis but
also sustains its sexual integrity throughout the lifespan, similar to those of mammals. In contrast, in
another group of fish species including medaka and zebrafish, PGC stimulates feminization of gonad-
supporting and -steroidogenic cells. For instance, PGC deficient XX gonads in medaka, initially fail to
support estrogen-producing cells (e.g., granulosa) and subsequently, unaffected androgenic regulation
overrides endocrinal pathways and results in testicular development (Kurokawa et al., 2007). Similarly,
the germ-cell depleted zebrafish develop as sterile males with suppressed ovary-specific gene
expression, e.g., cypl9alo and foxI2 (Siegfried and Nusslein-Volhard, 2008, Zhou et al., 2018). Also,
following estrogen treatment, the PGC-null gonads exhibit ovary-like characteristics in zebrafish
(Slanchev et al., 2005) implying germ cells stimulate ovary differentiation via steroidogenic pathways.

1.3.2. Genetic identity of germ cells and soma; to sync or not to sync?

The sexual identity of gonad is contested by germ cells and soma. In some animals like housefly
(Hilfiker-Kleiner et al., 1994), C. elegans (Ellis, 2008) and Xenopus (Blackle, 1965), somatic cells are

sufficient to direct the sexual fate of gonad and no autonomous determination mechanism in the germ
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cells governs the gonad differentiation (Murray et al., 2010). For example, when the germ cells with
opposite sex are transplanted to a host soma or when the sex of the soma is reversed, the fertile gonad
is differentiated based on the sex of somatic cells but not the sex chromosomes constitution of germ
cells (Murray et al., 2010). In C. elegans, the complex sex determination (XX/XO) mechanism is
underpinned by a group of soma genes, e.g., her-1, tra-1, whose orchestrating is adequate for the
masculinization of both XO or XX germ cells (Wolff and Zarkower, 2008, Ellis, 2008).

Contrastingly, in another group of animals including Drosophila (Hempel et al., 2008, Dansereau and
Lasko, 2008, Casper and Van Doren, 2009) and mice (Taketo-Hosotani et al., 1989), sexual identity of
the organism is determined by the sex chromosomes of germ cells, however, sexual harmony between
germ cells and soma is a prerequisite for functional gametogenesis. In the female soma, XY germ cells
undergo precocious meiosis (Uhlenhaut et al., 2009), whereas in the testis environment, XX germ cells
encounter cell cycle arrest (McLauren, 1981); in both cases, germ cells do not survive to normal
gametogenesis (Murray et al., 2010). In other words, although germ cell sex chromosomes override the
environmental signals and determine the sex, their sex-determining effectors cannot repeal the somatic
effect or solely supervise normal gonad differentiation (Swain and Lovell-Badge, 1999, Koopman et
al., 1991). Similarly, in Drosophila both XY and XX germ cells in sex reversed soma cannot manage
to complete functional gonadogenesis indicating soma individually is not able to maintain the gonad

development either (Hempel et al., 2008, Waterbury et al., 2000).

The sexual identity of fish have shown to be determined by genetic (Matsuda et al., 2002, Volff and
Schart, 2001), environmental (Baroiller et al., 2009a) and social signals (Hobbs et al., 2004). Therefore,
the sexual plasticity in teleosts potentially gives the somatic and germ cells more capacity to influence
the sex differentiation pathway. In rainbow trout, spermatogonial stem cells transplanted in the ovary
give rise to fully matured oocytes, with the ability to produce viable offspring of both sexes (Okutsu et
al., 2006). Correspondingly, the transplantation of oogonial cells is sexually synched with the recipient
male soma (Yoshizaki et al., 2010). In zebrafish, ovary proliferates the donor spermatogonial cells and
nurtures them to advanced oocytes (Nobrega et al., 2010, Wong et al., 2011). It may be concluded that
the steroidogenic and somatic supporting cells in fish establish the sexual fate of gonad, independent
from the genotype of germ cells, however, the function of foxI3, a germ cell marker, has shown a
discrepancy in this conclusion as it affects egg-sperm decision in medaka (Nishimura et al., 2015). In
foxI3/- medaka, testis development in XY individuals is intact, while XX gonads lack type | mitotic
cells and show periphery spermatogonial stem cells with a male-specific expression pattern (Nishimura
et al., 2015). This concludes that foxI3 is one of the effectors which designate feminizing effects to
medaka germ cells (Nishimura et al., 2018), however, it cannot dictate its feminising inherent to XY
gonadosoma. Therefore, teleosts may suggest a third method of gonad sex differentiation in which a

lack of germline-soma synchronisation leads to chimeric intersex gonadogenesis.
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1.3.3. Germ cell nesting and sexual differentiation

Immediately after genital ridge colonisation, the germ cells encounter crucial decisions such as 1)
proliferation to stem cell self-renewal or differentiation, 2) acquisition of sexual identity i.e., oogonia
or spermatogonia, and 3) cell cycle status; mitosis or meiosis (Kimble, 2011). The molecular regulators
involved in the decisions have been studied in different models (Harigaya and Yamamoto, 2007, Angelo
and Van Gilst, 2009). However, lack of a distinctive sex determination and (early) differentiation
mechanism in zebrafish, the most popular fish model, constrain insights into post-colonisation dynamics

of germ cells in fish.

In medaka, two types of germ cells — cyst forming and individually generating are evident post PGC
colonisation (Marlow, 2010b). The cyst-forming germ cells (type Il) proliferate by two to four
incrementally accelerated mitotic divisions in preparation for meiotic proliferation and initiation of
gametogenesis (Saito et al., 2007). The cysts are characterised by skirting a thin layer of somatic cells
and incomplete cytokinesis that interconnects the differentiated germ cells (Saito et al., 2007). The type
I germ cells (individual stem-like cells) are surrounded by somatic cells (Saito et al., 2007) and are
divided into two subtypes — quiescent and active cells (Nishimura et al., 2015). Indeed, type | germ
cells, proliferate through a stochastic self-renewal process and function as an inexhaustible source of
germ cells for gametogenesis (Saito and Tanaka, 2009). The study of medaka zenzai mutants (Morinaga
etal., 2004), in which the type | germ cells are depleted, demonstrates that type | germ cells are critical
for both gonad formation and functional gametogenesis (Saito et al., 2007). The transition from Type |
to type Il in the testis is usually postponed to the pubertal gonad when the molecular regulators of
meiosis are observed in spermatogonia (Nishimura et al., 2015).

Meiosis is a germ cell-specific cycle specialised to reduce ploidy in gonial cells that transition from
mitosis in a sex- and species-dependent manner (Kimble, 2011). For example, this mitosis-meiosis
transition appears triggered by nutritional cuesin S. cerevisiae (Jin and Neiman, 2016), BMP signalling
in Drosophila (Kawase et al., 2004) and the retinoic acid (RA) pathway in mice (Griswold, 2016). The
murine mitosis/meiosis decision is modulated by both sex-dependent and -independent pathways but
its timing in the respective sex is regulated by the presence or absence of the sex determining gene
(Feng et al., 2014). Stra8, one of the target genes of the RA signalling pathway and the miosis
gatekeeper, is sex-specifically expressed in the fetal ovary and mediates meiosis onset (Anderson et al.,
2008); whereas, the simultaneous Stra8 signalling is blocked in male fetal germ cells through expression
of cytochrome P-450 enzymes. Moreover, the translational repressors, NOS2 and DAZ, suppress the

constituents of meiosis machinery (e.g. Stra8 and Cycp3) in germ cells of either sex (Kimble, 2011).

In teleosts, the RA signalling network is thought to be involved in the mitosis/meiosis decision (Pradhan
and Olsson, 2015), however, stra8 has been characterised in only a few fish species (Dong et al., 2013,

Pasquier et al., 2016). Correspondingly, in medaka, a species lacking stra8, retinoic signalling has been

22



detected in meiotic germ cells of both testis (i.e., somatic and premeiotic spermatogonial cells) and
ovary (i.e., meiotic oocytes) prior to sex determination (Adolfi et al., 2016). This indicates the RA
pathway may play a role in meiotic proliferation in teleosts, but unlike in mice, it does not trigger
meiosis in either sex or is not synchronised with the sex determination decision. Indeed, the teleostean
mitosis-meiosis transition may evolve to liberate gametogenesis from genetic sex determination

mechanisms and give more plasticity to their reproductive strategies.

In some fish species including medaka (Hamaguchi, 1982) and three-spined stickleback, Gasterosteus
aculeatus, (Lewis et al., 2008) the germ cell proliferation pattern has shown a sex-dimorphic
discrepancy, where the developing embryos with a significantly higher number of GSCs differentiate
to females. However, the start point of deviation in germ cell quantity is not chronologically correlated,
among different species (Swarup, 1958, Iwamatsu, 2004). In medaka, the migrating PGCs undergo a
few rounds of mitotic cycles, prior to gonad anlagen colonisation (Saito and Tanaka, 2009); however,
the significant sex-dimorphic pattern of GSC proliferation in medaka occurs post-genital ridge homing
(Hamaguchi, 1982). Unlike medaka, the migrating PGCs are assumed to be mitotically inactive in some
fish species including three-spined stickleback (Lewis et al., 2008) and zebrafish (Ye et al., 2019). In
zebrafish, live screening of labelled PGCs demonstrates the sex-dimorphic number of PGCs diverge
one day post-fertilization, right after germ cell colonisation (Ye et al., 2019). Conclusively, the sex-
dimorphic pattern of germ cell proliferation in some teleosts may correspond with the proliferating
status of male and female germ cells; quiescent division of spermatogonial stem cells type | versus the

rapid mitosis of oogonial cells type II.

The reproductive biology of teleosts is known to be diverse and is likely reflected/underpinned by
similarly diverse cellular and molecular pathways. Further, there is limited understanding of these
events in poeciliids, a key taxon, which shares aspects of both oviparity and viviparity. As a lead up to
understanding the critical events involved in early gonadogenesis and sex differentiation in an invasive
poeciliid, G. holbrooki, this chapter has rigorously reviewed the existing literature to identify
knowledge gaps such as sex-dimorphic patterns of germ cell numbers, the time-point of sex
differentiation and the arrangement of gonial stem cells in the presumptive gonad, and their molecular

determinants.
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Table 1.1: The functional scope and spatiotemporal expression of genes involved in PGC development and gametogenesis in fish models.

Genes

buc

hub
rbpms2

zili
Ziwi

vasa

nanosl

dazll

Functions

- Oocyte polarity

- Regulates micropyle numbers

- Gp formation
- Gp distribution

- The exact function is unknown

- oocyte asymmetric polarity
- buc dosage and localization

- meiosis regulation
- piRNA biogenesis

- PGC specification and maintenance

- piRNA biogenesis

- Translational regulation

- PGC migration (maternal transcript)
- Regulates female differentiation

- PGC survival and proliferation
- PGC motility and migration

- Vital for PGC survival and maintenance”
- Transcriptional stability of tdrd7
- Relieves miR-430 repression

Spatiotemporal expression of genes in germ cells during PGC development

Oogenesis
(Gp assembly)  (emergence)

Cleavage MBT
(Specification)

Gastrulation
(migration)

Pharyngula
(homing)

Larvae
(differentiation)

P -
@ o B

&

References

(Bontems et al., 2009)
(Heim et al., 2014)

(Mickoleit et al., 2011)

(Heim et al., 2014)
(Kaufman and Marlow,
2016a)

(Houwing et al., 2008)

(Houwing et al., 2007)

(Yoon et al., 1997)
(Gustafson and Wessel,
2010)

(Hartung et al., 2014)

(Koprunner et al., 2001)
(Curtis et al., 1997)

(Takeda et al., 2009)
(Li et al., 2016)



granulito - Unknown on germ cell development (Strasser et al., 2008)
- Gastrula arrest in morphants

dnd-1 - PGC motility and migration (Weidinger et al., 2003)
- Protect mMRNAs against miR-430 (Ketting, 2007)
(Aguero et al., 2017)

nanog - Regulates PGC proliferation (Lee etal., 2013)
- Induces maternal clearance during ZGA (Wang et al., 2016)
octd ™ - A pluripotency marker (Sanchez-Sanchez et al., 2010)
- Unknown in fish PGC development
dynein - Germ cell division (Strasser et al., 2008)
- PGC size maintenance
mylka - Regulates cell contractility (Hartwig et al., 2014)
(Paksa and Raz, 2015)
macf-1 - Organelle localization (Gupta et al., 2010)

- mRNA localization
- Oocyte polarity

. - Enrich Gp at cleavage furrows (Campbell et al., 2015)
kif5fa - Dorsoventral patterning
tdrd7 - Regulates PGC size homogeneity (Strasser et al., 2008)
- Regulates normal PGC proliferation
tdrd1 - A scaffold for Piwi proteins (Chuma et al., 2006)
- murine testis differentiation (Strasser et al., 2008)
tdrd6é - Bb mobility (Roovers et al., 2018)
- mRNA deposition to nascent PGCs
tdrd9 - Interaction with Piwi proteins (Dai et al., 2017)
tdrd4 - Unknown in fish (Pan et al., 2005)
- Involved in murine spermiogenesis (Strasser et al., 2008)
henl - miRNA and piRNA stability (Kamminga et al., 2010)

- piRNA maturation
- Sex differentiation timing



cxcl12 - Somatic chemoattractant with affinity to
Cxcrd

cxcrd - The PGC-specific receptor for Cxcl12
- Proper PGC shape for motility

rgslda - Regulates cell-cell adhesion
- Mediates polar protrusion formation
- Involved in the onset of PGC motility

miR-430 - Maternal RNA clearance
- Gene dosage buffering in PGC and soma
- PGC-specific RNA clearance in soma

(David et al., 2002)
(Paksa and Raz, 2015)

(David et al., 2002)
(Paksa and Raz, 2015)

(Hartwig et al., 2014)
(Paksa and Raz, 2015)

(Giraldez et al., 2006)
(Giraldez, 2010)
(Mishima, 2012)

* Exclusively observed in medaka

The schematics of developmental stages are adopted and modified from Raz, 2002.

O RNA binding © Cytoskeletal/motor protein
germ cell
(O Methyltransferase (O micro RNA

(O Tudor domain-containing @ Chemotaxin/Chemotaxin receptor

(O Transcriptional factor

[ The expression is not specific to

[ The expression is germ cell-specific



Chapter II

PGC markers

C %> cloning and characterisation



Chapter 2 | Structure, content and phylogenetic
relationship of key genes involved in PGC development
and sex differentiation isolated from G. holbrooki

Abstract

Studying spatio-temporal expression of germline markers is a powerful tool to investigate the
chronology of gonad formation, differentiation and gametogenesis. Cloning, and characterisation of
target genes is therefore essential, particularly in non-model organisms whose genetic information is
scarce, and relevant assays/studies are not readily available. For this purpose, the full-length cDNA of
the key germline markers including cxcr4, dazl, dnd, nanosl, piwi Il and vasa of G. holbrooki were
cloned. This was conducted by rapid amplification of cDNA ends (RACE) library generation from testis
and ovary, cloning the amplified RACE fragments into a plasmid vector and sequencing the fragments.
Subsequently, the full-length cDNAs were characterised and the domains involved in regulatory
functions of the target genes annotated. Of the recognised regulatory regions, the predicted polypeptides
of dazl contained the RNA recognition motif (RRM) and poly(A) binding protein (PABP) domains. dnd
encoded two alternatively spliced variants, however, both variants had retained the conserved RRM and
DSRM-DND domains in the predicted polypeptide. Similarly, piwi Il had the characteristic PAZ
domain containing a nucleic acid-binding interface in the N-terminus and a 5" RNA guide anchoring
site at the C-terminus. A DEAD-box helicase motif was conserved in vasa and contained RNA- and
ATP-binding sites in the predicted protein. A chemokine binding site and zinc-finger motif that are
diagnostic of cxcr4 and nanosl, respectively were also identified. Overall, the predicted amino acids of
all cloned genes showed high similarity with the respective genes of other poeciliids and higher
vertebrates, as was evident from the phylogenetic trees. These results form a significant resource to
study PGC development, gonadogenesis and potential manipulation of sex in this species.
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2.1. Introduction

In sexually reproducing animals, germ cells are specified from a group of precursor cells formed during
early embryogenesis called primordial germ cells (PGC). Typically, the early specification is known to
occur via zygotic activation and epigenetic reprogramming, i.e., induction mode or by relying on
maternal deposits i.e., preformation mode (Johnson et al., 2001, Johnson et al., 2011a). The specificity
of PGCs (Koprunner et al., 2001, Li et al., 2016), their proliferation (Feng et al., 2020) and route of
their migration (Li et al., 2012b, Paksa and Raz, 2015) is regulated by a group of specific
genes/molecules. Indeed, these genes recruit diverse regulatory plans including ncRNA machinery
(Slanchev et al., 2009, Mickoleit et al., 2011), signalling pathways (Goudarzi et al., 2013, Paksa and
Raz, 2015), and RNA-binding competence of their protein (Knaut et al., 2000, Gustafson and Wessel,
2010) to safeguard proper PGC formation. Therefore, cloning and characterisation of these key markers

is necessary to study germ cell development in any species of interest.

Sharing reproductive traits with both mammals and teleosts, viviparous poeciliids have been of interest
to study the evolutionary transition from lecithotrophy to placental matrotrophy (Pollux et al., 2009,
Blackburn, 2015, Pollux et al., 2014). However, basic biological information such as germline
determination, the molecular pathways involved in PGC formation and their function in poeciliids
remain poorly understood. To address this, study of candidate genes with known roles in PGC
sequestration, maintenance, and migration in teleost, is necessary in G. holbrooki. Importantly, the G.
holbrooki is emerging as an ideal system to study the effects of environmental endocrine-disrupting
chemicals, EDCc, (Kumar et al., 2020) due to its high tolerance to environmental parameters changes
(Batty and Lim, 1999, Pyke, 2005). An in-depth understanding of factors regulating G. holbrooki
reproduction would also aid the development of reproductive biotechnologies used to biologically

control the pest species (Taylor et al., 2012).

In this chapter, six genes were cloned and characterised from G. holbrooki with their key role in PGC
function during embryonic development, germ cell maintenance and its maturation in teleosts (Chapter
1). Specifically, full-length cDNA of six genes, namely deadend (dnd, regulating miRNA activity in
germline), P-element Induced WImpy testis Il (piwi 11, protecting germ cells from transposon silencing),
dead box4 (ddx4 or vasa homologous, maintaining the specificity of migrating PGCs in soma
environment), deleted in azoospermia-like (dazl, a germline-specific RNA repressor and activator),
nanosl (a zinc-finger coding gene with somatic repressing role in germ cells), and C-X-C chemokine
receptor type 4 (cxcr4, a component of chemotaxis signalling in PGCs) were targeted. This with a view
to understand the basic biology of PGC formation and their dynamics during early development

(Chapter 3 and 4), their biogenesis in gonad and accumulation in gametes (Chapter 4) in this species.
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2.2. Methods

Broadly the cloning and characterisation strategy involved partial CDS identification, RACE library
generation, amplification of full-length ¢cDNA ends using touch down (TD) PCR, its cloning,
sequencing and characterisation. The critical domains of the cDNAs of interest were characterised by
the conserved polypeptide motifs in the predicted proteins. The homology and evolutionary relatedness
were also compared by constructing phylogenetic trees for each of the homologues across multiple

vertebrate taxa.
2.2.1. Wild fish collection and housing

Juvenile (females; 150 £15 mg, males; 95 + 12 mg) and adult (females; 560 + 80 mg, males; 210 + 43
mg) Gambusia from both sexes (n = 22 females, n = 17 males) were collected, from the Tamar Island
Wetland Reserve, Tasmania (41°23.1'S; 147°4.4'E). The fish were transported to the Institute for
Marine and Antarctic Studies (IMAS), Taroona, University of Tasmania. They were maintained in a
recirculating facility for small fish. Rearing conditions are summarized in Table 2.1. The fish were fed
with commercial pellets (TetraMinl tropical granules, Germany) and freshly hatched Artemia nauplii
(INVE Aquaculture, USA).

Table 2.1. Housing conditions of Gambusia

Parameters Range
Water quality Temperature (°C) 25.0+1.0
pH 7.1-7.5
Dissolved oxygen (%) 85-90
Salinity (g/l) 0
NO2z (mg/l) <0.008
NH4* (mg/l) <0.009
Rearing conditions  Female tank volume (1) 6
male tank volume (1) 2
Water flow (I/h) 10-13
density (fish/10 | tank) 15-25
Light regime (L:D) 16:9h

All procedures including biological measurement, anaesthesia, euthanasia, dissection, tissue sampling
and injection were undertaken as per established and approved protocols (Inland Fisheries Service

Tasmania and University of Tasmania Animal Ethics permit, A0015354).
2.2.2. Tissue sampling, RNA/DNA isolation and cDNA synthesis

Mature female fish (n = 5) were selected and euthanised with 250mg/L of AQUI-S®. The gonads were
isolated and harvested for RNA extraction. To obtain the highest quality RNA, the tissues were
immediately cut to small slices (~50 mm?) and stored in RNAlater® (Thermo Fisher Scientific, VIC,

Australia) at 2-8 °C, overnight for stabilisation. Then the RNAlater® was removed and the samples
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stored at -80 °C until use. For RNA extraction, the 30 mg of frozen tissue was thawed, homogenised
carefully in lysis buffer using syringe and needles (19 and 27 G) and RNA was isolated using ISOLATE
II® RNA Mini kit, (Bioline, UK) according to the manufacturer’s instructions. Any gDNA
contamination was subsequently eliminated from RNA samples using Ambion™ DNase | (Thermo
Fisher Scientific, USA) and the DNase treated samples were purified by a column-based method using
Monarch® RNA Cleanup Kit (NEB, England). The RNA integrity was verified by visualising the
integrity of 18S and 28S ribosomal RNA on 1% TAE/agarose gel stained with SYBER™ Safe (Thermo
Fisher Scientific, USA). The purified RNA was then quantified using Qubit™ RNA high sensitivity
(HS) assay kit (Invitrogen, Australia) and reverse transcribed using Tetro cDNA Synthesis Kit (Bioline)
according to manufacturer’s protocol. The reverse transcription reaction contained 200 units of MMLV
reverse transcriptase, 1X RT buffer, 15 units of RNase inhibitor, 0.75 mM dNTP mix, 300 ng
Oligo(dT)18 primer mix (Tetro cDNA synthesis kit, Bioline). The resulting cDNA diluted five times

and stored in -20°C until use.

To identify the introns of the target genes, gDNA from the caudal fin and muscle of adult fish (n = 6)
was isolated using ISOLATE 11 Genomic DNA Kit (Bioline), and the 5’ and 3'UTR primers were used

to amplify the gDNA complete sequence including the introns.
2.2.3. Amplification of Partial coding sequences

To obtain partial coding sequences from G. holbrooki, full-length cDNA sequences of the genes of
interest (GOI) from several other poeciliid species including Poecilia latipinna, P. mexicana, P.
formosa, P. reticulata and Xyphophorus maculatus were retrieved from the NCBI database (Sayers et
al., 2009) were selected and aligned using MUSCLE (Edgar, 2004). A primary and a nested pair of
degenerate primers were designed using the most conserved region of consensus sequence (Fig. 2.1)
and applied in PCR amplification of the respective target genes. The cDNA of ovary, in which all the
GOls are normally expressed was used as template in PCR reactions. The specific PCR products were
identified based on expected size on a 0.7%-1% agarose gel. The bands were excised from the agarose
gel and purified using ISOLATE Il PCR and gel kit (Bioline, NSW, Australia). The purified products

were sequenced and used to design gene specific primers (GSP) for RACE amplifications.
2.2.4. RACE library generation and amplification of cDNA ends

Full length amplification from mRNA from GOI was facilitated by GeneRACER™ kit (Invitrogen,
Australia). Briefly, A RACE library was made by selection of intact RNA and its protection by capping,
followed by reverse transcription and modifying the cDNA ends to facilitate the amplification of target
cDNA from both 5" and 3’ ends (Fig. 2.2).
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Full-length mRNA selection

To select for intact mMRNAs, calf intestinal phosphatase (CIP), was used to cleave the free 5’ phosphate
of non-mRNAs and truncated mRNAs, with 5'cap and poly (A) tail protecting intact mRNAs (Fig 2.2A).
Isolated total RNA was quantified using Qubit4® fluorometer (Thermo Fisher Scientific, USA). About
2-5 ug of total RNA was used in a 10 ul dephosphorylation reaction (Table Al), mixed well and
incubated at 50 ‘C for 1 hour. The dephosphorylated mRNA was column purified as per the
manufacturer’s instructions and eluted with 8 pl of DEPC water. Integrity of the RNA was verified

using TAE/agarose gel electrophoresis.
Decapping full-length mRNA and oligo ligation

The intact mMRNA was subsequently treated with tobacco acid pyrophosphatase (TAP) to remove the
5'cap (Fig. 2.2B). Specifically, a 10 pl decapping reaction was prepared (Table A2), mixed well by
pipetting and incubated at 36 °C for 1 hour. The decapped mRNA was column purified, eluted in 8 pl
of DEPC water, and the integrity of RNA verified on agarose gel.

Immediately, a specific RNA oligo was ligated to the 5’ end of the mRNA (Fig. 2.2D). The ligation
reaction (Table A3) was as described in the RACE kit. The reaction was incubated at 65 °C for 5 min
to remove RNA secondary structure and placed on ice for 10 min for ligation. The ligated mRNA was

column purified and eluted in 11 pl of DEPC water.
Reverse transcription by a modified oligo dT

To amplify the 3’end of mRNA, reverse transcription (RT) was carried out by a modified dT primer
containing 18 d(T) along with a priming site at its 5’end (Fig. 2D), as per instructions. Briefly, AINTP
mix and the modified oligo dT were added to the ligated RNA and incubated at 65 °C for 5min to relax
any RNA secondary structures. The remaining reaction components were then added (Table A4),
incubated at 45 °C for 90 min and subsequently the RT was inactivated at 85 °C for 15 min. The
synthesised RACE library was stored at -20 °C until use for PCR reaction. The resulting RACE library
contained modified cDNA ends (Fig. 2.3A) with a set of nested priming sites (Fig. 2.3B) for PCR

amplification on each end.
GSP design and PCR conditions for RACE amplifications.

To amplify cDNA ends two GSPs were designed for each gene to use in primary and nested RACE
PCR reactions. The primers were designed to meet the following conditions; 1) high GC content (50-
70%), 2) 23-27 nucleotide length, 3) low GC content (less than three) at their 3’ ends, 4) no self-
complementary sequences within the primer (hairpin) or with the primers of ligated oligos (primer-

dimer), and 5) annealing temperature greater than 72°C.
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To amplify target cDNA ends, Touch Down (TD)-PCR was carried out to enhance amplification of
specific targets (Don et al., 1991, Roux, 1995). Specifically, the initial annealing temperature was set 4
to 5°C higher than the optimal annealing temperature, and it was gradually decreased over 10-15 cycles
until it reached the optimal annealing temperature (Table A5). For nested TD-PCR, 1l of primary PCR
product was diluted 500 times and 1l of it was used as the template. The PCR products were visualised

in 1% agarose gel and their size verified.
2.2.5. Cloning fragments of interest

Bacterial cloning of full-length cDNAs from all six GOI was carried out using the TOPO TA cloning
kit.

Fragment insertion

Briefly, the TOPO reaction was prepared (Table A6) using TOPO® TA Cloning kit (ThermoFisher,

USA) and incubated for 5 min at room temperature as per the manufacturer’s instructions.
Vector transformation and fragment proliferation

One Shot® chemically competent E. coli (Thermo Fisher Scientific, VIC, Australia) was used for
chemical transformations. Briefly, 3 pl of insertion mix was added 30 pl of competent cells, swirled
gently and incubated for 15 min on ice. The cells were then heat-shocked for 30 sec at 42 °C and
immediately put on ice. The cells were then allowed to recover by incubated in 25 pl of S.0.C medium
at 37 °C, for 1 hour. A 50 pl of X-gal solution (Thermo Fisher Scientific, VIC, Australia) was first
spread on a pre-warmed selective plate. Then about 40 ul of recovered cells were spread, sealed, and
incubated at 37 °C for 12-14 hours.

Vector isolation and insert verification

The positive colonies (n = 7-10/ plate) from selective plates were isolated and the vectors were purified
using PureLink® Quick Plasmid Miniprep kit (Thermo Fisher Scientific, VIC, Australia). The

specificity of the inserts and their orientation were verified using PCR screening as well as sequencing.
2.2.6. Gene mapping, annotations, and phylogenetic tree construction

For gene mapping and multiple alignment, the available genome sequences, and their accession
numbers (Table 2.2) were collected from the National Centre for Biotechnology Information, NCBI
data base (Table A7). For gene annotation, the predicted proteins from cloned gene sequences were
checked for conserved domains using the NCBI conserved domain database (Marchler-Bauer et al.,
2015). The number of introns in the target genes were identified via end-point PCR screening and their
approximate size were verified using TAE/agarose gel electrophoresis, before reconstructing the

schematic for genomic loci of each genes (Table A8). To establish phylogenetic relationships based on
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each of the genes, the predicted protein sequences from a cartilaginous fish, 11 teleosts, a reptile, an
ave, and a mammal were extracted from the NCBI data base and aligned for each gene, separately. The

mammal species as the reference was used as a base taxon for relative comparison.
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Figure 2.1. A representative (piwi 1) multiple sequence alignment of homologous genes in live-bearing poeciliids. The degenerate primers were selected based on the
most conserved regions. The blue and red arrows show the location of forward and reverse degenerate primers, respectively. Where sequences were non-identical, a
degenerate base code (IUPAC) was used to design primers.
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The phylogenetic trees were produced using neighbour-joining method with bootstrap resampling (1000
replicates), and the genetic distance was measured by Jukes and Cantor model (Jukes and Cantor, 1969)

in Geneious Prime® 2020.2.3.
2.3. Results

The full-length cDNA of six genes that are key to teleostean PGC development and function were
successfully cloned and characterised from G. holbrooki. The salient features of each of the marker

genes are summarised below.
2.3.1. piwi Il in G. holbrooki encoded domains necessary for gene silencing.

