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Abstract 

 

The earliest steps of axis formation in zebrafish are thought to be regulated by 

maternal factors, for instance, that activate Wnt/ɓ-Catenin signaling to specify the dorsal axis. 

It was previously shown that asymmetric localization of maternal transcripts of the conserved 

zebrafish TGF-ɓ factor, Squint (Sqt/Nodal-related 1, Ndr1), in 4-cell stage embryos predicts 

the position of the future embryonic dorsal, preceding dorsal nuclear accumulation of ɓ-

Catenin (Gore et al., 2005). The nodal genes are classically involved in mesoderm and 

endoderm formation, left-right axial patterning, neural patterning and stem cell maintenance. 

However, cell ablations and antisense oligonucleotides that deplete Sqt lead to dorsal 

deficiencies, suggesting that localized maternal sqt RNA functions in dorsal specification. 

Due to discrepancies between the genetic nodal mutants and the ablations/antisense knock-

down results, the function and mechanism of maternal sqt was debated (Bennett et al., 2007; 

Gore et al., 2007). In this study, I show that sqt RNA has activity independent of Sqt protein 

in dorsal specification. Surprisingly, over-expression of mutant/non-coding sqt RNA and 

particularly, the sqt 3ôUTR, leads to increased number of ɓ-Catenin-positive nuclei and 

expands dorsal gene expression. Dorsal activity of sqt RNA requires Wnt/ɓ-Catenin but not 

co-receptor Oep-dependent Nodal signaling, explaining the discrepancy between the nodal 

signaling mutants and the morpholino phenotypes. Also, depletion of maternal sqt RNA 

abolishes nuclear ɓ-Catenin, providing the mechanism for the loss of dorsal in the morphants, 

and places activity of maternal sqt RNA upstream of ɓ-Catenin. Remarkably, this loss of 

early dorsal gene expression can be rescued by the sqt 3ôUTR sequences. My findings 

identify new non-coding functions for the nodal genes, and support a model wherein sqt 

RNA acts as a scaffold to bind and deliver/sequester maternal factors to future embryonic 

dorsal. 
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1.1 Symmetry breaking and pattern formation 

 

Symmetry breaking and pattern formation are fundamental properties of biological 

systems. Be it a single cell or an architecturally complex multicellular organism, generation 

of polarity paves the route to achieving subsequent functional complexity. In the biological 

context, polarity is crudely defined as ñthe persistent asymmetrical and ordered distribution 

of structures along an axisò (Cove et al. 1999). Apart from generating asymmetric axes in an 

adult organism, cell polarity also plays a role in both individual and collective cell 

movements during embryonic development such as epiboly, invagination and apical 

constriction. 

 

 At different developmental time points, each cell of an embryo can either be specified 

or determined. The former scenario is reversible, whereas the latter situation is irreversible. 

The phenomenon of specification can be further classified into two main types, autonomous 

and conditional.  An autonomously specified cell will assume a fate dictated by the 

cytoplasmic determinants it contains, regardless of the surrounding environment it is in. The 

first demonstration of autonomous specification was done in 1887 by Laurent Chabry, who 

made use of tunicate embryos which have a small number of cells and relatively few cell 

types. He observed that embryos with certain cells ablated lose only structures that were 

normally formed from those destroyed cells. Also, when he separated cells and grew them in 

isolation, those isolated cells still gave rise to their specified structures. 

 

 On the contrary, a cell undergoing conditional specification develops according to 

positional cues provided by neighbouring cells or morphogen gradients. In other words, the 

commitment of such a cell to a certain fate requires interaction with its environment. In 1892, 

Hans Driesch separated sea urchin blastomeres from each other at the 2-cell stage and 

surprisingly found that each of the blastomere was capable of generating a complete larva by 

itself. He then extended his analysis to 4-cell and 8-cell stage sea urchin embryos, and found 

that some of the separated blastomeres regulated their development into an entire larva, 

although each larva is not identical to one another. 

  

Although simple as it seems, the making of a multicellular organism from a spherical 

egg involves more complex intertwining of the two themes of autonomous and conditional 
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specification. During specification, some of the prevalent mechanisms include RNA 

localization, unequal cell divisions, extrinsic morphogen cues etc.    

 

1.2 Mechanisms of axes specification in invertebrates and vertebrates 

 

1.2.1 Caenorhabditis elegans 

 

The free-living non-parasitic soil nematode, Caenorhabditis elegans, is a popular 

experimental model with researchers, given its short embryogenesis period (about 16 hours), 

transparent cuticle and ease of housing (Kenyon 1988; Wood 1988; Donald 1997). Having 

exactly 959 somatic cells, C. elegansô entire cell lineage has been mapped, with little 

variance across individuals (Sulston et al. 1983).  

 

The unfertilized C. elegans egg begins as a single cell with no obvious asymmetries. 

Upon sperm entry, cytoskeletal growth nucleated by its centrioles gives rise to cytoplasmic 

movements that re-position P granules to the posterior end of the embryo (Hird and White 

1993; Goldstein and Hird 1996; Kemphues and Strome 1997). In genetic screens conducted 

to identify regulators of cytoplasmic partitioning in C. elegans embryo, a group of genes 

called par (partitioning defective) genes were discovered from mutants displaying early 

defects in asymmetry (Kemphues et al. 1988; Kirby et al. 1990; Morton et al. 1992; Cheng et 

al. 1995; Guo and Kemphues 1996; Kemphues and Strome 1997). PAR-1 to -6 encode six 

different proteins that function cooperatively to compartmentalize maternal regulatory factors 

(Bowerman and Shelton 1999; Wallenfang and Seydoux 2000). For example, translational 

regulators contained in P granules eventually segregate into germ cells, following their 

localization to posterior cytoplasm immediately after fertilization (Strome and Wood 1983; 

Hird et al. 1996; Amiri et al. 2001; Smith et al. 2002; Wang et al. 2002). This process 

requires an intact microfilament cytoskeleton because Cytochalasin D treatment resulted in 

aberrant phenotypes such as ñreverse polarityò, ñdual anteriorsò or ñdual posteriorsò (Hill and 

Strome 1990).  

 

Following the establishment of the anterior-posterior (AP) axis, two distinct cells, AB 

and P granules-containing P1 arise from the first asymmetric cell division. The AB cell 

divides symmetrically in a direction perpendicular to the AP axis, giving rise to two 

equipotent cells, ABa and ABp (Figure 1.2.1). This positioning is also mediated by 
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asymmetrically distributed PAR proteins, which influence the placement of mitotic cleavage 

spindles (Cheng et al. 1995; Etemad-Moghadam et al. 1995; Tsou et al. 2003). In contrast, 

polarity of PAR proteins is re-established in P1 (Basham and Rose 1999; Pichler et al. 2000; 

Munro et al. 2004), causing P1 to divide asymmetrically into two daughter cells, EMS and 

P2. By the 4-cell stage, ancestral cells leading to different lineages become precisely 

positioned, as a result of a combination of factors involving mitotic spindle positioning, as 

well as, spatial constraints exerted by the chorion. ABa cell forms the anterior pharyngeal 

tissue, whereas the dorsally-located ABp cell forms the hypodermis and neurons. At the 

posterior, P2 blastomere gives rise to pre-dominantly germ-line tissues. Its mitotic sibling, 

EMS cell, defines the future ventral region of the embryo, forming muscle and gut cells. The 

intricate positioning of those cells allow for subsequent fortification of the dorso-ventral 

(DV) axis because GLP-1 receptor is only selectively expressed in AB cells (Evans et al. 

1994), while P2 blastomere expresses the corresponding APX-1 ligand (Mickey et al. 1996). 

This results in asymmetric activation of GLP-1 in ABp cell which physically contacts P2 cell, 

thereby inducing dorsal fates in ABp cell's progeny (Mango et al. 1994; Mello et al. 1994; 

Moskowitz et al. 1994).  
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Figure 1.2.1 Generation of founder cells in the early Caenorhabditis elegans embryo. Anterior is to the left, 

posterior to the right, dorsal is up and ventral down in this and all subsequent figures. The germ-line precursors 

(P cells) are shown outlined with blue. Each of the founder cells generated by asymmetric division are indicated 

with a different color. The founder cells each display a characteristic cell cycle rate and lineage: The AB lineage 

produces hypodermis, neurons, anterior pharynx and other cell types; MS produces the somatic gonad, muscle, 

the majority of the pharynx, neurons and gland cells; E produces all intestine; C produces muscle, hypodermis 

and neurons; D produces muscle; P4 is the germ-line precursor. The 16-cell embryo shown in (E) is simplified 

and does not show the daughters of the 4th AB cell division, which occurs at approximately the same time as the 

P3 division. (adapted from Worm Book) 
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1.2.2 Drosophila 

 

 The next example of an invertebrate model system, Drosophila, has traditionally been 

used to teach Mendelian genetics and study inheritance of traits. The ease of breeding, rapid 

embryonic growth and external development makes it very amenable to experimentations. 

Drosophila is one of the few organisms whose entire genome is deciphered early (Adams et 

al. 2000) and many genes have been identified. In addition, mutants are readily available 

using both forward and reverse genetics approaches (Bourbon et al. 2002; St Johnston 2002; 

Bellen et al. 2004).  In fact, the 1995 Nobel Prize-winning screen performed by 

Christian Nusslein-Volhard and Eric Wieschaus in 1980 (Nusslein-Volhard and Wieschaus 

1980) led to the identification of many genes involved in segmentation and polarity, which 

also have conserved pivotal functions in higher vertebrates such as mammals. 

  

 Prior to the knowledge of Drosophila genetics, observations from Sanderôs laboratory 

hinted at the presence of morphogenetic gradients in a Drosophila oocyte. Using classic 

embryological techniques, Klaus Sander discovered that halving the oocyte transversely very 

early-on in oogenesis gave rise to strictly anterior and posterior pieces of the embryo, with no 

middle body segments. The longer the egg was allowed to develop, the two separated halves 

of the embryo increasingly retain the capacity to pattern middle body segments. This simple 

set of observations suggests that positional information provided by two ends of the 

Drosophila egg organize embryonic AP patterning. The nature of the positional information 

was soon uncovered to be mRNAs, as ultraviolet and RNAse treatment of the anterior pole 

resulted in embryos lacking head and thoracic segments (Kandler-Singer and Kalthoff 1976).     