The genomic structure of piwi Il in G. holbrooki comprised of 24 exons, while the cDNA contained 97
bp 5'UTR, 294 bp 3'UTR and 3162 bp coding sequence (Fig. 2.4A) which encoded 1054 amino acids
(aa) (Fig. 2.4B). The piwi Il cDNA from G. holbrooki showed 94-95% homology with piwi Il from
poeciliid species and the closest homology to X. helleri. Multiple sequence alignments demonstrated
high homology between Piwi Il predicted protein in poeciliids and G. holbrooki, ranging from the
lowest (84%) with P. formosa and to the highest (93%) with X. maculatus. Similarly, phylogenetic
analysis of the complete proteins clustered G. holbrooki Piwi Il with those of poeciliids (Fig. 2.5).
However, the homology of G. holbrooki Piwi Il with Mus. musculus, D. rerio and Oryzias latipes was
relatively low at 56%, 66% and 67%, respectively. The predicted Piwi Il polypeptide in G. holbrooki
was characterised by the presence of Piwi, Argonaut and Zwille (PAZ) domains, and a non-specific
PIWI-like superfamily domain at C-terminus (Table 3.2). The PAZ domain contained a nucleic acid-
binding interface (Fig. 2.4B), while the PIWI-like superfamily domain consisted of two subdomains,
one of which provides the 5’ anchoring of the guide RNA and the other is the active site for slicing
function (Fig. 2.4B).
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Figure 2.5. Phylogenetic tree showing the relationship of the predicted G. holbrooki Piwi 11 with those of select fish and higher vertebrates. The phylogenetic tree was
built using Homo sapiens as the reference taxa. The predicted G. holbrooki Piwi Il was most similar to that in X. maculatus and unsurprisingly clustered with other
poeciliids.



2.3.2. dazl contained a highly conserved RRM and a domain to bind poly(A)

tail.

The dazl cDNA in G. holbrooki consisted of 10 exons containing 97 bp 5'UTR, 654 bp coding sequence
and 396 bp 3'UTR (Fig. 2.6A). The full-length cDNA showed 95-97% homology with available
poeciliid species. The dazl open reading frame (ORF) encoded 217 aa characterised by two domains
(Fig. 2.6B); 1) a RNA recognition motif (RRM) located in the middle of the polypeptide chain, and 2)
a polyadenylate binding protein human type 1, 2, 3 and 4 family (PABP-1234) domain located at the
C-terminus (Table 2.2). The NCBI BLAST showed a relatively high homology between predicted Dazl
in G. holbrooki and that from poeciliids, ranging from the lowest (98%) with P. formosa to the highest
(>99%) with X. maculatus. Correspondingly, phylogenetic analysis of complete proteins clustered G.
holbrooki Dazl with those of poeciliid species (Fig. 2.7). However, homology was reduced to less than

35%, 67% and 72 % with its homologous in D. rerio and O. latipes, and M. musculus.
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Figure 2.6. Schematic representation of genetic structure (A) of dazl and its conserved protein domains (B) in G. holbrooki. The cDNA contains 10 exons, with a 651
bp coding region (marked blue in panel A) and 217 polypeptide (B) in the predicted protein. The predicted polypeptide contains an RNA recognition motif domain
(RRM, marked yellow), at N-terminus and a polyadenylate binding protein family, (PABP-1234, marked blue in panel B) which overlap each other, with the latter
covering most of the polypeptide. In panel A, the approximate location of primers used for quantitative PCR (QPCR, blue triangles), chromogenic in situ hybridisation
(CISH, red triangles) probe (Chapters 3 and 4) and the exon lengths (numbers on blue blocks) are also marked. The scale bar indicates an approximate size of 250

bp in the schematic DNA.
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Figure 2.7. Phylogenetic tree showing the relationship of the predicted G. holbrooki Dazl with those of select fish and higher vertebrates. The phylogenetic tree was
built using H. sapiens as the reference taxa. The predicted G. holbrooki Dazl was most similar to that in X. maculatus and unsurprisingly clustered with other poeciliids.



2.3.3. G. holbrooki vasa contained the conserved DEAD box and associated

binding sites

The genomic structure of vasa in G. holbrooki consisted of 22 exons. The cloned cDNA was1914 bp
with a short (<50bp) 5'UTR and 201 bp 3'UTR (Fig. 2.8A) encoding 638 aa (Fig. 2.8B). The full-length
cDNA showed 94%-95% homology with those of poeciliid species. The predicted Vasa was
characterised by the presence of DEAD box protein 4 (DDX4) a diagnostic feature containing ATP and
RNA binding sites, and the C-terminal helicase domain of the DEAD box helicases (SF2_C_DEAD)
that harboured a non-specific ATP binding site (Fig. 2.8B, Table 2.2). Multiple sequence alignment of
predicted Vasa proteins in poeciliids showed G. holbrooki shared a strong homology with those of
Poeciliids, ranging from 94% (P. reticulata) to 96% (X. maculatus). The phylogenetic analysis of
complete protein also clustered G. holbrooki Vasa with poeciliids (Fig. 2.9). However, the homology

was as low as 63% and 69% with those of M. musculus and O. latipes, respectively.
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Figure 2.8. Schematic representation of genetic structure (A) and predicted polypeptide (B) of Vasa in G. holbrooki. The genetic structure contains 22 exons, with a
1914 bp coding region (marked blue in panel A) which encodes 638 aa (B). The predicted polypeptide was characterised by DEAD box protein 4 (DDX4, marked
yellow in panel B) domain in the middle of the polypeptide chain containing DEAD-box helicase (the marked box in panel B) harbouring ATP and RNA binding sites
(yellow and black asterisks in panel B, respectively). The C-terminal helicase domain of the DEAD box helicases (SF2_C_DEAD, marked blue in panel B) was also
characterised harbouring ATP binding site (yellow asterisks in panel B). In panel A, the approximate location of primers used for quantitative PCR (qPCR, blue
triangles), chromogenic in situ hybridisation (CISH, red triangles) probe (Chapters 3 and 4) and the exon lengths (numbers on blue blocks) are also marked. The
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Figure 2.9. Phylogenetic tree showing the relationship of the predicted G. holbrooki Vasa with those of select fish and higher vertebrates. The phylogenetic tree was
built using H. sapiens as the reference taxa. The predicted G. holbrooki Vasa was most similar to that in X. maculatus and clustered with other poeciliids



2.3.4. nanosl contained characteristic zinc-finger motif and the translational

repression site.

The nanos1 gDNA was lacking intron in G. holbrooki. The cDNA comprised of 138 bp 5'UTR, 669 bp
coding sequence and 420 bp 3'UTR (Fig. 2.10A) that encoded 223 aa containing two CCHC zinc-finger
domain (Fig. 2.10B, Table 2.2). The multiple sequence alignment showed the cDNA had 97-98%
homology with other poeciliid species. In the predicted Nanosl of poeciliids, this ranged from the
lowest (98%) homology with P. formosa to the highest (99%) with X. helleri. Similarly, the
phylogenetic analysis grouped the predicted G. holbrooki Nanosl with other poeciliid species (Fig.
2.11). Homology of Nanosl G. holbrooki with other vertebrates’ models was relatively low ranging

from 33% and 53% to 81% with its orthologous in M. musculus, D. rerio and O. latipes, respectively.
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Figure 2.10. Schematic representation of genetic structure (A) of nanosl and the annotated regions of its polypeptide (B) in G. holbrooki. With no introns in the gene,
the cDNA consisted of a single exon, with a 669 bp coding region (marked blue in panel A) encoding 223 aa (B). The predicted polypeptide contained two CCHC
(boxed in panel B) in the zinc-finger domain (marked yellow in panel B) at C-terminus. In panel A, the approximate location of primers used for quantitative PCR
(gPCR, blue triangles), chromogenic in situ hybridisation (CISH, red triangles) probe (Chapters 3 and 4) and the exon lengths (numbers on blue blocks) are also
marked. The scale bar indicates an approximate size of 100 bp in panel A.
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was built using Mus musculus as the reference taxa. The predicted G. holbrooki Nanosl1 was most similar to that in X. maculatus and unsurprisingly clustered with

other poeciliids.



2.3.5. dnd was alternatively spliced but retained conserved domains in both

variants.

Two alternatively spliced variants were found for dnd in G. holbrooki. The longer variant, dnd-«,
contained five exons with 1122 bp cDNA encoding 374 predicted peptides (Fig. 2.12A). The last exon
of dnd-a was spliced in two resulting in a shorter (1056 bp) dnd-£ variant that contained six exons
coding for 352 aa (Fig. 2.12B). The variant dnd-£ was a result of truncation and loss of 66 bp from the
last exon of dnd-a (Fig. 2.12B) and corresponding 22 aa truncation upstream of double-stranded RNA
binding motif of dead-end protein homolog 1 (DSRM-DND) region (Fig. 2.12C). The dnd-a cDNA
showed 90-95% homology with dnd1 of poeciliid species; the lowest homology with P. formosa and
the highest with P. reticulata. Both variants of predicted Dnd protein in G. holbrooki were characterised
by the presence of RRM at the N-terminus and DSRM_DND1 at the C-terminus, the latter harboured
an RNA-binding site (Table 2.2, Fig. 2.12C). Phylogenetic analysis clustered G. holbrooki Dnd-a with
other poeciliid species (Fig. 2.13). The NCBI BLAST results revealed predicted Dnd-a of G. holbrooki
had 77% (P. reticulata) to 86% (X. maculatus) homology with those of poeciliid species.
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Figure 2.12. Schematic representation of genetic structure (A and B) of
dnd and the annotated regions of Dnd polypeptide (C) in G. holbrooki.
I wo alternatively spliced variants were found in G. holbrooki dnd (B).
dnd-a, the longer variant, contained five exons, with a 1122 bp coding
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domain at the C-terminus harbouring putative RNA-binding sites
(black asterisks in panel C). The alternatively spliced region (AS
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panel A, the approximate location of primers used for quantitative
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red triangles) probe (Chapters 3 and 4) and the exon lengths (numbers
on blue blocks) are also marked. The scale bar indicates an
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Figure 2.13. Phylogenetic tree showing the relationship of the predicted Dnd-a in G. holbrooki with those of select fish and higher vertebrates. The phylogenetic tree

was built using H. sapiens as the reference taxa. The predicted G. holbrooki Dnd-a was most similar to that
poeciliids.
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2.3.6. cxcrd in G. holbrooki conserved seven transmembrane G-protein

receptors.

The gDNA of cxcr4 in G. holbrooki had two exons. cDNA consisted of 108 bp 5'UTR, 996 bp coding
sequence and 540 bp 3'UTR (Fig. 2.14A) encoding 332 aa (Fig. 2.14B). The cDNA showed 91-96%
homology with cxcr4 orthologues in other poeciliids. The predicted polypeptide was characterised by
the presence of CXC chemokine receptor type 4, a member of the class A family of seven-
transmembrane G protein-coupled receptors (7tmA-CXCR4) marked as TM 1 to TM 7 (Fig. 2.14B).
Also, phylogenetic analysis clustered G. holbrooki Cxcr4 with poeciliid species (Fig. 2.15). This was
similar to NCBI BLAST results, showing a relatively high homology between G. holbrooki Cxcr4 and
those of poeciliids ranging from 90% (P. mexicana) to 94% with (X. maculatus). Compared to other
vertebrates, G. holbrooki Cxcr4 showed 62%, 69% and 75% homology with M. musculus and D. rerio

Cxcrda and O. latipes Cxcrb, respectively.
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Figure 2.14. Schematics showing genetic structure (A) of cxcrd and the annotated regions of its polypeptide (B) in G. holbrooki. The genetic structure consisted of
two exons, with a 996 bp coding region (marked blue in panel A) which encodes 332 peptides (B). The main region of predicted polypeptide is annotated as CXC
chemokine receptor type 4, the member of the class A family of seven transmembrane G protein-coupled receptors (7tmA-CXCR4, marked yellow in panel B). The
domain of seven transmembrane helices (TM 1 to TM 7, marked separately as double-ended arrows) are shown containing chemokine binding site (black asterisks).
In panel A, the approximate location of primers used for quantitative PCR (qPCR, blue triangles), chromogenic in situ hybridisation (CISH, red triangles) probe
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Table 2.2. List of key PGC markers and their conserved domains in vertebrates characterised in respective homologues of G. holbrooki in this study.

Gene Domains and sites Salient features Accession Reference
piwi PAZ specific region cd02845 (Lingel et al., 2003)
Piwi-like superfamily Superfamily, non-specific region cd04658 (Yuan et al., 2005)
DNA/RNA-binding ssSDNA & siRNAs recognition site cd02825 (Lingel et al., 2004)
interface
active site catalytic site for slicing cd02826 (Lingel et al., 2004)
5 RNA anchoring site RNA guide for slicing point cd02826 (Lingel et al., 2004)
vasa SrmB superfamily Superfamily 11 DNA and RNA helicase COG0513 (Johnson and McKay, 1999)
DEADc_DDX4 DEAD-box helicase domain of DEAD box protein 4 €d18052 (Schmid and Linder, 1992)
(Tanner and Linder, 2001)
(Hilbert et al., 2009)
SF2_C_DEAD C-terminal helicase domain of the DEAD box helicases cd18787 (Linder and Jankowsky,
2011)
dazl RRM_DAZL RNA recognition motif smart00360 (Venables et al., 2001)
PABP-1234 polyadenylate binding protein TIGR01628 (Yang et al., 1995)
nanosl zf-Nanos Nanos RNA binding domain pfam05741 (Mosquera et al., 1993)
(Curtis et al., 1995)
(Curtis et al., 1997)
dnd RRM RNA recognition motif smart00360 (Nietfeld et al., 1990)
RNA binding site €d00048 (Ketting, 2007)
DSRM_DND dsRNA binding motif of Dnd protein homolog 1 cd20313 (Gross-Thebing et al., 2017)
cxcrd 7tmA-CXCR4 member of the class A family of seven transmembrane G protein-coupled  cd00637 (Horuk, 2001)
receptors
chemokine-binding site  harbours seven transmembrane helices cd14984 (Singh et al., 2013)

(Kufareva et al., 2015)




2.4. Discussion

The key RNAs and proteins (Chapter 1) involved in maintaining germ cell identity, i.e., against somatic
differentiation (Gross-Thebing et al., 2017), and their proper mobilisation (Boldajipour et al., 2008,
Herpin et al., 2008) have specific nucleic acid-binding capabilities that enable a range of regulatory
functions. These include repression or activation of transcription/translation (Bhandari et al., 2014,
Asaoka et al., 2019) or protecting mMRNAs from decay through preserving the poly(A) tail from
degradation (Zagore et al., 2018) and/or via counteracting short interfering RNAs-Dicer machineries
(Ketting, 2007). Comparative studies of the PGC markers (structure and content) across taxa provide
direct clues to their shared functions and evolutionary relatedness (Chapter 1). Amongst the shared
features, they often exhibit subtle species-specific differences (Chapter 3 and 4), providing clues of
novelties that may hold promise for manipulating reproductive functions (Chapter 4) that are species-
specific. Hence, cloning of PGC markers from G. holbrooki marks a key first step towards investigating
developmental dynamics (Chapter 3) and unique features of PGCs in this species. Regarding this,
annotating the domains further assisted us during in silico procedures of the whole study with regard to

designing highly specific PCR primers and in situ hybridisation probes (Chapters 3, 4 and 5).
2.4.1. The structure of piwi and its regulatory function

Unlike most eukaryotes, piwi Il in G. holbrooki did not have the conserved canonical (Proudfoot, 2011)
polyadenylation (polyA) signal (AUUAAA). Instead, the AU-rich 3'UTR may serve as a polyA signal
region (with multiple UGUA sites) presented upstream of the cleavage signal (CA-rich) region
(Ustyantsev et al., 2017).

The PAZ/PIWI domains characterised in G. holbrooki contain nucleic acid-binding site that are
conserved across taxa. These binding sites are known to be essential to recruit and assemble small
ncRNAs for inducing transcriptional and post-transcriptional silencing of the target genes (Tolia and
Joshua-Tor, 2007, Jinek and Doudna, 2009) which is essential for their regulation. Based on the
structural similarities, the characterised PAZ domain encoded by piwi Il in G. holbrooki suggests that
the predicted protein has the ability to bind ncRNAs and mMRNAs. Moreover, characterisation of the
Piwi-superfamily domain with a 5’-guide RNA anchoring site in the piwi Il ORF indicates the potency

of the protein to RNA cleavage and decay.

Mechanistically, the structure of Argonaute is organised into N-, PAZ, MID (middle) and PIWI domains
(Wang et al., 2008, Ryazansky et al., 2018). The associated ncRNAs which maintain Watson-Crick
base-pairing with the target mMRNA are settled between the domains facilitating a stable interaction
between proteins and target RNAs (Miyoshi et al., 2016, Ma et al., 2004). Particularly, the 5’-phosphate
of guide RNA is anchored in the MID domain binding to the side chains of amino acid residues with its

oxygen hydrogen-bonds (Wang et al., 2008). On the other hand, the 3’end of the nucleic acid guide is
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anchored within the binding pocket in the PAZ domain (Lingel et al., 2004, Boland et al., 2011,
Ryazansky et al., 2018). In another model, typically observed in short interfering RNAs (siRNA), the
3’-end of nucleic acid guide is not anchored in the PAZ domain. Instead, the nucleic acid guide is base-
paired to the target mMRNA and forms a heteroduplex (Nielsen et al., 2007, Bartel, 2009). The PIWI
domain adopting an RNase H-like fold with a catalytic tetrad of amino acid residues is involved in
target MRNA decay through clamping the guanidium groups on target base and using that region as a

cleavage site (Yuan et al., 2005). Together,

The effector domains of PIWI protein have been shown to be key for germline specification and gonad
function (Houwing et al., 2007, Ishizu et al., 2012). The GSC function of PIWI was first characterised
in Drosophila germ cells localised in the nucleus of developing PGCs (Cox et al., 1998, Lingel et al.,
2003). In fish models such as zebrafish and medaka, piwi expression is restricted to germ cells and is
indispensable to PGC migration (Li et al., 2012b), germline formation (Houwing, 2009) and gonad
function (Houwing et al., 2008). Unlike zebrafish, ubiquitous expression of PIWI proteins and the
associated RNAs, with a conserved role in the gene silencing process, have been detected in mammalian
somatic tissues (Grimson et al., 2008, Ha et al., 2014, Nandi et al., 2016, Jehn et al., 2018). However,
the spatial and temporal expression pattern of piwi Il during G. holbrooki embryonic development and
its role in germ cell formation is still elusive (Chapter 3). Also, sex-dimorphic expression of piwi Il in

gonads and its storage in G. holbrooki gametes as one of the Gp components is unknown (Chapter 4).
2.4.2. dazl; a regulatory machinery for germline formation and meiosis

The cDNA length and number of exons (10) in G. holbrooki dazl is comparable with those of poeciliids
and O. latipes. However, dazl in D. rerio and M. musculus contained 11 and 12 exons, respectively,
with relatively longer cDNA. Evident from the genetic sequence analysis of dazl in G. holbrooki, the
3'UTR (i.e., less than 350 bp) is noticeably shorter than those of zebrafish, medaka and house mice (i.e.,
longer than 1.0 kb). As reviewed (Chapter 1), the dynamic localisation of maternal dazl is underpinned
by a group of cis-acting motifs located in the 3'UTR. In Xenopus (Betley et al., 2002) and D. rerio
(Kosaka et al., 2007), dazl contains several UGCA regions in its 3'UTR functioning as a mitochondrial
cloud localisation element (MCLE), however, this element was not detected in G. holbrooki dazl.
Instead, multiple CACA cis-acting motifs found in the 3'UTR may confer maternal as well as domain-
specific localisation in the developing embryos. The CACA signal is known to be sufficient for
localisation of maternal dazl in oocytes and early embryonic development (Kosaka et al., 2007).
Therefore, despite the short 3’'UTR, the G holbrooki dazl seems adequate for functional mobilisation of

the maternal transcript.

The dazl encoded RRM and PABP domains in G. holbrooki. Proteins containing RRMs comprise the
largest group of single stranded RNA-binding proteins (RBP) family with a variety of binding

preferences (Maris et al., 2005). Also, proteins with a PABP domain are categorised as RRM proteins
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that regulate RNA stability and translation (Query et al., 1989, Yang et al., 1995, Féral et al., 2001).
Mechanistically, PABP couples the poly(A) tail of the target mRNA and interacts with elF4E, bound
the 5'-cap, to initiate translation (Brook et al., 2009). Also, PABP is assumed to recruit elF4A to ease
the secondary structure within the 5S'UTR (Gallie et al., 2000) and facilitate the process of mRNA
translation (Niepel et al., 1999). The potency of these domains may unravel the dazl function during
germ cell development and gonadogenesis among taxa (Reijo et al., 2000), as its downregulation or
deletion results in abolished PGC formation in medaka (Li et al., 2016) and Xenopus (Douglas and
King, 2000). Evaluating the spatio-temporal expression of dazl during G. holbrooki early development

may shed some light on its role in the reproductive biology of poeciliids (see Chapter 3).

Dazl is a key regulator of meiosis among metazoans, lack of which in Drosophila halts G2-M transition
in meiosis-I through compromising spindle formation and H3 histone phosphorylation (Houston. et al.,
1998). Similarly, loss of dazl expression in the hermaphrodite Caenorhabditis elegans blocks oogenesis
due to suppressed pachytene stage of meiosis-I (Karashima et al., 2000). In higher vertebrates, Dazl
function is more involved in testis development. For example, the RRM domain of murine DAZL binds
a large number of testicular transcripts at their 5’ (Venables et al., 2001) and 3'UTRs (Li et al., 2019) to
accelerate germ cell maturation. In mice, post-natal ablation of Dazl did not affect oogenesis but resulted
in deprived spermatogonial stem cell genesis and blocked meiosis eventuating in decreased polysome-
associated target transcripts (Li et al., 2019). Screening the expression pattern of dazl in gonad and
gametes of G. holbrooki may reveal its sex-dimorphic role in critical events of germ cell maturation,
e.g., sex differentiation, mitosis-meiosis transition, and parental factor packaging, in poeciliids (Chapter
4).

2.4.3. vasa; multiple role for RNA metabolism and function

The genetic structure of vasa in G. holbrooki, e.g., cDNA length and the number of exons, was
comparable to those of poeciliids, O. latipes (Tanaka et al., 2001) and M. musculus (Tanaka et al., 2000),
however, vasa in D. rerio (Howe et al., 2013) contained 27 exons. DEAD (D-E-A-D = Asp-Glu-Ala-
Asp) box, a critical element of vasa is conserved among vertebrates as was also shown to be the case
for G. holbrooki in this study. The DEAD protein family includes a group of RNA helicases involved
in unwinding RNA secondary structures and proper refolding (Tanner and Linder, 2001), ribosome
biogenesis (Pugh et al., 1999), pre-mRNA splicing (Schwer and Meszaros, 2000) and translational
regulation (Chuang et al., 1997). As evident in G. holbrooki, RNA helicases in vasa contain several
conserved motifs known to recruit an ATP and incorporate the energy of hydrolysis into RNA
metabolism (Staley and Guthrie, 1998). Indeed, ATPase cycle results in alterations in RNA strands
affinity and facilitates DEAD-box proteins to bind and rearrange target RNAs (Gustafson and Wessel,
2010). Also, DEAD-box domain contained RNA binding sites in G. holbrooki, which underpin RNA
modification through restructuring RNA molecules, remodelling RBPs and separating the strands of
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short duplex regions of RNA (Hilbert et al., 2009, Jarmoskaite and Russell, 2011). These regulatory
functions have been shown to protect germline identity during embryogenesis (Styhler et al., 1998),
proper mitosis-meiosis transition (Shibata et al., 2004) and germ cell maturation (Kitamura et al., 2007,
Liu et al., 2009). As has been shown in zebrafish (Hartung et al., 2014) and medaka (Li et al., 2009)
evaluating spatio-temporal expression of vasa during embryonic development can shed light on its pre-
(Chapter 3) and post-natal function (Chapter 4) in G. holbrooki and may improve knowledge about vasa

function in poeciliids.
2.4.4. dnd encoded spliced variants with conserved regulatory regions.

As evident from the results, in G. holbrooki, the shorter variant, dnd-g, encoded a truncated protein
lacking 22 aa compared to dnd-a. Despite the truncation, the RRM and DSRM-DND domains were
intact suggesting both dnd variants encode a functional protein in G. holbrooki. In other teleosts such
as O. celebensis (Zhu et al., 2018), Salmo salar (Wargelius et al., 2016) and D. rerio (Weidinger et al.,
2003), no alternative spliced variants of dnd have been reported, and the expression of dnd was
exclusively detected in germ cells. On the contrary, two alternatively spliced variants were detected for
Dnd in mice with dissimilar temporal and spatial expression pattern in foetal stages. The murine shorter
variant lacks 12 aa, spread across three regions, located upstream of the RRM domain (Bhattacharya et
al., 2007). It is therefore interesting to investigate the expression pattern of dnd variants in G. holbrooki
(see Chapter 3), which may reveal patterns indicative of dnd functions in poeciliids and their

comparative relevance to the evolution of reproductive strategies in vertebrates.

Both variants of dnd in G. holbrooki encoded canonical RRM. This motif has been shown to interacts
with the UTRs of mMRNAs but is also involved in post-transcriptional modification including alternative
splicing (Lee et al., 2017), RNA stability (Ripin et al., 2019) and translation (Slanchev et al., 2009).
The translational regulatory mechanism of Dnd has been elaborated in Xenopus PGC development
where zygotic expression of dnd is dramatically increased to override the inhibitory activity of

translational initiation factor 3f (elF3f), and tune translation of Nanos1 (Aguero et al., 2017).

The 3'UTR of nanosl, known to interact with Dnd (Slanchev et al., 2009, Aguero et al., 2018) , has a
U-rich region (i.e., less than 32% GC contents) in G. holbrooki. Indeed, Dnd has been shown to rely on
U-rich regions of the 3'UTR of target mRNA to neutralise miRNA repressing activities (Anderson et
al., 2006, Ketting, 2007). Specifically, the RNA-binding site characterised at the C-terminus of
predicted Dnd in G. holbrooki will likely enable the protein to bind a UU(A/U) trinucleotide motif
predominantly located at the 3'UTR of the target mRNA. The nanosl of G. holbrooki contained several
of the (21 UUU and 9 UUA) trinucleotide motifs on its 3'UTR suggesting its potency to interact with
Dnd in order to protect from miRNA-directed degradation (Ketting, 2007, Gross-Thebing et al., 2017)
or facilitate its translation (Aguero et al., 2017). Furthermore, both dnd variants in G. holbrooki encoded

DSRM at the C-terminus which is necessary to interact with other target molecules (Baloch et al., 2019)
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with varied affinity to RNASs or proteins (Tian et al., 2004). Interestingly, the exact function of DSRM

itself is largely unknown in most taxa.
2.4.5. nanosl has a conserved motif with multiple function.

The presence of a single exon in the nanosl of G. holbrooki and poeciliids in general is shared with D.
rerio (Koprunner et al., 2001) and M. musculus (Haraguchi et al., 2003). Whereas nanosl in O. latipes
(Aoki et al., 2009) and Drosophila (Forbes and Lehmann, 1998) comprised of two and three exons,
respectively. Nevertheless, in all the studied models, nanosl encodes two CCHC zinc-finger motif

domains at the C-terminus of the protein.

As key regulatory proteins for cell development and tissue function, NANOS family proteins recruit
(CCHC)-TYPE zinc-finger motifs (Hashimoto et al., 2010) to bind within the 3'UTR with no sequence
specificity eventuating in the translational repression of its target mRNAs (Kuersten and Goodwin,
2003, Lai et al., 2011). Also, transcriptional silencing role of NANOS proteins have been reported
through engaging CCR4-NOT deadenylase complex to facilitate target mMRNA decay (Bhandari et al.,
2014). These regulatory potencies have been shown to protect the identity of germ cells (Koprunner et
al., 2001) and program body patterning during embryonic development (Curtis et al., 1995, Lall et al.,
2003). Unlike oviparous fish models and Drosophila, NANOS1 is not a PGC marker in foetal mice,
instead, its expression is detected in the central nervous system (Haraguchi et al., 2003). Taken together,
this study showed nanos1 has conserved zinc-finger domains in G. holbrooki, a component to embryo
body patterning and translational repression. Evaluating the spatio-temporal expression of nanosl
during G. holbrooki embryogenesis may reveal the spatial domain and evolutionary relatedness of this
gene in this species (Chapter 3).

2.5. Conclusion

The six isolated GOIls had conserved structure and content compared to those of other vertebrates, albeit
with some taxa specific differences. The phylogenetic evaluations of the studied genes revealed a strong
homology between G. holbrooki and those of poeciliids, indicating they share the most recent common
ancestor. In addition, all six candidate genes have the critical domains, previously shown to be essential
for germline determination and maintenance in teleosts. Therefore, it is expected that the isolated genes

will be instrumental in PGC formation (Chapter 3) and gonad function (Chapter 4), in G. holbrooki.
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Chapter III

PGC development in G. holbrooki




Chapter 3 | The expression profile of PGC markers in the
invasive species Gambusia holbrooki

Abstract

In teleosts with preformation mode of PGC specification, maternal inheritance of Gp provides sufficient
factors to form the germline fate of nascent PGCs, protecting their identity against surrounding soma.
Later, during embryonic patterning and cell determination, the Gp components are involved in
proliferation, migration, and colonisation of germ cell precursors. To understand how and when PGCs
are formed, migrate, and colonise putative gonad in G. holbrooki and how well these events are
conserved across teleosts, in situ hybridisation and quantitative expression profiles of five PGC markers,
namely dazl, dnd, nanosl, piwi Il and vasa were studied. Based on their expression profiles, a group of
Gp components were detected in the ovum suggesting maternal inheritance mode of PGC specification
in G. holbrooki. Subsequent to fertilisation, the results showed that vasa positive cells were detectable
from late cleavage, later forming as two PGC clusters at the early gastrula stage, migrating anteriorly
during somitogenesis and eventually colonising at the genital ridge before the pharyngula stage. Of all
the markers studied, only vasa and a dnd variant had signals restricted to PGCs. The embryonic
expression of piwi I, dazl and dnd-$ were detected in PGC clusters as well as the central nervous system.
Interestingly, the embryonic expression of nanosl, an indispensable PGC marker in zebrafish, was only
found in neural tube. The quantitative gene expression profiles showed a transient female-biased surge
of the PGC markers at the gastrula stage, suggesting an early onset of PGC proliferation, in females.
Strictly zygotic expression patterns of dnd-f and nanosl also showed maternal to zygotic transition
(MZT) occurs before the mid-cleavage stage, in G. holbrooki. Collectively, the results suggest that
despite sharing preformation mode of PGC specification, their migration pattern in G. holbrooki is
unlike any other fish species studied so far. Instead, somatic expression of teleostean PGC markers (e.g.,
piwi 11, nanosl and dazl), splicing variation (e.g., dnd) and early MZT appear more similar to those of

mammalian models.
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3.1. Introduction

Primordial germ cells are the stem cells of life; they give rise to either gamete, safeguarding the
reproductive function of an individual and transferring genetic material to ensuing generations. Two
patterns of germ cell development are known in sexually reproducing animals; 1) Preformation mode,
in which pre-packaged molecules in gametes trigger PGC specification in early zygotes (Raz, 2002,
Santos and Lehmann, 2004) and 2) Induction mode, where epigenetic reprogramming in a group of
pluripotent cells induces PGC identity (Wang and Cao, 2016). Thriving on a range of reproductive
approaches (Devlin and Nagahama, 2002), fish taxa have evolved both modes of PGC specification
(Walvig, 1963, Extavour and Akam, 2003), however, the majority of teleosts including research models
(Raz, 2002, Herpin et al., 2007) and commercial species (Nagasawa et al., 2013, Su et al., 2014) follow
the preformation mode. Indeed, germ cell formation is preceded by several successive stages which
their precursors (PGCs) encounter during embryogenesis; 1) PGC specification through parental
derivates or epigenetic reprogramming, 2) mobility acquisition and migration path en route to the gonad
anlage, 3) their colonisation at the genital ridge and eventually 4) attaining sexual identity, influenced
by genetic or environmental cues. Based on the insight acquired from well-studied models, every task
is governed by a group of genes which recruit epigenetic machinery (Andersen et al., 2012), RNA
interference apparatus (Giraldez et al., 2006) and signalling pathways (Paksa and Raz, 2015) to
safeguard the development program protecting them from somatic differentiation, ectopic migration
and eventual apoptosis. Despite the shared biochemical pathways in PGC development, fundamental
differences in the mode of PGC specification (i.e., preformation vs epigenesis) are brought about by
differences in the spatio-temporal expression profiles between taxa (Evans et al., 2014, Crother et al.,
2016). For instance, maternally supplied vasa (Hartung et al., 2014) and nanos1 (Koprunner et al., 2001)
respectively maintain the specificity and quantity of PGCs, during zebrafish (Danio) embryogenesis.
Moreover, deadend as one of the regulators of the RNA interference machinery is indispensable for
PGC migration (Ketting, 2007) and sequestration (Hong et al., 2016) in teleost models. In higher
vertebrates, instead, maternal deposits are erased very early (i.e., before the two-cell stage) and the
epigenetic machinery governs PGC specification (Saitou et al., 2012, Seisenberger et al., 2012).
Correspondingly, Ter mutation introduces a premature termination codon in the murine ortholog of
Deadend (Dnd) and does not completely ablate germ cells (Youngren et al., 2005). Also, Nanosl
expression, an embryonic germ cell-specific marker in zebrafish, is not observed in murine PGCs and
its mutation does not affect the fertility of mutants mice (Haraguchi et al., 2003). Therefore, PGC
specification, their pattern of migration and the underpinning genetic mechanisms maybe more diverse

than currently known.