 

Through recessive female sterile screens conducted in (Orr et al. 1989; Schupbach 

and Wieschaus 1989; Schupbach and Wieschaus 1991), the identities of several maternal-

effects genes involved in different spatial and temporal aspects of oogenesis were revealed. 

Subsequent research indeed supports mRNA localization as a prevalent theme for pattern 

formation during Drosophila oogenesis. In Drosophila, its AP axis is entirely patterned by 

maternal products, namely Bicoid, Hunchback, Nanos and Caudal, whose mRNAs are 

deposited by nurse cells (Riechmann and Ephrussi 2001). The anterior localization of bicoid 

mRNA is an active process that is dependent on its 3ôUTR which has binding sites for 

Exuperentia and Swallow proteins. The bicoid mRNA-containing ribonucleoprotein complex 

(RNP) is tethered to the minus ends of the microtubule cytoskeleton via Dynein (Cha et al. 
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2001). Upon fertilization, translated Bicoid protein diffuses from the anterior pole, forming a 

gradient along the longitudinal axis. High levels of Bicoid at the anterior pole translationally 

repress uniformly distributed caudal mRNA, such that posteriorizing Caudal protein is 

restricted to the opposite end (Chan and Struhl 1997; Wu and Lengyel 1998; Niessing et al. 

2000). Bicoid further fortifies anterior fates by enhancing the transcription of hunchback at 

the anterior (Driever and Nusslein-Volhard 1989; Struhl et al. 1989).   

 

Similar to bicoid RNA, nanos RNA is actively sequestered and translated at the 

posterior end of the Drosophila oocyte in a process that involves several other proteins such 

as Oskar, Staufen, Vasa etc. (Lehmann and Nusslein-Volhard 1986; Schupbach and 

Wieschaus 1986; Ferrandon et al. 1994; Brendza et al. 2000). Nanos protein forms a diffusion 

gradient emanating from the posterior pole, and cooperates with Pumilio to inhibit translation 

of uniformly distributed hunchback RNA by a deadenylation mechanism (Tautz 1988; Barker 

et al. 1992; Wreden et al. 1997). On the other hand, Pumilio-bound hunchback transcripts are 

translated normally at the anterior end. Taken together, AP axis in Drosophila is initiated in 

the syncytial egg by asymmetrically localized bicoid and nanos transcripts, whose protein 

products form diffusion gradients that further regionalize the embryo in a concentration-

dependent manner (Figure 1.2.2). 

 

Next, the establishment of DV polarity is mediated by a gradient of Dorsal protein, a 

transcription factor. As Drosophila genes are named based on their mutant phenotypes, the 

wild-type function of Dorsal protein is to specify ventral fates (Roth et al. 1989; Rushlow et 

al. 1989; Steward 1989). Unlike Bicoid, Dorsal is initially uniformly distributed throughout 

the embryo, and differentially translocated into nuclei of ventral cells upon receiving 

asymmetric cues. It was discovered that these cues result from cell-cell signalling events 

initiated by Gurken protein, whose transcripts are restricted in an antero-dorsal fashion 

(Schupbach 1987; Forlani et al. 1993; Neuman-Silberberg and Schupbach 1993). 
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Figure 1.2.2 A model of anterior-posterior pattern generation by the Drosophila maternal effect genes. (A) 

The bicoid, nanos, hunchback and caudal mRNAs are placed in the oocyte by the ovarian nurse cells. The 

bicoid message is sequestered anteriorly; the nanos message is sent to the posterior pole. (B) Upon translation, 

the Bicoid protein gradient extends from anterior to posterior, while the Nanos protein gradient extends from 

posterior to anterior. Nanos inhibits the translation of the hunchback message (in the posterior), while Bicoid 

prevents the translation of the caudal message (in the anterior). This inhibition results in opposing Caudal and 

Hunchback gradients. (adapted from Developmental Biology, 10
th
 edition, Scott F. Gilbert) 
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1.2.3 Tunicates 

 

Tunicates are members of the Tunicata, a subphylum of the phylum Chordata. They 

have a simple sac-like body structure and are evolutionarily related to vertebrates. The 

phenomenon of autonomous specification was first observed in tunicates where isolated 

blastomeres gave rise to cell types determined by their cellular content, independent of the 

physical environment they are in. Both the DV and AP axes of tunicates are established at the 

onset of embryogenesis by a common mechanism called ñooplasmic segregationò which 

refers to the dramatic rearrangement of egg cytoplasm to achiever the aim of regionalization. 

This process is triggered by growth of the spermôs astral microtubules, accompanied by 

calcium ion waves that result in the contraction of cytoplasm at the animal pole (Sawada and 

Schatten 1989; Speksnijder et al. 1990b; Speksnijder et al. 1990a; Roegiers et al. 1995). It is 

possible to visualize movements of the ooplasm using regular light microscopy because most 

tunicate eggs have distinctly colored ooplasm, namely clear ectoplasm containing vesicles 

and fine particles, grey-colored endoderm containing yolk platelets, and yellow-colored 

myoplasm containing pigment granules, mitochondria, lipids and endoplasmic reticulum 

(Zalokar and Sardet 1984; Kawamura and Fujiwara 1994).  

 

Prior to the first mitotic cleavage, the DV axis is already evident from the presence of 

a yellow ñcytoplasm capò at the vegetal pole. Surgical removal of the cap at the beginning of 

embryogenesis produces embryos that neither possess a DV axis nor enter gastrulation. 

Hence, the location of the cap dermacates the region fated to be dorsal and is also the site of 

gastrulation initiation (Bates and Jeffery 1987). Following the formation of the DV axis, the 

ooplasm undergoes a second rearrangement which further confines the yellow-pigmented 

myoplasm to a sub-equatorial zone (observed morphogically as a ñyellow crescentò), marking 

the future posterior of the embryo (Nishida 1994). Removal of this posterior-vegetal 

cytoplasm (PVC) inhibits formation of the AP axis, whereas transplantation of this cytoplasm 

into an embryo devoid of the yellow crescent was sufficient to induce AP patterning. These 

observations made from surgical manipulations in the tunicate embryos suggest that maternal 

determinants,with inductive capabilities, are apportioned to different regions before the first 

mitosis (Nishida 1994; Nishida 1996). 

  

 Since mRNA localization is commonly used in other systems to create polarity, 

tunicates researchers attempted to identify possible asymmetrically localized maternal 
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mRNAs that may be responsible for axis induction. Using microarray, a large number of 

maternal mRNAs (postplasmic/PEM RNAs) localized to the ñyellow crescentò was identified 

(Yoshida et al. 1996; Sasakura et al. 1998b; Sasakura et al. 1998a; Makabe et al. 2001; 

Nakamura et al. 2003). The function of these PEM RNAs in AP axis formation was further 

studied using overexpression and knockdown experiments. It was also demonstrated that the 

3ôUTRs of those RNAs have regulatory roles in their localization and translation (Prodon et 

al. 2007). 

 

1.2.4 Xenopus 

  

Xenopus is an excellent model organism for studying biology because of its ease of 

breeding and maintenance in the lab (Dawid and Sargent 1988). In the 1930s, Xenopus was 

mainly used for physiological studies. Lancelot Hogben established Xenopus as one of the 

worldôs first pregnancy test-kit because he discovered that the human chorionic gonadotropin 

(hCG)-containing urine of pregnant women can cause Xenopus females to ovulate. 

Subsequently, Xenopus rose in status as a good model organism for developmental and 

molecular biology because it lays many large (~1 mm) eggs, and is amenable to 

microsurgical and microinjection techniques. In fact, most of what is known about vertebrate 

development is derived from studies using Xenopus.   

  

At the point of egg laying, the mature Xenopus oocyte has a pre-determined 

pigmented animal pole and clear vegetal pole. It is radially symmetrical around its animal-

vegetal (AV) axis. The animal pole contains the nucleus and maternally deposited RNAs and 

proteins, whereas the vegetal pole consists of mainly yolk granules and nutrition for early 

embryogenesis. Owing to the pigmented cytoplasm that separates the two hemispheres, a 

process known as ñcortical rotationò which gives rise to the inductive ñgray crescentò is 

readily observable (Vincent et al. 1986; Vincent and Gerhart 1987). Upon sperm entry, the 

sperm centrioles nucleate the formation of astral microtubules within the eggôs cortical 

cytoplasm, causing microtubule motors to move along parallel microtubule arrays, resulting 

in a 30
o
 shift of the cortical cytoplasm relative to the inner cytoplasm, towards the sperm 

entry point (Vincent and Gerhart 1987; Elinson and Rowning 1988; Houliston and Elinson 

1991a; Houliston and Elinson 1991b; Weaver et al. 2003). The ñgray crescentò formed marks 

the future dorsal side of the embryo and it has been shown that blocking cortical rotation by 

methods such as UV irradiation, nocodazole treatment etc. prevents its formation, and thus 
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disrupts DV axis specification (Gerhart et al. 1989). It was then hypothesized that the process 

of microtubule-dependent cortical rotation possibly translocated dorsal determinants. 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1.2.4 The phenomenon of cortical rotation in a newly fertilized Xenopus egg.  Schematic of the 

cross-section of an egg midway through the first cleavage cycle. The egg has radial symmetry about its animal-

vegetal axis. The sperm has entered at one side, and the sperm nucleus is migrating inward. The cortex 

represented is like that of Rana, with an unpigmented vegetal hemisphere. After fertilization, about 80% of the 

way into the first cleavage, the cortical cytoplasm rotates 30
o
 relative to the internal cytoplasm, displacing 

maternal determinants (red dots). Gastrulation will begin in the gray crescent, the region opposite the point of 

sperm entry where the greatest displacement of cytoplasm occurs. (modified from Developmental Biology, 10
th
 

edition, Scott F. Gilbert) 
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ɓ-catenin was amongst the earliest candidates for the determinants. Upon injection of 

anti-sense oligonucleotides (morpholinos, MO) targeting maternal ɓ-catenin RNA, frog 

embryos develop without the dorsal mesoderm (Heasman et al. 1994). This ventralized 

phenotype could be readily rescued by providing capped ɓ-catenin mRNA. It has also been 

shown that the overexpression of ɓ-catenin can lead to the establishment of a secondary DV 

axis in frogs (Funayama et al. 1995). Schneider et al., 1996 reported the asymmetric nuclear 

translocation of ɓ-catenin in dorsal marginal blastomeres, suggesting activation of canonical 

Wnt signalling there (Schneider et al. 1996). Subsequently, Rowning et al. 1997 observed the 

translocation of endogenous membrane-bound organelles towards dorsal in a microtubule-

dependent manner and ɓ-catenin co-localized with the parallel microtubule arrays at the 

future dorsal side of the embryo (Rowning et al. 1997). The dorsal stabilization of ɓ-catenin 

was discovered to be attributed to the dorsal accumulation of Dishevelled (Dsh) and GSK3 

binding protein (GBP) (Mil ler et al. 1999; Weaver and Kimelman 2004). GBP can bind Dsh 

directly (Li et al. 1999; Salic et al. 2000; Lee et al. 2001; Hino et al. 2003), and they act 

synergistically to stabilize ɓ-catenin, which is otherwise constantly targeted for degradation 

by the combinatorial action of GSK3, Axin and APC (Yost et al. 1996; Farr et al. 2000). 