The ovi-viviparity transition observed in poeciliids has incorporated complex alteration in the biology

of reproduction; including developing spermatozoa bundles (Grier et al., 1981) and an intromittent
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organ i.e., gonopodia for deposition of sperm (Gasparini et al., 2011) in males, and matrotrophy,
intrafollicular gestation (Pollux et al., 2014, Roberts et al., 2016) and superfetation (Guzman-Barcenas
and Uribe, 2019) in females. The pseudo-placenta which has evolved in poeciliids provides a maternal-
fetal interface (Olivera-Tlahuel et al., 2018) displaying similar reproductive traits to mammals.
However, the consequences of this evolutionary convergence on germ cell formation and

gonadogenesis is yet to be explored.

Live-bearing eastern mosquitofish, Gambusia holbrooki, are is native to the Atlantic and Gulf Slope
drainages as far west as southern Alabama (Meffe et al., 1990). Taking advantage of its environmental
(Otto, 1973) and reproductive (Pyke, 2005, Norazmi-Lokman et al., 2016) resilience, G. holbrooki has
established globally and spread its population in natural inlets and estuaries, posing a threat to local
biodiversity (Ayres et al., 2012). Classified as a predatory invasive species (Lowe et al., 2000), a
number of approaches have been suggested to control G. holbrooki populations, however, none are
effective, particularly at large spatial scales. In this regard, gaining insight into cellular and genetic
pathways associated with germ cell development and gonadogenesis in G. holbrooki is expected to
enhance our understanding of reproductive biology in live-bearing poeciliids in general and may
provide promising approaches for their genetic control. Towards this goal, this study investigated the
spatio-temporal expression of key genes (dazl, dnd, nanosl, piwi Il and vasa) involved in PGC
development during embryogenesis to trace the migration pathway and fate of PGCs in G. holbrooki.
The outcome compares the spatial domains of PGC markers during embryonic development in G.
holbrooki with those of teleost, t which may suggest the ingredients of precise germ cell ablation targets
in poeciliids. As poeciliids show shared reproductive traits with teleosts and mammals, this study may
provide a potency to evaluate the evolution of the candidate gene expression with further inference in

their function.

3.2. Methods

3.2.1. Wild fish collection and housing

Rearing and handling of animals was as described in Chapter 2. The experimental ovum and developing
embryos were obtained from gravid females as previously described (Norazmi-Lokman et al., 2016)

and processed according to laboratory procedures.
3.2.2. RNA isolation and quantification

To evaluate expression profile of the key PGC markers during early development, total RNA from six
distinct developmental stages including ova (i.e., vitellogenic oocytes stage V obtained from virgin
females), cleavage (i.e., mid-morula stage), blastula (i.e., 1000-cell stage), gastrula (i.e., the onset of

embryonic shield elongation), early segmentation and late segmentation were isolated and used in
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quantitative PCR assay (n = 4-8 /sex/developmental stage). In addition, to distinguish the spatial
domains (i.e., anterior and/or posterior of the developing embryos) of expression, somite stage embryos
(n = 5) were used. For this, most of the yolk was removed by puncture using Dumont #5 fine forceps
(F.S.T, Canada) and the tissue partitioned as head (anterior to otic vesicle) and trunk halves (Fig. 3.2C)
using a dissecting knife with a fine straight tip (10055-12, F.S.T, Canada) and each half processed
separately for RNA isolation. The expression of the target genes in adult (n = 4/tissue/sex) liver, kidney,

spleen, skeleton muscle, heart, eyes, brain, testis and ovary were also tested.

For RNA isolation, individual embryos and adult tissues were rinsed in cold PBS and stored in RNAlater
(Sigma-Aldrich, Missouri, USA) until nucleic acid extraction. The total RNA from individual embryos
and 15 - 25 mg of tissues were isolated using AllPrep DNA/RNA Mini Kit (QIAGEN, USA). The
residual genomic DNA of late embryos and adult tissue was removed using Ambion™ DNase (Thermo
Scientific, USA) treatment and the treated RNA was purified by Monarch® RNA Clean-up Kit (New
England Biolabs). The quantity of isolated RNA was measured by Qubit® 4 Fluorometer (ThermoFisher
Scientific, Massachusetts, USA) and the RNA integrity was confirmed visually using agarose gel
electrophoresis. The purified RNA was then reverse transcribed using MMLV Reverse Transcriptase
(Takara, Kusatsu, Japan), with a final concentration of 6 - 230 and 250 ng/pl for embryos and tissues,
respectively (Qubit™ RNA high sensitivity (HS) assay Kkit, Invitrogen, Australia). For non sex-
segregated assay, the cDNA concentration of the samples were normalised to the stage with the lowest
concentration (i.e., cleavage embryos) before using in gPCR. For sex-segregated assay, the cDNA
concentration was normalised between sexes within the same developmental stage. The synthesised
cDNA from adult tissues and somite embryos were later used in end-point PCR assays (Fig. 3.2A and
B).

3.2.3. cDNA Cloning and full-length sequencing

To obtain full-length cDNA of the genes from G holbrooki (see Chapter 2), the predicted cDNA
sequences from different poeciliid species were retrieved from the NCBI database and multiple
sequence alignments were applied using MUSCLE (Edgar, 2004). Subsequently, degenerate primers
were designed based on highly conserved regions of the target cONA homologues using a modified
version of Primer3 3.2.7 (Geneious Prime® 2020.2.3). The primers were recruited to amplify target
cDNA fragments through conventional polymerase chain reaction (PCR) and the PCR products were
purified and cloned into pCR®2.1-TOPO® vectors using TOPO™ TA Cloning Kit (Life Technologies
Corporation, CA, USA) for sequencing. The resulting sequences were used to design G. holbrooki
specific primers and used in RACE (Rapid Amplification of cDNA Ends) PCR to amplify the full-

length cDNA using GeneRacer™ Kit (Life Technologies) according to the manufacturer’s protocol.
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3.2.4. Primer design, gPCR data normalisation and statistical analysis

The oligomers used for end-point and qPCR assay (Table 3.1) were designed using Primer 3.2.7
(Geneious Prime® 2020.2.3) with slight modification to avoid self-dimer and secondary structures
(Untergasser et al., 2012). The efficiency of primers was also tested with different dilutions for each
gene, separately. The real time PCR mix (10 ul) comprised of 1X iTag Universal SYBR Green
Supermix (Bio-Rad, NSW, Australia), 5-10 ng cDNA Template, 0.4 uM of each primer, and adjusted
to 15 pl using MilliQ water. Duplicate reactions were run for each cDNA sample using CFX96 Touch
Real-Time PCR Detection System (Bio-Rad, NSW, Australia) consisted of 95 °C for 1 min, followed
by 40 cycles of 95 °C for 5 s, 66-68 °C for 10 s, and 72 °C for 7-15 s. For positive and negative control,
5 ng cDNA (from a tissue where the target gene is expressed) and MilliQ water were used as template,
respectively. Melting curve analysis, gel visualisation and sequencing of gPCR products were
subsequently performed to check unwanted products and gDNA contamination. The Minimum
Information for Publication of Quantitative Real-Time PCR Experiments (MIQE) of the gPCR assay
was provided in Table A10 (Bustin et al., 2009).

Four housekeeping genes, namely rps18, gapdh, pgkl (Panina et al., 2018) and S-actin (Kwan and Patil,
2019) were tested for biological normalisation of gPCR data through geometric averaging of the
candidate genes (Vandesompele et al., 2002). Geometric averaging and stability of the selected genes
were analysed using geNorm algorithm (Hellemans et al., 2007) provided by gbase+ software, version
3.0 (Biogazelle, Belgium). The -actin with no sex-biased expression was selected to normalise qPCR
data as the most stable housekeeping gene (M value 0.41). The relative transcription of target genes was
calculated using the comparative threshold cycle (Cq) method with efficiency correction (Ruijter et al.,
2009). Relative expression of genes of interest (ACq) was calculated against the selected reference gene
and presented in plots. The expression fold changes presented were measured using the 2 *A€9) method
(Livak and Schmittgen, 2001).

All gPCR data were presented as mean xstandard deviation (SD). Shapiro-Wilk and Levene’s tests
were used to test data normality and homogeneity of variances, respectively. A one-way analysis of
variance (ANOVA) was used to identify significant differences between experimental groups of the
pooled gene expression data using developmental stages as the only independent variable. For the sex-
segregated gene expression data, a two-way ANOVA was used to identify significant differences
between groups using developmental stages and sexes as two factors. When applicable, Tukey HSD
tests were used to compare the significance level of differences across treatments (Tukey, 1949). The
difference between two means was considered significant when p < 0.05. Statistical analysis and

plotting were performed using OriginPro, Version 2021 (OriginLab Corp, MA, USA).

Table 3.1. Oligomers used in gPCR and WM-ISH assays used in Chapters 3 and 4.
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Gene  Purpose  Accession Annealing/hybridisati  Sequence (5'- 3") Length
number/reference  ontemp (C °) (bp)
vasa q-PCR MZ542293 66.1 GCAAAGGGAGAGGCAGAGGAGGA 108
CTCTACCGCCTCTCCCACTGAAACCA
WH-ISH 69.0 CATAAATATGGACGAGTGGGAAGAAG 1122
ATGTCCAACATCCGGTCGGCCTCGTC
nanosl g-PCR MZ542291 67.5 TCGATCTCTTTGGTGTGGAGCGGAAGAT g1
67.0 CCGTTATTCCGGCAGAACACGCAGATTT
WH-ISH TCGATCTCTTTGGTGTGGAGCGGAAGAT 716
ACATAACTTTGGTTTCTCTAAGACATG
dnd-«  g-PCR MZ542289 69.0 GTTAACGGGCAGAGGAAGTACGGAGGA Qg
CCGAGGGATGTGGCTGATGAAGACC
WH-ISH GCCTGGCTGGAAATGACCAA 896
CCATCCGGTCTGGCCAAACTGTAGTG
dnd-4  g-PCR MZ542290 68.0 GTTAACGGGCAGAGGAAGTACGGAGGA  gg
CCGAGGGATGTGGCTGATGAAGACC
WH-ISH GCCTGGCTGGAAATGACCAA 830
CCATCCGGTCTGGCCAAACTGTAGTG
piwi Il g-PCR MZ542292 TGAACACCTGGTGAGACGGATCGGAA 103
TGGAAGTCTGCCTTGTCACTGAGGTCA
WH-ISH 69.0 TGAACACCTGGTGAGACGGATCGGAA 1419
ACAGCCCTCCATCTGTGCGCTTAATA
dazl g-PCR MZ542288 67.8 GGGTTTGCAAAGGGTACGGGTTTGTGT 104
GCCCAGCTTGAGTTTCCGCCCTTTA
WH-ISH 69.0 AGGGCAGACTGACCCCCAA 908
TGGCTGGTATACCAAATGTGCTCT
cxerd  g-PCR MZ542287 65.3 AACACACGTTCCCTGCTGCCAAAACTT 110
CCCGGAGATGTTGTAGGTGTTGTTATCG
tdrd6  g-PCR 64.0 GAAGGAGACGACGGATACAGAATTGGA 108
TCTCCAGCCTCAGTTTCCTGCTCAC
p-actin - gPCR MZ542286 67.2 CGGCAGGACTTCACCTACAGACACCT 99
CTTGCACAAACCGGAGCCGTTGTCA
gapdh  g-PCR (Kwan and Patil, 64.5 CGTTGCATTTTTCCAGGACAGATGGA 103
2019)
GCAGAACTCAGCAAAACCCTGGGA
rpsl8  g-PCR 01988674 66.5 GGAGAGGCTGAAGAAGATCAGGGCTC 109
ACCGACAGTGCGACCACGACG
pgkl g-PCR 0L988673 66.0 GATGATCATCGGTGGCGGCATGG 96

ATACCAGCGCCTTCCTCGTCGAACA
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3.2.5. Whole mount in situ hybridization (WM-1SH)

The WM-1SH was used to investigate the spatial expression of the target genes in nine embryonic stages
(i.e., from late cleavage to early pharyngula) of G. holbrooki. To ensure specificity, the sense and
antisense RNA probes were generated from a less conserved region of target cDNAs such as
untranslated regions (Thisse and Thisse, 2008). The respective cDNAs were first inserted into pCR®2.1-
TOPO vector (Chapter 2). Both sense and antisense DIG-labelled RNA probes were produced through
in vitro transcription using T7 RNA polymerase (NEB) and DIG RNA labelling mix (Roche, Mannheim,
Germany). Any traces of cDNA in the probes were eliminated using Ambion™ DNase (Thermo
Scientific, USA), purified by ethanol precipitation and stored with RNase inhibitor, RNasein® Plus
(Promega, USA) at -20 °C.

The WM-ISH followed those described for fish embryos (Thisse and Thisse, 2008), with modifications.
Briefly, the dissected clutches of developing embryos were individually detached from placenta, rinsed
with cold PBS, and fixed using 4% paraformaldehyde (Emgrid) overnight at 4°C. The fixed embryos
were washed in PBS containing 0.1% Tween 20 (PBST), progressively dehydrated with PBST-
methanol, and stored in 100% methanol until use. The embryos at the early and mid-pharyngula stages
were depigmented before dehydration using 3% H,O, and 1% KOH. On the day of hybridization, the
embryos were sequentially rehydrated in four stages with progressively increasing concentrations of
methanol-PBST, manually dechorionated, permeabilized with 10-25 pg/ml proteinase K (Bioline) and
postfixed with 4% paraformaldehyde for 30 min. The embryos were prehybridized at 68 °C for 3 hours
in hybridization buffer (50% formamide, 5X SSC, 0.01% Tween 20, Torula Yeast tRNA, 50 pg/ml
heparin) and hybridized in the same buffer containing antisense RNA probes (100-250 ng/ml) at 67-
69°C for 16-24 hours, as required for target gene and developmental stage. This was followed by
stringency washes in PBST under gentle agitation, with progressively lower salt concentrations, to
remove any non-specifically bound probes. For immuno-labelling, the potential non-specific binding
was blocked using blocking solution (5% blocking reagent (Roche) in maleic acid buffer containing
0.1% Tween 20). The embryos were then treated with 1:3000-1:5000 anti-DIG alkaline phosphatase
(AP) antibody (Roche) at 4 °C for 16 hours. The antibody-labelled embryos were washed with PBST 8
times, 30 min each, at room temperature, under gentle agitation. To stain, embryos were first treated
with staining buffer (100 mM Tris HCI pH 9.5, 50 mM MgCI2, 100 mM NaCl, 0.1% Tween 20) three
times by replacing with fresh buffer every 10 min and then incubated in BM-purple stain (Roche) at
room temperature and protected from light. The optimum staining time was adjusted according to
developmental stages and target genes ranging from 5 to 45 hours. Following staining, the embryos
were washed in PBST until all excess stain was removed and postfixed with 4% paraformaldehyde
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overnight at 4°C. The fixed embryos were washed and stored in PBS for imaging using MZ16FA

stereomicroscope (Leica Microsystems, Germany).
3.2.6. Genetic sexing of G. holbrooki embryos

The DNA of developing embryos was isolated during RNA extraction procedure using AllPrep
DNA/RNA Mini Kit (QIAGEN, USA). The isolated DNA samples were subsequently used in a simplex
PCR assay targeting a sex-specific loci described previously for the species (Kwan and Patil, 2019, Patil
et al., 2020). Briefly, PCR mix (10 pl) comprised of 1X MyTaq™ HS Red mix (Meridian Life Science,
OH, USA), 0.4 mM of each primer and 50 ng of genomic DNA template. Thermal cycling (T100™
Thermal Cycler, Bio-Rad Laboratories, NSW, Australia) consisted of 95 °C for 1 min, followed by 30
cycles of 95 °C for 5 s, 60 °C for 5 s, and 72 °C for 20 s. Female and male specific amplicons were

visualised using 1% (in TAE buffer) gel electrophoresis.
3.3. Result

The PGC migration pattern, spatio-temporal expression of teleostean PGC markers and their specificity
to embryonic germline were successfully documented for G. holbrooki and the salient features are

detailed below.
3.3.1. The pattern of PGC migration in G. holbrooki

As evident from WM-ISH, the vasa mRNA signals were first detectable at the cleavage plane emerging
as a few tiny spots distributed throughout the blastomere (Fig. 3.1A). At this stage, the blastomere was
partially obscured by egg yolk (i.e., meroblastic cleavage) and the buried (deep) cells were masked by
oil-droplets, i.e., the signals were detected underneath the oil droplets. At early blastula (1000-cell
stage) concurrent with increased blastoderm area (400-450 pm) and asynchronous cell divisions, the
vasa signal was intense in a few distinctive regions with asynchronous distribution (Fig. 3.1B). At mid-
blastula, four distinctive spots were detectable buried underneath a superficial layer of cells (Fig. 3.1C).
At late blastula, the vasa-positive signals had increased and were arranged peripherally as small clusters
(Fig. 3.1D).

At the onset of the gastrula stage (i.e., dome to 30%-epiboly), the blastoderm had begun to expand over
the surface of the yolk, the dome boundaries were difficult to recognise, and the anterior-posterior axis
was yet to be distinguished (Fig 3.1E). At the early gastrula stage, the dnd-« signals had coalesced and
appeared as two compact clusters of cells located at the margin of the dome (Fig. 3.1E). At the mid to
late gastrula stage, the anterior-posterior axis of the embryo was distinguishable, for the first time, and
the optic primordia began to form as the body-axis lengthened and thickened. Here, the vasa-positive

cells appeared pellucid and were located at the posterior part of the embryo.

70



At this stage, the PGCs were identified as clustered and individual germ cell precursors being located
at the junction of yolk extension, close to the posterior trunk (Fig. 3.1F). At the onset of somitogenesis,
concurrent with considerable expansion of the head, rudimentary brain formation and first visible
somites, the two clusters of PGCs were still visible, one on either side of the body axis, forming narrow
queues of cells (Fig. 3.1G and Fig. 4D). Based on the spatial distribution of PGCs two directions of
motility were discernible, with the two clusters beginning to 1) converge inwards, i.e., PGC clusters

moved towards each other and 2) migrating anteriorly.

At early to mid-somitogenesis, coinciding with significant body elongation, PGCs exhibited a relatively
enhanced mobilisation compared to the late gastrula stage evident from the translocation of signals. At
mid-somitogenesis, where 12-14 somites, solid optic capsules and otic vesicles were visible, the two
PGC clusters were clearly observed extending from the 6th to 8th somite (Fig. 3.1G). The PGC clusters
maintained their integrity (i.e., cells moving in a close vicinity to each other), however, the narrow
queue of cells clustered tightly (thickened and shortened cluster of cells), compared to preceding
developmental stages. At late segmentation, PGC clusters were observed on either side of the body axis,
directly underneath the somites and the spinal cord, in closest proximity to each other (Fig. 3.1H). At
early pharyngula, the PGCs had migrated and coalesced at the genital ridge and remained in two
distinctive clusters (Fig. 3.3E). At the mid pharyngula stage, the signal from the germ cell marker in the

gonad lobes intensified and expanded towards each other (Chapter 5).
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Figure 3.1. WISH panels showing the actual and schematic locations of PGC during G. holbrooki
embryogenesis. The PGC markers, either vasa or dnd-a signals at nine developmental stages are
presented. The vasa-positive cells are first detectable (A, black arrowhead) emerging as a few tiny spots
distributed throughout the cell mass (n=3). At early blastula (B), the vasa signal was intensified in a few
distinctive regions (black arrowhead in close-up B’) with asymmetric distribution (n=4). Later, four
distinctive spots (C, white arrowhead) are detectable buried underneath the superficial layer of cells
(n=3). At late blastula (D), the vasa-positive signals increase and appear peripherally as small clusters
(n=4). At early gastrula (E), the PGCs coalesce as two compact clusters of cells (black arrowhead in the
close-up E’) located at the margin of the dome (n=4). At late gastrula (F), the PGCs were located at the
posterior half of the embryo (n=3). During segmentation stages (G, n=5 and H, n=4), the PGC clusters
migrate convergently and anteriorly, and at early pharyngula (1), they eventually home at genital ridge
(red arrowheads) and form a bi-lobular presumptive gonad (n=7). The black dashed lines indicate the
area of the cleavage plane and blastodisc (A and B), and embryonic axis (E, F, G, H and I) respectively.
The red dashed lines (D) show the signals clustered in four groups. The red dots in schematics represent
relative position of the PGC marker signals. Op, optic bud; Yo, yolk; Seg, segments. The compass
indicates the orientation of body axis where applicable (a, anterior; p, posterior; d, dorsal and; v,
ventral).



At early to mid-somitogenesis coinciding with significant body elongation, PGCs exhibited a relatively
enhanced mobilisation compared to late gastrula stage evident from translocation of signals. At mid-
somitogenesis, where 12-14 somites, solid optic capsules and otic vesicles were visible, the two PGC
clusters were clearly observed extending from the 6th to 8th somite (Fig. 3.1G). The PGC clusters
maintained their integrity (i.e., cells moving in a close vicinity to each other), however, the narrow
queue of cells clustered tightly (thickened and shortened cluster of cells), compared to preceding
developmental stage. At late segmentation, PGC clusters were observed on either side of the body axis,
directly underneath the somites and the spinal cord, in closest proximity to each other (Fig. 3.1H). At
early pharyngula, the PGCs had migrated and coalesced at the genital ridge and remained in two
distinctive clusters (Fig. 3.3E). At the mid pharyngula stage, the signal from the germ cell marker in the

gonad lobes intensified and expanded towards each other (chapter 5).

3.3.2. The relative spatio-temporal expression of the teleost PGC markers in
G. holbrooki

dnd

Two spliced variants were cloned and characterised in G. holbrooki (Chapter 2). In adult tissues, those
spliced variants were only found in the testis and ovary although dnd-# had a very weak signal in gonads
(Fig. 3.2A). However, in somitogenesis embryos, dnd-a and dnd-g was exclusively detected in the
posterior and anterior parts, respectively (Fig. 3.2B). Also, the WM-ISH assay revealed that the dnd-«
signal corresponded to the location of vasa-positive cells in all embryonic stages including labelling
homed germ cells at the genital ridge (Fig. 3.3A, C and E). In contrast, dnd-$ was in the head; at the
anterior region at early gastrula (Fig. 3.3B), expanded in both sides of the neural tubes at early

segmentation (Fig. 3.3D), and mainly restricted to the cerebellum during early pharyngula (Fig. 3.3F).

The gPCR assay showed the expression level of dnd-« in ovum was slightly decreased after fertilisation
(ANOVA, Fs55 = 55.11, p <001, Fig. 3.5.C) eventuating in a slight reduction at blastula (AACq= 1.4 +
0.37 loge, p<0.1, Fig. 3.5C). At the gastrula stage, the relative dnd-a expression rose to 4 times higher
compared to that at the blastula stage (AACq = 2.1 £ 0.47 log., p<0.05, Fig. 3.5C), however, its
expression strongly dropped at the onset of somitogenesis (AACq = 4.25 + 0.31 logz, p<0.01) and the
relative downregulation was consistent until PGC colonisation (Fig. 3.5C). The expression pattern of
dnd-a mainly did not exhibit a sex-dimorphic trend in the studied window (ANOVA, Fg4 = 35.12,
p<001, Fig. 3.5.D), excluding the gastrula stage where dnd-« transcription was more than 18 fold higher
in females than that in males (AACq = 4.21 + 0.31 logy, p<0.01, Fig. 3.5D).

The expression of dnd-f was barely detectable or absent in unfertilised eggs (ANOVA, Fs41 = 27.45,
p<001, Fig. 3.6.A). However, a surged expression at cleavage (AACq = 6.7 + 0.72 logy, p<0.001, Fig.
3.6A) and blastula (AACq = 6.0 = 0.50 logz, p<0.001, Fig. 3.6A) was observed compared to ova.

73



Nevertheless, the expression of dnd-# showed an inclining trend within the PGC development window
(Fig. 3.6A).

dazl

The end-point PCR assay showed dazl transcription was restricted to ovary and testis among adult
tissues (Fig. 3.2A). However, dazl expression was detected in both head (anterior) and trunk (posterior)
regions of the developing embryos during mid- and late somitogenesis (Fig. 3.2B). The spatial
expression of dazl was observed in a few distinct regions. At the anterior part, a strong signal was found
in the otic vesicles with a weak signal in the eyes (Fig. 3.4A), and at the posterior part of the embryos,

a dazl signal was observed in vasa-positive cells (Fig. 3.4B).

The relative expression level of dazl at cleavage and blastula stages did not show a significant change
compared to its expression level in unfertilised egg (ANOVA, Fs 46 = 70.47, p<001, Fig. 3.5A). However,
the highest zygotic expression of dazl during PGC development was detected during the gastrula stage;
1.5 (AACg=0.56+0.31 log2, p<0.05) and 22 fold (AACq=4.48+0.42 log2, p<0.001) higher than blastula
and early segmentation, respectively (Fig. 3.5A). Also, the sex-dimorphic pattern of dazl expression
(ANOVA, Fss5 = 55.11, p <001, Fig. 3.5.B), showed a comparable trend during cleavage and blastula
stages, while its transcription demonstrated a sex-dimorphic level at the gastrula stage, displaying more
than 21 fold higher expression in females (AACq=4.4+0.61 log2, p<0.001, Fig. 3.5B). At early
somitogenesis, the sex-dimorphic pattern of dazl expression remained unchanged (i.e., females biased)
with a converging trend observed in late somitogenesis (Fig. 3.5B).

piwi Il

The expression of piwi Il in adults was only detected in testis and ovary (Fig. 3.2A). The embryonic
expression of piwi Il was detected in both anterior and posterior regions at mid- and late segmentation
(Fig. 3.2B). Similarly, the spatial transcription of piwi 1l was found in two distinct regions; 1) a large
part of the developing brain restricted to the mesencephalon and diencephalon but excluding the
peripheral area (Fig. 3.4C) and 2) corresponding to the vasa-positive cells migrating towards the genital
ridge (Fig. 3.4D). The qPCR assay showed early embryonic expression of piwi Il at cleavage
(AACg=3.9+£0.41 logo, p<0.001) and blastula (AACq=4.6+0.43 log,, p<0.001) was much lower
compared to its maternal expression in ova (ANOVA, Fsa3 = 22.92, p <001, Fig. 3.5E). The zygotic
expression of piwi Il surged and was at its highest at the gastrula stage with a significant change
compared to blastula (AACq=2.1+0.43 logy, p<0.05, Fig. 3.5E) and early somitogenesis
(AACg=3.9+0.66 logy, p<0.001, Fig. 3.5E). Embryonic transcription of piwi Il did not follow a sex-
dimorphic pattern excluding the gastrula stage (ANOVA, Fg3; = 17.15, p <001, Fig. 3.5.F), in which
females showed a significantly higher surge of piwi Il transcription compared to males (AACq=4.9+0.46
loge, p<0.05, Fig. 3.5F).
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nanosl

In adult tissues, nanosl was strongly detected in the ovary, although weak expression was also found
in the testis and brain (Fig. 3.2A). In late somitogenesis embryos, nanosl transcripts were detected in
the anterior part (Fig. 3.2B), congruous with its spatial expression throughout the rudimentary brain
(Fig. 3.4E). Specifically, the nanosl signal was strongly expressed in the diencephalon, metencephalon,

and otic vesicles, weakly detected in the optic cup but not detected in the lens (Fig. 3.4E).

The expression level of nanosl in ovum was low and barely detectable in some individuals, nevertheless,
its expression increased significantly post-fertilisation (ANOVA, Fs47 = 47.92, p <001, Fig. 3.6B). At
cleavage and blastula stages, the nanosl expression was about 168 (AACq = 7.4 + 1.21 log,, p<0.001,
Fig 3.6B), and 512 (AACq = 9.0 + 0.94 log,, p<0.001, Fig. 3.6B) fold higher respectively, compared to
its levels in ova. The nanosl expression was not sex-biased during early embryogenesis to late

somitogenesis.
vasa

In relation to adult tissues, the end-point PCR assay only detected vasa transcription in gonads (Fig.
3.2A). However, females displayed stronger vasa levels in the ovary compared to levels detected in the
male testis (see Chapter 4). Consistent with WM-ISH, the vasa transcription in the posterior part of the

mid- and late somitogenesis embryos was prominent, with none in the anterior part (Fig. 3.2B).