Although the presence of downstream components of the canonical Wnt/ɓ-catenin pathway 

has been described, it was only in 2005 when the signalling dorsal determinant was identified 

to be Wnt11 (Tao et al. 2005). Whole-mount RNA in situ hybridization showed that maternal 

Xwnt11 mRNA localizes to two dorsal-vegetal blastomeres of an 8-cell frog embryo. Xwnt11 

overexpression and knock-down experiments confirmed its involvement in embryonic DV 

patterning.  

  

1.3 Axis specification in zebrafish 

 

1.3.1 Zebrafish as a model organism 

  

The zebrafish, Danio rerio, is a tropical freshwater fish that belongs to the family 

Cyprinidae. It originated from the streams in south-eastern Himalayas (Mayden et al. 2007) 

and is also found in streams, rivers and rice fields of India and Burma. The zebrafish acquired 

its colloquial name due to its striped appearance, reminiscent of a zebraôs stripes. On its body, 

five alternating blue-black stripes contain two types of pigment cells, melanophores and 

iridiophores, and silvery-yellow stripes contain xanthophores and iridophores (Schilling 

2002). In the wild, an adult zebrafish can grow up to 6.4 cm in length, however it rarely 
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measures larger than 5 cm in captivity (DeTolla et al. 1995). And in a typical laboratory 

setting, zebrafish have a maximal recorded life-span of 5.5 yrs, with an average of 3.5 yrs 

(Gerhard et al. 2002). 

 

 In the late 1970s, zebrafish was first introduced as a model organism for studying 

vertebrate genetics and development by George Streisinger. It is favoured by researchers due 

to its simple husbandry requirements, relative ease of use and developmental similarities to 

humans. Female zebrafish typically lay ~100-200 eggs per clutch. Upon fertilization, the 

embryo develops rapidly ex utero and major organ precursors appear within 36 hours post 

fertilization (hpf), much faster in comparison to similar events in human foetal development. 

The early embryo is optically transparent, thereby extremely amenable to in vivo fluorescent 

techniques to track single molecules or cells through development.  

 

Notably, the zebrafish genome is fully sequenced and large number of mutations that 

disrupt embryonic development have been isolated via both forward and reverse genetic 

screens/techniques, making it an ideal proxy for studying the development and diseases of 

higher vertebrates using a genetic approach (Mullins et al. 1994; Mullins et al. 1996; Dosch 

et al. 2004; Pelegri and Mullins 2004; Wagner et al. 2004). In addition, transgenesis methods 

are well established in zebrafish, allowing for the fluorescent-tagging, trapping and/or 

knockout of genes (Stuart et al. 1988; Stuart et al. 1990; Bayer and Campos-Ortega 1992; 

Higashijima et al. 1997; Long et al. 1997; Kawakami et al. 2004; Suster et al. 2009). Gene 

function can also be analysed using anti-sense synthetic oligonucleotides called morpholinos 

that function to reduce gene expression by binding to specific transcripts (Nasevicius and 

Ekker 2000). And more recently, the successful implementation of the engineered nuclease 

technology in zebrafish further enhanced the toolkit for studying genes and regulatory 

elements (Doyon et al. 2008; Meng et al. 2008; Sander et al. 2011b; Hwang et al. 2013; Zu et 

al. 2013). 

 

1.3.2 Early embryonic development of zebrafish 

 

 A zebrafish embryo develops rapidly. In fact, by 24 hours post fertilization, the basic 

body plan is already laid down, and the embryo has a clearly defined anterior-posterior and 

dorsal-ventral axis. The early developmental events can be broadly chronicled into seven 
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periods: zygote, cleavage, gastrula, segmentation, pharyngula and hatching (Kimmel et al. 

1995)).  

 

The zygote period (0-0.75hpf):  Chorion of the newly fertilized egg swells after the sperm 

enters through the micropyle. Within the embryo, cytoplasmic streaming begins with non-

yolky cytoplasm moving towards the animal pole, separating the animal yolk-free cytoplasm 

(blastodisc) and the vegetal yolk granule-rich cytoplasm. The blastodisc is the region where 

discoidal meroblastic cleavage occurs to form the body of the embryo, while the yolk 

supplies maternal factors and nutrition to support embryonic development. 

 

The cleavage period (0.75-2.25hpf): During this time, rapid synchronous cell divisions occur 

in a highly reproducible manner at 15 min intervals. As these cleavages are incomplete, the 

cells maintain some connections with each other and some of them also remain connected to 

the underlying yolk, allowing for small molecules to transit between them. 

 

The blastula period (2.25-5.25hpf): Staging of the embryo during this period can be done by 

observing the cell size and shape of the blastoderm. Important events such as zygotic 

transcription during mid-blastula transition (MBT), yolk syncytial layer (YSL) formation and 

the emergence of coordinated cell movements (epiboly) occur. MBT begins during the tenth 

cell cycle (512-cell stage) where the zygotic genome switches on while maternal products get 

degraded. Also at this stage, the marginal layer of blastomeres collapse into the underlying 

yolk forming a syncytium with the yolk cytoplasm, termed the YSL. The second tier of cells 

next to the previous marginal cells now assume the marginal postion, forming the enveloping 

layer (EVL) cells with no cytoplasmic connections with the yolk. During the later part of the 

blastula period, the first cell movement termed epiboly begins in the embryo. Briefly, the 

superficial cells thin and spread downwards over the yolk cell while deep cells move 

outwards to radially intercalate with the more superficial cells, though the mixing is 

incomplete, and the EVL remains as a compartmentalized monolayer. These cell movements 

rely on cytoskeletal restructuring too. 

 

The gastrula period (5.25-10.33hpf): Epiboly continues during this stage, accompanied by 

more varied morphogenetic cell movements such as involution, convergence and extension. 

Collectively, these processes position the three important primary germ layers, ectoderm, 

mesoderm and endorderm. Involution begins at about 50% epiboly at the future dorsal side of 
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the embryo, where superficial cells move underneath the margin and towards the animal pole. 

By 60% epiboly, a localized thickening called the embryonic shield appears as a consequence 

of rapid convergence movements. This structure is functionally equivalent to Xenopusôs 

dorsal lip. The first cells to involute and move anteriorwards correspond to precursors of the 

prechordal plate. Eventually, gastrulation is deemed completed once the spreading cells 

completely engulf the entire yolk cell. At the end of gastrulation, a thickened structure called 

the tailbud forms at the posterior dorsal end of the embryo.  

 

The segmentation period (10.33-24hpf): This period is characterized by somite development, 

body axis elongation and precursor formation of primary organs. At the end of this period, 

the first body movements of the embryo can also be visualized. Somitogenesis proceeds in a 

highly predictable orderly manner of three somites per hour, followed by two somites per 

hour after the formation of the 6
th
 somite, in an anterior-posterior manner. Simulataneously, 

the Kupfferôs vesicle organizer is generated at the tailbud region, relaying left-right (LR) 

asymmetry information to the lateral plate mesoderm, placing organ primordial in their 

respective postions along the LR axis. 

 

The pharyngula period (24-48hpf): During this period, the pharyngeal arches of the embryo 

develop rapidly such that individual arches become distinguishable. In the pericardial region, 

a group of highly refractile cells called the hatching gland cells is also very prominent. The 

embryo continues to lengthen along its AP axis, however, with a reduced rate. In addition, 

fins start developing, circulatory system start functioning, and pigment cells start 

differentiating. Also, the embryo will exhibit a marked behavioural change due to increase in 

tactile sentivity. 

 

The hatching period (48-72hpf): This refers to the period of time when the larvae start 

hatching out of the chorion. As the time of hatching varies between individuals within and 

amongst clutches, it is typically not useful as a staging index. By this time, organ 

morphogenesis is mostly completed with the exception of the digestive system. Over the next 

few days, the gut and its associated structures will mature once the larva start to feed.  
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Figure 1.3.2 Schematic representation of zebrafish development from the Zygote Period to the mid-

Segmentation Period. (A) Zygote period (0-0.75 hpf). (B-G) Cleavage period (0.75-2.25 hpf). (H-P) Blastula 

period (2.25-5.25 hpf). (Q-U) Gastrula period (5.25-10 hpf). (V-Z) Segmentation period (10-24 hpf). (modified 

from Kimmel et al., 1995) 
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1.3.3 Maternal factors and events in early embryonic polarity  

  

One of the crucial steps in embryogenesis is the early determination of the various 

body axes, upon which the body plan can be laid on. However, prior to that, an important 

process termed oogenesis is indispensable. During oogenesis, maternal products build up and 

gets stored in the maturing oocyte (Selman et al. 1993). During the primary growth phase 

(Stage IA and IB), chromosomes decondense and DNA becomes highly extended with 

characteristic loops protruding laterally. This morphology is characteristic of active 

transcription and in fact, maternal RNAs begin to be synthesized rapidly during this time, 

leading to a gradual increase in oocyte volume (Baumeister 1973). Subsequently, the oocyte 

contacts its surrounding follicle cells, forming cell-cell junctions that permit the uptake of 

small molecules by the oocyte (Kessel et al. 1985). To fulfil the growing oocyteôs energy 

requirements, mitochondria start to accumulate, and together with other structures such as the 

Golgi, endoplasmic reticulum, they form an electron-dense ñnuageò, which is implicated in 

germline determination (Kessel et al. 1984). The next stages (Stage II and III) involve the 

massive accumulation of protein and lipids necessary for egg activation and embryogenesis. 

In particular, the major yolk protein, vitellogenin, gets deposited in the yolk, where it will be 

assimilated by the growing embryo before it can feed independently. Finally, oocyte growth, 

which encompasses production and uptake of maternal factors, terminates during the final 

step of oocyte maturation (Stage IV). Morphologically, the step is characterized by the 

translocation of the germinal vesicle towards the pre-determined animal pole and the arrest of 

meiosis II metaphase stage. 

 

 A mature zebrafish oocyte is radially symmetrical around its animal-vegtal (AV) axis. 

Its DV axis only becomes morphologically evident at 6 hpf with the appearance of the 

embryonic shield. However, the molecular events that lead to that happen much earlier during 

the early cleavage stages. Several classical surgical experiments, performed in different 

teleosts, that remove the vegetal-most portion of the yolk produce radially symmetrical 

embryos that do not have axial structures (Oppenheimer 1936; Mizuno et al. 1999; Ober and 

Schulte-Merker 1999). It was observed that performing the same manipulation at later stages, 

progressively lead to weaker DV defects in the embryo, thus suggesting that the vegetal 

region of the yolk contains maternal factors that function in DV axis specification. 

Reinforcing this idea is another set of experiments from Jesuthasan and Strahle, which shows 

blocking of microtubule polymerization using nocodazole in a newly fertilized embryo gives 
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rise to severe ventralization, whereas the same treatment 15-20 mins post fertilization did not 

lead to loss of dorsal axial structures (Jesuthasan and Stahle 1997).  

 

 The initial vegetal localization followed by subsequent translocation of the dorsal 

determinant in teleosts seem reminiscent of the dorsal axis specification process in Xenopus. 

It is known that the sperm entry point in Xenopus determines the future dorsal region of the 

embryo via the process of cortical rotation (Vincent et al. 1986; Gerhart et al. 1989). 

However in zebrafish, the sperm enters through a micropyle, whose position is fixed on the 

chorion at the animal pole (Hart and Donovan 1983). And it is only recently that processes 

similar to cortical rotation is discovered through the displacement of parallel microtubule 

arrays (Tran et al. 2012) and proteins e.g. Syntabulin (Nojima et al. 2010). These events 

culminate in the local activation of the canonical Wnt/b-catenin pathway, exemplified by the 

appearance of nuclear-localized b-catenin, a transcription factor that positively regulates the 

expression of dorsal-specific transcripts such as dharma/bozozok (Fekany et al. 1999).  

 

1.4 Research objectives 

 

In zebrafish, nuclear b-catenin accumulation in cells destined to become dorsal begin 

as early as the 128-cell stage (Schneider et al. 1996; Dougan et al. 2003). However, unlike the 

situation in Xenopus (Tao et al. 2005), the mechanism by which b-catenin gets stabilized and 

enter the nucleus to activate dorsal gene expression is still unclear in zebrafish.  

 

A large number of maternal RNAs become differentially distributed after fertilization 

(Figure 1.4) (Howley and Ho 2000). Some RNAs do not show specific localization in the 

blastomeres e.g. cyclinB (Howley and Ho 2000), whereas others like vasa and nanos localize 

to the cleavage furrows (Olsen et al. 1997; Yoon et al. 1997; Knaut et al. 2000; Koprunner et 

al. 2001). In 2005, our lab reported the asymmetric localization of a maternal squint RNA, a 

member of the Transforming Growth Factor b superfamily (Gore et al. 2005). The protein 

form of members of this family have been shown to be essential in a plethora of processes 

such as dorsal organizer formation, mesendoderm induction, nervous system patterning, 

anterior-posterior and left-right asymmetry specification etc. (Levin et al. 1995; Collignon et 

al. 1996; Lowe et al. 1996; Sampath et al. 1997; Sampath et al. 1998; Schier and Shen 2000; 

Thisse et al. 2000; Schier and Talbot 2001). Depending on their innate properties e.g. stability, 
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these secreted morphogens can act locally or at a distance (Jones et al. 1995; Chen and Schier 

2001; Williams et al. 2004; Le Good et al. 2005; Tian et al. 2008) upon binding to Activin 

receptors and co-receptors (Gritsman et al. 1999; Gritsman et al. 2000), transmitting 

activation signals through Smads and other transcription factors e.g. FoxH1 (Shen and Schier 

2000; Yeo and Whitman 2001), activating downstream target genes. 

 

Through whole-mount RNA in situ staining, endogenous sqt RNA shows punctate 

localization in one or two cells of a four-cell stage embryo (Gore et al. 2005). Using 

fluorescently-labelled synthetic sqt RNA, Gore et al was able to visualize and reconstitute the 

transport of sqt RNA from the yolk to the blastoderm and its final localized position. Upon 

morpholino-based knockdown of maternal sqt RNA or ablating sqt RNA-containing cells, 

embryos develop with a loss of dorsal axial structures, similar to the ventralized phenotypes 

observed in Wnt/b-catenin signalling-deficient ichabod (ich) mutants (Kelly et al. 2000). This 

makes localized maternal sqt RNA an even earlier marker of embryonic dorsal than nuclear 

b-catenin. 

 

However, as maternal-zygotic genetic mutants of sqt (MZsqt) that are presumably 

protein nulls (Feldman et al. 1998) do not display the severe dorsal deficiencies manifested 

by the morphants, maternal sqtôs requirement and function in dorsal specification was 

contentious (Bennett et al. 2007; Gore et al. 2007). In this thesis, I aim to 1) address the 

requirement of localized maternal squint RNA and 2) analyze the mechanism of maternal sqt 

in early DV specification. 
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Figure 1.4 Schematic representation of Nodal pathway. Nodal signalling is activated when Nodal ligands 

interact with the Activin receptors and EGF-CFC co-receptors, and inhibited by Leftys. Nodal signalling is 

transmitted intracellularly via the phosphorylation of Smad2/3, which then associates with Smad4 and 

transcription factors Fast1 and Mixer, to activate downstream target gene expression. 
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MATERIALS AND METHODS 
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2.1 Zebrafish embryo and larval cultures 

 

All experimental procedures involving adult zebrafish and embryos were carried out 

in accordance with the guidelines slated by the Institutional Animal Care Use Committee 

(IACUC) at Temasek Lifesciences Laboratory. 

 

2.1.1 Zebrafish maintenance and strains 

 

AB wild-type (Johnson et al. 1994) and MZsqt
cz35

, MZsqt
hi975

, MZdicer
hu715

, 

MZoep
tz57

 and homozygous ich
p1 

mutant fish were maintained at 26.5
o
C in the fish facility 

(Westerfield 2007). To prepare fish for mating, pairwise crosses were set up in 2L crossing 

tanks fitted with separators the evening before. Next morning, the separators were removed to 

allow natural mating. Embryos were collected within 10 minutes of egg-laying using a sieve, 

and transferred into E3 medium in a 85 mm petri dish. If no injection or drug treatment was 

required, embryos were immediately incubated at 28.5
o
C and staged according to hours post 

fertilization (hpf) as described in Kimmel et al, 1995. 

 

2.1.2 Genotyping 

 

The mutants MZsqt
cz35

,MZsqt
hi975

 and MZoep
tz57

 were available in lab stocks. Their 

genotypes were determined by polymerase chain reaction (PCR), using primers described in 

(Feldman et al. 1998; Zhang et al. 1998; Golling et al. 2002) respectively. To generate fish 

with germ-line homozygous for dicer
hu715

 mutation, the germ-line replacement technique was 

used (Ciruna et al. 2002) (to be detailed in Section 2.1.7). Adult female zebrafish that has 

undergone the transplant were out-crossed to WT AB zebrafish. The embryos obtained were 

visually screened at 24hpf for dicer phenotype and then individually lysed to confirm 

genotype by PCR. The dicer
hu715

 mutation can be detected by PCR and sequencing as 

described in the Zebrafish Mutation Resource (http://www.sanger.ac.uk/cgi-

bin/Projects/D_rerio/mutres/mutation.pl?project_id=1177&mutation_id=320). 

Homozygous ich
p1

 mutant females were identified by out-crossing with WT AB zebrafish 

(Kelly et al. 2000; Bellipanni et al. 2006). The mutant females used in this study yielded 

100% radialized embryos lacking a head, notochord and with little trunk development (Kelly 

et al. 2000; Bellipanni et al. 2006). 
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2.1.3 Microinjection into mature oocytes and embryos 

 

Microinjection was performed using needles with fine tips pulled from borosilicate 

glass micro-capillaries using a P-97 Flaming/Brown Micropipette puller (Sutter Instruments). 

The micro-capillaries used have an outer diameter (O.D.) of 1.0 mm and inner diameter (I.D.) 

of 0.58 mm with filament (Sutter Instruments). After filling the needle from the rear using a 

fine pipette tip, it was fitted to a microinjection setup that comprises of a micromanipulator 

(Narishige) attached to a pressure injection system (Harvard Apparatus). Next, the tip of the 

needle is clipped with a pair of forceps, and the injection drop size measured using a 1 mm 

stage graticule slide. Before injection, oocytes or embryos were lined on ramps moulded in 

2% agarose/E3 medium in a 85 mm petri-dish. Typically, 1-2 nl of solution was injected into 

each oocyte or embryo. To obtain mature oocytes, adult female WT zebrafish were 

anaesthetized in 1X Tricaine/E3 medium (Sigma Cat.#A5040), rinsed briefly in clean E3 

medium and dabbed dry using óCô-fold paper towel. Next, the female was placed on a clean, 

dry 85 mm petri dish, and gentle pressure was applied on the belly in an anterior-to-posterior 

direction to expel mature oocytes from the body. Mature oocytes were kept inactivated during 

injection with 1X HanksPlus.  