From ova to early somitogenesis, the relative expression of vasa gradually decreased (ANOVA, Fss, =
6.98, p <001, Fig. 3.5.G), but the expression was significantly reduced at late somitogenesis compared
to early somitogenesis (AACq=2.7+0.72 log2, p<0.01, Fig. 3.5G). However, a sex-biased pattern of
vasa expression was observed at the blastula stage with a higher expression in females (AACq=2.7+0.63
logz, p<0.05, Fig. 3.5H) but a more conspicuous difference during the gastrula stage, with a 34 fold
higher expression in females (AACq=5.1+0.73 log,, p<0.001, Fig. 3.5H). Regardless of these gender
differences, during somitogenesis, where PGCs displayed their most mobility, vasa expression did not
show any noticeable sex-dimorphism (ANOVA, Fe4, = 6.95, p <001, Fig. 3.5H).
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Figure 3.2. Photomicrograph, showing the expression of PGC marker genes in adult tissues (A) and
embryos (B). Gene names and the amplicon size, in base pairs (bp) are indicated on the right and left of
the panel respectively. pactin was used as an endogenous reference. Schematic (C) showing the anterior
and posterior partitioning of the somite stages embryos for RNA extraction and end-point PCR assay.
The red dots (C) show the location of migrating PGCs in mid-segmentation embryos. Liv, liver; Kid,
kidney, Spl, spleen; Hrt, heart; Mus, skeletal muscle; Brn, brain; Eye, eyes; Ory, ovary; Tes, testis; M.

somite, mid-somitogenesis; L. somite, late somitogenesis; Ant, anterior; Pos, posterior.
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Early gastrula

Early somite

Early pharyngula

Figure 3.3. WM-ISH panels showing spatial expression of dnd spliced variants in three developmental
timepoints of G. holbrooki. dnd-a is expressed in the posterior region of early gastrula (A, and A’), with
condensed signals at two spots (black arrowheads in A’) in the peripheral embryonic shield. At early
segmentation, two clusters of dnd-a signals (corresponding to the location of PGCs) later appeared close
to the tail bud (TB), (C and C’). At early pharyngula, dnd-a transcription marked the homed germ cells
(black arrowheads) located as two distinctive lobes at the genital ridge (E). The dnd-g was first detected
at the anterior region of the elongating body (B and B’). The dnd-g signal emerged as a crescent line at
the putative head of gastrula but expanded in both sides of the neural tube (NeT) or rudimentary brain
(RB) at early segmentation (D and D') and eventually marked the metencephalon (MtCe) and
cerebellum (CeB) of early pharyngula (F) with no expression in Mesencephalon (MsCe) and
diencephalon (DiCe). The compass indicates the orientation of body axis where applicable (a, anterior;
p, posterior; d, dorsal and; v, ventral). The black dashed lines indicate the location of embryonic shield
(A and B) or body (C and D). The white dashed line displays the expression area of dnd-g in hindbrain.
The scales represent 100 and 250 pm in A'-D' and A-F, respectively.



Figure 3.4. WM-ISH panels showing spatial
expression of dazl (A and B), piwi Il (C and D) and
nanosl (E) during somitogenesis in G. holbrooki.
The dazl expression was detected in otic vesicle
(OtVc) and optic lens (Le), anteriorly (A) and PGC
clusters posteriorly (B and B’), in a closer
proximity to tailbud (TB), right in both sides of
segments (Seg). In slight contrast, the anterior
expression of piwi Il was strongly detected in the
region of neural tube predominantly in
diencephalon (DiCe) and mesencephalon (MsCe)
with a very weak expression in otic vesicles.
Whereas the posterior expression of piwi Il was

restricted to migrating PGCs (D and D’). nanosl expression was exclusively detected in neural tube and
otic vesicle of mid-somitogenesis embryos. The compass indicate the orientation of developing embryos
where applicable. The black dashed lines indicate the location of embryonic body. The scale bars

represent 100 pum.
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Figure 3.5. The pooled (left panel) and sex-segregated (right panel) quantitative expression of dazl (A, n
=9-11landB,n=7-8),dnd-a (C,n=7-13and D,n=7-8), piwi Il (E,n=7-11,and F,n=6-9) and
vasa (G, n=7-12, and H, n =7 - 8) in six embryonic developmental stages of G holbrooki. The dots and
the horizontal line within the bars indicate mean and median of the data presented within the groups.
The normal distribution curves are given in the pooled expression plots. The asterisks show the level of
significance between groups; *= 0.05, **= 0.01, ***= 0.001.
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Figure 3.6. The panel representing quantitave expression of nanosl (A,n=9-11,) and dnd-g (B, n
=8-9) in six embryonic developmental stages of G. holbrooki. Early (E. somite) and late (L. somite)
somitogenesis stages are abbreviated. The dots and the line within the bars indicate mean and
median of the data presented within the groups. The normal distribution curves are given in the
global expression plots. The asterisks show the level of significance between the marked groups; *=
0.05, **=0.01, ***= 0.001.
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3.4. Discussion

To understand the germline biogenesis and the underpinning cellular processes in viviparous poeciliids,
this study, for the first time, evaluated the chronology of PGC formation, their migration and

colonisation pattern during the embryonic development of G. holbrooki.
3.4.1. Evidence for maternal inheritance of PGC specification in G. holbrooki.

The occurrence of the PGC markers tested (dazl, dnd-a, piwi Il and vasa) and their relatively high
expression in unfertilised eggs of G. holbrooki suggests their maternal inheritance and implies PGC
specification in this species is dictated by maternal derivates. This pattern is similar to those observed
in oviparous species such as zebrafish (Kaufman and Marlow, 2016b) and medaka (Herpin et al., 2007)
as well as those of Drosophila (Rongo and Lehmann, 1996), and Xenopus (Chan et al., 2007). It was
first shown that the maternal PGC determinants in Drosophila Gp (e.g., oskar) are necessary (Ephrussi
and Lehmann, 1992) to maintain the identity and numbers of PGCs. Similarly, lack of maternal dazl in
Xenopus led to their ectopic migration (Houston and King, 2000). In teleosts, these maternal factors,
such as tdrd6, safeguard proper germplasm segregation (Roovers et al., 2018), dnd1 (Hong et al., 2016,
Zhu et al., 2018) and dazl (Li et al., 2016) are necessary for maintaining PGC identity, while nanosl
(Koprunner et al., 2001) and vasa (Braat et al., 2001, Li et al., 2009) provide necessary signals for their
proliferation and correct migration. The maternal accumulation of these markers (e.g., dazl, dnd-a, piwi
Il and vasa) in ova may support early germline sequestration and PGC migration in G. holbrooki, with
comparable function as observed in other models. Nevertheless, among the essential PGC markers
identified in some vertebrates (Koprunner et al., 2001) and invertebrates (Forbes and Lehmann, 1998),
nanosl transcripts were barely detectable in G. holbrooki ova supported by the lack of nanosl
expression in embryos’ trunk and vasa-positive cells. This suggests nanosl is not a PGC marker in G.

holbrooki.

In mice, where PGC specification is governed by an induction mode, mechanical ablation of the vegetal
or animal pole of the fertilised egg did not arrest the development of viable and fertile offspring
(Zernicka-Goetz, 1998). That finding was later confirmed by the evidence revealing the nuage was not
identified in unfertilised and fertilised murine eggs (Toyooka et al., 2000). Taken together, it may be
deduced that the Gp components in ovum of G. holbrooki, supports a maternal inheritance mode of
PGC specification in this species. However, loss-of-function study on PGC markers may be required to
confirm this possibility.

3.4.2. The onset of MZT in G. holbrooki

In G. holbrooki, the presence of nanosl transcripts in post-fertilisation embryos but neither in ova nor

mature spermatozoa (Chapter 4), suggests its zygotic origin. Its first appearance at mid-cleavage is
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indicative of MZT onset which is much earlier compared to its occurrence at mid-blastula in zebrafish
(Jukam et al., 2017). By inference, this appears a relatively early model of global zygotic activation
among teleosts. The onset of MZT is not conserved across species and does not seem to follow an
evolutionary pattern. In a cell cycle context, the earliest zygotic genome activation (ZGA) has been
reported in sea urchin (Tu et al., 2014) and mice (Abe et al., 2015) at first cell division, while in zebrafish
(Aanes et al., 2011) and Drosophila (Atallah and Lott, 2018), zygotic activation is postponed until the
6" and 8" cycles respectively, also known as MBT. Moreover, the onset of MZT can be cell lineage
and gene specific. For instance, during MZT where maternal factors are erased, the function of miR-
430, one of the essential components of maternal clearance (Giraldez et al., 2006, Bazzini et al., 2012,
Liu et al., 2020), is counteracted by maternal Dnd in PGCs (Mishima, 2012, Mishima et al., 2006)
protecting maternal deposits in the germline (Vastenhouw et al., 2019). The onset of ZGA can be
evaluated by an array of cellular events. For example, as DNA replication interrupts transcription (Rothe
et al., 1992), cell cycle lengthening provides interval/void for the initiation of ZGA. In addition, the
presence of maternal transcription repressors (Ruzov et al., 2004), chromatin accessibility (Liu et al.,
2018a) and excessive histone concentration (Joseph et al., 2017) are the intracellular cues whose

dilution prime ZGA. These markers can be later applied to validate the onset of MZT in G. holbrooki.

Also, dnd-p transcripts were not detected in ova but expressed in cleavage and blastula stages
concurring with the inferred early MZT. However, paternal contribution of dnd-f cannot be completely
ruled out as paternal inheritance of Gp markers occurs in this species (Chapter 4) and hence, requires

further testing.
3.4.3. Surge of PGC markers at gastrula imply epigenetic trigger.

As evident in the results, the expression of key PGC markers dazl, piwi 1l and dnd-a were upregulated
at the gastrula stage in G. holbrooki. Such activation of PGC markers is known to be initiated via
epigenetic mechanisms, i.e., this coincides with PGC-specific gene demethylation in mice (Smith and
Meissner, 2013) and zebrafish (Potok et al., 2013). Specifically, the second major wave of epigenetic
reprogramming in mice triggers around E6.5 (at the onset of gastrula) where the genome of PGCs are
liberated from methylation (Gao and Das, 2014). This is concurrent with PGC extrusion from the
epiblast, i.e., their specification from soma, en route to their colonisation at the genital ridge (Lee et al.,
2014). In zebrafish, the pattern of DNA methylome is not fully comparable with those of mice (Potok
et al., 2013), however, germ cell specific markers (e.g., piwi, dazl and vasa) undergo hypomethylation
post-ZGA during the sphere stage (Seisenberger et al., 2012, Potok et al., 2013, Hill et al., 2018). The
timing of these two events is concurrent with the surge in expression of dazl and piwi Il at the gastrula
stage in G. holbrooki, likely a consequence of a demethylation wave in the germline. However, this
needs validation through studying the occurrence of epigenetic markers during embryonic development
in G. holbrooki.
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3.4.4. Expression profile of germline markers imply sex-dimorphic

proliferation of PGCs.

As shown in the results, a transiently sex-dimorphic pattern in the expression profile of some of the
studied PGC markers occurred in a female-biased fashion. This may be explained by the sex-biased
proliferation of PGCs and corresponding female-biased increase in the level of marker gene expression
in teleosts. For example, real time labelling of germ cells in transgenic lines and its quantification has
been used to verify preferential PGC proliferation and hence female differentiation in zebrafish (Ye et
al., 2019). Based on gnrh loss-of-function study in zebrafish, the timing of PGC proliferation is known
to occur as early as the gastrula (Feng et al., 2020), which begins between sphere and 50% epiboly
(Wang et al., 2016). This developmental stage (i.e., gastrula) is concurrent with the evanescent
upregulation of PGC markers in G. holbrooki corresponding to its PGC proliferation. Moreover, as the
surge at gastrula was predominantly detected in females, it is postulated that PGC proliferation

initially/transiently follows a sex-dimorphic pattern in G. holbrooki.
3.4.5. PGC migration pattern; early clustering and anterio-medial migration

Consistent with the structure and content of the gene (see Chapter 2), the vasa expression in G.
holbrooki was restricted to the domains corresponding to PGCs. This was further supported by the
restricted localisation of vasa transcript at the genital ridge of parturating embryos, where the newly
formed gonad emerges. However, a clear visualisation of the ISH signal in the blastula and early
gastrula stage was compromised due to the high staining background in the blastodisc, probably caused
by the high level of endogenous alkaline phosphatase (Miyahara et al., 1982). Although the molecular
components and the machineries involved in PGC mobilisation are conserved among teleosts, the
pattern of their migration varies between species (Saito et al., 2006). Typically, PGC development is
initially supported by maternal derivates of Gp as is also supported by the maternal inheritance of these
transcripts in G holbrooki. Specifically, the early segregation of PGCs in teleosts relies on the
localisation pattern of these maternally inherited germ cell determinants (Bontems et al., 2009, Roovers
et al., 2018). However, two types of Gp arrangements have so far been elaborated in early embryonic
development of teleosts where; 1) Gp components aggregate compactly in cleavage furrows until the
16-cell stage, subsequently segregating into proliferating cells eventuating in four clusters of Gp -
positive cells at the dome stage as in zebrafish (Raz, 2002), Atlantic cod, Gadus morhua (Presslauer et
al., 2012), and olive flounder, Paralichthys olivaceous (Li et al., 2015) while , 2) in others the Gp signal
is dissipated throughout the cells in early cell cycles with distinct Gp -positive cells forming only at the
mid-gastrula stage, such as in medaka (Herpin et al., 2007). Due to lack of biological samples
representing the initial cell cycles and synchronous division in G. holbrooki early development, i.e., 2-
cell to 64-cell stages, we could not localise the candidate Gp components in those stages. Nevertheless,
labelling vasa-positive cells at late cleavage revealed the asynchronous formation of Gp segregation
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resembling Gp formation in early zebrafish cell division. Congruently, at mid-late blastula, the
occurrence of four loosely aggregated clusters of vasa-positive cells at the periphery of the blastodisc
in G. holbrooki is consistent with the positioning of PGC clusters during the dome stage in zebrafish
development (Raz, 2002, Raz and Reichman-Fried, 2006).

PGC positioning during the gastrula stages are highly defined in relation to body patterning in the
studied models. In G. holbrooki, shield elongation in embryos is restricted to 5% of the yolk during the
gastrula stage (personal observation), while in zebrafish it is expanded to 50% at early gastrula. In
zebrafish, at early to mid-gastrula (i.e., 60% epiboly to germ ring stage) PGCs are still localised in four
clusters, converging towards the dorsal part of the embryonic shield (Kimmel et al., 1995). In contrast,
in G. holbrooki, PGCs are formerly aligned lateral to the elongating embryonic shield. This observation
in Gambusia is more comparable to the initial patterning of nascent germ cells in medaka (Saito et al.,
2006, Kurokawa et al., 2007) where the PGCs are distributed at both sides of the dorsal axis of the

embryonic shield in late gastrula embryos.

As observed in other teleosts, from body patterning to onset of segmentation, the PGCs emerge as two
distinct clusters located on both sides of the trunk. These clusters are either arranged as a clumped group
of cells as observed in pearl danio (Saito et al., 2006) and zebrafish (Raz and Reichman-Fried, 2006) or
they form loosely distributed clusters as in goldfish and medaka (Saito et al., 2006) as was also observed
for G. holbrooki.

The spatial alignment of PGC clusters and their migratory paths are also not identical among the studied
fish models. Two patterns of PGC alignment were observed in the previously studied fish species. In
one group, including zebrafish (Weidinger et al., 1999), loach (Saito et al., 2006) and medaka (Herpin
etal., 2008), the PGCs form two clusters aligned on both sides of the trunk and in parallel move towards
the genital ridge. In the second group, including herring and floating goby (Saito et al., 2006), the two
clusters converge towards the medial axis and merge under the trunk during early somitogenesis.
However, the coalesced PGC clusters, thereafter, split into two groups, during mid-somitogenesis, and
re-align as two distinct clusters in the lateral line of the embryo. In G. holbrooki, PGC cluster alignment
and their mobility resembles the former pattern; the aligned clusters of PGCs converged while moving
towards the gonad anlage, never merged during their migration, and even colonised in two distinct

locations at the genital ridge.

As is known, the PGCs in teleosts first form in the anterior part of the developing embryo, thereafter,
mainly moving posteriorly towards the genital ridge (Saito et al., 2006, Herpin et al., 2007, Herpin et
al., 2008). In contrast, the first appearance of matured PGC clusters posterior to the putative gonadal
ridge (PGR) and subsequent migration anteriorly towards the PGR in G. holbrooki, appears a
developmental novelty. Also, defining the relative location of the PGR according to the closest somite

in the developing embryo; in some teleosts, such as loach and goldfish (Saito et al., 2006), PGC clusters
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take a longer migration route, during somitogenesis, while in other fish models such as zebrafish
(Doitsidou et al., 2002), gobby and herring (Saito et al., 2006), PGCs migrate via a relatively shorter
route to colonise the genital ridge. In G. holbrooki, PGC clusters formed at the posterior dome and
migrated anteriorly to the PGR located close to the second somite. This may suggest the PGC migration
path in this live-bearing poeciliid is likely the most extended route among the studied teleosts. Taken
together, these novel observations (i.e., uncommon migratory direction and relatively long migration
path) may be associated with the evolutionary changes in reproductive biology undertaken by
viviparous poeciliids compared to their oviparous counterparts. Indeed, since presumptive gonad in a
live-bearing fish species is later differentiated to a complex organ functioning as ovary and uterus in
females, it is speculated that the organogenesis machinery directs the gonial stem cell to the far anterior
of the body to provide an opportunity for later uterus-gonad expansion. Correspondingly, the fusion of
the gonad lobes during late organogenesis is yet another relevant piece of evidence implying the
gonadogenesis pattern in G. holbrooki adopts significant changes in favour of its reproductive strategies
including matrotrophy (Pollux et al., 2009, Pollux et al., 2014), superfetation (Pires et al., 2010), and
extended sperm storage (Lopez-Sepulcre et al., 2013). It is, however, unclear if any other biochemical
pathways involved in gonial cell positioning and gonadogenesis, including growth factors (Hao et al.,
2008, Ungewitter and Yao, 2013), cytokines (Windley and Wilhelm, 2015) and chemotaxins (Ratajczak

et al., 2006) play a role in facilitating the novelties of gonad morphogenesis in G. holbrooki.

In conclusion, although the pattern of PGC migration in G. holbrooki shared some similarities with its
pattern in medaka, the PGC clustering pattern, the migratory direction, the length of their migration
path and the PGC colonisation location in G. holbrooki may indicate novel aspects of germline
formation in poeciliids compared to other teleosts.

3.4.6. Only vasa and dnd-a exclusively mark PGCs in G. holbrooki

The cloned and characterised cDNA of dazl, dnd, nanosl, piwi 1l and vasa (Chapter 2) were, for the
first time, used to understand the spatio-temporal dynamics of PGCs during early embryogenesis of G.
holbrooki. Unlike other teleosts, most of the PGC markers tested in G. holbrooki were not germline-
specific (i.e., dazl, piwi I1) with the exception of vasa and dnd-a. Of the non-specific, dazl and piwi Il
were expressed both in germline and soma while dnd-$ and nanosl were fully somatic. Such duality
expression/non-germline expression has been reported in mice (Youngren et al., 2005, Nandi et al.,
2016) as well as invertebrates (Alie et al., 2011).

VASA interacts with more than 220 target mMRNASs and recruits eukaryotic initiation factors to facilitate
translation of transcripts required for cell function (Tomancak et al., 1998, Liu et al., 2009). The DEAD-
box, characterised in all VASA proteins, including G. holbrooki (see Chapter 2), underpins these
regulatory roles which restructure and remodel protein-coding RNAs to facilitate their translation

(Sengoku et al., 2006, Linder, 2006). Correspondingly, this potency of vasa is likely to facilitate the
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translation of Gp markers (predominantly stored in RNA form) in early development of species
(including G. holbrooki) with the preformation mode, as is known to occur in zebrafish (Knaut et al.,
2002).

Inferred from its maternal inheritance and exclusive detection in migrating PGCs, vasa likely underpins
PGC formation and function in G. holbrooki. This pattern of expression is consistent across vertebrates
with both maternally inherited (e.g., in Drosophila and zebrafish) and zygotically acquired (e.g., in
mice) modes of germline determination (Styhler et al., 1998, Tanaka et al., 2000, Kuznicki et al., 2000,
Hickford et al., 2011). In contrast, the spatially diverse expression of Vasa in different cell lineages of
invertebrates suggests its expression pattern has undergone evolutionary specialisation in vertebrates.
For instance, VASA in sea urchin regulates cyclinB translation in soma, synchronising cell cycles thus
facilitating proper chromosome segregation (Yajima and Wessel, 2011). Similarly, vasa is expressed in
somatic stem cells of sea gooseberry, Pleurobrachia pileus, that later differentiate to tentacle root or
aboral sensory complex (Alie et al., 2011). In the spider, Parasteatoda, Vasa regulates mitotic
progression in different types of cells (Schwager et al., 2015). However, in vertebrates with germline-
specific function of Vasa, its ectopic expression in gonadosoma (Zeeman et al., 2002, Fraunhoffer et
al., 2015) and other somatic cells (Janic et al., 2010) is symptomatic of tumorigenesis. Thus, by
inference, the role of Vasa, in evolutionary lower animals extends to maintaining totipotent identity of
multiple lineages and determination of their fate. Nevertheless, in vertebrates the domain of vasa
expression and hence function (i.e., as a post-transcriptional regulator) is restricted to the germline to

protect its identity against soma as is also observed in G. holbrooki.

The detection of dnd in the embryonic and post-natal (see Chapter 4) germline of G. holbrooki is
consistent with those reported for other vertebrates including mammals (Youngren et al., 2005), chicken
(Aramaki et al., 2007) and teleosts (Su et al., 2014, Duan et al., 2015, Wargelius et al., 2016). Inferred
from loss-of-function studies, Dnd maintains germline identity by protecting other germline-specific
transcripts from miRNA-mediated decay (Ketting, 2007, Goudarzi et al., 2013). For instance, in
Xenopus, maternal Dnd allows the translation of nanosl, an essential Gp component for PGC
development, through binding to elF3f and neutralising its repressive activity (Aguero et al., 2017).
Similarly, in zebrafish, Dnd prevents PGCs from soma differentiation (Weidinger et al., 2003, Gross-
Thebing et al., 2017). It also acts as a transcriptional silencing machinery by recruiting CCR4-NOT, a
deadenylase complex, to titrate the abundant mRNA of the cell through their degradation (Nousch et
al., 2013, Yamaji et al., 2017). Taken together, the exclusive expression of a dnd variant in G. holbrooki
germ cells encoding the essential regulatory domains suggests a conserved role for Dnd in germline
maintenance of this species as well as poeciliids at large. Further, the abundant expression of maternal
dnd-o detected in ova is likely associated with its role as an anchor for maternal RNAs in unfertilised

eggs and polymerization of cortical microtubule arrays right after fertilisation (Mei et al., 2013).
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3.4.7. The somatic expression of germline markers; a mammalian

resemblance

As shown, the expression of dazl, piwi and a spliced variant of dnd, known for their exclusive expression
signal in teleost germline, were not restricted to PGCs, in G. holbrooki. This is in accordance with the
broader expression domain of these markers in higher vertebrates and invertebrates. For example, PIWI
proteins, characterised as a gene silencing mediator (Grimson et al., 2008, Ishizu et al., 2012, lwasaki
etal., 2015), is only expressed in zebrafish germ cells with an essential role in gonad fertility (Houwing
et al., 2007). However, in invertebrates, Piwi acts beyond germline maintenance by assisting somatic
cell cycles (Ma et al., 2014), tissue regeneration and homeostasis (Palakodeti et al., 2008), adaptive
immunity (Miesen et al., 2015) and sex determination (Kiuchi et al., 2014). Similarly, apart from
nascent germ cells, piwi Il was detected in the CNS of developing G. holbrooki, in agreement with the
Piwi expression domain in mammals (Kim, 2019). Gain or loss-of-function studies on piwi Il in G.
holbrooki may confirm its mammalian conserved role on foraging behaviour, axon regeneration and
learning ability (Zuo et al., 2016, Kim, 2019). Therefore, G. holbrooki could serve as a descriptive
system to understand the role of mammalian PIWI-piRNA machinery in response to peripheral nerve
injury (Sohn et al., 2019).

It was also shown nanosl expression, a germline specific translational repressor in zebrafish and
Drosophila, was not detected in migrating PGCs of G. holbrooki. However, it encoded the two zinc
finger motives (see Chapter 2) that enables the protein to bind the 3'UTR of target mMRNA (Kuersten
and Goodwin, 2003, Hashimoto et al., 2010). This potency is recruited to ensure the somatic repression
of PGCs and their proper migration in zebrafish (Koprunner et al., 2001) and Xenopus (Lai et al., 2012).
Nevertheless, spatial expression of nanosl during G. holbrooki embryonic development resembles its
orthologues expression in the CNS of mice embryos without control on offspring fertility (Haraguchi
etal., 2003). Therefore, nanosl is presumed to be dispensable for PGC specification and function in G.

holbrooki likely shared with other live-bearing teleosts.

Although alternative splice variants for dnd have already been characterised in fish taxa (Vasconcelos
et al., 2019), this study, for the first time, reported the somatic expression of a dnd variant in embryonic
stages of a teleost. The dnd splicing strategy (i.e., the number of variants) and its diverse expression
domain (i.e., detected in both germline and soma) mostly resemble those of mice (Bhattacharya et al.,
2007). However, the genetic content of the variants (see Chapter 2) and their expression domain may
not be similar to those of G. holbrooki (Youngren et al., 2005). In mice, the larger Dnd variant is
detected at the prenatal stage (e.g., PGCs as well as neuroectoderm, head mesenchyme, neural tube and
hindgut), while the shorter variant was expressed in post-natal gonad (Bhattacharya et al., 2008). This
is inconsistent with the embryonic expression of dnd variants in G. holbrooki spatially segregated into

anterior (i.e., the shorter variant in neural tube) and posterior (i.e., the longer variant in PGCs) body.
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Inferred from loss-of-function studies, it has been formerly explained that the effects of dnd knockdown
in fish models such as medaka (Wang and Hong, 2014) and Atlantic salmon (Wargelius et al., 2016) is
only restricted to gonad fertility without compromised embryo viability. However, Dnd mutation in
several mice strains induced fatality which may occur due to somatic ablation (Bhattacharya et al.,
2007). Therefore, somatic expression of dnd in G. holbrooki raises the question about the precision of
gonad ablation via targeting dnd in G. holbrooki. Taken together, the dnd mRNA processing (i.e.,
splicing) in G. holbrooki is hypothesised to be shifting towards the murine pattern with species-specific
alterations. Therefore, the splicing machinery provides more dnd variants to take advantage of its

regulatory function in early development of soma lineage in G. holbrooki.

This study also revealed an expanded/shifted domain of the teleost germ cell-specific markers, (e.g.,
dnd, dazl and nanos1) to soma in G. holbrooki. Indeed, those genes encode RBPs with potency to recruit
RNA interference machinery shown to facilitate cell differentiation and maintenance of early-lineage
cells in vertebrates and invertebrates (Tiscornia and Izpisua Belmonte, 2010, Anokye-Danso et al., 2011,
Guallar and Wang, 2014, Shigunov and Dallagiovanna, 2015). The contradictory role of DAZL in
murine stem cell lines is an outstanding example in this context, functioning as a translational stimulator
in gonial stem cells (Tsui et al., 2000), while playing a repressive role in other lineages of embryonic
stem cells (Xu et al., 2013). In G. holbrooki, the somatic expression of germline-related genes in the
CNS of G. holbrooki may have some evolutionary relatedness. The poeciliids have evolved a relatively
larger brain size compared to other teleosts (Isler, 2013), which is costly to maintain the continuous
pattern of its growth (Tsuboi et al., 2018). Unlike mammals, organogenesis during poeciliid embryonic
development is not supported by maternal provisioning due to the placenta structure and performance
(Pollux et al., 2009, Roberts et al., 2016). In line with the potency of RBPs to govern the nervous system
formation in higher vertebrates, e.g., proper neurogenesis (Licatalosi et al., 2012), neural differentiation
(Makeyev et al., 2007) and synaptic plasticity (Udagawa et al., 2012), the germline-specific RBPs may
be recruited in G. holbrooki early development to maintain the complexity of the CNS. Further
comparative studies with focus on transcriptome profiling of brain in G. holbrooki may reveal new

functions for these genes.
3.5. Conclusion

This study, for the first time, evaluated the expression of teleostean PGC markers in a poeciliid and
documented their spatial domain of expression during embryonic development. It also elucidated the
pattern of PGC migration in G. holbrooki and compared it with those of oviparous teleosts. Inferred
from the spatio-temporal expression profile of target genes, the MZT occurs relatively early compared
to other teleosts. While the parental inheritance of Gp markers conforms to preformation, the early
induction of MZT is more akin to mice. In this regard, G. holbrooki may serve as an excellent system

to understand evolutionary origin and significance of the two modes of PGC specification. Further, the
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acquisition of new expression domains of piwi Il, dazl, and a variant of dnd, and the switch of nanos1
from germline to somatic expression may imply evolutionary and functional novelty in this species, as
well as in poeciliids. These findings may provide options for germline manipulation such as ablation to
comparatively understand PGC development in vertebrates as well as for controlling invasive

populations of G. holbrooki.
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Gp markers
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Chapter 4 | Detection of germ cell markers in gonad and
gametes of viviparous Gambusia holbrooki; evidence for
both maternal and paternal contribution to PGC
specification

Abstract

Synthesised during oogenesis and packaged as maternal deposit in ooplasm, the Gp components are
required for germline determination in egg laying teleosts. In early cell division, the maternal Gp
components are partitioned to a selected number of cells granting them germline fate and protecting
them from differentiation to soma. However, little is known in live-bearing poeciliids, nor is there
evidence for paternal contributions to these germline signals. To address this, the expression of six Gp
component markers— cxcr4, dazl, dnd-a, piwi Il, tdrd6 and vasa— with central roles in PGC
sequestration in fish were evaluated in both female and male gametes and in four distinct stages of
gonad development of G. holbrooki. All markers were constantly expressed from gonad formation to
puberty, however, their temporal expression patterns were different. Except for dazl, the prenatal
expression of Gp markers did not show a sex-dimorphic pattern, while during the post-natal stages the
relative abundance of Gp components in the gonads increased towards puberty, and this trend was
significantly different in females. Interestingly, four (e.g., dazl, dnd-«, piwi Il and vasa) of the six Gp
markers were detected in both gametes. Although the relative expression of these genes was female-
biased in adult gonads, it was male-biased in gametes. The remaining two markers, tdrd6é and cxcr4,
were abundantly expressed in ova, however, were not detected in mature spermatozoa. This study
successfully detected the key germ cell markers in unfertilised eggs of a poeciliid species as they occur
in other teleosts. More interestingly, the study for the first time in any teleost, detected these Gp
components in mature spermatozoa, indicating a contribution of paternal factors in PGC specification
and gonad function. However, their precise role in determining germline fate needs verification, which
may provide evidence for as yet unknown functions and the potential use in developing a genetic
solution for the control of invasive populations of this species.
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4.1. Introduction

In sexually reproducing animals, the primordial germ cells (PGC) successfully acquire and maintain
their distinctive identity and colonise the putative genital ridge during embryogenesis. Subsequently,
the process of sex differentiation and gametogenesis recruit both mitotic and meiotic cell cycles to
produce functional haploid gametes (Griswold, 2016, Koutsouveli et al., 2020). During gametogenesis,
the molecular ingredients necessary for fertilisation (Evsikov and Marin de Evsikova, 2009) and early
developmental events, including first cell cycles (Edgar and Datar, 1996) and embryo patterning (Ajduk
and Zernicka-Goetz, 2016) are packaged. These signals underpin early embryonic development until
the zygotic expression takes over and regulates subsequent embryogenesis (Vastenhouw et al., 2019).
Despite the shared origin of the early developmental signals, the events involved in the formation of the
ovary and testis display unique differences from organogenesis through to maturity, gametogenesis and
reproduction. In teleosts, the earliest signs of oogenesis are characterised by a short phase of mitosis,
followed by early meiosis with two rounds of meiotic arrests (Swain, 2006, Schulz et al., 2010),
prominent germ cell growth during vitellogenesis (Selman et al., 1993), and accumulation of nutritional
reserves and maternal Gp (Kagawa, 2013). Ovarian meiosis is complete when the ovum is extruded
from the ovarian nest and engaged in fertilisation. On the contrary, in the testis, mitosis is a prolonged
stage providing an inexhaustible source of spermatogonial stem cells until puberty. Transition to
puberty in males is marked by the onset of meiosis in the juvenile testis; which is delayed (i.e., compared
with ovary) but swift and continuous, with no meiotic arrest, eventuating in biochemical and

morphological transformation of spermatogonial germ cells to haploid spermatozoa.