 

2.1.4 In vitro  fertilization  

 

Injected oocytes were fertilized by in vitro means. Adult male WT zebrafish were 

anaesthetized in 1X Tricaine/E3 medium, rinsed briefly in clean E3 medium and dabbed dry 

using óCô-fold paper towel. Next, the male was slotted head-first, ventral-up into a slit cut 

into a soft sponge. Using a micro-capillary to tease apart the anal fins, gentle pressure was 

applied just under the anal fins in an anterior-to-posterior direction to collect the sperm. The 

collected sperm was transferred immediately into 50 ɛl of fetal bovine serum (FBS, Sigma 

Cat.# F0926) and stored on ice. To begin in vitro fertilization, the sperm/FBS suspension was 

added to the oocytes, followed by 100 ɛl of I-buffer and mixed well. After 30 seconds, 

sperms were activated by the addition of 250 ɛl of fructose egg water. The mixture was 

incubated at ambient temperature for another 2 minute 30 seconds. After fertilization, 

embryos were incubated at 28.5
o
C in E3 medium. 
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2.1.5 Adult fish dissection 

 

To obtain whole ovaries for total RNA extraction, adult female zebrafish were 

sacrificed. After anaesthetizing the fish with 1X Tricaine, it was rinsed in clean E3 medium 

and dabbed dry using óCô-fold paper towel. The head was amputated with a sterile scalpel and 

the belly was sniped open in an anterior to posterior direction. Using a pair of fine forceps 

(Dumont No. 5), the skin of the belly was peeled apart to reveal the abdominal cavity. The 

ovary is a whitish mass located next to the swim bladder, a balloon-like structure. 

 

2.1.6 Cycloheximide treatment to block translation 

 

After injection, embryos were manually dechorionated using a pair of fine forceps 

(Dumont No. 5) in 30% Danieauôs solution and kept in 1% agarose-coated 35 mm petri-

dishes. Cycloheximide (CHX, Sigma Cat. #C4859) was added to the medium at the 16-cell 

stage to a final concentration of 10 µg/ml. The embryos were incubated at 28.5
o
C with CHX 

till the 128-cell stage, when nuclear ɓ-catenin accumulates in dorsal cells in wild-type 

embryos (Schneider et al. 1996; Dougan et al. 2003). To wash out the drug, the embryos were 

transferred to fresh 85 mm petri dishes, and rinsed with five changes of 30% Danieauôs 

solution at 1-min intervals. Following this, the embryos were transferred into fresh 85 mm 

petri-dishes, incubated at 28.5
o
C, and fixed at oblong stages in 4% paraformaldehyde/PBS for 

whole mount RNA in situ hybridization analysis. As a control for the drug treatment, 

dimethyl sulfoxide (DMSO, Sigma Cat. #D8418) was used in place of CHX.  

 

2.1.7 Germline transplant to generate maternal-zygotic (MZ) mutants 

 

For germline transplant to generate MZ mutants which are otherwise embryonic 

lethal, wild-type host embryos were used. To create a germline homozygous for dicer
hu715

 

mutation in the host, host embryos were injected with 2-3 ng of deadend morpholino (dnd 

MO) at 1-cell stage to eliminate its own primordial germ cells (PGCs). On the other hand, 

donor embryos were obtained by crossing heterozygous dicer
hu715

/dicer
+
. In order to trace the 

transplanted cells, donor embryos were injected at 1-cell stage with 1 nl of 0.1% fluorescein 

10,000 MW dextran and 80 pg of gfp:nos3ôUTR capped RNA. As nanos 3ôUTR (nos 3ôUTR) 

was selectively stabilized in PGCs, GFP expression at 24 hpf marked the PGCs (Koprunner 

et al. 2001; Saito et al. 2006). The injected dextran marked all cells in the embryo uniformly. 
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After injection, both host and donor embryos were manually dechorionated in 30% Danieauôs 

solution, and incubated at 28.5
o
C till 512 cell stage. Before transplant, the transplant ramp 

was moistened with 30% Danieauôs solution (penicillin and streptomycin added), and donor 

embryos were lined in a column, followed by 2-3 host embryos in each row corresponding to 

each donor. Using a transplant needle, approximately 100 cells were removed along the 

margin from a donor embryo and ~30 cells were deposited at the same position in each host. 

Therefore, cells from one donor can be transplanted into 2-3 embryos. After the transplant, 

host embryos are maintained individually in 24-well tissue culture dish (1% agarose-coated), 

whereas their respective donor embryos were lysed individually to obtain genomic DNA for 

genotyping. Host embryos that were transplanted with homozygous dicer
hu715

 PGCs were 

raised till adulthood. 

 

2.2 Molecular biology techniques 

 

2.2.1 Cloning 

 

For each cloning, plasmid vectors were digested with respective restriction enzymes 

and compatible inserts were ligated to it using the Rapid DNA ligation kit (Roche 

Cat.#11635379001). Inserts were either generated by polymerase chain reaction (PCR) or by 

restriction enzyme digest. Ligation products were transformed into competent Escherichia 

coli strain XL1-Blue by heat-shocking at 42
o
C for 1 min 30 seconds. Following a 1h recovery 

at 37
o
C in 2x Yeast Extract Typtone (2xYT) media, transformed culture was plated on 2xYT 

media agar containing the relevant selection antibiotic, and kept in the 37
o
C incubator 

overnight. Colonies were individually inoculated with shaking in selection media for 5h at 

37
o
C, and plasmids were extracted from the bacterial cells using an alkaline-lysis-based 

QIAprep spin miniprep kit (Qiagen Cat. #27106). To identify the right clone, restriction 

digest was performed on the extracted plasmid DNAs. The clones were subsequently 

sequenced and confirmed. 

 

Plasmids encoding sqt ZFN1 and sqt ZFN2 nuclease pairs were obtained from ToolGen, Inc. 

(South Korea). The sqt TALENs target sites were designed using an online tool (TAL 

Effector-Nucleotide Targeter, TALE-NT; https://tale-nt.cac.cornell.edu/). To check for 

unique targeting sites, BLAST and UCSC BLAT search was performed with the zebrafish 

genome assembly (Zv9) using the target site sequences. The TAL effector repeats were 
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constructed from 4 TAL effector single unit vectors (pA, pT, pG
NN

 and pC) using the ñunit 

assemblyò method (Huang et al. 2011). 

 

2.2.2 DNA Sequencing 

 

In this study, sequencing on both PCR products and plasmid DNA were performed 

using the BigDye® Terminator Cycle Sequecing Kit (Applied Biosystems). Firstly, PCR was 

carried out using relevant primers on a thermocycler, and the resultant products were scanned 

on an automated sequence scanning machine 3730xl DNA Analyzer 34 (Applied Biosystems). 

DNA sequences were analyzed using softwares e.g. EditSeq, Chromas and Sequencher and 

compared with sequences on Ensembl Zv9 database. 

 

2.2.3 In vitro capped mRNA synthesis 

 

Plasmid templates for capped mRNA synthesis were digested with NotI (New 

England Biolabs) and electrophoresed on 0.8% agarose/1XTBE (Tris/Borate/EDTA) gel. The 

linearized form was excised from gel and extracted using QIAquick Gel Extraction kit 

(Cat.#28706). Next, the in vitro transcription reaction was assembled at room temperature 

using components from the mMessenger mMachine® SP6 Kit (Ambion®). 

 

Linearized template  ~1ɛg    

2X NTP/CAP   10.0ɛl 

10X Reaction Buffer  2.0ɛl 

SP6 enzyme mix  2.0ɛl 

Top up to 20ɛl using sterile water. 

 

The transcription reaction was allowed to proceed at 37
o
C for 2 h, followed by DNase 

I (1.0 ɛl added per reaction) digest at 37
o
C for 40 mins. The reaction was stopped by adding 

one-fifth volume worth of ammonium acetate. Newly synthesized capped mRNA was 

purified via phenol:chloroform extraction, followed by chloroform extraction. The purified 

RNA was precipitated using 100% isopropanol overnight at -20
o
C. Precipitated RNA was 

pelleted by cold centrifugation at 12,000 g and the RNA pellet was washed in chilled 80% 

ethanol. After removing the 80% ethanol, the RNA pellet was air-dried and dissolved in 20ɛl 

autoclaved, DEPC-treated (diethyl pyrocarbonate) sterile water. To examine its integrity and 
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concentration, 1.0ɛl of the mRNA sample was electrophoresed at 65 V in a 1.2% 

agarose/phosphate-buffer pH 6.5 gel, alongside a 0.5-10 kb RNA ladder (Invitrogen
TM

). 

 

Capped TALEN mRNAs were similarly transcribed in vitro from 1.0 µg of the 

respective NotI linearized TALEN expression vectors, using the SP6 mMESSAGE 

mMACHINE kit (Ambion). To synthesize capped ZFN mRNAs, sqt-specific ZFN plasmids 

were linearized with XhoI and transcribed using T7 RNA polymerase (Promega). RNA was 

was post-treated with DNase I, purified and resuspended as above, 

 

2.2.4 Anti-sense DIG/Fluorescein labeled probe synthesis 

 

Plasmid templates for antisense RNA probe synthesis were digested with their 

respective enzymes and purified as detailed earlier. The formula for the in vitro transcription 

reaction is as follows. 

 

Linearized template      ~1ɛg 

5X Transcription Buffer (Promega)    10.0ɛl 

100mM Dithiothreitol (DTT, Promega)   5.0ɛl 

RNasin® Ribonuclease Inhibitor (Promega)   1.0ɛl 

10X DIG/Fluorescein RNA labelling mix (Roche)  5.0ɛl 

T7 RNA polymerase (Promega)    1.0ɛl 

Top up to 50ɛl using sterile water. 

 

After incubating the above transcription reaction for 2 h at 37
o
C, the DNA template 

was removed by DNase I digest at 37
o
C for 40 mins. The reaction was stopped by addition of 

1 ɛl of 0.5 M EDTA and the newly synthesized RNA probe was precipitated overnight at -

20
o
C using 1 ɛl of 4 M LiCl 2, 1 ɛl of glycogen and 100 ɛl of chilled 100% ethanol. The 

precipitated RNA was pelleted, resuspended and checked for quality and quantity as 

described above. 

 

2.2.5 Tail fin-clipping 

 

To obtain genomic DNA from adult fish for genotyping, the ófin-clipô procedure was 

performed. Firstly, adult fish was anaesthetized in 1X Tricaine, followed by rinsing with 
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fresh E3 medium before drying it with óCô-fold paper towel. Using a sterile surgical blade, 

0.5mm of the tail fin was cut before returning the fish into the recovery tank that contains 2X 

E3 medium with 1 drop of methylene blue added to prevent fungus growth. Each clipped fish 

had been maintained individually until its genotype was confirmed. 