Maternal derivates/signals are key to trigger and sustain early embryonic development (Marlow, 2010a,
Li et al., 2010, Traverso and Bobe, 2009) until zygotic mechanisms take over. However, the duration
of maternal sustenance and the onset of zygotic control on development varies from species to species.
For instance, murine zygotic control begins as early as the two-cell stage (Wang et al., 2004b), while
early development in D. rerio (Aanes et al., 2011, Despic et al., 2017) and Drosophila (Edgar and
Schubiger, 1986, Bushati et al., 2008) fully depend on maternal determinants until the 128 to 256-cell
stages respectively. Despite their short role, the impacts of maternal determinants have shown to be
beyond the initial stages of development including regulation of de novo transcription (Tang et al.,
2007), fetal growth (Roland et al., 2014), larval forebrain cell proliferation (Higuchi, 2020) and adult
short-term memory (Gould et al., 2018).

The maternal Gp factors controlling early development of embryos mostly encode members of the
RNA-binding protein family (e.g., Dazl, Dnd, Vasa) and/or the components of the ncRNA machinery
(e.g., Piwi, Tdrd6). During oogenesis, they are accumulated in the ovum as maternal deposits and play
critical roles gonad formation and function in the offspring. These include, GSC maintenance and

differentiation (Mikedis et al., 2020), proper mitosis-meiosis transition (Medrano et al., 2012, Rosario
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et al., 2016), and germ cell tumour repression (Northrup et al., 2012, Ruark et al., 2013, Figueras et al.,
2018). In teleosts, functional relevance of Gp components is mostly restricted to PGC sequestration
from somatic fate in early embryogenesis (Lindeman and Pelegri, 2010, Aanes et al., 2011). However,
in poeciliids, it is largely unknown whether these transcripts are expressed in different stages of gonad
development and/or involved in germ cell maturation or influenced by the sexual identity of the gonad

and its developmental status.

A zygote must accomplish three critical tasks governed by maternally-supplied factors before maternal-
to-zygotic transition (MZT) can occur. These are 1) cell proliferation through mitotic division, 2)
acquisition of polarity to establish the body axis and 3) cell patterning. For instance, early mitotic cell
cycles (i.e., until cycle 13) are distinctly fast and synchronous (Farrell et al., 2012), without intervening
phases or cytokinesis (Edgar and Schubiger, 1986) that are sustained by the maternal Cell division cycle
25 phosphatase (Cdc25). This pattern of cell division is reprogrammed at MZT, where the zygotic
genome begins to control the cell cycle through depleting maternal Cdc25 components (Edgar and Datar,
1996). Maternal deposits regulate the plane of early cell division establishing the vegetal and animal
poles of zygotes, i.e., polarity (Edwards, 2005). Similarly, early cell patterning is governed by maternal
buc and microtubule-actin crosslinking factor la (macfla) in zebrafish, which determine Gp

localisation and subsequent PGC specification (Bontems et al., 2009, Gupta et al., 2010).

In the past decade, the concept of “the little effects of non-genetic factors” of spermatozoa on embryonic
developmental programming and offspring fitness has tremendously improved with evidence that sperm
carries and transmits more than its haploid paternal genome to the zygote (Champroux et al., 2018,
Chen et al., 2016). For example, the unique epigenome of spermatozoa is one of the most important
paternal traits transmitted to the zygote and involved in embryonic development (Guibert et al., 2012).
However, its epigenetic remodelling is not conserved among taxa (Saitou et al., 2012, Skvortsova et al.,
2019). In spermatozoa, DNA methylation on Imprinting Control Regions (ICR) carried out by DNA
methyltransferases (DNMTS) results in paternal mono-allelic expression safeguarding proper early
development and post-natal health (Congras et al., 2014, Matsuzaki et al., 2020). DNMT activities in
male gametes mostly occur on transposons and intergenic regions to silence gene expression (Smith et
al., 2012, Champroux et al., 2018, Barau et al., 2016). During spermatogenesis, where undifferentiated
germ cells undergo successive stages of mitosis, meiosis and post-miosis, they experience
morphological (i.e. elongation, flagellum formation and chromatin remodelling) and biochemical (i.e.
ejected cytoplasm contents, and altered gene and protein expression pattern) changes eventuating in
packaging different types of molecules including coding and ncRNAs (Baccetti and Afzelius, 1976,
Eddy, 2002, Johnson et al., 2011b). Piwi-interacting RNAs (termed piRNA) known to be germ cell
specific in D. rerio (Houwing et al., 2007) and D. melanogaster (Brennecke et al., 2007) comprise the
noticeable part of SncRNA in spermatozoa that function as part of the DNA methylation and transposon
silencing machinery (Bak et al., 2011). The tRNAs are another group of sncRNA abundantly found in
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spermatozoa harbouring several types of RNA modification to maintain their stability (Chen et al., 2016,
Sharma et al., 2016).

Apart from ncRNAs, protein-coding RNAs are also identified in spermatozoa predominantly involved
in functional fertility, nervous system and behaviours (Champroux et al., 2018). For instance, the
MRNA of A-kinase anchoring protein 4 (AKAP4), an AMP-dependent protein kinase found in murine
spermatozoa, is hypothesised to regulate flagellum function, and safeguard successful fertility
(Champroux et al., 2018, Miki et al., 2002). Downregulation of Protamine 2 (PRM2), a nuclear protein
found in spermatozoa, has been shown to affect semen quality (Zalata et al., 2016) due to abnormal
chromatin compaction in spermatozoa (Yang et al., 2015), haploinsufficiency (Cho et al., 2001) and its
cellular damage (Cho et al., 2003). Foxgl transcripts are also found in murine spermatozoa, a winged-
helix transcription factor that plays a role in epigenetic and biochemical processes through cis-
regulatory elements (Hou et al., 2020). In mice it is essential for regulation of brain development
through directing cell proliferation (Hanashima et al., 2002), their migration (Miyoshi and Fishell,
2012), regional patterning (Hanashima et al., 2007) as well as circuit assembly (Cargnin et al., 2018).
Nevertheless, the role of paternal signals on early development and offspring phenotype are
predominantly limited to sperm-derived components on epigenetic regulation of embryogenesis.
Although the role of maternal protein-coding RNA signals on PGC specification of fish models is
comprehensively documented (Lindeman and Pelegri, 2010), the paternal contributions remain poorly
understood and relatively unexplored.

Despite viviparity with internal fertilisation, fetal incubation and superfetation (Blackburn, 2015,
Torres-Martinez et al., 2019) little is known in poeciliids about early developmental programming
including Gp signal origin and identity. Also, males exhibit improved mating capability, through
reducing semen volume and concentrating sperm (Franssen et al., 2007), and developing
spermatozeugmata (Grier, 1975, Grier et al., 1981) for storage in the ovarian environment, to service
multiple pregnancies (Kobayashi and lwamatsu, 2002, Uribe et al., 2016). More importantly, sharing
elements of lecithotrophy with teleosts and invertebrates on one hand and placentation with mammals
on the other, the poeciliids provide a valuable system to study reproductive biology and comparative

evolutionary relatedness.

As a first step to understand the origin and function of Gp determinants in G. holbrooki, this study
evaluated the expression or accumulation of six Gp markers in gonad (i.e., from the onset of
gonadogenesis to puberty) and gametes, respectively. The outcomes of this study were expected to
provide insights into patterns of Gp markers, their parental origin, and role in PGC specification and
gonad function. This with the view to identify molecular susceptibilities for developing genetic control

options for pest populations of this species.
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4.2. Methods

4.2.1. Animal collection and husbandry

Wild Gambusia were caught from the Tamar Island Wetland Reserve, Tasmania, transported to a
recirculating facility for small fish at the Institute for Marine and Antarctic Studies (IMAS), University
of Tasmania and maintained at optimal rearing conditions. The healthy adult male fish were selected
based on their physical characteristics and paired with females for two weeks until gamete sampling.
They were fed with trout commercial granules (Nutra XP, Skretting, Australia) and freshly hatched
Artemia nauplii (INVE Aquaculture, USA) while reared in captivity. The housing condition of G.

holbrooki during the experiment was as described previously (see Chapter 2).

All animal experiments were approved by the institutional (University of Tasmania) Animal Ethics
committee (AEC Permit A0017759).

4.2.2. Experimental design

The relative expression of Gp markers, cxcr4, dazl, dnd-a, piwi Il, tdrd6 and vasa, at four life stages
i.e., 1) pharyngula, which coincided with gonad primordia formation (Chapter 5) , 2) right before
parturition, at the onset of sex differentiation i.e., ovarian meiosis (Chapter 5), 3) 20 days post-
parturition (dpp), where genetic females have not yet developed a gravid spot and ovary is in the
previtellogenic stage (Fig. 4.2A and 4.2A"), and males had begun growing gonopodia and testis is
occupied by spermatogonia, and 4) 60 dpp; at puberty coinciding with vitellogenic ovary and gravid
spot emergence in females, and fully grown gonopodia in males as well as testicular meiosis (Fig. 4.2B).
The level of the target mMRNA in mature ova and spermatozoa was also quantified and their profiles

compared with adult gonads.
4.2.3. Spermatozoa collection and purification

The adult males (n = 7) were selected based on their secondary sexual characters (i.e., fully grown
gonopodia and its thrusting during courtship), sedated with chilled water and transferred to an
RNaseZAP™ treated petri dish. The gonopodia was swung forward and the abdomen was gently
massaged with the tip of fine forceps until the sperm packets were released into DEPC-treated PBS. For
each fish, 30-35 sperm packets were carefully collected using micropipettes and transferred to an
Eppendorf tube. The sperm packets were then teased by pipetting up and down in DEPC-treated PBS.
Then, the sperm samples were treated with somatic cell lysis buffer (0.1% SDS, 0.5% Triton X-100 in
DEPC-treated H,0) for 10 min at 4°C to remove somatic cells (Ostermeier et al., 2002, Goodrich et al.,
2007). Any traces of somatic cells post-lysis were also checked by microscopy, before pelleting the

sperm by centrifugation (800g for 3 min at 4°C). Subsequently, the supernatant was carefully removed,
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the sperm pellet was washed twice by resuspending in DEPC-treated PBS and immediately proceeded
to RNA isolation.

4.2.4. Rearing virgin females, collection of ovum and offspring from virgin

females

The newly parturiated larvae were reared and fed as described above. The one-week larvae were bathed
in a buffer containing a very low concentration of proteinase K (Bioline). The buffer containing lysed
cells was concentrated and used for genetic sexing of the larvae. Subsequently, the genetic females were
selected and reared separately until puberty and virgin females were selected based on their gravid spot
intensity (Norazmi-Lokman et al., 2016) for ovum collection. Specifically, the females were euthanised
with 50 ppm AQUI-S®, the ovary of virgin females was dissected and ova samples were isolated based
on their size and the pattern of oil droplet distribution (Fig. 4.1). The collected ova (n= 7) were rinsed
with cold DEPC-treated PBS, stabilised in RNAlater® (Sigma) overnight in 4°C and stored in -80 until
RNA isolation.

4.2.5. Embryo and tissue preparation

To harvest early gonad material from late embryos (n = 6 /sex/developmental stages), the embryos were
euthanised as described above, the tissue anterior to the operculum and posterior to the anus was excised
and the abdomen retained. The abdomen was then rinsed with DEPC-treated PBS, stabilised in
RNAlater® according to the manufacturer’s protocol and stored in -80 °C until RNA isolation. The
remaining tissues were used for genetic sexing of embryos. For extracting gonads from juveniles (n =
7 Isex) and adults (n = 6 /sex), fish were first euthanised with 20 pl/ml of AQUI-S®, the abdominal
cavity was cut and the gonads were carefully isolated from the adjacent organs. The explanted gonads
were rinsed with cold DEPC-treated PBS and stabilised in RNAlater® according to the manufacturer’s

protocol and stored in -80 °C until RNA isolation.
4.2.6. RNA isolation, cDNA synthesis and real time PCR

Total RNA from the tissues was isolated using AllPrep DNA/RNA Mini Kit (Qiagen). For sperm pellets,
each sample were homogenised using 500 ul of lysis buffer containing p-Mercaptoethanol (10 pl/ml).
Homogenisation of gonad tissues, embryos and ova was assisted by passing the samples through 20 and
27-gauge needles. The tissue lysates were subsequently passed through nucleic acid specific columns
to separately capture genomic DNA (gDNA) and RNA. To overcome the gDNA background in RNA
samples of testis and spermatozoa, the isolated RNA was separately treated with RNase-free Ambion™
DNase I (Invitrogen). The treated RNA was, thereafter, purified using Monarch® RNA cleanup kit (New
England BioLabs).
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The concentration of RNA was measured with Qubit® 4 Fluorometer (ThermoFisher Scientific, USA)
and its integrity was confirmed by denaturing agarose gel. For cDNA synthesis, a given amount of
purified total RNA (i.e., 250 ng for sperm samples, up to 2 mg for gonad tissues, and the whole RNA
for individual ovum and late embryos) was used for reverse transcription (RT). The RT reaction
contained 200 units of MMLYV reverse transcriptase, 1X RT buffer, 10 units of RNase inhibitor, 0.5
mM dNTP mix, 250 ng Oligo(dT):s primer mix (Tetro cDNA synthesis kit, Bioline). The RT reaction
was incubated at 45°C for 60 min and inactivated by heating at 85°C for 5 min. The ¢cDNA samples
were stored at -20 °C until use in PCR assays. For the sex-segregated assay, the cDNA concentration
of individual samples were normalised between sexes within the same developmental stage. The
primers design, end-point and gPCR reaction conditions were as described previously (Chapter 3,
section 3.2.4). The real time PCR mix (10 pl) comprised of 1X iTag Universal SYBR Green Supermix
(Bio-Rad, NSW, Australia), 3 (spermatozoa cDNA) -15 (tissue) ng cDNA Template, 0.4 UM of each
primer, and adjusted to 20 pl using MilliQ water. Duplicate reactions were run for each cDNA sample
using CFX96 Touch Real-Time PCR Detection System (Bio-Rad, NSW, Australia) consisted of 95°C
for 1 min, followed by 40 (embryos and tissues) and 45 (spermatozoa) cycles of 95°C for 5s, 64-68 °C
for 10 s, and 72°C for 7-15 s. For positive and negative control, 5 ng cDNA (from a tissue where the
target gene is expressed) and MilliQ water were used as template, respectively. Melting curve analysis,
gel visualisation and sequencing of gPCR products were subsequently performed to check unwanted
products and gDNA contamination. The MIQE of the gPCR assay (Bustin et al., 2009) was provided in
Table A10.

4.2.7. Biological normalisation of data and statistical analysis

Two housekeeping genes; Bactin and gapdh were tested for biological normalisation of gPCR data
(Cavalcanti et al., 2011, Ashish et al., 2017) across all target tissue types using geometric averaging in
gbase* (version 3.0, Biogazelle). The gapdh showed higher stability (M value = 0.81) as assessed by
geNorm algorithm (Hellemans et al., 2007) and therefore was selected for normalising relative

expression of genes of interest (ACq).

All gPCR data were presented as mean xstandard deviation (SD). Shapiro-Wilk and Levene’s tests
were used to test data normality and homogeneity of variances, respectively. When necessary, the
outliers excluded from the analysis. A two-way analysis of variance (ANOVA) was used to identify
significant differences between experimental groups using two factors, sex and developmental stage.
Tukey Post Hoc tests were applied when population means were significantly different between the
sexes in each developmental stage (Tukey, 1949). The level of significance between two means was
considered when p< 0.05. Statistical analysis and plotting were performed using OriginPro, Version
2021 (OriginLab Corp, MA, USA).
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4.3. Results

All the studied markers exhibited temporal changes in their expression profile during several stages of

gonad development and in both gametes. Indeed, they were actively expressed in different stages of

ovary and testis, with some shared and unique patterns including sex dimorphism. Significantly, Gp

markers were detected not only in the ova, but a subset was also detected in spermatozoa.

Figure 4.1.
morphology of freshly explanted adult

The panels showing the

ovary (A), testis (B), ovum (C),
spermatozeugmata (D), and the
expression pattern of PGC markers in
mature gametes (E) of G. holbrooki.
Adult ovary of virgin females (A) was
filled by vitellogenic oocytes (C). Adult
testis (B) was filled with sperm packets
(B> and D) containing matured
spermatozoa (D’). Ova were recognised
by their uniform pattern of oil droplet
distribution, lack of connected placental
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blood vessels and significant enlargment compared to primary oocytes (red arrowhead). Scale
bars are 1 mm (A), 250 nm (B, B’ and C), 100 nm (D) and 25 nm (D’). In the box plot (E) the grey
circle and a horizontal lines indicate mean and median values of the group, respectively. The
asterisks show the level of significance between groups; * < 0.05, *** < 0.001.
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4.3.1. cxcrd

The embryonic expression of cxcr4 was relatively high and comparable between sexes; however, the
post-natal expression was strongly reduced (ANOVA, Fqg3 = 54.59, p <001, Fig. 4.3A). Of the juvenile
gonads, the testis showed more than 8 fold higher cxcr4 expression compared to ovary (AACq=3.1+0.57
logz, p<0.01, Fig. 4.3A). At puberty, cxcr4 expression was slightly upregulated in both gonads, albeit
marginally higher in females as was also the case in the adult ovary. In gametes, cxcrd was highly
expressed in ova; nearly 60-fold higher than adult ovary (AACq=5.9+0.74 log, p<0.001, Fig. 4.3A),

while it was not detected in spermatozoa.
4.3.2. dazl

The prenatal expression of dazl was comparable between sexes in the pharyngula stage (ANOVA, Fgs3
= 47.45, p <001, Fig. 4.3B), while a significant upregulation in females was detected just prior to
parturition (AACq=2.3+0.52 logy, p<0.05, Fig. 4.3B) at which point primary oocytes undergo first
meiotic arrest (Chapter 4). In the juvenile phase, this trend was reversed with higher expression in the
testis. In adults, dazl expression was comparable between sexes. Interestingly, dazl transcripts were also
detected in both gametes, with a significantly higher level in spermatozoa (AACq=5.3+0.72 log2,
p<0.001, Fig. 4.3B) compared to ova. More specifically, in spermatozoa, dazl showed the highest
expression of the studied PGC markers; nearly 30-fold higher than the lowest expressed PGC marker
— dnd-a — (AACq=4.9+0.78 log,, p<0.001, Fig. 4.3B).

4.3.3. dnd-a

The pre-natal expression of dnd-a was not significantly sex-biased in gonads (ANOVA, Fgs1 = 41.47,
p <001, Fig. 4.3.C). In the juvenile testis, coinciding with active mitosis and spermatogonial
proliferation, dnd-o expression was marginally higher compared to meiotic ovary. However, in the adult
ovary, concurrent with vitellogenesis and loading of maternal factors into oocytes, dnd-o expression
surged significantly compared to the juvenile ovary (AACq=3.3+0.46 log,, p<0.001, Fig. 4.3C) and
adult testis (AACq=2.8+0.37 logy, p<0.05, Fig. 4.3C). Both gametes stored a relatively high levels of
dnd-a transcripts in comparison with pre- and post-natal gonads. The relative expression of dnd-a in
spermatozoa was 4 times higher than its expression in ovary (AACq=2.0+0.55 log, p<0.05, Fig. 4.3C),

however, dnd-a, showed the lowest relative expression among the studied genes in spermatozoa.
4.3.4. piwi I

The piwi 11 expression was detected in all developmental stages (ANOVA, Fgs1 = 41.47, p <001, Fig.
4.3.C). However, there was neither pre- nor post-natal differences in the expression levels between

males and females, despite a slightly higher level in the ovary. Similar to dnd-«, the piwi Il was also
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detected in both gametes, and its expression was much higher in spermatozoa (AACq=5.0+0.51 logy,
p<0.001, Fig. 4.3D).

4.3.5. tdrd6

The tdrd6 showed a relatively high expression during the studied stages with no sex-dimorphic pattern
in the late embryonic stages (ANOVA, Fg40 = 39.41, p <001, Fig. 4.3.E). The post-natal expression of
tdrd6 was female-biased with a strong expression in adult ovary (AACq=2.9+0.34 log2, p<0.05, Fig.
4.3E) compared to testis. The tdrd6 transcripts were not detected in spermatozoa, while its expression
in ova was the highest among the studied PGC markers comparable with the expression level of the

selected housekeeping gene (Fig. 4.1.E).
4.3.6. vasa

At the pharyngula stage and right before parturition, the expression pattern of vasa is comparable
between males and females. However, the post-natal expression in gonads showed a significant bias in
favour of females (ANOVA, Fo4 = 47.83, p <001, Fig. 4.3.F). More specifically, in juvenile
(AACq=2.9+0.87 log2) and adult ovary (AACq=3.5+0.91 log2) vasa was expressed about 7 and 11 times
higher (p<0.01, Fig. 4.3F) compared to testis, respectively. The vasa transcripts were detected in both
gametes and its levels were significantly higher (p<0.001) in spermatozoa compared to ova
(AACq=7.0+0.82 log2, Fig. 4.3F).
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Figure 4.2. Histological sections showing juvenile ovary (A and A’) and adult testis (B) of G. holbrooki.
The ovary (A, left) was in meiotic arrest characterised by abundant primary oocytes (Po) in different
stages of maturation. The uterus (A, right) was vacant with no vitelogenic oocytes. The sporadic cradles
of mitotic oogonia (A’, black dashed lines) were also present. Meiotic testis (B) was characterised by the
presence of all stages of spermatogonial germ cells. The testis was mostly occupied by spermatozoa and
haploid spermatids with sparsely interspersed mitotic spermatogonia and the somatic cells namely leydig
(B, red arrowhead) and Setoli (B, black arrowhead) cells. Abbreviations: primary oocyte stage 1, Po I;
primary oocyte stage 2, Po Il; primary oocyte satge 3, Po Ill; spermatids, SpD; spermatozoa, SpT;
spermatogonia type A, SpG-A; spermatogonia type B, SpG-B.
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Figure 4.3. Box plots showing relative expression of cxcr4 (A), dazl (B), dnd-a (C), piwi Il (D), tdrd6 (E), and
vasa (F) in select life stages and gametes of G. holbrooki. The grey circle and horizontal line on each box plot
indicate mean and median values of the group, respectively. The black squares and curved lines at the right
side of each box indicate individual data and the normal distribution pattern of the presented data,
respectively. The asterisks show the level of significance between groups; * < 0.05, **< 0.01, *** < 0.001.

4.4. Discussion

Although the marker genes tested are known maternal signals for germline determination in species
with preformation mode, their role extends to gonadogenesis and its maintenance at adulthood. These
include protecting the identity of germ cells in the somatic environment (Gross-Thebing et al., 2017),
facilitating meiosis division (Bertho et al., 2019) and neutralising repressing function of ncRNAs
(Mickoleit et al., 2011) in gonads. The packaging of spermatozoa in bundles (also called
spermatozeugmata) facilitated efficient isolation of mature sperm and hence the assay for accumulated

Gp components.
4.4.1. The role of Gp markers in pre- and post-natal gonad function

The known Gp markers involved in PGC function mostly exhibit RNA-binding features with diverse
approaches to transcriptional and post-transcriptional regulation (Chapter 1). Taking advantage of
different strategies such as interaction with miRNAs and translation initiation factors, binding to ploy(A)
tail and RNA rearchitecture, these RBPs are essential to safeguard proper cell differentiation and
function (Chapter 2). In gonads, this mechanism can be recruited to ensure successive germline and
gonadosoma proliferation (Medrano et al., 2012), tumour suppression (Sanchez et al., 2019) and

gametogenesis (Reynolds and Cooke, 2005) eventuating in functional fertility.

Continued dazl expression in foetal and post-natal stages of ovary/testis and gametes with a sex-
dimorphic surge in prenatal-meiotic ovary of G. holbrooki is not comparable to that which occurs in

teleosts and other taxa. In the murine prenatal ovary, Dazl expression is observed two days after PGC
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colonisation (Hackett et al., 2012), persisting from the onset of meiosis to oocyte maturation (Rosario
et al., 2016). However, DAZL expression in human foetal ovary is postponed to early meiosis, i.e.,
leptotene, but its expression switches off during zygotene and pachytene until nest breakdown (He et
al., 2013). This is inconsistent with dazl expression in G. holbrooki, where it is detectable in premeiotic
ovary. In mice lacking DAZL, oocyte maturation is suspended due to disrupted ribosomal loading on
maternal transcripts (Yang et al., 2020), an aspect possibly shared across all vertebrates. Similar to the
expression pattern in G. holbrooki, dazl is continuously expressed during oogenesis and ovum
maturation in O. latipes (Xu et al., 2007). In contrast, in Oncorhynchus mykiss, dazl expression is barely
detectable in mitotic oogonia, while strongly expressed post-meiosis (Li et al., 2011), consistent with
the observation in G. holbrooki, where mitotic-meiotic transition in ovary (i.e., pharyngula to parturition)

coincided with a surge in dazl expression.

In G. holbrooki testis, dazl was continually expressed from germ cell nesting to meiotic stage, as
observed in frogs (Mita and Yamashita, 2000), and mice (Reijo et al., 2000). Vasa expression as the
critical component of murine (Reynolds et al., 2005) and teleost (Hartung et al., 2014) spermatogenesis,
is protected by DAZL. In O. mykiss, dazl was prominently expressed in mitotic spermatogonia and
persisted in meiotic spermatids (Li et al., 2011). In O. latipes, dazl expression is scarce in the premeiotic
testis, abundant during meiosis, but absent in spermatozoa lumen (Xu et al., 2007). This supports the
results in G. holbrooki, where foetal ovary at the onset of meiosis showed a significantly higher dazl
expression compared to the mitotic testis. Interestingly, dazl transcripts in spermatozoa have not been
detected among teleost species, however, it has been reported in human spermatozoa (Lin et al., 2002),
consistent with the observation in G. holbrooki. This may reflect a role in developmental signalling (Li
etal., 2016) or a physiological role for sperm function as has been also suggested to play a role in human
spermatozoa count and its motility (Hsu et al., 2010). This may reflect taxa-specific differences
associated with an as yet unrecognised function unique to this species or the poeciliids in general.

In G. holbrooki, upregulated dazl right before parturition coinciding with the onset of oogonia-oocyte
transition, supports its role in meiosis machinery (Medrano et al., 2012). This is also in accordance with
the role of Dazl as an RNA-binding protein orchestrating translational repression or activation among
taxa (Rosario et al., 2019, Yang et al., 2020). In mice, DAZL facilitates spindle assembly during

metaphase |-l transition of oocytes ensuring successful meiotic division (Chen et al., 2011).

In G. holbrooki, dazl expression was also observed in the mitotic ovary (i.e., at pharyngula),
characterised by synchronously developing cradles of germ cells, i.e., type-Il dividing germ cells (Saito
et al., 2007, Saito and Tanaka, 2009) that consist of two daughter cells with interconnected cytoplasm
(Chapter 5). This may suggest a regulatory role for Dazl upstream of meiosis in teleosts (Bertho et al.,
2019), where it maintains partial cytokinesis and formation of intracellular bridge between sister cells

(Greenbaum et al., 2011, Haglund et al., 2011). This eventuates in successful proliferation of pre-
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meiotic germ cells and functional gametogenesis (Haglund et al., 2011). Despite the expression of dazl

in mitotic ovary, it is unknown if dazl function is essential for cyst formation in G. holbrooki.

As was shown in G. holbrooki, two dnd isoforms were characterised in mice, but their spatial expression
was not congruent. Specifically, only Dnd-a (the longer variant) is detected (i.e., in PGCs, their
migration domain and genital ridge) in both XX and XY mice (Bhattacharya et al., 2007). However,
Dnd-a expression in XX mice is downregulated between E12.5 to E14.5 concurrent with onset of
meiosis and becomes barely detectable in post-natal ovary (Youngren et al., 2005). In contrast, in G.
holbrooki, both isoforms were detected in different cell lineages during embryonic development and
their post-natal expression were observed in both gonads (Chapter 3). Post-natal, murine isoform o is
expressed first and continuously in the testis at mitotic phase, but not in ovary. However, isoform f is
expressed from PN20 testis onwards (i.e., at meiosis onset) and its expression is strongly active in
meiotic and post-meiotic germ cells (Youngren et al., 2005, Bhattacharya et al., 2007). This sequential
pattern was not observed in the expression of dnd variants in G. holbrooki. Thus, by inference, the dnd
gene in G. holbrooki despite evolving multiple spliced variants, is yet to acquire specialised, sequential
(i.e., before or after meiosis) and/or restricted functions (such as in the testis) that occurs in post-natal

gonads of mice.

The role of dnd in post-natal gonad is mostly limited to findings in mice Ter mutant lines in which a
spontaneous premature stop codon mutation causes dnd truncation (Sakurai et al., 1995, Youngren et
al., 2005). The PGCs in homozygous Ter mutant mice mis-migrate and are lost during embryonic
development resulting in male infertility and impaired female fertility (Noguchi and Noguchi, 1985).
Ter mutant ovaries in rats significantly reduce gonad weight and stimulate tumour development with
no primary follicles throughout the tissue (Northrup et al., 2012). In teleosts, dnd has been shown to be
a specific germ cell marker in both gonads, however, the dnd expression in adult ovary is slightly higher
(Duan et al., 2015). This is consistent with the findings in G. holbrooki, where ovary underwent a
significant rise in dnd expression between juvenile and adult phase indicating oocytes are being loaded
with maternal dnd to play a role in PGC determination in zygotes. In teleosts, Dnd function in adult
gonads is poorly understood. In the current study, relative higher expression of dnd-a were found in
female than in male at the adult stage. However, inferred from its role as a RBP, the continuous
expression of dnd-« in adults G. holbrooki testis and ovary can be associated with protecting the identity
of germ cells through repressing somatic expression (Gross-Thebing et al., 2017), tuning miRNA
functions (Slanchev et al., 2009, Mickoleit et al., 2011) and repressing gonadal carcinogenesis pathways
(Northrup et al., 2012, Zechel et al., 2013, Sanchez et al., 2019) as occurs in other vertebrates, including

teleosts.

Continuous expression of tdrd6 throughout the life, including maternal inheritance, in G. holbrooki may

suggest multiple roles; from anchoring Gp markers as occurs in zebrafish (Huang et al., 2011, Dai et
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al., 2017), to gonadosoma maintenance and gamete maturation like in humans (Babakhanzadeh et al.,
2020). Mechanistically, the Tdrd protein family is necessary to accommodate PIWI proteins in
nuage/chromatoid bodies through interaction with symmetric demethylated arginine of Piwi proteins
(Wang et al., 2009, Kirino et al., 2010). Unlike in G. holbrooki, Tdrd6 is not detectable in murine adult
ovary, however, it is abundantly expressed in the testis (Kim et al., 2016), and involved in ncRNAs
downregulation, maintaining the architecture of chromatoid bodies, and proper localisation of germline
markers at the chromatoid body (Vasileva et al., 2009). In zebrafish, tdrd6a expression is exclusively
detected in ovary, and its function in teleosts has been shown to be associated with the Balbiani body
(Bb), an electron dense aggregate in oocytes, accumulating Gp components in ooplasm (Krishnakumar
et al., 2018). Indeed, Bb formation requires bucky ball (Buc) protein (Marlow and Mullins, 2008,
Bontems et al., 2009), with maternal Tdrd6 acting as a scaffold for Buc mobility, patterning its
aggregation inside the Bb and mediating proper segregation of Gp in nascent PGCs (Roovers et al.,
2018). An abundant accumulation of tdrd6 transcripts in adult ovary and unfertilised egg of G. holbrooki,
suggests a similar role in nuage formation and its maintenance in the ovum. Nevertheless, it is yet
unknown if Gp components are accumulated as nuage in poeciliids, as occurs in zebrafish (Koprunner
et al., 2001), or if they are loosely distributed throughout the ooplasm and early embryos, as in medaka
(Herpin et al., 2007).

4.4.2. Paternal inheritance of Gp components and their role in PGC

development

It is well documented that most Gp components are supplied maternally, with little inkling of their
paternal origin. As was observed in this study, four of the six maternal determinants—dazI, dnd, piwi
11, and vasa— of PGCs were detected in G. holbrooki spermatozoa and more interestingly their relative
abundance was significantly higher than those of ova. This provides the first evidence that the Gp
determinants (transcripts) are not only of maternal, but also of paternal origin and may not just be
limited to Gp determinants i.e., a similar paternal contribution could extend to a large number of other
signalling molecules that activate and support early developmental processes. It is also likely that their
need may be limited to an, as yet unknown, role in sperm viability, e.g., shelf life, or function
(Bissonnette et al., 2009, Godia et al., 2020).

As evident in G. holbrooki, both ova and spermatozoa carry Gp components, that likely play a part in
fertilisation and early development in zygotes, including in PGC specification (e.g., in animals with
preformation mode of germline determination). While the role of the Gp components in early cell fate
decisions and germ cell sequestration from soma is not well explained. For instance, in medaka,
maternal Dazl governs PGC formation (Li et al., 2016), while dnd, is involved in specification,
proliferation and asymmetric segregation of particles between PGC daughter cells (Hong et al., 2016).

In zebrafish, maternal vasa alone is sufficient for PGC sequestration, survival and localisation to the
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genital ridge (Hartung et al., 2014). Also, maternal nanosl is required for PGC migration and their
survival (Koprunner et al., 2001). Not only that, in organisms with preformation mode of germline
specification, the number of PGCs in zygotes is determined based on the segregation of sufficient Gp
into nominated cells. Indeed, PGCs receiving insufficient germline factors are eliminated through
apoptosis (Slaidina and Lehmann, 2017). This is supported by a strong correlation between the quantity
of Gp factors and the number of PGCs (Hong et al., 2016). Therefore, in the preformation model of
PGC specification, paternal contribution, as was found in G. holbrooki, may be even more important
for early germline determination and/or possibly sex differentiation (Ye et al., 2019), which has so far

remained overlooked.

In retrospect, the paternal inheritance of Gp components as well as other developmental signals may
not be surprising. The artificial androgenesis in some fish species, with fertile offspring, is feasible
(Komen and Thorgaard, 2007), which may already provide independent evidence for a critical role of
paternally inherited early developmental signals. A central step in artificial androgenesis is maternal
genome inactivation by gamma (Arai et al., 1979) or X-rays radiation (Palti et al., 1997) of unfertilised
eggs. Based on the destructive mechanisms of radiation on nucleic acids, single-stranded RNAs are as
vulnerable as other types of nucleic acid groups to radiation (Ginoza, 1967, Kantor and Hull, 1979,
Kladwang et al., 2012). Also, radiation alters the structure of proteins (Durchschlag et al., 1996).
Therefore, any method of radiation applied during artificial androgenesis procedures is likely to destroy,
or at best compromise, all maternal deposits in the ova (Bongers et al., 1995). Despite the destructive
nature of radiation, fertile viable androgenic offspring are produced (Babiak et al., 2002, Komen and
Thorgaard, 2007) suggesting that the prerequisite maternal Gp components can be compensated by
paternal deposits. Also, the level of infertility following artificial androgenesis rather varies based on
genetic background of experimental strains (Keller and Waller, 2002), the sexual genotype of
androgenic offspring (Bongers et al., 1999, Santhakumar and Pandian, 2003) and the sex determination
mechanism (Scheerer et al., 1986, Sarder et al., 1999) of the androgenic lines. Indeed, the reciprocal
fertility of gynogenetic lines (reviewed in Komen and Thorgaard, 2007) collectively suggests that most,

if not all, parentally inherited transcripts can compensate for the absence of the other.
4.5. Conclusion

Collectively, this study provides the first evidence for accumulation of select Gp markers in fish sperm,
that are conceivably passed to developing embryos and contribute to early germline formation and
possibly beyond, as is previously attributed to maternal signals. However, further experiments are
required to validate if the paternal deposits are passed on to developing embryos at fertilisation. If so,
either they are critical or play only a compensatory role in early development and during adulthood.
Comparative evaluation across a broad range of teleosts to determine if such accumulation of Gp

markers in sperm is unique to this species is necessary. Also, which specific function, if any, paternally
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supplied Gp markers play needs further evaluation, such as revaluation in existing mutants or generating
new ones, including knockdown and knockout models. In this regard G. holbrooki and poeciliids in
general may serve as valuable systems to understand the wider developmental and adult role of Gp
markers, including in mammals. Such insight may have practical relevance, such as for managing pest
populations of G. holbrooki, hatchery propagation of commercial and endangered fish species as well
as broader biomedical implications such as for reproduction and fertility.
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Chapter V

Gonadogenesis in G. holbrooki




Chapter 5 | Gonad ontogeny and sex differentiation in
live-bearing Gambusia holbrooki

Abstract

In sexually reproducing animals, gonadogenesis is triggered following successful germ cell colonisation
and gonadosoma emergence at the genital ridge. This is followed by sexual identity acquisition of gonad
through sex determination mechanisms, germ cell effects and/or environmental cues. The
gonadogenesis and sex differentiation patterns are diverse in teleosts, however, little is known in
poeciliids. To ascertain when and what cellular and molecular determinants trigger sex differentiation
in G. holbrooki, this study documented critical events during early gonadogenesis using gonad histology,
in situ hybridisation of germ cell markers and quantitative expression of the gonadosoma markers. The
histological observations showed that germ cells first colonised the genital ridge, prior to completing
somitogenesis, to form presumptive gonads. Thereafter, germ cells underwent mitotic proliferation in a
sex-dependent manner, before acquisition of sexual identity (i.e., right before parturition). As evidenced
by emerging meiotic primary oocytes stage | in the ovary and formation of spermatogonial stem cell
cysts in the testis, the sex differentiation of early gonads in G. holbrooki occurred just before parturition.
Gonad histology and germ cell labelling also showed that presumptive gonad in G. holbrooki underwent
major morphological transformation during its early development. Specifically, presumptive gonads
first developed as two distinctive lobes as in most teleosts, however, the lobes grew convergently and
fused around the parturition stage to form a single lobed testis or ovary, as they occur in adults. The
guantitative expression pattern of the gonadosoma markers, foxl2, cyp19a, amh and dmrtl, in pre- and
post-natal developmental stages was consistent with morphological changes in early gonad; they were
activated at the onset of gonad formation followed by sex-dimorphic expression pattern concurrent with
sex differentiation of gonads. To conclude, this study, for the first time, documented the underlaying
processes of gonad formation in G. holbrooki. The key gonadogenesis events in G. holbrooki including
PGC colonisation, sex differentiation and sex-biased expression of gonadosoma markers occurred
relatively earlier than those previously described for model egg laying fish species. This implies a
relatively earlier gonadogenesis program in G. holbrooki, which appears in sync with the complexity
of viviparity and observed morphological differentiation of gonads. Also, this possibly supports
poeciliids’ position as an early/robust evolutionary node of sex differentiation mechanisms, resembling

those of higher vertebrates.
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5.1. Introduction

With ductile reproductive strategies, teleosts are the most diverse group of vertebrates (Crother et al.,
2016) and provide rich resources for evolutionary inventions (Evans et al., 2014) and adaptations.
Significantly, this has occurred through the acquisition of regenerative gametogenesis (Schulz et al.,
2010, Lubzens et al., 2010, Nikolic et al., 2016), evolving intrinsic/extrinsic sex determination
mechanisms (Devlin and Nagahama, 2002, Presslauer et al., 2016) and exhibiting divergent plans of
sex differentiation (Baroillera et al., 1999, Baroiller et al., 2009a, Horiguchi et al., 2013).

Typically, gonadogenesis is marked by three successive steps; 1) primordial germ cell (PGC)
development (Raz, 2002), 2) gonadosoma formation (Kayo et al., 2019) and 3) gonad differentiation
(Lau et al., 2016). Despite a wide range of reproductive approaches, gonad ontogenesis in teleosts is an
expeditious process predominantly triggered by maternal input to PGC formation in early zygotes,
eventuating in germ cell homing at the gonad anlage (Koprunner et al., 2001, Kaufman and Marlow,
2016a). Subsequently, at the anlage, skirting somatic cells provide the requisite support for germ cell
growth, proliferation and differentiation, facilitating eventual gametogenesis (Saito et al., 2007,
Figueiredo et al., 2016).

In vertebrates, gonadogenesis typically commences at the post-segmentation/early pharyngula stage
where PGCs are attracted towards the gonad primordia (i.e., genital ridge/gonad anlage), guided by
chemotactic cues from the somatic cells of the destination (Reichman-Fried et al., 2004) supporting
subsequent development and differentiation of gonads. In mice, gonadogenesis itself occurs at the
ventral-medial mesonephros developing as a pair of thickened coelomic epithelial layers, resulting in a
sexually indiscernible reproductive tract (Ginsburg et al., 1990, Ungewitter and Yao, 2013). The robust
sex determination mechanism, in mice, then defines the sexual identity of germline and gonad primordia
to either ovary or testis (Koopman et al., 1991, Harley and Goodfellow, 1994), before birth. In medaka,
gonadosoma precursors are first identified as two groups of ftzfl and sox9b expressing cells at post-
somitogenesis (Nakamura et al., 2006). These two groups later converge with colonised PGCs at the
33/40 developmental stage and form the gonad primordia (Nishimura and Tanaka, 2014). Subsequently,
at about hatching time, the sox9b expressing cells skirt colonised PGCs and ftzf1 positive cells relocate
to the outer gonad. Consequently, sox9b is uniformly expressed in the supporting cells of bipotential
gonads, unlike exclusive Sox9 expression in murine Sertoli cells. Unlike mice, some fish species, in the
absence of a robust sex determination system (Devlin and Nagahama, 2002), rely on PGC development
machinery to acquire sexual phenotype of gonad by regulating PGC proliferation. Indeed, germ cells
have feminising effects in species such as zebrafish (Siegfried and Nusslein-Volhard, 2008) and medaka
(Nishimura et al., 2018, Kurokawa et al., 2007), as germ cell-deficient gonads develop as dysfunctional

testis. The malleable sex determination systems typically observed in teleosts also allow sex
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differentiation pathways to be influenced by environmental factors (Baroiller et al., 2009b) and/or social
cues (Godwin, 2009).

The sex determination machinery determines and maintains sexual identity of gonad through function
of a group of sex regulating genes highly conserved among vertebrates (Devlin and Nagahama, 2002,
Nagahama, 2005). The gene dmrtl, Doublesex and Mab-3 (DM)-related Transcription factor 1, belongs
to a family characterized for its a highly-conserved zinc-finger DNA-binding motif rich in cysteines
(Picard et al., 2015). The autosomal dmrtl was first found in mammals functioning as a testis-
differentiating gene. In teleosts, dmrtl has been shown to have a diversified expression pattern; from a
male-biased (Masuyama et al., 2012, Kwan and Patil, 2019) to female-specific expression (Zheng et al.,
2014).

The gene amh, Anti-Mullerian hormone, is the member of the Bmp group of the Tgfp superfamily of
growth factors. In mammals, Amh is expressed in Sertoli and granulosa cells. In males, Amh is
stimulated by Follicle stimulating hormone (Fsh) and repressed by androgens, while in females, it is
inhibited by estrogen (di Clemente and Belville, 2006, Grinspon and Rey, 2010). In ovary, Fsh induces
Amh expression in early stages of gonad development but downregulates it at later stages of
folliculogenesis (Monniaux et al., 2013). In teleosts, the amh ortholog was first found in Japanese eel,
Anguilla japonica, shown to be expressed in Sertoli cells and plays role in germline development and
function (Miura et al., 2002).

Forkhead transcription factors are in a range of biological events including metabolic processes, body
axis formation and differentiation of cell types. Forkhead Box L2, FoxI2, belongs to the same family
highly conserved among taxa (Baron et al., 2004). The FoxI2 has been shown to play role in murine
eyelid and preoptic mesenchyme development (Crisponi et al., 2001), ovarian differentiation (Uda et
al., 2004) and maintenance of its sexual identity (Ottolenghi et al., 2005). In teleosts, foxI2 is highly
active during sexual differentiation, via transcriptional regulation of cypl9ala (Wang et al., 20044,
Nakamoto et al., 2006).

Viviparous Pociliidae, with more than 300 described species has mostly been of interest for
evolutionary studies and commercial purposes (Houde and Zastrow, 2000, Magalhées and Jacobi, 2017,
Olivera-Tlahuel et al., 2018). Exceptional patterns of gonadogenesis, i.e. single lobular juvenile gonad
(Koya et al., 2003), different states of gonochorism, i.e. juvenile hermaphroditism (Koya et al., 2003),
peculiar reproductive strategies e.g., spermatozeugmata delivery (Liu et al., 2018b), prolonged ovarian
storage of sperm (Gasparini et al., 2018), superfetation (Campuzano-Caballero and Uribe, 2014) and
sex-dimorphic melanin patterning (Horth, 2004, Horth, 2003), imply diverse gonadogenesis and sex
differentiation strategies are involved in this taxa. Nevertheless, many aspects of gonadogenesis in
poeciliids is patchy with limited cellular and molecular evidence. Broadly, the gonadogenesis in G.

holbrooki can be categorised into three distinctive phases, namely embryonic development up to
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parturition, immature juvenile stage and adult phase. With an internal fertilisation and superfetation
strategy, G. holbrooki embryos develop in the single-lobular ovarian sac, nourished by a combination
of placental and yolk matrotrophy and parturate as free-swimming larvae (Pyke, 2005, Norazmi-
Lokman, 2016). The growth rate and maturity in G. holbrooki is correlated with temperature, salinity
and food availability (Meffe, 1992, Nguyen et al., 2021); however, in optimal conditions, they are
primed for puberty as early as six-week post-fertilisation (Pyke, 2005, Lloyd et al., 1986). More recently,
the genetic sex marker described for G. holbrooki (Kwan and Patil, 2019, Patil et al., 2020) has allowed
identification of sexual genotypes of the embryos well before the phenotypic sex is discernible.
Nevertheless, detailed processes of embryonic gonad formation and patterns of sex differentiation in G.

holbrooki are still elusive.

As a first step towards understanding the developmental events of gonadogenesis in G. holbrooki, this
study employed morphological and molecular surrogates to identify critical time points in gonad
ontogenesis. Specifically, critical questions including germ cell homing time point, early gonad
morphological transformation, establishment of sex-specific patterns and onset of meiosis were

investigated in genetically male and female individuals.

5.2. Methods

5.2.1. Fish collection and processing

Wild caught G. holbrooki (n = 21 adult females with gravid spot) were collected from the Tamar Island
Wetland Reserve (41°23.1'S; 147°4.4'E). The fish were transported to the Institute for Marine and
Antarctic Studies (IMAS), Taroona, University of Tasmania. The developing embryos and larvae were
obtained from newly caught gravid females and staged as defined in the literature (Chambolle et al.,
1970, Mousavi, 2021). The larvae and juveniles were maintained in a recirculating facility for small
fish, with optimal rearing conditions (see Table 2.1). They were fed with commercial pellets (TetraMin1
tropical granules, Germany) and freshly hatched Artemia nauplii (INVE Aquaculture, USA). Eight
developmental stages/time points were used to document spatio-temporal events of gonad development
and sex differentiation. They were gastrula, early segmentation, late segmentation, pharyngula,

parturition and 12, 30, and 75 days post-parturition (dpp).

All animal experiments were approved by the institutional (University of Tasmania) Animal Ethics
committee (AEC Permit A12787).

5.2.2. Embryonic staging and gonad histology

The embryos (n = 78) were harvested from wild-caught gravid females, surgically. Staging of the
developing embryos was as described for this species recently (Mousavi, 2021). Four key

developmental stages between late gastrula and parturition were selected to study the dynamics of germ
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cells and to evaluate sex-specific time-points for PGC colonisation and sex differentiation of early
gonads. The anatomical morphology of germ cells and gonad were studied by hematoxylin and eosin
(H&E) stained tissue sections according to standard protocols (Feldman and Wolfe, 2014). Briefly, the
samples were fixed in Bouin’s solution (Sigma-Aldrich) overnight and rinsed for several hours in 70%
ethanol. Tissue processing including dehydration, clearing and paraffin infiltration were conducted by
a tissue processor Tissue-Tek®vacuum infiltration processor (Miles Laboratories, PA, USA). The 3 um
sections of specimen were deparaffinised in xylene, dehydrated in progressive concentrations of ethanol,
stained by H&E and mounted using Pertex® (Histolab, Sweden). The sections were imaged under a
Leica DM750 (Wetzlar, Germany) light microscope and processed using Leica Application Suite
(version 3.8.0) software. The number of PGCs were counted in both sexes from corresponding
developmental stages for comparison. Germ cell counts were carried out using the cell counter plugin
in ImageJ1(Schneider et al., 2012) on serial transverse and sagittal sections (n = 6/each axis) for a given
sample and the numbers computed by multiplying the average cell numbers in the transverse and the

sagittal sections.
5.2.3. Genetic sexing of embryos

The genomic DNA of embryos were obtained from tail fin clips (pharyngula, parturating embryos and
larvae) or paraffin embedded specimens (gastrula and segmentation embryos) using the QlAamp DNA
FFPE Tissue Kit (QIAGEN, CA, USA).The genetic sex of embryos was determined by polymerase
chain reaction (PCR) using sex-specific genetic markers as described (Kwan and Patil, 2019, Patil et
al., 2020). Briefly, PCR reaction (15 pL) comprised of 1 x MyTaq™ HS Red mix (Meridian Life
Science, USA), 1.5 uM of each primer and 50 ng of genomic DNA template. Thermal cycling (T100™
Thermal Cycler, Bio-Rad Laboratories, Inc., Australia) consisted of 95 °C for 1 min, followed by 30
cycles of 95 °C for 55, 60 °C for 5 s and 72 °C for 20 s. Sex-dimorphic amplicons were visualised and

separated using gel electrophoresis.
5.2.4. Cloning and characterisation of key gonadosoma markers

The expression pattern of four genes involved in gonadosoma function, dmrtl, amh, cyp19ala and foxI2,
were studied at five distinctive time-points of development including late segmentation, pharyngula,
parturition, 30 and 75 dpp. The full-length cDNA of two genes with known gonad function, i.e., dmrtl
and foxlI2, along with housekeeping genes, i.e., pgkl, rps18, beta-actin, were cloned using RACE
technique as previously described (Chapter 2). Briefly, all publicly available genetic sequences for the
respective genes of live-bearing poeciliids namely Poecilia latipinna, P. mexicana, P. formosa, P.
reticulata and Xyphophorus maculatus were aligned using MUSCLE (Edgar, 2004) and two pairs of
degenerate primers designed to clone partial CDS using nested PCR to obtain species-specific partial

gene sequences. In parallel, total RNA isolated from gonads were used to generate GeneRacer™ cDNA
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libraries (Invitrogen life technologies, CA, USA). Subsequently, a pair each of primary and nested
primers for amplification of 5" and 3" regions were designed based on partial cDNA sequence and used
to amplify the cDNA ends whose identify was verified by sequencing and BLAST (Altschul et al.,
1990) homology.

5.2.5. RNA extraction, reverse transcription and quantitative PCR (qPCR)

Developing embryos and larvae were dissected from brooding mothers and individually fixed in
RNAlater™ (Thermo Fisher Scientific, VIC, Australia) overnight. For RNA extraction, the embryos
were individually homogenised with 19 and 27G needle-syringe aspirations and total RNA isolated
using Isolate Il RNA Micro Kit (Bioline, NSW, Australia). The gDNA contamination was eliminated
from RNA samples using Ambion™ DNase | (Thermo Fisher Scientific, MA, USA) and the DNase
treated samples were purified by a column-based method. RNA integrity was qualified by visualising
the integrity of 18S and 28S ribosomal RNA on 1% agarose gel stained with SYBER™ Safe (Thermo
Fisher Scientific, MA, USA). Total RNA concentration and genomic DNA contamination were
measured using Qubit™ 4 Fluorometer with RNA HS and DNA BR Assay Kits (Thermo Fisher
Scientific, MA, USA), respectively. About 1 pg of total RNA were used for reverse transcription using
Tetro™ cDNA Synthesis Kit (Bioline, NSW, Australia). The 20 ul reaction contained, 200 units of
reverse transcriptase, 0.5mM dNTP mix, 10 unit of RNase inhibitor, oligo (dT)is primer mix and 1X
reverse transcriptase buffer. The samples were incubated at 45°C for 60 min and the enzyme was
deactivated at 85°C for 5 min. For the sex-segregated assay, the cDNA concentration of individual

samples were normalised between sexes within the same developmental stage.

The gPCR assays were designed to amplify 85-130 bp amplicons (Table 1) and performed using CFX96
Touch™ system (Bio-Rad, NSW, USA). Amplicon identities were confirmed by melt curve analysis,

gel visualisation and sequencing.

Table 5.1. Primers sequences, amplicon size, and source of primers used for qPCR.

Gene Sequence 5’ — 3’ Amplicon size  Annealing References and accession
(bp) temp (C°)* numbers
beta-actin CGGCAGGACTTCACCTACAGACACCT 99 67.7 MZ542286
CTTGCACAAACCGGAGCCGTTGTCA 68.2
2 ogapdh AGCCAAGGCTGTTGGCAAGGTCATC 133 75.1 (Kwan and Patil, 2019)
i‘; GTCATCATACTTGGCTGGTTTCTCC 67.5
X
&  pgkl GATGATCATCGGTGGCGGCATGG 926 66.2 0L988673
>
L ATACCAGCGCCTTCCTCGTCGAACA 68.0
rpsis GGAGAGGCTGAAGAAGATCAGGGCTC 109 66.2 0L988674
ACCGACAGTGCGACCACGACG 67.4
dmrtl CACCCTTCGTCAGCCTGGAGGAGA 85 67.6 0L988671
§ ATGGTCGAGTCGTAGCTGGTAGGTGAA 66.8
3+
< amh CCCCTGCAGATGGAGAGCTGGGCGTCATTT 88 82.3 MH853785.1
(—25 AACGTCGTCCCTGAARTGCAAGCAGA 755
- cypl9ala GCTTGTGGAGGAGATGAGCACGGTT 97 67.0 (J. G. Patil, personal
[

communication)

110



CATCACTTTCAGTCTTTCATAACTGACG 63.1

foxI2 GCAAAGGGAGAGGCAGAGGAGGA 108 65.8 0L988672
CTCTACCGCCTCTCCCACTGAAACCA 67.5

5.2.6. gPCR data normalisation and statistical analysis

For biological normalisation of data from gPCR assay, first stability of rps18, gapdh, p-actin and pgkl
(Willems et al., 2006, Panina et al., 2018) was tested by geometric averaging (Vandesompele et al.,
2002) using geNorm algorithm (Vandesompele et al., 2002, Hellemans et al., 2007) in gbase* software,
version 3.0 (Biogazelle, Zwijnaarde, Belgium). As a result, gapdh was selected as the most stable (M
value 0.45) housekeeping gene that is highly expressed but not sexually differentiated. The relative
transcription of target genes was calculated using the comparative threshold cycle (Cq) method with
efficiency correction (Ruijter et al., 2009). Relative expression of genes of interest (ACq) was calculated
against the selected reference gene (gapdh). The fold changes were measured using the 2 (22€9 method
and presented in box plots. The real time PCR mix (10 ul) comprised of 1X iTaq Universal SYBR
Green Supermix (Bio-Rad, NSW, Australia), 5 (embryos) to 30 (tissue) ng cDNA template, 0.4 pM of
each primer, and adjusted to 20 pl using MilliQ water. Duplicate reactions were run for each cDNA
sample using the CFX96 Touch Real-Time PCR Detection System (Bio-Rad, NSW, Australia)
consisted of 95°C for 1 min, followed by 40 cycles of 95°C for 5 s, 66-70 °C for 10 s, and 72°C for 7-
12 s. For positive and negative control, 5 ng cDNA (from a tissue where the target gene is expressed)
and MilliQ water were used as template, respectively. Melting curve analysis, gel visualisation and
sequencing of gPCR products were subsequently performed to check unwanted products and gDNA

contamination. The MIQE of the gPCR assay was provided in Table A10.

All gPCR data were presented as mean +standard deviation (SD) and the outliers were removed from
dataset. Shapiro-Wilk and Levene’s tests were used to test data normality and homogeneity of variances,
respectively. A two-way analysis of variance (ANOVA) was used to identify significant differences
between experimental groups using two factors, sex and developmental stage. Tukey post hoc test was
applied wherever population means were significantly different between the sexes of each
developmental stages. The level (p < 0.05, p < 0.01, or p < 0.001) of significance between two means
was also determined. All statistical analyses were performed and plots generated using OriginPro,
Version 2020 (OriginLab Corp, MA, USA).

5.2.7. Whole-mount in situ hybridisation (WM-I1SH)

The ontogeny of germ cells and the formation of gonad were examined by detection of vasa transcript
using chromogenic in situ hybridisation on whole mount (WM-CISH) pharyngula and parturating
embryos. The sense and antisense digoxigenin-labelled vasa RNA probe (see Chapter 3) was generated

through in vitro transcription from an approximately 1.15 kb of coding region using T3/T7 RNA
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polymerase (New England Biolabs) and DIG RNA labelling mix (Roche, Mannheim, Germany). The
cDNA template and unincorporated reaction components were removed from the RNA probe using
Ambion™ DNase (Thermo Scientific, USA) and ethanol precipitation or column purification,
respectively. The ready probe was stored with 0.5 U/ul of RNasein® Plus Ribonuclease Inhibitor
(Promega, USA) at -20 °C until use. Pharyngula (n = 26) and parturating (n = 17) embryos were
dissected from gravid females, rinsed with cold PBS and fixed using 4% paraformaldehyde (Emgrid)
overnight at 4°C. The fixed embryos were rinsed in PBST (PBS containing 0.1% Tween 20) and
dehydrated with progressive concentrations of methanol replaced with PBST. Subsequently, the
specimens were permeabilised with 20 pg/ml proteinase K (Thermo Scientific™, EO0491) for 15-25
min at 37 °C and postfixed with 4% paraformaldehyde for 20 min at room temperature. The embryos
were prehybridized at 68°C for 3 hours in hybridization buffer (50% formamide, 5X SSC, 0.01% Tween
20, Torula Yeast tRNA, 50ug/ml heparin). The samples were incubated in hybridization buffer
containing 1 ng/pl antisense vasa probe at 68°C for 16 hours. Non-specifically bound and excessive
probes were removed through consecutive desalting stringency washes using PBST. For DIG labelling,
first, the non-specific regions for anti-DIG antibody were blocked using blocking solution comprising
5% blocking reagent (Roche, 11 096 176 001) dissolved in 1x maleic acid buffer containing 0.1%
Tween 20 (MABT) for several hours. The embryos were then incubated in 1:3000 dilution of Anti-
Digoxigenin-AP (alkaline phosphatase), Fab fragments (Roche, 11 093 274 910) in blocking solution
overnight at 4 °C. The antibody-labelled embryos were washed with PBST, 8 times for 30 min each
(with gentle agitation), washed in staining buffer (100 mM Tris HCI pH 9.5, 50 mM MgCI2, 100 mM
NaCl, 0.1% Tween 20) for 30 min and incubated in BM-purple (Roche), and chromogenic AP substrate
was added to develop dark purple hybridisation signals to desired contrast. The embryos were then
washed in PBST until all excess stain was removed. Finally, the embryos were postfixed with 4%
paraformaldehyde overnight at 4°C and washed and stored in PBS for imaging by light microscopy
Leica DM750 (Wetzlar, Germany) and imaging software Leica Application Suite, version 3.8.0.