 

2.2.6 Genomic DNA extraction  

 

Embryos and clipped tail fins were lysed in 1X genomic DNA extraction buffer 

(Proteinase K added to 100 µg/ml) at 55
o
C for 5 h. After the incubation, proteinase K was 

inactivated at 65
o
C for 30 mins. To remove debris and proteins, the genomic DNA 

suspension was purified through phenol/chloroform and chloroform extraction and 

precipitated using 100% isopropanol. Next, purified genomic DNA was pelleted by 

centrifuging at 8,000 g and the pellet was washed in chilled 80% ethanol. After removing the 

80% ethanol, the DNA pellet was air-dried and dissolved in 50-100 ɛl of 1X TE pH 8.0. Both 

quality and quantity of the genomic DNA was assayed on the Nanodrop machine. 

 

2.2.7 Total RNA isolation 

 

TRIzol reagent (Invitrogen) was used to extract total RNA from zebrafish whole 

ovaries, mature oocytes and fertilized embryos at various stages of development. Samples 

were homogenized in TRIzol (+ glycogen) by pumping through an 18½ G needle fitted to a 1 

ml syringe. For whole ovary, this step was preceded by grinding of the tissue with a 

micropestle. Next, the homogenized samples were incubated at room temperature for 5 mins 

to completely dissociate nucleoprotein complexes. One-fifth volume of chilled chloroform 

was added to the sample and the mixture was shook vigorously by hand for 15 secs. 

Following a 2-3 mins incubation at room temperature, the mixture was centrifuged at 12,000 

g for 15 mins at 4
o
C to separate the upper aqueous, interphase and lower organic phases, 

which contain RNA, protein and DNA respectively. The RNA-containing aqueous phase was 

pipetted out into a clean tube, and precipitated for 10mins at room temperature using chilled 

100% isopropanol. After incubation, RNA was pelleted by centrifuging at 12,000 g for 10 

mins at 4
o
C. Upon removing the supernatant, the RNA pellet was washed with chilled 80% 

ethanol, and pelleted again by centrifuging at 7,500 g for 5 mins at 4
o
C. Finally, the RNA 

pellet was allowed to air-dry briefly before dissolving it in an appropriate volume of RNase-

free sterile water. To remove residual genomic DNA in the total RNA prep, the total RNA 
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was further treated with DNaseI. After DNaseI treatment, total RNA was purified again 

through phenol/chloroform and chloroform extraction. Good quality total RNA runs as three 

distinct bands (28S, 18S and tRNA) on gel and measures around 1.9 for the A260/A280 ratio. 

 

2.2.8 In vitro  reverse transcription 

 

Complementary DNA (cDNA) was synthesized from total RNA using the Superscript 

II Reverse Transcriptase (Invitrogen Cat # 18064-022). cDNA synthesis was primed with 

either random hexamer (p(dN)6, Roche Cat # 1034731) or oligo-dT (p(dT)15, Roche 

#10814270001). 500-1000 ng of total RNA was denatured with 200 ng of primer in a total 

volume of 12.0 ɛl, at 70
o
C for 10 mins and quenched on ice for 1 min. Following brief 

centrifugation, the following reagents were added to the denatured RNA and primer mixture 

on ice. 

 

5X First Strand Synthesis Buffer (Invitrogen)  6.0ɛl 

100 mM Dithiothreitol (DTT, Invitrogen)   2.0ɛl 

10 mM dNTPs (Promega)     2.0ɛl 

RNasin® Ribonuclease Inhibitor (Promega)   0.5ɛl 

Sterile water       6.5ɛl 

 

The reaction mixture was either incubated at 42
o
C (for oligo-dT) for 2 mins or 25

o
C 

(for p(dN)6) for 5 mins before adding 1.0ɛl of Superscript II Reverse Transcriptase to each 

reaction. Then, the final reaction mixture (30.0 ɛl, termed RT+) was incubated at 42
o
C for 1h 

30mins. As a control for genomic DNA contamination, an RT- reaction (no reverse 

transcriptase added) was performed for every total RNA sample. 

 

2.2.9 Polymerase Chain Reaction 

 

 Polymerase chain reactions (PCRs) were carried out with a thermocycler (Thermo 

Scientific and BioRad), using polymerases such as GoTaq® (Promega), HotStarTaq 

(Qiagen), PhusionTaq (New England Biolabs) and Taq (made in-house), according to 

manufacturerôs instructions. Taq was used in combination with self-made CES buffer. In 

general, every new pair of primers was tested for specificity under different PCR conditions 

(1.5 mM to 2.5 mM of MgCl2, different annealing temperatures). 
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2.2.10 Reverse Transcriptase-Quantitative Polymerase Chain Reaction 

 

Total RNA was extracted from embryos using TRIzol reagent (Invitrogen). For cDNA 

synthesis, 250 ng of total RNA from WT, MZsqt
hi975

 and MZsqt
cz35

 embryos and 250 ng  of 

total RNA from lacZ:glo or lacZ:sqt RNA-injected embryos were used. In every 10 ɛl PCR 

reactions, 1 ɛl first-strand cDNA was used. To check for genomic DNA contamination, PCR 

was performed to detect actb2 (act), sqt, dharma (dha; bozozok), vox and vent. Following 

that, RT-PCR was performed on an ABI 7900HT Fast Real-Time PCR System (Applied 

Biosystems) using the comparative CT method. In addition, control experiments to measure 

changes in CT with template dilutions were performed to test whether amplification 

efficiencies of target (sqt, dha, vox and vent) and control (act) primers were similar. All 

results were normalized to act. 

 

2.2.11 Semi-quantitative Reverse Transcriptase-Polymerase Chain Reaction 

 

Using TRIzol reagent (Invitrogen), both genomic DNA and total RNA were extracted 

from single 30% epiboly stage and 2 dpf. (for htr1ab expression) embryos obtained from 

heterozygous sqt
sg27/+

 and sqt
sg32/+ 

crosses. For genotyping, 50 ng of genomic DNA was used 

as template in 20 µl PCR reactions. For first-strand cDNA synthesis, 250 ng of total RNA 

was used in a pdN6-primed reaction using SuperScript® II Reverse Transcriptase (Life 

Technologies).  1 µl of first-strand cDNA was used in 20 µl PCR reactions to detect 

expression of sqt, ring finger protein (rnf180), 5-hydroxytryptamine (serotonin) receptor 1A 

b (htr1ab), eukaryotic translation initiation factor 4E binding protein 1(eif4ebp1) and control 

actin (act). 

 

2.2.12 In vitro  translation 

 

The TNT® SP6 Coupled Rabbit Reticulocyte Lysate System (Promega) was used to 

transcribe and translate from the following plasmid templates: pCS2+, pCS2+sqtFL:sqt, 

pCS2+sqt
STOP

, pCS2+sqt
cz35

, pCS2+FLAGsqtFL, pCS2+FLAGsqt
STOP

, pCS2+T-sqt and 

pCS2+sqtFL:glo. Using 1.0 ɛg of circular plasmid as template, the following reaction 

mixture was assembled on ice, and subsequently incubated at 30
o
C for 1h 30mins. 
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Circular plasmid template  1.0ɛg 

Rabbit Reticulocyte Lysate  25.0ɛl 

TNT Reaction Buffer   2.0ɛl  

Sp6 RNA polymerase   1.0ɛl 

Amino acid mix, - Leucine  0.5ɛl 

Amino acid mix, - Methionine 0.5ɛl 

RNasin® Ribonuclease Inhibitor 1.0ɛl 

Biotin-Lysyl tRNA   2.0ɛl 

Top up to 50ɛl using nuclease-free sterile water. 

 

The resultant translation products contained biotin-labeled lysine residues, facilitating 

subsequent detection via immuno-blotting using appropriate antibodies. 

 

2.2.13 Identification of new sqt founders (F0) 

 

To detect sqt mutations in founder (F0) embryos, at least 10 TALEN- and ZFN-

injected embryos were individually lysed at 24 hpf in 20.0 µl of DNA extraction buffer for 5 

h at 55
o
C, followed by heat inactivation of proteinase K at 65

o
C for 10 min. Genomic DNA 

was diluted 5-fold using 1X TE Buffer (pH 8.0), and 2 µl aliquots were used in 20 µl PCR 

reactions. For single nuclease pair experiments, fragments containing 100-150 base pairs 

upstream and downstream of the expected target sites were amplified with GoTaq polymerase 

(Promega). For double TALEN or TALEN+ZFN experiments, primers annealing to regions 

100-150 base pairs upstream of 5ô TALEN and downstream of the 3ôTALEN or ZFN target 

sites were used in PCR from genomic DNA template using Phusion polymerase (New 

England Biolabs) following the manufacturerôs instructions. Five µl of products from 10 

single embryo PCRs were pooled, gel purified to remove primer dimers and cloned into 

either Promega pGEM-T easy TA cloning vector or Fermantas pJET1.2 blunt end cloning 

vector, and transformed using XL1-blue heat-shock competent bacterial cells. At least 48 

bacterial colonies were picked for screening by PCR.  PCR products were diluted 3-fold, and 

1 µl was used directly for sequencing using the same primer pairs.  Sequences were analyzed 

by comparison to the Zv9 Zebrafish Genome Assembly. 

 

To assess the germ cell transmission rate, injected F0 fish were raised to adulthood, 

and mated either with siblings or wild-type fish to obtain F1 progeny. To screen for germ-line 
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transmission events at the endogenous sqt locus, progeny obtained from pairwise mating of 

potential founders were analyzed.  Single embryos from 6 founder fish (3 pairs) were 

screened per 96-well plate.  At least 30 embryos (24hpf) from each mating were collected, 

lysed and analyzed by PCR using the same primer pairs as used above for the transient 

assays.  This number allowed efficient detection of germ-line transmission events (whose 

frequency ranged from 3-10%), and recovery of the mutation.  Bands of aberrant sizes were 

either sequenced directly or after cloning into the pGEM®-T easy vector system.  F1 progeny 

of positive F0s were raised to adulthood, and heterozygous carriers for the deletions were 

identified by fin-clipping and routine genotyping PCRs.  

 

2.3 Biochemistry 

 

2.3.1 Extraction of total protein from embryos 

 

 Embryos were manually dechorionated using a pair of fine forceps in 30% Danieauôs 

solution. Then, they were transferred into a 1.5 ml eppendorf tube using a fire-polished glass 

pipette. The 30% Danieauôs solution was removed and replaced with 100 ɛl of ionic lysis 

buffer (with protease inhibitor, 1 tablet /10 ml of ionic lysis buffer) (per 50 embryos). 