5.3. Results

The critical events of gonadogenesis, from post PGC colonisation to puberty, were successfully

documented in G. holbrooki and the salient features are detailed below.
5.3.1. PGC colonisation occurs before complete somitogenesis.

Of the developmental stages assessed, the migrating PGCs were first identified at early to mid
somitogenesis (n = 4 embryos), concurrent with the first visible tailbud, 15 somites, optic bud formation
and segregation of the central nervous system into telencephalon, diencephalon, and mesencephalon.
At this stage, the migrating PGCs were localised below the pronephros cells and adjacent to the

developing intestine (Fig 5.1A and A’). The migrating PGCs were noticeably larger (n = 31, diameter:
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13.4+0.5 pm) than other surrounding cells and were characterised by barely stained cytoplasm and a
conspicuously distinguishable nucleus which occupied most of the cell volume. The first observation
of colonised PGCs (Fig 5.1B and B’) was captured in late somitogenesis (n=17 embryos) that coincided
with the onset of melanophore pigmentation, otolith enlargement, tail movement and detached eye cups
from yolk. At late somitogenesis, the gonad primordia formed a clutch of populating germ cells attached
to the epithelial coelomic wall via connective tissue that extended ventrally and posteriorly (Fig 5.1B
and B’). The newly colonised PGCs retained their morphological characters, however, they were stained
lighter (Fig 5.2A, B and C), compared to migrating PGCs (Fig. 5.1A and B). Nevertheless, the staining
capacity of homed germ cells was regained when they underwent mitosis, at the pharyngula stage (Fig.
5.2D). The morphology of PGCs, the timing of their colonisation and primitive gonad emergence (n

=11, F:M 7:4) did not show any sex-dimorphic pattern at late somitogenesis.
5.3.2. Mitotic proliferation of germ cells

At the onset of the pharyngula stage, subsequent to their colonisation, germ cells underwent mitotic
proliferation, however, their abundance was not different between females and males. In genetic males
(n = 9), at early pharyngula, where melanophores on the dorsal fin, pulsating mouth and blood
circulation throughout internal organs were observed, the spermatogonial germ cells retained their stem
cell features and showed a quiescent mitotic activity (Fig. 5.2A and F). Also, somatic cells were
infrequently observed throughout the presumptive gonad in genetic males. At the same developmental
stage, germ cell proliferation was swiftly initiated in genetic female embryos (n = 7), through type |
mitosis, as was characterised by inactive and stochastic proliferation of gonial cells that resulted in
individual stem-like daughter cells (Fig 5.2B). However, at early pharyngula, the number of homed
germ cells in females (mean= 200+18, n = 7) at the genital ridge was not significantly different (Fig.
5.2F) compared to males (mean = 11815, n = 9); this also applied at somitogenesis. The earliest
significant difference in germ cell numbers between genetic males (mean = 35537, n = 7) and females
(mean= 1148+56, n = 6) was first observed at mid-pharyngula, concurrent with jaw enlargement,
emergence of caudal fin ray elements and teeth on the mandible. Here, undifferentiated (presumed
spermatogonial) stem cells underwent type I mitotic proliferation (Fig 5.2C) and resulted in a significant
increment in germ cell numbers (i.e., in testis) in comparison with early pharyngula (Fig 5.2F, p<0.05).
At this stage (mid pharyngula), in genetic females (n =5), apart from type I, type Il (cyst-forming)
mitotic oogonia was also identified. The Type Il mitosis was evident by synchronously developing
cradles containing two daughter cells with interconnected cytoplasm (Fig 5.2D). At this stage, the
somatic cells also populated the putative ovary (5.2B and C), and in testis, they appeared to skirt germ
cell cysts (Fig. 5.2A and D).
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bladder

20 um

Figure 5.1. PGC localisation, migration and colonisation in G. holbrooki. The cross section of embryos
at late gastrula (A and A’) show migrating PGCs (black arrowhead), adjacent to kidney cells
(pronephros) and early intestine. Sagittal sections (B and B’) show subsequent migration of PGCs to
abdominal cavity and colonisation of the genital ridge, at late segmentation. The colonised PGCs were
attached to the coelomic wall by connective tissue (B’, red arrowhead) located ventral to the swim
bladder (B). A migrating PGC (B’, black arrowhead) in the abdominal cavity is in the process of joining
the homed germ cell precursors. The compass indicates the orientation of body axis where applicable
(A, anterior; P, posterior; D, dorsal and; V, ventral).
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Figure 5.2. Panels showing the sex-dimorphic pattern of germ cell proliferation in G. holbrooki. At
early pharyngula (A), testicular germ cells remain in their precursor form (black arrowhead)
maintaining the large size and low staining capacity. At mid-pharyngula (C), genetic males showed
stochastic mitotic proliferation type I and slight tissue enlargement. In early pharyngula females (B),
proliferating germ cells were characterised by highly stained nuclei indicating the stem-like mitosis
transition of presumptive ovary. The individual formation of oogonial cells in ovary (B, black
arrowhead) are indicative of type | mitosis and were skirted by somatic cells. At mid-pharyngula, in
genetic female embryos (D), cradles of oogonia with two daughter cells interconnected through
cytoplasm and surrounded by a layer of somatic cells were indicative of type Il mitotic proliferation.
By pharyngula, somatic cells (A and B red arrowhead) were observed at the putative gonads of both
sexes. The number of colonised PGCs at late segmentation (E, ANOVA, Fy, 12 = 0.131, p >05) were
comparable between the sexes but differentiated at pharyngula stage (F, ANOVA, Fs 35 = 274.3, p
<001). The asterisks indicate the level of significance between groups (**p<0.01, *** p<0.001). Scale
bars are 20 um. Gc I, germ cell type I; Gc 11, germ cell type II; Pro Ge, proliferating germ cells; Gs,
gonadal stroma; CT, connective tissue, NS, not significant.
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5.3.3. Differentiation of gonads

Meiosis was first obvious by the presence of stage | primary oocytes that were arrested at prophase |
(Fig. 5.3A and A’), just before parturition, in genetic female embryos (n=11). This coincided with the
embryonic stage where the developing caudal fin reached forebrain, anus and urogenital pores being
formed, with concurrent appearance of five teeth in the premaxilla. At this developmental stage, some
embryos (n = 8) also had a few stage Il primary oocytes that were spread sporadically throughout the
ovary and were surrounded by a single layer of follicle cells. Mitotic oogonia were also found in the
meiotic ovary, mostly located in the periphery of the tissue (Fig. 5.3A"). In genetic male embryos (n =
9), at the same developmental stage, the gonad development appeared accelerated through stem cell
(presumed spermatogonia) proliferation that formed clusters of gonial cells with a homogenous
morphology (Fig. 5.3B and B’). The emerging Sertoli cells were first observed in the testis of pre-
parturating genetic males as triangle-shaped cells (Fig 5.3B’) and nested between putative
spermatogonial cells.

Figure 5.3. Histo-micrographs showing the earliest signs of sex differentiation in G. holbrooki. Ovarian
differentiation (A and A’) was observed right before parturition, characterised by emerging primary
oocytes stage I. Some genetic female embryos also had primary oocytes stage Il at the same ovarian
developmental stage. Before parturition, although ovary is dominated by meiotic germ cells, mitotic
oogonia were also occasionally observed at the periphery (A’). The somatic follicle cells of the ovary
formed as a single layer surrounding primary oocytes. Testicular differentiation (B and B') was less
obvious but was characterised by nests of mitotic GSCs throughout the gonad in genetic males, with the
first occurrence of Sertoli cells nested between spermatogonial cells (B"). Abbreviations: mitotic
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oogonia, Oo; primary oocyte stage I, Po I; primary oocyte stage 11, Po Il; gonadal stroma, GS: blue
dotted area; Sertoli cells, Sc; spermatogonia, Sg; follicle cells, Fs. Scale bars =25 pm.

5.3.4. Gross, morphological transformation of gonad structure in G.
holbrooki

Embryonic gonadogenesis in G. holbrooki underwent a significant morphological transformation
through laterally converging axial lobes, ensuing in a single lobed organ at post-parturition. As can be
seen from vasa-positive cells, germ cells began to coalesce at two distinct ridges, after colonisation at
the late somitogenesis stages (Fig. 5.4A). Later, in the pharyngula stage, the two primary lobes grew
convergently and were enlarged by populating germ cells, however, the gap between the primary lobes
was visible until the late pharyngula stages (Fig 5.4B). At late parturition, the primary lobes were
observed in closest vicinity (Fig 5.4C) which eventually merged into a single-lobed gonad in juvenile
fish (Fig 5.4D) in both sexes. The pattern of gonad transformation, including the orientation and fusion
of primary lobes, remained unchanged among different individuals and between genders (n =17, F:M
7:6). At the mid-pharyngula stage (n=5 embryos, F:M 4:1), some presumptive gonads transiently
displayed a novel morphology (Fig 5.5), in which PGCs were colonised in multiple domains and
transiently formed islands of germ cells. They appeared connected to the coelomic wall and spleen
through connective tissue. Those germ cell islands later fused through gonadal stroma expansion and
germ cell proliferation in parturating embryos (Fig. 5.3A) presumably developing into an integrated

gonad lobe each on either side of the body axis.
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Figure 5.4. The vasa labelled micrographs (A, B and C) representing axial transformation and fusion
of presumptive gonad lobes during late embryogenesis. The H&E stained micrograph (D) shows
mono-lobular gonad in juvenile phase. As revealed by vasa marker (arrowheads) the germ cells first
colonised two distinct ridges on either side of the body axis, during late somitogenesis (A),
subsequently growing larger and closer at mid-Pharyngula (B) and right before parturition (C). The
arrow indicating single-lobed ovary in coronal section of juvenile female at 12 days post parturition

(D).

Figure 5.5. Histo-micrographs displaying the formation of germ cell islands in the sagittal axis of
developing embryos (A and A’), at the mid-pharyngula stage. The two lobes were interconnected
through gonadal stroma (GS; blue dotted area) and attached to the coelomic wall from gonadal
stroma via connective tissue (Ct).

5.3.5. Quantitative expression pattern of gonadosoma markers

At late somitogenesis, concurrent with PGC homing, foxI2 expression was not detected (ANOVA, Fg 35
= 17.60, p <001, Fig. 5.6A), while those of cypl9ala (ANOVA, Fg43 = 17.06, p <001, Fig 5.6B), amh
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(ANOVA, Fg35 = 12.91, p <001, Fig. 5.6.C) and dmrtl (ANOVA, Fg37 = 9.87, p <001, Fig. 5.6D) were
detectable. However, the patterns were comparable between genetic males and females (Fig. 5.6E). At
the pharyngula stage, concurrent with the mitotic proliferation of germ cells, the expression patterns of
dmrtl, amh and cyp19ala were not sex-dimorphic, while the foxI2 expression, was detected for the first
time in pharyngula males and females and its ovarian expression was significantly higher
(AACQq=4.8+0.81 log,, p<0.01, Fig. 5.6A).

Just before parturition, coinciding with sex differentiation in genetic females (i.e., the onset of meiosis
in primary oocytes), cypl9ala maintained its abundant and significantly higher expression in the ovary
(AACQ=5.6£0.52 log., p<0.001, Fig. 5.6A) compared to the testis. In the same developmental stage,
dmrtl expression in genetic females underwent a significant suppression (AACgq=3.7+0.55 log,, p<0.05,
Fig. 5.6D); more than 12-fold lower compared to genetic males. Nevertheless, amh did not show a

noticeable sex-dimorphic expression pattern right before parturition (Fig. 5.6C).

Similar to prenatal stages (Fig. 5.6E), the relative expression of foxI2 in juveniles (AACq=5.1+0.52 log,
p<0.001, Fig. 5.6B) and adult ovary (AACq=4.5+0.75 log,, p<0.001, Fig. 5.6B) was much higher than
those of post-natal testes. The expression of cypl9ala was significantly higher in the post-natal ovary;
displaying an increasing trend between the juvenile (AACq=3.2+0.44 log,, p<0.05, Fig. 5.6A) and adult
phases (AACg=4.2+0.76 log, p<0.01, Fig. 5.6A). However, the relative expression of cypl9ala in the
post-natal ovary was not as abundant as its pattern at the parturition stage. Relative expression of amh
at the post-natal phase was significantly male-biased, however, its expression is more skewed in the
juvenile phase showing the highest sex-dimorphic difference (AACg=5.2+0.62 log,, p<0.05, Fig. 5.6C)
within the studied window. Similarly, dmrtl expression maintained the male-biased pattern at the post-
natal phase, through its noticeable downregulation in juvenile (AACq=6.0+0.57 logy, p<0.01, Fig. 5.6D)
and adult ovary (AACq=6.1+0.62 log,, p<0.01, Fig. 5.6D).
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5.4. Discussion

This study documented critical time-points of gonad ontogenesis, its morphological transformation and
sex differentiation for the first time in any live-bearing teleost. In parallel, the expression pattern of key
gonadosoma markers provided validation for reproductive developmental events. The relevance of the
outcomes to basic biology and options to manipulate sex ratios to manage invasive populations of this

species are discussed below.

5.4.1. PGC proliferation in G. holbrooki is independent of sex determination
mechanism

The slow somito- and pharyngula genesis in G. holbrooki, provided a developmental framework (i.e.,
between PGC colonisation and gonadosoma apparition right before gonial mitosis) to more accurately
quantify the newly homed PGCs which had retained their morphology and staining capacity but without

undergoing mitotic activity. The occurrence of comparable numbers of PGCs in both sexes of G.

holbrooki at late segmentation was inconsistent with female-biased PGC numbers observed in medaka
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(Hamaguchi, 1982), zebrafish (Ye et al., 2019) and western mosquitofish, Gambusia affinis, (Koya et
al., 2003). Correspondingly, the germ cell ablated gonads in zebrafish (Tzung et al., 2015) and medaka
(Saito et al., 2007, Nishimura et al., 2018) differentiate to infertile males owing to reduced germ cell
numbers. This is also further supported by single PGC transplantation experiments where sterile
zebrafish recouped their reproductive competence, however, all the chimeras differentiated to
functional males (Saito et al., 2008). The pattern of PGC proliferation in G. holbrooki may be similar
to goldfish, Carassius auratus, where germ cells and their number do not underpin sex differentiation,

as germ cell-null gonads developed either seminiferous tubules or an ovarian cavity (Goto et al., 2012).

The diverse sex determination routes in teleosts may cause sex-biased PGC proliferation. This suggests
that the PGC proliferation events are underpinned by stable sex determination mechanisms, e.g.,
medaka (Nishimura et al., 2018). Alternatively, in the absence of a robust sex determination strategy
(e.g., zebrafish), the germ cells with feminising/masculinizing effects dictate their sexual preference to
the gonadosoma environment via the number the homed cells. This may explain the mechanism leading
to agametic male differentiation in germ cell-null zebrafish (Houwing et al., 2007). However, this
pattern (i.e., sex-dimorphic number of PGCs) was not observed in G. holbrooki suggesting germ cells
may not dictate a sexual identity to gonad primordia by their pattern of proliferation. Nevertheless,
screening early differentiation of gonad lacking germ cells could confirm the role of germ cells in sex

differentiation of G. holbrooki.

5.4.2. Morphology and clustering of germ cells is sex-dimorphic in

undifferentiated gonad

In this study two types of proliferation were observed among undifferentiated germ cells in foetal
gonads of G. holbrooki. First, type | mitosis germ cells were characterised in both presumptive testis
and ovary, resembling quiescent stem cell-like division in medaka (Nishimura and Tanaka, 2014). Later,
at mid-pharyngula, presumptive ovary (i.e., genetic females) underwent type Il mitosis, known as
gametogenesis-committed division (Saito et al., 2007) and attributed to enter to meiosis stage as the
earliest morphological sign of ovary differentiation in medaka. In contrast, germ cells in presumptive
testis (i.e., in genetic males), retained self-renewal division (i.e., individual germ cells in testis unlike
cradles containing interconnected daughter cells in ovary) through slow mitosis, resembling gonial stem
cell expansion in teleostean early gonad (Strissmann and Nakamura, 2002, Kobayashi et al., 2004,
Nagahama, 2005, Pan et al., 2017). Collectively, the pattern of germ cell proliferation, their arrangement
and timing in G. holbrooki was shown to be comparable with those of medaka (Saito et al., 2007,

Nishimura et al., 2015), although the pattern of colonised PGCs were not numerically sex-dimorphic.

The first sex-dimorphic feature of gonad in G. holbrooki was postponed to the mid-pharyngula stage

evident from a higher germ cell number in genetic females. Indeed, accelerated mitosis in the
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presumptive ovary served as an early indicator of sex differentiation and the putative sex in G. holbrooki.
This feature occurred before the germ cells exhibited any morphological differentiation. This is
comparable with germ cell proliferation in the early gonads of medaka (Morinaga et al., 2004,
Nishimura et al., 2015) and three-spined stickleback (Lewis et al., 2008). In zebrafish, germ cell
population and size of the presumptive gonad is underpinned by the number of colonised PGCs (Ye et
al., 2019), whereas in G. holbrooki, presumptive gonads with undifferentiated germ cells are

comparable in both sexes, until mid-pharyngula.
5.4.3. Ovarian meiosis in G. holbrooki occurs earlier than most teleosts

A clearer indication of sex differentiation in G. holbrooki was observed right before parturition, marked
by meiotic oocytes in genetic females versus stem cell-like gonial clusters in males. In teleosts, the
onset of gonad differentiation is likely to vary among orders ranging from immediately after
hatching/parturition in some to an extension into the juvenile phase in others. In egg layers such as the
Japanese medaka, female germ cells undergo meiosis prophase right after hatching where the embryos
dissolve the inner layers of the chorion and move the body (Satoh and Egami, 1972). In Oncorhynchus
mykiss, sex differentiation is observed 16-29 dph right after complete yolk sac absorption and the
beginning of oral feeding (van den Hurk and Slof, 1981). In contrast, in Cyprinus carpio this is
postponed to the juvenile stage (Komen et al., 1992). In the live-bearing related species, G. affinis,
ovarian differentiation is reported to occur 2 days before parturition (Koya et al., 2003), however, in
Zoarces viviparus (Rasmussen et al., 2006) and Poecilia reticulata (Takahashi, 1975) sex
differentiation is delayed until the onset of the juvenile phase, 12-18 days after hatching/parturition.
Similar to G affinis, gonad differentiation in G. holbrooki occurred before parturition, which is one of
the earliest among the studied teleosts. This may assist the reproductive system with a swift transition
to gametogenesis, with accelerated and early offspring production.

5.4.4. G. holbrooki is a primary gonochorist

As demonstrated, sex differentiation in G. holbrooki occurs with a primary gonochoristic mechanism
where genetic females develop primary oocytes while males, in comparative developmental stages,
show clusters of spermatogonial stem cells in the testis. Contrastingly, the closely related species
including G. affinis (Koya et al., 2003) and P. reticulata (Goodrich et al., 1934, Dildine, 1936) are
known to exhibit secondary gonochorism, i.e., all offspring initially differentiate as females before
acquisition of their sexual fate. This implies a plasticity in sex differentiation mechanisms among
poeciliids. For instance, in G. affinis, all prenatal embryos develop an ovary-like gonad with meiotic
oocytes right before parturition indicating a juvenile hermaphroditism (Koya et al., 2003). However,
the proportion of oocytes to gonial stem cells are not congruent assuming the presumptive gonad with

higher number of oocytes differentiate to ovary and the ones with a higher number of gonial stem cells
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differentiate to testis (Koya et al., 2003). This suggests evolutionarily related species (e.g., G. holbrooki
and G. affinis) may recruit diverse sex determination mechanisms (Charlesworth, 2018, Kottler et al.,

2020) that are also later mirrored in different patterns of their gonad differentiation.

5.4.5. Temporal expression of gonadosoma markers could assist in tuning

sex reversal practices

The strong expression of foxI2 at the onset of ovarian differentiation along with its severe repression in
testis of G. holbrooki suggests its role as an ovarian differentiating factor, as is also known to occur in
other taxa (Bertho et al., 2016). In teleosts, within taxa differences of foxI2 expression patterns are likely
synchronised with ovarian differentiation. Similar to G. holbrooki, foxl2 in newly free-swimming
rainbow trout is highly expressed in undifferentiated gonad of genetic females but at very low levels in
males (Baron et al., 2004). In medaka, its expression was first detected right after hatching only in XX,
but not in XY gonads (Nakamoto et al., 2006). Contrastingly, in mice, FoxI2 expression is first detected
in newly differentiated ovary and its inactivation during foetal development does not affect gonad
differentiation. However, it is later necessary for gonadosoma differentiation and ovary maintenance
(Schmidt et al., 2004). This suggests FoxI2 expression is a cause, but not an effect, of early gonad
differentiation in models with a robust sex determination mechanism. Whereas, in teleosts with
malleable sex determination systems, e.g., Nile tilapia (Nivelle et al., 2019), foxI2 mutation causes
female-to-male sex reversal (Zhang et al., 2017). Therefore, a loss-of-function study of foxI2 in
poeciliids with reproductive relatedness to mammals and teleosts may reveal new/evolutionary aspects

of its regulatory functions in sex differentiation and gonad maintenance.

The positively correlated foxI2 and cyp19ala expression in G. holbrooki supports their role in ovarian
differentiation as also is known to occur in other fish species. For instance, in medaka, foxI2 is co-
expressed with cypl9ala surrounding germ cells, at ten days post-hatching, with the former expressed
stronger and more widely throughout the juvenile ovary (Nakamoto et al., 2006). Inferred from its role
in early gonad of Oreochromis niloticus, foxl2 is known to function upstream of ovarian aromatase by
enhancing Ad4BP/SF activity, a transcription factor which regulates cytochrome P450 genes
(Morohashi and Omura, 1996, Wang et al., 2007).

A negative correlation between the expression of foxl2 and dmrtl in G. holbrooki gonads, suggests
sexual phenotype of gonads is continuously maintained via tuning gonadosoma markers as observed
among taxa (Georges et al., 2014, Huang et al., 2017). Correspondingly, repressing FoxI2 in adult mice
results in expression of Sertoli cell markers, specifically Dmrtl, in granulosa cells, eventuating in the

appearance of structures resembling seminiferous tubules in ovary (Uhlenhaut et al., 2009).

Both patterns of non- and maternal inheritance of cypl9ala have been characterised for its ontogenic
expression among teleosts. The former pattern was observed in medaka (Patil and Gunasekera, 2008)
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and Murray rainbowfish, Melanotaenia fluviatilis (Shanthanagouda et al., 2012), while, in G. holbrooki
(data not shown), common carp (Barney et al., 2008) and zebrafish (Trant et al., 2001, Sawyer et al.,
2006) the maternally inherited and zygotic transcripts of cypl9ala are detectible in ova and primary
stages of embryonic development. Moreover, the sex-dimorphic expression surge of cypl9ala in G.
holbrooki parturating embryos coincided with the onset of meiosis in the early ovary and its sexual
phenotype acquisition. This is compatible with the dominant imprint of cyp19ala, on sex differentiation
pathways in medaka (Patil and Gunasekera, 2008) and zebrafish (Lau et al., 2016). Integral to estrogen
biogenesis, in hermaphrodite models, the change in regulation of cypl9ala, in the process of sex
reversal (Wong et al., 2006) implies the key regulatory role of ovarian differentiation in vertebrates
(Lauetal., 2016). Therefore, in practice, with the production of an all-female population of G. holbrooki,
the oestrogenic compounds may need to be delivered to developing embryos in this critical window,
i.e., administered indirectly via gravid females, to achieve a stable and efficient result. On the other
hand, the strong (male-biased) expression of gonadosoma markers, dmrtl and amh, was detected in
juvenile males, concurrent with the onset of meiosis in the testis (see Chapter 4). This suggests the G.
holbrooki testis may retain its sexual plasticity post-parturition (Patil et al., 2020) and effective
masculinisation can be postponed to the post-natal stage, as is effective for P. sphenops (Baron et al.,
2002).

The expression of dmrtl in pre- and post-natal genetic females of G. holbrooki coincided with the onset
of meiosis, in agreement with those of female zebrafish, where dmrt1 expression was found in different
stages of oogenesis including primary and vitellogenic oocytes (Guo et al., 2005). The dmrtl may not
be a sex determining gene, however, its sex-dimorphic expression pattern serves as an indicator for
early detection of sex in G. holbrooki. Similarly, in zebrafish, the expression level of dmrtl in bi-
potential gonads is an early marker for identification of sexual phenotype (Webster et al., 2017). In
contrast, the autosomal dmrtl expression in medaka, with a stable sex mechanism system, begins 20
days post-fertilisation (Nanda et al., 2002) and its ovarian expression is restricted to mitotic oogonia
(Winkler et al., 2004). Regardless, ablation of dmrtl may cause sex reversal in genetic males to
functional females in G. holbrooki. Such sex reversal following the lack of dmrtl in a medaka mutant

line resulted in a developing functional ovary in XY individuals (Masuyama et al., 2012).

Two patterns for spatial expression of dmrtl have been characterised in teleosts. In zebrafish (Webster
etal., 2017) and X. maculatus (Veith et al., 2006), 1) dmrt1 signals were detected in both germline and
Sertoli cells, 2) while in medaka it is restricted to gonadosoma (Masuyama et al., 2012). The former
pattern which shows the potency of germline to express dmrtl may support the accumulation of its
transcripts in ova with subsequent expression during early embryonic development (i.e., expressed in

PGCs), as occurs in G. holbrooki.
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5.4.6. Development of single-lobed gonad in G. holbrooki is not a sex-biased

decision

As observed in G. holbrooki, poeciliids initially develop gonads as a bi-lobular organ, however, the
lobes are fused later at the post-natal stage and form an integrated organ (Greven, 2011). This
morphological transformation may have evolved to support viviparity in some poeciliids, integrating
two organs into one; the ovary to produce gametes and the uterus as a placental supported nursery.
Nevertheless, the morphological details of gonad formation are not conserved among poeciliids. For
example, the lobes of post-natal gonads are totally fused in Poecilia reticulata (Campuzano-Caballero
and Uribe, 2014) and Tomeurus gracilis (Parenti et al., 2010) testis, as observed in G. holbrooki. In
Poecilia mexicana the testis develops as paired lobes in adults, however, the lobes are in the closest
vicinity with incomplete fusion (Torres-Martinez et al., 2019). Although gonad lobe fusion may be an
evolutionary adaptation for formation of uterus and in vivo gestation in females, its occurrence in
poeciliid males is intriguing. This, however, may suggest early gonadogenesis machinery prior to sex
differentiation is shared between the sexes. This pattern of early gonadogenesis permits potential sex

differentiation plasticity and their function.
5.5. Conclusion

In conclusion, the study shows that sex differentiation in G. holbrooki follows that of a primary
gonochorist, where ovary and testis initially differentiate into distinct organs. This was supported by
both the cellular events as well as the expression pattern of key molecular surrogates. The relatively
early occurrence of critical gonadogenesis events such as PGC colonisation (i.e., at the late
segmentation stage), sex-dimorphic pattern of gonadosoma markers and early acquisition of sexual
phenotype and ovarian maturation in G. holbrooki reflect its rapid reproductive capability and underpin
its invasive capacity (McLeod, 2004). Unlike other teleosts, which maintain their fertility throughout
adult life, the poeciliids undergo reproductive senescence (Reznick et al., 2006, Croft et al., 2015)
similar to menopause in mammals. Therefore, the early sex differentiation (prior to parturition) may
serve to mitigate mid-life fertility loss in G. holbrooki, as may also occur in other poeciliids.
Understanding these may provide a lead to identify genetic susceptibilities that may be exploited to
engineer disruptive technologies to suppress their reproduction and hence invasive capability. For
example, knock-down of dmrtl in medaka (Masuyama et al., 2012) and cyp19ala in Nile tilapia (Zhang
et al., 2017) have been successfully used to manipulate the sex ratio. More broadly, the outcomes of
this study are of relevance to enhancing our comparative knowledge of vertebrate reproductive
development. The future studies can focus on other gonadosoma markers including ftzf1 and sox9b to

reveal their role on gonadosoma formation and reproductive performance of teleost.
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Chapter 6 | Conclusion and future directions

This study first reviewed modes of PGC development and their evolutionary relatedness among taxa,
as well as the key markers involved in germline determination and maintenance of teleosts (Chapter 1).
It subsequently cloned and characterised the select teleostean PGC markers in G. holbrooki (Chapter 2)
and evaluated the pattern of their emergence and migration en route the genital ridge (Chapter 3).
Moreover, the accumulation of Gp markers and their biogenesis in foetal and post-natal gonads of G.
holbrooki were studied (Chapter 4). Finally, the pattern of gonad formation and expression of
gonadosoma markers leading up to sex differentiation of early gonads (Chapter 5) were investigated.
This study also reported the presence of Gp factors in mature spermatozoa (Chapter 4), first in teleosts.
The relevance of these findings to basic biology, management of pest populations as well as utility of

the species for biomedical research are discussed.

6.1. The germline determination modes may need redefining.

The common approach to define and discriminate the different mechanisms of metazoan germ cell
development is based on different PGC specification (sequestration) strategies; early maternal
messaging in preformation versus fully zygotic programming generally known as epigenesis mode.
This study, for the first time, revealed Gp markers are detectable in mature spermatozoa presumed to
be delivered to ova during fertilisation and probably involved in early PGC formation. Therefore, a
better definition based on the origin of germ cell determination signals, could be “parental” and
“zygotic” PGC specification modes. However, this may require comparative studies and validation in
other vertebrate taxa. Although there appears to be existing evidence for packaging of germline markers
in human spermatozoa (Lin et al., 2002), other (non-germ cell) paternal transcripts have shown their
impact on early development (Gross et al., 2019) and offspring health (Sharma, 2019) in higher
vertebrates. Therefore, in the light of the classification that involves paternal factors in germline
determination, research groups may find the “paternal contribution in PGC specification” topic

interesting and worth noting.