Embryos were homogenized using a 1 ml syringe fitted with a 26 1/2G needle. Then, the 

contents were briefly spun at 200 g, 4
o
C for 10 secs to pellet the debris. The supernatant was 

collected into a fresh tube and stored at -20
o
C.  

 
2.3.1 SDS-PAGE separation of proteins 

 

 Denatured proteins were separated on 10-12% sodium dodecyl sulphate-

polyacrylamide gels (SDS-PAGE) [10-12% (v/v) acrylamide/bis-acrylamide (29:1, Bio-Rad), 

375 mM Tris-HCl pH 8.8 (for separating gel) or pH 6.8 (for stacking gel), 0.1% (v/v) SDS, 

0.1% (w/v) ammonium persulphate (APS), 0.4% (v/v) N, N, N', N'-

Tetramethylethylenediamine (TEMED)] using a Bio-Rad mini-gel electrophoresis system at 

25 mA till the samples pass through the stacking gel and at 25-50 mA till the dye front 

reaches the end. Using the pre-stained Spectra Multicolor Broad Range Protein Ladder (10 ï 

230 kDa), the extent of protein migration was estimated. After SDS-PAGE, the separated 

proteins were transferred by electrophoretic blotting onto Hybond-C Extra membranes (GE 

Healthcare) in 1X transfer buffer at 100 V for 100 min. 
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2.3.2 Immuno-blotting  

 

For detecting in vitro translated products, immunoblotting was performed using 

avidin and biotinylated HRP (1:200 dilution) (Ultra-sensitive ABC peroxidase Rabbit IgG 

Staining kit; Pierce). Proteins were detected by Kodak Biomax MS film using the 

SuperSignal West Femto Maximum Sensitivity Substrate (Pierce). FLAG epitope-tagged 

peptides were detected with anti-FLAG M2 mouse monoclonal primary antibody (1:2500 

dilution; Sigma) and HRP-conjugated antimouse IgG secondary antibody (1:5000 dilution; 

DAKO).  

 

2.4 Staining and imaging techniques 

 

2.4.1 Whole-mount RNA in situ hybridization (WISH)  

 

For detecting endogenously expressed genes, whole embryos were subjected to RNA 

in situ hybridization. Embryos were fixed using either 4% paraformaldehyde/1X PBS or 4% 

paraformaldehyde;4% sucrose/1X PBS, overnight at 4
o
C. Next day, they were washed 3 

times 10 mins each with 1X PBST (1X PBS + 0.1% Tween20), dechorionated and 

dehydrated using ascending grades of methanol. Embryos were stored in 100% methanol at ï

20
o
C for at least a day. 

 

On the first day of WISH, embryos were rehydrated using descending grades of 

methanol and washed 2 times for 10 mins with 1X PBST. Embryos were then treated with 2.5 

µg/ml of Proteinase K briefly (duration of treatment depends on embryo stage) to render cells 

more permeable to the probe. This was followed by fixation to inactivate Proteinase K and 

embryos were subsequently washed thoroughly using 1X PBST. Prior to probe hybridization, 

embryos were equilibrated in pre-hybridization buffer at 65
o
C for 4 hours, followed by the 

antisense probe-containing hybridization solution overnight at 65
o
C. After hybridization, the 

embryos were washed multiple times with high stringency 2X SSC and 0.2X SSC containing 

buffers at 65
o
C and 1X maleic acid buffer (MAB) at room temperature. Then, embryos were 

blocked in 0.5% Blocking Reagent (Roche) in 1X MAB for 1 h, before the addition of 1:2000 

dilution of anti-DIG antibody conjugated with alkaline phosphatase (Roche) in blocking 

buffer. The antibody was pre-adsorbed with fish powder to reduce non-specific binding. 

Typically, the embryos were allowed to incubate with the antibody overnight at 4
o
C. 
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After antibody incubation, embryos were washed repeatedly using 1X MAB. Then, 

they were washed 3 times 10 mins with freshly prepared 1X NTMT buffer. Staining was 

developed in the dark using a precipitating substrate BM Purple (Roche). For sqt in situs, 

staining was performed using diluted BM Purple/1X NTMT (1:1) over a span of 2-3 days, 

mostly at 4
o
C, but with 4-5 h at room temperature each day. Upon completion of staining, 

embryos were washed in 1X PBST 3 times 10 minutes each and fixed using 4% PFA to 

terminate alkaline phosphatase activity. After that, embryos were washed with PBST and 

cleared in PBST: Glycerol (1:1). For imaging, embryos were mounted in 100% glycerol. 

 

2.4.2 Anti-b-catenin antibody staining 

 

To detect nuclear b-Catenin, embryos at the 512-cell stage were fixed in 4% 

paraformaldehyde/PBS at room temperature for 4.5 h, washed, dechorionated and dehydrated 

in ascending grades of methanol. The embryos were incubated in 100% methanol for 30 mins 

at room temperature, rehydrated and blocked in 1% BSA/1% DMSO/1X PBST for 2 h and 

incubated with a rabbit polyclonal anti-b-Catenin antibody (1:200 dilution; Sigma C2206), 

followed by detection using Alexa488-conjugated goat anti-rabbit secondary antibody 

(1:1000 dilution; Molecular Probes). 

 

2.4.3 Nuclei/DNA staining 

 

After the antibody staining, embryos were incubated at 1:10000 dilution of 4',6-

diamidino-2-phenylindole (DAPI; Sigma) for 30 mins at room temperature and subsequently 

washed thrice 10 mins each with 1X PBST. 

 

2.4.4 Imaging 

 

Live embryos injected with fluorescent RNAs or expressing Sqt-GFP fusion protein 

were manually dechorionated, mounted in 2.5% methylcellulose (Sigma) and visualized 

using a Zeiss Axioplan2 microscope with a CoolSNAP HQ camera (Photometrics). 

MetaMorph (Universal Imaging Corporation) and ImageJ (NIH) software packages were 

used to acquire and process images. Stained embryos from in situ hybridization and 

immunohistochemistry experiments were mounted in 100% glycerol and imaged using a 
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Zeiss Axioplan2 microscope equipped with a Nikon DXM1200 color camera. Images were 

acquired using ACT-1 software (Nikon) and cropped using Adobe Photoshop. For b-catenin- 

and DAPI-stained embryos, images were acquired using a Zeiss LSM 5 Exciter upright 

confocal microscope. To quantify b-catenin positive nuclei, 15-25 optical sections at 1.76 µm 

intervals starting from the yolk syncytial layer nuclei were examined per embryo. We 

detected b-catenin-positive nuclei in many sections. However, owing to intense membrane 

and cytoplasmic b-catenin staining that obscured nuclear staining upon z-projection of all 

sections obtained, three serial confocal sections for each embryo were selected, z-projected 

using LSM Image Browser software, and cropped using Adobe Photoshop. 

 

2.4.5 Measurement of expression domains 

 

Animal pole view images of embryos stained for gsc were used. In ImageJ, I drew a 

best-fit circle for the circumference of the embryo using the Circle tool. Using the xy 

coordinates, the diameter of the circle along the x- and y-axes and its center were determined. 

The Radial Grid tool in ImageJ and the center coordinates were used to mark the center, and 

using the Angle and Measure tools the angle of gsc expression was determined. 

 

2.5 Recipes 

 

E3 medium 

5 mM   NaCl 

0.17 mM  KCl 

0.33 mM  CaCl2 

0.33 mM  MgSO4 

 

25X Tricaine (3-amino benzoic acidethylester) 

400 mg Tricaine powder 

97.9 ml double distilled water 

Approximately 2.1 ml 1M Tris pH 9.0 

Adjust pH to 7.0 

 

I-buffer 

116 mM  NaCl 

23 mM  KCl 

6 mM   CaCl2 

2 mM   MgSO4 

29 mM  NaHCO3 

0.5%   Fructose 

Adjust pH to 8.0 
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HanksPlus (Hankôs with BSA) 

0.137 M  NaCl 

5.4 mM KCl 

0.25 mM  Na2HPO4 

0.44 mM  KH2PO4 

1.3 mM  CaCl2 

1.0 mM  MgSO4 

4.2 mM  NaHCO3 

 

Danieauôs Solution (30X) 

1740 mM  NaCl 

21 mM  KCl 

12 mM  MgSO4Å7H2O   

18 mM  Ca(NO3)2 

150 mM HEPES buffer 

Add water to 1 L and stir until dissolved. Store at 4°C. The pH is 7.6. 

For working solution, dilute 100X. 

 

DNA extraction buffer 

10 mM  Tris pH 8.2 

10 mM  EDTA 

200 mM  NaCl  

0.5 %   SDS  

100 µg/ml  Proteinase K 

 

Ionic lysis buffer 

50 mM  Tris pH8.0 

150 mM  NaCl 

0.5%   NP-40 

0.5%   Deoxycholic acid 

0.05%   SDS 

 

10X TGS (Western blot running buffer) 

30.3g   Tris-base 

144.1g  Glycine 

1%   SDS 

Top up to 1 litre with sterile water 

Store at 4
 o
C 

 

1X Transfer buffer 

1X   TGS 

20%   Methanol 

Store at 4
o
C 

 

TBST 

20ml   1M Tris (pH7.5) 

30ml   5M NaCl 

5ml   Tween 20 

Top up to 1 litre with sterile water 



 37 

PBSTw 

1X  PBS pH7.4 (DEPC-treated) 

0.1%  Tween 20 

 

4%PFA (paraformaldehyde) 

2 g   PFA 

50 ml   1X PBS pH7.4 

Dissolve at 65.0
o
C for ~2hours. Invert tube every 20mins. 

Filter with 0.45ɛm. 

Store at 4
o
C.  

Use within a week. 

 

Fish Fix 

2 g   PFA 

2 g   sucrose 

50 ml   1X PBS pH7.4 

Dissolve at 65.0
 o
C for ~2hours. Invert tube every 20mins. 

6 ul  1M CaCl2 

Filter with 0.45ɛm. 

Store at 4
o
C.  

Use within a week. 