Unlike the common notion that preformation mode is independent of epigenetic regulation, the
transcription of maternal factors in ooplasm (Jiang et al., 2013) and the zygotic expression of zebrafish
PGC markers including vasa, dazl1 and piwi (Gustafson and Wessel, 2010, Lindeman et al., 2010, Potok
et al., 2013) are regulated as a result of epigenetic control. Therefore, the current classification of PGC
specification which discriminates modes based on epigenetic control may be misleading. It was also
shown, in G. holbrooki, (whose ova accumulates high amounts of Gp factors), that an expression surge

in PGC markers at the gastrula stage may have epigenetic origin. Together, G. holbrooki may display
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more aspects of transition from preformation to induction mode for PGC specification, as it showed
many evolving developmental traits that are aligned with higher vertebrates. An alternative
classification that considers the totipotency status of nascent PGCs may distinguish animals into three
groups; i.e., those with PGCs that 1) lack totipotency (e.g., Danio, C. elegans and Drosophila), 2)
possess early embryonic totipotency (e.g., mice and Urodeles) and 3) retain totipotency for life, i.e.,
cells capable of being specified to any cells including PGC throughout the lifespan even at adulthood
(Whittle and Extavour, 2017), such as in tunicates (Rosner et al., 2009) and echinoderms (Rosner et al.,
2009). Indeed, the timing of MZT determines which key mechanism (i.e., zygotic/epigenetic resulting
from early MZT or maternal acquired with delayed MZT) dictates early germline specification.
Therefore, the indicative early timing of MZT, i.e., earlier than the mid-blastula stage in G. holbrooki
than those of zebrafish, may suggest the parental PGC signals are attenuated, so the cells may acquire
temporary totipotency (i.e., as observed in mice) in early embryonic development, right after MZT. This
suggests an intermediatory/transitioning of PGC specification mode in G. holbrooki which may occur

in other poeciliid species, as is consistent with their evolutionary node.

6.2. Relevance to manipulate reproduction and genetic control of
G. holbrooki pest populations.

Invasive species cause severe losses in economic productivity and local biodiversity (McLeod, 2004,
Marbuah et al., 2014). The concept of introducing a natural competitor or predator as a bio-control agent
against pest species has been shown to work (DeBach and Rosen, 1991, Lloyd et al., 1986) but can be
disastrous, since the ecology and life cycle of the introduced species may not be fully considered before
its introduction, nor its interaction with the target species. In the case of G. holbrooki, the intentional
introduction to Australia of this alien species for control of mosquito larvae had adverse effects
(Macdonald and Tonkin, 2008, Macdonald et al., 2012) such as competing with native fishes and
amphibians, and predating the eggs and larvae (Milton and Arthington, 1983, Courtenay Jr and Meffe,
1989). This has led to naturalisation of mosquitofish and in turn extinction of endemic populations
(Macdonald et al., 2012). Various biological, mechanical and chemical approaches established to
control aquatic invasive species have not been useful to control Gambusia or showed little success
(Davies, 2012). However, genetic solutions to control the fertility and/or sex ratio of commercial
(Piferrer, 2001, Komen and Thorgaard, 2007, Piferrer et al., 2009) and invasive species (Schliekelman
etal., 2005, Thresher etal., 2013, Wang et al., 2014, Thresher et al., 2004) including G. holbrooki (Patil,
2012) have been suggested. While the genetic approaches such as the Trojan chromosome (Trojan C)
which includes Trojan Y (Wang et al., 2014) and W (Patil et al., 2020), are more readily adoptable, they
lack the necessary introgression rates to effect control at the required efficiency, particularly at
continental scales, as applies to Australia. By virtue of recent advances in recombinant techniques,
manipulation of the reproductive system could be carried out with greater precision and be engineered

to introgress more rapidly into populations (Germini et al., 2018, Ling et al., 2020) as also has been
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suggested for G. holbrooki (Patil, 2012). Indeed, germ cell ablation (Su et al., 2014, Wong and Zohar,
2015), conditional suppression of sexual maturity regulated by exogenous chemicals (Su et al., 2015),
gonadosoma markers (Lau et al., 2016) or environmental parameters (Li et al., 2017) are examples of
approaches to population confinement through underpinning control of reproduction (Thresher et al.,
2009). Predominantly, the PGC markers, e.g., dazl, dnd and piwi Il, and those involved in gonad
differentiation such as cyp19ala (Barney et al., 2008) are the functional targets to produce viable sterile
lines in fish models. For instance, downregulation of maternal Dazl during medaka embryonic
development abolished PGC formation without any somatic abnormalities (Li et al., 2016). In zebrafish,
the ziwi (piRNA-associated protein in zebrafish) homozygous mutant lines are viable, however, the
adults are phenotypically male and agametic (Houwing et al., 2007, Houwing, 2009). However, many
of these targets exhibit species-specific diversities, manipulation of which could have unintended
consequences (Patil, 2012). Hence a detailed understanding of their functional role in target species is
essential. In this regard, this study, first cloned and characterised target genes that have been shown to
be indispensable in germline determination and sex differentiation among sexually reproducing
animals. Indeed, they included the Gp markers involved in PGC specification and their proper homing
during prenatal stages, and the gonadosoma markers that determine the sexual fate of early gonad as
well as maintaining sexual identity throughout life. These resources (Chapter 2) formed a basis for
investigating the functional domains (Chapter 3) and their inferred role and potential for manipulating

sex ratios (i.e., sterility and sex reversal) in this species.

The observation that some genes were not exclusively expressed in G. holbrooki PGCs (Chapter 3), is
similar to those known in other taxa. For instance, nanosl transcripts, a Gp marker and a universal PGC
specifier in Drosophila (Wang and Lehmann, 1991), C. elegans (Subramaniam and Seydoux, 1999),
Danio (Koprunner et al., 2001) and Xenopus (Lai et al., 2012) was not maternally inherited in G.
holbrooki and its embryonic expression was only detected in soma (see Chapter 3). Interestingly, the
characterised nanosl in G. holbrooki encoded a C-terminal CCHCCCHC zinc-finger domain, which is
essential for translational regulation of germline among taxa. However, the spatial expression domain
of nanosl in foetal G. holbrooki was comparable with those reported in mice (Haraguchi et al., 2003).
Similarly, dnd, a germline-specific master regulator in animal models (Weidinger et al., 2003, Slanchev
et al., 2009, Aguero et al., 2017), was shown not to be PGC-specific in prenatal G. holbrooki, either.
Interestingly, this encoded alternative splice variants with tissue-dimorphic expression pattern during
embryonic development. Similar to other DND orthologues, both variants conserved their critical
domains, RNA recognition motif and double-stranded RNA motif, the components for Dnd post-
transcriptional functions. Taken together, the spatial expression of teleost PGC markers in G. holbrooki
showed the common germline ablation targets used in other fish models (e.g., nanosl, dazl and piwi)
may cause somatic effects which can be fatal as observed in some mouse strains with Ter (i.e., lacking

functional Dnd) mutation (Bhattacharya et al., 2007). Instead, the markers exclusively expressed in
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PGCs (e.g., dnd-a and vasa) are recommended as potential targets or enablers of genetic mechanisms
to ablate germ cell precursors in G. holbrooki. Future studies could also investigate global PGC
transcriptome, by sorting PGC and the application of single cell transcriptomics to characterise
additional germline-specific markers in G. holbrooki with sex-specific expression patterns in early
development. In parallel, the indispensability of the germline markers characterised in this study, needs
validating through loss- or gain-of-function assays including generating knockout or knockdown lines
that could yield greater insights for PGC development and utility of the markers for sex manipulation
in G holbrooki. Nevertheless, it is worth noting that many conventional gene delivery strategies
including embryo microinjection or biolistics applied for genetic transformation of egg laying teleosts,
are inadequate due to internal fertilization and embryonic development in G. holbrooki. Here the access
to embryos is somewhat restricted compared to egg laying models (Vielkind et al., 1973, Sarmasik et
al., 2001). Therefore, a protocol to optimise functional gene delivery would be a prerequisite for future

genome manipulation strategies in G. holbrooki with further application in other viviparous models.

The basic biological chronology including timing of germ cell colonisation at presumptive gonad
anlage, early gonad formation, the onset of mitotic and meiotic proliferation of germ cells, sex
differentiation in both gonads, and the expression dynamics of sex-biased gonadosoma markers during
pre- and post-natal gonad function are expected to assist further sex control programs that are G.
holbrooki specific. Sex reversal techniques have been used to control reproduction with application in
food production, environmental management, and disease control. Relatively, sex ratio distortion has
been of interest as a powerful tool to control feral populations and shown promising results in silico
(Prowse et al., 2017) and in vivo (Galizi et al., 2014, Facchinelli et al., 2019). The feasibility of sex ratio
manipulation has been shown in teleosts (Piferrer, 2001, Baroiller and D'Cotta, 2016) owing to their
diverse sex determining mechanisms and sex differentiation plasticity (Devlin and Nagahama, 2002).
However, effective sex reversal protocols require knowledge about gonadogenesis and sex
differentiation, in the species of interest. For instance, an efficient sex reversal is induced in a critical
window when the presumptive gonad is in its neutral status; before the onset of sex differentiation
(Piferrer, 2001). To address this, the morphological changes of presumptive gonad in G. holbrooki were
first evaluated based on their genetic sex. Then, the sex differentiation time point in both sexes was
ascertained and the expression pattern of sex-biased markers involved in gonadosoma determination
confirmed the morphological observation (Chapter 5). Three distinctive approaches have been so far
introduced for sex reversal protocols; endocrinal manipulation of gonad differentiation through 1)
treating larvae with exogenous steroids (Razmi et al., 2011, Gennotte et al., 2015), 2) steroid enzyme
inhibitors (Goppert et al., 2016, Schroeder et al., 2017) and steroid receptor antagonists (Pham and
Arukwe, 2013) and 3) gonadosoma marker ablation through genome editing (Lau et al., 2016) or

morpholino-mediated techniques (Griffin et al., 2013). Taken together, this study provides knowledge
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and reagents necessary to establish future sex ratio manipulation protocols in G. holbrooki with specific

application in control of invasive populations.

6.3. The potency of poeciliids as reproductive research model

Over the past decades, many aspects of germ cell development have been understood using fish models.
For example, owing to the technical advantages of zebrafish as a research model (e.g., abundant
embryos in a single clutch, optical transparency of embryonic development and established protocols
to generate transgenic lines) and their high similarity with the human genome (e.g.., ~70% of human
genes have at least one ortholog in the zebrafish genome), they are a powerful model to understand the
genetics of human disease (Howe et al., 2013). Moreover, the potency of large-scale mutagenesis
provides an opportunity to characterise the genes that regulate development in vertebrates (Mullins et
al., 1994) or cause human disease (Bradford et al., 2017). However, comparative studies using more
diverse systems may help expand insight into new aspects of early development including PGC
determination, with greater insights for medical applications. The poeciliid species with astonishing
reproductive adaptations, e.g., different stages of ovi-viviparity, matrotrophy and superfetation, exhibit
an evolutionary shift towards mammalian reproduction and are therefore of great interest. Indeed,
viviparity is assumed to be an evolved trait from oviparity status, and in poeciliids this has begun with
transition from external to internal fertilisation. In line with this, simultaneous placenta acquisition and
yolk retention in viviparous poeciliids may represent a shared aspect of the evolutionary shift in
reproduction, from teleostean to mammalian mode. Evident from the accumulation of Gp components
in ova and spermatozoa, germline specification in G. holbrooki is inferred to rely on the preformation
mode. This is shared with other teleosts (Saito et al., 2006) as Gp markers were detected early in
embryogenesis of G. holbrooki, i.e., prior to the gastrula stage, unlike those with induction mode (Ying
et al., 2002, Kurimoto et al., 2008), where PGC markers are not detectible in pluripotent cells of
organisms. The features of germline determination are also expected to show an evolutionary shift
towards higher vertebrates, as was indicated by the similar expression pattern of dnd-# and nanosl
(Chapter 3), that more closely resembled that of mice (Haraguchi et al., 2003, Youngren et al., 2005)
than teleosts. Further, the spatio-temporal role of which parental factors underpins germline specificity
and when they likely switch to being regulated by MZT are quite interesting questions to follow up. For
example, the early occurrence of MZT in G. holbrooki i.e., based on the expression pattern of purely
zygotic genes (Chapter 3) may restrict the parental control of early PGC formation and in part resemble
those of the induction mode. Further studies could tease this apart via accurate evaluation of MZT in

G. holbrooki using advanced single cell omic assays.

The onset of solely zygotically expressed genes also revealed the timing of zygotic activation in G.
holbrooki, which occurs earlier than those of zebrafish (Kane and Kimmel, 1993, Jukam et al., 2017),

showing a shift towards those of mammalian models. Furthermore, the expression pattern of PGC
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markers in mice such as dual expression (germline and soma) of Piwi genes and restricted expression
of Nanosl in soma, and Dnd alternative splicing with a tissue dimorphic pattern was also observed in
G. holbrooki. Collectively, this study revealed the dynamic expression of genes which underpin
germline determination of G. holbrooki is in agreement with the evolutionary path from teleosts to those

of mammalian modes.

The previous studies (reviewed in Chapter 1) demonstrated that zebrafish is not a comprehensive model
to delineate germ cell specification and maintenance, in teleosts. Although zebrafish is by far the most
well-known fish species in medical research, it may not be a fully descriptive model for human
reproductive biology due to an as yet unknown sex determination mechanism, malleable sex
differentiation pathway, oviparity and comparatively rapid embryonic development. Instead, fish
models such as G. holbrooki that more closely resemble mammalian reproductive traits and germline
determination including shared placentation and viviparity may help fill the knowledge gap and
facilitate finer delineation of key questions in reproductive development and their applications. The
poeciliid species also make good research models due to having a short life cycle, easy breeding in
captivity, continuous spawning, producing abundant offspring, and easy housing. Moreover, as there
are some likely evidences of post-natal oogenesis in human (Virant-Klun, 2015), developing a model
with a high reproductive similarity as well as competence for continuous gonial regeneration may assist

to address human reproductive disorders and infertility, more accurately.
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Appendices

Table Al: The components of dephosphorylation reaction

reagent Volume final concentration
RNA X Ml 1-5 ug

RNase inhibitor (40U/ul) 1pl 4U/ pl

CIP (10U/ul) 1l 1U/ ul

10X CIP buffer 1l 1X/ ul

DEPC treated water y ul

Total volume 10 pl

Table A2: The components of decapping reaction

reagent Volume  final concentration
Dephosphorylated RNA X Ml

RNase inhibitor (40U/ul) 1pl 4U/ pl

TAP (0.5U/ul) 1ul 0.05U/ ul

10X TAP buffer 1l IX/ ul

Total volume 10 pl

Table A3: The components of ligation reaction

reagent Volume final concentration
Decapped RNA 6 ul

RNA oligo 0.25 ug

10mM ATP 1pl 1mM

RNase inhibitor (40U/ul) 1l 4U/ ul

T4 RNA ligase (5U/pl) 1pl 0.5U/ ul

10X ligase buffer 1pl X/l

Total volume 10 ul

Table A4: The components of reverse transcription reaction

reagent Volume final concentration
The sample mix 12 ul

DEPC water 2 ul

RNase inhibitor (40U/ul) 1l 2U/ ul

AMV RT (15U/pul) 1l <1U/ ul

5X RT buffer 4 ul 1X/ ul

Total volume 20 pl
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Table A5. Cycling condition of TD-PCR amplifying cDNA ends

step temperature duration Cycle(s) comments

Activation 95°C 1 min 1

Denaturation 95 °C 10 sec X: The primers’ melting temperature
Annealing X+4°C 30 sec 5

Extension 72°C N min

Denaturation  95°C 10 sec N: extension time for Taqg DNA
Annealing X+2°C 30 sec 5 Polymerase is 1 min/kb of PCR amplicon
Extension 72°C N min

Denaturation ~ 95°C 10 sec

Annealing X°C 30 sec 19-23

Extension 72°C N min

Polishing 72°C 7 min 1

Table A6: TOPO cloning reaction

reagent amount final concentration
Purified PCR product 0.5-2 ul 100 ng

Salt solution 0.5 ul

TOPO vector 0.5 ul 5ng

DEPC water 0-1.5 pul

Total volume 3ul
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Table A7: List of the accession numbers used to generate phylogenetic trees (Chapter 2)

. milii (elephant shark)
. rerio (zebrafish)
. gallus (chicken)

M. musculus (house mouse)

. aureus (blue tilapia)

. latipes (Japanese medaka)

. mykiss (rainbow trout)

. niloticus (Nile tilapia)

. latipinna (sailfin molly)

. mexicana (shortfin molly)

. reticulata (guppy)

. maculatus (southern platyfish)

XP_007901835.2
NP_571953.1
XP_040558832.1
NP_848508.2
XP_031597929.1
NP_001116380.1
NC_048581.1
NC_048590.1
XP_014913479.1
NC_031701.1
NC_006477.3
NC_045692.1

Genes Species Accession number
dazl A. mississippiensis (American alligator) XP_019353289.1
C. milii (elephant shark) XP_007895787.1
D. rerio (zebrafish) XP_005170128.1
G. gallus (chicken) XP_040530136.1
H. sapiens (human) NP_001342.2
O. aureus (blue tilapia) XP_031611939.1
O. latipes (Japanese medaka) XP_020562531.1
O. mykiss (rainbow trout) NC_034190.2
O. niloticus (Nile tilapia) NC_031985.2
P. latipinna (sailfin molly) XP_032237565.1
P. mexicana (shortfin molly) XP_014852183.1
P. reticulata (guppy) NC_024341.1
S. aurata (gilt-head bream) XP_030268756.1
S. salar (Atlantic salmon) NC_027313.1
X. maculatus (southern platyfish) XP_023201124.1
dnd A. mississippiensis (American alligator) XP_014462031.1
C. milii (elephant shark) XP_042196039.1
D. rerio (zebrafish) NP_997960.1
G. gallus (chicken) XP_040502984.1
H. sapiens (human) NP_919225.1
O. aureus (blue tilapia) XP_003454336.1
O. latipes (Japanese medaka) NP_001157988.1
O. mykiss (rainbow trout) XP_036798542.1
O. niloticus (Nile tilapia) XP_003454336.1
P. latipinna (sailfin molly) XP_014878700.1
P. mexicana (shortfin molly) XP_014833068.1
P. reticulata (guppy) XP_008418204.1
S. aurata (gilt-head bream) XP_030251554.1
S. salar (Atlantic salmon) XP_014054901.1
X. maculatus (southern platyfish) XP_014330631.1
X. hellerii (green swordtail) XP_032411603.1
nanosl A. mississippiensis (American alligator) XP_014330631.1
C
D
G
o)
o)
o)
o)
P
P
P
X
X

. hellerii (green swordtail)

NC_045690.1
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Table A7: Continued

Genes Species Accession number
piwi Il A. mississippiensis (American alligator) XP_019347077.1
C. milii (elephant shark) XP_007905583.1
D. rerio (zebrafish) XP_021331982.1
G. gallus (chicken) XP_040545319.1
H. sapiens (human) NP_060538.2
O. aureus (blue tilapia) XP_031599504.1
O. latipes (Japanese medaka) XP_031599504.1
0. mykiss (rainbow trout) NC_050119.1
O. niloticus (Nile tilapia) XP_003445710.1
P. latipinna (sailfin molly) XP_014883055.1
P. mexicana (shortfin molly) XP_014861471.1
P. reticulata (guppy) XP_008415818.1
S. aurata (gilt-head bream) XP_030274002.1
S. salar (Atlantic salmon) NC_027323.1
X. maculatus (southern platyfish) XP_023199065.1
vasa A. mississippiensis (American alligator) XP_019351537.1
C. carpio (common carp) NP_077726.1
D. rerio (zebrafish) XP_021334777.1
G. gallus (chicken) NP_990039.2
H. sapiens (human) NP_077726.1
O. aureus (blue tilapia) XP_039463392.1
O. latipes (Japanese medaka) XP_023817010.1
O. mykiss (rainbow trout) XP_021456918.2
O. niloticus (Nile tilapia) XP_019214006.1
P. latipinna (sailfin molly) NP_077726.1
P. mexicana (shortfin molly) NP_077726.1
P. reticulata (guppy) NP_077726.1
S. aurata (gilt-head bream) XP_030264921.1
S. salar (Atlantic salmon) XP_013998855.1
X. maculatus (southern platyfish) XP_023184944.1

C.

milii (elephant shark)

NP_077726.1
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Table A8: List of primers used to clone and characterise the target genes of this study

Gene Primer sequence Purpose
cxerd cxc4-213F GYCAGTTACTCAGCAGCAACTT Degenerate
cxc4-1200R GAAATCTGCCCGCGCTTTTTG
cxc242R-RACE AGGCCAGGATCAGGACGCTGCTGTACA RACE
cxc534F-RACE GTCCTGCCCGGTCTGGTCATCCTCAT
Cxc27F AACTTTTCATGCTCGACGAAAGC Exon-intron boundaries
CXC1665Rp GCAACTTTCTTAAATCAAGCATAAGCC
cxcl1123Fp CAGGAGCACGCTCACAAATAGCA
dazl degdazl1F231 AGGGSAYAMTGACSCCCAA Degenerate
degdazIl1R666 GYTCATCGGCACYYGTGGAW
dazl606F-RACE TGGTTCCTCAGATGCCAATG RACE
dazI608R-RACE CCATCACTCCGCTGAAGCTGCTGTA
daz125F ACCCAGACTGTACCCTCTTTGAAGCTAT Exon-intron boundaries
daz225R ACCTTCATGTCGATCCCACCCACAAA
dazl759Rq GCTTTCAACTACAGCACAGTC
daz1058Rp TGGCTGGTATACCAAATGTGCTCT
dnd ghdndF196 deg ATKAACAAGATGGAAAACAAGTGC Degenerate
ghdndR228 deg GATGGAAAACAAGWGCAGCCAGGTG
ghdnd112F AGAGGAAGTACGGAGGACCACCCGAGG RACE
ghdndR66 CCGAGGGATGTGGCTGATGAAGAC
ghdnd102F GTTAACGGGCAGAGGAAGTACGGAG Exon-intron boundaries
ghdnd90R CGTTAACCTGGGTCAGCTTGGTGTTGGT
dnd222Rq ATGAGCAGGTCCTCGTAGGC
dnd396R GGTGTCTCTTCTCCGTGCTGC
nanosl  deg-ghnanosR489  TTCCGCTCCACACCAAAGAGA Degenerate
deg-ghnanos318F  CATCCTAAGCCCGTTCCAAAGCC
nosl-724F-RACE =~ ACTGTCAAAAGACCAGCCATCCCACCG RACE
nos93Rqg2 CCGTTATTCCGGCAGAACACGCAGATTT
nos1-733F AGACCAGCCATCCCACCGCCCATTAAA Exon-intron boundaries
nosl-724R ACTGTCAAAAGACCAGCCATCCCACCG
nos503Fq2(P) TCGATCTCTTTGGTGTGGAGCGGAAGAT
Piwi 1l deg-piwill1307F GTGACHTTTGCATCCCGTTC Degenerate
deg-piwill1847R GGTGAGATCCTTTTGSTGCC
piwill288F CGTCAAGAAGGAGAGCTCTGGC
piwi675F-RACE AGGATGCTGGTCACAATGGAG RACE

piwi849Rp-RACE
piwill1304Fp
piwill503F
piwill303R
pil460Rq2

AGGCGGAGACAGCGGGGTTCTTT
TGCCATCTGTACTGGAACTGG
ACCAGTGAGCCTAATTTGCA
CCGGTGAGATCCTTTTGGTGCCAGAGC
ACAGCCCTCCATCTGTGCGCTTAATA

Exon-intron boundaries
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Table A8: Continued.

Gene Primer sequence Purpose
tdrd6 deg-tdrd65015F GAGCGTGAAGGCCAGGTGATA Degenerate
deg-tdrd66249R TCCTGGACCTCGTCTGACTCTT
trd6-713Fq GAAGGAGACGACGGATACAGAATTGGA RACE
trd6-97R-RACE AGAAGATCTTGTAGAGCGTTGATTG
td6RACES886F TGCCTGTGTAGCTCGTCACCCTGAGAA
trd6-820Rq TCTCCAGCCTCAGTTTCCTGCTCAC Exon-intron boundaries
trd6RACE881F GGTCGTGGCCTGCTCTTTGGAAGAAAC
trd6-1781R GCCACGACCTGAGGATCCTCACC
vasa deg-ghvasaF364 TGTACAAGTCACCAAGTTCTCCAAGAGG Degenerate
deg-ghvasaR158 GAAAGTTCCAACCACCAGCATCCATG
ghvasaR31-RACE =~ GCAGACTTCATCGCTGTGTTCTTGTGCC RACE

ghvasaF108-RACE
vasa-79R(p)
vasa428Rq2
vasa342Fq2

TTCATCGCTGTGTTCTTGTGCCAGGAGA
ATGTCCAACATCCGGTCGGCCTCGTC
CCTCCTCTTCCTCCCTGTTCAGCATCT

TGAGAATGGATTCAGAGGGCGAGGAAGA

Exon-intron boundaries

The marked (red) degenerate nucleotides are presented based on IUPAC system or nucleotide

nomenclature.
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Table A9: Spatio-temporal expression of PGC-specific markers at select embryonic stages of G. holbrooki.

Genes Sp:ét)l(g—:gsrzigcr)]ral Ovum Cleavage Blastula Gastrula Early somitogenesis | Late somitogenesis | Figures
- Tiny spots in - Four clusters at the - Two clusters at the margin | - Posteriorly, at -PGR (11)
Qualitative blastomere (1A). periphery of the of dome (1E and 1F). migrating PGC clusters 1&2B
vasa blastodisc (1D). (1G).
Between stages -1.0+1.0 -0.94 +0.75 -0.28 + 1.06 +0.14 + 1.26 -3.69 + 0.91** 5A
Quantitative
Between sex 0.78 £ 0.08 F 268+102F* 512+1.01 F** 153+203F 0.11+0.97F 5B
- Tiny spots in - Four clusters at the  { - Two clusters at the margin | - Two PGC clusters close | - PGR (3E)
Qualitative blastomere. periphery of the of dome at vasa-positive to the tail bud (3C). 1,2B&3
dnd-a blastodisc. cells (3A).
Between stages -1.38 + 0.66 -0.01 £ 0.52 +24+081* -4.21 + 0.92 *** -5.2 £ 0.89 *** 5C
Quantitative
Between sex 0.36 £0.73 F 1.70£0.70M 4.25+0.42 F *** 215+089F* 0.52 +0.38 F 5D
o - Anterior region of the - Both sides of the neural i - Metencephalon and
dnd-g Qualitative elongating body (3B). tube (3D). cerebellum (3F). 2B&3
Quantitative Between stages +6.71 + 1,27 *** -0.74 +0.61 2.17+0.61* 2.32+0.76 ** -1.95+0.78 * 6A
- Tiny spots in - Four clusters at the i - Two clusters at the margin i - Anteriorly, at optic lens i - Otic vesicles
o blastomere. periphery of the of dome at vasa-positive and otic vesicles (4A). - Optic lens
Qualitative blastodisc. cells. - Posteriorly, at PGC -PGR 2B &4
dazl clusters (4B).
Between stages -0.96 +0.28 -0.57 £ 0.39 +0.56 + 0.53 -4.49 +0.70 *** -3.64 £ 0.75 ** 5E
Quantitative
Between sex 0.28+0.38 F 0.02+0.72M 3.01 £0.31 F *** 239+094F* 0.01+£0.93 M 5F
- Four clusters at the B Anteriorly, at - diencephalon and
periphery of the dlencephall10:1 an(d4c) mesencephalon,
o o blastodisc. mesencephalon . JB&4
piwi 1 Qualitative - Posteriorly, at PGC -PGR
clusters (4D).
Quantitative Between stages -1.53 +0.62 -0.63 + 0.65 +1.85+0.86 * -3.9£0.95 F *** -2.71 +£0.75 ** 5G
Between sex 1.24+0.83M 0.40+£0.65 F 4.09 £ 0.67 F *** 25+136F 0.01+0.80F 5H
o A - Neural tube (4E)
Qualitative At\s!nglﬁ Tfluster atthe 2B &4
anterior ha - Otic vesicles (4E)
nanosl Quantitative Between stages +7.02 £ 1.27 *** +2.16 £ 0.7 ** -2.89 + 0.55 *** -0.23+0.61 -0.15+0.45 6B




Table A10: The list of MIQE criteria that were met for all gqPCR assays.

Item to check

Explanations *

Experimental Definition of experimental and control groups v
design Number within each group 4-12
Description B
Microdissection or macrodissection v
Sample Processing procedure v
If frozen, how and how quickly? They were frozen after RNase deactivation
If fixed, with what and how quickly? N/A
Sample storage conditions and duration v
Procedure and/or instrumentation v
Name of kit and details of any modifications v
Details of DNase or RNase treatment v
L N Agarose gel visualisation and Qbit
Nuclelt_: acid Contamination assessment (DNA or RNA) detection.
extraction Nucleic acid quantification v
Instrument and method Column purification method
RNA integrity: method/instrument Gel visualisation
RIN/RQI or Cq of 3 and 5 transcripts N/A
Complete reaction conditions v
Amount of RNA and reaction volume v
Reverse Priming oligonucleotide (if using GSP) and v
transcription concentration
Reverse transcriptase and concentration v
Temperature and time v
Gene symbol v
Sequence accession number v
gPCR target Amplicon length v
information Loca_ltlon of each primer by exon or intron (if Provided in Chapter 2
applicable)
What splice variants are targeted? Only applicable for dnd
gPCR Primer sequences v
oligonucleotides Location and identity of any modifications N/A
Complete reaction conditions v
Reaction volume and amount of cDNA/DNA v

gPCR protocol

Primer, (probe), Mg?*, and dNTP
concentrations

Polymerase identity and concentration
Buffer/kit identity and manufacturer
Complete thermocycling parameters

Manufacturer of qPCR instrument

The gPCR mix contained dNTPs, iTaq
DNA Polymerase, MgCI2, SYBR® Green
I, enhancers, stabilizers, and a blend of
passive reference dyes

v
N/A

v
CFX96 Touch Real-Time PCR Detection
System (Bio-Rad)

gPCR validation

For SYBR Green I, Cq of the NTC
PCR efficiency calculated from slope
R? of calibration curve

No amplification or 35-40 as primer-dimer
92% - 108%
0.9951 - 0.9988




gPCR analysis program (source, version) gbase+, version 3.0 (Biogazelle, Belgium)
Method of Cq determination Single threshold
Justification of number and choice of

v

reference genes

. Description of normalization method v

Data analysis . .
Number and concordance of biological v
replicates
Statistical methods for results significance Tukey HSD
. OriginPro, Version 2020 (OriginLab Corp,

Software (source, version) MA. USA)

* The ticked rows were already presented in the methods of each Chapter.
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