 

Hybridization solution 

50%-65%  Formamide 

5X   SSC 

1mg/ml   Torula RNA 

100ug/ml  Heparin 

1X   Denhardtôs solution 

0.1%   CHAPS 

10mM   EDTA 

0.1%   Tween 20 

9mM   Citric acid (to adjust pH to 6.5) 

 

FSTw 

50-65%  Formamide 

5X   SSC 

0.1%   CHAPS 

0.1%   Tween 20 

9mM   Citric acid (to adjust pH to 6.5) 

 

MABTw 

0.1M  Maleic acid 

0.15M  NaCl 

Adjust pH to 7.2-7.5 using 5M NaOH 

 

NTMT 

0.1 M   Tris-HCl pH 9.5 

50 mM  MgCl2 

0.1 M   NaCl 

1 mM   levamisole 
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0.1%   Tween 20 

 

CES Buffer 

375 mM  Tris-HCl (pH 8.8 at 25°C), 

100 mM  (NH4)2SO4, 

0.5 %  Tween 20 

2.7 M   Betaine 

6.7 mM  DTT  

6.7 %   DMSO 

55 ug/ml  BSA 
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CHAPTER II I :  

RESULTS 
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3.1 Is there a maternal requirement for squint? 

 

In 2005, our lab reported that asymmetrically localized maternal sqt transcripts mark 

the future dorsal region of zebrafish embryos (Gore et al. 2005). Further experimentation 

such as morpholino-based sqt knock-down and using cell-ablation to remove sqt RNA-

containing blastomeres produce a range of severely ventralized phenotypes, suggesting a 

function for maternally-deposited sqt transcripts in early dorso-ventral patterning. However, 

these observations were not supported by the mild dorsal deficiencies manifested by 

MZsqt
cz35

 and MZsqt
hi975 

embryos, many of which survive to adulthood (Erter et al. 1998; 

Feldman et al. 1998; Feldman and Stemple 2001; Aoki et al. 2002; Amsterdam et al. 2004; 

Bennett et al. 2007; Pei et al. 2007). Hence, the role of maternal sqt was a matter of debate 

(Bennett et al. 2007; Gore et al. 2007). 

 

3.1.1Morpholino-based knockdown of sqt 

 

In order to examine the immediate effect of sqt morpholinos (sqt MOs) on dorso-

ventral (DV) patterning, I looked at expression of early dorsal markers in injected embryos. 

To target maternal sqt RNA, sqt MOs were injected into unactivated eggs, which were 

subsequently fertilized using wild-type sperm. Injected embryos were fixed at high and 

oblong stages, and subjected to whole mount RNA in situ hybridization for detecting 

goosecoid (gsc), an early dorsal marker. I observed the loss of gsc expression in sqt MO-

injected embryos (Figure 3.1.1), consistent with the loss of dorsal structures observed in sqt 

morphants reported previously (Gore et al. 2005). Control MO-injected embryos show robust 

gsc expression at comparable stages, similar to uninjected wild-type embryos (Figure 3.1.1). 

Thus, maternal sqt is required for the initiation of early dorsal gene expression. 

 



 41 

 

 

 

 

 

 

Figure 3.1.1 Early loss of dorsal in sqt morphants. Lateral and dorsal views of wild-type and control MO-

injected embryos show early expression of gsc at high and oblong stages. At comparable stages, sqt MO-

injected embryos show either reduced or total loss of gsc expression. 
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3.1.2 MZsqt genetic mutants 

 

Both sqt
cz35

 and sqt
hi975

 are molecular lesions located at the genomic sqt locus on 

zebrafishôs chromosome 21. The sqt
cz35

 allele was generated by a spontaneous insertion of an 

approximately 1.9 kb fragment in exon 1 of sqt, whereas the sqt
hi975

 allele arose from a 

retroviral-based insertion of a 6.0 kb sequence into exon 2 of sqt. As both cz35 and hi975 

insertion sequences have multiple translation stop signals, both alleles were regarded as 

genetic nulls.  

 

Loss of sqt results in embryos exhibiting varying degrees of cyclopia and reduction in 

forebrain structures and prechordal plate. Studies from several labs have suggested that the 

incomplete penetrance of the sqt phenotype is due to partial redundancy with cyclops (cyc), a 

second nodal-related gene in zebrafish, in mesoderm development, as well as environmental 

and genetic factors. For example, raising embryos at a higher temperature can significantly 

increase the phenotypic penetrance of sqt, whereas the same temperature shift does not affect 

wild-type embryos. Pei et al., 2007 further demonstrated that the sensitivity of sqt phenotypic 

penetrance towards alterations in temperature is likely due to compromised Heat-shock 

protein 90 (HSP90)ôs function in the genetic background of sqt mutants. 

 

It is noteworthy that the notion of no maternal requirement for sqt was based entirely 

on the analysis of sqt
cz35

 and sqt
hi975

 genetic mutants, on the assumption that they are nulls. 

But are they really complete RNA and protein nulls? Expression of gsc in wild-type embryos 

dermacates early dorsal (Figure 3.1.2A). Loss of early gsc expression is observed via MO-

mediated knockdown of maternal sqt (Figure 3.1.1 and 3.1.2B). In contrast, the initiation of 

early gsc expression is unaffected in MZsqt, MZoep and sqt;cyc double mutant embryos at 

comparable stages (Figure 3.1.2C,D, ). Taken together, these observations suggest that 

maternal sqt RNA but not functional Nodal signalling is required for the early initiation of 

dorsal gsc expression. 
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Figure 3.1.2 Presence of dorsal in sqt signaling mutants. At sphere stage, sqt MO-injected embryos exhibit 

loss of gsc expression (B). In contrast, gsc expression is observed in MZsqt (C) and MZoep  (D) mutant 

embryos, similar to that observed in wild-type (A). Animal pole views. 
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3.1.3 Detection of maternal sqt mutant (sqt
mut

) transcripts in MZ sqt 

 

As maternal sqt is present as transcripts in wild-type ovaries, oocytes and early 

cleavage stage embryos (Gore and Sampath 2002), I first examined the presence of sqt 

transcripts in embryos obtained from MZsqt
cz35

 and MZsqt
hi975

 via semi-quantitative RT-

PCR. I observed that similar to wild-type, sqt
cz35

 and sqt
hi975

 transcripts (sqt
mut

 transcripts) are 

detected at 4-cell stage (Figure 3.1.3A panel I and II), indicating that maternal sqt RNA is 

still made and deposited in the eggs by MZsqt females. Using sqt intron II-spanning primers 

on p(dN)6-primed cDNA, I detected two different PCR products (615 bp and 696 bp, Figure 

3.1.3A panel I). Upon sequencing, the 615 bp product corresponds to sqt with intron II 

spliced, whereas the 696 bp product still retains the 81 bp intron II. On the other hand, using 

the same PCR primers on oligo-dT-primed cDNA, I only detected the 615 bp spliced product 

in wild-type and MZsqt 4-cell embryos (Figure 3.1.3A panel II). Taken together, the data 

suggests that both maternal wild-type and sqt
mut 

transcripts exist as non-polyadenylated un-

spliced forms, as well as, polyadenylated spliced forms. 

 

The presence of sqt transcripts in MZsqt embryos was further confirmed and 

quantitated using reverse transcriptase-quantitative PCR (RT-qPCR). At 1-cell and 4-cell 

stages, the level of expression of maternal sqt transcripts do not show a significant difference 

between wild-type and MZsqt samples. However later during gastrulation, when zygotic sqt 

expression is expected to peak, MZsqt samples recorded a decrease in sqt levels (Figure 

3.1.3B). This observation is consistent with the inability of maternal sqt
mut

 RNA to encode 

functional wild-type Sqt protein (discussed later in Section 3.1.5 and (Feldman et al. 1998)), 

which is required to induce zygotic expression of sqt (Meno et al. 1999; Pogoda et al. 2000; 

Shimizu et al. 2000; Sirotkin et al. 2000). 
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Figure 3.1.3 Presence of un-spliced and spliced maternal sqt RNA in MZ sqt mutant embryos. (A) Semi-

quantitative RT-PCR using pd(N)6-primed cDNAs (panel I) or oligo-dT-primed cDNA (panel II) to detect sqt 

RNA in 4-cell and dome stage wild-type, MZsqt
cz35

 and MZsqt
hi975

 embryos. PCR using pd(N)6-primed cDNA 

shows un-spliced (696 bp) and spliced sqt (615 bp) RNA. Spliced sqt product is detected in oligo-dT-primed 

cDNA at early stages, and no PCR product is detected in RT- and no template controls. actin RT-PCR (panel 

III ) and genomic DNA PCR were used as positive controls. (B) Reverse transcriptase-quantitative PCR to detect 

sqt RNA show that maternal sqt transcript levels in MZsqt mutants are similar to that of wild-type embryos at 

the 1-cell and 4-cell stage, and reduced sqt transcript levels are observed at gastrula stages. 
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3.1.4 Architecture of sqt
cz35

 full -length transcript  

 

From total RNA extracted from whole ovary of a MZsqt
cz35

 female, I generated first-

strand cDNA using oligo-dT primers. Using two sets of primers (F1+R1, F2+R2, Figure 

3.1.4A) and MZsqt
cz35

 ovary cDNA as PCR template, I amplified two overlapping fragments 

of ~2.2 kb and ~1.4 kb respectively. In the second round of PCR, using primer pair F1+R2 

and the two overlapping PCR fragments as template, I cloned the full-length ~ 3.2 kb sqt
cz35

 

transcript. After sequencing, full-length sqt
cz35

 transcript was found to have both 5ô and 3ô un-

translated regions (UTRs) like wild-type sqt RNA. Except for its exon 1 which is interrupted 

at position 136 by an ~ 1.9 kb cz35 sequence, both exon 2 and 3 of sqt
cz35

 transcript are intact 

(Figure 3.1.4B). This indicates that non-truncated sqt
cz35

 transcript is made in MZsqt
cz35

 

females. 
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Figure 3.1.4 Architecture of full-length sqt
cz35

 mutant transcript.  (A) Schematic of sqt
cz35

 mutant transcript 

and position of cloning primers (F1, F2, R1 and R2). Dark blue bars indicate the UTRs. E1, E2 and E3 represent 

sqt exons. cz35 insertion is represented by a yellow bar. (B) Sequence alignment of full length wild-type sqt and 

mutant sqt
cz35

 transcripts. 

 












































































































































































































